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Abstract

Inthisthesis,ageneraloptimizationapproachtomaximizethevaluesofthethermo-

electricfigureofmeritZ3DTisproposedusillgsemiconductingsuperlatticesystems.

Thisoptimizationprocess,denotedbythe`℃arrierPocketEngineeringconcept"in

thetext,takesthefollowingfourstagesofactualinvestigation:(1)theoreticalpre-

dictionsforthematerialscombinationstobeusedandforthedetailedstructureof

thesuperlatticesinordertoachievethemaximumvalueofZ3D7「forthewholesuper-

lattice,usingthesimplestpossiblemodels;(II)experimentalproof--ofLprinciplestudy

ofthetheoreticalpredictionsmadein(1)andgivefeedbacktothetheoreticalcon-

ceptanditsexplicitimplementation;(III)improvementofthetheoreticalmodelsto

understandtheexperimentalresultsobtainedin(II)andtomakeimprovedtheoret-

icalpredictions;and(IV)applicationoftheknowledgeacquiredforthemechanisms

responsibleforenhancingZ3D7「duringtheinvestigationofonematerialssystem,to

anothermaterialssystemthatmayprovideevenlargervaluesofZ3DTafterincorpo.

ratingthenewlyacquiredknowledgeforenhancingZ3DT.

Todemonstratetheaboveoptimizationprocess,aseriesoftheoreticalandex-

perimentalinvestigationswerecarriedoutusingthefollowingmaterialssystems:

(1)(111)orientedPbTe/Pb1_xEuxTemultiple-quantum-wellsuperlatticestoclarify

thedetailedmechanismsresponsibleforthepreviouslyobservedenhancementinthe

thermoelectricpowerSinthissystem;(2)GaAs/AIAsshort-periodsuperlatticesto

proposethenewconceptofCarrierPocketEngineering,whereunconventionalX-and

L-pointvalleys,thatdonotcontributetothethermoelectrictransportinthebulk

form,canbemadetocontributetothethermoelectrictransportinthesuperlattice

form,enhancingthevaluesofZ3DTsignificantlyrelativetothoseforthecorrespond-

ingbulkmaterials;(3)Si/Geshort-periodsuperlatticestoproposeayetnewconcept

oflatticestrainengineeringtofurtherincreasethevaluesofZ3DTinthissuperlattice

system,andtoprovideanexperimentalproofLof-principlestudyoftheCarrierPocket

Engineeringconceptusingthismaterialssystem.

Besidestheabovemainstreamofthisthesis,thepropertiesof(111)oriented
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Abstract 

In this thesis , a general optimization approach to maximize the values of the thermo

electric figure of merit Z30T is proposed using semiconducting superlattice systems. 

This optimi zation process, denoted by the "Canier Pocket Engineering concept" in 

the text, takes the following fo ur stages of actual investigat ion: (I) theoretical pre

dictions for tho materials combinations to be used and fo r the detailed structure of 

the superlattices in order to achieve the maximum value of Z30T for the whole super

lat t ice, using the simplest possible models; (II) experimental proof~of~principle study 

of the theoretical predictions made in (I) and give feedback to the theoretical con

cept and its explicit implementation; (III) improvement of the theoretical models to 

understand the experimental results obtained in (II) and to make improved theoret

ical predictions; and (IV) application of the knowledge acquired for the mechanisms 

responsible for enhancing Z30T during the invest igation of one materials system, to 

another materials system that may provide even larger values of Z30T after incorpo

rat ing the newly acquired knowledge for enhancing Z3DT. 

To demonstrate the above optimization process, a series of theoretical and ex

perimental invest igations were carried out using the following materials systems : 

(1) (Ill ) oriented PbTe/Pb1_xEux Te multiple-quantum-well superlattices to clarify 

the detailed mechanisms responsible for the previously observed enhancement in the 

thermoelectric power S in this system; (2) GaAs/AIAs short-period sllperlatti ces to 

propose the new concept of Ca.rrier Pocket Engineering, where unconventional X - and 

L-point va.lleys, that do not contribute to the thermoelectric transport in the bulk 

form, can be made to contribute to the thermoelectric transport in the superlattice 

form, enhancing the values of Z30T significantly relative to those for the correspond

ing; bulk materials; (3) Si/Ge short-period superJattices to propose a yet new concept 

of lattice strain engineering to further increase the values of Z3DT in this superlattice 

system, and to provide an experimental proof-or-principle study of the Carrier Pocket 

Engineering concept using this materi a.ls system. 

Besides the above main stream of this thesis, the properties of (111) oriented 
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PbTe/TealldPbSeo .g8Teo.02/PbTe"qualltum-dot"superlattices,(001)orientedshort-

periodsuperlatticesofPbTe/Pb1_xEuxTe,aIld(111)orieIltedBi/Pb1_xEuxTesuper-

latticesarealsodiscussedaspossiblecandidatesforthefuturehighZTmaterials.

4

PbTe/ Te and PbSeO.98 Teo.02/PbTe "quantum-dot" superlattices, (001 ) oriented short

period superlattices of PbTe/Pb,_xEux Te, and (Ill) oriented Bi/ Pb'_xEux I e super

lattices are also discussed as possi ble candidates for the futm€ high ZT materials . 
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bulk sample should he very close to t he actual carrier mobili ties as discussed 

in the text. 

2-13 Absolute value of the Seebeck coeffi cient for the n-type PbTe MQW sample 

(T-225) as a funct ion of temperature (open circles) . The solid line shows the 

theoretical results assUluing ~LJongt = ttobliq , whereas the dashed line shows 

the results assnming 110ngt = Tobtiq . See text for the other assumptions used 

in the calculat ion of S . 

2-14 Estimated Z 2DT using the experimental values for S and (J for the n- type 

PbTe MQW sample (T-225) as a function of tempera ture. Two different 

estima tions are made on the lattice thermal conductivity ("ph) for the quan

t.um well: (1) "ph = KS, where ":8 is the I",lk value for t.he lat.tice thermal 

conductivity, is assullled (closed circles) and (2) " p h = " Qw, where "Qw is 

given by Eq. 2.34, is assumed (open circles) . The dashed line represents t he 

experi mentally determined Z T s for the MBE-grown n -type bulk PbTe for 

comparison. The inset shows the semi-log plot of the same data. 

2-15 Calculated Z2DT as a function of the reduced chemical potential at 300 K 

(a), 200 K (b), and 100 K (c), for (111) oriented PbTe MQWs (dw = 20 A 

and t:.Ec "" 170 meV at 300 K). Shown by t he solid line is Z2DT("B) 

where f'ipb = !'iB is assUlned , whereas the results assU1lling r.;ph = K,Qw, 

Z 2DT ("Qw), are plotted by the dashed line. The value for Z 2DT (KB) ob

tained from the experimental S and a at each temperature is also indicated 

105 

108 

110 

by the horizontal dot-dashed line for comparison. . . . . . . . . . . . .. 114 
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2-16CalculatedZ2DTasafunctionofthereducedchemicalpotentialfbr(001)

orientedPbTeMQwsat300K(dw=20A).Shownbythesolidlineis

Z2DT(κB)whereκph=κBisassumed,whereastheresultsassumingκph=

κQwラZ2DT(κQw)ラareplottedbythedashedline・ThevaluefbrZ2DT(κB)

obtainedfromtheexperimentalSandσforthe(111)PbTeMQwsat300

Kisalsoshownbythehorizolltaldot-dashedlinefbrcomparison.....

2-17CalculatedoptimumZ2DTsasafunctionoftemperaturefbr(111)oriented

PbTeMQwsand(oo1)orientedMQwswithdw=20A.Thevaluesfbr

Z2DTsarecalculatedbothfbrκph=κBandfbrκph=κQw(seetext)・

AlsoshowninthefigurearetheexperimentallydeterminedZ2DTsassum-

ingκph=κB(closedcircles)andassumingκph=κQw(opencircles)fbr

comparlson・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ …

3-1

116

118

TheabsolutevalueofthemeasuredSeebeckcoe缶cientasafunctionofthe

HallcarrierconcentrationfbrbulkPbTe(opencircles)andfbrPbTe/Pb1_xEuxTe

MQwsofvariousquantumwellthicknesses(otheropensymbols)at300

K[38].Thetheoreticalresultfbrl51forbulkPbTeusingtheconstantre-

laxationtimeapproximation(CRTA)andusingvaluesofmt=0.034mand

物=0.35mforthebulkeffectivemassesisshownbythedashedcurve.The

theoreticalresultsforPbTe/Pb1-。EuJTeMQwsintheCRTAareshown

fbrthefbllowingconditions:(1)Tlongt=3.0・ τbbliq,intra-valley-scattering

beingdominantラ(2)710ngt=7bbliqラinter-valley-scatteringbeingdominant,

and(3)μlongt=μobliq,specialcaseoftheinter-valley-scattering(seetext

f()rmoredetails)..............................133
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2-16 Calculated Z2DT as a function of the reduced chemical potential for (001 ) 

oriented PbTe MQWs at 300 K (dw = 20 A) . Shown by the solid line is 

Z2DT(/');B) where I't.ph = ~B is asSU111Cd , whereas the results assUllling /');ph = 

"Qw, Z2DT ("'Qw), are plotted by t he dashed1ine. The value for Z2DT("B) 

obtained from the experimental 5 and (J for t he (111) P bTe MQWs at 300 

K is also shown by the bori z;ontal do l-dashed lLne fi) 1' comparison. 

2-17 Calculated optimum Z2DTs as a function of temperature for (111) oriented 

PbTe MQWs and (001) oriented MQWs with dw = 20A. The values for 

Z2DTs are calculated both for "ph = "B and for "ph = '""Qw (see text ). 

Also shown in the figure are the experimentally determined Z2DTs aSSUJ11-

mg "'ph = "'B (closed circles) and asswning "'ph = "'Qw (open circles) for 

COlnpan son. 

3-1 The absolute value of t he measured Seebeck coefficient as a function of the 

116 

118 

Hall carrier concentration for bulk 1'b1'e (open circles) and lor 1'b1'e/ 1'bl_xJ;;uxTe 

MQWs of various quantum well thicknesses (other open symbols) at 300 

K [38]. T he theoretical result for 151 for bulk P bTe using the constant re

laxat ion time approximation (CRTA) and using values of m, = 0.034m and 

m'l = 0.35 m for tbe bulk eHedive masses is shown by the dashed cur ve. The 

theoretical results for P bTe/Pbl_xEux Te MQWs in the CIlTA are shown 

for the following condit ions : (1) Tlongt = 3 .0Tobl;q, intra-valley-scattering 

being dominant , (2) Tlong' = TobUq , inter-valley-scattering being dominant, 

and (3) ,'long' = ,"olili,p special case of the inter-valley-scattering (see text 

for more details) . ... .. . . .. .. . . . . . . . . . . . . .. 133 
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3-2

3-3

3.4

3-5

ThetemperaturedependenceoftheHallcarrierconcentrationforthePbTe/Pb1_xEuxTe

MQwsample(opencircles)fbrα=20Aandassumingthatonlythecarriers

co11丘11edillthequalltumwellscolltributetotheelectricalconduction[38].

Theresultsofthemodelcalculationareplottedfbrthefbllowillgassump-

tions:(1)intra-valley-scatteringbeingdominant,i.e.710ngt=3.07bbliq,(2)

inter-valley-scatteringbeingdomillallt,i.e.710ngt=7bbliq,(3)thespecial

caseoftheinter-valley-scattering,whereμlongt=μobliq..........136

(a)1σ(q.)12asafunctionofqzラwhereG(qz)isdefinedbyEq.3.7,fbrthe

longitudinal(solidcurve)andoblique(dashedcurve)valleysfbrourmodel

PbTe/Pb1-。Eu。TeMQwsample(T-225)at300K.Theinsetshowsthe

int・g・ati・n・flσ(q2)12with・e・pectt・qefr・m・e・ ・t叫a・a血n・ti・n・f

qz.Notethatsuchafactor(withqz=㏄)appearsinEq.3.14.(b)Squared

wavefunction1ψz(z)12forthelongitudinal(solidcurve)andoblique(dashed

curve)valleysfbrourmodelPbTe/Pb1-。Eu。TeMQwsample(T-225)at

300Kasafunctionofz,whichisusedfbrthecalculationofσ(qz)in(a).

ψz(z)isobtainedbysolvingtheSchr6dingerequationfbrasquarewell

potentialwithdw=20A,dB=400Aand△E,=150meV,wheredw,

dB,and△ 、Ecarethequantumwellthickness,barrierlayerthicknessand

conductionbandoffset,respectively.....................

Calculatedvaluesfbrthemobilityratiobetweenthecarriersintheoblique

valleyandinthelongitudinalvalleyin(111)orientedPbTe/Pb1_xEucvTe

MQwswhen:(1)onlythelongitudinalacousticphonondefbrmationpo-

tentialscattering(LADP)isconsidered(short-dashedcurve),(2)onlythe

polaropticphononscattering(POP)isconsidered(long-dashedcurve)ラand

(3)bothLADPandPOPareconsidered(solidcurve)...........

AbsolutevalueoftheSeebeckcoefficientf()rthePbTe/Pb1-。Eu。TeMQW

sample(T-225)asafunctionoftemperature(opencircles)togetherwith

thetheoreticalresults(1)consideringonlylongitudinalacousticphonon

defbrmationpotentialscattering(short-dashedα1rve)and(2)considering

onlypolaropticphononscattering(long-dashedcurve)..........

138

140

141
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3-2 The temperature dependence of the Hall carrier concentration for the PbTej Pb' _xEux Te 

MQW sample (open circles) for a = 20 A and assuming that only the carriers 

confined in the quantum wells contri bute to the electrical conduction [38J. 

T he results of the model calculation are plotted for t he following assump-

tions: (1) intra-valley-scattering being dominant, i.e. Tlongt = 3.0Tobl;q , (2) 

inter- val1ey-scattering being dOtninanl, i. e . T\ongt = Tobli<p (3) lhe special 

case of the inter-valley-scattering, where I-'Iongt = I-'obliq . . . . . .. . .. 136 

3-3 (al IG(qz)12 as a function of q" where G(q, ) is defined by Eq. 3.7, for the 

longitudinal (solid cmve) and oblique (dashed curve) valleys for our model 

PbTejPb' _xEux Te MQW sample (T-225) at 300 K. The inset shows the 

integmtion of IG(q~ ) 12 with respect to q; from zero to qz as a function of 

q,. Note that. such a fact.or (with q, = 00) appears in Eq. 3.14. (b) Squared 

wavefunction l1)!z (z)i2 for the longitudinal (solid curve) and oblique (dashed 

curve) valleys for our model PbTejPb'_xEux Te MQW sample (T-225) at 

300 K as a function of z , which is used for the calculation of G(q, ) in (a). 

1)!z(z) is obtained by solving the Sclu'odinger equation for a square well 

potenl.ial wil.h dw = 20 A, dB = 400 A anrl 6.Ec = 150 meV, where dw , 

dB, and 6.Ec are t.he quant.uIll well thickness, barrier layer thickness and 

conduction band offset , respectively. . . . . 

3-4 Calcula ted values for the mobility ratio between the carriers in the oblique 

valley and in the longitudinal valley in (Ill) oriented PbTejPb'_xEux Te 

MQWs when: (1) only the longitudinal acoustic phonon defonnation po

tential scattering (LADP) is considered (short-dashed curve), (2) only the 

polar optic phonon scattering (POP) is considered (long-dashed curve), and 

(3) both LADP and POP are considered (solid curve) . 

3-5 Absolute value of the Seebeck coefficient for the PbTejPb'_xEuxTe MQW 

sample (T-225) as a function of temperature (open circles) together with 

the theoretical results (1) considering only longitudinal acoustic phonon 

deformation potential scat tering (short-dashed curve) and (2) considering 

only polar optic phonon scattering (long-dashccl curve). 
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3-6

3-7

4-1

4.2

4-3

ThecoeMcientfbrthefirstordertermintheLegendrepolynomialexpan-

siolloftheperturbationfunctionφ(kll),α1(E),asafunctionofenergyat

300K(seetext).Thesolidラshort-dashedandlong-dashedcurvesdemtethe

functionsdeterminedforαi(E)fbrthelongitudinalvalleyラtheobliquevalley

alongthexdirectionandtheobliquevalleyalongthe乙1direction,respec-

tively.Alsoindicatedonthefigurearetheenergyvaluesfbrthechemical

potentialandtheobliquesubbandedge..................

AbsolutevalueoftheSeebeckcoe伍cientfbrthePbTe/Pb1-。Eu。TeMQw

sample(T-225)asafunctionoftemperature(opencircles)togetherwith

thetheoreticalresultsobtainedfbrISIconsiderillgbothlongitudinalacoustic

phonondefbrmationpotentialscatteringandpolaropticalphononscattering

(solidcurve)................................

142

144

Schematicdiagramtoshowthedefinitionof△E2-1inthetwo-bandmodel.

△ 、E2-1istheenergyofthe(sub)bandedge2measuredfromthebandedge

of(sub)band1................................156

AplottoshowthattheoptimumvahlefbrZ2DTinatwo-bandmodel

ismaximizedat△ 、E2-1=0.Theparametersfbrthetwobandsinthis

・al・ulati・na・ech・ ・en・u・hthatB墨 一 β見and{(m囲1/2加}(μ/κph)-

2.75[cm・mWV ・s・K].Th・valu・ ・fZ・DTinth・tw・-bandm・d・1・educe・t・th・

correspondingone-bandvaluesinthelimit△ 、E2-1→ ± ㏄.........159

(a)ThefirstBrillouinzonefbrface-centeredcubiccrystals.Thepointrisat

thecenterofthezone.Varioushighsymmetrypointsonthezoneboundary

areindicatedbytheindicesK,五,WandX.(b)Decompositionofthe

electronHallmobilityintothecontributionsofther一 ラ五一andX-minima,

deducedfromtheHallmeasurementsatatmosphericandhighpressures.

ThefigureistakenfromRef.[59](seethereferencesthereinfbrmoredetail).167

20

3-6 The coefficient for the first order term in the Legendre polynomial expan

sion of the pertmbation function ¢(kll), al (E), as a function of energy at 

300 K (sec text). The solid , short-dashed and long-das hed curves denote the 

functions determined for aleE) for the longitudinal valley, the oblique valley 

along the x direction and the oblique valley along the y direction, respec

Lively. Also indicated on Lhe figur e are the energy values [{X the che rnical 

potential and the obLique subband edge. 

3-7 Absolnte value of the Seebeck coefficient lor the PbTe/Pbl_xEuxTe MQW 

sample (T-225) as a function of temperature (open circles) together with 

the theoretical results obtained for 151 considering both longitudinal acoustic 

phonon deformation potential scattering and polar optical phonon scattering 

(solid cmve) . 

4-1 Schematic diagr'am to show the definition of 6,E2- 1 in the two-band model. 

6,l:!;2-1 is the energy of the (sub)band edge 2 measured h'om the band edge 

of (sub) band 1. ... 

4-2 A plot to show that the optimum value for Z2DT in a two-band model 

is maximized at 6,E2- 1 = O. The pilJ"ameters for the two bands in this 

calculat ion are chosen slich that B~~ = B1~ and {(mxmy)I /2/m.} (II'/f<ph) = 

2.75 [ C~::~~ivJ . The value of Z2DT in the two-bruld model reduces to the 

corresponding one-band values in the limit 6,E2- 1 -+ ±oo. 

4-3 (a) The first Brillouin zone for face-centered cubic crystals. The point r is at 

the center of the zone. Various high symmetry points on the zone boundary 

are indicated by the indices K, L , W and X. (b) Decomposition of the 

electron Hall mobility into the contributions of the r-, L- and X -minima, 

deduced fi'om the Hall measurements at atmospheric and high pressnres. 

142 

144 

156 

159 

The figure is taken from Ref. [59J (see the references therein for more detail). 167 
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4-4

4-5

4.6

(a)Variousdirect(r-poillt)andindirect(五 一andX-pointsintheBrillouin

zone)energybandgapsasafunctionofAlcontentxinGa1_xAlxAs[59].

Alltheenergybandgapsaremeasuredfromthetopofthevalencebandedge

atther-pointintheBrillouinzone.(b)Conductionbandoffsetsformedfor

variousconductiollballdvalleysbetweenGaAsalldAlAsattheGaAs/AlAs

int・ ・face・,assumingtheempi・i・al・elati・n,△E∫-0・68△ 場[58],wh・ ・e

△ 、Elぎistheconductionbandoffsetatther-pointintheBrillouinzone

and△E5i・th・diffe・enceinth・direct(r-P・int)・n・ ・gybandgapb・tween

GaAsandAIAs.ItisnotedthattheenergyfbrtheX-valleyedgeinthe

conductionbandislowerintheAlAslayersthanintheGaAslayers,whereas

theenergiesfbrthe[r,L]-valleyedgesarelowerintheGaAslayersthanin

theAIAslayers...............................

Schematicdiagramtoshowthequantumwellsfbrmedatvarioushighsym-

metrypointsintheBrillouinzonefbrtheGaAs/AIAssuperlattice.Itis

notedthatthequantumwellsfbrX-valleysandthosefbrr-and五 一valleys

arefbrmedintheAIAsandGaAslayers,respectively.Thus,itissuggested

thatthecarriersinther-and五 一valleysareseparatedfromthoseintheX-

valleyinrealspace,sothattheeffectofinter-valleyscatteringonreducing

thecarriermobilitiesisminimized......................

TheresultsofthelatticethermalconductivitycalculationfbrGaAs/AlAs

superlattices,whereequalthicknessesareassumedbetweentheGaAsand

AIAslayers(dGaAs=dAIAs).ThecalculationwasperfbrmedbyProf.G.

ChenatUCLAbasedontheBoltzmanntransportequation[43].Alsoshown

inthe丘gureareexperimentalresultsobtainedforGaAs/AIAssuperlattices

withdGaAs=alAIAsthatarepublishedelsewhere[60ラ61].Theinterfacescat-

teringparameterprepresentsthedegreeofspecularityforphononreflection

ortransmissionattheGaAs/AIAsinterfaces:p=1impliescompletelyspec-

ularinterfacesラwhereasp=Oimpliestotallydiffuseinterfaces.......
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4-4 (a) Various direct (f -point ) and indirect (L- and X -points in the Brillouin 

zone) energy band gaps as a function of Al content x in Gar_xAlxAs [59]. 

All the energy band gaps arc meas ured from the top of the valence band edge 

at the f -point in the Brillouin zone. (b) Conduction band offsets formed for 

various conduction band valleys between GaAs and AlAs at the GaAs/AIA s 

interfaces, assluning the e mpirical relation, ~_E~ = O.G8~E.~ [58], where 

f:,.E f is the conduction band offset at the f -point in the Brillouin zone 

and f',.E~ is the difference in the di.rect (f -point) energy band gap b etween 

GaAs and AlAs. It is noted tha t the energy for the X -valley edge in the 

conduct ion band is lower in the AlAs layers than in the GaAs layers, whereas 

the energies for the [f ,L]-valley edges are lower in the GaAs layers than in 

the AlAs layers. .... . .. . ...... . . . . . . . . . . .. 168 

4-5 Schematic diagram to show the quantum wells formed at various high sym

metry points in the Brillouin zone for the GaAs/ AlAs superiattice. It is 

noted that the quantum wells for X -valleys and those for f - and L-valleys 

are formed in the AlAs and GaAs layers, respectively. T hus, i t is suggested 

tha,i, the cn.1Tiers III the r - and L- vrLlleys are separa,i;ed [rom those in the X 

valley in real space, so that the effect of inter-valley scattering on reducing 

the carrier mobi lHies is minimized . .... . 

4-6 The results of the lattice thermal conductivity calculation for GaAs/ AlAs 

superlattices, where equal thicknesses are assumed between the GaAs and 

AlAs layers (dCaAs = dAIAs). The calculation was performed by Prof. G. 

Chen at UCLA based on the Boltzmann transport equation [43] . Also shown 

in the fi gure are experimental results obtained for GaAs/ AlAs superlattices 

with dGa.As = dAIAs that are published elsewhere [60,61]. T he interface scat

tering parameter p represents the degree of specularity for phonon reflection 

or transmission at the GaAs/ AlAs interfaces: p = 1 implies completely spec-

ular interfaces, whereas p = 0 implies totally diffuse interfaces. 
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4-7

4.8

4-9

Schematicdiagramtoshowhowtoconstructtheprojectedcomponents

[mt(2D)and物(2D)]andthecross-sectionalcomponent(mのfbrtheef{bc-

tivemasstensorMforthe五 一pointvalleyalollgthe[111]directioninthe

Brillouinzonein(001)orielltedGaAs/AIAssuperlattices.........

(a)Plotofthelef七handsideofEq.4.25[denotedbyKP(kz)]asafullction

ofenergy(EzillEqs.4.26alld4.27)relativetotheX-valleyedgeinbulk

AIAs,whereEq.4.25issolvedfbrthesubbandderivedfromthelongitudinal

X-valleysinthe(001)orientedGaAs(20A)/AIAs(20A)superlattice.The

shadedregiondenotestherangeinenergieswhereasolutionofEq.4.25

exists.(b)TheresultantelectrollicdellsityofstatesfbrtheXご 一subballd

inthe(001)orientedGaAs(20A)/AlAs(20A)superlatticeasafunction

ofenergy,whichisgivenbytheenergydispersionrelationinthef()rmof

Eq.4.21.Itisnotedthatthefunctionalf()rmfbrtlleDOS(E)vs.Eis

identicalwiththatf()rk之vs.Ez(k之)intheextendedzonescheme,because

theelectronicdensityofstates(``per,,and``asafunctionof,,energy)fbra

givenvalueofkzdoesnotdependonthevalueofkzitself(i.e.,constant

witheachallowedvaleof砺)........................

(a)Densityofstatesfbrequalthickness(dGaAs=dAIAs)GaAs/AIAsr-point

superlatticesaswellasforbulkGaAs(dash-dottedline).Thequantumwell

(orbarrierlayer)thickness,denotedasdwordGaAs,ischosentobe20A

(solidline),40A(shortdashedline),and80A(longdashedline).Inthe

inset,eachgraphisshif七edinenergytoshowthedetailsofthebandedge

structure.(b)CalculatedabsolutevaluesfbrtheSeebeckcoefficientfbrthe

GaAs(20A)/AIAs(20A)r-pointsuperlatticeasafunctionofthequantum

welllayerthicknessdw(dw=dGaAs).Thecalculationwasmadefbra

fixedvaluefbrthecarrierconcentrationn=1×1018cm-3fbrthewhole

superlattice.Alsoshowninthefigureisthebulk(GaAs)valuefbrISIusing

thesamebasicmodelassumingn=1×1018cm-3.............
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4-7 Schematic diagram to show how to construct the pmjected components 

[mt (2D) and ml(2D)] and the cmss-sectional component (mz) for the efh,c

t ive mass tensor M for the L-point valley along the [Ill] direction in the 

Brillouin zone in (001) oriented GaAsjAIAs superlattices. ........ 176 

4-8 (a) Plot of the left hand side of Eq . 4.25 [denoted by KP(kzli as a function 

of energy (E, ill Eqs. 4.2G and 4.27) relat ive to the X-valley edge in bulk 

AlAs, where Eq. 4.25 is solved for t he sub band derived from the longitudinal 

X -valleys in the (001) oriented GaAs(20 A)j AlAs(20 A) suped attice. The 

shaded region denotes the range in energies where a solution of Eq. 4.25 

ex ists. (b) The resultant electronic density of states for the Xl-subband 

in the (001 ) oriented GaAs(20 A)jAlAs(20 A) supedat tice as a function 

of energy, which is given by the energy dispersion relation in the form of 

Eq. 4.2l. It is noted that the functional form for the DOS(E) vs. E is 

identical wit h that for kz vs. E, U,,) in the extended zone scheme, because 

the electronic density of states ("per" and "as a function of" energy) for a 

given value of kz does not depend on the value of k, itself (i.e., constant 

with each itllowed vale of k, ). 

4-9 (a) Density of states for equal thickness (dGaAs = d AIAs) GaAsj AlAs f-point 

superlattices as well as for bulk GaAs (dash-dotted Line) . T he quantum well 

(or barrier layer) thickness, denoted as dw or dGaAso is chosen to be 20 A 

(solid line), 40 A (short dashed line), and 80 A (long dashed line) . In the 

inset, each graph is shifted in energy to show the details of the band edge 

structure. (b) Calculated absolute values for the Seebeck coefficient for the 

GaAs(20 A)jA IAs(20 A) f-point superJattice as a function of the quantum 

well layer thickness dw (dw = dGaAs) . T he calculation was made for a 

fixed value for the ca.rrier concentration n = l xlOlS cm- 3 for the whole 

superlattice. Also shown in the figure is the bulk (GaAs) value for lSI using 

the same basic model assuming n = 1 x 1018 cm -3. 
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4-10Plotofthevalueoftheoptimum(withrespecttothechemicalpotential

ζ)Z3DTat300K,normalizedbythecorrespondingbulkvalue(Z3DT=

0.0085)fbrGaAsラforequalthickness(dGaA,=dAIAs)GaAs/AIAsr-point

superlatticesasafunctionofthequantumwelllayerthicknessdw(dw=

dGaAs).Thecalculatiollsshowllherearemadefbrthecollductionband

offset△ 、Ec=1eValldthe(electrol1)carriermobilityμ=3000cm2/V・s,

usingtheconstantrelaxationtimeapProximation.............

4-11Densityofstatesforelectrons(DOS)fora(001)orientedGaAs(20A)/AIAs(20

A)superlatticecalculatedf()rvarioussubbandsderivedfromr-,Xl一 ラXt-

and五 一valleys,asindicatedinthefigure.Thenumberinsidetheparenthe-

sesdenotesthenumberofequivalentvalleysthataredegenerateinenergy.

Therefbre,theDOSf()rXt-valleysshownhere,fbrexample,includescon-

tributionsfromtwoequivalentXt-valleys.Theinsetshowsaplotfbrthe

calculatedZ3DTasafunctionofcarrierconcentrationnfヒ)rthissuperlattice

at300K.Thepositionofthechemicalpotentialくthatgivestheoptimum

valueofZ3DT(denotedasZ3DTopt)isζ=0.083eVonthemainscale...

4-12Densityofstatesfbrelectrons(DOS)fbra(001)orientedGaAs(30A)/AIAs(20

A)superlatticecalculatedfbrvarioussubbandsderivedfromr-,Xl-,Xt-

and五 一valleys,asindicatedinthefigure.Thenumberinsidetheparenthe-

sesdenotesthenumberofequivalentvalleysthataredegenerateinenergy.

Therefbre,theDOSfbrXt-valleysshownhere,fbrexample,includescon-

tributionsfromtwoequivalentXt-valleys.Theinsetshowsaplotfbrthe

calculatedZ3DTasafunctionofcarrierconcentrationnfbrthissuperlattice

at300K.Thepositionofthechemicalpotentialζthatgivestheoptimum

valueofZ3DT(denotedasZ3DTopt)isく=0.154eVonthemainscale...
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4-10 Plot of the value of the optimum (with respect to the chemical potential 

() Z3DT at 300 K, normalized by the corresponding bulk value (Z3DT = 

0.0085) for GaAs, for equal thickness (dGa.A.s = d AlAR) GaAs/ AlAs r -point 

superlattices as a funct ion of the quantum well layer thickness dw (dw = 

d GaAs) ' The calculations shown here are made for the conduction band 

olI,et t;.Ec = 1 eV and th e (electron) carrier mob ility II. = 3000 cm"/V·s , 

using the constant relaxation time approximation. 

4-11 Density of states for elect rons (DOS) for a (001 ) oriented GaAs(20 A) / AlAs(20 

A) superlattice calculated for various subbands derived from r -, Xl-, X ,

and L-valleys, as indicated in the figure. The number inside t he parenthe

ses denotes the number of equivalent valleys that are degenerate in energy. 

Therefore, the DOS for X ,-valleys shown here, for example, includes con

tribut ions from two equivalent X ,-valleys. The inset shows a plot for the 

calculated Z3DT as a fWlct ion of carrier concentration n for t his superlattice 

at 300 K. The position of the chemical potential ( that gives the optimum 

186 

value of Z:mT (denoted as Z3DTOpt) is ( = 0.083 eVan the main scale. .. 188 

4-12 Density of s tates for electrons (DOS) lor it (001) orient ed GaAs (30 A) / AIAs(20 

A) superlattice calculatecl for various subbancls derived from r -, X{ -, X ,

and L-val leys, as indicated in the fi gure. T he number inside t he parenthe

ses cl enotes the number of equivalent valleys that are degenerate in energy. 

Therefore, the DOS for X,-valleys shown here, for example, includes con

tribut ions from two equivalent X,-valleys. The inset shows a plot for the 

calculated Z3DT as a flmction of carrier concentrat. ion n for this super lat tice 

at 300 K The position of t.he chemical potential ( t hat gives the optimum 

value of Z3DT (denoted as Z3DTOpt ) is (= 0.154 eVan the main scale. .. 189 
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4-13Densityofstatesforelectrons(DOS)fbra(001)orientedGaAs(20A)/AIAs(30

A)superlatticecalculatedfbrvarioussubbandsderivedf士omr-,Xl-,Xt-

and五 一valleys,asindicatedinthefigure.Thellumberinsidetheparellthe-

sesdenotesthenumberofequivalentvalleysthataredegenerateinenergy.

Therefbre,theDOSfbrXt-valleysshowllhere,fbrexample,includescon-

tributionsfromtwoequivalentXt-valleys.Theinsetshowsaplotfbrthe

calculatedZ3DTasafunctionofcarrierconcentrationnfbrthissuperlattice

at300K.Thepositionofthechemicalpotentialζthatgivestheoptimum

valueofZ3DT(denotedasZ3DTopt)isく=0.107eVonthemainscale...

4-14Densityofstatesforelectrons(DOS)fbra(111)orientedGaAs(20A)/AIAs(20

A)superlatticecalculatedforvarioussubbandsderivedfromr-,X-,Lt-and

五 〇-valleys,asindicatedinthefigure.Thenumberinsidetheparentheses

denotesthenumberofequivalentvalleysthataredegenerateinenergy.

Therefbre,theDOSf()r五 。-valleysshownhereラfbrexample,includescon-

tributions丘omthreeequivalent五 〇-valleys.Theinsetshowsaplotfbrthe

calculatedZ3DTasafunctionofcarrierconcentrationnfbrthissuperlattice

at300KThepositionofthechemicalpotentialζthatgivestheoptimum

valueofZ3DT(denotedasZ3DTopt)isζ=0.042eVonthemainscale...

4-15CalculatedvahlesofZ3DTasafunctionofcarrierconcentrationf()ra(001)

orientedGaAs(20A)/AlAs(20A)superlattice(dottedcurve),a(001)ori-

entedGaAs(30A)/AlAs(20A)superlattice(short-dashedcurve),a(001)

orientedGaAs(20A)/AIAs(30A)superlattice(long-dashedcurve)ラand

a(111)orientedGaAs(20A)/AIAs(20A)superlattice(long-dash-short-

dashedcurve).ThesolidcurvedenotesZ3DTcalculatedassumingonly

carriersinther-pointsubbandforaGaAs(20A)/AIAs(20A)superlattice.
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4-13 Density of states for electrons (DOS) for a (001 ) oriented GaAs(20 A) I AIAs(30 

A) superlattice calcula ted for various subbands derived frolTl r -, X l-, X ,

and L-valleys, 1lS indicated ill the figure. T he number inside the parenthe

ses denotes the number of equivalent valleys that are degenerate in energy. 

Therefore, the DOS for Xt-valleys shown here, for example, incl udes con

tributions [rom two equj va1enl ..,Yt- vaJleys. The inset shows a plot U)I" the 

calculated Z3DT 1lS a function of carrier concentrat ion n for this superlat tice 

a t 300 K. The position of the chemical potential ( that gives the opt imum 

va lue of Z3DT (denoted as Z3DTopt) is ( = 0.107 eV on the main scale. .. 190 

4-14 Density of states for electrons (DOS) for a (Ill ) oriented GaAs(20 A) I AIAs(20 

A) superlatt ice calculated for various subbands derived frolll r-, X -, L1- and 

Lo-valleys, as indicated in the figure. T he number inside the parentheses 

denotes the number of equivalent valleys that are degenerate in energy. 

Therefore, the DOS for Lo-valleys shown here, for example, includes con

tributions fi·om three equivalent Lo-valleys. T he inset shows a plot for the 

calculated Z3DT as a fUllction of carrier concentration n for this super lattice 

at 300 K. T he posit ion of the chemical potential ( that gives the opt im lLlll 

value of Z3UT (denoted as Z3uTopl ) is ( = 0.042 eV on the main scale. .. 192 

4-15 Ca.lcu la ted values of Z'DT 1lS a function of carr ier concent rat ion for a (001 ) 

oriented GaAs(20 A)/A1As(20 A) super lattice (dotted curve), a (00l) ori-

ented GaAs(30 A)I AIAs(20 A) superlat t ice (short-dashed curve), a (001) 

oriented GaAs(20 A)/AlAs(30 A) superlatt ice (long-dashed cm ve) , and 

a (111) oriented GaAs(20 A)I AIAs(20 A) superlat t ice (Iong-dash-short

d1lShed cmve) . The solid curve denotes Z3DT calculated 1lSsumjng only 

carriers in the r -point subband for a GaAs(20 A)I AlAs (20 A) superlatt ice. 194 

24 



4-16Densityofstatesforelectrons(DOS)fbra(111)orientedGaAs(30A)/AIAs(20

A)superlatticecalculatedforvarioussubbandsderivedf士omr-,X-,Ll-and

五 〇-valleys,asindicatedillthe丘gure.Thellumberinsidetheparentheses

demtesthenumberofequivalentvalleysthataredegenerateinenergy.

Therefbre,theDOSfbr五 〇-valleysshownhere,fbrexample,illcludescon-

tributions丘omthreeequivalent五 〇-valleys.Theillsetshowsaplotfbrthe

calculatedZ3DTasafunctionofcarrierconcentrationnfbrthissuperlattice

at300K.Thepositionofthechemicalpotentialζthatgivestheoptimum

valueofZ3DT(denotedasZ3DTopt)isく=0.147eVonthemainscale...

4-17Densityofstatesforelectrons(DOS)fbra(111)orientedGaAs(20A)/AIAs(30

A)superlatticecalculatedforvarioussubbandsderivedfromr-,X-,Lt-and

五 〇-valleys,asindicatedinthefigure.Thenumberinsidetheparentheses

denotesthenumberofequivalentvalleysthataredegenerateinenergy.

Therefbre,theDOSf()r五 。-valleysshownhereラfbrexample,includescon-

tributions丘omthreeequivalent五 〇-valleys.Theinsetshowsaplotfbrthe

calculatedZ3DTasafunctionofcarrierconcentrationnfbrthissuperlattice

at300KThepositionofthechemicalpotentialζthatgivestheoptimum

valueofZ3DT(denotedasZ3DTopt)isζ=0.067eVonthemainscale...

4-18Calculatedenergiesfbrvarioussubbandedgesfヒ)r(a)(001)and(b)(111)

orientedGaAs/AIAssuperlattices,measuredfromtheconductionbandedge

atther-pointintheBrillouinzonefbrbulkGaAs.Thecalculatedresults

areobtainedforafixedsuperlatticeperiod(dGaAs十dAIAs)=40A.Itis

notedthattheX-pointquantumwellisfbrmedwithintheAIAslayersり

whereasther-and五 一pointquantumwellsarefbrmedwithintheGaAs

layers.SubscriptslりtandoinXlりXtりLland五 〇denotetheorientationof

thepertinentconductionbandvalley:longitudinal,かansverse,andoblique

orientationsラrespectivelyラrelativetothesuperlatticegrowthdirection...
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4-16 Density of states for electrons (DOS) for a (Ill ) oriented GaAs(30 A) / AIAs(20 

A) superlattice calculated for various subbaJlCls derived from f- , X -, L [- and 

La-valleys, as indicated in the figure. The number inside the parentheses 

denotes the number of equivalent valleys t hat are degenerate in energy. 

Therefore, the DOS for Lo-valleys shown here, for example, includes con

tributions from three equiva1ent La-valleys. T he Lnset shows ('I, plot [()r the 

calculated Z3DT as a function of carrier concentration n for this superiattice 

at 300 K. The position of the chemical potential ( that gives the optimum 

value of Z3DT (denoted as Z3DTapt) is ( = 0.H7 eV on the main scale. .. 195 

4-17 Density of states for electrons (DOS) for a (111) oriented GaAs(20 A) / AIAs (30 

A) superiatt ice calculated for various subbands derived frolll f- , X - , L [- and 

Lo-valleys, as indicated in the figure. T he number inside the parentheses 

denotes the number of equivalent valleys that are degenerate in energy. 

Therefore, the DOS for Lo-valleys shown here, for example, includes con

tributions fi'om three equivalent Lo-valleys. The inset shows a plot for the 

calculated Z3DT as a fUllction of carrier concentration n for this super lattice 

at 300 K. The posit ion 0 [" the chemical potential ( that gives the opt imlLlll 

value of Z3UT (denoted as Z3uTopl ) is ( = 0.067 eV on the main scale. .. 196 

4-18 Ca.lcula ted energies for various subband edges for (a) (001) and (b) (Ill ) 

oriented GaAs/AIAs superlatt ices, measured from the conduction band edge 

at the f -point in the Brillouin zone for bulk GaAs. T he calculated results 

are obtained for a fixed superlat tice period (dGaAs + d A1As ) = 40 A. It is 

noted that the X -point quantum well is formed within the AlAs layers, 

whereas the f - and L-point quantum wells are formed within the GaAs 

layers. Subscripts I, t and 0 in X l> X " L[ and La denote the orientation of 

the pertinent conduction band valley: longitudinal, h:ansverse, and oblique 

orientations, respect ively, relative to the superlattice growth direction. .. 198 

25 



4-19(a)CalculatedZ3DTsfora(111)orientedGaAs(20A)/AIAs(20A)superlat-

ticeasafunctionofcarrierconcentrationtreatingr-(short-dashedcurve),

五 一(dash-dottedcurve)andX-valleys(lon9-dashedcurve)ラseparatelyラas

wellastreatingallthreetypesofvalleystogether(solidcurve).(b)Calcu-

latedZ3DTsfbra(111)orientedGaAs(20A)/AIAs(20A)superlatticeas

afunctionofchemicalpotentialmeasured丘omthelollgitudillal五 一valley

subbandedge(thelowestconductionsubbandinenergy)treatingr-(short-

dashedcurve)ラ 五 一(dash-dottedcurve)andX-(long-dashedcurve)valleys

separately,aswellastreatingallthreetypesofvalleystogether(solidcurve).

4-20CalculatedvaluesofZ3DTasafunctionofternperaturefora(001)oriented

GaAs(20A)/AlAs(20A)superlattice(solidcurves),andfbra(111)oriented

GaAs(20A)/AIAs(20A)superlattice(dashedcurves).Theresultsaregiven

fbrtwodistinctvaluesfbrthecarrierconcentration:n=5×1019cm-3(light

curves)andn=5×1018cm-3(darkcurves)................

5-1

5.2

5-3

5-4

199

201

Compositionaldependenceofthethermalresistivity(denotedby1/κ)of

Si1_xGexalloysasafunctionof(1-x)at300Kforundoped(n～2×1018cm-3)

samplesandforsamplesdopedton～1.5×1020cm-3withB,AsandP[77].213

Thethermalresistivityofp-typeSi1_xGecvalloysasafunctionofcarrier

concentrationwithtemperatureandalloycompositionasparameters[77].

Thein-planethermalconductivityκfbrCVD-grownSi/Gesuperlattices

at300Kasafunctionofthesuperlatticeperiod(dw十dB)thatisobtained

bymultiplyingthepublishedthermaldiffusivitydata[72]bytheaverage

valuesoftheheatcapacityandthemassdensityobtained丘ompublished

bulkSiandGedata(seetextfbrmoredetail)...............

Resultsfbrthecross-planethermalconductivityκ ⊥asafunctionoftem-

peraturefbrvariousCVD-grownSi/Gesuperlatticesamplesりpublishedby

S.-M.Leeetα1,[62].The3ω 一technique[83,84]wasutilizedinthismeasure-

mentofthecross-planeκ ⊥.Eachsymbolinthefigureislabelledbythe

superlatticeperiod(dw十dB)measuredinA................

214

216

217
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4-19 (a) Calculated Z 3DT s for a (111) oriented GaAs(20 A)I AIAs(20 A) suped at

t ice as a function of carrier concentration treating f - (short-dashed curve), 

L- (dash-dotted curve) and X-valleys (long-dashed curve), sepmatcly, as 

well as treat ing a ll three types of valleys toget her (solid curve). (b) Calcu

lated Z3DTs for a (111) oriented GaAs(20 A) I AIAs(20 A) superlattice as 

a function of dlemical potenlial measured rHHll the longitud inal L-vall ey 

subband edge (the lowest conduction subband in energy) t reating f- (short

dashed curve) , L- (das h-dotted curve) and X - (long-dashed curve) valleys 

separately, as well as treating all three types of va lleys together (solid curve) . 199 

4-20 Calcula ted values of Z3DT as a function of temperature for a (001) oriented 

GaAs(20 A)I AIAs(20 A) superlatt ice (solid curves), and for a (Ill ) oriented 

GaAs(20 A)I AIAs(20 A) superlatt ice (dashed curves) . The results are given 

for two distinct values for the carrier concentration: n = 5x 10 19 cm- 3 (light 

curves) and n = 5x101B cm-3 (dark curves). 201 

5-1 Composit ional dependence of the thermal resist ivity (denoted by 11,,) of 

Si1_ xGex all oys as a function of (I-x) at 300 K for ul1doped (n ~ 2 X 10 18 cm- 3 ) 

samples and for samples doped to n ~ 1.5 x 1020 cm- 3 with B, As and P [77]. 213 

5-2 T he ~herlllal resist ivity of l'- type Si1- xGex alloys as a fUll etioll of carrier 

concentration with temperature and alloy composition as parameters [77J. 214 

5-3 The in-plane thermal conductivity " II tor CVD-gmwn Si/Ge superlattices 

at 300 K as a function of the superlatt ice period (dw + dB) that is obtained 

by multiplying the published thermal diffusivity data [72J by the average 

values of the hea t capacity and the ma"s density obtained ti·om published 

bulk 8i and Ge data (see text for more detail) . 

5-4 Resnlts for t he cross-plane thermal conductivity ".L as a function of tem

perature for various CVD-grown Si/ Ge superJattice samples, published by 

S.-M. Lee et al. [62J. The 3w-technique [83, 84J was utilized in this meaSlU"8-

ment of the cross-plane ,,~ . Each symbol in the figlU"e is labelled by the 

s ilperial.tir.e period (rlw + dB) measmed ill A. . . 
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5-5

5.6

5-7

FittinganalysisusingProf.G.Che1ゴsmodel[76],perfbrmedbyT.Borca-

TasciucinProf.G.ChenラsgroupatUCLA,ofthecross-planethermoelec-

tricityκ ⊥f()ranMBE-grownSi/Gesuperlatticesample(JL156,dw十dB=

44A)(blackdashedcurve).Thespecularityparameterobtainedillthis

fittinganalysisoftheexperimentalκ ⊥(p=0.83)isalsousedtopredictthe

valuesofthein-planethermalconductivityκasafunctionoftemperature

f()rsample兀156(greydashedcurve)[43].Theresultsofthecalculations

fbrκ ⊥andκusingP=0(completelydifFuseinterfaces)f()rthespecularity

parameterarealsoshownbytheblackandgreysolidcurves,respectivelyラ

fbrcomparison...............................

Schematicbanddiagramtoshowtherelativeenergiesbetweenthevarious

conductionbandminimafbrbulkSiandGe.Theactualvaluesf()rthe

conductionbandoffset△E§i-Ge(definedinthefigure)rangebetweenO.15

andO.35eVラaccordingtothemagnitudeofthehydrostaticcomponentof

thelatticestrain.(△E§i-Ge=0.25eVisusedfbrtheconductionband

offsetinthecalculationshowninthischapter.)..............

Conductionbandoffsetdiagramsfbr(a)(001)and(b)(111)orientedSi/Ge

superlattices.Thebandoffsetsfbrmedatthe△oo1-and△100,010-valleys

(denotedby△lIand△ ⊥,respectively)andatthe五111-and五111,111,111-

valleys(denotedby五(z)and五(o),respectively)areshownbytheblacksolid

andthegreydash-dottedlinesin(a)and(b),respectively.Thelef七,middle,

andrightdiagramsdenotethebandoffsetsfbrtheunstrainedlayers,fbra

superlatticegrownonaSio .5Geo.5substrate,andfbrasuperlatticegrown

onaSisubstrate,respectively.ThebandoffsetsattheL-and△-pointsin

theBrillouinzonearealsoshownbytheblackdashedlinesinthelefthand

diagramsof(a)and(b),respectively,forcomparison............
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5-5 Fitting analysis using Prof. G. Chen's model [76], performed by T. Borca

Tasciuc in Prof. G. Chen's group at l:"CLA, of the cross-plane thermoelec

t ricity ".~ for an MBE-grown Si/Ge superlatt ice sample (JLI56, dw + dB = 

44 A) (black dashed curve). The specularity parameter obtained in this 

fitting analysis of the experimental ,,~ (p = 0.83) is also used to predict the 

val ues or the in-plane thermal conductivity K,I I as a rWJct iol] or ternperature 

for sample JL156 (grey dashed curve) [43] . The results of the calculations 

for ,,~ and " II using p = 0 (completely diffuse interfaces) tor the speculari ty 

parameter are also shown by the black ard grey solid curves, respectively, 

for com parison. 

5-G Schematic band diagram to show the relative energies between the various 

conduct ion band minima for bulk Si ard Ge. T he actual values for t.he 

cond uct ion band offset 6.E~i -Ge (defined in the figure) range between 0.15 

and 0.35 eV, according to the magnitude of the hydrostatic component of 

the lattice strain . (6.E~i -Ge = 0.25 eV is used for the conduction band 

oftSet in the calculation shown in this chapter.) 

5-7 Cnnrlllcl.iotl band offset (liagralI1s lilt' (a) (001) and (b) (Ill) oricuted Si/ Ge 

superlattices. The band offsets formed at the 6. OOl _ ard 6. l00,010_valleys 

(denoted by 6. 11 and 6.~ , respectively) and at the 1,1ll _ and l,ITl ,iYl,fil_ 

valleys (denoted by L (l) and L (o) , respectively) are shown by the black solid 

and the grey dash-dotted lines in (a) and (b), respectively. The left , middle, 

and right diagTams denote the band offsets for the ull..-:;tl'ained layers, for a 

superJattice grown on a Sio.5Geo.5 substrate, and for a suped attice grown 

011 a Si substrate, respectively. The band offsets at the L- and 6.-points in 

219 

221 

the Brillouin zone are also shown by the black dashed lines in the left hand 

diagrams of (a) and (b) , respectively, for comparison. . . . . . . . . . .. 225 
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5-8

5-9

Densityofstatesfbrelectronsill(001)orientedSi/Gesuperlatticesasa

functionofenergyrelativetothe△-pointofbulkSicalculatedfbrthesub-

bandsderivedfromthe△oo1-(solidcurve)ラ ム100,010-(dash-dottedcurve)

and五 一(grey-solidcurve)pointvalleys:(a)aSi(20A)/Ge(20A)superlat-

ticegrownolla(001)orientedSio .5Geo.5substrate,(b)aSi(20A)/Ge(20A)

superlatticegrownona(001)orientedSisubstrate.Thecalculatedvalue

ofZ3DTasafunctionofthecarrierconcentrationisshownintheinsetof

each丘gure.ThechemicalpotentialくthatgivestheoptimumvalueofZ3DT

(denotedbyZ3DTopt)isatthebandedgeofthe△-subbandfヒ)rboth(a)

and(b).SeethecaptioninFig.5-7fbrthemeaningofthesymbols△ ま,

△Siand五Ge・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ …

Densityofstatesfbrelectronsin(111)orientedSi/Gesuperlatticesasafunc-

tionofenergyrelativetothe△-pointofbulkSicalculatedfbrthesubbands

derivedfromthe五111-(greydash-dottedcurve)ラ 五111,111,111-(greysolid

curve),and△ 一(solidcurve)pointvalleys:(a)aSi(15A)/Ge(20A)super-

latticegrownona(111)orientedSio .5Geo.5substrate,(b)aSi(15A)/Ge(40

A)superlatticegrownona(111)orientedSisubstrate.Thecalculatedvalue

ofZ3DTasafunctionofthecarrierconcentrationisshownintheinsetof

each丘gure.ThechemicalpotentialくthatgivestheoptimumvalueofZ3DT

(denotedbyZ3DTopt)isatthebandedgeofthe△-subbandfbrboth(a)

and(b).SeethecaptioninFig.5-7fbrthemeaningofthesymbols△si,

瑠and五 留................................

5-10CalculatedvaluesfortheoptimizedZ3DTsforthestrain-symmetrized(001)

orientedSi(20A)/Ge(20A)superlatticesgrownona(001)orientedSio .5Geo.5

substrate(dashedcurves)andfbrthestrain-symmetrized(111)oriented

Si(20A)/Ge(20A)superlatticesgrownona(111)orientedSio .5Geo.5sub-

strate(solidcurves).Thetemperaturedependencefbrμ/κphistakentobe

T-1・5(greycurves)andT-1(solidcurves).................
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5-8 Density of states for electrons in (001) oriented Si/Ge superlat t ices as a 

function of energy relative to the 6-point of bulk Si calculated for the sub

bands derived from the 6 001_ (solid curve), 6 100 ,010_ (dash-dotted curve) 

and L- (grey-solid curve) point valleys : (a) a Si(20 A)/Ge(20 A) superlat

t ice grown on a (001) oriented Sio.5Geo.5 substrate, (b) a Si(20 A)/Ge(20 A) 

superia.tt ice grown on a (001 ) oriented Si substra.te. T he calcu lated va.lue 

of Z30T as a funct ion of the canier concentration is shown in the inset of 

each figure. The chemical potential ( tha.t gives the op timum value of Z30T 

(denoted by Z3DToptl is at the band edge of the 6 11-subband for both (a) 

and (b). See the caption in Fig. 5-7 for the mean ing of the symbols 6 t;, 

6~i and L Oe · 

5-9 Density of states for electrons in (Ill ) oriented Si/Ge superlattices as a func

t ion of energy relative to the 6-point of bulk Si calculated for the subbands 

derived from the L"l_ (grey dash-dotted curve) , Lll1.111,111_ (grey solid 

curve), and 6- (solid curve) point valleys : (a) a Si(15 A)/Ge(20 A) super

lattice grown on a (I ll) oriented Sio.5Geo.5 substrate, (b ) a Si(15 A)/Ge(40 

A) s llperlatl.ice grown on a (111 ) oriented Si sllhstml.e. T he ca.lcillated vallie 

of Z3UT as a function of the carrier concentration is shown in the inset of 

each figure. T he chemical potential ( that gives the optimum value of Z.mT 

(denoted by Z30Topt) is at the band edge of t he 6-subband for both (a) 

and (b). See the caption in Fig. 5-7 for the meaning of the symbols 6 Si, 

L (1 ) and L(o) 
SI Ge· 

5-10 Calculated values for the optimized Z3DTs for the strain-symmetrized (001) 

oriented Si(20A)/Ge(20A) superlattices grown on a (001) oriented Sio.5Geo.5 

substrate (dashed curves) and for the strain-symmetrized (Ill) oriented 

Si(20A)/Ge(20A) superlattices grown on a (Ill ) oriented Sio.,;Geo.o sub

st rate (solid cmves) . T he temperature dependence for Jl./I<ph is taken to be 

T -1.5 (grey curves) and T- 1 (solid curves) . 
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5-11AschematicdiagramtoshowthesamplestructurefbrtheSi(20A)/Ge(20A)

superlatticesgrownoll(001)orientedSisubstrates(samplesJL167and

JL169).ThesesuperlatticesamplesweregrownbyDr.J.L.LiuatUCLA.

Thedopantconcentrations(demtedbyn+)fbrthesesamplesareapproxi-

mately1×1019cm-3,butthen+fbrsampleJL169issupposedtobehigher

thanthatfbrsampleJL167.The(001)Sisubstrateatthebottomofthe

figureisslightlyp-typedoped@一 ～1012-1013cm-3).SincetheSi1_xGex

(x:0→0.5)gradedbufferlayerisslightlydoped7z-typeduetotheresidual

Sbsurfactantimpurities,apη 一junctionisfbrmedattheinterfacebetween

theSi1_xGex@:0→0.5)gradedbufferlayeralldthe(001)oriented1)-

typeSisubstrate,whichshouldprovidegoodelectricalinsulationbetween

thefilm(superlattice十bufferlayer)andthesubstrate.See§5.6fbrtheex-

perimentalresultsonthevarioustransportcoefHcientsf()rthesesamples.

5-12Aschematicdiagramtoshowthesamplestructuref()rtheSi(20A)/Ge(20A)

superlatticesgrownon(001)orientedSOI(Si-on-insulator)substrates(sam-

plesJL193,JL194,JL197andJL199).Thesesuperlatticesampleswere

grownbyDr.J.L.LiuatUCLA.Thedopantconcentrations(denotedbyn+)

f()rthesesamplesareintherangebetween1×1018cm-3and2×1019cm-3.

Thesesamplesareprovidedtoavoidtheeffectofthevalueof-Sshooting

upbelow200Kasdiscussedin§5.6.2.ASOI(Si-on-insulator)substrateis

composedof1800Aofa(001)orientedSilayerontopofa3800ASiO2

1ayerラwheretheSiO21ayerisgrownontopofthe(001)orientedSisubstrate

aswell.This3800ASiO21ayershouldprovideperfectelectricalinsulation

betweenthe丘lm(thelayersabovethe1800ASilayerintheabovefigure)

andthe(001)orientedSisubstrateunderneaththe3800ASiO21ayer.In

additon,a3800ASiO21ayerisconsideredtoprovidegoodthermalinsula-

tionbetweenthefilmandsubstrateaswell,asdiscussedin§5.6.2and§5.7.2.

See§5.7fbrtheexperimentalresultsonthevarioustransportcoe伍cientsfbr

thesesamples................................
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5-11 A schematic diagram to show the sample structme for the Si(20 A) / Ge(20 A) 

superlattices grown on (001 ) oriented Si substrates (samples JL167 and 

JL169). These superillttice samples were grown by Dr. J. L. Liu at UCLA. 

The dopant concentrations (denoted by n+) for these samples are approxi

mately l x 1019 cm- 3 , but the n+ for sample JL169 is supposed to be higher 

than that [or sample JLIG7. The (001) Si subst rate at the bottom o[ I.he 

figme is slightly p-type doped (n- ~ 1012_10'3 cm-3 ). Since the Sh-xGex 

(x : 0 -+ 0.5) graded buffer layer' is slightly doped n-type due to the residual 

Sb smfactant impmities, a pn-j unctioll is formed at the interface between 

the Si1- xGex (x : 0 -+ 0.5) graded buffer layer and the (001) oriented p

type Si substrate, which should provide good electrical insulation between 

the film (superlattice+buffer layer) and the substrate. See §5.6 for t he ex-

perimental results on the various transpmt coefficients for these samples . 233 

5-12 A schemat ic diagram to show the sample struelme for the Si(20 A)/Ge(20 A) 

superlattices grown on (001) oriented SOl (Si-on-insulator) substrates (sam

ples JL193, JL194, JL197 and JL199). These super'latt ice samples were 

grown by Dr. J. L. Lill iiI, UCLA. The dopiiut coneentral ions (deuoted by '1),+) 

fOl' these samples are in the range between1x1018 cm-3 and 2xlO'9 cm-3 . 

These samples are provided to avoid tbe etrect of the value of - 8 shooting 

up below 200 K as discussed in §5.6.2 . A SOl (Si-on-insulator) substrate is 

composed of 1800 A of a (001 ) oriented Si layer on top of a 3800 A Si0 2 

layer, where the Si02 layer is grown on top of the (001) oriented Si substrate 

as well. This 3800 A Si02 layer should provide perfect electrical insulation 

between tbe film (tbe layers above the 1800 A Si layer in the above figure) 

and the (001) oriented Si substrate undel'lleath the 3800 A Si02 layer. In 

additon, a 3800 A SiOz layer is considered to provide good thermal insula

tion between the film and substrate as well, as discussed in §5.6.2 and §5.7.2. 

See §5.7 for the experimental results on the various transport coefficients for 

these samples. 
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5-13TEM(transmissionelectronmicroscope)cross-sectionalmicrographsfbra

(001)orientedSi(20A)/Ge(20A)superlatticegrownonaSiGegradedbuffer

layerontopofa(001)orientedSisubstrate(sampleJL167)ラshowing(a)

awideareaofthecrosssectionand(b)ahigh(atomic)resolutionimage.

TEMimagesshowllherewereproducedbyDr.T.Radeticinthegroupof

Prof.R.GronskyintheUIliversityofCalifbrniaatBerkeley........

5-14Aschematicillustrationofthehome-madeprobefbrtransportmeasure-

mentsthatisusedinthepresentwork:(a)probeheadmountedwitha

sampleand(b)topviewof(a).......................

5-15SeebeckcoefficientasafunctionoftemperaturemeasuredforsamplesJL167

(opencircles)andJL169(filleddiamonds),togetherwiththeoreticalresults

obtainedfbrn=4×1018cm-3using(1)theconstantrelaxationtimeap-

proximation(solidcurve)and(2)semiclassicalmodelsincludingionized

impurityscatteringasthedominantscatteringmechanism(seeChapter6).

ThemostprobableexplanationfbrtherapidincreaseinthemeasuredSee-

beckcoef丘cientISIisduetothephonondrageffectatthecurrentstageof

theinvestigation(see§5.6.2andFig.5-18f()rmorediscussion)......

5-16Hallcarrierconcentrationasafunctionoftemperaturemeasuredfbrsam-

plesJL167(opencircles)andJL169(filleddiamonds).TheHallcoefHcient

measurementsshownhereareperfbrmedusinganelectricalcurrentof5mA

andamagneticfieldofO.26T.Thesizesofthesamplesthatareusedin

thesemeasurementsaretypically5mm×5mm..............
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5-13 TEM (transmission electron microscope) cross-sectional micrographs for a 

(001) oriented Si(20 A)jGe(20 A) superJattice grown on a SiGe graded buffer 

layer on top of a (001) oriented Si substrate (sample JL167), showing (a) 

a "ide area of the cross section and (b) a high (atomic) resolution image, 

TEM images shown bere were produced by Dr. T. Radetic in the group of 

Prof. R.. Gl'Onsky in t lie University o f' CaLifor nia at Berkeley, ""',. 236 

5-14 A schematic illustration of the home-made probe for transport mea.~ure

ments that is used in the present work: (a) probe head mounted with a 

sample and (b) top view of(a), """""""""'" 238 

5-15 Seebeck coefficient as a function of temperature measured for samples JL167 

(open circles) and JL169 (filled diamonds), together with theoretical results 

obtained for n = 4x lO l8 cm-3 using (1) the constant relaxation t ime ap

proximation (solid curve) and (2) semiclassical models including ionized 

impurity scattering as the dominant scattering mechan ism (see Chapter 6), 

The most probable explanat ion for the rapid increase in the measured See

beck coefficient lSI is due to the phonon drag effect at the current stage of 

the Investigation (see §5.G.2 and Fig. 5-18 lor ITJOr€ dlsf:lLssion). 

5-16 Hall carrier concentration as a function of temperature measured for sam

ples JL167 (open circles) and JL169 (fill ed diamonds), T he Hall coefficient 

measurements shown here ill'e performed using an electrical current of 5 mA 

and a magnetic field of 0,26 T, T he sizes of the srunples that ill'e used in 

these rneasurements are typically 5 lnm x 5 nun. 
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5-17ElectricalconductivityasafunctionoftemperaturefbrsamplesJL167

(opencircles)andJL169(filleddiamonds).TheexperimentalHallcar一

riermobilitiesobtainedfbrsamplesJL167andJL169are239cm2/V・sand

266cm2/V・s,respectively,at300K.Thesevaluesaretobecompared

withthetheoreticallypredictedvalueof556cm2/V・s(fbrthebothsam-

ples)obtainedfbrahomogeneouslydopedSi(20A)/Ge(20A)superlattice

@=4×1018cm-3)usingthesemi-classicalmodelsthataredevelopedin

Chapter6.Theoriginfbrthisdifferenceinthemobilitybetweentheory

andexperimentisattributedtosomeextrinsicscatteringmechanismsthat

arenotincludedinthemodel:interfacialandalloyscatteringattheSi/Ge

interfaces,scatteringduetothestructuraldefectsanddislocations(such

asthethreadingdislocationdiscussedin§5.2),andfluctuationsintheSi

andGelayerthicknessesinthesuperlatticepartofthesample.Theinset

showsaspecialconfigurationforthemeasurementoftheelectricalconduc-

tivityσ,wherethevoltagesinducedonthebackside(substrateside)ofthe

sample(denotedbyV2)aremonitoredduringthemeasurementofσfbrthe

superlatticepartofthesample(thevoltagemeasuredfbrthispurposeis

denotedbyVl),tomakesurethattheparalleltransportcontributionfrom

thesubstrateisabsent........................... 245
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5-17 Electrical conductivity as a flUlction of temperature for samples .TL167 

(open circles) and JL169 (filled diamonds) . The experimental Hall car

rier mobilities obtained for samples JL167 and JL169 arc 239 cm2/V ·s and 

266 cm2 /V·s, respectively, at 300 K. These values are to be compared 

with the theoretically predicted value of 556 cm2/V.s (for t he both sam

ples) obtained (or a liomogeneously doped Si(20 A)/Ge(20 A) superlaWce 

(n = 4xlO' 8 cm-3 ) using the semi-classical models that are developed in 

Chapter 6. The origin Jar this difference in the mobility between theory 

and experiment is a ttributed to some extrinsic scattering mechanisms that 

are 110t included in the model: interfacia l and alloy scattering at the Si/Ge 

interfaces, scattering due to the structural defects and dislocations (such 

as the t hreading dislocation discussed in §5.2), and fluctuations in the Si 

and Ge layer thicknesses in the superlatt ice part of the sample. The inset 

shows a special confi gllration for the measurement of the electrical conduc

tivity a, where the voltages induced on the back side (substrate side) ofthe 

sample (denoted by V2) are monitored during the measurement of a lor the 

s llperiat tice pm"!' of the sample (the volLage meas llreri lor this plU"pose is 

denoted by VI), to make Sure that the parallel transport contribution from 

the substrate is absent . 
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5-18(a)AbsolutevaluesoftheSTproduct,where5istheSeebeckcoefficient

andTisthetemperature,thataremeasuredforsamplesJL167(opencir-

cles)andJL169(filleddiamonds)asafunctionoftemperature.Alsoshown

arethetheoreticalresultsassumingn=4×1018cm-3illtheconstantre-

laxationtimeapproximation(solidcurve)andillthesemi-classicalmodel

(long-dashedcurve)thatisdevelopedinChapter6,wherethedominant

scatteringmechanismisionizedimpurityscattering.Itisnotedthatthe

theoreticalmodelsusedheredonotincludethephonondrageffectexplic-

itly.(b)AtypicalphonondrageffectobservedinbulkSi(afterGeballe

etα1.[89]),whereabsolutevaluesfbrtheSTproductareplottedasafunc一

tionoftemperatureforsampleswithn=2.2×1018cm-3(sample126)and

withn=2.7×1019cm-3(sample140)(here,nisthedonorconcentration).

Theresemblancebetweenourresultsin(a)andtheresultsbyGeballeetα1.

in(b)[seetheresultsfbrsample126]stronglysuggeststhattheobserved

effectofincreasingISIbelow200KinsamplesJL167andJL169(seeFig.5-

15)isduetothephonondrageffect....................249

5-19ExperimentallydeterminedthermoelectricpowerfactorS2σasafunctionof

temperaturef()r(a)sampleJL167and(b)sample兀169,togetherwiththe

resultsofsemi-classicalmodelsdevelopedinChapter6ラassumingn=4×1018cm-3ラ

andusingMatthiessen,srule(Eq.5.6)asexplainedinthef()otnoteon

page252.AlsoshownintheinsetofeachfigureistheestimatedZ3DT

asafunctionoftemperature,usingκ=5W/m・Kforthevalueofthe

thermalconductivity.Itisnotedthattheelectroniccontributionstothe

thermalconductivityκefbrsamplesJL167andJL169areestimatedtobe

lessthanO.1W/m・Kat300Kusingthemeasuredelectricalconductivity

data(Fig.5-17)andtheWiedemann-Franzlaw..............251
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5-18 (a) Absolute values of the ST product, where S is the Seebeck coefficient 

and T is the temperature, that are measured for samples JL167 (open cir

cles) and JL169 (filled diamonds) as a function of temperature. Also shown 

are the theoret ical results assuming n = 4xl018 cm- 3 in the constant re

laxation time approximation (solid curve) and in the semi-classical model 

(loug-da.'3hed curve) that is developed in Chapter D, where the dominant 

scattering mechanism is ionized impurity scattering. It is noted that the 

theoretical models used here do not include the phonon drag effect explic

itly. (bl A typical phonon drag effect observed in bulk Si (after Geballe 

et al. [89]), where absolute values for the ST product are plotted as a func

t ion of temperature for samples with n = 2.2x 1018 cm- 3 (sample 126) and 

with n = 2.7x 1019 cm-3 (sample 140) (here, n is the donor concentration) . 

The resemblance between our results in (a) and the results by Geballe et al. 

in (b) [see the results for sample 126] strongly suggests that the observed 

effect of increasing lSI below 200 K in samples JL167 and JL169 (see Fig. 5-

15) is due to the phonon drag efiect. 249 

5-1 9 Experimentally detenuined Lhen noeled.rir: power [ador S2(J rt..."l a func.tioll of 

temperature for (a) sample JL167 and (b) sample JL169, together with the 

results of semi-classical models developed in Chapter 6, assuming n = 4x1018 cm- 3 , 

and using Matthiessen's rule (Eq. 5.6) as explained in the footnote on 

page 252. Also shown in the inset of each figure is the estimated Z3DT 

as a function of temperatme, using " = 5 W Im·I( for the value of the 

thermal conductivity. It is noted that the electronic contributions to the 

thermal conductivity "e for samples JL167 and JL169 are estimated to be 

less than 0.1 W Im·I( at 300 K using the measmed electrical conductivity 

data (Fig. 5-17) and the Wiedemann-Franz law. 

32 

251 



5-20Thetemperaturedependenceofthethermalconductivityκalongthesu-

perlatticegrowthaxis(denotedasthecross-planethermalconductivityκ ⊥)

measuredf()rsampleJL194(opencircles)ラJL197(opendiamonds)and

JL199(opentriangles)asafunctionoftemperature.Themeasurements

areperfbrmedbyT.Borca-TasciucinthegroupofProf.G.ChenatUCLA

usinga3ω 一method[83].Itisnotedthatthevaluesfbrκ ⊥obtailledinthis

measurementcannotbeusedfbrκ(T)intheestimationofZ3DTinour

experimentsincethethermoelectricpowerfactorS2σfbrthesesamplesis

measuredalongtheplaneofthesuperlattice................

5-21SeebeckcoefficientasafunctionoftemperaturemeasuredforsamplesJL194

(opencircles),JL197(opendiamonds)andJL199(opentriangles),to-

getherwiththeresultsofsemi-classicalmodelsdevelopedinChapter6,f()r

n=5×1018cm-3(dot-dashedcurve)ラ7×1018cm-3(short-dashedcurve)

and1.5×1019cm-3(long-dashedcurve),withouttheuseofanyfittingpa-

rameters.NotethattheeffectofISIshootingupbelow200K,whichis

f()undinsamplesJL167andJL169(seeFig.5-15),isabsentinthesesam-

ples.Thepossiblereasonsfbrthemarkedincreaseinthevalueofl51above

300Kinclude(1)thescatteringofelectronsduetoopticalphononsthat

maybecomedominantabove300Kand(2)theincreasingoccupationofthe

△ ま一subbandbyconductionelectronswithincreasingtemperatureabove300

Kintheactualsamples[seeFig.5-8(a)]..................

257

259
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5-20 The temperature dependence of the thermal conductivity" along the su

ped attice gmwth axis (denoted as the cross-plane thermal conductivity ,,~) 

measured for sample J L104 (open circles) , JL197 (open diamonds) and 

JL199 (open triangles) as a function of temperature. The measurements 

are performed by T . Borca-Tasciuc in the gmup of Pmf. G. Chen at UCLA 

using a. 3w-ruethod [83]. It is noted that th e va.l ues ror ~..l obtained in this 

measurement cannot be used tor ,,(T) in the estimation of Z3DT in our 

experiment since the thermoelectric power lactor S2a for these samples is 

measured along the plane of the superlattice. 

5-21 Seebeck coefficient as a function of temperature measured for samples JL194 

(open circles), J L197 (open diamonds) and JL199 (open triangles), to

gether with the results of semi-classical models developed in Chapter 6, for 

n = 5xlO'8 cm- 3 (dot-dashed curve), 7x lO'8 cm- 3 (short-dashed curve) 

and 1.5 x 10' 9 cm- 3 (long-dashed curve), wi thout the use of any fitt ing pa

rameters. Note that the effect of 151 shooting up below 200 K, which is 

found in samples JL167 and JL169 (see Fig. 5-15), is absent in these sam

ples. T he possible rea.,01lS [01' t he marked inCl·ea.,e in the vallie of 151 above 

300 K include (1) the scattering of electrons due to optical phonons that 

may become dominant above 300 K and (2) the increasing occupation of t he 

6.t;-subband by cond uction electrons with increasing temperature above 300 

257 

K in the actual samples [see F ig. 5-8(a)]. . . . . . . . . . . .. 259 
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5-22ElectricalconductivityσasafunctionoftemperaturefbrsamplesJL194

(opencircles),JL197(opendiamonds)andJL199(opentriangles).The

valuesfbrσthataredeterminedbythevanderPauwmethodarealsoindi-

catedinthefigurebytheopensquaresymbolsforselectedtemperatures(77

Kand283K).TheexperimentalHallcarriermobilitiesobtainedforsamples

JL194,JL197,andJL199are138cm2/V・s,192cm2/V・s,and210cm2/V・s,

respectively,at300K.Thesevaluesaretobecomparedwiththetheo一

reticallypredictedvaluesof406cm2/V・sラ488cm2/V・sand528cm2/V・s

obtainedfbr7z=5×1018cm-3,n=7×1018cm-3andn=1.5×1019cm-3ラ

respectively(seeFig.5-23f(〕rtheexperimentalHallcarrierdensitiesf()r

samplesJL194,JL197andJL199),fbrhomogeneouslydoped(001)oriented

Si(20A)/Ge(20A)superlatticesusingthesemiclassicalmodelsthatare

developedinChapter6.Thedifferencesinthevaluesbetweenthetheoret-

icalandexperimentalmobilitiesareattributedtosomeextrinsicscattering

mechanismsthatarenotincludedinthemodel:(1)interfacialandalloy

scatteringattheSi/Geinterfaces,(2)scatteringduetostructuraldefects

anddislocations(suchasthethreadingdislocationdiscussedin§5.2),and

(3)fluctuationsintheSiandGelayerthicknessesinthesuperlatticepart

ofthesampleaswediscussedin§5.6.1...................

5-23Hallcarrierconcentrationasafunctionoftemperaturemeasuredforsamples

JL194(opencircles),JL197(opendiamonds)andJL199(opentriangles).

TheHallcoef丑cientmeasurementsshownhereareperfbrmedusinganelec-

tricalcurrentof1.25-2.5mAandamagneticfieldofO.3T.Thesizesofthe

samplesthatareusedinthesemeasurementsaretypicallysmm×5mm.

261
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5-22 Electrical conductivity a as a function of temperature for samples .TL194 

(open circles), JL197 (open diamonds) and JL199 (open t riangles) . The 

values for a that arc determined by the van del' Pauw method arc also indi

cated in the figure by the open square symbols for selected temperatures (77 

K and 283 K) . The experimental Hall carrier mobilities obtained for samples 

JL194, ,TL197, and ,TL199 are 138 em" IV·s, 192 em" IV·s , and 210 cm" I V·s , 

respectively, at 300 K. These values are to be compared with the theo

retically predicted values of 406 cm2 / V·s, 488 cm2 /V·s and 528 cm2 / V· s 

obtained for n = 5xlO'8 cm- 3 , n = 7x lO' 8 cm-3 and n = 1.5 x lO l9 cm- 3 , 

respectively (see Fig. 5-23 for the experimental Hall carrier densities for 

samples JL194, J L197 and JL199) , for homogeneously doped (001 ) oriented 

Si(20 A)/Ge(20 A) superJattices using the semiclassical models that are 

developed in Chapter 6. The differences in the values between the theoret

ical and experimental mobili ties are attributed to some extrinsic scattering 

mechanisms that are not included in the model: (1) interfacial and alloy 

scattering at the SilGe interfaces, (2) scattering due to structural defects 

ami dislocal.ions (s llch as I:he I: hreading d isloca.l.ion (lisclIssed in §5.2), ami 

(3) fluctuat ions in the Si and Ge layer thicknesses in the superJattice part 

of the samp le as we discussed in §5.6.1. 

5-23 Hall carrier concentration as a function of temperature measured for samples 

JL194 (open circles), JL197 (open diamonds) and JL199 (open t riangles) . 

The Hall coefficient lneasurelnents shown here (ll'e performed using an elel:-

261 

t rical current of 1.25- 2.5 rnA and a magnetic field of 0.3 T. The sizes of the 

samples tha t are used in these measurements are typically 5 mm x 5 mm. 262 
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5-24(a)Thermoelectricpowerfactor52σasafunctionoftemperaturemea-

suredfbrsamplesJL194(opencircles),JL197(opendiamonds)andJL199

(opentriangles)ラtogetherwiththeresultsofthesemi-classicalmodelsthat

aredevelopedinChapter6ラfbr7z=5×1018cm-3(dot-dashedcurve)ラ

7×1018cm-3(short-dashedcurve)and1.5×1019cm-3(long-dashedcurve)

ItisnotedthatthetheoreticalvalueshereareobtainedusingMatthiessen,s

rule(Eq.5.6)totakeintoaccounttheextrinsicscatteringmechanismsthat

arepresentintheactualsuperlatticesamplessuchasthoseusedinthe

presentstudy(seethefootnoteonpage252in§5.6.3).Theinsetshowsthe

plotsofestimatedvaluesofZ3DTforthesesamplesasafunctionoftemper-

atureusingκ=5W/m・Kforthethermalconductivity,togetherwiththe

theoreticalresultsusingthesamevaluelbrκ(κ=5W/m・K).Theclose-ups

oftheplotintheinsetof(a)fbrtemperaturesbelow300Kareshownin

(b)and(c).................................

5-25(a)Two-dimensionalsheetconductivity(denotedasσ 、D,whereσisthe

three-dimensionalelectricalconductivityandDisthethicknessofthesam-

pleusedfbrthecalculationofσ)asafunctionoftemperaturef()rabare

bufferlayersample(JL200)thatisgrownonaSOI(Si-on-insulator)sub-

strate(丘lledcircles).Alsoshowninthefigurearethetwo-dimensionalsheet

conductivitiesσDforsamplesJL194(opencircles),JL197(opendiamonds)

andJL199(opentriangles)thatarediscussedfirstlyin§5.7.2.(b)Arrhenius

plotofσDfbrthebarebufferlayersample(JL200).Theactivationenergy

obtainedfbrconductioncarriersbelow100Kis19.8meV.........

5-26Seebeckcoe伍cientasafunctionoftemperatureforabarebufferlayersample

(JL200)thatisgrownonaSOI(Si-on-insulator)substrate(opencircles).

AlsoshowninthefigurearethemeasuredSeebeckcoef丘cientsfbrsamples

JL194(long-dashedcurve),JL197(short-dashedcurve)andJL199(dash-

dottedcurve)ラfbrcomparison(thesesamplesaregrownonbufferlayersthat

areidenticaltothatgrownfbrsampleJL200)...............

35

264

268

270

5-24 (a) Thermoelectric power factor S 2a as a function of temperature mea

sured for samples JL194 (open circles), JL197 (open diamonds) and JL199 

(open triangles), together with the results of the semi-classical models that 

are developed in Chapter 6, for n = 5 x 10 18 cm - 3 (dot-dashed curve), 

7xlO' 8 cm- 3 (short-dashed curve) and1.5xlO'9 cm- 3 (long-dashed curve) . 

It is lloledlhal, the thecJl:etic.:1J values here iu'e obtained lIsing l'v[atLhiessen's 

rule (Eq. 5.6) to take into account the extrinsic scattering mechanisms that 

are present in the actual superiattice samples such as those used in the 

present study (see the footnote on page 252 in §5.6.3). The inset shows the 

plots of estimated values of Z3DT for these samples as a function of temper

ature using" = 5 W Im.K for the thermal conductivity, together with the 

theoretical results using the same value for" (hO = 5 \V /m·K). The close-ups 

of the plot in the inset of (a) for temperat ures below 300 K are shown in 

(b) and (c). 

5-25 (a) Two-dimensional sheet conductivity (denoted as aD, where a is the 

three-dimensional electrical conductivity and D is the thickness of the sam

ple used fo1' the c<tkulation of IT) as a, fllnd ion or t. f".rnper(tt,lm:~ for a bare 

buffer layer sample (J L200) that is grown on a SOl (Si-on-insulator) sub

strate (fi lled circles) . Also shown in the fi gure are the two-dimensional sheet 

conduct ivit ies aD for samples JL194 (open cildes), JL197 (open diamonds) 

and JL199 (open triangles) that are discussed fi rstly in §5. 7. 2. (b) Arrhenius 

plot of a D for the bare buffer layer sample (JL200). The activation energy 

obtained for conduction carriers below 100 K is 19.8 meV. 

5-26 Seebeck coeffi cient as a function of tempel'atme for a bare buffer layer sample 

(JL200) that is grown on a SOl (Si-on-insulator) substrate (open circles) . 

Also shown in the figure are the measured Seebeck coefficients for samples 

JL194 (long-dashed cmve) , JL197 (short-dashed curve) and JL199 (dash

dotted curve), for comparison (these samples are grown on buffer layers that 

264 

268 

are identical to that grown for sample JL200). .............. 270 
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theparallelconductorsmodelsasexplainedm§5.8.3............

5-31Two-dimensionalelectricalconductivityσ 、Dasafunctionoftemperature

f()rsampleJL193(opensquares),fbrsampleJL194(opencircles),andfor

thebarebufferlayersample兀200(solidcurve)..............

5-32Two-dimensionaltransportcoef丑cientSσ 、Dthatisconnectedtotheenergy

currentcarriedbytheconductionelectronsasafunctionoftemperaturefor

sampleJL193(opensquares),forsampleJL194(opencircles),andfbrthe

barebufferlayersampleJL200(solidcurve)................

5-27Schematicdiagramtoshowthestructuresofthethin(25periods)andthick

(100periods)Si(20A)/Ge(20A)superlatticesamplesthatareusedinthe

presentinvestigationラwhicharedemtedasJL193andJL194,respectively.272

5-28SeebeckcoeMcientasafunctionoftemperaturefbrsamplesJL193(open

squares)alldJL194(opellcircles),togetherwiththetheoreticalresultsob-

tainedusingthesemi-classicalmodelsthataredevelopedinChapter6.The

filledcirclesdenotethepropertiesofthetop75periodsoftheSi(20A)/Ge(20A)

superlatticepartofsampleJL194ラthatarededucedusingthesubtraction

processdevelopedin§5.8.3.........................273

5-29HallcarrierconcentrationnHallasafunctionoftemperaturefbrsamples

JL193(opensquares)andJL194(opencircles).Thefilledcirclesdenotethe

Hallcarrierconcentrationsdeducedfbrthetop75periodsoftheSi(20A)/Ge(20A)

superlatticepartofthesampleforsampleJL194usingtheparallelconductor

model,asexplainedin§5.8.3........................274

5-30Three-dimensionalelectricalconductivityσasafunctionoftemperaturefor

samplesJL193(opensquares)andJL194(opencircles).Thefilledcircles

denotetheelectricalconductivitiesdeducedfbrthetoP75periodsofthe

Si(20A)/Ge(20A)superlatticepartofthesamplefbrsampleJL194using

275
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5-27 Schematic diagmm to show the structures of the thin (25 periods) and thick 

(100 periods) Si(20 A)/Ge(20 A) superJatt ice samples t hat are used in the 

present investigation, which arc denoted as JL193 and JL194, respectively. 272 

5-28 Seebeck coeffi cient as a function of temperature for samples JL193 (open 

squares) and JL194 (open circles), together with t he theoretical results ob

tainedusing tbe semi-class ical models that are de veloped in Chapter G. The 

filled circles denote the properties of the top 75 periods ofthe Si(20 A) /Ge(20 A) 

supedattice par t of sample JL194, that are deduced using the subtraction 

process developed in §5.8.3. 

5-29 Hall carrier concentration nHall as a function of temperature for samples 

JL193 (open sqnares) and JL194 (open circles). The filled circles denote the 

273 

Hall canier concentmtions ded uced for the top 75 periods of the Si (20 A) /Ge(20 A) 

supedattice part of the sample for sample JL194 using the parallel conductor 

model , as explained in §5.8.3. 

5-30 Tlnee-dimensional electrical conductivity a as a function of temperature for 

samples JL193 (open squares) and JL194 (open circles) . The filled circles 

rlenote the eledrical conrlncl.ivilies derlllccd lor the top 75 periods 0]" the 

Si(20 A)/Ge(20 A) superlattice part of the sample for sample JL194 using 

274 

the parallel conductors models as explained in §5.8.3. . . . . . . . . . .. 275 

5-31 Two-dimensional electrical conductivity aD as a function of temperature 

for sample JL193 (open squares), for sample JL194 (open circles), and for 

the bare buffer layer sample JL200 (solid curve). 

5-32 Two-dimensional transport coefficient SaD that is connected to the energy 

cutTent carried by the conduction electrons as a function of temperature for 

sample JL193 (open squares) , for sample JL194 (op en circles), and for the 

bare buffer layer sample JL200 (solid curve) . 
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5-33Resultsforthesubtractionofthebufferlayercontributiontothemeasured

Seebeckcoef丑cient5asafunctionoftemperature.Theopensquaresand

opellcirclesdenotethemeasuredSeebeckcoefHcielltsfbrsamplesJL193

andJL194ラrespectively.ThevaluesfbrtheSeebeckcoef丑cielltdeduced

fbrthesuperlatticepartofthesampleolllyusillgtheparallelconductors

model(Eq.5.8)arealsoshownfbr:(1)sampleJL193usingthebarebuffer

layersampleforthesubtractionofthebufferlayercontribution(dash-dotted

curve),(2)sampleJL194usingthebarebufferlayersampleforthesubtrac-

tionofthebufferlayercontribution(dashedcurve)and(3)sanlpleJL194

usingthe25-periodsuperlatticesample(JL193)fbrthesubtractionofthe

contributionsfromthebottom25periodsofthesuperlatticeandfromthe

bufferlayerpartofthesample(solidcurve)................ 280

　 　
5-34ExperimentallydeterminedHallcarriermobilityfbrthe(001)orientedSi(20A)/Ge(20A)

superlattices(opencircles),thatareobtainedin§5.6-§5.8ラasafunctionof

Hallcarrierconcentrationat300K.Alsoshowninthefigurearethetheoret-

icallypredicatedcarriermobilitiesat300Kfbrhomogeneouslydoped(001)

orientedSi(20A)/Ge(20A)superlatticesusingthesemi-classicalmodelsde一

velopedinChapter6withouttheuseofanyfittingparameters(solidcurve),

andusingMatthiessen,srule(Eq.5.6)totakeintoaccounttheextrinsicscat-

teringmechanismsthatarediscussedin§5.6.1(dot-dashedcurve),wherea

valueof7ext=4×10-14sischosenfromTable5.4forthecalculationofthe

theoreticalcarriermobilitiesshownbythedot-dashedcurveinthefigure.. 285

37

5-33 Results for the subtraction of the buffer layer contribution to the measm ed 

Seebeck coefficient S as a function of temperature. The open squares and 

open circles denote the measured Seebeck coefficients for samples JL193 

and JL194, respectively. The values for the Seebeck coefficient deduced 

for the super lattice part of the sample only using the parallel conductors 

model (Eq. 5.8) are a lso shown fi)1' : (1) sample JL193 us ing the bare bu ffer 

layer sample for the subtraction of the buffer layer contribu tion (dash-dotted 

cm ve), (2) sample JL194 using the bare buffer layer sample lor the subtrac

tion of the buffer layer contribution (dashed curve) and (3) sample JL194 

using the 25-period superJattice sample (J1193) for t he subtraction of the 

contributions from the bottom 25 periods of the superlatt ice and from the 

buffer layer part of the sample (solid curve) . 280 

5-34 Experimentally determined Hall carrier mobili ty for the (001) oriented Si(20 A)/Ge(20 A) 

superlattices (open circles), that are obtained in ~5 .6-§5 . 8, as a function of 

Ha ll carrier concentration at 300 K. Also shown in the fig me are the theoret-

ically predicated carrier mobilit ies at 300 K for homogeneously doped (001 ) 

oriented Si(20 A)/Ge(20 A) sliperlal.l.ices IIsing the semi-da."ical wndels de-

veloped in Chapter 6 without the use of any fitting parameters (solid cUI'Ve) , 

and using Matth iessen's rule (Eq. 5.6) to take into account the extrinsic scat-

tering mechan isms that al'e discussed in §5.6.1 (dot-dashed curve), where a 

value of Text = 4 X 10- 14 S is chosen fi'om Table 5.4 for the calculat ion of the 

theoret ical carrier mobilit ies shown by the dot-dashed curve in the figm e. . 285 
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5-35TheexperimentallydeterminedaswellastheoreticallypredictedSeebeckco-

ef丑cientasafunctionofcarrierconcentrationat300Kfbrthe(001)oriented

Si(20A)/Ge(20A)superlatticesamplesthatareinvestigatedinthischapter.

ThesymbolsSa .m.(opencircles)ラSsubt.(丘lledcircles),Shomo.(solidcurve)

alldST。xt(dot-dashedcurve)denotetheas-measuredexperimelltalSeebeck

coef丑cient,theexperimentalSeebeckcoef丑cientaf七ersubtractingthebuffer

layerand/orsubstratecontributions,thetheoreticalSeebeckcoefHcientus-

ingthesemiclassicalmodelsthataredevelopedinChapter6withouttheuse

ofany丘ttingparametersandthetheoreticalSeebeckcoefHcientincluding

the7extcontributionthatisobtainedf士omTable5.4(7ext=4×10-14sis

chosenhere)................................

5-36Theexperimentallydeterminedaswellastheoreticallypredictedthermo-

electricpowerfactorS2σ(leftscale)asafunctionofcarrierconcentration

at300KfbrtheSi(20A)/Ge(20A)superlatticesamplesthatareinvesti-

gatedinthischapter.TheexperimentalresultsforS2σshownhereareboth

as-measured(opencircles)andaf七erthesubtractionprocesstodeducethe

netcontributionofthesuperlatticepartofthesampleonly(filledcircles)

asdiscussedin§5.8.Thetheoreticalcurvesshownhereareobtainedusing

semiclassicalmodelsthataredevelopedinChapter6ラwithouttheuseofany

fittingparameters,assuminghomogeneousdopingthroughoutthesuperlat-

ticepartofthesample(solidcurve)andusingMatthiessen,srule(Eq.5.6)

totakeintoaccounttheextrinsicscatteringmechanismsthatarediscussed

in§5.6.1(dot-dashedcurve),whereavalueof7ext=4×10-14sisusedfor

・T
ext(seeTable5.4).Therightscaleinthefigureshowsthecorresponding

valuesforZ3DTusingκ=5W/m・Kforthethermalconductivity.....
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5-35 The experimentally determined as well as theoretically predicted Seebeck co

efficient as a function of carrier concentration at 300 K for the (001) oriented 

Si(20 A) / Ge(20 A) superlattice samples that arc investigated in this chapter. 

T he symbols Sa. ln . (open circles) , Ssubt. (fill ed circles) , S"omo. (solid curve) 

and 5TexC (dot-dashed curve) denote the as-measured experimental Seebeck 

coefficient, the experiUlenta] Seebeck coeffic ie nt a fter sub tracting the bn f[er 

layer a nd/or substrate contributions, the theoretical Seebeck coefficient us

ing the semiclassical models that are developed in Chapter 6 without the use 

of any fitting parameters and the theoreti cal Seebeck coefficient including 

the Text contribution that is obtained fro111 Table 5.4 (Text = 4xlO- 14 sis 

chosen here). 

5-36 The experimentally determined as well as theoretically predicted thermo

electric power factor 52 (J (left scale) as a function of carrier concentration 

at 300 K for the Si(20 A)/Ge(20 A) superlatt ice samples that are investi

gated in this chapter. The experimental results for 5 2
(J shown here are bot h 

as-measured (op en circles) and after the subtraction process to deduce the 

ne t. cont.ribut.ion of t.he s liperlal.l.ice part. of t.he sample only (filled circles) 

as discussed in §5.8. The theoretical curves shown here are obtained using 

semjcJassical models that are developed in Chapter 0, without the use of any 

fitting parameters, assuming homogeneous doping throughout the superlat

t ice part of the sample (solid curve) and using Matthiessen's rule (Eq. 5.6) 

to take into account the extrinsic scat tering rnechanislTIS that are discussed 

in §5.6. l (dot-dashed curve) , where a value of Text = 4x lO- 14 S is used for 

Text (see Table 5.4). The right scale in the figure shows t he corresponding 

values for Z3DT using" = 5 W /m· K for the thermal conductivity. 
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6-1

6-2

(a)Squaredwavefunction1ψg(z)12fbra(001)orientedSi(20A)/Ge(20A)

superlattice[△-subballdinFig.5-8(a)]asafunctionofz,whichisused

fbrthecalculatiollofσ(qz)(theFouriertransfbrmoflψ 之(z)12)in(b).ψ 之(之)

isobtailledbysolvillgtheSchr6dillgerequationusingtheKr6nig-Pe1111ey

modelasdiscussedil1§4.3.4.Thecalculationwasmadeusingthevalueofthe

conductiollbandoffset△ 、Ec=0.808eVandthevalueofthezcomponent

(alongthesuperlatticegrowthaxis)oftheeffectivemasstensormz=0.92m

(fbrbothSiandGelayers).(b)1σ(g之)12asafunctionofqzラwhereσ(g之)is

definedinEq.3.7,fbrthewavefunctiongivenin(a).Theinsetshowsthe

int・g・ati・n・flσ(q2)12with・e・pectt・qLfr・mze・ ・t叫a・a血n・ti・n・f

qz.Notethatsuchafactor(withqz=Oc)appearsinthesquaredmatrix

elementf()rlongitudinalacousticphonondefbrmationpotentialscattering

withoutincludingtheeffbctofthefreecarrierscreening(seeEq.3.14)...

ThetheoreticallypredictedvaluesfbrtheSeebeckcoefHcientfbr(001)ori一

entedSi(20A)/Ge(20A)superlatticesasafunctionofcarrierconcentration

at300K.Thecalculationsweremadeusingthesemi-classicalmodelsthat

aredevelopedin§6.1assuming(1)homogeneousdopingthroughoutthe

wholesuperlattice(solidcurve),(2)modulationdopingonlyintheGelay-

ersofthesuperlattice(dashedcurve)ラand(3)δ 一dopinginthemiddleof

eachGelayerinthesuperlattice(dash-dottedcurve).Alsoshowninthe

figurearetheas-measuredvaluesfbrtheexperimentalISI(opencircles),the

valuesforISIobtainedaftersubtractingthebufferlayerand/orsubstrate

contributions(filledcircles)asdiscussedin§5.8,andthevaluesforISIPre-

dictedbytheconstantrelaxationtimeapproximation(graysolidcurve)for

comparison(see§5.9forthedetailsoftheexperimentalresults)......
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6-1 (a) Squared wavefunction 1"u, (z)1 2 for a (001) oriented Si(20 A)/Ge(20 A) 

suped attice [f:> II-subband in Fig. 5-8(a)J as a function of z , which is used 

for the calculation of G(qz) (the Fomier t ransform of 1"1'z(z)l") in (b ). "uz (z) 

is obtai ned by solving the Schrodinger equation using the Kronig-Penney 

model as discussed in §4.3.4. T he calcul ation was made using the value of t he 

conduct ion band offset f:>Ec = 0.808 eV amI I,he value of tbe z component 

(along the suped attice growth axis) of the efiective mass tensor Tn , = 0.92 Tn 

(for both Si and Ge layers) . (b) IG(q, )1 2 as a function of q" where G(q, ) is 

defined in Eq. 3.7, for the wavefunction given in (a) . The inset shows the 

integrat ion of IG(q; )12 wit h respect to q; from zero to q, as a function of 

q, . Note that such a factor (with qz = 00) appears in the squared matrix 

element for longitudinal acoustic phonon deformation potential scattering 

without including the effect of the free carrier screening (see Eq. 3.14) . 302 

6-2 The theoretically pred icted values for the Seebeck coeffi cient for (00 1) ori

ented Si(20 A)/Ge(20 A) superlattices as a function of carrier concentration 

at 300 K. The calcnlations were made using tbe semi-classical models that 

are developed in §G.l asslLllljng (1) homogeneo lls doping throllghollL the 

whole superla ttice (solid curve) , (2) modulation doping only in the Ge lay

ers of the superlattice (das hed curve) , >tnd (3) b-doping in the middle of 

each Ge layer in the superlattice (dash-dotted curve) . Also shown in the 

figure are the as-measured values for the experimental 151 (open circles), the 

values for 151 obtained after subtracting the buffer layer and/ m substrate 

contributions (filled circles) as discussed ill §5.8, and the values for 151 pre

dicted by the constant relaxation time approximation (gray soLid cmve) for 

comparison (see §5.9 for the details of the experimental results) . 
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6-3

6.4

(a)Thetheoreticallypredictedvaluesfbrthecarriermobilityfbr(001)ori一

entedSi(20A)/Ge(20A)superlatticesasafunctionofcarrierconcentration

at300K.Thecalculationsweremadeusingthesemi-classicalmodelsthat

aredevelopedill§6.1assuming(1)homogeneousdopingthroughoutthe

wholesuperlattice(solidcurve),(2)modulationdopingolllyintheGelay-

ersofthesuperlattice(dashedcurve),and(3)δ 一dopingillthemiddleofeach

Gelayerinthesuperlattice(dash-dottedcurve).Alsoshowninthe丘gureare

theexperimentalHallcarriermobilities(opencircles)(see§5.9fbrmoredis-

cussion)ラandthecarriermobilitiesthatarecalculatedusingMatthiessen,s

rule(Eq.5.6)totakeintoaccounttheextrinsicscatteringmechanismsthat

arepresentintheactualsuperlatticesamples(7ext=4×10-14sischosen

here)fbrthehomogeneouslydoped(001)orientedSi(20A)/Ge(20A)super一

lattices(thindash-dottedline),fbrcomparison.(b)Debyescreeninglength

asafunctionofthecarrierconcentrationthatiscalculatedusingEq.6.10

f()ra(001)orientedSi(20A)/Ge(20A)superlatticeat300K

ThetheoreticallypredictedvaluesfbrthethermoelectricpowerfactorS2σ

f()r(001)orientedSi(20A)/Ge(20A)superlatticesamplesasafunctionof

carrierconcentrationnat300K.Thesecalculationsweremadeusingthe

semi-classicalmodelsthataredevelopedin§6.1assuming(1)homogeneous

dopingthroughoutthewholesuperlattice(solidcurve),(2)modulationdop-

ingonlyintheGelayersofthesuperlattice(dashedcurve),and(3)δ 一doping

inthemiddleofeachGelayerinthesuperlattice(dash-dottedcurve).Also

showninthefigurearetheas-measuredvaluesfbrtheexperimentalS2σ

(opencircles)りthevaluesf()rS2σobtainedaftersubtractingthebufferlayer

and/orsubstratecontributions(filledcircles)(see§5.8)ラandthevaluesfor

S2σobtainedusingMatthiessenりsrule(Eq.5.6)totakeintoaccountthe

extrinsicscatteringmechanismsthatarepresentintheactualsuperlattice

samples(see§5.9fbrmorediscussion)fbrthe(001)orientedhomogeneously

dopedSi(20A)/Ge(20A)superlattices(thindash-dottedcurve)forcom-

parison(see§5.9.3f()rmorediscussionoftheexperimentalresults).....
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6-3 (a) The theoretically predicted values for the carrier mobility for (001 ) ori

ented Si(20 A)jGe(20 A) superlatt ices as a fimction of canier concentration 

at 300 K. T he calculations were made using the semi-classical models that 

are developed in §6.1 assuming (1) homogeneous doping throughout the 

whole superlattice (solid curve) , (2) modulation doping only in the Ge lay

ers of I,he superlattice (dasbed curve) , and (3) 15-doping in tbe middle of eacb 

Ge layer in the superlattice (dash-dotted curve) . Also shown in the figure are 

the experimental Hall carrier mobili ties (open circles) (see §5.9 lor more dis

cussion), and the carrier mobilit ies that are calculated using Matth iessen's 

rule (Eq. 5.6) to take into account the extrinsic scattering mechanisms that 

are present in the actual superlatt ice samples (Text = 4x lO- 14 S is chosen 

here) lor t he homogeneously doped (001 ) oriented Si(20 A)jGe(20 A) super

lattices (thin dash-dotted line), for comparison. (b) Debye screening length 

as a f'll1ction of the carrier concentration that is calculated using Eq. 6.10 

for a (001) oriented Si(20 A)jGe(20 A) superlat tice at 300 K. ...... 308 

6-4 T he theoretically predicted values for the thermoelectric power factor S2a 

for (001 ) oriented Si(20 A)jGe(20 A) s liperlai. l.iee samples "" it fllnction of 

carrier concentra tion n at 300 K. These calculations were made using the 

semi-classical models that are developed in §6.1 assuming (1) homogeneous 

doping throughout the whole superlattice (solid curve) , (2) modulation dop-

ing only in the Ge layers of the super lattice (dashed curve), and (3) 6-doping 

in the middle of each Ge layer in the superlattice (dash-dotted cmve). Also 

shown in the figure are the as-measmed values for the experimental S2a 

(open circles) , the values for S2a obtained after subtracting t he buffer layer 

and/or substrate contributions (filled circles) (see §5.8), and the values for 

S2a obtained using Matthiessen's rule (Eq. 5.6) to take into account the 

extrinsic scattering mechanisms tha t are present in the actual superlattice 

samples (see §5 .9 for more discussion) for the (00 1) oriented homogeneously 

doped Si(20 A)jGe(20 A) superlattices (thin dash-dotted curve) for com

parison (sec §5.D.3 for more discussion of the experimental results) . . . .. 310 
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6-5 (a)ThetheoreticallypredictedvaluesoftheSeebeckcoef丑cientasafunction

oftemperaturefbr(001)orientedSi(20A)/Ge(20A)superlatticesamples.

Thecalculationsweremadeusingthesemi-classicalmodelsthataredevel-

opedin§6.1fbr7z=1.5×1019cm-3,where7zisthecarrierconcentration.

Thefbllowingthreedopingschemesareconsideredillthesetheoreticalpre-

dictions:(1)Themodelsuperlatticeishomogelleouslydopedthroughout

thewholesuperlattice(solidcurve).(2)OnlytheGepart(Gelayers)of

themodelsuperlatticeishomogeneouslydoped(dashedcurve).(3)The

modelsuperlatticeisdopedusingtheδ 一dopingtechniqueinthemiddleof

theGelayersollly(dash-dottedcurve).Alsoshowninthefigurearethe

as-measuredexperimentalresultsfbrsampleJL194thatarediscussedin

§5.7.2fbrcomparison.Theinsetshowsaclose-upofthemainplotinthe

lowtemperatureregime(T〈50K).(b)Themomentumrelaxationtime

7(E)asafunctionofenergythatisnormalizedbythevalueof7(E)at

theFermienergy(chemicalpotential),whichisdenotedby7(ζ)[くisthe

chemicalpotential].Thesolidanddash-dottedcurvesdenotetheresultsof

calculated7(珂 ラsfbrahomogeneouslydopedsuperlatticeandfbrasuper-

latticethatisδ 一dopedinthemiddleoftheGelayersonly,respectively.It

isnotedthat、Eismeasuredfromthepertinentbandedge.........312
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6-5 (a) The theoretically predicted values oHhe Seebeck coefficient as a function 

of temperature for (001 ) oriented Si(20 A)/Ge(20 A) superlattice samples. 

T he calculations were made using the semi-clnssical models that <l.re devel

oped in §6.1 for n = 1.5 x l019 cm- 3 , where n is the carrier concentration. 

The following three doping schemes are considered in these theoretical pre

dictions: (1) The model sllperlattice is homogeneo usly doped throughout 

the whole superlattice (solid etave) . (2) Only the Ge part (Ge layers) of 

the model superlattice is homogeneously doped (dashed cm-ve). (3) The 

model superlatt ice is doped using the o-doping teclll1 ique in the middle of 

the Ge layers only (dash-dotted curve) . Also shown in the figure are t he 

as-measured experimental results for sample JL194 that are discussed in 

§5.7.2 for comparison. The inset shows a close-up of t he main plot in the 

low temperature regime (T < 50 K) . (h) The momentum relaxation t ime 

T(E) as a function of energy that is normalized by the value of T(E) at 

the Fermi energy (chemical potential), which is denoted by T(() [( is the 

chemical potential]. The solid and dash-dot ted curves denote the resnlts of 

calc ulated T(E)'s lor a hOlllogeneollsly doped s llperlattice ann 1'01' a s uper

lattice that is S-doped in the middle of the Ge layers only, respectively. It 

is noted t hat b' is measured from t he pertinent band edge. 
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6-6

6-7

(a)Thetheoreticallypredictedvaluesfbrthecarriermobilityfbr(001)ori-

entedSi(20A)/Ge(20A)superlatticesasafunctionoftemperaturefbra

givencarrierconcentrationn=1.5×1019cm-3.Thecalculationsweremade

usingthesemiclassicalmodelsthataredevelopedill§6.1assuming(1)ho-

mogeneousdopingthroughoutthewholesuperlattice(solidcurve),(2)mod-

ulationdopingonlyintheGelayersofthesuperlattice(dashedcurve),and

(3)δ 一dopinginthemiddleofeachGelayerinthesuperlattice(dash-dotted

curve).Alsoshowninthe丘gurearetheexperimentalHallcarriermobilities

fbra(001)orientedSi(20A)/Ge(20A)superlatticesample(sampleJL194)

thatwasdiscussedin§5.7,fbrcomparison.(b)Debyescreeninglength

asafunctionoftemperaturethatiscalculatedusingEq.6.10fbra(001)

orientedSi(20A)/Ge(20A)superlattice」f()ragivencarrierconcentration

n=1.5×1019cm-3.............................315

Thetheoreticallypredictedvaluesf()rthethermoelectricpowerfactorS2σ

f()r(001)orientedSi(20A)/Ge(20A)superlatticesamplesasafunctionof

temperaturefbragivencarrierconcentrationn=1.5×1019cm-3.These

calculationsweremadeusingthesemiclassicalmodelsthataredevelopedin

§6.1assuming(1)homogeneousdopingthroughoutthewholesuperlattice

(solidcurve)ラ(2)modulationdopingonlyintheGelayersofthesuper-

lattice(dashedcurve),and(3)δ 一dopinginthemiddleofeachGelayerin

thesuperlattice(dash-dottedcurve).Alsoshowninthefigurearetheas-

measuredvaluesfortheexperimentalS2σforanMBE-grown(001)oriented

Si(20A)/Ge(20A)superlatticesample(sampleJL194)thatisdiscussedin

§5.7りfbrcomparison. 317

42

6-6 (a) The theoretically predicted values for the carrier mobility for (001 ) ori

ented 8i(20 1\)jGe(20 1\) suped attices as a function of temperature for a 

given currier concentra.t ion n = 1.5 x 1019 em -3 . The calculations were made 

using the semiclassical models that are developed in §6.1 assum ing (1) ho

mogeneous doping throughout the whole superlattice (solid curve) , (2) mod

ulation doping only iJl the Ge layers or the sliperlatLi ce (dashed curve), and 

(3) a-doping in the middle of each Ge layer in the supedattice (dash-dotted 

cm ve) . Also shown in the figme are the experimental Hall carrier mobilities 

for a (001 ) oriented 8i(20 A) j Ge(20 1\) superlattice sample (sample JL19'1) 

that was discussed in §5.7, for comparison. (b) Debye screening length 

as a function of temperature that is calculated using Eq. 6.10 for a (001 ) 

oriented 8i(20 A)jGe(20 A) suped attice for a given carrier concentration 

6-7 The theoretically pred icted values for the thermoelectric power factor S 2(J 

for (001) oriented 8i(20 1\)jGe(20 A) superlat tice samples as a function of 

temperature for a given carrier concentration n = 1.5xlOl9 cm- 3 These 

calc ulations were made llsing tJlf! seluicla.."\sicalmodels that are developed in 

§6. l assmning (1) homogeneous doping throughout the whole superlattice 

(solid curve), (2) modulation doping only in the Ge layers of the super

lattice (dashed cm ve), and (3) a-doping in the middle of each Ge layer in 

the superlattice (dash-dotted cmve) . Also shown in the figm e are the as

measUl'ed values for the experimental S2(J for an MBE-grown (001) Ol'iented 

8i(20 A)jGe(20 1\) superlattice sample (sample JL194) that is discussed in 

§5.7, for comparison. 
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6-8

7-1

7-2

7-3

ThetheoreticallypredictedvaluesforZ3DTfor(001)orientedSi(20A)/Ge(20A)

superlatticesamplesasafunctionoftemperaturefbragivencarriercon-

centration7z=1.5×1019cm-3.Thesecalculationsweremadeusingthe

semi-classicalmodelsthataredevelopedin§6.1assuming(1)homogeneous

dopingthroughoutthewholesuperlattice(solidcurve),(2)modulation

dopingolllyintheGelayersofthesuperlattice(dashedcurve),alld(3)

δ一dopinginthemiddleofeachGelayerinthesuperlattice(dash-dotted

curve).Thevalueofthethermalconductivityusedtoobtainedthesere-

sultsisκ=5W/m・Kラwhichisassumedtobetemperatureindependent.

AlsoshowninthefigurearetheexperimentallyestimatedvaluesofZ3DT

usingtheas-measuredvaluesfbrS2σfbranMBE-grown(001)oriented

Si(20A)/Ge(20A)superlatticesample(sampleJL194)thatisdiscussedin

§5.7andusingthetemperature-independentvahleofthethermalconduc-

tivityκ=5W/m・Kラforcomparison(alsoseeFig.6-7)..........318

Fittingoftheexperimentaldatausingpossiblemodels:(a)Energy-dependent

7withvariousvaluesofthescatteringparameterr.(b)Potentialbarrier

modelwithvariousvaluesofthepotentialbarrierenergyEo.Theexperi-

mentaldataaretakenfromRefs.[15]and[92]...............

Thecalculated(a)andtheexperimental[(b),(c)and(d)]resultsf()rthelon-

gitudinalmagneto-resistancef()rbulkPbTe[(a)and(b)]andfbrPbTe/Te

superlattices(candd)atvarioustemperatures.SeeTable7.1fbrtheprop-

ertiesofthevarioussamples........................

(a)MagnetomobilitypaMcalculatedfromthelongitudinalmagneto-resistance

measurementsviaEq.7.3and(b)theexperimentalHallcarriermobilityμHラ

fbrMBE-grownbulkPbTe(T184)andforfourdifferentPbTe/Tesuperlat-

ticesasafunctionoftemperature[98]...................

326
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6-8 The theoretically predicted values for Z30T for (~ol ) oriented Si(20 A) /Ge(20 A) 

superJattice samples as a function of temperature for a given carrier con

centration n = 1.5xlOl9 cm- 3 . T hese calculations were made using the 
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§5.7 and using the temperature-independent value of the thermal conduc-
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7-1 Fitt ing of the experimental data using possible models: (a) Energy-dependent 

T with var·ious values of the scattering parameter r. (b) Potential barrier 

model with var·ious values of the potential barrier energy Eo. The experi-

mental data are taken (rom Rets. [15] and [92]. . . . . . . . . . . .. 326 

7-2 The calculated (a) and the experimental [(b), (c) and (d)] results for the lon

gitudinal magneto-resistance lor bulk PbTe [(a) and (b)] and lor PbTejTe 

superlattices (c and d) at various temperatures. See Table 7.1 for the 1'1'01'-

erties of the various samples . 

7-3 (a) Magneto mobility I'M calculated fl·om the longitudinal mag1leto-resistance 

measurements via Eq. 7.3 and (b) the experimental Hall carTier mobility i'H , 

for MBE-grown bulk PbTe (T184) and for lour different PbTejTe superJat-

tices as a function of temperature [98]. 
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PlotofthecalculatedthermoelectricfigureofmeritZ3DTattheoptimum

carrierconcentrationat300Kfbr(111)orientedPbTe-basedsuperlattices

(normalizedbythecorrespondingvaluefbrbulkPbTe)asafunctionofthe

quantumwellwidthdw.Inobtainingtheseresults,arelativelysmallvalue
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poteIltialbarrierheightUo(Uo=1,3,alld9eV)areutilizedtosimulatethe

effectoftheextraTelayersinthePbTe/Tesuperlattice.Thecalculated

valuesfbrthese(111)orientedPbTe-basedsuperlatticesarefbundtobe

reducedrelativetothecorrespondingvaluefbrbulkPbTeラduetothelifting

ofthevalleydegelleracy[22](seetextalldChapter2fbrmorediscussiol1),

whichcontradictstheexperimentalobservationin§7.1...........

ThecalculatedvaluesofthethermoelectricfigureofmeritZ3DTattheopti-
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respondingvaluefbrbulkPbTe)fbr(001)orientedPbTe/Pb1_xEuxTesu-

perlatticesasafunctionofthequantumwellthickness(dw)andthebarrier

layerthickness(dB).ThesecalculationsaremadeusingtheKr6nig-Penney

modelf()rUo=1eV,whereUoisthepotentialbarrierheight(conduction
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Thecalculatedelectronicdensitiesofstates[denotedbyDOS(E)]at300K

f()r(001)orientedPbTe(20A)/Pb1_xEucvTe(40A)superlatticesasafunc-

tionofenergyEthatismeasuredfromthepertinentbandedge.The

grey-solidりshort-dashedりlong-dashedanddash-dottedcurvesりrespectivelyラ
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rierconcentration)asafunctionofthepotentialbarrierheightUof()r(001)

orientedPbTe(20A)/Pb1_xEuxTe(40A)superlatticesat300K.Theposi-
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Z3DTforagivenvalueofUoarebetweenOandO.05eVinthemainscaleof

thefigurefbrallthevaluesofUothatwereinvestigated(OeV<Uo<1eV).
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7-4 Plot of the calculated thermoelectric figure of meri t Z3DT at the optimum 

carrier concentration at 300 K for (111) oriented P bTe-based superlattices 

(normalized by the correspond ing value for bulk P bTe) as a function of the 
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reduced relative to the correspondi ng value for bulk PhTe, due to the lifting 
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which contradicts the experimental observation in §7.1. . . . . . . . . .. 333 

7-5 T he calculated values of the thermoelectric figure of meri t Z3 DT at the opti

mum carrier concentration [denoted by Z3D T ((optll (normalized by the cor

responding value for bulk PbTe) for (001 ) oriented PbTe/Pb1_r,Eux Te su

periattices as a function of the quantum well thickness (dw) and the barrier 

layer thickness (dB) ' T hese calculations are made using the Kronig-Penney 

model fix Vo = 1 eV: where Vo is the poteutiai barrier height (conriud.ion 

band offset ). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336 
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7-7 The calculated values of Z3DT as a function of the carrier concentration for 

the (001) oriented PbTe(20 A) / Pb' - xEux Te( 40 A) superlattices at 300 K. 

T he grey-solid, shon-dashed and dash-dotted cmves denote the calculated 

Z3DT s for Uo = 1.0, 0.5 and 0.1 eV, respectively, where Uo is the potential 

barrier height (conduction band offset) . T he correspond ing value of Z3DT 

for bulk PbTe at the op timum carri er co ncentratio n (11. "" 3x lOIS cm-") , 

which is denoted by [Z3DT((opt)] Bulk , is also shown in the figure by the 

holizontal solid line, for cOlnpar'ison. 338 
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present work. 

7-9 Calcula ted thermoelectric figure of merit at the opt imum cal'l'ier concentra
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Chapter1

Introduction

1.1 Thermoelectriccoef丘cients

1.1.1TheSeebeckeffect

Whenatemperaturegradientismaintainedinamaterialandnoelectriccurrentis

allowedtoflow,therewillbeasteady-stateelectrostaticpotentialdifferencebetween

thehigh-andlow-temperatureregionsofthespecimen.Theelectromotiveforceε †

createdbythispotentialdropinsidethespecimenisknownasthethermoelectricfield

andisconventionallywrittenas

ε=S・ ▽7「, (1.1)

wheretheproportionalityconstantSisknownastheSeebeckcoefficientorthether-

moelectricpowerofthematerial,whichingeneralisasecondranksymmetrictensor

foranisotropicmaterials.

Tomeasurethethermoelectricvoltage,onemllstllseacircuitoftwodifferent

materials(denotedbyαandb,respectively),wherethetwomaterialsareconnected

togethertoformajunctionatoneend(denotedasjunctionαb)andtheotherendsof

†εi・d・ 丘n・da・E+晋
・wh・ ・eEi・theelect・i・al丘 ・ld,1・li・th・ab・ ・lut・valu・ ・f・lect・ ・n・ha・g・,

and▽ くisthegradientofthechemicalpotentialぐ(seeRef.[1]formorediscussion).
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Chapter 1 

Introduction 

1.1 Thermoelectric coefficients 

1.1.1 The Seebeck effect 

vVhen a temperature gradient is maintained in a material and no electric current is 

allowed to flow, there will be a steady-state electrostatic potential difference between 

the high- and low-temperature regions of the specimen. The electromotive force et 

created by this potential drop inside the specimen is known as the thermoelec tric field 

and is conventionally written as 

e = S· VT, (1.1) 

where the proportionality constant S is known as the Seebeck coeffi cient or the ther

moelectric power of the material, which in general is a second rank symmetric tensor 

for anisotropic materials. 

To measnre the thermoelectric voltage, one must use a circuit of two different 

materials (denoted by a and b, respectiyely), where the two materials are connected 

together to form a junction at one end (denoted as junction ab) and the other ends of 

"t e is defined as E + fer, where E is the electrical field, lei is the absolute value of electron charge, 

and '\I ( is the gTariient of the chemical potelltial ( (see Ref. [1] for more discussion). 
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Figure1-1:Circuitformeasuringthedifferenceinthermoelectricvoltagedevelopedintwo

differentmaterials(αandb),ineachofwhichthetemperaturevariesfromTotoTi.

thetwomaterialsareconnectedtoavoltmeterasshowninFig.1-1.Itisnecessary

tousethesamekindofmetalsfortheleadsconnectingmaterialsαandわtothe

voltmeter.Inthiscircllit,thetemperatureatjunctionα わismaintainedat7五,whilethe

temperaturesattheotherjunctions(junctionsformedbetweenmaterialsα6andthe

metalleadstothevoltmeter)aremaintainedat7も.Itisassumedthatthevoltmeteris

placedinahomogeneoustemperaturebackgroundtoavoidanytemperaturegradient

withinthecircuitryofthemeteritself.Then,thethermoelectricvoltagemeasured

acrossthevoltmeteris

△v--/ε ・dl-5・ わ△T,(1・2)

where5α わisthedifferentialSeebeckcoef丑cientbetweentheelementsαandb,i.e.,

5α わ=5α 一 θわ,and△TisdefinedasT止 一7b.Therefore,ifthevalueoftheSeebeck

coefHcientformaterialαisnegligiblysmallcomparedtothatformaterialわ(sα 《Sb)

asinthecaseofmaterialαbeingasupercondllctor(5α=0),theSeebeckcoefHcient

ofmaterial6isgivenby,

△ γ
.(1.3)θわ=一 △T

1.1.2 ThePeltiereffect

Ifanelectricalcurrentisdriveninacircuitoftwodissimilarmaterialsthatismain-

tainedatauniformtemperature,thenheatwillbeevolvedatonejunctionand
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Figure 1-1: Circuit for measming the difference in thermoelectric voltage developed in two 
different materials (a and b), in each of which t he temperatm e varies from To to T, . 

the two materials are connected to a voltmeter as shown in F ig. 1-1. It is necessary 

to use the same kind of metals for the leads connecting materials a and b to the 

voltmeter. In thi s circuit , the temperature a t junction ab is maintained at Tl, while the 

temperatures at the other junctions (junctions formed between materials a b and the 

metal leads to the voltmeter) are maintained at To. It is assumed that the volt meter is 

placed in a homogeneous temperature background to avoid any tem perature gradient 

within the circuitry of the meter itself. Then, the thermoelectric voltage measured 

across the voltlIleter is 

(1.2) 

where S"b is the differential Seebeck coefficient between the elements a and b, i. e., 

Sab = Sa - Sb, and 6 T is defined as Tj - To . T herefore, if the value of the Seebeck 

coeffi cient for material a is negligibly small compared to that for material b (Sa. « Sb) 

as in the case of materi al a being a superconductor (Sa = 0), the Seebeck coefficient 

of materi al b is given by, 

1.1.2 The Peltier effect 

6 11 
Sb= - - · 

6T 
(1.3) 

If an electrical current is driven in a circuit of two dissimilar materials that is main-

t aillee! at a uniform temperature, t ben beat will be evolved at one junction ane! 
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Figure1-2:ThePeltiereffect.Acurrentjisdriveninacircuitoftwodissimilarmaterials

atuniformtemperatureT.ThermalcurrentqisevolvedatonejunctionandsupPliedat

theother.

absorbedattheother(Fig.1-2).Thisisbecauseanisothermalelectriccurrentina

materialisaccompaniedbyathermalcurrent,

jq=rI・j, (1.4)

wherejandjqaretheelectricalandthermalcurrentdensities,respectively,andrIis

knownasthePeltiercoefHcientwhichingeneralisasecondranksymmetrictensor

foranisotropicmaterials.Becausetheelectriccurrentisuniforminaclosedcircuit

andthePeltiercoe伍cientdiffersfromonematerialtoanother,thethermalcurrent

inthetwomaterialswillnotbeequal,andthedifferencemustbeevolvedatone

junctionandsuppliedtotheotherifauniformtemperatureistobemaintained.

InthecircuitshowninFig.1-2,athermalflowアisgeneratedaccordingtothe

differentialPeltiercoef丘cientbetweenthetwoelementsHα δ=Hα 一Hδ(ブq=-Hα わブ).

TheabsolutevalueofthePeltiercoef丑cientforasingleelementisdeterminedwhen

oneofthetwobranchesisasuperconductor.

Itshouldbenotedthattheapplicationofthetheoryofthermodynamics[2]leads

tothefollowingrelationbetweentheSeebeckandPeltiercoefficients:

H=S7「, (1.5)

whereTistheabsolutetemperature.Therefore,measuringeitherSorHonlypro一
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~J 

Figure 1-2: The Peltier effect. A ClUTent j is driven in a circuit of two dissimilar materials 
at uniform temperature T. Thermal ClUTent q is evolved at one junction and supplied at 
the other. 

absorbed a t the other (Fig. 1-2). This is because an isothermal electric current in a 

material is accompanied by a thermal cunent , 

j q = II· j , (14) 

where j and j q are t.he electrical and thermal current. densities, respeetively, and II is 

known as t he Pelt ier coefficient which in general is a second rank symmetric tensor 

for anisotropic ma t.erials. Because the electric current is uniform in a closed circuit 

and the Peltier coefficient differs from one material to another , the thermal current 

in the two materials will not be equal, and the difference must be evolved at one 

junction and supplied to t he other if a uniform temperature is to be maintained. 

In t he circui t shown in Pig. 1-2, a thermal flow j" is generated according to the 

differential Peltier coeffi cient between the two elements ITab = ITa - ITb (j" = - ITabj) . 

The absolute value of the Peltier coefficient for a single element is determined when 

one of the two branches is a superconduct.or. 

It should be nOLed lhal Lhe applicalion of lhe theory of thermodynamics [2] leads 

to the foll owing relation between the Seebeck and Peltier coefficients : 

II = ST, (l.5) 

where T is the absolute temperature. Therefore, measuring ei ther S or II only p1'o-
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videsuswiththeinformationoftheotheraswell.

1.1.3 TheThomsoneffect

Considerahomogeneousconductorinwhichthermalandelectriccurrentflowsimul-

taneously.Therateatwhichheatisgeneratedillaunitvolumeoftheconductoris

givenby[3]

需 一pj・j+▽ ・(K・▽T)-j・ τ・▽T,(1・6)

wherej(丘rstranktensor),K(secondranktensor)and7-(secondranktensor)arethe

electricalcurrentdensity,thethermalconductivity,andaquantitycalledthe"Thom-

soncoefficient",respectively.InEq.1.6,thefirsttermcorrespondstojouleheating,

andsecondtermdenotestherateatwhichheatisflowingintotheunitvolumedue

tothermalconduction.TheThomsoneffectstatesthatthereisanadditionalterm

(thethirdterm)inEq.1.6whichisrelatedtotheheatgenerationduetothePeltier

heatcurrent.†ItshouldbenotedthatthisthirdterminEq.1.6isdependentonthe

directionoftheappliedelectricalcurrent.Therefore,thevalueoftheThomsoncoefL

ficientisexperimentallydeterminedbymeasuringthechangeintheheatgeneration

inthepertinentconductorbyflipPingthedirectionoftheelectricalcurrentfora丘xed

temperaturegradient.

Itcanbeshown[3]thattheThomsoncoef丑cientτisrelatedtothetemperature

derivativeoftheSeebeckcoefficientbythefollowingequation:

dS
τ=T-dT, (1.8)

whereTistheabsolutetemperature.

†ThethirdterminEq .1.6isnotasimpledivergenceofthePeltierheatcurrent,because

▽ ・(TS・j)=▽T・S・j+T▽ ・S・j.(1.7)

ThetrickherecomesfromthefactthatthePeltierheatcurrentisde丘nedinauniformtemperature

background.ThereforethefirsttermintherighthandsideofEq.1.7issettobeidenticallyzero.

55

vides us with the information of the other as well. 

1.1.3 The Thomson effect 

Consider a homogeneous conductor in which thermal and electric current flow simul

taneously. The ra te a t which hear. is generated in it uni t volume of the conrillctor is 

gi ven by [3] 

(~~ = pj . j + V' . (K . V'T) - j . 'T . V'T , (1.6) 

where j (first rank tensor), K (second rank tensor) and 'T (second rank tensor) are the 

electrical current density, the thermal conductivity, and a quantity called the "Thom

son coefficient", respect ively. In Eq. 1.6, the fi rst term corresponds to joule heating, 

and second term denotes t he rate at which heat is fl owing into t he unit volume due 

to t hermal conduction. T he Thornson effect states that there is an addi tional term 

(the third term) in Eq. 1.6 which is related to the heat generation due to the Peltier 

heat current. t It should be noted that this third term in Eq. 1.6 is dependent on the 

direction of the applied electrical current. Therefore, the value of the T homson coef

ficient is experimentally determined by measuring the change in the heat generation 

in the pert inent conductor by fl ipping the direction of the electrical CUlTent for a fi xed 

temperature gradient. 

It can be shown [3] that the Thomson coefficient 'T is related to the temperature 

deri vative of the Seebeck coeffi cient by the following equation : 

where T is the absolute temperature. 

dS 
'T = T -:J. 

aT ' 

tThe third term in Eq. 1.6 is not a simple divergence of the Peltier heat current, because 

v . (T S . j ) = VT . S . j + TV . S . j . 

(1.8) 

(1.7) 

The trick here comes h'om the fact that the Peltier heat current is defined in a uniform temperature 
background. Therefore the first term in the right hand side of Eq. 1. 7 is set to be identically zero. 
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(a)
HeatSourceTc

(b)

Figure1-3:(a)Simplethermoelectricrefrigerator.

thatcorrespondsto(a).

1.2

HeatSourceTc

HeatSinkTH

(b)Simplediagramforaheatengine

Principleofthermoelectricenergyconversion

Inthissection,wewilldiscussthebasictheoryofthermoelectricenergyconversion.

ShowninFigs.1-3and1-4areschematicdiagramsforasimplethermoelectricre-

frigeratorandasimplethermoelectricpowergenerator,respectively,togetherwith

thecorrespondingsimplifiedheatengines.Itshouldbenotedthatthereareob-

viousdifferencesinthedefinitionsofthesymbolsfortheheatflowsgcandqH,for

thetemperaturesTcandTu,andfortheworkW『betweenourthermoelectricre-

frigeratorandpowergeneratorasshowninFigs.1-3and1-4.Thebasicprinciples

forthermoelectricrefrigerationandpowergenerationareexplainedasfollows.For

thermoelectricrefrigeration,anelectricalcurrentispassedthroughthethermoelectric

devicewhichismadeofapairofp-andn-typesemiconductorsasshowninFig.1-3.

Thiselectricalcurrentcreatesflowsofelectronsandholes,respectively,inthen-type

andp-typelegsofthethermoelectricdevice.Sincethedirectionsoftheseparticle

currentscreatedbytheelectricalcurrentareoppositebetweentheelectronsandthe

holes,theheatflowscarriedbytheseparticlesarealwaysdirectedfromthecoldend

(denotedastheheatsourceinFig.1-3)tothehotend(denotedastheheatsink

56

(a) Heat Source Tc (b) 

Heat Source Tc 
p-type n-type 

x r 
I J 

.~~- --.', 

Heat Sink TH 
I Heat Sink 7;, 

Figure 1-3: (a) Simple thermoelectric refrigerator. (b) Simple diagram for a heat engine 
that corresponds to (a) . 

1.2 Principle of thermoelectric energy conversion 

In this section, we will discnss the basic theOlY of thermoelectric energy conversion. 

Shown in Figs. 1-3 and 1-4 are schematic diagrams for a simple thermoelectric re

frigerator and a simple thermoelectric power genera.tor, respectively, together with 

t he corresponding simplified heat engines. It shou ld be noted that there are ob

vious ditierences in the definitions of the symbols for the heat flows qc and qH , for 

the temperatures Tc and T H , and for the work \111 between our thermoelectric re

frigerato r and power generator as shown in Figs . 1-3 and 1-4, The basic principles 

for thermoelectric refrigeration and power generation are explained as fo llows. For 

therrnoelec Lric refrigeration, an eledrical cmrent is passed through the thenlloeleclric 

device which is made of a pair of p- and n-type semiconductors as shown in Fig. 1-3. 

This electrical current creates flows of electrons and holes, respect ively, in the n-type 

and p-type legs of the thermoelect ri c device. Since the direct ions of these part icle 

currents created by the electrical current are opposite between the electrons and the 

holes, the heat flows carried by t hese particles are always directed from t he cold end 

(denoted as t.he heat somce in Fig. 1-3) to the hot. end (denoted as the heat sink 
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(a)
HeatSourceTH

(b)

HeatSourceTH

HeatSinkTc

RL

Figure1-4:(a)Simplethermoelectricpowergenerator.(b)Simplediagramfbraheat

enginethatcorrespondsto(a).

inFig.1-4).Therefore,wecancoolthecoldendofthethermoelectricdevice.For

thermoelectricpowergeneration,theelectromotiveforceisgeneratedbythethermal

gradientestablishedacrossthethermoelectricdeviceasshowninFig.1-4.Sincethe

signoftheelectromotiveforce(ε η?!)isoppositebetweenthep-andη 一typematerials

foragivendirectionofthetemperaturegradient,theeη ザsgeneratedinthep-and

η一typelegsofthethermoelectricdeviceaddupforpowergeneration.Inthisway,

thethermalenergyappliedtothethermoelectricdeviceisconvertedtoelectricalen-

ergy.Finally,theelectricalenergythusgeneratedisconsumedbyanexternalload

resistancedenotedby、R五inFig.1-4.

Now,weareparticularlyinterestedinthefollowingtwoquantities,respectively,

forthermoelectricrefrigerationandforthermoelectricpowergeneration:

(1)Thermoelectriccoef丑cientofperfbrmanceφforthermoelectricrefrigeration,

de丘nedby

φ+(ら 一s。)ITc(ら一s。)云差2孕云撫%),(1・9)

wheregσistheheatflowintothesystematthecoldend(heatsource)ofthether-

moelectricdevice,Wistheworkgiventothesystem(device)bytheelectricity(by
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(a) Heat Source TH (b) 
,-~ , -- ----

Heat Source TH 
p-type n-type 

x r 
~w 

I 1 

Heat Sink Tc 

I:::. Heat Sink IC 

Figure 1-4: (a) Simple thermoelectric power generator. (b) Simple diagram for a heat 
engine that corresponds to (a). 

in Fig. 1-4) . Therefore, we can cool the cold end of the thermoelectric device. For 

thermoelectric power generation, the electromotive force is generated by the thermal 

gradient establ ished across the thermoelectric device as shown in Fig. 1-4. Since the 

Sig11 of the electromotive force (emf) is opposite between the p- and n-type materials 

for a given dire(;tion of the temperature gradient, the emfs generated in the p- and 

n-type legs of t he thermoelectric device acid up for power generation. In this way, 

the thermal energy applied to the thermoelectric device is converted to electrical en

ergy. Finally, the electrical energy thus generated is consumed by an ~'{ternal load 

resistance denoted by RL in Fig. 1-4. 

Now, we are particularly interested in the following two quantities, respectively, 

for t hermoelectric refrigeration and for t hermoelectric power generation: 

(1) Thermoelectric coefficient of performance 1> for thermoelectric refrigeration, 

defined by 
qc (Sp - S,,)ITc - H2R - K (TH - Te) 

1>=W= (Sp- Sn)I(TH- Tc )+I2R ' 
(l.9) 

where qc is the heat flow into the system at the cold end (heat source) of the ther

moelectric device, W is the work given to the system (device) by the electricity (by 
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thebattery),1istheelectricalcurrelltpassedthroughthedevice,Ristheinterllal

resistallce(impedance)ofthethermoelectricdevice,、Kisthethermalconductallce

acrossthethermoelectricdevice[fromthecoldend(heatsource)tothehotend(heat

sink)ofthedevice],SpandSnaretheSeebeckcoef宜cientsforthePU-andn-type

legsofthepertinentthermoelectricdevice,respectively.Thederivationofthethird

expressioninEq.1.9isgivenin§1.2.1.

(2)Thermalefficiencyηforthermoelectricpowergenerationisgivenby

w

η=一=q
u

12、RL

(s,-s。)ITH+K(TH-Tc)一 岩12R'
(1.10)

whereqHistheheatflowintothesystematthehotend(heatsource)ofthethermo-

electricdevice,Wistheworktakenoutofthethermoelectricdeviceandfedintothe

loadresistanceRL,Iistheelectricalcurrentgeneratedinthedevice,Ristheinternal

resistance(impedance)ofthethermoelectricdevice,、Kisthethermalconductance

betweenthehotendandthecoldendofthepertinentdevice,SpandSnarethe

SeebeckcoefHcientsforthep-andn-typelegsofthepertinentthermoelectricdevice,

respectively.ThederivationofthethirdexpressioninEq.1.10isgivenin§1.2.2.

1.2.1 Thermoelectricrefrigeration

OurgoalinthissubsectionistofindexpressionsforthecoefHcientofperformancefor

athermoelectriccoolingdeviceforagiventemperaturedifferencebetweenthecold

andhotendsofthepertinentdevice.ThethermoelectriccoefHcientofperformanceis

definedastheratiooftherateatwhichheatisextractedfromthesourcetotherate

atwhichelectricalenergyisconsumedfromthebattery.Anotherquantityofinterest

isthemaximumtemperaturedifferencethatcanbeachievedwhennoheathastobe

extractedfromthesource.

Therateofheatflowqiwithinoneoftheconductorsi(i=p,η)atadistancex

fromtheheatsourceisgivenby

dTdT
q・,n=±H・,・1一 κP,nAp,・ 万=±Sp,nlT一 κ♂ ・,・万, (1.11)
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the battery), I is the electrical current passed through the device, R is the internal 

resistance (impedance) of the thermoelectric dev ice, K is the thermal conductance 

across the thermoelectric device [from the cold end (heat source) to the hot end (heat 

sink) of the device], Sp and S" are the Seebeck coeffi cients for the p- and n-type 

legs of the pert inent thermoelectric dev ice, respect ively. T he derivation of the third 

expression in Eq. 1.9 is given in §1.2.1. 

(2) Thermal effi ciency 1) for thermoelectric power generation is given by 

TV I 2RL 
71 - qH = (Sp - Sn) ITH + K (TIJ - Te) -1]2 R' 

(1.10) 

where qIJ is the heat fl ow into the system at the hot end (heat source) of the thermo

electric device, W is the work taken out of the thermoelectric device and fed into the 

load resistance RL , I is the electrical current generated in the device, R is the internal 

resistance (impedance) of the thermoelectric device, K is the t hermal conductance 

between the hot end and the cold end of the pert inent device, Sp and Sn are the 

Seebeck coefficients for the p- and n-type legs of the pertinent thermoelectric device, 

respectively. T he derivation of the third expression in Eq. 1. 10 is given in §1.2.2. 

1.2.1 Thermoelectric refrigeration 

Our goal in this subsection is to find expressions for the coefficient of performance for 

a thermoelect ric cooling device for a given temperature difference between the cold 

and hot ends of the pertinent device. The t hermoelectric coefficient of performance is 

defined as the rat io of the rate at which heat is extracted from the source to the rate 

at which electrical energy is consumed from the battery. Another quantity of interest 

is the maximum temperature difference that can be achieved when no heat has to be 

extracted from the source. 

The rate of heat flow qj within one of the conductors i (i = p, n) at a distance x 

from the heat source is gi ven hy 

dT dT 
qp n = ± TIp nI - tip nAp n -d = ±Sp nIT - tip nAp.n -d ' , , "X ' , < X 

(1.11 ) 
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wheretheplusandminussignsinfrontofthefirsttermareforthep-andn-typelegs

inthepertillentthermoelectricdevice,respectively,andHp ,η,κp,nandAp,narethe

Peltiercoef丘cient,thethermalconductivityandthecross-sectionalareaforthepU-and

η一typelegsofthethermoelectricdevice,respectively.Itisnotedthat,inEq.1.11,the

firsttermdenotestheheatfiowduetothePeltiereffectandsecondtermdenotesthe

heatfiowduetothethermalconduction,respectively.ThesecondterminEq.1.11

callbemosteasilyevaluatedwhenthepertinelltthermoelectricdeviceisinasteady

state(i.e.,寄 一 〇inEq.1.6)andiftheTh・ms・neffectist・beign・ ・ed(i.e.,τ=0).

Inthiscase,integratingtherighthandsideofEq.1.6,weobtain

κ♂ ÷-12瀦 準 ・襟 一Tc),(1・ ・2)

whereaφ ,nand、Lp,naretheelectricalconductivitiesandthelengthsofthep-and

n-typelegsofthepertinentthermoelectricdevice,respectively.Bysubstitutingthis

equationintoEq.(1.11)atx=0,weobtain

9・,・1・一・一堺 乃 一 κ… 讐 舞 一Tc)-2畿
。・(1・ ・3)

Thecoolingpower,gc,atthesourceisthesumof(7pandgnatx=0:†

9c-(s,-s・)・Tc-K(Tu-Tc)-1・ ・R・ (1.14)

Theelectricalpowerconsumedinthep-andn-typelegsofthethermoelectricdevice

isgivenby

IfV・,n-±S・,・ 」(Tu-Tc)+轟,(1・ ・6)

wherethefirsttermdenotestheportionoftheelectricalpowerthatisusedtopump

theheatfromtheheatsourcetotheheatsink,andthesecondtermdenotesthe

†ThethermalconductanceKandtheelectricalresistanceRforthethermoelectricdeviceare

givenby

K一 κ寡P+κ 篶 ηandR一
σ舞 。+σ 鴛 。・(…5)

respectively.
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where the plus and minus signs in front of the first term are for the p- and n-type legs 

in the pertinent t hermoelectric device, respectively, and II p,n , Kp ,n and A p,n are the 

Peltier coeffi cient, the thermal conductivity and the cross-sectional area for the p- and 

n-type legs of the thermoelectric device, respectively. It is noted that, in Eq. 1.11 , the 

first term denotes the heat flow due to the Peltier effect and second term denotes the 

heat Aow due to the thermal conduction , respectively. T he second term in Eq. 1.11 

can be most easily evaluated when the pert inent thermoelectric device is in a steady 

state (i.e., ~ = 0 in Eq. 1.6) and if the Thomson effect is to be ignored (i.e. , T = 0). 

In thi s case, in tegrating the right hand side of Eq. 1.6, we obtain 

(1.12) 

where ITp,n and L p,n are the electrical condnctivities and the lengths of the p- and 

n-type legs of the pert inent thermoelectric device, respectively. By substituting this 

equation into Eq. (1.11) at x = 0, we obtain 

(1.13) 

The cooling power, qc, at the source is the sum of qp and q" at x = 0 : t 

(1.14) 

The electrical power consumed in the p- and n-type legs of the t hermoelect ric device 

is given by 

(1.16) 

where the first term denotes the portion of the electrical power that is used to pump 

the heat from the heat source to the heat sink, and the second term denotes the 

tThe thermal conductance J( and the electrical resistance R for the thermoelectric device are 
given by 

and (1.15) 

respectively. 
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portionoftheelectricalpowerthatisdissipatedilltothesystem.Thetotalpower

inputisthengivenby

w一 鴨+17Vn-(Sp-s。)1(TH-Tc)+12R. (1.17)

Therefore,thethermoelectriccoef丑cientofperformance,φ,isfinallyobtainedby

thefollowingequation:

φ≡lt'一(Sp-Sn)ITc(S
p-s。)云 告 響 煮乃)・(・ ・9)

ItshouldbenotedthatthethermoelectriccoefHcientofperformanceφdependson

thevalueoftheelectricalcurrentI.Twocasesofspecialinterestare(1)thecllrrent

lgforthemaximumcoolingpowerand(2)thecurrent1φforthemaximumcoef丑cient

ofperformance.

Wedeterminelqforthemaximumcoolingpowerbysetting吻 σ/dl=Oin

Eq.1.14:

・q-≒n)乃 ・(1・ ・8)

Thecorrespondingcoef丘cientofperformanceisgivenby

φ,-3ZT'一 象/Tc-1),(1・ ・9)

where†

Z-(蠕 の2・(1・2・)

Iftheheatsourceisremoved,thecoef丑cientofperformancefallstozeroandthe

temperaturedifference(TH-Tc)risestoitsmaximumvalue

(TH-Tc)m・ ・-IZT3・(1・21)

Wedeterminethecurrent1φforthemaximumcoef且cientofperformancebysetting

†Notethat5
p>OandSn<0.
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portion of the electrical power that is dissipated into the system. The total power 

inpu t is then given by 

(1.17) 

T herefore, the thermoelectric coefficient of performance, 0/, is finally obta ined by 

the following equation : 

. _ qe (Sp - Sn) ITe - V2 R - K (TJ.r - Te) 
'" = W = (Sp - S,,) I (T/1 - Tc;) + J2R 

(1.9) 

It should be noted that the thermoelectric coefficient of performance ¢ depends on 

the value of the electrical current I. Two cases of special interest are (1) the current 

Iq for the ma'limum cooling power and (2) the current 1¢ for the maximum coefficient 

of performance. 

"Ve determine Iq for the maxImum cooli ng power by setting dqe/d1 0 111 

Eq. 1.14 : 

(1.18) 

The corresponding coefficient of performance is given by 

(1.19) 

wheret 

z = (Sp - S"J2 . 
KR 

(1.20) 

If the hea.t source is removed , the coefficient of perfoJ'm3J1Ce falls to zero and the 

temperature difference (TH - Te) rises to its maximum value 

(1.21) 

We determine the current 11> for the maximum coefficient of performance by setting 

t Note that Sp > 0 and S" < o. 
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dφ/(Z、r=OinEq.1.9,andwefilldthat

・φ 一(s,-sγL)(Tu-TcR(

>丁 平7砺 一1)),(1・22)

where71M=き(TH十 乃)isthemealltemperature.Themaximumcoe伍cientof

performallceis

φ一・一(Tc(～ π7-Tu/Tc).(1.23T
H-Tc)(～ 可7十1))

SincethequantityZdeterminesboththemaximumtemperaturedifferenceandthe

maximumcoef且cientofperformance,itiscalledthefigureofmeritforthethermo-

electricdevice.ItiseasytoseeinEqs.1.19,1.21and1.23that(TI一Tc)max,φgand

φmaxareallmonotonicallyincreasingfunctionsofZaslongasTH>7b,andφmaxin

Eq.1.23rendersthevalueoftheCarnotcoefHcientofperformance

φc… ・・一 乃 ㌦(1・24)

asZ→Oc.

ThefigureofmeritZisnotafixedquantityforagivenpairofthermoelectric

materialsbutdependsontherelativegeometriesofthebranches.Ithasitsmaximum

valuewhentheproductRKinEq.(1.20)isaminimum,whichoccurswhen

舞1会1篶 ・(1・25)

Whenthedimensionsareoptimized,the丘gureofmeritbecomes

Z-[(
κ,/σ慨 篶 σ。)、/、]、・(1・26)

AlthoughthefigureofmeritZofacoolingdevicedependsonthepropertiesof

thematerialsinbothbranches,itisconvenienttodefineafigureofmeritforasingle

materialas

ろ,n一 略 伽.(1.27)
κP

,n
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drP/dI = 0 in Eq. 1.9, and we find that. 

(1.22) 

where TM = ~(Tf{ + Te) IS the mean temperatUl'e. The maximum coefficient of 

performance is 
rP - Tc (..)l+ZT" .[ -TH/Tc ) 

max - (Tf{ - Te)( ..)1 + ZTM + 1)' 
(123) 

Since t he quantity Z detennill€s ooth the maximum telllperatm 8 difference ami tile 

mik'dmum coefficient of performance, it. is called the figure of merit for the thermo

electric device. It is easy to see in Eqs. 1.19, 1.21 and 1.23 that (Tf{ - Tel",." <Pq and 

rPmax are all monotonically increasing functions of Z as long as TH > Tc, and rPm" in 

Eq. 1.23 renders the value of the Carnot coeffi cient of performance 

Te 
rPCacnot = T T. 

N - e 
(1.24) 

as Z ---7 eX) . 

The figure of merit Z is not a fixed quantity for a given pair of thermoelectric 

materials but depcnds on the relative geometries of the branches. It has its maximum 

value when the product RK in Eq. (1.20) is a minimum , which occurs when 

(1.25) 

'When the dimensions are optimized , t.h e fi gure of merit becomes 

(1.26) 

Although the figUl'c of mcrit Z of a cooling devicc depcnds on thc properties of 

the materials in both branches, it is convenient to define a figure of merit for a single 

mate ri al as 

(1.27) 
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Illpractice,atmosttemperaturesofinterest,thematerialsforthep-andn-typelegs

ofthethermoelectricdevicearechosensothatthepropertiesofthesematerialsare

comparabletoeachother.Therefore,

Z盤4吉 名z・(1・28)

ThetreatmentshownaboveassumesthattheparametersS,σandκareindepen-

dentoftemperature.Theerrorsthatoriginatefromthisassumptionarelikelytobe

importantfordevicesthatareoperatedwithlargetemperaturedifferencesbetween

thesourceandsink.Thebasicdifferentialequationfortheproblemincludingthe

temperatu・edependence・fthepa・ametersatasteadystate(需 一 〇)takesthef・ ・m

(seeEq.1.6):

議[d7「嘱 丁)転万]± ・T¥)翫 。(玩 一・・(1・29)

Ingeneral,thebestthatonecanhopeforisanumericalsolutionfollowingthesubsti-

tutionofempiricaltemperaturedependencesfortheparameters.However,bytaking

averagevaluesoverthetwobranches,onefinds[2]

Z「 〈 〈s,-Sn>2
κ,/σ,>1/2+〈 κ。/σn>1/2),,(1・3・)

wheretheangularbracketsindicatetemperature-averagedquantities.Thenumerical

solution[4]ofEq.1.29indicatesthatthismethodgivesanaccuracythatisgood

enoughformostpurposes.

1.2.2Thermoelectricpowergeneration

ThedeviceshowninFig.1-3canalsobeusedasathermoelectricpowergenerator

asshowninFig.1-4.Followingthesameargumentasgivenin§1.2.1(leadingto

Eq.1.14),thethermalpowerinputtothehotjunctionfromtheheatsourceisgiven
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In practice, at most temperatures of interest, the materials for the p- and n-t.ype legs 

of the thermoelectric device are chosen so that the properties of these materials are 

comparable to each other. T herefore, 

Z~ Zp+Zn 
2 

(1.28) 

T he treatment shown above assumes t hat the parameters S, (J and K are indepen

dent of temperature. The errors that originate from this assllmption are likely to be 

important for devices that are operated with large temperature differences between 

the source and sink. The basic differential equation for the problem including the 

temperature dependence of the parameters at a steady state (~ = 0) takes the form 

(see Eq. 1.6) 

d [ dT] dSp.,,(T) dT 12 
d . . Kp,n(T)Ap,n-d' ± IT dT d + (T) A = O. x x ,x 0pln p,n 

(1.29) 

In general, the best that one can hope for is a numerical solut ion following the substi

tution of empirical temperature dependences for the parameters. However, by taking 

average values over the two branches, one finds [2] 

(1.30) 

where the angular brackets indicate temperature-averaged quantities . The numerical 

solution [4] of Eq. 1.29 indicates that this method gi ves an accuracy that is good 

enough for most purposes. 

1.2.2 Thermoelectric power generation 

The device shown in Fig. 1-3 can also be used as a thermoelectric power generator 

as shown in Fig. 1-4. Following the same argument as given in §1.2.1 (leading to 

Eq. 1.14), the thermal power input to the hot junction from the heat source is gi ven 
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by

炉(Sp-Sn)・TH+K(TH-Tc)-1・ ・R,(1・31)

where、KandRarethegeometry-dependentthermalconductanceandelectricalre-

sistance,respectively,ofthedeviceasinEq.1.15(seethefootnoteonpage59).The

electricalpoweroutputis

Iノ「=12RL,(1.32)

whereRListheloadresistallce.Thecurrentlisgivenby†

1=
(ら 一 ε,z)(Tu-Tc)

,

R十RL
(1.33)

sincetheopen-circuitvoltageis(Sp-Sn)(TH-Tc).Thusthethermalef丘ciencyfor

thethermoelectricpowergenerationisgivenby

η÷(S
p一無+荒 一Tc)一 毒、・R・(・ …)

Eq.1.10statesthatthethermalefHciencyηdependsonthevallleoftheload

resistance1～ 五.Twocasesofthespecialinterestare(1)thevalueoftheloadresistance

forwhichthemaximumpoweroutputisobtainedfromthethermoelectricdeviceand

(2)thevalueoftheloadresistanceforwhichthemaximumthermalef丑ciencyforthe

thermoelectricpowergenerationisachieved.

TheloadresistancewhichmaximizesthepoweroutputWisobtainedbysetting

itstotalderivative(seeEqs.1.32and1.33)equaltozerowithrespecttotheload

resistanceR五.Theresultobtainedis、RL=、R,andthethermalef丑ciencyatmaximum

poweroutputisfoundtobe

ηw=
2z(Tu-Tc)

Z(3TH-1-Tc)-1-8, (1.34)

whereZisthethermoelectricfigureofmeritofthethermoelectricdeviceasdefined

†NotethatS
p>OandSn〈0,andthereforeboththep-branchandthen-branchcontributeto

thecurrentgeneration.
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by 

(1.31) 

where K and R are the geometry-dependent t hermal conductance and electrical re

sistance, respectively, of the device as in Eq. 1.15 (see the footnote on page 59) . The 

electrical pOlVer output is 

(1.32) 

where RL is the load resistance. The current J is given by! 

J = (Sp - S,,)(Tf/ - Te) 
R+RL ' 

(1.33) 

since the open-circuit voltage is (Sp - Sn)(Tf/ - Te) . T hus the thermal efficiency for 

the thermoelectric power generation is given by 

Hi J2R L 

1) == q}{ = (Sp - S")JTIl + K(TII - Te) - V2R' 
(1.10) 

Eq. l.10 states that the t hermal efficiency,) depends on the value of the load 

resistance R L . Two cases of the speciaJ interest are (1) the valne of t.he load resistance 

for which the maximum power output is obtained from the thermoelectric device and 

(2) the value of the load resistance for which the max imum thermal efficiency for the 

thermoelectric power generation is achieved. 

The load resistance which maximizes the power output vV is obtained by setting 

its total deri vative (see Eqs. l. 32 and l.33) equal to zero with respect to the load 

resistance R L. The result obtained is fl L = fl , and the thermal efficiency at maximum 

power outpu t is found to be 

2Z(Tf/ - Tc) 
1)101'= Z (3Tf/+Te) +8 ' (l.34) 

where Z is the thermoelectric figure of meri t of the thermoelectric device as defined 

tNote that Sp > 0 and S,~ < 0, and therefore both the p-branch and the n-branch contribute to 
the current generation. 
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inEq.1.20.

Theloadresistallcewhichmaximizesthethermalef丘ciellcyηisdetermilledby

settingdn/dR.=OinEq.1.10,sothatweobtainRL=V2ZZili7F了R.Thecorre-

spondingexpressionforthemaximumthermalefHciencyisgivenby

ηmax=
(TH-Tc)(Vi]-7Tff-1)
Tu(〉悪 十Tc/TH)ラ

(1.35)

whereTM=圭(Tu十Tc)isthemeantemperature.Thethermoelectricfigureof

meritZagaindeterminesboththemaximumthermalef丘ciencyηmaxandthethermal

e伍ciencyatmaximumpoweroutputηw.ItiseasytoseethatbothηwinEq.1.34

andηmaxinEq.1.35aremonotonicallyincreasingfunctionsofZaslongasTH>Tc,

andthevallleofηmaxinEq.1.35approachestheCarnotefHciency

ηCarnot=

TI一Tc

乃
(1.36)

asZ→Oc.

1.3 Low-dimensionalthermoelectricity

Aswediscussedin§1.2,theusefulnessofthermoelectricmaterialsfortherefrigeration

orpowergenerationapplicationsisexpressedintermsofthethermoelectricfigureof

meritZ,

S2σ

Z=,(1.37)κ
whereSisthethermoelectricpowerorSeebeckcoefHcient,σistheelectricalcondllc-

tivity,andκisthethermalconductivity.SinceZisafunctionoftemperatureand

thevaluesofφq,φmaX,ηwandηmaXforagiventhermoelectricdevice(seeEqs.1.19,

1.23,1.34and1.35)areallexpressedintermsofZTratherthanZitself,whereTis

theabsolutetemperature,thedimensionlessquantityZTisthequantitythatismore

widelyusedasthemeasureofthellseflllnessforagiventhermoelectricmaterialthan

z.
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in Eq. 1.20. 

The load resistance wh ich mlL,imizes the thermal efficiency 71 is determined by 

setting d71/dRL = 0 in Eq. 1.10, so that we obtain R L = JZTM + lR. The corre

sponding expression for t he maximum t hermal efficiency is given by 

(1.35) 

where Tlv{ = ~(T/i + Te) is the mean temperature. The thermoelectric figure of 

merit Z again determines both the maximum thermal efficiency 17m ax and the thermal 

efficiency at ma,imum power output '7w . It is easy to sec that both ' Iw in Eq. 1.34 

and '7max in Eq . 1.35 are monotonically increasing functions of Z as long as T/i > Te, 

and the value of 17max in Eq. 1.35 approaches the Carnot efficiency 

as Z ---+ 00. 

Tfj -Te 
'l7Carnot = 

1.3 Low-dimensional thermoelectricity 

(1.36) 

As we discussed in §1.2, the usefu lness of thermoelectric materials for the refrigeration 

or power generation applications is expressed in terms of the thermoelectric figure of 

merit Z , 
S21J 

Z- -
- K, , (1.37) 

where S is the thermoelectri c power or Seebeck coeffi cient, IJ is the electri cal conduc

tivity, and K, is t he thermal conductivity. Since Z is a function of temperature and 

the values of rPq , rPma" 'lJw and 7lmax for a given thermoelectric device (sec Eqs. 1.19, 

1.23, 1.34 and 1.35) are all expressed in terms of ZT rather than Z itself, where T is 

the absolute temperature, t he dimensionless quantity ZT is the quantity that is more 

widely used as [he measure of the usefulness for a given thermoelectric material than 

Z . 
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Now,inordertoillcreasethevalueofZ7「,oneneedstoincreasethevaluesof

Salldσ,anddecreasethevalueofκ.Insemiconductors,itispossibletovarythe

valuesofthethermoelectrictransportcoefHcientsindividuallybyadjustingthedoping

levelofthematerial.Fornon-degeneratesemiconductorsラ †thevalueofσisroughly

proportionaltothecarrierconcentrationofthepertinentmaterial,whosevaluecan

becontrolledbydoping.ThevalueofSforagivenmaterialisalsodetermined

byitsdopillglevel.Sincethevalueof5,forIlon-degeneratesemiconductors,isa

linearfunctionofthechemicalpotentialく[i.e.,S=α 〈 十 わ,whereαisapositive

numberforbothp-andη 一typematerials,andわisanegative(positive)numberforn-

type(p-type)materials],itislogarithmicallydependentonthecarrierconcentration

[i.e.,ISI(absolutevalueofS)isamonotonicallydecreasingfunctionofthecarrier

concentration].ThesefeaturesforSandσareschematicallyshowninFig.1-5.

AnotherapproachforincreasingthevalueofZistoredllcethevallleofκ.Since

κcanbewrittenasasllmofthelatticethermalcondllctivity(denotedbyκph)and

theelectroniccontributiontothethermalconductivity(denotedbyκe),reducingthe

valueofeitherκphorκ,wouldcontributetoincreasingthevalueofZ.However,

reducingthevalueofκphimpliesanincreasedcrystallinedisorder(andthereforethe

carriermobilityμisreduced)inthepertinentsystem,andreducingthevalueofκ,

alsoimpliesthereductionofσviatheWiedemann-Franzlaw(κ,=五 〇σT,where、 乙o

istheLorenznumber).Therefore,itisgenerallydi伍culttoincreasethevalueZfor

agiVenmaterialSSyStem.

Thebestcommercial3DthermoelectricmaterialisintheBi2(1_x)Sb2.Te3(1_y)Se3y

familywitharoomtemperatureZT～1forthecompositionBio .5Sb1.5Te3[5].It

shouldbealsonotedthatZT～3wouldrivalconventionalrefrigerationtechniqlles

intermsofef自ciency.Itisbelievedthatonlyincrementalimprovementsinthevalue

ofZTarepossibleinthegeneralizedBi2Te3system.Forthisreason,effortsarebeing

expendedintheidentificationofnewfamiliesofmaterialswithahighelectronicden-

sityofstatesattheFermilevel[6-8]andwithcage-likestructurespartiallyoccupied

†Anon-degeneratesemiconductormeansasemiconductorwhosechemicalpotentialisbelow(or

`above,forp -typematerials)thebandedgeofthepertinentmaterial .
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Now, in order to increase the value of ZT, one needs to increase the values of 

5 and a , and decrease the value of K . In semiconductors, it is possible to vary the 

values of the thermoelectric transport coefficients individually by adjusting the doping 

level of the material. For non-degenerate semiconductors,t the value of a is roughly 

proportional to the carrier concentration of the pertinent material, whose value can 

be controll ed by doping. T he value of S for a given material is also determined 

by its doping level. Since the value of S, for non-degenerate semiconductors, is a 

linear function of the chemical potential ( [i.e., S = a( + b, where Q. is a positive 

number for both p- and n-type materials, and b is a negative (positive) number for n

type (p-type) materials] , it is logarithmically dependent on the carrier concentration 

[i. e., 151 (absolute value of S) is a mono tonically decreasing function of the carrier 

concent ration]. These features for S and a are schematically shown in Fig. 1-5. 

Another approach for increasing the value of Z is to reduce the value of K . Since 

K can be written as a sum of t he lattice thermal conductivi ty (denoted by /(ph) and 

the electronic contribu t ion to the thermal conductivity (denoted by K"), reducing the 

value of either Kph or "'e would contribute to increasing the value of Z. However, 

reducing the value of "'Ph implies an increased crystalline disorder (and therefore the 

carrier mobility J.L is reduced) in the pertinent system, and reducing the value of "'e 
also implies the reduction of a via t he Wiedemann-Franz law (Ke = LoaT, where Lo 

is the Lorenz number). Therefore, it is generally difficult to increase the value Z for 

a given materials system. 

The best commercial 3D thermoelectric material is in the Bi2(1- x)Sb2x Te3(1 _y)Se3y 

family with a room temperature ZT ~ 1 for the composition Bio.5Sb1.5Te3 [5]. It 

should be also noted that ZT ~ 3 would rival conventional refrigeration teclUliques 

in terms of efficiency. It is believed that only incremental improvements in the value 

of ZT are possible in t he generalized Bi2 Te3 system. For this reason, efforts are being 

expeuded in the identification of new families of materials with a high electronic den

sity of states at the Fermi level [6- 8] and with cage-like structures partially occupied 

tA non-degenerate semiconductor means a semiconductor whose cliemical potential is below (or 
'above' for l)-type materials) the band edge of the pertinent material. 
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Figure1-5:WhatmaterialscanhavehighZT?
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Figure1-6:The3DdensityofstatesDOS(E)for3D,2DandIDsystems.Thedependence

ondwofthestepheightintheDOS(E)fbra2Dsystem,andoftherelativemagnitudeof

theDOS(E)foraIDsystemisindicated,wheredwisthequantumwellwidthorquantum
wirediameter,for2DandIDsystems,respectively.

byconstituentrattlingatoms[9,10].

Reduceddimensionality,asoccursinquantumwells(2D)orquantumwires(1D),

offersanotherstrategyforenhancingZT[11-22].Thisapproachprimarilytakesad-

vantageoftheenhanced3Ddensityofstates†forelectronsneartheFermileveldueto

thereduceddimensionality.Forinstance,consideranisolatedsheetofa2Dquantum

wellwithathicknessofdw.Sincethewavefunctionalongthez-direction(perpendic-

ulartotheplaneofthequantumwell)isquantized,thenumberofelectronicstates

availableforthelowestsubbandisindependentofthethicknessofthequantumwell.

Therefore,foragivenchemicalpotentialζ,the3Dcarrierconcentrationnincreases

withdecreasingdw(inverselyproportionaltothevalueofdw).Sincethevalueof

theSeebeckcoefHcientisroughlyafunctionofthechemicalpotentialonlyforagiven

dimensionalsystem(ifweignorethedetailsofthescatteringmechanisms),wecan

alsoincreasethevalueofS2n,wherenisthe3Dcarrierconcentrationofthesystem,

toanyvaluesthatwewantjustbyreducingthevalueofdwinanidealquantumwell

system(here,weassumethatthematerialusedforthis2Dquantumwellconsistsof

acontinuousmediumratherthanofatomsasintheactualmaterials,inthisthought

experiment).Thisisthefirstreasonwhywecanexpectalargeenhancementinthe

†The3Ddensityofstatesheredenotesthenumberoftheelectronicstatesperunitenergyper

unitvolume.Whilethe2Ddensityofstates(thenumberofelectronicstatesperunitenergyperunit

area)isconstantwithrespecttothethicknessofthepertinent2Dquantumwell,the3Ddensityof

statesforagiven2Dquantumwellsystemisinverselyproportionaltothethicknessofthequantum

well(seeFig.1-6).
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Figure 1-6: The 3D density of states D08(E) for 3D, 20 and 10 systems. The dependence 
on dw of the step height in the D08 (E) for a 20 system, and of the relative mag11itude of 
the D08 (E) for a 10 system is indicated, where dw is the quantum well width or quantum 
wire diameter, 1'01 20 and 10 systems, respectively. 

by constituent rattling atoms [9, 10]' 

Reduced d imensional ity, as occurs in quantum wells (2D) or quant um wires (10), 

offers another strategy for enhancing ZT [11- 22J. This approach primarily takes ad

vantage of the enhanced 3D density of statest for electrons near the Fermi level due to 

the reduced dimensionality. For instance, consider an isolated sheet of a 20 quantum 

well with a thi ckness of dlY • 8ince the wavefunction along the z-direct ion (perpend ic

ular to the plane of the quantum well) is quantized , the number of electronic states 

a.vail able fo r the IOlVest subband is independent of the thi ckness of the C[uaJltu m well. 

Therefo re, for a given chemical potential (, the 3D carrier concentration n increases 

with decreasing dw (inversely proportional to the value of dw ). Since the value of 

t he Seebeck coefficient is roughly a function of t he chemical potential only for a. given 

dimensional system (if we ignore the detai ls of the scattering mechanisms), we can 

also increase the value of 52", where n is the 3D carrier concentra.tion of the system, 

to any values that we want just by reducing the value of dw in an ideal quantum well 

system (here, we assume that the material used for this 2D quantum well consists of 

a cont inuous medium rather than of atoms as in the actual materials, in th is tho ught 

experiment) . This is the fi rst reason why we can expect a large enhancement in the 

tThe 3D density of stat.es here denotes the number of the electronic states per unit energy per 
uuit volulIle. \Vhile the 2D density of states (the Ilmnber" of electrouic states per uuit €uergy per uuit 
area) is constant with respect to the thickness of the pertinent 2D quantum well , the 3D density of 
states for a given 2D quantum well system is inversely proportional to the th ickness of the quantum 
well (see Fig. I-G). 
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thermoelectricfigureofmeritZTilllow-dimensionalsystems.†

ThesecolldreasonwhythevaluesofZTareexpectedbeenhallcedinthelow-

dimensionalsystemsisthatthesize(width)ofthe2DquantumwellsorIDquantum

wires,intheregimewherewestartobservingtheeffectsofthequantumconfinement

forelectrons(dwbeingintheAtonmrange),tendstobesmallerthanthelength

ofthephononmeanfreepath,especiallyatreducedtemperatures(T<300K).The

valuesofthelatticetherrnalcollductivityκphisgellerallyexpressedbythekinetic

formula,

1

κph=百 σ・ve,(1・38)

whereσvistheheatcapacityofthesample,visthespeedofsoundand4isthe

phononmeanfreepath.Thevaluesofκphforisolatedquantumwellsandwiresare

expectedtobereducedrelativetothecorrespondingbulkvalueswhenthevaluesof

dwaresmallerthanthelengthofthephononmeanfreepath乏[23].Therefore,the

valueofZTforlow-dimensionalsystemsisexpectedtobeenhancednotonlythrough

theenhancedS2n,butalsothroughthereducedκph.Thisisthebasicprinciplefor

enhancingthevaluesofZTusinglowdimensionalstructures(denotedasthebasic

principleoflow-dimensionalthermoelectricity,hereafter).

Tomakeuseofthebasicprincipleoflow-dimensionalthermoelectricityforac-

tualmaterialsdesigntoachieveenhancedvalllesofZT,wehavetoconsiderseveral

additionalisslles,asdiscussedbelow.Forexample,inderivingtheabovebasicprin-

ciple,wehaveassumedthatthedetailsofthescatteringmechanismsarenotaffected

bychangingthethicknessofthequantumwelldw.Thisisnotthecaseforactual

materialssystems.Forexample,forstrictlyconfined2Delectronsystems,suchas

isolated2Dquantllmwellsasdiscllssedabove,thescatteringprobabilitiesforthetwo-

dimensionallyconfinedelectrons(dlletoeitherthree-dimensionalphononsorionized

impurities)tendtoincreasewithdecreasingthevalueofdw(seeChapters3and6

†ItshouldbenotedthatwecanexpectevenlargerenhancementsinS2ninone-dimensional

systemsthanintwo-dimensionalsystems,becauseinIDsystemsthe3Dcarrierdensitynfora

giv・nvalu・ ・fthechemi・alp・t・ntiali・inverselyp・ ・P・・ti・nalt・d斎,i…,い 煮,・ath・ ・than

n～ 歯,whi・hi・validf・ ・2D・y・t・m・(・eeFig・1-6)・
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thermoelectric figure of merit ZT in low-dimensional systems.! 

T he second reason why the values of ZT are expected be enhanced m the low

dimensional systems is that the size (width) of the 2D quantum wells or ID quantum 

wires, in the regime where we start observing t he effects of the quant um confinement 

for electrons (dw being in the A to nm range) , tends to be smaller than the length 

of the phonon mean free path, especially at reduced temperatures (T < 300 K). The 

values of the lattice thermal conductivity '"ph is generally expressed by the kinetic 

formula, 

(1.38) 

where Cv is the heat capacity of the sample, v is the speed of sound and e is the 

phonon mean free path. The values of Kph for isolated quantum wells and wires are 

expected to be reduced relative to the corresponding bulk values when the values of 

dw are smaller than the length of the phonon mean free path £ [23]. Therefore, the 

value of ZT for low-dimensional systems is expected to be enhanced not only through 

the enhanced S2n, but also t hrough the reduced '"ph . This is the bas ic principle for 

enhancing the values of ZT using low dimensional structures (denoted as the basic 

prillciple of low-dimellsiollal thenlloelectricity, hereafter). 

To make use of the basic principle of low-dimensional t hermoelectricity for ac

tual materials design to achieve enhanced values of ZT, we have to consider several 

additional issues, as discussed below. For example, in deriving the above basic prin

ciple, we have assumed that the details of the scattering mechanisms are not affected 

by changing the thickness of the quantum well dw . This is not the case for actual 

materials systems. For example, for stri ctly confined 2D electron systems, snch as 

isolated 2D quantum wells as discussed above, the scatteri ng probabilities for the two

dimensionally confined electrons (due to either thre~Ldimensiona.l phonons or ionized 

impurities) tend to increase with decreasing the value of dw (see Chapters 3 and 6 

tIt should be noted that we can expect even larger enhancements in S2n in one-dimensional 
systems than ill two-dimensional systems, because in ID systems the 3D carrier dens ity n for a 
given value of the chemical potential is inversely proportional to d~v ' i.e. , n rv -Jr: rather than 

w 

11. '" d~v' ,vhich is valid for 2D systems (see Fig. 1-6) . 
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formorediscussion).Therefore,theresultalltvalueforthecarriermobility,fora

stronglyconfined2Dsystem,telldstodecreasewithdecreasillgsizeofdw.Secondly,

itispracticallyimpossibletofabricateisolatedsheetsof2Dquantumwells,wherethe

valuesofdwarerequiredtobeinanAtonmrange.Therefore,theactualmaterials

havetobedesignedintheformofasuperlatticeormultiple.quantum.wells.Since

theconditionsforthequantumconfinementaremorerelaxedinthesuperlatticeform

ofthematerial(thewavefunctiollalollgthesuperlatticegrowthaxisislesscollfilled)

relativetotheisolatedquantumwellcase,theresultantscatteringprobabilities(and

hencethevaluesofthecarriermobility)for-thecon丘nedcarriersinasuperlattice(or

inmultiple.quantum.wells)arenotasimplefunctionofthequantumwellwidthdw,

butaregivenbyacomplicatedfunctionthatdependsonthedetailedpropertiesof

thesuperlattice.

Themainthemeofthisthesisistodevelopasystematicapproachtodesign

materials,usingsuperlatticestructures,thathaveenhancedvaluesofZT,basedon

thebasicprincipleoflow-dimensionalthermoelectricitythatwasdiscussedabove.

Wearespeci丘callyinterestedinthefollowingeffects:(1)theeffectofquantum

confinementonenhancingtheabsolutevaluesoftheSeebeckcoefficientforagiven

carrierconcentration,(2)theeffectofquantumconfinementonthevaluesofthe

carriermobilityintwo-dimensionallyconfinedelectronsystems,(3)theeffectofδ 一and

modulation-dopingschemesonincreasingthevaluesofthecarriermobility,(4)the

effectofinterfacescatteringofphononsonreducingthevaluesofthelatticethermal

conductivity,and(5)theeffectofimpurityscatteringonincreasingtheabsolutevalue

oftheSeebeckcoeflicientS.Ourultimategoalistointegratetheseeffectsinagiven

materialssystem,usingasuperlatticestructureasabasictool,toachieveapractically

usefulvallleofZTforvariousthermoelectricapplications.

1.4 Roadmap

Followingthisintroductorychapter,wewilldiscuss,inChapter2,thephenomenologi-

calaspectoflow-dimensionalthermoelectricityin(111)orientedPbTe(20A)/Pb1_xEuxTe(400
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for more discussion). Therefore, the resultant value for the carrier mobility, for a 

strongly confined 20 system, tends to decrease with decreasing size of dw . Secondly, 

it is practically impossible to fabricate isolated sheets of 20 quantum wells, where the 

values of dw are required to be in an A to nm range. Therefore, the actual materials 

have to be designed in the form of a superlatti ce 01' multiple-quantum-wells. Since 

the condi t ions for the quantum confinement are more rela.xed in the superlatt ice form 

of the material (the wavefunct ion along the superlattice growth axis is less conhned) 

relative to the isolated quantum well case, t he resultant scattering probabilities (and 

hence the values of the caJ'l'i er mobi lity) for t he confined carriers in a superJattice (or 

in mul t iple-quantum-wells) are not a simple function of the quantum well width dw , 

but are given by a complicated function that depends on the detailed proper ties of 

the superlattice. 

The main theme of this thesis is to develop a systematic approach to design 

materi als, using superl at ti ce structl1l'es, t hat have enhanced values of ZT, based on 

the basic principle of low-dimensional thermoelectricity that was discussed above. 

vVe are spedfically interested in the following effe<.:ts: (1) the effect of quantum 

confinement. on enhancing the absolute values of the Seebeck coefficient for it given 

carrier concentration , (2) the effect of quantum confinement on the values of the 

carrier mobili ty in two-dimensionally confined electron systems, (3) the effect of 15- and 

modulation-doping schemes on increasing the values of the carrier mobility, (4) the 

effect of interface scattering of phonons on reducing the values of the lattice thermal 

conductivity, and (5) the effect of impurity scat tering on increasing the absolute value 

of the Seebeck coefficient S . Our ultimate goal is to integrate t hese effects in a given 

materials system , using a superlatt ice structure as a basic tool, to achieve a practically 

useful value of ZT for various thermoelectric applications . 

1.4 Road map 

Following this introductory chapter, we will discuss , in Chapter 2, the phenomenologi-

cal aspect of low-dimensional thermoelect ricity in (lll) oriented PbTe(20 A) / Pb' - xEux Te( 400 
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A)multiple-quantum-well(MQw)superlattices,whosethermoelectricpropertiesare

observedtobeenhallcedwithinthequantumwellrelativetothecorrespondillgbulk

PbTeduetoquantumconfinementeffectsoftheconductioncarriers.

InChapter3,thedetailedscatteringmechanismsforelectronsareinvestigated

for(111)orientedPbTe(20A)/Pb1-。Eu。Te(400A)MQws,inordertoresolvethe

originsoftheobservedenhancementintheSeebeckcoef丘cientthatisdiscussedin

Chapter2.Wewillspeci丘callyideIltifytherolesoflongitudinalacousticphonoIlde-

formationpotentialscatteringandpolaropticalphononscatteringontheobserved

temperature-dependentphenomenaoftheSeebeckcoeflicientinthissystem,bysolv-

ingtheBoltzmannequationnumerically,includingthesescatteringmechanismsex-

plicitly.

Chapter4isdevotedtothedevelopmentofanewconcept,namely`℃arrierPocket

Engineering,,,todesignsuperlatticestrllctllresthathaveenhancedvalllesofZT,

wherewedistinguishthevalllesofZTforthewholesuperlatticefromthevalues

ofZ7「thatisassignedonlytothequantumwellpartofthesuperlatticebydenot-

ingtheformerbyZ3DTandthelatterbyZ2DT.TheCarrierPocketEngineering

concept,whichisdevelopedinChapter4,denotesasystematicoptimizationpro-

cesstomaximizethevalueofthethermoelectricfigureofmeritZ3DTforagiven

materialsystemusingarationalmaterialsdesignapproach.Thoughwespecifically

chosetheGaAs/AIAssuperlatticesystemtodevelopthisconceptofCarrierPocket

EngineeringinChapter4(sincevariousbandparametersfortheGaAs/AlAssystem

arereadilyavailableintheliterature),thesamebasicconceptcanbeapplicableboth

toothermaterialssystemstooptimizetllevalueofZ3DTandtootheroptimization

processes(otherthanoptimizingthevallleofZ3DT)foranygivenmaterialssystem

usingsuperlatticestrllctllres.

InChapter5,theconceptoftheCarrierPocketEngineeringdevelopedinChap-

ter4isappliedtoSi/Gesuperlatticesystems.Wewillpredictthatthebestther-

moelectricperformanceinthismaterialssystemcanbeachievedin(111)oriented

shortperiodSi/Gesuperlattices.ThepredictedvaluesofZ3DTfora(111)oriented

Si(20A)/Ge(20A)superlatticeandfora(001)orientedSi(20A)/Ge(20A)superlat一
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A) multiple-quantum-well eVIQW) superlattices, whose t hermoelectric properties are 

observed to be enhanced within the quantum well relat ive to the corresponding bulk 

PbTe due to quantum confinement effects of the conduction carriers. 

In Chapter 3, the detailed scattering mechan isms for electrons are investigated 

for (lll) oriented PbTe(20 A)/Pbt _ x EuxTe(400 A) MQWs, in order to resolve the 

origins of the observed enhancement ill the Seebeck coefficient that is discussed in 

Chapter 2. We will specifically identit:)' the roles of longitudinal acoustic phonon de

formation potential scattering and polar opt ical phonon scattering on the observed 

temperature-dependent phenomena of the Seebeck coeffi cient in this system, by solv

ing the Boltzmann equation numerical ly, incl uding these scattering mechanisms ex

plicitly. 

Chapter 4 is devoted to the development of a new concept, namely "CatTier Pocket. 

Engineering", to design superiat tice st ructures that have enhanced values of ZT, 

where we distinguish the values of ZT for the whole superlattice from the val ues 

of ZT that is ass igned only to the quantum well part of the superlattice by denot

ing the former by Z3DT and the latter by Z2oT. The Carrier Pocket Engineering 

concept, which is developed in Chapt.er 4, denot.es ~ systemat.ic op timizat.ion pro

cess to maximize the value of the thermoelectric fig'm e of merit Z30T for a given 

material system using a rational materials design approach. Though we specifically 

chose the GaAs/ AlAs superlatt ice system to develop this concept of Carrier Pocket 

Engineering in Chapter 4 (since various band parameters for the GaAs/ AlAs system 

are readily available in the li terature), the same basic concept can be applicable both 

to other materials systems to optimize the value of Z30T and to other optimization 

processes (other t han opti mizing the valLIe of Z30T) for any given materials system 

using superla tt ice structures . 

In Chapter 5, the concept of the Carrier Pocket Engineering developed in Chap

ter 4 is applied to Si/Ge supel'lattice systems. We will predict that the best t her

moelectric performance in this materials system can be achieved in (111) oriented 

short period Si/Ge superl attices. T he predicted values of Z3IJT fo r a (111 ) oriented 

Si(20 A)/Ge(20 A) superla.ttice and for a (001) oriented Si(20 A)/Ge(20 A) superlat-
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ticeare,respectively,0.96alldO.24at300K,usingamodelbasedolltheconstant

relaxationtimeapproximation.ThesecondhalfofChapter5isdevotedtoanex-

perimentalproofLof-principlestudytotestthepredictionsthataremadeinthe丘rst

halfofthischapter.Sincesamplesof(111)orientedSi/Gesuperlatticesarenotyet

availabletous,weused(001)orientedSi/Gesuperlatticestotestourtheoretical

predictions.Weobservefairlygoodagreementbetweentheexperimentalresultsand

thetheoreticalpredictiollsthatareobtainedusillgsemi-classicalmodels,whichare

developedinChapter6.Thus,thebasicconceptofCarrierPocketEngineeringhas

beenproventoworkwith(001)orientedSi/Gesuperlattices.

InChapter6,moredetailedtheoreticalmodelingofthethermoelectrictransport

coef丑cientsisperformedfor(001)orientedSi/Gesuperlattices,includingsomespecific

scatteringmechanisms(ionizedimpurityscatteringandlongitudinalacousticphonon

deformationpotentialscattering)forthecondllctioncarriers.Wewillalsoconsider,

theoretically,theeffectsofδ 一andmodulation-dopingtechniqllesonenhancingthe

valuesofthecarriermobilities.Thesevaluesofthecarriermobilities,forδ 一dopedor

modulation-doped,(001)orientedSi(20A)/Ge(20A)superlattices,arepredictedto

beafactorofabouttwolargerthanthecorrespondingvaluesforahomogeneously

doped,(oo1)orientedSi(20A)/Ge(20A)superlattice.Thedevelopmentofthecorre-

spondingmodelsforthe(111)orientedSi/Gesuperlatticestopredictenhancedvalues

ofZ3DT,includingδ 一andmodulation-dopingschemes,isleftforthefuturework,

wherenaiveestimationsbasedontheresultsobtainedinChapter5(theconstant

relaxationtimeapproximation)andinChapter6(theeffectoftheδ 一andmodulation

dopingtechniques)predictverylargevaluesofZ3DT(Z3DTN2at300K)foraδ 一

〇rmodulation-doped,(111)orientedSi(20A)/Ge(20A)superlatticeattheoptimum

CarrlerCOnCentratlOn.

Chapter7isdevotedtotheinvestigationofmaterialssystemsthatarenotin-

cludedinthepreviouschaptersofthisthesis,butareoffutureinterestforresearch

onlow-dimensionalthermoelectricity.Inthischapter,thepropertiesof(111)ori-

entedPbTe/TeandPbSeo .g8Teo.02/PbTe"qllantllm-dot"superlattices,(001)oriented

short-periodsuperlatticesofPbTe/Pb1_xEuxTe,and(111)orientedBi/Pb1_xEuccTe
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tice are, respectively, 0.96 and 0.24 at 300 K, using a model based on the constant 

relaxation time appl'Oximation. The second half of Chapter 5 is devoted to an ex

perimental proof-of-principle study to test the predictions that are made in the fi rst 

half of this chapter. Since samples of (Ill ) oriented Si/Ge superlattices are not yet 

ava il able to us, we used (~Ol) oriented Si/Ge superiattices to test our theoret ical 

pred ict ions. \·Ve observe fai rly good agreement between the experimenta.l results and 

the theoretical predictions that are obtained using semi-classical models, which are 

developed in Chapter 6. Thus, the basic concept of Carrier Pocket Engineering has 

been pl'Oven to work with (001) oriented Si/Ge superlattices. 

In Chapter 6, more deta il ed theoret ical modeling of the thermoelectri c transport 

coefficients is performed for (001) oriented Si/Ge snperlattices, including some specific 

scattering mechanisms (ionized impurity scattering and longitudinal acoustic phonon 

deformation potential scattering) for the conduction carriers. We will also consider, 

theoretically, the effects of J- and modulation-doping techniques on enhancing the 

values of the carrier mobilities. These values of the carrier mobilities, for J-doped or 

modulation-doped , (001) oriented Si(20 A)/Ge(20 A) superlattices, are predicted to 

be a fil.(:tor of about two larger than the corresponding values for a homogeneously 

doped , (001) oriented Si(20 A)/Ge(20 A) superlattice. The development of the corre

sponding models for t he (Il l ) oriented Si/Gc supcrlattices to predict enhanced values 

of Z3DT, including J- and modulation-doping schemes, is left for the fut ure wo rk, 

where naive estimations based on the results obtained in Chapter 5 (the constant 

relaxation Lime approximation) and in Chapter G (the effect of the 15- and modulation 

doping techniques) predict very large values of Z3DT (Z3DT '" 2 at 300 K) for a J

or modulation-doped, (Ill) oriented Si(20 A)/Ge(20 A) sliperiattice at the optimum 

carrier concentration. 

Chapter 7 is devoted to the investigation of materials systems that are not in

cluded ill the previous chapters of this thesis, but are of future interest for researcll 

on low-dimensional thermoelectricity. In this chapter, the properties of (111) ori

ented PbTe/Te and PbSeo.9sTeo.02/PbTe "quantum-dot" sliperlattices, (001) oriented 

short-period super lattices of PbTe/Pb, _.r. Eur. Te, and (11 1) oriented Bi/ Pb' _xEux Te 
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superlatticesarediscussedaspossiblecandidatesforfuturehighZ7「materials,be-

sidestheabovemainstreamtopicsofthisthesis.

Finally,inChapter8,wesummarizethemainresultsofthisthesis,andsome

remarksonfutureresearchdirectionsarealsogiven.
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superlattices are discussed as possible candidates for future high ZT materials, be

sides the a bove main stream topics of this thesis. 

Finally, in Chapter 8, we summarize the main results of this thesis, and some 

remarks on fu ture research directions are also given . 
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Chapter2

Thermoelectricpropertiesof

n-typePbTe/Pb1_xEuxTe

multiplequantumwellsI

Constantrelaxationtime

apProximation

Inthischapter,thetemperaturedependencesofvariousthermoelectricproperties

(SeebeckcoefHcient,carriermobility,electricalconductivityandHallcoefficient)ofa

two-dimensionallyconfinedelectrongasin(111)orientedn-typePbTe/Pb1_xEuxTe

mllltiple-qllantllm-wells(MQW)areinvestigatedboththeoreticallyandexperimen-

tally.ItisfoundthatZ2D7「>2isobtainableatelevatedtemperatures(>400K),

whereZ2DTdenotesthethermoelectricfigureofmeritwithinthequantumwells.The

experimentalresultsfortheSeebeckcoefficientandtheHallcarrierconcentrationare

successfullymodeledasafunctionoftemperaturebasedonparabolicenergybands

andtheconstantrelaxationtime(7)approximation,assumingindependent7values

forlongitudinalandobliquesllbbands.Wefindthattheactllalcarriermobilities

inthequantumwells,whicharedeconvolvedfromtheHallcarriermobilities,are
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Chapter 2 

Thermoelectric properties of 

n-type PbTe/Pbl-xEux Te 

multiple quantum wells I 

Constant relaxation time 

approximation -

In this chapter, the temperature dependences of val'ious thermoelectric properties 

(Seebeck coefficient , carrier mobility, electrical conductivity and Hall coefficient) of a 

two-dimensionally confined elect!'On gas in (111) oriented n-type PbTe/Pb1_xEuxTe 

mult iple-quantum-wells (MQW) are investigated both theoretically and experimen

tally, It is fo und that Z2DT > 2 is obtainable at elevated temperatures (> 400 K), 

where Z2DT denotes the thermoelectric figure of merit within the quantum wells, The 

experimental results for the Seebeck coefficient and the Hall carrier concentrat ion are 

successfully modeled as a function of temperature based on parabolic energy bands 

and the constant relaxation time (T) app!'Oximation, assuming independent T values 

for longitudinal and oblique subbands. We fi nd that the actual carrier mobi lit ies 

in the quantum well s, which are deconvolved f!'Om t.he Hall carrier mobi li ties, are 
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enhallcedoverthoseofbulkPbTe,consistelltwiththequalltumconfinementofthe

collductioncarriersandtheuseofmodulationdopillgfortheintroductionofthen-

typecarriers.Betterthermoelectricproperties,especiallyatlowtemperatures,are

alsopredictedfor(oo1)orientedPbTeMQwsusingthesamebasictheoreticalmodel.

2.1 Introduction

IthasbeentheoreticallypredictedbyHicksetα1.[16]alldexperimentallydemon-

stratedbyHarmanetα1.andHicksetα1.[15,16]thatthethermoelectricfigure

ofmeritzcanbeenhancedin(111)orientedn-typePbTe/Pb1-。Eu。TeMQws

(灘NO.073)relativetothecorrespondingvaluesforZinbulkPbTe.ZT～1.2

hasbeenobtainedwithinthequantumwell,denotedasZ2D7「,atroomtemperature

inthissystem[15].PbTeisanattractivesystemforstudyingtheeffectsoflow-

dimensionalitiesonthethermoelectricproperties,aswewilldiscussinthisandthe

followingsections.Tolistafewreasonsbriefly:(1)bulkPbTeitselfisalreadya

reasonablygoodthermoelectricmaterial(ZT～0.4at300K),(2)themultiplicity

andhighanisotropyoftheconstantenergysurfacesallowustoexploretheeffectof

thisextradegreeoffreedomonthethermoelectricproperties,asdiscussedbelow,and

(3)well-establishedbandparameters,necessaryfortheoreticalmodeling,arereadily

availableintheli-tera-ture.

Alargemultiplicityandanisotropyofthecarriervalleysareimportantfactorsfor

goodthermoelectricmaterials.Thisisgenerallytrueinboth3Dbulkand2DMQw

(multiple-quantum-well)systems,althoughtherearecertaindistinctionsbetween3D

and2Dsystems,asdescribedbelow.In3Dbulksystems,goodthermoelectricma-

terials,suchasBi2Te3,havemultipledisk-shapedconstantenergysurfaces(carrier

pockets)thathaveasmalleffectivemassinonedirectionandlargeeffectivemasses

intheothertwodirections.Asmalleffectivemassusuallyleadstoahighcarrier

mobilityinthatdirection,whereaslargeeffectivemassesintheothertwodirections

leadtoahighdensityofstates.Themultiplicityofthecarrierpocketsisdirectly

relatedtothedensityofstatesasaproportionalityfactor.Sincethekeyideaofhav一
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enhanced over those of bnlk P bTe, consistent with the quantum confinement of the 

conduction carriers and the use of modulation doping for the introduction of the n

type carriers. Better thermoelectric properties, especially at low temperatures, are 

also predicted for (001) ori ented PbTe MQWs using the same basic theoretical model. 

2.1 Introduction 

It has been theoretically predicted by Hicks et at. [16] and experimentally demon

strated by Hannan et at. and Hicks et at. [15, 16] that the thermoelectric figure 

of merit Z can be en hanced in (Ill) oriented n-type PbTejPb' _x EuxTe MQWs 

(.1: "" 0.073) relative to the corresponding values for Z in bulk PbTe. ZT ~ 1.2 

has been obtained within the quantum well , denoted as Z2DT, at room temperature 

in this system [15]. PbTe is an attractive system for studying the effects of low

dimensionali t ies on the thermoelectric properties, as we will discuss in t his and the 

following sections. To list a few reasons briefly: (1) bulk PbTe itself is already a 

reasonably good thermoelectric material (ZT ~ 0.4 at 300 K), (2) the mult iplicity 

and high anisotropy of the constant energy surfaces allow us to explore the effect of 

this extra degree of freedom on the thermoelectric properties, as discussed below, and 

(.3) well-established band parameters, necessary for theore tical modeling, are readily 

available in the literature. 

A large multiplicity and anisot ropy of the carrier valleys are important factors for 

good thermoelectric materials. This is generally true in both 3D bulk and 2D MQW 

(mul t iple-quant um-well) systems, a lthough there are certain dist inctions between 3D 

and 2D systems, as described below. In 3D bulk systems, good thermoelectric ma

t.erials, SHch as Bi2Te3 , have mult. iple (lisk-shaped constant energy snrfaces (carrier 

pockets) that have a small effective mass in one direction and large effective masses 

in the other two directions. A small effective mass usually leads to a high carrier 

mobili ty in that direction, whereas large effective masses in the other two directions 

lead to a high density of states. T he mult iplicity of the carrier pockets is directly 

related to the density of states as a proportionality factor. Since the key idea of hav-
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ingenhancedthermoelectricpropertiesin2DMQwsystemsistoarti丘ciallymake

theeffectivemassalongthequantumwellgrowthaxis(之 一direction)verylarge,while

keepingthecarriermobilityintheplanehigh,goodmaterialsfortestingthisidea

shouldhavebothαlarge(whichensuresalargedensityofstates)andαsmall(which

leadstoahighmobilityintheplane)effectivemasscomponentinthexシ.plane.

The3Deffectivemasscomponentalongthe之 一axiscanbeeithersmallorlarge,but

thesmallertheeffectivemassalollgthe之 一axis,thelargertheellhancementofthe

thermoelectricpropertiesoverthebulk.Also,thesmallmasscomponentalongthe

z-directionhelpstokeepusinaregimeofasinglesubband.Itistoouradvantage

inmakingMQwstructuresthatwecanchoosethequantumwellgrowthdirection

whichoptimizestheexpectedthermoelectricproperties[14].

Ofparticularinterest,thatisfromamoregeneralthanspecificthermoelectric

apPlicationspointofview,inPbTe/Pb1一 ωEu。TeMQwsarerecentlypublishedex-

perimentalresultsbyHarmanθ 孟 α乙[15],showingthattheHallmobilities(μHall)

forPbTe/Pb1-。Eu。TeMQwsamplesarehigherthanthoseforsimilarlygrownbulk

PbTe.ThehighestμH。llfoundintheirMQws(1420cm2/v・satηH。ll～101gcm-3

withinthequantumwells)isveryclosetotllegenerallyknownbulkvalue(～1700

cm2/V・sforηHall<1018cm-3)forundopedsamples.Wewillshowinthischapter

thataftercorrectionsforthemulti-carriertypesandanisotropicconstantenergysllr-

facesaremade,theobservedcarriermobilitiesforthePbTeMQwsareevengreater

thanthoseforthehighqualitybulkPbTe.

Theworkinthischapteraddressesadetailedstudyofthethermoelectricproper-

tiesofη 一typePbTeMQws.variousthermoelectricproperties,includingtheSeebeck

coefHcient,electricalconductivity,andlowfieldHallcoefHcient,aremeasuredalong

thequantllmwellplanesasafllnctionoftemperature.Theseexperimentalreslllts

areinterpretedusingthetheorydevelopedbyHicksθ オ α乙[11,12,14,16,17].For

simplicity,weusetheconstantrelaxationtimeapproximation[3]inthischapter,and

willpostponethemoreexacttreatmentoftheBoltzmannequationassumingsome

specificscatteringmechanismsuntilthenextchapter.Thedetailedanalysisofthe

HallcarrierconcentrationηHallisdevelopedinanattempttoassesstheactualcarrier
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ing enhanced thermoelectric propert ies in 2D M Q W systems is to artificially make 

the effective mass along the quantum well growth axis (z-direction) very large, while 

keeping the carrier mobility in the plane high, good materials for testing this idea 

should have both a large (which ensm es a large density of states) and a sma.ll (which 

leads to a high mobility in the plane) effecti ve mass component in the xy-plane. 

The 3D effective mass component along the z-axis can be either small or large, but 

the smaller the effective mass along the z-axis, the larger the enhancement of the 

thermoelectric propert ies over the bulle Also, the small mass component along the 

z-direction helps to keep us in a regime of a single subband. It is to our advantage 

in making MQW structures that we can choose the quantum well growth direction 

which optimizes the expected thermoelectric properties [14J . 

Of particular interest, that is from a more general than specific thermoelectric 

applications point of view, in PbTe/Pbl_xEuxTe ~VIQWs are recently published ex

perimental results by Harman et ai. [15], showing that t he Hall mobilities (J.lHall) 

for PbTe/Pbl_x Eux Te :vIQW samples are higher than those for similarly grown bulk 

PbTe. The highest J.lHall found in their MQWs (1420 cm2/V,s at nHall ~ 10 19 crn-3 

within t.he qnant.nm wells) is very dose to the generally known bulk value (~1700 

cm2/V,s for nHall < 1018 cm-3) for undoped samples. We will show in this chapter 

t hat after corrections for the multi-carrier types and anisotropic constant energy sur

faces are made, the observed carrier mobilities for the P bTe MQWs are even greater 

than those for the high quality bulk PbTe. 

The work in this chapter addresses a detailed study of the thermoelectric proper

t ies of n-t.ype PbTe MQWs. Various thermoelectric properties, including the Seebeck 

coefficient, electrical conductivity, and low field Hall coefficient, are measured along 

the quantum well planes as a function of temperatll1'e. These experimental results 

are interpreted using the theory developed by Hicks et ai. [11 , 12, 14,16, 17J. For 

simplicity, we use the constaut relaxation t ime approximation [3J in this chapter , and 

will postpone the more exact t reatment of the Boltzmann equation assuming some 

speci fic scattering mechanisms unt il the next chapter. The detailed analysis of the 

Hall carrier concentration nHall is developed in an attempt to assess the actual carrier 
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mobilityinMQws.Itiswellknowllthat,inthecaseof3Dbulkmaterials[3,24,25],

thelowfieldHallcarrierconcentrationηHallisIlotequaltotheactualcarrierconcell-

trationunless:(1)theconstantenergysurfacesaretotallyspherical,and(2)there

existsonlyonetypeofcarrier(eitherelectronsorholesofasingletypewithenergy-

independenteffectivemasses).Thecorrespondingargumentinthecaseofthe2D

electrongasisgiveninthepresentchapter.

Thischapterisarrallgedinthefollowillgway.Inthenextsectioll(§2.2),we

summarizethebulkpropertiesofPbTeandPb1_xEuxTealloys.Itisbasedonthese

propertiesthatthemodelsforPbTe/Pb1-.Eu。TeMQwsarebuilt,andvarioustrans-

portcoef丘cientsforthesequantumwellsarecalculated.In§2.3weshowtheresulting

formulaforourtheoreticalmodels,basedontheconstantrelaxationtimeapproxima-

tionandparabolicenergybands.Wealsodiscusstheimportanceofthecorrection

oftheHallcarrierconcentrationtotheactllalcarrierconcentrationinthelowfield

limittointerprettheobservedexperimentaldataintermsoftheactualcarriercon-

centrationandtoevaluatetheactualcarriermobilityfor2DPbTeMQws.In§2.4,

variousthermoelectricpropertiesareinvestigatedasafunctionoftemperaturefor

(111)orientedPbTeMQws.Theobservedexperimentalresultsarediscussedinde-

tailintermsofourtheoreticalmodels.In§2.5,theoptimumpropertiesofboth(111)

and(oo1)orientedPbTeMQwsareinvestigatedtheoreticallyasafunctionoftem-

perature.Thetheoreticalresultsforthe(111)orientedPbTeMQwsarecompared

withtheexperimentalresults,andthepredictionismadethat(001)orientedPbTe

MQwshavebetterthermoelectricpropertiesthanthe(111)orientedPbTeMQws.

Finally,concludingremarksaregivenin§2.6.

2.2 ReviewofthebulkpropertiesofPbTeand

Pb1_xEuxTealloys

Severalbooksandreviewarticlesexistonthebulkpropertiesofleadchalcogenides[24,

26-28],whereonecanfindsomedetailedinformationonthepropertiesofbulkPbTe.
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mobility in MQWs. It is well known that, in the case of 3D bulk materials [3,24, 25]' 

the low field Hall carrier concentration n Hall is not equal to the actual carrier concen

t ration unless: (1) the constant energy surfaces are totally spherical, and (2) there 

exists only one type of canier (either electrons or holes of a single type with energy

independent effective masses) . The corresponding argument in the case of the 2D 

electron gas is given in the present d l3.pter. 

This chapter is arranged in the following way. In the next section (32.2) , we 

summarize the bulk propert ies of PbTe and Pb1- xEux Ttl alloys. It is based on these 

properties that t he models for PbTe/Pb,_x Eux Te MQ'~TS are built, and various trans

port coefficients for these quantum wells are calculated. In §2.3 we show the resulting 

formula for our theoretical models, based on the constant relaxation lime approxima

tion and parabolic energy bands. VVe also discuss the importance of the correction 

of the Hall carrier concentration to the actual carrier concentration in the low field 

limit to interpret the observed experimental data in terms of the actual carri er con

centration and to evaluate the actual carrier mobility for 2D PbTe MQWs. In §2.4, 

various thermoelectric properties are investigated as a function of temperature for 

(1l1) oriented PbTe MQ' ¥s . The observed experimental results Me disCllssed in de

tail in terms of our theoretical models. In §2.5, the optimum properties of both (111) 

and (001) oriented PbTe 'VlQWs are investigated theoretically as a function of tem

perature. The theoretical results for the (111) oriented PbTe MQWs are compared 

with t he experimental results, and the prediction is made that (001) oriented PbTe 

MQWs have better thermoelectric pl'Operties than the (111) oriented PbTe MQWs. 

Finally, concluding remarks are given in §2.6. 

2.2 Review of the bulk properties of PbTe and 

Pb1-xEux Te alloys 

Several books and review articles exist on the bulk properties of lead chalcogenides [24, 

26- 28], where one can find some detailed information on the properties of bulk PbTe. 
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AseriesofcarefulsystematicresearchstudiesonPbTe/Pb1-。Eu。TeMQwsand

bulkPb1_xEuxTefilmsgrownbythemolecular-beamepitaxy(MBE)techniquehas

beencarriedoutbythegroupofProfessorG.BauerattheJohannesKeplerUni-

versitat,Linz,Austria,[29-32],fromwhichwecandrawalotofusefulinformation

onPbTe/Pb1-.Eu。TeMQwsandbulkPbi-、 。Eu、。Tealloysthatisnecessaryforour

modelingandgaininganunderstandingoftheexperimentaldataobtainedinourre-

search.Inthissection,wewillsummarizetheminimumrequiredknowledgeollthe

propertiesofbulkleadchalcogenidesandPb1_xEuxTealloysneededtohelpreaders

understandthesubsequentsectionsinthischapterandthenextchapterofthisthesis

insomedepth.

2.2.1 Chemicalpropertiesvs.Electronicproperties

Crystalsoftheleadchalcogenideshaveacubic(NaCl-type)rock-saltstructure,that

isgroup-theoreticallyclassifiedasthem3msymmetryclass.Theunitcellisface-

centeredcubicandthecoordinationnumberforalltheatomsissix.Thenature

ofthechemicalbindingintheleadchalcogenidesismixedionic-covalent,i.e.,they

areusuallyclassifiedaspolarsemiconductors.Incontrasttothepurelycovalent

compolmds,inwhichanelectronpairissharedequallybybothinteractingatoms,in

polarbonds,theelectronsresideforalongertimeinthefieldofoneorotherofthetwo

nuclei[24].Thepolarnatureofleadchalcogenidesmanifestsitselfinthecomposition

dependenceoftheelectronandholemobilitiesinthePbTe1_∬Se∬solidsolution.It

isfoundthattheholemobilityforsuchasolidsolution(xNO.5)isdecreasedby

afactorof2.5fromthatforpllrePbTe(x=0),whereastheelectronmobilityin

thesolidsolutionisdecreasedonlyby25%relativetothatforpurePbTe,i.e.the

decreaseintheelectronmobilityismuchsmallerthanthatintheholemobilityforthe

sameamountofTesubstitutionwithSn(xNO.5)[24].Thisisbecauseelectronsare

consideredtotravelmainlyinthecation(Pb)sublattice,whileholesareconsidered

totravelmainlyintheanion(chalcogen)sublattice[24].Forthesamereason,we

canexpectalargereductioninelectronmobilityinthePb1_xEuxTealloys,since,in

Pb1_xEuxTe,theatomsinthecationsublattice(i.e.,PbinPbTe),thatconstitutes
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A senes of careful systematic research studies on PbTe/ Pb1_xEux Te iV1QWs and 

bulk Pbl_xEux Te fi lms grown by the molecular-beam epitaxy (rvlBE) technique has 

been carried out by the group of Professor G. Bauer at the Johannes Kepler Uni

versitiit, Linz, Austria, [29- 32], from wh ich we can draw a lot of usefu l information 

on PbTe/Pbl _x Eux Te MQWs and bulk Pbl_xEux Te a lloys that is necessary for our 

modeling and gaining all understandi ng of the experimental data obtained in our re

search. In this section, we will summarize the minimum required knowledge on the 

properties of bulk lead chalcogenides and Pb l- xEux Te alloys needed to help readers 

understand the subsequent sections in th is chapter and the next chapter of this thesis 

in some depth. 

2.2.1 Chemical properties vs. Electronic properties 

Crystals of the lead chaIcogenides have a cubic (NaCl-type) rock-salt structure , that 

is groLlp-LheoreLically classified as Lhe rnSr,., symmeLry class. The ulli~ cell is face

centered cubic and the coOldination number for all the atoms is six. Th e nature 

of the chemical binding in the lead chalcogenides is mixed ionic-covalent , i.e., they 

are usually classi fied as polar semiconductors. In contrast to the purely covalent 

compounds, in which an electron pair is shared equally by both interacting atoms, in 

polar bonds, the electrons reside for a longer time in the field of one or other of the two 

nuclei [24]. The polar nature of lead clIalcogenides manifests itself in the composition 

dependence of the electron and hole mobilities in the PbTel_x8ex solid solution. It 

is found that the hole mobility for such a solid solution (x ~ 0.5) is decreased by 

a factor of 2.5 from that for pure PbTe (x = 0), whereas the electron mobility in 

the solid solution is decreased only by 25 % relative to that for pure PbTe, i.e. the 

decrease in the electron mobility is much smaller than that in the hole mobi li ty for the 

same amount ofTe substi tution with 811 (J: ~ 0.5) [241. T his is because electrons are 

considered to travel mainly in the cation (Pb) sublattice, while holes are considered 

to travel mainly in t he anion (chalcogen) sublat tice [241 . For the same reason, we 

can expect a large reduction in electron mobility in the Pb1-xEux Te alloys, since, in 

Pb1-xEux Te, the atoms in the cation sublattice (i. e., Pb in PbTe), that constitutes 
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thedominantconductionpathfortheelectrolls,aresubstitutedwithallothertypeof

atoms(EuinPb1_xEuxTe)thatactaseffectivescatteringcentersforelectrons.

Evidencesforthecovalentnatureofthechemicalbondingintheleadchalcogenides

isfoundinthedetailsofthescatteringmechanismsforelectronsthataredominant

inthesecrystals.AccordingtoRef.[24],crystalswithapredominantlyionictypeof

bindingshould,theoretically,exhibitcarrierscatteringmainlybyoneoftheoptical

typesofphonons.Investigationsofthecarrierscatteringinleadchalcogellideshave

shownthatcarriersarescatteredbothbytheopticalandacousticphonons,and

theroleoftheacousticscatteringisveryimportantfromrelativelylow(～5K)to

relativelyhigh(>400K)temperatures[24,26,27].

2.2.2 Latticepropertiesvs.Electronicproperties

Thelatticepropertiesofleadchalcogenidesarealsofoundtobecloselyrelatedwith

theirelectronicproperties.Onesuchcorrelationbetweenthelatticepropertiesand

theelectronicpropertiesisfoundinthepressuredependenceoftheenergyband

gap(五]g),wherewefind∂ 五lg/∂P=-8×10-6eV・cm2・kg-1forPbTe[24].Such

alinearcoe伍cientfor、Egwithpressure,whencombinedwiththebulkmodulllsof

PbTe(B=-VdP/dV～3.9×106Ncm-2,whereγisthevolumeofthecrystal[33]),

providesarelationbetweenthelatticeconstant(/andtheenergybandgap、Elgfor

thecrystal,i.e.,thelargerthelatticeconstant,thelargertheenergybandgap.This

featureisqualitativelyconsistentwiththerelationbetweendand五]ginPb1_xEuxTe

alloys,aswediscussbelow,wherediscontrolledbychanging:uinthiscase.Thus,

partofthemechanismsresponsiblefortheobservedrelationbetweenxand、Egin

Pb1_xEuxTeisconsideredtobecausedbytheeffectofchangingthelatticeconstant

onEgthatisobservedinPbTebyapplyingapressure.

Averysystematicandthoroughstudyofvarious(chemical,structural,optical,

electronicandmagnetic)propertiesofMBE-grownPb1_xEuxTealloyswasperformed

asafllnctionofEucontentx(0<x<1)byUetaetα 乙[32].ShowninFig.2-1isthe

relationbetweenthelatticeconstantdandtheEucontentxinPb1_ccEuxTealloys

thatisreproducedfromRef.[32],wherethelatticeconstantsdaredeterminedfrom
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the dominant conduction path for the electrons, are substit uted with another type of 

atoms (Eu in Pb1_xEux Te) that act as effective scattering centers for electrons. 

Evidences for the covalent nature of the chemical bonding in the lead chalcogenides 

is fo und in the details of the scattering mechanisms for electrons that are dorninant 

in these crysta ls. According to Ref. [24], crystals with a predominantly ionic type of 

binding should, theoreticall y, exhibi t carri er scattering mainly by one of the opti cal 

types of phonons. Invest igations of the carrier scattering in lead chalcogenides have 

shown that carriers are scattered both by t he optical and acoustic phonons, and 

t he role of the acoustic scattering is very important from relatively low (~5 K) to 

relatively high (>400 K) temperatures [24, 26, 27]' 

2.2.2 Lattice properties vs. Electronic properties 

The lattice propert ies of lead chalcogenides are also found to be closely related with 

their eiecLronic proper Lies. One such correla tion between the latlice proper ties and 

t he electronic propert.ies is found 111 the pressure dependence of t.h e energy band 

gap (E9)' where we find oEg/oP -8 x 10- 6 eV·cm2 ·kg-1 for PbTe [24]. Such 

a linear coefficient for Ey with pressure, when combined with the bulk modulus of 

PbTe (B = -\fdP/dV ~ 3.9 x 106 Ncm- 2 , where Ii is t.he volume oft.he crystal [33]), 

provides a relation bet.ween the lat t ice constant d and the energy band gap E y for 

the crystal, i. e. , the larger t ile lattice constant , t he larger the energy band gap. T his 

feature is qualitatively consistent wit.h the relation between d and E9 in Pb1- xEux Te 

alloys, as we discuss below, where d is controlled by changing x in this case. Thus, 

part of the mechanisms responsible for the observed relat ion between x and Eg in 

P bl-xEux Te is considered to be caused by the effect of changing t.he lattice constant 

on E9 that is observed in PbTe by applying a pressure. 

A very systematic and t horough study of various (chemical, st.ructural, opt ical, 

electronic and magnetic) propert ies of JvIBE-grown Pb1_xEux Te alloys was performed 

as a function of Eu content x (0 < .1; < 1) by Ueta ct al. [32]. Shown in Fig. 2-1 is the 

relation between the lattice constant d and the Eu content x in P b1-xEux Te a.lIoys 

that is reproduced from Ref. [32], where the lattice consta.nts d are determined from 
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theX-raymeasurementandEucontentsxaredeterminedfromtheICP(Illductively

CoupledPlasma)chemicalanalysis.InFig.2-1,wefilldthatlatticemismatchbetween

PbTeandPb1_xEuxTealloysisassmallasO.4%forxNO.1.Suchasmalllattice

mismatchisdesirableingrowingsuperlatticestructuresusingalternatinglayersof

PbTeandPb1_xEuxTe.Inaddition,otherfeaturessuchasalmostnegligibleelectron

mobilitycomparedtothatforpurePbTe[15]andwideenergybandgapsrelative

tothatforpurePbTe(五]gry635meVforxtyO.09aswediscussbelow)make

Pb1-。EuJeanidealmaterialforthebarrierlayersofPbTeMQwsbecausethelarge

degreeofthequantumconfinementandthenegligibleelectricalconductioninthe

barrierlayersareexpected,respectively,duetothelargepotentialbarrierheightin

thebarrierlayersandduetothesmallcarriermobilityinthebarrierlayers.Other

advantagesofusingthePb1一 βu。TealloysforthebarrierlayersofthePbTeMQws

includethethermalstabilityofthePbTe/Pb1_xEuxTeinterfaces,partiallyduetothe

smalllatticemismatchbetweenPbTeandPb1_cvEuxTefora;NO.1.

2.2.3 Electronicbandstructure

Asiscommontoalltheleadchalcogenides,includingPbS,PbSeandPbTe,PbTe

andPb1_cvEucvTealloyshavetheirconductionbandminimaatthe、 乙一point(thezone

boundaryalongthe[111]andequivalent〈111>directions)intheBrillouinzone(see

Fig.2-2).Theeffectivemasscomponentalongthemainaxisoftheconstantenergy

ellipsoid(alongthe〈111>direction)isabouttentimesaslargeastheperpendicular

componentaswediscussbelow.Thetemperaturedependenceforthecomponentsof

theeffectivemasstensorinPbTe,andthatfortheenergybandgapforbothPbTe

andPb1_xEuxTealloysthatareusedinourcalculationaregivenin§2.3.5.

Itisknownthattheenergybandgap五]gforPb1_xEuxTeisrapidlyincreased

relativeto五lgforpurePbTe,ifoneincreasesthevalueofcuevenslightlyfromx=0

(seeFig.2-3)[29,31].Recently,itwasfoundthattheEucontentxcanbevaried

continuouslyfromO(PbTe)to1(EllTe)bygrowingPb1_xEuxTefilmsona(111)

orientedBaF2sllbstrate,usingthemoleclllar-beamepitaxytechnique(MBE)[31].

Theopticalspectroscopyinvestigationrevealedthattheenergybandgapforthese
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the X-ray measurement and Eu contents x are determined from the Iep (Inductively 

Coupled Plasma) chemical analysis. In Fig. 2-1 , we find that lattice mismatch between 

PbTe and Pb1_.r,Eu.r, Te alloys is as small as 0.4 % for x "" 0.1. Such a small lattice 

mismatch is desirable in growing superlattice structures using alternating layers of 

PbTe and Pbl_rEux Te. In addition , other features such as almost negligible electron 

mobili ty compared to that for pure PbTe [15] and wide energy band gaps relative 

to that for pure PbTe (Eg ::: 635 meV for x ::: 0.09 as we discuss below) make 

Pb l- xEux Te an ideal material for the barrier layers of PbTe MQWs because the large 

degree of the quantum confinemen t and the negligible electrical conduction in the 

barrier layers are expected, respectively, due to the large potential barrier height in 

the barrier layers and due to the small carrier mobility in the barrier layers. Other 

advantages of using the P bl_rEur Te alloys for the barrier layers of the PbTe lvlQWs 

include the thermal stability of the PbTe/Pb' _xEux Te interfaces, partially due to the 

small lattice mismatch between PbTe and Pbl_xEux Te for x "" 0.1. 

2.2.3 Electronic band structure 

As is common to all the lead chalcogenides, inclucling PbS, PbSe and PbTe, PbTe 

and Pb'- xEux Te alloys have their conduction band minima at the L-point (the zone 

boundary along the [111] and equivalent (111) directions) in the Brillouin zone (see 

Fig. 2-2). The effecti ve mass component along the ma.in axis of the constant energy 

ellipsoid (along the (111) direction) is about ten times as large as the perpendicular 

component as we discuss below. The temperature dependence for the components of 

the effective mass tensor in PbTe, and that for the energy band gap for both PbTe 

and Pbl-xEux Te alloys that are used in our calculation are gi ven in §2.3.5 . 

It is known that the energy band gap Eg for Pbl_xEux Te is rapidly increased 

relative to Eg for pure PbTe, if one increases t he value of x even slightly from .T = 0 

(see Fig. 2-3) [29,31] . Recently, it was fo und that the Ell content x can be varied 

continuously from 0 (PbTe) to 1 (EuTe) by p'owing Pb1_xEllrTe fi lms on a (ill) 

oriented BaF2 substrate, usi ng the molecular-beam epitaxy technique (MBE) [31] . 

The optical spectroscopy investigation revealed that the energy band gap for these 
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Figure2-2:Constantenergyellipsoidsat五 一pointintheBrillouinzoneforPbTeand

Pb1_xEuxTealloys.

materialsisalsovariedfromEg=320meV(PbTe,i.e.,x=0)toEg=2000meV

(EuTe,i.e.,x=1)continuouslyat300K.Theresultsoftheseinvestigationare

reproducedfromRef.[32]inFig.2-3.

Themostgeneralformfortheenergydispersionrelationatthe五 一pointinthe

Brillouinzonederivedbyk・ppertllrbationtheoryforpllrePbTeandPb1_cvEucvTe

alloysisgivenbythefollowingformula[17,30]:

{
ん2(ん茎+ん1)

+欝 一(E一}{一
h2(んz+ん1)

2mS 2畔 難 一@+}

一蒜 儒(ん矧+謙 書}・(2・1)

InEq.2.1,mf,mS,mYandm7arethecomponentsforthefarbandeffectivemass

tensor,wherethesuperscriptscandvdenotetheconductionandvalencebands,

respectively,andthesllbscriptsオandZdenotethetransverseandlongitudinalcom-

ponentsoftheeffectivemasstensor,respectively,、Ptand、Plarethetransverseand

longitudinalcomponentsofthemomentummatrixelement,respectively,and、Elis

theenergyoftheelectronmeasuredfromthemiddleoftheenergybandgap.Itis

notedthat,inthesubsequentsectionsandchapters,theenergyoftheelectronE
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Figure 2-2: Constant energy ellipsoids at L-point In the Ilrillouin zone for PbTe and 
Pb1_xEux Te all oys. 

materials is also varied from Eg = 320 meV (PbTe, i. e., x = 0) to Eg = 2000 meV 

(EuTe, i. e., x = 1) continuously at 300 K. The results of these investigation are 

reproduced frolll ReI'. [32] in Fig.2-3. 

T he most general form for the energy dispersion relation at the L-point in the 

Brillouin zone derived by k . p perturbation theory for pnre PbTe and Pb1- xEux Te 

alloys is given by the following formula [17, 30] : 

/'? {P2 p,2 } 
= _ _t (e + e) + _I k2 . 

1no 11~O x !J 1no z 
(2 .1 ) 

In Eq. 2.1 , mi, mf, 'my and m)' are the components for the far band effec:tive mass 

tensor, where the superscripts c and v denote the conduction and valence bands, 

respect ively, and the subscripts t and I denote the transverse and longitudinal com

ponents of the effective mass tensor, respectively, Pt and F1 are the transverse and 

longitudinal components of the momentum matri.x element , respectively, and E is 

tbe energy of the electron measured from the middle of the energy band gap. It is 

noted that, in the su bsequent sections and chapters, the energy of the electron E 
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Figure2-3:Plotfbrtheenergybandgapdeterminedbytheopticalspectroscopyasa

functionofEucontentinPb1_xEuxTealloy(thefigureistakenfromRef.[32]).

Table2.1:BandparametersofbulkPbTeandPb1_xEuxTeusedinEq.2.1[30].

Eg

(meV)

2理/m。

(eV)Pt/PlmS/m。mf/m。m7/m。m7/m。

PbTeEq.2.31

Pb1_xEuxTeEq.2.31

∩
∠

り
0

∩
)

∩
∠

ρ0

8

∩
∠

ρ
U

4

8

り
0

り
0

0.060

0.060

0.505

0.505

0.102

0.102

0.920

0.920

ismeasuredfromthelowestlyingconduction(sub)bandedgeunlessotherwisemen-

tioned.TheparametersusedinEq.2.1aresummarizedinTable2.1forbulkPbTe

andPb1_xEuxTefromRef.[30].

Itisofinteresttocalculatethecomponentsofthebandedgemasstensorandthe

densityoftheelectronicstatesasafunctionofenergy,fromtheenergydispersion

relationgiveninEq.2.1.Thecomponentsofthebandedgeeffectivemasstensorare
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Figure 2-3: Plot for the energy band gap determined by the optical spectroscopy as a 
function of Eu content in Pb,_xEux'l 'e alloy (the figure is taken from Ref. [32]) . 

Table 2.1: Baud parameters of buLk PbTe and Pb1-xEuxTe lIsed ill E'l' 2.1 [30]. 

Eg 2P//mo 
(meV) (eV) PdPI mi/rno rnf/171o mf / 1710 m'/./mo 

PbTe Eq.2.31 6.02 3.42 0.060 0.505 0.102 0.920 
Pb1_ xEuxTe Eq.2.31 8.23 3.86 0.060 0.505 0.102 0.920 

is measured from the lowest lying conduction (sub)band edge unless otherwise men

tioned. The parameters used in Eq. 2.1 arc summarized in Table 2.1 for bulk PbTe 

and Pb1- xEux Te from Ref. [30]. 

It is of interest to calculate the components of the band edge mass tensor and the 

density of the electronic states as a function of energy, from the energy dispersion 

relation given in Eq. 2.1. The components of the band edge effective mass tensor are 
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Table2.2:Componentsfbrthebandedgeeffectivemasstensorf()rbulkPbTeand
Pb1_xEuxTe@NO.09)calculatedusingEq.2.2for300K.

所/m。 所/m。 匝71/m。1酵1/m。
PbTeO.0282

Pb1_xEUxTeO.0338

0.279

0.35

0.0350

0.0439

0.372

0.511

obtainedbyevaluatingthesecondderivativeofEq.2.1atんx=砺=k2=0†

鍔1一講 一土(議 謝, (2.2)

where十and-signsarefortheconductionandvalenceband,respectively,ustands

fort(transverse)orl(longitudinal),λstandsforc(conductionband)orv(valence

band),moisthefreeelectronmass,and挽 疹isthecomponentoftheeffectivemass

tensorthatweareinterestedin.Itisalsonotedthat,inEq.2.2,ktandkldenote

the灘(or㌢)andzcomponentsofthekvectorforthe[111]-valley,respectively.At

300K,Eq.2.31predictsthatEg=321meVfbrbulkPbTeandthat五lg=635meV

forPb1_xEuxTewithxNO.09(seethefootnoteonpage99).Thecomponentsfor

thebandedgeeffectivemasstensorcalculatedusingthesevaluesfor五lgandother

parametersinTable2.1arelistedinTable2.2andtheirtemperaturedependences

areplottedinFig.2-4.

Thedensityofelectronicstatesasafunctionofenergycorrespondingtotheenergy

dispersionrelationgivenbyEq.2.1iscalculatedbytakingtheenergyderivativeofthe

numberofelectronicstateswithintheconstantenergyellipsoiddefinedbyEq.2.1.

dn(E)DOS(E)
≡

dE

1dN(E)

vd、E,
(2.3)

where

N(E)-1嚇1×S
.3×4×2・

(2.4)

†Readersshouldberemindedthattheoriginforthevectorkhere(kx=ky=kz=0)isatthe

五一pointintheBrillouinzone.
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Table 2.2: Components for the band edge effective mass tensor for bulk PbTe and 
Pb1- xEux Te (.1: '" 0.09) calculated using Eq. 2.2 for 300 K. 

PbTe 0.0282 
Pb1_xEux Te 0.0338 

0.279 
0.35 

0.0350 
0.0439 

0.372 
0.511 

obtained by evaluating the second derivative of Eq. 2.1 at kx = ky = kz = 0 t : 

(2 .2) 

where + and - signs are for the conduct ion and valence band, respectively, v stands 

for t (transverse) or I (longitudinal), /\ stands for c (conduction band) or v (valence 

band), rno is the free electron mass, and ih~ is the component of the effective mass 

tensor that we are interested in . It is also noted that , in Eq. 2.2 , k, and kl denote 

t he x (or y) and z components of the k vector for the [ll lJ-vall ey, respectively. At 

300 K, Eq. 2.31 predicts that Eg = 321 meV for bulk PbTe and that Eg = 635 meV 

for Pb1-xEux Te with x "" 0.09 (see the footnote on page 99). The components for 

the band edge eff'ective mass tensor calculated using these values for Eg and other 

parameters in Ta.ble 2.1 are listed in Table 2.2 and their temperature dependences 

are plotted in r ig. 2-4. 

The density of electronic states as a function of energy corresponding to the energy 

dispersion relation given by Eq. 2.1 is calculated by taking the energy derivative of the 

1ll1mber of electronic states within the constant energy ellipsoid definecl by Eq. 2.1. 

DOS(E) == dn(E) = ~ dN(E) , 
dE V dE 

(2.3) 

where 

'V(E) - '! kOkoko ~ 4 ') J - 1i xyz X 3X x ... . 
3 87T 

(2.4) 

tReaders should be reminded that the origin for the vector k here (kx = ky = k z = 0) is at the 
£-point ill the Brillouin zone. 
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IllEqs.2.3alld2.4,Uisthevolumeofthecrystal,thefactor4inEq.2.4comesfrom

theIlumberoftheequivalentvalleysatthe、 乙一pointsintheBrillouinzoneandthe

factor2comesfromthespindegeneracy.InEq.2.3,k2,forexample,isobtainedby

solvingEq.2.1for砺withothercomponentsofkbeingsettozero(ky=kz=0).鰐

andんlareobtainedinasimilarway.Welisttheresultsblow,notingthatudenotes

eithert(t・ansverse)・ ・Z(1・ngitudinal)andthatk2-kl一 んpandん2-k2・

k2一
(A・(E])+VAy(E)・+4B・(E])),

(2.5)

where

Ay(E)一 睾{2E(霧
瓢)-Eg(mCm"μ 十 μmomo)-2籍 劉,

(2.6)

and

B・(E)-4等m診(E・ 一孕)・(2・7)

UsingEqs.2.3-2.7,thedensityoftheelectronicstatesDOS(E)iscalclllatednumeri-

callyasaflmctionofEfortheconductionbandofPbTeandPb1_xEuxTe(灘rvO.09)

at300K.TheseresultsareplottedinFig.2-5,togetherwiththeresultsforaparabolic

energybandapproximationusingthecomponentsoftheeffectivemasstensorat300

KgiveninTable2.4(see§2.3.5)forcomparison.

2.2.4 Existenceofasecondvalenceband

Theexistenceofasecondvalence,whosemaximaarebelievedtobelocatedatequiv-

alentΣ 一points(pointsalongtheaxesparallelto[110]andequivalent〈110>directions)

intheBrillollinzone(seeFig.2-7),wasfirstsurmisedbyAllgaier[34]fromanalyz-

ingthetemperaturedependenceoftheHalleffectandsuggestionwassubsequently

confirmedbyseveralinvestigators(seeRefs.[24]and[28]andreferencestherein).

Theexistenceofsuchasecondvalencebandisalsoinferredbytheinvestigationof

thetemperaturedependenceoftheopticalabsorptionedge,whichshowedthatthe

opticalenergygapbecomesindependentoftemperatureabove450KinPbTe[24].
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In Eqs. 2.3 and 2.4 , V is the volume of t he crystal, the factor 4 in Eq. 2.4 comes from 

the number of the equivalent valleys at the L-points in the Brillouin zone and the 

factor 2 comes from the spin degeneracy. In Eq. 2.3, k£, fo r example, is obtained by 

solving Eq. 2.1 for kx with other components of k being set to zero (ky = kz = 0) . k~ 

and k~ are obta ined in a simi lar way. We list t he resul ts blow, noting that /J denotes 

either t (transverse) or I (longitudin a.l) and that k~ = k~ = kf and k~ = kP: 

(2.5) 

where 

and 

(2 .7) 

Lsing Eqs. 2.3-2. 7, the density of t he electronic states DOS(E ) is calculated numeri

cally as a function of E for the conduct ion band of PbTe and Pb' _x Eux Te (x '" 0.00) 

at 300 K. These results are plotted in Fig. 2-5, together with the resul ts for a parabolic 

energy band approximation using the components of the effect ive mass tensor at 300 

]( given in Table 2.4 (see §2.3.5) for comparison. 

2.2.4 Existence of a second valence band 

The existence of a second valence, whose maxima are believed to be located at equiv

alent 2:-poinl5 (points along the m~es parallel to [110] and equivalent (nO) directions) 

in the Brillouin zone (see Fig. 2-7), was first surmised by Allgaier [34] from analyz

ing the temperature dependence of the Hall effect and suggestion was subsequently 

confirmed by several investigators (see Refs . [24] and [28] and references therein) . 

The existence of such a second valence band is also inferred by the investigation of 

the tem perature dependence of the optical absorption edge, which showed that the 

opt ical energy gap becomes independent of temperature above 450 K in PbTe [24]. 
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at300K,thatarecalculatedusingEq.2.1.Thesolidcurvedenotestheparabolicdispersion

approximationassumingmt=0.03345and物=0.35thatarethevaluesandtheapprox-

imationusedinthetheoreticalcalculationinthischapter(seeTable2.4in§2.3.5).Each

curveinthisfigureissllif七edinenergysothatE=Oattheconductionbandedgetomake

thecomparisoneasieramongthesethreecurves.Notethattheparabolicapproximation

isapproximatelyvalidfbrE<0.1eV.Theinsetshowsthesamedatawithwiderenergy
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Figure 2-5: Densit ies of electronic states (DOS) as a function of energy E for the conduc
t ion band of PbTe (das hed curve) and P b1_xEu.TTe alloy for x = 0.09 (dash-dotted curve) 
at 300 K, that are calculated using Eq. 2.1. The solid CUl've denotes the parabolic dispersion 
approximation assum ing m, = 0.03345 and rrll = 0.35 that are t he values and the approx
imation used in the theoretical calculation in this chapter (see Tab le 2.4 in §2.3.5) . Each 
curve in this figure is shifted in energy so that E = 0 at the coneluction banel eelge to make 
t he comparison easier among these three CUl'ves. Note that the parabol ic approximat ion 
is approximately valid for E < 0,1 eV. The inset shows the same data with wider energy 
range. 
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Figure2-6:ChangesinthepositionsofthevalenceaIldcoIlductionbandedgesofPbTe

asafunctionoftemperature.Theleft,middleラandrightdiagramsdenotethesituations

atOK,400-500K,and1000K,・e・pectiv・ly・Th・indirectbandgap場 一EL(6)-11]Σ(5)i・

alm・ ・tt・mperatureind・p・nd・nt,wherea・th・di・ectbandgapE,-EL(6)-EL(5)increa・e・

linearlywithincreasingtemperature.TheΣ(5)valencebandovertakes五(5)valenceband

above450K[35]regardingopticalandtransportproperties.

Thetemperaturedependenceoftherelativeenergyfbrthissecondvalencebandedge

isqualitativelyexplainedasfollows.Atlowtemperatures,thepositionofthesec-

ondvalencebandedge,denotedasΣ(5),islowerinenergythanthatofthefirst

valencebandedge,den・tedas五(5)・Theindi・ectbandgap罵 一EL(6)-EΣ(5),

whereEΣ(5)and五IL(6)aretheenergiesfortheΣ(5)edgeandforthecondllctionband

edge[denotedas五(6)],respectively,isnearlytemperatureindependent.Becallseof

thepositivetemperaturecoef丘cientfbrthedirectenergygap、Elg=E五(6)一 、EIL(5)as

wediscussin§2.3.5,thesecondvalencebandΣ(5)overtakesthefirstvalenceband

五(5)athighertemperatures(above450K).Asketchofsuchabehaviorisreproduced

fromRef.[35]inFig.2-6.

ThepositionandorientationfortheΣ(5)valleyswereinvestigatedbySitter

etα1,[36]bymeasuringtheanisotropyoftheconductivityandthemagneto-resistance

ofthecarriersthatareexcitedtothesecondvalenceband[Σ(5)]usingp-typePbTe.

Theyfoundthattheconstantenergyellipsoidsatthesecondvalencebandedgeare

orientedin[100]orequivalent〈100>directions,andthattheyhaveahighlyanisotropic

effectivemasstensor[ml/77ztrv10,wheremlandmtarelongitudinal(paralleltothe

mainaxisoftheconstantenergyellipsoid)andtransverse(perpendiculartothemain

87
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OK ~1000 K 

Figure 2-6: Changes in the positions of the valence and conduction band edges of PbTe 
as a function of temperature. The left , middle, and right diagrams denote the situations 
at 0 K, 400-500 K, and 1000 K, respectively. The indirect band gap E~ = E L (6) - EE(5) is 
almost temperature independent, whereas the direct band gap E g = E L(6) - E L(·' ) increases 
linearly with increasing temperature. The ~(5) valence band overtakes L(5) valence band 
above 450 K [35] regarding optical and transport properties. 

The temperature dependence of the relative energy for this second valence band edge 

is qualitatively explained as follows. At low temperatures , the position of the sec

ond valence band edge, denoted as L:(5), is lower in energy than that of the first 

vaJence band edge, denoted as L(5) . The indirect band gap E~ = E L (6) - EL(5), 

where EL(5) and E L(6) are the energies for the L:(5) edge and for the conduction band 

edge [denoted as L(6)] , respect ively, is nearly temperature independent. Because of 

t he positive temperature coefficient for the direct energy gap E g = E L (6) - E L (5) as 

we discuss in §2.3.5, the second valence band L:(5) overtakes the first valence band 

L(5) at higher tem peratures (above 450 K). A ske tch of such a behavior is reprod uced 

from Ref. [35J in Fig. 2-6. 

The posit ion and orientation for the L:(5) valleys were investigated by Sitter 

et at. [36J by measuring the anisotropy of the condnctivity and the magneto-resistance 

of the carriers that are excited to the second valence band [L:(5)J using p-type PbTe. 

They found that the constant energy ellipsoids at the second valence band edge are 

oriented in [lOOJ or equivalent (100) directions, and that they have a highly anisotropic 

efiective mass tensor [ml/m, "" 10, where m, and m, are longit udinal (parallel to the 

main axis of the constant energy ellipsoid) and transverse (perpendicular to t he main 
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Figure2-7:ModelfortheconstantenergysurfacesofthevalencebandsfbrPbTe.〈111>

orientedhalf-ellipsoidsatthe五 一pointintheBrillouinzoneand〈100>orientedellipsoidsat

theΣ 一pointintheBrillouinzoneareshown(thefigureistakenfromRef.[36]).

axisoftheconstantenergyellipsoid)componentsoftheeffectivemasstensor].Itis

alsofolmdthatthedensityofstatesmassforthesecondvalencebandedgeisquite

la・ge,i.e.,ma-N2/・(mlm∂1/3>1.0,whereNistl・enumbe・ ・ftheequivalentsites

forΣ(5)(N=12).AsketchofsuchconstantenergyellipsoidswithintheBrillouin

zoneisreproducedinFig.2-7fromRef.[36].

2.3 TheoreticalModelsforthetransportcoefH一

cients

Thetheoreticalmodelsusedinthepresentworkaresummarizedinthissection.

ThebasicframeworkofthesemodelswasdevelopedbyHicksandDresselhaus[12,

14,17,37]foraparabolicsingle-bandmaterialusingtheconstantrelaxationtime

approximation(seeAppendixA).Below,wereorganizetheirformlllationinaform

morerelevantton-typeblllkPbTeandPbTeMQWs.
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Figure 2-7: Model for the constant energy smfaces of the valence bands for PbTe. (111) 
oriented half-ellipsoids at the L-point in t.he Brillouin zone and (100) orient.ed ellipsoids at 
t.he ~-point in the Brillonin zone are shown (t.he figure is taken fi'om Ref. [36]) . 

axis of the constant energy ellipsoid) components of the eflective mass tensor]. It is 

also found that the density of states mass for the second valence band edge is quite 

large, i. e., m;; = N 2
/ 3 (mimi) 1/ 3 > 1.0, where N is the number of the equivalent sites 

for E(5) (N = 12). A sketch of such C:Oll stant energy ellipsoids ,,~thin the Brillouin 

zone is reproduced in Fig. 2-7 £l'om Ref. [36]. 

2.3 Theoretical Models for the transport coeffi.-

cients 

The theoretical models used in the present work are summarized in this section. 

The basic framework of these models was developed by Hicks and Dresselhaus [12 , 

14, 17, 37] for a parabolic single-band material using the constant relaxation time 

approximation (see Appendix A). Below, we reorgani ze their formu lation in a form 

more relevant to n-type bulk PbTe and PbTe MQ\;V,. 
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2.3.1TransportcoefncientsfbrbulkPbTe

BulkPbTe(eitherη 一 〇rp-type)hasfourellipsoidalvalleysatthe、 乙pointsiIIthe

Brillouinzolle,aswediscussedilltheprevioussection.Thetransportcoef丑cielltsfor

suchasystemareisotropicintheabsenceofamaglleticfieldbecauseofthecubic

symmetryoftheleadchalcogellides.Intheconstalltrelaxationtimeapproximatioll,

assumingaparabolicenergydispersionrelation,theS(SeebeckcoefHcient),σ(elec-

tricalconductivity),andκe(electroniccontributiontothethermalconductivity),for

suchmaterialsaredescribedby[3,17],

53D-一 儲liil;1一 ζ・),(2・8)

σ・D-N×"/'12(2Ml77Zl

π2が)1/2e(刷 ・/・paF・/・(く・),(2・9)

rce(3D)-N× 伽 織2鵬 丁(んBT)3/・μ(7Fs/・(ζ・)一舞
,留1),(2…)

respectively,wherethesubscript3Dindicatesthepropertiesofbulkmaterialsfor

ourlaterconvenienceincomparingtheseexpressionswiththosefor2DMQws.In

Eqs.2.8-2.10,NisthenumberofequivalentcarrierpocketswithintheBrillouin

zone,んBistheBoltzmannconstant,hisPlanck,sconstantdividedby2π(h=

ん/2π),eistheabsolutevallleoftheelectroncharge,μisthecarriermobilityinthe

directionofmeasurement,mtandmiarethetransverseandlongitudinaleffectivemass

components,respectively,ぐ*isthereducedchemicalpotential(ζ*=〈/kB7「)measured

fromtheconductionbandedge,and4・(ζ*)isaFermi-relatedintegralfunctiondefined

by,

4(く ・)一/。○Oe(ξ睾ξ≒1・(2…)

Generally,κeisrelatedtoσviatheWiedemann-Franzlaw,

κ,=五 〇σ7「, (2.12)
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2.3.1 Transport coefficients for bulk PbTe 

Bulk PbTe (either n- or p- type) has fom ellipsoidal valleys at the L points in the 

Brillouin zone, as we discussed in the prev ious section. T he transport coefficients for 

such a system are isotropic in the absence of a magnetic field because of the cubic 

symmetry of the lead chakogenides. In the constant relaxation time approximation, 

assuming a parabolic energy dispersion relation, the S' (Seebeck coefficient), (J (elec

trical conductivity) , and Ke (electronic contribution to the thermal conductivity), for 

such materials are described by [3, 171, 

(2.8) 

(2.9) 

l<e(3D) = N x 
12(171~ml)1/2k1T(k T)3/2 (7£': ,. ( *) _ 25 F3/2((*f ) 

'J 21i ·l H I" 5, 2 ( 3 F ((') , vI! 1, e 1/2 
(2.10) 

respectively, where the subscript 3D indicates the properties of bulk materials for 

our later convenience in comparing these expressions with those for 2D MQvVs. In 

Eqs. 2.8-2.10, N is the number of equivalent carrier pockets within the Brillouin 

zone, kB is the Boltzmann constant , Ii is P lanck 's constant divided by 21T (Ii = 
h/21T) , e is t.he absolute vaJne of the electron eharge, /" is t he carrier mobility in the 

direction of measm ement , 171, and 171, are the transverse and longitudinaJ effective mass 

components, respectively, (' is the reduced chemical potential ((' = (/k BT) measured 

from the conduction band edge, and Fj ((') is a Fermi-related integral function defined 

by, 

(2.11) 

Generally, "" is related to (J via tbe vViedem a.nn-Fra.nz law, 

(2.12) 
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where五 〇iscalledtheLorellznumber.ItisimpliedfromEqs.2.9alld2.10that、 乙o

in3Disgivellby

五・(・D)一讐(聯1一 課i篶 ζ)・(2・ ・3)

Thevaluefor、 乙o(3D)isplottedasafunctionofζ*inFig.2-8(solidcurve).Itis

showninthisfigurethat、 乙o(3D)foranon-degeneratesemiconductor(ζ*<0)is21-24

%smallerthanthevaluetraditionallyusedformetalsanddegeneratesemiconduc-

tors(2.45×10-8WΩ/K2).ItisnotedthattheactualLorenznumberLoforbulk

PbTeshouldbeevenlowerthanthevaluespredictedbyEq.2.13because[24]:(1)

theinclusionoftheeffectsofnon-parabolicenergybandsandanenergy-dependent

relaxationtime7(E)intoourmodelwouldfurtherdecrease五 〇(3D)byabout30%in

thenon-degenerateregime(ζ*<0),and(2)thecarrier-carrierscattering,whichhas

littleeffectontheelectricalconductivitybuthasasignificanteffectontheelectronic

thermalconductivity,wouldleadtoa40-60%reductionof、 乙ofrom、 乙o(3D)(Eq.2.13)

atlowtemperature(below～200K).Forthesereasons,ourestimationofκ,(3D)using

Eq.2.13isconservative.Thesameargumentshouldalsoapplyto1}o(2D)in2Dwhich

willbediscussedin§2.3.3.

2.3.2ConversionoftheHallcarrierdensitytotheactual

carrierdensityinbulkPbTe

TheHallcarrierconcentrationnHall,whichcanbedeterminedexperimentally,isde-

finedby,

1

nH・ll=-R
ue,(2・14)

whereRπistheHallcoefficient.TheoreticalformulationoftheHallcarrierconcen-

trationfollowsfromtheequationofmotionforanelectroninanelectricandmagnetic

field,

　 　ナ

ーe(　ゆ 　づE十げ×、B)一禦
,(2・ ・5)

where万isthevelocityoftheelectron,cisthespeedoflight,m*istheeffective づ
massoftheelectron,7isthe(scattering)relaxationtimefortheelectron,andE
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where La is called the Lorenz number. It is implied from Eqs. 2.9 and 2.10 that La 

in 3D is gi yen by 
L = k1 (7Fs/2 ((*) _ 25F3/ 2((')2 ) 

o(eo) e2 3F, /2((, ) 9F, /2((.)2 . (2.13) 

The value for LO(30) is plotted as a function of ( * in Fig. 2-8 (solid curve) . It is 

shown in th is figure that LO(30) for a non-degenerate semiconductor ((* < 0) is 21-24 

% smaller than the value traditionally used for metals and degenerate semiconduc

t.ors (2.45 X 10- 8 vVIl/ K2) . It is not.ed that t.he ac: t.ual Lorenz number La for bulk 

PbTe should be even lower than the values predicted by Eq. 2.13 because [24]: (1) 

the inclusion of the effects of non-parabolic energy bands and an energy-dependent 

relaxation time T(E) into our model would further decrease LO(3D) by about 30 % in 

the non-degenerate regime (C' < 0), and (2) the carrier-carrier scattering, which has 

little effect on the electrical conductivity but has a significant effect on the electronic 

thermal conductivity, would lead to a 40-60 % reduction of La from LO(30 ) (Eq. 2.13) 

at low temperature (below ~200 K). For these reasons, our estimation of lI:e (30) using 

Eq. 2.13 is conservative. The same argument should also apply to LO(2D) in 20 which 

will be discussed in §2.3.3. 

2.3.2 Conversion of the Hall carner density to the actual 

carrier density in bulk PbTe 

The Hall carrier concentration nHall, which can be determined experimentally, is de

fined by, 
1 

'nHall = - --, 
Rf{ € 

(2 .14) 

where Rf/ is tlte Hall coefficient. Theoret ical formulat ion of tlte Ha ll carrier concen

tration follows from the equation of motion for an electron in an electric and magnetic 

fi eld, .-
(

- -) mv - e E + 'iJ x B =----;- , (2. 15) 

where ·iJ is the velocity of the electron, c is the speed of light , m ' is the effective 

mass of the electron , T is the (scattering) relaxat ion time for the electron , anel E 
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Figure2-8:Lorenznumber五 〇(3D)(solidcurve)and五 〇(2D)(dashedcurve)definedby

Eqs.2.13and2.22,respectivelyラasafunctionofreducedchemicalpotential〈*(=ζ/kBT).

五〇(3D)and五 〇(2D)approachthetraditionalvaluef()rmetalsatlargeζ*.

づ
and、Baretheelectricandmagneticfields,respectively.Foranisotropic(ellipsoidal)

constantenergysurfaces,theeffectivemassm*intheaboveequationisreplacedby

thecorrespondingeffectivemasstensor.

Forbulkn-typePbTe,fourequivalentcarrierpocketsaboutthe、 乙一pointsare

orientedalongthe[111]oranequivalent〈111>direction.Assumingthatthemagneticづ
fieldBisappliedinthe(111)direction(alongthegrowthdirectionofthesuperlattice),

asisthecaseinourexperiments,andtherelaxationtime7isafunctionofenergyonly,

weobtainthefollowingexpressionfor7zHall(3D)inthelowfieldlimit(ωc7RsμB《1,

whereω,=eB/m*)[24,25,34],

nH・ll(・D)-
3畿 素 鶉)rfi・n3D≡ 嚇 ・n3D,

(2.16)

where、lt3Distheratiobetweenthelongitudinal-andtransverse-effectivemasscom-

ponentsfortheellipsoidalcarrierpockets(K3D=η η/mt),n3Distheactualcarrier

concentrationinthe3Dmaterial,G3Disthegeometricalfactordefinedbytheabove
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Figure 2-8: Lorenz number L O(3D ) (solid curve) and L O(2D) (dashed curve) defined by 
Egs. 2.13 and 2.22, respectively, as a function of reduced chemical potential (* (= (/kBT). 
LO(3 D) and LO(2D ) approach the traditional value for metals at large (' . 

ami 13 are the electric and magnetic fie lds, respectively. For anisotropic (ellipsoidal) 

constant energy surfa(;es, the effective mass m' in the above equation is repla(;ed by 

the corresponding efFective mass tensor. 

For bulk n-type PbTe, four equivalent carrier pockets about the L-points are 

oriented along the [Ill] or an equivalent (111) direction. Assuming that the magnetic 

fi eld B is applied in the (111) direction (along the growth direct ion of the superlattice), 

as is the case in our experiments, and the relaxation t ime T is a function of energy only, 

we obtain the following expression for n Hall(3D) in the low field limi t (WeT "" pB « 1, 

where We = eB/m*) [24,25,34]' 

_ ( 2](3D + If ,-1 _ -1,-1 
" j-jall(3D) - 3}' (I( ?) 7 H "3D = G30 7 fI n3D, 

'3D 3D + ~ 
(2.16) 

where ](3D is the ratio between the longitudinal- and transverse- effective mass com

ponents for the ellipsoidal carrier pockets (I(3D = m/./mt) , n3D is the actual carrier 

concent ration in t he 3D material, G3D is the geometrical factor uefined by t he above 
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equation,andT 」πistheHallscatteringfactordefilledby[24,25],

〈72>
γ、α=

〈7>2.

Here〈>dellotestheenergyaverageoftheilldicatedqualltitydefilledby

〈A(E])〉一肇 雛 驚E,

(2.17)

(2.18)

forthepertinellt3Dparabolicband.SillceG3Dhasanegligibletemperaturedepel1-

denceinPbTe,weevaluateitonlyat300K.Usingthebulkeffectivemassvalues

folmdintheliterature[28](mt=0.033mandMl=0.35mat300K),weobtain

thevalueofthegeometricfactorσ 罰3=1.23.Itisknownthat,innon-degenerate

statistics,ru=1.18foracousticdeformationpotentialscattering(7～E-1/2)and

TH=1.93forionizedimpurityscattering(・ τ ～E3/2)[24,25].Notethat,indegener-

atestatistics,TH→1whenく*→oOforeitherscatteringmechanism(SeeFig.2-9).

ItisnotedthatthecarrierscatteringbytheCoulombpotentialofionizedimpuri-

tiesisveryweakinPbTeduetothelargestaticdielectricconstant(cs～400)[28].

Therefore,choosingru=1.18(acousticphonondeformationpotentialscattering),

weobtainO.96forthetotalcorrectionfactorG3Drfl.ThisshowsthatnHallshouldbe

verycloseton3Dinη 、-typebulk3DPbTe.

Usingthisresult,weplotinFig.2-10thetheoreticalresultsforISIasafunctionof

nHallat300K(dashedline),whereweuse7zHall=1.04n3D.lnthisfigure,wecompare

ourtheoreticalresultsobtainedusingEqs.2.8and2.16withtheexperimentalresults

takenfromRef.[15].Alsoplottedinthefigurearetheexperimentalandtheoretical

resultsforthe(111)orientedn-typePbTeMQwswhichwillbediscussedin§2.3.3

and§2.3.4.Fig.2-10showsthattheexperimentalresults(opencircles)[15]agree

verywellwiththetheoreticalresults(dashedcllrve)forthecaseof3Dbulkn-type

PbTe.
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equation, and Tf{ is the Hall scattering factor defined by [24, 25]' 

Here () denotes the energy average of the indicated quantity defined by 

foDO A(E)( -of /oEjk3dE 
< A(E) >= foOO( -Df /DEWdE ' 

(2 .17) 

(2.18) 

for the pertinent 3D parabolic band. Since G3D has a negligible temperature depen

dence in PbTe, we evaluate it only at 300 K Using the bulk effective mass values 

found in the li terature [28] (rnt = 0.033 771 and 7711 = 0.35 771 at 300 1<) , we obtain 

the value of t he geometric factor G36 = 1.23. It is known that , in non-degenerate 

statistics, r·fj = 1.18 for acoustic deformation potential scattering (7 ~ E - 1/ 2 ) and 

r·ll = 1.93 for ionized impurity scattering (7 ~ E 3/2) [24, 25]. Note that, in degener

ate statisti cs, TIJ -+ 1 when (' -+ co for either scatterin g mechanism (See Fig. 2-9) . 

It is noted that the carrier scattering by the Coulomb potential of ionized impuri

ties is very weak in P bTe due to the large static dielectric constant (ES ~ 400) [28] . 

Therefore, choosing r H = 1.18 (acoustic phonon deformation potential scattering), 

we obtain 0.96 for the tota l correction factor G3DrH. This shows that nHall should be 

very close to 1I3D in n-type bulk 3D PbTe. 

Using this result, we plot in Fig. 2-10 the theoretical resu lts for lSI as a functi on of 

llHaii at 300 [( (dashed line), where we use llHall = 1.04 n3 D. In this figure, we compare 

our theoretical results obtained using Eqs. 2.8 and 2.16 with the experimental results 

taken from Ref. [15]. Also plotted in the figure are the a-xperimental and theoretical 

results for the (111) oriented n-type PbTe MQWs which will be discussed in §2.3.3 

and §2.3.4. Fig. 2-10 shows that the experimental results (open cirdes) [15] agree 

very well with the theoretical results (dashed curve) for the case of 3D bulk n-type 

PbTc. 
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2.3.3TransportcoefficientsforPbTeMQWs

Intheconstantrelaxationtimeapproximation,S,σalldκ,forasillglesubband

quantumwell(2Delectrongas)aregivenby[14,17]

θ・D-一 ㌘(器Lζ ・),(2・ ・9)

伽 幽)1/2e(k
BT)μ 、Fo(ぐ*),(2.20)σ2D=N×

πh2dw

Ke(・D)-N×(m幕)齢 急丁(k・T)μ(珂 ぐ)-4辮),(2・2・)

respectively,wheredwisthequantumwellthicknessandthesubscript2Dspecifically

indicatesthattheseexpressionsarefor2DMQwsystems.Aquantumwellthickness

dwof20A,atypicalvalueinourexperiments,isusuallyusedinourcalculations

unlessmentionedotherwiseexplicitly.Theaboveequationsalsoimplythat

五・(・D)一讐(3器1)-4鵠),(2・22)

where、 乙o(2D)istheLorenznumberfora2Delectrongassystem(seeFig.2-8).Itis

notedthat五 〇(2D)isabout20%smallerthan五 〇(3D)intheabsenceofdegeneracy.It

isexpectedthattheLorenznumber五 〇foractual2DMQwsystemsisevensmaller

than、 乙o(2D)inEq.2.22duetobandnon-parabolicityandcarrier-carrierscatteringas

discussedin§2.3.1forbulkPbTe.Smaller、 乙oisdesirableforobtaininghigherZT.

Ifthesamplehasmultipletypesof(sllb)bandsasin(111)orientedPbTeMQWs

(namely,thelongitudinal-andoblique-subbands,asschematicallyshownintheinset

ofFig.2-10),theoveralltransportcoef丘cientsaregivenbythefollowingsumsand

weightedaverage,

S(…)一 Σ 禁),(2・23)

σ(、。,)一 Σ σ乞,(2.24)

κ,(、。,)一 Σ κ。i,(2.25)
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2.3.3 Transport coefficients for PbTe MQWs 

In the constant relaxation t ime approximation, 5, a and Ke for a single subband 

quantum well (2D electron gas) are given by [14, 17] 

5 = _ k8 (2F 1((*) _ (*) 
2D e Fo(( ') , (2 .19) 

(2.20) 

(2.21) 

respect ively, where dw is the quantum well thickness and the subscript 2D specifically 

indicates that these expressions are for 2D lvIQW systems. A quant um well thickness 

dw of 20 A, a ty pical value in our experiments, is usually used in our calculations 

unless mentioned otherwise explicit ly. T he above equa tions also imply that 

(2.22) 

where LO(2D) is the Lorenz number for a 2D electron gas system (see F ig. 2-8) . It is 

noted that LO(2D) is about 20 % smaller than LO(3D) in the absence of degeneracy. It 

is expected that the Lorenz number Lo for actual 2D lvIQvV systems is even smaller 

than L O(2D) in Eq. 2.22 due to band non-parabolicity and carrier-carrier scattering as 

discussed in §2.3.1 [or bulk PbTe. Smaller Lo is desirable [or oblaining higher ZT. 

If the sample has mult iple types of (sub)bands as in (111) ori ented PbTe lviQWs 

(namely, the longitudinal- and oblique-subbands, as schematically shown in the inset 

of Fig. 2-10), the overall transport coeffi cients are given by the following sums and 

weighted average, 

(2 .23) 

a (tot ) = ~ a i , (2.24) 

K:e (tot) = L lieil (2.25) 
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wherethesummationsaretakenoverthedifferenttypesofbands,orsubbandsin

thecaseofMQws,andσiandκ 。iaretheelectricalconductivityalldtheelectrollic

contributiontothethermalconductivityfortheith(sub)band,respectively.The

reducedchemicalpotentialζ 歪(=ζ 乞/kBT)ismeasuredfromeach(sub)bandedge.

Equations2.24and2.25alsoimplythattheLorenznumberLoformultiple-(sub)band

materialsisnolongerasimplefunctionofζ*only,butinvolvessumsanddivisionof

transportcoeMcientsdefilledforeachsubband.

2.3.4 ConversionoftheHallcarrierdensitytotheactual

carrierdensityinPbTeMQws

Fromthesameformulationaswasdevelopedin§2.3.2,theHallcarrierconcentration

for(111)oriented2DPbTeMQwsinthelow丘eldlimit(ω 。7RspaB《1)isgivenby

thefollowingexpressionusingthetwo-carriermodel[3,24,25],

ηHall(2D)=
(ηlongtμlongt十 ηobliqμobliq)2

nl・ ・g・μ鉛。g・rUl・ ・g・+(4K2DK
2D十1)・n・bliqμ §bli♂ ∬・bliq

(2.26)

wheren,μandrHarethecarrierconcentration,carriermobilityandtheHallscat-

teringfactor(seeEq.2.17),respectively.Thesubscripts`longt,and`obliq,denotethe

longitudinal-andtheoblique-subbands,respectively,wherethelongitudinalsubband

arisesfromthe[111]carrierpocketwhichisorientedalongthequantumwellgrowth

direction(z-direction)andtheobliquesubbandarisesfromthreeequivalent〈111>

carrierpocketswhichareatanobliqueanglewithrespecttothez-direction(seethe

insetofFig.2-10).Thecarriermobilitiesforthelongitudinalandobliquesubbands

aregivenby

e710ngt

,(2.27)μlongt=
mt(2D)

and

μ・bli・一 端
)+mllD))e7・bli・,(2・28)

respectively,where71。ngtand7。bliqaretherelaxationtimesforthelongitudinaland

theobliquesllbbands,respectively.Usingthe2Deffectivemasses[mt(2D)=0.033m
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where the summations are taken over the different types of bands, or subbancls in 

the case of MQWs, and a; and /';,; are the electrical conductivity and the electronic 

contribution to the thermal conductivity for the i th (sub) band, respectively. T he 

reduced chemical potential (t (= (.;/k8T) is measured from each (sub)band edge. 

Equa tions 2.24 and 2.25 also imply that the Lorenz number Lo for multiple- (sub)band 

materi als is no longer a simple fun ction of (' only, but involves sums and division of 

transport coeffi cients defined for each subband. 

2.3.4 Conversion of the Hall carrier density to the actual 

carrier density in PbTe MQWs 

From the same formulation as was developed in §2 .3.2, the Hall carrier concentration 

for (111) oriented 2D PbTe MQWs in the low fi eld limit (WeT"" jlB « 1) is given by 

the following expression using the two-carrier model [3 , 24, 25]' 

(nlongt !-llongt + nObliq/Jnbl iq)2 
TI.HalJ(2D) = 2 _. '11<"D. 2 . . 

n]ongt f.tlo tlb'i,1 Hlongt + (l<z D+ l ):.! nob!Jq,uobJiq1 HobllQ 
(2.26) 

where n , jl and TH are the carrier concentration, carrier mobility and the Hall scat

tering factor (sec Eq. 2.17), respectively. The subscripts 'longt ' and 'obliq' denote the 

longitudinal- and the oblique- subbands, respectively, where the longitudinal subband 

arises from the [111] carrier pocket which is oriented along the quantum well growth 

direction (z-direction) and the oblique subband arises from three equivalent (111) 

carrier pockets which are at an oblique angle with respect to the z-direction (see the 

inset of Fig. 2-10). The carrier mobilities for t he longitudinal and oblique subbands 

are gi ven by 

and 

e 710ngt 
/J, \ongt = 

Tnt(2D) 

I 'obliq = -21 ( 1 + _1_) €Tobliq , 
1nt(2D ) Tnt (2D) 

(2.27) 

(2.28) 

respeclively, where Tlongt. and Tobliq are Lhe rela.xalion times [or the longitudinal and 

the oblique subbands , respectively. Using the 2D effective masses [mt(2D ) = 0.033 m 
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andMl(2D)=0.315m]whichareobtainedfromtheprojectionofthe3Dconstant

energysurfacesollthe(111)quantumwellplane,weobtainthetransportmasses

O.033mandO.060mfbrthelongitudinalandtheobliquesubbands,respectively.

Itisnotedthatthetransportmassfortheobliquesubbandhereisquitediffer-

entfromthecorrespondingdensity-ofLstatesmassfortheobliquesubband[mきbliq=

3×(mt(、D)mg(、D))1/2-0.308m]because・ftheanis・t・ ・pyandthemultiplicity・fthe

carrierpocketsfortheobliquesubbands.TheHallscatterillgfactorsinthecaseof

2DMQwsarerm。 。gt=7'H。bliq=1forthelongitudinalacousticphonondeformation

potential(LADP)scatteringsincetherelaxationtime7isconstantwithenergy.†

K2Distheratiobetweenthelongitudinalandtransverseeffectivemasscomponents

(、K2D=ml(2D)/mt(2D))fbranoblique(elliptical)pocket.SubstitutingEqs.2.27and

2.28,the2DeffectivemasscomponentsandrHl。ngt=TH。bliq=1intoEq.2.26,we

obtain,

nH・ll(・D)-3腸 撫 ま辮 麟
i,(2・29)

forn-type(111)orientedPbTequantumwellsat300K,where77=71。ngt/7(〕bliq.Since

bothnHall(2D)(Eq.2.29)andS2D(tot)(Eq.2.23)areafunctionofOγ7andζ*only,atfixed

temperatures,wecandeterminetheratiooftherelaxationtimesbetweenthetwosub-

bands(71。ngt/7。bliq)andtheelectro-chemicalpotential(hencethecarrieroccupationin

eachsubband)forthepertinentsamplebymeasuringbothSandnHallexperimentally.

Thevaluesforni。ngt,n。bliqand71。ngt/7'bbliqthusobtainedaresummarizedinTable2・3

togetherwiththeestimatedαctuαlcarriermobilityσ/enQw=σ/e(nl。ngt十n。bliq).It

isnotedthat,inthesecalculations,theenergyofthevalley-splitting(△Elongt_obliq)

isdeterminedfromthesquarewellapproximationaswillbediscussedinthenext

subsection.Thelargescatterinthevalllesfor・ τ1。ngt/・τbbliqfoundinTable2.3suggests

thatthisquantitymayberathersensitivetoextrinsicfactorssuchassamplequality.

Variousconditionsfbrintra-andinter-valleyscatteringthatleadtovariousvalues

†Inthelongitudinalacousticphonondeformationpotential(LADP)scattering
,τ(E)isinversely

proportionaltothedensityofstates(DOS)fbrtheelectronatthegivenenergy五1.SincetheDOS

isconstantwithenergyfbra2Dparabolicenergydispersionrelation,theresulting7(E)isconstant

withenergyaswellfbrthe]IADPscatteringina2Delectrongas.
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and ml(2D) = 0.315 m] which are obtained from the projection of the 3D constant 

energy surfaces on the (111) quantum well plane, we obtain the transport masses 

0.033 m and 0.060 m for the longitudinal and the oblique subbands, respectively. 

It is noted that the transport mass for the oblique subband here is quite differ

ent from the corresponding density-of-states mass for the obl ique subband [m~bliq = 

3 x (mt (2D )ml(2D»)1/ 2 = O.308m] because of the aJlisotropy and the multiplicity of tbe 

carrier pockets for the oblique subbands. The Hall scattering factors in the case of 

2D MQWs are rHlongt = THobliq = 1 for the longitudinal acoustic phonon deformation 

potential (LADP) scattering since the relaxation time T is constant with energy. t 

1(2D is the ratio between the longitudinal and transverse effective mass components 

(1(2D = ml(2D) /m'(2D») lor an oblique (elliptical) pocket. Substituting Eqs. 2.27 and 

2.28, the 2D effective mass components and THlongt = T H oliliq = 1 into Eq. 2.26, we 

obtain, 
(1.81' Tnlongt + 11obliqj2 

n Hall(2D) = 
3.27, ;TI.!ungt. + O.347nobliq 

(2 .29) 

for n-type (Ill ) oriented PbTe quantum wells at 300 K, where IT = Tlongt/Tobliq ' Since 

both 11Hall(2D) (Eq. 2.29) and S2D(tOt) (Eq. 2.23) are a function of IT and (' only, at fixed 

temperatures, we can determine the ratio ofthe relaxatioll times between tbe two sub

bands (Tlongt/Tobliq) and the electro-chemical potent ial (hence the carrier occupation in 

each subband) for t he pertinent sample by measuring both Sand 11Hall experimentally. 

The values for nlongt, nohliq and Tlong,/Tobliq thus obtained are summarized in Table 2.3 

together with t he estimated actual carrier mobility (J /enQw = (J / e(nlongt + nobliq) . It 

is noted that, in these calculations, the energy of the valley-splitting (6.Elongt-obliq) 

is determined from the square well approximation as will be discussed in the next 

subsection. The large scatter in t he vaJ ues for Tlonb~/Tobliq found in Table 2.3 suggests 

that this quantity may be rather sensit ive to extrinsic factors such as sample quality. 

Various conditions for intra- and inter-valley scattering that lead to various values 

tIn the longitudinal acoustic phonon deformation potential (LADP) scattering, TCE) is inversely 
propOltional to the density of states (DOS) for the electron at the given energy E. Since the DOS 
is constant with energy for a 2D parabolic energy dispersion relation, the resulting TCE ) is constant 
with energy as well for the LADP scattering in a 2D electron gas. 
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Table2.3:PropertiesofPbTe/Pbo .927Euo.073TeMQwsamplesat300K[15].

Sampledw

#[A]

ηHall

[cm-3]

ηlongt

[cm-3]

7Lobliq

[cm-3]

μHallσ/e7LQWS

[cm2/V・s][cm2/V・s][μV/K]

Tlongt

Tobliq

T-225

T-229

T-235

T-246

T-236

191.1×10

201.1×1019

235.9×1018

15.57.5×1018

236.7×1018

3.0×104.1×10

2.9×10183.7×1018

1.7×10181.5×1018

2.8×10184.4×1018

1.9×10181.8×1018

1420

710

650

1150

640

2180

1200

1210

1200

1170

一225

-235

-303

-222

-282

0.603

0.483

0.232

1.185

0.465

†DatatakenfromRef .[15].

for71。ngt/7。bliq(fromO.4to3.3)[38]arediscussedin§3.4.1,whereweconsiderthe

conditionsfor71。ngt/7。bliqbyfittingtheexperimentaldatausingtheequationsdevel-

opedinthisandthelastsubsections.InAppendixB,weexaminethevalidityofour

modelbystudyingthelightlydopedPbTe/Pb1-。Eu。TeMQwsamplesexperimen-

tally.ThesesamplesaregrownbyDr.G.SpringholzandProfessorG.Baueratthe

JohannesKeplerUniversitat,Linz,Austria,speci丘callyforthispurpose.Weexpect

that,forlightlydopedPbTeMQwsamples,themajorityofcarriersresideinthe

longitudinalsubband,andthattheexperimentalresultsaremoreeasilymodeledand

interpretedintermsofourmodels.Itisindeedseenthattheexperimentalresults

agreewellwiththetheoreticalpredictionwhenthemajorityofcarriersresideinthe

longitudinalsubband.

Inthepresentandnextchapter,wewillfocusonourbestsample(T-225),which

weexpecttohavepropertiesclosesttothoseofintrinsicPbTequantumwells.Inthe

subsequentsectionsinthischapter,wethereforeanalyzetheobservedpropertiesof

thisparticlllarsampleasafunctionoftemperatureintermsofourmodelsthathave

beendiscussedthusfar.

2.3.5 ModelingoftemperaturedependenttransportcoefH-

cients

Theoreticalmodelingofthetemperaturedependenttransportcoefficientsinvolves

knowledgeofthetemperaturedependentbandparameters.Suchinformationonthe
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Table 2.3: Properties of PbTe/Pbo.927Euo.o73 Te MQW samples at 300 K [15]. 

Sample dw l n Hall f nlongt nobliq {'Hall 1 a/enQw 51 710ngt 

# [A] [cm- 3] [cm- 3] [cm- 3] [cm 2/ V·s] [cm2 /V·5] [!tV / K] lobhq 

T-225 19 1.1 X 1019 3.0 x 1018 4.1 X lOi8 1420 2180 -225 0.603 
T-229 20 1.1x1019 2.9 x 1018 3.7x 1018 710 1200 -235 0.483 
T-235 23 5.9x 10lR 1.7 x 1018 1.5x 1018 650 1210 -303 0.232 
T-246 15.5 7.5xl018 2.8 x 1018 4.4 x1018 1150 1200 -222 1.185 
T-236 23 6.7xl0lR 1.9 x 1018 1.8x lO1 8 640 1170 -282 0.465 
tData taken from Ref. [15]. 

for Tlongt/Tobliq (from 0.4 to 3.3) [38] are discussed in §3.4.1, where we consider the 

conditions for Tlongt ITohliq by fitting the experimental data using the equations devel

oped in this and the last subsections. In Appendix B, we examine the validity of our 

model by studying the lightly doped PbTe/Pb1_ x Eux Te MQW samples experimen

tall y. These samples are grown by Dr. G. Springholz and Professor G. Bauer at the 

Johannes Kepler Universitiit , Linz, Austria, specifi cally lor th is purpose. We expect 

that, for lightly doped PbTe MQW samples, the majority of carriers reside in the 

longitudinal subband, and that the experimental results are more easily modeled and 

in terpreted in terms of our models. It is indeed seen that the experimental results 

agree well with the theoretical prediction when the majority of carriers reside in the 

longitudinal subband. 

In the present and next chapter , we will focus on our best sample (T-225), which 

we expect to have properties closest to those of intrinsic PbTe quantum wells. In the 

subsequent sections in this chapter, we therefore analyze the observed properti es of 

this particular sample as a function of temperature in terms of our models t hat have 

been di scussed thus fa.r. 

2.3.5 Modeling of temperature dependent transport coeffi-

cients 

Theoretical modeling of the temperatme dependent transport coefficients involves 

knowledge of t he temperature dependent ba.nd pa.ra.meters. Such informa.tion on the 
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Table2.4:Temperaturedependentbandparameters.

Bandparameter TemperaturedependenceRef.

物 加

Ml/m

五]9(PbTe)

五lg(Pbo .g27Euo.073Te)

0.024十3.15×10-5T

O.25十3.33×10-4T

Eq.2.30

630meV†

[28]
[28]
[29]
[16]

†Seethefbotnoteonpage99 .

bulkPbTe/Pb1_xEuxTesystemisreadilyavailableintheliterature[28](seealso

Table2.4and§2.2).Bandparametersforthe2DPbTequantumwellsarecalculated

fromtheprojectionsandcrosssectionof3DbandparametersforbulkPbTe,as

discussedbefore.

Therelativeenergiesofthelongitudinal-andoblique-subbandedges(boundstate

levels)arecalculatedusingasquarewellapproximation(SWA)inthepresentstudy.

Amoreelaboratemethodtocalculatetheseenergylevelsistheenvelopefunction

approximation(EFA)thattakesintoaccountthenon-parabolicenergydispersion

relationandKr6nig-Penneytypeboundaryconditions[30].

TheSWAisasuMcientapproximationforourpresentwork,because:(1)Our 　
PbTeMQwsampleshaverelativelysmallquantumwellwidths(dw～20A)andvery

largebarrierlayerwidths(dB～410A).Therefore,theoverlapofthewavefunctions

betweentwoadjacentquantumwelllayersisnegligiblysmall,and(2)Thebound

statelevelscalculatedbythesquarewellapproximationareingoodagreementwith

thoseobtainedbytheEFAfordw=20Aanddw=53AasshownintheTable2.5,

whichprovesthatthemuchsimplerSWAmethod(simplerthantheEFAmethod)is

adequateforthepresentwork.

Thedeterminationofthetemperaturedependenceoftheconductionbandoffset,

necessaryforthecalculationoftheboundstatelevelsbytheSWA,isdescribedbelow.

Thetemperaturedependenceofthe、L-pointbandgapinthebulkPbi_xEuxTesystem

isgivenbythefollowingempiricalformulafor[v<0.05[29]:†

Eg(x,T)=190meV十 〇.51meV
1-9.8x

・T(K)2 十x・5880meV.
T(K)+56 (2.30)
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Table 2.4: Temperatme dependent band parameters. 

Band parameter Temperature dependence Ref. 
mt/m 0.024 + 3.15 x 10 5T [28] 
ml/m 0.25 + 3.33 x 1O-4T [28] 
Eg(PbTe) Eq. 2.30 [29] 
Eg(Pbo.927Euo.o73Te) 630 meVt [16] 
t See the footnote on page 99. 

bulk PbTe/ Pb1_x Eux Te system is readil y available in the literature [28] (see also 

Table 2.4 and §2.2) . Band parameters for the 2D PbTe quantum wells are calculated 

from the projections and cross section of 3D band parameters for bulk P bTe, as 

discussed before. 

The relative energies of the longitudinal- and oblique- subband edges (bound state 

levels) are calcu lated using a square well approximation (SWA) in the present study. 

A more elaborate method to calculate these energy levels is the envelope funct ion 

approximation (EFA) that takes into account the non-parabolic energy dispersion 

relation and Kronig-Penney type boundary condi t ions [30]. 

The SWA is a sufficient approximation for our present work, because: (1) Our 

PbTe MQW samples have relatively small quantum well widths (dw ~ 20 A) and very 

large barrier layer widths (dB ~ 410 A) . Therefore, the overlap of the wave functions 

between two adjacent quantum well layers is negligibly small , and (2) T he bound 

state levels calculated by the square well approxi mation are in good agreement with 

those obtained by the EFA [or dw = 20 A and dw = 53 A as shown in the Table 2. 5, 

which proves that the much simpler SWA method (simpler than the EFA method) is 

adequate for the present work. 

The determination of the temperature dependence of the conduction band offset , 

necessary for the calculat ion of the bound state levels by the SWA , is descri bed below. 

The temperature dependence of the L-point band gap in the bulk Pb1- x Eux Te system 

is given by the following empirical formula for .T. < 0.05 [29]: t 

( ') ( )2 1 - 9.8x Eg .T, '1 = 190meV + 0.51rneV . T J( T (K ) + 56 +.T · 5880meV. (2.30) 
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Table2.5:Calculatedenergiesofthesubbandedgesmeasuredfromthebandedgesofbulk
PbTe[units:meV].

typeofsubband EFA[14,17] SWA

dw=20

conductionband

valenceband

{
{

oblique

longitudinal

longitudinal

oblique

139

74

-60

-123

148

76

-63

-123

dw=53A

conductionband

valenceband

longitudinal

oblique

longitudinal

longitudinal

oblique

longitudinal

(n=2)

(n=1)
(n=1)

(n=2)

88

78

24

-18

-74

86

87

22

-18

-75

-71

AsimpleextrapolationofEq.2.30tox=0.073,thetypicalEucontentforollr

Pb1_cvEucvTebarrierlayer,suggeststhefollowingeffects:(1)thetemperatllredepen-

denceofthebandgapbecomeslesssignificantasxincreasesandapproachesO.073;

and(2)forx=0.073,Eq.2.30predictsEg=656meVat300K,whichisslightly

higherthan,butverycloseto,ourexperimentalvalueof630meV,thatisdetermined

frominfraredabsorptionspectra[16],despitethefactthatxforourbarrierlayeris

olltsideoftherangeofvalidityofEq.2.30.Inaddition,Eq.2.30predicts五lg=626

†Recently
,theauthorsofRef.[29]reportedtheupdatedversionfbrEq.2.30[31],

1-7.56xE

g@,T)=189.7meV十 〇.48meV・T(K)2 十x・4480meV.(2.31)T(κ)+29

Thisequationpredictssignificantlysmallerenergygapsforx>0.01thanEq.2.30.Itisfoundthat

Eq.2.30providesabetterfittotheexperimentalresultsreportedinRef.o[29]aswellastoour

ownresults[16]onPb1_xEuxTethanEq.2.31,ifweassumexNO.073fbroursamples.Themain

discrepancycomesfromtheambiguousdeterminationofxthatisinturnusedforthedetermination

ofEgviaEqs.2.300r2.31.Inthepresentchapter,weuseEq.2.30sinceitpredictsmoreconsistent

valuesofEgthanEq.2.31ifweassumexNO.073丘)roursamplesaswasdeterminedoriginally

[15].Inthenextchapter,wewillseethatthevaluefbrxforoursamplesshouldbeupdatedto

O.09accordingtothenewlyobtainedrelationbetweenxand(i(latticeconstant)[32].Forthiscase

(xNO.09),Eq.2.31isf()undtobemoreconsistentwiththeobservedexperimentalresultsthan

Eq.2.30.Therefore,wewillusethisrevisedequationinthenextchapterwherexNO.09isassumed

foroursamples.

99

Table 2.5: Calculated energies of the sub band edges measured from the band edges of bulk 
PbTe [units: meV] . 

type of subband EFA [14, 17] SWA 
dw = 20A 

conduction band ! olilio' '" 
139 148 

longitudinal 74 76 

valence band 
longitudinal - 60 - 63 
oblique -123 - 123 

dw = 53A 

{ 
longitudinal (n=2) 88 86 

conduction band oblique 78 87 
longitudinal (n= l ) 24 22 

{ 
longitucli nal (n=l ) -18 - 18 

valence band oblique - 74 - 75 
longitudinal (n=2) - 71 

A simple extrapolation of Eq. 2.30 to x = 0.073, the typical Eu content for our 

P b ,_xEux Tc barri er layer , suggests t he following effects: (1) the temperature depen

dence of t he band gap becomes less signifi cant as x increases and approaches 0.073; 

and (2) for x = 0.073, Eq. 2.30 predicts B q = 656 meV at 300 K, which is slightly 

higher than, but very close to, our exp erimental value of 630 meV, that is determined 

from infrared absorpt ion spectra [16], despite the fact that .T for our barrier layer is 

outside of the range of validity of Eq. 2.30. In add ition, Eq. 2.30 predicts Bg = 626 

tRecently, the authors of Ref. [29] reported the updated version for Eq. 2.30 [31], 

Eg{x, T) = 189.7meV + 0.48meV . T {I<)' ;(~(~ .!6;9 + x ·4480meV. (2.31 ) 

This equation predicts significantly smaller energy gaps for x > 0.01 than Eq. 2.30. It is found that 
Eq. 2.30 provides a better fi t to the experi mental results reported in Ref. 0[29] as well as to our 
own resul ts [l6] on Phl_xEuxTe than Eq. 2.31, if we assume x ~ 0.073 for our samples. The main 
discrepancy comes from the ambiguous determination of x that is in turn used for the determination 
of Eg via Eqs . 2.30 or 2. 31. In the present chapter, we use Eq. 2.30 since it predicts more consistent 
vailles of Eg than Eq. 2.31 if we aSSllme J: ~ 0.073 for ollr samples as Wi-:lS determined originally 
[15]. In the next chapter, we will see that the value for x for our samples should be updated to 
0.09 according to the newly obtained relation between x and d (lattice constant) [32]. For this case 
(:c ~ 0.09), Eq. 2.31 is fouml to be more COllsistent with the observed experiment.al results than 
Eq. 2.30. Therefore, we will u')e this revised equation in the next chapter where x ~ 0.09 is assumed 
for our samples. 
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meVat77Kwhichisstillclosetotheroomtemperaturevalueof630meV.Thus,

weassumethattheexperimentallydeterminedbandgapofourbarriermaterial(630

meV)istemperatureindependentinourcalculationofsubbandenergylevels.We

useEq.2.30todescribethetemperaturedependenceofthebandgapforbulkPbTe.

Theratiooftheconductionbandoffset(△Ec)tothebandgapdifferencebetween

PbTeandPb1_xEuxTe(△Eg)ischosentobeO.55,basedonthepreviouslypublished

data[30].

2.4 Experimentalresultsandtheirtheoreticalin一

terpretations

Thesamples,characterizedintheprevioussectionanddiscussedinmoredetailin

thissection,weregrownusingtheMolecularBeamEpitaxy(MBE)techniqueby

Dr.TedHarmanatMITLincolnLab.[15].Themodulationdopingschemewasem-

ployedforcarrierinjection,introducingBi(n-type)impuritiesintothePb1_cvEu、vTe

barrierlayers.Asmentionedbefore,modulationdopingminimizestheimpurityscat-

teringwithinthequantumwells,leadingtohighcarriermobilities,especiallyatlow

temperatures.TheSeebeckcoefficient,electricalconductivity,andHallcoefficient

weremeasuredonourbestsample(T-225)andonahighqualityMBE-grownbulk

sample(T-168)asafunctionoftemperatureintherange80Kto580K.Inevalu-

atingtheHallcarrierconcentrationandtheelectricalconductivity,thesumofthe

thicknessesofthequantumwellpartonly,ratherthanthethicknessofthewhole

superlatticeincludingbarrierlayers,wasusedasthethicknessthesampleforour

calculationsofelectricalconductivitiesandHallcarrierconcentrationsinorderto

determinethepropertiesoftheqllantllmwellsthemselves.Below,each2Dthermo-

electricpropertyisdiscussedseparatelyinsomedetail.
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meV at 77 K which is still close to the room temperature value of 630 meV. Thus, 

we assume that the experimentally determined band gap of our barrier material (630 

me V) is temperature independent in our calcula tion of subband energy levels. We 

use Eq. 2.30 to descri be the temperature dependence of t he band gap for bulk PbTe. 

The ra t io of the conduct ion band offset (6.Ec) to the band gap difference between 

PbTe a.nd Pb1-xEux Te (6. Eg ) is chosen to be 0.55, based on the previously published 

data [30] . 

2.4 Experimental results and their theoretical in

terpretations 

The sam pies, characterized in the previous section and discussed in more detail in 

t his section, were grown using the Molecular Beam EpitiL'CY (MBE) technique by 

Dr. Ted Hannan at MIT Lincoln Lab.[15]. The modulation doping scheme was em

ployed for carrier injection, int roducing Bi (n-type) impurit ies into the Pb,_xEuxTe 

barrier layers. As mentioned before, modulation doping minimizes the impnrity scat

tering within the qnantum wells, leading to high carrier mobilities, especially at low 

temperatures. T he Seebeck coefficient, electrical conductivity, and Hall coefficient 

were measured on our best sample (T-225) and on a high quali ty MBE-grown bulk 

sample (T-168) as a function of temperature in the range 80 K to 580 K. In evalu

ating the Hall carrier concentration and the electrical conductivity, the sum of the 

t llickness€B of the quantum well part onl y, rather thau the thickness of the whole 

super lattice including barrier layers, was used as the thickness the sample for our 

calculations of electrical conductivities and Hall carrier concentrations in order to 

determine the properties of the quantum wells themselves. Below, each 2D thermo

electric property is discussed separately in some detail. 
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Figure2-11:HallcarrierconcentrationasafunctionoftemperatureTfora(111)oriented

n-typePbTeMQwsample(opencircles)andanMBEgrownn-typebulkPbTesample

(closedcircles).Theresultsf()rthreedifferentmodelcalculationsarealsoshowninthe

figure;short-dashedline:resultsassuming7zQwisfixedat6.9×1018cm-3;solidline:results

assumingntotisfixedat1.15×1019cm-3andμB=Ocm2/V・s;long-dashedline:results

assumingntotisfixedat1.12×1019cm-3andμB=45cm2/V・sラwhereμBisthecarrier

mobilityforthebarrierlayers.Calculationsaremadeassumingm葺=2.Om,wherem差is

thedensity-of-statemassfbrtheΣvalenceband.Seetextfbrtheotherassumptionsused

inthesecalculations.

2.4.1 Hallcarrierconcentration

TheHallcarrierconcentrationsforboththebulkandMQWsamplesmentionedabove

areplottedasafunctionoftemperatureinFig.2-11.Thesequantitiesaredenotedby

7zHall(3D)andnHaii(2D),respectively,hereafter.Intheexperiment,theHallvoltageand

theelectricalconductivityweremeasuredalongthequantumwellplanes,whilethe

magneticfield(0.35T)wasappliedperpendiculartotheplanefortheHallcoefficient

measurement(ωc7《1).OllrformulationforηHallderivedinthepreviollssection

assumesthelowfield(hightemperature)limit.Choosingthecriterionωc7<0.1for

thelowfieldlimit,ourformulationisvalidonlyabove280KfortheMQwsample.

ThusourdiscussionforthemodelingofnHall(2D)isrestrictedtotemperaturesabove

280K.

InFig.2-11,wefindthatηHall(3D)(closedcircles)isalmostinsensitivetotempera一
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(closed circles). T he results for three different model cak:u lations are also shown in the 
figure; short-dashed lhle : results assli luing 'l/,Qw is fixed at 6.9 x 1018 C111-3 ; sol id line: results 
aSSllII]ing 'ntot is fixed at 1.15 x 1019 cm- 3 and ,"L B = 0 cm'2/V,sj long-da.sbed line: results 
<*iSllITllng 'ntot is fixed at 1.12 x 1019 cln- 3 and f.lB = 45 clJ1

2/V ·s, where MB is the catTier 

nl0bili ty for the barrier layers . Calculations cu:e made ~suming mE = 2.0111, where m'I: is 
the density-of-state mass for the ~ valence band. See text for the other assumptions used 
in these calculations. 

2.4.1 Hall carrier concentration 

The Hall carrier concentrations for both the bulk and IvlQW samples mentioned above 

are plotted as a function of temperature in Fig. 2-11. These quantities are denoted by 

n Hall (3D) and nHall(2D) , respectively, hereafter. In the experiment, the Hall voltage and 

t he electrical conductivity were measured along the l[UantulIl well planes, while the 

magnetic field (0.35 T) was applied perpendicular to the plane for the Hall coefficient 

measurement (weT « 1). Our formu lation for n Hal1 derived in the previous section 

assumes the low field (high temperature) limi t. Choosing the criterion WeT < 0.1 for 

the low field limit , our formulation is valid only above 280 K for the MQW sample. 

Thus our discussion for the modeling of n Hall (2D) is restricted to temperatures above 

280 K 

In Fig. 2-11 , we fi nd that 11Hall(3D) (closed circles) is almost insensitive to tempera-
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tureoverthemeasuredtemperaturerange.Thisisatypicalbehaviorforadegenerate

semiconductor,wherenoimpuritylevelsexistbelowthecollduction-balldedge[24].

Sincebulkn-typePbTeisasingle-bandmaterial,theinterpretationoftheexperi-

mentaldataisstraightforward.Theexperimentalresultssuggestnofreezingoutof

thecarriersatlowtemperatures(downto80K)andanegligibledensityofthermally-

excitedcarriersacrossthebandgap,evenathightemperatures(upto580K).Thus

theactualconcentrationofthecollductioncarriersη3Disdeterminedtobe6.5×1018

cm-3inthissampleandn3Disconstantasafunctionoftemperatureintherange

80-580K.

Forthe2DMQwsampleT-225,wefindthat,althoughnH。ll(2D)isalmostconstant

belowroomtemperature,itincreasesrapidlywithtemperatureabove450K,reaching

7zHall(2D)=1.4×1019cm-3at580K.Intuitively,thisbehaviormaybeinterpreted

astheincreasingoccupationofnobliqrelativetothatofnlongtasthetemperatureis

increased,assumingthatthetotalconcentrationoftheelectronsboundtothequan-

tumwellsnQw=nl。ngt十n。bliqisconserved,sincethevaluefortheapParentnHall(2D)

increaseswithincreasingoccupationofn。bliqasshowninEq.2.29.However,itturns

outthatthismodeldoesn,texplaintheobservedbehaviorfornHall(2D)properly,as

shownbytheshort-dashedlineinFig.2-11fornQw=6.9×1018cm-3.

ThesuccessfulmodelingofnHall(2D)asafunctionoftemperatureisachievedwhen

theconservationofallthecarriersntotinthesuperlatticeisconsidered,

n… ≡nQW-PQW+(nB-PB)器, (2.32)

wherepQWistheconcentrationofholesboundtothequantumwellsinthevalence

band,andnBandll)Bareelectronandholeconcentrationsforthebarrierlayer,re-

spectively.Themultiplicativefactor(dB/dw)fornBandpBisneededinEq.2.32,

sincenBandpBrefertothecarrierdensities(incm-3)forthebarrierlayersthat

arecalculatedllsingthesllmofthedBinthesuperlatticeasthethicknessofthe

sample,whereasnt。t,nQwandpQwrefertothecarrierdensity(incm-3)calculated

usingthesumofthedwasthethicknessofthesample.Usingthevaluefortheband

102

ture over the measured temperature range. T his is a typical behavior for a degenerate 

semicond uctor, where no impurity levels exist below the conduction-band edge [24] . 

Since bulk n-type P bTe is a single-band material, the interpretation of the experi

mental data is straightforward. The experimental resul ts suggest no freezing out of 

the carriers at low tempera.tures (down to 80 K) and a negligible density of therm ally

excited carri ers across the band gap, even at high temperatures (up to 580 K). T hus 

the actual concentration of the conduction carriers "3D is determined to be 6.5 x 1018 

em -3 in this sample and n3D is constant as a function of temperature in the range 

80-580 K. 

For the 2D MQW sample T-225, we fi nd that , a lthough n Hall(2D) is almost constant 

below room temperature, it increases rapidly with temperature above 4S0 K, reaching 

"Hall(2D) = 1.4 X 1019 cm- 3 at 580 K . Intuit ively, this behavior may be interpreted 

as the increaSing occupation of "obl;q relative to that of Illongt as the temperature is 

increased, assuming t hat t he total concentration of the electrons bound to the quan

tum wells IlQIV = Illonge + nobl;,! is conserved, since the value for the apparent "Hall(2D) 

inn-eases with increasing occupation of nobliq as shown in Eq. 2.29. However, it turns 

out that this model doesn't expbjn the observed behavior for nHaU(2D) properly, as 

shown by the short-clashed line in Fig. 2-11 for nQw = 6.9 x 1018 C111 - 3 . 

T he successful modeling of 71Hal1(2f)) as a function of temperature is achieved when 

t he conservation of all the carriers neot in the superl attice is considered, 

dB 
neot == nQw - PQw + (nB - PB)-l- ' 

Gw 
(2.32) 

where PQw is the concentrati on of holes bound to the quantum wells in the valence 

banel , and 71B and 1JB are electron ancl hole concentrations lor the barrier layer, re

spectively. T he mul tiplica.tive factor (dB/dw ) for " 8 ancl PB is needed in Eq. 2.32, 

since "B and PB refer to the carrier densit ies (in cm-3 ) for the barrier la.yers that 

are calcul ated using the sum of the dB in the superlattice as the thickness of the 

sample, whereas ntot, "Qw and PQw refer to the canier density (in Clll-
3

) calcula tecl 

using the sum of the dw as the thickness of the sample. Using the value for the band 
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offsetgivenintheprevioussection(△ ・E、=170meVat300K),pQwisfoundtobe

negligiblecomparedtoηQwupto600K,whereaspB×(dB/dw)becomesimportant

above～450KforsampleT-225.nB×(dB/dw)isfoundtobecomparabletonQw

overthewholetemperaturerangethatwasinvestigated.nBiscalculatedconsidering

a3Dparabolicenergybandhavingthesamedensity-ofLstateseffectivemassasbulk

PbTeforsimplicity.ThebandedgeeffectivemassesforPb1_xEuxTefoundfromthe

parametersusedfortheEFAcalculatioll[29]alldthosedetermilledbythecyclotron

resonanceexperiments[31]aresimilartothebulkeffectivemassesforPbTethatare

usedinthepresentstudy[28](see§2.2.3).

Aswementionedin§2.2,wedon'thavesuf丑cientknowledgeaboutthevalence

bandstructureforPb1_xEuxTealloysathightemperature(T>450K),notto

mentionthevalencebandstructureofPbTe/Pb1_xEuxTesuperlattices,tomakea

detailedcalculationofthecarrierdensityabove450K.Therefore,wemakeanaive

guesshere.ItisknownforbulkPbTethattheΣvalencebandcrossesthe五valence

bandaround450K,leadingtoatemperatureindependentenergygap[24].Leゼs

alsoassumethattheΣbandofPb1_xEuxTealloyshasthesamefeature,andthat

thequantumwellsattheΣ 一pointintheBrillouinzonearenotformedduetothe

insufficientvalencebandoffset.Instead,weallowsomefreedomofadjustingthe

valueofthe3Ddensity-of-statesmassfortheΣbandforthewholePbTe/Pb1_xEucvTe

superlatticetofittheexperimentaldata,andthenwecomparethedensity-ofLstates

massobtainedfromthefittingwiththeliteraturevalueforthedensity-ofLstatesmass

oftheΣbandforbulkPbTe.Studyofthethermoelectricpropertiesofp-typePbTe

MQwsmayshedlightonthetemperatureofthecrossingoftheΣand五valence

bandsforthePbTe/Pb1_cvEuxTesuperlattices[39].

Forthereasonstatedabove,weassumetherelativepositionoftheΣbandedge

forPb1一 ωEu必TeisthesameasthatforPbTeinthepresentwork.Wealsoassume

aparabolicenergybandfortheΣ 一valleys,andusethedensity-of-statesmassfor

thesevalleys(m差)asafittingparameter.Thebestfittotheexperimentalresultsis

obtainedform差=2.Om,asshownbythesolidcllrveinFig.2-11.Thism垂value

forollrsuperlatticesampleisalittlehigherthanthepreviouslyreportedvaluesfor
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offset given in the previous section (t::.Ec = 170 meV at 300 K), PQw is found to be 

negligible compared to nQw up to 600 K, whereas PB x (dB/dw ) becomes important 

above ~450 K for sample T-225. nB x (ds/dw) is found to be comparable to 17,Qw 

over the whole temperature range that was investigated. 17,B is calcula ted considering 

a 3D parabolic energy band having the same density-of-states effecti ve mass as bulk 

PbTe for simplicity. The band edge efFective masses for Pbl-xEuxTe found from t be 

parameters used for the EFA calculation [29] and those determined by the cyclotron 

resonance experiments [31] are similar to the bulk effective masses for PbTe that are 

used in the present study [28] (see §2.2.3) . 

As we ment ioned in §2.2, we don't have sufficient knowledge about the valence 

band structure for Pbl- xEux Te alloys at high temperature (T > 450 K), not to 

mention the valence band structure of PbTe/Pbl_xEux Te superlattices, to make a 

detailed calculation of the carrier density above 450 K. Therefore, we make a naive 

guess here. It is known for bulk PbTe that the L: valence band crosses t he L valence 

band around 450 K, leadi ng to a temperature independent energy gap [24] . Let's 

also assume that the L: band of Pbl_xEu" Te alloys has the same feature, and that 

the qllantum wells at the 2:-point ill the Brillouin zone are not former! due to the 

insufficient valence band ofFset. Instead, we allow some freedom of adjusting the 

value of t he 3D density-of-st ates mass for the 2: band for the whole PbTe/Pb ' _x Eux Te 

superlattice to fit the experimental data, and t hen we compare the density-of-states 

mass obtained from the fitting with the literature value for the dellsity-of~states mass 

of the 2: band for bulk PbTe. Study of the thermoelectric properties of p-type PbTe 

MQWs may shed light on the temperature of the crossing of the 2: and L valence 

bands for the PbTe/Pbl_xEux Te superlatt ices [39]. 

For the reason stated above, we assume the rela tive position of the 2: band edge 

for Pb l-xEux Te is the same as that for PbTe in the present work. \,ye also assume 

a parabolic energy baud for the 2:-valleys, and use the density-of-states mass for 

these valleys (mE) as a fitting parameter. T he best fi t to the experimental results is 

obtained for m1: = 2.0 m, as shown by the solid curve in F ig. 2-11. Th is m1: value 

for our superla tt ice sample is a litt le higher than the previously reported values for 

103 



m菟forbulkPbTe(m差N1.01.4m).

Intheabovemodelingprocedure,weassumedthatthecarriermobilitiesforthe

barrierlayersarenegligible.ThesuccessfulmodelingofηHall(2D)withthisassumption

suggeststhatthisisindeedthecase(seethesolidcurveinFig.2-11).Thisresult,

however,issomewhatcontradictorytothefactthataMBE-grownbulkPb1_コ じEuコじTe

(xNO.073)filmん α5amobility(denotedbyμB)45cm2/V・s[15].However,theresults

ofthetheoreticalmodelillgusingμB=45cm2/V・sdonotfittheexperimentalresults

eveninthevicinityof300K,whichisthetemperatureatwhichμBwasdeterminedin

Ref.[15],asshownbythelong-dashedlineinFig.2-11.Thisdiscrepancyispossibly

duetothedifferentelectronicstateforthePb1-。Eu。TelayersinMQwsthanfor

bulkPb1_xEuxTe,causedbyalackofthelocalchargeneutralityinthebarrierlayers

(i.e.,duetotheincreasedionizedimpurityscattering,forexample).

Onemaywonderwhythethermalexcitationacrossthebandgapisimportantfor

theMQwsamplebutnotimportantforblllkPbTe.Thisisduetothedifferencein

thepositionofchemicalpotentialsinthesetwokindsofsamples.Accordingtoour

model,thechemicalpotentialforthebulksamplelies82meVαbovetheconduction

bandedgeat600K,whereasthechemicalpotentialfortheMQwsamplelies70

meVろelowthelongitudinalsubbandedge(whichcorrespondsto22meVbelowthe

conductionbandedgeinthebanddiagramforbulkPbTe).Since,at600K,the

highestvalencebandistheΣbandforbothbulkandMQwsamples,thisdifference

inthechemicalpotentialiscausedbythelargedifferenceintheelectronicdensityof

statesneartheconduction(sub)bandedgebetweenthebulkandMQwsamples.The

largerthedensityofstatesattheconductionbandedgeis,thelowerthepositionof

chemicalpotentialisinordertokeepthecarrierconcentrationatagivenvalue.The

lowerthechemicalpotentialis,themorethethermalexcitationofcarriersoccllrs,

duetothelargedensity-ofLstatesmassfortheΣvalenceband.

2.4.2 Carriermobility

PlottedinFig.2-12areresllltsfortheHallcarriermobilityμHallasafunctionof

temperaturefortheMQwsample(opencircles)aswellasfortheMBEgrownbulk
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mE for bulk P bTe (mE"" 1.0- 1.4 m) . 

In t he above modeling procedure, we assumed that the carrier mobilit ies lor the 

banier layers are negligible. T he successful modeling of nHoll (2D) with th is assumption 

suggests t hat thjs is indeed the case (see the solid CUl've in Fig. 2-11 ). This result , 

however, is somewhat contrad ictory to the fact that a MBE-grown bulk Pbl_x EuxTe 

(X"" 0.073) fi lm has a mobili ty (denoted by /I.B) 45 cm2/V ,s [1 5J . However, the results 

of the theoreticaimodeling using ItB = 45 cm2/ V, s do not li t the experimental results 

even in the vicin ity of 300 K, which is the temperatUl'e at which ItB was determined in 

Ref. [15], as shown by the long-dashed line in Fig. 2-11. This di screpancy is possibly 

due to the different electronic state for the Pb1-xEux Te layers in MQWs than for 

bulk Pb1- xEux Te, caused by a lack of the local charge neutrality in the banier layers 

(i.e., due to the increased ionized impurity scattering, for example) . 

One lTlay wonder why the thermal excitation across the band gap is important for 

the MQW sample but not important for bulk PbTe. This is due to the difference in 

the position of chemical potentials in these two kinds of samples. Accord ing to our 

model, the chemical potential for the bulk sample lies 82 me V above the conduction 

band edge at 600 K, whereas the ehemical potential for the MQvV sample lies 70 

meV below the longitudinal subband edge (which corresponds to 22 meV below the 

conduction band edge in the band diagram for bulk PbTc) . Since, at 600 K, the 

highest valence band is the 2: band for both bulk and MQW samples, this difference 

in the chemical potential is caused by the large difference in the electronic density of 

states near the conduction (sub)band edge between the bulk and MQW' samples. The 

larger the density of states at the conduction band edge is, the lower the posit ion of 

chemical potential is in order to keep the carrier concentration a t a given value. T he 

lower the chemical potential is, the more the thermal excitation of carriers occurs, 

due to the large density-of~states mass for the 2: valence band. 

2.4.2 Carrier mobility 

Plotted in Fig. 2-12 are results for the Hall carrier mobili ty ItBall as a fun ct ion of 

temperature for the MQW sample (open circles) as well as for the MBE grown bulk 
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Figure2-12:HallandactualcarriermobilitiesasafunctionoftemperatureTf()rthe

(111)orientedn-typePbTeMQw(T-225)andasimilarlygrownbulkPbTesample.The
closedandopencirclesrespectivelydenotetheHallcarriermobilitiesf()rthebulksample

andtheHallcarriermobilitiesfortheMQwsample.Thedeconvolvedactualmobilities

fortheMQwsamplediscussedinthetextisshownbythesolidcurve.Notethatthe

Hallmobilitiesforthebulksampleshouldbeveryclosetotheactualcarriermobilitiesas

discussedinthetext.

PbTesample(closedcircles)discussedintheprevioussubsection.Forthebulksam-

ple,μHallisveryclosetotheactualmobilityμ,sothatitisnotnecessarytomake

furthercorrectionstoμH。lltodeducetheactualμ.FortheMQwsample,μH。llisnot

equaltoμw,whereμwistheactualcarriermobilityforthequantumwells.Here,

weestimateμwviatherelationμw=σ/enQw,wherenQwisobtainedfromthe

theoreticalmodelingofnHallshownintheprevioussubsection(seethesolidlinein

Fig.2-11).

TheactualmobilitiesfortheblllkandMQWsamplesarefoundtoobeythe

followinggeneralfbrmula[24],

μ ○(T-y,(2.33)

whereydependsweaklyontemperature.Forthebulksample,uisfoundtoincrease

withtemperature.Startingfromy=1.65atlowtemperature(～100K),yreaches
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Figure 2-12: Hall and actual carrier mobilities as a function of temperature T for the 
(111) oriented n- type PbTe MQW (T-225) and a similarly grown bulk PbTe sample. The 
closed and open circles respectively denote the Hall carrier mobilities tor the bulk sample 
and the Hall carrier mobili ties tor the MQW sample. The deconvolved actual mobilities 
tor the MQW sample discussed in the text is shown by the solid curve. Note that the 
Hall mobilities tor the bulk sample should be very close to the actual carrier mobilities as 
discussed in the text . 

PbTe sample (closed circles) discussed in the previous subsection. For the bulk sam

ple, /1Hall is vcry close to the actual mobili ty /1, so t hat it is not necessary to make 

further corrections to /1Hall to deduce the actual /1. For the MQW sample, l.tHall is not 

equal to /1w, where /1w is the actual carrier mobility for the quantum wells. Here, 

we estimate I'w via t he relation I'IV = II /enQw, where nQw is obtained from the 

theoretical modeling of n Hal1 shown in the previous subsection (see the solid line in 

F ig. 2-11). 

The actual mobilit ies for the bulk and MQW samples are found to obey the 

following general formula [24], 

(2.33) 

where // depends weakly on temperature. For the bulk sample, // is found to increase 

with temperature. Starting from v = 1.65 at low temperature (~ lOO K), v reaches 
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2.51athightemperature(>300K),whichisconsistelltwiththepreviouslyobserved

resultsforPbTe[24].Itisknowllthatthelollgitudinalacousticphonolldeformatioll

potential(LADP)scatteringgivesu=1.5inthelimitofnon-degeneratestatistics.

ThegenerallyobservedresultforbulkPbTe,u=2.5,isbelievedtobetheresultof

thecombinationofthefollowingfactors[26,27]:(1)LADPscatteringoftheconduc-

tioncarriers,(2)polaropticalphononscatteringoftheconductioncarriers,and(3)

thetemperaturedependenceoftheeffectivemass.However,thetheoreticalmodelillg

consideringalltheabovefactorsexplicitlydidn,treproducethecorrectμ=2.5de-

pendence[40].Therefore,weconcludethatthecorrectmodelingofthetemperature

dependenceofthemobilityforbulkPbTewouldrequireknowledgeoftemperature

dependenceoftheoverlapintegralforthelatticepartoftheBlochfunctionanda

moreexacttreatmentoftheopticalphononfrequencyωoincludingthechargescreen-

ingeffectonthereductionofthevalueforωo[41].FortheMQwsample,we丘nd

μw～T-2'1above280K.Thisvaluefory(yN2.1)isalittlelowerthanthatforthe

bulksample(yN2.5),implyingsomewhatdifferentscatteringmechanismsbetween

the3Dand2Dsystems.Generally,theenergydependenceoftherelaxationtime7

iscloselyrelatedtothedensityofstates(DOS)forthechargedcarrierasafunction

ofenergy.Forexample,the7～E-1/2dependencefortheLADPscatteringofthe

carrierscomesfromtheEl/2dependenceoftheDOSfunctionfora3Dparabolic

band.SincetheelectronicDOSisconstantwithenergyfora2Dparabolicband,

amodelcalculationof7includingonlytheLADPscatteringmechanismina2D

electrongasshouldalsobeconstantwithenergyforaparabolicdispersionrelation.

Anotherreasonforthedifferentvaluesinybetweenthe3Dand2Dtransportisthat

interfacescatteringatthewell-barrierboundaryinterfacemayplaysomerolefor

carrierscatteringin2DMQWsamples.

ItisseenthattheactualcarriermobilityfortheMQWsampleisenhancedover

thatforthebulksample,consistentwiththequantumconfinementofthecarriers

andtheuseofmodulationdoping.Theratioofμwtothebulkmobilityμisfound

tobeabout2at300K,andthisratioincreasesslightlywithtemperatureinthe

range280-580K.SinceourformlllationfornHallbreaksdownbelow280K,values
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2.51 at high temperature (> 300 K), which is consistent with the previously observed 

results for PbTe [24]. It is known that the longitudinal acoustic phonon deformation 

potential (LADP) scattering gives v = 1.5 in the limit of non-degenerate statistics . 

The generally observed result for bulk PbTe, v = 2.5, is believed to be the result of 

the combinat ion of t he following factors [26, 27] : (1) LADP scattering of the conduc

tion carriers, (2) polar optical phonon scattering of the conduct ion carri ers, and (3) 

the temperature dependence of the eH'ective mass . However, the theoretical modeling 

considering all the above factors explicit ly didn't reproduce the correct 1/ = 2.5 de

pendence [40]. Therefore, we conclude that the correct modelinp; of the temperature 

dependence of t he mobili ty for bulk PbTe would require knowledge of temperature 

dependence of the overlap integral for the lattice par t of the Bloch function and a 

more exact treatment of the optical phonon frequency Wo including the charge screen

ing effect on the reduction of the value for Wo [41]. For the MQW sample, we find 

fLw ~ T-2
.
1 above 280 K. T his value for v (1/ "" 2.1) is a li ttle lower t han t hat for the 

bulk sample (v "" 2.5), implying somewhat diffe rent scattering mechanisms between 

the 3D and 2D systems. Generally, the energy depelldence of the relaxation time T 

is closely related to tllP. densir.y of states (DOS) for the dlarged caJTier as a filll ction 

of energy. For example, the T ~ E- I ! 2 dependence for t he LADP scattering of the 

carriers comes from t he E I / 2 dependence of the DOS function for a 3D parabolic 

banel. Since the electronic DOS is constant with energy for a 2D parabolic band , 

a model calculation of T inc! uding only the LAD P scattering mechanism in a 2D 

electron gas should also be constant with energy for a parabolic dispersion relation. 

Another reason fo r the different values in v between the 3D and 2D transport is that 

interface scattering at the well-barrier boundary interface may play some role for 

carrier scattering in 2D iVIQW samples. 

It is seen that the actual carrier mobility for the MQW sample is enhanced over 

that for the bulk sample, consistent with t he qualltmIl confinement of the carriers 

and the use of modulation doping. The ratio of ,'w to t he bulk mobility /-l is found 

to be about 2 at 300 K, and this rat io increases slightly with temperature in the 

range 280-580 K. Since our formulation for n Hali breaks down below 280 K, values 
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forμwareIlotcalculatedbelow280K.However,asimpleextrapolationofμwto

lowertemperaturesimpliesthatμwishigherthanthebulkmobilityμevellatlow

temperatures(downto～100K).

Wefindthatthecarriermobility(1170cm2/V・sat300K)forourMBE-grown

bulksampleissomewhatlowerthanthegenerallyknownmobilityforbulkPbTe

withasimilardopinglevel(1500cm2/V・sat300Kforn3D～1019cm-3)[28].The

observedlowermobilityforourMBE-grownsampleisduetosomeextrillsicfactors

suchasthelatticeinlperfectionscausedbythestraineffectthatistypicallyfoundin

theMBE-grownfilms.However,itisworthnotingthat:(1)theHallmobility(μHall)

ofourMQwsample(1420cm2/v・s)isfoundtobehigherthantheHallmobilityfor

thesimilarlygrownandsimilarlydopedbulkPbTesample(1170cm2/V・s)and(2)the

actualcarriermobilityμwdeducedforourMQwsample(2180-2350cm2/v・s)turns

outtobeevenhigherthanthevaluesofmobilitiesgenerallyknownforhigh-quality

bulkPbTe(1500-1700cm2/V・s)at300K.Moredetailedstudieshavetobecarried

outinthefuturetorevealtheexactmechanismfortheobservedenhancementofμw

inPbTeMQWs.

2.4.3 SeebeckcoefHcient

ThemeasuredSeebeckcoef丘cientS(7「)isalsoplottedasafunctionoftemperaturein

Fig.2-13,togetherwiththeresultsofourtheoreticalmodels.ThetheoreticalSabove

280Kwascalculatedfornt。t=1.15×1019cm-3,assumingthemodelexplainedin

§2.4.1,includingthe3Dparabolicbandswhichtakecareofη 、BandpB.Thetheoretical

Sbelow280KwascalculatedforaconstantnQwat6.9×1018cm-3,whichisthe

estimateddensityofcarriersboundtothequantumwellat300K.Itturnedoutthat

thethermalexcitationofcarriersacrossthebandgaphasanegligibleeffectonS(T)

upto400K.AlthoughtheactualnQwmaychangeasafunctionoftemperature

below280K,theeffectofavariationofnQwonS(T)isfoundtobeminoratleast

fornQwupto～1.1×101gcm-3,whichisthevaluefornt。tthatwecanassumeas

theupPerbollndfornQwatlowtemperatllres(see§2.4.1).

InFig.2-13wefindthattheexperimentalSeebeckcoef丘cientincreasesalmost
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for ,IW are not calculated below 280 K. However , a simple extrapolation of ,IW to 

lower temperatmes implies that IJw is higher than the bulk mobility I" even at low 

temperatures (down to ~100 K). 

We find that t he canier mobility (1170 em 2 / Y 's at 300 K) for our lVIBE-grown 

bulk sample is somewhat lower than the generally known mobility for bulk PbTe 

with a sim ila r doping level (1500 em2/Y·s at 300 K for n3D ~ 10 19 cm-3 ) [28J . The 

observed lower mobility lor our lvIBE-grown sample is due to some extrinsic factors 

such as t he lattice imperfections caused by the strain effect that is typicaHy found in 

t he lvIBE-gTOwn films. However, it is worth noting t hat : (1) the Hall mobility (flHall) 

of our MQW sample (1420 cm2/Y's) is found to be higher t han the Hall mobility for 

the similarly grown and similarly doped bulk PbTe sample (ll70 em" IY·s) and (2) the 

actual carrier mobili ty flw deduced for our iVIQW sample (2180-2350 cm2/Y's) turns 

out to be even higher than the values of mobili ties generally known for high-quality 

bulk PbTe (1500-1700 cmo/Y 's) at 300 K. More detailed studies have to be canied 

ou t in the future to reveal the exact mechanism for the observed enhancement of I1w 

in PbTe IvIQWs. 

2.4.3 Seebeck coefficient 

The measured Seebeck coefficient S(T ) is also plotted as a function of temperature in 

Fig. 2-13, together with the results of' our theoretical models. The tlleo retica l S above 

280 K was calculated for 'ntot = 1.15 x 10'" CI11-" assuming the model explained in 

§2.4.1, including the 3D parabolic bands which take care of 11B and VB. The theoretical 

5 below 280 K was calculated for a constant 11QW at 6.9 x lO tS cm- 3 , which is the 

estimated density of carriers bound to the quantum well at 300 K. It turned out tha t 

the thermal excitation of carriers across t he band gap has a negligible effect on S(T ) 

up to 400 .K. Although the actual n Qw may change as a function of temperature 

below 280 K, the effect of a variation of 11QW on S(T ) is found to be minor at least 

for 7lQw up to ~1.1 X 1019 cm- 3 , which is the value for 71,0t that we can assume as 

t he LIpper bOLlnd for nQw a t low temperatures (see §2.4.1). 

In Fig. 2-13 we find that the experimental Seebeck coeffi cient increases a lmost 
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Figure2-13:AbsolutevalueoftheSeebeckcoefficientf(〕rthen-typePbTeMQwsample

(T-225)asafunctionoftemperature(opencircles).Thesolidlineshowsthetheoretical

resultsassumingμlongt=μobliq,whereasthedashedlineshowstheresultsassumingTiongt=

T(〕bliq.SeetextfortheotherassumptionsusedinthecalculationofS.

linearlywithtemperature,whereasourtheoreticalresultsassumingμlongt=μobliq

haveasomewhatweakertemperaturedependence.Ouranalysisoftheobserved

experimentalresultsisdividedintothreetemperatureregimes.

First,nearroomtemperature(280K<T<350K),weobtainexcellentagreement

betweentheoryandexperiment.NotonlythemagnitudeoftheSeebeckcoefficient

butalsotheobservedslope(dS/dT)showgoodagreementbetweentheoryandexper-

iment.Thus,wefindthattheconditionμ1。ngt=μ 。bliqisconsistentwithexperimental

resultsinthistemperaturerange.

Second,atlowtemperatures(<280K),ourmodeloverestimatestheSeebeck

coe伍cient.Webelievethatthemainreasonforthisdiscrepancyisthatthecondition

μ1。ngt=μ 。bliqisnolongervalidatlowtemperatures.Forexample,at100K(んBT=

8.6meV),wefindthattheenergydifferencebetweenthelongitlldinal-andoblique-

subbandedges(△ 、El。ngt_。bliq)is94meV.Inthissituation,sincetheFermienergyfor

sampleT-2251iesneartheobliquesubbandedgeaccordingtoourmodel[seeFig.2-

15(c)],theSeebeckcoef丑cientfbrthissampleshouldbedominatedbythecontribution
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Figure 2-13: Absolute value of the Seebeck coeffi cient for the n-type PbTe MQW sample 
(T-225) as a fWlct ion of temperature (open circles) . The solid line shows the theoretical 
results assurning ,ulongt = tLobliq, whereas the dashed line shmvs the results assuming 'TJongt = 
Tobliq . See te,,'1; lor the other assumptions used in the calculation of S. 

linearly with temperature, whereas our theoretical results assuming {llongt = P.ob!;q 

have a somewhat weaker temperature dependence. Our analysis of the observed 

experimental results is div ided in to three temperatme regimes. 

First, near room temperat ure (280 K < T < 350 K), we obtain excellent agreement 

between theory and experiment . Not only the mag11i tude of the Seebeck coefficient 

but also the observed slope (dS/dT) show good agreement between theory and exper

iment. Thus, we find that the condi tion /llo"gt = /lobi;" is consistent with experimental 

results in th is temperature range. 

Second , at low temperatures « 280 1<), om model overestimates t he Seebeck 

coefficient . vVe believe that the main reason for this discrepancy is that the condition 

/llongt = /lobl;q is no longer valid at low temperatures. For example, at 100 K (k8T = 

8.6 meV), we find that the energy difference between the longitudinal- and oblique

subband edges (~Elongt-obl;q) is 94 meV. In this situation, since the Fermi energy for 

sample T-22G lies near the oblique subband edge according to our model [see Fig. 2-

15(c)], the Seebeck coefficient for this sample should be dominated by the contribution 
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fromthelongitudiIlalsubbandonly.Wefindthatthecondition7i。ngt=T。bliq(instead

ofμ1。ngt=μ 。bliq)ismoreconsistentwiththeexperimentalresultsatlowtemperatures

(～150K),asshownbythedashedlineinFig.2-13.Itshouldbenotedthatthereare

noαpUriorireasonsthat71。ngt/7(〕bliqshouldbeconstantasafunctionoftemperature.

Inthethirdregimeoftemperatureinouranalysis(>350K),ourmodelunderesti-

matesthevaluesoftheSeebeckcoef丑cient.Onereasonforthisdiscrepancywouldbe

duetothenon-parabolicenergybandsinactualPbTesamples.Theincreaseddensity

ofelectronicstatesforthenon-parabolicenergybandsathigherenergiesabsorbsa

largenumberofconductionelectrons,pushingthechemicalpotentiallowerinenergy

tokeepthetotalnumberofcarriers(nt。t)unchanged.Theloweredchemicalpoten-

tialincreasesthemagnitudeofSviaEq.2.19.InChapter3,wewilldiscussmore

detailedmechanismsoftheobservedenhancementinSforthePbTe/Pb1_xEuxTe

MQwsincludingthenon-parabolicenergybandsgenerallyneededtodescribethe

energydispersionrelationsforPbTe,andsomespecificscatteringmechanismssuch

aslongitudinalacousticphonondeformationpotentialscatteringandpolaroptical

phononscattering.ItturnsoutthatthescatteringofelectronsduetothepolaroP-

ticalphononshassomeroleinenhancingthevaluesofSathightemperaturesaswe

discussinChapter3.

2.4.4 Z2DT

ThedimensionlessthermoelectricfigureofmeritwithinthequantumwellZ2DTis

determinedexperimentallyusingthemeasuredSandσ,asshowninFig.2-14.Also

showninthefigurebythedashedlineistheZTfortheMBE-grownblllksample

(T-168)discussedintheprevioussections,denotedbyZT(bulk).

IncalculatingZ2D7「,κeisestimatedthroughtheWiedemann-Franzlaw.The

Lorenznumber五 〇ateachtemperatureisdeterminedviaEqs.2.24and2.25,using

ぐ*obtainedforthefixednt。tat1.15×101gcm-3above280K,andforthefixed7zQw

at6.9×1018cm-3below280K.Inthiscalculation,theratioμ 。bliq/μ1。ngtischanged

linearlywithtemperaturefromO.55(below150K,correspondingtothecondition

71。ngt=7()bliq)to1(above280K,correspondingtotheconditionμ1。ngt=μ 。bliq).
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from the longitudinal sub band only. We find that the condition Tlongt = Tobliq (inst.ead 

of I'longt = I'obliq) is more consistent with the experimental results at low temperatures 

(~ 150 K), as shown by the dashed line in F ig. 2-13. It should be noted that there are 

no a pr'i07i reasons that Tlo"gt/Tobliq should be constant as a function of temperature. 

In the third regime of tem perature in our analysis (> 350 1\) , our modelunderest i

mates the values of the Seebeck coeffi.cient. One reason for thi s discrepancy would be 

due to the non-parabolic energy bands in actual PbTe samples. The increased density 

of electronic states for the non-parabolic energy bands at higher energies absorbs a 

large number of conduction electrons, pushing the chemical potenti al lower in energy 

to keep t he total number of carriers (ntot) unchanged. T he lowered chemical poten

tial increases the magnitude of S via Eq . 2.19. In Chapter 3, we will discuss more 

detailed mechanisms of the observed enhancement in S for the PbTe/Pbl_xEux Te 

MQWs inclnding the non-parabolic energy bands generally needed to describe the 

energy dispersion relations for PbTe, and some specific scattering mechanisms such 

as longitudinal aco ustic phonon deformation potential scattering and polar optical 

phonon scattering. It turns out that the scattering of electrons due to the polar op

t ical phonons has some role in enhaneing the values of S at. high t.emperatmes as we 

discuss in Chapter 3. 

2.4.4 Z2DT 

The dimensionless thermoelectric figure of merit within t he quantum well Z2DT is 

determined experimentally nsing the measured Sand (5 , as shown in Fig. 2-14. Also 

shown in the figure by the dashed line is the ZT for the MBE-grown bulk sample 

(T-168) discussed in the previous sect ions, denoted by ZT(bulk). 

In calcu lat ing Z2DT , Ke is estimated t hrough the Wiedemann-Franz law. T he 

Lorenz number La at each temperature is determined via Eqs. 2.24 and 2.25, using 

(' obtained for the fb.:ed ntOL at 1.15 x lO l9 cm-3 above 280 K, and for the fixed n Qw 

at 6.9 x lOl8 cm- 3 below 280 K. In this calculation, the ratio I'obliq/I'longt is changed 

linearly with temperature from 0.55 (below 150 K, corresponding to the condi tion 

Tlongt = Tobliq) to 1 (above 280 K, co rresponding to the condition I'longt = I'obliq) . 
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comparison. The inset shows the semi-log plot of the same data. 
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Twodifferentchoicesaremadeforthelatticethermalconductivityκph.First,the

measuredbulkvalues(κB)foundilltheliterature[42]areused.TheresultantZ2D7「

forthischoiceofκphisdenotedbyZ2DT(κB).Second,weestimateκphwithinthe

quantumwellassumingthephononmeanfreepath4islimitedbythequantumwell

thicknessdwusingthefollowingequation[11,12,14,17],

11
κph=5C・ ぬ5C・vdw≡ κQW, (2.34)

whereOvistheconstantvolumespecificheatandvisthesoundvelocity.Z2DT

asdeterminedwiththissecondassumptionisdenotedbyZ2DT(κQw).Forbulk

PbTeat300K,wefindthefbllowingvaluesintheliterature[33,42]:measured

thermalconductivityforundopedbulkPbTeκ=19.6mW/cm・K,constantpressure

speci丘cheatCp=1.23J/cm3・K,andthegroupvelocityforthetransversemodeof

theacousticphononvT=1.6×105cm/s.†Usingthesevaluesforκph,σv,andv

inEq.2.34,respectively,weobtain乏=30A.Since4typicallyvariesasT-1and

dw=19AforoursampleT-225,wecanexpectareductionofκphfromthebulk

valueupto400Kiftheassumptionthatthevalueof乏islimitedbythevalueofdw

isvalid.

InFig.2-14,wefindthatZ2DTincreasesalmostlinearlywithtemperatureabove

200K,exceedingZ2D7「=2at400K.SimpleextrapolationZ2D7「tohighertem-

peraturesimpliesthatevenhigherZ2DTsmaybepossibleabove400K.ZTswithin

†UsingthevalueofvTforthesubstitutionofiフinEq .2.34containssomesubtleproblemasstated

below.Generally,wehavedistinctvaluesfbrgroupvelocityfbreachlongitudinalandtransverse

polarizationsofthepertinentacousticphononmode.Thelatticecontributiontothespeci丘cheat

σvalsohascontributionsfromeachpolarizationoftheacousticphononmode.Therefbre,the

equationforκphshouldbemorerigorously,

κ。・-1Σ 鰍,(2・35)ぽ
whereO↓isthecontributiontoO.fromthe乞thpolarizationoftheacousticphonon(Ov=ZC3),

andviand島arethegroupvelocityandphononmeanfreepathfortheithpolarizationofthe

pertinentacousticphononmode,respectively.Thesubtletycomesfromthefactthatthereisno

simplerelationbetween乏ig.forthedifferentpolarizationsoftheacousticphonon.Forthisreason,we

contentourselveswiththesimpletreatmentofκphthatisshowninthissection,andlooktomore

rigoroustreatmentinthefuture,whereeventheenergydependenceofthe乏iscouldbeincorporated

intothemodelthatpredictsthevaluesofκph.
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Two different choices are made for the lattice thermal conductivity "ph. First , the 

measured bulk values ("B) found in the literature [42] are used. The resultant Z"DT 

for this choice of "ph is denoted by Z2DT(I"S) ' Second, we estimate "ph within the 

quantum well assuming t he phonon mean free path R is li mited by the quantwll well 

thickness dw using the following equation [11 ,12, 14, 17]' 

(2 .34) 

where Cv is the constant volume specific heat and v is t he sound velocity. Z2DT 

as determined with this second assumption is denoted by Z2DT(n:Qw). For bulk 

PbTe at 300 K, we find the following values in the literature [33 ,42] : measured 

thermal conductivity for undoped bulk PbTe ,,= 19.6 mW /cm.1( , constant pressure 

specific heat Cp = 1.23 J/CI113.]( , and the group velocity for the t ransverse mode of 

the acoustic phonon UT = 1.6 X 105 cm/s t Using these values for n:ph, Cv , and v 

in Eq. 2.34, respectively, we obtain e = 30 A. Since e typically varies as T - 1 and 

dw = 19 A for our sample T-225, we can expect a reduction of "ph Ii'om the bulk 

value up to 400 K if the assumption that the value of t is limited by the value of dw 

is valid. 

In Fig. 2-14, we fi nd that Z2DT increases almost linearly with t.emperature above 

200 1<, exceeding Z20T = 2 at 400 K. Simple extrapolation Z2QT to higher tem

peratures implies that even higher Z2DTs may be possible above 400 K. ZTs within 

tUsing the value of'VT for the substitution of v in Eq. 2.34 contains some subtle problem as stated 
below. GenerallYl we have distinct vaJ ues for group veloc.i ty for each longitudinal and transverse 
polarizations of the pertinent acoustic phonon mode. The lattice contribution to the specific heat 
C" also has contributions from each polarization of the acoustic phonon mode. Therefore, the 
equation for 1i:pb should be more rigorously, 

(2 35) 

where C! is the contribution to C" from the ith polariz.ation of the acoustic phonon (C" = L:i C~), 
and Vi and fi are the group velocity and phonon mean free path for the i th polarization of the 
pertinent acoustic phonon model respectively. The subtlet.y comes from the fact that there is no 
simple relation between £;s for the different polarizations of the acoustic phonon . For this reason, we 
content ourselves with the simple treatment of fiph that is shown in this section , and look to more 
rigorous treatment in the future: where even the energy dependence of the liS could be incorporated 
into the model that predicts the values of Kph . 
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thequantumwell,ascomparedtothoseforthebulk,areenhancedbyafactorof

morethan20verthewholemeasuredtemperaturerallge(80-400K),irrespectiveof

thechoiceforκph.ItisalsonotedthatthedifferencebetweenZ2DTandZT(bulk),

{Z2DT-ZT(bulk)},increaseswithincreasingtemperature,whereastheratioofZ2DT

toZT(bulk)decreaseswithincreasingtemperature(seethesemi-logplotintheinset

ofFig.2-14).Theeffectoflimiting4bydw,asjudgedfromthecomparisonbetween

Z2D7「(κQw)andZ2DT(κB),isfoundtoberathersmallduetothealreadysmallvalues

for4inbulkPbTe(comparabletothequantumwellwidthsdw)atrelativelyhigh

temperatures(4fu45AatT=200K).

Itshouldbenotedthatagoodmeasurefortheactualdeviceperformanceofthe

thermoelectricsuperlatticesisthefigureofmeritforthewholesuperlatticeZ3D7「.To

estimatetheoptimumZ3DTinPbTe/Pb1-.Eu。TeMQws,quantitativestudiesofκph

forthewholesuperlatticesamplearenecessary.Itisnotedthattherealreadyexists

wellestablishedtheoreticalmodelstodescribeκphforthewholesuperlatticeinthe

GaAs/AlAssystem[43].IfasimilartypeofmodelisdevelopedforPbTe/Pb1_xEuxTe

MQws,theintegrationofsuchamodelwiththecurrentlystudiedpowerfactor(S2σ)

shouldprovidereliableestimatesforZ3DT.

Forthereasonmentionedabove,mostofthelaterchaptersofthisthesisare

devotedtotheinvestigationofZ3DT.InChapter4,wewillextendourtheoretical

modelsdescribedinthischaptertocalculateZ3D7「oftheGaAs/AlAssuperlattice,

wherewewillalsoproposethenewconceptofCarrierPocketEngineering(CPE)to

designsuperlatticeswithanenhancedvalueofZ3DT.InChapter5,wewillapply

theconceptofCPEtotheSi/Gesuperlatticeandshowthatevenlargervaluesfor

Z3DTwouldbepossibleinSi/GesllperlatticesthaninGaAs/AIAssllperlattices.In

Chapter7,wewillseeyetothersystemsofinterest,namelyPbTe-basedquantum-dot

superlattices,whosevaluesofZ3DTareexperimentallyfoundtobeenhancedrelative

tothoseforthecorrespondingbulkPbTeforgivencarrierconcentrations,andthe

theoreticalpredictionsofenhancedZ3DTin(001)orientedshortperiodPbTe/EuTe

superlatticesandin(111)orientedBi/(111)Pb1_xEuccTesuperlattices.
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the quantum well, as compared to those for the bulk, are enhanced by a factor of 

more than 2 over the whole measured temperature range (80-400 K), irrespective of 

the choice for I\:ph . It is also noted that the difference between Z20T and ZT(bulk), 

{Z2oT - ZT(bulk)}, increases with increasing tern perature, whereas the ratio of Z2DT 

to ZT(bulk) decreases with increasing temperat ure (see the semi-log plot in the inset 

of F ig. 2-14). The effect of limit ing e by dw, as judged from the compari son between 

Z2DT(I\:Qw) and Z2oT(I\:B)' is found to be rather small due to the already small values 

for e in bulk P bTe (comparable to the quantum well widths dw ) at rela tively high 

temperatures (e "" 45 A at T = 200 K). 

It should be noted that a good measure for the actual device performance of the 

thermoelectric superlattices is the figure of merit for the whole superiattice Z30T. To 

estimate the optimum Z30T in PbTe/Pb1_xEuxTe YIQWs, quanr,itative studies of I\:ph 

for the whole superiattice sample are necessary. It is noted that there already exists 

well established theoretical models to describe I\:ph for the whole superlatti ce in the 

GaAs/ AlAs system [43]. If a simi lar type of model is developed for PbTe/Pbl_xEux Te 

MQWs, the integration of such a model with the currently studied power factor (S2(J) 

shonkl provide reliable est.imates for Z3DT. 

For the reason mentioned above , most of the later chapters of this thesis are 

devoted to the investigation of Z;mT. J n Chapter 4, we will extend our t heoretical 

models described in this chapter to calculate Z3DT of the GaAs/AIAs superlatt ice, 

where we will also propose the new concept of Carrier Pocket Engineering (CPE) to 

design superiattices with an enhanced value of Z3DT. In Chapter 5, we will apply 

the concept of CPE to the Si/Ge superlattice and show that even larger values for 

Z3DT would be possible in Si/Ge superlattices than in GaAs/ AlAs superlattices. In 

Chapter 7, we will see yet other systems of interest, namely PbTe-based quantum-dot 

superlattices, whose values of Z 3DT are experimentally found to be enhanced relative 

to those for the correspondillg bulk Pb Te for givell carrier concelltrations, and the 

theoret ical predictions of enhanced Z30T in (001) oriented short period PbTe/EuTe 

super lattices and in (111) oriented Bi/(I11 )Pbr_xEuxTe superJattices . 
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2.5 Discussion

2.5.1 optimumdopinglevelsfbr(111)orientedPbTeMQws

ItisofinteresttoexaminehowclosethedopillglevelforT-225istotheoptimum

dopinglevel.ShowninFigs.2-15(a)一(c)areZ2D7「calculatedasafunctionofζ*at

300,200and100K,respectively,togetherwiththeexperimentallyestimatedZ2D7「s

usingκph=κB.FortheoreticalcalculationsinFig.2-15,twoassumptionsaremade

forκph(κph=κBandκph=κQw).Themagnitudesforμ1。ngtalldμ 。bliqaredecided

sothatourmodelparticularlydevelopedforT-225maypredictthetotalmobility

equaltoμwdeducedintheprevioussection,assuming:(1)μ1。ngt=μ 。bliqabove

280K,(2)71。ngt=7(〕bliqbelow150K,and(3)alineartemperaturedependence

forμ 。bliq/μ1。ngtconnectingtheabovetwoconditionsbetween150Kand280K,as

describedin§2.4.4whencalculating、LoforT-225.Alsoshowninthefiguresare

valuesofく*fornQw=6.9×1018cm-3andnQw=1.1×101gcm-3,aswellasthe

electronicdensityofstatesasafunctionofenergy(rightscale)toshowthepositions

forthelongitudinal-andoblique-subbandedges・TheactualnQwforT-225below

300KisexpectedtobebetweentheabovetwovaluesofnQwfromtheargument

intheprevioussection,whereas,at300K,nQwshouldbecloseto6.9×1018cm-3,

sinceitisatthistemperaturethatthevalueofnQwismostreliablydeterminedby

theexperiments(see§2.4.1).

Figure2-15(a)showsthatthedopinglevelforT-225isalmostoptimizedat300

K.ThefigurealsosuggeststhatthemaximumZ2DT(κQw)wouldbehigherthan

Z2D7「(κB)by16%.Figure2-15(b)showsthatthedopinglevelforT-225isstillclose

totheoptimumlevelevenat200K,suggestingthatonlyincrementalincreasesof

Z2DTarepossiblebyfurtheradjustingthedopinglevelsatthistemperature.Amore

significantincrease(49%)inthevalueofZ2DT(κQw)relativetothevalueofZ2DT(κB)

isexpectedat200Kthanat300K,sincethelowerthetemperature,thelargerthe

valueof4(i.e.,theeffectoflimitingthevalueof4bythevalueofdwislarge).Figure2-

15(c)showsthattherearetwodistinctvaluesof〈whichgivealocalmaximumfor

Z2DTsat100K.Wehaveinvestigatedthetemperaturedependentbehaviorofthese
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2.5 Discussion 

2.5.1 Optimum doping levels for (111) oriented PbTe MQWs 

It is of interest to examine holV close the doping level for T-225 is to the optimum 

doping level. Shown in Figs. 2-15(a)-(c) are Z20T calculated as a function of ( * at 

300, 200 and 100 K, respectively, together with the experimentally estimated Z20T s 

using /£ph = /£B' For theoretical calculations in Fig. 2-15, two assmnptions are made 

for /£ph (/£ph = /£B and ~:ph = /£Qw) , The magnitudes for J.! longL and J.!obllq are decided 

so that Our lIlodel parti(;Ularly developed for T-225 lIlay predict the total lIlobility 

equal to IJw deduced in the previous section, assuming: (1) fI.longt = fI.obllq ahove 

280 1<, (2) Tlongt = Tobllq below 150 K, and (3) a linear temperature dependence 

for J.!obli,,/ J.!lm,gt connecting the above two conditions between 150 K and 280 1< , as 

described in §2 .4.4 when calculating Lo for T-225 . Also shown in the figures are 

values of (* for nQw = 6.9 x 1018 cm-3 and nQw = 1.1 x 1019 cm- 3 , as well as the 

electronic density of states as a function of energy (right scale) to show the positions 

for the longitudinal- and oblique- sub band edges. The actual nQw for T-225 below 

300 K is expected to be between the above two values of nQw from the argument 

in the previous section, whereas, at 300 K, nQw should be close to 6.9 x 1018 cm- 3 , 

since it is at this temperature that the value of nQw is most reliably determined by 

t he experiments (see §2.4.1) . 

F igure 2-15(a) shows that the doping level for T-225 is almost optimized at 300 

K. T he fi gure also suggests that the maximum Z2DT(Ii:Qw) would be higher than 

Z2DT(KB) by 16 %. Figure 2-15(b) shows that the doping level for T-225 is still close 

to the optimum level even at 200 K, suggesting that only incremental increases of 

Z2DT are possible by further adj usting the doping levels at this temperature. A more 

sigllificant increase (49 %) in the value of Z2DT( KQW) relative to the val ue of Z2DT( /£B) 

is expected at 200 K than at 300 K, since the lower the temperature, the larger the 

value oU (i.e. , the effect of limit ing the value oU by the value of dw is large) . Figure 2-

15(c) shows that there are two distinct values of ( which give a local maximum for 

Z2DTs at 100 K We have investigated the temperature dependent behavior of these 
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twopeaks.ForZ2DT(κB),wefiIldthatthesecondpeak(neartheobliquesubballd

edge)isalwayshigherthanthefirstpeak(nearthelongitudillalsubbandedge)dowll

to77K,whereasforZ2DT(κQw)thefirstpeakexceedsthesecondpeakbelow180K.

Thus,ifthereductionofκphduetotheinterfacialscatteringofphononsissufHciently

effectiveinPbTeMQws,thecarrierconcentrationthatgivestheoptimumvalueof

Z2DTat100K(Z2DT～0.4)shouldberelativelylow(～5×1017cm-3).

2.5.2 Expectedpropertiesfor(oo1)orientedPbTeMQws

ItisofgreatinteresttoexploretheoptimumperformanceofPbTeMQwsallow-

ingfreedominthechoiceofthegrowthdirectionoftheMQwsaswellasfreedom

inchangingthedopinglevels.The(oo1)orientedMQwsarechoseninthissub-

sectionasaprototypeforasingle-sllbband2Dsystemwhichisexpectedbebetter

inthermoelectricpropertiesthanmultiple-subbandsystems.Recently,sllch(001)

orientedleadchalcogenidesMQwsampleshavebeengrownon(oo1)orientedKCl

substrates[44].LargeenhancementsinSeebeckcoef丘cientandelectricalconductiv-

ityareindeedobservedin(oo1)orientedPbS/EuSMQwsrelativetothoseforthe

similarlygrownthicklayerofPbS[44],whichisconsistentwithourpredictioninthis

subsection.Otherexamplesforasingle-sllbband2Dsystemthatareofmorepractical

interestincludeBiquantumwellsgrownalongthetrigonaldirection[37].InChapter

7,wewilldiscussthepredictionofenhancedZ3D7「s(thermoelectricfigureofmerit

forthewholesuperlattice)inBi/(111)Pb1_xEuxTesuperlatticesand(001)oriented

PbTe/Pb1_xEuxTeshortperiodsuperlattices.

Inthepresentsubsection,thequantumwellthickness(dw)ischosentobe20Afor

thecalculationtocomparetheresultswiththoseforthe(111)orientedMQws.The

valuesforμwobtainedforthe(111)orientedMQwsareusedwithoutanyfurther

correctionforthe(oo1)orientedMQwsabove280K,andbelow280Kextrapolated

valuesforμwareused,assumingthatμwobeysthesamepowerlawoftemperature

asabove280K(seeEq.2.33).

PlottedinFig.2-16isz2D7「asafunctionofζ*forthe(oo1)orientedMQWs

at300Kbothforκph=κBandforκph=κQw・Alsoshowninthefigurearethe
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two peaks. For Z2DT(K;B), we find that the second peak (near the oblique subband 

edge) is always higher than the first peak (near the longitudinal subband edge) down 

to 77 K, whereas for Z20T("QW) the first peak exceeds the second peak below 180 K. 

Thus, if the reduction of "ph due to the interfacial scattering of phonons is suffi cient ly 

effective in PbTe rVIQWs, the carrier concentration that gives the optimum va lue of 

Z2DT at 100 K (Z2DT ~ 0.4) should be relatively low (~5x 1017 Cl11 - .3) . 

2.5.2 Expected properties for (001) oriented PbTe MQWs 

It is of gTeat interest to explore the optimum performance of PbTe MQWs allow

ing fi'eedom in the choice of the growth direction of the MQWs as well as freedom 

in changing the doping levels. The (001) oriented MQWs are chosen in t his sub

sect ion as a prototype for a single-subband 20 system which is expected be better 

in thermoelectric properties than multiple-subband systems. Recently, such (001) 

orienLed leall chalcogenides MQvV samples have been grown on (001) oriented KCI 

substrates [44]. Large enhancements in Seebeck coefficient and electrical conductiv

ity are indeed observed in (001) oriented PbS/EuS MQWs relative to those for the 

similarly grown thick layer of PbS [44], which is consistent with our prediction in this 

subsection. Other examples for a single-sub band 20 system that are of more practical 

interest include Bi quantum wells grown along the trigonal direction [37]. In Chapter 

7, we will discuss the pred iction of enhanced Z3DTs (thermoelectric fi gure of meri t 

for t he whole superJattice) in Bi/(111)Pb1_ x Eux Te superJattices and (001 ) oriented 

PbTe/Pb1_xEux Te short period superiattices. 

In the present subsection, the quant um well thickness (dw ) is chosen to be 20 A for 

the calculation to compare the results with those for the (Ill) oriented MQWs. The 

values for ,11'1 obtained for the (Ill) oriented MQvVs are used without any further 

correction for t he (001) oriented MQWs above 280 K, and below 280 K extrapola.ted 

values for /-lw are used, assuming that /lw obeys the same power law of temperature 

as above 280 K (see Eq. 2.33) . 

Plotted in Fig. 2-16 is Z2DT as a funct ion of (* for the (001) oriented MQWs 

at 300 K both for "ph = "B and for "ph = "Qw · Also shown in the figure are the 

115 



2.0

旬

ト
臼
N

Exp・Z2DT(KB)(111>

一 一 一Z
2DT(KQW)(oo1)

Z2DT(KB)(oo1)

ζfor

6.1×1018cm

z

。
「
ヨ

Φ
=
N
①
α

。
o

ω

[・
己
q

㊤
。
ヨ

,ω
(
天

.。
↓
),一

3

(∠

-

　WQMde　ne.nO)つ00(

K003

、

、

、

、

、

、

、

＼

0.00
-505

ζ*(=ζ/kBT)

Figure2-16:CalculatedZ2DTasafunctionofthereducedchemicalpotentialfbr(001)

orientedPbTeMQwsat300K(dw=20A).Shownbythesolidlineisz2DT(κB)where

κph=κBisassumed,whereastheresultsassumingκph=κQw,Z2DT(κQw),areplottedby

thedashedline.ThevaluefbrZ2DT(κB)obtainedfromtheexperimentalSandσf()rthe

(111)PbTeMQwsat300Kisalsoshownbythehorizontaldot-dashedlineforcomparison.

optimumdopinglevelforZ2DT(κB),theelectronicdensityofstatesasafunctionof

ζ*(rightscale),andthevaluefortheoptimumZ2DT(κB)in(111)orientedMQws

forcomparison.WefindinFig.2-16thattheoptimumZ2DT(κB)forthe(001)ori-

entedMQws[denotedbyz2DT(κB)(oo1)]isabout36%higherthanthatforthe(111)

orientedMQws[denotedbyz2DT(κB)(111)]at300K・[we,hereafter,denotethequan-

titiesforthe(oo1)and(111)orientedMQwsbythesubscripts`(oo1)'and`(111)',

respectively・]If乏islimitedbydwatthistemperature,theoptimumZ2DT(κQw)(oo1)

isfurtherincreasedrelativelytoZ2DT(κB)(111)byabout30%,theabsolutevalueof

Z2D7「(κQw)(oo1)exceeding2・

Somequalitativefeaturesfoundat300Karealsoobservedatlowertemperatures.

Forexample,theoptimumく*isalwaysfbundtolieneartheconductionsllbband

edge,whichistypicalofsingle-subbandMQWs.Alargeenhancementofz2DTin

(oo1)orientedMQWsrelativetoZ2DT(m)isfoundatlowtemperaturesirrespective

ofthechoiceforκph(seeFig.2-17).InFig.2-17,weplottogetherthetemperature

dependencesofthetheoreticalZ2DTattheoptimumdopinglevelsfbrbothtlle(111)
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(1 11) PbTe MQWs at 300 K is also shown by the horizontal dot-dashed line for comparison. 

optimum doping level for Z20T('"B) , the electronic density of states as a function of 

(' (right scale) , and the value for the optimum Z20T(KB) in (111) ori ented MQWs 

for comparison. We find in F ig. 2-16 that the opti mum Z20T(KI3) for the (~Ol ) ori

ented MQWs [denoted by Z20T(KB)(001) ] is about 36 % higher than that for the (111) 

oriented lvlQWs [denoted by Z2DT(KB) (1l1)1 at 300 K. [We, hereafter, denote the quan

t it ies for the (001) and (111) oriented MQWs by the subscripts ' (001)' and ' (111)' , 

respecti vely.] If {I is limi ted by dw at th is temperature, the opti mum Z20T(KQw) (ool) 

is furt her increased relat ively to Z20T(KB)(1ll ) by about 30 %, the abso lute va lue of 

Z20T(KQW) (001 ) exceeding 2. 

Some qualitative features fo und at 300 I< are a lso observed at lower temperatures. 

For example, the optimum (' is always found to lie near the conduct ion subband 

edge, which is typical of single-subband MQWs. A large enhancement of Z20T in 

(001) oriented MQWs relative to Z20T(1ll) is found at low temperatures irrespective 

of t he choice for /\Opt (see Fig. 2-17) . In Fig. 2-1 7, we plot together the temperature 

dependences of the theoretical Z2DT at the opt ill1llm doping levels for both the (111) 
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and(oo1)orientedMQwsaswellastheexperimentalz2DT(m)forsampleT-225・we

findthatZ2DT(ooi)/Z2DT(m)isalwaysgreaterthanlalldillcreasesasTisdecreased.

Theeffectof4beinglimitedbydwisseenbycomparingZ2DT(κQw)toZ2D7「(κB).

wefindlargerabsoluteincreasesinz2DTbythiseffectinthe(oo1)orientedMQws

thaninthe(111)MQws.Toconcludeourdiscussionshere:(1)foragivenvalueof

dw,(oo1)orientedPbTeMQwsalwayshavelargervaluesforz2DTattheoptimum

carrierconcentrationthan(111)orientedPbTeMQws,alld(2)theadvantageof

making(oo1)orientedPbTeMQwswouldbeevengreaterasthevalueofκphis

reducedfromthebulkvalueκB,forexample,duetotheincreasedinterfacescattering

ofphonons.

Inadditiontotheaboveconclusionsfortheexpectedpropertiesforthe(001)ori-

entedPbTeMQws,wecansee,inFig.2-17,thevariousfeaturesthatarediscussed

intheprecedingsections.Tosummarize:(1)thedopinglevelforthesampleT-225

seemsalreadyoptimizedforZ2DT(κB)nearandbelowroomtemperature;(2)thethe-

oreticallyoptimumZ2DT(κQw)(111)deviatesfromtheexperimentalZ2D7「(κQw)(111)

forsampleT-225below180Kbecauseofthetransitionofthevalueofζfortheopti.

mumZ2DT(κQw)(111)fromthevicinityoftheobliquesubbandedgetothevicinityof

thelongitudinalsubbandedge;(3)largeenhancementsinZ2DTrelativetothevalues

ofz2DT(m)areexpectedbymaking(oo1)orientedPbTeMQws;and(4)theeffectof

乏beinglimitedbythevalueofdwonincreasingZ2D7「islargerforthe(001)oriented

MQwsthanforthe(111)orientedMQws.

2.6 Conclusions

Inthischapter,thetemperaturedependencesofthedimensionlessthermoelectric

figllreofmeritZ2DTandtherelatedtransportcoefficientsareinvestigatedexperi-

mentallyaswellastheoreticallyusingtheconstantrelaxationtimeapProximation

forn-typePbTeMQwstructuresupto580K.

TheconversionofthelowfieldHallcarrierconcentrationtotheactualcarrier

concentrationisfoundtobeessentialinexplainingtheobservedexperimentaldata
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and (001 ) oriented MQWs as well as the experimental Z20T(l1l) for sample T-225 . We 

find that Z207(oOl)/Z20TCl1l ) is a lways gTeater than 1 and increases as T is decreased. 

The effect of t being limited by dw is seen by comparing Z20T(""QW) to Z2OT(""8) . 

We fi nd larger absolute increases in Z20T by this effect in the (001) oriented MQWs 

than in the (111) MQWs. To conclude our discussions here: (1) for a given value of 

dw , (001 ) oriented PbTe MQWs always have larger values fo r Z20T at t he optimum 

carrier concentration than (11 1) oriented PbTe MQWs, and (2) the ad vantage of 

making (001) oriented P bTe MQ\!Vs would be even greater as t he value of ""ph is 

reduced from the bulk value ""8, for exam ple, due to the increased interface scattering 

of phonon5. 

In addi tion to the above conclusions for the expected properties for the (001) ori

ented PbTe MQWs, we can see, in F ig. 2-17, the various features that m'e discussed 

in the preceding sections. To summarize: (1) the doping level for the sample T-225 

seems already opt imized fo r Z20T (""8) near and below room temperature; (2) the the

oretically opt imum Z20T(""QW)(111) deviates from the experimental Z2OT(""QW) Clll) 

for sample T -225 below 180 K because of the t ransition of the value of ( fur the opti

mum Z20T(""QW) Clll) /i'om the vicinity of the oblirjlle subband edge to the vicini ty of 

the longitudinal subbmld edge; (3) large enhancements in Z2DT relative to the values 

of Z2 flT(III ) are expected by making (001) ori ented PbTe MQWs; and (4) the effect of 

e being limited by the value of dw on increasing Z2 DT is larger for the (001 ) oriented 

MQ\Vs than for the (111) oriented MQWs. 

2.6 Conclusions 

In this chapter, the temperature dependences of the dimensionless thermoelectric 

figure of merit Z2DT and the related transport coefficients are investigated experi

mentally as well as theoretically using t he constant relaxation t ime approximation 

for n-type P bTe MQW structures up to 580 K. 

The conversion of the low fie ld Hall carrier concentration to the actual carrier 

concentration is found to be essential in explaining the observed experimental data 

117 



2.0

1.5

佃

ト
臼
N

0.5

0.0

_米 一今← 一米米
業 一米一栄 凍 一勘 柴

Theor.optimumZ2DT(KB)(111)

ExperimentalZ2DT(KQw)(111)

ExperimentalZ2DT(KB)(111)

/
∠

一
〇

○ ●

● ●

● ●●

100 150

〆

9《)

9ノ

/
⊂ソ

α
ノ

ー
ノ

◎
ノ◎

ノ9

200 250 300

T(K)
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aswellastoassesstheactualcarriermobilityin2DMQwsystems.Theactualcarrier

mobilitiesofthe(111)orientedPbTeMQwsarefoundtobemuchlargerthanthose

ofthesimilarlygrownbulkPbTefilms,consistentwiththequantumcon丘nementof

theconductioncarriersandtheuseofmodulationdoping.

Variousthermoelectricpropertiesareinvestigatedasafunctionoftemperature

forthe(111)orientedPbTeMQws.Itisfoundthattheinclusionofa3Delectronic

densityofstatesforthebarrierlayerasachargereservoirforthequalltumwellis

necessaryforthesuccessfulmodelingof7zHall(2D)・FortheSeebeckcoefHcient,notonly

theabsolutevaluesforS,butalsotheirslopes(dS/dT)aresuccessfullymodelednear

roomtemperatureassumingtheconditionμ1。ngtlsμ 。bliq.Thecondition7i。ngtN7(〕bliq

isfoundtobeconsistentwiththemeasuredSaround150K.Asmoothtransition

betweentheseconditionscanbeassumedforthesuccessfulmodelingofSfromlow

(～100K)tohigh(～350K)temperatures.Detailedinvestigationsoftheeffectsofthe

non-parabolicenergybandsaswellastheeffectsofthespecificscatteringmechanisms

toincreaseShavetobecarriedouttoquantifytheexperimentallyobservedSabove

350Kandbelow200Kthatarenotinquantitativeagreementwiththetheoretical

modelsintroducedinthischapter.Theextensionofourmodels,includingtheeffects

ofspecificscatteringmechanismstopredicttheenhancedthemoelectricpowerSin

(111)orientedn-typePbTe/PbEuTeMQws,arecarriedoutinthenextchapter.

Themodelcalculationwasextendedtopredicttheoptimumthermoelectricprop-

ertiesofthe(oo1)orientedMQws.Twoassumptionsaremadeforthevalueof

latticethermalconductivity,i.e.κph=κBandκph=κQw.TheoptimumZ2DTfor

the(oo1)orientedMQwsisfoundtobealwayslargerthanthatforthe(111)oriented

MQWsoverthewholetemperaturerangethatisinvestigated,assumingthatthecar-

riermobilitiesforthe(oo1)orientedMQWsareequaltothoseforthe(111)oriented

MQws.Ourmodelpredictsthattheeffectoflimitingthevalueofphononmeanfree

path4tothevalueofquantumwellwidthdwonincreasingZ2DTislargerforthe

(001)orientedquantumwellsthanforthe(111)orientedquantumwells.Hence,the

valuefor{Z2DT(κQw)(oo1)-Z2DT(κB)(oo1)}isfoundtobealwayslargerthanthatfor

{Z2DT(κQw)(111)-Z2D7「(κB)(111)}inthetemperaturerangeinvestigated(80K<T<

119

as well as to assess the actual carrier mobility in 20 M QW systems. The actual carrier 

mobili ties of the (Ill ) oriented PbTe MQWs are found to be much larger than those 

of the similarly grown bulk PbTe films, consistent with the quantum confinement of 

the conduction carriers and the use of modulation doping. 

Various thermoelectric properties are investigated as a fun ction of temperature 

for the (Ill) ori ented PbTe ivlQWs. It is found that the incl usion of a ,3D electronic 

density of states for the barrier layer as a charge reservoir for the quantum well is 

necessary for the successful modeling of nHall (2 0)' For the Seebeck coefficient , not only 

t he absolute values for 5, but also their slopes (dS/dT) are successfully modeled near 

room temperature assuming the condition !llongt "" ?!obliq · T he condition Tlongt "" Tobl;q 

is found to be consistent with the measured S around 150 K. A smooth transit ion 

between these conditions can be assumed for the successful modeling of S from low 

(~ lOU K) to high (~350 K) temperat ures. Detailed investigations of the effects of the 

non-parabolic energy bands as well as the effects of the specific scattering mechanisms 

to increase S have to be carried out to quantify the experimentally observed S above 

350 K and below 200 K that are not in quantitative agTeement with the theoreti<.:al 

models introduced in this chapter. The extension of our models, including the effects 

of specific scattering mechanisms to predict the enhanced themoelectric power S in 

(111) oriented n-type PbTe/ PbEuTc MQWs, arc carried out in the next chapter. 

The model calculation was extended to predict the opt imum thermoelectric prop

erties of the (001) oriented MQWs. Two assumptions are made for t he value of 

lat tice thermal conductivity, i.e. li:ph = Ii:B and li:ph = Ii:Qw , The optimum Z2DT for 

the (001) oriented MQWs is found to be always larger than that for the (111) oriented 

MQ\Vs over the whole temperature range that is investigated, assuming that t he car

rier mobilit ies for the (001) oriented MQvVs are equal to those for the (111) oriented 

MQWs. Our model predicts that the effect of limiting the value of phonon mean free 

path £ to the value of quantuIll well width dw 0 11 increasillg Z2DT is larger for the 

(001 ) oriented quantum wells than for the (Ill) oriented quantum wells. Hence, the 

value for { Z2oT(Ii:Qw ) (001) - Z2[)T(li:ll l (001 )} is found to be a lways larger than that for 

{Z2DT(Ii:Qw ) (111 ) - Z20T(Ii:B) (1I1 )} in the temperature range investigated (80 K < T < 
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340K).Above340K,theexperimentalZ2DT(m)sarefoundtoexceedthetheoretical

valuesforZ2DT(m)s,probablyduetotheeffectofthenoll-parabolicenergyband,

whichisnotincludedinourmodelinthischapter(see§2.4.3).

TheimportanceofinvestigatingthefigureofmeritforthewholesuperlatticeZ3DT

needsmoreemphasisandwillguideourworkinthelaterchapters.Morequantitative

assessmentsoftheprospectsforenhancedZ3DTawait:(1)improvedmodelsforthe

thermalconductivityforthewholesuperlattice,(2)theincorporationofbandbroad-

eningeffectsduetooverlapPingwavefunctionsbetweenadjacentquantumwells,and

(3)amorerigoroustreatmentfortherelaxationtime7,includingspecificscattering

mechanisms,whichhasbeendoneinthenextchapterfora2Delectrongasofisolated

quantumwellsasinPbTeMQws.Concurrently,experimentaleffortisalsoneededto

reducethethicknessofthebarrierlayersandtoincreasethepotentialbarrierheight

inthebarrierlayerstoincreasethedegreeofquantumconfinementofchargedcar-

riers.Theseexperimentshavetobecarriedoutusingsinglesubbandsystemssuch

as(001)orientedPbTe/Pb1_xEuxTeshortperiodsuperlatticesortrigonallyoriented

Bi/(111)Pb1_xEuxTesuperlatticesinordertoobtainalargethermoelectricfigureof

meritforthewholesuperlattice,denotedbyZ3DT.
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340 K). Above 340 K, the experimental Z2DT(1ll) S are found to exceed the theoretical 

values for Z1D1(11l )S, probably due to the effect of the non-parabolic energy band, 

which is not included in our model in this chapter (see §2.4.3) . 

The importance of investigating t he figure of merit for the whole superJattice Z3DT 

needs more emphasis and will guide our work in the later chapters. More quantitative 

assessments of the prospects for enhanced Z3DT await: (1) improved models for tbe 

thermal conductivi ty for the whole superiattice, (2) the incorporation of band broad

ening effects due to overlapping wavefunctions between adjacent quantum wells, and 

(3) a more rigorous treatment for the relaxation time 7, including specific scattering 

mechanisms, which has been done in the next chapter for a 20 electron gas of isolated 

quantum wells as in PbTe MQ'vVs. Conclirrently, experimental eHort is also needed to 

reduce the thickness of the barrier layers and to increase the potential barrier height 

in the barrier layers to increase the degree of quantum confinement of charged car

riers. These experiments have to be carried out lIsing single subband systems such 

as (001) oriented PbTe/Pb1_xEux Te short period superlattices or trigonally oriented 

Bi/(111)Pb1_xEux Te superlattices in orcler to obtain a large thermoelectric figure of 

meri t for the whole snperlattice, denoted by Z3DT. 
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Chapter3

Thermoelectricpropertiesof

n-typePbTe/Pb1_xEuxTe

multiplequantumwellsII

SolutionoftheBoltzmann

equationincludingspecific

scatteringmechanisms

Inthischapter,adetailedtheoreticalinvestigationiscarriedouttorevealthemecha-

nismoftheenhancedthermoelectricpowerSin(111)orientedn-typePbTe/Pb1_xEucvTe

multiple-quantum-wells(MQws)(xryo.09),thatisdiscussedinthepreviouschapter.

Ourmodelinthischapterincludesthefollowingspecificscatteringmechanisms:lon-

gitudinalacousticphonondeformationpotentialscatteringandpolaropticalphonon

scattering.Themodeltreatsthescatteringofthetwo-dimensionallyconfinedelec-

tronsintheqllantllmwellsbythethree-dimensionalphonons.Anenhancementin

S,thatisobservedexperimentallyinthepreviouschapter,isnowpredictedtheo-

retically,despitetheliftingoftheconductionbandvalleydegeneracy,thatwould
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Chapter 3 

Thermoelectric properties of 

n-type PbTe/Pbl-xEux Te 

multiple quantum wells II -

Solution of the Boltzmann 

equation including specific 

scattering mechanisms -

In th is chapter, a detail ed theoretical investigation is carried out to reveal the mecha

nism ofthe enhanced thermoelectric power S in (ill ) oriented n-type PbTe/Pbl_xEux Te 

multiple-quantum-wells (iVIQWs) (x c= 0.09), that is discussed in the previous chapter. 

Our model in thi s chapter includes the fo llowing speci fic scattering mechan isms: lon

gitudinal acoustic phonon deformation potential scattering and polar optical phonon 

scattering. The model treats the scattering of the two-dimensionally confined elec

trons in the quantum wells by the three-dimensional phonons. An enhancement in 

5, that is observed experimentally in the previous chapter, is now predicted theo

retically, despite the lifti ng of the conduction band valley degeneracy, that would 
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decreasethemagllitudeof5[22].Excellentagreementbetweentheexperimentaland

theoreticalresultshasbeenobtailledoverawidetemperaturerallge(80400K).In

thelowtemperatureregime(～100K),thepolaropticalphononsarefoundtobemore

effectiveinscatteringcarriersintheoblique・ 乙一pointvalleysthaninscatteringcarriers

inthelongitudinal五 一pointvalley,makingtheresultingSsomewhatsuppressedin

thistemperatureregime.Inthehightemperatureregime(≧300K),thepolaroptical

phonollscatteringgenerallycolltributestoincreasillg5duetotheparticularshape

ofthedistributionfunctionassociatedwithit.Itisemphasizedthatourtheoreti-

calmodelrequiresvirtuallynofittingparameters.Theexcellentagreementbetween

thetheoreticalandexperimentalresultssuggeststhevalidityofourmodelfortheen-

hancedthermoelectricfigureofmeritintwo-dimensionalstructuresandthereliability

ofthevaluesoftheparametersforthesuperlatticededucedfromotherindependent

measurements,suchasHallcarrierconcentrationsandinfraredabsorptionspectrato

measurethevaluesoftheenergybandgaps.

3.1 Introduction

Therehasbeenconsiderableinterestinthethermoelectricpropertiesoflow-dimensional

systems,suchastwo-dimensionalquantumwells[1418,2022,3739,4549],and

one-dimensionalquantumwires[12,19,50-52]sinceHicksandDresselhauspredicted

thatthethermoelectricfigureofmerit(ZT)forsuchlow-dimensionalsystemsshould

besubstantiallyenhancedrelativetothecorrespondingbulkmaterialsasthesizeof

thesampleisreducedtothenm(orA)range[12,14].Thisideawasfirstdemon-

stratedexperimentallybyHarmanetα1.[15]andHicksetα1.[16]usingMBEgrown

(111)orientedPbTe/Pb1-。Eu。Temultiple-quantum-well(MQw)samplesaswedis-

cllssedinChapter2.Theobservedenhancedthermoelectricpropertiesinthissystem

wasfirstinterpretedintermsoftheconstantrelaxationtimeapproximation(CRTA),

assumingvariousvaluesfortheratioofthecarriermobilitiesbetweenthelongitu-

dinalvalleyandtheobliquevalleys(seeChapter2and§3.4.1)[16,38].Morere-

cently,D.A.BroidoandT.L.Reineckecalculatedroomtemperaturevaluesofthe

122

decrease the magnitude of S [22]. Excellent agreement between the experimental and 

theoretical results has been obtained over a wide temperature range (8(}-400 K). In 

the low temperature regime (~lOO K), the polar optical phonons are found to be more 

effective in scattering carriers in the oblique L-point vall eys than in scattering carriers 

in the longitudinal L-point valley, making the resulting S somewhat suppressed in 

this temperature regime. In the high temperature regime (2':300 K), the polar optical 

phonon scattering generally contribu tes to increasing S due to the particular shape 

of the distribution function associated with it. It is emphasized that our theoreti

cal model requires virtually no fitting parameters. The excellent agreement between 

t he theoretical and experimental results suggests the validity of our model for the en

hanced thermoelectric figure of merit in two-dimensional structures and the reliabili ty 

of the values of the parameters for the superlattice deduced from other independent 

measurements, such as Hall carrier concentrations and infrared absorption spectra to 

measure the values of the energy band gaps. 

3.1 Introduction 

There has been considerable interest in the thermoelectric properties of low-dimensional 

systems, such as tlVo-dimensional quantum lVells [14- 18, 20- 22, 37- 39, 45- 49], and 

one-dimensional quantum wires [12, 19, 50-52] since Hicks and Dresselhaus predicted 

that the thermoelectric figure of merit (ZT) for such low-dimensional systems should 

be substantially enhanced relative to the corresponding bulk materials as the size of 

the sample is reduced to the nm (or A) range [12, 14] . T his idea was first demon

strated experimentally by Harman et al. [15] and Hicks et al. [16] using MBE grown 

(111) oriented PbTe/Pb1_xEllx Te mllltiple-qllant llm-well (MQW) samples as we dis

cussed in Chapter 2. The observed enhanced thermoelectric properties in t his system 

was first interpreted in terms of the constant rcl<k'<ation time approximation (CRTA) , 

assuming various values for the ratio of the canier mobilities between the longitu

dinal valley and the oblique valleys (see Chapter 2 and §3.4.1) [16,38] . More re

cently, D. A. Broido and T. L. Reinecke calculated room temperature values of the 

122 



thermoelectrictransportcoeMcientsforthe(111)orientedPbTeMQws,including

specificscatteringmechallisms(longitudillalacousticphonolldeformationpotential

scatteringandpolaropticalphononscattering),butassumingaparabolicenergydis-

persionrelationandusingtheapproximationofisotropicconstantenergysurfaces.

TheypointedoutthattheSeebeckcoeMcientforthePbTeMQwsamplesshould

belargelysuppressedduetotheliftingofthevalleydegeneracybetweenthelongitu-

dinalalldobliquevalleysin(111)orientedPbTeMQwsamples[22].However,this

latterpointwasinconsistentwiththeobservedenhancementinthethermoelectric

powerinthePbTe/Pb1-。Eu。TeMQwsystemgrownbyHarmanetα1.thatwas

discussedinthepreviouschapter[15,16].Themaindiscrepancycomesfromthefact

thatsomeparametervaluesusedinBroido,swork(suchasthebarrierheightforthe

PbTequantumwell)werenotappropriatefordescribingthepropertiesofthespecific

samplesgrownbyHarmanetα1.[49].Thus,ithasnotbeenpossibletomakeadirect

comparisonbetweenthetheoreticalresultsbyBroidoetα1.[22]andtheexperimental

resultsbyHarmanetα1.[15]andHicksetα1.[16].

Inthepresentchapter,weaddresstheissuewhythethermoelectricpowerinn-

type(111)orientedPbTe/Pb1-。Eu。TeMQwsisenhancedinspiteoftheliftingof

theconductionbandvalleydegeneracyinthissystem.Specifically,weperforma

detailedtheoreticalinvestigationoftheSeebeckcoefHcient(thermoelectricpower)in

Pb/Pb1-。Eu。TeMQwsusingthemostapPropriate,aswellasthemostupdated,

bandparametersandcarrierconcentrationstodescribethepropertiesofsampleT-

225inRef.[15],sothatadirectcomparisoncanbemadewiththeexperimental

studies.Forexample,theEucontentforsampleT-225inRef.[15](:uNO.073)isnow

updatedtoanewvaluexrvO.09accordingtothemostrecentdataforthelattice

constantasafunctionofxforPb1_xEuxTealloy[32]andthex-raydataforsample

T-225(seethefootnoteonpage99).Otherimprovementsinourmodelsovertheones

byBroidoandReineckeincludeconsiderationoftheeffectsofthenon-parabolicity

fortheenergybandsandoftheanisotropicconstantenergysurfaces.Theeffectof

theanisotropicconstantenergysurfaceistakenintoaccountbyretainingllptothe

secondordertermintheLegendrepolynomialexpansionofthepertllrbationfllnction
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thermoelectric transport coefficients for the (111) oriented PbTe MQWs, including 

specific scattering mechanisms (longitudinal acoustic phonon deformation potential 

scattering and pola,r optical phonon scattering) , but assuming a parabolic energy dis

persion relation and using the approximation of isotropic constant energy surfaces, 

They pointed out that the Seebeck coefficient for the PbTe lvlQW samples shou ld 

be largely suppressed due to the lift ing of the valley degeneracy between the longitu

dinal and oblique valleys in (111) oriented P bTe MQW samples [22] , However, this 

latter point was inconsistent with the observed enhancement in the thermoelectric 

power in the PbTe/Pb,_x Eux Te MQvV system p;rown by Hannan et al. that was 

discussed in the previous chapter [15, 16], The main discrepancy comes from t he fact 

that some parameter values used in Broido's work (such as the barrier height for the 

PbTe quant um well) were not appropriate for describing the properties of the specific 

samples grown by Harman et ai , [49), Thus, it has not been possible to make a direct 

comparison between the theoretical results by Broido et ai, [22] and the experimental 

results by Harman et al. [15] and Hicks et ai, [16], 

In the present chapter, we address the issue why the thermoelectric power in n

type (1l1) oriented PbTe/Pb' _xEux Te MQWs is enhanced in spite of the lih,ing of 

the conduction band valley degeneracy in this system, Specifically, we perform a 

detailed theoretical investigation of the Seebcck coefficient (thermoelectric powcr) in 

Pb/Pb1_x Eux Te MQWs usinp; the most appropriate, as well as the most updated, 

band parameters and carrier concentrations to describe the properties of sample T-

225 in Ref. [15], so that a direct comparison can be made with the experimental 

studies, For example, the Eu content for sample T-225 in Ref. [15] (x c:: 0,073) is now 

updated to a Ilew value x c:: 0,09 according to the most recent data fo r the lattice 

constant as a function of ,T for Pb1- xEux Te alloy [32] and the x-ray data for sample 

T-225 (see the footnote on page 99). Other improvements in our models over the ones 

by Broido and Reinecke include consideration of the effects of the non-parabolicity 

for the energy bands and of the anisotropic constant energy surfaces, The effect of 

the anisotropic cOllstant energy surface is taken into account by retain ing up to the 

second order term in the Legendre polynomial expansion of the perturbation function 
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φ(k)aswewilldiscussillthischapter.Itshouldbenotedthatalltheparametersused

inthisstudyarereadilyavailableintheliteratureintermsofthebandparameters

forbulkPbTe[28]orPb1_xEuxTealloys[29-31](alsosee§2.2).Thus,ourtheoretical

analysisrequiresvirtuallyno丘ttingparameters,exceptthatthenumberofcarriers

inthesamplehastobedeterminedbyanindependentexperimentaltechniquesuch

asaHallcoefHcientmeasurement[38].Webelievethatsuchinvestigationsshould

beofgreatvalueIlotonlyforacquiringafirmunderstandingofthephysicsofthe

low-dimensionalthermoelectricity,butalsofordevelopinganinnovativestrategyfor

designingevenbetterthermoelectricmaterialsusinglow-dimensionalstructuresin

thefuture.

Inthesubsequentsections,wewillintroducethetheoreticalformalismforthe

Boltzmannequationin§3.2andshowtheprocessofthenumericalcalculationin§3.3.

Then,wewilldiscusstheresultsofourcalculationin§3.4makingthecomparison

withtheexperimentalresultsthatwereintroducedinChapter2.Finally,wewill

summarizeourdiscussioninthischapterin§3.5.

3.2 Theoreticalformalism

AdetailedandyetcomprehensivereviewoftheBoltzmannequationandsemi-classical

electrontransporttheoryisgivenbyB.R.Nag[53].Inthissection,wewillsummarize

theessenceoftheBoltzmanntransporttheorythatisneededtounderstandthe

subsequentsectionsofthischapter.

3.2.1SolutionofBoltzmannEquation

Thenon-equilibriumdistributionfunctionforelectronsinanelectricfieldEisob-

tainedbysolvingtheBoltzmannequation,

半 一 ÷ ▽k!(k)+・,f(k)一 ・(3・1)
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¢(k) as we will discuss in this chapter. It should be noted that all the parameters used 

in this study are readily available in the literature in terms of the band parameters 

for bulk PbTe [28] or Pb, _x Eu."Te a.lloys [29- 31] (also see §2.2). Thus, our theoretical 

analysis requires vi rt ually no fitt ing parameters, except that the number of carriers 

in the sample has to be determined by an independent experimental technique such 

as a Hall coeffi cient measurement [38]. We believe that such investigat ions should 

be of great value not only for acquiring a firm understanding of the physics of the 

low-dimensional thermoelectricity, but also for developing an innovative strategy for 

desig;n ing; even better thermoelectri c materials using; low-dimensional structures in 

t he fu t ure. 

In the subsequent sections, we will introduce the theoretical formalism for the 

Boltzmann equation in §3 .2 and show the process of the numerical calculation in §3.3. 

Then, we will discuss the results of OUl' calculation in §3.4 making the comparison 

with t he experimental resul ts that were introd uced in Chapter 2. Finally, we will 

summarize our d iscussion in this chapter in §3.5 . 

3.2 Theoretical formalism 

A detailed and yet comprehensive review orthe Boltwlann equation and semi-classical 

electron tmnsport theory is given by B. R.. Nag [53] . In this sect ion, we will summarize 

the essence of the BoltzmalID t ransport theory that is needed to understand the 

subsequent sections of this chapter. 

3.2.1 Solution of Boltzmann Equation 

T he nOll-equilibrium distribut ion fUll ction for electrons in all electric field E is ob

tained by solving the Boltzmanll equat ion, 

8 J(k) = _ eE . \7 f(k) + 8 f(k) = 0 8 t Ii k . c. (3 .1 ) 
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whereeistheelectroncharge(llegativenumber),histhePlallckconstantdivided

by2・ π,kistheelectronwavevector,!(k)isthenon-equilibriumelectrondistribution

function,and∂,!(k)isthecollisiontermdefinedby,

・・f(k)一 一(羨)/[!(k){・ 一!(k・)}S(k,k・)一!(k・){・ 一!(k)}S(k・,k)]dk・ ・(3・2)

Here,V,isthesamplevolumeandS(k,k')dkdk/isthescatteringprobabilityperunit

timethatanelectronwithinaninfinitesimalvolumedkaroundkwillbescatteredinto

aninfinitesimalvolumedk'aroundk'inkspace.Sincethedistributionfunction!(k)

reducestotheFermi-Diracdistributionfunctionfo(、Ek)=[1-exp{一(Ek一 ぐ)/kB7「}]-1

inthelimitofE=0,S(k,kノ)andS(kノ,k)havetosatisfythefollowingrelation,

f。(Ek){1-f。(Ek・)}S(k,k')-f。(Ek・){1-f。(Ek)}S(k',k)-0, (3.3)

whichexpressesthedetailedbalanceprincipleandisusedtoexpressθ(k',k)interms

ofS(k,k').

Forthecaseofatwo-dimensionalelectrongaswhichwewillconsiderinthepresent

chapter,wesubstitute.4/47「2forthefactorVと/8π3inEq.3.2,where.4istheareaof

thesample,andtheintegrationiscarriedoutovertwo-dimensionalkspace.

3.2.2ScatteringProbability

ThescatteringprobabilityperunittimeS(k,kノ)isgivenbytheFermigoldenrule,

S(k,k・)-1〈k・IH・lk>126(E・,-EklFhw) (3.4)

whereωisthephononfrequencyandtheplusandminussignsintheδ 一function

standforthephononemissionandabsorptionprocesses,respectively.Theexplicit

expressionsforthematrixelementl〈k/IH/lk>lforthecaseofathree-dimensional

isotropiccrystalaregiveninTable3.1forlongitudinalacousticphonondeformation

potentialscattering(LADP)andpolaropticalphononscattering(POP)[53].Forthe

expressionsforotherscatteringmechanisms,readersarereferredtoRefs.[40,53,54].
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where e is the electron charge (negative number), Ii is the Planck constant divided 

by 2" , k is the electron wave vector, j(k ) is the non-equilibrium electron distribu t ion 

function, and oe j(k ) is the collision term defined by, 

Oe j(k ) = - (8;3) j [j( k ){ l - j(k')} S(k , k') - j(k') {l - j(k )}S(k' , k)] elk'. (3.2 ) 

Here, Ve is the sample volume and S(k , k ')elkdk' is the scattering probability per unit 

time that an eledron within an infinitesimal volume dk around k will be scattered into 

an infinitesimal volume elk' around k' in k space. Since the distribution function j(k ) 

reduces to the Fermi-Dirac distribution function fo(Ek) = [l - exp{ - (Ek - ()/ kBT} J-' 
in the limi t of E = 0, S(k , k') and S(k ', k) have to satisfy the fo llowing relation, 

which expresses t he deta iled balance pri nciple and is used to express S(k' , k) in terms 

of S(k , k'). 

For the case of a two-dimensional electron gas which we will consider in the present 

chapter, we substitute .4/4,,2 for the factor l1c/8,,3 in Eq. 3.2, where .4 is the area of 

the sample, and the integration is ca rried out over two-dimensional k space. 

3.2.2 Scattering probability 

The scattering probabili ty per uni t time S(k , k') is given by the Fermi go lden rule, 

(3.4) 

where w is tile phonon frequency and the plus and minus signs in tile J-function 

stand for the phonon emission and absorption processes, respectively. The explicit 

expressions for the matrix element I(k' IH'I kJI for the case of a three-dimensional 

isotropic crystal are given in Table 3.1 for longitudinal acoustic phonon deformation 

potential scattering (LADP) and polar optical phonon scattering (POP) [531. For the 

expressions for other scattering mechanisms, readers are referred to Refs. [40, 53, 54]. 
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Table3.1:Matrixelementl〈k/IH/lk>lforselectedscatteringmechanismsin

crystal,whereq=k'-k[53].

3Disotropic

Typeofscattering Expression

LADP

POP

Ionizedimpurity

三(
2㍍q)9S・(q,A)(eq

-

○0
6(e7 素)倒[η(ω ・)+

Ze2

・q)[n(ω
。)腸]9

1±1]㌔ 。(q,λ)

1

V。Cslk-k・12+λ 一・

Meaningsofsymbols:

亘

ρ

eq

EOo

6s

ωq

ω0

η(ω)

λ

Sc(q,λ)

z

一Acousticphonondef()rmationpotential

-Densityofthesample

-Samplevolume

-Polarizationvectorofthelatticewave

-Highfrequencydielectricconstant

_Staticdielectricconstant

-Acousticphononfrequencyfbrwavevectorq

-Opticalphonon丘equency

-Occupationnumbern(ω)=[exp(ん ω/んβT)-1]-1

f()rphononswithfrequencyω

一Debyescreeninglength

-Screeningfactor5c(q
ラλ)=(12(92十 λ一2)-1

-Ionicityofanimpurityatom
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Table 3.1: Matrix element I(k' IH'I k)1 for selected scattering mechanisms in 3D isotropic 
crystal, where q = k' - k [53]. 

Type of scattering Express ion 

LADP 

POP 

Ionized impnrity 
Ze2 1 

\~ ES Ik - k'I2 + ,\-2 

Meanings of symbols: 

p 

Vc 
eq 

Eoo 

E5 

Wq 

Wo 
n(w) 

- Acoustic phonon deformation potential 
- Density of the sample 
- Sample volu me 
- Polari zation vector of the lattice wave 
- High fi·equency dielectric constant 
- Static dielectric constant 
- AcolLstic phonon frequency for wave vector q 
- Optic.al phollon [reqlleur.y 

- Occupation number n(w) = [ex p(n.w/kBT ) - 11- 1 
[or phollons with frequency w 

- Debye screenjng length 
_ Scree ning rador Sc(q ,'\) = q2(q2 + ,\ - 2) - 1 

- Ionic ity of an irnpurity atom 
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Inthepresentchapter,weconsiderthescatteringofthetwo-dimellsionallycon-

finedelectronsduetothethree-dimensionalphononstomodelthetransportcoef丑 一

cientsforthetwo-dimensionallyconfinedelectrongas[22].Wenotethatastatefor

atwo-dimensionallyconfinedelectroncanbespecifiedbyanin-planewavevectorkll,

whereasastateforaphononisspecifiedbyathree-dimensionalphononwavevector

q,whichwillbedecomposedintoanin-planecomponentqllandaperpendicular

componelltqzforourcollveniellceillcarryingoutthecalculation.Thescatterillg

mechanismsexplicitlyconsideredinthepresentworkare:1)longitudinalacoustic

phonondeformationpotentialscattering(LADP)and2)polaropticalphononscat-

tering(POP).ThesearethetwomainscatteringmechanismsdominantinbulkPbTe

fromrelativelylow(～77K)torelativelyhightemperatures(>400K)[28].

AssumingthattheoverlapintegralforthelatticepartoftheBlochfunctionis

equaltounity(planewaveapProximation),thesquaredscatteringmatrixelements

forthetwo-dimensionallyconfinedelectronsduetotheabovementionedscattering

mechanismsareexpressedas[54],

〈kli1H6。lkll>

2 三2kBT

4π ρv2A /!二IG(9・)12dg・ δ(k'-kll刊ll)
(3.5)

forLADPand

〈k(11H6,1kl1>2÷(嵩 一素)叢1驚9際 ×[η(ω・)+1干1δ(ki1-k刊)

(3.6)

forPOP,where三,ρ,v,cOc,cs,ωoandn(ωo)are,respectively,theacollsticphonon

deformationpotential,themassdensityofthesample,thespeedofsound,thehigh

frequencydielectricconstant,thestaticdielectricconstant,theopticalphononfre-

quencyandtheoccupationnumbern(ωo)=[exp(充 ωo/kBT)-1]-1forphononswith

frequencyωo.Hereσ(9z)isdefinedby

・(9z)一 際 幽 醜(之)dz, (3.7)
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In the present chapter, we consider the scattering of the two-dimensionally con

fined electrons due to the three-dimensional phonons to model the transport coeffi

cients for the two-dimensionally confined electl'On gas [22] . We note that a state for 

a two-dimensionally confined electl'On can be specified by an in-plane wave vector kl l' 

whereas a state for a phonon is specified by a three-dimensional phonon wave vector 

q , which will be decomposed in to a.n in -pl ane component q ll and a perpendicular 

component q, for our convenience in carrying out the calculation. The scattering 

mechanisms explicitly considered in the present work are : 1) longitudinal acoustic 

phonon deformation potent ial scattering (LADP) and 2) polar optical phonon scat

tering (POP). T hese are the two main scatter ing mechanisms dominant in bulk PbTe 

fl'Om relati vely low (~77 K) to retati vely high temperatures (>400 K) [28]. 

Assuming that t he overlap integral for the lattice part of the Bloch function IS 

equal to unity (plane wave approximation), the squared scattering matrix elements 

for the two-d imensionally confined electrons due to the above mentioned scattering 

mechanisms are expressed as [54], 

(3 .5) 

for LADP and 

for POP, where 2 , p, V , E"", ES , Wo and n(wol are, respectively, the acoustic phonon 

deform ation potential, the mass density of the sample, the speed of sound, the high 

frequency dielectric constant, the static dielectric constant , the optical phonon fre

quency and the occupation number n(wol = [exp(liwo/kBT ) - 1)-1 for phonons with 

frequency woo Here G(qz) is defined by 

(3 .7) 

127 



whereψ 之(x)isthenormalizedwavefunctiollintheconfinementdirection(2direction)

thatisobtainedbysolvillgtheSchr6dillgerequationforasquarewellpotential.Itis

notedthattheelasticapproximation(Ek=Ek,)andthehightemperatureapproxi-

mationforthenumberofphononsη(ω)NkBT/充 ωareusedtodescribetheacoustic

phononscattering(seeEq.3.5).However,thefullinelasticscatteringschemeisuti-

lizedtodescribetheopticalphononscattering,asdiscussedin§3.3.3andAppendixD

3.2.3 Thermoelectricpower

Oncethenon-equilibriumdistributionfunction!(k)isobtainedbysolvingtheBoltz-

rnannequation,theSeebeckcoefficientS(thermoelectricpower)isreadilycalculated

usingthefollowingequations[53],

s=
1■IB

eT■ 弗'
(3.8)

and

瑠 一 ・/11,!(kll)v(k){E(kll)一 ζ}α,(3・9)

forα=0,1,wherev(kll)and、E(k)are,respectively,thevelocityandtheenergyof

theelectroninastatekll・

ForamultiplesubbandsystemlikethePbTe/Pb1-。Eu.TeMQws,thetransport

tens・rs瑠f・ ・ α 一 〇,1arecalculatedf・reachsubbandsepa・ately,andtheresults

aresummedtogetherforsubstitutioninEq.3.8toobtainSforthewholesystem.

3.3 Methodofcalculation

3.3.1 Modelsystem

Themodelsystemforthepresentcalculationisthe(111)orientedPbTe/Pb1_xEuxTe

multiple-quantum-wells(MQws)wherexryo.09andthethicknessesofPbTeand

Pb1_xEuxTelayersarety20Aand2y400A,respectively(sampleT-225thatisdis-

cllssedinthepreviollschapterandinRef.[15]).Thedetailsoftheexperimental
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where 1Pz (z) is t he normalized wave function in the confinement direction (z direction) 

that is obtained by solving the Schriidinger equation for a square well potential. It is 

noted that the elastic approximation (Ek = E k,) and the high temperature approxi

mation for the number of phonons n(w) ~ kBT /nw are used to describe the acoustic 

phonon scattering (see Eq. 3.5) . However, the full inelastic scattering scheme is uti

li zed to describe the opt icaJ phonon scatteri ng, as discussed in §3.3.3 and Appendix D 

3.2.3 Thermoelectric power 

Once the non-equilibrium distribution function f( k ) is obtained by solving the Boltz

mann equation, the Seebeck coefficient .') (thermoelectric power) is readily calculated 

using the following equations [53], 

(3 .8) 

and 

(3 .9) 

for a = 0, 1, where v (kll ) and E(k ll) are, respectively, the velocity and the energy of 

the electron in a state k ll ' 

For a multiple subband system like the PbTe/Pb, _x Eux Te MQWs, the transport 

tensors L~'2 for a = 0, 1 are calculated for each subband separately, and the results 

are summed together for substitution in Eq. 3.8 to obtain .') for the whole system. 

3.3 Method of calculation 

3.3.1 Model system 

The model system fo r the present calculation is the (lll) oriented PbTe/Pb'_xEux Te 

multiple-quantum-wells (MQWs) where x ~ 0.09 and the thicknesses of PbTe and 

Pb1-xEux Te layers are ~ 20 A and ~400 A, respect ively (sample T-225 that is dis

cussed in the previous chapter and in Ref. [15]) . T he details of the experimental 

128 



results,includingthesamplestructure,growthconditiolls,andvarioustrallsport

measurementsforthissamplearediscussedinchapter2alldarepublishedelse-

where[15,16].

Allthebandparametersnecessaryforthenumericalcalculationofthetransport

coef丑cientsofthePbTequantumwellsarereadilyavailableintheliterature[28-31].

Inparticular,thefollowingvaluesareusedinthepresentcalculationfromRef.[22]:

theanisotropiceffectivemassesat300K,mt=0.034γ η(transversecomponent)and

ml=0.35m(longitudinalcomponent),為 ωo=14meV,Es=414Eoandc。 。=33Eo,

whereEoisthedielectricconstantofthevacuum,三=25eV,andρv2=486meV/A3,

wherethesoundvelocityvisdirectionallyaveraged.Toaccountforthetemperature

dependentpropertiesdescribedinthepresentchapter,thetemperaturedependences

ofthebulkeffectivemassesandbandgapenergyareobtainedfromRefs.[28]and

[31],respectively(alsosee§2.2).

TheboundstatelevelsforthequantumwellarecalculatedbysolvingtheSchr6dinger

equationforasquarewellpotentialusingtheempiricalrelation△Ec/△Eg=0.55

where△ 五1,istheconductionbandoffsetand△ 五]gisthedifferenceinenergyband

gapbetweenPb1_xEuxTeandPbTeaswediscussedinChapter2[30].Thenon-

parabolicityoftheenergydispersionrelationforthecon丘nedelectronicstatesis

takenintoaccolmtusingtheformh2ん2/2m*=E(1十 δiE)≡7(E)[53],whereEis

thekineticenergyfortheelectronanddistheinverseofEg.Thevalueof、Elgusedin

ourcalculationfortheithsubbandistheenergydifferencebetweenthevalence-and

conduction-bandboundstatelevelsforthepertinentsubband,denotedby五16-zand

E8-oforthelongitudinal(1)subbandandtheoblique(o)subbands,respectively・

3.3.2 Chemicalpotential

Thechemicalpotential〈forthemodelsystemisdeterminedbyconsideringthe

conservationofthetotalnumberofcarrierspersuperlatticeperiod(dw十dB)[38]
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results, including the sample structure, growth conditions, and van ous t ransport 

measurements for this sample are discussed in chapter 2 and are published else

where [15, 16J. 

All t he band parameters necessary for the numerical calculation of t he t ransport 

coefficients of the PbTe quantum wells are readily available in the li terature [28- 31 J. 

In par t icul ar, the following values are used in the present calculation fro m Ref. [22J : 

the anisotropic effective masses at 300 K, mt = 0.034 m (transverse component) and 

mt = 0.35m (Iongitndinal component), liMo = 14 meV, ES = 4141'0 and too = 331'0 , 

where to is the dielectri c constant of the vacuum , =: = 25 eV, and fYU2 = 486 meV I A3, 

where the sound velocity v is directionally averaged. To account for the tem perature 

dependent properties described in the present chapter, the temperature dependences 

of the bulk effective masses and band gap energy are obtained from Refs. [28J and 

[31], respectively (also see §2.2) . 

The bound state levels for the quant um well are calculated by solving the Schrodinger 

equat ion for a square well potential using the empirical relation D.Ej D. Ey = 0.55 

where D.Ec is the conduction band off·set and D.Eg is t he difference in energy band 

gap bet.ween Pb1- xEux Te and PbTe as we discussed in Chapt.er 2 [30J. T he nOIl

parabolicity of the energy dispersion relation for the confined electronic states is 

taken into accoun t using the fo rm /i2 k2/2m' = E(l + tiE) == '((E) [53], where E is 

t he kinet ic energy for the electron and a is the inverse of Eg. T he value of Eg used in 

our calculation for the ith sllbband is the energy difference between the valence- and 

condllction- band bound state levels for the pert inent subband, denoted by E~-I and 

Eg-o for the longitudinal (l) sllbband and the oblique (0) subbands, respectively. 

3.3.2 Chemical potential 

The chemical polential ( for the model system is determined by considering the 

conservation of the total number of carriers per superlattice period (dw + dB ) [38J 
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(alsosee§2.4.1and§3.4.1),

7'Lt・・≡7'・QX・v-PQW+(ηB-PB)器, (3.10)

whereηt。tistheapparenttotalcarrierdensityperquantumwelldefilledbyEq.3.10,

ηQw(pQw)andη ・B(PB)aretheconcelltratiollsofelectrons(holes)boulldtothe

quantumwellsandthosedelocalizedthroughoutthebarrierlayerunboundtothe

quantumwells,respectively・ItshouldbenotedthatthecarrierdensitiesnQwand

pQWarecalculatedusingthequantumwellthickness(denotedasdw),whereasnB

andpBarecalculatedusingthebarrierlayerthickness(denotedasdB),andhencewe

obtainthefactorclB/dwinEq.3.10.WefurthernotethatthecarrierdensitiesηQw

andpQwhavecontributionsfromboththelongitudinalvalleyandtheobliqllevalleys

thatoriginatefromthefollr五 一pointvalleysintheBrillollinzoneforbulkPbTe,and

thatthecarrierdensitynBisassociatedwiththe五 一pointcarriersintheconduction

bandofthePb1_xEuxTebarrierlayerandIJ)Bisassociatedwiththe、 乙一andΣ 一point

carriersinthevalencebandofthePb1_xEuxTebarrierlayer.Inourmodelsystem,

pQwandpBarefolmdtobenegligiblerelativetotheothertermsupto400K[38].

Above400KthepBtermbecomesimportantduetothelargedensityofstatesmass

(m吾ry1.4)fortheΣvalenceband[28](alsosee§2.4.1).Itwasalsoshownpreviously

thatthecarriermobilityforthePb1_xEuxTealloyisgreatlyreducedrelativetothat

forPbTe[15].Therefore,weassumethattheelectricalconductioninourmodel

systemisentirelyduetothecarriersthatareboundtothequantumwellsinthe

presentcalclllations.

3.3.3 Numericalsolution

Oncethechemicalpotentialisdeterminedforourmodelsystem,theiterativeal-

gorithmisemployedforthenumericalcalculationofthenon-equilibriumdistribl1-

tionfunction!(klI)[53].Takingthex-axisasthedirectionoftheelectricfieldthat

isparalleltooneoftheprincipalaxesofthe2Dellipticalconstantenergysurface

anddefiningthenormalizedkvectork*andthenormalizedelectricfieldE*by
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(also see §2.4.1 and §3.4.1) , 

dB 
11tot == 11QW - PQw + (118 - PBl-d ' 

w 
(3.10) 

where 11tot is the apparent total carrier density per quantum well defined by Eq. 3.10, 

nQw (PQw land ns (Ps) are the concentrat ions of electrons (holes) bound to the 

quantum wells and those delocalized throughout the barrier layer unbound to the 

quantum wells, respectively. It should be noted t hat the carrier densities nQw and 

PQw are calculated using the quantum well thickness (denoted as dw), whereas nB 

and PB are calculated using the barrier layer thickness (denoted as dB) , and hcnce we 

obtajn the factor dsl dw in Eq. 3.10. We further note that the carrier densit ies nQvv 

and PQW have contributions from both the longitudinal valley and the oblique valleys 

t hat originate from the four L-point valleys in t he Brillouin zone for bulk PbT", and 

that the carrier density ns is associated with the L-point carriers in the conduction 

band of the Pb' _xEux Te barrier layer and Ps is associated with the L- and ~-poin t 

carriers in the valence band of the Pb1-xEux Te barrier layer. In Our model system, 

PQw and Ps are found to be negligible relative to the other terms up to 400 K [38] . 

Above 400 ]( t he Ps term becomes i mportaut due to the large densi ty of states mass 

(md'" 1.4) for the ~ valence band [28] (also see §2.4.1) . It, was also shown previously 

that the carrier mobi lity for the Pb' _xEux Te a lloy is greatly reduced relative to t hat 

for PbTe [15]. T herefore, we assume that the electrical conduction in our model 

system is ent irely due to the carriers that are bound to the quantum wells in the 

present calcul ations. 

3.3_3 Numerical solution 

Once the chemical potent ial is determined for our model system, the iterative al

gori thm is employed for the numerical calculation of the non-equilibrium distribu

tion function f(klll [53]. Taking the X-iL'lis as the direction of the electric field that 

is parallel to one of the principal axes of the 2D elliptica.l const ant energy surface 

and defining the norma.lized k vector k~ and the normalized electric field E ' by 
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kl-(ん い*,)一((諾)1/2kll・,(銑)1/2ん1のandE漆 一(藷)1/2恥espectively,we

callexpand!(kll)as,

!(kll)-f・(Ek11)

・湾 梯

m (∂fo∂Ek1)φ(k),
(3.11)

whereφ(kll)isaperturbationfunctionconnectedwiththeapplicationofanelectric

fieldandφ(kll)hastheunitsoftime.Usingtheperturbationfunctionφ(k)in

Eq.3.11,theBoltzmannequation(Eq.3.1)isrewrittenas

c・sθ÷'(Ekl1)/鴇 陰1ε(kll,k・){φ(k)ん 　/kliip(kll)}dk・, (3.12)

whereヅ(E)=(Z7(E)/d、El,θistheanglebetweenthevectork*andthex-axis,and

Eq・3・3isusedt・eliminateS(kil,kl1)inte・ms・fS(kl1,kil)・lns・lvingtheB・lt・mann

equation,theperturbationfunctionφ(kll)isfurtherexpandedusingtheLegendre

polynomialsPl(⑳andthetwomostsignificanttermsareretained,i.e.,φ(kll)=

α1(E)P1(cosθ)十 α3(E)P3(cosθ),intheiterationprocedure.TheresultantBoltzmann

equationissolvedforα1(E)andα3(E).Thereasonthatweretainthesecondterm

intheexpansionofφ(kll)istohandletheanisotropyoftheconstantenergysurface

fortheobliquevalleyaccuratelyinsolvingtheBoltzmannequation.Inthisway,we

cankeeptheerrorassociatedwiththenumericalcalculationstowithinafewpercent.

ThedetailsoftheiterationprocedureretainingthesecondordertermintheLegendre

polynomialexpansionoftheperturbationfunctionaresummarizedinAppendixD.

Tocompleteourcalculationfortheobliquevalleys,theprocedureaboveisrepeated

forE*paralleltothey-axisandthetransportcoefficientscalculatedalongthex-and

彩一axesareaveragedtoyieldthefinalisotropictransportcoefHcientthatisconsistent

withthecllbicsymmetryofthemodelsystem[53].
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k~ = (k~x' k~y) = ( (,;:~ )1 /2kll" C;',Jl /2kIlV) and E; 

can expand I(kl l) as , 

( .!lL)1/2 E , reS1)ectively we rn", Xl , 

(3 ,11) 

where ¢(k ll ) is a perturbation functi on connected with the applicat ion of an electric 

fi eld and ¢(kll l has the units of t ime, Using the perturbation function ¢(k ll ) in 

Eq, 3, 11 , the Boltzmann equation (Eq, 3, 1) is rewritten as 

(3 ,12) 

where o!' (E ) = d, (E )/dE , B is the augle between the vedar k~ and the x-axis, and 

E'l, 3,3 is used to eliminate S(kll , k il l in terms of S(k ll, kil ) ' In sol ving t.he Boltzmann 

equation, the perturbation function ¢(k ll ) is further expanded using the Legendre 

polynomials PI(X) and t be two most significant terms are retained, Le" q'>(k ll ) = 
a1(E) P 1(cosB) + a3(E)P3(CosB) , in the iteration procedure, The resultant Boltzmann 

equation is solved for 0.1 (E ) and a3(E ), The reason that we retain the second term 

in the expansion of ¢(klll is to handle the anisotropy of the constant energy surface 

for the oblique valley accurately in solving the Boltzmann equation, In this way, we 

can keep the error associated with the numerical calcula t ions to withi n a few percent. 

The details of the iteration procedure retaining the second order term in the Legendre 

polynomial expansion of the perturbation function are summarized in Appendix D, 

To complete Our calculat ion for the oblique valleys, the procedure above is repeated 

for E ' parallel to the y-axis and the transpOlt coefficients calculated along the x- and 

y- axes are averaged to yield the final isotropic transport coefficient t hat is consistent 

with the cubic symmetry of the model system [53] , 
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3.4 Resultsofcalculationandcomparisontothe

experimentalresults

3.4.1 ConstantrelaxationtimeapProximation

InChapter2,theenhancedvaluesoftheSeebeckcoefHcientobservedinthe(111)ori-

entedPbTe/Pb1-.Eu。TeMQwswereexplainedqualitativelyusingtheconstantre-

laxationtimeapproximation(CRTA)andthetwo-bandmodelassumingparabolicen-

ergyballds[16,38]:thetotalSeebeckcoeMcientSisgivenby(σISI十 σ2S2)/(σ1十 σ2)

whereのandSi(i=1,2)aretheelectricalconductivityandtheSeebeckcoefHcient,

respectively,fortheithsubband.Forthe(111)orientedPbTe/Pb1-。Eu。TeMQws,

thefourequivalent五pointminimainthe3DBrillouinzonearesplitintoonelongi-

tudinal(lowestinenergy)andthreeequivalentobliquepocketsinthe2Dquantum

wells;thus,weassociatethelongitudinalandtheobliquesubbandswiththefirstand

secondsubbandsintheabove-mentionedtwo-bandmodel.

WhilethecarrierconcentrationandtheSeebeckcoef自cientofasinglebandma-

terialarefunctionsofonlythechemicalpotentialandtemperatureintheCRTA,

weneedanadditionalparametertomodelSandnHallinatwo-bandmodelaswe

discussedinChapter2.Thisadditionalparameteristheratioofthecarriermo-

bilitiesμ(orscatteringtimes・ τ)betweenthesesubbands,namelyμ 。bliq/μ1。ngt=

(7。bliq/m。bliq)/(71。ngt/Ml。ngt)NO・5537bbliq/71。ngtwhereml。ngt=mlltandm。bliq=

2/(mfiti+mfill)arethet・ansp・ ・tmassesf・ ・thel・ngitudinalsubbandand・blique

subband,respectively.TheexperimentalresultsfortheSeebeckcoef丑cientasa

functionofHallcarrierconcentrationareshowninFig.3-1forbulkPbTeand

PbTe/Pb1-。Eu。TeMQwsfromRef.[15]togetllerwiththetheoreticalresultsob-

tainedusingtheCRTAwiththreedifferentassllmptionsforthemobilityratio[38].

TheassumptionsusedintheCRTAinFig.3-1areobtainedforvariollssituations

oftheintra-andtheinter-valleyscattering,assumingthattherelaxationtime・ τis

inverselyproportionaltothedensityofstatesforelectronsasstatedbelow(alsosee

Ref.[38]fordetails).
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3.4 Results of calculation and comparison to the 

experimental results 

3.4.1 Constant relaxation time approximation 

In Chapter 2, the enhanced values of the Seebeck coefficient observed in the (111) ori

ented PbTe/Pb1 _x Eux Te MQvVs were explained qualitatively using t he constant re

laxation t ime approximation (CRTA) and the two-band model assuming paraboli c en

ergy bands [16,38] : the total Seebeck coefficient S is given by (ajSj +a2S2)/(a, +a2) 

where a i and Si (i = 1, 2) are the electrical conductivity and the Seebeck coefficient, 

respect ively, for the ith subband. For the (Ill) oriented PbTe/Pb,_xEux Te MQWs, 

t he four equivalent L point minima in the 3D Brillouin zone are spli t into one longi

tudinal (lowest in energy) and three equivalent oblique pockets in the 2D quant um 

wells; thus, we associate t he longitudinal and the oblique subbands with the first and 

second subbands in t he above-mentioned two-band mode!. 

vVhile the carrier concentrat ion and the Seebeck coeffi cient of a single band ma

terial are functions of only the chemical potential and temperature in the CRTA, 

we need an additional parameter to model Sand n Hall in a two-band model as we 

(liscllssed in Chapter 2. This a.dditional parameter is the ratio of the cC1JTier mo

bilities " (or scattering times T) between these subbands, namely "oblic,! ,'Iongt 

( Tohliq /771.ohl iq)! ( Tlongt / rnlongt ) ::: O.553Tobliqj-rlongt, where rnlongt = rnW and 17~ob1iq 

2/(miit' + mijt') are t he transport masses for the longitudinal subband and oblique 

sub band, respectively. The experimental results for the Seebeck coefficient as a 

function of Hall carrier concentration are shown in Fig. 3-1 for bulk PbTe and 

PbTe/ Pb'_xEux Te MQWs from Ref. [151 together with the theoretical results ob

tained using the CRTA with three different assumptions for the mobility ratio [38]. 

The assumptions used in the CRTA in Fig. 3-1 are obtained for various situations 

of the intra- and the inter-valley scattering, assuming that the relaxation time T is 

inversely proportional to the density of states for electrons as stated below (also see 

R.ef. [38] for details). 
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Figure3-1:TheabsohltevalueofthemeasuredSeebeckcoe伍cientasafunctionofthe

HallcarrierconcentrationforbulkPbTe(opencircles)andforPbTe/Pb1-。Eu。TeMQws

ofvariousquantumwellthicknesses(otlleropensymbols)at300K[38].Thetheoretical

resultf()rISIforbulkPbTeusingtheconstantrelaxationtimeapproximation(CRTA)and

usingvaluesofmt=0.034mandmi=0.35mforthebulkeffectivemassesisshownbythe

dashedcurve.ThetheoreticalresultsforPbTe/Pb1-。EucvTeMQWsintheCRTAareshown

f()rthefbllowingconditions:(1)710ngt=3.07bbliqラintra-valley-scatteringbeingdominantラ

(2)710ngt=70bliq,inter-valley-scatteringbeingdominant,and(3)μlongt=μobliqラspecial

caseoftheinter-valley-scattering(seetextformoredetails).
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Figure 3-1: The absolute value of the measmed Seebeck coeffi cient as a funct ion of the 
Hall carrier concentration for bulk PbTe (open circles) and for PbTe/Pb ' _xEuxTe MQWs 
of various quantum well thicknesses (other open symbols) at 300 K [38] , The theoretical 
res ult lor lSI lor bulk PbTe using the constant relaxation time approximation (CRTA) and 
using values of "'t = 0,034 ", and "'l = 0,35", lor the bulk effective masses is shown by the 
dashed curve. The theoretical results lor PbTe/ P b1_xEux Te MQWs in the CRTA are shown 
tor tbe following conditions: (1) Tl ongt = 3,OTobliq, intra-valley-scattering being dominant, 
(2) Tlongt = Tobliq , inter-V'dlley-scattering being dominant, and (3) I"longt = I"obliq , special 
case of the inter-valley-scattering (see text tor more details), 
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Thephysicalcollditionsthatleadtovariousassumptionsfortheratiobetween

Tl。ngtandT。bliqarethefollowing.Intherelaxationtimeapproximationassumingthe

elasticscatteringofconductioncarriers,therelaxationtime7isinverselyproportional

totheproductbetweenthescatteringProbability「[7Vα βforanelectroninastatein

valleyαtobescatteredintoastateinvalleyβandthedensityoftheelectronicstates

forvalleyβatenergy、E[denotedbyρ β(E)],where五listheenergyofthepertinent

electronthatisbeillgscattered,

1
,(3.13)㌔ ～

Σ βwα β ρβ(E)

wherethesummationistakenoveralltheavailablevalleys(subbands)andthesub-

scriptαin7αmeansthattherelaxationtimebeingconsideredisforthecarriersin

valleyα.Inthesubsequentdiscussionsinthissubsection,weassumethatl7Vcuβis

constant(17Vcuβ=W),ifthescatteringofcarriersbetweenvalleyαandvalleyβis

possible,andthat「[7Vα βiszero,ifthescatteringofcarriersbetweenthesevalleysare

impossible,forexample,duetoaselectionrule.

Wefirstconsiderthecasewheretheelectronsarescatteredonlywithinthesame

valley(intra-valley-scattering).Inthiscase,wehaveWα β=W,forβ=α,and

H/cuβ=0,forβ ≠ α,whereαandβareeitherthelongitudinalvalleyoroneofthe

obliquevalleys.ltisnotedthatVザ αβ=0,evenifbothαandβaretheobliquevalleys,

ifαandβrepresentdistinctvalleysamongthethreeeqllivalentobliquevalleys.Since

thedensity-ofLstateseffectivemassforthelongitudinalvalley(0.033m)isaboutone

thirdofthedensity-of-statesmassfortheobliquevalley(0.102m)in2D,weexpect

71。ngtN3.07。bliqinthisapproximation.Thisisthecondition(1)usedinFig.3-1.

Thesecondpossibleassumptionisthattheelectronsarescatteredfromanyone

ofthevalleystoanyoftheothervalleysequallywell(inter-valley-scattering).In-this

case,wehaveI7Vα β=Wforanychoiceofthevalleysforαandβ,whichleadstothe

condition・ τ1。ngt=・7。bliq.Thisisthecondition(2)usedinFig.3-1.

Thethirdpossibleassumptionisthatsomeoftheinter-valley-scatteringhavea

lowprobability.Forexample,itisestimatedforblllkPbTethattherelaxationtime
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The physical conditions that lead to various assumptions for the ratio between 

TJongt and TobJiq are the fo llowing. In the relaxation t ime approximation assuming the 

elastic scattering of conduction carriers, the rel<L'(ation time T is inversely proport ional 

to the prodnct between t he scattering probability Wo~ for an electron in a state in 

valley a to be scattered into a state in valley (3 and the density of the electronic states 

for va ll ey (3 at energy E [denoted by (J~ ( E)J, where E is the energy of the pert inent 

electron that is being scattered, 

1 
(3 .13) To ~ ) ' L:fi Wap pp(E 

where the summation is taken over all the available valleys (subbands) and the sub-

script a in T" means that the relaxation time being considered is for the carriers in 

valley a . In the subsequent discnssions in this subsection , we assume that Hfop is 

constant (Wop = W ), if the scattering of carriers between valley 0 and valley (3 is 

possible, anel that Hro~ is zero, if the scattering of carri ers between these valleys are 

impossible, for example, due to a selection rule. 

'vVe first consider the case where the electrons are sca ttered only within the same 

valley (intra-valley-scattering) . In this case, we have vl1" p = W , for (3 = '-t, and 

Wop = 0, for (3 '" a, where a and (3 are either the longitudinal valley or one of the 

oblique valleys. 1t is noted t hat W OP = 0, even if both a and (3 are the oblique valleys, 

if a and (3 represent distinct va.lIeys among the three equivalent oblique valleys. Since 

the density-of-states effective mass for the longit udinal valley (0.033 m) is about one 

third of the density-of-states mass for the oblique valley (0.102 m) in 20, we expect 

Tlongt ~ 3.0Tobliq in this approximat ion. T his is the condit ion (1) used in Fig. 3-l. 

The second possible ass umption is that the electrons are scattered Ii·om anyone 

of the valleys to any of the other valleys equally well (inter-valley-scattering) . In this 

case, we have W,,~ = T,l1 for any choice of the valleys for a and (3, which leads to the 

condi tion Tlongt = Tobliq . T his is the condition (2) used in Fig. 3-l. 

The Lhird possible assumption is lhal some of the inler-valley-scattering have a 

low probab ility. For example, it is estimatecl for bulk PbTe that the relaxation time 
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乃nte,fortheinter-valley-scatterillgamollgthefourequivalellt、 乙一pointvalleysis20

timeslargerthanthatfortheilltra-valley-scattering7intraduetoaselectiollrule[24].

Itthereforeseemsplausiblethatthescatteringofcarriersamongthethreeequivalent

obliquevalleysisnotallowedbyaselectionrule,butloweringthesymmetryallowsthe

scatteringofcarriersbetweenthelongitudinal-andoblique-valleys.Inthiscase,we

havethesituationwhere▽ 「αβ=Oifαandβarebothobliquebut`distinct,valleys,

andl7Vcuβ=W,otherwise.Inthissituation,usingthedensity-ofLstateseffective

massesgivenabove,weobtain71。ngtfsO.47-bbliq.Usingthetransporteffectivemasses

forthelongitudinalvalley(0.033m)andtheobliquevalley(0.060m),wefindthat

themobilitiesforthelongitudinalandtheobliquesubbandcarriersarealmostequal.

Thisisthecondition(3)usedinFig.3-1.

Thesethreeassumptionsfortheratiobetween7i。ngtand7。bliqarefurtherexamined

bymodelingtheobservedHallcarrierconcentrationasafllnctionoftemperatureas

showninFig.3-2.Foreachofthethreecases,theapparenttotalcarrierdensitynt。t

wasadjustedsothatthecalculatedHallcarrierdensitymatchestheexperimentalHall

carrierdensityat300K.AsshowninFig.3-2,themodelingresultusingμ1。ngt=μ 。bliq

againagreeswiththeobservedexperimentalresultsbestofthethreecasesconsidered,

aswasalsofoundforthemodelingofSinFig.3-1.

In§2.4.3,wehaveshowntheexperimentalresultsforSasafunctionoftemper.

atureforsampleT-225(seeFig.2-13),andinterpretedtheresultsintermsofthe

constantrelaxationtimeapProximation(CRTA)assumingconstantnQwbelow280

K.Ontheotherhand,theparameterthatshouldbeconstantinourmodelisnt。t

ratherthan7zQw.ThesuccessfulfittingoftheexperimentalnHaiiabove280Kassum-

ingμ1。ngt=μ 。bliqisconsistentwithconstantnt。tandthevaluefornt。tisestimatedto

benear1.15×1019cm-3.Therefore,inthischapter,allthecalculationsareperformed

assumingntot=1.15×1019cm-3thatisconstantevenbelow280K.

Aparticularinteresthereistheunexpectedlylargevalueforμ 。bliq/μ1。ngtthatis

obtainedfromthefittinginCRTA.Inthissubsection,wehaveattributedthislarge

valueforμobliq/μlongttotheconsequenceofthespecialcaseoftheinter-valleyscat-

tering.Weshould,however,notethattheobservedenhancementinScanactually
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T;nter for the inter-valley-scattering among the four equivalent L-point valleys is 20 

times la rger than that for the intra-valley-scattering T;ntra due to a selection rule [24]. 

It t herefore seems plausible that the scattering of carriers among the three equivalent 

oblique valleys is not allowed by a selection 1'U1e, but lowering the symmet ry a.!lows the 

scattering of carriers between the longitudinal- and oblique-valleys . In this case, we 

have the situation where VV,,~ = 0 if a and /7 are both oblique but 'di st inct ' vall eys, 

and VVap = HI , otherwise. In this situation, using the density-of~states effective 

masses given above, we obtain Tlongt "" O.4Tobl;q . Csing the transport effective masses 

for the longi tudinal valley (0.033 m) and t he oblique valley (0.060 m), we find that 

t he mobiliti es for the longit udinal and the oblique subband carriers a re a lmost equal. 

This is the condition (3) LLsed in Fig. 3-l. 

These three assumptions for the ratio between TLongt and TobHq are further examined 

by modeling the observed Hall carrier concentration as a function of temperature as 

shown in Fig. 3-2. For each of the three cases, the apparent total carri er density n,ot 

was adjusted so t hat the calculated Hall carrier density matches the experimental Hall 

carrier density at 300K. As shown in Fig. 3-2 , the modeling result using ~lLongt = l'obHq 

again agrees with the observed experimental resnl ts best. of the th ree cases r:onsidered , 

as was also found for the modeling of S in Fig. 3-l. 

In §2.4.3, we have shown the experimental results for S as a function of temper

ature for sample T-225 (see Fig. 2-13), and interpreted the results in terms of the 

constant rel,n<ation time approximation (CRTA) assuming constant nQw below 280 

K. On the other hand , the parameter that should be constant in our model is ntot 

rather than nQw. The successful fitting ofthe experimental n Han above 280 K assum

ing I'Longt = l'obHq is consistent with constant ntot and the value for ntot is estimated to 

be near l.15x 10L9 cm- 3. T herefore, in this chapter, all t he calculations are performed 

assuming n tot = l.15x 1019 cm- 3 that is constant even below 280 K. 

A particular iuterest here is the unexpectedly large value for PobHq/ Plongt t ha t is 

obtained from the fitting in CRTA. In this subsection, we have attributed this large 

value for l'obHq/l'longt to t he consequence of the special case of the inter-valley scat

tering. We should , however, note t hat the observed enhancement in S can actually 
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Figure3-2:ThetemperaturedependenceoftheHallcarrierconcentrationforthe

PbTe/Pb1-。Eu。TeMQwsample(opencircles)fbrα=20Aandassumingthatonly

thecarriersconfinedinthequantumwellscontributetotheelectricalconduction[38].The

resultsofthemodelcalculationareplottedforthefollowingassumptions:(1)intra-valley-

scatteringbeingdominantラi.e.Tlongt=3.070bliqラ(2)inter-valley-scatteringbeingdominantラ

i.e.710ngt=7()bliq,(3)thespecialcaseoftheinter-valley-scattering,whereμlongt=μobliq.

beunderstoodwithoutincludinginter-valleyscatteringinthefollowingsubsections.

Therefore,theconclusionwecandrawhereisthatthesimpledensity-ofLstatescon-

siderationonlyfbr7doesnotleadtoanyphysicalexplanationfortheenhancedS

thatisobservedinPbTeMQwsamples・Alargevalueforμ 。bliq/μ1。。gtisdesirable

forobtainingalargevalueofZ2D7「,sincethelargerthevalueofμobliq/μlongt,the

largerthecontributionfromtheobliquesubbandstothetotalZ2DT.Therefore,the

reductionoftheSeebeckcoef丑cientduetotheliftingofthevalleydegeneracybecomes

lessimportantasthevalueforμ 。bliq/μ1。ngtisincreasedathighertemperatures.Itis

ofinteresttoinvestigateexactlywhichmechanismsareresponsiblefortheobserved

valuesforμ 。bliq/μ1。ngt,andhencetheenhancementinSfbrthePbTe/Pb1_xEuxTe

MQwsrelativetothatforthecorrespondingbulkPbTe.

Inthenextfewsubsections,wewillrevealtheexactmechanismsthatarere-

sponsiblefortheobservedvaluesforμ 。bliq/μ1。ngtandtheenhancedvaluesforS.We

willfirstcomparetheexperimentalresultsforsampleT-225withourtheoreticalre-

sults,assllminglongitlldinalacousticphonondeformationpotentialscattering,and

polaropticalphononscattering,independently,andthenconsideringbothmecha一
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Figure 3-2: The temperature dependence of the Hall carrier concentration for the 
PbTejPb'_xEuxTe MQW sample (open circles) for a = 20 A and assuming that only 
the carriers confined in the quantum wells contribute to the electrical conduction [38J . The 
results of the model calculation are plotted for the following assumptions: (1) intra-valley
scattering being dOlmnant, i e. 'longt = 3.0Tobliq, (2) inter-valley-scattering being dominant, 
i.e. 7long t = 7obHq, (3) the special case of the inter-valley-scattering, where !1·longt = J.'obHq . 

be understood without including inter-valley scattering in the following subsections. 

Therefore, the conclusion we can draw here is that the simple density-of~states con

siderat ion on 10' fo r 7 does not lead to any physical explanation for the enhanced 5 

t hat is observed in PbTe MQW samples. A la rge value for /JobHq//.l longt is desirable 

for obtaining a large value of ZzDT , since the larger the value of {lobHq/ /.llongt , the 

larger the contribution from the oblique sub bands to the total Z2DT. Therefore, the 

reduction of the Seebeck coefficient due to the lifting of the valley degeneracy becomes 

less important as the value for fl.obl iq/ fl.'longt is increased at higher temperatures. It is 

of interest to invest igate exactly which mechanisms are responsible [or the observed 

values for fl.obliq/ fl.longt , and hence the enhancement in S for the PbTe/Pbl_xEux Te 

MQWs relative to that for the corresponding bulk PbTe. 

In the next few subsections, we will reveal the exact mechanisms that are re

sponsible for t he observed va.lues for i'obliq//l longL and the enhanced values for S . We 

will first w mpare the experimental results for sample T-225 with our theoretical re

sults, assuming longitudinal acoustic phonon deformation potential scattering, and 

polar optical phonon scattering, independently, and then considering both mecha-
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nismsactingtogether.

3.4.2Seebeckcoef丑cientduetoacousticphononscattering

Usingtheelasticandhightemperatureapproximationsdescribedin§3.2.2andcon-

sideringonlythelollgitudinalacousticphonolldeformatiollpotentialscatterillg,the

Boltzmannequation(Eq.3.12)reducestotheenergy-dependentrelaxatiolltime

7ac(E)apProximation:

7-(E)一 ・≡ α・(E)一・一(Zll・il:$:¥i,)i/2三誰 丁7・(E)・/1G(q・)1・dq・ ×2,(3・ ・4)

wherethefactor2attheendoftheeqllationaccountsforthephononabsorptionand

emissionprocesses.UsingEq.3.14,wecandirectlyinvestigatetheratioof㌔,between

theobliquesubbands(denotedby7謎)liq)andthelongitudinalsubband(denotedby

詰2ngt)forourmodelsystem.

Iftheenergydispersionrelationiscompletelyparabolic,therelaxationtime7acis

constantwithenergy,sothattheenergydependent7formalismbasicallyredllcesto

theCRTA.Inthislimit,7a,isproportionaltotheproductofthedensity-of-statesmass

(MxMツ)1/2andthelG(q。)12integ・alasseeninEq.3.14[seeEq.3.7f・ ・thede丘niti・n

ofG(q。)].Usingthebulkeffectivemassesat300Kprojectedontotheplaneofthe

quantumwell,weobtainMx=My≡Mllt=0.034γ ηforthelongitudinalpocketand

mx≡mllt=0.315m,My≡mllt=0.034mforeachoftheobliqllepockets.Therefore,

thedifferenceintheeffectivemassesaccountsforafactorofO.33in78ぎliq/71皇ngt.

AnotherfactorcomesfromtheIG(qz)12integral.Sincethezcomponentoftheelectron

wavefunctionforthelongitudinalsubbandismoreconfinedthanthatfortheoblique

subband,theresultantG(9z),andhencealsothelσ((1之)12integral,islargerforthe

longitudinalsubbandthanfortheobliquesubband(seeFig.3-3).Thisaccountsfora

factorof3.77in7潔 ぎliq/詰3ngtat300K.Thereforethevaluefor7321iq/盤ngtassuminga

parabolicenergydispersionrelationisO.33×3.77=1.26,whichisquitedifferentfrom

thenaiveassumption70bliq/・ τlongt=0.330btainedfromthedensityofstatesfactor

only.Furthermore,whenusinganon-parabolicenergydispersionrelation,wehavean
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nisms acting together. 

3.4.2 Seebeck coefficient due to acoustic phonon scattering 

Using the elastic and high temperature approximations described in §3.2 .2 and con

sidering only the longitmlinal acollstic phonon deformation potential scattering, the 

Boltzmann equation (Eq. 3.12) reduces to the energy-dependent relaxation time 

Tnc(E) approximation: 

(3.14) 

where the factor 2 at the end of the equat ion accounts for the phonon absorption and 

em ission processes. Using Eq . 3.14, we can directly investigate the ratio of Tac between 

the oblique subbands (denoted by T~~l iq) and the longitudinal subband (denoted by 

T~~ngt) for our model system. 

If the energy dispersion relation is completely parabolic, the relaxation t ime Tae is 

constant with energ'y, so that the energy dependent l' formalism basically reduces to 

the CRTA. In this limit, Tae is proportional to the product of the density-of-states 1I1ass 

(mXmy)I/2 and the IG(qz)12 integral as seen in Eq. 3.14 [see Eq. 3.7 for the definition 

of G(q, )] . Using the bulk effective masses at 300 K projected onto the plane of the 

quantum well, we obtain m x = my == milt = 0.034 m for the longitudinal pocket and 

rnx == mill = 0.315 Tn, my == milt = 0.034 m for each of the oblique pockets. Therefore, 

the difference in the eflective masses accounts for a factor of 0.33 in T~~liq/T~~ngt 

Another factor comes (i'01ll the IG(qz)12 integral. Since the z component of the electron 

wavefunction for t he longitudinal subband is more confined than that for the oblique 

subband, the resultant G(q,), and hence also the IG(qz)12 integral, is larger for the 

longitudinal sub band than for the oblique subband (see Fig. 3-3) . This accounts for a 

factor of 3 77 in Tobliq/Tlongt at 300 K Therefore the value for Tobliq/Tlongt assuming a . ac ac · ac ac 

parabolic energy dispersion relation is 0.:33 x 3.77 = 1.2G, which is quite different frolll 

the naive assumption TobUq /Tlongt = 0.33 obtained from the density of states factor 

only. Furthermore, when using a non-parabolic energy dispelsion relation, we have an 
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MQwsample(T-225)at300K.Theinsetshowstheintegrationoflσ(qL)12withrespect

toqゑ 丘omzerotog之asafunctionofqz.Notethatsuchafactor(withqz=○ ○)appearsin

Eq.3.14.(b)Squaredwavefunctionlψ 之(z)12fbrthelongitudinal(solidcurve)andoblique

(dashedcurve)valleysforourmodelPbTe/Pb1-c,Eu。TeMQwsample(T-225)at300K

asafunctionofzラwhichisusedfbrthecalculationofσ(qのin(a).ψ 之(z)isobtainedby

solvingtheSchr6dingerequationfbrasquarewellpotentialwithdw=20A,dB=400A

and△ 、Ec=150meV,wheredwラdB,and△Ecarethequantumwellthickness,barrierlayer

thicknessandconductionbandoffsetりrespectively.

138

1.0 
\ 
\ 
\ 

0.8 \ 

N_ 0.6 
---. 

N 
rr 
'-' 
<.9 0.4 

0.2 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

'E 1.0 

if 
~= 0.5 
<f' 
~ 

(a) \" 
0.0 

~ 
~ 

I « 
~ 

N 

---. 
N 
'-' 

N 

9-< 

o 

0.04 

0.02 

0.00 

(b) 

----~ 
Quantum well 
barrier layer 

boundary 

-150 -100 -50 

1 2 3 
qz [109 m-1

] 

, 

Longtvalley 
Obliq valley 

~~ 
Quantum well 

barrier layer 
boundary 

\ 

-- Longt valley 
Obliq valley 

\ , 
\ '>,--

o 50 100 150 
z (from the center of the well) [AJ 

F igure 3-3: (a) IG(qz)12 as a function of q" where G(qz) is defined by Eq. 3.7, for the lon
gitudinal (solid curve) and obliqne (dashed curve) valleys for onr model PbTe/Pb

'
- xEux Te 

MQW sample (T-225) at 300 K. The inset shows t he integration of I G (q~ ) 1 2 with respect 
to q; from zero to q" as a function of qz. Note that such a factor (with qz = (0) appears in 
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additionalfactorof・ γノ(E)2inEq.3.14whereE=〈(ζisthechemicalpotential)for

thelongitudinalsubballdand五 フ=0(・Eisatthebandedge)fortheobliquesubballd.

Forourmodelsystemat300KwefindthattheFermilevelis30.15meVabovethe

longitudinalsubbandedgeand42.48meVbelowtheobliquesubbandedge,wherethe

energybandgapsbetweenthevalenceandconductionbandboundstatesare447.69

meVf・ ・thel・ngitudinalsubband(El一 り,and581・87meVf・ ・the・bliquesubband

(E8-o).SincetheFermienergyliesatadegenerateenergy(illsidetheband)onlywith

thelongitudinalsubband,theadditionalcontributionofthenon-parabolicityofthe

energybandsto78炉q/詰3ngtbecomesimportantonlyforthelongitudinalsubband.

F・・ ζ 一30・15meVandEl-1-447・69meV,we・btainOr'(〈)2-1・29at300K・

Itturnsoutthatthecontributionofthenon-parabolicityto瑠 泊liq/詰2ngtisstrongly

dependentontemperature.Forexampleat100K,wefindthattheFermilevelis90.6

meVab・vethel・ngitudinalsubbandedgeand場 一iis382・93meV,andtheref・ ・ewe

getり/(ζ)2=2.17.Fromthisargument,we丘ndthatthetemperaturedependenceof

7£21iq/瀧ngtmainlycomesfromtheeffectofthenon-parabolicityoftheenergybands

(seeFig.3-4).

ShowninFig.3-5aretheexperimentalSeebeckcoefficient(Sexp,opencircles)

aswellasthetheoreticalSeebeckcoefficients:1)consideringonlythelongitudinal

acousticphonondeformationpotentialscattering(Sa。,short-dashedcurve)and2)

consideringonlythepolaropticalphononscattering(Sop,long-dashedcurve).One

canseethatSacissmallerthanSexpabove200K,whileitislargerthanSexpbelow

150K.ThemainreasonforthelargeSexpcomparedwithSacabove200Kisthatthe

polaropticalphononscatteringgenerallyhasaneffecttoincreasethevalueofSaswe

willdiscussinthenextsubsection.Thiseffectispredominantabove200K.Onthe

otherhand,atlowertemperatllres(≦150K),the・ γ(ζ)2factorinEq.3.14increases

forthelongitudinalsubband,causing7弐2ngttodecrease.HenceSa。increases,while

intherealsamplethepolaropticalphononscontributetothepreferentialscattering

ofthecarriersintheobliquevalleys,whileleavingthescatteringofthecarriers

inthelongitudinalvalleyrelativelyllnchanged(dominatedbytheacousticphonon

scattering).ThisisthemechanismwhichexplainstheredllcedSexprelativetoSa。at
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additional factor of "('(E)2 in Eq. 3.14 where E = ( (( is the chemical potential) for 

the longitudinal subband and E = 0 (E is at the band edge) for the oblique subband. 

For our model system at 300 K we find that the Fermi level is 30.15 meV above the 

longitudina.l subband edge and 42.48 meV below the oblique subband edge, where the 

energy band ga.ps between t he va lence and conduction band bound states are 447.69 

meV for tbe longitudinal subband ( E~-l), and 581.87 lll eV for the oblique subband 

(Eg-O
) . Since the Fermi energy lies at a degenerate energy (inside the band) only with 

the longitudinal sub band, the additional contribution of the non-parabolicity of the 

energy bands to 7~~Hq/7~~ngt becomes important only for t he longitudinal subband. 

For ( = 30.15 meV and Et-1 = 447.69 meV, we obtain "t' ((j2 = 1.29 a t 300 K. 

It turns out that the contribution of the nOn-IJarabolici tv to 70bl;q/71~ngt is stronglv 
.. (Ie (t(.: J 

dependent on temperature. For example at 100 K, we find that the Fermi level is 90.6 

meV above the longitudinal subband edge and Et-1 is 382.93 meV, and therefore we 

get ,,('(()" = 2.17. From th is argument. we find that the temperature dependence of 

7,~~I;q/7:,~ngt mainly comes from the effect of the non-parabolicity of the energy bands 

(see Fig. 3-4). 

Shown in Fig. 3-5 are the experimenta.l Seebeck coeffi cient ( SexP ' open ci rcles) 

as well as the theoretical Seebeck coefficients: 1) considering only the longitudinal 

acoust ic phonon deformat ion potential scatteri ng (Sac, short-dashed curve) and 2) 

considering only the polar optical phonon scattering (Sop, long-dashed cLlrve) . One 

can see that Sac is smaller than Sexp above 200 K, while it is larger than Sexp below 

150 K. The main reason for the large Sexp compared with Sac above 200 K is that the 

polar optical phonon scattering generally has an effect to increase the value of 5 as we 

will di scuss in the next subsection. This effect is predominant above 200 K. On the 

other hand, at lower temperatures (::; 150 K), the "( (()2 factor in Eq. 3.14 increases 

for the longitndinal subband, causing T;~"gt to decrease. Hence Sac increases, while 

in the real sample the polar opt ical phonons contribute to the preferential scattering 

of the carriers in the oblique valleys, while leaving the scattering of the carriers 

in t he longitudinal valley relati vely unchanged (dom inated by the acoLlstic phonon 

scattering) . This is the mechanism which explains the reduced Sexp relative to Sac at 
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lowtemperatures(≦150K).

3.4.3SeebeckcoefHcientduetoopticalphononscattering

TheSeebeckcoe缶cientScalculatedconsideringpolaropticalphononscatteringonly

(denotedbyS。p)isalsoshowninFig.3-5(long-daslledcurve)asafunctionoftemper-

ature.Thecalculatedratioofthemobilitiesμ 。bliq/μ1。ngtwhenonlythepolaroptical

phononscatteringisconsidered[denotedby(μobliq/μlongt)pop]isalsoplottedasafunc-

tionoftemperatureinFig.3-4(long-dashedcllrve).We丘ndthat(μ 。bliq/μ1。ngt)popis

alsoastrongfunctionoftemperatureandthisratiobecomesassmallasO.25below

100K.Thisobservationprovesthepostulateintheprevioussubsectionthatthepolar

opticalphononsaremoreeffectiveinscatteringcarriersintheobliquevalleysthan

scatteringcarriersinthelongitudinalvalleyatlowtemperaturesinourmodelsys-

tem.Anotherobservationisthatalthoughthevaluefor(μ 。bliq/μ1。ngt)popisO.6～0.9

fortemperaturesabove300K(i.e.,μ 。bliq<μ1。ngt),whereweshouldberemindedthat
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Figure 3-5: Absolute value of the Seebeck coefficient for the PbTe/Pb1_xEuxTe MQW 
sample ('1'-225) as a function of temperature (open circles) together with the theoretical 
results (1) considering only longitudinal acoustic phonon deformation potential scattering 
(short-dashed curve) and (2) considering only polar optic phonon scattering (long-clashed 
curve). 

low temperatures (::; 150 K). 

3.4.3 Seebeck coefficient due to optical phonon scattering 

The Seebeck coeffi cient 5 calculated considering polar optical phonon scattering only 

(denoted by S op) is also shown in Fig. 3-5 (long-dashed curve) as a function of temper

ature. The calcula ted ratio of the mobilities Ilabliq/I'longt when only the polar optical 

phonon scattering is considered [denoted by (/.lobliq/ /.llangtl POP 1 is also plotted as a func

tion of temperature in Fig. 3-4 (long-dashed curve) . We find that (/.lobHq/ /.llangt)POP is 

also a strong function of temperature and th is ratio becomes as small as 0.25 below 

100 K. This observation proves the postula te in t he previous subsection that the polar 

optical phollons are more effective ill scatteriIlg "aITiers in the oblique valleys than 

scattering carriers in the longitudinal valley at low temperatures in our model sys

tem. Another observation is that a lt hough the value for (/.lobHq/ /.llongt) pOP is O.6~O.9 

for temperatures above 300 K (i .e., I lahli,! < /.llongt.), where we should be reminded that 
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μ。bliq≧ μ1。ngtwasconsistentwiththeexperimentalresllltintheCRTA,theresulting

S。pcalculatedforourmodelsystemturnsouttobesignificantlygreaterthanSexp

above300K.Thisapparentdiscrepancyisresolvedifwelookatthespecialshape

ofthedistributionfunction!(E).PlottedinFig.3-6isthecoefficientfbrthefirst

orderterm[α1(E)]ofthepertllrbationfunctionφ(k)asafunctionofenergyat300K.

Sinceα1(E)(whichisinterpretedasthescatteringtime7inanaivesense)increases

withincreasingenergynearthebandedge,wecanexpectS。ptobecomesignificantly

largerthanSexpifthechemicalpotentialζisnear(orbelow)thebandedgeandthe

widthoftherisingedgeoftheα1(E)functionislargerthanthemagnitudeofthe

thermalenergyんBT.
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Figure 3-6: The coefficient for the first order term in the Legendre polynomial expansion 
of the perturbat ion function <P(k I), (t1(E), as a function of energy at 300 K (see text). The 
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the longitudinal valley, the oblique valley along the x direction and the oblique valley along 
the y direction, respectively. Also indicated on the figure are the energy values for the 
chemical potential and the oblique subband edge. 

/1ob];q ~ /1]ongt was consistent with the experimental result in the CRTA, the resulting 

Sop calculated for our model system turns out to be significantly greater than Sexp 

above 300 K. This apparent discrepancy is resolved if we look at the special shape 

of the distribution funct ion f(E). Plotted in Fig. 3-6 is the coefficient for the first 

order term [a1( E)l of the perturha tion fun ction ¢(k) as a fun ct ion of energ;y at 300 K. 

Since at (E) (which is interpreted as the scattering time T in a naive sense) increases 

with increasing energy ncar the band edge, we can expect Sop to become significantly 

larger than Sexp if the chemical potential ( is near (or below) the band edge and the 

width of the rising edge of the a1 (E) function is larger than the magnitude of the 

thermal energy k8T. 
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3.4.4 SeebeckcoefHcientduetoboththelongitudinalacous-

ticphononsandthepolaropticalphonons

Whenweconsiderbothlongitudinalacousticphonondeformationpotential(LADP)

scatteringandpolaropticalphonon(POP)scatteringandwethencalculatetheSee-

beckcoef丑cientforbothofthesescatteringmechanismsactingatthesametime(St。t),

wesimplyaddthecontributionsfromthesescatteringmechanismstothetotalscat-

teringprobabilityperullittime(Eq.3.4)alldusetheiterativeapproachdescribed

intheprevioussectionandAppendixD.TheresultingSt。tcalculatedinthiswayis

plottedasafunctionoftemperatureinFig.3-7(solidcurve)togetherwiththeexper-

imentalresult(SeXp,opencircles).WenotethattheagreementinFig.3-7between

thetheoreticalandtheexperimentalresultsisfairlygoodforthewidetemperature

rangefrom80Kto400Kbasedonliteraturevaluesforthebandparametersandwith

noadjustableparametersthatarefittedbythemodel.Thegoodagreementbetween

thetheoreticalandexperimentalresultsindicatesthereliabilityoftheparameters

deducedfromthepreviousmeasurements[15]andanalyses[38],suchascarriercon-

centrations,latticeconstantsandenergybandgaps,andthevalidityofthebasicidea

proposedbyHicksandDresselhaus[12,14]whichpredictsenhancedthermoelectric

propertiesforlow-dimensionalsystems,iftheoriginalmodelcalculationisproperly

refinedtoincludetheappropriatescatteringmechanisms.

3.5 Conclusions

Inthischapter,atheoreticalinvestigationofthethermoelectricpowerSin(111)

orientedPbTe/Pb1-。Eu。Temultiple-quantum-wells(MQws)hasbeenperformedto

revealthemechanismoftheobservedenhancementinSinthissystem.Theenhance-

mentinSinthissystemisobservedinspiteoftheliftingofthevalleydegeneracy

betweenthelongitudinalandobliqllevalleysatthe五 一pointintheBrillollinzone,

whichwouldtendtoreduceS.Wehaveconsideredtheeffectsoflongitudinalacous-

ticphonondeformationpotentialscatteringandtheeffectsofpolaropticalphonon
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3.4.4 Seebeck coefficient due to both the longitudinal acous

tic phonons and the polar optical phonons 

When we consider both longi tud inal acoust ic phonon deformation potential (LADP) 

scattering and polar optical phonon (POP) scattering and we then calculate the See

beck coefficient for both of these scattering mechanisms acting aL the same time (Stot), 

we simply add the contributions from these scattering mechanisms to t he total scat

tering probability per unit t ime (Eq. 3.4) and use the iterative approach described 

in the previous section and Appendix D. The result ing SlOt calculated in this way is 

plotted as a function of temperature in F ig. 3-7 (solid curve) together with the exper

imental result (Sexp, open d rd es) . Vie note that the agreement in Fig. 3-7 between 

the theoretical and the experimental results is fairly good for the wide temperat.ure 

range h om 80 ]( to 400 K based on literature values for t he band parameters and wit h 

no adjustable parameters that are fi tted by the model. T he good agTeement between 

the theoretical and experimental results indicates the reliability of the parameters 

deduced from the previous measurements [15] and analyses [38], such as carrier con

centrations, lattice eonstants and energy band gaps, and the validi ty of the basic idea 

proposed by Hicks and Dresselhaus [12, 14] which predicts enhanced thermoelectric 

properties for low-dimensional systems, if the original model calculation is properly 

refined to inclnde the appropriate scattering mechanisms. 

3.5 Conclusions 

In this chapter, a t heoretical investigation of the thermoelectric power S in (111) 

oriente.d PbTe/Pb1_xEux Te multiple-quantum-wells (MQ'vVs) has been performed to 

reveal the mechanism of the observed enhancement in S in this system. The enhance

ment in S in this system is observed in spi te of the li ft ing of the valley degeneracy 

between the longitudinal and oblique valleys at the L-point in the Brillouin zone, 

which would tend to reduce S . We have considered the effects of longitudinal acous

tic phonon deformation potential scattering amI the effects of polar optical phonon 
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Figure3-7:AbsolutevalueoftheSeebeckcoeMcientf()rthePbTe/Pb1-。Eu、vTeMQw

sample(T-225)asafunctionoftemperature(opencircles)togetherwiththetheoretical

resultsobtainedforISIconsideringbothlongitudinalacousticphonondef()rmationpotential

scatteringandpolaropticalphononscattering(solidcurve).

scatteringonthetwo-dimensionallyconfinedelectronsinthequantumwells.Inthe

lowtemperatureregime(～100K),wefindthatpolaropticalphononsaremoreeffec.

tiveinscatteringthecarriersintheobliquevalleysthaninscatteringcarriersinthe

longitudinalvalley.SincetheoccupationoftheobliquevalleysissmallatlowT,the

resultingthermoelectricpowerisrelativelysmall.However,inthehightemperature

regime(y300K),wherethereismoreoccupationoftheobliquevalleys,thedomi-

nanceofthepolaropticalphononscatteringisfoundtocontributetoincreasingS

becauseoftheparticularshapeofthedistributionfunctioncreatedbypolaroptical

phononscattering.Ourtheoreticalresultforthetwoscatteringmechanismsacting

togetheryieldsgoodagreementwiththeexperimentalresllltsoverawidetempera-

turerange(80-400K)withouttheuseofanyfittingparameters.Itishopedthatthe

knowledgeacquiredthroughthisstudywillcontributetodeepeningourunderstand-

ingofthefundamentalphysicsoflow-dimensionalthermoelectricphenomena,aswell

asallowingustoplananewstrategyfordesigningusefulthermoelectricmaterials

usinglow-dimensionalstructuresinthefuture.Suchattemptsaremadetosomeex一
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Figure 3-7: Absolute value of the Seebeck coeffici ent for the PbTejPb1_xEu" Te MQW 
sample (T-225) as a function of temperature (open circles) together with the theoretical 
results obtained for 151 considering both longitudinal acoustic phonon deformation potential 
scattering and polar optical phonon scat tering (solid curve) . 

scattering on the two-dimensionally confined electrons ill the quan tum wells. In tbe 

low temperature regime (~100 K), we find that polar optical phonons are more elh:c

tive in scattering the carriers in the oblique valleys than in scattering carriers in the 

longitudinal vaHey. Since the occupation of t he oblique vall eys is small at low T, t he 

resulting thermoelectric power is relat ively small. However , in the high temperature 

regime (~300 K), where there is more occupation of the oblique valleys, the domi

nance of the polar optical phonon scattering is fonnd to contribute to increasing S 

because of the particular shape of the distribution function created by polar optical 

phonon scattering. Our theoretical result for the two scattering mechanisms acting 

together yields good agreement with the experimental results over a wide tempera

ture range (80-400 K) without the use of any fi tting parameters. It is hoped that the 

knowledge acquired through this study will contribute to deepening our understand

ing of the fundamental physics of low-dimensional thermoelectric phenomena, as well 

as allowing uS to plan a new strategy for designing useful thermoelectric materials 

using low-dimensional structures in the future. Such attempts are made to some ex-
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tentinthesubsequelltchapters,wherewedevelopanewconceptof"CarrierPocket

Engilleering"todesignmaterialswithlargevaluesofZ3DT(thermoelectricfigureof

meritforthewholesuperlattice).
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tent in the subsequent chapters, where we develop a new concept of "Carrier Pocket 

Engineering" to design materials with large values of Z3DT (thermoelectric figure of 

merit for the whole superlattice) . 
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Chapter4

ConceptofCarrierPocket

EngineeringandEnhancedZ3DT「

inGaAs/AIAsSuperlattices

Inthischapter,wewilldevelopanewconceptofCarrierPocketEngineeringwhich

providesageneralguidelinefordesigningasuperlatticestructurethathasanen-

hancedvalueofthethermoelectricfigureofmeritforthewholesuperlattice,denoted

byZ3DT.WewillalsoapplythisconcepttoGaAs/AlAssuperlattices,wherewe

will丘ndthatalargeenhancementinZ3DTisachievedrelativetothecorresponding

Z3D7「sforbulkGaAsandAIAs,despitethefactthatneitheroftheseconstituent

materialsisagoodthermoelectricmaterialinthebulkform(Z3D7「NO.0085forboth

materials).ItturnsoutthatthelargeenhancementinZ3DTispossibleonlyifthe

structuresandthepropertiesofthesuperlatticesaredesignedcarefullyaccordingto

theproposaldescribedinthischapter.Ourschemehereincludestheextensionof

ourmodelsdevelopedpreviously(seeChapters2and3)thatpredictanenhanced

thermoelectricfigureofmeritforisolatedquantumwells(denotedbyZ2D7「)tomod-

elsthatpredictafigureofmeritforthewholesuperlattice(denotedbyZ3DT),using

theKr6nig-Penneymodeltopredicttheenergydispersionrelationsforcarriersthat

propagateinthex-direction(paralleltothesuperlatticegrowthdirection),i.e.,Ezvs.

んz.Varioussuperlatticeparameters[superlatticegrowthdirection,well-andbarrier一
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Chapter 4 

Concept of Carrier Pocket 

Engineering and Enhanced Z3DT 

in GaAs/ AlAs Superlattices 

In this chapter , we will develop a new concept of Carrier Pocket Engineering which 

provides a general guideline f01' designing a superlattice structure that has an en

hanced value of the thermoelectric figure of merit for the whole super/attice, denoted 

by Z3DT . We will also ap ply this concept to GaAsj AlAs superlattices, where we 

will find that a large enhancement in Z3DT is ach ieved relative to the corresponding 

Z3DTs for bulk GaAs and AlAs, despite tbe fact tb at neither of tbese constituent 

materi als is a good thermoelectric material in t he bulk fo rm (Z3D T "" 0.0085 for both 

materials) . It turns out that the large enhancement in Z3DT is possible only if the 

structures and the properties of the superlatt ices are desig11ed carefully according t o 

the proposal desc ribed in this chapter. Our scheme here includes the extension of 

aliI' models developed previously (see Chapters 2 and 3) that predict an ellhanced 

thermoelectric figure of meri t for isolated quantum wells (denoted by Z2DT ) to mod

els that predict a figure of merit for the whole superlattice (denoted by Z3DT) , using 

the Kronig-Penney model to predict the energy dispersion relations f01' carriers that 

propagate in the z-directioll (parallel to the superlatt ice growth direction), i. e., E, vs. 

k, . Various superlattice parameters [superlattice growth diredion , well- and barrier-
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layerthicknesses,andcarrierconcentrations(orequivalentlythepositionofthechem-

icalpotential)]areexploredtooptimizethevalueofZ3D7「,includingqualltumwells

formedatvarioushighsymmetrypointsintheBrillouinzone.Thehighestroom

temperatureZ3DTobtainedforGaAs/AIAssuperlatticesusingthetheoreticalmod-

elsdevelopedinthischapterislargerthanO.40attheoptimumcarrierconcentrations

foreither(001)or(111)orientedGaAs(20A)/AIAs(20A)superlattices.Suchavalue

ofZ3D7「forGaAs(20A)/AIAs(20A)superlatticesisabout50timesgreaterthanthat

forthecorrespondingbulkGaAs(orAIAs)obtainedusingthesamebasicmodelto

predictthevaluesforthethermoelectric丘gureofmeritZ3DT.

4.1 Introduction

Therehavebeenanincreasingnumberofstudiesoftheenhancedthermoelectricfig-

ureofmeritZT(Z=S2σ/κ),whereSistheSeebeckcoefficient,σistheelectrical

conductivity,κisthethermalcondllctivity,andTisthetemperature,foramaterialin

theformofamultiple-quantum-well(MQw)orsllperlatticestructure[11-22,39,55-

57].Therearecurrentlytwomaintrendsinthisresearchareafordesigningsuperior

thermoelectricmaterialsusingsuperlatticestructureswhosethermoelectricfigureof

meritZ3DTisenhancedrelativetothecorrespondingconstituentbulkmaterials.The

firstofthesetrendstakesadvantageoftheenhanceddensityofstatesforelectrons

neartheFermileveldlletothereduceddimensionality[11-22,39]aswediscussed

inChapters2and3forisolatedquantumwells(denotedhereafterasthe"quantum

wellapproach,ラ).Thesecondoftheseutilizesthepotentialbarriersinthesuperlattice

structures(asrealizedbythebarrierlayers)asaneffectiveenergyfiltertoscreenout

thelowenergycarrierstoachieveanenhancedvalueoftheSeebeckcoef丑cientthatre-

sultsfromthefavorablechangeinthefllnctionalformoftherelaxationtimefllnction

7(E)asafunctionofenergy,asaresultofenergy丘ltering[55-57](denotedhereafter

by"potentialbarrierapproach").Inthequantumwellapproach,thetransportco-

eflicientsforthesamples,thatarepreparedintheformofmultiple-quantum-wells,

arestudiedalongtheplaneofthequantumwells,whereas,inthepotentialbarrier
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layer thicknesses, and carrier concentrations (or equivalently the position of the chem

ical potent ial)] are explored to opt imize the value of Z3DT, including quantum weBs 

formed at va,rious high symmetry points in the Brillouin zone. The highest room 

temperature Z3DT obtained for GaAs/AIAs superlattices using the t heoretical mod

els developed in this chapter is la rger than 0.40 at the optimum carrier concentrations 

for either (001) or (Ill ) ori ented GaAs(20 A)/AIAs(20 A) superl attices, Such a value 

of Z3DT for GaAs(20 A)/ AIAs(20 A) superlatt ices is about 50 times greater than that 

for the corresponding bulk GaAs (or AlAs) obtained using the same basic model to 

predict t he values for the thermoelectric figure of merit Z3DT. 

4.1 Introduction 

There have been an increasing number of studies of the enhanced t hermoelectric fig

ure of merit ZT (Z = S2U /I<), where S is the Seebeck coeffi cient , U is t he electrical 

conductivity, I< is the thermal conductivity, and T is the temperature, for a material in 

the form of a mult iple-quantum-well (lvlQW) or superlattice structure [11-22 , 39,55-

57]. There are current ly two main trends in this research area for designing superior 

thermoelectric materials using superJattice structures whose thermoelectric figure of 

merit Z3DT is enhanced relative to the corresponding consti tuent bulk materials. T he 

first of these trends takes advantage of the enhanced density of states for electrons 

near the Fermi level due to the reduced dimensionality [11- 22, 39J as we discussed 

in Chapters 2 and 3 for isolated quantum wells (denoted hereafter as the "quantum 

well approach") . The second of these utili zes the potent ial barriers in the superlattice 

structures (as realized by the barrier layers) as an effective energy fi lter to screen out 

the low energy carriers to aehieve an enhanced valne of the Seebeek coefficient that re

sults from the favorable change in the functional form of the relaxation time function 

r(E ) as a function of energy, as a result of energy filt ering [55- 57] (denoted hereafter 

by "potential barrier approach") . In the quant um well approach, the transport co

efficients for the samples, that are prepared in the fo rm of multiple-quantum-wells, 

are studied along the plane of the quantum wells, whereas, in the potential barrier 
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apProach,thetransportcoefficientsareusuallystudiedinadirectionperpendicular

tothelayersofthesuperlattices(i.e.,paralleltothesuperlatticegrowthdirection).

Inthischapter(andalsothroughoutthisthesis),ourmainfocusisontheuti-

lizationofthequantumwellapproachtodesignsuperlatticestructuresthathave

enhancedvaluesofZ3DT.However,wealso,occasionally,usetheideaofthepoten-

tialbarrierapproach,wheneverneeded(see§7.1,forexample).Inthequantumwell

approach,thickbarrierlayersareemployedconventionally,tospatiallyseparatethe

neighboringquantumwellsinordertominimizetheoverlapofwavefunctionsbetween

them.Therefore,wehavebeenprimarilyinterestedinthepropertiesofthequantum

wellsthemselvesratherthanthepropertiesofthewholesuperlatticeinthisapproach.

AswehavediscussedinChapters2and3,themainstrategiesinthequantumwell

apProachinclude:1)enhancingthevalueoftheSeebeckcoefficientrelativetothatfor

thecorrespondingbulkmaterialatagivencarrierconcentrationduetotheenhanced

densityofstatesnearthebandedge(withintheorderofkBTs)relativetothatfor

thecorrespondingbulkmaterials,2)increasingthelatticethermalresistivitydueto

theboundaryscatteringofphononsatthebarrier-wellinterfaces,and3)enhancing

theelectroncarriermobilitybyusingtheδ 一andmodulationdopingtechniques.Itis

notedthatalthoughafairlylargeenhancement(byafactorofseveral)ispredicted

forZ2DTrelativetoZ3DTofthecorrespondingbulkmaterialsinthequantumwell

approach,therehasbeenlittleworkonpredictinganequallylargeenhancementin

Z3D7「forthewholesuperlattice.

Inthefollowingsectionsofthischapter,wewillfirstdescribetheconceptofthe

CarrierPocketEngineeringthatcanbeusedtodesignsuperlatticestructureswhich

havelargevaluesofthethermoelectricfigllreofmeritforthewholesuperlattice,

denotedbyZ3DT(§4.2).Ollrbasicmodelsinthequantumwellapproachthatare

developedpreviously(asinChapters2and3)arenowproperlyextendedtoinclude

theeffectofthetunnelingofthecarriersbetweentheneighboringquantumwells,

usingtheKr6nig-Penneymodelalongthesuperlatticegrowthaxis,andtheparasitic

thermalconductioninthebarrierlayersthatwoulddecreasethevalllesofZ3D7「but

hasnoeffectonthevalllesofZ2DT.Itisnotedthatthetunnelingofcarriersbetween
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approach, the t ransport coefficients are usually studied in a direction perpendicular 

to the layers of the superlattices (i. e., parallel to the superlattice growth direction) . 

In this chapter (and also throughout this t hesis) , our main focus is on the uti

lization of t he quantum well approach to design superlattice structures that have 

enhanced values of Z3DT. However, we also, occasionally, use the idea. of the poten

t ial barrier approach, whenever needed (see §7.1 , for example). In the quantum well 

approach, thick barrier layers are employed conventionally, to spatially separate the 

neighboring quantum wells in order to minimize the overlap of wavefunctions between 

t hem . Therefore, we have been primarily interested in t he properties of the quant um 

wells themselves rather than the propert ies of the whole superlattice in t his approach. 

As we have discussed in Chapters 2 and 3, the main strategies in the quantum well 

approach include: 1) enhancing the value of the Seebeck coefficient relative to that for 

the corresponding bulk material at a given carrier concentration due to the enhanced 

density of states near the band edge (within the order of kBTs) relative to that for 

the corresponding bulk materials, 2) increasing the lattice thermal resistivity due to 

the boundary scattering of phonons at the barrier-well interfaces, and 3) enhancing 

the electron carrier mobility by nsing the 1)- and modnlation doping techniqnes. It is 

noted that although a fairly large enhancement (by a factor of several) is predicted 

for Z2 [)T relative to Z3 [)T of t he corresponding bulk materials in the quantum well 

approach, there has been li t tle work on predict ing an equall y large enhancement in 

Z3DT for the whole snperlattice. 

In the following sections of this chapter, we will fi rst describe the concept of the 

Carrier Pocket Engineering that can be used to design super lattice structures which 

have large values of the t hermoelectric figure of merit for the whole superlatt ice, 

denoted by Z3DT (§4.2) . Our basic models in the quantum well approach that are 

developed previously (as in Chapters 2 and 3) are now properly extended to include 

t he effect of the t unneling of the carriers between the neighboring quantum wells, 

using the Kronig-Penney model along the superlattice growth axis, and t he parasitic 

t hermal conduction in the barrier layers that would decrease the values of Z3IJT but 

has no effect on the values of Z2D T. It is noted that the tunneling of carriers between 
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thequantumwellsthroughthebarrierlayerscausesthebroadeningofthedensity-ofL

statesfullctionDOS(E)nearthebandedge,whichleadstoa2D-to-3Ddimellsional

transitioninthethermoelectricproperties.Hence,althoughthevaluesofZ3D7「for

thesuperlatticetendtoincreasewithdecreasingthicknessoftheconstituentlayers

ofthesuperlatticeasfarastheeffectoftunnelingofthecarriersbetweenthelayers

isnegligible,thinningthelayersofthesuperlatticebeyondsomecriticalthickness

whichrepresentsthe2D-to-3Dtransitionoftheelectronictransportpropertiesofthe

superlatticewouldactuallyleadtoareductionoftheSeebeckcoefHcientandofthe

resultantvalueofZ3DTforagivencarrierconcentrationduetothebroadeningof

theDOS(E)functionnearthebandedge.Sucheffectsofthebandedgebroadening

oftheDOS(E)functiononreductionofthevaluesfortheSeebeckcoefficient,i.e.,

the2D-to-3Dtransitionoftheelectronicpropertiesofthesuperlattice,arestudied

carefullyin§4.4,afterdevelopingageneralschemeofourmodelingprocedurein§4.3.

Itisshown,consideringonlyther-subbandinthesuperlattice(whichisfoundatthe

centeroftheBrillouinzone),thatthebandedgebroadeningeffectthatwouldreduce

thevalueofZ3DT,isnotappreciableforlayerthicknessesassmallas20A,where

equalthicknessesareassumedbetweentheGaAsandAIAslayers.Theresultant

z3DTforsuchar-pointsuperlattice[GaAs(20A)/AIAs(20A)]isenhancedmore

thantentimesrelativetothecorrespondingZ3DTforbulkGaAsorAIAsat300

K.In§4.5,wewillconsiderthepossibilityofhavingyetanotherdegreeoffreedom

toenhanceZ3D7「,i.e.thepossibilityofcontrollingtherelativecontributionsfrom

ther-,X-and、L-valleysintheconductionbandtooptimizetheresultantvalueof

Z3DT.Suchanoptimizationprocessforthematerialpropertiesofthesuperlattice

iscarriedoutbychangingtheparametersforthesuperlattice,suchasthewell-and

barrier-layerthicknesses,thegrowthorientationofthesuperlattices,latticestrain

effectsatthewell-barrierinterfaces(seeChapter5),and/orthespatialprofileofthe

dopantimpuritiesthatareintroducedinthesuperlattice,includinguseofδ 一doping

andmodulationdopingschemes(seeChapter6).

Oneoftheinterestingfeaturesintheoptimizationprocessforthesllperlattice

parametersforgettinganenhancedvalueofZ3D7「,llsingtheGaAs/AIAssuperlat.
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the quantum wells through the barrier layers causes the broadening of the density-of~ 

states function OOS(£) near the band edge, which leads to a 20-t0-30 dimensional 

t ransition in the thermoelectric properties. Hence, alt hough the values of ZooT for 

the superlattice tend to increase with decreasing thi ckness of the constit uent layers 

of the superla tt ice as far as the effect of tunneling of the carriers between the layers 

is negligible, thinning the layers of the superl attice beyond some cri t ical thickness 

which represents the 20-to-30 t ransition of the electronic t ransport properties of the 

superlattice would actually lead to a reduction of the Seebeck coefficient and of the 

resultant value of Z:mT for a given canier concentration due to the broadening of 

t he 005(£) function near the band edge. Such effects of the band edge broadening 

of the OOS(£ ) function on reduction of the values for the Seebeck coeffi cient , i. e., 

the 20- to-30 transition of the electronic properties of the superlattice, are studied 

carefully in §4.4, after developing a general scheme of our modeling procedure in §4.3. 

It is shown, considering only the f -subband in the superlattice (which is found at the 

center of the Brillouin zone) , that the band edge broadening effect that would reduce 

the value of Z3DT , is not appreciable for layer thicknesses as small as 20 A, where 

equal thicknesses are assllmed between the GaAs and AlAs layers. The resul tant 

Z3DT for such a f-point superlattice [GaAs(20 A)I AIAs(20 A)l is enhanced more 

t han ten times relative to t he corresponcling Z:m T for bulk GaAs or AlAs at 300 

K. In §4 .5, we will consider the possibili ty of having yet another degree of freedom 

to enhance Z3DT , i. e. the possibility of controlling the relative contributions from 

the r- , X- and L-valleys in the conduction band to optimize the resultant value of 

Z3DT. Such an optimization process for the material properties of the superlattice 

is carried out by changi ng the parameters for the superlattice, such as the well- and 

barrier-layer thicknesses, the growth orientation of t he superlattices, lattice strain 

efiects at the well-barrier interfaces (see Chapter 5), and/or the spatial profile of the 

dopant impurities that are int roduced in the superlRttice, including use of <I-doping 

and modulation doping schemes (see Chapter 6). 

One of the interest ing features in the optimization process for t he superlattice 

parameters for getting an enhanced value of Z3DT , using the GaAs/ AlAs superlat-
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tices,isthatwecandesignthestructuresofthesuperlatticeinsuchawaythatboth

GaAsandAIAslayerscanserveasthelayersforthequalltumwells,i.e.,theelec-

tronsinther-and、L-valleysarecon丘nedintheGaAslayers,whereastheelectrons

intheX-valleysarecon丘nedintheAIAslayers.Wecalltheconditionsgivingrise

tohavingbothconstituentlayerscontributingtothethermoelectrictransportasthe

`℃arrierPocketEngineeringcondition,,
,hereafter.HavingtheCarrierPocketEngi-

neerillgconditionisshowlltobeadvantageousforobtaininglargevaluesofZ3DTin

designingsuperlatticestructures.ItisalsoexpectedthatthescatteringProbabilities

fortheconductionelectronsundertheCarrierPocketEngineeringconditionshould

bereduced(hencethemobilityshouldbeincreased)sincetheelectronwavefunctions

forther-and五 一valleysarespatiallyseparatedfromthosefortheX-valleysinreal

space,whichreducestheprobabilitiesofinter-valleyscatteringofelectronsbetween

[r,L]-valleysandX-valleys.

4.2 CarrierPocketEngineeringConcept

Inthissection,wewilldescribetheconceptofCarrierPocketEngineering,whichis

usedtooptimizethesuperlatticestructuresforthemaximumvaluesofZ3DTusing

agivensetofconstituentmaterials.Ingeneral,suchanoptimizationprocessis

performedbychangingsomeparametersthatareunderthecontrolofthematerials

designer.Forthesimplestcaseofaone-bandbulkmaterial,theonlyparameterthat

onecanvaryatone,swillisthechemicalpotentialζ.Forthecaseofaone-bandmodel

foranisolated2Dquantumwell,oneobtainsthefreedomofchangingthequantum

wellthicknessdwinadditiontothechemicalpotential〈,sothattheoptimumvalue

ofZ2DTiscalculatedasafunctionofdw.Itisthenshownthatthesmallerthevalue

ofdwis,thelargertheoptimumvalueofZ2DTinthissimplemodel[14,17].†The

optimizationprocessforsuchasimplecaseofone-bandmaterials/systemsisdescribed

in§4.2.1.Thesituationofouroptimizationprocessgetsalittlemorecomplicated,if

†Here
,anassumptionismadethatthecarriermobilityμforthequantumwellisindependentof

thequantumwellthicknessdw.
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tices, is that we can design the structures of the superlat tice in such a way that both 

GaAs and AlAs layers can serve as the layers for the quantum wells, i.e., the elec

t l'Ons in the f - and L-valleys are confined in the GaAs layers, whereas the elect rons 

in the X -valleys are confined in t he AlAs layers. VVe call the conditions giving rise 

to havi ng both constituent layers contri buting to the thermoelect ric transport as the 

"Carrier Pocket Engineering condit ion", hereafter. Having the Ca.rri er Pocket Engi-

nee ring condi t ion is shown to be advantageous lor obtaining large values of Z3DT in 

designing superlattice structures. It is also expected that the scattering pl'O babilities 

for the conduction electl'Ons under the Carrier Pocket Engi nee ring condi tion should 

be reduced (hence t he mobility should be increased) since t he electl'On wavefunctions 

for the f- and L-valleys are spatially separated from those for the X -valleys in real 

space, which reduces the probabili t ies of in ter- valley scattering of electrons between 

[f ,L]-valleys and X -valleys. 

4.2 Carrier Pocket Engineering Concept 

In this section, we will describe the concept of Carrier Pocket Engineering, which is 

used to opti mize the superlat t ice structures for the maximum values of Z3DT using 

a given set of consti tuenl materials. In general, such an optimization pl'Ocess is 

performed by changing some parameters that are under t he cont l'Ol of the materials 

designel'. For the simplest case of a one-band bulk material, the only parameter that 

one can vary a t one's will is the chemical potential C. For the case of a one-band model 

for an iso lated 2D quantum well , one obtains the freedom of changing the quantum 

well thickness dw in addit ion to the chemical potent ial (, so that the optimum value 

of Z2DT is calculated as a function of rlw. It is then shown that the smaller the value 

of dw is, the larger the optimum value of Z2DT in this simple model [14, 17].1 The 

optimization process for such a simple case of one-band materials/systems is described 

in §4.2.1. The situation of oll!' opt imization pl'Ocess gets a li ttle more complicated, if 

tHere, an assumption is made that the carrier mobili ty p for the quantum well is independent of 
the quantu m well thickness dw . 
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morethallone(sub)bandarecontributingtothethermoelectrictransport.However,

theoptimizationprocessforsuchamulti-(sub)bandsystemisstillconceptuallysimple

ifonecanchangetherelativeenergiesfbrtheavailable(sub)bandedgesindependently.

In§4.2.2,wewillconsidersuchacaseofatwo-bandmodel,andderiveacondition

forhavingthelargestvalueofZ2DTforanisolatedquantumwellinatwo-band

modelforagivenvalueofdw,assumingthatwecanchangetherelativeenergies

ofthetwo(sub)bandsfreely.There,wewillfindthatthevalueofZ2D7「intwo-

(sub)bandsystems(oranydimensionalZ7「inthecorrespondingtwo-bandsystems,

includingZ3DTandZIDT)becomesamaximum,whentheenergiesofthesetwo

(sub)bandsarecompletelydegenerate.Havingknownthiscondition,ourproblemof

gettingthelargestvalueofZ3D7「usingsuperlatticestructuresispracticallyreduced

totheproblemofdevelopinganexperimentalmethodologytomaketheavailable

(sub)bandsdegenerateasmuchaspossiblebychangingvariousparametersofthe

superlattices,suchasthevaluesofthequantumwelllayerthickness(dw)andthe

barrierlayerthickness(dB),andthesuperlatticegrowthorientation.Moreprecisely,

thevalueoftheoptimumZ3DTforagivensuperlatticesystemisafunctionofother

propertiesofthesuperlatticeaswell,suchasthelatticethermalconductivityandthe

carriermobilitiesofeachavailable(sub)band,inadditiontothedegeneracycondition

mentionedabove.Therefore,wewillencounteranumberofcompetingprocesses

whenoptimizingthevalueofZ3D7「usingtheCarrierPocketEngineeringconcept.

Theresolutionofthesecompetingprocessesinordertoobtainthelargestvalueof

Z3DTisoneofthemainthemesinthischapter.†

†Forexample
,ifthethicknessesforthewellandbarrierlayersthatproducethedesired(perfect)

degeneracyamongalltheavailable(sub)bandsinmulti-(sub)bandsystemsaredescribedbyarela-

tivelysmallvalueofdwandarelativelylargevalueofdB,itisnotclearwhetherornotthevalue

oftheresultantoptimizedZ3DTwillfurtherincreasebymakingthevalueofdBsmaller(sothat

thephononmeanfreepath4islimitedbyanevensmallervalueofclB).Since,inthiscase,wemay

losetheperfectdegeneracyamongtheavailable(sub)bands(whichtendstodecreasetheoptimum

valueofZ3DTfbragivenvalueofκph),butthemeritofhavingsmallerphononmeanfreepath4

(i.e.,reducedvaluefbrκph)mayoutweighthedemeritofnothavingperfectdegeneracyamongthe

availablesubbands.AnotherexampleofacompetingprocessintheoptimizationofZ3DTcomes

fromthe2D-to-3Dtransitioninthethermoelectricpropertiesofthesuperlattices.Foragivenvalue

ofdw,inasystemoftwo-dimensionalsuperlattices,theeffectiveelectronicdensityofstatesofthe

carriersfbrthewholesuperlatticegenerallyincreaseswithdecreasingthicknessofthebarrierlayers

(denotedbydB)fromasufHcientlylargevaluetorelativelysmallvalues.However,belowsome
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more than one (sub)band are contributing to the thermoelectric transport . However, 

the optimization process for such a mult i-(sub)band system is still conceptually simple 

if one can change the relative energies for the available (sub) band edges independently. 

In §4 .2.2, we will consider such a case of a two-band model, and derive a condit ion 

for having the largest val ue of Z20T for an isolated quantum well in a two-band 

model for a given value of dw, assuming that we can change the relative energies 

of the two (sub)bands freely. There, we will find that the value of ZmT in two

(snh)band systems (or any dimensional ZT in the corresponding two-band systems, 

including Z30T and ZlDT) becomes a maximum, when the energi es of these two 

(sub )bands are completely degenerate. Having known this condi tion, our problem of 

getting the largest value of Z30T using superlattice structures is practically reduced 

to the problem of developing an experimental methodology to make the available 

(sub)bands degenerate as much as possible by changing various parameters of the 

superlattices, such as the values of the quantum well layer t hi ckness (dw ) and the 

barrier layer thickness (dB )' and the superlattice growth orientatioll. More precisely, 

the value of the optimulTl Z30T for a given superlattice system is a function of other 

properties of the snperlattiee as well , sneh as the lat.t. ice thermal condnc.tivity and the 

carrier mobilities of each available (sub) band, in addition to the degeneracy condition 

mentioned above. Therefore, we will encounter a number of competing processes 

when optimizing the value of Z3DT using the Carrier Pocket Engineering concept. 

The resolut ion of these competing processes in order to obtain the largest value of 

Z3DT is one of the main themes in this chapter. t 

tFor example, if the thicknesses for the lVeil and barrier layers that produce the desired (perfect) 
degeneracy among all the available (sub)bands in multi-(sub)band systems are described by 11 rela
t ively small value of dvv' and a relatively large value of dB, it is not clear whether or not the val ue 
of the resultant optimized Z30T will further increase by making the value of dB smaller (50 that 
the phonon mean free path e is limited by an even smaller value of dB)' Since, in this case, we may 
lose the perfect degenerac,Y among the available (sub)bands (which tends to decrease the optimum 
value of Z30T for a given value of f'£ph), but the merit of having smaller phonon mean free path e 
(i .e ., reduced value for r.:ph) may outweigh the demerit of not having perfect degeneracy among the 
available subbands. Another example of a competing process in the optimization of Z3DT comes 
from the 2D-to-3D transition in the thermoelectric properties of the superlattices. For a. given value 
of dw, in a system of t\vo-climensional superlattices, the effective electronic denSity of states of the 
carriers for the whole supedattice generally increases with decreasing thickness of the barrier layers 
(denoted by dB) from a sufficiently large value to relatively small values. However: below some 
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Thepurposeofthethissectionistodevelopageneralandsystematicapproachto

deviseanimplemelltationmethodologytomaximizeZ3DTusingsuperlatticestruc-

tures.ThedetailsoftheactualimplementationoftheCarrierPocketEngineering

conceptforagivensystemofinterestarelargelydependentonthepropertiesofthe

constituentmaterialsofthegivensuperlatticesystems.Therefbre,themostappropri-

ateversionoftheimplementationmethodologyfortheconcepthastobedeveloped

individuallyforeachsuperlatticesystemofinterest.ForGaAs/AIAssuperlattices

(§4.3-§4.6),ourmainfocusintheactualimplementationoftheconceptisinthees.

tablishmentofthe"CarrierPocketEngineeringcondition"asdiscussedin§4.1,where

variousavailableconductionbandvalleys(r-,X-,and、 乙一valleys)inGaAsandAlAs

arecarefullyengineered(byvaryingthethicknessesofGaAsandAIAslayersand

examiningrepresentativesuperlatticegrowthorientations)insuchawaythatboth

GaAsandAIAslayerscontributetothethermoelectrictransportsothattheeffectof

parasiticthermalcondllctioninthebarrierlayersisminimized.Ontheotherhand,in

Si/Gesuperlatticesystems(Chapter5and6),ourmainemphasesaretheutilization

of"latticestrainengineering"(Chapter5)and``dopingimpurityengineering"(Chap-

ter6)thatprovideadditionaldegreesoffreedomtooptimizetheproperties(thermal,

mechanical,andelectronic)ofthesuperlatticetoachievethehighestvalueofZ3DT.

ThepossibilitiesoftheapplicationoftheCarrierPocketEngineeringconcepttoother

systemsofinterest,suchasBi/(111)Pb1_xEuxTesuperlattices,arealsodiscussedin

Chapter7.

4.2.1 OptimumZTforone-bandmaterials

TheexpressionsfortheSeebeckcoefficientS,electricalconductivityσ,andelectronic

contributiontothethermalconductivityκeareverygenerallygivenintermsofthe

transportL(α)tensors(α=0,1,2),assummarizedbelow.Thetensorquantities

correspondingtotheabovetransportcoefficientsσ,Sandκ,aredenotedbyσ,S

criticalthicknessdenotedbydb,thetunnelingofcarriersbetweentheneighboringquantumwells

becomesappreciableandtheresultantvalueofZ3DTdecreasesasawholeasthevalueofdBis

decreasedbelowthecriticalvaluedも,duetothelargebroadeninginDOS(E)functionnearthe

bandedgeaswediscussin§4.4.
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The purpose of the this section is to develop a general and systematic approach to 

devise an implementation methodology to ma:dmize Z3DT using superlattice struc

tures. The details of the actual implementation of the CalTier Pocket Engineering 

concept for a given system of interest are largely dependent on the properties of the 

const ituent materials of the given superlattice systems. Therefore, the most appropri

ate version of t he implementation methodology for the concept has to be developed 

individually for each superlattice system of interest . For GaAs/ AlAs superlattices 

(§4.3-§4.6), our main focus in the actual implementation of the concept is in the es

tabli shment of the "Carrier Pocket Engineering condi tion" as discussed in §4.1, where 

various available conduction band valleys (r-, X -, and L-valleys) in GaAs and AlAs 

are carefully engineered (by varying the thicknesses of GaAs and AlAs layers and 

examining representative superiattice growth orientations) in such a lVa~· that both 

GaAs and AlAs layers contribute to the thermoelectric transport so that the effect of 

parasitic thermal conduction in the barrier layers is minimized . On the other hand, in 

Si/Ge superlattice systems (Chapter 5 and 6), our main emphases are the utilization 

of "lattice strain engineering" (Chapter 5) and "doping impurity engineering" (Chap

ter 6) that provide addit ional degrees of freedom to optimize the properties (thermal, 

mechanical, and electronic) of t he superlattice to achieve the highest value of Z3DT. 

The possibili ties of the application of the Carrier Pocket Engineering concept to other 

systems of interest, such as Bi/(1l1 )Pb l _ xEux Te superlat tices, are also discussed 1I1 

Chapter 7. 

4.2.1 Optimum ZT for one-band materials 

The expressions for the Seebeck coeffi cient S, electrical conductivity CJ, and electronic 

contribution to t he thermal conductivity K,e are very generally given in terms of the 

transport L (a) tensors (a = 0, 1, 2), as summarized below. The tensor quanti ti es 

corresponding to the above transport coefficients CJ, Sand K,e are denoted by (J , S 

(Tlt.iC:-'l 1 t.hi(:knes~ d~not.ed hy dB ' t.1w tunneling of f'.arrif'rs hetween the Iw ighhol'ing qu;:mtllln W(~lI s 

becomes appreciable and t he result.ant vahle of Z3DT decreases as a whole as the value of dB is 
decreased below the critical value ds, due to the large broadening in DOS(E) function near the 
band edge as we discuss in §4.4. 
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andKe,respectively,alldaregivellby[3,17],

σ=L(o)

S-一(
e})(L(・))一 ・L(・)

K・ 一(1
e2T)(L(2)-L(1)(L(・))-IL(1))

wheretheL(α)s(α=0,1,2)aredefinedby,

L(α)(ζ)-e・/睾(一 窪)7(k)v(k)v(k)(ε(k)一 ζ)α

(4.1)

(4.2)

(4.3)

(4.4)

for3Dbulkmaterials.InEq.4.4,theintegrationwithrespecttokextendsoverthe

entireregionofthefirstBrillouinzonefortheparticularbandofinterest.For2D

quantumwellsandIDquantumwires,thefactor(4π3)-1inEq.4.4isreplacedby

(2・π2dw)-1and(πd茜)-1,respectively,wheredwdenotesthethicknessofthequantum

wellsorwires,andtheintegrationextendsovertheentireregionofthecorresponding

two-orone-dimensionalBrillouinzones,respectively.Thattheregionofintegration

extendsovertheentireBrillouinzoneimpliesthat■(α)(ζ)inEq.4.4hascontributions

fromalltheequivalentvalleysthatbelongtothesamebandindex.Therefore,evenif

thecontributionto■(α)(ζ)fromoneparticularvalleyisdescribedbyananisotropic

tens・ ・(i・e・,五 織)≠ 五鋤)・ ・ 五瀦)≠ 五IS),when■(α)isdiag・nalizedby・ ・tatingthe

coordinateaxes),thefinal1」(α)(く),aftersummingthecontributionsto■(α)(く)from

alltheequivalentvalleys,maybecomeisotropic.Therefore,wedefinetheterms

"isotropicsystems"or"isotropicmaterials"asdenotingsystemsthathaveisotropic

■(α)(ぐ).Forsuchisotropicsystems,theirL(α)tensors(α=0,1,2)reducetoscalar

quantitiesandareevalllatedeasilyintermsoftheFermi-DiracrelatedintegralsFi(く*)

(i=-1/2,0,1/2,1,…)

瓦 ≡ 乃(ζ*)一 ズ○○
ηZ吻

e(η 一ζ*)+1'
(4.5)
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and K e, respectively, and are given by [3, 17], 

(4 .1) 

s = - C~) (L(O))- lL(l ) (4 .2) 

K e = (e;T) (L(2) - L(1) (L(O)t ' L(I)) (4.3) 

where the L(a)s (a = 0, 1, 2) are defined by, 

L(a) (() = e2 [ d~ ( _ ~.f ) T (k) v (k)v (k) (E (k ) _ ()" 
. 4r. oc 

(4.4) 

for 3D bulk materi als. In Eq. 4.4, the in tegration with respect to k extencls over t he 

entire region of the first Brillouin zone for the part icular band of interest. For 2D 

quant um wells and ID quantum wires, the factor (4r.3)-1 in Eq. 4.4 is replaced by 

(2r.2dw )- 1 and (r.d,t )- 1, respectively, II' here dw denotes the thickness of the quantum 

wells or wires, and the integration extends over the entire region of the corresponding 

two- or one-dimensional Brillouin zones, respectively. That the region of integration 

extends over the entire Brillouin zone implies that L(a)(() in Eq. 4.4 has contributions 

from all the equivalent valleys that belong to t he same band index. Therefore, even if 

the contri bution to L(a)(() from one part icular valley is descri bed by an anisotropic 

tensor (i.e., L~';j # Li/~) or Ll';:) # L~~) , when L(a) is diagonalized by rotating the 

coordinate 1Lws) , the fi nal L(Q) (() , aft er surnming the contributions to LCa) (() from 

all the equivalent valleys, may become isotropic. T herefore, we define the terms 

"isotropic systems" or "isotropic materials" as denoting systems t hat have isotropic 

L(a)(( ). For such isotropic systems, their L(a) tensors (a = 0, 1, 2) reduce to scalar 

quantit ies and are evaluated easily in terms of the Fermi-Dirac related integrals Fi ((*) 

(i = - 1/2, 0, 1/2, 1, . .. ) 

(4.5) 
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whereぐ*isthereducedchemicalpotentialdefilledbyζ/kBT,assumingaparabolic

energydispersiollrelatiollalldusingtheconstalltrelaxationtimeapproximation.The

explicitformsforthescalarquantities五(α)(α=0,1,2)fortheisotropicsystems,

wherec・mp-ts・fL(α)a・egivenby五 雰)一 δi」L(α)(δiゴisK・ ・necker'sdelta),a・e

summarizedbelowforthecaseof2Dquantumwells[17].Similarexpressionsfor3D

bulkmaterialsandIDquantumwiresarefoundinRef.[17],andarereproducedin

AppelldixA.

五鑑(〈)-D,D.F。 ≡D,D五lso)(く),(4.6)

LIB(ζ)-D、D(kBT)(2F、 一 く*F。)≡D,D(kBT)LIS')(ζ),

五兜(ζ)-D・D(ん ・T)2(錫 一4ζ*恥 ζ*2殉 ≡D・D(励2LIS2)(ぐ),

(4.7)

(4.8)

where

D・D-N×2老
w(2睾 丁){Ml(・D)mt(・D)}㌦(4・9)

InEq.4.9,μistheelectronorholemobilityandNisthenumberoftheequivalent

valleysforthebandofinterestinthe丘rstBrillouinzone.Wede丘nethe"star"ed

quantitiesLISa)(ζ)(α 一 〇,1,2)byEqs.4.6-4.8f・ ・late・c・nveniencewhendiscussing

Z2D7「forthetwo-bandsystemsofisolatedquantumwells(§4.2.2).

UsingtheaboveequationsandassumingthefreedomofchangingζwithoutafL

fectingotherbandparameters,onecanshowthatZ2DTforaone-band2Dquantum

well,wherethereisonlyonebandcontributingtoZ2DT,isexpressedintermsofthe

dimensionlessquantity、B2D[17],

B・D-
2嘉w(2睾 丁){ml(・D)mt(・D)}響, (4.10)

as

Z・DT-£ 窪(讐 三鋤
1,(4・11)

whichisafunctionoftheredllcedchemicalpotentialく*only.

Itisalsoeasytoshowthatthereisaone-to-onecorrespondencebetweenthevalue

of、B2DandtheoptimumvalueforZ2DT.Thelargerthevalueof、B2D,thelargerthe
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where (' is the reduced chemical potential defined by (/ kET, assuming a parabolic 

energy dispersion relation and using the constant relaxation t ime approximation . T he 

explicit forms for the scalar quantities L (a ) (a = 0, 1, 2) for the isotropic systems, 

where components of L (a) a re given by L!j) = is',jL(a) (iSij is Kronecker's delta), are 

sum marized below for the case of 20 quantum wells [17]. Similar expressions for 30 

bulk materi als and 10 quantulll wires are found in Ref. [17], and are reproduced in 

Appendix A. 

L~~(() = D2Tl (kRT) (2 F, - (* Fo) = D2Tl (kRT ) L;g)((), (4.7) 

L~~(() = D2Tl (kRT)2 (3F2 - 4(*F, + (*2Fo ) == D2J) (kRTf L;i5) ((), (4.8) 

where 

e (2kBT) { } J, D 2D = N x :---d --2- 'in1 (2D )'int (2D) - ,to 
2" w t, 

(4 .9) 

In Eq . 4.9, f1 is the electron or hole mobility and N is the number of the equivalent 

valleys for the band of interest in the first Brillouin zone. We define the "star" ed 

t 't' L *(a )(,) ( - 0 1 ?) I ' E . 46- 48 r It · _ . ·1 l' . . . quan ] .les 2D ~ a - _, , "'" J) qs.. . lor a ,€r convelu ence l\· len ( lscllsslng 

Z2DT for the two-band systems of isolated quantum wells (§4.2.2). 

Using the above equations and assuming the freedom of changing ( without at~ 

fecting other band parameters, one can show that Z2DT for a one-band 20 quantum 

well, where there is only one band contribut ing to Z2DT, is expressed in terms of the 

dimensionless quanti ty B2D [17], 

N ( 2kBT ) ~ k~Tf1 
B2D = -2 d ----;2 {'in1(2D )'in'(2D ) } - ,-, 

1r w f1 eK.ph 
(4 .10) 

as 
Bo (lli _ /,.)2 F: 

_D Fo ~ 0 

Z2DT = ( 4F' ) , 
B2D 2F2 - To + 1 

(4 .11) 

which is a function of the reduced chemical potential (* only. 

It is also easy to show that there is a one-to-one correspondence between the value 

of B 2D and the optimum value for Z2DT. The larger the value of B 2D , the larger the 
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optimumvalueofZ2DTwhenthepositionofthechemicalpotentialisoptimized.

Thesamebasicargumelltisalsotruefor3DbulkmaterialsalldIDquantumwires,

wherethecorrespondingexpressionsforZ3DT,ZIDT,B3DandBIDaswellasthe

expressionsforvarioustransportcoef丘cients,forallone-,two-andthree-dimensions,

aresummarizedinAppendixAfromRef.[17].

Fromtheaboveargument,whentryingtofindordesignmaterials/systemswith

largevaluesofZTusingvarious3D,2DalldIDone-bandsystems,oneshouldlookfor

materialsthathavelargevaluesofBxwhereX=1D,2Dor3Dforthecorresponding

dimensionalsystems,respectively,i.e.,alargedensity-ofLstateeffectivemass,alarge

carriermobilityandasmalllatticethermalconductivity.

4.2.2 ZTfortwo-bandmaterials

Thetransportcoeflicientsσ,Sandκ,fortwo-(ormulti-)bandmaterialsarestill

obtainedbyEqs.4.1-4.3,ifthetransporttensorsL(α)(α=0,1,2)inEqs.4.1-4.3are

interpretedasthesumsofL(α)s(α=0,1,2)thatareevaluatedforeach(sub)band

separatelyusingaone-bandmodel,wherethechemicalpotentialforeach(sub)band

ismeasuredfromitsown(sub)bandedgeindividually.Inthissubsection,wewill

deriveageneralexpressionforZ2DTforatwo-bandsystemofisolatedquantumwells

foragivenvalueofdw,andwewillderivetheconditionsforthebandoffseten-

ergy△ 、El2-1betweenthesetwo(sub)bands(seeFig.4-1)inordertohavethehighest

valueofZ2DT.Itturnsoutthat,inthissimpletwo-bandmodelofisolatedquantum

wells,onecanobtainthehighestvalueofZ2DTwhenthebandoffsetenergyiszero

(△E2-1=0).Theproofofthisconditionisprovidedattheendofthissubsection.

Inderivingtheseexpressionsandconditions,wewillhave2Dquantumwellsystems

inmind,sincetheseprovidethebasicmodelsbasedonwhichmorepractical(and

morecomplicated)modelsforZ3DTforthewholesuperlattice(includingtheeffects

oftheparasiticthermalconductioninthebarrierlayersandthetunnelingofthecar-

riersthroughthebarrierlayers)aredevelopedinsllbseqllentsectionsandchapters.

However,thegeneralargumentinthissubsectioniseqllallyapplicabletootherdi-

mensionalsystems(3DandID)withstraightforwardmodificationsoftheequations
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optimum value of Z20T when the position of the chemical potential is optimized. 

The same basic argument is also true for 3D bulk materials and 1D quant um wires, 

where the corresponding expressions for Z'DT, Zm1', B.'D and Bm as well as the 

expressions for various t ransport coefficients, for all one-, two- and three-dimensions, 

are summarized in Appendix A from Ref. [17] . 

From the above argument, when t rying to find or design materials/systems with 

large values of Z T using various 3D, 2D and 1D one-band systems, one should look for 

materials that have large values of B x where X = 1D, 2D or 3D for the corresponding 

dimensional systems. respectively, i. e., a large density-of-state effective mass, a large 

carrier mobility and a small lattice thermal conductivity. 

4.2.2 ZT for two-band materials 

The transport coefficients (J, 5 and ~e for two- (or multi-) band materials are still 

oblaineu by Eqs. 4.1- 4.3, if' Lhe lransporL tensors L (a ) (a = 0, 1, 2) in Eqs. 4 .1- 4.3 are 

interpreted as th e sums of V")s (a = 0, 1, 2) that are evaluated for each (sub)band 

separately using a one-band model, where the chemical potential for each (sub)band 

is measured from its own (sub)band edge individually. In this subsection, we will 

derive a general expression for Z2D1' for a two-band system of isolated quantum wells 

for a given value of dw, and we will derive the conditions for the band offset en

ergy c,E2
-

1 between these two (sub)bands (see Fig. 4-1) in order to have the Itigllest 

value of Z20T. It turns out that, in this simple two-band model of isolated quantum 

wells, one can obtain the highest value of ZmT when the band offset energy is zero 

(c,E2- 1 = 0) . The proof of this condition is provided at the end of this subsection. 

In deriving these expressions and condit ions, we will have 2D quantum well systems 

in mind , since these provide the basic models based on which more practical (and 

more complicated) models for Z301' for t he whole superlattice (including the effects 

of the parasit ic thermal conduction in the barrier layers and the tunneling of the car

riers through the barrier layers) are developed in subsequent sections and chapters . 

However, the general argument in this subsect ion is equally applicable to other di

mensional systems (3D and 1D) with straightforward modificat ions of the equations 

155 



band1 band2

2-1

△E

Figure4-1:Schematicdiagramtoshowthedefinitionof△ 、E2-1inthetwo-bandmodel.

△E2-1istheenergyofthe(sub)bandedge2measuredfromthebandedgeof(sub)band1.

(inmostcases,switchingthesubscriptfrom`2D,to`3D,orto`ID,sufHcesforthese

modifications).Assumingthatthesystemthatweareworkingonisisotropicin

thepertinentdimension†(thereforethetensorquantitiesinEqs.4.1-4.3reduceto

scalars),thegeneralexpressionforZ2DTfor2Dquantumwellswithtwo(sub)bands

contributingthethermoelectrictransport(two-bandmodel)isgivenby,

Z2DT=

2

)
)

十
し

1

0

(

十
し

五(
・・Tκ,hLig!+五 階!+(五!lり2'

(4.12)

where五!留s(α 一 〇,1,2)[scala・quantitiesrepresentingthet・talt・ansp・ ・t-related

tensor1」(α)(く)foratwo-bandmaterial]aregivenbythesumofthecontriblltions

tothetotal五(α)quantitiesfrom(sub)bandland(sub)band2,respectively.These

c・nt・ibuti・ns,den・tedby五1留[1]and五1留[2],respectively,(五 留 一 五1留[1]+五1留[2])a・e

calculatedforeachsubbandseparatelyaccordingtoEqs.4.6-4.8.Tohavebetter

perspectivesforourargumenthere,weexpressZ2DTforthepertinenttwo-band

†i.e.,isotropicin2Dinthepresentexample.
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band 1 band 2 

Figure 4-1: Schematic diagram to show the definition of tJ.E2
-

1 in the two-band model. 
tJ.E2

-
1 is the energy of the (sllb)band edge 2 measured from the band edge of (sub)band 1. 

(in most cases, switching the subscript from '20 ' to '3~ ' Or to '10' suffices for these 

modifications) . Assuming that the system that we are working on is isotropic in 

the pertinent dimension t (therefore the tensor quantities in Eqs. 4.1- 4.3 reduce to 

scalars), the general expression for Z2DT for 20 quantum wel ls with two (su b)bands 

contributing the thennoelectric transport (two-band model) is given by, 

( 
(l)) 2 

Z, T = L
tot 

_D ., (0) (0) (2) ( (1)) 2 ' 
e -Tr.;ph L tot + L tot L tot + L t,ot 

( 4.12) 

where Li~l s (a = 0, 1, 2) [scalar quantities representing t he total transport-related 

tensor L(a)(() for a two-band material] are given by the sum of the contributions 

to t he total L (a) quant ities from (sub )band 1 and (sub)band 2, respectively. These 

contributions, denoted by L~';] [ l l and L~';] [21, respectively, (Li~l = L~';] [l + L~';] [21) are 

calculated for each sub band separately according to Eqs. 4.6- 4.8. To have better 

perspectives for our argument here, we express Z2DT for the pertinent two-band 

tLe. , isotropic in 2.0 in the present example. 
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systemintermsof五*(α)quantities(α=0,1,2)illtroducedinEqs.4.64.8,

Z2DT=
(L畿))2

剛 一1五話1)+五 話1)L話1)+(L観))2'

(4.13)

where

五翻)一(1一 り/D)LISa)(ぐ)+り/.LISa)(ぐ 一 △E2-1), (4.14)

(α=0,1,2)alld

螺 一B墨+B鼎. (4.15)

InEqs.4.14and4.15,〈ischemicalpotential,△ 五12-1istheenergyofthebandedge

for(sub)band2measuredfromthebandedgeof(sub)band1(seeFig.4-1),初=

D兇/(咄+D兇),where咄andD兇a・ecalculatedusingEq・4・9f・ ・(sub)band

land(sub)band2,・espectively,andB男andB兇aresimila・lycalculatedusing

Eq.4.10foreach(sub)band,respectively.

Now,inthesubsequentpartofthissubsection,wewillprovethatamaximum

valueforZ2DTinthistwo-bandmodelisobtainedwhen△E2-1=0.Indoing

this,wefirstnotethatEq.4.13reducestotheresultoftheone-bandmodelthatis

givenbyEq.4.11,ifthetwobandsinquestionaresufficientlyseparatedinenergy

(△ 五12-1→ ±Oc),sincewhicheverthebandthathasthehigherenergythantheother

doesnotcontributetothetransportinthislimit.†Second,wenotethatEq.4.13also

reducestotheone-bandlimit(Eq.4.11),when△E2-1=0,whereB2DinEq.4.11is

givenbyBt。tinEq.4.15.TheoptimumvalueforZ2D7「inthistwo-banddegenerate

limitislargerthanthoseforthecorrespondingone-bandlimits(1△ 、El2-11→ ○○)since

B鑑isla・ge・thanb・thBlヨandB兇.

†ItiseasytoseethatEq .4.13reducestoEq.4.11,when△E2-1goestoOO,whereB2Dis

giv・nby(1-7D)B、D-B墨.Th・ ・am・i・t・u・f・ ・ △E2-1→ 一 ・・,wh・ ・eB、DinEq.4.11i・

giv・nbyOrDB,D-B兇.ln・ ・d・・t・ ・h・wthi・,・n・maywantt・ ・ed・丘n・thechemi・alp・t・ntialby

ζ≡ ζ十 △E2-1,sothatweobtain

五畿)=(1一 り・D)L;甘)(ξ 一 △E2-1)+ッDL;甘)(ξ).(4.16)

L・tting△E2-1→ 一・cinEq.4.16,・n・ ・btain・ 五課)-7DL;S)(ζ).
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system in terms of £,(0') quantities (a = 0, 1, 2) introduced in Eqs. 4.6- 4.8 , 

where 

(a= 0, 1, 2)and 

(L ' (I )) 2 
tot 

Z2DT = ----------~--~----------~ 
( 8 (ot)-1 C (O) + C (O) [ , (2) + (C(I))2' 

- 2D ---' tot ...J tot --' to t ---' tot 

L,(a) - (1 _ 'V ) L ,(a) (f' ) + 'V L ' CO') ( (' _ 6.E 2- 1 ) 
Loi - / D 2D ":. I D 2 D ":. 1 

B tot _ BII] + B 12] 
2D - 2D 2D " 

(4 .13) 

(4.14) 

(4 .15) 

In Eqs. 4.14 and 4.15, ( is chemical potential, 6.E2
-

1 is t he energy of t.he band edge 

for (su b) band 2 measured from t he band edge of (sub) band 1 (see Fig. 4-1) , / V = 

D126/ (D1~ + D1~), where D~~ and D1~ are calculated using Eq. 4.9 for (sub)band 

1 and (sub)band 2, respectively, and B~~ and B1~ are similarly calculated using 

Eq. 4.10 for each (sub)band, respectively. 

Now, in the subsequent part of this subsection , we will prove tha t a maximulll 

value for Z2DT in this two-banel model is obtained when 6.E 2- 1 = O. In doing 

this, we first note that Eq. 4.13 reduces to the result of the one-band model that is 

given by Eq. 4.11 , if the two bands in question are sufficiently separated in energy 

(6.E2- 1 --+ ± oo), since whichever the bar1d that has the higher energy t han the other 

does not contribute to the transport in this limi t. t Second , we note that Eq. 4.13 also 

reduces to the one-band li mit (Eq. 4.11) , when 6.£2- 1 = 0, where D2D in Eq. 4.11 is 

given by Btot in Eq. 4.15. T he optimum value for Z2DT in this two-banel degenerate 

limit is larger than those for the corresponding one-band limits (I6.E2- 1
1 --+ oc) since 

B~¥5 is larger than both B1~ and B~~. 

t I t is easy to see t hat Eq. 4.13 reduces to Eq. 4.111 when D:.E2- 1 goes to 00 : where B2D is 
given by (1 - 'YD)B2D = B1~ . The same is true for iJ.E2-1 -+ - 00 , where B2D in Eq. 4.11 is 

given by 'YD B 2D = B1~ . In order to show this, one may want to redefine the chemical potential by 
• , 1 ( == ( + t:.E'- , so that we obtain 

L;l~) = (1 - I'D) L;[;') (( - t:.E 2- 1 ) + ' (DL;[;') (() . (4.16) 

L t · "E"- t . E 416 l ' L'(o) L'(o)(,) -et mg Ll. - --) -00 111 q. . \ o l1e 0 )tam::; to t. = "I'D 2D .." . 

157 



TherestoftheproofisconcelltratedollshowillgthatZ2DTillthedegenerate

two-balldlimit(△E2-1=0)isatalocalextremumwithrespecttoasmallvariatioll

in△E2-1.Hence,theoptimumvalue(intermsofchangingζ)ofZ2DTisamaximum

(intermsofchanging△E2_1)at△E2-1=OasshowninFig.4-2.First,weassume

that△E2-1=OandZ2DTforthesystemthatweareworkingonisoptimizedwith

respecttochemicalpotentialζ,sothatthederivativeofZ2DTwithrespecttochemical

potentialぐvallishes.

δζ(Z2DT)=0

2δ謝)(B船)一'δ ζLlso)+Llso)δ ζ五1告)+δ ζ五lso)五1害)2LIS')δ 謝)

五19)聯 一1五lso)+Llso)Lls2)一(五19))2

(4.17)

wherethelastequalityis・btainedsinceL課)一 五1曽)(α 一1,2,3)f・ ・△E2-1-0(see

Eq.4.14).Now,weconsiderthevariationinZ2DTwithrespecttoasmallvariation

of△ 石 「2-1,denotedbyδ △(Z2DT),

一z・DT{2辮1)

　 {

(B第)dδζL撫

)票 読)誤1デ 五話1)δ認)}

},

δ△(z2DT)

一　 {2δ△L謡
五翻))

z・DTorD{2δ △LIB')

(B鑑)一'δ△L耀 撫
)雛1)碍 デL謡)δ△L謡)}

Lls')(B鑑)-1五lso)+Llso)LIB2)一(五19))2

(4.18)

whereδ △五1魯)(α 一1,2,3)inthelastexp・essi・nden・tesδ △{Ll曽)(ぐ 一 △E2-1)}

(α 一1,2,3),i.e.,theva・iati・nin五1曽)(く 一 △E2-1)f・ ・asmallva・iati・nin△E2-1,and

thesecondequalityalsofollowsfromEq.4.14.Now,wewouldliketofinishourproof

he・ebyn・tingδ △{五1曽)(ζ 一 △E2-1)}一 一 δく{五1曽)(ζ 一 △E2-1)}(α 一1,2,3).There一

卿 △五IBo)+五lso)δ △五ls2)+δ △五IBo)Lls2)-2五IB')δ △Lls')}
,
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The rest of the proof is concentrated on showing that Z2DT in the degenerate 

two-band limit (6E2- 1 = 0) is at a local extremum with respect to a small variation 

in 6E2- 1 . Hence, the optimum value (in terms of changing () of Z20T is a maximum 

(in terms of changing 6E2- 1 ) at 6E2
-

1 = 0 as shown in Fig. 4-2. First, we assume 

that 6 E 2- 1 = 0 and Z2DT for the system that we are working on is optimized with 

respect to chem ical potentia.! (, so that the derivative of Z2DT with respect to chemica.! 

potential ( vanishes. 

(Btot )-l6 r (O) + L '(O) 6 L '(2) + Ii L '(O) L '(2) - 2L*(I) 6 L '(I) } 
2D <" tot tot <" tot <: tot tot tot (tot 

- 2 
(B cot) - 1 L '(O) + L '(O) L ,(2) _ (L'(1) ) 

2D tot· tot t·ot tot 

{

? IS L ,(l) (BlOt)-1 is L '(O ) + L '(O) Ii L ,(2) + is £ ,(0) L *(2) _ ,)£,(1) IS L ' ( l ) } _ z. T - ( 2D _ 2D (20 2D (2D (2D 2D - 2D (2D 

- 2D L '( I) (B t ot )-' £ ,(0) + £,(0)£,(2) _ (L' (I )) 2 ' 
20 2D 21J 2 11 2D 21) 

(4.17) 

where the last equali ty is obtained since L;~~) = L;~) (a = 1, 2, 3) for 6£2-l = 0 (see 

Eq. 4.14) . Now, we consider the variation in Z2DT with respect to a small variation 

of 6E2
- " denoted by iSt>(Z2DT ), 

{ 

2 IS L ' (1) (B tot )- 15 £'(0) + r (O) 5 L ,(2) + c5 £. '(0) r (2) _ 2L,(I) 5 L '(l) } 
= Z20T ' L1 tot _ 20 6 tot tot ~ tot .6. tot tot ? tot .6. tot 

L ,(I ) (Btot)-l L '(O) + L'(0)L *(2) _ (L*(I) )-
tot 20 LOt tot tOL tot 

{

?' L ,(I) (BtoC )-I" L '(O) + L '(O ) .< L* (2) + < L '(O) L*(2) _ ')L* (I) < L *( l ) } _ Z T ' - at> ?D _ 2D v t> 2D 2D at> 2D at> 2D 2D - 2D at> 2D 

- 2D ')D L *(1) (B tot)-'
L

'(O) + 1 *(0) 1 *(2) _ ( 1 *(1) )2 , 
2D 20 2D ..... 2D :...120 ..... 2D 

( 4. 18) 

where Jt>L;~Q) (a = 1, 2, 3) in the last expression denotes J,,{L;f;') (( - 6E2- 1 )} 

(a = 1, 2, 3) , i.e ., the variation in L;~) (( _6E2- l ) for a small variation in 6E2- 1 , and 

the second equality also follows from Eq. 4.14. Now, we wOllldlike t.o finish our proof 

here by noting c5d£;~) (( - 6E2- 1)} = -JdL;~)(( - 6E2-l)} (a = 1, 2, 3). There-
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Figure4-2:AplottoshowthattheoptimumvalueforZ2DTinatwo-bandmodelis

maximizedat△E2-1=0.Theparametersforthetwobandsinthiscalculationarechosen

・u・hthatB墨 一B兇and{(盟 凸)1/2加}(μ/Kph)-2.75[・WW .±,M..w].Th・valu・ ・fZ、DTin

thetwo-bandmodelreducestothecorrespondingone-bandvaluesinthelimit△E2-1→

± ○○.

fore,comparingthelastexpressionofEq.4.17withthelastexpressionofEq.4.18,

wefindδ △(Z2D7「)=0.

4.2.3 GeneralguidelinefbrtheimplementationoftheCarrier

PocketEngineeringconceptusingsuperlatticestruc一

tures

HavingknowntheconditiontohavetheoptimumvaluesforZ2DTintheone-band

modelandthattheoptimumvaluesofZ2DTinthetwo-bandmodelisatmaximum

when△ 五12-1=0,†wewouldliketoproposegeneralgllidelinesfordesigningsuper-

latticestructuresusingtheCarrierPocketEngineeringconcepttoobtainenhanced

valuesofZ3DT.ItisemphasizedagainthatZ3DT(thermoelectricfigureofmeritfor

thewholesuperlattice)isthequantitywewouldliketoultimatelyoptimize,though

†Thephysicalreasonforthisisthatchangingthevalueof△E2-1fromzeroisequivalentto

partiallychangingthevalueofthechemicalpotentialζinaone-bandmodelfromtheoptimum

value(see§4.2.2).
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Fignrp. 4-2: A plot. t.o show t.ha t. t. he opt.imlllll vaille lor Z20T in a t.wo-banrl morlel is 
Iuaxlrn..ijl,ed aL 6.E2- 1 = O. The pa,rame te rs [oJ" tJI 8 lwo ba.nds in Llns ca1culatio n are chosen 

such that B~~ = B~~ and {(ffixffiy) 1/2 /m} (jJ./ "ph) = 2.75 [~:,::'l~VJ. The value of Z2DT in 
the two-band model reduces to the corresponding one-band values in the limit t'!.E2- 1 -+ 
±oo. 

fmc, comparing the last expression of Eq. 4.17 wi th the last expression of Eq. 4.18, 

we find 6c.(Z20T) = 0. 

4 .2.3 General guideline for the implementation of the Carrier 

Pocket Engineering concept using superlattice struc-

tures 

Having known the condition to have the opt imum values for Z20T in t.he one-band 

model and that the optimum values of Z20T in the two-band model is at maximum 

when t'!.E2- 1 = 0, i we would like to propose general guidelines for designing super

latt ice structures using the Carrier Pocket Engineering concept to obta in enhanced 

values of Z30T . It is emphasized again that Z30T (thermoelectric figure of merit for 

the whole superlattice) is t.he quantity we wo uld like to ultimately optimize, though 

tThe physical reason for this is that changing the value of .6.E 2- 1 from zero is equivalent to 
partially changing the value of the chemical potential , in a one-band model from the optimum 
value (see §4.2.2). 
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weusedtheZ2DTquantity(thermoelectricfigureofmeritwithinthequantumwells)

intheprevioussubsectionstoillustratetheideaoftheoptimizationprocess.Wewill

occasionallyusesuch2Dquantitiesandtheirvariationsinthissubsectionaswell,

becausetheextensionofourmodelforZ3DTforthewholesuperlatticeisbasedon

themodelsforZ2DTforisolatedquantumwells.Thus,theknowledgeacquiredinthe

previoussubsections,instudyingtheoptimizationconditionforZ2D7「forone-and

two-balldmaterials,shouldbealsousefulillconsideringtheoptimizationprocessfor

Z3DTforthewholesuperlattice,atleastqualitatively,aswediscussbelow.

The丘rststepinimplementingthesuperlatticedesignstrategyusingtheconcept

ofCarrierPocketEngineeringistheselectionofmaterialsfortheconstituentlayers

ofthesuperlattice.Inthediscussionoftheone-bandmodelin§4.2.1,wehaveshown

thattheoptimumvalueforZ7「(eitherZ3D7「,Z2D7「orZiDT)iscloselyrelatedtothe

valueofthecorrespondingBxquantities,whereX=3D,2DorID.Thelargerthe

valueof、Bx,thelargertheoptimumvalueofZTforthecorrespondingdimensional

system.Therefore,weshouldselecttheconstituentmaterialsforthesuperlattice

amongthosethathavelargevaluesofBxquantities(X=3D,2DorID)(large

valuesofthedensity-ofLstateseffectivemassandofthecarriermobility,andasmall

valueofthelatticethermalconductivity).Thematerialsthathavealargevalue

ofthedensity-of-statemassandalargevalueofthecarriermobilityatthesame

timeareusuallyrealizedbybothhavingamultiplenumberofequivalentvalleysin

theBrillouinzoneforthepertinentconductionorvalencebandandhavingalarge

anisotropyintheconstantenergyellipsoidsforthesevalleys.Themultiplicityinthe

numberofequivalentvalleysisdirectlyproportionaltothevalueof、Bx(X=1D,2D,

3D)asinEq.4.10,andalargeanisotropyintheconstantenergysurfacesprovides

largevaluesinthefollowingmassratiothatisalsoproportionaltothevalueof、Bx

foragivenvaluefortherelaxationtime7,

(77ZxMy)9-(m凸)s

m歪,p 2 (11十MxMy),
(4.19)

160

we used the Z2DT quantity (thermoelectric figure of merit within the quant um wells) 

in the previous subsections to illustrate the idea of the optimization pl'Ocess. We will 

occasionally use such 2D quantities and their variations in this subsection as well , 

because the extension of our model for Z3DT for t he whole superlattice is based on 

the models for Z2DT for iso lated quantum wells. Thus, the knowledge acqui red in the 

previous subsect ions, in stud ying the optim ir.ation condi tion for Z2DT for one- and 

two-band materials, should be a,]so useful in considering the optimization process for 

Z3DT for the whole superlattice , a t least qualitatively, as we discuss below. 

The first step in irnplernentinp; the superl at tice desip;n st ratep;y usinp; the concept 

of Carrier Pocket Engi neering is the selection of materi als for t he constituent layers 

of the superlattice. In the discussion of the one-band model in §4.2.1, we have shown 

that the optimum value for ZT (either Z3DT, Z2DT or ZlDT) is closely rela ted to the 

value of the corresponding E x quantities, where X = 3D, 2D or 1D. T he larger the 

value of E x, the larger the optimum value of ZT for the corresponding dimensional 

system. Therefore, we should select the constituent materials for the superlattice 

among those that have large values of E x quantit ies (X = 3D, 2D or 1D) (large 

valnes of t.he densir.y-of-states effective mass and of the carrier mohili ty, ami a small 

value of the lattice thermal conductivity) . The materials that have a large value 

of the density-of-state mass and a large value of t he carrier mobility at the same 

t ime are usually realized by both havi ng a mul t iple number of equivalent valleys in 

the Brillouin zone for t he pertinent conduction 0 1' valence band and having a large 

anisotropy in the constant energy ellipsoids for these valleys. The multiplicity in the 

number of equivalent valleys is directly proportiona.l to the value of E x (X = 1D, 2D, 

3D) as in Eq. 4.10, and a large anisotl'Opy in the constant energy surfaces provides 

large values in the fo llowing mass ratio that is also proport ional to the value of E x 

for a gi ven value for the relaxation t ime T, 

(4.19) 
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forisolated2Dquantumwells,and

(砺 砺mの 去_(mxMym。)去

瞬,p 3 (111十 十Mxγη・シMz),
(4.20)

for3Dbulkmaterials.InEqs.4.19and4.20,Mx,Myandmzare灘,tyandzcom-

ponentsofthediagonalizedeffectivemasstensor(byrotatingthecoordinateaxes),

respectively,andm沓rpisthedirectionally-averagedtransporteffectivemassforthe

setofpertinentequivalentvalleys.Largevaluesofsuchmassratioscontributetoin-

creasingthevaluesofBx(X=1D,2D,3D),sincethecarriermobilityμisinversely

relatedwiththetransporteffectivemassMirp.Anotherfactorthatcontributesto

increasingthevalueofBx(X=1D,2D,3D)isprovidedbyhavingasmallvalueof

thelatticethermalconductivityκph.Smallvaluesofκphareusuallyrealizedinma-

terialsthatconsistofheavyatoms(sincesuchcrystalsusuallyhaverelativelysmall

soundvelocities)orbyalloyingthematerialwithatomsthathavethesamevalence

stateasthehostmaterial(isoelectronicalloying)toincreasethealloyscatteringof

phonons.However,forourgoalofenhancingthevalueofZ3DTusingsuperlattice

structures,thevaluesoflatticethermalconductivityκphcanbecontrolledbythe

structuralpropertiesofthesuperlattice,wherethephononmeanfreepath4maybe

limitedbythethicknessesofthethewell-andbarrier-layers(denotedbydwanddB,

respectively).Wedenotesuchatechniqueofreducingthevalueofκphthroughthe

structuraldesignofthesuperlatticeasc`latticeengineering,,or``phononengineering,,

aswediscussin§4.3.3and§5.2.Therefore,wedonotspecificallyrequire,atthis

stage,thesmall"bulk"valuesforκphfortheconstituentmaterialsofthesuperlat-

tices.Havingsmallvaluesofκphinthebulkformisadvantageousonlyinthesense

thatitgivesusmorefreedomindesigningsuperlatticestructuretooptimizeZ3DT

withoutpayingtoomuchattentiontotheconditionsnecessarytoredllcethevalues

forκphusingthelatticeengineeringapProach・

ThesecondstepintheimplementationoftheconceptofCarrierPocketEngineer-

ingistolookatthehigherenergyvalleys(orlowerenergyvalleysforp-typematerials)

thatdonotcontributetothethermoelectrictransportinthebulkform,butmaybe

161

for isolated 2D quantum wells, and 

1 1 

(rnxTnyTnz)'I = (rnxrny7nz)2 
3 ( 

1 1 1 ) - + - + -
'In Tn Tn ' x y , 

( 4.20) 

for 3D bulk materials. III Eqs. 4.19 and 4.20, Tn x , Tny and'rr!z are x , y and z com

ponen ts of the d iagonalized effective mass tensor (by rotating t he coordinate axes), 

respecti vely, and m;rp is the directionally-averaged transport effective mass for the 

set of pertinent equi valent valleys. Large values of such mass ratios contribute to in

creasing the values of Ex (X = 1D, 2D , 3D), since the carrier mobility p is inversely 

related with the t ransport effective mass m;l'p' Another factor that contributes to 

in creasing t he val ue of Bx (X = 10, 20, 3~ ) is provided by havin g a small value of 

the lattice thermal conductivity K:ph . Small values of K:ph are usually realized in ma

terials that consist of heavy atoms (since such crystals usually have relatively small 

sound velocities) or by alloying the material with atoms that have the same valence 

state as the host material (isoelectronic alloying) to increase the alloy scattering of 

phonons. However, for our goal of enhancing Lhe value of Z30T using superlattice 

structures, the values of lattice thermal conductivi ty K:ph can be controlled by the 

structural properties of the superia ttice, where the phonon mean free path e may be 

limited by the thicknesses of the the well- and barrier- layers (denoted by dw and dB, 

respecti vely) . We denote such a technique of reducing the value of K:ph through the 

structural design of the superlattice as "lattice engineering" or "phonon engineering" 

as we discuss in §4.3 . .3 and §5.2. Therefore, we do not specifi.ca.\1y require, at th is 

stage, the small "bulk" valnes for K:ph for the constituent materials of the superlat

tiees. Having small values of K:ph in the bulk form is advantageous only in the sense 

that it gives us more freedom in designing superlattice structure to optimize Z3DT 

without paying too much attention to the conditions necessary to reduce the values 

for K:ph using the lattice engineering approach. 

The second step in the implementation of the concept of Carrier Pocket Engineer

ing is to look at the higher energy valleys (or lower energy va.lleys for p-type materials) 

that do not contribute to the thermoelectric transport in the bulk form, but may be 
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madetocontributeintheformofasuperlatticeasaresultoftheapplicationofthe

CarrierPocketEllgineeringconcept.Tomaketheargumentconcrete,weusethe

bandenergygapdiagramforbulkGa1_xAlxAsalloysasafunctionofAlcontent灘

(Fig.4-4)thatisfoundin§4.3.2.Forthelimitingcasesofx=0(pureGaAs)and

x=1(pureAlAs),wefindthattheconductionbandminimaliesatr-andX-points

intheBrillouinzone,respectively(seeFig.4-4).These(r-andX-valleys)arethe

valleys,inthebulkform,thatcontributetothetransportpropertiesinGaAsand

AIAs,respectively,withn-typedoping.Ontheotherhand,whendesigningsuperlat-

ticestructuresforenhancedvaluesofZ3DT,weshouldnotexcludethepossibilityto

havealltheavailabler一 五一andX-vallevsmadetocontributetothethermoelectricり
transportforthewholesuperlattice.ShowninTable4.1arethebulkbandparame-

tersforGaAsandAIAsthataredeterminedforeachvalleytype(r-,、 乙一〇rX-valleys)

separately,togetherwiththevaluesofB3DandtheoptimumvaluesofZ3DT,calcu-

latedusingthesebandparametersforeachvalleyminima.†Aheuristicargument

ismadeherebyconsideringasituationwhereallthevalleytypesintheconduction

bandofGaAsorAlAsaremadecompletelydegenerateinagedankenexperimentto

achievethedegenerateconditiondiscussedin§4.2.2.Inthiscase,aswediscussed

in§4.2.2,thevalueforthetotal、B3D(denotedby、B鑑)isgivenbythesumofthe

contributionsfromallthevalleytypes,i.e.,、B継=B星D十 、BゑD十Bあ.Therefore,we

obtainB総=0.0116andB総=0.0030forGaAsandAlAs,respectively,whosecor.

respondingvaluesforZ3DTareO.112andO.0313,respectively.Thesevaluesaretobe

comparedwithZ3DT=0.0085,thevalueofZ3DTforbulkGaAsorAIAs,including

onlyr-andX-valleys,respectively,whicharethevalleysactuallycontributingtothe

thermoelectrictransportinbulkGaAsandAIAs,respectively.

TherearetworeasonswhythevaluesforZ3DTfortheactllalGaAs/AIAssuper.

latticesshouldbeenhancedrelativetothoseforthe3Ddegeneratelimitdiscussed

above.Thefirstreasonisthatthelatticethermalconductivelyκphforthesuperlattice

†Notethatthecalculationsaremadeforasetoftheequivalentvalleys(thusB3Dincludesthe

factorN,whichisthenumberoftheequivalentvalleys),notforasinglevalleyoftheparticular

band.
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made to contribute in the form of a superlattice as a result of the application of the 

Carrier Pocket Engineering concept. To make the argument concrete, we use the 

band energy gap diagram for bulk Ga' _xAlxAs alloys as a function of AI content .x 

(Fig. 4-4) t hat is found in §4.3.2. For t he limit ing cases of x = 0 (pure GaAs) and 

x = 1 (pure AlAs) , we find that the conduction band minima lies at f - and X -points 

in the Brillouin w ne, respectively (see Fig. 4-4). These (f- and X -valleys) are tbe 

valleys, in the bulk form, that contribute to the transport properties in GaAs and 

AlAs, respectively, with n-type doping. On the other hand , when designing superJat

t ice structures for enhanced values of Z30T, we should not exclude the possibi lity to 

have all the avai lable f - & and X-valleys made to cont ribute to the thermoelectric 

transpor t for the whole superiattice. Shown in Table 4.1 are the bulk band parame

ters for GaAs and AlAs that are determined for each valley type (f- , L- or X -valleys) 

separately, together with the values of B30 and the optimum values of Z30T, calcu

lated using these band parameters for each valley minima.! A heuri st ic argument 

is made here by considering a situation where all the valley types in the conduction 

band of GaAs or AlAs are made completely degenerate in a gedankeu experiment to 

achieve t.he (Iegenerate m nnition discllssed in §4.2.2. In this case, as we discllssed 

in §4.2.2 , t he value for the total B30 (denoted by Bi'l5) is given by the sum of the 

contributions from all the valley types, i. e., Bj[i = Bfo + BIb + B3b. T herefore, we 

obtain Bm = 0.0116 and Bj'15 = 0.0030 for GaAs and AlAs, respectively, whose cor

responding values for Z30T are 0.112 and 0.0313, respectively. These values are to be 

compared with Z3DT = O.OOS::>, the value of Z3DT for bulk GaAs or AlAs, including 

only f - and X -valleys , respectively, which are the valleys actually contributing to the 

thermoelectric transport in bulk GaAs and AlAs, respectively. 

There are two reasons why the values for Z30T for the actual GaAs/AIAs super

latt ices should be enhanced relative to those for the 3D degenerate limit discussed 

above. The first reasou is that t ire lattice tlrennal couductively Kph for t he superlattice 

tNote that the calculations are made for a set of the equivalent valleys (thUS B 30 includes the 
factor N, which is the number of the equivalent valleys), not for a single valley of the particular 
band. 
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Table4.1:BulkbandparametersatvarioussymmetrypointsfbrGaAsandAlAsat

300K[58ラ59].Thevaluesfol'theenergybandgapf()reachvalleyaremeasured丘om

thetopofthevalencebandatther-pointintheBrillouinzone.SeeTable4.2forthe

latticepropertiesofthesematerials.

Material GaAs AIAs Gao .55Alo.45As

Parametersforrvalley(N=1)

m「/m(effectivemass)

囁/m(t・ansp・ ・tmass)

μr[cm2/V・s](electronmobility)

場[eV]

B嗣mr)3/2結

z罰DT

0.067

0.067

3000

1.424

7.96×10-4

0.00850

0.150

0.150

2200

2.96

9.47×10-4

0.0101

0.104

0.104

700

1.985

1.46×10-3

0.0155

Parametersfor五valley(N=4)

m〃m(t・ansversec・mp・nent)

m2/m(longitudinalcomponent)

鴫,/m[澱 。-T(毒+赤)]
μ五[cm2/V・s](electronmobility)

場[eV]

恥N{(mの2m升}1/2精

zあT

0.0754

1.9

0.111

950

1.705

0.0964

1.9

0.141

0

1

2

4

3

2

6.04×10-31.26×10-3

0.0610 0.0134

0.0849

1.9

0.124

100

～2.0

2.89×10-3

0.0301

ParametersforXvalley(N=3)

m詳/m(transversecomponent)

mざ/m(longitudinalcomponent)

m春,/m[器
。一嚇+ホ)]

μx[cm2/V・s](electronmobility)

房[eV]

Bあ 一N{(ゾ)2ガ}1/2矯

z詣 丁

23

3

α

-

0.317

0

1

0

9

4

1

19

ユ

α

-

0.262

180

2.168

4.81×10-37.97×10-4

0.0492 0.00852

0.212

1.21

0.292

75

1.985

3.24×10-3

0.0337

163

Table 4 .1: Bulk band parameters at various symmetry points for GaAs and AlAs at 
300 K [58, 59]. The values for the energy band gap for each valley are measured from 
the top of the valence band at the r -point in the Brillouin zone. See Table 4.2 for the 
lattice properties of these materials. 

Material GaAs AlAs Gao.55Alo.45As 

Parameters for r valley (N = 1) 

m rim (effective mass) 0.067 0.150 0.104 
m;'-p /m (transport mass) 0.067 0.150 0.104 
Mr [cm2 /V·s] (electron mobility) 3000 2200 700 Er leVI 1.424 2.96 1.985 

( ) 3/ 2 1.96xl0- 4 9.47x10- 4 1.46 x lO-3 B r A..I Tn r l!:.L 
3D liph 

ZfoT 0.00850 0.0101 0.0155 

Parameters for L valley (N = 4) 

mt 1m (transverse component) 0.0754 0.0964 00849 
mt 1m (longitudinal component) 1.9 1.9 1.9 

LI [m m( 2 + 1)] 1ntrp 1n =r- = 3" -::::r --::::::r; 
m trp 'Tn t 'Tn l 

0.111 0.141 0.124 

ML [cm2/V·s] (electron mobility) 950 320 100 
Ef leVI 1.705 2.41 ~2.0 

{ 2 t2 6.04 x l0-' 1.26xlO-·1 2.89xlO-' B L ~ N (m'") mL 1!L 
3D t I Kph 

ZroT 0.0610 0.0134 0.0301 

Parameters for X vaJlcy (N = 3) 

'm{ /rn (transverse C0111pOnent) 0.23 0.19 0.212 
m{ 1m (longitudinal component ) 1.3 1.1 1. 21 

XI [ m m( 2+' )] 0.317 0.262 0.292 1ntrp 1n mA = "3 ;:;:;x- ;:;:;:x-
trp t I 

Mx [cm2/ V- s] (electron mobility) 400 180 75 
E~Y leVI 1.91 2168 1.985 

B X ~ N { (mx) 2 mX } 1/2 !'oK.. 4.81 X 10-3 7.97 x 10-4 3.24xlO-3 
3 D L I "ph 
X 0.0492 0.00852 0.0337 ZooT 
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Table4.2:LatticepropertiesforbulkGaAs,AIAsandGao .55Alo.45Asalloyat300K[58,59].

Propertyat300K GaAs AIAs Gao.55Alo.45As

　
Latticeconstantα[A]

Specificheat(7p[Jm-3K-1]

Speedofsound

v[…](t・[100])[×103m/s]

v[…](t・[110])[×103m/s]

v[…](t・[111])[×103m/s]

κph[Wm-1K-1]

Phononmeanfreepath†

e[、。。](t・[100])[A]

e[、、。](t・[110])[A]

5.65335.6611

1.7951.732

4.76

5.26

5.42

44.05

rO

∩
)

ド0

/
寸

-
⊥

-
⊥

7
ー

∩
∠

K
り

ρ0

90.91

ρ
0

/
寸

7
ー

阿
O

G
∠

G
∠

5.6568

1.766

つ
0

4

1
⊥

ρ0

民
U

民
U

10.91

只
U

り
0

り
0

り
0

†Calculatedusingthekineticformula(Eq .2.34),wherethevaluesfbr(7pandtheaverage

valuesforvbetweenv[100]andv[110]inthistableareusedforOvandv.

isgreatlyreducedrelativetothecorrespondingbulkvaluesthataregiveninTable4.2.

In§4.3.3,wewillseethatthevalueofκphforaGaAs(20A)/AlAs(20A)superlattice

is7.3W/m・K,whichisafactorof6and12reductionrelativetoκphforbulkGaAs

andAIAs,respectively.Therefore,ifweincorporatetheeffectofboundaryscattering

ofphononsintoourheuristicmodelof3Ddegeneratebands,wherethenewmodel

includingtheeffectofbolmdaryscatteringofphononsisdenotedby"degenerate3D

superlatticelimit"(inthesensethattheelectronicpropertiesofthesuperlatticeare

stillthree-dimensional),thevaluesforthe"effective"、B総ofourmodelsystemin-

creasebyfactorsof6and12,i.e.,B占 昏=0.07(Z3DT=0.507)and・B惹 昏=0.037

(Z3DT=0.308)forGaAsandAIAs,respectively.Thesecondreasonthatweshould

obtainlargervaluesofZ3DTintheactllalGaAs/AIAssllperlatticesthanthoseinthe

degenerate3Dbulklimitcomesfromthequantumconfinementeffectfortheconduc-

tioncarriers,whichtendstoincreasethevalueoftheSeebeckcoefficientforagiven

carrierconcentration.Toestimatetheupperboundforsuchaquantumconfinement

effectforthecondllctioncarriers,wedefinethe"degenerate2Dsuperlatticelimit"by

thefollowingconditions:1)theconductioncarriersarecompletelyconfinedineach
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Table 4.2: Lattice properties for bulk GaAs, AlAs and G3{).ooAIoAoAs alloy at 300 K [58,59] . 

Property at 300 K Ga.As AlAs Gao.iiiiAlo.4.,As 

Lattice constant a [A] 5.6533 5.6611 5.6568 
Specific heat Cp [J m- 3K - I ] 1.795 1.732 1.766 

Speed of sound 
'U[lOD] (I I Lo [100]) [x103m/s] 4.76 5.7 5.13 
'U[llD] (I I to [110]) [x 103m/s] 5.26 6.2 5.64 
'U[lL l] (I I to [lll]) [x103m/s] 5.42 

I<ph [Wm - 1K- l] 44.05 90.91 10.91 

Phonon mean free path t 

t [IDD] (II to [100]) [AJ 155 276 36 
el lLO] (II Lo [llO]) [AJ 140 254 33 

t Calculated llsing the kinetic formula (Eq. 2.34), where the values for Cp and the average 
values for v betwccn V[JOO] and VlllD] in this table arc llsed for C" and v. 

is greatly reduced relative to the corresponding bulk va.l ues that a re given in Table 4.2. 

In §4.3.3, we will see that the value of I<ph for a GaAs(20 A)/AIAs(20 A) superlattice 

is 7.3 W /m·K, which is a. factor of 6 and 12 reduction relative to Kph for bulk GaAs 

and AlAs, respectively. T herefore, if we incorporate the effect of boundary scattering 

of phonons into our heLll'istic lTIodel of 3D degenerate bands, where the new model 

including the effect of boundary scattering of phonons is denoted by "degenerate 3D 

superlattice limit" (in the sense that the electronic properties of the superlattice are 

still t hree-dimensional), the values for the "effective" Bjj'j of our model system in

crease by facLOrs of 6 and 12, i.e., BX'S = 0.07 (Z3DT = 0.507) and Bl'S = 0.037 

(Z3DT = 0.308) for GaAs and AlAs, respectively. T he second reason that we should 

obtain larger values of Z3DT in the actual GaAs/ AlAs superIattices than those in the 

degenerate 3D bulk limit comes !i'om the quantum confinement effect for the conduc

tion carriers, which tends to increase the value of the Seebeck coeffi cient for a given 

carrier concentration. To estimate the upper bound for such a quantum confinement 

effect for the conduction carri ers, we defi ne the "degenerate :!D superlattice limi t" by 

the following condit ions : 1) the cond uction carriers are completely confined in each 
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collductionlayers[therefore,theDOS(E)functionforeachsubbandcontributillgto

thetherm・elect・ict・ansp・ ・thasasha・pstepwithastepheightgivenby編],

2)thevalueofκphisreducedduetotheboundaryscatteringofphononsaswedis-

cussin§4.3.3,and3)alltheavailablesubbandsaredegeneratewithoneanother.

Sinceallthecarriersarecompletelyconfinedinthewelllayersinthedegenerate

2Dsuperlatticelimit,wecanstilluseEqs.4.10and4.11toestimatethefigureof

meritforthewholesuperlattice(Z3D7「)ifwereplacedwillthedellomillatorofB2D

(Eq.4.10)by(dw十dB)andthecontributionsfromalltheavailableconductionband

valleysto、B2Daresummedtogether.WedenotetheB2Dobtainedinthiswayforthe

degenerate2Dsuperlatticelimitby、B惹 普tandthecontributiontoB譜tfromeach

available(sub)bandbyB尊 舎ubbandname>.†F・ ・(001)・ ・ientedGaAs/AlAssuperlattices,

sincethethreeequivalentX-valleysinthebulkformsplitintoonelongitudinalvalley

(denotedbytheXl-valley)andtwotransversevalleys(denotedbytheXt-valleys),

aswediscussin§4.5.1,wehave、B計 乎t=B葦 君+B鳶Dx'+B請 ・+B齢inthedegenerate

2Dsuperlatticelimit.For(111)orientedGaAs/AlAssuperlattices,sincethefour

equivalent五 一valleysinthebulkmaterialsplitintoonelongitudinalvalley(denoted

bytheLg-valley)andthreeobliquevalleys(denotedbythe五 。-valleys),aswediscuss

in§4.5.2,wehaveB譜t=、B蛎 十 、B語 十 、B話z十B話ointhedegenerate2Dsuperlat-

ticelimit.ThevaluesfbreachB話(三=r,X,Xl,Xt,五,Llor五 。)aregivenin

Tables4.3and4.4forthecaseofGaAs(20A)/AIAs(20A)superlattices(see§4.3.4).

Usingthesevaluesfor、B話,weobtain、B譜t=0.210(Z3DT=0.627)fora(001)

orientedGaAs(20A)/AIAs(20A)superlatticeand、B譜t=0.198(Z3DT=0.600)for

(111)orientedGaAs(20A)/AIAs(20A)superlatticeinthedegenerate2Dsuperlattice

limit.ThesevaluesareconsideredtobetheupperlimitfortheactualZ3DTforthe

superlatticesthatarecalclllatedusingmorerealisticmodelsasdevelopedinthenext

sectlon.

†Weusesubscript`3D,sincewearereallydealingwiththe3Dproperties(thepropertiesf()rthe

wholesuperlattice)inthedegenerate2Dsuperlatticelimit.Thedegenerate2Dsuperlatticelimit

assumesatwo-dimensional-likeelectronicstructuref()rthesuperlattice,buttheresultanttransport

propertiesinthislimitareallthree-dimensional.Theterm"2Dsuperlattice"inthe"degenerate

2Dsuperlatticelimit"shouldnotbeconfusedwiththe2Dproperties(thepropertieswithinthe

quantumwells)whichisdenotedbysubscript`2D,.
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conduction layers [therefore, the DOS(E) function for each subband contributing to 
( ) 1/2 

the thermoelectric transport has a sharp step with a step height gi ven by r.,?C,;:+dB)]' 
2) the va lue of "'''Ph is reduced due to t he boundary scattering of phonons as we dis

cuss in §4.3.3, and 3) a ll the avail able subbands are degenerate with one anot her . 

Since all the carriers are completely confi ned in the well layers in the degenerate 

2D superl attice limi t, we can still use Eqs. 4.10 and 4.11 to estimate the figure of 

meri t for the whole superlattice (Z3DT ) if we replace dw in the denominator of B2D 

(Eq. 4.10) by (dw + ds) and the cont ribut ions from all the available conduction band 

valleys to B2D are summed toget her. We denote the B2D obtained in this way for the 

degenerate 2D superlat t ice limi t by Bil))" and the cont ribution to Bil))" from each 

available (sub)band by B ;gubband name) j For (001) oriented GaAs/ AlAs superlattices, 

since the three equi valent X -valleys in the bulk form spl it into one longitudinal valley 

(denoted by the XI-valley) and two t ransverse valleys (denoted by the Xrvalleys), 

as we di scuss in §4.5.1 , we have B:;g>' = Biro + B;;;1 + B:;;'~l + B,~ in the degenerate 

2D superlattice limi t. For (I ll ) oriented GaAs / AlAs superlatt ices, since the four 

equivalent L-valleys in the bulk materi al split into one longitudinal valley (denoted 

by the LI-valley) ;1Jld three oblique vltlleys (denoted by the Lo-valleys) , as we discllss 

in §4.5.2, we have B:i))'t = Bilt + B:iB + B~~i + B;~o in the degenerate 2D superlat

t ice limit. The values for each B35 (2 = r , X , Xl , Xi., L , LI or Lo) are given in 

Tables 4.3 and 4.4 for the case of GaAs(20 A) / AIAs(20 A) superJattices (see §4.3.4) . 

L:sing these values for B35, we obtain B3/ft = 0.210 (Z3DT = 0. 627) for a (001) 

oriente.d GaAs(20 A)/AIAs(20 A) superlattice and B3g>' = 0.198 (Z3DT = O.GOO) for 

(111) oriented GaAs(20 A) / AIAs(20 A) superJattice in the degenerate 2D superlattice 

limit. These values a re considered to be the upper li mit for the actual Z3DT for t he 

superlattices that are calculated using more realistic models as developed in the next 

section. 

t'V"e lise subscript '3D' since we are really clealing with the 3D properties (the properties for the 
whole superlattice) in the degenerate 2D superlattice limit . The degenerate 2D suped attice Li mit 
assumes a two-dimensional-like electronic structure for the superlattice, but the resultant transport 
properties in this limit are all three-dimensional. The term ;;2D super lattice" in the "degenerate 
2D superlattice limitll should not be Confll.'3ed with the 2D properties (the properties within the 
quanLuHl wells) which is denoted by subscripL :2D 1

, 
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ThethirdstepintheimplementationoftheCarrierPocketEngineeringconceptis

theactualdesignofaspecificstructureforthesystemofourchoice.Aswementioned

inthebeginningofthissection,theactualdesignofthesuperlatticeiscloselyrelated

tothepropertiesoftheconstituentmaterialsthemselves.Therefore,wewilldiscuss

theactualimplementationstrategiesforeachsystemofinterestseparatelyillthe

subsequentsectionsandchapters.

4.3 ImplementationoftheconceptofCarrierPocket

EngineeringusingGaAs/AIAssuperlattices

Inthissection,wewilldiscussanexampleoftheactualimplementationoftheCarrier

PocketEngineeringconceptusingGaAs/AlAssuperlattices.

4.3.1 Choiceofmaterials

OneofthereasonswhywechoseGaAs/AIAssuperlatticesystemsasthefirstexample

oftheapplicationoftheCarrierPocketEngineeringconceptdescribedin§4.2is

largelyduetotheavailabilityofthebandparametersinthismaterialssystem.Other

reasonsincludethefeasibilityoffabricatingactualsuperlatticesamplesthataregrown

bythemolecular-beamepitaxy(MBE)technique.GaAs/AIAssuperlatticesgrown

byMBEgenerallyhavehighquality,whoseinterfacesareoftencontrolledonan

atomicscale.ThefactthathighqualitysuperlatticescanbegrownoutofGaAs

andAIAsispartiallyduetothenearlyperfectlatticematching(latticemismatch=

0.14%)attheinterfacesbetweenGaAsandAlAs(seeTable4.2).Thepossibility

ofhavinghighqualitysamplesinthissystemprovidesgoodopportunitiesforusto

testexperimentallythetheoreticalpredictionsthataremadeinthischapter.The

primarypurposeofourmodelingZ3DTforGaAs/AIAssuperlatticesistoillustrate

theideaofCarrierPocketEngineering.Thesecondpurposeistoprovidepredictions

ofenhancedZ3DTinthissystemrelativetothecorrespondingbulkvalues(GaAsand

AIAs)sothatonecantesttheideaofCarrierPocketEngineeringexperimentallyin
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The third step in the implementation of the Carrier Pocket Engineering concept is 

the actual design of a specific structure for the system of our choice. As we mentioned 

in the beginning of this section , the actual design of the superlattice is closely related 

to the properties of the constituent materials themselves . Therefore, we will discuss 

the actual implementation st rategies for each system of interest separately in the 

subsequent sections and chapters. 

4.3 Implementation of the concept of Carrier Pocket 

Engineering using GaAs/ AlAs superlattices 

In this section, we will discuss an example of the actual implementation of the Carrier 

Pocket Engineering concept using GaAs/ AlAs superlattices. 

4.3.1 Choice of materials 

One of the reasons WilY we chose GaAs/AIAs superlattice systems as the first example 

of the application of the Carrier Pocket Engineering concept described in §4.2 is 

largely due to the availabili ty of the band parameters in this materials system. Other 

reasons include the feasibility offabricating actual superlattice samples that are grown 

by the molecular-beam epitaxy (lvlBE) techn ique. GaAs/A IAs superlattices grown 

by MBE generally have high quality, whose interfaces are often controll ed on an 

atomic scale. Th e fact that higb qual ity superlattices ca.n be grow n out of GaAs 

and AlAs is partially due to the nearly perfect lattice ma.tching (lattice mismatch = 

0. 14 %) at thc intcrfaces bctween GaAs and AlAs (sec Table 4.2). The possibility 

of having high quali ty samples in t his system provides good opport unit ies for us to 

test experimentally the theoretical predictions that are made in this chapter. T he 

primary purpose of OllI modeling Z3DT for GaAs/AIAs superiattices is to illustrate 

the idea of Carrier Pocket Engineering. The second purpose is to provide predictions 

of enhanced Z3DT in this system relative to the corresponding bulk values (GaAs and 

AlAs) so that one can test the idea of Carrier Pocket Engineering experimentally in 
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Figure4-3:(a)ThefirstBrillouinzonefbrface-centeredcubiccrystals.Thepointr
isatthecenterofthezone.Varioushighsymmetrypointsonthezoneboundaryare

illdicatedbytheindicesK,五,WandX.(b)DecompositiolloftheelectrollHallmobility

intothecontributionsofther-,五 一andX-minimaラdeducedfromtheHallmeasurements

atatmosphericandhighpressures.ThefigureistakenfromRef.[59](seethereferences

thereinformoredetail).

thefuture.

4.3.2 SummaryofthebulkpropertiesforGaAs,AIAsand

Ga1_xAlxAsalloys

GaAsandAIAs,ormoregenerallymostIII-Vmaterials,haveazinc-blendecrystal

structurewhoseBravaislatticeisfcc(face-centeredcubic).ThefirstBrillollinzone

forthefcclatticeisshowninFig.4-3(a)togetherwiththesymbolsr,五,X,KandレU

thatdenotevarioushighsymmetrypointsinthefirstBrillouinzone.IntheseIII-V

compounds,conductionbandextremalieatther-,五 一andX-pointsintheBrillouin

zone.Energybandgapsatthesehighsymmetrypointsareplottedasafunctionof

AlcontentxinthebulkGa1_ccAlxAsalloyinFig.4-4(a)[59].Itisnotedthatthe

energybandgapsshowninFig.4-4(a)aremeasuredrelativetothetopofthevalence

bandatther-pointintlleBrillouinzone.Itcanbeenseenthattherelativeordersin

energyamongthesethreevalleytypesforpureGaAs(x=0)andAIAs(x=1)are

opposite:(fromlowenergytohighenergy)r→ 五 →XforGaAsandX→L→r
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Figure 4-3: (a) The first Brillouin zone for tace-centered cubic crystals. The point f 
is at the center of the zone. Various high symmetry points on the zone boundary are 
indicated by the indices K , L , Wand X. (b) Decomposition of the electron Hall mobility 
into the contributions of the f- , L- and X-minima, deduced from the Hall measmements 
at atmospheric and high pressures . The figlll'e is taken from Ref. [59] (see the references 
therein for more detail). 

the future. 

4.3.2 Summary of the bulk properties for GaAs, AlAs and 

Gal_x AlxAs alloys 

GaAs and AlAs, or more generally most IIl- V materials, have a zinc-blende crystal 

structure whose Bravais lattice is fcc (face-centered cubic). T he fi rst Brillouin zone 

for the fcc lattice is shown in Fig. 4-3(a) together with rhe symbols r , L , X , J( and Hi 

that denote various high symmetry points in the first Brillouin zone. In these I II-V 

compounds, conduction band extrema lie at the r -, L- and X -points in the Brillouin 

zone. Energy band gaps at t hese high symmetry points are plotted as a function of 

Al content x in t he bulk Gal _x AlxAs alloy in Fig. 4-4(a) [59] . It is noted that the 

energy band gaps shown in F ig. 4-4(a) are measured relative to the top of the valence 

band at the r-point in t he Brillouin zone. It can been seen t hat the relative orelers in 

energy mnong these three valley types for pure GaAs (0; = 0) and AlAs (0; = 1) are 

opposite : (fro m low energy to high energy) r --+ L --+ X for GaAs and X --+ L --+ r 
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Figure4-4:(a)Variousdirect(r-point)andindirect(五 一andX-pointsintheBrillouinzone)

energybandgapsasafunctionofAlcontentxinGa1_cvAlxAs[59].Alltheenergyband

gapsaremeasured丘omthetopofthevalencebandedgeatther-pointintheBrillouinzone.

(b)ConductionbandoffsetsformedforvariousconductionbandvalleysbetweenGaAsand

AIA・attheGaA・/AIA・int・ ・face・,assumingtheempi・i・al・elati・n,△ 環 一 〇・68△ 場[58],

whe・e△Eri・thec・nd・ ・cti・nband・ffs・tatth・r-P・intintheB・ill・uin・ ・n・and△ 場i・

thedif艶renceinthedirect(r-point)energybandgapbetweenGaAsandAIAs.Itisnoted

thattheenergyfbrtheX-valleyedgeintheconductionbandislowerintheAIAslayers

thanintheGaAslayersラwhereastheenergiesfbrthe[rラ 五]-valleyedgesarelowerinthe

GaAslayersthanintheAIAslayers.
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F igure 4-4: (a) Various direct (r-point) and indirect (L- and X -points in the Brillouin zone) 
energy band gaps as a function of AI content x in Ga, _" AI"As [59]. All the energy band 
gaps are measured from the top of the valence band edge at the r-point in the Brillouin zone. 
(b ) Conduction band offsets formed for various conduction band valleys between GaAs and 
AlAs at the GaAsj AlAs interfaces, assuming the empirical relat ion, Ll.Ef = O.68Ll.E); [58] , 
where Ll.E[ is the conduction band oflset at the r-point in the Brillouin zone and Ll.E); is 
the difference in the direct (r-point) energy band gap between GaAs and AlAs. It is noted 
that the energy tor t he X -valley edge in the conduct ion band is lower in the AlAs layers 
t han in th e GaAs layers, whereas the energies tor the [r,L]-valley edges me lower in t he 
GaAs layers than in the AlAs layers. 
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forAIAs.Variouselectronicpropertiesassociatedwiththeseexistingvalleytypes

aredeterminedseparatelybyvariousexperimentalandtheoreticaltechniques,such

asopticalabsorption/transmissionspectroscopy,HallcoefHcientmeasurementunder

atmosphericandhighpressures[seeFig.4-3(b)][59],andtheoreticalbandcalculations,

assummarizedinTable4.1forbulkGaAs,bulkAlAsandaGa1_xAlxAsalloyfor

x=0.45.Thebulkpropertiesofη 一typesemiconductorsaregovernedbythelowest

energyconductionbandextremum,i.e.,ther-valleyforGaAsandX-valleysforAIAs.

Thermoelectricpropertiesforthesecrystalsaregenerallypoorbecauseofthelarge

valuesoflatticethermalconductivityκph(44W/m・Kand91W/m・KforGaAsand

AlAs,respectively,at300K),andthesmallvalueofthedensity-ofLstatesmassfor

GaAs(m歪/m=0.067),orthesmallvalueforthecarriermobilityforAlAs(μx=180

cm2/V・s)asshowninTables4.1and4.2.Eitherofthesecombinations(alargevalue

forκphandasmallvalueformr,oralargevallleforκphandasmallvalueforμx)leads

toasmallvalueofZ3DT(Z3DT=0.0085)forthesecrystalsasshowninTable4.1.

EnhancementsinZ3DTwouldbeexpectedifwemixGaAswithAlAstoformasolid

solutionofGa1_xAlxAsalloys,becausetheenergiesforthevalleyedgesatther-,

L-andX-pointsintheBrillouinzonebecomeverycloseoneanotherforxNO.45

intheGa1_xAlxAsalloy,aswecanseeinFig.4-4(a).Moreover,thelatticethermal

conductivityκphforGa1_xAlxAsalloysisfoundtobelargelyreduced,duetothealloy

scatteringofphonons,relativetothecorrespondingbulkvaluesforpureGaAsand

AlAssolids.Therefore,anenhancementinthefigureofmeritZ3DTinGa1_xAlxAs

alloysisalsoexpectedthroughthereductionofthelatticethermalconductivityκph.

However,itturnsoutthatGa1_xAlxAsalloysarenotgoodthermoelectricmaterials

becausethecarrier(electron)mobilityμforGa1_,,Al灘Asalloysissignificantlyreduced

duetotheincreasedinter-valleyscatteringandthealloyscatteringofthecarriers

asx(inGa1_xAlxAs)approachesO.45,wheretheenergiesofallthevalleyedges

becomeveryclosetooneanother[59].Theeffectofsuchareductioninμduetothe

inter-valleyscatteringinGa1_xAlxAsalloysisshowninFig.4-3(b),wherethecarrier

mobilitiesforeachvalleyarededucedbydecomposingtheexperimentalHallmobilities

measuredunderatmosphericandhighpressures[59].Becauseofsuchreductionsin
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for AlAs. Various electronic properties associated with t hese existing valley types 

are determined separately by various e." perimental and theoretical techniques, such 

as optical absorpt ionl transmission spectroscopy, Hall coeffi cient measurement under 

atmospheric and high pressures [see Fig.4-3(b)] [59], and theoretical band calculations, 

as summarized in Table 4.1 for bulk GaAs, bulk AlAs and a Gat_xAlxAs alloy for 

x = 0.45. The bulk propert ies of n-type semiconductors are governed by the lowest 

energy conduction band extremum, i.e., the r -valley for GaAs and X -valleys for AlAs. 

Thermoelectric propert ies for these crystals are generally poor because of the large 

values of lattice thermal conductivity Kph (44 W Im ·1( and 91 W Im·I< fo r GaAs and 

AlAs, respectively, at 300 K), and t he small value of the density-of-states mass for 

GaAs (rnr/m = 0.067) , or the slllall vahle lor the carrier lllobility fo r AlAs (Px = 180 

cm2/V,s) as shown in Tables 4.1 and 4.2. Either of these combinations (a large value 

for Kph and a small value for mr, or a large value for Kph and a small value for px) leads 

to a small value of Z3DT (Z3DT = 0.0085) for these crystals as shown in Table 4.l. 

Enhancements in Z3DT would be expected if we mix GaAs with AlAs to form a solid 

solution of Gat - xAlxAs alloys, because t he energies for the valley edges at the r- , 

L- ;1Jld X -points in the Brillouin zone become very close one another for 1; "" 0.45 

in the Gal_ .• AlxAs alloy, as we can see in Fig. 4-4(a). Moreover , the lattice thermal 

conductivity Kph for Gal _xAlxAs alloys is found to be largely reduced, due to the alloy 

scattering of phonons, relative to the corresponding bulk values for pure GaAs and 

AlAs solids . Therefore, an enhancement in the figure of merit Z3DT in Ga'- xAlxAs 

alloys is also expected through the reduction of the lat tice thermal conductivity Kph . 

However, it turns out that Gal_xAlxAs alloys are not good thermoelectric materials 

because t he carrier (elect ron) mobility" for Ga' _x AlxAs alloys is signi ficantly red uced 

due to the increased inter-valley scattering and t he alloy scattering of the carriers 

as x (in Gat_xAlxAs) approaches 0.45, where the energies of all the valley edges 

becoIl1e very dose to one auother [59]. The effect of such a reduction in " due to the 

inter-valley scattering in Gal_xAlxAs alloys is shown in Fig. 4-3( b), where the carrier 

mobilities for each valley are deduced by decomposing t he experimental Hall mobilities 

measured under atmospheric and high pressures [59]. Because of such reductions in 
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μ,theresultantvalueforZ3D7「forGa1_xAlxAsalloys(xNO.45)isnotsolargeas

wouldbeallticipated[calculatedZ3D7「at300KisO.076assumingthatalltheavailable

valleysaredegenerate(seeTable4.1)],despitethecompletedegeneracyamongallthe

r-,五 一andX-valleytypesinourmodelforGa1_xAlxAsalloy(灘=0.45),aswellas

thelargereductioninlatticethermalconductivityκphduetothealloyscattering

ofphonons.Nevertheless,itshouldbenotedthatthevalueforZ3DTobtainedfor

Ga1_xAlxAsalloys(xNO.45)isstillsignificantlylargerthanthecorrespolldingvalue

forZ3DTforpureGaAsandAIAscrystals,whereonlythelowestlyingr-orX-

valleyscancontributetothethermoelectrictransport,respectively(Z3DT=0.0085

at300K).

Sincethereductioninμduetotheinter-valleyscatteringandalloyscattering

isthemaincauseforthepoorthermoelectricpropertiesintheGa1_xAlxAsalloys,

thekeyideatomakethismaterialsystem(i.e.,thematerialscomposedofGaAs

andAIAs)intoagoodthermoelectricmaterialwithenhancedvalllesofZ3DTisto

implementsomemechanismsthatminimizetheeffectofinter-valleyscatteringand

alloyscatteringoftheconductionelectrons.Inthisregard,weshowaconduction

bandoffsetdiagramforGaAs/AIAsheterostructuresinFig.4-4(b),andproposean

ideaofusingsuperlatticestructurestodesigngoodthermoelectricmaterialsthathave

enhancedvalllesofZ3DTrelativetothoseofthecorrespondingconstitllentmaterials

forthesuperlatticeinbulkform.TheconductionbandoffsetsshowninFig.4-4(b)

a・edeterminedbytheempi・ical・elati・n,△ 耳 一 〇・68△ 場[58],whe・e△ 耳isthe

c・nducti・nband・ffsetatther-P・intintheB・ill・uin・ ・neand△E5isthedi任e・ence

inthedirectenergybandgapbetweenbulkGaAsandAIAsatther-pointinthe

Brillouinzone.AsshowninFig.4-4(b),onecanfindthatthevalleyminimaatthe

X-pointintheBrillollinzonelielowerinenergyinAIAsthaninGaAs,whereas

itisinGaAsratherthaninAIAsthatthevalleyminimaatther-and、 乙一points

intheBrillouinzonearelowerinenergy.Therefore,ifthesuperlatticesaremade

usingGaAsandAIAsconstituentmaterials,quantumwellsareformedinboththe

GaAsandAIAslayers,wheretheqllantllmwellsformedintheGaAslayersaredlle

tothecondllctionbandoffsetsatther-and、 乙一valleysintheBrillouinzoneandthe
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p, the resultant value for Z3DT for Gal_xAlxAs alloys (x "" 0.45) is not so large as 

would be ant icipated [calculated Z:JDT at 300 K is 0.076 assuming that all the available 

valleys are degenerate (see Table 4.1)], despite the complete degeneracy among all the 

r -, L- and X -valley types in om model for Gal_xAlxAs alloy (x = 0.45), as well as 

the large reduction in lattice thermal cond uctivity Kph due to the alloy scattering 

of phonons. Nevertheless , it should be noted that the value for Z3DT obtai ned for 

Gal_xAlxAs alloys (x "" 0.45) is still significantly larger than the corresponding value 

for Z3DT for pme GaAs and AlAs crystals, where only the lowest lying r - or X 

valleys can contribute to the thermoelectric transport , respectively (Z3DT = 0.0085 

at 300 K) . 

Since the reduction in p due to the inter-valley scattering and alloy scattering 

is the main cause for the poor thermoelectric properties in the Ga'_xAlxAs alloys, 

the key idea to make this material system (i .e., the materials composed of GaAs 

and AlAs) into a good t hermoelectric material with enhanced values of Z3DT is to 

implement some mechanisms that minimize the effect of inter-valley scattering and 

alloy scattering of the conduction electrons. In this regard, we show a conduction 

band offset diagram for GaAs/ AlAs heterostrnctm es in Fig. 4-4(b), and propose an 

idea of using superJattice structm es to design good thermoelectric materials that have 

enhanced values of Z:mT relative to those of the correspondi ng const ituent materials 

for the superlattice in bulk form. The cond uction band offsets shown in F ig. 4-4(b) 

are determined by the empirical relation, .0.E~' = 0.68.0.EJ [58], where .0.E;' is the 

conduction band offset at the r-point in the Brillouin zone and .0.EJ is the difference 

in the direct energy band gap between bulk GaAs and AlAs at the f -point in the 

Brillouin zone. As shown in Fig. 4-4(b) , one can fi nd that the valley minima at t he 

X -point in the Brillouin zone lie lower in energy in AlAs than in GaAs, whereas 

it is in GaAs rather than in AlAs that the valley minima at the f- and L-points 

in t he Brillouin zone are lower in ellergy. Therefore, if t he superlattices are made 

using GaAs and AlAs constit uent materials, quantum wells are formed in both the 

GaAs and AlAs layers, where the quant um wells fo rmed in the GaAs layers are due 

to the conduction band offsets at the r - and L-valleys in the Brillouin zone and the 
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Figure4-5:Schematicdiagramtoshowthequantumwellsfbrmedatvarioushighsymmetry

pointsintheBrillouinzonefbrtheGaAs/AIAssuperlattice.Itisnotedthatthequantum

wellsfbrX-valleysandthosef()rr-and五 一valleysaref()rmedintheAIAsandGaAslayers,

respectively.Thusラitissuggestedthatthecarriersinther-and五 一valleysareseparated

fromthoseintheX-valleyinrealspace,sothattheeffectofinter-valleyscatteringon

reducingthecarriermobilitiesisminimized.

quantumwellsformedintheAIAslayersareduetotheconductionbandoffsetatthe

X-valleyintheBrillouinzone.Itis,then,probablypossibletoseparatethecarriers

inthe[r,、 乙]-valleysfromthecarriersintheX.valleys乞 η 抗 θreαlspαcetominimize

theinter-valleyscatteringofthecarriersbetweenthesevalleysbyusingGaAs/AlAs

superlatticestructures.†Thequantumwellsfbrmedinthiswayatther-,、 乙一and

X-pointsintheBrillouinzoneareschematicallydrawninFig.4-5togetherwiththe

valuesfbrthebandoffsetenergies,thebarrierheightenergiesfbrthequantumwells,

andthevaluesforthecomponentsofthediagonalizedeffectivemasstensorandthe

electroncarriermobilitiesforthepertinentvalleyinthequantumwellmaterial(GaAs

forr-andL-valleysandAIAsforX-valleys).Itisnotedthatthesubbandenergies

forthequantumwellsattheX-and五 一pointsintheBrillouinzoneareincreasedand

decreased,respectively,bymakingthethicknessoftheAIAslayerssmaller(orby

makingthethicknessoftheGaAslayerslarger).Therefbre,thesubbandenergiesfor

†TheeffectofalloyscatteringisalsoexpectedtobereducedinGaAs/AIAssuperlatticesrelative

tothatinGa1_xAlxAsalloys@NO.45),whileanewmechanismofinterfacescatteringofthe

conductionelectronswouldbeintroducedinthesuperlatticeform.
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Figure 4-5: Schenlii.tir. diagram to show the quantl llll\Vells formed at vR,riOllS high syuuuetry 
points ill I.he Brillollin zone for I.he GCLAsj AlAs sllpel'htl,ice. I I. is not.ed t.hal. the 'l"CLnt tLlll 
wells for X -valleys and t.hose [(". r - and L-valleys a.re formed in t.h e AlAs and GaAs layers, 
respect ively. l"hus, it is suggested that the carriers in the r- and L-valleys are separated 
frOlJl those in the X -valley ill rEX)'l space, so that t JJ e effect of iIlter-valley scattering OIl 
reducing the carrier Irlobilitiesis nU Hiluized . 

quantum wells formed in the AlAs layers are due to the conduction band offset at the 

X -valley in the Brillouin zone. It is, then, probably possible to separate the carriers 

in the [r ,LJ-valleys fi.·om the carriers in t he X -valleys in the real space to minimize 

the inter-valley scattering of the carriers between these valleys by using GaAs/AIAs 

superlattice structures.! The quantum wells formed in this way at the r- , L- and 

X -points in the Brillouin zone are schematically drawn in Fig. 4-5 together wi th the 

values for the band offset energies, the barrier height energies for the quantum wells, 

and the values for the components of the diagonalized effectiye mass tensor and t.he 

electron carrier mobilit ies for the pertinent valley in t he quantum well material (GaAs 

for f - and L-vaUeys and AlAs for X -yaUeys) . It is noted that the subband energies 

for the quantum wells at the X- and L-points in the Brillouin zone are increased and 

decreased, respectively, by making the th ickness of the AlAs layers smaller (or by 

making the thickness of the GaAs layers larger) . T herefore, the subband energies for 

tThe effect of alloy scattering is also expected to be reduced in GaAsjAIAs superlattices relative 
to that in Gal_x AlxAs alloys (x ~ 0.45) , while a new mechanism of intelface scattering of the 
conduction electrons would be introduced in the superlattice form. 
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thequantumwellsformedattheX-alld、 乙一pointsilltheBrillouillzoneareeasilymade

closetoeachotherillellergybychangillgtherelativethickllessesoftheGaAsand

AIAslayers.Inaddition,itisalsopossibletohavetheenergyofther-pointsubband

closetothoseoftheX-and五 一pointsubbandssincethesmallvalueforther-point

effectivemass(m*/m=0.067)suggeststhattheenergyforther-pointsubband

canbeincreasedsignificantlybymakingthethicknessoftheGaAslayerssuf丘ciently

small(oftheorderof20A).Therefore,itisellvisagedthatatsomespecificconditiolls

fortheGaAsandAIAslayerthicknessesandthesuperlatticegrowthorientation,all

thesubbandsderivedfromther-,X-,and五 一valleysintheBrillouinzonebecome

nearlydegeneratewithoneanother.Therefore,thereisapossibilitythatthe"Carrier

PocketEngineeringcondition",asmentionedin§4.1,canbeachievedinGaAs/AlAs

superlattices,whichleadstoasignificantenhancementinZ3DTrelativetothatfor

thecorrespondingbulkmaterials.

4.3.3 ReductionofκphinGaAs/AIAssuperlattices

ItisknownthatthelatticethermalconductivityκphisgreatlyreducedinGaAs/AIAs

superlatticesrelativetothoseforbulkGaAsorAIAs[43,60,61].Itwasfoundthat

thevalueforκph,forGaAs/AIAssuperlatticeswithequalthicknessesfortheGaAs

andAlAslayers(d=(IGaA,=dAIAs),decreaseswithdecreasingthickness(/ofthe

layersandκphapproachesthevalueofκphforGa1_xAlxAsalloyswithxNO.5below

d=50A[60].Atpresent,itisnotclearwhetherthevalueforthelatticethermal

conductivityforthesuperlatticescanbesmallerthanthatforGa1_xAlxAsalloy

(xNO.5),thoughsometheoreticalandexperimentalresultssllggestthatitisindeed

possible[43,62].Itwasfoundthatthemeasuredlatticethermalconductivitiesofthe

GaAs/AIAssuperlattices(dGaAs=dAIAs)areinqualitativeagreementwiththekinetic

formulaintroducedinChapter2(Eq.2.34)wherethevaluefor乏(phononmeanfree

path)issubstitutedbythevalueofdGaA、(ordAIA,).ListedinTable4.2arethe

parametersneededfortheestimationofκphusingthekineticformlllainEq.2.34.

BecausethevaluesforκphobtainedbythisformulaaredifferentbetweentheGaAs

layers(κph=5.97W/m・Kfor4=dGaA,=20A)andtheAIAslayers(κph=6.86
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the quant um wells formed at t he X - and L-points in the Brillouin zone are easily made 

close to each other in energy by changing the relati ve t hicknesses of the GaAs and 

AlAs layers. In addi tion, it is also possible to have the energy of the r-point subband 

close to t hose of the X - and L-point subbands since the small value for the r-point 

effective mass (m' /m = 0.067) suggests that the energy for the r -poin t subband 

can be increased sign ifi cant ly by making the thickness 0 (" the GaAs layers suffi cient ly 

small (of the order of 20 A) . Therefore, it is envisaged that at some specific conditions 

for the GaAs and AlAs layer thicknesses and the superlattice growth orientation, all 

t he subbands derived from t he r- , X -, and L-valleys in the Brillouin zone become 

nearly degenerate with one another. Therefore, there is a possibility that the "Carrier 

Pocket Engineering condition" , as mentioned in §4.1, can be achieved in GaAs/ AlAs 

superlattices, which leads to a significant enhancement in Z3DT relative to that for 

the corresponding bulk materials . 

4.3.3 Reduction of K:ph in GaAs/ AlAs superlattices 

It is known that the lattice thermal conductivity li:ph is greatly reduced in GaAs/AIAs 

superlattices relative to those for bulk GaAs or AlAs [43, 60,61]. It was found t hat 

the value for li:ph, for GaAs/ AlAs superlattices with equal thicknesses for the GaAs 

and AlAs layers (d = ciGaA, = dAtA,), decreases with decreasing thickness d of the 

layers alld "ph approaches the value of "ph for Gar_x AlxAs alloys witlt x'" 0.5 below 

d = 50 A [60]. At present, it is not clear whether the value for t he lattice thermal 

conductivity for the superlattices can be smaller than that fo r Gal_xAlxAs alloy 

(:c '" 0.5), though some theoretical and ~'{perimental results suggest that it is indeed 

possible [43, 62]' It was found t hat the measured lattice thermal conductivities of the 

GaAs/A1As superlattices (dGaAs = dAtAs) are in quali tat ive agreement with the kinetic 

formula introduced in Chapter 2 (Eq. 2.34) where the value for .e (phonon mea.n free 

path) is substituted by the value of dGaAs (or dAtAs) . Listed in Table 4.2 are the 

parameters needed for the estimation of li:ph using the kinetic formula in Eq. 2.34. 

Because the values for li:ph obtai ned by this fo rmula are different between the GaAs 

layers (li:ph = 5.97 W/m·K for e = dGaA, = 20 A) and t he AlAs layers (Kph = 6.86 
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Figure4-6
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TH邑CKNESS《A》

TheresultsofthelatticethermalconductivitycalculationforGaAs/AlAs

whereequalthicknessesareassumedbetweentheGaAsandAIAslayers

ThecalculationwasperfbrmedbyProf.G.ChenatUCLAbasedon

Alsoshowninthefigureareexperimentalre-

GaAs/AIAssuperlatticeswithdGaA,=dAIAsthatarepublishedelse-
Theinterfacescatteringparameterprepresentsthedegreeofspecularityfbr

ces:P=1impliescompletely

whereasp=OimpliestotallydifFuseinterfaces.

W/m・Kfor4=dAIA,=20A),thevalueforκphforthewholesuperlatticeshould

beobtainedbytheaverageofthesetwovaluesfortheGaAsandAlAslayers.The

valuesforthelatticethermalconductivityfortheequalthickness(dGaA、=dAIAs)

GaAs/AIAssuperlatticesobtainedinthiswayare32.1W/m・K,16.OW/m・Kand6.4

W/m・Kford=100A,50Aand20A,respectively.Thesevaluesshouldbecompared

withtheexperimentalresults[60]ortheresultsofmoreelaboratemodelsoflattice

thermalconductivity[43]asdiscussedbelow.

Recently,verydetailedmodelingofthelatticethermalconductivityκphofsuper-

lattice,basedontheBoltzmanntransportequation,hasbeenperformedbyProfessor

G.ChenatUCLAforGaAs/AIAssuperlattices[43].Hismodelincludestheinterface

scatteringparameterpwhichrepresentthedegreeofspecularityattheGaAs/AIAs

interfacesfbrthephononscattering:p=1impliesthatinterfacescatteringatthe

GaAs/AIAslayerboundariesiscompletelyspecular,sothatanyincomingphononsto

theinterfacesareeithertransmittedorreflectedwithoutanythermalization,whereas
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Figure 4-6: The results of the lattice thermal conduct ivity calculation for GaAs/ AlAs 
superlatti ces, where equal thicknesses are assumed between the GaAs and AlAs layers 
(dGaAs = dA1As). The calculation was performed by Prof. G. Chen at UCLA based on 
the Boltzmann transport equation [43]. Also shown in the figure are experimental re
sults obtained for GaAs/ AlAs superlattices with dGaAs = dAtAs that are published else
where [60,61]. The interface scattering parameter p represents the degree of speculm'ity for 
phonon reflection or transmission at the GaAs/AlAs interfaces: p = 1 implies completely 
specular interfaces, whereas p = 0 implies totally diffuse interfaces. 

'vV Im·K for e = dAtAs = 20 A), the value for K:ph for the whole superlattice should 

be obtained by the average of these two values for the GaAs and AlAs layers. T he 

values fo r the lattice thermal conductivity for the equal thickness (dGaAs = dAtAs) 

GaAs/AIAs superlatt ices obtained in this way a re 32.1 W I m·l{ , 16.0 W I m·1( and 6.4 

W Im ·]( for d = 100 A, 50 A and 20 A, respectively. These values should be compared 

with the experimental results [60] or the results of more elaborate models of lattice 

thermal conductivity [43] as discussed below. 

Recently, very detailed modeling of the lattice thermal conductivity K:ph of super

lattice, based on the Boltzmann transport equation, has been performed by Professor 

G. Chen at UCLA for GaAsl AlAs superlattices [43]. His model includes the interface 

scattering parameter p which represent the degree of specularity at the GaAs/A1As 

interfaces for the phonon sca.ttering : p = 1 implies t ha t interface sca.ttering at. the 

GaAsl AlAs layer boundaries is completely specular, so that any incoming phonons to 

the interfaces are either transmitted or reflected without any thennalization, whereas 
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p=OimpliestotallydiffuseinterfacesattheGaAs/AIAslayerboundaries,sothat

allthephollonscollidingattheillterfacesarecompletelyrandomized.Ithasbeell

suggestedthattheatomicscaleroughnessattheGaAs/AIAsinterfacescausesa

signi丘cantreductioninthelatticethermalconductivityforthewholeGaAs/AIAs

superlattice,whileithasnosignificanteffectonthescatteringoftheconductionelec-

trons.Therefore,itisproposedthatitwouldbepossibletoengineerthesuperlattice

rnaterialinsuchawaythatithasbothareducedvalueofκphalldallellhancedvalue

ofμ(electroncarriermobility)atthesametime,relativetothoseforthecorrespond-

ingbulkmaterials,bycombiningthetechniqueofthelatticeinterfaceengineering

withothertechniquesthatwouldenhancethevalueofμsuchasδ 一dopingand/or

modulationdopingtechniques[43].

Thevaluesforκphobtainedbythecalculationdescribedaboveareshownin

Fig.4-6[43],forequalthickness(dGaA,=dAIAs)GaAs/AIAssuperlatticesat300

K,togetherwithsomecorrespondingexperimentalresultsforcomparison[60,61].

InFig.4-6,wefindthatthemodelingresultsfittheexperimentalresultsverywell

forp=0.8.Figure4-6alsoshowsthatthelatticethermalconductivities(κph)for

theequalthicknesssuperlattices(dGaA、=dAlAs)arereducedfromtheaveragebulk

value(67.5W/m・K)betweenbulkGaAs(44W/m・Kat300K)andbulkAIAs(91

W/m・Kat300K)[denotedby"BULK"inFig.4-6]toavalueof17W/m・Kfor

theGaAs(100A)/AlAs(100A)superlattice(reductionbyafactorof4relativeto

theaboveaveragedvalueforκphbetweenbulkGaAsandAlAs),andκphisfurther

reducedto7.3W/m・KfortheGaAs(20A)/AIAs(20A)superlattice(factorofgre一

ductionrelativetotheaveragedvaluebetweenbulkGaAsandAIAs)at300K.

Wewillusetheabovemodelingresults(p=0.8)forequalthickness(dGaA,=

dAIAs)superlatticesinourcalculationofZ3DTforGaAs/AIAsr.pointsllperlattices

(see§4.4).In§4.5,wheretheoptimizationofthesuperlatticestructureandthe

conditionsforhavingthe`℃arrierPocketEngineeringcondition,,(see§4.2)aredis-

cussedbyconsideringsmallvariationsinthesuperlatticestructuresfromitsoptimum

GaAs(20A)/AIAs(20A)structure,wewillllseκph=7.3W/m・Kforthevalueofthe

latticethermalconductivityforthewholesuperlatticeinourcalculation,whichisthe
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p = 0 implies totally diffuse interfaces at the GaAs/AIAs layer boundaries, so that 

all the phonons colliding at the interfaces are completely randomized. It has been 

suggested that the atomic scale roughness at the GaAs/ AlAs interfaces causes a 

sigl1ifi cant reduction in the lattice thermal conductivity for t he whole GaAs/ AlAs 

superlattice, while it has no signi ficant effect on the scattering of the conduction elec

t rons. T herefore, it is proposed that it wonld be possible to engineer the superlattice 

material in such a way that it has both a reduced value of li:pb and an enhanced value 

of M (elect ron carrier mobility) at the same time, relative to those for the correspond

in p; bulk materials, by combininp; the technique of the latt ice interface enp;ineerinp; 

wit h other techniques that would enhance the value of M such as 5-doping and / or 

modulation doping techniques [43]. 

The values for li:ph obtained by the calculation described above are shown in 

Fig. 4-6 [43], for equal thickness (de .. As = dAlAs) GaAs/ AlAs superlattices at 300 

K. together with some corresponding experimental results for comparison [60, 61]. 

In Fig. 4-6, we find that the modeling resul ts fit the experimental results very well 

for p = 0.8. Figure 4-6 also shows t hat the lattice thermal conductivit ies ( li:ph) for 

the eqllal thiekness sllperlatt iees (deaAs = dAlAs ) are redllced from the average blllk 

value (67. 5 W / m·I() between bulk GaAs (44 W / m·I( at 300 K) and bulk AlAs (91 

W / m·K at 300 K) [denoted by "BULK" in Fig. 4-6] to a value of 17 W / m·1< for 

t he GaAs(100 A)/AIAs(100 A) superlattice (reduct ion by a factor of 4 relati ve to 

the above averaged value for li:ph between bulk GaAs and AlAs), and li:ph is further 

reduced to 7.3 W / m·I\: for the GaAs(20 A)/ AIAs(20 A) superlattice (factor of 9 re

duction relative to the averaged value between bulk GaAs and AlAs) at 300 K. 

vVe will use the above modeling results (p = 0.8) for equal thickness (de aAs 

ciAlAs) superlattices in our calculation of Z3DT for GaAs/ AlAs r -point superlatt ices 

(see §4.4) . In §4.5, where the optimization of the superlattice structure and the 

condit ions for haviug t he "Carrier Pocket Engineering condition" (see §4.2) are dis

cussed by considering small variat ions in t he superlattice structures from its optimum 

GaAs(20 A)/ AIAs(20 A) structure, we wi ll use li:ph = 7.3 W / m·K for the value of t he 

latt ice thermal conductivity for the whole superlattice in our calculation , which is the 
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valuesofκphfortheGaAs(20A)/AIAs(20A)superlatticeasshownabove.

4.3.4 Kr6nig-PenneymodelandcalculationofZ3DTforthe

wholesuperlattice

Weassumethefollowingformfortheenergydispersionrelationforeachsubband

thatisformedinthesuperlatticeforwhichwewouldliketocalculatethevarious

transportcoef丑cientsandthethermoelectricfigureofmeritforthewholesuperlattice

Z3D7「:

恥 い)一 難+難+礁),(4・2・)

wherethezaxisisheretakentobeparalleltothesuperlatticegrowthaxis,yaxis

ischoseninsuchawaythatthemainaxisoftheconstantenergyellipsoidinthe

bulkformwhichisconnectedwiththesubbandthatweareconsideringnow,liesin

the砺 ん之一plane.ThefunctionE之(紛inEq.4.21isobtainedbysolvingasimpleone-

dimensionalKr6nig-Penneymodel[63]asdescribedbelow.ThederivationofEq.4.21

isstraightforwardandexact,if(1)theprincipalaxesfortheconstantenergyellipsoid

ofthepertinentconductionbandvalleyinthebulkformforthequantumwelland

barriermaterialscoincidewithourchoiceofthexyz-coordinateaxes,and(2)the

quantumwellandbarriermaterialsthatcomposethepertinentsuperlatticehavethe

samevaluesformxandmy,i.e.,Mx
,w=Mx,BandMy,w=My,B,wheresubscripts

WandBdenotethewellandbarrierlayers,respectively.Forthegeneralcaseof

mi ,w≠ 物,B,wherei=`ゴor`ガ,Eq.4.21isnotexacteveniftheprincipalaxesfor

theconstantenergyellipsoidsforthecorrespondingbulkmaterialscoincidewithour

鋤 之一axes.Theexactformoftheenergydispersionrelationforthesuperlatticeinthis

CaSeiSgiVenby

恥,い)-2誤+S?lkl
,e+礁,い),

(4.22)

where石1之isnotafunctionofonlyk之,butafunctionofallんx,砺andk之.Inthe

presentwork,calculationsoftransportcoefficientsforGaAs/AIAssllperlatticesare
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values of I<ph for the GaAs(20 A)I AIAs(20 A) superiattice as shown above. 

4.3.4 Kronig-Penney model and calculation of Z3DT for the 

whole superlattice 

vVe assume the following form for t he energy di spersion relat ion for each stlbbaml 

that is formed in the superla ttice for which we would like to calculate the various 

transport coeffi cients and t he thermoelectric figure of merit for the whole superlattice 

Z'DT: 

(4 .21) 

where the z axis is here taken to be parallel to the superlattice growth axis, y a,is 

is chosen in such a way that the main axis of the constant energy elli pso id in the 

bulk form which is connected with the subband that we are considering now, li es in 

the kykz-plane. The function Ez(kz) in Eq. 4.21 is obtained by solving a simple one

climcnsional Kriinig-Penney model [63] as described below. The derivation of Eq. 4.21 

is straightforward and exact, if (1) t he principal axes for the constant energy elli psoid 

of the pertinem conduct ion band valley in the bulk form for the quantum well and 

barrier materials coincide with our choice of the xyz-coordinate a,es, and (2) the 

quantum well and barrier materials that compose the pert inent superlattice have the 

same values for m x and my, i. e., m x,w = mx,B and my,w = my,B, where subscripts 

VV and B denote the well and barrier layers, respectively. For the general case of 

mi.W eft 71li,B, where i = 'x' or 'y', Eq. 4.21 is not exact even if the principal axes for 

the constant energy ellipsoids for the corresponding bulk materials coincide with our 

xyz-axes . The exad form of the energy dispersion relation for the snperiattice in this 

case is given by 

(4 .22) 

where E , is not a function of only kzo but a function of all kx , ky and k, . In the 

present work , calculations of transport coefficients for GaAsl AlAs superlattices are 
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Figure4-7:Schematicdiagramtoshowhowtoconstructtheprojectedcomponents[mt(2D)

andml(2D)]andthecross-sectionalcomponent(mz)fortheeffectivemasstensorMforthe

五一pointvalleyalongthe[111]directionintheBrillouinzonein(001)orientedGaAs/AIAs

superlattices.

madeusingtheapproximateformoftheenergydispersionrelationEq.4.21,where

theEz(kx,ky,kz)terminEq.4.22isapproximatedbyEz(kz)≡Ez(0,0,kz).†

Whentheprincipalaxesofthepertinentconstantenergyellipsoidsdonotcoincide

withourxyz-coordinate,buthaveatiltedanglewithourxyx-coordinate,thetiltedel-

lipsoidsaretransformedintosomeequivalentellipsoidswhoseprincipalaxescoincide

withourcuyz-axes.Suchtransformedellipsoidsareconstructedfromtheprojected

andcross-sectionalellipsesoftheoriginaltiltedellipsoidasschematicallyshownin

Fig.4-7.Suchatransformationoftheconstantenergyellipsoidspreservesthevol-

umeinsidetheellipsoid(hence,thedensityofstatesforelectronisconservedunder

suchtransformations)andprovidesanexactfbrmfbrtheelectronicenergydispersion

relationofthesuperlattice,iftheelectronicboundstatesformedinthequantum

†Forthecaseofmx
,w≠mx,Band/ormy,w≠m勝B,theexactsolutionforthefunction

Ez(kx,ky,k.)isstillgivenbysolvingEqs.4.25-4.27,buttheconductionbandoffset△EcinEq.4.27

isreplacedwith

[△恥 率(t,-mtl,」)+辱 多(mlβ一mlW)]・

Therefore,f()rthecaseofmx ,w=mx,BandMy,w=my,B,thedependenceofEz(kx,砺,尾)onkx

andkyvanishes,andEq.4.21becomesexact,i.e.,E乞(尾)≡E乞(0,0,kz)=E乞(編,砺,尾).
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(Cross section) 

(Projection) 

Figure 4-7: Schematic diagram to show how to construct the projected components [mt(2D) 

and ml(2D)] and the cross-sectional component (m,) for t he effective mass tensor M for the 
L-point valley along the [111] direction in the Brillouin zone in (001) oriented GaAs/ AlAs 
superlattices. 

made using the approximate form of the energy dispersion relation Eq. 4.21 , where 

t he E,(kx, ky, kz) term in Eq. 4.22 is approximated by Ez(kz) == Ez(O, 0, k, ).t 

When t he principal axes of the pertinent constant energy ellipsoids do not coincide 

with Ou!' xyz-coordinate, bnt have a tilted angle with our xyz-coordinate, the tilted el

lipsoids are t ransformed into some equi valent ellipso ids whose principal axes coincide 

with our xyz-axes. Such transformed ellipsoids are constructed from the projected 

and cross-sec lional ellipses of the original tilled ellipsoid as schema tically shown in 

Fig. 4-7. Such a transforma tion of the constant energy ellipsoids preserves the vol

ume inside the ellipsoid (hence, the density of states for electron is conserved under 

such transformations) and provides an exact form for the electronic energy dispersion 

relation of the superlattice, if t he electronic bound states formed in the quantum 

tFor the case of m x,w :j:. rnx,B and/or rny.w 1:- my,S , the exact solution for the function 
Ez(kx, ky , kz) is still given by solving Eqs. 4.25-4.27, but the conduction band offset ~E, in Eq. 4.27 
is replaced with 

D..Ec +--' ----- + - -' ----- . 
[

Ii' k' (1 1) Ii' k' (1 1 ) 1 
2 1n:):, B m x, \V 2 my ,B my.w 

Therefore~ for the case of mx,w = m 'x,B and my,w = my,S , the dependence of E:; (kz J kY l kJ OIl ka; 
and ky vanishes, and Eq. 4.21 becomes exact, i.e., E , (kz) '" E, (O, 0, k, ) = E, (k" ky, k,) . 
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wellsaresuMcientlyisolated,i.e.,ifthepotentialbarrierheightforthebarrierlayer

isin丘nitelyhighor/alldthethicknessofthebarrierlayerisin丘nitelylargesothatthe

overlapofthewavefunctionsbetweentheneighboringquantumwellsiscompletely

negligible.ItisnotedthatthecomponentsoftheeffectivemasstensorMx,Myand

mzthatdefinethetransformedconstantenergyellipsoid(seeFig.4-7)aregivenby

mt(2D)=Mxx,mg(2D)=M鰐andmゑ1=(M-1)zz,i.e.,mt(2D)andmi(2D)areobtained

fromthediagonalxxandyycomponentsoftheeffectivemasstensorMfortheorigi-

naltiltedconstantenergyellipsoid,respectively,andmzisobtainedbythe乞nverseof

thediagonalzzcomponentoftheinverseeffectivemasstensorM-1fortheoriginal

tiltedconstantenergyellipsoid[64].†Sincetheprojectedconstantenergyellipsein

thistransformationiselongatedalongtheky-axisintheんxky-planeinourchoiceof

xyz-coordinate,thevaluesforMxandMy .inEq.4.21aregivenbymt(2D)(transverse

componentforthe2Deffectivemasstensor)andml(2D)(longitudinalcomponentfor

the2Deffectivemasstensor),respectively.InTables4.3and4.4,wesllmmarizethe

formulaethatrelatetheprojectedeffectivemasscomponentsmt(2D),ml(2D)andthe

cross.sectionaleffectivemasscomponentmz,asdiscussedabove,tothetransverse

(mのandthelongitudinal(mg)componentsofthediagonalizedeffectivemasstensor

Mfortheoriginaltiltedconstantellipsoids,‡forvariousconductionbandvalleys

folmdin(001)and(111)orientedGaAs/AIAssuperlattices,togetherwiththevalues

formt(2D),ml(2D)andmzthatareusedintheactualcalculationsofthethermoelectric

figureofmeritZ3D7「inthelatersectionsofthischapter.

Now,fortheGaAs/AIAssuperlattices,thecalculationoftheenergydispersion

relationalongthezaxis[Ez(kz)inEq.4.21]iscarriedoutforeachconductionband

valleyatvarioushighsymmetrypoints(r-,X-,and、 乙一points)intheBrillouinzone

separately,usingtheKr6nig-Penneymodel[63].Requiringtheconservationofthe

particle(electron)fluxalongthezaxis,weapplythefollowingboundaryconditions

†ItisnotedthatthemasstensorsMandM-iherearenotdiagonalizedbyrotatingthecoor-

dinateaxesaswedidforthetransportL(α)(α=0,1,2)tensorsin§4.2.1.

‡Theeffectivemag .g.tensorMinthissentenceisdiagonalizedbyrotatingthecoordinateaxes.
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wells are sufficiently isolated, i.e., if the potent ial barrier height for the barrier layer 

is infinitely high or/and the thickness of the barrier layer is infinitely large so that the 

overlap of the wavefunctions between the neighboring quantum wells is completely 

negligible. It is noted that the components of the effective mass tensor m x , 'my and 

'm, that define the transformed constant energy ellipsoid (see Fig. 4-7) are given by 

'mt(2D) = ]vIxx , 'm1(2D) = Myy and 711;;J = (M-1 
)", i.e., 711t(2D) and 'lnl(2D) are obtai ned 

from the diagonal x:r and yy components of the effective mass tensor M for the origi

nal t ilted constant energy ellipsoid, respectively, and 711, is obtained by the invc,.sc of 

t he diagonal zz component of the inver·se effective mass tensor M-1 for the original 

t ilted constant energy ellipsoid [64]. t Since the projected constant energy ellipse in 

this transformation is elongated along the ky-axis in the kxky-plane in our choice of 

xyz-coordinate, the values for 711x and17ly in Eq.4.21 are given by mt(2D) (transverse 

component for the 2D effect ive mass tensor) and TnI (2D ) (longitudinal component for 

the 2D effective mass tensor), respectively. In Tables 4.3 and 4.4, we summarize the 

formulae that relate the projected effective mass components 7n'.(2D), ml(2D) and the 

cross-sectional effective mass component rn" as discussed above, to the transverse 

(mt) and the longitudinal (ml) components of the diagonalized effective mass tensor 

1\1 for t he original tilted constant ellipsoids, I for various conduction band valleys 

found in (001) and (Ill ) oriented GaAs/ AlAs superJattices, together with the values 

for 1n'(2D ), 1nl(2D) and tnz that are used in the actual calculations of the thermoelectric 

figme of merit Z3DT in the later sect ions of this chapter. 

Now, for the GaAs/ AlAs sllperlattices, the calculation of the energy dispersion 

relation along the z axis [E,(kz ) in Eq. 4.21] is carried out for each conduction band 

valley at var ious high symmetry points (r-, X -, and L-points) in the Brillouin zone 

separately, using the Kronig-Penney model [63]. Requiring the conservation of the 

particle (electron) fl ux along the z axis, we apply the following boundary conditions 

tIt is noted that the mass tensors M and M - 1 here are not diagonalized by rotating the coor
uinate axes as we did for the transport L(a) (Ll' = 0, 1, 2) tensors in §4.2. 1. 

tThe effective mass tensor 1\1 in this sentence is diagonali zed by rotating the coordinate axes. 
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Table4.3:Bandparametersfbrvariousconductionbandvalleysin(001)oriented

GaAs/AIAssuperlattices.△ 、Eedgedenotestheenergyfbrthepertinentconductionval-

leyedgemeasuredfromthebottomofther-valleyintheconductionbandofbulkGaAs

and△Ecdenotestheconductionbandoffsetfbrthepertinentvalley.XlandXtdenotethe

longitudinal(mainaxisoftheellipsoidlltothesuperlatticegrowthaxis)andtransverse

(mainaxisoftheellipsoid⊥tothesuperlatticegrowthaxis)X-valleys,respectively.

BandParameter r-valley Xl-valley Xt-valley L-valley

Equationsthatrelatemt(2D),ml(2D)andmztomtandmg

mt(2D)

ml(2D)
-1

Mz

[M。 。]

[Mw]

[(M-1)zz]

mt

mt

-1
mt

mt

mt

-1
Ml

mt

Ml

-1
mt

ηη
塾

3

圭(⊥ 十2-Mlmt)

ValuesusedinthepresentworkfbrGaAsa

mt(2D)/m

Ml(2D)/m

m。/m

0.067

0.067

0.067

0.23

0.23

1.3

0.23

1.3

0.23

0.0754

1.292

0.111

ValuesusedinthepresentworkfbrAlAsa

mt(2D)/m

ml(2D)/m

m、/m

0.150

0.150

0.150

0.19

0.19

1.1

0.19

1.1

0.19

0.0964

1.299

0.141

Otherparametersandproperties

Nb

Conductionlayer

μb。lkC[cm2/V・s]

△E。a[eV]

△E,dg,a[eV]

B惹Dd

z曹DTe

1

GaAs

3000

1.084

0

2.65×10-2

0.102

1

AlAs

180

0.242

0.234

4.51×10-3

0.0181

2

AlAs

180

0.242

0.234

2.17×10-2

0.0840

4

GaAs

950

0.132

0.284

1.57×10-1

0.495

a)Basedonthedataf()undinRef
.[58].Vahlesaregivenintermsofthefreeelectronmassm.

b)Thenumberofequivalentvalleys
.

c)DatatakenfromRef
.[59].AlsoseeFig.4-3(b).

d)ContributiontotheB鰐tquantityinthe"degenerate2Dsuperlatticelimit"tllatisde -

finedin§4.2.3(seep.164),fbrthe(001)orientedGaAs(20A)/AIAs(20A)superlattice.

e)TheoptimumvaluefbrZ3DTthatcorrespondstothevalueofB鴛
D,obtainedusingEq.4.11

(alsoseeAppendixA).
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Table 4.3: Band parameters for various conduction band valleys in (~Ol) oriented 
GaAs/AIAs superlattices. !lEedge denotes the energy for the pertinent conduction val
ley edge measured hom the bottom of the f-valley in the conduction band of bulk GaAs 
and !lEe denotes the conduction band offset for the pertinent valley. Xl and X , denote the 
longi tudinal (main axis of the ellipsoid II to the superlatt ice growth axis) and transverse 
(main axis of the ellipsoid -L to the superJat tice growth axis) X-valleys, respectively. 

Band Parameter f- valley X,-vall ey 

Equations that relate 7n'(2D) , 7n1(2D) and m, to tnt and Tnl 

Tn,.(211 ) [IV!",,] Tn, 170, m,. 

7n1(2D ) [IV!yy] 7n, 7n, 7n1 

7n;-1 [(M - I)zz] 7nt ' 7nt 1 m t ' 
Val ues used in the present work for GaAs a 

7n'(2D)/m 0.067 0.23 
7n1(2D) /7n 0.067 0.23 
7n,/7n 0.067 1.3 

Values used in the present work for AlAs a 
m'(2D)/m 0.150 0.19 
ml(2D ) /7n 0.150 0.19 
m,/7n 0.150 1.1 

Other parameters and properties 
N b 1 1 
Conduction layer GaAs AlAs 
I 'bulk c [crn2/V.s] 3000 180 
!lEe" leV] 1.084 0.242 
6Eedgea leV] 0 0.234 
B' d 3D 2.65x 10-2 4.51x 10-3 

Z' T e 3D 0.102 0.0181 

0.23 
1.3 

0 23 

0.19 
1.1 

0.19 

2 
AlAs 
180 

0.242 
0.234 

2.17 x 10- 2 

0.0840 

I-valley 

170, 
2ml+mt 

3 
1 ( 1+2 ) 
3 mj mL 

0.0754 
1.292 
0.111 

0.0964 
1.299 
0.141 

4 
GaAs 
950 

0.132 
0.284 

1.57 x 10- 1 

0.495 

a) Based on the data formd in Ref. [58]. Values are given in terms of the free electIOn mass rn. 
b)The number of equivalent valleys . 
c) Data taken from Ref. [59]. Also see Fig. 4-3(b) . 
d) Contribution to the B:ig" quantity in the "degenerate 2D superlattice limit" that is de
fined in §4.2.3 (see p.164), for the (001) oriented GaAs(20 A)I AIAs(20 A) snperiattice. 
e) The optimulll value for Z3DT that corresponds to t he value of B :iD' obtained using Eq. 4. 11 
(also sec Appendix A). 
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Table4.4:Bandparametersfbrvariousconductionbandvalleysin(111)oriented

GaAs/AIAssuperlattices.△Eedgedellotestheenergyfbrthepertinelltconductiollband

valleyedgemeasured丘omthebottomofther-valleyintheconductionbandofbulkGaAs

and△1ヲcdenotestheconductionbandoffsetfbrthepertinentvalley.五zand五 〇denotethe

lollgitudillal(maillaxisoftheellipsoidltothesuperlatticegrowthaxis)andoblique(main

axisoftheellipsoidobliquetothesuperlatticegrowthaxis)五 一valleysラrespectively.

BalldParameter r-valley X-valley Lt-valley Lo-valley

Equationsthatrelatemt(2D),Ml(2D)andMztomtandml

mt(2D)

ml(2D)

-1
Mz

[M剥

[Mw]

[(M-1)zz]

そし

そ
し

m

m

mt

2ml十mt

1
一

)2
死

3

十⊥
物(3

γηオ

γηオ

mt

8ml十mt

mt Ml

1
一

)
舌

8

m

9

十
オ

ー

m(9

ValuesusedinthepresentworkfbrGaAsa

mt(2D)/m
ml(2D)/m
m/m

0.067

0.067

0.067

0.23

0.943

0.317

0.0754

0.0754

1.9

0.0754

1.697

0.084

ValuesusedinthepresentworkforAIAsa

mt(・D)加

ml(・D)加

m/m

0.150

0.150

0.150

0.19

0.797

0.262

4

4

96

96

9

∩
)

0

1
⊥

0

0

0.0964

1.700

0.108

Otherparametersandproperties

Nb

Conductionlayer

μb。lkC[cm2/V・s]

△E。a[eV]

△E,dg,a[eV]

B惹Dd

z彦DTe

1

GaAs

3000

1.084

0

2.65×10-2

0.102

3

AIAs

180

0.242

0.234

2.77×10-2

0.106

1

GaAs

950

0.132

0.284

9.24×10-3

0.0375

3

GaAs

950

0.132

0.284

1.35×10-1

0.437

a)BasedonthedatafoundinRef
.[58].Valuesaregivenintermsofthefreeelectronmassm.

b)Thenumberofequivalentvalleys
.

c)DatatakenfromRef .[59].AlsoseeFig.4-3(b).

d)C・nt・ibuti・nt・th・B惹 智tquantityinth・"d・g・nerat・2D・uperlatticelimit"thati・de -

finedin§4.2.3(seep.164),fbrthe(111)orientedGaAs(20A)/AIAs(20A)superlattice.

e)TheoptimumvaluefbrZ3DTthatcorrespondstothevalueofB湾
D,obtainedusingEq.4.11

(alsoseeAppendixA).
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Table 4.4: Band parameters for va.r ious conduction band valleys in (111 ) oriented 
GaAs/A IAs superiattices. t:. Eedge denotes the energy for the pertinent conduction band 
valley edge measured from the bottom of the r-valley in the conduction band of bulk GaAs 
and t:.Ec denotes the conduction band offset for the pertinent valley. L / and Lo denote the 
longitudinal (main axis of the ellipsoid II to the superJattice growth axis) and oblique (main 
axis of the ellipsoid oblique to the superlattice growth axis) L-valleys, respectively. 

Band Parameter f- valley X -van ey L,-valley 

Equations that relate m'(2D) , In/(2D) and m , to In, and ml 

m,(2D) [Mxx] m, m, 1Tlf. m , 

m/(2D) [Myy] m, 2mr+mt m, 8m/ + m t 

3 -1 9 -1 
m - 1 [(M - 1U m, 3 C~I + 1~t ) ml 9 (n;, + 1~J z 

Values used in the present work for GaAs a 

7n' (2D) /7n 0.067 0.23 0.0754 0.0754 

7nl (20) /m 0.067 0.943 0.0754 1.697 
m , lm 0.067 0.317 1.9 0.084 

Values used in t he present lVork for AlAs a 

m'(20)/m 0.150 0.19 0.0964 0.0964 
7nl (20) /m 0.150 0.797 0.0964 1.700 
7nz /m 0.150 0.262 1.9 0.108 

Other parameters and properties 
N b 1 3 1 3 
Conduction layer GaAs AlAs GaAs GaAs 
,"bulk

c [cm2
/\I '8] 3000 180 950 950 

t:.Eca leV] 1.084 0.242 0.132 0.132 
t:.Eedge a [e V] 0 0.234 0.284 0.284 
B* d 3D 2.65x 10- 2 2.77 x 10- 2 9.24x10- 3 1.35x 10- 1 

Z'T e 3D 0.102 0.106 0.0375 0.437 

a) Based on the data fOlmd in Ref. [58J . Values are given in terms of the free electron mass m. 

b)The number of equivalent valleys . 
c) Data taken [TOm Ref. [59]. Also see Fig. 4-3(b). 
d) Contribution to the B:il5" quantity in the "degenerate 2D snperiatt ice limit" that is de
fined in §4.2.3 (see 1'.164), for the (Ill) oriented GaAs(20 A)I AlAs(20 A) superlattice. 
e)T he optimum value for Z3DT that corresponds to the value of B:io , obtained using Eq. 4. 11 
(also see Appendix A). 

179 



attheGaAs/AIAsillterfaces[65],

ΨG。A、=ΨAlA,, (4.23)

m。(1。A,)d鵠aAs-m÷ 、)d当会IAs,(4・24)

whereΨGaAsandΨAIAsdellotetheelectronwavefunctiollforthepertillentconduction

bandvalleyfortheGaAsandAIAslayers,respectively,andMz(GaAs)andmz(AIAs)are

thecross-sectionalcomponentoftheeffectivemasstensorMasdiscussedabove.

Theenergydispersionrelationalongthe之axis[E。(ん の]undertheboundarycon-

ditionsgivenbyEqs.4.23and4.24isobtainedbynumericallysolving(seeFig.4-8)

thefollowingequationfor、E之foragivenvalueofん 之[63,65],

1{繋 講}sinh([2・dBsinK・dw

+C・ShQ/BC・Sκ ノW=C・Sk。(dW+dB) (4.25)

where・KzandQzaregivenby,

Kz=
》2m・,wE・

充,
(4.26)

Q.-V2m・ 半 一勾.(4.27)

InEqs.4.25-4.27,△ 五]cistheconductionbandoffsetforthepertinentvalleybe-

tweenthewellandbarrierlayers,dwisthethicknessofthequantumwelllayers(the

thicknessoftheGaAslayersfor[r,、 乙]-valleys,orthethicknessoftheAIAslayersfor

X-valleys),(IBisthethicknessofthebarrierlayers(thethicknessoftheAIAslayers

for[r,五]-valleys,orthethicknessoftheGaAslayersforX-valleys),m2 ,wandmz,B

arethecross-sectionalcomponentsoftheeffectivemasstensoralongthekz-axisfor

thequantumwelllayersandthebarrierlayers,respectively,asmentionedabove.

Oncetheenergydispersionrelationsforalltheavailablesllbbands(Eq.4.21)are

obtainedinthisway,variollstransportcoef丑cientsarecalculatedusingthetransport
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at the GaAs/ AlAs interfaces [65], 

WGaAs = 'l1 AlAs , 

1 d \ji GaAs 

1nz (GaAs) dz 

1 d \ji AlAs 

1n,(AIAs) dz 

(4 .23) 

( 4.24) 

where >¥ GaAs and >¥ AlAs denote the electron wavefu nction for the pertinent conduction 

band valley for the GaAs and AlAs layers, respectively, and 1nz(GaAs) and 'm ,(AIAs) are 

t he cross-sectional component of the effective mass tensor IVI as discussed above, 

The energy dispersion rela tion along the z axis [Ez(k, )] under the boundary con

di tions given by Eqs. 4,23 and 4.24 is obtained by numerica lly solving (see Fig. 4-8) 

the following equation for E, for a given value of Ie, [63 , 65], 

(4 .25) 

where K , and Q, are given by, 

(4 .26) 

(4 .27) 

In Eqs. 4.25-4.27, 6Ec is the condnct.ion band offset for the pertinent va lley be

tween the well and barrier layers, dw is t he thickness of the quant um well layers (the 

t hickness of the GaAs layers fo r [r,L]-valleys , or the thickness of the AlAs layers for 

X -valleys), dB is the thickness of the barrier layers (the thickness of the AlAs layers 

for [r ,L]-valleys, or the thickness of the GaAs layers for X -valleys) , 1nz ,w and m" B 

are the cross-sectional components of the effective mass tensor along the "z-axis for 

the quant um well layers and the barrier layers, respectively, as mentioned above, 

Once the energy dispersion relations for all the available subbands (Eq. 4,21) are 

obtained in this way, various transport coefficients are calculated using the t ransport 
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Figure4-8:(a)PlotoftllelefthandsideofEq.4.25[denotedbyKP(砺)]asafunction

ofenergy(、EzinEqs.4.26and4.27)relativetotheX-valleyedgeinbulkAlAs,where

Eq.4.25issolvedfbrthesubbandderivedfromthelongitudinalX-valleysinthe(001)

orientedGaAs(20A)/AIAs(20A)superlattice.Theshadedregiondenotestherangein

energieswhereasolutionofEq.4.25exists.(b)Theresultantelectronicdensityofstates

fbrtheXl-subbandinthe(001)orientedGaAs(20A)/AIAs(20A)superlatticeasafunction

ofenergy,whichisgivenbytheenergydispersionrelationinthefbrmofEq.4.21.Itisnoted

thatthefunctionalfbrmfbrtheDOS(E)vs.」Eisidenticalwiththatf()rん 之vs.E之(ん 之)in

theextendedzonescheme,becausetheelectronicdensityofstates("perラ,and"asafunction

of,,energy)f()ragivenvalueofんzdoesnotdependonthevalueofんzitself(i.e.,constant

witheachallowedvaleofん 之).
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F igure 4-8 : (a) Plot of the left. hand side of Eq. 4.25 [denoted by KP(k,)] as a function 
of energy (E, in Eqs. 4.26 and 4.27) relative to the X -vaUey edge in bulk AlAs, where 
Eq. 4.25 is so lved for the su bband derived from the longitudinal X -valleys in the (001 ) 
oriented GaAs(20 A)i AIAs(20 A) superiatt ice. The shaded region denotes the range in 
energies where a solution of Eq. 4.25 exists. (b) The resultant electronic density of states 
for the Xt-subband in the (001) oriented GaAs(20 A)i AIAs(20 A) superiat t ice as a function 
of energy, which is given by the energy dispersion relation in the lonn of Eq. 4.2l. It is noted 
that the [wlctional lorm for the D08 (E ) vs. E is ident ical with that lor hz vs. E Ah, ) in 
the extended zone scheme, because the electronic density of states ("per" and "as a function 
01" energy) tor a given value of hz does not depend on the value of kz itself (i.e., constant 
with each allowed va le of k, ). 
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■(α)tensorsasshownillEqs.4.1-4.4.Sincetheill-planecomponentsofthetrallsport

■(α)tensorsforthewholesuperlatticeareusuallyisotropic,thesetellsorsarerepre-

sentedbyscala・quantities五!留.Thec・nt・ibuti・nf・ ・meachavailablesubbandt・the

t・tal瑠quantitiesf・ ・thewh・lesupe・lattice[den・tedbyL!恕tot]†isgivenby,

L留(く)≡薪 躍(く 礁))一 ± 多 五瑠(ζ 礁))・ (4.28)

whereNr、isthe・ ・umbe・ ・fsupe・latticepe・i・ds,五1留and瑠inEq.4.28a・egivenby

Eqs.4.6-4.9,butthedwinthedenominatorofEq.4.9isreplacedwithN,(dw十dB)

and(dw十dB),respectively,andthesummationisoverallthevaluesofkzthat

satisfythepe・i・dicb・unda・yc・nditi・nexp(乞 ん。亙,(dw+dB))-1intheextended

zonescheme(一 〇c<ん 、<Oc).Inthepresentwork,wetakethelimitN,→Ocfor

easeofthenumericalcalculation ,

L鯉(ζ)一 誌 認L躍(く 一礁))△k・

一2×(dw≠ 沌○〇五1留(く一E。)k/zdq,(4・29)

wherethefact・ ・2inthelastexp・essi・nc・mesf・ ・mthefactthat瑠(く 一E.(k。))

isanevenfunctionofんz,and△ んzistheintervalbetweentheallowedkzsthatsatisfy

thepe・i・dicb・unda・yc・nditi・n[△k・ 一 細 諮+d
B)]・Sincetheinversefuncti・n・f

Ez(kz)hasasamefunctionalformasthedensityofstatesfunctionDOS(E)because

thenumberofavailableelectronicstateswithinanconstantenergyinterval△Efor

agivenvallleoftheallowedkz(thatsatis丘estheperiodicboundarycondition)is

constantwithenergyaswellaswiththevalueofんz(seeFig4-8),wefinallyobtain

†

瑠tot一 Σ 五!留・
availablesubband
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L (a) tensors as shown in Eqs. 4.1-4.4. Since the in-plane components of the transport 

L (a) tensors for the whole superiattice are usually isotropic, these tensors are repre

sented by scalar quantities L~';l . The contribution from each available subband to the 

total L~~) quantit ies for t he whole superlatti ce [denoted by L~';l'Qtl t is given by, 

(4.28) 

where firs is the number of superJattice periods, L~';] and L~';] in Eq. 4.28 are given by 

Eqs. 4.6-4.9, but the dw in the denominator of Eq. 4.9 is replaced with IVs (dw + dB) 

and (dw + dB), respectively, alld the summation is over all the values of kz that 

satisfy the periodic boundary condition exp (ikJV-,(dw + dB) ) = 1 in the extended 

zone scheme (-00 < kz < 00) . In the present work, we take the limit firs --+ 00 for 

ease of the numerical calculation, 

_ ') (dw + dB) 1,00 L (0) (, _ E ) d kz dE 
- ~ x? 20' z./ E Z> 

_ 7r 0 l. z 
(4 .29) 

where t he factor 2 in the last expression comes from the fact that L~';] (( - Ez(kzl) 

is an even function of k" and t:.k, is the interval between the allowed k,s that sa tisfy 

the periodic boundary condition [t:.k . = 2rr 1 Siuce the inverse function of .. iVll {dw +d (3 ) • 

Ez(k, ) has a. same functional form as the density of states function DOS(E) because 

the number of available electronic states within an constant energy interval t:.E for 

a given value of the allowed kz (that satisfi es the periodic boundary condition) is 

constant with energy as well as with the value of kz (see Fig 4-8), we finally obtain 

L (a)Lot _ 
SL -

available subband 

L (a) 
SL ' 
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thef・ll・wingf・ ・mf・ ・thec・nt・ibuti・nt・the五!留tot(く)f・ ・mthepertinentsubband

五鯉(く)一誌
Lμ(ζ 一E)4D3芸(E)dE,

(4.30)

where五1留is・btainedusingthesupe・latticeperi・d(dw+dB)instead・fdwinEq.4.9

aswedidinEqs4.28and4.29above,DOS(E)isthedensityofstatesasafunctionof

energyforthewholesuperlatticeforthepertinentsubband,andDsListhestepheight

inthedensity-ofLstatesfunctionDOS(E)forthepertinentsubband[seeFig.4-8(b)]

givenby,

DSL-N×(課 等 ・(4・31)

Theformalismdevelopedhereaccountsfortheeffectofthebandedgebroadeningin

theDOS(E)functionontheresultingtransportcoefHcientsforthewholesuperlattice

f・・eachsubband.The丘nal五!碧tot(ζ)sf・ ・thewh・lesuperlatticeare・btainedby

summingt・getherthe瑠c・nt・ibuti・nsf・ ・mallthesubbandsthatarehereevaluated

separately.

Finally,theresultingthermoelectricpropertiesforthewholesuperlattice,forvar.

ioussuperlatticeperiodsandsuperlatticegrowthdirections,arecalculatedasafunc-

tionofcarrierconcentrationandtemperature,usingEqs.4.1-4.4(see§4.4and§4.5).

4.4 Z3DTforther-pointsuperlattices

Inthissection,wewillshowtheresultofourcalculationincludingonlyther-point

subband(wedenotethesuperlatticewiththisassumptionasther-pointsuperlattice,

hereafter).Suchinvestigationsareimportantbecallse:(1)thetransportproperties

ofmostGaAs/AIAssuperlatticesaredeterminedbyther-pointsubband,sincethe

lowestlyingsubbandinthesesuperlatticesisusuallyther-subband,ifthethickness

oftheGaAslayerislargerthan30A,and(2)wearealsointerestedinhowmuch

enhancementinZ3DTwecangetrelativetothatofthecorrespondingconstituent

bulkmaterialsonlyduetotheeffectofthequantumconfinementofcarrierstoen.

hancethevalueofSandtheeffectofboundaryscatteringofphononstoreducethe
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the following form for the contribution to the L~~!,ot(O from the pertinent, slIbband : 

L ea)(() = _1_ J Lca)(( _ E)d D08(E) dE 
SL D . 2D dE ' SL 

(4.30) 

where L~~ is obtained using the superlattice period (dw + dB) instead of dw in Eq. 4.9 

as we did in Eqs 4.28 and 4.29 above, D08(E) is the density of states as a funct ion of 

energy for the whole superlatt ice fo r the pertinent subband, and D SL is the step height 

in the density-of-states function 0 08(E) for the pertinent subband [see Fig. 4-8(b)] 

gi vell by, 

(4.31) 

The formalism developed here accounts for the effect of the band edge broadening in 

t he 0 08(E) functi on on the resulting transport coeffi cients for the whole superlattice 

for each subband. The final Lk';},ot (Os for the whole superiattice are obtained by 

summing together the L~';} contributions from aJI the subbands that are here evaluated 

separately. 

Finally, the resulting thermoelect ric properties for t he whole supedattice, for var

ious suped attice periods and superlattice glOwt" directions, are calculated as a fult c-

t ion of carrier concentration and temperature, using Eqs. 4.1-4.4 (see §4.4 and §4.5). 

4.4 Z 3DT for the r-point superlattices 

In this section, we will show the result of our calculation including only the r-point 

subband (we denote the superlatti ce with this assumption as the r-point superlattice, 

hereafter). SUcil investigations are important because : (1) the transport properties 

of most GaAsjAIAs superiattices are determined by the r-point subband, since the 

lowest lying subband in these superJattices is usually the r-subband, if the thickness 

of the GaAs layer is larger t han 30 .1\ , and (2) we are a.lso interested in how much 

enhancement in Z'DT we can get relative to that of the corresponding constituent 

bulk materials only due to the effect of the quantum confinement of carriers to en

hance the value of S and the effect of boundary scattering of phonons to reduce the 
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latticethermalconductivityκph,i.e.,withouthavingthe`℃arrierPocketEllgineering

colldition,,thatisdiscussedin§4.1.

ShowninFig.4-9(a)isthecalculateddensityofstatesforther-pointsubband

forGaAs/AIAssuperlatticeswithequalthicknessesfortheGaAsandAIAslayers.

We丘ndthatthedensityofstatesnearthebandedgeincreasessigni丘cantlywith

decreasingsuperlatticeperiod(dGaAs十dAIAs)from160Ato40A[seetheinsetof

Fig.4-9(a)].ItisIlotedthatthebroadeningofther-pointsubballdbecomescompara-

　 　
bletothethermalenergyatroomtemperature(26meV)forGaAs(20A)/AIAs(20A)

superlattice.SincethebroadeningeffectintheDOS(E)functionnearthebandedge

becomesappreciableforsuperlatticeperiods(dGaAs十dAIAs)below40A,theresul-

tantSeebeckcoef丑cientforagivencarrierconcentration(n=1018cm-3)hasapeak

around(dGaA,十dAIAs)=40A[seeFig4-9(b)].ThedecreaseinSwithdecreas-　
ing(dGaAs十dAIAs)below40Aisinterpretedastheresultofa2D-to-3Dtransition

oftheelectronictransportpropertiesofGaAs/AIAssllperlatticesthatresllltsfrom

theincreasedcarriertunnelingbetweentheadjacentquantumwellsformedatthe

r-pointintheBrillouinzone(withintheGaAslayersinrealspace)forGaAs/AlAs

superlattices.

ThethermoelectricfigureofmeritforthewholesuperlatticeZ3DTforGaAs/AIAs

r-pointsuperlatticesarecalclllatedbycombiningthedataforκphasafllnctionof

thethicknessesoftheGaAsandAIAslayers((IGaA,=(IAlAs)thatarediscussedin

§4.3.3[43]andthemodelsforthetransportcoef丘cientsthataredevelopedin§4.3.4.

Valuesof△ 五1、=1eVandμ=3000cm2/V・sareusedfortheconductionbandoffset

atr-valleyandforthecarriermobility,respectively,fortheGaAs/AIAsr-point

superlattices.TheresultsthllsobtainedforZ3DTnormalizedtothecorresponding

valueforblllkGaAsat300K[denotedby(ZT)bulk]areplottedinFig.4-10asa

functionofdw,wherethevalueofZ3DTisoptimizedwithrespecttothechemical

potential〈foreachvalueofdw.Itisnotedthat(ZT)bulkforbulkGaAsisassmallas

O.0085attheoptimumcarrierconcentration(n=1.5×1018cm-3),whereasZ3DTfor

theGaAs(20A)/AIAs(20A)r-pointsllperlatticeismorethanO.1attheoptimum

carrierconcentration(η=1.5×1018cm-1)asshownbythesolidlineinFig.4-15
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latt ice thermal conductivity "'ph , i.e., without having the "Carrier Pocket Engineering 

condit ion" that is discussed in §4.1. 

Shown in Fig. 4-9(a) is the calculated density of states for the [-point subband 

for GaAs/ AlAs superJ attices with equal thicknesses for the GaAs and AlAs layers. 

We find that the density of states near the band edge increases significantly with 

decreasi ng superlattice period (d GaJ\s + (("lAs) from 160 A to 40 A [see the inset of 

Fig. 4-9(a)] . It is noted that the broadening of the r-point subband becomes compara

ble to the t hermal energy a t room temperature (26 meV) for GaAs(20 A)/A1As(20 A) 

superlatti ce. Since the broadening effect in the DOS( E) frmction near the band edge 

becomes appreciable for superlattice periods (dGaAs + dAIAs) below 40 A, the resul

tant Seebeck coeffi cient for a given carrier concentration (n = 10'8 cm-3 ) has a peak 

around (dGaAs + dAJ.",) = 40 A [see Fig 4-9(b)]. The decrease in S with decreas

ing (dGaAs + dAIAs) below 40 A is interpreted as the result of a 2D-to-3D t ransition 

of the electronic transport properti es of GaAs/ AlAs superl attices that results from 

the increased carrier tunnel ing between tbe adjacent quantum wells formed at the 

r-point in the Brillouin zone (within the GaAs layers in real space) for GOlAs/AlAs 

snperlat.tices. 

T he thermoelectric fig·are of merit for the whole superlattice Z30T for GaAs/AIAs 

r -point superlatt ices arc calculated by combining t he data for KOph as a function of 

t he t hicknesses of the GaAs and AlAs layers (dGaAs = dAIAs) t hat are discussed in 

§4.3 .3 [43] and the models for the t ransport coefficients that are developed in §4.3.4. 

Values of 6.Ec = 1 eV and/~' = 3000 cm2/V·s are use.d for the conduc.tion band offset 

at r -valley and for the carrier mobility, respectively, for the GaAs/ AlAs r -point 

superlattices. The results thus obta ined for Z30T norma.lized to the corresponding 

value for bulk GaAs at 300 K [denoted by (ZThulk] are plotted in Fig. 4-10 as a 

function of dw , where the value of Z3DT is optimized with respect to the chemical 

potential ( for each value of elw . It is noted that (ZT )bulk for bulk GaAs is as small as 

0.0085 at the optimum carrier concentration (n = 1.5x 101R cm-' ), whereas Z3DT for 

t he GaAs(20 A)/ A1As(20 A) r -point superlatt ice is more t han 0.1 at the optimum 

carrier concentration (n = 1.5x lO18 cm- I ) as shown by the solid line in F ig. 4-15 
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carrierconcentrationn=1×1018cm-3f()rthewholesuperlattice.Alsoshowninthefigure

isthebulk(GaAs)valuefbrISIusingthesamebasicmodelassumingn=1×1018cm-3.
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Figure 4-9: (a) Density of states for equal thickness (d GaAs = dAl As) GaAs/A1As [ -point 
superJattices as well as for bulk GaAs (dash-dotted line) . The quantum well (or barrier 
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show the details of the band edge structme. (b) Calculated absolute values for the Seebeck 
coeffi cient for the GaAs(20 A)I A1As(20 A) [ -point superlattice as a function ofthe quantum 
well layer thickness dw (dw = dGaAs) . The calculation was made for a fixed value for the 
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equalthickness(dGaAs=dAIA,)GaAs/AIAsr-pointsuperlatticesasafunctionofthequan-

tumwelllayerthicknessdw(dw=dGaAs).Thecalculationsshownherearemadefbrthe

conductionbandoffset△ 、E。=1eVandthe(electron)carriermobilityμ=3000cm2/V・s,

usingtheconstantrelaxationtimeapProximation.

(§4.5.2),whichismorethanafactoroftenenhancementinZ3DTrelativetothe

correspondingvalueforbulkGaAs.ItisnotedthatanoverallenhancementinZ3DT

inGaAs(20A)/AIAs(20A)r-pointsuperlatticesisrealizedduetoacombinationof

theeffectoftheinterfacescatteringofphononstoreduceκph,whichaccountfora

factorofaboutsixenhancementinZ3DTrelativetothecorrespondingbulkvalue,

andtheeffectofquantllmconfinementofcarrierstoenhanceS,whichaccountfora

factorofabouttwoenhancementintheoverallZ3DTrelativetothecorresponding

bulkvalue.
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Figure 4-10: Plot of the value of the optimum (with respect to the chemical potential () 
Z 3DT at 300 K, normalized by the corresponding bulk value (Z3D T ~ 0.0085) for GaAs, for 
equal thickness (dGaAs ~ dA1As ) GaAs/ AlAs r -point superlattices as a function of the quan
tum well layer thickness dw (dw ~ dGaAs) . The calculations shown here are made for the 
conduction band offset !:::.Ec ~ 1 eV and the (electron) carrier mobility Il ~ 3000 cm2 /V·s, 
using the constant relaxation time approximation. 

(§4.5 .2), which is more than a factor of ten enhancement in Z3DT relative to the 

corresponding value for bulk GaAs. It is noted that an overall enhancement in Z3DT 

in GaAs(20 A)! AIAs(20 A) f -point superl att ices is realized due to a combination of 

the eflect of the interface scattering of phonons to recluce o;ph , which account for a 

factor of about six enhancement in Z3DT relative to the corresponding bulk value, 

and the effect of qnantnm confinement of carriers to enhance S, which account for a 

factor of about two enhancement in the overall Z3DT relat ive to the corresponding 

bulk value. 
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4.5 Z3DTundertheCarrierPocketEngineering

condition

Inthissection,theconceptofCarrierPocketEngineeringisappliedtoGaAs/AIAssu-

perlatticesincludingthecontributionsfromallther-,、 乙一andX-subbands.Then,the

optimumstructuresandorientationfortheGaAs/AIAssuperlatticesaredetermined

toobtainthelargestvalueofZ3D7「inthissystem.Thetemperaturedependenceof

theresultalltvaluesofZ3DTforthe(001)and(111)orielltedGaAs/AIAssuperlat-

tices,andtheconditionsforhavingthe`℃arrierPocketEngineeringcondition,,(see

§4.1)inthesesuperlatticesarealsodiscussedinsomedetail.

4.5.1Z3DTfbrthe(001)orientedGaAs/AIAssuperlattices

-optimizationofthelayerthicknesses一

ShowninFigs.4-114-13arethecalculateddensityofstatesforalltheavailable

subbandsfor(oo1)orientedGaAs(20A)/AIAs(20A),GaAs(30A)/AIAs(20A)and

　 　
GaAs(20A)/AIAs(30A)superlattices,respectively.Bymakingasuperlatticeinthis

orientation,threeoftheequivalentvalleysattheX-pointintheBrillouinzoneex-

perienceasplittingintheirvalleydegeneracybetweenonelongitudinal(mainaxis

oftheellipsoidtothesuperlatticegrowthaxis)andtwotransverse(mainaxisof

theellipsoid⊥tothesuperlatticegrowthaxis)valleys,denotedbyXgandX孟,re-

spectively.Theresultantsubbandsderivedfromthesevalleysarealsodenotedas

Xl-andX孟 一sllbbands,respectively.InFig.4-11,wefindthatther-,Xt-and、 乙一

subbandslieverycloseinenergyintheGaAs(20A)/AIAs(20A)superlattice,and

thattheenergyfortheXl-subbandedgeisabout50to60meVlowerthanthose

fortheothersubbands.Suchasituationdoesn,tapPeartobedesirableinobtaining

alargevalueofZ3DT,sincethemobilityfortheX-pointcarriersisrelativelylow

(μx=180cm2/V・sat300K)comparedtothemobilitiesforthecarriersinother

subbands(μr=3000cm2/V・sandμ 五=950cm2/V・sat300K)aswediscussedin

§4.3.2.Nevertheless,wefindthat,amongallthestructuresconsideredinthissubsec一
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4.5 Z 3DT under the Carrier Pocket Engineering 

condition 

In this section, the concept of Carrier Pocket Engineering is applied to CaAs/AIAs su

perlattices including the contributions from all the f- , L- and X-sub bands. Then, the 

optimum structures and orientat ion for the GaAs/AIAs superlattices are determined 

to obtain the largest value of Z3DT in this system. The temperature dependence of 

the resultant values of Z3DT for the (001) and (111) oriented GaAs/AIAs superlat

tices , and the conditions for having t he "Carrier Pocket Engineering condition" (see 

§4.l) in these superiattices are also discussed in some detail. 

4.5.1 Z 3DT for the (001) oriented GaAs/ AlAs superlattices 

- optimization of the layer thicknesses -

Shown in Figs. 4-11- 4-13 are the calculated density of states for all the available 

subbands for (001 ) oriented GaAs(20 A)I AIAs(20 A), GaAs(30 A)I AIAs(20 A) and 

GaAs(20 A)I AIAs(30 A) superlattices, respectively. By making a suped attice in this 

orientation, three of t he equivalent valleys at the X-point in the Brillouin zone ex

pel"ience a splitting in their valley degeneracy between one longitudinal (main axis 

of t he ellipsoid II to the superlattice growth axis) and two t ransverse (main axis of 

the ellipsoid ~ to the superlattice growth axis) valleys, denoted by X l and X" re

spectively. The resultant subbands derived from these valleys are also denoted as 

X{- and X ,-subbands, respectively. In Fig. 4-11, we fi nd that the f- , X, - and L

subbands lie very close in energy ill the GaAs(20 A)/AIAs(20 A) superiattice, and 

that the energy for the XI-subband edge is about 50 to 60 meV lower than those 

for the other sub bands. Such a situation doesn't appear to be desirable in obtaining 

a large value of Z,DT, since the mobility for the X -point carriers is relatively low 

(I lx = 180 cm2/V ,s at 300 K) compared to the mobiliti es for the carri ers in other 

subbancls (J.lr = 3000 cm2/V ,s ancl J.lL = 950 cm2 /V,s at 300 K) as we discussed in 

§4.3.2. Nevertheless, we fi nd that, among all the structures considered in thi s subsec-
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Figure4-11:Densityofstatesfbrelectrons(DOS)fbra(001)orientedGaAs(20A)/AIAs(20

A)superlatticecalculatedfbrvarioussubbandsderivedfromr-,Xl-,Xt-and五 一valleys,as

indicatedinthefigure.Thenumberinsidetheparenthesesdenotesthenumberofequivalent

valleysthataredegenerateinenergy.Therefbre,theDOSfbrXt-valleysshownhere,f()r

exampleラincludescontributionsfromtwoequivalentXt-valleys.Theinsetshowsaplotfbr

thecalculatedZ3DTasafunctionofcarrierconcentrationnfbrthissuperlatticeat300K.

ThepositionofthechemicalpotentialζthatgivestheoptimumvalueofZ3DT(denotedas

Z3DTopt)isく=0.083eVonthemainscale.

tionfbrthe(001)orientedsuperlattices(seeFigs.4-11-4-13),thehighestZ3DToccurs

intheGaAs(20A)/AIAs(20A)superlattice(Z3DT=0.41at300Kforn=5×1019

cm-3).AlsoshownintheinsetsofFigs.4-11-4-13arethecalculatedvaluesofZ3DT

asafunctionofcarrierconcentrationfbreachsllperlatticestructureat300K.In

Figs.4-11-4-13,wefindthattherelativeenergiesforther-,Xt-,Xl-and、 乙一subband

edgesareverysensitivetothethicknessesoftlleGaAsandAIAslayersforthesu-

perlattice.Forexample,fortheGaAs(30A)/AIAs(20A)superlattice(Fig.4-12),

thelowestlyingsubbandisfoundtobether-subband.Sincether-subbandhas
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Figure 4-11: Density of states for electrons (DOS) for a (001 ) oriented GaAs(20 A)/ AIAs(20 
A) superlattice calculated for various sub bands derived from r-, Xl-, X l- and L-valleys, as 
indicated in the fig1ll'e. The number inside the parentheses denotes the number of equi valent 
valleys t.hat are degenerate in energy. Therefore, the DOS for X,-valleys shown here, for 
example, includes contributions [rom two equi valent X t.-valleys . The inset shows a plot for 
the calculated Z30T as a function of carrier concentration n for tillS superlattice at 300 K. 
The position of the chemical potential ( that gi ves the optimum value of Z30T (denoted as 
Z30Top,) is ( = 0.083 eVan the main scale. 

t ion for the (001) oriented slIperiattices (see F ig'S. 4-11- 4-13) , the highest Z30Toccurs 

in the GaAs(20 A)I AIAs(20 A) slIperiattice (Z3DT = 0.41 at 300 K for n = 5x 1019 

cm- 3). Also shown in the insets of Figs . 4-11- 4-13 are the calculated values of Z3DT 

as a function of carrier concent ration for each slIperlattice structure at 300 K . In 

Figs. 4-11-4-13, we find that the relative energies for the r-, X l - , X l - and L-sllbband 

edges are very sensitive to tbe tbicknesses of the GaAs and AlAs layers for t be su

perlattice. For example, for the GaAs(30 A)/AIAs(20 A) sllperlat tice (Fig. 4-12), 

the lowest lying sub band is found to be the l'-subband. Since the r -subband has 
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A)superlatticecalculatedforvarioussubbandsderivedfromr-,Xl-,Xt-and五 一valleys,as

indicatedinthefigure.Thenumberinsidetheparenthesesdenotesthenumberofequivalent

valleysthataredegenerateinenergy.TherefbreラtheDOSfbrXt-valleysshownhere,for

example,includescontributionsfromtwoequivalentXt-valleys.Theinsetshowsaplotfor

thecalculatedZ3DTasafunctionofcarrierconcentrationnforthissuperlatticeat300K.

ThepositionofthechemicalpotentialくthatgivestheoptimumvalueofZ3DT(denotedas

Z3DTopt)isζ=0.154eVonthemainscale.
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F igure 4-12: Density of states for electrons (DOS) for a (001 ) oriented GaAs(30 A) / AlAs(20 
A) superlat tice calculated for various subbands derived from r -, Xl-, X I.- and L-valleys, as 
indicated in the fi gure. The number inside the parentheses denotes the number of equivalent 
valleys that are degenerate in energy. Therefore, the DOS for X l-valleys shown here, for 
example, includes contributions from two equivalent X,-valleys . The inset shows a plot for 
t.he calculat.ed Z 3DT as a function of carrier concentrat.ion n for this superlattice at. 300 K. 
The posit.ion of the chemical pot.ent ial ( that gives the optimum value of Z3DT (denoted as 
Z3DToptl is (= 0. 154 eV on the main scale. 
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arelativelylargecarriermobility(μr=3000cm2/V・s)alldarelativelysmallden-

sityofstatesmass(m歪/m=0.067),thebehaviorofthecalculatedvalueofZ3D7「

forthissuperlatticeissimilartothoseforthecorrespondingr-pointsuperlatticefor

relativelysmallcarrierconcentrations(n<1.5×1018cm2/V・s).Forlargercarriercon.

centrations(n>3×1018cm2/V・s),thecalculatedvaluesofZ3DTforthissuperlattice

arenotaslargeasthosefortheGaAs(20A)/AlAs(20A)superlattice,becausethe

contributionfromther-subballd,whichhasrelativelysmallvaluesfortheSeebeck

coefHcientatlargercarrierconcentrations(n>3×1018cm2/V・s),isratherstrong.In

thecaseoftheGaAs(20A)/AIAs(30A)superlattice(Fig.4-13),wefindthattheen-

ergyseparationbetweenthe[Xl,Xt]-subbandsandthe[r,L]-subbandsbecomeslarger

comparedtothatfortheGaAs(20A)/AIAs(20A)superlattice.Therefore,weobserve

amoderatedecreaseinZ3DTforallcarrierconcentrationsbelow1.5×1020cm-3in

　 　
thissuperlatticerelativetothecorrespondingZ3DTsfortheGaAs(20A)/AIAs(20A)

superlattice[seethelong-dashedlineinFig.4-15(§4.5.2)].

4.5.2Z3DTfbrthe(111)orientedGaAs/AIAssuperlattices

-optimizationofthesuperlatticegrowthdirection一

Itisacrucialquestionwhethertheheavydopingcondition(n>1019cm-3),which

isrequiredinobtainingthehighpredictedvalueofZ3DT(Z3DT=0.4)at300Kin

the(001)orientedGaAs/AIAssuperlattices,isattainableinanactualGaAs/AIAs

superlattice.ItisknownthatGaAscanbedopedtobeap-typematerialasheavily

asp=1020cm-3usingC(carbon)asadopant.Howevern-typedopinginGaAsis

achievedonlyupton=5×1018cm-3usingSiasadopant[59].Therefore,itisof

interesttoinvestigatesuperlatticesthataregrowninanorientationotherthanalong

the(001)directionwhichmayhavehighervaluesforthethermoelectricfigureofmerit

Z3DTthanthoseforthe(001)orientedGaAs/AIAssuperlatticesatmoderatecarrier

concentrations(n=5×1018cm-3).Toaddressthisissue,wehaveexploredvarious

structuresof(111)orientedGaAs/AIAssuperlattices.In(111)orientedGaAs/AIAs

superlattices,fourequivalent五 一valleysinthebulkformexperiencetheliftingofvalley
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a relatively large carrier mobilit.y (~'r = 3000 cm2/V·s) and a relatively small den

sity of states mass (mr/m = 0.067). the behavior of the calculated value of ZooT 

for this superlattice is similar to those for the corresponding f-point superlattice for 

relatively small cal'l'ier concent rations (n < 1.5 x 10'8 Cl11
2 / V·s) . For larger carrier con

centrat ions (n > 3 x lO's CI11
2/ V·s), the calculated values of Z3DT for this superlattice 

are not as large as those for the GaAs(20 A)/ AIAs(20 A) superlatt ice, because tbe 

contribution from the f -subband, which has relatively small values for the Seebeck 

coefficient at larger carrier concentrations (n > 3x 10'8 em2 /V ·s), is rather st rong. In 

t he case of the GaAs(20 A)/ AIAs(30 A) superlatti ce (Fig. 4-13), we find that t he en

erg")' separation between the [Xt,Xt]-subbands and t he [r,L]-subbands becomes larger 

compared to that for the GaAs(20 A)/AIAs(20 A) suped attice. Therefore, we observe 

a moderate decrease in Z30T for all carrier concentrations below 1.5 x 1020 cm -3 in 

this superlattice relative to the corresponding ZooTs for the GaAs(20 A)/AIAs(20 A) 

superlattice [see the long-dashed line in Fig. 4-15 (§4.5.2)] . 

4.5.2 Z 3DT for the (111) oriented GaAs/ AlAs superlattices 

- optimization of the superlattice growth direction -

It is a crucial question whether the heavy doping condit ion (n > 1019 cm-3) , which 

is required in obtaining the high predicted value of Z3DT (Z30T = 0.4) at 300 K in 

t he (001) oriented GaAs/ AlAs superi attices, is attainable in an actual GaAs/ AlAs 

superlattice. It is known that GaAs can be doped to be a p-type material as heavily 

as l' = 1020 cm-3 ll sing C (carbon) as a dopant. However n-type doping in GaAs is 

achieved only up to n = 5x 1018 cm- 3 using Si as a dopant [59] . Therefore, it is of 

intcrcst to investigate superlattices that are grown in an orientation other than along 

t he (001 ) direct ion which may have higher values for the thermoelectric figure of merit 

Z3DT than those for the (001) oriented GaAs/ AlAs superlattices at moderate carrier 

concentrations (n = Sx 10' " em-3) . To address this issue, we have explored Val'ious 

structures of (111) oriented GaAs/ AlAs superlattices. In (111) oriented GaAs/AIAs 

superlattices, four equivalent L-valleys in the bulk form experience the lifting of valley 
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Figure4-14:Densityofstatesfbrelectrons(DOS)fbra(111)orientedGaAs(20A)/AlAs(20

A)superlatticecalculatedforvarioussubbandsderived丘omr-,X一 ラLl-and五 〇-valleysラas

indicatedinthefigure.Thenumberinsidetheparenthesesdenotesthenumberofequivalent

valleysthataredegenerateinenergy.Therefbre,theDOSfbr五 〇-valleysshownhere,fbr

exampleラinchldescontributionsfromthreeequivalent五 〇-valleys.Theinsetshowsaplot

fbrthecalculatedZ3DTasafUnctionofcarrierconcentrationγzfbrthissuperlatticeat300

K.ThepositionofthechemicalpotentialくthatgivestheoptimumvalueofZ3DT(denoted

asZ3DTopt)isぐ=0.042eVonthemainscale.

degeneracyinthesuperlatticeform.Thus,wedenotethe五 一valley(s)whosemain

axisisparallelandobliquetothesuperlatticegrowthdirectionas(longitudinal)

・乙g-valleyand(oblique)・ 乙o-valleys,respectively,andtheresultantsubbandsasLl-

and1}o-sllbbands,respectively.Ontheotherhand,threeeqllivalentX-valleysin

theblllkformremainequivalenttooneanotherinthe(111)orientedsllperlatticesas

well.Therefore,thesubbandderivedfromtheX-valleys(denotedbytheX-subband)

consistsofthreeequivalent(ordegenerate)X-valleysinthesuperlatticeform.

ShowninFig.4-14isthecalculateddensityofstatesvs.energyfora(111)oriented

GaAs(20A)/AIAs(20A)superlattice.Inthisstructure,sinceallther-,X-and、 乙一
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Figure 4-14: Density of states for electrons (DOS) for a (11 1) oriented GaAs(20 A)I AIAs(20 
A) superlat tice calculated for various subbands derived from r -, X -, L,- and Lo-valleys, as 
indicated in the figme. The number inside the parentheses denotes the number of equivalent 
valleys that are degenerate in energy. Therefore , the DOS for La-valleys shown here, for 
example, includes contributions from tluee equivalent L a-valleys. The inset shows a plot 
for the calculated Z3DT as a function of canier concentration n for this superJattice at 300 
K. The position of the chemical potential ( that gives the optimum value of Z3DT (denoted 
as Z3DTopt! is ( = 0.042 eV on the main scale. 

degeneracy in the superlattice form. Thus, we denote the L-valley(s) whose main 

axis is parallel and oblique to the superiattice growth direction as (longitudina l) 

L,-valley and (oblique) Lo-valleys, respectively, and the resultant subbands as L I -

and Lo-subbands, respect ively. On the other hand , t hree equivalent X -va ll eys in 

the bulk form remain equivalent to one another in the (111) oriented superlattices as 

well. Therefore, the subband derived from the X -valleys (denoted by the X -subband) 

consists of three equivalent (or degenerate) X -valleys in the superlatt ice [orm. 

Shown in Fig. 4-14 is the calculated density of states vs. energy for a (11 1) oriented 

GaAs(20 A)/AIAs(20 A) superiattice. In this structure, since all the f- , X - and L-
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subbandslieverycloseillellergy,largervaluesforZ3DTrelativetothoseforthe(001)

orientedsuperlatticesareexpectedatlowercarrierconcentrations(～5×1018cm-3).

　 　
ThecalculatedZ3DTforthe(111)orientedGaAs(20A)/AIAs(20A)superlatticeis

plottedasafunctionofthecarrierconcentrationintheinsetofFig.4-14,andthis

Z3DTcanbecomparedwiththeresultsforthevarious(001)orientedsuperlattices

consideredintheprevioussubsectioninFig.4-15(long-dash-short-dashedcurve).It

turnsoutthatthe(111)orientedGaAs(20A)/AIAs(20A)superlatticeyieldsnot

　 　
onlyashighaZ3DTvalueasthatforthe(001)orientedGaAs(20A)/AIAs(20A)

superlatticeattheoptimumcarrierconcentrations(n～5×1019cm-3at300K),but

alsoagreatlyenhancedvalueforZ3DT(Z3DT=0.2)relativetothatforthe(001)

orientedGaAs(20A)/AIAs(20A)superlattice(Z3D7「=0.14)atmoderatecarrier

concentrations(～5×1018cm-3).

4.5.3 CarrierPocketEngineeringconditioninGaAs/AIAs

superlattices

WehaveconcludedthataGaAs(20A)/AlAs(20A)superlatticewouldprovidethe

optimumstructureforobtainingenhancedvaluesofZ3D7「inboth(001)and(111)

orientedsuperlatticesin§4.5.1and§4.5.2.Wehavealsoseen,in§4.5.1,howthe

relativeenergiesforther-,Xt-,Xl-and・ 乙一subbandsandtheresultantdensity-ofL

statesfunctionforelectrons[DOS(E)]wollldchangeaswedeviatefromtheopti-

mumGaAs(20A)/AIAs(20A)strllctllretoaGaAs(30A)/AIAs(20A)oraGaAs(20

A)/AIAs(30A)structureinthe(001)orientedsuperlatticesystem.Itisalsoofour

interesttoseehowtherelativeenergiesforther-,X-,Ll-and五 。-subbandsandtheir

resultantDOS(E)functionswouldchangeinthe(111)orientedsuperlattices,asthe

structureofthesuperlatticeischangedfromtheoptimumGaAs(20A)/AIAs(20A)

structuretoaGaAs(30A)/AIAs(20A)oraGaAs(20A)/AIAs(30A)structure.

ShowninFigs.4-16and4-17arethecalculateddensityofstatesforelectrons[DOS(E)]

forthe(111)orientedGaAs(30A)/AIAs(20A)andGaAs(20A)/AIAs(30A)superlat-

tices,respectively.TheresultantvaluesforZ3DTcalculatedassumingthesestructures
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sub bands lie very close in energy, larger values for Z3DT relative to those for the (001) 

oriented superlat tices are expected at lower carrier concentrations (~5 x 1018 cm- 3 ) . 

The calculated ZwT for the (111) oriented GaAs(20 A)/AIAs(20 A) superlattice is 

plotted as a function of the carrier concentration in t he inset of Fig. 4.-14, and th is 

Z3DT can be compared with the results for the various (001) oriented superlattices 

considered in the previous subsection in F ig. 4-1.5 (Iang-d ash-shart-dashed curve). It 

t urns out that the (11 1) oriented GaAs(20 A)/AIAs(20 A) superlattice yields not 

only as high a Z3DT value as t hat far the (001) oriented GaAs(20 A)I AIAs(20 A) 

superlattice at the opti mum carrier concentrat ions (n ~ 5xlO l9 crn - 3 at 300 K), but 

also a gTeatly enhanced value for Z3DT (Z3DT = 0.2) relative to that for the (001) 

oriented GaAs(20 A)/AIAs(20 A) superJattice (Z3DT = 0.14) at moderate carrier 

concentrations (~5 x 1018 cm- 3). 

4.5.3 Carrier Pocket Engineering condition in GaAs/ AlAs 

superlattices 

We have concl uded t!rat a GaAs(20 A)/AIAs(20 A) superlattice would provide the 

optimum structure for obtaining enhanced values of Z3DT in both (001) and (111) 

oriented superlattices in §4.5.1 and §4.5.2. We have also seen, in §4.5.1, how the 

relative energi es for the f- , X,-, X l - and L-subbands and the resultant density-of

states function for electrons [DOS(E)] would change as we deviate from t he opt i

mum GaAs(20 A)/AIAs(20 A) structure to a GaAs(30 A)/AIAs(20 A) or a GaAs(20 

A)I AIAs(.30 A) st ructure in the (~Ol ) oriented superlatt ice system. It is also of our 

interest to see how the relative energies for the f- , X -, L,- and Lo-subbands and their 

resultant DOS(E) functions wo uld change in the (111 ) oriented superlattices, as the 

structure of the superlattice is changed from the opt imum GaAs(20 A)I AIAs(20 A) 

structure to a GaAs(30 A)/AIAs(20 A) or a GaAs(20 A)/A1As(30 A) structure. 

Shown in Figs .4-1G and 4-1 7 are the calculated density of states for electrons [DOS(E)] 

for the (111 ) oriented GaAs(30 A)I AIAs(20 A) and GaAs(20 All AIAs(.30 A) superlat-

t ices, respectively. The resultant values for Z3DT calcula.ted assuming these structures 
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Figure4-16:Densityofstatesforelectrons(DOS)fora(111)orientedGaAs(30A)/AIAs(20

A)superlatticecalculatedfbrvarioussubbandsderivedfromr-,X-,Lg-and五 〇-valleys,as

indicatedinthefigure.Thenumberinsidetheparenthesesdenotesthenumberofequivalent

valleysthataredegenerateinenergy.ThereforeラtheDOSfbr五 。-valleysshownhereラfbr

example,includescontributionsfromthreeequivalent五 〇-valleys.Theinsetshowsaplot

fbrthecalculatedZ3DTasafunctionofcarrierconcentrationnf()rthissuperlatticeat300

K.Thepositionofthechemicalpotential〈thatgivestheoptimumvalueofZ3DT(denoted

asZ3DTopt)isく=0.147eVonthemainscale.

arealsoplottedasafunctionofthecarrierconcentrationintheinsetsofFigs.4-16

and4-17,respectively.

Itisfoundthatthelowestlyingconductionsubbandinthe(111)orientedGaAs(30

A)/AIAs(20A)superlattice(Fig.4-16)isther-subbandasinthe(001)oriented

GaAs(30A)/AIAs(20A)superlattice.Therefore,theresultantZ3DTsforthe(111)

orientedGaAs(30A)/AIAs(20A)sllperlatticeshowasimilarbehaviortothatfor

the(001)orientedGaAs(30A)/AIAs(20A)sllperlattice,i.e.,thevaluesforZ3D7「at

smallercarrierconcentrations(n<1.5×1018cm-3)arerelativelylarge(Z3D7「>0.1)

ascomparedtothosefbrthe(111)orientedGaAs(20A)/AIAs(20A)superlattice
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Figure 4-16: Density of states for electrons (DOS) for a (111) oriented GaAs(30 A)/ AIAs(20 
A) superlattice calculated for various subbands derived Ii'om f -, X -, LI- and Lo-valleys, as 
indicated in the figure. The number inside the parentheses denotes the number of equi valent 
valleys that are degenerate in energy. Therefore, the DOS for La-valleys shown here, for 
example, indlldes contrihllt.ions [roll] three equivalent L o- vrtlleys. The inset shows a plot, 
[or the calculated Z3DT as a fUlJ cLioll or carder concentrat ion T/, [or this supedatt ice at, 300 
K. 1'],e pos ition of the chemical potent ial ( that gives the optimum value of Z 3DT (denoted 
as Z3DToptl is ( = 0.147 eV on the main scale. 

are also plotted as a function of t he carrier concentration in the insets of Figs.4-16 

and 4-17, respectivciy. 

It is found that the lowest lying cond uction subband in the (111) oriented GaAs(30 

A)/ AIAs(20 A) superlattice (Fig. 4-16) is the f-subband as in the (001) oriented 

GaAs(30 A.)/AIAs(20 A.) superlattice. Therefore, the resultant Z3DTs for the (111) 

oriented GaAs(30 A)/ AIAs(20 A.) superlattice show a similar behavior to that for 

the (001) ori ented GaAs(30 A)/ AIAs(20 A.) superlattice, i. e., the values for Z30T at 

smaller carrier concentrat ions (n < 1.5x 10"8 cm-3) are relatively large (Z3DT > 0.1) 

as compared to those for the (111) orientecl GaAs(20 A)/AIAs(20 A) superlattice 
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Figure4-17:Densityofstatesfbrelectrons(DOS)fbra(111)orientedGaAs(20A)/AlAs(30

A)superlatticecalculatedforvarioussubbandsderivedfromr-,X一 ラLl-and五 〇-valleysラas

indicatedinthefigure.Thenumberinsidetheparenthesesdenotesthenumberofequivalent

valleysthataredegenerateinenergy.Therefbre,theDOSfbr五 〇-valleysshownhere,for

exampleラinchldescontributionsfromthreeequivalent五 〇-valleys.Theinsetshowsaplot

fbrthecalculatedZ3DTasafunctionofcarrierconcentrationγzforthissuperlatticeat300

K.ThepositionofthechemicalpotentialζthatgivestheoptimumvalueofZ3DT(denoted

asZ3DTopt)isぐ=0.067eVonthemainscale.
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Figure 4-17: Density of states for electrons (DOS) for a (ill ) oriented GaAs(20 A)I AIAs(30 
A) superlat t ice calculated for various subbands derived fi'om f -, X -, L,- and La-valleys, as 
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valleys that are degenerate in energy. Therefore. the DOS for La-valleys shown here, for 
example, includes contributions fi'om tluee equivalent La-valleys. The inset shows a plot 
for the calculated Z3DT as a function of carrier concentration n for this superiattice at 300 
K. The position of the chemical potential ( that gives the optimum value of Z3DT (denoted 
as Z3DTopt! is ( = 0.067 eV on the main scale. 
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[becauseoftherelativelylargevalueforthecarriermobilityforther-subballd

(μr=3000cm2/V・s)].However,thevaluesforZ3DTatlargercarrierconcentra- 　 　
tions(n>2×1018cm-3)forthe(111)orientedGaAs(30A)/AIAs(20A)superlattice

arerelativelysmallcomparedtothoseforthe(111)orientedGaAs(20A)/AIAs(20A)

orGaAs(20A)/AlAs(30A)superlattices,becausealargecontributionfromther-

subbandtothetotalthermoelectriccoef且cientsforthewholesuperlatticetendsto

reducethevalueoftheSeebeckcoef且cientforthewholesuperlatticebecauseofthe

relativelylargeenergyseparationbetweenther-subbandandotherX-,、Ll-and五 。-

subbandsinthe(111)orientedGaAs(30A)/AIAs(20A)superlattice.Forthe(111)

orientedGaAs(20A)/AlAs(30A)superlattice(seeFig.4-17),thelowestsubband

turnsouttobetheX-subband.BecausethecarriersoccupyingtheX-subbandhave

relativelylowmobilities(μx=180cm2/V・s),theresultantvaluesforZ3D7「arenot

　 　
aslargeasthoseforthe(111)orientedGaAs(20A)/AIAs(20A)superlattice(seethe

insetinFig.4-17).

Onemayaskhowtherelativeenergiesfortheavailablesubbandedgeswould

changewhenthesuperlatticeperiodisfixed(i.e.,(IGaAs十(IAlA,=constant)but

therelativethicknessesfortheGaAsandAIAslayers(denotedbydGaA,anddAIAs,

respectively)arevaried.ShowninFig.4-18(a)and(b)arethecalculatedenergiesfor

varioussllbbandedgesin(001)and(111)orientedGaAs/AIAssuperlatticesforthe

superlatticeperioddGaA,十dAlA,=40A,respectively.We丘ndthatther-,X-and

五一subbandsalllieverycloseinenergyfor(IGaA,around20Ainboth(001)and(111)

orientedsuperlattices.Therefore,wecanconcludethataGaAs(20A)/AIAs(20A)

superlatticeindeedprovidestheoptimumstructureforthesuperlatticeforobtaining

enhancedvaluesofZ3DT.

ItisofinteresttochecktowhatdegreetheCarrierPocketEngineeringcondi-

tionasdefinedin§4.1issatisfiedinthe(111)orientedGaAs(20A)/AIAs(20A)

superlattice,wherethevariousavailablesubbandedgesareclosestinenergyofall

thesuperlatticestructuresandorientationsfortheGaAs/AIAssuperlatticeconsid-

eredinthischapter.PlottedinFig.4-19(a)arethecalculatedZ3DTsasafllnction

ofcarrierconcentrationtreatingther-,・ 乙一(i.e.,[・Ll,・ 乙o]一)andX-valleysseparately
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[because of the relatively large value for the carner mobility for the f -subband 

(/-lr = 3000 cm2/ V· s) ]. However, the values for Z3DT at larger carrier concentra

tions (n > 2x l018 cm- 3) for the (11 1) oriented GaAs(30 A)/AIAs(20 A) superlattice 

are relatively small compared to those for t he (11 1) oriented GaAs(20 A)/AIAs(20 A) 

or GaAs(20 A)I AIAs(30 A) superl a ttices , because a large cont ri bution from the f 

subband to the tota.l thermoelectric coeffi cients for the whole superlattice tends to 

reduce the value of the Seebeck coefficient for the whole superlattice because of the 

relatively large energy separation between the f -subband and other X -, L1- and Lo

subbands in the (11 1) ori ented GaAs(30 A)/AlAs(20 A) superlattice. For the (111) 

oriented GaAs(20 A)I AIAs(30 A) superlattice (see Fig. 4-17), the lowest subband 

turns out to be the X -subband. Because the ca.rriers occupying the X-subband have 

relatively low mobili ties (/-lx = 180 cm2 /V·s) , the resul tant values for Z3DT are not 

as large as those for the (111) oriented GaAs(20 A)I AIAs(20 A) superiattice (see the 

inset in Fig. 4-17). 

One may ask how the relati ve energies for the available subband edges would 

change when t he superiattice period is fixed (i. e., dGaAs + dAlAs = constant ) but 

the relative thicknesses for the GaAs and AlAs layers (denoted hy riGaAs and riA1As , 

respectively) are varied. Shown in Fig. 4-18 (a) and (b) a.re the calculated energies for 

various subband edges in (001) and (I ll) ori ented GaAs/AlAs superlattices for the 

superlattice period dGaAs + dA1As = 40 A, respectively. We find that the r -, X - and 

L-subbands all lie very close in energy for dGa~s around 20 A in both (001) and (Ill) 

oriente.d superiattices. Therefore, we can conclude that a. GaAs(20 A)/AIAs(20 A) 

super lattice incleed provides the optimum structure for the superJat t ice for obtaining 

enllanced values of Z3DT. 

It is of interest to check to what degree the Carrier Pocket Engineering condi

tion as definecl in §4.1 is sa tisfied in the (Ill) oriented GaAs(20 A)/AIAs(20 A) 

superlattice, where the various available subbancl edges are closest ill energy of all 

the superlattice structures and orienta tions for the GaAs/AIAs superlattice consid

ered in this chapter. Plot ted in Fig. 4-19(a) are the calculated Z3UTs as a fun ction 

of carrier concentration t reating the f -, L- (i. e., [Ll,Lo]-) and X -valleys separately 
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Figure4-18:Calculatedenergiesf()rvarioussubbandedgesfbr(a)(001)and(b)(111)

orientedGaAs/AIAssuperlatticesラmeasured丘omtheconductionbandedgeatther-

pointintheBrillouinzonefbrbulkGaAs.Thecalculatedresultsareobtainedfbrafixed

superlatticeperiod(dGaAs十dAIAs)=40A.ItisnotedthattheX-pointquantumwell

isfbrmedwithintheAIAslayersりwhereasther-and五 一pointquantumwellsarefbrmed

withintheGaAslayers.SubscriptsZ,tandoinXi,Xt,Lland五 〇denotetheorientation

ofthepertinentconductionbandvalley:1()ngitudinalラ かansverse,andobliqueorientationsラ

respectivelyラrelativetothesuperlatticegrowthdirection.
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Figure 4-18: Calculated energies for various subband edges for (a) (001) and (b) (111) 
oriented GaAs/ AlAs superlatt ices, measm ed from t he conduct ion band edge at the f 
point in t he Brillouin zone for bulk GaAs. T he calculated results are obta ined for a fixed 
superlattice period (dGaAs + dAlA,) = 40 A. It is noted that t he X -point quantum well 
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within the GaAs layers. Subscripts I, t and 0 in X l, X " L [ and L o denote the orientation 
of the pertinent conduction band valley: longitudinaL transverse, and oblique orientations, 
respect ively, relative to the superlattice growth direction. 

198 



ト

∩
.,
N

0.4

0.2

0.1

0.05

T300K

μ=3000cm〈!・s

μ=950cmIV・s

μ=180cm〈/・s

Kph7.3WmK

r+L+Xvalleys

/
Lvalleysonly

rValleyOnly

ジ

Xvalleysonly、

181920

101010
-3

CarrierConcentration(cm)

ト
∩
の
N

0.5

0.4

0.3

0.2

0.1

0.0
-0 .1

111
subbandL

edge＼

r+X+Lvalleys

＼
Lvalleysonly

Xvalleysonly

〃
'＼

rValleyOnly

00.1

ChemicalPotential[eV]
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GaAs(20A)/AIAs(20A)superlatticeasafunctionofchemicalpotentialmeasuredfromthe

longitudinal五 一valleysubbandedge(thelowestconductionsubbandinenergy)treatingr-

(short-dashedcurve),五 一(dash-dottedcurve)andX-(long-dashedcurve)valleysseparatelyり
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(short-dashed curve), L- (dash-dotted curve) and X- (long-dashed curve) valleys separately, 
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[denotedbytheshort-dashed,dash-dottedandlong-dashedcurves,respectively,in

Fig.4-19(a)]andtreatingallthreetypesofvalleystogether(denotedbythesolid

curve).Thecalculationsaremadeassumingcarriermobilitiesof3000,950and180

cm2/V・sforther-,五 一andX-valleys,respectively,andalatticethermalconductivity

of7.3W/m・K(see§4.3.2and§4.3.3)tosimulatethethermoelectricpropertiesof

(111)orientedGaAs(20A)/AlAs(20A)superlatticesat300K.AsisclearinFig.4-

19(a),theoptimumvalueforZ3DTforthe(111)orielltedGaAs(20A)/AIAs(20A)

superlattice[Z3DT=0.4atn=5×101gcm-3givenbythesolidcurveinFig.4-19(a)]

isobtainednotbythecontributionfromanyofthesinglevalleytypes,butisthe

resultofcontributionsfromallther-,五 一andX-valleystothethermoelectrictrans-

port.ThislastfeaturecanbeseenmoreclearlyifweplottheZ3DTsasafunctionof

chemicalpotential[Fig.4-19(b)],wherewefindthattheextremaoftheZ3D7「sthat

arecalculatedbytreatingeachvalleytypeseparatelyoccuratsimilarpositionsof

thechemicalpotential(withintheorderofthethermalenergyat300K),proving

thehypothesisofthe``CarrierPocketEngineeringcondition,,,i.e.,thecontributions

fromalltheconductionbandvalleysadduppositivelytoincreasetheZ3DTforthe

wholesuperlatticeifthestructureandorientationofthesuperlatticearecarefully

optimized.

4.5.4 TemperaturedependenceofZ3DT

ItisofpracticalimportancetostudythethermoelectricfigureofmeritZ3DTasa

functionoftemperature,becausethevalueoftheoptimumZ3DTisusuallydependent

ontemperature.Wecanusesuchinformationaboutthetemperatllredependenceof

Z3D7「bothtodesignactualsystemsforthermoelectricapplicationsinsuchaway

thatthesystemoperatesatatemperaturewherethemaximumvaluesofZ3DTfor

theconstituentthermoelectricelementsarerealizedandtodesignthethermoelectric

materialsinsuchawaythatthevalueofZ3D7「ismaximizedatagivendesired

temperatureforthepertinentthermoelectricapplications.

IttllrnsoutthatthevalueofZ3D7「generallytendstoincreasewithincreasing

temperaturebecausetheincreaseinS2Tandthereductioninκusuallyoverweigh

200

[denoted by the short-dashed, dash-dotted and long-dashed curves, respectively, in 

Fig. 4-19(a)] and t reating all three types of valleys together (denoted by the solid 

curve) . T he calculat ions are made assuming carrier mobilit ies of 3000, 950 and 180 

cm2 /V ·s for the r-, L- and X -valleys, respectively, and a lattice thennal conductivity 

of 7.3 W Im·K (see §4 .3.2 and §4 .3.3) to simulate the thermoelectric properties of 

(lll) or iented GaAs(20 A)/AlAs(20 .A.) superlatt ices at 300 K. As is clear in F ig. 4-

19(a), the optimum value for Z3DT for the (111) oriented GaAs(20 A)I AlAs(20 .A.) 

superiattice [Z3DT = 0.4 at n = 5x1019 cm- 3 given by the solid curve in Fig. 4-19(a1] 

is obtained not by the contribution from any of the single valley types, but is the 

result of contributions from all the r-, L- and X -valleys to the thermoelectric t rans

port. This last feature can be seen more clearly if we plot the Z3DT s as a [unction of 

chemical potent ial [Fig. 4-19(b)], where we find that the extrema of the Z3DTs that 

are calculated by treating each valley type separately occur a t similar posit ions of 

the chemical potent ial (within the order of the thermal energy at 300 K), proving 

the hypothesis of the "Carrier Pocket Engineering condi tion" , i. e., the contribu tions 

from all the coududion band valleys add up positively to increase t he Z3DT fur the 

whole sllperiattice if t.he strll ctnre and orientation of the snperlattice are carefnlly 

optimized. 

4.5.4 Temperature dependence of Z 3DT 

It is of practical importance to study the thermoelectric figure of merit Z3DT as a 

function of temperature, because the value of the optimum Z3DT is usually dependent 

on temperature. W'e can use such information about the temperature dependence of 

Z3DT both to design actual systems for thermoelectric applications in such a way 

that the system operates at a. temperature where the maximulll values of Z3DT for 

t he constituent thermoelectric: elements are reali zed and to design t he t hermoelectric 

materials in such a way that the value of Z3DT is maximized at a given desired 

temperature for the pert inent thermoelectric applications. 

It turns out that the value of Z3DT generally tends to increase with increasing 

temperature because the increase in S2T and the reduction in K usually overweigh 
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Figure4-20:CalculatedvaluesofZ3DTasafunctionoftemperaturefbra(001)

orientedGaAs(20A)/AIAs(20A)superlattice(solidcurves),andfbra(111)oriented

GaAs(20A)/AlAs(20A)superlattice(dashedcurves).Theresultsaregivenfortwodistinct

valuesfbrthecarrierconcentration:n=5×1019cm-3(lightcurves)andn=5×1018cm-3

(darkcurves).

thereducti・ninσasthetemperatu・eisincreased,whereZTisde丘nedby52浮 丁.A

peakinZ3DTasafunctionoftemperaturellsuallytakesplacewhentheexcitation

ofcarriersacrosstheenergybandgap(excitationofholes)redllcesthemagnitlldeof

theSeebeckcoef丘cientatsu伍cientlyhightemperature.Anotherlimitfortheuseof

thermoelectricmaterialsathightemperaturesisgivenbytlletemperaturewherea

structuralinstabilitytakesplacewiththegivenmaterialsystem,suchasinterdiffusion

phenomenaatthewell-barrierinterfacesfbrthecaseofthethermoelectricmaterials

usingsllperlatticestructuresorthesegregationorprecipitationofthedopingimpu-

ritiesatsuf丑cientlyhightemperatures.

Atpresent,themodelingofthetemperaturedependentZ3D7「fortheGaAs/AIAs

superlatticesispossibleonlyinanaivesensewheresomespecifictemperaturedepen-

denceofthecarriermobilitiesisassumedratherarbitrarily.ShowninFig.4-20are

examplesofsllchmodelingresultsforZ3DTasafunctionoftemperaturefor(001)

and(111)orientedGaAs(20A)/AIAs(20A)superlattices.Thesecalculationsare
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Figure 4-20: Calculated values of Z3DT as a function of temperatUl'e for a (001) 
oriented GaAs(20 A) I AIAs(20 A) superlattice (solid cUl'ves), and for a (Ill ) oriented 
GaAs(20 A)I A1As(20 A) superlattice (dashed curves). The results are given for two distinct 
values for the canier concentration: n = 5xlO l9 cm-3 (light curves) and n = 5xlO'8 cm-3 

(da.rk cUl'ves). 

the reduction in a as the tempera ture is increased, where ZT is defined by S';T . A 

peak in Z3DT as a function of temperature usua.lly takes place when the excitation 

of carri ers across the energ'y band gap (excitation of holes) reduces t he magni tude of 

t he Seebeck coefficient at sufficiently high tem perature. Another limi t for t he use of 

t hermoelectric materials at high temperatures is given by the temperature where a 

structural instability takes place with the given material system , such as interdiffusion 

phenomena a t t.he well-barrier int.erfaces for the case of t he thermoelectric materials 

using superlattice structures or the segregation or precipi tation of t he doping impu

ri t ies at suffi ciently high temperatures. 

At present , t he modeling of t he temperature dependent Z3DT for t he GaAs/AlAs 

superlattices is possible only in a naive sense where some specific temperature depen

dence of the carrier mobili ties is assumed rather arbitrarily. Shown in Fig, 4-20 are 

examples of such modeling results for Z3DT as a function of temperature for (001) 

and (Ill ) oriented GaAs(20 All AlAs(20 A) superlattices . T hese calculations are 
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madeassumillgμ ○(T-1/2forthetemperaturedepelldenceofcarriermobility,which

isconsistentwithalloyscatteringoftheconductioncarriers,andforsomefixedval-

uesofcarrierconcentrations[n=5×1018cm-3(darkcurves)andn=5×1019cm-3

(lightcurves)].ItisshownthatthevaluesofZ3DTincreasewithtemperatureunder

theseassumptions.Obviously,moreinformationsonthetemperaturedependenceof

thecarriermobilityandonthedetailsofthescatteringmechanismsarenecessaryto

makemorerealisticpredictionsollthethermoelectricfigureofmeritZ3DTforthe

GaAs/AIAssuperlatticesasafunctionoftemperature.

4.5.5 Futurework

Inthepresentchapterofthisthesis,wehavepredictedlargeenhancementsinthether-

moelectric丘gureofmeritZ3DTfortheGaAs/AIAssuperlatticesrelativetothosefor

thecorrespondingbulkmaterials(GaAsandAIAs)usingasimplemodelofparabolic

energybandsandtheconstantrelaxationtimeapproximation.Wehavealsoused

theintrinsiclatticemobilities(carriermobilityonlyduetophononscattering)forthe

constituentbulkmaterials(GaAsandAIAs)topredictthecarriermobilityforthesu-

perlattice.Althoughsuchachoiceofourmodelforthethermoelectrictransportand

forthevaluesforthecarriermobilitiesforthesuperlatticeissufficienttoillustrate

ourmainideaoftheCarrierPocketEngineeringconcept,thesesimplemodelsarenot

sufficienttopredictreasonablyaccuratevaluesofZ3D7「fortheactualGaAs/AlAs

superlattices.Therefore,wewouldliketosuggestsomeimprovementsforthesimple

modelofZ3DTfortheGaAs/AIAssuperlatticesdevelopedinthischapter,sothat

onecanpredictmoreaccllratevaluesforZ3DTfortheGaAs/AIAssllperlatticesin

thefuture.

ThefirstsuggestiontoimproveourcurrentmodelforZ3DTistoincludespe-

cificscatteringmechanismsaswedidforPbTe/Pb1_xEuxTemultiple-quantum-wells

inChapter3.Itwasfound,in§4.5.1-4.5.3,thattheoptimumvaluesforZ3DTin

shortperiodGaAs/AIAssllperlatticesareobtainedatveryhighcarrierconcentra-

tions(nN5×1019cm-3).Undertheseheavydopingconditions,thescatteringof

theconductioncarriersinthesuperlatticeisexpectedtobedominatedbyionized
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made assuming J.! ex T - 1
/

2 for the temperature dependence of carrier mobility, which 

is consistent with alloy scattering of the conduction carriers, and for some fi xed val

ues of carrier concentrations [n = 5x l0 18 cm- 3 (dark curves) and n = 5x l019 cm- 3 

(light curves)]. It is shown that the values of Z3DT increase with t emperature under 

these assumptions. Obviously, more informations on the temperature dependence of 

the carrier mobili ty and on the detail s of the scattering mechanisms are necessary to 

make more realistic predictions on the thermoelectric figure of merit Z3DT fo r the 

GaAs/ AlAs superlattices as a function of temperature. 

4.5.5 Future work 

In the present chapter of this thesis, we have predicted large enhancements in the ther

moelectric figure of merit Z,mT for the GaAs/ AlAs supcrlatticcs relative to those for 

the corresponding bulk materials (GaAs and AlAs) using a simple model of parabolic 

energy bawls and L11e consLant relaxation Lime approximaLion. vVe have also llsed 

the intrinsic lattice mobi lities (carrier mobility only due t o phonon scattering) for the 

constituent bulk materials (GaAs and AlAs) to predict the carrier mobility for the su

perlattice. Although such a choice of our model for the thermoelectric transport and 

for the values for the carrier mobilities for the superlattice is sufficient to illustrate 

our main idea of the Carrier Pocket Engineering concept, these simple models are not 

sufficient to predict reasonably accurate values of Z3DT for the act ual GaAs/AlAs 

superlattices . Therefore, we would like to suggest some improvements for the simple 

model of Z3D'T for the GaAs/ AlAs superlattices developed in this chapter, so that 

one can predict more accurate values for Z30T for the GaAs/ AlAs superlattices in 

the future. 

The first suggestion to improve our current model for Z3DT is to include spe

cifi c scattering mecha.nisms as we did for PbTe/Pb1_ .• Eux Te mllitiple-qll antlllll-welis 

in Chapter 3. It was found , in §4.5.1-4.5.3, that the optimum values for Z3DT in 

short period GaAs/ AlAs superlattices are obtained at very high carrier concentra

tions (n "" 5xl019 cm-3). Under these hea.vy doping condi tions, the scattering of 

the conduction carriers in the superiatt ice is expected to be dominated by ionized 
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impurityscatterillg.Itisnotedthatinonizedimpurityscatteringhasalleffectofin-

creasillgthevalueoftheSeebeckcoef丑cientthroughitsspeci丘cellergydepelldenceof

therelaxationtime7(7～ 、E3/2for3Dsystemsand7～E2for2Dsystems,without

includingtheeffectofthefreecarrierscreening).However,thevaluesforthecarrier

mobilitiesareusuallygreatlyreducedduetothelargeconcentrationsofionizedimpu-

rities.Toovercomesuchanegativeeffectofhavingionizedimpurities,thetechniques

ofδ 一dopingandmodulationdopingshouldbeconsideredseriously.Therefore,our

improvedmodelstopredictmoreaccuratevaluesofZ3DTforthesuperlatticeshould

includetheeffectofsuchdopingtechniquesaswell.Itisnotedthatsuchanimproved

modelforthethermoelectricfigureofmeritZ3DTforthewholesuperlatticewould

suggestyetanotherversionofimplementationmethodologyoftheCarrierPocketEn-

gineeringconceptforGaAs/AIAssuperlatticesasdiscussedin§4.2.3.Forexample,

newsuperlatticesshouldbedesignedinsuchawaythatthejointeffectsofinonized

impurityscatteringonincreasingthevaluesoftheSeebeckcoefHcientandonredllc-

ingthevaluesofthecarriermobilityhavetobeoptimizedtomaximizethevalue

ofZ3D7「.Someattemptsalongtheselinestooptimizethesuperlatticestructures,

includingspecificscatteringmechanismsandtheeffectsofδ 一andmodulationdoping

ofthecarriers,aremadeinChapter5and6using(001)orientedSi/Gesuperlattices,

andtheexperimentalresultsarecomparedwiththeoreticalpredictions(Chapter5).

Thesecondsuggestionforfutureworkisthefirstprinciples(αb一 乞n乞t乞o)calcu.

lationofthebandstructureandtheresultanttransportpropertiesfortheopti-

mumGaAs(20A)/AIAs(20A)superlattices,includingtheaboveeffectsofδ 一and/or

modulation-dopedionizedimpurities.However,probably,suchaninvestigationshould

beperformedaftertheinvestigationsusingtheabovesimplermodelsofthethermo-

electrictransportaswellassomepreliminaryexperimentsareperformedtotestthe

predictionsofthesimplermodelsincludingsomeexperimentalinvestigationstomea-

surethemobilitiesinmodelsystems.
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impurity scattering. It is noted that inonized impurity scattering has an effect of in

creasing the value of the Seebeck coefficient through its specific energy dependence of 

the relaxation t ime 7 (7 ~ £ 3/2 for 3D systems and 7 ~ £ 2 for 20 systems, without 

including t he effect of t he free catTier screen ing). However, t he values for the carrier 

mobili t ies are usually greatly reduced due to the large concentrations of ionized impu

ri t ies . To overcome such a negat ive effect of having ion ized impuri t ies, the techniques 

of <I-doping and modulation doping should be considered seriously. Therefore, our 

improved models to predict more accurate values of Z3DT for the superiattice should 

include the effect of such doping techn iques as well. It is noted that such an improved 

model for t he t hermoelectric figure of meri t Z3DT for the whole superlattice would 

suggest yet another version of implementation methodology of the Carrier Pocket En

gineering concept for GaAs/ AlAs superlattices as d iscussed in §4.2.3. For example, 

new superiattices should be designed in such a way that the joint effects of inonized 

impurity scattering on increasi ng the values of the Seebeck coeffi cient and on reduc

ing the values of the carrier mobility have to be optimized to maximize the value 

of Z 3DT. Some attempts along these lines to optimize the superiattice structures, 

indud ing specific scattering mechanisms and the effects of 6- and modulation doping 

of the carriers, are made in Chapter 5 and 6 using (001) oriented Si/Ge superlattices, 

and t he cxperimcntal resul ts are compared with theorctical predict ions (Chapter 5) . 

The second suggestion for fut ure work is the first principles (a b-initio) calcu

lation of the band structure and the resultant transport properties for the opti

mum GaAs(20 A)/ AIAs(20 A) supel'lattices , including the above effects of 6- and/ or 

modulation-doped ionized impurit ies. However, probably, such a.n investigation should 

be performed after the investigations using the above simpler models of the thermo

electric tra.nsport as well as some preliminary experiments are performed to test the 

predictions of the simpler models including some experimental investigations to mea

sure the mobilit ies in model systems. 
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4.6 Conclusion

Illthischapter,wehavedevelopedtheconceptofCarrierPocketEngineerillgand

appliedtheconcepttoGaAs/AIAssuperlatticestopredicttheenhancedthermo-

electricfigureofmeritZ3DTforthewholesuperlatticerelativetothecorresponding

valuesfortheconstituentmaterials(GaAsandAlAs)inabulkform.Itisfound

thatZ3DTforther-pointsuperlatticecouldbeenhancedbyafactorofmorethan

tenrelativetothatforbulkGaAs.ThevaluesforZ3DTulldertheCarrierPocket

Engilleeringconditiol1,wherealltheavailableconductionsubbandsarealmostdegen-

eratetooneanother,couldbeabout50timesaslargeasthatforthecorresponding

bulkmaterials.Wehavealsostudiedtherelativecontriblltionsfromalltheavail-

abler-,X-(Xt-andXl-)and、 乙一(五1-and五 。一)subbandstothetotalthermoelectric

丘gureofmeritZ3DTfortllewholesuperlattice.Wehaveexploredvarioussuperlat-

ticeparameterssuchasthesuperlatticeperiod,layerthicknessesandthesuperlattice

growthdirectiontooptimizethevalueofthermoelectricfigllreofmeritZ3DTforthe

wholesuperlattice.ValllesofZ3DT>0.4arepredictedat300Kforeither(001)or

(111)orientedGaAs(20A)/AlAs(20A)superlatticesunderheavydopingconditions

(～5×1019cm-3),whereasZ3D7「 ～0.2isexpectedatmoderatecarrierconcentrations

(～5×1018cm-3)fora(111)orientedGaAs(20A)/AIAs(20A)superlattice,whichis

stillmllchlargerthanthecorrespondingvalueofZ3DTforblllkGaAsorforbulkAIAs

(Z3DT～0.0085)at300K.Finallysomesllggestionsaremadetoimprovethepresent

simplemodelofthermoelectrictransportfortheGaAs/AIAssuperlatticessothatone

canpredictmoreaccuratevaluesforthethermelectricfigureofmeritZ3D7「forthe

actualGaAs/AIAssuperlatticesincludingtheeffectofδ 一andmodulationdopingof

theionizedimpurities.
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4.6 Conclusion 

In this chapter, we have developed the concept of Carrier Pocket Engineering and 

applied the concept to GaAs/ AlAs superlattices to predict the enhanced thermo

electric fi gure of meri t Z30T for the whole superlattice relat ive to t he corresponding 

values for the constit uent materi als (GaAs and AlAs) in a bulk form. It is found 

that Z3DT for the r -point supcrlattice could be enhanced by a factor of more than 

ten relative to that for bulk GaAs. The values for Z3DT under the Carrier Pocket 

Engineering condit ion, where all t.he available conduction subbands are almost degen

erate to one another, could be about 50 times as la' ·ge as thal [or the corresponding 

bulk materials. We have also studied the relative contributions from all the avail

able r-, X - (X t - and X, -) and L- (L,- and Lo-) subbands to the total thermoelectric 

figure of merit Z3DT for the whole superlattice. "Ve have explored various superlat

t iee parameters such as the superlattice period, layer thicknesses and the superlattice 

gTowth direction to optimize the value of thermoelectric figure of merit Z30T for the 

whole snperlat.tice. Values of ZooT > 0.4 are predicted at. 300 K for either (001) or 

(111) oriented GaAs(20 A)/ AlAs(20 A) superlattices under heavy doping condit ions 

(~ 5 X 1019 cm-3), whereas Z30T ~ 0.2 is expected at moderate carrier concentrations 

(~5 x 10'8 em- 3
) for a (111) oriented GaAs(20 A)/AlAs(20 A) superlattice, which is 

still much larger than the corresponding value of Z3DT for bulk GaAs or for bulk AlAs 

(Z30T ~ 0.0085) a t 300 K. Finally some suggestions are made to improve the present 

simple model of thermoelectric transport for the GaAs/ AlAs superlattices so that one 

can predict more accurate values for the thennelect ric figure of meri t Z3DT for the 

actual GaAs/AlAs superlattices including the effect of 0- and modulation doping of 

the ionized impurities . 
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Chapter5

ApplicationofCarrierPocket

EngineeringtoSi/Ge

SuperlatticesI

BasicConceptand

ExperimentalProof-of-Principle

Inthischapter,theconceptofCarrierPocketEngineeringisappliedtostrainedSi/Ge

superlatticestoobtainanenhancedthermoelectricfigureofmeritZ3DT.Oneofthe

mainpurposesofthischapteristodevelopbasicdesignstrategiesforsemiconductor

superlatticesthathaveenhancedvalllesofthethermoelectricfigureofmeritZ3DT

(i.e.,designoptimizationprocessesformaximizingthevalueofZ3DT),whicharepar-

ticularlysuitableforSi/Gesuperlattices.Anewconceptthatwasdevelopedduring

suchinvestigationsistheuseoflatticestrainengineeringtocontroltheconduction

bandoffsets(§5.3).Aspectsoftheoptimizationprocessesotherthantheuseoflat-

ticestrainengineeringforenhancingthevalueofthethermoelectricfigureofmerit

Z3D7「aresomewhatsimilartothosedevelopedforGaAs/AlAssuperlattices,i.e,the

explorationofvariousgeometriesandstructuresforthesuperlatticetomaximizethe
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Chapter 5 

A pplication of Carrier Pocket 

Engineering to Sil Ge 

Superlattices I 

- Basic Concept and 

Experimental Proof-of-Principle 

In this chapter , t he concept of Carrier Pocket Engineering is applied to strained Sij Ge 

superlattices to obtain an enhanced thermoelectric figure of merit Z :mT . One of the 

main purposes of this chapter is to develop basic design strategies fo r semiconductor 

superlattices that have enhanced values of the thermoelectric figure of merit Z3DT 

(i. e., design optimization processes for maximizing the value of Z3DT), which are par

t icularly suitable for Si/ Ge superlattices. A new concept that was developed during 

such investigations is the use of lattice strain engineering to control the conduction 

band offsets (§5.3). Aspects of the optimization processes other than the use of lat

t ice strain engineering for enhancing the value of the thermoelect ric figure of merit 

Z3DT are somewhat similar to those developed for GaAsjAIAs superiattices, i.e, the 

e"'Ploratioll of various geometries and structures for the super-lattice to maximize the 
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valueofZ3DTforthewhole(3D)superlattice.TheresultantvalueforZ3D7「at300K,

calculatedforastraill-symmetrized†(111)orielltedSi(20A)/Ge(20A)superlatticeis

0.96(afactorof70enhancementrelativetothecorrespondingvalueforbulkSi),and

isshowntoincreasesignificantlyatelevatedtemperatures.Itisalsonotedthatthe

optimumvalueofZ3DTfora(111)orientedSi(20A)/Ge(20A)superlatticeispre一

dictedtobeafactoroffourlargerthanthecorrespondingvalueofZ3DTfora(001)

orielltedSi(20A)/Ge(20A)superlattice,duetothedellsity-ofLstatesfactoronly.

ThesecondpurposeofthischapteristoprovideanexperimentalproofLofLprinciple

studyoftheconceptthatisdevelopedinthe丘rsthalfofthischapter.Weuse(001)

orientedSi(20A)/Ge(20A)superlatticestofulfillthispurpose,becausehighquality

samplesofSi/Gesuperlatticeinthe(001)orientationarereadilyavailabletous

throughthecollaborationwithProfessorK.L.Wang,sgroupatUCLA.Ourfuture

work,aftertestingourbasicconceptofenhancingthevalueofZ3DTwiththese

samples,shouldbemorefocusedontheexperimentalproof-ofLprinciplestudyusing

(111)orientedSi/Gesuperlatticesthatarepredictedtohavebetterthermoelectric

propertiesthan(001)orientedSi/Gesuperlattices,asmentionedabove.

Itwillbeshownthatthelowestsubbandthatcontributestotheactualthermo一

electrictransportina(oo1)orientedSi(20A)/Ge(20A)superlatticeisasubbandthat

isderivedfromthetwoequivalentlongitudinal△-valleysinthebulkform(denoted

asthe△-or△oo1-subband).Sincethe△oo1-subbandhasarelativelysmalldensityof

statesforelectrons,becauseofitsrathersmallin-planeeffectivemasscomponentand

asmallmultiplicityfactor,2,forthenumberofequivalentvalleys,thepredictedvalue

fortheoptimumfigureofmerit(Z3DT)isonlyO.24at300K.Therefore,themainpur一

poseoftheexperimentalstlldyofZ3DTllsingthe(001)orientedSi(20A)/Ge(20A)

superlatticesisnottoobtainavalueofZ3DTthatishigherthanthoseforanyother

existingmaterials(sayZ3D7「>1),buttotestourbasicconceptofCarrierPocket

EngineeringforenhancingthevalueofZ3DTusinglow-dimensionalstructures.We

†Astrain-symmetrizedsuperlatticemeansasuperlatticethatisfullyrelaxedthroughlattice

strain,i.e.,asuperlatticewhoselatticeconstantisclosetothatforthecorrespondingSi1_xGex

alloywithasimilarGecompositionx.
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value of Z3DT for the whole (3D) superiattice. The resultant value for Z3DT at 300 [{ , 

calculated for a strain-symmetrized! (11 1) oriented Si(20 A)/Ge(20 A) superiattice is 

0.96 (a factor of 70 enhancement relative to the corresponding value for bulk Si ), and 

is shown to increase significant ly at elevated temperatures. It is also noted that the 

optimum value of Z3 DT for a (111) oriented Si(20 A)/Ge(20 A) superlattice is pre

dicted to be a factor of four larger than the corresponding value of Z3DT for a (001 ) 

oriented Si(20 A)/Ge(20 A) superlattice, due to the densi ty-ot~states factor only. 

T he second purpose of this chapter is to provide an experimental proof-of-principle 

study of the concept that is developed in the first half of this chapter . We use (001) 

oriented Si(20 A)/Ge(20 A) superlattices to fulfill this purpose, because high quality 

samples of Si/Ge superJattice in the (001) orientation are readily available to us 

through t he collaboration with Professor K L. Wang's group at UCLA . Qur future 

work, aft er testing our basic concept of enhancing the value of Z3DT with these 

samples, should be more focused on the experimental proof-of-principle study using 

(111) oriented Si/ Ge superJa ttices that are predicted to have better thermoelectric 

properties than (001) oriented Si/ Ge superiattices, as mentioned above. 

It will be shown that the lowest sllbbanrl that contributes to the actual thermo-

electric transport in a (001) oriented Si(20 A)/Ge(20 A) superlattice is a sub band that 

is deri ved from the two equivalent longit udinal 6 -valleys in the bulk form (denoted 

as the 6 "- or 6 ool -subband). Since the 6 0Ol-subband has a relatively small density of 

states for electrons, because of its rather small in-plane effective mass component and 

a small multiplicity factor, 2, for the number of equivalent valleys, the predicted value 

for the optimum figure of merit (Z3DT) is only 0.24 at 300 K. Therefore, the main pur

pose of t he experimental study of Z3DT using the (001) oriented Si(20 A)/Ge(20 A) 

superlattices is not to obtain a value of Z3DT that is higher than those for any other 

existing materials (say Z3D T > 1), but to test our basic concept of Carrier Pocket 

Engineering for enhancing the value of Z3DT using low-dimensional structures. \Ve 

t A strain-symmetriz;ed superlattice means a superlattice that is full,Y rela-...::ed tlu"Ough lattice 
strain , i.e., a super lattice whose lattice constant is close to that for the corresponding Si1_xGe:r 
alloy with a similar Ge composition x. 
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alsohopetogetsomefeedbackfromexperimellttoimproveourtheoreticalmodels

sothattheycanmakemoreaccuratepredictionsofthevaluesofZ3D7「fortheSi/Ge

superlattice,andtodefineanimprovedoptimizationschemefordesigningsemicon-

ductorsuperlatticesusingSiandGewithenhancedvaluesofZ3DTrelativetotheir

bulkconstituents.Suchimprovementsintheoreticalmodeling,inturn,providenew

inputstotheexperimentssothatrapidprogresscanbemadetowardtherealization

ofpracticallyusefulthermoelectricmaterialsusingsuperlatticestructures.

5.1 Introduction

Theuseoflow-dimensionalstrllctllresasrealizedintheformoftwo-dimensionalquan-

tumwells(seeChapters2,3and4,andreferencestherein)andone-dimensionalquan-

tumwires[12,19,5052]hasbeenshowntoprovideapromisingstrategyfordesigning

materialswithalargevalueofthethermoelectricfigureofmeritZT(Z=S2σ/κ),

whereθistheSeebeckcoefHcient,σistheelectricalcondllctivityandκisthethermal

conductivity.TheoriginalproposalthatalargeenhancementinZTshouldbepos-

sibleinreduceddimensionalitieswasmadebyHicksandDresselhausatMITusing

simplemodelsofisolatedsystemsof2DquantumwellsandIDquantumwires[12,14].

Althoughthisisareasonablemodelforisolatedquantumwirearrays[5052]and

mllltiplequantumwells(MQws)withverythickand/orin丘nitelyhigh(potential)

barriers[15,16,38,66],refinementofthemodelhasbeenneededtodescribethether-

moelectricpropertiesofotherquasi-two-dimensionalsystems,suchasMQwswith

丘nitebarrierheightsandthicknesses,includingtheeffectsofthetunnelingofthe

carriersthroughthebarrierlayersandofparasiticthermalconductioninthebar-

rierlayers(seeChapter4andreferencestherein).Itistheselattersystemsthatare

cllrrentlyofinterestforactualthermoelectricapplications.

InChapter4,attemptstomodelsuchthTee-d乞mens乞onαlZ3DTsofthesuperlat-

ticesareperformedusingshortperiodGaAs/AIAssuperlattices.There,wehavefirst

consideredtheeffectofthecouplingforther-valleysonly,betweenthewell(GaAs)

andthebarrier(AIAs)layers(denotedasar-pointsuperlattice),onthethermoelec一
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also hope to get some feedback from experiment to improve our theoretical models 

so that they can make more accurate predictions of the values of ZoDT for the Si/ Ge 

superlattice, and to define an improved optimization scheme fm designing semicon

ductor superlattices using Si and Ge with enhanced values of Z,JDT relative to their 

bulk constituents. Such improvements in theoretical modeling, in turn , provide new 

inpu ts to the experiments so that rapid progress ca.n be made toward the rea lization 

of practically useful thennoelectric materials using superlattice struct ures. 

5.1 Introduction 

The use of low-dimensional st ructures as realized in the form of two-dimensional quan

tum wells (see Chapters 2, 3 and 4, and references therein) and one-dimensional quan

tum wires [12, 19, 50- 52] has been shown to provide a promising strategy I'm designing 

materials with a large value of t he t hermoelectri c figure of merit ZT (Z = .cJ2a/IC) , 

where S is the Seebeck coeffi cient, 0' is the electrical conductivity and lC is the thermal 

conductivity. T he original proposal that a large enhancement in ZT should be pos

sible in reduced dimensionalities was made by Hicks and Dresselhaus at lvIIT using 

simple models of isolated systems of 2D quan tum wells and1D quantum wires [12, 14]. 

Although this is a reasonable model for isolated quantum wire arrays [50- 52] and 

mult iple quantum wells (YIQWs) with very thick and/or infinitely high (potent ial) 

barriers [15, 16,38, 66]' refinement of the model has been needed to describe the ther

moelectric properties of other quasi-two-dimensional systems, such as MQWs with 

fi nite barrier heights and thicknesses, including the effects of the tunneling of the 

carriers through the barrier layers and of parasitic t hermal conduction in the bar

rier layers (see Chapter 4 and references therein). It is these latter systems that are 

currently of interest for actual thermoelectric applications. 

In Chapter 4, attempts to model such th'ree-dimensional Z3DT s of the superlat

t ices are performed using short period GaAs/ AlAs superJattices. There, we have fi rst 

considered the effect of the coupling for the f -valleys only, between the well (GaAs) 

and the barrier (AlAs) layers (denoted as a f-point superJattice) , on the thermoelec-
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tricpropertiesofthesuperlattices,andthenwehavealsoextelldedourmodelsto

includethecontributionsfromotherX-alld、 乙一valleysintheBrillouillzone[48].It

isshownthatZ3DTforther-pointsuperlatticecouldbemorethantentimeslarger

thanthatforthecorrespondingbulkGaAs,andthatZ3DTforthe(001)or(111)

orientedGaAs(20A)/AIAs(20A)superlatticesunderthe"CarrierPocketEngineer-

ingcondition,,†(see§4.1and§4.5.3forthedefinitionanddiscussionofthe``Carrier

PocketEllgineeringcondition",respectively)isshowntobeellhancedbyafactorof

about50relativetothecorrespondingvalueofZ3DTforbulkGaAs[48].Ithasalso

beenshownthat,inordertoobtainsuchalargeenhancementinZ3DT,thegeometry

andstructureofthesuperlattices(suchasthelayerthicknessesandthesuperlattice

growthdirection)havetobecarefullyoptimizedsothatboththeGaAsandAlAs

layerscanbeutilizedastheconductionchannelsforelectronsthatarecontributingto

thethermoelectrictransport.Werefertosuchadesignprocessbytheterm"Carrier

PocketEngineering,,[48].

Inthischapter,theconceptofCarrierPocketEngineeringisappliedtotheSi/Ge

superlattices.SincebulkSiandGehavetheirconductionbandminimaatthe△-

and、 乙一pointsintheBrillouinzone,respectively(thenumberoftheequivalentsites

atthesehighsymmetrypointsare6and4,respectively),theSi/Gesuperlattice

shouldprovideanidealsystemforexploringactualapplicationsoftheCarrierPocket

EngineeringconceptforobtainingenhancedvaluesofZ3DT.Otherreasonstostudy

thethermoelectricpropertiesofSi/Gesuperlatticesinclude:1)thebulkSiGealloy

isalreadyagoodthermoelectricmaterial,andthereisagoodchancethatSiGein

asuperlatticeformcouldbeanevenbetterthermoelectricmaterialthanbulkSiGe

alloys;2)thereductionofthelatticethermalcondllctivityκphduetotheboundary

scatteringofphononsandduetotheexistenceofthreadingdislocationshasbeen

studiedextensivelyinSi/Gesuperlattices[62,67](see§5.2);and3)theeffectof

uniaxiallatticestrainattheSi/Geinterfaces[68,69]providesanadditionaldegree

†Inshort
,the"CarrierPocketEngineering"conditionissatisfiedwhenthesuperlatticestructures

aredesignedinsuchawaythatthesumofcontributionsfromallther-,X『-and五 一valleysare

maximized.
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t ric properties of the superiattices, and then we have also extended our models to 

include the contri butions from other X - and L-valleys in the Brillouin zone [48] . It 

is shown that Z'DT fo r the r-point superlattice could be more than ten times larger 

than that for the corresponding bulk GaAs, and that Z3DT for the (001) or (Ill) 

oriented GaAs(20 A)/ AIAs(20 A) superlattices under the "Carrier Pocket Engineer

ing condi t ion" t (see §4.1 aJl(1 §4.5.3 for the defini t ion and discllssion of the "Carrier 

Pocket Engineering condition", respect ively) is shown to be enhanced by a factor of 

about 50 relative to the corresponding valne of Z3DT for bulk GaAs [48]. It has also 

been shown that, in order to obtain such a large enhancement in Z3DT, the geometry 

and structure of t he superlattices (such as the layer thicknesses and the superlattice 

growth direction) have to be carefully optimized so that both the GaAs and AlAs 

layers can be utilized as the conduction channels for electrons that are contribu ting to 

the thermoelectric transport. We refer to such a design process by the term "Carrier 

Pocket Engi neering" [48] . 

In t llis chapter, t he concept of Carrier Pocket Engineering is applied to the Si/Ge 

superlattices. Since bulk Si and Ge have t heir conduction band minima at the 6-

and L-points in the Brillouin zone, respectively (the number of t.he equivalent sites 

at these high symmetry points are 6 and 4, respectively), t he Si/Ge superlattice 

should provide an ideal system for exploring act ual applications of t he Carrier Pocket 

Engineering concept for obtaining enhanced values of Z3DT . Other reasons to study 

the thermoelectric properties of Si/Ge superlattices include: 1) t he bulk SiGe alloy 

is already a good thermoelectric material , and there is a good chance that SiGe in 

a snperiattice form could be an even better thermoelectric material than bulk SiGe 

alloys; 2) the reduct ion of the lattice thermal conduct ivity fi:ph due to the bounda ry 

scattering of phonons and due to the existence of threading dislocations has been 

studied extensively in Si/Ge superlattices [62,67] (see §5.2); and 3) the effect of 

un iaxial lattice strain at the Si/Ge interfaces [68,69] provides all addit iollal degree 

tIn short1 the "Carrier Pocket Engineering" condition is satisfied ,vhen the superlattice structures 
are designed in such a way that the sum of contri butions from all the 1'- , X - and L-valleys are 
maximized. 
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offreedomtocolltrolthecollductionbandoffsetsforthemilli-bandformationina

superlatticeaswediscussin§5.3.

Weorganizethischapterofthethesisinthefollowingway.Wewill丘rstreview

theeffectofboundaryscatteringofphononsandtheeffectofthreadingdislocations

onreducingthevalueoflatticethermalconductivityκphintheSi/Gesuperlatticesin

§5.2.In§5.3,wewillexplainhowtheuniaxiallatticestraincreatedattheSi/Gein-

terfaceswouldalterthecoIlductionballdstructuresforbulkSialldGe.Theresultant

shiftsintheenergiesfortheconductionbandvalleyscanbeusedasanadditional

tooltocontrolthemagnitudeoftheconductionbandof益setsforthesuperlattice.In

§5.4,wewillshowthepredictionsofourtheoreticalmodelsfortheenhancedvalues

ofZ3DTsusingthesimplemodelsoftheconstantrelaxationtimeapproximationand

parabolicenergybands.

§5.5-§5.9aredevotedtoshowingtheresultsofollrexperimentsonthe(001)ori-　 　
entedSi(20A)/Ge(20A)sllperlatticesthataregrownbythemolecular-beamepitaxy

technique.Wewill丘rstshowtheproblemthatweencounteredduringthemeasure-

mentoftheSeebeckcoef丑cient5for(001)orientedSi(20A)/Ge(20A)superlattices

grownon(001)orientedSisubstrates,wherethemeasuredvaluefor-5startstoslloot

uptowardpositiveinfinitybelow200K(§5.6.2).Ouroriginalinterpretationsforthis

effectofnegative5shootingupbelow200Kincllldethelargeparalleltransport

contributionsfromthebufferlayerand/orsubstrate,andtheeffectofthefioating

potentialduetothepη 一junctionthatiscreatedattheinterfacebetweentheSiGe

gradedbufferlayerandthe(001)Sisubstrate.Tllethirdpossibilityforthiseffect

ofnegativeSshootingupisthephonondrageffect,wheretheconductionelectrons

inthesllperlatticepartofthesampleareaffectedbythedirectional且owofphonons

thatareinducedfromthephonondistributioninthesubstrate.

Itturnsoutthattheeffectofnegative5shootingupbelow200Kiscompletely

eliminatedbytheuseofaSi-on-insulator(SOI)substrateforthegrowthoftheSiGe

bufferlayer,probablybecausetheSiO21ayerintheSOIsubstrateprovidesgoodiso-

lation,bothelectricallyandthermally,betweenthefilm(superlattice十bufferlayer)

andthebaseSisubstrateontopofwhichlayersof(001)SiandSiO2inslllatorare

209

of freedom to control t he conduction band offsets for the mini- band formation in a 

superiattice as we discuss in §5 .3. 

We organize this chapter of the thesis in the fo llowing way. We will first review 

the effect of boundary scattering of phonon5 and the effect of threading dislocations 

on reducing the value of lattice thermal conductivity Kph in the Si/ Ge 5uperlattices in 

§5.2. In §5.3, we will expl ain how the uniaxial lattice strain created at the Si/Ge in

terfaces wou ld alter the conduction band structures for bulk Si and Ge. The resultant 

shifts in the energies for the conduction band valleys can be used as an addit ional 

tool to control the magll itude of the conduction band offsets for t he superlatt ice. In 

§5.4, we will show the predictions of our t heoretical models for the enhanced values 

of Z30Ts LLsing the simple models of the constant relaxation time approximation and 

parabolic energy bands. 

§5.5- §5 .9 are devoted to showing the results of our experiments on the (001) ori

ented Si(20 A)/Ge(20 A) superlattices that are grown by the molecular-beam epitaxy 

technique. We will first show the problem that we encountered during the measure

ment of t he Seebeck coefficient S for (001 ) oriented Si(20 A)/Ge(20 A) suped attices 

grown on (001) oriented Si substrates, where the measnred value for -S starts to shoot 

up toward positive infinity below 200 K (§5.6.2). Our original interpretations for t his 

effect of negat ive S shooting up below 200 K include the large parallel t ransport 

contributions from the buffer layer and/or substrate, and the effect of the floating 

potential due to t he pn-junction that is created at the interface between the SiGe 

graded buffer layer and the (001) Si substrate. The third possibility for this effect 

of negative S shooting up is the phonon drag effect, where the conduction electrons 

in the superl attice part of the sample are affected by t he directional flow of phonons 

that are induced from the phonon distribution in the substrate. 

It turns out that the effect of negative S shooting up below 200 K is completely 

elimillated by the use of a Si-on-illsulator (SOl) substrate for the gTOIvth of t he SiGe 

buffer layer, probably because the Si0 2 layer in the SOI substrate provides good iso

lation, both elect rically and thermally, between the film (superlattice+ bufler layer) 

and the base Si substrate on top of which layers of (001 ) Si and Si0 2 insulator are 
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growlltoformtheSOIsubstrate(seeFig.5-12).However,thedisappearanceofthe

effectofnegativeSshootingupforthefilmsgrownonSOIdoesnotIlecessarilymean

thatthereisnoparallelelectricalconductioninthebufferlayerandthesubstrate.In

thisregard,wehavestudied,in§5.8,asetofthin[25periodsofSi(20A)/Ge(20A)

superlatticelayers]andthick[100periodsofSi(20A)/Ge(20A)superlatticelayers]

samplestosubtractoutthecontributionsfromthebufferlayerandsubstratetothe

measuredthermoelectrictransportcoef且cients.Wehavethendeducedthenetcontri-

bution(tothemeasuredthermoelectriccoefHcients)fromthesuperlatticepartofthe

sampleonly(§5.8).ItturnsoutthatthevaluesofthethermoelectriccoefHcients,that

areobtainedafterthesubtractionprocess,differby5-10%fromthevalueswithout

(orbefore)thesubtractionprocess.Sincethesubtractionprocessitselfmayintroduce

asimilaramountoferrors(510%)totheresultantvaluesforthenetcontribution

fromthesuperlatticepartofthesampleonly,throughlmintentionalfluctuationsin

thematerialspropertiesbetweenthetwosamplesusedforthesubtractionprocess,

theresultantvaluesobtainedbythesubtractionprocesshavetobeexaminedwith

somecare.Ouroverallconclusionisthatthedominantcontributiontothemeasured

thermoelectrictransportpropertiesforthe100periodsSi(20A)/Ge(20A)superlat一

ticescomesfromthesuperlatticepartofthesample,notfromthebufferlayerand/or

substratepartofthesample.†

DetailedresultsforourexperimentalproofLof-principlestudyusing(001)oriented

Si(20A)/Ge(20A)superlatticesgrownon(001)SisubstratesandthosegrownonSOI

(Si-on-insulator)substratesaregivenin§5.6and§5.7,respectively,whereexcellent

agreementbetweentheoryandexperimentareobtainedfortheSeebeckcoefficient

Sasafunctionoftemperaturewithoutuseofanyfittingparameters.In§5.9,we

willfllrtherexaminethevaluesobtainedforSandμHall,whereμHallistheHall

carriermobility,asafunctionofthecarrierconcentrationat300K.Theseresultsare

comparedwiththetheoreticalpredictionsusingthesemi-classicalmodelsthatare

developedinChapter6.

†Thecontributionfromthebufferlayerand/orsubstratetothemeasuredthermoelectrictransport

coefHcientsisestimatedtobe5-20%dependingonthecarrierconcentrationofthesample.
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grown to form the SOl substrate (see Fig. 5-12). However, the disappearance of the 

effect of negati ve S shooting up for the films grown on SOl does not necessarily mean 

that there is no parallel electrical conduction in the buffer layer and the substrate. In 

thi s regard, we have studied, in §5.8, a set of thin [25 periods of Si(20 A)/Ge(20 A) 

superlattice layers] and thick [100 periods of Si (20 A)/Ge(20 A) superlattice layers] 

samples to subtra.ct out the contribut ions from the buffer la.yer a.nd subst rate to tbe 

measured thermoelectric transport coefficients. We have then deduced the net contri

bution (to the measured thermoelectric coefficients) from the superlattice part of the 

sample only (§5.8) . It turns out t hat the values of the thermoelectric coefficients, that 

are obtained after t he subtraction process, differ by 5- 10 % from the values without 

(or before) the subtraction process. Since the sub traction process itself may introduce 

a similar amount of errors (5- 10 %) to the resultant values for the net contribution 

from the superlattice part of the sample only, through unintentional fluctuations in 

the materials properties between the two sam ples used for the subtraction process, 

the resultant va lues obtained by the subtract ion process have to be examined with 

some care. Our overall collciusion is that the dominallt contribution to t he measured 

thermoelectric t. ra.nsport properties for the 100 periods Si(20 A) / Ge(20 A) snperla.t.

tices comes Ii'om the superlattice part of the sample, not from the buffer layer and/ or 

substrate part of the sample. t 

Detailed results for our experimental proof-of-principle study using; (001) oriented 

Si(20 A)/Ge(20 A) superlattices grown on (001) Si substrates and those grown on SOl 

(Si-on-insulator) substrates are given in §5 .G and §5.7, respectively, where excellent 

agreement between theory and experiment are obtained for the Seebeck coefficient 

S as a function of temperature without use of any fitting parameters. In §5.9, we 

will further examine the values obtained for Sand /" Hall, where !I'Hall is the Hall 

carrier mobility, as a function of the carrier concentration at 300 K. These results are 

compareu with tbe tbeoretical preuictions llsiug the semi-classical models that are 

developed in Chapter 6. 

tThe contribution from the buffer layer and/or substrate to the measured thermoelectric transport 
coefficients is estimated to be 5- 20 % depending on the carrier concentration of the sample. 
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Itishopedthattheexperimentalverificationofthetheoreticalpredictionforthe

thermoelectrictransportpropertiesillthe(001)orientedSi/Gesuperlattices,aswe

didin§5.6-§5.9inthischapter,wouldalsoprovideabasisforthedevelopmentofim.

provedtheoreticalmodelsforthe(111)orientedSi/Gesuperlattices,whoseoptimum

valueofZ3DT[foraSi(20A)/Ge(20A)superlattice]ispredictedtobefourtimes

largerthanthecorrespondingvalueofZ3DTfora(001)orientedSi(20A)/Ge(20A)

superlattice,usingasimplemodelbasedontheconstantrelaxationtimeapproxima-

tion.

5.2 Reducedlatticethermalconductivityκphin

Si/Gesuperlattices

Inthissection,wewillreviewtheresearchperformedbyotherresearchersonthe

thermalconductivityforSi1_xGexalloys(§5.2.1)andforSi/Ge,Si/Si1_xGexsuper-

lattices(§5.2.2).Althoughthemainthemeofthisthesisisonthemodelingand

experimental-proofLofprinciplestudyofthepowerfactorS2σpartofthethermoelec-

tricfigureofmeritZ3DTforthesuperlatticestructures,wewilldeviatealittle,in

thissection,fromthemainstreamofthisthesis,anddiscussanotherstrategyfor

enhancingthevaluesofZ3DTusingsuperlatticestructures,namely,enhancingZ3DT

throughthereductionofthelatticethermalconductivityκph.

We丘rstdiscuss,in§5.2.1,thereductionofκphobservedinSi1-xGexalloysrelative

tothoseforbulkSiandGe.Althoughthedetailedmechanismsforthereductionof

κphinSi1_xGexalloys(i.e.,alloyscatteringandimpurityscatteringofphonons)are

consideredtobedistinctfromthoseintheSi/Gesuperlattices(interfaceandimpurity

scatteringofphonons,andphononscatteringduetodefectsandthreadingdisloca-

tions),theunderstandingofthemechanismsfortheredllcedκphinSi1_cvGexalloys

shouldalsoprovidesomeinsightintothemechanismsforthereducedκphinSi/Ge

superlattices.Themainfindingin§5.2.1isthatthereductionofκphinSi1_∬Gex

alloystakesplacenotonlyduetothealloyscatteringofphonons,butalsodueto
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It is hoped that the experimental verification of the theoretical prediction for the 

thermoelectric t ransport propert ies in the (001) oriented Si/ Ge superlattices, as we 

did in §5 .6-§5.9 in this chapter , would also provide a basis for the development of im

proved theoretical models for the (ill ) oriented Si /Ge superlattices, whose optimum 

value of Z3DT [for a Si (20 A)/Ge(20 A) superlattice] is predicted to be four t imes 

larger t han the corresponding value of Z3DT for a (001) ori ented Si(20 A)/Ge(20 A) 

superlattice, using a simple model based on the constant relaxation t ime approxima

tion. 

5.2 Reduced lattice thermal conductivity ~ph in 

Si/Ge superlattices 

In this section, we will review the research performed by other researchers on the 

thermal conductivity for Si1-xGex alloys (§5 .2.1) and for Si/Ge, Si/Si1_xGex super

latt ices (§5 .2.2). Although the main t heme of this thesis is on the modeling and 

experimental-pro of-of principle stndy of the power factor S21J part of the therrnoelec

t ric figure of merit Z3DT for the superlattice structures, we will deviate a little, in 

this section, from the main stream of this thesis, and discuss another strategy for 

enhancing the values of Z'DT lIsing superlattice structures, namely, enhancing Z'DT 

through the reduction of the lattice thermal conductivity '"ph. 

We first discuss, in §5.2.1 , the reduction of '"ph observed in Sil-xGex alloys relative 

to those for bu lk Si and Ge. Altbough tbe detailed mechanisms for the reduction of 

Kph in Si1_ xGex alloys (i. e., alloy scattering and impurity scattering of phonons) are 

considered to be distinct from those in the Si/ Ge superlattices (interface and impurity 

scattering of phonons, and phonon scattering due to defects and threading disloca

tions), the understanding of the mechanisms for the reduced '"ph in Si1_ x Gex alloys 

should also provide some insight into tire mechanisms for the reduced '"ph in Si/ Ge 

superlattices. The main finding in §5.2.1 is that the reduction of '"ph in Si1_ xGex 

alloys takes place not only clue to the alloy scattering of phonons, but also due to 
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theimpurityscatteringofphollonsforheavilydopedSi1_xGexalloysamples.Since

theoptimumdopinglevelsforSi/Gesuperlatticesforthermoelectricapplicationsare

predictedtoberelativelyhigh(n=1019～1020cm-3),theimportanceoftheim-

purityscatteringonreducingκinSi1_xGexalloyssuggeststhatanewconceptof

the"dopantimpurity"engineeringcanbedevelopedforSi/Gesuperlattices.Inthis

"dopantimpurity"engineeringconcept
,thedopantimpuritiesareintroducedinto

thesuperlatticestructuresinsuchawaythatthevaluesofκphforthesuperlattices

arereducedduetotheimpurityscatteringofphonons,butthevaluesofthecarrier

mobilityforthesuperlatticesarenotreducedappreciablybythelargedopantcon-

centrationsduetosomespecialdopingtechniques,suchasδ 一andmodulationdoping

techniques.Since,totheauthor,sknowledge,suchanapproachofusing"doping

impurity"engineeringtoenhancethevaluesofZ3DTinthelow-dimensionalsystems

hasnotyetbeenpursuedbyanyresearchersinthefieldoflow-dimensionalthermo-

electricity,anypioneeringworkinthisresearchareaisgreatlyencouragedforthe

furtherdevelopmentoflow-dimensionalthermoelectricity.

Thesecondsubsectioninthissectionisdevotedtoareviewofrecentlypublished

work,bothintheoryandinexperiment,onthethermalconductivityofSi/Gesuper-

lattices.Itisexperimentallyobserved[62,67,7072]andtheoreticallypredicted[73

76]thatthelatticethermalconductivitiesκp止 、forSi/GeandSi/Si1_xGexsuperlat-

ticesaresignificantlyreducedfromthecorrespondingvaluesforbulkSiandGe.In

somecases,thevaluesofκphforSi/GeorSi/Si1_xGexsuperlatticesamplesareeven

lowerthanthecorrespondingvaluesofκphforSi1_xGexalloys,wherexiscloseto

O.5[62,67,70-72].Sincethevaluesofκphforthesesuperlatticesamplescrucially

dependonthequalityofthesllperlatticesamples,itisessentialtousehigh-quality,

well-characterizedsuperlatticesamplesfortheexperimentofthein-planeandcross-

planethermalconductivitymeasurementsinordertoidentifythepossiblemechanisms

thatareresponsiblefortheobservedreductioninκphforSi/GeandSi/Si1_xGexsu-

perlattices.Ourultimategoalinthisresearchsub-fieldistounderstandthedetailed

mechanismsthatareresponsibleforthereductionofκphinSi/GeandSi/Si1_xGex

superlatticesandusetheknowledgeacqlliredtoengineersllperlatticestructuresin
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the impurity scattering of phonons for heavily doped Si1_ xGex alloy samples. Since 

the optimum doping levels for Si/ Ge superlattices for thermoelectric applications are 

predicted to be relatively high (n = 1019~1020 cm- 3 ) , the importance of the im

purity scattering on reducing K in Si l- xGex alloys suggests that a new concept of 

the "dopant impuri ty" engineering can be developed for Si/Ge superiattices. In this 

"dopant impurity" engineering concept , the dopant impuri t ies are introduced into 

the superiattice structmes in such a way that the values of Kph for the superiattices 

are reduced due to the impmity scattering of phonons, but the values of the carrier 

mobili ty for the superJ attices are not reduced appreciably by the large dopant con

centrat ions due to some special doping techniques, such as 6- and modulat ion doping 

techniques. Since, to the author 's knowledge, such all approach of using "doping 

impmity" engineering to enhance the values of Z3DT in the low-dimensional systems 

has not yet been pmsued by ally researchers in the field of low-dimensional thermo

electricity, any pioneering 1V0rk in t hi s research area is greatly encouraged for the 

further development of low-dimensional thermoelectricity. 

The second subsection ill this section is devoted to a review of recently published 

work, both in theory and in experiment, on th", thermal condllctivity of Si/Ge Sllper

lattices. It is experimentally observed [62, 67,70- 72] and theoretically predicted [73-

76] that the lattice thermal conductivit ies Kph for Si/Ge and Si/Si l-xGex superlat

t ices are sign ificantly reduced from the corresponding values for bulk Si alld Ge. In 

some cases, t he values of Kph for Si/Ge or Si/Sil_xGex superlattice samples are even 

lower than the corresponding values of /\Oph for Si1_xGex alloys, where x is close to 

0.5 [62, 67, 70-72]. Since the values of Kph for these superlattice samples crucially 

depend on the quality of the superlattice samples, it is essent ial to use high-quali ty, 

well-characterized superlattice samples for the experiment of the in-plane and cr05S

plane thermal conductivity measurements in order to identify the possible mechanisms 

t hat are responsible for the observed reduction in /\Oph for Si/Ge alld Si/Si1_xGex su

perlattices. Our ultimate goal in this research sub-field is to understand the detailed 

mechanisms that are responsible for the reduct ion of Kph in Si/ Ge and Si/Sir_xGex 

superlattices and use the knowledge acquired to engineer superiattice structures in 
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Figure5-1:Compositionaldependenceofthethermalresistivity(denotedby1/κ)of

Si1_xGexalloysasafunctionof(1-x)at300Kforundoped(n～2×1018cm-3)samples

andforsamplesdopedton～1.5×1020cm-3withB,AsandP[77].

suchawaythatthereductionofκphismaximized,whilethereductioninμ(carrier

mobility)isminimized.Onewaytoachievethisgoalistoutilizeatomicallyrough

interfacesinthesuperlatticestructuresthatareeffectiveinscatteringPhonons,but

havelittleeffectonscatteringelectrons(orholes),assuggestedbyProf.G.Chen

atUCLA[43].Anotherwayisprobablytoutilizeotherdefectstructures,suchas

threadingdislocationswhichareroutinelyfoundintheactualSi/GeandSi/Si1_xGex

superlatticesamples,thatareeffectiveinscatteringphonons,butmaynotbeasef-

fectiveinscatteringelectrons(orholes).Theconceptofreducingthevaluesofκph

usingsuperlatticestructures,oftendenotedby``interfaceengineering,,,c`latticeengi-

neering,ラorccphononengineering,,hastobeeventuallyintegratedintotheconceptof

CarrierPocketEngineeringtodesignsuperlatticestructureswhichmaximizeZ3DT.

5.2.1 κphforSi1_xGexalloys

ThethermalconductivitiesofSi1_xGexalloyswerestudiedexperimentallybyDis-

mukesetα1.[77]asearlyasthe1960s,andwererecentlyreviewedbyWangetα1.[78].

ExamplesoftheexperimentalresultsbyDismukesetα1.arereproducedinFigs.5-1

and5-2,wherethevalllesofthethermalresistivity(1/κ)areplottedasafllnction
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Figure 5-1: Compositional dependence of the thermal resistivity (denoted by 1/1<) of 
Si' _xGex alloys as a function of (1- x) at 300 K for undoped (n ~ 2x lO'8 cm- 3) samples 
and for samples doped to n ~ 1.5x lO20 cm-3 with B, As and P [77]. 

such a way that the reduction of Ibph is maximized, while t he reduction in f.! (carrier 

mobili ty) is minirnizecL One way to achieve this goal is to utilize atomi cally rough 

.in terfaces in the superlatti ce structu res that are effective in scattering phonons, but 

have little effect on scattering electrons (or holes), as suggested by P rof. G. Chen 

at UCLA [43J. Another way is probably to utilize other defect structures, such as 

threading dislocations which are routinely found in the actual Si/ Ge and Si/Si' _xGex 

superlattice samples, that are effective in scattering phonons, but may not be as ef

fective in scattering electrons (or holes) . The concept of reducing the values of Ibph 

using superJattice structures, often denoted by "interface engineering", 'lattice engi

neering" or "phonon engineering" has to be eventually integrated into the concept of 

Carrier Pocket Engineering to design superlattice structures which maximize Z3DT. 

5 .2 .1 /'\:ph for Sh - xGex alloys 

The thermal conductivities of Si1_xGex a lloys were studied experimentally by Dis

mukes et at. [77J as early as the 1960s, and were recently reviewed by Wang et al. [78J . 

Examples of the experimental results by Dismukes et al. are reproduced in Figs . 5-1 

and 5-2, where t he values of the thermal resistiv ity (1 / Ib) are plotted as a function 
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Figure5-2:Thethermalresistivityofp-typeSi1_xGexalloysasafunctionofcarrier

concentrationwithtemperatureandalloycompositionasparameters[77].

ofSicomposition1-x(Fig.5-1)andasafunctionofthedopant(carrier)concen-

trationη(Fig.5-2).InFig.5-1,wefindthatthevaluesofthethermalconductivity

κforSi1_xGecvalloysaregreatlyreducedfromthecorrespondingvaluesforblllkSi

(κN150W/m・K)andforblllkGe(κN60W/m・K).NVe丘ndthevaluesofκp止 、for

Si1-xGexxRsO.5alloysareapproximately8W/m・Kforundopedalloysandcanbe

smallerthan5W/m・Kforheavilydopedalloys(η ～1.5×1020cm-3).Itisnotedthat

theelectroniccontributiontothethermalconductivity(denotedbyκe)isonlyonthe

orderof10%ofthetotalthermalcondllctivity,evenfortheheavilydopedsamples.

Therefore,redllcingthevaluesofκphbyincreasingdopantconcentrations,duetothe

increasedimpurityscatteringofphonons,outweighstheincreaseinκduetothein-

creasedvaluesofκethatarecausedbytheincreasedcarrierconcentrations.Suchan

effectofdopingimpuritiesonreducingthevalueofκismoreclearlyseeninFig.5-2,

wherethemeasllredvaluesofthethermalresistivity1/κforp-typeSi1_ccGexalloys

areplottedasafllnctionofcarrierconcentrationηforseveraldifferenttemperatllres

andGecompositionsx.We丘ndthatthevaluesofκ 一ifirstincreasewithincreasingn
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Figure 5-2: The thermal resistivity of p-type Si1_x Gex aUoys as a function of carrier 
concentration with temperatme and aUoy composition as parameters [77]. 

of Si composit ion 1 - x (Fig. 5-1 ) and as a funct ion of the dopant (carrier) concen

tration n (Fig. 5-2). In Fig. 5-1 , we find that the values of the t hermal conductivity 

K for Si1_x Gex alloys are greatly reduced from the corresponding values for bull( Si 

(K"'" 150 W /rn .J() and for bulk Ge (K "'" 60 W / rn.J<). We fi nd the values of Kph for 

Si1_xGex x"'" 0.5 alloys are approximately 8 'vV / m·K for undoped alloys and can be 

smaller than 5 W/m·K for heavily doped alloys (n ~ 1.5x 102o cm- 3) . It is noted that 

the electronic contribution to the thermal conductivity (denoted by Ke) is only on the 

order of 10 % of the total thermal cond uctivity, even for the heavi1y doped samples. 

Therefore, reducing the values of Kph by increasing dopant concentrations, due to the 

increased impurity scattering of phonon8, outweighs the increase in K due to the in

creased values of Ke that are caused by the increased carrier concentrations. Such an 

effect of doping impurities on reducing the value of K is more clearly seen in Fig. 5-2, 

where the measured va lues of t he thermal resistiv ity I /K for 1]-type Si1_x Gex a lloys 

are plotted as a fi.ll1ction of carrier concent ration n for several different temperatures 

and Ge composit ions x . 'vVe find that the val ues of K- 1 fi rst increase with increasing n 
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andreachthemaximumatη=8×10192×1020cm-3,dependingollthetemperature,

andthelldecreasewithfurtherincreasillgηduetotheillcreasingcontributionofκe

tothetotalthermalconductivityκ.

Theoreticalmodelsforthethermalconductivity(aswellasfortheotherther-

moelectrictransportcoef丑cients)forη 一typeSi1_xGexalloyshavebeenpresentedby

C.B.Viningrecently[79],wheregoodagreementbetweenexperimentandtheory

hasbeellfoundbyconsiderillgPhonon-phollon,poilltdefect,andelectron-phollon

scatteringforphonons.

5.2.2 κphforSi/Gesuperlattices

ResearchonthereducedthermalconductivitiesinSi/GeandSi/Si1_xGexsuper-

latticeswerestartedonlyrecently,boththeoretically[43,73-76,80]andexperimen-

tally[62,67,70-72].Inmostcases,experimentswereperformedbymeasuringthe

valuesofκalongthesuperlatticegrowthdirection(denotedbythecross-planether-

malconductivityκ ⊥),whereasitistheκparalleltotheplaneofthesuperlattice

(denotedbythein-planethermalconductivityκII)thatweneedformodelingand

theexperimentaldeterminationoftheenhancedthermoelectricfigureofmeritZ3DT

alongtheplaneofthesuperlattice.ShowninFig.5-3isoneofthefewpublished

examplesofin-planethermalconductivityκllmeasurementsoftheSi/Gesuperlat-

ticesasafunctionofthesuperlatticeperiod(dw十dB)[72],wherethevaluesofκlI

arecalculatedbyus,bymultiplyingthepublisheddataforthethermaldiffusivityat

300K,thatwereobtainedbytheACcalorimetrymeasurementsbyR.Venkatasub-

ramanianetα1.[72],usingvaluesoftheheatcapacityandthemassdensityobtained

byaveragingthepublishedvaluesofthesequantitiesforbulkSiandforbulkGe.

TheSi/GesuperlatticesamplesthatwereusedinthisACcalorimetryexperiment

werepreparedbychemicalvapordepositiononGaAssubstratesusingaGebuffer

layer[72].Itisnotedthatneithertheorientationofthesuperlatticesnorthethick-

nessesforthewellandbarrierlayers(denotedbydwanddB,respectively)arereported

inthispaper[72].TheauthorsofRef.[72]foundthattherearethreedistinctregimes

forκasafunctionof(dw十dB)inFig.5-3,andeachregimeofκisinterpreted
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and reach the maximum at n = 8 x 10'9- 2 X 1020 em - 3, depending on the temperature, 

and then decrease with further increasing n due to the increasing contribution of "e 
to the total thermal conductivity " . 

Theoretical models for the thermal cond uctivity (as well as for the other ther

moelectric transport coefficients) for n-type Si1_xGex alloys have been presented by 

C. B. Vining recently [79], where good agreement between experiment and theory 

has been found by considering phonon-phonon, point detect, and electron-phonon 

scattering for phonons. 

5.2.2 Kph for Si/Ge superlattices 

Research on the reduced thermal conductivities 111 Si/Ge and Si/Si1_xGex super

lat tices were started only recently, both t heoretically [43 , 73- 76, 80] and experimen

tally [62 , 67, 70- 72]. In most cases, experiments were performed by measuring the 

values of" along Lhe superJaLLice grow Li1 direcLion (denoled by the cross-plane lher

mal conductivity "1.), whereas it is the" parall el to the plane of t he supcrlatti ce 

(denoted by the in-plane thermal conductivity " II ) t hat we need for modeling and 

the experimental determination of the enhanced thermoelectric figure of merit Z30T 

along the plane of t he snperiattice. Shown in Fig. 5-3 is one of the few published 

examples of in-plane thermal conductivity " II measurements of t he Si/Ge superlat

tiees as a function of the superlattiee period (dw + dB) [72], where the values of " II 

are calculated by us, by multiplying t he published data for the thermal diffl1sivity at 

300 K, tha,t were obtained by the AC calorimetry measurements by R. Venkatasub

ramanian et al. [72], using values of the heat capacity and the mass density obtained 

by averaging the published values of these quantities for bulk Si and for bulk Ge. 

T he Si/Ge superlattice samples t hat were used in this AC calorimetry experiment 

were prepared by chemical va.por deposition on GaAs substrates using a Ge buffer 

layer [72]. It is noted that neither the orientation of the superlattices nor the thick

nesses for the well and barrier layers (denoted by dw and dB. respectively) are reported 

in this paper [72]. The authors of Ref. [72] found that there are three dist inct regimes 

for "I I as a funct ion of (dw + dB ) in Fig. 5-3, and each regime of " II is interpreted 
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Figure5-3:Thein-planethermalconductivityκllfbrCVD-grownSi/Gesuperlatticesat

300Kasafunctionofthesuperlatticeperiod(dw十dB)thatisobtainedbymultiplying

thepublishedthermaldiffusivitydata[72]bytheaveragevaluesoftheheatcapacityand

themassdensityobtainedfrompublishedbulkSiandGedata(seetextfbrmoredetail).

asfollows:(1)When(dw十dB)<35A,thevalueofκdecreaseswithdecreasing

thevalueof(dw一 トdB).Thisdecreaseinκisattributedtotheincreasedinterface

scatteringofphonons,thatiswell-knowninGaAs/AIAssuperlattices,aswasdis-

　 　
cussedin§4.3.3[43].(2)For35A<(dw十dB)〈100A,thereisaminimumin　
κllat(dw十dB)N65A.Thisminimainκllisattributedtolocalization-likeeffects

ofphonons[80]thataresimilartolocalizationeffectsobservedinelectrons[81]and

photons[82].(3)When(dw十dB)>100A,thethermalconductivitydecreaseswith

increasing(dw十dB).Thiseffectisattributedtoincreasingdislocationdensitiesas

thesuperlatticeperiod(dw十dB)increases,whichisconsistentwiththeresultof

cross-planethermalcondllctivityκllmeasurements,aswewillseebelow.

Theexperimentsonthecross-planethermalconductivity(κ ⊥)measurementcan

beperformedinamuchmorereliablewaythanthein-planethermalconductivity

measurement,becausethegeometricalconfigurationinthecross-planemeasurement

ofκ ⊥forSi/Gesuperlatticesallowsonetousethe3ω 一technique[83,84]thatcanbe

performedwithoutremovingthesubstrateandthebufferlayerpartofthesample

fromthesllperlattice,whereasanin-planeκmeasllrementgenerallyrequiresafree.
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Figure 5-3: The in-plane thermal conductivity "' II for CVD-grown Si/Ge superlattices at 
300 K as a function of the superlattice period (dw + dB) that is obtained by multiplying 
the published thermal diffusivity data [72J by the average values of the heat capacity and 
the mass density obtained from published bulk Si and Ge data (see text for more detail). 

as follows : (1) When (elw + dB) < 35 A, the value of "'II decreases with decreasing 

the val ue of (dw + dB)' This decrease in Ii: I I is attribu ted to the increased interface 

scattering of phonons, that is well-known in GaAs/AIAs superlattices, as was dis

cussed in §4.3.3 [43J . (2) For 35 A < (elw + dB) < 100 A, there is a minimum in 

Ii:II at (dw + dB) "" 65 A. T his minima in Ii: II is attribu ted to locali zation-like effects 

of pliO llons [80) t lI at a re similar to l ocali~at io ll effects observed in electrons [81) and 

photons [82). (3) When (dw + dB) > 100 A, the thermal conductivity decreases with 

increasing (dw + dB )' T his effect is attributed to increasing dislocation densit ies as 

the superlattice period (dw + dB) increases, which is consistent wit h the result of 

cross-plane therm al conductivity Ii: I I measurements, as we will see below. 

T he experiments 0 11 the cross-plane thermal conductivity (Ii:.l) measurement can 

be performed in a much more rel iable way than the in-plane thermal conductivity 

measurement, because the geometrical configuration in the cross-plane measurement 

of Ii:.l for Si/Gc supcrlattices allows one to usc the 3w-tcchniquc [83,841 that can be 

performed without removing the substrate and the buffer layer part of the sample 

from the superlattice, whereas an in-plane Ii: I measurement generally requires a free-
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Figure5-4:Resultsforthecross-planethermalconductivityκ ⊥asafunctionoftempera-

tureforvariousCVD-growllSi/Gesuperlatticesamples,publishedbyS.-M.Leeetα1.[62].

The3ω 一technique[83ラ84]wasutilizedinthismeasurementofthecross-planeκ ⊥.Each

symbolinthefigureislabelledbythesuperlatticeperiod(dw十dB)measuredinA.

standingsampleofSi/Gesuperlattices.Itis,however,notedthatthereisavariation

ofthe3ω 一technique,theso-called"2-wire3ωmethod",thathasbeendevelopedby

thegroupofProf.G.ChenatUCLA[76],whichallowsonetomeasurethein-plane

κlIofthesuperlatticesampleswithoutremovingthesubstrateandbufferlayerpart

ofthesamples.This2-wire3ω 一technique,however,hasnotyetbeenappliedtothe

Si/Gesuperlattices,becauseourMBE-grownSi/Gesuperlattices,thatweregrown

byProf.K.L.Wang,sgroupatUCLA,aretoothinforanaccuratedeterminationof

thevaluesofκllbythisvariationofthe3ω 一technique.

Examplesofthecross-planethermalconductivitymeasurementsforCVD-grown

Si/GesuperlatticesarereproducedinFig.5-4fromRef.[62],wherethevaluesof

κ⊥areplottedasafunctionoftemperatureforvariousvaluesofthesuperlattice

period(dw十dB).InFig.5-4,theratiobetweenthewell(Si)-andbarrier(Ge)-layer

thicknesses(dw/dB)isvariedfromonesampletoanother,withvaluesrangingfrom

dw/dB=0.88[forthesamplewith(dw十dB)=65A]todw/dB=3.88[forthesample

with(dw十dB)=60A].We伽dthatthevaluesofκ ⊥decreasewithdecreasing
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Figure 5-4: Results for the cross-plalle thermal conductivity t;;.l as a funct ion of tempera
ture for various CVD-grown Si/ Ge superlattice samples, published by S.-M. Lee et at. [62]. 
The 3w-tedmique [8:3,84] wa;; uti li zed irl this rnea;;mement of the cross-plane r;.l. Each 
symbol in the figure is labelled by the superlattice period (dw + dB) measured in A. 

standi ng sample of Si/Ge superJattices. It is, however, noted t hat there is a variation 

of the 3w-technique, the so-called "2-wire 3w method", that has been developed by 

the group of Prof. G. Chen at UCLA [76], which allows one to measure the in-plane 

KII of the superlattice samples wit hout removing the substrate and bufrer layer part 

of the samples. This 2-wire 3w-technique, however, has not yet been appl ied to t he 

Si/ Ge super1attices, because Our iVIBE-grown Si/Ge superlattices, that were grown 

by Prof. K. L. \ ,yang's group at UCLA, are too thin for an aCCurate determination of 

the values of KII by this variation of the 3w-technique. 

Examples of the cross-plane thermal conductivity measurements for CVD-grown 

Si/Ge super1aLtices are reprod uced in Fig. 5-4 from Ref. [62], where the values of 

K.l are plotted as a funct ion of temperature for various values of the superlattice 

period (dw + dB) ' In Fig. 5-4, the ratio between the well(Si)- and barrier(Ge)-layer 

thicknesses (dw/dB ) is varied from one sample to another, with values ranging from 

dw/dB = 0.88 [for the sample with (dw+dB ) = 65 A] to dw/dB = 3.88 [for the sample 

with (dw + dB) = 60 A]. We find that the values of K.l decrease with decreasing 
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superlatticeperiod(dw十dB)below(dw十dB)=65A,whereasthevaluesofκ ⊥for

thesampleswith(dw十dB)>140Aaresmallerthanthoseofanysuperlatticesample

　

with(dw十dB)〈65A.TheauthorsofRef.[62]attributedtheeffectofreducedκ ⊥for

relativelylargersuperlatticeperiod[(dw十dB)>140A]totheincreaseddislocation

densitiesasthevalueofthesuperlatticeperiod(dw十dB)getslarger,butthereis

alsoanargumentthatisagainstthisinterpretationofthereducedκ ⊥forthelarger

superlatticeperiods[(dw十dB)>140A](seeRef.[70]formoredetail).

Yetanothermethodtoestimatethevaluesofthein-planethermalconductivityof

κllwasdevelopedbyT.Borca-TasciucinthegroupofProf.G.ChenatUCLA[85].

Accordingtothismethod,thecross-planethermalconductivityκ ⊥oftheSi/Gesu-

perlatticesamplesismeasuredbythe3ω 一technique,asafunctionoftemperature

asdiscussedabove.Theresultantexperimentalresultsforκ ⊥arefittedusingProf.

G.Chen,smodelforthethermalconductivityofsuperlatticestructures,usingthe

specularityconstantpasafittingparameter[76](seealso§4.3.3).Then,thespecu-

larityconstantobtainedinthisfittingofκ ⊥isusedtopredictthein-planethermal

conductivityusingthesamebasicmodelsforthein-planethermalconductivityκlI

thatwerealsodevelopedbyProf.G.Chen[43].Anexampleofsuchestimationof

thein-planethermalconductivityκIIusingahigh-qualityMBE-grownSi/Gesuper一

latticesampleisshowninFig.5-5.Thesuperlatticesampleusedforthisanalysis

(sampleJL156)wasgrownona(001)SisubstrateusingaSi1_xGexgradedbuffer

layer[86],andthethicknessesforthequantumwells(Si)andbarrierlayers(Ge)for

thissamplewerebothdeterminedtobe22A[67,70].Thereasonswhythisspecific

superlatticesample(JL156)ischosenfortheanalysisofthein-planethermalconduc-

tivityκIIusingProf.G.Chen,smodels[43,76]includethefactsthat:(1)arelatively

smalldensityofthreadingdislocationswasfoundinthis(JL156)Si/Gesuperlat-

ticesample(～1.5×1041ines/cm-2)[67,70],andthat(2)thissuperlatticesampleis

undoped.Becauseofthesereasons,thepropertiesofthissuperlatticesampleare

expectedtobecompatiblewiththeassumptionsmadeinProf.G.Chen,smodelsfor

thesuperlatticethermalconductivity[43,76].InFig.5-5,we丘ndthatthebestfit

tothecross-planethermalconductivityforsampleJL156isobtainedforthespec一
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superlattice period (dw + dB) below (dw + dB) = 65 A, whereas the values of "'.1 for 

the samples with (dw +dB ) > 140 A are smaller than those of any superlattice sample 

with (dw +dB) < 65 A. The authors of Ref. [62] attri buted the effect of reduced ".1 for 

relatively larger superlattice period [(dw + dB) > 140 A] to the increased dislocation 

densities as t he value of the superlattice period (dw + do) gets larger, but there is 

also an argument that is against thi s interpretation of the red uced ".1 for the larger 

superlattice periods [(dw + dB) > 140 Al (see Ref. [70] for more detail) . 

Yet another method to estimate the values of t he in-plane thermal conductivity of 

"I I was developed by T . Borca-Tasciuc in the group of Prof. G . Chen at UCLA [85] . 

According to this method, the cross-plane thermal conductivity ".1 of the Si/ Ge su

perlattice samples is measured by the 3w-technique, as a function of temperature 

as discussed above. The resultant experimental results for "'.1 are fitted using Prof. 

G. Chen's model for the thermal conductivity of superlattice structures, using the 

specularity constant p as a fittin g parameter [76] (see also §4.3.3). Then, the SpeCll

larity constant obtained in this fi tti ng of "'.1 is used to predict the in-plane thermal 

conductivity using t he same basi!.: models for the in-plane thermal condud ivity "'II 

that were also developed by Prof. G. Chen [43]. An example of snch estimation of 

the in-plane thermal conductivity "'II using a high-quality MBE-grown Si/Ge super

lattice sample is shown in Fig. 5-5 . T he superl attice sample used for this analysis 

(sample JL156) was grown on a (001) Si substrate using a Si1_xGex graded buffer 

layer [86], and the thicknesses for the quantum wells (Si) and barrier layers (Gel for 

this sample were both determined to be 22 A [67, 70]. The reasons why this specific 

superlattice sample (JL156) is chosen for the analysis of the in-plane thermal conduc

t ivity 0;11 using Prof. G. Chen's models [43, 76] include the facts t hat : (1) a relatively 

small density of threading dislocations was found in this (JL156) Si/ Ge superlat

t ice sample (~1.5x 104 lines/cm-2) [67, 70], and that (2) this superlattice sample is 

unclopecl. Because of these reasons, the properties of t his superlattice sample are 

expected to be compatible with the assumptions made in Prof. G. Chen's models for 

t he superlattice thermal conductivity [43, 76]. In Fig. 5-5, we fi nd that the best fi t 

to the cross-pla.ne thermal conductivity for sample JL156 is obtained for the spec-
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Figure5-5:FittinganalysisusingProf.G.Chenラsmodel[76],perf()rmedbyT.Borca-

TasciucinProf.G.Chen,sgroupatUCLA,ofthecross-planethermoelectricityκ ⊥fbran

MBE-grownSi/Gesuperlatticesample(JL156,dw十dB=44A)(blackdashedcurve).The

specularityparameterobtainedinthisfittinganalysisoftheexperimentalκ ⊥(p=0.83)

isalsousedtopredictthevaluesofthein-planethermalconductivityκllasafunctionof

temperaturefbrsampleJL156(greydashedcurve)[43].Theresultsofthecalculationsfbr

κ⊥andκllusingp=0(completelydiffuseinterfaces)forthespecularityparameterarealso

shownbytheblackandgreysolidcurvesりrespectivelyラf()rcomparison.
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MBE-grown Si/ Ge superlat tice sample (JL156, dw + dB = 44 A.) (black dashed curve) . The 
specularity parameter obtained in this fitting analysis of the experimental 1<1. (p = 0.83) 
is also used to predict the values of the in-plane thermal conductivity " II as a function of 
temperature for sample JL156 (gTey dashed curve) [43]. The results of the calculations for 
1<1. and " II using p = 0 (completely diffuse interfaces) for the speculari ty parameter are also 
shown by the black and grey solid curves, respecti vely, for comparison. 
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ularityconstalltp=0.83,whichisconsistentwiththevalueofpobtainedforthe

GaAs/AIAssuperlatticesthatwasdiscussedin§4.3.3.Usingthisvalue(p=0.83)

forthespecularityconstant,thevaluesforthein-planethermalconductivityκIIof

thissuperlatticesample(JL156)arepredictedtobetwotofivetimeslargerthan

thoseforthecross-planethermalconductivityκ ⊥.Itisnotedagainthatsuchall

estimationofthein-planethermalconductivityforsuperlatticesamplesisstillina

developmentalstage.Amoreaccuratedeterminationoftheill-planethermalconduc-

tivityfortheSi/Geandothersuperlatticesystemsawaitsthedevelopmentofmore

detailedtheoreticalmodels,includinganaccuratedescriptionoftheeffectsofthe

threadingdislocationsfoundinthesuperlatticestructuresonthevalueoftheresul-

tantthermalconductivity(bothinthein-planeandinthecross-planedirections)of

thesuperlatticesamplesandthedevelopmentofseveralexperimentaltechniquesthat

candirectlymeasurethein-planethermalconductivityofthesuperlatticestocross

checkthemeasuredvaluesandthetheoreticallypredictedvaluesofthein-planeand

cross-planethermalconductivitiesofthesuperlatticesamples.

5.3 ConductionbandstructuresfbrbulkSiand

Geラandtheeffectofuniaxialstrainonthe

ValleyenergieS

Inthissection,wewilldiscusstheeffectoftheuniaxiallatticestrainontheenergyof

the△-and五 一valleysintheconductionbandofbulkSiandGe.Wewillthendiscuss

howtousesuchaneffecttooptimizethepropertiesofthesuperlatticestoachieve

enhancedvaluesofZ3DTinthesesllperlattices.

5.3.1 BandstructuresofbulkSiandGe

Figure5-6isaschematicdiagramshowingtheconductionbandstructuresforbulk

SiandGe.WefindthatSiandGehavethelowestconductionbandminimaatthe

△-point[apointbetweenrandXinFig.4-3(a)]andtheL-point[alsoseeFig4一
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ularity constant p = 0.83, which is consistent with the value of p obtained for the 

GaAs/ AlAs superlattices that was discussed in §4.3.3. Using this value (p = 0.83) 

for the specularity constant , the values for the in-plane thermal conductivi ty " 11 of 

thi s superl attice sample (JLl56) are predicted to be two to five t irnes larger than 

those for the cross-plane thermal conductivity " 1- . It is noted again that such an 

esti mat ion of the in-plane thermal conductivity for sllperl att ice samples is still in a 

developmental stage. A more accurate determination of the in-plane thermal cond uc

t ivity for the Si/Ge and other superlatt ice systems awaits the development of more 

detailed theoretical models, including an accurate description of the effects of the 

t hread ing dislocations found in the superlattice structures on the value of t he resul

tant thermal conchrctivity (both in the in-plane and in the cross-plane directions) of 

the superlattice samples and the development of several experimental techniques that 

can direct ly measure the in-plaue thermal conductivity of the superlattices to cross 

check the measured values and the theoretically predicted values of the in-plane and 

cross-plane thermal conduct ivities of the superlattice samples. 

5.3 Conduction band structures for bulk Si and 

Ge, and the effect of uniaxial strain on the 

valley energies 

In this section, we will discuss the effect of the uniaxial lattice strain on the energy of 

the b.- and L-valleys in the conduction band of bul k Si and Ge. We will then discuss 

how to use such an effect to optimize the properties of the superlattices to achieve 

enhanced values of Z3DT in t hese superlattices. 

5.3.1 Band structures of bulk Si and Ge 

Figure 5-6 is a schematic diagra.m showing the conduction band structures for bulk 

Si and Ge. Vie find t hat Si and Ge have the lowest conduction band minima at the 

b.-point [a point between r and X in Fig. 4-3(a,)1 and the L-point [a lso see Fig 4-
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Figure5-6:Schematicbanddiagramtoshowtherelativeenergiesbetweenthevarious

conductionbandminimaforbulkSiandGe.Theactualvaluesfbrtheconductionband

offset△ 、房§i-Ge(definedinthefigure)rangebetweenO.15andO.35eV,accordingtothe

magnitudeofthehydrostaticcomponentofthelatticestrain.(△E§i-Ge=0.25eVisused

f(〕rtheconductionbandoffsetinthecalculationshowninthischapter.)
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Figure 5-6: Schematic band diagram to show the relative energies between the various 
conduction band minima for bulk Si and Ge. The actual values for the conduction band 
offset L',.E~i -Ge (defined in the figure) range between 0.15 and 0.35 eV, according to the 
magnitude of the hydrostatic component of the lattice st rain. ( L',.E~i-Ge = 0.25 eV is used 
for t he cond uct ion band offset in t he calculation shown in this chapter .) 
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3(a)]illtheBrillouinzone,respectively.WhellanillterfaceiscreatedbetweellSi

andGe,thevaluefortheconductiollbandoffsetbetweelltheSi△-poilltalldthe

Ge、 乙一point(denotedby△ 五1§i-Ge)intheabsenceofuniaxialstrainrangesbetween

O.15eVtoO.35eV,dependingonthehydrostaticcomponentofthelatticestrainin

thesuperlattice[68].Inthepresentwork,weuseavalueofO.25eVfor△E§i-Ge.It

turnsoutthatthefinalresultsofthecalculatedvaluesforthethermoelectrictransport

coef丑cientsareratherinsensitivetothevalueof△ 五1§i-Geusedinthecalculation.Since

theprimarypurposeofthischapteristoinvestigatehowtheconceptofCarrierPocket

EngineeringappliestotheSi/Gesuperlatticesystem,wedidnottrytooptimizethe

valueusedfor△E§i-Geinourcalculations.

5.3.2 EffectofuniaxialstrainfortheL-and

Si/Gesuperlattices

△-valleysin

UniaxialstrainduetothelatticemismatchattheSi/Geinterfacesleadstoasplitting

oftheconductionbandsthataredegenerateintheabsenceofstrain[69].These

splittings(denotedas△E!valleyname>)areexpressedwithrespecttotheaverageband

position,whichisshiftedonlybythehydrostaticcomponentofthestrain.Whenthe

uniaxialstrainalongthe(001)directionisappliedtoaSiorGecrystal,asisrealized

ineachlayerofSiandGeina(001)orientedSi/Gesuperlattice,theconductionband

minimaatthe△-point(calledthe△-valleys)splitaccordingto(theenergyofthe

五.pointvalleyextremaisnotaffectedinthiscase)[69],

△E9・・÷(・ ⊥一・) (5.1)

△E9・ ・,… 一 一1⇒(・ ⊥一 ・II),(5・2)

wherethesuperscriptsto△ 五1、denotethealignmentdirectionforthepertinentvalley,

三分isthestraindeformationpotentialforthe△-valley(likewise,thenotation三 看is

usedtodenotethestraindeformationpotentialfortheL-valley),andc⊥(6)is

thecomponentforthelatticestraintensorperpendicular(parallel)totheinterface,
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3(a)] in the Brillouin zone, respectively. When an interface is created between Si 

and Ge, the value for the conduction band offset between the Si t.-point and the 

Ge L-point (denoted by t.E~; -Ge) in the absence of uniaxial strain ranges between 

0.15 eV to 0.35 eV, depending on the hydrostatic component of the lattice strain in 

the suped att ice [68]. In the present work , we use a, value of 0.25 eV for t.E~;-Ge. It 

turns au t that t he Ii nal results of the calcu lated values for the thermoelect ric transport 

coefficients are rather insensitive to the value of t.E~;-Ge used in the calculation. Since 

the primary purpose of t his chapter is to investigate how t he concept of Canier Pocket 

Engineering applies to the Si/ Ge superJattice system, we did not try to optimize the 

value used for t.E;!;- Ge in our calculat ions. 

5.3.2 Effect of uniaxial strain for the L- and ~-valleys III 

Si/Ge superlattices 

Unia'dal strain due to the lattice mismatch at the Si/Ge interfaces leads to a splitting 

of the conduction bands that are degenerate in t he absence of strain [69] . These 

splittings (denoted as t.E~,"lIey name» are expressed with respect to the average Land 

position, which is sh ifted only by the hydrostatic component of the strain. When the 

uniaxial strain along the (001) direction is applied to a Si or Ge crystal, as is realized 

in each layer of Si and Ge in a (001 ) oriented Si/Ge superlattice, the conduction band 

minima a t the t.-point (call ed t he t.-valleys) split according to (the energy of the 

L-point valley extrema is not affected in this case) [69], 

(5 .1 ) 

(5 .2) 

where the superscrip ts to t.Ec denote the alignment direction for the pert inent valley, 

~~ is the strain defOl'mation potential for the t.-valley (likewise, the notation :::t is 

used to denote t he strain deformation potential for t he L-valley) , and E1. (Ell) is 

t he component for the lattice stra in tensor perpendicular (parallel) to t he interface, 
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asdefinedbelow.Similarly,ullderulliaxialstrainalollgthe(111)direction,asis

realizedin(111)orientedSi/Gesuperlattices,theenergiesofthe△-pointvalleysare

notaffected,whiletheenergyofthe、L-pointvalleyssplitsaccordingto[69],

△E9・・÷(・ ⊥一 ・ll)(5・3)

△Er・ 即 一 ÷C(・ ⊥一 ・11)・(5・4)

Thevaluesforc⊥andcarecalculatedassumingthatthelaterallatticeconstant

(totheinterfaces)forthestrainedlayerisequaltothatofthesubstrate,wherea

linearinterpolationschemeisutilizedtodeterminethelatticeconstantforaSii_xGex

substrateviac⊥=(α ⊥ 一 αo)/αo,andcl1=(α 一 αo)/αo.Here,αoisthelattice

constantforthelayerintheabsenceoflatticestrain,andαll(takentobethelattice

constantforthesubstrateinthepresentcalculation)andα ⊥arethelatticeconstants

parallelandperpendiculartotheinterfaces,respectively,forthestrainedlayerunder

consideration[69].Inthepresentwork,thevaluesforα ⊥arecalculatedaccordingto

α⊥ 一 α・{1-D(αII/α ・-1)}, (5.5)

where、D=2(c12/c11)and、D=2(c11十2c12-2c44)/(c11十2c12十4c44)forthe(001)

and(111)orientedsuperlattices,respectively.Thevaluesfortheelasticconstantsc11,

c12,c44andotherparametersthatareusedinthepresentcalculationsaresummarized

inTable5.1.

5.4 TheoreticalpredictionofenhancedZ3DT

5.4.1(001)orientedSi/Gesuperlattices

ShowninFig.5-7(a)istheeffectoftheuniaxiallatticestrainonthepositionof

the△-valleyminimacalculatedforthe(001)orientedSi/Gesuperlatticesgrownon

(001)Sio.5Geo.5andon(001)Sisubstrates.Whenthesuperlatticeisgrownona
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as defined below. Similarly, under uniaxial strain along the (111) direction , as is 

realized in (111) oriented Si/Ge supel'lattices, the energies of the 6-point valleys are 

not affected, wh ile the energy of the L-point valleys splits according to [69], 

l'Elll _ ~~L( _ ) u c - 3~'" E1- Ell (5.3) 

(5.4) 

The values for E1- and El l are calculated assuming that the lateral lattice constant 

(II to the interfaces) for the strained layer is equal to that of the substrate, where a 

linear interpolation scheme is utilized to determine the lattice constant for a Sil_xGex 

substrate via E1- = (a1- - ao)/ao , and Ell = (all - ao)/ao· Here, ao is the lattice 

COllstant for the layer in the absence of lattice straill , and " II (taken to be the lattice 

constant for the substrate in the present calculation) and a1- are t he lattice constants 

parallel and perpendicular to the interfaces, respectively, for the stmined layer under 

consideration [691. In the present \Vork , the values for a1- are calculated according to 

(5.5) 

where D = 2 (CI2/Cn) and D = 2 (Cll + 2CI2 - 2C44 ) / (Cll + 2CI2 + 4 C44) for the (001) 

and (111) ori ented su perl attices, respectively. The values for the elasti c constants ell , 

C12, C44 and other parameters that are used in the present calculations are summarized 

in Table 5.1. 

5.4 Theoretical prediction of enhanced Z 3DT 

5.4.1 (001) oriented Si/Ge superiattices 

Shown in Fig. 5-7(a) is the effect of the uniaxial lattice strain on the position of 

the 6-valley minima calculated for the (001) oriented Si/Ge superlattices gTown on 

(001) Sio.aGeo.5 and on (001) Si substrates . When the superlattice is grown on a 
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Table5.1:ListofparametersusedinthepresentcalculationfbrSi/Gesuperlattices.

BandParameter Si Ge一
mt/ma
Mg/ma
bandminima

Nb

μ[cm2/V・s]c

κph[W/m・K]d

△E§i-Ge[eV]e

CIl

C12

C44

⇒[eV]

㌶[eV]

0.19

0.92

△

6

1350

7.3

0.082

1.59

五

4

3600

0.25

1.675

0.650

0.801

9.16

16.14

1.315

0.494

0.684

9.42

15.13

a)DatatakenfromRef .[87].

b)Numberofequivalentvalleys
.

c)Bulkcarriermobilitiesat300K .DatatakenfromRef.[87].

d)ValueofthelatticethermalconductivityusedinthepresentcalculationsfbrtheSi/Gesuperlat -

tices.Theexperimentalvalues丘)undintheliteraturearesomewhatsmallerthanthisvalue(see

Ref.[62]).Thus,theresultantvaluesforZ3DTobtainedinourcalculationareconservative.

e)ConductionbandoffsetbetweentheaveragepositionfbrSi△ -valleysandtheaveragepositionfor

Ge五 一valleys.Theliteraturevaluesfbr△E§i-GearebetweenO.15eVandO.35eV[68],depending

onthehydrostaticcomponentofthestrainintllesuperlattice.
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Table 5.1: List of pa.ra.meters used in the present calculation for Si/Ge superlatt ices . 

Band Parameter Si Ge 
ao [A]a 5.4307 5.6579 
1nt!17~ a 0.19 0.082 
rnt/'1n a 0.92 1.59 
band minima 6 L 
N b 6 4 
J.L [em2/V.s]C 1350 3600 
I\;ph [W/m ·K]d 7.3 
6E;ji- Ge [eV]e 0.2.'> 

Cll 1.675 1.315 

C12 0.650 0.494 
C44 0.801 0.684 

::::~ leV] 9.16 9.42 
::::~ leV] 16.14 15.13 

alData taken from Ref. [87]. 

b) Number of equivalent va11e,Ys . 
clBnlk carrier mobilities at 300 K. Data taken !i'om Ref. [87]. 

d)Vaiue of the laLLice Lherma.l conductivity ll'3ed in Lhe presenL calculatiolls for the Si/Ge superlaL
tices. The experimental values found in the literature are some,vhat smaller than this value (see 

Ref. [62]) . Thus, the resultant values for Z30T obtained in our calculation are conservative. 

e) Conduction band offset between the a.\'cra~c position for Si ~-va l1cys and the average position for 

Ge L-valleys. The literature values for tlE~i-Ge are between 0.15 eV and 0.35 eV [68], depending 

Oil the hydrostatic componellt of the straiu ill the superiattice. 

224 



(a)

一 一

0.29e 曇
L

Ge

on(001)Sio .5Geo.5

LSi△llGe/!!

△
Si

.11eV

△竜el
＼

＼

0.11eV

一〇.23eV

△Si/・ ・14eV

on(001)Si

(b)

● ● ●

0.36e

S
L

0.29e

iiLGe

ii

l△:

㌧一§L・Eニ0

on(111)Sio
.5Geo.5

峨,曙e

蜷e

0.24e

止1
…SevL(81

＼
＼

0.19eV
L
Si

e

の

G

亡

0.45eV

on(111)Si

Figure5-7:Conductionbandoffsetdiagramsfor(a)(001)and(b)(111)orientedSi/Ge

superlattices.Thebandoffsetsformedatthe△oo1-and△100,010-valleys(denotedby△

and△ ⊥ラrespectively)andatthe五111-and五111,111,111-valleys(denotedby五(のand五(o)ラ

respectively)areshownbytheblacksolidandtllegreydash-dottedlinesin(a)and(b),

respectively.Theleft,middle,andrightdiagramsdenotethebandoffsetsfortheunstrained

layers,fbrasuperlatticegrownonaSio .5Geo.5substrate,andfbrasuperlatticegrownona

Sisubstrateラrespectively.Thebandoffsetsatthe五 一and△-pointsintheBrillouinzoneare

alsoshownbytheblackdashedlinesinthelefthanddiagramsof(a)and(b)ラrespectivelyラ

f(〕rcomparison.
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F igure 5-7: Conduction band offset diagrams for (a) (~Ol ) and (b) (lll ) oriented SilGe 
superlatt ices. T he band offsets formed at t he t. 001 _ and t. lOO,OlOovalleys (denoted by t. 1I 

and t. .L, respectively) and at the L lll_ and {ITl,111,lIT_vaJleys (denoted by L (l) and L (o) , 

respectively) are shown by the black solid and the gTey dash-dotted lines in (a) and (b), 
respectively. T he left, middle, and r ight diagrams denote t he band offsets for t he unstrained 
layers, for a superlattice grown on a Sio.5 Geo.5 substrate, and for a superlattice grown on a 
Si substrate, respect ively. The band offsets at the L- and t.-points in t he Brillouin zone are 
also shown by the black dashed lines in the left hand diagrams of (al and (b), respectively, 
for comparison. 
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(001)Sio.5Geo.5substrate,theSialldGelayersexperiencetensilealldcompressive

stresses,respectively.Therefore,theellergyfortheGe(Si)△oo1-valleyisshifted

upward(downward)andtheGe(Si)△100,010-valleyisshifteddownward(upward),

whichmakestheeffectivebarrierheightlarger(smaller)forthequantumwellderived

fromthe△oo1-valley(△100,010-valley).Here,thesuperscripton△denotestheorien-

tationalongwhichthepertinentvalleyisaligned.Theresultingdensityofstatesfor

electrons,showninFig.5-8(a),iscalculatedfora(001)orielltedSi(20A)/Ge(20A)

superlatticegrownona(001)Sio .5Geo.5substrate,wherethethicknessesfortheSi

andGelayers(20A)arechosensothattheresultingoptimumvalueforZ3DTis

maximized.Itisnotedthatthequantumwellsforthe△-and、 乙一valleysareformed

intheSiandGelayers,respectively.Therefore,thereisapossibilityfortherealiza-

tionofthe"CarrierPocketEngineeringcondition"(§4.1)forthe(001)orientedSi/Ge

superlattice.However,forthisparticularcase,五 一pointcarriersmakeanegligiblecon-

tributiontothetransport,becausetheenergyforthe・L-pointsubbandedgeisvery

high(～200meVabovetheedgeofthesubbandderivedfromthe△100,010-valleys).

TheresultantZ3DTcalculatedwiththissuperlatticestructureisO.24at300K,which

israthersmall,althoughitismuchlargerthanthevalueofthecorrespondingZ3D7「

forbulkSi(Z3DT=0.014at300K).

Weproposethefollowingtwoapproachesthatcanbeusedtoincreasethevalues

ofZ3DTevenfurtherfortheSi/Gesuperlattices.Thefirstmethodistogrowthe

superlatticeona(001)orientedSisubstratesothattheeffectivebarrierheightfor

thequantumwellsderivedfromthe△oo1-valleywillbeenhancedduetothecom-

pressivestressontheGelayer[seetherighthanddiagraminFig.5-7(a)].Under

thesecircumstances,the△oo1-valleyand△100,010-valleysintheGelayerareshiftedto

higherandlowerenergies,respectively,becallseofthellniaxialstrainalongthe(001)

direction,whiletheSi△-valleysareleftdegenerate(sincetheSilayerisunstrained).

TheresultantdensityofstatesforaSi(20A)/Ge(20A)superlatticegrownona(001)

SisubstrateisshowninFig.5-8(b).Withthisdesignofthesuperlattice,thesubband

levelsassociatedwiththe△oo1-valleyandthe△100,010-valleys,respectively,stayvery

closetoeachotherinenergy,becausethelargeeffectivemassalongthe(001)direction
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(001 ) Sio.sGeo.5 substrate, the Si and Ge layers experience tensile and compressive 

stresses, respectively. Therefore, the energy for the Ge (Si) t,0Ol _valley is shifted 

upward (downward) and the Ge (Si) t, IOO,OIO_valley is shifted downward (upward), 

which makes the effective banier height larger (srna.!ler) for the quantum well derived 

from the t,oo' -valley (t, LOO,OlO_valley) . Here, the superscript on t, denotes the orien

tation along wh ich the pert inent va.l ley is aligned. The result ing density of states for 

electrons, shown in Fig. 5-8(a), is calculated for a (001) oriented Si(20 A)/Ge(20 A) 

superlattice grown on a (001) Sio.5Geo.5 substrate, where the thicknesses for the Si 

and Ge layers (20 A) are chosen so that the resulting optirnum value for Z3DT is 

maximized. It is noted that the quantum wells for the t,- and L-valleys are formed 

in the Si and Ge layers, respectively. Therefore, there is a possibili ty for the realiza

t ion of the "Carrier Pocket Engi neering condition" (§4.1) for the (001) oriented Si/Ge 

superlattice. However, for this particular case, L-point carriers make a negligible con

tribu t ion to the transport, because the energy for the L-point subband edge is very 

high (~200 meV above the edge of the subband derived from the t, LOO,OIO_valleys) . 

The resultant Z3DT cakulated wit h this superlattice structure is 0.24 at 300 K, which 

is rather small , although it is mud, larger than the value of the corresponding Z3DT 

for bulk Si (Z3D T = 0.014 at 300 K). 

"Ve propose t he following two approaches that can be used to increase t he values 

of Z3DT even further for the Si/Ge superlattices. The first method is to grow the 

superlattice on a (001) oriented Si substrate so that the effective barrier height for 

the quantum wells derived from the t,0ol _valley will be enhanced due to the com

pressive stress on the Ge layer [see the right hand diagram in Fig. 5-7(a)] . Under 

these circumstances, the t,0o'-valley andt" oo,olO-valleys in the Ge layer are shifted to 

higher and lower energies, respectively, because of the unia'lial strain along the (001) 

direction, while the Si t,-valleys are left degenerate (since the Si layer is unstrained). 

The resultant density of states for a Si(20 A)/Ge(20 A) superlat tice grown on a (001) 

Si substrate is shown in Fig. 5-8(b). With this design of the superlattice, the subband 

levels associated with the t,0ol_valley and the t" oo,olo_valleys, respectively, stay very 

close to each other in energy, becanse the large effective mass along the (001) direction 
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Figure5-8:Densityofstatesfbrelectronsin(001)orientedSi/Gesuperlatticesasafunction

ofenergyrelativetothe△-pointofbulkSicalculatedfbrthesubbandsderivedfromthe

△oo1-(solidcurve),△100,010-(dash-dottedcurve)and五 一(grey-solidcurve)pointvalleys:

(a)aSi(20A)/Ge(20A)superlatticegrownona(001)orientedSio.5Geo.5substrateり(b)

aSi(20A)/Ge(20A)superlatticegrownona(001)orientedSisubstrate.Thecalculated

valueofZ3DTasafunctionofthecarrierconcentrationisshownintheinsetofeachfigure.

ThechemicalpotentialくthatgivestheoptimumvahleofZ3DT(denotedbyZ3DTopt)isat

thebandedgeofthe△-subbandf()rboth(a)and(b).SeethecaptioninFig.5-7f()rthe

m・aning・fth・ ・ymb・1・ △ ま,△!iand五G,.
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Figure 5-S: Density of states for electrons in (001) oriented Si/Ge super latt ices as a function 
of energy relative to the il-point of bulk Si calculated for the subbands derived from the 
il001_ (solid curve), il '00,01O_ (dash-dotted curve) and L- (grey-solid curve) point valleys: 
(a) a Si (20 A)/Ge(20 A) superlatt ice grown on a (001 ) oriented Sio.5Geo.5 substrate, (b) 
a Si(20 A)/Ge(20 A) superlattice grown on a (001) oriented Si substrate. The calculated 
value of Z3DT as a function of the carrier concentration is shown in the inset of each figure. 
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(confinementdirection)forthe△oo1-valleyiscompensatedbythelargebarrierheight

whellformillgsubbandlevelsforthequantumwell.TheresultingvalueforZ3D7「

calculatedforthissuperlatticeisO.78at300K[seetheinsetofFig.5-8(b)]ラwhich

representsmorethanafactorofthreeenhancementrelativetothecorrespondingvalue

forZ3DTforthesuperlatticegrownona(001)Sio .5Geo.5substrate.Onedrawback

forthisdesignofthesuperlatticeisthatthesuperlatticeisnotstrain-symmetrized,

i.e.thelatticeconstantforafullyrelaxedSi(20A)/Ge(20A)superlattice,whichis

consideredtohavethesamelatticeconstantastheSio .5Geo.5alloy,isdifferentfrom

thelatticeconstantforthesubstrate(Siinthiscase).Thus,aSi(20A)/Ge(20A)

superlatticecanbegrownona(001)orientedSionlyuptoacertaincriticalthick一

ness(oftheorderoflotolooA)beforealargenumberofcrystallinedefectsand

dislocationsareintroduced,whenthesuperlatticeisfullyrelaxed.

5.4.2 (111)orientedSi/Gesuperlattices

ThesecondmethodthatcanbeusedtoincreasethevaluesofZ3D7「fortheSi/Ge

superlatticeistogrowthesuperlatticeinthe(111)direction[seeFig.5-7(b)forthe

conductionbandoffsetsforthe、L-valleys].Forasuperlatticegrowninthisway,the

subbandsderivedfromthe△-valleysofSiandGeremaindegenerateduetothe

symmetryonly.TheresultingvalueforZ3DTforthe(111)orientedSi(15A)/Ge(20

A)superlatticegrownona(111)orientedSio.5Geo.5substrateiscalculatedtobeO.98

at300K[seeFig.5-9(a)],whichisafactorof4enhancementrelativetothevalue

ofZ3DTcalculatedfora(001)orientedSi(20A)/Ge(20A)superlatticegrownon

a(001)orientedSio .5Geo.5sllbstrate.ItisnotedthatalthoughtheSi(15A)/Ge(20

A)superlatticedoesn,thaveacompletelystrain-symmetrizedstructure,sincedsi≠

dGe,where(/sianddGearethicknessesfortheSiandGelayers,respectively,the

correspondingvaluesforZ3DTcalculatedforacompletelystrain-symmetrized(111)

orientedSi(20A)/Ge(20A)superlatticearefoundtohavesimilarvaluestothosefor

theSi(15A)/Ge(20A)superlattice(see§5.4.3).

AnevenlargervalueofZ3D7「isexpectedifthesllperlatticeisdesignedinsuch

awaythatthesubbandsderivedfromthe△-valleysandthe、 乙111,111,111-valleysstay
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(confinement direction) for the fl. DOl _valley is compensated by the large barrier height 

when forming subband levels for the quantum well. The result ing value fo r Z3DT 

calculated for this superlat tice is 0. 78 at 300 K [see the inset of F ig. 5-8(b)], which 

represents rnore than a factor of three enhancement relative to the corresponding value 

for Z30T for the superlattice grown on a (001) Sio.sGeo.5 subst rate. One drawback 

for thi s design of the superlattice is that t he superlatt ice is not strain-sYl11metri 7,ed , 

i.e. the lattice constant for a fully relaxed Si(20 A)/Ge(20 A) superlattice, which is 

considered to have the same lattice constant as the Sio.5Geo.5 alloy, is different from 

t he lattice constant for the substrate (Si in thi s case) . T hus, a Si(20 A)/Ge(20 A) 

superlattice can be grown on a (001) oriented Si only up to a certain cri t ical th ick

ness (of the order of 10 to 100 A) before a large mnnber of crystalline defects and 

dislocations are introduced, when the superlattice is fully relaxed. 

5.4.2 (111) oriented Si/ Ge superiattices 

T he second method that can be used to increase the values of Z30T for the Si/Ge 

superlattice is to grow the superlattice in t he (Ill) direction [see Fig. 5-7(b) for the 

conduction band offsets for the L-va ll eys]. For a superlattice grown in this way, t he 

subbands derived from the fl.-valleys of Si and Ge remain degenerate due to the 

symmetry only. The result ing value for Z30T for the (111) oriented Si(15 A)/Ge(20 

A) superlattice grown on a (111) oriented Sio.5Geo.s subst rate is calculated to be 0.98 

at 300 K [see Fig. 5-9(a)], which is a factor of 4 enhancement relative to the value 

of ZonT calculated for a (001) oriented Si(20 A)/Ge(20 A) superlattice gTown on 

a (001) oriented Sio.5Geo .. , substrate. It is noted t hat although the Si(15 A)/Ge(20 

A) superlattice doesn't have a completely strain-symmetrized structure, since dSi # 
dGe , where dS i and dGe are thicknesses for the Si and Ge layers, respectively, the 

correspond ing values for Z30T calculated for a completely strain-symmetrized (111) 

oriented Si(20 A)/Ge(20 A) superlattice are found to have similar values to those for 

the Si(15 A)/Ge(20 A) superlattice (see §5.4.3) . 

An even larger value of Z3DT is expected if the superlatt ice is designed in such 

a lVay that the subbands deri ved from the fl.- valleys and the L'",TiI,ll1_valleys stay 
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Figure5-9:Densityofstatesfbrelectronsin(111)orientedSi/Gesuperlatticesasafunction

ofenergyrelativetothe△-pointofbulkSicalculatedfbrthesubbandsderivedfromthe

五111-(greydash-dottedcurve),五111,111,111-(greysolidcurve),and△ 一(solidcurve)point

valleys:(a)aSi(15A)/Ge(20A)superlatticegrownona(111)orientedSio.5Geo.5substrateラ

(b)aSi(15A)/Ge(40A)superlatticegrownona(111)orientedSisubstrate.Thecalculated

valueofZ3DTasafunctionofthecarrierconcentrationisshownintheinsetofeachfigure.

ThechemicalpotentialくthatgivestheoptimumvahleofZ3DT(denotedbyZ3DTopt)isat

thebandedgeofthe△-subbandf()rboth(a)and(b).SeethecaptioninFig.5-7f()rthe

m・aning・fthe・ymb・1・ △si,五 島)and五 留.
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veryclosetoeachotherinellergy.Thissituationisconceptuallyrealizedbygrowinga

Si(15A)/Ge(40A)superlatticeontopofa(111)orientedSisubstrate[seeFig.5-7(b)

(therighthanddiagram)andFig.5-9(b)forthebandoffsetsandresultingelectronic

densityofstatesasafunctionofenergy,respectively].SincetheGelayersinthis

superlatticearecompressivelystrainedwhiletheSilayerisunstrained,onlytheGe

五一pointvalleysaresplitintoa・ 乙111-valley(higherinenergy)and・ 乙111,111,111-valleys

(lowerinenergy).TheresultiIlgvalueforZ3DTcalculatedforthisstructureis1.25,

whichisafactorof丘veenhancementrelativetothecorrespondingvalueofZ3DTfor

theSi(20A)/Ge(20A)superlatticegrownona(001)orientedSio .5Geo.5substrate.

Itshouldbenotedthatthegrowthofsuchanon-symmetrizedsuperlatticeisnot

yetpossiblewiththecurrentMBEtechnology.Therealizationofsuchsuperlattices

awaitsfuturedevelopmentsinmaterialscience.

5.4.3 TemperaturedependenceofZ3DT

ItisofpracticalinteresttoseehowthevalueofZ3DTincreasesasthetemperature

isincreased.ShowninFig.5-10isthecalculatedvalueforZ3DTasafunctionof

　 　
temperatureforastrain-symmetrized(001)orientedSi(20A)/Ge(20A)superlattice

grownona(001)orientedSio.5Geo.5substrateaswellasforastrain-symmetrized

(111)orientedSi(20A)/Ge(20A)superlatticegrownona(111)orientedSio.5Geo.5

substrate.Thecalculationwasmadeassuminga7「-ydependenceforthevalueofμ

withy=1(empiricalresultforbulkSi)andy=1.5(acousticphonondeformation

potentialscattering),whereμistheelectronmobility.Wealsoassumethatthevalue

ofκphfortheSi/Gesuperlattices(seeTable5.1)isconstantwithtemperature,since

thelengthforthephononmeanfreepath4islimitedbythethicknessesoftheSiand

Gelayers.InFig.5-10,wefindthatthevalueofZ3DTincreasessignificantlyasthe

temperatureisincreasedforthestrain-symmetrized(111)orientedSi(20A)/Ge(20A)

superlattice,sothatZ3DTN1.5ispredictedat～600Kforsuchasuperlattice.

Ittllrnsoutthat(see§5.6-§5.9andChapter6),thedominantscatteringmecha-

nismforanactllal(001)orientedSi(20A)/Ge(20A)superlattice(forn>1×1018cm-3)

isionizedimpurityscattering.Althoughionizedimpurityscatteringhasaneffectof
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very close to each other in energy. T his situation is conceptually realized by growing a 

Si(15 A)/Ge(40 A) superlattice on top of a (Ill) oriented Si substrate [see Fig. 5-7(b) 

(the right hand diagTam) and Fig. 5-9(b) for the band offsets and resulting electronic 

density of states as a fun ction of energy, respectively]. Since the Ge layers ill th is 

superlattice are compressively strained whi le the Si layer is ullstrained, only the Ge 

L-point valleys are spli t in to a L"I_vaHey (higher in energy) and { lll,lll.IU_vaJleys 

(lower in energy) . The resulting value lor Z3DT calculated for this structure is 1.25, 

which is a factor of five enhancement relative to the corresponding value of Z3DT for 

t he Si(20 A)/Ge(20 A) superlattice grown on a (001) oriented Sio.5Geo.5 substrate. 

It should be noted that the growth of such a non-symmetrized superlatt ice is not 

yet possible with the current lvIBE technology. The realization of such superlattices 

awaits fu ture developments in material science. 

5.4.3 Temperature dependence of Z3DT 

It is of prac:tical interest to see how th e value of Z3DT increases as the temperature 

is increased. Shown in Fig. 5-10 is the calculated value lor Z3DT as a function of 

temperature for a strain-symmetrized (001) oriented Si(20 A)/Ge(20 A) superlattice 

grown on a (001) oriented Sio.5Geo.5 substrate as well as for a strain-symmetrized 

(111) oriented Si(20 A)/Ge(20 A) superlattice grown on a (111) oriented Sio.5Geo.5 

subst rate. T he calculation was made assuming a T - v dependence for t he val ue of /l 

with 1/ = 1 (empirical result for bulk Si) and /) = 1.5 (acoustic phonon deformation 

potential scattering), where fl is the electron mobility. We also assume that the value 

of 1I:ph for the Si/Ge superlattices (see Table 5.1) is constant with temperatme, since 

the length for the phonon mean £r·ee path e is limited by the thicknesses of the Si and 

Ge layers. In Fig. 5-10, we find that the value of Z3DT increases significantly as the 

tempera.ture is increased for the strain-symmetrized (111) ori ented Si (20 A) / Ge(20 A) 

superlattice, so that Z3DT ::= 1.5 is predicted at ~600 K for such a superlattice . 

It turns out that (see §5.6-§5.9 and Chapter 6), the dominant scattering mecha

nism fora.n actual (001) oriented Si(20 A)/Ge(20 A) superlattice (for n > 1x10'8 cm-3) 

is ionized impuri ty scattering. Altho ugh ioni zed impuri ty scatrering has an effect of 
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F igure 5-10: Calculated values lor the optimized Z3DTs lor the strain-syrruuetrized (001 ) 
oriented Si(20A)(Ge(20A) superlat tices grown on a (001 ) oriented Sio.5GeO.5 substrate 
(dashed curves) and for the strain-symmetrized (111) oriented Si(20A)(Ge(20A) super
lat tices grown on a (111) oriented Sio.5Geo.5 substrate (solid curves) . The temperature 
dependence for It("-ph is taken to be T -1.5 (grey Clu·ves) and T - 1 (solid curves). 
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increasingthevalueoftheSeebeckcoef丑cientthroughits7～ 五フ3/2depelldenceforthe

relaxationtime・ τforelectrons,whereEistheenergyoftheelectrollsmeasuredfrom

thepertinentbandedge,italsohasaneffectofreducingthevalueofcarriermobility

μrelativetothevaluesobtainedwithoutionizedimpurityscatteringasrealizedin

lightlydopedorundopedsamples(η<1×1017cm-3).InChapter6,wewillseethat

theeffectofionizedimpurityscatteringshouldbegreatlyreducedbyintroducingthe

δ一alldmodulationdopillgschemestodopecarriersintothesuperlattices.

5.5 Experimentalprocedureanddescriptionofsam一

ples

In§5.5.1,wedescribethedesignofoursamplesthatareusedforourexperimental

proof-of-principlestudy(§5.6§5.9)totestthebasicconceptdevelopedin§5.4.We

willthenexplainhowourexperimentsareperformedusingthesesamplesin§5.5.2,

whoseexperimentalresultsareshownin§5.6-§5.9,laterinthischapter.

5.5.1 Descriptionofsamples

　 　
Highquality(001)orientedSi(20A)/Ge(20A)superlatticesamplesthatareusedfor

theexperimentalproofLof-principlestlldyinthischapterwerefabricatedbyDr.J.L.Lin

inthegroupofProf.K.L.WangatUCLA.Thesesamplesaregrownbythemolecular-

beamepitaxy(MBE)techniqueusingaSi1_xGe必gradedbufferlayerontopofa(001)

orientedSiorSOI(Si-on-insulator)substrate,wheretheGecompositionxisgrad-

uallyincreasedfromOtoO.5acrossthethickness(1-2μm)ofthebufferlayer(see

Figs.5-11and5-12).

ThestructuresofthesesamplesareschematicallydrawninFigs.5-11and5-12,

whereonesetofsamples(JL167andJL169)aregrownontopof(001)orientedSi

substrates(seeFig.5-11)andtheothersetofsamples(JL193,JL194,JL197and

JL199)aregrownontopof(001)orientedSOI(Si-on-insulator)substratesusing

thinnerbufferlayersthanthosellsedforsamplesJL167andJL169(seeFig.5-12).
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increasing t he val ue of the Seebeck coefficient through its T ~ E 3/ 2 dependence for the 

relaxation time T fo r electrons, where E is the energy of the electrons measured from 

the pertinent band edge, it also has an effect of reducing the value of carrier mobili ty 

J], relat ive to the values obtained without ionized impurity scattering as realized in 

lightly doped or undoped samples (n < 1 X 1017 cm- 3) . In Cha,pter 6, we will see tha t 

the effect of ionized impuri ty scattering should be greatly reduced by introducing t he 

6- and modulation doping schemes to dope carriers into the superlattices , 

5.5 Experimental procedure and description of sam

ples 

In §5,5,1 , we describe the design of our samples t hat are used for our experimental 

proof~of~principle study (§5,6 §5 ,9) to test the basic concept developed in §5.4, We 

will then explain how our experi rnellts are performed using these samples in §5 ,5,2, 

whose experimental results are shown in §5 ,6- §5 ,9, later in this chapter. 

5.5.1 Description of samples 

High quali ty (001 ) oriented Si(20 A)jGe(20 A) superlattice samples tha t are used for 

t he experi mental proof-of- principle study in t his chapter were fabricated by Dr. J , 1. Lin 

in the group of P rof. K. L, Wang at UCLA. T hese samples are groWll by t he molecular

beam epi tiL'<y (IVIBE) technique us ing a Si1_xGex graded buffer layer on top of a (001) 

oriented Si or SOl (Si-on-insulator) substrate , where the Ge composition x is grad

ually increased from 0 to 0,5 across the thickness (1-2 J],m) of the buffer layer (sec 

F igs, 5-11 and 5-12) , 

T he structures of these samples a re schematica lly draw n in Figs, 5-11 and 5-12, 

where one set of samples (JU G? and JL1G9) are gTolVn on top of (001) oriented Si 

substrates (see F ig, 5-11) and the other set of samples (JL193, JL194, J L19? and 

JL199) are grown on top of (001) oriented sor (Si-on-insulator) substrates using 

thinner buffe r layers than those used fo r samples JL167 and JU69 (see Fig, 5-12) , 
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Structurefor(001)Si(20A)/Ge(20A)SLs

grownon(001)orientedSisubstrate
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Si(20A)
Ge(20A)

Sio
.5Geo.5(0.5μm)

Si1 .xGeXgradedbufferIayer

x=0→0.5(2μm)

p-Si(001)

p-Si(001)=

」

×100periods

←undoped

←
unintentionallydoped
bytheresidualSb

imurities

JL167=n+～1×1019cm-3

JL169=n+>1×1019cm-3

n-一 一1012-1013cm-3

Figure5-11:AschematicdiagramtoshowthesamplestructurefbrtheSi(20A)/Ge(20A)

superlatticesgrownon(001)orientedSisubstrates(samplesJL167andJL169).These

superlatticesamplesweregrownbyDr.J.LLiuatUCLA.Thedopantconcentrations

(denotedbyn+)fbrthesesamplesareapproximately1×1019cm-3ラbutthen+fbrsample

JL169issupposedtobelligherthanthatfbrsampleJL167.The(001)Sisubstrateatthe

bottomofthefigureisslightlyp-typedoped@一 ～1012-1013cm-3).SincetheSi1_xGex

(x:0→0.5)gradedbufferlayerisslightlydopedn-typeduetotheresidualSbsurfactant

impurities,apn-junctionisfbrmedattheinterfacebetweentheSi1_xGex(x:0→0.5)

gradedbufferlayerandthe(001)orientedp-typeSisubstrate,whichshouldprovidegood

electricalinsulationbetweenthefilm(superlattice十bufferlayer)andthesubstrate.See§5.6

f(〕rtheexperimentalresultsonthevarioustransportcoef丑cientsfbrthesesamples.
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Structure for (001) Si(20 A)/Ge(20 A) SLs 
grown on (001) oriented Si substrate 

~g:~ Si (20 ~ i1 ~g::::E Ge (20) 100' d 
Sb: x peno S 

s~ J ::::: ~ , 
-> Si (20 A) Sb+ 

Sb+ 
Sb 

-> 
-> 
-> 
-> 

-> 

pn -junct ion 
-> 

Ge (20 A) 

SiO.5GeO.5 (0.5/-lm) 

Si,_,Ge, graded buffer layer 

x: O~0 . 5 (2~lm) 

p-Si (001) 

~ undoped 

unintentionally doped 
<- by the residual Sb 

impurities 

JL 167: n+-1 x 10 '9cm-3 

JL169: n+> 1x 10 '9Cm-
3 

- 12 13 - 3 
p-Si (001): n -10 -10 cm 

F igure 5-11: A schemati c diagram to show the sample structure for the Si(20 A)jGe(20 A) 
superlattices grown on (001) oriented Si substrates (samples JL167 and JL169). These 
superlattice samples were grown by Dr. J. L. Liu at UCLA. The dopant concentrations 
(denoted by n+) for these samples are approximately 1x lO 19 cm- 3 , but the n+ for sample 
JL169 is supposed to be higher than that for sample JL167. The (001) Si substrate at the 
bottom of the figm'e is slightly p-type doped (n - ~ 1012_1013 cm- 3 ) . Since the Si '-xCex 
(x : 0 -+ 0.5) gTaded buffer layer is slightly doped n-type due to the residual Sb surfactant 
impurities , a pn-junction is formed at the interface between the S;'_xCex (x : 0 -+ 0.5) 
graded buffer layer and the (001) oriented p-type Si substrate, wbich sbould provide good 
electrical insulation between the film (superlattice+buffer layer) and the substrate. See §5.6 
for the experimental results on the various transpor t coefficients for these samples. 
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Structurefor(001)Si(20A)/Ge(20A)SLs
grownonSi-on-insulator(SOl)substrate

=
;
=瀦

Si(20A)
Ge(20A)

=

Si20A
Ge20 )

×100periods

(×25periods

onlyforJL193)

SiGe
O.50.5 (0.3μm) ←undoped

Sb+→

Si1-xGeXgradedbufferlayer

x=0→0.5(1μm)

←

unintentionallydoped

bytheresidualSb

impurities

001 SOl 1800ASi
insulator

→ (3800ASio2)
JL193

JL194

(001)Sisubstrate
JL197

JL199

n+～2×1019cm-3

n+～2×1019cm-3

n+～4-5×1018cm-3

n+～1-2×1018cm-3

Figure5-12:AschematicdiagramtoshowthesamplestructurefbrtheSi(20A)/Ge(20A)

superlatticesgrownon(001)orientedSOI(Si-on-insulator)substrates(samplesJL193,

JL194,JL197andJL199).ThesesuperlatticesamplesweregrownbyDr.J.L.Liuat

UCLA.Thedopantconcentrations(denotedbyn+)fbrtllesesamplesareintherangebe-

tween1×1018cm-3and2×1019cm-3.Thesesamplesareprovidedtoavoidtheeffectof

thevalueof-Sshootingupbelow200Kasdiscussedin§5.6.2.ASOI(Si-on-insulator)

substrateiscomposedof1800Aofa(001)orientedSilayerontopofa3800ASiO21ayerラ

wheretheSiO21ayerisgrownontopofthe(001)orientedSisubstrateaswell.This3800

ASiO21ayershouldprovideperfectelectricalinsulationbetweenthefilm(thelayersabove

the1800ASilayerintheabovefigure)andthe(001)orientedSisubstrateunderneaththe

3800ASiO21ayer.Inadditon,a3800ASiO21ayerisconsideredtoprovidegoodthermal

insulationbetweenthefilmandsubstrateaswellりasdiscussedin§5.6.2and§5.7.2.See§5.7

f()rtheexperimentalresultsonthevarioustransportcoef丑cientsfbrthesesamples.
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Structure for (001) Si(20 A)/Ge(20 A) SLs 
grown on Si-on-insulator (SOl) substrate 

~g:=:l Si (20 ~ i 1 
~g,~ Ge (20 ) 100 ' d 
Sb:~ x pena S 
~g: J (x25 periods 

:::! '" -r 
~ Si (20 A) ~ 

~g, only for JL 193) ~ 

Ge (20 A) ~ 

~ 

Sb' ~ 

insulat or 
~ 

SiosGeo.s (0.3f-lm) 

Si,_,Ge, graded buffer layer 

x: 0~0 . 5 (1f-lm) 

(001) SOl (1800 A Si) 

(3800 A Si02 ) 

(001) Si substrate 

~ undoped 

unintentionally doped 
~ by the residual Sb 

impurities 

JL 193: n+-2x 10'9cm -3 

JL 194: n' -2x 10'9cm - 3 

JL197: n+-4-5x 1O '8cm-3 

JL 199: n' -1-2x 10 ' 8cm-3 

F igure 5-12: A schcmatic diagram to show the sample structure for the Si(20 A)jGc(20 A) 
supcrlattices grown on (001) oriented SOl (Si-on-insulator) substrates (samples JL193, 
JL194, JL197 and JL199). These superlatt ice samples were grown by Dr. J . L. Liu at 
UCLA. The dopant concentrations (denoted by n+) for these samples are in the range be
tween 1x 1018 cm-3 and 2x1019 cm-3• These samples a.re provided to avoid the effect of 
the value of - 5 shooting up below 200 K as discussed in §5.6.2. A SOl (Si-on-insulator) 
substrate is composed of 1800 A of a (001) oriented Si layer on top of a 3800 A Si02 layer , 
where the Si02 layer is grown on top of the (001) oriented Si substrate as weU. This 3800 
A Si02 layer shou ld provide perfect electrical insulation between the fi lm (the layers above 
the 1800 A Si layer in the above figure) and the (001) oriented Si substrate underneath the 
3800 A Si02 layer. In addi ton, a 3800 A Sial layer is considered to provide good thermal 
insulation between the fi lm and substrate as weU, as discussed in §5.6.2 and §5.7.2. See §5.7 
for the experimental results on t he various transport coefficients for t hese samples. 
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Forbothsetsofsamples,theactualSi(20A)/Ge(20A)superlatticesaregrownontop

ofanundopedSio .5Geo.5bufferlayer(0.3-0.5μminthicklless)thatisgrownontopof

theSi1_xGex(灘:0→0.5)gradedbufferlayermentionedabove.ShowninFig.5-13

areexamplesofthecross-sectionalTEMmicrographsforthesesamples(thesespeci丘c

picturesaretakenforsampleJL167),whichshowhighcrystallinequalityforthese

samplesandatomicallysharp,andfiatinterfacesattheSi/Geboundaries.

Thefabricationprocessesforthesesuperlatticesarebrieflyexplainedasfollows.

First,alayerofSi1_xGex(x:0→0.5)gradedbufferlayerisgrownontopofa(001)

orientedSiorSOI(Si-on-insulator)substrateusingSb(antimony)asasurfactant

(usingthesurfactant-mediatedgrowthtechnique)[86].TheSi1_xGex(x:0→0.5)

gradedbufferlayergrowninthiswaytypicallyhasaverysmallthreadingdislocation

density(1.5×104cm-3)andhasatomicallysmoothsurfaces,whosesurfaceroughness　
isestimatedtobe20AfromanumberofAFMstudies(20μm×20μminarea)for

similarlygrownsamples[86].Second,ahomogeneous,lmdopedSio .5Geo.5bufferlayer

(0.3-0.5μminthickness)isgrownontopoftheSi1_xGex(x:0→0.5)gradedbuffer

layer.ItisnotedthatasheetofSbimpurities,thatwereusedasasurfactantfor

thegrowthoftheSi1_xGex(x:0→0.5)gradedbufferlayer,remainattheinterface

betweentheSi1_xGex(x:0→0.5)gradedbufferlayerandtheundopedSio .5Geo.5

bufferlayer,whereasnosurfactantisusedforthegrowthoftheundopedSio.5Geo.5

homogeneousbufferlayer.TherearethefollowingtworolesfortheundopedSio .5Geo.5

homogeneousbufferlayer:(1)SincetheSbsurfactantimpuritiesthatareusedforthe

growthoftheSi1_xGex(x:0→0.5)gradedbufferlayeractasann-typedopant,an

undopedSio .5Geo.51ayerisnessesarytoestablishgoodelectricalisolationbetweenthe

gradedbufferlayerandthesuperlatticepartofthesample.(2)Sincethetopsurface

oftheSi1_xGex(x:0→0.5)gradedbufferlayerishighlystrainedduetotherapid

(thoughcontinuous)changeinthelatticeconstantacrossthethicknessofthebuffer

layer,anadditionallayerofhomogeneousSio .5Geo.5(0.3-0.5μminthicknes)isneeded

toobtaina(001)surfaceofSio .5Geo.5thatisfullyrelaxedthroughthelatticestrain

forthegrowthofstrain-symmetrized(001)orientedSi/Gesllperlattices.Finally,

structuallystrain-symmetrizedSi(20A)/Ge(20A)superlattices[with100periods,
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For both sets of samples, the actual Si(20 A)/Ge(20 A) superlattices are grown on top 

of an undoped Sio.5Geo.5 buffer layer (0.3-0.5 J.tm in thickness) that is grown on top of 

the Si1_ x Ge" (.x : 0 -+ 0.5) graded buffer layer mentioned above. Shown in Fig. 5-13 

are exarnples of t he cross-sectional TEM microgTaphs for these samples (these specific 

pictures are taken for sample JL167) , which show high crystalline quality for these 

samples and a tomicall y sharp, and Bat in terfaces at the Si/Ge boundaries. 

The fabrication processes for these superiattices are briefiy explained as follows. 

First, a layer of Si' - xGex (.x : 0 -+ 0.5) graded buffer layer is grown on top of a (001) 

oriented Si or SOl (Si-orl-insulator) subst rate using Sb (antimony) as a surfactant 

(using the surfactant-mediated growth techn ique) [861 . T he Si1_xGex (x : 0 -+ 0.5) 

graded buHer layer grown in this way typically has a very small threading dislocation 

density (1.5 x 104 cm- 3
) and ha.s atomically smooth surfaces, whose surface roughness 

is est imated to be 20 A from a number of AFM studies (20 J.tm x 20 ,all in area) for 

sirnilariy grown samples [861. Second, a homogeneous, undoped Sio.5Geo.5 buffer layer 

(0.3-0.5 J.tm in thickness) is grown on top of the Si1_ x Gex (x : 0 -+ 0.5) graded bufler 

layer. It is noted that a sheet of Sb impurities, that were used as a smfactant for 

the growth of t.he Si'_xGex (x : 0 -+ 0.5) graded buffer h yer, remain at the iJlt.erface 

between t he Si1_xGex (x : 0 -+ 0. 5) graded buffer layer and the undoped Sio.5Geo.5 

buffer layer, whereas no surfactant is used for the growth of the ulldoped Sio.5Geo .. , 

homogeneous buffer layer. There are the following two roles for the undoped Sio.5Geo.5 

homogeneous buffer layer: (1) Since the Sb surfact ant impurities that are used for the 

growth of the Si1_xGex (x : a -+ 0.5) graded buffer layer act as an n-type dopant , an 

undoped Sio.sGeo.s layer is nessesary to establish good electrical isolation between the 

graded buffer layer and the superlattice part of t he sample. (2) Since the top surface 

of the Si1- xGex (x : 0 -+ 0.5) graded buHer layer is highly strained due to the rapid 

(though continuous) change in the lattice constant across the thickness of the buffer 

layer, an additiouallayer of hOIIlogeneous Sio.5Geo.5 (0 .3-0.5 J.t IIl in thicknes) is needed 

to obtain a (001) surface of Sio.5Geo.5 that is fully relaxed through the lattice strain 

for the growth of strain-symmet rized (001) oriented Si/ Ge superlattices. Finally, 

structually strain-symmetrized Si(20 A)/Ge(20 A) superlattices [with 100 periods, 
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Figure5-13:TEM(transmissionelectronmicroscope)cross-sectionalmicrographsfora

(001)orientedSi(20A)/Ge(20A)superlatticegrownonaSiGegradedbufferlayerontop
ofa(001)orientedSisubstrate(sampleJL167),showing(a)awideareaofthecrosssection

and(b)ahigh(atomic)resolutionimage.TEMimagesshownherewereproducedby
Dr.T.RadeticinthegroupofProf.R.GronskyintheUniversityofCalifbrniaatBerkeley.
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(a) 

Figure 5-13: TEN! (transmission electron microscope) cross-sectional micrographs for a 
(~Ol) oriented Si(20 A)/Ge(20 A) superiattice grown on a SiGe gTaded buffer layer on top 
of a (001) oriented Si substrate (sample JL167), showin!?; (a) a wide area of the cross section 
and (b) a high (atomic) resolution image. TEM images shown here were produced by 
Dr. T. Radetic in the group of Prof. R. Gronsky in the University of California at Berkeley. 
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exceptforsampleJL193,whereonly25periodsoftheSi(20A)/Ge(20A)layers]

weregrowllontopoftheulldoped(001)orientedSio .5Geo.5bufferlayer.

　 　
ThegrowthtemperaturefortheSi(20A)/Ge(20A)layersischosentobe500

0CforsamplesJL167andJL169 .Thegrowthtemperatureusedforthegrowthof

Si(20A)/Ge(20A)layersinmorerecentsamples(JL193,JL194,JL197andJL199)

isreducedto350。CtoprovidesharperSi/Geinterfacesinthesuperlatticebymini-

mizinginterdiffusionproblems.

ThesamplesprovidedtousbytheUCLAgrouparehomogeneouslydopedthrough-

outthewholethicknessoftheSi(20A)/Ge(20A)superlatticepartofthesample

duringthegrowthprocess.Thedopinglevelsofthesamplesareintherangebetween

1×1018cm-3and2×1019cm-3,whereSbimpuritiesareusedasann-typedopant.In

thefuture,effortsshouldbeexpendedexperimentallyonusingδ 一and/ormodulation

dopingoftheSi/Gesuperlattices,sincethevaluesofZ3DTforthesamplesthatareδ 一

〇rmodulation-dopedintheGelayersarepredictedtobesigni丘cantlyenhancedrel-

ativetothevaluesofthecorrespondingZ3D7「forthehomogeneouslydopedsamples

aswediscussinChapter6.

5.5.2 Experimentalprocedure

Themeasurementsofvarioustransportcoef丘cients[electricalconductivity(denoted

byσ),Seebeckcoefficient(denotedbyS)andHallcarrierdensity(denotedby7zHall)]

forthesamplesdescribedin§5.5.1areperformedusingahome-mademulti-purpose

probethatisspeciallydesignedfortransportmeasurements(seeFig.5-14),inthe

temperatllrerangebetween4.2Kand400K.Onsomeoccasions,aQuantllmDesign

SQulDmagnetometer(systemsMPMS2andMPMSxL),equipPedwithacustom-

madeprobespeciallydesignedfortransportmeasurements,wasalsousedforour

convenienceinmakingthemeasurements.

Forallthetransportmeasurements,electricalcontactsweremadewithSb(5%)

dopedIn(indium)solderllsinganordinarysolderingironbetweenthesampleand

thegoldwireleads(orthermocouplejunctions).Theelectricalcontactsmadeinthis

wayshowanohmicbehaviorintheirI-Vcharacteristicswithacontactresistance
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except for sample .11193 , where only 25 periods of the Si (20 A)/Ge(20 A) layers] 

were grown on top of the undoped (001) oriented SiD.5GeD.5 buffer layer. 

T he gTowth temperature for the Si(20 A)/Ge(20 A) layers is chosen to be 500 

' C for samples JL167 and JL169. The growth temperature used for the growth of 

Si(20 A)/Ge(20 A) layers in more recent samples (JL193, JL194, JL197 and JL199) 

is reduced to 350 ' C to provide sharper Si/Ge in terfaces in the superl attice by mini

mizing interdiffusion problems. 

The samples provided to us by the UCLA group are homogeneously doped through

out the whole thickness of t he Si(20 A)/Ge(20 A) superlattice part of the sample 

during the growth process. The doping levels of the samples are in the range between 

l x lO l 8 cm-3 and 2x lO l9 cm-3 , where Sb impurities are used as an n-type dopant. In 

the future, efforts should be expended experimentally on using 0- and/or modulation 

doping of the Si/ Ge superlattices, since the values of Z3DT for the samples that are 0-

or modulation-doped in the Ge layers are predicted to be significantly enhanced rel

ati ve to the values of the corresponding Z3DT for the homogeneously doped samples 

as we discuss in Chapter 6. 

5.5.2 Experimental procedure 

The measurements of various transport coefficients [electrical conductivity (denoted 

by CT) , Seebeck coeffi cient (denoted by S) and Hall carrier density (denoted by 'IlHall)] 

for t he samples described in §5.5.1 are performed using a home-made multi-purpose 

probe that is specially designed for transport measurements (see Fig. 5-14) , in the 

temperature range between 4.2 K and 400 K. On some occasions, a Quantum Design 

SQUID mag11etomet er (systems MPlvlS2 and :\lIPMS.u ) , equipped with a custom

made probe specially designed for transport measurements, was also used for our 

convenience in making the measurements. 

For all the transport measurements, electrical contacts were made with Sb (5%) 

doped In (indium) solder using an ordinary soldering iron between the sample and 

t he gold wire leads (or thermocouple junctions) . The elect rical contacts made in this 

way show an ohmic behavior in their I-V characteristics with a. contact resistance 
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Figure 5-14: A schematic illustration of the home-made probe for transport measurements 
that is used in the present work: (a) probe head mounted with a sample and (b) top view 
of (a) . 
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of1060Ω.AtypicalsizeofthesamplesusedfortheconductivityandSeebeck

measurementsis5mm(width)×25mm(length)×4000A(thickness).Thethicklless

givenhereisthethicknessforthesuperlatticepartofthesamplesonly(seeFigs.5-11

and5-12),whichisusedforthecalculationoftheexperimentalconductivitiesσand

HallcarrierconcentrationsnHallofthevarioussamples.Thephysicalthicknessofthe

samplesincludingthe(001)orientedSisubstrate,ontopofwhichabufferlayerand

aSi(20A)/Ge(20A)superlatticearegrown,isO.4mm.Acollventionalfourprobe

techniqueisutilizedfortheresistivitymeasurementsusinganelectricalcurrentof

typicallyO.1mA.Forallthetransportmeasurementsusingthehome-madeprobe

(seeFig.5-14),thetemperatureofthesamplewasvariedbyinsertingtheprobehead

intoaliquidHe(helium)Dewar,whereanaturaltemperaturegradientbetween4.2

Kand280KismaintainedfromthebottomoftheDewar(liquidHetemperature)to

thetopoftheDewar(ambienttemperature).Thistemperaturegradientisllsedto

attainadesiredtemperaturebetween4.2Kand280K.Fortemperatllreshigherthan

280K,theprobeheadisheatedupto400Kinatubefurnace.Forthemeasurement

oftheSeebeckcoef丘cientaboveroomtemperature,afiexiblebelt-shapedelectrical

heaterwasutilizedinsteadofthetubefurnace,sincethebelt-shapedheaterprovided

abetterthermalstabilitybetween280Kand400K.

ThemeasllrementsoftheSeebeckcoefHcientareperformedllsingtwopairsof

Chromel-Au(0.07at.%Fe)thermocouples,whereeachthermocouplejunctionisat-

tachedtoasampleusingSb(5%)dopedIn(indium)solderasmentionedabove,and

usingaseparationbetweenthesetwocontactsof～18mm[seeFig.5-14(b)].Atypical

sizeofthecontactsmadeinthiswayisO.5mminthediameter.Thetemperaturesof

thesampleateachcontactaremeasllredwithrespecttothatofasmallcopperblock

[7mm(width)×20mm(length)×1.5mm(thickness)]thatisattachedtotheprobe

head[seeFig.5-14].Itisnotedthatthereisanother(Type-E,Nickel-Chromiumvs.

Copper-Nickel)thermocouplewhichisattachedtothecopperblockthatmeasures

thetemperatureoftheprobeheadwithrespecttotheicepoint.Therefore,theab-

sollltetemperatureforthesamplecanbedeterminedbycombiningthetemperature

measuredbytheType-Ethermocoupleandthetemperature(difference)measured
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of 10- 60 O. A typical size of the samples used for the condnctivity and Seebeck 

measurements is 5 mm (width) x 25 mm (length) x 4000 A (thickness) . T he thickness 

given here is the thickness for the superlattice part of the samples only (see Figs. 5-11 

and 5-12) , which is used for t he calculation of t he experimental conductivit ies (J and 

Hall carrier concentrations n llall of the various samples. T he physical thickness of the 

samples including the (001) oriented Si substrate, on top of which a buffer layer and 

a Si(20 A)/Ge(20 A) superlattice are grown, is 0.4 mm. A conventional lour probe 

technique is ut ilized for the resistivity measurements using an electrical current of 

typically 0.1 mAo For all the transport measurements using the home-made probe 

(see Fig. 5-14) , the temperature of the sample was varied by inserting the probe head 

into a liquid He (helium) Dewar , where a natural temperature gradient between 4.2 

K and 280 K is main tained from the bottom of the Dewar (liquid He temperature) to 

the top of the Dewar (ambient temperature) . T his temperature gradient is used to 

attain a desired temperature between 4.2 K and 280 K. For temperatures higher t han 

280 K, the probe head is heated up to 400 K in a tube fu rnace . For the measurement 

of the Seebeck coefficient above room temperature, a flexible belt-shaped electrical 

heater was utilized instead of the tube furnace, since the belt-shaped heater provided 

a better thermal stability between 280 K and 400 K. 

T he mcasurements of the Seebeck coeffi cient are performed using two pairs of 

Chromel-Au(O.07 at.% Fe) thermocouples, where each t hermocouple junction is at

tached to a sample using Sb (5 %) doped In (indium) solder as mentioned above, and 

using a separation between these two contacts of ~ 18 nun [see Fig. 5-14(h)]. A typical 

size of the contacts made in this way is 0.5 mm in the diameter. T he temperatures of 

the sample at each contact are measured wit h respect to that of a small copper block 

[7 mm (width) x 20 mm (length ) x 1.5 mm (thickness)] that is at tached to the probe 

head [see Fig. 5-14]. It is noted that there is another (Type-E, Nickel-Chromium VS. 

Copper-Nickel) thermocouple which is attached t o the copper block that measures 

the temperature of the probe head with respect to the ice point . T herefore, the ab

so lute tem perature for the sample can be determined by combining t he temperature 

measured by t he Type-E thermocouple a.nd the temperature (difference) measured 
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bytheChromel-Au(0.07at.%Fe)thermocouplethatisattachedtothesample.

OncethetwopairsofChromel-Au(0.07at.%Fe)thermocouplesareattachedto

thesampleinthisway,thesampleismountedontheprobeheadinsuchaway

thatoneendofthesample(substrate)touchesthecopperblockandtheotherend

ofthesampleisplacedontopofaglasspiece,whereanOMEGAstraingauge

(OMEGASG-1.5/120-LY11,120Ω)isclampedbetweenthesampleandtheglass

piece.TheOMEGAstraingaugeherewillbeusedasaheaterfortheSeebeck

coefHcientmeasurement.Theprobeheadpreparedinthiswayisfinallycappedwith

acoppertube[seeFig.5-14(a)],sealedwithaTefiontapeandevacuatedtoareduced

pressurefortheSeebeckcoef丑cientmeasurementatlowtemperatures(T<100K),

wheretheeffectofparisiticthermalconductionthroughtheHe(helium)gasatlow

temperaturesisminimized.

Foreachpointofthemeasurementasafunctionoftemperature,wehadwaited

forasufHcientamountoftime(typicallymorethan10minutes)beforetakingaset

of△Vvs.△Tdata,sothatthetemperatureintheprobeheadisequilibrated.An

incrementingelectricalcurrentis,then,passedthroughthestraingaugeheaterina

stepwisewayfromOmAto22.4mAinafewsteps,whichcorrespondstoapowerof

60mW.ThissequenceofeventstypicallycreatesatemperaturedifferenceofO.11K

acrossthetwothermocouplejllnctionsonthesample.Thetemperaturesatthetwo

thermocouplejunctionsandtheSeebeckvoltageinducedacrossthesamplearesimul-

taneouslymeasuredineachplateaureagionofthecurrentprofilethatisappliedto

thestraingaugeheater,whereAu(gold)leadsforthethermocoupleareusedforthe

Seebeckvoltagemeasurementacrossthesampleaswell[seeFig.5-14(b)].Itisnoted

thatthecontriblltionoftheSeebeckvoltageinducedintheAuwiresduringthemea-

surementisnegligiblecomparedtotheSeebeckvoltageindllcedinthesample.△V

vs.△7「datatakeninthisway,where△Uand△Taretheinducedsample,sSeebeck

voltageandthecorrespondingtemperaturedifferencebetweenthetwothermocouple

junctions,respectively,isplottedonascreenbytheuseofacomputer.Thevalues

fortheresultantSeebeckcoefHcientarethendeterminedfromthelinearregression

ofthesedata.Thecllrvesobtainedfor△Vvs.△Tarellsuallyverylinearasthey
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by the Chromel-Au(0.07 at.% Fe) thermocouple that is attached to the sample. 

Once the two pairs of Chromel-Au(0.07 at.% Fe) thermocouples are attached to 

the sample in this way, the sample is mounted on the probe head in such a way 

that one end of the sample (substrate) touches the copper block and the other end 

of the sample is placed on top of a glass piece, where an OMEGA strain gauge 

(OlVIEGA SG-1.5/120-LYll , 120 0) is clamped between the sample and the glass 

piece. The OMEGA strain gauge here will be used as a heater for the Seebeck 

coefficient measurement . The probe head prepared in this way is finally capped with 

a copper tube [see Fig. 5-14(a)], sealed with a Tefl on tape and evacuated to a reduced 

pressure for the Seebeck coefficient measurement at low temperatures (T < 100 K), 

where the eHeet of parisi tie thermal conduction through the He (helium) gas at low 

temperatures is minimized. 

For each point of the measurement as a funct ion of temperature, we had waited 

for a suffi cient amount of time (typically more than 10 rninutes) before tak ing a set 

of t. If vs. t.T data, so that the temperature in the probe head is equili brated. An 

innernenting eledrical current is, then , passed through the strain gauge heater in a 

stepwise way from 0 mA to 22.4 rnA in a few steps, whieh eorresponds to A. power of 

60 mW. This sequence of events typically creates a temperature difference of 0.1- 1 1< 

across the two thermocouple junctions on the sample. The temperatures at the two 

thermocouple junctions and the Seebeck voltage induced across the sample are simul

taneously measured in each plateau reagion of the current profile that is applied to 

the strain gauge heater, where Au (gold) leads for the thermocouple are used for the 

Seebeck voltage meas urement across the sample as well [see Fig. 5-14(b)] . It is noted 

that t he contribution of the Seebeck voltage induced in t he Au wires during the mea

surement is negligible compared to the Seebeck voltage induced in the sample. t.1i 

vs. t.T data taken in this way, where t.1i and t.T are the induced sample's Seebeck 

voltage and the corresponding temperature difference between the two thermocouple 

junctions, respectively, is plotted on a screen by the use of a computer. The values 

for the resultant Seebeck coefficient are then determined from the linear regression 

of these data. The curves obtained for t.li vs. t.T are usually very linear as they 
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arerecorded,butollsomeoccasiollsseveraldatapointsthatweretakenimmediately

afterthesteps(jumps)intheappliedcurrentprofileareelimillatedbeforetakingthe

linearregression,inordertoobtainabetterlinearityin△ γvs.△Tcurves.

AftermeasuringtheelectricalconductivityσandtheSeebeckcoef且cientSas

afunctionoftemperatureinthisway,theverysamepieceofthesamplethatwas

usedfortheσandθmeasurementsiscutintoasquareshape(5mm×5mm)for

theHallcoe伍cientmeasurement.Anelectricalcontactismadeateachcornerofthe

squaresamplesusingSb(5%)dopedIn(indium)solderasmentionedabove,where

anelectricalcurrentof1-5mAispassedthroughthesamplealongthediagonal

axisandthevoltagesaremeasuredalongtheotherdiagonalaxis(inthedirection

perpendiculartothecurrentdirection).Boththedirectionoftheappliedmagnetic

field、B(0.25-0.3T)andthedirectionoftheappliedelectricalcurrentlareflipped

ateachpointofthemeasllrement,sothatthenetcontributionoftheHallvoltage

canbesubtractedoutfromthefourcombinationsofmeasurementsllsing± 、Band

±1.ThesamepiecesofthesamplesusedfortheHallcoe伍cientmeasurementsare

alsousedfortheresistivitymeasurementsusingthevanderPauwmethodatsome

selectedtemperatures.Itturnsoutthattheresistivitiesmeasuredbythevander

Pauwmethodareoccasionally5-10%lowerthantheresistivitiymeasuredbythe

conventionalfollrprobemethod.Intheeventthatthevalllesdifferfromoneanother,

thevaluesfortheelectricalresistivitydeterminedbythefourprobemethodare

calibratedaccordingtothevaluesobtainedbythevanderPauwmethod.
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are recorded, but on some occasions several data points that were taken immediately 

after the steps (jumps) in the applied current profile are eliminated before taking the 

linear regression, in order to obtain a better lineari ty in il. If vs. il.T curves. 

After measuring the electrical conductivity CJ and the Seebeck coefficient 5 as 

a fun ction of temperature in t his way, the very same piece of the sample that was 

used for the CJ and 5 measurements is cut into a square shape (5 mm x5 mm ) for 

the Hall coefficient measurement. An electrical contact is made a t each corner of the 

square samples using Sb (5 %) doped In (indium) solder as mentioned above, where 

an electrical current of 1-5 rn A is passed through the sample along the diagonal 

axis and the voltages are measured along the other diagonal axis (in the direction 

perpendicular to the current direction). Both the direction of the applied magnetic 

field B (0.25-0.3 T ) and the direction of the applied electrical CUlTent I are flipped 

at each point of the measurement, so that the net contribution of the Hall voltage 

can be subtracted out from the four combinations of measurements using ±B and 

± I. T he same pieces of the samples used for the Hall coefficient measurements are 

also used for the resistivity measurements using the van der Pauw method at some 

seleded temperatmes. It tmns ont that the resist ivities measured by the van der 

PaulY method are occasionally 5-10 % lower than t he resistivitiy measured by the 

conventional four probe method. In the event t hat the values differ from a ile another , 

the vailles for the electrical resistivity determined by the four probe method are 

calibrated according to the values obtained by the van del' Pallw method. 
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Figure5-15:Seebeckcoef丑cientasafunctionoftemperaturemeasuredforsamplesJL167

(opencircles)andJL169(filleddiamonds)ラtogetherwiththeoreticalresultsobtainedfbr

n=4×1018cm-3using(1)theconstantrelaxationtimeapproximation(solidcurve)and

(2)semiclassicalmodelsincludingionizedimpurityscatteringasthedominantscattering

mechanism(seeChapter6).Themostprobableexplanationf()rtherapidincreaseinthe

measuredSeebeckcoef丑cientl51isduetothephonondrageffectatthecurrentstageofthe

investigation(see§5.6.2andFig.5-18f()rmorediscussion).

5.6 ExperimentalProof-of-PrincipleStudyusing

　 くつ
(001)orientedSi(20A)/Ge(20A)superlat一

ticesgrownon(001)Sisubstrates

5.6.1 S,σandnHallforsamplesJL167andJL169

ShowninFigs.5-15-5-17aretheSeebeckcoefficientS,Hallcarrierdensity7zHalland

electricalconductivityσfbrsamplesJL167andJL169(see§5.5.1)measuredasa

functionoftemperatureinthetemperaturerangebetween4.2Kand400K,together

withtheresultsofsemiclassicalmodels,includingionizedimpurityscatteringasthe

dominantscatteringmechanism,thataredevelopedinChapter6.InFig.5-15,we

findthatthemeasllredSeebeckcoefficientg.forsamplesJL167andJL169havealmost

identicalvaluesandbehaviorsaseachotherfrom50to380K,despitethebelief
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Figure 5-15: Seebeck coefficient as a function of temperature measured for samples JL167 
(open circles) and JL169 (filled diamonds) , together with theoretical results obtained for 
n = 4x l01S cm-3 using (1) the constant relaxation time approximat ion (solid curve) and 
(2) semiclassical models including ionized impurity scattering as the dominant scattering 
mechanism (see Chapter 6). The 1110st probable explanation for the rapid increase in the 
measured Seebeck coefficient lSI is due to the phonon drag effect at the current stage of the 
investigat ion (see §5.6.2 and F ig. 5-18 for more discussion). 

5.6 Experimental Proof-of-Principle Study using 

(001) oriented Si(20 A)jGe(20 A) superlat

tices grown on (001) Si substrates 

5.6.1 S, 0' and nHall for samples JL167 and JL169 

Shown in F igs. 5-15- 5-17 are the Seebeck coefficient S, Hall carrier density nHali and 

electrical conductivity (J for samples JL167 and JL169 (see §5.5.1) measured as a 

function oftemperature in the temperature range between 4.2 1< and 400 1<, together 

with the resul ts of semiclassical models, including ionized impurity scattering as the 

dominant scattering mechanism, t ha t are developed in Chapter 6. In Fig. 5-15, we 

find that the measured Seebeck coefficients for samples JL167 and JL169 have almost 

ident ical values and behaviors as each other from 50 to 380 K, despite the belief 
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Figure5-16:Hallcarrierconcentrationasafunctionoftemperaturemeasuredforsamples

JL167(opencircles)andJL169(filleddiamonds).TheHallcoe伍cientmeasllrementsshown

hereareperfbrmedusinganelectricalcurrentof5mAandamagneticfieldofO.26T.The

sizesofthesamplesthatareusedinthesemeasurementsaretypically5mm×5mm.

thatthedopantconcentrationforsampleJL169(n+>1×1019cm-3)ishigherthan

thatforsampleJL167(n+N1×1019cm-3).Thisdiscrepancyispartlyclari丘edby

lookingatthedatafortheHallcarrierconcentrationasafunctionoftemperaturefor

samplesJL167andJL169,asshowninFig.5-16,wherewefindthatsamplesJL167

andJL169virtuallyhavethesamecarrierconcentration,i.e.,nHallN4×1018cm-3,

fortheentirerangeoftemperaturethatisinvestigated(80K<T<380K).The

observedmagnitudesfortheSeebeckcoef丑cient(denotedbyISIor-S,sinceSforan

n-typematerialisanegativenumber)arefoundtodecreaseslowlywithdecreasing

temperatureabove250K,andtoincreaserapidlywithdecreasingtemperatureas7「

isloweredfurtherbelow200K(seeFig.5-15).

TheresultsforthetheoreticalmodelsshowninFig.5-15areobtainedforn=

4×1018cm-3withouttheuseofanyfittingparameters,wherenistheestimated

carrierconcentrationforsamplesJL167andJL169(seeFig.5-16forthemeasuredHall

carrierconcentrationsasafunctionoftemperature),using(1)theconstantrelaxation

timeapproximation(solidcurveinFig.5-15)and(2)semiclassicalmodelsincluding
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Figure 5-16: Hall carrier concentration as a function of temperature measured for samples 
JL167 (open circles) and JL169 (filled diamonds). The Hall coefficient measurements shown 
here are performed using an electrical current of 5 mA and a magl1etic field of 0.26 T . The 
sizes of the samples that are used in these measurements are typically 5 111111 x 5 m111. 

that the dopant concentration for sample JL169 (n+ > 1 X1019 cm-3 ) is higher than 

that for sample JL167 (n+ "" l xl0i 9 cm-3
). T his discrepancy is part ly clarified by 

looking at the data [or the Hall carrier concentration as a [unclioll o[ temperature [or 

samples .JU6? and JL169, as shown in Fig. 5-16, where we find that samples JL167 

and JL169 virtually have the same carrier concentration, i.e., n Hall "" 4 x 1018 cm- 3 , 

for the ent ire range of temperature that is investigated (80 K < T < 380 K). The 

observed magnitudes for the Seebeck coefficient (denoted by 151 or -5, since 5 for an 

n-type material is a negat ive number) are found to decrease slowly with decreasing 

temperature above 250 K, and to increase rapidly with decreasing temperature as T 

is lowered further below 200 K (see Fig. 5-15). 

The results for the theoretical models shown in Fig. 5-1 5 arc obtained for n = 
4x 1018 cm-3 without the use of any fitting parameters, where n is the estimated 

carrier concentration for samples JL167 and JL169 (see F ig. 5-16 for the measured Hall 

carrier concentrations as a function of temperature), using (1) the constant relaxation 

time approximation (solid curve in Fig. 5-15) and (2) semiclassical models including 
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ionizedimpurityscatteringasthedominantscatteringmechanismforelectrons(long-

dashedcurveFig.5-15)aswediscussinChapter6.Whileitisfound,inFig.5-15,

thattheconstantrelaxationtimeapproximationunderestimatesthemagnitudeofthe

measuredSeebeckcoef且cientovertheentirerangeoftemperaturethatisinvestigated

(40K<T<380K),thesemiclassicalmodel,includingionizedimpurityscatteringas

thedominantscatteringmechanism,predictsalmostcorrectvaluesforthemeasured

Seebeckcoef丘cielltabove200K.TheoriginoftheothermarkedfeatureinFig.5-15,

i.e.,theincreasingvalueofISIwithdecreasingtemperaturebelow200K,willbe

discussedseparatelyin§5.6.2.

ShowninFig.5-17arethemeasuredelectricalconductivitiesσasafunction

oftemperatureforsamplesJL167andJL169.Itturnsoutthatthesemi-classical

modelsthataredevelopedinChapter6,includingionizedimpurityscatteringas

thedominantscatteringmechanism,donotreproducethecorrectmagnitudesfor

themeasllredelectricalconductivity,i.e.,thepredictedvalllesfortheelectricalcon-

ductivityareabouttwicelargerthanthemeasuredconductivity.Weattributethe

differencebetweenthemeasuredandpredictedvaluesfortheelectricalconductivity

(orequivalentlyforthecarriermobilitysincethecarrierconcentrationsforsample

JL167andJL169arefoundtoberatherinsensitivetothetemperature)tosome

extrinsicscatteringmechanismsthatarenotincllldedinthesemi-classicalmodels

thataredevelopedinChapter6.Theseextrinsicscatteringmechanismsinclude:(1)

interfacialand/oralloyscatteringattheSi/Geinterfaces,(2)scatteringduetothe

structuraldefectsand/ordislocationsthatareintroducedintothesuperlatticestruc-

turesduringthegrowthprocess,suchasthethreadingdislocationaswediscussedin

§5.2,and(3)scatteringduetothefhctuationsinthethicknessesoftheSiandGe

layers,whichwollldintroduceaspatialflllctllationintheboundstateenergiesforthe

conductionelectronsthatserveasadditionalscatteringPotentialsfortheconduction

electrons.
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ionized impurity scattering as the dominant scattering mechanism for electrons (long

dashed curve Fig. 5-15) as we discuss in Chapter 6. While it is found, in Fig. 5-15, 

that the constant rela'Cation time approximation underestimates the magni tude of the 

measured Seebeck coefficient over the entire range of tern perature that is investigated 

(401\ < T < 380 K), the semiclassical model, including ionized impurity scattering as 

the domina.nt scattering mechanism , pred icts almost co rrect va lues for the measured 

Seebeck coefficient above 200 K. The origin of the other marked feature in Fig. 5-15, 

i.e. , the increasing value of lSI with decreasing temperature below 200 K, will be 

discussed separately in §5.6 .2. 

Shown in Fig. 5-17 are the measured electri cal conductivit ies II as a function 

01" temperat Ul"e for samples JLIG7 and JLIG9. It turns out that the semi-classical 

models that are developed in Chapter 6, including ionized impuri ty scattering as 

the dominant scattering mechanism, do not reproduce t he correct magnitudes for 

the measured electrical conductivity, i. e., the predicted values for t he electrical con

duct ivity are about twice larger than the measured conductivity. We attribu te the 

difference between the measured and predicted values for the electrical conductivity 

(or equi valently for tbe carrier mobility since the earrier eonmntrations for sample 

JL167 and JL169 are found to be rather insensitive to the temperature) to some 

extrinsic sca.ttering mechanisms that a.re not included in the semi-classical models 

t hat are developed in Chapter 6. These extrinsic scattering mechanisms include: (1) 

interfacial and/or alloy scattering at the Si/Ge interfaces, (2) scattering due to the 

structural defects and /or dislocations that are introduced into the superlattice struc

tures during the growth process, such as the threading dislocation as we discussed in 

§5.2, and (3) scattering clue to the fluctuations in the thicknesses of the Si and Ge 

layers , which would introduce a spatial fluctuation in the bound state energies for the 

conduction electrons that serve as additional scattering potentials for the conduction 

electrons. 
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Figure5-17:Electricalconductivityasafunctionoftemperaturef()rsamplesJL167(open

circles)andJL169(filleddiamonds).TheexperimentalHallcarriermobilitiesobtained

f()rsamplesJL167andJL169are239cm2/V・sand266cm2/V・sラrespectively,at300K.

Thesevaluesaretobecomparedwiththetheoreticallypredictedvalueof556cm2/V・s(f()r

thebothsamples)obtainedfbrahomogeneouslydopedSi(20A)/Ge(20A)superlattice

(n=4×1018cm-3)usingthesemi-classicalmodelsthataredevelopedinChapter6.The

originforthisdifferenceinthemobilitybetweentheoryandexperimentisattributedtosome

extrinsicscatteringmechanismsthatarenotincludedinthemodel:interfacialandalloy

scatteringattheSi/Geinterfaces,scatteringduetothestructuraldefectsanddislocations

(suchasthethreadingdislocationdiscussedin§5.2),andfluctuationsintheSiandGelayer

thicknessesinthesuperlatticepartofthesample.Theinsetshowsaspecialconfiguration

f()rthemeasurementoftheelectricalconductivityσ ラwherethevoltagesinducedontheback

side(substrateside)oftllesample(denotedbyV2)aremonitoredduringthemeasurement

ofσforthesuperlatticepartofthesample(thevoltagemeasuredforthispurposeisdenoted

byVl)ラtomakesurethattheparalleltransportcontributionfromthesubstrateisabsent.
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Figure 5-17: Electrical conduct ivity as a function of temperature for samples JL167 (open 
circles) and JL169 (filled diamonds) . The exper imental Hall carrier mobili ties obtained 
for samples JL167 and J L169 are 239 cm2 / V,s and 266 cm 2 / V· s, respectively, a t 300 K. 
These values are to be compared with the theoret ically predicted value of 556 cm2/V,s (for 
the both samples) obtained for a homogeneously doped Si (20 A)/Ge(20 A) suped attice 
(n = 4x 10' 8 cm- 3 ) using the semi-classical models that are developed in Chapter 6. The 
origin for this difference in the mobility between theory and experiment is attributed to some 
extrinsic scattering mechanisms that are not included in t he model: interfacial and alloy 
scat tering at the Si/ Ge interfaces, scattering due to the structural defects and dislocations 
(such as the threading dislocation discussed in §5.2), and fluctuat ions in the Si and Ge layer 
thicknesses in the superlat tice part of t. he sample. The inset shows a special configmation 
for the mcas urcment of the electrical conductivity CT, whcre the voltages induccd on the back 
side (substrate side) of the sample (denoted by \12) are monitored during the measlll'ement 
of CT for t he super la tt ice part of the sample (the voltage measm ed for t his purpose is denoted 
by \I,) , to make sm e that the parallel transport contribut ion from the substrate is absent. 
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5.6.2 Originoftheincreasing 1Slbelow200K

Now,whathappenswiththevaluesofthemeasuredSbelow200K?InFig.5-15,

wesawthatthevalueofISI,whereSistheSeebeckcoefficient,goesuprapidly

withdecreasingtemperaturebelow200K.Ourpreviousinterpretationsofthiseffect

includetheparalleltransportcontributionfromthebufferlayerand/orthesubstrate

(see§5.8foradiscussionoftheeffectofparalleltransportcontributionsfromthebuffer

layerand/orthesubstrate).However,wenowthinkthattheparalleltransportin

thebufferlayerand/orsubstratedoesnotprovidesuf且cientreasonsfortheincreasing

valuesoflSlbelow200KthatareobservedinFig.5-15,because:(1)Firstofall,since

thesubstrateisslightlyP-typedoped,ifthereisanyparalleltransportcontribution

fromthesubstrate,itshouldtendtodecreasethevalueofthemeasuredISIrather

thanincrease(becausethesuperlatticepartofthesampleisn-typedoped).(2)The

carriersinthebufferlayertendtofreezeoutatlowtemperatures,becausethecarrier

concentrationinthebufferlayershouldberelativelysmall(n<1×1018cm-3)

[theSi1_xGex(x:0→0.5)gradedbufferlayerisslightly(andunintentionally)

dopedbytheresidualSbsurfactantimpurities].Therefore,theparalleltransport

contributionfromthebufferlayershouldalsotendtodecreaseandeventuallygoto

zeroatsufficientlylowtemperatures.Totestthishypothesis,wehavemeasuredthe

voltageinducedonthebacksideofthesample(substratesideofthesample)during

themeasurementoftheelectricalconductivity,asschematicallyshownintheinsetof

Fig.5-17.Itisnotedthat,intheparallelconductormodel,thevoltageinducedon

thebackside(sllbstrateside)ofthesamplehastobeequaltothevoltageinducedon

thefilmsideofthesample,henceV2/Vl=1intheplotshownintheinsetofFig.5-

17.Sincethevoltagesobservedduringtheexperimentonthebackside(substrate

side)ofthesampleare,atmost,onlyafewpercentofthevoltagemeasuredonthe

superlatticesideofthesample,theelectricalinsulationbetweenthetopofthefilm

andthebottomofthesubstrateissubstantial.Therefore,wemustconcludethat

theparallelconductionphenomenaarenotpresentinthesubstrate,or,atMog.t,

ithasonlyanegligibleeffectonthemeasuredthermoelectrictransportcoefficients,
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5.6.2 Origin of the increasing lSI below 200 K 

1\ ow , what happens with the values of the measured 5 below 200 K? In Fig. 5-15, 

we saw that the value of 151, where 5 is the Seebeck coeffi cient , goes up rapidly 

with decreasing temperature below 200 K. Our previous interpretations of this efleet 

include the parallel transport cont ribu t ion from the buffer layer and/or the substrate 

(see §5.8 for a discussion of the effect of parallel transport contribut ions from the buffer 

layer and /or the substrate). However, we now think that the parallel transport in 

the buffer layer and/or substrate does not provide sufficient reasons for the increasing 

values of 151 below 200 K that are observed in Fig. 5-15, because : (1) First of all , since 

the substra te is slightly ]>- type doped, if there is any parallel t ransport contriblltion 

from the substrate, it should tend to decrease the value of the measured 151 rather 

than increase (because the supertattice part of the sample is n-type doped). (2) T he 

carriers in the buffer layer tend to freeze out at low temperatures, because the carrier 

concentration in the oufler layer shoLtld be relatively sma.ll (n < 1 x 10'8 em - 3) 

[the Si1_xGex (x : 0 -+ 0.5) graded bufier layer is slightly (and unintentionally) 

doped by the residual Sb surfactant impurities] . Therefore, the parallel transport 

contribution from the buffer layer should also tend to decrease and eventually go to 

zero at sufficiently IDlY tem peratures. To test this hypothesis, we have measured the 

voltage induced on the back side of the sample (substrate side of the sample) during 

t he measurement of the electrical conductivity, as schematically shown ill the illset of 

Fig. 5-1 7. It is noted that , in the parallel conductor model, the voltage induced on 

t he back side (substrate side) of the sample has to be equal to the voltage induced on 

the fi lm side of the sample, hence \1;'/11, = 1 in the plot shown in the inset of Fig. 5-

17. Since the voltages observed during the experiment on t he back side (substrate 

side) of the sample are, at most , only a few percent of the voltage measured on the 

superlattice side of the sample, tbe electrical insul ation between t he top of the film 

and t he bottom of the substrate is substantial. Therefore, we must conclude that 

the parallel conduction phenomena are not present in the substrate, or, at most, 

it has only a negligible effect on the measured thermoelectric transport coefficients, 
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suchastheSeebeckcoef丘cielltSalldtheelectricalconductivityσ.Tomakesure

thattheparalleltransportcontributioninthebufferlayerisabsellt(orIlegligible)as

well,wehavedeveloped,in§5.8,amethodtosubtractthebufferlayercontribution

tothemeasuredthermoelectrictransportcoef且cientstodeducethenetvaluesofthe

thermoelectrictransportcoef丑cientsforthesuperlatticepartofthesampleonly,where

weindeedfindthatthesubtractionofthebufferlayercontributiontothemeasured

thermoelectrictrallsportcoef丘cielltsdoesnラtchallgethequalitativefeaturesofthe

measuredSeebeckcoefHcientSandtheelectricalconductivityσasafunctionof

temperature.†

AnothermechanismthatwouldberesponsiblefortheobservedincreaseinISIwith

decreasingtemperaturebelow200Kisthephonondrageffect[88-90].‡Thebasic

mechanismofthephonondrageffectissummarizedastheprocessoftransporting

phononsbytheconductionelectrons[90].Therefore,ifthephonondrageffectis

presentinthesample,applyinganelectric丘eldintheabsenceofathermalgradient

willcreateadirectionalfiowofphonons.Thereciprocalstatementofthisisthat

ifadirectionalfiowofphononsispresentinthesamplewhilethereisnoexternal

electricfield(inthesample),itcreatesanelectricalcurrent.Inthenormalsituation

forthemeasurementoftheSeebeckcoe伍cient,wheretheelectriccircuitusedfor

themeasllrementisanopencircuit(sincetheinternalresistanceofthevoltmeteris

assumedtobeinfinity),anelectricalcurrentcreatedbythedirectionalflowofphonons

accumulateselectricalchargeattheedgeofthesample,which,inturn,createsan

internalelectricfieldinthesampleinsuchawaythatitexactlycancelsthecurrent

createdbythedirectionalflowofthephonons.Theinternalvoltageestablishedacross

thesampleinthiswayisthephonondragcontributiontotheSeebeckvoltage.The

SeebeckcoefHcientinbulkSiandGethatiscallsedbythephonondrageffecttypically

†Thesestudiesarecarriedoutusingoneofthenewersetofsamplesof(001)oriented

Si(20A)/Ge(20A)superlattices(JL193andJL194)thataregrownon(001)orientedSOI(Si-

on-insulator)substrates(see§5.8).

‡Theauthoracknowledgesthatthepossibilityofthephonondrageffectasamechanismfor

theobservedincreaseinISIforsamplesJL167andJL169below200Karoseduringtheauthor,s

discussionwithProfessorH.EhrenreichatHarvardUniversityinFebruary,2000.Apreliminary

accountofthesamediscussionalsotookplacewithDr.A.YamamotoatETL(Electrotechnical

Laboratory),Tsukuba,Japan,duringtheauthor,svisittoETLinsummer1999.
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such as the Seebeck coefficient S and the electrical conductivity (J . To make sure 

that the parallel transport contri bution in the buffer layer is absent (or negligible) as 

well , we have developed, in §5.8, a method to subtract the buflin' layer contribut ion 

to the measured thermoelectric t ransport coeffi cients to deduce the net values of t he 

thermoelectric t ransport coeffi cients for the superlattice part of t he sample only, where 

we indeed find t hat the subtraction of" the bufFer layer contribu t,ion to the measured 

thermoelectric transport coeffi cients doesn't change the quali tative features of the 

measured Seebeck coefficient S and t he electrical condnctivity (J as a function of 

temperature. t 

Another mechanism that wou ld be responsible fo r the observed increase in lSI with 

decreasing temperature below 200 K is the phonon drag efled [88- 90].1 The basic 

mechanism of the phonon drag efl'ect is summarized as the process of t ransporting 

phonons by the conduction electrons [90]. T herefore, if the phonon drag effect is 

present in the sample, applying an electri c fi eld in the absence of a thermal gradient 

will create a direct ional fl ow of phonons. T he reciprocal statement of this is that 

if a directional flow of phonons is present in the sample while there is no external 

eledric fi eld (i n the sample), it, creates an electrieal current,. In the normal situation 

for the measurement of the Seebeck coefficient, where the electric circuit used for 

t he measurement is an open circui t (since the internal resistance of t he voltmeter is 

assumed to be infini ty), an electrical current created by t he directional fl ow of phonons 

accumulates electrical charge at the edge of the sample, which, in turn, creates an 

internal electric field in the sample in such a way that it exactly cancels the current 

created by the directional fl ow of the phonons. T he internal voltage established across 

the sample in this way is the phonon drag contribut ion to the Seebeck voltage. T he 

Seebeck coeffi cient in bulk Si and Ge that is caused by the phonon drag effect typically 

tThese studies are carried out using one of the newer set of sa.mples of (001) oriented 
Si(20 A)/Ge(20 A) snperlat.t.ices (.1L193 anrl .JLI94) t.hat. "re gTOwn on (001) orient.ed SOl (Si
oll-insulator) subst.rates (see §.5.8). 

IThe author aclmowledges that the possibility of the phonon drag effect as a mechanism for 
t.he observed im:rea:-;e in 181 for smnpies .J L167 and JL169 below 200 K rll"ose Gnring t.he <tnthor's 
discussion ,yith Professor H. Ehrenreich at Harvard University in February: 2000. A preliminary 
account of the same discllssion also took place with Dr . A. Yamamoto at ETL (Electrotechnica! 
LaLoratory), TsukuLa, Japan , during tlie autlJOr's visit to ETL in SlllI1m€r 1999. 
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followsaT-ubehavioratlowtemperatures,whereTisthetemperaturealldyisa

positivenumberbetweelllalld2.5[88,89]

ShowninFig.5-18(a)areexactlythesamedataasthosethatareplottedinFig.5-

15,butthevaluesofthelSTIProduct,insteadofthevaluesofISI,areplottedasa

functionoftemperature,whereSistheSeebeckcoef且cientandTisthetemperature.

ThebehavioroftheISTIproductasafunctionoftemperatureforbulkGe[88]and

bulkSi[89]wasextensivelystudiedbyGeballeetα1.illrelationtothephonolldrag

effect.AnexampleofsuchastudyisreproducedinFig.5-18(b),wherethevalues

ofthemeasuredISTIproductforn-typedopedbulkSiwithη=2.2×1018cm-3

(sample126)and2.7×1019cm-3(sample140)(here,nisthedonorconcentration)

areplottedasafunctionoftemperature.Itisnotedthatanalmosttemperature

independentbehaviorisobservedintheISTIproductasafunctionoftemperature

foroursamplesJL167andJL169inthetemperatllrerangebetween40Kand200K

asinFig.5-18(a),andfortheη 一typeblllkSiwithη=2.2×1018cm-3(sample126)

inthetemperaturerangebetween25Kand60KasinFig.5-18(b).Thisbehaviorin

thelSTIProductcorrespondstoaISI～T-1dependenceintheSeebeckcoefHcient.

Theresemblanceinbehaviorandtheactualvaluesofthel57「lproductasafunction

oftemperature,betweenoursamples(JL167andJL169)andtlleη 一typebulkSiwith

η=2.2×1018cm-3(sample126)measuredbyGeballeetα1.[89],stronglysuggests

thatthedominantmechanismfortheobservedincreaseinthevalueofISIatlow

temperatures(T<200K)forsamplesJL167andJL169isthephonondrageffect.

ItisnotedthattheeffectoftheincreasingvalueofISIisnotpresentinthenewer

setofSi/Gesuperlatticesamples(JL194,JL197andJL199)thatareprovidedby

Dr.J.LLiuatUCLAasshowninFig.5-21(see§5.7.2).Weattributetheabsence

oftheeffectofincreasinglSI(withdecreasing7「)below200KinsamplesJL194,

JL197andJL199,totheabsenceofthephonondrageffectinthesesamples.The

factthatthephonondrageffectispresentinsomeSi/Gesuperlatticesamples,but

notinothers,suggeststhatthedirectional,of壬Lbalanceddistributionofphononsthat

isnecessaryforthephonondrageffecttobeobserved,iscreatedbysomeextrinsic

mechanismsinsamplesJL167andJL169.ForthecaseofsamplesJL167andJL169,

248

follows a T - v behavior at low temperatures, where T is the temperature and // is a 

positive number between 1 and 2.5 [88,89] 

Shown in Fig. 5-18(a) are exactly the same data as those that are plotted in Fig. 5-

15, bu t the va.! ues of the ISTI product, instead of the values of 151, are plotted as a 

function of tempera.ture, where 5 is the Seebeck coefficient and T is the temperature. 

The behavior of the ISTI product as a funct ion of temperature for bulk Ge [88] and 

bulk Si [89] was extensively studied by Geballe et at. in relation to the phonon drag 

effect . An example of such a study is reproduced in Fig. 5-18(b), where the values 

of the measured ISTI product for n-type doped bulk Si wit h n = 2.2x101S cm-3 

(sample 126) and 2.7x10'9 cm- 3 (sample 140) (here, n is the cion or concent rat ion) 

are plotted as a function of temperature. It is noted that an almost temperature 

independent behavior is observed in the ISTI product as a fu nction of temperature 

for our samples JL167 and JL169 in the temperature range between 40 K and 200 ]( 

as in Fig. 5-18(a) , and for t he n-type bulk Si with n = 2.2 x 10' 8 cm-3 (sample 126) 

in the temperature range between 25 K and 60 K as in F ig. 5-18(b) . This behavior in 

the ISTI product corresponds to a 151 ~ T-l dependence in the Seebeck coefficient. 

The resemblance in beha.vior and the aetnal values of the ISTI product as a filll etion 

of temperature, between our samples (JL167 and JL169) and the n-type bulk Si with 

n = 2.2 x lO l 8 cm- 3 (sample 126) measured by Geballe et at . [8D], strongly suggests 

t hat the dominant mechanism for the observed increase in the value of 151 at low 

temperatures (T < 200 K) for samples JL167 and JL169 is the phonon drag effect . 

It is noted that the effect of the increasing value of 151 is not present in the newer 

set of Si/Ge superiattice samples (JL194, JL197 and JL199) that are provided by 

Dr. J . L. Liu at UCLA as shown in Fig. 5-21 (see §5 .7.2) . We att ri bute the absence 

of the effect of increasing 151 (with decreasing T ) below 200 K in samples JL194, 

JL197 and JL199, to the absence of the phonon drag effect in these samples. The 

fact that the phonon drag effect is present in Some Si/Ge superiattice samples, but 

not in others, suggests that the directional, off-balanced distribution of phonons that 

is necessary for the phonon drag effect to be observed, is created by some extrinsic 

mechanisms in samples JL167 and JL169 . For the case of samples JL167 and JL169, 
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Figure5-18:(a)AbsolutevaluesoftheS7「productラwhereSistheSeebeckcoefficientand

Tisthetemperature,thataremeasuredfbrsamplesJL167(opencircles)andJL169(filled

diamonds)asafunctionoftemperature.Alsoshownarethetheoreticalresultsassuming

n=4×1018cm-3intheconstantrelaxationtimeapproximation(solidcurve)andinthe

semi-classicalmodel(long-dashedcurve)thatisdevelopedinChapter6ラwherethedominant

scatteringmechanismisionizedimpurityscattering.Itisnotedthatthetheoreticalmodels

usedheredonotincludethephonondrageffectexplicitly.(b)Atypicalphonondrageffect

observedinbulkSi(afterGeballeetα1.[89])りwhereabsolutevaluesfbrtheSTproduct

areplottedasafunctionoftemperaturefbrsampleswithn=2.2×1018cm-3(sample

126)andwithn=2.7×1019cm-3(sample140)(here,nisthedonorconcentration).The

resemblancebetweenourresultsin(a)andtheresultsbyGeballeetα1.in(b)[seethe

resultsfbrsample126]stronglysuggeststhattheobservedeffectofincreasinglSlbelow200

KinsamplesJL167andJL169(seeFig.5-15)isduetothephonondrageffect.
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F igure 5-18 : (a) Absolute values of the ST product, where S is the Seebeck coefficient and 
T is the tempera ture, that are measlU"ed for samples JL167 (open circles) and JL169 (fi lled 
d iamonds) as a funct ion of temperatlU"e. Also shown are th e theoreti cal result s assum ing 
n = 4x 10'8 cm- 3 in the constant relaxat ion time approximation (solid clU"ve) and in t he 
semi-classi cal model (long-dashed clU"ve) that is developed in Chapter 6, where the dominant 
scattering mechanism is ionized implU"ity scattering. It is noted that the theoretical models 
used here do not include the phonon drag eftect explicitly. (b) A typical phonon drag eftect 
observed in bulk Si (after Geballe et al. [89]), where absolute values for the ST product 
are plotted as a function of temperat lU"e for samples with n = 2.2 x lO'S cm- 3 (sample 
126) and with n = 2.7x l0' D cm- 3 (sample 140) (here, n is the donor concentration). The 
resemb lance between our results in (al and the results by Gebal le et al. in (b) [see the 
result.s for sample 126J st.rongly suggest.s t.ha.t. t.h e ohserved effec:l. of inn eas ing lSI helaw 200 
K in samples J L167 and J L169 (see Fig. 5-15) is due to the phonon drag efti'd. 
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aSi1_xGex(x:0→0.5)gradedbufferlayerisdirectlygrownolltopofa(001)

orientedSisubstrate.Therefore,thedirectional(off-balanced)distributionofphonons

isinducedinthesuperlatticepartofthesamplesbythethedirectional(off-balanced)

distributionofphononsintheSisubstrate,wheresuchadirectional(off-balanced)

distributionofphononsispresentduetothenatureofthebulkSicrystal,aswehave

seeninFig.5-18(b).Ontheotherhand,forthecaseofJL194,JL197andJL199,

aSi1_xGex(x:0→0.5)gradedbufferlayerisgrownontopofa(001)oriented 　
SOIsubstrate.SincetheSOIsubstratehasa3800AthickSiO21ayerbetweenthe

Sisubstrateandthesuperlatticepartofthesample,astructuraldiscontinuityis

introducedbetweenthesuperlatticepartandthe(001)orientedSisubstratebelow

theSiO21ayer(seeFig.5-12).Therefore,adirectionalfiowofphonons(oranoff-

balanceddistributionofphonons)thatispresentintheSisubstratebelowtheSiO2

1ayerdoesnotaffectthephonondistributionabovetheSiO21ayer.Inthisway,the

superlatticepartofthesampleretainsabalanced(locallyequilibrated)distribution

ofphonons,andhencetheabsenceofthephonondrageffectinsamplesJL194,JL197

andJL199canbeexplained.

5.6.3 S2σandZ3DTforsamplesJL167andJL169

PlottedinFig.5-19,aretheexperimentallydeterminedthermoelectricpowerfactor

S2σforsamplesJL167andJL169,whichareobtainedbycombiningtheexperimental

datafortheelectricalconductivityσandtheSeebeckcoefficientSthatareshownin

§5.6.1.Aswehavediscussedin§5.6.2,thecausefortheobservedriseinS2σbelow

200Kinthesesamplesisattributedtoaphonondrageffectthatinducedfromthe

Sisubstrate.Therefore,wedonotdiscussthiseffectanyfurtherinthissubsection.

Fortemperaturesbetween200Kand330K,theexperimentalvaluesforS2σ,for

bothsamplesJL167andJL169,agreeverywellwiththeoreticalpredictionsusing

semi-classicalmodelsthataredevelopedinChapter6,whereMatthiessen,srule

1 1

7Tt。t(E) 7imp(E)

11
+

7a,(E)+7e。t
(5.6)
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a Si1_xGex (.T : 0 -7 0.5) graded buffer layer is directly grown on top of a (001) 

oriented Si substrate. T herefore, the directional (off-balanced) dist ribution of phonons 

is induced in the superlattice part of the samples by the the directional (off-balanced) 

distribution of phonons in the Si substrate, where such a directional (off-balanced) 

distri bution of phonons is present due to the nature of the bulk Si crystal, as we have 

seen in Fig. 5-1S(b). On the other haJl(l , for the case of .JL194, .JL197 and .JL199, 

a Si'_xGex (x : a -7 0.5) graded buH'er layer is grown on top of a (001) oriented 

SOl substrate. Since the SOl substrate has a 3800 A thick Si0 2 layer between the 

Si substrate and the superlattice part of the sample, a structural discontinuity is 

int roduced between the superlatt ice part and the (001) oriented Si substrate below 

the Si02 layer (see Fig. 5-12). Therefore, a directional flow of phonons (or an of[

balanced distribution of phonons) that is present in the Si substrate below the Si02 

layer does not affect the phonon distribution above the Si0 2 layer. In t his way, the 

superlattice part of the sample retains a balanced (locally equilibrated) distribution 

of phonons, and hence the absence of the phonon drag effect in samples JL194, JL197 

and JL 199 can be explained. 

5.6.3 8 2
(7' and Z 3DT for samples JL167 and JL169 

Plotted in Fig. 5-19, are the experimentally determined thermoelectric power factor 

5 2
0 fo r samples JL167 and JL169, which are obtained by combining the experimental 

data for t he electrical conductivity 0 a.nd t he Seebeck coefficient 8 tbat are shown in 

§5.6.1. As we have discussed in §5.6.2, the cause for the observed rise in 820 below 

200 K in these samples is attributed to a phonon drag effect that induced from the 

Si substrate. Therefore, we do not discuss this efl'ect any further in this subsection. 

For temperatures between 200 K and 330 K, the experimental values for 8 2
0 , for 

both samples ']L167 and .]L169, agree very well wiLh Lheoretical predictions using 

semi-classical models that are developed in Chapter 6, where Matthiessen's rule 

(5.6) 
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Figure5-19:ExperimentallydeterminedthermoelectricpowerfactorS2σasafunction

oftemperaturefbr(a)sampleJL167and(b)sampleJL169,togetherwiththeresults

ofsemi-classicalmodelsdevelopedinChapter6,assumingn=4×1018cm-3りandusing

Matthiessenりsrule(Eq.5.6)asexplainedinthefbotnoteonpage252.Alsoshowninthe

insetofeach丘gureistheestimatedZ3DTasafunctionoftemperature,usingκ=5W/m・K

f()rthevalueofthethermalconductivity.Itisnotedthattheelectroniccontributionsto

thethermalconductivityκefbrsamples兀167andJL169areestimatedtobelessthan

O.1W/m・Kat300Kusingthemeasuredelectricalconductivitydata(Fig.5-17)andthe

Wiedemann-Franzlaw.
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Figure 5-19: Experimentally determined thermoelectric power factor 52" as a function 
of temperatm e for (a) sample JL167 and (b) sample JL169, together with the resnlts 
of semi-classical models developed in Chapter 6, assuming n = 4 x 1018 cm- 3 , and using 
Matthiessen's rule (Eq. 5.6) as explained in the footnote on page 252. Also shown in the 
inset of each figme is the estimated Z3DT as a fi.mction of temperature, using" = 5 W I m·1{ 
for the value of the thermal conductivi ty. It is noted that the electronic contributions to 
the thermal conductivity "e for samples JL167 and JL169 are estimated to be less than 
0.1 W I m·1{ at 300 K using the measm ed electrical conductivity data (Fig. 5-17) and the 
Wiedemann-Fh.nz law. 
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isemployedtotakeilltoaccounttheextrinsicscatterillgmechallisms(7ext)discussedin

§5.6.1.†Fortemperaturesabove330K,theexperimelltallydetermilledvaluesfbrθ2σ

arealittlelargerthanthevaluespredictedintheoryusingthesemi-classicalmodels.

Theoriginofsuchanincreaseintheexperimental52σrelativetothetheoretical

predictionabove330KisduetothecorrespondingincreaseinthemeasuredSeebeck

coef丑cientθabove330K(i.e.,notduetotheincreaseintheelectricalconductivity

σ).Theexactmechanismforsuchanincreaseinl51above330KisIlotknownat

present,butsincewehaveobservedasimilarbehaviorofincreasingl51above300K

inthenewersetofsamplesthataregrownon(001)orientedSOIsubstrates(samples

JL194,JL197andJL199),wewilldiscussthepossiblemechanismsforthiseffectlater

(see§5.7.2).Therefbre,thegoodagreementbetweenthetheoreticalpredictionsand

theexperimentalresultsforthetemperaturedependenceoftheSeebeckcoef丑cient5

andthethermoelectricpowerfactorθ2σ ‡11singsamplesJL167andJL169basically

completestheexperimentalproofLof-principlestudyoftheenhancedthermoelectric

propertiesinthe(001)orientedSi(20A)/Ge(20A)superlatticesinthetemperature

rangebetween200Kand330K.

However,somesubtlequestionsremainabouttheobservedagreementbetween

theoryandexperimentinthepresentworkusingsamplesJL167andJL169:(1)First

ofall,whatwouldbethevalllesoftheSeebeckcoefHcientfbrthe(001)oriented

Si(20A)/Ge(20A)superlatticesfortemperaturesbelow200Kifthephonondrag

effectwerenotpresent?Isthereanygoodagreementbetweentheoryandexperiment

forthevaluesoftheSeebeckcoef丑cientofthesuperlatticebelow200Kinthiscase?

(2)Isthephonondrageffect,whichisobservedtoleadtoasignificantincreaseinthe

valuesofthemeasuredθbelow200K,reallyabsentinthesuperlatticeabove200K?

†Ti
mp(E)andTa,(E)aretherelaxationtimesasafunctionofelectronenergy(measuredfromthe

pertinentbandedge)fbrionizedimpurityscatteringandlongitudinalacousticphonondefbrmation

potentialscattering,respectively,and7extistherelaxationtimethattakesintoaccounttheextrinsic

scatteringmechanismsthatarediscussedin§5.6.1.Timp(E)andTac(E)arecalculated,ateach

temperature,usingthesemi-classicalmodelsdevelopedinChapter6withouttheuseofanyfitting

parameters,whereasthevalueofTextisobtainedby丘ttingtheexperimentaldataat300Kusing

Matthiessen,srule.

‡InmodelingthevaluesofthethermoelectricpowerfactorS20
,0urtheoreticalmodelsinclude

theextrinsicscatteringmechanismsthatarediscussedin§5.6.1throughMatthiessen'srule(see

Eq.5.6andthefbotnoteonpage252).
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is employed to take into account the extrinsic scattering mechanisms (Text) discussed in 

§5.6.l. t For temperatures a bove 330 K, the experimentally determined values for 5 2a 

are a li ttle larger than the values predicted in theory using the semi-classical models. 

The ori gin of such an increase in the experimental 5 2a relative to the theoretical 

prediction above 330 K is due to the corresponding increase in the measured Seebeck 

coefficient 5 above 330 K (i.e., not due to the increase in the electrical conductivity 

a) . The exact mechanism for such an increase in 151 above 330 K is not known at 

present, but since we have observed a similar behavior of increasing 151 above 300 K 

in the newer set of sampl es that are grown on (001) oriented sor substrates (samples 

JL194, JL197 and JL199) , we will disc uss the possible mechanisms for this effect later 

(see §5 .7.2) . Therefore, the good agreement between the theoretical predictions and 

the experimental results for the temperature dependence of the Seebeck coeffi cient 5 

and the thermoelectric power factor 52al using samples JL167 and JL169 basically 

completes the experimental proof-of-principle study of the enhanced thermoelectric 

properties in the (~Ol ) oriented Si(20 A)jGe(20 A) superiattices in the temperat ure 

range between 200 ]( and 330 K. 

However, some subtle rjl!esr.ions remain about, the observed agreement between 

theory and experiment in the present work using samples JL167 and J1169: (1) First 

of all , what would be the values of t he Seebeck coefficient for the (001) oriented 

Si(20 AJjGe(20 A) superlattices for temperatures below 200 K if the phonon drag 

effect were not present? Is there any good agreement between theory and experiment 

for the values of the Seebeck coefficient of the super lattice below 200 K in this case? 

(2) Is the phonon drag effect , which is observed to lead to a significant increase in the 

values of the measured 5 below 200 K, really absent in the superlattice above 200 K? 

t 11u'P(E) and 'Tac(E) are the rela.'Xation times as a function of electron energy (measured from the 
pertinent band edge) for ionized impurity sca.ttering and longitudinal acoustic phonon deformation 
potential scattering, respectively, and Te x/' is the relaxation time that takes into account the extrinsic 
scattering mechanisms that are discussed in §5.6.1. Timp (E) and Tac(E) are calculated; at each 
temperatllre, llsing the serni-dassieal models developed in Cha.pter 6 withollt the use of allY fitting; 
parameters, ,yhereas the value of Text. is obtained by fitting the experimental data at 300 K using 
Matthiessen:s n llf' . 

tIn modeling the values of the thermoelectric power factor S2a , our theoretical monels inclune 
the e::-..'trinsic scattering mechanisms that are discussed in §5.6.1 through IVlatthiessenls rule (see 
Eq. 5.6 and the footnote on page 252). 
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oraretheobservedvaluesofSabove200Kactuallytheresultofacombinationofboth

thenormalSeebeckcoef丑cient(withoutthephonondrageffect)alldthecontribution

fromthephonondrageffect?(3)Aretheparalleltransportcontributionsfromthe

bufferlayerand/orthesubstrate,whichismentionedin§5.6.2,reallynegligiblein

thetemperaturerangeinvestigated(from4.2Kto400K)insamplesJL167and

JL169?Ifnot,dosuchcontributionsaccountfortheslightincreasesinSfromthe

theoreticalvaluesabove330KthatareobservedillFig.5-15?Illordertoclarify

questions(1)and(2)above,westudybelowanewsetofsamplesthataregrownon

(001)orientedSOI(Si-on-insulator)substrates(samplesJL194,JL197andJL199).

Aswementionedin§5.6.2,theeffectofphonondragonincreasingthevaluesof

themeasuredISIatlowtemperatures(T<200K)isnotpresentinthesesamples.

Therefore,wecanalsoassumethatthephonondrageffectisnotpresentintheSeebeck

measurementsabove200Kaswellinthesesamples.Moreover,sinceSOIsllbstrates

shouldprovideperfectelectricalinslllationbetweenthesllperlatticepartofthesample

andthebase(001)Sisubstratebelowthe3800ASiO21ayer(seeFig.5-12),wecan

atleastexcludethepossibilityofhavingtheparalleltransportcontributionsfrom

theSisubstrate(butnotfromtheSiGebufferlayer)inthesesuperlatticesamples.

wehadoriginallyexpectedthattheSi(20A)/Ge(20A)superlatticesgrownon(oo1)

orientedSOIsubstratesmightnothaveashighvaluesforthecarriermobilityasthose

grownon(001)orientedSisubstrates.However,theexperimentalinvestigationsin

thischapterhaveshownthatthevaluesforthemeasuredHallmobilitiesforsamples

JL194,JL197andJL199[superlatticesgrownon(001)orientedSOIsubstrates]are

consistentwiththoseforsamplesJL167andJL169[superlatticesgrownon(001)

orientedSisubstrates],suggestingthatthestructuralqualitiesforsamplesJL194,

JL197andJL199areequivalentlyashighasthoseforsamplesJL167andJL169.

Regardingthethirdquestionabove,wehaveassessedtheamountofparalleltransport

contributionfromthebufferlayeror/andsubstratetothemeasuredthermoelectric

transportcoef丑cients,usingasetofthinandthicksuperlatticesamplesthataregrown

usingidenticalgrowthconditions,andthisisslleisdiscussedin§5.8.

Finally,ourultimategoalinthiswholeprojectistoobtainanenhancedvalue
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or are the observed values of 5 above 200 K actually the result of a combination of both 

the normal Seebeck coefficient (without the phonon drag effect) and the contribution 

from the phonon drag effect? (3) Are the parallel transport contributions from the 

buffer layer and/or the substrate, which is ment ioned in §5 .6.2, really negligible in 

the temperature range investigated (from 4.2 K to 400 K) in samples .JUG7 and 

.JL1G9? If not , do such contributions account for the slight increases in 5 fro111 the 

theoretical values above 330 K that are observed in Fig. 5-15'1 In order to clarify 

questions (1) and (2) above, we study below a new set of samples that are grown on 

(001) oriented SOI (S i-on-insulator) substrates (samples JL194, JL197 and JL199). 

As we mentioned in §5 .G.2, t he effect of phonon drag on increasing the values of 

the measured 151 at low temperatures (T < 200 K) is not present in these samples. 

Therefore, we can also assume that the phonon drag eft'ect is not present in the Seebeck 

measurements above 200 K as well in these samples. Moreover, since SOl substrates 

should provide perfect electrical insulation between the superlattice part of t he sample 

and the base (001) Si substrate below the 3800 A Si02 layer (see Fig. 5-12) , we can 

at least exclude the possibility of having the parallel tra.nsport contributions from 

the Si substrate (but not fl'Om the SiGe buff'er layer) in these superlatt ice samples. 

We had originally expected that the Si(20 A)/Ge(20 A) superlattices grown on (001) 

oriented SOl substrates might not have as high values for the carrier mobility as those 

grown on (001) oriented Si substrates. However, the experimental investigations in 

this chapter have shown that the values for the measured Ha.ll mobilities for samples 

.JL194, .JL197 and .JL199 [superlattic.es grown on (001) oriented SOl substrates] are 

consistent with those for samples JLl67 and .JLlG9 [superlattices grown on (001) 

oriented Si substrates] , suggesting that the structural quali ties fo r samples JL194, 

.JL197 and JLl99 are equivalently as high as those for samples .JL167 and JL1G9. 

Regarding the third question above, we have assessed t he amount of parallel transport 

contributioll from the buffer layer or/and substrate to the measured therlIloelectric 

transport coefficients, using a set of thin and thick superlattice samples that are grown 

using identical growth conditions, and this issue is discussed in §5.8. 

Finally, our ultimate goal in this whole project is to obtain an enhanced value 
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ofZ3DT.ThedeterminationofreliablevaluesofZ3DTforourSi/Gesuperlattice

samples(JL167alldJL169)isIloteasy,sincetheactualtemperaturedependellceof

thein-planethermalconductivityforthesuperlatticeitselfisnotknownatasat.

isfactorylevelatpresentinthesesamples(see§5.2).However,previousresultsof

theoreticalandexperimentalinvestigationsindicatethatthethermalconductivityκ

forashortperiodSi/Gesuperlattice(dsi十dGe<100A,wheredsianddGearethe

thicknessesfortheSialldGelayersinthesuperlattice,respectively)isintherange

betweenlW/m・Kand10W/m・Katroomtemperature[62,67],andthevalueof

κisrelativelytemperatureinsensitivebetween77Kand300K.We,therefore,use

thetemperatureindependentvalueofκ=5W/m・Ktomakeanorderofmagni-

tudeestimateforthetemperaturedependenceofZ3DTforthesamplesinvestigated

inthissection(JL167andJL169).ShownintheinsetsofFig.5-19(a)(b)arethe

resultsofsuchestimationsofZ3DTasafunctionoftemperatureforsamplesJL167

andJL169,respectively.Itwillbefound,in§5.9,thatthedopinglevelsforthese

samplesarealmostoptimized.Therefore,nosignificantimprovementsinthevalue

ofZ3D7「areexpectedbyadjustingthedopinglevelsinthesesamplesanyfurther.

Instead,thevaluesofZ3DTforourSi(20A)/Ge(20A)superlatticesamplesshould

beincreasedfromthepresentexperimentalvaluesbyimprovingthestructuralqual-

itiesofthesamples,forexample,byreducingtheinterfaceroughnessattheSi/Ge

boundariesand/orminimizingthestructuraldefectanddislocationdensitiesthatare

introducedintothesuperlatticestructuresduringthegrowthprocesses.InChapter6,

wewillseethatthecalculatedvaluesforthecarriermobilityforahomogeneously

dopedSi(20A)/Ge(20A)superlatticeshouldbeafactoroftwotothreelargerthan

thevalllesobtainedintheexperiment.Therefore,ifwecouldremovethesollrces

ofextrinsicscatteringmechanismsfortheconductioncarriersthatarediscussedin

§5.6.1,thevalueofZ3D7「forthe(001)orientedSi(20A)/Ge(20A)superlatticecould

perhapsbeincreasedupto～0.22at300KaswediscussinChapter6.ltwillbe

alsoshowninChapter6thatthevaluesofthecarriermobilityforδ 一 〇rmodulation-

dopedSi(20A)/Ge(20A)superlattices[inthe(001)orientation]shouldbeenhanced

byafactorofmorethantworelativetothoseforthecorrespondingmobilitycal一
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of Z3DT. T he determination of reliable valnes of Z3DT for our Si/Ge snperlattice 

samples (JL167 and JL169) is not easy, since the actual temperature dependence of 

the in-plane thermaI conductivity for the superlattice itself is not known at a sat

isfactory level at present in these samples (see §5 .2). However, previous results of 

theoret ical and experimental invest igations indicate that the thermal conductivity K 

for a short period Si/Ge superl attice (ds; + dGc < 100 A, where ds; a.nd dGc a.re tbe 

thicknesses for the Si and Ge layers in the superiattice, respectively) is in the range 

between 1 W / mX and 10 W /m·K at room temperature [62,67], and the vaIue of 

K is relatively temperature insensitive between 77 K and 300 K. We, therefore, use 

t he temperature independent value of K = 5 W / m.K to make an order of magl1i

tude estimate for the temperature dependence of Z3DT lor the samples investigated 

in this section (JL167 and JL169). Shown in the insets of Fig. 5-19(a)(b) are the 

results of such estimations of Z3DT as a function of temperature fo r samples JL167 

and JL169, respectively. It will be found. in §5.9, that the doping levels for these 

samples are almost optimized. Therefore, no significant improvements in the value 

of Z3DT are expeded by adjusting the doping levels in these samples any further. 

Inst.ead, the valnes of Z3DT lor om Si(20 A)/Ge(20 A) snperlatt.ice samples should 

be increased from the present experimental values by improving the structural qual

ities of the samples, for example, by red ucing the interface roughness at the Si/Ge 

boundaries and/or minimizing the structural defect and dislocat ion densities that are 

introduced into the superlattice structures during t he growth processes. In Chapter 6, 

we will see that the calculated values for the carrier mobility for a homogeneously 

doped Si(20 A)/Ge(20 A) superJattice should be a factor of two to three larger than 

the values obtained in the experiment. T herefore. if we could remove the sources 

of extrinsic scattering mechanisms for the conduction carriers that are discussed in 

§5.6.l , the value of Z3DT for the (001) oriented Si(20 A)/Ge(20 A) superlattice could 

perhaps be increased up to ~0.22 at 300 K as we discuss in Chapter 6. It will be 

also shown in Chapter 6 that the values of the carrier mobility for 8- or modulation

doped Si(20 A)/Ge(20 A) superlattices [in the (001) orientation] should be enhanced 

by a factor of more than two relative to those for the corresponding mobility cal-
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culatedforahomogeneouslydoped(001)orientedSi(20A)/Ge(20A)superlattice.

HellcearesultantvalueofZ3DTiuO.5mightbeexpectedinaδ 一doped(001)oriented

　 　
Si(20A)/Ge(20A)superlatticeat300Kusingκ=5W/m・Kforthethermalcon-

ductivity.ItshouldbenotedthatthevaluesofZ3DTcanbefurtherincreasedby

growingthesuperlatticesina(111)orientationaswediscussedin§5.4.2,wherethe

valueofZ3DTforthe(111)orientedSi(20A)/Ge(20A)superlatticeispredictedtobe

enhallcedbyafactoroffourrelativetothecorrespondingvalueofZ3D7「fora(001)

　 　
orientedSi(20A)/Ge(20A)superlatticeat300Kusingtheconstantrelaxationtime

apProximation.SincethebasicconceptforenhancingthevaluesofZ3DTusingthe

(111)orientedSi/Gesuperlattices,asdiscussedin§5.4.2,isstillvalid,irrespectiveof

thedetailsofthespecificscatteringmechanisms,wecanexpectasignificantlylarger

valueforZ3DT(Z3D7「N2.Oat300K)inaδ 一doped(111)orientedSi(20A)/Ge(20A)

superlattice.

5.7 Experimentalproof-of-principlestudyusing(001)

　 　
orientedSi(20A)/Ge(20A)superlatticesgrown

on(001)SOI(Si-on-insulator)substrates

Intheprevioussection,wehaveshownresultsfortheexperimentalproof.of-principle

studyonCarrierPocketEngineeringusing(001)orientedSi(20A)/Ge(20A)super-

latticesamplesthatweregrownon(001)orientedSisubstrates(samplesJL167and

JL169).Wehaveseenthattheagreementbetweentheoryandexperimentisfairly

goodinthetemperaturerangebetween200Kand330K.However,alargephonon

dragcontributiontothemeasuredSeebeckcoefficientS,whichisproducedbyan

off-balanced,directionaldistributionofphononsinthesuperlatticepartofthesam-

plethatisbelievedtobeinducedbyasimilar(off-balanced,directional)distribution

ofphononsinthesubstrate,makestheexperimentalverificationofthetheoretical

predictionoftheCarrierPocketEngineeringconceptverydif丑cultbelow200Kwith

thesesamples(JL167andJL169).Wehavealsoraisedanissuethatparalleltrans一
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culated for a homogeneously doped (001 ) oriented Si(20 A)/Ge(20 A) superiattice. 

Hence a resul tant value of Z3DT "" 0.5 might be expected in a 6-doped (001) oriented 

Si(20 /\)/Ge(20 A) superlattice at 300 K using", = 5 W / m·1( for the thermal con

ductivity. It should be noted that the values of Z3DT can be furth er increased by 

growing the superlattices in a (I ll) orientation as we discussed in §5.4.2, where the 

value of Z3DT fo r the (Ill) oriented Si(20 A)/Ge(20 A) superlatt ice is predicted to be 

enhanced by a factor of four relative to the corresponding va lue of Z3DT for a (001) 

oriented Si(20 /\)/Ge(20 A) superlattice at 300 K using the constant relaxation t ime 

approximation. Since the basic concept for enhancing the values of Z3DT using t he 

(111) oriented Si/Ge superlattices , as discussed in §5.4.2, is st ill valid, irrespective of 

the details or the specific scattering mechanisms, we can expect a significantly larger 

value for Z3DT (ZmT "" 2.0 a t 300 K) in a J-doped (Ill) oriented Si(20 A)/Ge(20 A) 

superlattice. 

5.7 Experimental proof-of-principle study using (001) 

oriented Si(20 A)jGe(20 A) superlattices grown 

on (001) SOl (Si-on-insulator) substrates 

In the previous section, we have shown results for the experimental proof-or-principle 

study on Carrier Pocket Engineering using (001) oriented Si(20 .1\) / Ge(20 .1\) super

lattice samples that were grown on (001 ) oriented Si substrates (samples JL167 and 

JL169). We have seen that t he agreement between theory anel experiment is fai rly 

good in the temperature range between 200 K and 330 K. However, a large phonon 

drag contribution to the measured Seebeck coefficient S , which is produced by an 

off-balanced, direct.ional distribut.ion of phonons in the sllperlat tice part of the sa.m

pie that is believed to be induced by a similar (off- balanced, directional) distribution 

of phonons in the substrate, makes the experimental ve rification of the theoret ical 

predictioll of the Carrier Pocket Eugilleerillg coucept very diffi culL below 200 K wilh 

these samples (JL167 and JL169). We ha.ve also raised an issue that parallel trans-
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portcontributionsfromthebufferlayerand/orsubstratemayhavesomeeffectonthe

measuredthermoelectrictransportcoef丑cientsfortheSi/Gesuperlatticesamples.A

goalofthepresentsectionis,therefore,toclarifytheseissuesandtocompletethe

experimentalproof-ofLprinciplestudyforthehomogeneouslydoped(001)oriented

Si(20A)/Ge(20A)superlattices.Inadditiontothisgoal,attemptsarealsobeing

madetodetermineboththethermalconductivityκandtheelectronictransportcoefL

ficientsSandσusingthesamesuperlatticesamplesthatwerecutoutfromthesame

originalpieceofMBE-grownsuperlattice.Asanexampleofthislineofresearch,we

discusstherecentresultsofthecross-planethermalconductivity(κ ⊥)measurements,

in§5.7.1,thatwereperformedinProf.G.Chen'sgroupatUCLArecently[70].

Ourfutureexperimentalstudiesshouldbefocusedonthestudyoftheδ 一and

modulationdopingeffecttofurtherincreasethevaluesofZ3D7「andontheexperi-

mentalproof-ofLprinciplestudyllsingthe(111)orientedSi/Gesuperlattices,where

anadditionalfactoroffourenhancementinthevaluesofZ3DTrelativetothosefor

the(001)orientedSi/Gesuperlatticesintheoptimizedsuperlatticestructuresisex-

pected,basedoncalculationsusingtheconstantrelaxationtimeapproximation,as

wediscussedin§5.4.2.

5.7.1 Cross-planethermalconductivityκforsamplesJL194,

JL197andJL199

Beforeshowingtheresultsofourexperimentsforthetemperature-dependentSeebeck

coefficientS(T),theelectricalconductivityσ(T)andtheHallcarrierconcentration

nHall(T)in§5.7.2,wewouldliketointroducetheresultsofrecentmeasurements

ofthetemperaturedependenceofthecross-planethermalconductivityκ ⊥(T)that

wereperformedbyT.Borca-TascillcinthegroupofProf.G.ChenatUCLA.These

measurementswereperformedusinga3ω 一method[83]foridenticalsamples(JL194,

JL197andJL199)tothosethatweusedforthemeasurementsofthetemperature

dependenceofS,σand7zHallin§5.7.2.

ShowninFig.5-20aretheresultsofthemeasuredtemperaturedependenceof
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port cont ributions from the bufFer layer and/or substrate may have some effect on the 

measured thermoelectric transport coefficients for the Si/Ge superlattice samples. A 

goal of the present section is, therefore, to clarify these issues and to complete the 

experi mental proof-of-pri nciple study for the homogeneously doped (001) oriented 

Si(20 A)/Ge(20 A) superlatt ices. In addi t ion to this goal , attempts are also being 

made to determine both the thermal conductivity 0, and the electronic t ransport coef~ 

ficients [3 and a using the same superlattice samples that were cut out from the same 

original piece of lVIBE-grown superlattice. As an example of this line of research, we 

discuss the recent results of the cross-plane thermal conductivity (0,1- ) measurements, 

in §5 .7.l , that were performed in Prof. G. Chen's group at UCLA recently [70]. 

Our fu ture experimental studies should be focused on the study of the 6- and 

modulation doping effect to further increase the values of Z3DT and on the experi

mental proof-of-principle study using the (111) oriented Si/Ge superlattices, where 

an additional factor of four enhancement in the values of Z3DT relative to those for 

the (001) oriented Si/Ge superlattices in the opt imized superlattice structures is ex

pe<.:ted, based on <.:akulations using the constant relaxation time approximation, as 

we discllssed in §5.4.2. 

5.7.1 Cross-plane thermal conductivity K, for samples JL194, 

JL197 and JL199 

Before showing the results of our experiments for the temperature-dependent Seebe<.:k 

coefficient S(T ), the electri cal conductivity a(T) and the Hall carrier concellt,ration 

n Hall (T ) in §5.7.2, we would like to introduce the results of recent measurements 

of the temperature dependence of the cross-plane thermal conductivity o,1- (T) that 

were performed by T. Borca.-Tasciuc in the group of Prof. G. Chen at UCLA. These 

measurements were performed using a 3w-method [83] for identical samples (.JL194, 

JL197 and JL199) to those tha.t we used for the measurements of the temperature 

dependence of S, a and n H"1 1 in §5 .7.2. 

Shown in Fig. 5-20 are the results of the measured temperature dependence of 
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Figure5-20:Thetemperaturedependenceofthethermalconductivityκalongthesu-

perlatticegrowthaxis(denotedasthecross-planethermalconductivityκ ⊥)measuredf()r

sampleJL194(opencircles),JL197(opendiamonds)andJL199(opentriangles)asafunc-

tionoftemperature.Themeasurementsareperf()rmedbyT.Borca-Tasciucinthegroupof

Prof.G.ChenatUCLAusinga3ω 一method[83].Itisnotedthatthevaluesforκ ⊥obtained

inthismeasurementcannotbeusedfbrκ(T)intheestimationofZ3DTinourexperiment

sincethethermoelectricpowerfactorS2σfbrthesesamplesismeasuredalongtheplaneof

thesuperlattice.
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Figure 5-20: The temperatme dependence of the thermal conductivity", along the su
pet·lattice growth axis (denoted as the cross-plane thermal conductivity ".1.) measured for 
sample JL194 (open circles), JL197 (open diamonds) and JL199 (open triangles) as a func
tion of temperature. The measurements are performed by T. Borca-Tasciuc in the group of 
Prof. G. Chen at UCLA using a 3w-method [83J . It is noted that the values for ".1. obtained 
in this measurement cannot be used for ,,(T) in the estimation of Z30T in our experiment 
since the thermoelectric power factor 52" for these samples is measured along the plane of 
the superia ttice. 
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thecross-planelatticethermalconductivityκ ⊥(T),wherethethermalconductivities

ofthesamplesaremeasuredalongthesuperlatticegrowthdirection(perpendicular

totheplaneofthesuperlattice,denotedasthecross-planethermalconductivity)for

samplesJL194,JL197andJL199.Intheseexperiments,thevaluesofthethermal

conductivity(alongthesuperlatticegrowthaxis)forthesuperlatticepartofthe

sampleonlyareevaluatedusingabarebufferlayersample[thesampleswithout

Si/Gesuperlatticelayers,butwithbothaSi1_xGex(x:0→0.5)gradedbufferlayer

andanundopedSio .5Geo.5homogeneousbufferlayer(seeFig.5-12)]asthereference

substrateinthe3ω 一method[83].

InFig.5-20,weseealargedecreaseinthecross-planethermalconductivityκ

fortheSi/Geshortperiodsuperlatticesamples(JL194,JL197andJL199)relative

tothebulkvaluesofthethermalconductivityforSi(κ=150W/m・Kat300K)

andGe(κ=60W/m・Kat300K)[87].AlsoanotablefeatureinFig.5-20isthat

themeasuredcross-planethermalconductivitiesκ ⊥(T)arefoundtodecreasewith

decreasingtemperature,whereasthethermalconductivityforabulkmaterialusually

increaseswithdecreasingtemperatureinthistemperaturerange,sincethephonon

meanfreepathina3Dmaterialusuallyincreaseswithdecreasingtemperature.

Althoughthevaluesofκ(T)requiredfortheestimationofthethermoelectric

figureofmeritZ3DTfortheSi/Gesuperlattices(JL194,JL197andJL199)arethose

forthein-planethermalconductivity(denotedbyκll)ratherthanthoseforthecross-

planethermalconductivity(denotedbyκ ⊥)thatareshowninFig.5-20,itishoped

thatthefurtheranalysisofthepreliminarycross-planethermalconductivityinthe

Si/Gesuperlatticeswillalsoprovidesomeinsightintoκll(T)forthein-planethermal

conductivityoftheSi/Gesuperlattices.Forexample,theoreticalmodelsforthelattice

thermalconductivityinbothin-planeandcross-planedirectionsmaybedeveloped

insuchawaythatimprovedestimatesforthein-planethermalconductivityκ(T)

canbeobtainedfromtheexperimentalfittingofthecross-planethermalconductivity

only.Atthesametime,effortsshouldbecontinuedforanexperimentaldetermination

ofκll(T)tobeusedinafullyexperimentaldeterminationofZ3DTforthewholeSi/Ge

superlattices.
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the cross-plane lattice thermal conductivity ".l(T) , where the thermal conductivities 

of the samples are measured along the superlattice growth direction (perpendicular 

to the plane of the superlattice, denoted as the cross-plane thermal conductivi ty) for 

samples JL194, JL197 and JL199. In these experiments, the values of the thermal 

conductivity (along the superlatt ice gTowth ax is) for the superiattice part of the 

sample only are evalua.ted using a bare buffer layer sample [the samples without 

Si/Ge superiattice layers, but with both a Si'_xGex (x : 0 -) 0.5) graded buffer layer 

and an undoped SiO.SGeD.5 homogeneous buffer layer (see Fig. 5-12)] as the reference 

substrate in the 3w-method [83] . 

In Fig. 5-20, we see a large decrease in the cross-plane thermal conductivity" 

for the Si/Ge short period superlattice samples (JLI94 , JL197 and JLl99) relative 

to the bulk values of the thermal conductivity for Si (A; = 150 W / m·K at 300 K) 

and Ge (" = 60 W / m·I< at 300 K) [S7]. Also a notable feature in F ig. 5-20 is that 

the measured cross-plane thermal conductivities K.l (T) are found to decrease with 

decreasing temperature, whereas the thermal conduct ivity for a bulk material usually 

inn-eases with decreasing temperature in this temperature range, since the phonon 

mean free path in a 3D material nsnally increases with decreasing temperatnre. 

Although the values of ,,(T) required for the estimation of the thermoelectric 

figure of merit Z:mT for the Si/Ge supcrlattices (JLID4, J LID7 and JLlDD) are those 

for the in-plane thermal conductivity (denoted by KII) rather than t hose for t he cross

plane thermal conductivity (denoted by " .1) that are shown in Fig. 5-20 , it is hoped 

that the further analysis of the preliminary cross-plane thermal conductivity in the 

Si/Ge super lattices will also provide some insight into KII (T) for t he in-plane thermal 

conductivity of the Si/Ge superlattices. For example, t heoretical models fo r the lattice 

thermal conductivity in both in-plane and cross-plane directions may be developed 

in such a way that improved est imates for the in-plane thermal conductivity KII (T ) 

can be obtailled from the experimelltal fitting of tire crosS-plall€ thermal conductivity 

only. At the same time, efforts should be continued for an experimental determination 

of KII (T) to be used in a. fully experimental determination of Z3lJT for the whole Si/Ge 

superlattices. 
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Figure5-21:Seebeckcoe缶cientasafunctionoftemperaturemeasuredforsamplesJL194

(opencircles),JL197(opendiamonds)andJL199(opentriangles),togetherwiththeresults

ofsemi-classicalmodelsdevelopedinChapter6ラforn=5×1018cm-3(dot-dashedcurve)ラ

7×1018cm-3(short-dashedcurve)and1.5×1019cm-3(long-dashedcurve),withoutthe

useofanyfittingparameters.NotethattheeffectofISIshootingupbelow200K,which

isf()undinsamplesJL167and兀169(seeFig.5-15),isabsentinthesesamples.The

possiblereasonsforthemarkedincreaseinthevalueofISIabove300Kinclude(1)the

scatteringofelectronsduetoopticalphononsthatmaybecomedominantabove300Kand

(2)theincreasingoccupationofthe△ ま一subbandbyconductionelectronswithincreasing

temperatureabove300Kintlleactualsamples[seeFig.5-8(a)].

5.7.2 8,σandnHallforsamplesJL194,JL197andJL199

ShownintheFigs.5-215-23aretheSeebeckcoefHcientS,electricalconductivityσ,

andHallcarrierdensity7zHallforsamplesJL194,JL197andJL199(see§5.5.1),mea一

suredasafunctionoftemperatureinthetemperaturerangebetween4.2Kand400K,

togetherwiththeresultsofsemi-classicalmodels,whichincludeionizedimpurityscat一

teringasthedominantscatteringmechanism,thataredevelopedinChapter6.In

Fig.5-21,we丘ndthatthemeasllredvaluesfortheSeebeckcoefHcientS(T)arein

fairagreementwiththevaluespredictedbytheory,wherethetheoreticalvaluesofS

arecalculatedassumingn=5×1018cm-3(dash-dottedcurve),7×1018cm-3(short一

dashedcurve)and1.5×1019cm-3(long-dashedcurve)(seeFig.5-23forthemeasured

HallcarrierconcentrationsforsamplesJL194,JL197andJL199).Wefindthatthe
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Figure 5-21: Seebeck coefficient as a function of temperat ure measured for samples JLI94 
(open circles), JLI97 (open diamonds) and JLI99 (open triangles), together with the results 
of semi-classical models developed in Chapter 6, for n = 5x lQ18 cm- 3 (dot-dashed curve), 
7x 1018 em - 3 (short-dashed curve) and 1.5 x 1019 em - 3 (long-dashed curve), without the 
use of any fi tt ing parameters. Note t ha t the effect of 151 shooting up below 200 K, which 
is found in samples JL167 and JLI69 (see Fig. 5-15), is absent in these samples. The 
possible reasons for the marked increase in the value of 151 above 300 K include (1) the 
scattering of electrons due to optical phonons that may become dominant above 300 K and 
(2) the increasing occupation of the L!. t; -subband by conduction electrons with increasing 
temperature above 300 K in the actual samples [see Fig. 5-8(a)J. 

5.7.2 S , a and n Hall for samples JL194, JL197 and JL199 

Shown in the Figs. 5-21- 5-23 are the Seebeck coefficient 5, electrieal conductivity (J , 

and Hall carrier density n Hai i for samples JLI94, JU97 and JL199 (see §5 .5.1), mea

sured as a function of temperature in the temperature range between 4.2 K and 400 K, 

together with the results of semi-classical models, which include ionized impurity scat

tering as the dominant scattering mechanism, that are developed in Chapter 6. In 

Fig. 5-21 , we find that t he measured values for the Seebeck coefficien t S(T) are in 

fair agreement with the values predicted by t heory, where the theoretical values of S 

are calculated assuming n = 5x lQ18 cm-3 (dash-dotted curve) , 7x lQ18 cm-3 (short

dashed curve) and1.5 x lO19 CI11 - 3 (long-dashed curve) (see Fig. 5-23 for the measured 

Hall carrier concentrations for samples JL194, JL197 and JLI99). v\le find that the 
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agreemelltbetweelltheoryandexperimelltinFig.5-21issemi-qualltitativeinthe

temperaturerangebetween180Kand300K,whereweconcludethatourtheoretical

modelsdevelopedinChapter6successfullydescribethepropertiesof(001)oriented

Si(20A)/Ge(20A)superlatticesthatareusedinthepresentstudy(JL194,JL197

andJL199).Inthetemperaturerangebelow180K,thevaluesofthemeasuredSee-

beckcoef丘cientaresomewhatsmallerthanthetheoreticallypredictedvalues.This

discrepallcyisprobablyduetothepresenceofadditionalscatterillgmechallismsthat

arenotincludedinoursemi-classicalmodelsdevelopedinChapter6.Thepresence

ofsuchadditionalscatteringmechanismsisalreadyevidentinthemeasuredelectri-

calconductivitydataasafunctionoftemperatureasshowninFig.5-22,wherethe

measuredvaluesfortheelectricalconductivityforsamplesJL197andJL199area

factoroftwotothreesmallerthanthetheoreticallypredictedvalues(see§5.9and

Chapter6).Iftheseadditionalscatteringmechanisms,asdiscussedin§5.6.1,havea

7～E「dependence,withthevalueofrsmallerthan3/2,†itislmderstandablethat

thevaluesofthemeasuredSforsamplesJL197andJL199arereducedrelativeto

thetheoreticallypredictedvaluesbelow180K.

Now,theresolutionofthephysicaloriginfortheobservedincreaseinthemea-

suredISIabove300Kinthesesamples(seeFig.5-21)isamoredifHculttask.The

possibleexplanationsforthiseffectatthepresentstageoftheinvestigationinclude

(1)aparalleltransportcontributionfromthebufferlayerand/orsubstrate,(2)in-

creasedcontributionfromopticalphononscatteringoftheconductionelectrons,and

(3)increasedoccupationofthe△llTi-subband(seeFig.5-8)bytheconductionelec-

tronsintheactualsamplesabove300Kthanthosepredictedbyourmodelcalculation

basedontheKr6nig-Penneymodel(see§5.4.1).Thepossibility(1)aboveisdiscussed

insomedetailin§5.8,whereasetofthinandthicksamples,thataregrownusing

identicalgrowthconditions,areutilizedtoevaluatethenetcontributionfromthe

superlatticepartofthesampleonlytothemeasuredthermoelectrictransportcoef丑 一

cientsbysubtractingthemeasuredthermoelectrictransportcoef丑cientforthethinner

†Here
,r=3/2correspondstoionizedimpurityscatteringina3Dmaterial.Inastrict2Dlimit,

weobtainr=2ifthescreeningeffectduetothefreecarriersisabsent(seeChapter6).
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agreement between theory and experiment in Fig. 5-21 is semi-quantitative in the 

temperature range between 180 K and 300 K, where we conclude that our theoretical 

models developed in Chapter 6 successfully describe the properties of (001) oriented 

Si(20 A)/Ge(20 A) superlattices that are used in the present study (JLI94 , JL197 

and JLI99) . In the tempera ture range below 180 K, the val ues of the measured See

beck coefficient are somewhat smaller than the theoret icall y pred icted values. This 

discrepancy is probably due to the presence of add itiona l scattering mechanisms that 

are not included in our semi-classical models developed in Chapter 6. The presence 

of such additional scattering mechanisms is already evident in the measured electri

cal conductivity data as a funct ion of temperat ure as shown in F ig. 5-22, where the 

measured values for the electrical conductivity for samples JL197 and JL199 are a 

factor of two to three smaller than the theoretically predicted values (see §5 .9 and 

Chapter 6). If these additional scattering mechanisms, as discussed in §5.6.1 , have a 

r ~ E r dependence, with the value of T smaller than 3/2,t it is understandable that 

the values of the measured 5 for samples JL197 and JL199 are reduced relative to 

the theoretically predicted values below 180 K. 

Now, the resoilltion of the physieal origin for the observed increase in the mea-

sured lSI above 300 K in these samples (see Fig. 5-21) is a more difficult task. The 

possible explanations for this effect at the present stage of t he investigation include 

(1) a parallel transport contribu tion from the buffer layer and/or substrate, (2) in

creased contribution from optical phonon scattering of the conduction electrons, and 

(3) increased occupation of the L'lt,-snbband (see Fig. 5-8) by the conduction elec

trons in the actual samples above 300 K than those predicted by our model calculation 

based on the Kronig-Penney model (see §5.4.1). The possibili ty (1) above is discussed 

in some detail in §5.8, where a set of thin and thick samples, that are grown using 

identical growth conditions, are utilized to evalnate the net contribution from the 

superlattice part of the sample only to the measured thermoelectric transport coeffi

cients by subtracting the measured thermoelectric transport coefficient for the thinner 

tHere, r = 3/2 corresponds to ionized impurity scattering in a 3D material. In a strict 2D limit , 
we obtain l ' = 2 if the screening effect due to the free carriers is absent (see Chapter 6). 
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Figure5-22:ElectricalconductivityσasafunctionoftemperaturefbrsamplesJL194

(opencircles),JL197(opendiamonds)and兀199(opentriangles).Thevaluesfbrσthat

aredeterminedbythevanderPauwmethodarealsoindicatedinthefigurebytheopen

squaresymbolsfbrselectedtemperatures(77Kand283K).TheexperimentalHallcarrier

mobilitiesobtainedfbrsamples兀194,兀197,andJL199are138cm2/V・s,192cm2/V・s,

and210cm2/V・s,respectively,at300K.Thesevaluesaretobecomparedwiththethe-

oreticallypredictedvaluesof406cm2/V・sラ488cm2/V・sand528cm2/V・sobtainedfor

n=5×1018cm-3ラn=7×1018cm-3andn=1.5×1019cm-3,respectively(seeFig.5-23

f(〕rtheexperimentalHallcarrierdensitiesfbrsamplesJL194,JL197andJL199),fbrho-

mogeneouslydoped(001)orientedSi(20A)/Ge(20A)superlatticesusingthesemiclassical

modelsthataredevelopedinChapter6.Thedifferencesinthevaluesbetweenthetheoreti-

calandexperimentalmobilitiesareattributedtosomeextrinsicscatteringmechanismsthat

arenotincludedinthemodel:(1)interfacialandalloyscatteringattheSi/Geinterfaces,

(2)scatteringduetostructuraldefectsanddislocations(suchasthethreadingdislocation

discussedin§5.2)りand(3)fluctuationsintheSiandGelayerthicknessesinthesuperlattice

partofthesampleaswediscussedin§5.6.1.
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Figure 5-22: Electrical conductivity cr as a function of temperature for samples JL194 
(open circles), JL197 (open diamonds) and JL199 (open triangles). The values for cr that 
are determined by the van del' Pauw method are also indicated in the figure by the open 
square symbols for selected temperatures (77 K and 283 K). The experimental Hall carrier 
mobilities obtained for samples JL194, .JL197, and JL199 are 138 cm2 /V·s, 192 cm2 /V·s, 
and 210 cm2 /V·s, respectively, at 300 K. These values are to be compared with the the
oretically predicted values of 406 cm2/V·s, 488 cm2 / V,s and 528 cm2 /V,s obtained for 
n = 5x1018 cm-3 , n = 7xlQl8 cm-3 and n = 1.5 x 1019 cm- 3, respectively (see Fig. 5-23 
for the experimental Hall carrier densities for samples JL194, JL197 and JLl99) , for ho
mogeneously doped (001) oriented Si(20 A)/Ge(20 A) superlattices using the semiclassical 
models that are developed in Chapter 6. The differences in the values between the theOl'eti
cal and experimental mobilities are attributed to some extrinsic scattering mechanisms that 
are not included in the model: (1) interfacial and alloy scattering at the Si/Ge interfaces, 
(2) scattering due to structural defects and dislocations (such as the threading dislocation 
discussed in §5.2) , and (3) fluctuations in the Si and Ge layer thicknesses in the superlattice 
part of the sample as we discussed in §5.6.1. 
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Figure5-23:Hallcarrierconcentrationasafunctionoftemperaturemeasuredforsamples

JL194(opencircles),JL197(opendiamonds)andJL199(opentriangles).TheHallcoef=

ficientmeasurementsshownhereareperfbrmedusinganelectricalcurrentof1.25-2.5mA

andamagnetic丘eldofO.3T.Thesizesofthesamplesthatareusedinthesemeasurements

aretypically5mm×5mm.
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and a magnetic fi eld of 0.3 T. T he sizes of the samples that are used in these measUl'ements 
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samplefromthatforthethickersample.We丘ndthatthefeatureofiIlcreasingISI

above300Kisstillobservedinthenetcontributiontol51fromthesuperlatticepart

ofthesampleonly.Therefore,weconcludethattheparalleltransportcontributions

fromthebufferlayerand/orsubstratearenotresponsibleforthemeasuredincrease

inISIabove300K.ThesecondmechanismtoincreasethevalueofISI(increased

contributionofopticalphononscattering)isfoundinthemeasuredSeebeckcoef丑 一

cientforthe(111)orientedPbTe/Pb1_xEuxTemultiple-quantum-wellsamplesaswe

discussedinChapter3(§3.4.3),wherepolaropticalphononscattering,whichbe-

comesimportantabove～280Kfortheobliquesubband[thesubbandthatisderived

fromthethreeequivalent(oblique)〈111>-valleys(seetheinsetinFig.2-10)],hasan

effecttoincreasethevalueofthemeasuredSeebeckcoefficientabove300K.Since

polaropticalphononsarenotpresentintheSi/Gesuperlattices,theinclusionofthe

non-polaropticalphononscatteringmechanismintooursemi-classicalmodelsmay

provideimprovedagreementbetweentheoryandexperimentforthe(001)oriented

Si(20A)/Ge(20A)superlatticesamplesabove300K.Thethirdpossibilityforthe

causeoftheobservedincreaseinlSlabove300Kwasattributedabovetotheincreased

occupationofthe△ ま一subbandbytheconductionelectrons.Thiseffectiscritically

relatedtothebandstructure(relativeenergiesbetweentheavailablesubbands)ofthe

Si/Gesuperlattice.Sinceourcalculationsofthesllbbandenergiesandbandbroad-

eningeffectsfortheSi/GesuperlatticesusingtheKr6nig-Penneymodelpredictonly

anapproximatebandstructurefortheSi/Gesuperlattices,first-principles(αb一 乞n乞t乞o)

calculationsofthebandstructurefortheSi/Gesuperlattices,assumingtheparticular

structuresandappropriateparameterstodescribethepropertiesofsamplesJL194,

JL197andJL199,mayshedlightonamoreaccllratedeterminationofthevaluesfor

therelativeenergiesandbandedgeeffectivemassesfortheavailablesllbbandsinthe

Si/Gesuperlattices,whichcanbeusedformoreaccuratepredictionsofthevaluesfor

themeasuredSeebeckcoef丑cientabove300K.

5.7.3 S2σandZ3DTforsamplesJL194,JL197andJL199

ShowninFig.5-24arethethermoelectricpowerfactorsS2σasafunctionoftem一
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sample from that for the thicker sample. We find that the feature of increasing lSI 
above 300 K is still observed in the net contribution to lSI from the superiattice part 

of the sample only. T herefore, we conclude that the parallel transport contribu tions 

from the buffer layer and/ or substrate are not responsible for the measlll'ed increase 

in lSI above 300 K. The second mechanism to increase the value of lSI (increased 

contribu t ion of opt ical phonon scattering) is found in the measured Seebeck coeffi

cient lor the (Ill) oriented PbTe/Pb1_xEux Te multiple-quantum-well samples as we 

discussed in Chapter 3 (§3.4.3), where polar optical phonon scattering, which be

comes important above ~280 K for the oblique subband [the subband that is derived 

from the three equi valent (oblique) (111)-valleys (see t he inset in Fig. 2-10) ], has an 

eHect to increase the value of the measlll'ed Seebeck coefficient above 300 K. Since 

polar optical phonons are not present in the Si/Ge superlattices, the inclusion of the 

non-polar optical phonon scattering mechanism into our semi-classical models rnay 

provide improved agreement between theory and experiment for the (001) oriented 

Si (20 A)/Ge(20 A) superia ttice samples above 300 K. T he third possibility for the 

cause of the observed increase in lSI above 300 K was attributed above to the increased 

occupation of the t,. ti-suhband by the condnc.tion elect,rons. This effeet is critieally 

related to the band structure (relative energies between the available sub bands) of the 

Si/ Ge superlattice. Since our calculations of the subband energies and band broad

ening effects for the Si /Ge superiattices using the Kronig-Penney model predict only 

an approximate band structure for the Si/ Ge superla ttices, first-principles (ab-initio) 

calcula tions of the band structure for the Si/Ge superlattices, assuming the particular 

structures and appropriate parameters to describe the properties of samples JL194, 

JL197 and JL199, may shed light on a more accurate determination of the values for 

the relative energies and band edge effective masses for the available sub bands in the 

Si/Ge superlattices , which can be used for more accurate predictions of the values for 

t he llleasured Seebeck coefficient above 300 K. 

5.7.3 8 2
(7' and Z3DT for samples JL194, JL197 and JL199 

Shown in Fig. 5-24 are the thermoelectric power factors S 2(5 as a function of tem-
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Figure5-24:(a)ThermoelectricpowerfactorS2σasafunctionoftemperaturemea-

suredforsamplesJL194(opencircles)ラJL197(opendiamonds)andJL199(opentrian-

gles)ラtogetherwiththeresultsofthesemi-classicalmodelsthataredevelopedinChap-

ter6,fbrn=5×1018cm-3(dot-dashedcurve),7×1018cm-3(short-dashedcurve)and

1.5×1019cm-3(long-dashedcurve).Itisnotedthatthetheoreticalvalueshereareob-

tainedusingMatthiessenりsrule(Eq.5.6)totakeintoaccounttheextrinsicscatteringmech-

anismsthatarepresentintheactualsuperlatticesamplessuchasthoseusedinthepresent

study(seethefootnoteonpage252in§5.6.3).Theinsetshowstheplotsofestimated

valuesofZ3DTf(〕rthesesamplesasafunctionoftemperatureusingκ=5W/m・Kf()r

thethermalconductivityりtogetherwiththetheoreticalresultsusingthesamevaluef()rκ

(κ=5W/m・K).Theclose-upsoftheplotintheinsetof(a)fortemperaturesbelow300K

areshownin(b)and(c).
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Figure 5-24: (a) Thermoelectric power factor S2(J as a function of temperature mea
sm ed for samples JL194 (open circles), JL197 (open diamonds) and JL199 (open trian
gles) , together with the results of the semi-classical models that are developed in Chap
ter 6, for n = 5x lQl8 cm- 3 (dot-dashed curve), 7 x lQ ' 8 cm- 3 (short-dashed cmve) and 
1.5 xlOl9 cm- 3 (long-dashed curve) . It is noted that the theoretical values here are ob
tained using Matthiessen's rule (Eq. 5.6) to take into account the extrinsic scattering mech
anisms that are present in the actual superlattice samples such as those used in the present 
st udy (see the footnote on page 252 in §5.6.3). The inset shows the plots of estimated 
,""lues of Z 3DT for these samples as a function of temperature using" = 5 W / m-K for 
the thcnnul conductivity, together with the theoretical res ults using the SaIne value for It, 

(" = 5 W / m·K). The close-ups of the plot in the inset of (a) for temperatmes below 300 K 
are shown in (b) and (c) . 
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peratureforsamplesJL194,JL197andJL199,thatareobtainedusingthemeasured

valuesforSandσaswediscussedill§5.7.2.AlsoshowllinFig.5-24aretheresults

ofthesemi-classicalmodelsthataredevelopedinChapter6usingMatthiessen,srule

(Eq.5.6)totakeintoaccounttheextrinsicscatteringmechanismsthatarenotin.

cludedinthemodel(butarepresentintheactualsamples)asdiscussedin§5.6.3(see

thefootnoteonpage252).ShownintheinsetofFig.5-24aretheestimatedvalues

ofZ3DTasafunctionoftemperatureforthesesamplesusingκ=5W/m・Kforthe

in-planethermalconductivity(see§5.7.1).Aswediscussedin§5.6.3and§5.7.1,exact

valuesofthein-planethermalconductivityforSi/Gesuperlattices(andhence,those

forsamplesJL194,JL197andJL199)arenotyetknown.TheWiedemann-Franz

lawtogetherwiththemeasuredelectricalconductivitiesσtellsusthatthethermal

conductivitiesforsamplesJL194,JL197andJL199aredominatedbythelatticecon-

tribution.Sincethepreviousexperiments[62,67]andtheoreticalpredictions[43,76]

suggestthatthetemperaturedependenceofthelatticethermalconductivityκphfor

thesuperlatticesamplesisratherweak,weusetheconstantvalueofκ=5W/m・Kfor

thethermalconductivityinestimatingthevalueofZ3DToftheSi(20A)/Ge(20A)

superlatticeinthissubsection.

WefindtwomainfeaturesinFig.5-24.First,boththeexperimentalandtheoreti-

calvaluesforthethermoelectricpowerfactorS2σarenotsensitivetothedopinglevel

ofthesamplesintherangeofcarrierconcentrationbetweenn=5×1018cm-3and

n=1.5×1019cm-3.Thisisbecausethecarrierconcentrationforthehomogeneously

doped(001)orientedSi(20A)/Ge(20A)superlatticesisalreadyoptimizedinthis

rangeofcarrierconcentrationtoobtainthelargestvalueofZ3DTaswewillseein

§5.9.FurtherenhancementinthevalueofZ3DTinthe(001)orientedSi/Gesuper-

latticesystemisexpectediftheextrinsicscatteringmechanisms(see§5.6.1)thatare

presentintheactualsuperlatticesamples(JL194,JL197andJL199)areeliminated

byimprovingthestructuralqualitiesofthesamples.InChapter6,wewillalsosee

thattheintroductionofδ 一andmodulationdopingschemeswouldincreasethevalues

ofthecarriermobilitybyafactoroftworelativetothoseforthecorrespondingho-

mogeneouslydopedsamples.Therefore,aswediscllssedin§5.6.3,thehighestvalue
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perature for samples .JL194, ']L197 and .1L199, that are obtained using the measured 

values for S and a as we discussed in §5.7.2. Also shown in F ig. 5-24 are the results 

of t he semi-classical models that are developed in Chapter 6 using Matthiessen's rule 

(Eq. 5.6) to take into account the extrinsic scattering mechanisms that are not in

cluded in the model (but a re present in the actual samples) as discussed in §5 .6.3 (see 

the footnote on page 252). Shown in the inset of Fig . . 5-24 al'e the estimated values 

of Z3DT as a function of temperature for these samples using ," = 5 W / m-K for the 

in-plane thermal conductivity (see §5.7.1). As we discussed in §5.5.3 and §5 .7.l , exact 

values of the in-plane thermal conductivity for Si/Ge superlattices (and hence, those 

for samples JL194, JL197 and JL199) are not yet known. The Wiedemann-Franz 

law together with the measured electrical cond uctivities a tells us that the thermal 

conductivities for samples JL194, JL197 and J1199 are dominated by the lattice con

t ribution. Since the previous experiments [52, 67] and theoretical predictions [43, 75] 

suggest that the temperature dep endence of the lattice thermal conduct ivity '"ph for 

the superlattice samples is rather weak, we use the constant value of K = 5 \V / m·K for 

the thermal conductivity in estima ting the value of Z3DT of the Si(20 A)/Ge(20 A) 

snperlat.tice in t.his snhseetion. 

We find two main features in Fig. 5-24. F irst, both the experimental and theoreti

cal values for the thermoelectric power factor S2a are not sensit ive to the doping level 

of the samples in t he range of carrier concentration between n = 5x 1018 cm - 3 and 

n = 1. 5 xl 0 19 cm - 3 . This is because the carrier concentration for the homogeneously 

doped (001) oriented Si(20 A)/Ge(20 A) superlattices is a.lready optimized in this 

range of carrier concentration to obtain the largest value of Z3DT as we will see in 

§5.9. Further enhallCemellt in the val ue of Z3DT in the (001) oriented Si/Ge super

lattice system is expected if t he extrinsic scattering mechanisms (see §5 .6.1) that are 

present in the actual superlattice samples (JL194, ,TL197 and J1199) are eliminated 

by improving the structural qualities of tbe samples. In Chapter 6, we will also see 

that the introduction of 6- and modulation doping schemes would increase the values 

of the carri er mobili ty by a factor of two relative to those for the corresponding ho

mogeneously doped samples. Therefore, as we discussed in §5 .6.3, the highest value 
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ofZ3DTexpectedina(001)orielltedSi(20A)/Ge(20A)superlatticeshouldreach

aboutO.5at300Kbytheuseoftheδ 一andmodulationdopingschemesalldhavillg

perfectstructuralqualitiesforthesesuperlattices.†

ThesecondfeaturenoticeableinFig.5-24isthemarkedincreaseinthevaluesof

thethermoelectricpowerfactorS2σandthefigureofmeritZ3DTabove300K.Weal-

readyknowthattheoriginofsuchincreasesinS2σandZ3DTaretheincreasedvalues

intheSeebeckcoefficientSandnotduetoallincreaseintheelectricalconductivityσ

aswediscussedin§5.7.2.Therefore,someeffortsshouldbegiventorevealtheexact

mechanismsresponsiblefortheobservedincreaseinISIabove300Kthatarefound

inthehomogeneouslydoped(001)orientedSi(20A)/Ge(20A)superlattices.

5.8 Assessmentoftheparalleltransportcontribu一

tionsfromthebufferlayerandsubstrate

In§5.6and§5.7,wefrequentlyencounteredadif自cultyindeterminingthenetcon-

tributionfromthesuperlatticepartofthesampletothemeasuredthermoelectric

transportcoef丑cientsS,σandηHall.Theassessmentoftheparalleltransportcontri-

butionsfromthebufferlayerand/orsubstrateisimportantnotonlyfbrevaluating

thenetpropertiesoftllesuperlatticepartofthesampletotestthetheoreticalpredic-

tionsmadein§5.4andinChapter6,butalsoforkeepingourselvesfrombeingmisled

bytheapparentartifactoftheexperiment,suchastheeffectofISIshootingupbelow

200Kthatwasobservedin§5.6.2.Anotherthingweareparticularlyinterestedin,

inthissection,istoverifywhethertheobservedmarkedincreaseinthemeasuredl51

above300Kinoursuperlatticesamplesisduetothepropertiesofthesuperlattices

themselves,orduetotheresultoftheparalleltransporteffectfromthebufferlayer

or/andsubstrate.

Wewillfirststudythepropertiesofthebarebufferlayersample(JL200)in§5.8.1.

†Readersshouldberemindedthatwehavealsodiscussedin§5 .4.2thatthevaluesofZ3DTare

expectedtobeenhancedevenfurther(byafactoroffour)inthe(111)orientedSi(20A)/Ge(20A)

superlatticesrelativetothecorrespondingvalueinthe(001)Si(20A)/Ge(20A)superlattices,using

theconstantrelaxationtimeapProximation.
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of Z3DT expected in a (001 ) oriented Si(20 A)/Ge(20 A) superlattice should reach 

about 0.5 at 300 K by the use of the 6- and modulation doping schemes and having 

perfect structural qualit ies for these superlattices.t 

The second feature noticeable in Fig. 5-24 is the marked increase in the values of 

the thermoelect ric power factor 5 2
(J and the figure of meri t Z3DT above 300 K. We al

ready know that the origin of such increases in 5 2
(J and Z3DT a.re the increased values 

in the Seebeck coefficient 5 and not due to an increase in the electrical conductivity (J 

as we discussed in §5.7.2. Therefore, some efforts should be given to reveal the exact 

mechanisms responsible for t he observed increase in 151 above 300 K that are found 

in the homogeneously doped (001) oriented Si(20 A)/Ge(20 A) superlattices. 

5.8 Assessment of the parallel transport contribu-

tions from the buffer layer and substrate 

In §5 .6 and §5.7, we frequently encountered a difficulty in determining the net con

tribu t ion from the superlatt ice pa.rt of the sample to the measured thermoelectric 

transport coefficients 5, (J and nHali. The assessment of the parallel transport contri

butions £i·om the buffer layer and/or substrate is important not only for evaluating 

the net properties of the superlattice part of the sample to test the theoret ical predic

tions made in §5.4 and in Chapter 6, but also for keeping ourselves from being misled 

by the apparent artifact of the experiment, such as the effect of 151 shooting up below 

200 K that was observed in §5 .6.2. Another t hing we are particularly interested in , 

in this section, is to verify whether the observed marked increase in t he measured 151 
above 300 K in our superlattice samples is due to the properties of the superlattices 

themselves, or due to the result of the parallel transport effect from the bnffer layer 

or/and substrate. 

We will first stndy the properties of the bare buffer layer sample (.J1200) in §5.8. 1. 

tRparlp.r~ Sh01llcl hp 1"p.111 inderl th:'lt we havp. ~.lS() dis(:l1 ssecl in §5 .4 .2 th:'lt t.lw vi'l lllp.s of ZSDT arp. 

expect.ed to be enhanced even fmt.her (by a factor of four) in t.he (111) orient.ed Si(20 A)/Ge(20 A) 
superJattices relative to the corresponding val ue in the (001 ) Si(20 A)/Ge(20 A) superJat tices, using 
the constant rela.xation time approximation. 
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ThissamplehasbothaSi1_xGex(x:0→0.5)gradedbufferlayer(ullintention-

allydopedn-typeduetotheresidualSbsurfactant)andallulldopedhomogelleous

Sio .5Geo.5bufferlayer(seeFig.5-12),thataregrownundertheidenticalgrowthcon-

ditionsasthoseusedforthebufferlayergrowthforsamplesJL193,JL194,JL197and

JL199,butdoesnothavetheSi(20A)/Ge(20A)superlatticepartofthesample.We

willexaminetheresultsoftheelectricalconductivitymeasurementandtheSeebeck

coef丑cientmeasuremelltforthissample,whichwillprovidethebasisforthelater

assessmentoftheparalleltransportcontributionfromthebufferlayerand/orsub-

stratein§5.8.3.Wewillthenstudy,in§5.8.2,thepropertiesofaSi(20A)/Ge(20A)

superlatticesamplewhichhasonly25periodsofSi(20A)/Ge(20A)superlatticelay-

ers(sampleJL193),butotherwisewasgrownusingtheidenticalgrowthconditions

asthoseusedforsampleJL194.Wewillseethattheapparent(i.e.,as-measured)

thermoelectricpropertiesofsampleJL193(25periods)aremoreseverelyaffectedby

theparalleltransportcontributionfromthebufferlayeror/andsubstratethanfor

sampleJL194(100periods).However,aftersubtractingtheparalleltransportcontri.

butionfromthebufferlayerand/orsubstrateusingtheparallelconductormodel,the

valuesofthethermoelectrictransportcoefHcientsattributedtothe25periodsofthe

superlatticepartofsampleJL193showreasonableagreementwiththecorresponding

valuesforsampleJL194(100periods).Finally,in§5.8.3,wewillestimatetheamount

ofparalleltransportcontributionsfromthebufferlayerand/orsubstrateforallthe

sampleswehavestudiedin§5.7at300K,andweconcludethattheparalleltransport

contributionsfromthebufferlayerand/orsubstratearenotthedominantcontribu-

tionstothemeasuredthermoelectricproperties,butcannotbeignoredcompletely

forthe(001)orientedSi(20A)/Ge(20A)superlatticesamplesthathavelessthan100

superlatticeperiods.

5.8.1 Propertiesofthebarebufferlayer†

ShowninFig.5-25isthetwo-dimensional(sheet)electricalconductivityforabare

†TheauthoracknowledgesS .B.CroninatMITforhisexperimentalassistanceinthissubsection.
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This sample has both a Sil_xGex (x : 0 -+ 0.5) graded buffer layer (unintention

ally doped n-type due to the residual Sb surfactant) and an undoped homogeneous 

Sio."Geo. fi buffer layer (see Fig. 5-12), that are grown under the identical growth con

di t ions as those used for t he buffer layer growth for samples JL193, JL194, JL197 and 

JL199, but does not have the Si (20 A)/Ge(20 A) superlatt ice part of the sample. We 

will exam ine the res ul ts of the electri cal conductivity measurement anel the Seebeck 

coefficient measurement for this sample, which will provide the basis for the later 

assessment of the parallel transport contribution from the buffer layer and/or sub

strate in §5.8.3. vVe wi ll t hen study, in §5 .8.2, the propert ies of a Si(20 A)/Ge(20 A) 

superlattice sample which has only 25 periods of Si(20 A)/Ge(20 A) superlattice lay

ers (sample JL193), but otherwise was gIOwn using the identical grow th conditions 

as those used for sample JL194, We will see that the apparent (i.e" as-measured) 

thermoelectric properties of sample JL193 (25 periods) are more severely affected by 

the parallel transport contribu t ion from the buffer layer or/and substrate than for 

sample ']L194 (100 periods) . However, after subt racting the parallel transport cont ri

bution from the buffer layer and/or substrate nsing the parallel conductor model, the 

values of the thermoelectric transport coefficients attribu ted to the 25 periods of the 

superlattice part of sample JL193 show reasonable agreement with t he cOlTesponding 

values for sample .JL104 (100 periods) . Finally, in §5.8.3, we will estimate t he amount 

of parallel transport contribut ions from the buffer layer anel/or substrate for a ll the 

samples we have studied in §5 .7 at 300 K, and we conclude that the pa.rallel transport 

contributions from the buffer layer and/or substrate are not the dominant contribu

t ions to the measured thermoelectric properties, but cannot be ignored completely 

for the (001) oriented Si(20 A)/Ge(20 A) superlattice samples t hat have less t han 100 

superlattice periods. 

5.S.1 Properties of the bare buffer layert 

Shown in Fig. ·5-25 is the two-dimensional (sheet) electrical conductivity for a bare 

tThe author acknowledges S. B. Cronin at MIT for his e...~per imental assista.nce in this subsection. 
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Figure5-25:(a)Two-dimensionalsheetconductivity(denotedasσDラwhereσisthe

three-dimensionalelectricalconductivityandDisthethicknessofthesampleusedforthe

calculationofσ)asafunctionoftemperaturefbrabarebufferlayersample(JL200)that

isgrownonaSOI(Si-on-insulator)substrate(filledcircles).Alsoshowninthefigureare

thetwo-dimensionalsheetconductivitiesσDf()rsamplesJL194(opencircles),JL197(open

diamonds)andJL199(opentriangles)thatarediscussedfirstlyin§5.7.2.(b)Arrhenius

plotofσDfbrthebarebufferlayersample(JL200).Theactivationenergyobtainedf()r

conductioncarriersbelow100Kis19.8meV

bufferlayersample(JL200)[asamplethathasidenticalbufferlayersasthoseusedfor

thegrowthofsamplesJL194,JL197andJL199,butdoesnothavethesuperlattice

partofthesample]asafunctionoftemperature,togetherwiththecorresponding

two-dimensionalconductivitiesforthe(001)orientedSi(20A)/Ge(20A)superlattice

samplesthatareexaminedin§5.7(samplesJL194,JL197andJL199).Thetwo-

dimensionalelectricalcondllctivityheremeanstheeZec編cαZcond?zctαnceperunit

αreα,whichisobtainedbymultiplyingthenormalthree-dimensionalelectricalcon-

ductivityσbythesamplethicknessDthatwasusedfbrobtainingthevaluesofσ

experimentally(therefore,wedenotethetwo-dimensionalelectricalconductivityby

σD).Itisnotedthatthetwo-dimensionalconductivityσ 、Disanadditivequantity

betweenthedifferentsamplesintheparallelcondllctormodel,assumingthatthe

twosampleshavethesamelengthandwidth,butcanhavedifferentthicknesses,as
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Figure 5-25: (a) Two-dimensional sheet conductivity (denoted as aD, where a is the 
three-dimensional electrical conductivity and D is the thickness of the sample used lor the 
calculation of a) as a func tion of temperatme lor a bare butler layer sample (JL200) that 
is grown on a SOl (Si-on-inslliator) substrate (fil led circles) . Also shown in the figme are 
t.he two-dimensional sheet conductivit. ies a D lor samples JL194 (open circles), JL197 (open 
diamonds) and JL199 (open triangles) that are discussed firstly in 35.7.2. (b) Arrhenius 
plot of a D for the bare butler layer sample (JL200). The activation energy obtained lor 
conduct ion carriers below 100 K is 19.8 meV. 

buffer layer sample (JL200) [a sample that has identical buffer layers as those used for 

the growth of samples JL104, JLI07 and JLI00, but does not have the superlattice 

part of the sample] as a function of temperature, together with the corresponding 

two-dimensional conductivities for the (001) oriented Si(20 A) /Ge(20 A) superlattice 

samples t hat are examined in §5.7 (samples JL194, JL197 and JLI99). T he two

dimensiona l electrical conductivity here means the electrical conductance per unit 

aim, which is obtained by multiplying the normal three-dimensional electrical con

ductivity fJ by the sample thickness D that was used for obtaining the values of fJ 

experimentally (therefore, we denote the two-dimensional electrical conductivity by 

fJD). H is noted that the two-dimensional conduclivily fJD is an additive quallli ty 

between the different sa.mples in the paral lel conductor moclel , assuming that the 

two samples have the same length and width , but can have different thicknesses, as 
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eachother.†Forexample,ifwecollsideraparallelcollductorconsistillgofsamples

.4alldB[assumingthatboth.4alld、Bhavethesamelengthandwidth(butmay

havedifferentthicknesses)],thetotaltwo-dimensionalconductivityσDfortheparal-

lelconductoristhesumofσD,sforsamples.4and、B.Thereasonwhyweusethe

two-dimensionalelectricalconductivityσDinsteadofthethree-dimensionalσisthat

theparalleltransportcontributionfromthebufferlayerand/orsubstrateisdirectly

visibleillthesimultaneousplotofthetwo-dimellsionalconductivitiesforthesuper-

latticesamplesandforthebarebufferlayersample,aswecanseeinFig.5-25(a).In

Fig.5-25,wefindthatthevaluesofthetwo-dimensionalelectricalconductivityfor

thebarebufferlayersampleareafactoroftentotwentysmallerthanthoseforthe

Si(20A)/Ge(20A)superlatticesamples(JL194,JL197andJL199)thatarestudied

in§5.7.Ifourparallelconductorsmodelisstrictlyvalid,thisisexactlythecontri-

butionfromthebufferlayerand/orsllbstratetothemeasuredelectricalconductivity

　 　
[assumingthatthebufferlayersintheSi(20A)/Ge(20A)sllperlatticesampleshave

theidenticalelectricalpropertiesasthebarebufferlayersample(JL200)].However,

thereisalsoapossibilitythattheintrinsicpropertiesofeitherthebufferlayerorthe

Si(20A)/Ge(20A)superlatticepartofthesamplemaybealteredduetothepresence

oftheinterfacebetweenthem,i.e.,thepossiblecarriertransferphenomenaand/or

bandbendingeffectatthesllperlattice-bufferlayerinterfacemayaltertheproperties

ofeither(orboth)ofthem,forexample.Therefore,wewillpostponeourassessment

ofthebufferlayerand/orsubstratecontributionstothemeasuredthermoelectric

transportcoef丑cientsfortheSi(20A)/Ge(20A)superlatticesuntilweexaminethe

transportpropertiesoftlle"fewer-period"Si(20A)/Ge(20A)superlatticesample

(sampleJL193)in§5.8.2,wherethepropertiesofaSi(20A)/Ge(20A)sllperlattice

samplewhichhasonly25periodsofSi(20A)/Ge(20A)sllperlatticelayers(sam-

pleJL193)arestudiedandcomparedwiththepropertiesofa100-periodsuperlattice

sample(sampleJL194)thatwasgrownundertheidenticalgrowthconditionsasthose

forthe25-periodsuperlattice(JL193).AnotherfeaturethatwefindinFig.5-25is

†Theparallelconductormodelheredenotesanelectriccircuitinwhichtwoconductorsarecon-

nectedtogetherinparallelsothattheirconductancesadd.
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each other.1 For example, if we consider a parallel conductor consisting of samples 

A and B [assuming that both A and B have the same length and width (but may 

have different thicknesses)], the total two-dimensional conductivity (JD for the paral

lel conductor is the sum of (J D's for samples A and B. The reason why we use the 

two-di mensional electrical conductivity (JD instead of the three-dimensional (J is that 

the parallel transport cont ribu t ion from the buller la.yer and/or substra.te is directly 

visible in the simultaneous plot of the two-dimensional conductivities for the super

lattice samples and for the bare buffer layer sample , as we can see in Fig. 5-25(a) . In 

Fig. 5-25, we find that the val ues of the two-dimensional electrical conductivity for 

t he bare buffer layer sample are a fac tor of ten to twenty smaller t han those for the 

Si(20 A)/Ge(20 A) supedattice samples (JLI94, JL197 and ']LI99) that are studied 

in §5.7. If our parallel conductors model is strictly valid, this is exactly the contri

bution from the buffer layer and/ or substrate to the measured electrical conductivity 

[assuming that the buffer layers in the Si(20 A)/Ge(20 A) superiatti ce samples have 

the identical electrical propert ies as the bare buffer layer sample (JL200)] . However, 

there is also a possibility that the intrinsic properties of either the buffer layer or the 

Si(20 A)/Ge(20 A) sllperhttice part of the sample may be altered dne to the presence 

of the interface between them, i.e., the possible carrier transfer phenomena and/ or 

band bending effect at the superlattice-buffer layer interface may alter the properties 

of either (or both) of them, for example. Therefore, we will postpone our assessment 

of the bufl"er layer and/or substrate contributions to the measured thermoelectric 

transport coefficients for the Si(20 A)/Ge(20 A) superlattices until we examine the 

t ransport properties of the "fewer-period" Si(20 A) / Ge(20 A) superlattice sample 

(sample JL193) in §5.S.2, where the properties of a Si(20 A)/Ge(20 A) superlattice 

sample which has only 25 periods of Si(20 A)/Ge(20 A) superlattice layers (sam

ple JL193) are studied and compared with the properties of a lOO-period superJattice 

sample (sample JL194) that was gTOwn uuder the identical growth conditious as those 

for the 25-period superlattice (.1L193) . Another feature that we find in Fig. 5-25 is 

tTbe parallel conductor moue1 here denotes an electric circui t in wbicli two conductors are con
nected together in parallel so that their conductances add. 
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Figure5-26:Seebeckcoeficientasafunctionoftemperatureforabarebufferlayersample

(JL200)thatisgrownonaSOI(Si-on-insulator)substrate(opencircles).Alsoshownin

thefigurearethemeasuredSeebeckcoefHcientsfbrsamplesJL194(long-dashedcurve)ラ

JL197(short-dashedcurve)andJL199(dash-dottedcurve),fbrcomparison(thesesamples

aregrownonbufferlayersthatareidenticaltothatgrownfbrsampleJL200).

thatthebarebufferlayersample(JL200)experiencescarrierfreeze-outphenomena

below100K[seeFig.5-25(b)fbrtheArrheniusplot].Theactivationenergyobtained

fromtheArrhenillsplotofthetwo-dimensionalconductivitydata[Fig.5-25(b)]is

19.8meV.

ShowninFig.5-26isthemeasuredSeebeckcoef丑cientasafunctionoftempera.

tureforthebarebufferlayersampleJL200(opencircles)togetherwiththeSeebeck

data飾rsamplesJL194,JL197andJL199.We丘ndthefollowingfeaturesfortlle

Seebeckcoef自cientl510fthebarebufferlayersampleinFig.5-26:(1)Themeasured

valuesoftheSeebeckcoef自cientfbrthebarebufferlayersamplearethreetofollr

timeslargerthanthoseforthesuperlatticesamples(JL194,JL197andJL199)inthe

temperaturerangebetween140Kand380K,whichisconsistentwiththeexpected

dopinglevelsfbrthebarebufferlayersample(η<1018cm-3).(2)Themeasured

Seebeckcoef丑cientfbrthebarebufferlayersampleisrelativelytemperatureinsensi-

tivebetween150Kand300K,and(3)themagnitlldeoftheSeebeckcoefficientl51
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Figure 5-26: Seebeck coefficient as a hmction of temperature for a bare buffer layer sample 
(JL200) that is grown on a sor (Si-on-insulator) substrate (open circles) . Also shown in 
the figure are the measured Seebeck coefficients for samples JL194 (long-dashed curve), 
JL197 (short-dashed curve) and JL199 (dash-dotted curve), for comparison (these samples 
are grown on buffer layers that are identical to that grown for sample JL200). 

that the bare buffer layer sample (JL200) experiences carrier freeze-out phenomena 

below 100 I< [see Fig. 5-25(b) for the Arrhenius plot]. T he activation energy obtained 

from the Anhenins plot of the two-dimensional condnctivity data [Fig. 5-25(b)] is 

19.8 meV. 

Shown in Fig. 5-26 is the measured Seebeck coefficient as a function of tempera

ture for the bare buffer layer sample JL200 (open circles) together with the Seebeck 

dala [01' samples JL194, JL197 and JL199. We find the following features [01' the 

Seebeck coefficient 151 of the bare buffer layer sample in Fig. 5-26 : (1) T he measured 

values of the Seebeck coefficient for the bare buff'er layer sample are three to four 

t imes larger than those for the superlattice samples (JL194, JL197 and JL199) in the 

temperature range between 140 K and 380 K, which is consistent with the expected 

doping levels for the bare buffer layer sample (n < 1018 <:m-3) . (2) The measured 

Seebeck eoefficienl. for t.he hare buffer layer sample is relatively temperature insensi-

t ive between 150 K and 300 K, and (3) the mag11itude of the Seebeck coeffi cient 181 
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increaseswithincreasingtemperatureabove300K.Thepossibleexplallationfor(2)

and(3)isthatthechemicalpotential〈forthebarebufferlayersampleispinnedbe-

tweentheimpuritylevel[～20meVbelowtheconductionbandedgeaswedetermined

inFig.5-25(b)]andtheconductionbandedge,fortemperaturesbetween150Kand

300K,butぐmovesbelowtheimpuritylevelenergy(～-20meV)above300K.Itis

notedthattheSeebeckcoefficientSisnotadirectlyadditivequantitybetweenthe

differentsamplesintheparallelconductorsmodel.Therefore,wecannotdirectlysub-

tractthebufferlayer(orsubstrate)contributiontothemeasuredSeebeckcoefHcient

fromtheas-measuredvaluesoftheSeebeckcoefHcientforthesuperlatticesamples

(JL194,JL197andJL199).Instead,weshouldconsiderthetransportcoef丑cient

Sσ 、D,thatisconnectedwiththeenergycurrentcarriedbytheconductionelectrons,

forthesubtraction(orestimation)ofthebufferlayerand/orsubstratecontribution

　 　
tothemeasuredSeebeckcoefHcientfortheSi(20A)/Ge(20A)superlatticesamples,

aswediscussin§5.8.3.

5.8.2PropertiesoftheSi/Gesuperlatticewithafewernum-

berofperiods(sampleJL193)

OurmainpurposetostudythepropertiesofaSi(20A)/Ge(20A)superlatticewitha

fewernumberofsuperlatticeperiods(25periodsforsampleJL193incontrastto100

periodsforsampleJL194)istoexaminewhetherornotanyinterfacialeffectsareevi.

dentinthemeasuredthermoelectricpropertiesoftheSi(20A)/Ge(20A)sllperlattice

samples,whichmayaltertheelectronicpropertiesofthesuperlatticepartofthesam-

pleand/orthepropertiesofthebufferlayer.Ifanyinterfacialeffectispresentinthese

samples,themeasuredthermoelectricpropertiesforathinnersuperlatticesamples

(afewernumberofsuperlatticeperiods)shouldbeseriouslyaffectedbytheinterfa-

cialphenomena,andthentheparallelcondllctormodelthatisexplainedin§5.8.1

(andfurtherdiscussedin§5.8.3)isnotvalidforsubtractingoutthenetcontributions

ofthesuperlatticepartofthesampletothemeasuredvaluesofthethermoelectric

transportcoefficientsforthewholesample.However,eveninthiscase,wecanstill

271

increases with increasing temperature above 300K. The possible explanation for (2) 

and (3) is that the chemical potential ( for the bare buffer layer sample is pinned be

tween the impurity level [~20 lIleV below the conduction band edge as we determined 

in Fig. 5-25(b l] and t he conduct ion band edge, for temperatures between 150 ]( and 

300 K, but ( moves below the impurity level energy (~ -20 meV) above 300 K. It is 

noted t hat the Seebeck coefficient S is not a directly ad diti ve quantity between tbe 

different samples in the parallel conductors model. Therefore, we cannot directly sub

tract tbe buffer layer (or substrate) contribution to t he measured Seebeck coefficient 

from the as-measUl'ed values of the Seebeck coeffi cient fo r the superlattice samples 

(JL194, JL197 and JL199). Instead, we should consider t he transport coefficient 

S(J D, that is connected with the energy current carried by the conduction electrons, 

for the subtraction (or estimation) of the buffer layer and/or substra te contribut ion 

to the measUl'ed Seebeck coefficient for the Si (20 A)/Ge(20 A) superiattice samples, 

as we di scuss in §5.8.3. 

5.8.2 Properties of the Si/Ge superlattice with a fewer num

ber of periods (sample JL193) 

Our main purpose to study the propert ies of a Si(20 A)/Ge(20 A) superlattice with a 

fewer number of superlattice periods (25 periods for sample JL193 in contrast to 100 

periods fo r sample JL194) is to examine whether or not any interfacial effects are evi

dent in t he measUl'ed thermoelectric properties of the Si(20 A)/Ge(20 A) superlattice 

samples, which may alter the electronic propert ies of the superlattice part of the sam

ple and/or the properties of the buffer layer. If any interfacial eff'ect is present in these 

samples, the measured thermoelectric properties for a thinner supcrlattice sa.mples 

(a fewer number of superlattice periods) should be seriously affected by the in terfa

cial phenomena, and then the parallel conductor model that is explained in §5 .8.1 

(and further discussed in §5 .8.3) is not valid for subtracting out the net contributions 

of the snperlattice part of the sample to the measured values of the thermoelectric 

transport coefficients for the whole sample. However, even in this case, we can st ill 
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Figure5-27:Schematicdiagramtoshowthestructuresofthethin(25periods)andthick

(100periods)Si(20A)/Ge(20A)superlatticesamplesthatareusedinthepresentinvesti-
gation,whicharedenotedasJL193andJL194,respectively.

useourparallelconductorsmodelbetweenthe25-periodsuperlatticesample(JL193)

andthe100-periodsuperlatticesample(JL194)toevaluatethepropertiesofthetop

　 　
75periodsoftheSi(20A)/Ge(20A)superlatticeinsampleJL194,assumingthatthe

electronicpropertiesofthebottom25periodsoftheSi(20A)/Ge(20A)superlattice

partofsampleJL194(andthebufferlayerpartofthesample)areidenticalwiththose

forsampleJL193.

ShowninFig.5-27areschematicdiagramstoshowthestructureofthethin(25

periods)andthick(100periods)Si(20A)/Ge(20A)superlatticesamplesthatare

usedinthissubsection,whereoneofthesamples(JL194)hasalargerthicknessfor

thesumoftheSi(20A)/Ge(20A)superlatticelayers[Si(20A)/Ge(20A)×100pe-

riods=4000A],andtheothersample(JL193)hasasmallerthicknessforthesumof

theSi(20A)/Ge(20A)superlatticelayers[Si(20A)/Ge(20A)×25periods=1000

A].Thesetwosamplesweregrownintwoconsecutiverunsusingtheidenticalgrowth

conditions.Therefore,weassumethatthe25periodsoftheSi(20A)/Ge(20A)super-

latticelayersinsampleJL193representidenticalelectronicpropertiesastheinitial
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Figure 5-27: Schematic diagram to show the structures of the thin (25 periods) and thick 
(100 periods) Si(20 A)/Ge(20 A) superlattice samples that are used in the present investi
gation, which are denoted as JL193 and JL194, respectively. 

use our parallel conductors model between the 25-period superlattice sample (JLI93) 

and the 100-period superlattice sam ple (.JLI94) to evaluate the properties of the top 

75 periods of t he 8i(20 A)/Ge(20 A) superlatt ice in sample JL194, assuming that the 

electronic properties of the bottom 25 periods of the 8i(20 A)/Ge(20 A) superlattice 

part of sample .JLl94 (and the buffer layer part of the sample) are identical with those 

for sample .JL193. 

8hown in Fig. 5-27 are schematic diagrams to show the structure of the thin (25 

periods) and thick (100 ]wriods) 8i(20 A)/Ge(20 A) superlattice samples that are 

used in this subsection, where one of the samples (JL194) has a larger thickness for 

the sum of the 8i(20 A)/Ge(20 A) superlattice layers [8i(20 A)/Ge(20 A) x 100 pe

riods = 4000 AJ, and the other sample (JL193) has a smaller thickness for the sum of 

the 8i(20 A) / Ge(20 A) superiattiee layers [8i(20 A)/Ge(20 A) x 25 periods = 1000 

Aj . These two samples were grolVn in two consecutive ntns using the identical growth 

conditions. Therefore, we assume that the 25 periods of the 8i(20 A)/Ge(20 A) super

lattice layers in sample JL193 represent identical electronic properties as the initial 
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Figure5-28:Seebeckcoe伍cientasafunctionoftemperaturef()rsamplesJL193(open

squares)andJL194(opencircles),togetherwiththetheoreticalresultsobtainedusing

thesemi-classicalmodelsthataredevelopedinChapter6.Thefilledcirclesdenotethe 　 　
propertiesofthetop75periodsoftheSi(20A)/Ge(20A)superlatticepartofsample

JL194,thatarededucedusingthesubtractionprocessdevelopedin§5.8.3.

　 　
25periodsoftheSi(20A)/Ge(20A)superlatticelayersinsampleJL194.Sincethere

isnoguaranteethatsuchanassumptionisvalidfortheactualpairofsamples(JL193

andJL194),wehavefirsttoexaminethepropertiesofthesesamplesindividually

withsomecare.

ShowninFigs.5-285-30aretheSeebeckcoefficientS,theHallcarrierconcen-

trationnHallandtheelectricalconductivityσasafunctionoftemperatllreforthe

25-periodSi(20A)/Ge(20A)superlatticesample(JL193)togetherwiththecorre-

spondingresultsforthe100-periodSi(20A)/Ge(20A)superlatticesample(JL194)

thatwasgrownundertheidenticalgrowthconditionsasthosefbrsampleJL193.Also

showninthesefiguresarethepropertiesofthetop75periodsoftheSi(20A)/Ge(20A)

superlatticepartofthesampleforsampleJL194thatarededucedusingtheparallel

conductorsmodelforthepairofsamplesJL193andJL194(see§5.8.3forthedisclls-

sionsoftheseresults).InFig.5-28,wefindthatthevaluesofthemeasuredSeebeck

coef丑cientforthe25-periodsuperlatticesample(JL193)aresignificantlylargerthan
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Figure 5-28: Seebeck coefficient as a function of temperature for samples JL193 (open 
squares) and JL194 (open cudes), together with the theoretical results obtauled USUlg 
the semi-classical models that are developed in Chapter 6. The fi lled circles denote the 
properties of the top 75 periods of the Si(20 A)/Ge(20 A) superJattice part of sample 
JL194, that are deduced using the subtraction process developed in §5.8.3. 

25 periods of the Si(20 .I\.)/Ge(20 .l\.) superlattice layers in sample JLl94. Since there 

is no guarantee that such an assumption is valid for the actual pair of samples (JL193 

and JL194), we have first to exam ine the properties of these samples ind ividually 

with some care. 

ShowlI in Figs. 5-28- 5-30 are the Seebeck coefficient S, the Hall carrier COllC€lI

t ration nHali and the electrical conductivity a as a function of temperature for the 

25-period Si (20 A)/Ge(20 A) superlattice sample (JLl93) toget her wit h the corre

sponding results for the 100-period Si(20 A)/Ge(20 A) superlattice sample (JL194) 

that was gTown under the identical growth conditions as those for sample JL193. Also 

shown in these figures are the properties of the top 75 periods of the Si(20 A) /Ge(20 A) 

superlattice part of t he sample for sample JL194 t hat are deduced using t he parallel 

conductors model for t he pair of samples JL193 and JL194 (see 35.8.3 for t he discus

sions of these results). In Fig. 5-28, we find that the values of the measured Seebeck 

coefficient for the 25-period superlattice sample (JL193) are significantly larger than 
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Figure5-29:Hallcarrierconcentration7zHallasafunctionoftemperatureforsamples

JL193(opensquares)andJL194(opencircles).ThefilledcirclesdenotetheHallcarrier

concentrationsdeducedfbrthetop75periodsoftheSi(20A)/Ge(20A)superlatticepart

ofthesampleforsampleJL194usingtheparallelconductormodel,asexplainedin§5.8.3.

thecorrespondingvaluesforthe100-periodsuperlatticesample(JL194).Wecan

attributethedifferencesinthemeasuredvaluesfortheSeebeckcoefHcientbetween

samplesJL193(25periods)andJL194(100periods)eithertotheparalleltransport

contributionfromthebufferlayerand/orsubstrate,ortoanunintentionalfiuctuation

inthecarrierdopinglevelsalongthethicknessofthesuperlatticepartofthesam-

ples(orattributedtoanunintentionalscatterinthedopinglevelfromonesampleto

another).ShowninFig.5-29aretheHallcarrierconcentrationsforsamplesJL193

(25period)andJL194(100periods),wherewefindthatthemeasuredHallcarrier

concentrationsforthe25-periodsuperlatticesample(JL193)(nRs1.1×1019cm-3at

300K)arealittlelowerthanthoseforthe100-periodsuperlatticesample(JL194)

(nN1.4×1019cm-3at300K).AlthoughthisobservationintheHallcarriercon-

centrationisconsistentwiththeSeebeckresultsshowninFig.5-28(thesmallerthe

carrierconcentration,thelargerthemagnitudeofISI),itturnsoutthatthisamount

ofthedifferenceinthecarrierconcentrationdoesnotprovidesufficientexplanationfor

theobserveddifferenceintheSeebeckcoefficientbetweenthesetwosamples(samples
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Figure 5-29: Hall carrier concentration " Ilall as a fuuction of temperature for samples 
JL193 (open squares) and JL194 (open circles). The filled cil'CIes denote the Hall canier 
concentrations deduced for the top 75 periods of the Si(20 A)jGe(20 A) superlattice part 
of the sample for sample JL194 using the parallel conductor model, as explained in §5.8.3. 

the corresponding values for t he 100-period superlattice sample (JL194) . We can 

attribute the d ifferences in the measured values for t he Seebeck coeffi cient between 

samples JLl93 (25 periods) and .1L194 (100 periods) either to the parallel transport 

contribution from the buffer layer and/or substrate, or to an unintentional fluctuation 

in the carrier dopi ng levels along t.he thickness of t he superlattice pa.rt of t.he sam

ples (or attributed to an unintentional scatter in the doping level from one sample to 

another). Shown in Fig. 5-29 are the Hall carrier concentrations for samples JL193 

(25 period) and JL194 (100 periods), where we find that the measured Hall carrier 

concentrations for the 25-period superlattice sample (JL193) (n "" 1.1 x 1019 cm- 3 a t 

300 K) are a li t tle lower than t hose for t Ile 100-period superJatt ice sample (.1L194) 

(n"" 1.4x lO,g cm-" at 300 K). Alt.hough this ohservation in the Hall carrier con

centration is consistent with the Seebeck results shown in Fig. 5-28 (the smaller the 

carrier concentrat ion, the larger the magnitude of lSI), it turns out that this amount 

ofthe difference in t.he carrier concentrat ion does not provide sufficient explanation for 

the observed difference in t he Seebeck coeffi cient between these two samples (samples 

274 



[T
∈

O
uL
G
]
b

450

400

350

300

250
0

口JL193

0JL194

●ToP75periods

100 200

T[K】

300 400

Figure5-30:Three-dimensionalelectricalconductivityσasafunctionoftemperature

f()rsamplesJL193(opensquares)andJL194(opencircles).Thefilledcirclesdenotethe

electricalconductivitiesdeducedforthetop75periodsoftheSi(20A)/Ge(20A)superlattice

partofthesamplefbrsampleJL194usingtheparallelconductorsmodelsasexplainedin

§5.8.3.

JL193andJL194)(seethetheoreticalresultsobtainedusingthesemi-classicalmodels

inFig.5-28,wherethevalueofthecarrierconcentrationpredictedforsampleJL193

isintherangebetweennN5×1018cm-3andnN7×1018cm-3).Therefore,we

concludethattheobserveddiscrepancybetweenthemeasuredandpredictedSeebeck

coefHcientsforthe25-periodSi(20A)/Ge(20A)superlatticesample(sampleJL193)

isnotduetoafluctuationinthecarrierconcentrationbetweenthetwosamples,but

ratherisduetotheparalleltransportcontributionfromthebufferlayerand/orsub-

strate.Wewillfurtherexaminetheeffectoftheparalleltransportcontributionfrom

thebufferlayerand/orsubstrateinsamplesJL193andJL194in§5.8.3.

Theelectricalcondllctivityσforthe25-periodSi(20A)/Ge(20A)sllperlattice

sample(JL193)isshowninFig.5-30asafunctionoftemperaturetogetherwith

thecorrespondingresultsfortheloo-periodSi(20A)/Ge(20A)superlatticesam-

ple(JL194).Itisnotedthat,aswediscussedbefore,thevalueofthethickness
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Figure 5-30: Three-dimensional electrical conductivi ty a as a function of temperature 
for samples JL193 (open squares) and JL194 (open circles) . The filled circles denote the 
electrical conductivities deduced for the top 75 periods of the 8i(20 A) /Ge(20 A) suped attice 
part of the sample for sample J L194 using the parallel conductors models as explained in 
§5.8.3 . 

.JL193 and .JLI94) (see the theoretical results obtained using the semi-classical models 

in F ig. 5-28, where the value of the carrier concentration predicted for sample J1193 

is in the range between n ~ 5x lO"8 cm- 3 and n ~ 7x lO"B cm-3
) . Therefore, we 

conclude that the observed discrepancy between the measured and predicted 8eebeck 

coefficients for the 25-period 8i(20 A)/Ge(20 A) superlattice sample (sample JL193) 

is not due to a fluctuation ill the carrier eoncentration between the two samples, but 

rather is d ue to the parall el transport contribution from the buffer layer and /or sub

strate. We will fu rther examine the effect of the parallel transport contribut ion from 

the buffer layer and/or substrate ill samples JL193 and JL194 in ~5 . 8 . 3. 

The electri cal conductivity a for the 25-period 8i(20 A)/Ge(20 A) superlattice 

sample (JLI93) is shown in F ig. 5-30 as a. function of temperature together with 

the corresponding resul ts for the 100-period 8i(20 A)/Ge(20 A) superlattice sam

ple (J LI94) . It is noted that, as we discussed before, the value of the thickness 
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thatisusedtoobtaintheelectricalconductivityσexperimelltallyisthethicknessof

thesuperlatticepartofthesampleonly(i.e.,1000AforsampleJL193and4000A

forsampleJL194).We丘ndthatthevaluesfortheelectricalconductivityobtained

forthe25-periodsuperlatticesample(JL193)issigni丘cantlylargerthanthecorre-

spondingvaluesforthe100-periodsuperlatticesample(JL194).Sincethemeasured

Hallcarrierdensityforthe25-periodsuperlatticesampleislowerthanthatforthe

100-periodsuperlatticesarnple(JL194),theresultantdifferenceintheHallcarrier

mobilitybetweensamplesJL193andJL194isevenlarger.Thepossiblecausesfor

theobservedenhancementinthecarriermobilityforthe25-periodsuperlatticesam-

ple(JL193)relativetothatforthe100-periodsuperlatticesample(JL194)includea

fewernumberofstructuraldefectsand/ordislocationsinsampleJL193(25periods)

thaninsampleJL194(100periods),and/orasmallerdensityoftheionizedimpuri-

tiesinsampleJL193(25periods)thaninsampleJL194(100periods).Thereduced

contributionfromthesescatteringmechanismstotheelectricalconductivityσiscon-

sistentwiththemeasuredelectricalconductivitydataforsampleJL193(25periods)

asshowninFig.5-30.Especiallyabove200K,inFig.5-30,theobserveddecrease

inσwithincreasingtemperatureisconsistentwiththeincreasingcontributionfrom

acousticphononscatteringasthetemperatureisincreased,whereotherscattering

mechanisms(suchasscatteringduetothestructuraldefectsanddislocationsand/or

ionizedimpurityscattering)becomerelativelyunimportant.

5.8.3 Assessmentoftheparalleltransportcontributionsfrom

thebufferlayerand/orsubstrate

In§5.8.1,wehavediscussedthatthetwo-dimensionalelectricalconductivityσ 、Dand

thetwo-dimensionaltransportcoefHcientSσDthatisconnectedwiththeenergycur-

rentduetotheconductionelectronsareadditivequantitiesinourparallelconductors

model.ItturnsoutthattheHallcarrierdensitymultipliedbythesamplethickness

D,i.e.,nHallD,isalsoanadditivequantityinourparallelconductorsmodel,sincethe

HallcarrierdensitynHallisproportionaltotheHallconductivityσHall(σHall=ブ ∬/Ey,
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that is used to obtain the electrical conductivity u experimentally is the thickness of 

the superlattice part of the sample only (i.e., 1000 A for sample JL193 and 4000 A 

for sample JL194) . We find that the values for the electrical conductivity obtained 

for the 25-period superlattice sample (JL193) is sign ifi cantly larger than the corre

sponding va lues for the 100-period superlattice sample (JL194) . Since the measured 

Hall carrier density for the 25-period superJ attice sample is lowe?" t ball that for t be 

100-period superlattice sample (JL194), the resultant diH·erence in the Hall carrier 

mobility between samples JL193 and JL194 is even larger. The possible causes for 

t he observed enhancement in the carrier mobility for the 25-period superJ attice sam

ple (JL193) relative to that for t he 100-period superlattice sample (JL194) incl ude a 

fewer number of structural defects and/or dislocations in sample JL193 (2G periods) 

than in sample JL194 (100 periods), and/or a smaller density of the ionized impuri

t ies in sample JL193 (25 periods) than in sample JL194 (100 periods) . The reduced 

contribu t ion from these scattering mechanisms to the electrical conductivity u is con

sistent with the measured electrical conduct ivity data for sample JL193 (25 periods) 

as shown iII Fig. 5-30. Especially above 200 K, iII Fig. 5-30, the observed decrease 

in u with increasing temperatme is consistent with the increasing contribution from 

acoustic phonon scattering as the temperature is increased, where other scattering 

mechanisms (such as scattcring due to the structural defects and dislocations and/or 

ionized impurity sca.ttering) become relatively unimportant. 

5.8.3 Assessment ofthe parallel transport contributions from 

the buffer layer and/or substrate 

In §5 .8.1 , wc have discussed that the two-dimensional electrical conductivity aD and 

t he two-dimensional t ransport coefficient SuD that is connected wit h the energy cur

rent due to the conduction electrons are additive quantities in our parallel conductors 

model. It turns out that the Hall carrier density mul tiplied by the sample thickness 

D, i. e., n Hal1D, is also a.n additive quantity in our parallel conductors model, since the 

Hall ca.nier density n Hall is proportional to the Hall conductivity anall (aHal1 = j x/ E y , 
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wheretheexternalmagneticfieldBisappliedalongthe2-direction)foragivellvalue

oftheexternalmagneticfield、B.Therefore,usingtheparallelconductorsmodel,we

obtainthefollowingequationstodeducethenetcontributionofthesuperlatticepart

ofthesampleonlytothemeasuredtransportcoeflicientsS,σand7zHall:

σ1、Dl一 σ2・D2

σSLonly=D

、-D,,
(5.7)

5SL・nly-≒1霧1≡ 謡D2,(5・8)

η羅 。ly」all鍔1≡ 幾allD2,(5・9)

whereDIandD2denotethethicknessesusedtoobtainthethree-dimensionalelec-

tricalconductivityσandtheHallcarrierdensityηHallexperimentallyforsamplesl

and2,respectively,andthequantitiesSi,52,σ1,σ2,nFallandn募allinEqs.5.75.9

aredefinedsimilarlyintheobvioussense(seeFig.5-27).Itisnotedthatinthe

speci丘cexamplesgiveninthissubsection,samplelcanrepresentallthesllperlattice

samples(JL193,JL194,JL197andJL199)andsample2representsonlythebare

bufferlayersample(JL200)[forthesubtractionofthebufferlayer(and/orsubstrate)

contributionsforalltllesuperlatticesamples]orthe25-periodsuperlatticesample

(JL193)[forthesubtractionofthecontributionsfromthebottom25periodsofthe

superlatticeandthebufferlayer(and/orsubstrate)partofthesampleforsample

JL194].

ShowninFigs.5-31and5-32arethetwodimensionaltransportcoe伍cientsσDand

Sσ 、Dasafunctionoftemperature,forthebarebufferlayersampleJL200(solidcurve),

forthe25-periodsuperlatticesample(opensquares),andforthe100-periodsuperlat-

ticesample(opencircles),toshowtherelativeimportanceoftheparalleltransport

contriblltionsfromthebufferlayerand/orsllbstratetothemeasuredelectricalcon-

ductivityσandtothemeasuredSeebeckcoef丑cientSfortheSi(20A)/Ge(20A)

superlatticesamplesassumingthattheparallelconductorsmodelisvalid.InFig.5-

31,wefindthattheparalleltransportcontributionfromthebufferlayeror/and

substratetothemeasuredelectricalconductivityisrelativelysmall.Weestimatethe
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where the external magnetic field B is applied along the z-direction) for a given value 

of the external magnetic fi eld B . Therefore, using the parallel conductors model, we 

obtain the following equations to deduce the net contribution of the superiattice part 

of the sample only to the measured transpott coeffi cients 5, a and nHali 

(5.7) 

(5 .8) 

(5 .9) 

where D j and D2 denote the thicknesses used to obtain the three-dimensional elec

t rical conductivity a and the Hall carrier density nHali experimentally for samples 1 

and 2, respectively, and the quantities 51, 52, aj, az, nrall and n~all in Eqs. 5.7- 5.9 

are defined similarly in the obvious sense (see Fig. 5-27). It is noted that in the 

specific examples given in this subsection, sample 1 can represent all the superlatti ce 

samples (JL193, JL194, JL197 and JL199) and sam ple 2 represents onl y the bare 

buffer layer sample (JL200) [for the subtraction of the bufIer layer (and /or substrate) 

contributions for all the superlattice samples] or the 25-period superlattice sample 

(JL193) [for the subtraction of the contributions from the bottom 25 periods of the 

superlattice and t he buffer layer (and / or substrate) part of the salllple for salIlple 

JL194] . 

Shown in F igs. 5-31 and 5-32 are the two dimensional t ransport coefficients aD and 

5 aD as a function of temperature, for the bare buffer layer sample JL200 (solid curve), 

for the 25-period superlattice sample (open squares), and for t he lOO-period superlat

tice sample (open circles), to show t he relative importance of the parallel t ransport 

contribut ions fro m t he buffer layer anel / or substrate to t he measured electri ca l con

ductivity a and to the measured Seebeck coefficient 5 fo r the Si(20 AJ/Ge(20 A) 

supcrlatticc samples assuming that the parallel conductors model is valid. In Fig. 5-

31, we find that the parallel transport contribut ion from the buffer layer or/ and 

substrate to the measured electrical conduct ivity is relatively small. We estimate the 
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Figure5-31:Two-dimensionalelectricalconductivityσDasafunctionoftemperaturefor

sample兀193(opensquares),forsampleJL194(opencircles),andforthebarebufferlayer

sampleJL200(solidcurve).
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paralleltransportcontributionfromthebufferlayeror/andsubstratetobe9.1%and

2.8%forsamplesJL193andJL194,respectively,at300K.Ontheotherhand,the

paralleltransportcontributiontothetwo-dimensionaltransportcoef丑cientθ σ・Dis

relativelylarge(Fig.5-32),anditisnotinanegligiblelevelanymoreforthe25-period

superlatticesample(JL193).Infact,thisisactuallythemaincausefortheobserved

discrepancybetweenthemeasuredandpredictedvaluesforθforsampleJL193(25

periods)[see§5.8.2].ShowninFig.5-33aretheresultsofthesubtractionprocess

fortheSeebeckcoef丑cientθthatisdevelopedinthissubsectionusingtheparallel

conductormodel(Eq.5.8).Wehaveperformedthesubtractionprocessusingthefol-

lowingcombinationsofsamplestodedllcethevalllesoftheSeebeckcoefHcientforthe

superlatticepartofthesampleonlyforsamplesJL193andJL194:(1)usingsamples

JL193(25periods)andJL200(barebuffersample)forsamplesland2,respectively,

inEq.5.8(dot-dashedcurveinFig.5-33),(2)usingsamplesJL194(100periods)and

JL200(barebuffersample)forsamplesland2,respectively,inEq.5.8(dashedcllrve

inFig.5-33),and(3)usingsamplesJL194(100periods)andJL193(25periods)for
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Figure 5-31: Two-dimensional electrical conductivity "D as a function of temperature for 
sample JL193 (open squares), for sample JL194 (open circles) , arId for the bare buffer layer 
sample JL200 (soUd curve). 

parallel transport contribution from the buffer layer or/and substrate to be 9.1 % and 

2.8% lor samples JL193 and JL194, respectively, at 300 K. On the other hand, the 

parallel transport contribution to the two-dimensional transport coefficient S(J D is 

relatively large (Fig. 5-32), and it is not in a negligible level anymore for the 25-period 

superlattice sample (JL193). In fact , this is actually the main cause for the observed 

discrepancy between the measured and predieted va lues for S for sample JL193 (25 

periods) [see §5.8.2]. Shown in Fig. 5-33 are the results of the subtraction process 

for the Seebeck coefficien t S tha t is developed in this subsection using the parallel 

conductor model (Eq. 5.8). We have performed t he subtraction process using the fol

lowing combinations of samples to deduce the values of the Seebeck coefficient for the 

superlattice part of t l,e sample on ly for samples JL193 and JL194 : (1) using samples 

JL193 (25 periods) and JL200 (bare buffer sample) for samples 1 and 2, respectively, 

in Eq. 5.8 (dot-dashed curve in Fig. 5-33), (2) using samples JL194 (100 periods) and 

JL200 (bare buffer sample) for samples 1 and 2, respectively, in Eq. 5.8 (dashed curve 

in Fig. 5-33), and (3) using samples J1194 (100 periods) and JL193 (25 periods) for 
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Figure5-33:Resultsf()rthesubtractionofthebufferlayercontributiontothemeasured

Seebeckcoef丑cient5asafunctionoftemperature.Theopensquaresandopencircles

denotethemeasuredSeebeckcoef丘cientsfbrsamplesJL193andJL194,respectively.The

valuesfbrtheSeebeckcoefHcientdeducedforthesuperlatticepartofthesampleonlyusing

theparallelconductorsmodel(Eq.5.8)arealsoshownfbr:(1)sampleJL193usingthe

barebufferlayersamplefbrthesubtractionofthebufferlayercontribution(dash-dotted

curve)ラ(2)sampleJL194usingthebarebufferlayersamplef()rthesubtractionofthebuffer

layercontribution(dashedcurve)and(3)sampleJL194usingthe25-periodsuperlattice

sample(JL193)fbrthesubtractionofthecontributions丘omthebottom25periodsofthe

superlatticeand丘omthebufferlayerpartofthesample(solidcurve).
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F igure 5-33: Results for the subtraction of the buffer layer contribution to the measured 
Seebeck coefficient S as a fWlction of temperat ure. The open squares and open circles 
denote the measured Seebeck coefficients for samples 1L193 and 1L194, respectively. The 
values for th e Seebeck coefficient deduced for the superlattice part of the sample only using 
the parallel conductors model (Eq. 5.8) are also shown for: (1) sample JL193 using the 
bare buffer layer sample for the subtract ion of the buffer layer contribution (dash-dotted 
curve), (2) sample JL194 using the bare buffer layer sample for the subtraction of the buffer 
layer contribution (dashed curve) and (3) sample 1L194 using the 25-period superlattice 
sample (lLI93) for the subt raction of the contribut ions U'Olll the bottom 25 periods of the 
superlattice and u'om the buffer layer part of the sample (solid cUl've) . 
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samplesland2,respectively,inEq.5.8(solidcurveillFig.5-33).Whatwe丘ndin

Fig.5-33are(1)allthecurvesforthesubtractedSeebeckcoefficielltcollapsedinto

onecurveabove280Kand(2)thesubtractedvaluesoftheSeebeckcoef丘cientde-

ducedforsampleJL194usingsampleJL200forthesubtractionaresimilartothose

deducedusingsampleJL193forthesubtractionabove140K,and(3)thesubtracted

valueoftheSeebeckcoef丘cientforsampleJL193isstillslightlylargerthanthecor-

respondingvaluesforsanlpleJL194below280K.However,consideringthefactthat

themeasuredHallcarrierconcentrationsforsampleJL193arealittlelowerthan

thoseforsampleJL194(Fig.5-29),theobtainedvaluesfortheSeebeckcoefHcientfor

sampleJL193afterthesubtractionprocessinFig.5-33areingoodagreementwith

thetheoreticalvaluesobtainedusingthesemi-classicalmodelsdevelopedinChapter6

forη=1.1×1019cm-3below280K.(4)ThemarkedfeatureofincreasingISIwith

increasingtemperatureabove300Kthatisobservedin§5.6.1and§5.7.2forallthe

　 　
Si(20A)/Ge(20A)samplesinvestigatedinthischapterisstillpresentevenafterthe

subtractionprocessusinganyconbinationsofthesamplesgivenaboveforsamplesl

and2usedinEq.5.8.Therefore,wecanconcludethatthemarkedincreaseinISI

above300KthatisobservedinalltheSi(20A)/Ge(20A)samplesinvestigatedin

thischapterisnotattributedtotheparalleltransportcontributionfromthebuffer

layeror/andsubstrate,butisapropertyofthesllperlatticepartofthesample.Since

wedon,thaveanyconclusivemechanismsfortheobservedmarkedincreaseinISI

above300K,futureeffortshouldbeexpendedtorevealtheexactmechanismsforthe

observedenhancementinISIabove300Kinthesesuperlatticesamples.

Finally,wesummarize,inTables5.2andTable5.3,theresultsofthesubtraction

processforallthesuperlatticesamplesgrownonSOIsllbstratesthatareinvestigated

inthischapter(samplesJL193,JL194JL197andJL199),usingthebarebufferlayer

sample(JL200)forsample2inEq.5.8(exceptforJL194binTable5.3).Inthese

Tables,wecanseethatthemeasuredelectricalconductivitiesarerelativelyinsensitive

totheparalleltransportphenomenainthebufferlayerand/orsubtrate.However,

sincethemeasuredvaluesfortheSeebeckcoef自cientISIandthethermoelectricpower

factorS2σaresometimeslargelyaffectedbytheparalleltransportphonemenainthe
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samples 1 and 2, respectively, in Eq. 5.8 (solid curve in Fig. 5-33) . What we find in 

Fig. 5-33 are (1) all the cur ves for the subtracted Seebeck coefficient collapsed in to 

one curve above 280 K and (2) the subtracted values of the Seebeck coefficient de

duced for sample JL194 using sample JL200 for t he subtract ion are similar to those 

deduced using sample JL193 fo r the subtraction above 140 K, and (3) the subtracted 

value of the Seebeck coeffi cient for sample .JL19,) is still slight ly larger than the cor

responding values for sample .JL194 below 280 K. However, considering the fact that 

the measured Hall carrier concentrations for sample JL193 arc a li t tle lower than 

t hose for sample JL194 (Fig. 5-29), the obtained values for t he Seebeck coefficient for 

sample JL193 after the subtract ion process in Fig. 5-33 are in good agTeement with 

the theoretical values obtained using the semi-classical models developed in Chapter G 

for 11 = 1.1 x 10' 9 cm- 3 below 280 K. (4) The marked feature of increasing lSI with 

increasing temperature above 300 K that is observed in §5.6.1 and §5.7.2 for all the 

Si(20 A)/Ge(20 A) samples investigated in this chapter is still present even after the 

subtract ion process using any conbinations of the samples given above for samples 1 

and 2 used in Eq. 5.8. Therefore, we can conclude that t he marked increase in lSI 
above 300 K that is observed in all the Si(20 A)/Ge(20 A) samples investigated in 

this chapter is not attributed to the parallel transport contribution from the buffer 

layer or/ and substrate, but is a property of the superiattice part of the sample. Since 

we don 't have any conclusive mechanisms for the observed marked increase in lSI 
above 300 K, future effort should be expended to reveal the exact mechanisms for the 

observed enhancement in lSI above 300 K in these superiattice samples. 

Finally, we summarize, in Tables 5.2 and Table 5.3, the results of the subtraction 

process for all the superlattice samples grown on SOl substra tes that are invest igated 

in this chapter (samples JL193, JL194 JL197 and JL199), using the bare buffer layer 

sample (JL200) for sample 2 in Eq. 5.8 (except for JL194b in Table 5.3). In these 

Tables, we call see t hat the measured electrical conductivities are relatively insensitive 

to the parallel t ransport phenomena in the buffer layer and/or subtrate . However, 

since the meas ured values for t he Seebeck coeffi cient lSI and t he thermoelect ric power 

factor S 2a are sometimes largely a.ffected by the pa.ra.llel t ransport phonemena in the 
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Table5.2:ThermoelectricpropertiesofvariousSi(20A)/Ge(20A)superlatticesamples

at300K(as-measured).Thepercentageinsidetheparenthesesindicatestheestimated

portionoftheparalleltransportcontributionfromthebufferlayeror/andsubstrateinthe

measuredvaluesofthethermoelectrictransportcoef丑cient.

samplename σD[×10-3Ω 一1]-S[μV/K] SσD[μA/K]

JL199

JL197

JL194

JL193a)

JL200b)

6.74(5.6%)
8.59(4.4%)
13.51(2.8%)
4.09(9.2%)
0.37(100%)

286

265

220

267

882

1.93(17.1%)
2.28(14.5%)
2.97(11.1%)
1.10(30.1%)
0.33(100%)

a)25 -periodSi(20A)/Ge(20A)superlattice .

b)ba・ebuffe・layersample
.

Table5.3:ThermoelectricpropertiesofvariousSi(20A)/Ge(20A)superlatticesat300

K(aftersubtractingtheparalleltransportcontributionsfromthebufferlayerand/orsub-
strate).Thenumberinsidetheparenthesesisthecorrespondingas-measuredvalue(the

valuewithoutthesubtractionprocess)fbrcomparison.

samplenameσ[Ω 一1cm-1] 一S[μV/K] S2σ[μW/cm・K2]

JL199

JL197

JL194

JL194ba)

JL193b)

159(169)
205(215)
328(338)
314(338)
372(409)

251(286)
237(265)
201(220)
199(220)
206(267)

10.0(13.8)
11.6(15.1)
13.3(16.4)
12.5(16.4)
15.8(29.1)

a)obtainedbysubtractingtheparalleltransportcontributionsofthebottom25periodsof

thesuperlatticeandofthebufferlayerand/orsubstrateusingsampleJL193.
b)25-periodSi(20A)/Ge(20A)superlattice.
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Table 5.2: T hermoelectric properties of various 8i(20 A)/Ge(20 A) superlattice samples 
at 300 K (as-measured) . The percentage inside the parentheses indicates the estimated 
portion of the parallel transport contribution from the buffer layer or/and substrate in the 
measured values of the t. hermoelectric transport coefficient. 

sample name (J D [x 10 3 0 1] -5 [/.N/KI 
JLl99 6.74 (5 .6%) 
JLl97 8.59 (4.4%) 
J L194 13.51 (2 .8%) 
JLl93 a) 4.09 (9.2%) 
JL200 b) 0.37 (100%) 

al25-period 8i(20 A)/Ge(20 A) superlattice. 
b) bare buffer layer sample. 

286 
265 
220 
267 
882 

1.93 (17.1 %) 
2.28 (14.5%) 
2.97 (Ill %) 
110 (30.1 %) 
0.33 (100%) 

Table 5.3: Thermoelectric properties of various 8i(20 A)/Ge(20 A) suped a t. t ices at 300 
K (after subtracting the parallel transport contributions from the buffer layer and/or sub
st.rate) . The number inside the parent.heses is the con esponding as-measured value (the 
value without the subtract ion process) for comparison. 

sample name (J [0 lcm 11 -5 [fN/K] S2(J [pW /cm·K'i] 
JL199 159 (169) 251 (286) 10.0 (13.8) 
JL197 205 (215) 237 (265) 11.6 (15.1) 
JL194 328 (338) 201 (220) 13.3 (16.4) 
JL194b a) 314 (338) 199 (220) 12 .5 (16.4) 
JL193 b) 372 (409) 206 (267) 15.8 (29.1) 

alobtained by subtracting the parallel transport contributions of the bottom 25 periods of 
the superlattice and of the buffer layer and/ or substrate using sample JL193. 
b) 25-period 8i(20 A)/Ge(20 A) superiattice. 
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bufferlayeralld/orsubstrate,somecautionshavetobeexpendedwhellstudyingthe

thermoelectricpropertiesoftheSi/GesuperlatticeswithrelativelysmallIlumbers

ofsuperlatticeperiods(<50periods)and/orrelativelysmallvaluesforthecarrier

concentration(<101gcm-3).

5.9 Summaryoftheexperimentalresultsat300K

andtheeffectoftheextrinsicscatteringmech一

　
anlsms

Inthissection,wesummarizetheexperimentalresultsobtainedin§5.6-§5.8forthe

(001)orientedSi(20A)/Ge(20A)superlatticesamplesasafunctionofcarrierconcen.

trationnat300K.First,in§5.9.1,weexaminetheexperimentalHallmobilityμHall

asafunctionofnandestimatetheamountoftheextrinsicscatteringmechanisms

contributingtoμHallusingMatthiesen,srule(Eq.5.6)

1 1

77t。t(E) 7imp(E)

11
+

7a。(E)+7e。,・
(5.6)

Here,ηmp(E)and7a。(E)arecalculatedusingthesemi-classicalmodelswithoutthe

useofanyfittingparameters,butthevalueof7extisobtainedfromthefittingof

theexperimentalHallmobilities.In§5.9.2,weexaminehowthepredictedvaluesfor

theSeebeckcoeflicientSarealteredifweincludethe7extcontributionintothesemi-

classicalmodels.Then,thesepredictedvaluesforISIincludingthe7extcontribution

arecomparedwiththeαs-meαs?LredexperimentalvalllesforISIthatareobtainedin

§5.6-§5.8andwiththevaluesaftersubtractingthecontributionsfromthebufferlayer

and/orsubstratetodeducethenetcontributionofthesuperlatticepartofthesample

onlytothemeasuredS(see§5.8).Finally,in§5.9.3,weshowtheexperimentally

deducedthermoelectricpowerfactorS2σasafunctionofthecarrierconcentration

nat300K.Theseexperimentalresults(withandwithoutthesubtractionprocess

thatisdevelopedin§5.8)arecomparedwiththetheoreticalresllltsthatareobtained
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buffer layer and/or substrate, some cautions have to be expended when studying the 

thermoelectric properties of the Si/Ge superlat tices with relatively small numbers 

of superiattice periods «50 periods) and/or relatively small values for the carrier 

concentration « lOla cm- 3 ) . 

5.9 Summary of the experimental results at 300 K 

and the effect of the extrinsic scattering mech-
. 

anlsms 

In th is section, we summarize the experimental results obtained in §5 .6- §5.8 for the 

(001) oriented Si(20 A)/Ge(20 A) superiattice samples as a fimction of carrier concen

tration n at 300 K. First , in §5.9.1 , we examine the experimental Hall mobility PRall 

as a function of n and estimate the amount of the extrinsic scattering mechanisms 

contribut ing to j'Hall using Matth iesen's rule (Eq. 5.6) 

1 1 1 1 
-0-== + + -. 
Ttot (E) Timp(E) Tae(E) Text 

(5.6) 

Here, Timp(E) and Tae(E) are calculated using the semi-c1assica.1 models without the 

use of any fitt ing parameters , but the value of Tex t is obtained from the fi tting of 

the experimental Hall mobilities. In §5.9.2, we examine how the predicted values for 

the Seebeck coefficient 8 are altered if we include the Text contribu tion into the semi

classical models. T hen, these predicted values for 181 including the Text contribution 

are compared with the as-measured experimental values for 181 that are obtained ill 

§5.6- §5.8 and with the values after subtracting the contributions from the buffer layer 

and/or substrate to deduce the net contribution of the superlattice part of the sample 

only to the measured 8 (see §5.8). Finally, ill §5.9.3, we show t he experimentally 

deduced thermoelectric power factor 8 2
()' as a function of the carrier concentration 

nat 300 K These experimental results (with and without t he subtraction process 

that is developed in §5 .8) are compared with the theoretical results that are obtained 
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usingthesemi-classicalmodelseitherwithouttheuseofanyfittillgparameters,or

includingthe7extcontribution,thatisdeducedfromthefittingoftheexperimental

μHalldata,todescribetheextrinsicscatteringmechanisms.

Themainpurposeoftheinvestigationinthissubsectionistoprovidebasicdatafor

thefuturetheoreticalinvestigationstorevealthenatureoftheextrinsicscattering

mechanismsthatarefoundinthe(001)orientedSi(20A)/Ge(20A)superlattice

sarnplesasdiscussedill§5.6.1.Thetheoreticalunderstandingofthedetailsofthe

　 　
extrinsicscatteringmechanismsinthe(001)orientedSi(20A)/Ge(20A)superlattices

would,inturn,providefeedbacktotheexperimentfortheimprovementofthesample

propertiesbyremovingtheextrinsicfactorsthatareresponsiblefortheobserved

valuesfor7ext,sothatthevaluesforthethermoelectricfigureofmeritZ3DTforthe

(001)orientedSi(20A)/Ge(20A)superlatticescanbeincreasedevenfurtherinthe

future.

5.9.1 Carriermobilityμasafunctionofcarrierconcentra-

tion

ShownintheTable5.4andplottedinFig.5-34aretheresultsfortheexperimental

HallcarriermobilitiesμHallat300Kthataredeterminedforallthe(001)oriented

Si(20A)/Ge(20A)superlatticesamplesdiscussedin§5.6§5.8.AlsoshowninTa-

ble5.4arethetheoreticallypredictedvaluesforthecarriermobilityμthe。 .usingthe

semiclassicalmodelsthataredevelopedinChapter6,assumingthatthesamplesare

homogeneouslydopedthroughoutthesuperlatticepartofthesample,andwithout

theuseofanyfittingparameters.Thevaluesfortherelaxationtimededucedforthe

extrinsicscatteringmechanisms(denotedas7ext)[see§5.6.1],thatareobtainedusing

theMatthiessen,srllle(Eq.5.6)andfittingtheexperimentalHallmobilityat300K

foreachsample,arealsogiveninTable5.4.Itisnotedthatthevaluesforηmp(E)

and・ τac(E),where乃mp(E)and7ac(E)denotetherelaxationtimes(asafunctionof

theelectron,skineticenergy)associatedwithionizedimpurityscatteringandlongi-

tudinalacousticphonondeformationpotentialscattering,respectively,arecalculated
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using the semi-classical models either without the use of any fitting parameters, or 

including the Text contribution , that is deduced from t he fitting of the experimental 

f.'Hall data, to describe the extrinsic scattering mechanisms. 

The main purpose ofthe investigation in th is subsection is to provide basic data for 

the future theoretical investigations to reveal the nature of the ext rinsic scattering 

mechanisms that are found in the (001) ori ented Si(20 A)jGe(20 A) superlattice 

samples as discussed in §5.6.1. The theoretical understanding of the details of the 

extrinsic scattering mechanisms in the (001) oriented Si(20 A)jGe(20 A) superlattices 

would, in turn, provide feedback to t he experi ment for the improvement of the sample 

properties by removing the extrinsic factors that are responsible for the observed 

values for Text' SO that the values lor the thermoelectric figure of merit Z3DT for the 

(001) oriented Si(20 A)jGe(20 A) superlattices can be increased even further in the 

future. 

5.9.1 Carrier mobility J.L as a function of carrier concentra

tion 

Shown in the Table 5.4 and plotted in F ig. 5-34 are the results for the experimental 

Hall carrier mobilities f.'Hall at 300 K that are determined for all the (001) oriented 

Si(20 A)jGe(20 A) superlattice samples discussed in §5.6- §5 .8. Also shown in Ta

ble 5.4 are the theoretically predicted values for the carrier mobility f.'theo. using the 

semidassical models that are developed in Chapter 6, assuming that the samples are 

homogeneously eloped throughout the superla.tt ice part of the sample, and without 

the use of any fitting parameters. T he values for the relaxation t ime deduced for the 

extrinsic scattering mechanisms (denoted as Text) [sec §5.6.1], t hat arc obtained using 

t he fvlatthiessen's rule (Eq. 5.6) and fitt ing t he experimental Hall mobility at 300 ]( 

for each sample, are also given in Table 5.4. It is noted that the values for T;mp(E) 

and Tac( E) , where T;mp( E ) and Tac(E) denote the relaxation times (as a function of 

the electron's kinetic energy) associated with ionized impurity scattering and longi

t udinal acoustic phonon deformation potential scattering, respectively, are calculated 
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Figure5-34:ExperimentallydeterminedHallcarriermobilityfbrthe(001)oriented

Si(20A)/Ge(20A)superlattices(opencircles),thatareobtainedin§5.6-§5.8ラasafunction

ofHallcarrierconcentrationat300K.Alsoshowninthefigurearethetheoreticallypredi-

catedcarriermobilitiesat300Kforhomogeneouslydoped(001)orientedSi(20A)/Ge(20A)

superlatticesusingthesemi-classicalmodelsdevelopedinChapter6withouttheuseofany

fittingparameters(solidcurve)ラandusingMatthiessenラsrule(Eq.5.6)totakeintoaccount

theextrinsicscatteringmechanismsthatarediscussedin§5.6.1(dot-dashedcurve),where

avahleof7ext=4×10-14sischosenfromTable5.4fbrthecalculationofthetheoretical

carriermobilitiesshownbythedot-dashedcurveinthefigure.
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8 i(20 A)/Ge(20 A) superlattices (open circles), that a re obtained in §5.6- §5.8, as a function 
of Hall carrier concentration at 300 K. Also shown in the figure aJ'e the theoretically prelU
cated carrier mobilit.ie, at 300 K for homogeneously doped (001) oriented 8i(20 A)/Ge(20 A) 
sl1periattices using th e serni -classicai liiodeis developed in Chapter 6 without the use of any 
fitting parameters (solid curve), and using Matthiessen's rule (Eq. 5.6) to take into accmmt 
the extrinsic scattering mechanisms that are discussed in §5.6.1 (dot-dashed curve) , where 
a value of Text = 4xlO- 14 S is chosen from Table 5.4 for the calculation of the theoretical 
carrier mobilities shown by the dot-dashed curve in the figure. 
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Table5.4:Thelistoftheparametersrelatedwiththedeterminationofthevalueofthe

extrinsicscatteringrelaxationtime7extfbrallthe(001)orientedSi(20A)/Ge(20A)super-

latticesamplesthatareinvestigatedillthischapterat300K.ThesymbolsγbHall,μHall,μtheo .,

andTextdenotetheHallcarrierconcentrationラtheHallcarriermobilityラthetheoretically

predictedvaluefbrthecarriermobilityusingthesemi-classicalmodelsfbrhomogeneously

dopedsuperlatticeswithouttheuseofallyfittingparameters(seeChapter6),alldthere-
laxationtimefbrtheextrinsicscatteringmechanismsthatisdeducedusingMatthiessen,s

rule(Eq.5.6),respectivel)1■

samplenameηHall[cm-3]μHall[cm2/V・s]μtheo .[cm2/V・s] 7e。t[S]

JL167

JL169

JL199

JL197

JL194

JL193a)

0.4×1019

0.4×1019

0.5×1019

0.7×1019

1.5×1019

1.1×1019

239

266

210

192

138

232

556

556

528

488

406

437

4.9×10-14

6.0×10-14

4.1×10-14

3.6×10-14

2.4×10-14

5.8×10-14

a)25-periodSi(20A)/Ge(20A)superlattice .

usingthesemiclassicalmodelsdevelopedinChapter6withouttheuseofanyfitting

parameters.

InTable5.4,wefindthatthevaluesfor7extobtainedinthiswayhavesomescat-

ter,butareapproximatelyconstantwithrespecttothecarrierconcentration.This

isbecausetheextrinsicscatteringmechanismsdiscussedin§5.6.1,i.e.,(1)interfacial

and/oralloyscatteringattheSi/Geinterfaces,(2)scatteringduetothestructural

defectsand/ordislocationsthatareintroducedintothesuperlatticestructuresduring

thegrowthprocess,suchasthethreadingdislocations,discussedin§5.2,and(3)scat-

teringduetothefluctuationsinthethicknessesoftheSiandGelayers,whichwould

introduceaspatialfluctuationintheboundstateenergiesfortheconductionelectrons

(thesespatialfluctuationsserveasadditionalscatteringPotentialsfortheconduction

electrons),arenotdirectlyrelatedtothedopinglevelofthesuperlatticesamples.

Thesescatteringmechanismsare,however,relatedtotheimpurityconcentrationas

asecondordereffect,sincetheimpurityconcentrationinthesuperlatticesamples

mayhavesomeeffectsonthestructuralpropertiesofthefilm.Ignoringthesesecond

ordereffects,wededucethevaluefor7extat300Ktobearound4×10-14seconds

forthe(001)orientedSi(20A)/Ge(20A)superlatticesamplesthatareinvestigated
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Table 5.4: The list of the parameters related with the determination of the value of the 
extrinsic scattering re laxation time Texi for all the (001) oriented Si(20 A)/Ge(20 A) super
lattice samples that are investigated in this chapter at 300 K. The symbols nHalb !lHal!' ,'thee. , 

and Text denote the Hall carrier concentration, the Hall carrier mobility, the theoretically 
predicted value for the carrier mobility using the semi-classical models for homogeneously 
doped superlattices without the use of any fi tting parameters (see Chapter 6), and t.he re
laxation tiIne for the extrinsic scattering mechanisllls that is deduced using Matthiessen's 
rule (Eq. 5.6), respectively. 

sample name TtR all [ern 3] !iRall [crn2/V.s] "theo. [ern"/V.s] Text [Sl 
JL 167 OAx 1019 239 556 4.9x 10 14 

JL169 OAx lO19 266 556 6.0xlO- 14 

JL199 0.5x l019 210 528 4.1 x 10- 14 

JL197 0.7x 1019 192 488 3.6x l 0- 14 

JL194 1.5x 1019 138 406 2Ax l 0- H 

JL193 a) l. l x 1019 232 437 5.8x 10- 14 

a)25-period Si(20 A)/Ge(20 A) superlattice. 

using the semiclassical models developed in Chapter 6 without the usc of any fitting 

parameters. 

In Table 5.4, we find t hat the values for Text obtained in t his way have some scat

ter, but are approximately constant with respect to the carrier concent ration. This 

is because the extrinsic scattering mechanisms discussed in §5.6.1 , i.e., (1) interfacial 

and /or alloy scattering at the Si/ Ge interfaces, (2) scattering due to the structural 

defects and/or dislocations that are int roduced into the superlattice structures during 

the growth process, such as the t hreading dislocations, discussed in §5. 2, and (3 ) scat

tering due to tli e fluct uations in the t hicknesses of tlie Si and Ge layers, which wo uld 

introduce a spatial fluctuation in the bound state energies for the conduction electrons 

(these spatial fluctuations serve as addit ional scattering potentials for the conduction 

electrons), are not directly related to the doping level of the superiattice samples. 

These scattering mechanisms are, however , related to the impurity concentration as 

a second order effect, since the impuri ty concentration in the superlattice samples 

may have some effects on the structura l properties of t he film . Ignoring these second 

order effects, we deduce the value for Text at 300 1< to be around 4x l 0-14 seconds 

for the (001) oriented Si(20 A)/Ge(20 A) superiattice samples that are investigated 
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inthischapter.Wewillusethisvalue(7ext=4×10-14s)for7extinthesubsequent

subsectionstomodelthevaluesofS(Seebeckcoef丘ciellt)alldS2σ(thermoelectric

powerfactor)asafunctionofcarrierconcentrationat300K(alsoseeFig.5-34for

thevaluesofthetheoreticalcarriermobilityusing7ext=4×10-14sat300K).

5.9.2 Seebeckcoefficient8asafunctionofcarrierconcen_

tration

IIItheprevioussubsectioI1(§5.9.1),wehavededucedthevaluefor7extwhichisasso-

ciatedwiththeextrinsicscatteringmechanisms,thatarepresentintheactual(001)

orientedSi(20A)/Ge(20A)sllperlatticesamples,fromthefittingoftheexperimental

Hallcarriermobilitydata(seeTable5.4).Inthissubsection,weareinterestedin:

(1)howthetheoreticallypredictedvaluesfortheSeebeckcoefficientlθlforthe(001)

orientedSi(20A)/Ge(20A)superlatticeswillbealteredbytheinclusionofthe7ext

factorintothesemiclassicalmodelsthataredevelopedinChapter6,and(2)whether

ornottheinclusionofthe7extfactorintothemodelsimprovestheagreementbetween

theexperimentallydeterminedvaluesforl51andthetheoreticallypredictedvalues

f・rl81.

PlottedinFig.5-35areboththeas-measuredandthesubtracted(see§5.8)exper-

imentalSeebeckcoe伍cientasafunctionoftheHallcarrierconcentrationforthe(001)

　 　
orientedSi(20A)/Ge(20A)superlatticesamplesthatareinvestigatedinthischapter

(openandfilledcircles,respectively,fortheas-measuredandsubtractedvallles),to-

getherwiththetheoreticalvaluesfortheSeebeckcoef丘cientusingthesemi-classical

modelsdevelopedinChapter6withouttheuseofanyfittingparameters(solidcurve),

andtheoreticalvaluesusingMatthiessen,srule(Eq.5.6)totakeintoaccounttlleex-

trinsicscatteringmechanisms(7ext=4×10-14sischosenfromTable5.4).InFig.5-

35,wefindthatwhiletheas-measuredvalllesfortheexperimentalSeebeckcoefHcient

(denotedasθa.m.)areingoodagreementwiththetheoreticalvaluesfortheSeebeck

coef丑cientwithouttheuseofanyfittingparameters(denotedasθh。m。 .),thevalues

oftheSeebeckcoef丑cientdeducedforthenetcontributionofthesuperlatticepartof
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in this chapter. We will use this value (Text = 4x 10-14 s) for Text in the subsequent 

subsections to model the values of S (Seebeck coefficient) and S2a (thermoelectric 

power factor) as a function of carrier concentra tion at 300 K (also see Fig. 5-34 for 

the values of the theoretical carri er mobi li ty using Text = 4x 10- 14 s at 300 K). 

5.9.2 Seebeck coefficient S as a function of carrier concen-

tration 

In the previous subsect ion (§5.9.1), we have deduced the value for Text. which is asso

ciated with the extrinsic scattering mechanisms, that are present in the actual (001) 

oriented Si(20 A)/Ge(20 A) superlattice samples, from t he fitting of the experimental 

Hall carrier mobility data (see Table 5.4) . In this subsection , we are interested in 

(1) how the theoretically predicted values for the Seebeck coefficient lSI for the (001) 

oriented Si(20 A)/Ge(20 A) superia ttices will be altered by the inclusion of the Text 

factor into the semiclassical models that are developed in Chapter 6, and (2) whether 

or not the inclusion of the Text factor into the models improves the agreement between 

the experimentally determined values for lSI and the theol·etically predicted values 

for lSI 
Plotted in Fig. 5-35 are both the as-measured and the subtracted (see §5.8) exper

imental Seebeck coefficient as a function of the Hall carrier concentration fo r the (001) 

oriented Si(20 A)/Ge(20 A) superlattice samples that are investigated in this chapter 

(open and filled circles, respectively, for the as-measUl"ed and subtracted values) , to

gether with the theoretical values for the Seebeck coeffi cient using the sem i-classica.l 

models developed in Chapter 6 without the use of any fitting parameters (solid curve), 

and theoretical values using Matthiessen's rule (Eq. 5.6) to take into account the ex

t rinsic scattering mechanisms ( Text = 4x 10-14 S is chosen from Table 5.4). In F ig. 5-

35, we find that while the as-measured values for the experimental Seebeck coefficient 

(denoted as Sa.m.) are in good agreement with the theoretical values for the Seebeck 

coefficient without the use of any fitting parameters (denoted as Sioomo.), the values 

of the Seebeck coefficient deduced for the net contribution of the superlattice part of 

287 



[〉
く

400

300

蓋2・ ・一

の

ー

100

0 18

10

JL169

8JL167

、

●、

JL199

0

・●

JL197

JL193

300K

OJL194

a.m.(as-measured)、 、

subt.(aftersubtraction)

Sh。m。 .(hOmO.dOped)

S,
ext(h・m・ ・d・ped+τext)

19

10

n[cm-3】

20

10

Figure5-35:TheexperimentallydeterminedaswellastheoreticallypredictedSee-

beckcoe伍cientasafunctionofcarrierconcentrationat300Kfbrtlle(001)oriented

Si(20A)/Ge(20A)superlatticesamplesthatareinvestigatedinthischapter.Thesym-

bols5a .m.(opencircles),5subt.(filledcircles)ラ5homo.(solidcurve)and57,xt(dot-dashed

curve)denotetheas-measuredexperimentalSeebeckcoe伍cient,theexperimentalSeebeck

coef丘cientaftersubtractingthebufferlayerand/orsubstratecontributions,thetheoretical

SeebeckcoefHcientusingthesemiclassicalmodelsthataredevelopedinChapter6without

theuseofanyfittingparametersandthetheoreticalSeebeckcoef丑cientincludingthe7ext

contributionthatisobtained丘omTable5.4(7ext=4×10-14sischosenhere).
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F igure 5-35: The experimentally determined as well as theoretically predicted Sec
beck coefficient as a function of carrier concentration a t 300 K for the (001) oriented 
Si(20 A) / Ge(20 A) superlattice samples that are investigated in this chapter. The sym
bols S a.m. (open circles) , Ssoht. (filled circles), S homo. (solid cm ve) and ST,x, (dot-dashed 
curve) denote t he as-measured experimental Seebeck coeffi cient, the experimental Seebeck 
coeffi cient after subtracting the buffer layer and / or substrate contributions, the theoretical 
Seebeck coefficient using the semiclassical models that are developed in Chapter 6 wi thout 
the use of any fit t ing parameters and the theoretical Seebeck coefficient including the Te XT. 

contribution that is obtained ±i'om Table 5.4 (Text = 4x lO- 14 S is chosen here) . 
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thesampleonly(denotedasSsubt .)(see§5.8)aremoreconsistelltwiththetheoretical

valuesoftheSeebeckcoeMcientillcludillgthe・Textfactor(dellotedasS7ex、).Since

bothremovingthe7extcontributionandincludingtheparalleltransportcontribution

fromthebufferlayerand/orsubstratehavetheeffectofincreasingthevaluesofISI,

theapparentagreementbetweenthevaluesofSa .m.andSh。m。.hastobeconsideredas

acoincidence.ThereasonableagreementbetweenthevaluesforSsubt .andthevalues

forST, 。,providesabasistoconcludethatourtreatmentsoftheparalleltransport

contributionphenomenafromthebufferlayerand/orsubstrateandoftheextrinsic

scatteringmechanismsthatarenotincludedintheoriginalsemiclassicalmodelsde-

velopedinChapter6,providesomesuccessfulapproachestounderstandthedetailed

mechanismsofthethermoelectrictransportphenomenathataretakingplaceinthe

actual(001)orientedSi(20A)/Ge(20A)superlatticesamples.

5.9.3 S2σandZ3DTasafunctiuonofcarrierconcentration

ShowninFig.5-36aretheexperimentallyaswellastheoreticallydeterminedthermoelectric

powerfactorsS2σforthe(001)orientedSi(20A)/Ge(20A)superlatticesamplesthat

areinvestigatedinthischapter,usingthevaluesforμandSthatareplottedin

Figs.5-34and5-35,respectively.InFig.5-36,wefindthat,whiletheas-measured

valuesforS2σhavelargescattersintheplotofS2σvs.n,sincetheamountofthe

paralleltransportcontributionfromthebufferlayerand/orsubstratediffersfromone

sampletoanotherdependingonthethicknessofthesample(seeTables5.2and5.3),

goodagreementisfoundbetweenthetheoreticallypredictedvaluesforS2σincluding

the7extcontributiontothesemi-classicalmodelsthataredevelopedinChapter6

andtheexperimentallydeterminedvaluesforS2σafterthesubtractionprocessthat

areattributedtothepropertiesofthesuperlatticepartofthesampleonly,using

theparallelconductormodelaswedevelopedin§5.8.Inaddition,wealsofindthat

thedopinglevelsforthe(001)orientedSi(20A)/Ge(20A)superlatticesamplesthat

areinvestigatedinthischapterarealmostintheoptimumdopingrange.Therefore,

futureexperimentalworkshouldbeexpendedonimprovingthestructuralproperties

ofthesuperlatticesamplestoreducethe7extcontributiontothemeasuredmobility
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the sample only (denoted as Ssubt. ) (see §5.8) are more consistent with the theoretical 

values of the Seebeck coeffi cient including the Text factor (denoted as S7",) . Since 

both removing the Text. contribution and including the parallel transport contribution 

f rolTl the buffer layer and/or substrate have the effect of increasing t he values of lSI , 
the apparent agreement between the values of Sa.m. and S homo. has to be considered as 

a coincidence. The reasonable agreement between the values for Ssubt. and the values 

for S,,,, provides a basis to conclude that our treatments of the parallel transport 

contribution phenomena from t he buffer layer and/or substrate and of the extrinsic 

scattering mechanisms that are not included in t he original semiclassical models de

veloped in Chapter 6, provide some successful approaches to understand the detailed 

mechanisms of the thermoelectric transport phenomena that are taking place in the 

actual (001) oriented 8i(20 A)/Ge(20 A) superlattice samples. 

5.9.3 S2(1' and Z3DT as a functiuon of carrier concentration 

Shown in F ig. 5-36 are the experimentally as well as theoret icall y determined thermoelect.ri c 

power factors SZ(J for the (001) oriented Si(20 A)/Ge (20 A) superlattice samples that 

are investigated in this chapter, using the values for I' and S that are plot ted in 

Figs. 5-34 and 5-35 , respectively. In Fig. 5-36, we find tha t , while the as-measured 

values for S2(J have large scatters in the plot of S2(J vs. n , since the amount of the 

parallel transport contribution from tlte buffer layer and/or substrate d ifFers from one 

sample to another depending on the thickness of t he sample (see Tables 5.2 and 5.3), 

good agreement is found between the theoretically predicted values for S2(J including 

the Text contribution to the semi-classical models t ha.t are developed in Chapter 6 

and the experimentally determined values for S2(J after the subtraction process tha t 

are a ttributed to the propert ies of the superlattice part of the sample only, using 

t he pa.ra llel cond uctor model as we developed in §5.8. In addition , we a lso find tha.t 

the doping levels for the (001) oriented 8i(20 A)/Ge(20 A) superlattice samples that 

are investigated in this chapter are almost in the optimum doping range. Therefore, 

fu ture experimental work should be expended on improvi ng the structural properties 

of the superlattice samples to reduce the Text contribution to the measured mobili ty 
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Figure5-36:Theexperimentallydeterminedaswellastheoreticallypredictedthermo-

electricpowerfactorS2σ(lef七scale)asafunctionofcarrierconcentrationat300Kfor

theSi(20A)/Ge(20A)superlatticesamplesthatareinvestigatedinthischapter.Theex-

perimentalresultsfbrS2σshownherearebothas-measured(opencircles)andafterthe

subtractionprocesstodeducethenetcontributionofthesuperlatticepartofthesample

only(filledcircles)asdiscussedin§5.8.Thetheoreticalcurvesshownhereareobtained

usingsemiclassicalmodelsthataredevelopedinChapter6,withouttheuseofanyfitting

parameters,assuminghomogeneousdopingthroughoutthesuperlatticepartofthesam-

ple(solidcurve)andusingMatthiessenラsrule(Eq.5.6)totakeintoaccounttheextrinsic

scatteringmechanismsthatarediscussedin§5.6.1(dot-dashedcurve),whereavalueof

・T
ext=4×10-14sisusedfbr7ext(seeTable5.4).Therightscaleinthefigureshowsthe

correspondingvaluesforZ3DTusingκ=5W/m・Kforthethermalconductivity.
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F igure 5-36: The experimentally determined as well as theoretically predicted thermo
electric power factor S2a (left scale) as a function of carrier concentration at 300 K for 
the Si(20 A)/Ge(20 A) superlatt ice samples that. arc investigated in tills chapter. The ex
perimental result.s for S2a shown here arc both as-measmed (open circles) and after the 
subtraction process to deduce the net contr ibution of the superlat tice part of the sample 
only (fill ed circles) as discussed in §5.8. The theoretical curves shown here are obtained 
using semiclassical models that are developed in Chap t.er 6, without the use of any fitting 
parameters, assuming homogeneous doping throughout the super latt ice part of the sam
ple (solid curve) and using Matthiessen's rule (Eq. 5.6) to take into account the extrinsic 
scattering mechalllsms that are discussed in §5.6.1 (dot-dashed curve), where a value of 
Text = 4xlO- 14 S is used for Text (see Table 5.4). The right scale in the figure shows the 
corresponding values for Z3DT using" = 5 W /m-K lor the thermal cond uctivity. 
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and/orfordevelopingtheδ 一and/ormodulationdopingschemestoenhallcetheval-

uesofthecarriermobilityevenfurther,aswediscussinChapter6.Readersarealso

remindedthatalargeenhancementinthevaluesofZ3DTshouldfurthermorebepos-

sibleinthe(111)orientedSi/Gesuperlatticesystemswhereasubbandderivedfrom

thesixequivalent△-valleyscontributestothethermoelectrictransportforthewhole

superlatticeinsteadofthetwoequivalentlongitudinal△-valleyswhichcontributeto

thepowerfactorforthe(001)orientedSi/Gesuperlattices.Theoptimumvalueof

　 　
Z3DTfora(111)orientedSi(20A)/Ge(20A)superlatticeispredictedtobeafactor

offourlargerthanthecorrespondingvaluefora(001)orientedSi(20A)/Ge(20A)su-

perlatticeat300Kusingtheconstantrelaxationtimeapproximationaswediscussed

in§5.4.2.

5.10 Conclusions

Inthischapter,theconceptofCarrierPocketEngineeringwasappliedtothestrained

Si/GesuperlatticestodesignsuperlatticeswithenhancedvaluesofZ3DT.Theeffect

ofthelatticestrainattheSi/Geinterfacesisshowntobeutilizedasanadditional

tooltocontroltheconductionbandstructureofthesuperlattice.ThevalueofZ3D7「

calculatedforastrain-symmetrized(111)orientedSi(20A)/Ge(20A)superlattice

usingtheconstantrelaxationtimeapproximationisO.96at300K,whichrepresents

afactoroffourenhancementrelativetothecorrespondingvalueofZ3DTcalculated

forastrain-symmetrized(001)orientedSi(20A)/Ge(20A)superlatticeusingthe

samebasicmodels.

Thetheoreticalpredictionsthataremadeinthefirsthalfofthischapterare

testedinthesecondhalfofthischapter,whichisdevotedtoanexperimentalproof-

ofLprinciple,11singstrain-symmetrized(001)orientedSi(20A)/Ge(20A)sllperlattice

samplesthatarehomogeneouslydopedthroughouttheSi/Gesuperlatticepartofthe

sample.Itturnsoutthattheexperimentalresultsobtainedinthisstudyareinfair

agreement,inthetemperaturerangebetween4.2Kand300K,withtheresultsof

semi-classicalmodelsthataredevelopedinChapter6,whichutilizeionizedimpurity
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and /or for developing the 6- and/or modulation doping schemes to enhance t he val

ues of the carrier mobility even further, as we discuss in Chapter 6. Readers are also 

reminded that a large enhancement in the values of ZooT should fur thermore be pos

sible in the (111) oriented 8i/Ge superJattice systems where a subband derived from 

the six equi valent .c.-valleys contribu tes to the thermoelectr ic transport for the whole 

superlattice instead of the two equi valent longitud inal .c.-valleys which contribute to 

the power factor for the (001) oriented Si/ Ge superiattices. The optimum value of 

Z3DT for a (11 1) oriented 8i(20 A)/Ge(20 A) superiattice is predicted to be a factor 

offom larger t han t he corresponding value for a (001) oriented 8i(20 A)/Ge(20 A) su

perlattice at 300 K using the constant relaxation time approximation as we discussed 

. §h 4 ? III 0 .. :..... 

5.10 Conclusions 

In this chapter, the concept of Carrier Pocket Engineering was applied to t he strained 

8i/Ge superiattices to design superiattices with enhanced values of Z30T . T he effect 

of the lattice strain at the 8i/Ge interfaces is shown to be utilized as an additional 

tool to control the conduction band structure of the superlatt ice. The value of Z30T 

calculated for a strain-symmetrized (Ill) oriented 8i(20 A)/Ge(20 A) superlattice 

using the constant relaxation ti me approximation is 0.96 at 300 K, which represents 

a factor of four enhancement relative to the corresponding value of Z3DT calculated 

for a st rain-symmetrized (001) oriented 8i(20 A)/Ge(20 A) superia ttice using the 

same basic models. 

T he theoretical predictions that are made in the first half of this chapter are 

t.est.er! in the ser:ond half of t.his chapter, which is devoted to an experimental proof

oj~principle, lIsing st rain-symmetrized (001) oriented 8i(20 AJ/Ge(20 A) superlattice 

samples that are homogeneously doped throughout the 8i/Ge supcriattice part of the 

sample. It turns out tha.t the experimental results obtained in this study are in fair 

agreement , in the temperature range between 4.2 I< and 300 K, with the result.s of 

semi-classicalmoclels that are developed in Chapter G, which utilize ionized impurity 
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scatteringasthedominantscatterillgmechallism.Itisalsofoulldthattheobserved

increasesillS(withdecreasingtemperature)below200Kforthesamplesgrownon

(001)orientedSisubstrates(samplesJL167andJL169)areduetothephonondrag

effect,whilesuchaneffectisnotpresentinthenewersetofsamplesthataregrownon

(001)orientedSOI(Si-on-insulator)substrates(samplesJL194,JL197andJL199).

WehavealsofoundthatthemeasuredSeebeckcoefficientISIisenhancedabove300K

relativetothevaluespredictedbytheory,andthedifferencebetweenthevaluesofthe

measuredISIandthepredictedISIincreaseswithincreasingtemperature.Wehave

checkedthatsuchanincreaseinlSlabove300Kisnotduetotheparalleltransport

contributionsfromthebufferlayerand/orsubstrateusingtheparallelconductors

model.

FuturestudiesoftheenhancedvaluesofZ3D7「intheSi/Gesuperlatticesystem

shouldbefocusedon(1)theeffectofδ 一andmodulationdopingonenhancingthe

valuesofthecarriermobilitiesfortheSi/Gesuperlatticesand(2)theexperimental

proof-of-principlestudyusingthe(111)orientedSi/Gesuperlattices,whereafactorof

fourenhancementinthevalueofZ3DTispredictedrelativetothe(001)orientedSi/Ge

superlatticeintheoptimizedsuperlatticestructureusingtheconstantrelaxationtime

apProximation.
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scattering as the dominant scattering mechanism. It is also found that the observed 

increases in S (with decreasing temperature) below 200 K for t he samples grown on 

(001) oriented Si substrates (samples J1167 and JL169) are due to the phonon drag 

effect , while such an effect is not present in the newer set of samples that are grown on 

(001 ) oriented SOl (S i-on-insulator) substrates (samples JL194, JL197 and JL199). 

We have also fo und that the measured Seebeck coefficient lSI is enhanced above 300 K 

relative to the values predicted by theory, and the difference between the values of the 

measured lSI and the predicted lSI increases with increasing temperature. vVe have 

checked that such an increase in lSI above 300 K is not due to the parall el t ransport 

contribu t ions from the buffer layer and/or substrate using the parallel conductors 

model. 

Future studies of the enhanced values of Z3DT in the Si/Ge superlattice system 

should be focused on (1) the effect of 15- and modulation doping on enhancing the 

values of the calTiel' mobilities for the Si/ Ge superla.ttices and (2) the experimental 

proof-of-principle stud y using the (111) oriented Si/ Ge superlatt ices , where a factor of 

four enhancement in the value of Z3DT is predicted rela tive to the (001) oriented Si/Ge 

superlattice in the opt imized superlattice structme using the constant relaxation time 

approximation. 
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Chapter6

ApplicationofCarrierPocket

EngineeringtoSi/Ge

SuperlatticesII

Detailedmodelingandtheeffect

ofδ 一andmodulationdoping

Inthischapter,wewilldeveloptheoreticalmodels,usingthesemi-classicalBoltz-

manntransporttheory,topredictthevaluesofthetransportcoef丑cientsforthe

(oo1)orientedSi(20A)/Ge(20A)superlatticesthatareexperimentallyinvestigated

inChapter5.ThebasicschemeoftheBoltzmanntransporttheorycalculations

hasbeenalreadyintroducedinChapter3,wherethethermoelectrictransportco-

efficientsforatwo-dimensionallyconfinedelectrongasfora(111)orientedPbTe(20

A)/Pb1-。Eu。Te(400A)MQw(multiple-quantum-well)samplearecalculatedassum-

inglongitudinalacousticphonondeformationpotentialscatteringandpolaroptical

phononscattering.Wehavealsostudied,inChapter3,thedetailedmechanisms

thatareresponsiblefortheobservedenhancementinISI(Seebeckcoefiicient)inthe

(111)orientedPbTe/Pb1-。Eu。TeMQws.Thetheoreticalformalismdevelopedin
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Chapter 6 

A pplication of Carrier Pocket 

Engineering to Sil Ge 

Superlattices II 

- Detailed modeling and the effect 

of 8- and modulation doping -

In this chapter, we will develop theoretical models, using the semi-classical Boltz

mann transport theory, to predict the values of the transport coefficients fo r the 

(001 ) oriented Si(20 A)/Ge(20 A) superlattices that are experimentally investigated 

in Chapter 5. The basic scheme of the Boltzmann transport theory calculations 

has been already introduced in Chapter 3, where t he thermoelectric transport co

efficients for a two-dimensionally confined electron gas for a (lll ) oriented PbTe(20 

A)/P b,_x Eu/ fe(400 A) MQW (multiple-quantllm-well) sample are calculated assum

ing longitudinal acoustic phonon deformation potential scattering and polar optical 

phonon scattering. Vie have also studied , in Chapter 3, the detailed mechanisms 

that are responsible for the observed enh ancement in 151 (Seebeck coefficient) in the 

(lll) oriented PbTe/Pb1_xElIx Te MQWs. T he theoretical formalism developed ill 
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Chapter3isreadilyapplicabletothe(001)orielltedSi(20A)/Ge(20A)superlat-

ticesbecausethez-direction(superlatticegrowthdirectioll)wavefunctiollfora(001)

　 　
orientedSi(20A)/Ge(20A)superlatticeissufHcientlyconfinedwithintheSilayers

sothattheoverlapofthewavefunctionbetweenthetwoadjacentquantumwells(Si

layers)isnegligible(see§6.1.2).Thedetaileddifferencesintheorybetweenthefor-

malismdevelopedinChapter3andthatinthischapterarethefollowing:(1)Since

weareillterestedillthe孟 加ee-dimensionαlthermoelectricpropertiesoftheSi/Gesu-

perlatticesinthischapter(hence,weareinterestedinthevaluesofZ3DT,rather

thanthevaluesofZ2DTthatwasthequantitydiscussedinChapter3),weinclude

thethicknessoftheGelayersintoourformalismwhenwecalculatethetransport

coef丑cientsinthischapter.(2)Thedominantscatteringmechanismsincludedinour

modelsforthe(001)orientedSi(20A)/Ge(20A)superlatticesarescreenedionized

impurityscatteringandlongitlldinalacousticphonondeformationpotentialscatter.

　 　
ing.ForPbTe(20A)/Pb1-。Eu、vTe(400A)MQws,ionizedimpurityscatteringwasnot

importantbecauseoftheirlargestaticdielectricconstant(cs～414coat300K[33]).

Instead,polaropticalphononscatteringwasoneofthemostdominantscattering

mechanismsinPbTe/Pb1-。Eu。TeMQws.Ontheotherhand,inthe(oo1)oriented

Si(20A)/Ge(20A)superlattices,polaropticalphononscatteringisnotimportant,

sincebothSiandGearenotpolarinnature(elementalsemiconductors).Instead,

ionizedimpurityscatteringbecomesoneofthemostdominantscatteringmechanisms

intheSi/Gesuperlatticesbecausethestaticdielectricconstantsforthesematerials

arerelativelysmall(Es～11.7Eoand16.1coforSiandGe,respectively[87]),†and

becausegeneralthermoelectricapPlicationsrequireratherlargecarrierconcentra-

tions(>5×1018cm-3).(3)Theeffectsofthefreecarrierscreeningbothonionized

impurityscatteringandlongitlldinalacousticphonondeformationpotentialscatter.

ingareincludedinthischapterthroughtheinclusionofaDebyescreeninglength

λintoourtheoreticalformalism.(4)Theenergydispersionrelationforthe(001)

†Aswewillseein§6 .1.1,thescatteringprobabilityS(kノ,k)forionizedimpurityscatteringis

proportionalto1/6急besidesthedensity-of-statesfactor.Therefore,therelativeimportanceof

ionizedimpurityinPbTe/Pb1_。Eu。TeMQws,comparedtotheSi/Gesuperlattice,issigni丘cantly

smaller.
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Chapter 3 is readily applicable to the (001 ) oriented Si(20 A)/Ge(20 A) superlat

tices because the z-direction (superlattice growth direction) wavefunction for a (001) 

oriented Si(20 A)/Ge(20 A) superlattice is sufficiently confined within the Si layers 

so that t he overl ap of the wavefunction between the two adjacent quantum well s (Si 

layers) is negligible (see §6.1.2). T he detailed differences in theory between the fo r

malism developed in Chapter 3 and that in this chapter are the following: (1) Since 

we are interested in the three-dim.ensional thermoelectric properties of the Si/Ge su

perlattices in this chapter (hence, we are interested in the values of Z3DT, rather 

than the values of Z2DT that was the quant ity discussed in Chapter 3), we incl ude 

t he thickness of the Ge layers in to our formalism when we calculate the transport 

coefficients in this chapter. (2) The dominant scattering mechanisms included in our 

models for the (001) oriented Si(20 A)/Ge(20 A) superlattices are screened ionized 

impurity scattering and longitudinal acoustic phonon deformation potential scatter

ing. For PbTe(20 A)/Pb l_xEux Te( 400 A) MQWs, ionized impurity scattering was not 

important because of their la rge static dielectric constant (£s ~ 414£0 at 300 K [33]) . 

Instead, polar optical phonon scattering was one of the most dominant scattering 

mechanisms in PbTe/Pb1_xEuxTe MQWs. On the other hand, in t.he (001) oriented 

Si(20 A)/Ge(20 A) superIattices, polar optical phonon scattering is not important, 

since both Si and Ge are not polar in nature (elemental semiconductors) . Instead, 

ionized impurity scattering; becomes one of the most dominant scattering; mechanisms 

in the Si/Ge superlattices because the static dielectric constants for these materials 

are relatively small (ES ~ 11.7Eo and 1G.1Eo for Si and Ge, respectively [87]),1 and 

because general thermoelectric applications require rather large carrier concentra

t ions (> ax 10'8 cm - 3). (3) T he effects of the free carrier screening both on ioni zed 

impurity scattering and longitudinal acoustic phonon deformation potential scatter

ing are included in this chapter through the inclusion of a Debye screening length 

,\ into our theoretical fOrInalislIl . (4) The energy dispersion relation for the (001) 

t As we will see in §6.1.1 , the scattering probability S(k' , k) for ionized impurity scattering is 
proportional to l/t~ besides the density-of-states factor. Therefore, the relative importance of 
ionized impurity in P bTe/Pb1_xEux Te lVlQWs, compared to the Si/Ge superlattice, is significantly 
smaller. 
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orielltedSi(20A)/Ge(20A)superlatticesisassumedtobeparabolic,whereasthe

non-parabolicityintheellergydispersiollrelationswasexplicitlycollsideredinthe

(111)orientedPbTe/Pb1-.Eu。TeMQwsinChapter3.

Theorganizationofthischapteristhefollowing.In§6.1,wewilldevelopthethe-

oreticalformalismtocalculatethethermoelectrictransportcoef丘cientsforthe(001)

orientedSi(20A)/Ge(20A)superlattices,includingionizedimpurityscatteringand

lollgitudinalacousticphonondeformationpotentialscatterillgaswellascollsidering

theeffectofthefreecarrierscreeningexplicitly.In§6.2and§6.3,wewillexamine

thepredictedthermoelectricpropertiesofthe(001)orientedSi(20A)/Ge(20A)su一

perlatticesasafunctionofcarrierconcentrationat300K(§6.2),andasafunctionof

temperatureforagivencarrierconcentration(n=1.5×1019cm-3).Bothin§6.2and

in§6.3,theeffectsoftheδ 一andmodulation-dopingtechniquesonenhancingtheval-

uesofthecarriermobilityandtheresultantvaluesofZ3DTarestudiedtheoretically,

usingthemodelsdevelopedin§6.1.

We丘ndthatthepredictedvaluesforthecarriermobilityfortheδ 一andmodulation

dopedsuperlatticesareenhancedsignificantlyrelativetothecorrespondingvaluesof

themobilitypredictedforthehomogeneouslydoped(001)orientedSi(20A)/Ge(20A)

superlattices,whilethevaluesoftheSeebeckcoefficientarealmostunaffectedbythe

specificdopingschemesconsideredforcarrierinjection.Therefore,weconcludethat

thethermoelectricpropertiesoftheactual(001)orientedSi(20A)/Ge(20A)su-

perlatticesshouldbeaccordinglyenhancedbyintroducingtheδ 一andmodulation

dopingtechniquesforcarrierdoping.Finally,in§6.4,weremindourselvesthata

reallyinterestingmaterialssystemtostudyusingtheconceptoftheCarrierPocket

Engineering(seeChapter4)isthe(111)orientedSi/Gesllperlattices,whereafac-

toroffourenhancementispredictedinthevaluesofZ3DTfora(111)oriented

Si(20A)/Ge(20A)superlatticerelativetothecorrespondingvaluesofZ3D7「fora

(001)orientedSi(20A)/Ge(20A)superlatticeusingasimplemodelbasedonthe

constantrelaxationtimeapproximation,aswediscussedin§5.4.2.
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oriented Si(20 A)/Ge(20 A) superlattices is assumed to be parabolic, whereas the 

non-parabolicity in the energy dispersion relations was explicitly considered in the 

(lll) oriented PbTe/Pbl_xEuxTe lvlQWs in Chapter 3. 

The organization of this chapter is t he followin g. In §6.1, we will develop the t he

Ol'etical formalism to calculate the thermoelectric t ransport coefficients for the (001) 

oriented Si(20 A)/Ge(20 A) superlattices, including ioni r,ed impurity scattering and 

longit udinal acoustic phonon deformation potent ial scattering as well as considering 

the effect of the free carrier screening explicitly. In §6 .2 and §6.3, we will examine 

t he predicted thermoelectric properties of the (001 ) ori ented Si(20 A)/Ge(20 A) su

perlatt ices as a function of carrier concentration at 300 K (§6.2) , and as a function of 

temperature for a given carrier concentration (n = 1.5x 1019 cm-:l) . Both in §6.2 and 

in §6.3, the efl'ects of the 6- and modulation-doping techniques on enhancing the va l

ues of t he carrier mobili ty and the resultant values of ZoDT are studied theoretically, 

using t he models developed in §6.1. 

We find that the pred icted values for the carrier mobility for the 0- and modulation 

doped superla ttices are enham:ed significantly relative to the con esponding values of 

the mobility predieted for the homogeneously doped (001) oriented Si(20 A)/Ge(20 A) 

superlattices, while the values of the Seebeck coefficient are almost unaffected by the 

specific doping schemes considered for carrier injection . Therefore, we conclude that 

t he thermoelectric properties of the actual (001) oriented Si(20 A) /Ge(20 A) su

perlattices should be accordingly enhanced by introducing the 6- and modulation 

doping techniques for carrier doping. Fina.lly, in §6.4, we remind ourselves that a 

really interesting materials system to study using the concept of the Carrier Pocl<et 

Engineering (see Chapter 4) is the (111) oriented Si/Ge superlattices, where a fac

tor of four enhancement is predicted in the values of Z3DT for a (Ill) oriented 

Si(20 A)/Ge(20 A) superlattice relative to the corresponding values of Z3DT for a 

(001 ) oriented Si(20 A)/Ge(20 A) sllperiattice using a silIlple model based 0 11 the 

constant relaxation time approximation, as we discussed in §5.4.2. 
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6.1 Theoreticalformalism

Aswemelltionedilltheilltroductorystatemellt,thebasicschemeforsolvingthe

BoltzmannequationisdescribedinChapter3.Therefore,thosereaderswhoarenot

familiarwiththeBoltzmanntransporttheoryarereferredtoChapter3.

6.1.1SolutionoftheBoltzmannequation

wehaveseenin§5.4that,inourmodelsystemof(oo1)orientedSi(20A)/Ge(20A)su-

pe・lattices,thel・westlyingc・nducti・nsubbandisthe△!i-(・ ・△oo1-)subband,which

hasisotropic2Dconstantenergyellipsesinthetwo-dimensionalBrillouinzone.Since

bothionizedimpurityscatteringandlongitudinalacousticphononscatteringcanbe

consideredasanelasticscatteringevent,†exceptatverylowtemperatures(<10K),

theBoltzmannequation(Eq.3.12)usingtheperturbationfunctionφ(k)thatiscon-

nectedwiththenon-equilibriumdistributionfunction!(kll)(seeEq.3.11)‡reduces

to

c・sθ 一f、/s(kll,kil){φ(kll)一 φ(kil)}dk・,(6・ ・)

where.4isthelateralareaofthepertinenttwo-dimensionallyconfinedelectrongas,

kllandkilarethe2Dwavevectorstodescribethestatesoftheconfinedelectrons

befbreandafterthescatteringevent,respectively,andθisthepolarangleforkthat

ismeasuredfromthecu-axis.InderivingEq.6.1,wehaveomittedthefactorゲ(Ekl1)

inEq.3.12,sincewearedealingwithparabolicenergybands.Thoughtherange

oftheintegration,inEq.6.1,extendsovertheentire2DBrillouinzone,theactual

integrationcanbeperformedalongthecurveoftheconstantenergyellipseowing

totheδ 一functionsfoundintheequationsdescribingS(kll,ki1)(seeEqs.3.4-3.6).

†Anelasticscatteringeventheremeansascatteringoftheelectroninwhichthekineticenergy

oftheelectronisnotalteredduetothescatteringevent.

‡

!(k)一 ん(Ekll)-e雫II(銑
ll)φ(kll),(3…)

where瑞isthemagnitudeoftheelectricfieldthatisappliedalongthex-directionand肌*isthe

in-planecomponentoftheeffectivemasstensor丘)rthepertinent2Dsystem.
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6.1 Theoretical formalism 

As we mentioned in the introductory statement , the basic scheme for solving the 

Boltzmann equation is described in Chapter 3. Therefore, those readers who are not 

famili ar with t he Boltzmann transport t heory are referred to Chapter 3. 

6.1.1 Solution of the Boltzmann equation 

We have seen in §5.4 that, in our model system of (001) oriented Si(20.l\.) /Ge(20 A) su

perlattices, the lowest lying conduction subband is the t,~i - (or t,ool -)subband, which 

has isotropic 20 constant energy ellipses in the two-dimensional Brillouin zone. Since 

both ionized impurity scattering and longitud inal acoustic phonon scat tering CaJl be 

considered as an elastic scattering event,! except at very low temperatures « 10 K), 

the Boltzmann equation (Eq. 3.12) using the perturbation function </>(k ll ) that is con

nected with tile 1l01l-equilibriulll distributiOlI fu uctioll I(k ll ) (see Eq. 3.11)1 reduces 

to 

(6.1) 

where A is the lateral area of the pertinent two-dimensionally confined electron gas, 

kll and kll are the 20 wave vectors to describe the states of t he confined electrons 

before and after the scattering event, respect ively, and B is the polar angle for k ll t hat 

is measured fi"Oln the x-axis. In deri\,ing Eq. 6.1, we have omit ted the factor , '(Ekll) 

in Eq. 3.12, since we are dealing with parabolic energy bands. T hough the range 

of the integration, in Eq, 6.1, extends over the entire 20 Brillouin zone, the actual 

integration can be performed along the curve of the constant energy ellipse owing 

to the 6-functions found in the equations describing S(k ll , k ll) (see Eqs, 3.4- 3.6). 

tA n elasLic scattering evenL here means a scattering of the electron in wh ich the kinetic energ,y 
of the electron is not altered due to the scattering event. 

I 

enExkll ( Bfa ) f (kll) = fo(Ek ll ) - m', BEk il ¢i(kll ), (3.11) 

where Ex is the magnitude of the electric field that is applied along the x-direction and m>t- is the 
in-plane component of the effective mass tensor for the pertinent 2D system. 
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Aswedidin§3.3.3,weexpandtheperturbationfullctionφ(k)usillgtheLegelldre

polyllomialspl(x),

φ(kll)=α1(・Ek11)P1(cosθ)=α1(Ek1)cosθ, (6.2)

whereEkllistheenergyoftheelectronthatisinstatekl卜InEq.6.2,0111ythe

firstterm(Z=1)isretainedintheLegendrepolynomialexpansionsincethe2D

constantenergysurfaceinourmodelsystemisspherical(isotropic).UsingEq.6.2,

theB・lt・mannequati・n(Eq・6・1),unde・theelasticscatte・ingc・nditi・nEk・
1-Ek1

(i.e.,lk'1=lkl),reducestotheenergy-dependentrelaxationtimeformalism.

τ(Ek11)-1≡ α・(Ek11)-1 一 凱2πIM(ql1)1・(1-c・sα)d・ ・
, (6.3)

whereαistheanglebetweenklIandk',qlIisthedifferencebetweenk'andklI

(qll≡kll-kll),andM(ql1)isthescatte・ingmat・ixelementM(q)一 〈kll1H'lk>,

whichdependsononlythemagnitudeofqinthespecificexamplesthatweare

consideringinthischapter(seeTable3.1fortheexpressionsforthescatteringmatrix

elementforvariousscatteringmechanismsina3Disotropicmaterial).Becausegll

inEq.6.3isexpressedintermsofんIIandα(g=2んllsin昔),Eq.6.3canbesolved

withoutanyapProximations.

　 　
Forourmodelsystemof(001)orientedSi(20A)/Ge(20A)superlattices,the

squaredmatrixelementforlongitudinalacousticphonondeformationpotentialscat-

tering(denotedbyIMac(g)12),includingtheeffectofthescreeningduetothefree

carriers,isgivenby[53,54,91],

lM・・(9)1・一 〈k・1Ha・1kl1>2一 謬 籠IG(9・)12S・(q,肋 ・×2

一 認 鳳IG(q・)1・

q、与 鴇 一,dq・(6・4)

whereλ,三,ρandvare,respectively,theDebyescreeninglength(seebelow),the

acousticphonondeformationpotential,themassdensityofthesampleandthespeed
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As we did in §3.3.3, we expand the perturbation function ¢ (k ll ) using the Legendre 

polynomials Pl (x), 

(6.2) 

where Ekll is the energy of the electron that is in state kll' In Eq. 6.2, only the 

first term (l = 1) is retained in t he Legendre polynomial expansion sin~e the 2D 

const.ant. energy surface in our model syst.em is spherical (isot.ropie) . Using Eq. 6.2, 

the Boltzmann equat ion (Eq. 6.1), under the elastic scattering condition Ekll = Ekll 

(i. e. , Iklll = Ik l I) , reduces to the energy-dependent rcl1L'{ation t ime fo rmalism. 

(6.3) 

where a is the angle between k ll and kll' q ll is the difference between kll and k ll 

(qll = kfl - k ll) ' and M(qll) is the scattering matrix element M(qll) = (kfIIH'lk ll ), 

which depends on only the magnitude of q ll in the specifi c examples that we are 

considering in this chapter (see Table 3.1 for the expressions for t he scattering matrix 

element for various scattering mechanisms in a 3D isotropic material). Because qll 

in Eq. 6.3 is expressed in terms of kll and a (gil = 2k ll s i n~ ), Eq. 6.3 can be solved 

lVithou t any approximations. 

For our model system of (001) oriented Si(20 A)/Ge(20 A) superlattices , the 

squared matrix element for longitudinal acoustic phonon deformation potential scat

tering (denoted by IMac (gll)l2), including the effect of the screening due to the free 

carriers, is given by [53, 54,91], 

(6.4) 

where ,\, ~, p and v are, respectively, the Debye screening length (see below), the 

a~oustic phonon deformation potential, the mass den~ity of the sample and the speed 
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ofsoundforthepertinelltcrystal,G(gのistheFouriertransformofthesquared

wavefunctiollalongthex-directioll(superlatticegrowthaxis)asdefinedinEq.3.7,†

andthefactor2attheendofthethirdexpressionaccountsforthephononabsorption

andemissionprocesses.InderivingEq.6.4,thehightemperatureapproximationfor

thephononoccupationnumberη(ω)=[exp(ん ω/んBT)-1]-1tyんBT/ん ωisutilized

andthedeltafunctionforthemomentumconservation(seeEq.3.5)isomitted,since

wehavealreadyassumedqll=kll-kll.

Thescatteringmatrixelementforionizedimpurityscattering[denotedbyMimp(qll)]

ismostsimplyobtainedforanisolatedsinglychargedimpurity(seeTable3.1)[53,

54,91].

Mim・(911)一〈k隔kll>-
2π烏 鵡 、eC',R-、G映

一e措1叢
q÷ λ一・G(q・)dq・,(6・5)

wherec5isthestaticdielectricconstantforthepertinentmaterialssystemandRis

thepositionoftheimpurityionplacedinthesystem.InEq.6.5,wehavedeliberately

includedthephasefactor♂q.Rtoshowthatthemagnitudeofthescatteringmatrix

elementisdependentonthepositionoftheimpurityioninthez-direction[whereRz

ismeasllredfromthemiddleofthequantllmwell(Si)layers].Formanyrandomly

distributedimpurities,thematrixelementsMimp(ql1)forallimpuritiesaresummed

togetherfirst,andthensquaredtoobtainthesquaredmatrixelementIMimp(gll)12.

Afterconsideringthephasecancellationsfortherandomlydistributedimpurities,

weobtainthefbllowingexpressionsfbrIMimp(gll)12forionizedimpurityscattering,

dependingonthespecificassllmptionsfbrthedopingtechniqllesutilized:

(1)"Homogeneouslydopedsuperlatticesamples",wheretheionizedimpurity

dopantsareintroducedhomogeneouslythroughouttheSi(20A)/Ge(20A)superlat一

†G(
qz)一 罵 鯛e幅 ψ・(・匝(3・7)

whereψ 之(之)isthewavefunctionalongthe之 一directionobtainedbysolvingtheSchr6dingerequation

assumingtheKr6nig-Penneymodel(see§6.1.2).
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of sound for t he pertinent crystal , G(qz) is the Fourier transform of t he squared 

wavefunction along the z-direction (supel'lattice growth axis) as defined in Eq. 3.7,t 

and t he factor 2 at the end of the third expression acconnts for the phonon absorption 

and em ission processes. In deriving Eq. 6.4, t he high temperature approximation for 

the phonon occupation number n(w) = [exp(llw/kDT ) - 11-' "" kDT/llw is utilized 

and the delta function for the momentum conservat ion (see Eq. 3.5) is omitted, since 

we have already assumed qll = kll - k ll· 

T he scattering matrix element for ionized impurity scattering [denoted by M;mp(ql l) ] 

is most simply obtained for an isolated singly charged impurity (see Table 3.1) [53, 

54, 91]. 

_ e2 eiQII·RII 100 eiq:; R: " 

- ')7f( f1 _ q2 + q2 + A-2 (, (qz) dqz, 
- oS 00 II z 

(6.5) 

where fS is t he static dielectric constant for the per tinent m ateria ls system and R is 

the position of the impurity ion placed in the system. In Eq. 6.5, we have deliberately 

included the phase factor e·iq ·R to show that the magnitude of the scattering matrix 

element is dependent on the position of the impurity ion in the z-di rection [where Rz 

is measured from the middle of the quantum well (Si) layers]. For many randomly 

distributed impurities, the matrix elements M;mp(qll ) for all impurit ies are summed 

together fi rst, and then squared to obtain the squared matrix element IMilnp(<]II W . 

After considering the phase cancellations for the randomly distributed impurit ies, 

wc obtain the following expressions fo r IM;mp(QIIW for ioni zed impuri ty scattering, 

depending on t he specific assumptions for the doping techniques utilized : 

(1) "Homogeneou sly doped superlattice samples" , where the ionized impurity 

dopants are introduced homogeneously throughout t he Si(20 A)/Ge(20 A) superlat-

(3.7) 

where '1/;;, (z) is the waveflmction along the z-direction obtained by solving the Schrodinger equa.tion 
assuming the Kronig-Pe1ll1ey model (see §6.1.2). 
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ticelayers(dellotedbythesubscript`h-doped,below).

lMim・(q)11・-d・,・d)一獣 ∠○Oal,¥XlfVe51一触2d-6・6)

where喝Disthe3Dconcentrationofionizedimpurities(inm-3)forthewholesuper-

lattice.

(2)"Modulation-dopedsuperlatticesamples,り,wheretheionizedimpuritydopants

areintroducedonlyintheGelayersoftheSi(20A)/Ge(20A)superlattices.within

theGelayers,theionizedimpuritiesarehomogeneouslydistributed(denotedbythe

subscript`m-doped,below),

lMim,(ql1)11--d。p,d)一η鰐 葺2馴 ○09,薯 一,嚇2θ(膿(6・7)

where喝6moduisthe3Dconcentrationoftheionizedimpurities(inm-3)forthe

modulation-dopedlayers(Gelayers),andthefunctionθ(凡)isdefinedby

θ(R・)一{瀧 慧lthinthemOdulatiOndOpedlay腿(6・8)

(3)"δ 一dopedsuperlatticesamples",wheretheionizedimpuritydopantsarein-

troducedtwo-dimensionallyinthemiddleofeachGelayerintheSi(20A)/Ge(20A)

superlattices(denotedbythesubscript`δ 一doped,below).

lMim・(q)11・-d・,・d)一幾鋤 ○Og辮 妻一,σ嚥2,(6・9)

where煽Disthetwo-dimensionalsheetconcentrationofionizedimpurities(inm-2)

thatareδ 一dopedintheGelayersoftheSi(20A)/Ge(20A)superlattices,and、R2is

theposition(inthex-direction)ofthesheetoftheionizedimpuritiesthatareδ 一doped

intheGelayers.InEq.6.9,thesummationistakenoverallthesheetsoftheδ 一doped

ionizedimpuritiesthatexistinthepertinentsuperlattice.
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tice layers (denoted by the subscript 'h-doped ' below). 

2 

I. 2 _ ntoe" ) '00 j'oo cos(q,Rz) 
1i\ I,mp(ql l) ICh- doped) - 22 4 2 + 2 + ~ -2 G(q,) dqz dR" (6 .6) 

7r E, - 00 0 qll qz ' 

where nto is the 3D concentration of ionized impuri t ies (in 111-3) for t he whole super

lattice. 

(2) "Modulation-doped superlattice saIllples" , where the ionized impmity dopants 

are introduced only in t he Ge layers of t he Si(20 A)jGe(20 A) superlattices. Within 

the Ge layers, t he ionized impmities are homogeneously distributed (denoted by the 

subscript 'm-doped ' below), 

2 

100 . cos(q,Rz) G( ) d 
? 2 \ _') qz qz o q~ + qz +, -

e rR, ) dR" (6.7) 

where niC;TIodu is the 3D concentration of the ionized impurit ies (in m- 3) for the 

modulation-doped layers (Ge layers), and the function erR, ) is defined by 

{

I if Rz is within the modulation doped layers, 
e (Rz) = 

o otherwise. 
(6.8) 

(3) " 8-doped superlattice samples" , where the ionized impurity dopants are in

t roduced two-dimensionally in the middle of each Ge layer in the Si(20 A) jGe(20 A) 

superlattices (denoted by the subscript '<i-doped' below) . 

(6 .9) 

where '!ltD is the two-dimensional sheet concentration of ionized impuri ties (i n m-2) 

that are <i-doped in the Ge layers of the Si(20 A)jGe(20 A) superlattices, and R~ is 

the position (in the z-direction) of the sheet of the ionized impmities that are o-doped 

in the Ge layers. In Eq. 6.9, the sunnrmtion is taken over all t he sheets of the o-doped 

ionized impurit ies that exist in t he pertinent superlattice. 
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TheDebyescreellinglellgthλthatisfoundillEqs.6.46.7isobtainedbysolving

thefollowingequation[53]:†

-

λ2

2
e

kBTEs [∂n3D+η3D幡 卑 一n3D∂ζ*γ嶋D)],
(6.10)

where略Distheconcentrationofn-typeimpurities(donors)thatmayormaynot

beionized,andn3Disthe3Dcarrierconcentrationfbrthewholesuperlattice.In

derivingEq.6.10,wehaveneglectedthetermsassociatedwithholeandacceptor

densities(seeRef.[53]),sinceourmodelsystemof[(001)orientedSi(20A)/Ge(20A)

superlattices]isheavily7z-typeddoped.Intheactualcalculationsinthischapter,

wehaveassumedthatthedonorimpuritiesarefullyionized(i.e.,略D=喝D=7z3D)

sincetheconcentrationsoftheneutralimpuritiesinourmodelsystemsarenotknown.

However,oncetheinformationontheneutralimpurityconcentrationofourmodel

systemisobtainedinthefuture,eitherexperimentallyortheoretically,ourtreatment

oftheDebyescreeninglengthgivenhereshouldbeimprovedaccordingly.

6.1.2 Wavefunctionalongthesuperlatticegrowthdirection

Asweseein§6.1.1,alltheparametersthatarenecessarytosolvetheBoltzmannequa-

tionfbrourmodelsystemofthe(001)orientedSi(20A)/Ge(20A)superlatticesare

obtainedfromthebulkparametersforSiandGethatarefoundintheliterature[87].‡

TheonlyexceptiontothisistheG(qz)functionthatisdefinedinEq.3.7whichis

neededforthecalculationofthescatteringmatrixelement(seeEqs.6.4-6.9).Since

theevaluationofG(9のrequiresaknowledgeofthewavefunctionalongthez-direction

†Thisequationassumesthatthesampleisahomogeneous
,isotropicmedia.Theobviousdis-

crepancybetweenthisassumptionandtheactualsuperlatticesampleshastoberesolvedinthe

future.

‡Intheparticularcalculationsshowninthischapterwehaveusedthef()llowingvaluesfrom

Ref.[87]:staticdielectricconstantcs=11.7co(thevaluefbrbulkSi),longitudinalacousticphonon

defbrmationpotential三=10eV,massdensityfbrthesuperlatticesampleρ=3.827×103kg/m3(the

averagevaluebetweenbulkSiandbulkGe),speedofsoundv=5.995×103m/s(theaveragevalue

betweenbulkSiandbulkGe).Amongtheseparameters,onlythevalueof三fbrthesuperlattice

samplemaynotbeguesseddirectlyfromthebulkvalues.Theref()re,theactualvalueofEf()rthe

(001)orientedSi(20A)/Ge(20A)superlatticemaydifferatmostbyafactoroftwofromthevalue

adoptedhere,i.e.,5eV<三 く20eV,whichistherangeforthevariouscomponentsof三inbulkSi

andbulkGe(seeRef.[87]).
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The Debye screening length .\ that is found in Eqs. 6.4- 6.7 is obtained by solving 

the following equation [53] :1 

(6 .10) 

where n30 is the concentration of n-type impurities (donors) that mayor may not 

be ionized, and n3D is the 3D carrier concent ration for the whole superlattice. In 

deriving Eq. 6.10, we have neglected the t.erms associat.ed with hole and accept.or 

densities (see Ref. [53]), since our model system of [(001) oriented Si(20 A)/Ge(20 A) 

superlattices] is heavily n-typed doped. In the actual calculations in this chapter, 

we have assumed that the donor impuri ties are fu lly ionized (i. e., n30 = n3D = n3D) 

since the concentrations of the neutral impurities in our model systems are not known. 

However, once the information on t he neutral impurity concentration of our Illodel 

system is obtained in the fu ture, eit her experimentally or theoretically, our treatment 

of the Debye screening length given here should be improved accordingly. 

6 .1.2 Wavefunction along the superlattice growth direction 

As we see in §6. l.l , all the parameters that are necessary to solve the Boltzmann equa

tion fo], our model system of the (001 ) oriented Si(20 A)/Ge(20 A) superlatt ices are 

obtained from the bulk parameters for Si and Ge that are found in the literature [87].1 

The only exception to this is the G(q,) function that is defined in Eq. 3.7 which is 

needed for the cakllla r. ion of the scattering matrix element (see Eqs. 6.4- 6.9). Since 

the evaluation of G(qz) requires a knowledge of the wavefunction along the z-direction 

tThis equation assu mes that the sample is a homogeneous, isotropic media. The obviolls dis
crepancy behveen th is assumption and the actual superlattice samples has to be resolved in the 
future. 

~In the particular calculations shown in th is chapter we have ll sed the following values from 
Ref. [871 : static dielectric constant ES = 11.7Eo (the value for bulk Si), longitudinal acoustic phonon 
deformation potential ~ = 10 eV, mass density for the superlattice sample p = 3.827 x 10' kg/m' (the 
average value bebveen bulk Si and bulk Ge), speed of sOllnd v = 5.995 xl03 m /s (the average val ue 
between bulk Si and bulk Ge) . Among these parameters, only the value of ~ for the superlattice 
s::lmplf' may not he g1 1PoSSP-fl cliJ'p.('.d:y f1'om t.lw h1llk v:'ll1lf~s _ Therp.fon\ t.he ;u:tl 1al vahlP' of =. for the 
(001) orient.ed Si(20 A)/Ge(20 .:\.) superla t.t.ice may differ at. most. by a fact.or of t.wo from the value 
adopted here, i.e ., 5 eV < S < 20 eV , which is the range for the various components of :=: in bulk Si 
and bulk Ge (see Ref. [87]) . 
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(superlatticegrowthaxis)ψ 之(之),wehavetodevelopatheoreticalmodeltosolvefor

thewavefunctiollψ 之(之)forthe(oo1)orientedSi(20A)/Ge(20A)superlattices.

Inthepresentwork,weadopttheKr6nig-Penneymodeltofulfillthispurposefor

simplicity.Foramorerigoroustreatment,boththe之 一directionwavefunctionψ 之(勾

(whichpredictsthedistributionofthefreecarriersalongthex-direction)andthe

conductionbandpotentialprofile(whichisdeterminedbythedistributionsofthe

iollizedimpuritiesandofthefreecarriers)havetobeobtailledillaselfLcollsistent

mannerbysolvingtheSchr6dingerequationandthePoissonequationsimultaneously,

includingthebandbendingeffectalong-thez-direc-tion.†

ShowninFig.6-1(a)isthecalculatedsquaredwavefunction1ψz(之)12alongthe

x-directionasafunctionofxmeasuredfromthecenterofaquantumwelllayer(Si

layer)usingtheKr6nig-Penneymodel.Inthiscalculation,thewavefunctionψ 之(のis

obtainedbymatchingtheplanewavefunctionsforanenergyEzandabandoffset

△E,(△ 五1,=0.808eVforthisparticularexample)atthewell-barrierboundaries

accordingtotheboundaryconditionsgiveninEqs.4.23and4.24,wherethevalue

of五]zisobtainedbysolvingtheKr6nig-PenneyequationgiveninEq.4.25.‡Itis

foundthatthepredictedvaluefor五]zhasanegligibledependenceonkz.Therefbre,

theparticularsolutionforψ 之(z)thatisshowninFig.6-1(a)isobtainedfork之=0.

InFig.6-1(a),wefindthatthepredictedwavefunctionψ β(z)hasanegligibleoverlap

betweenneighboringquantumwells.Therefore,wecanusethestrict2Dfbrmalismto

predictthetransportpropertiesofthe(001)orientedSi(20A)/Ge(20A)superlattice

systems,aswediscussedin§6.1.1.

Anotherthingoneshouldbearinmindisthatthereisacertainrelationbetween

thescatteringratefortheconductionelectronsinthe2Dsystemsandthedegree

ofquantumconfinementfbrthecondllctionelectronsalongthex-direction.Sllcha

relationisevidentinFig.3-3(a)fora(111)orientedPbTe(20A)/Pb1_xEuxTe(400A)

†Thisapproachhastobepursuedinthefutureforamorerigoroustreatmentofthetheoretical

modelingofthethermoelectricpropertiesfbrthe(001)orientedSi(20A)/Ge(20A)superlattice

systems.

‡Thevaluefbrthezcomponentoftheeffectivemasstensorm
zusedhereismz=0.92m(see

§5.3inChapter5).
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(superlattice growth axis) '¢z(z), we have to develop a theoretical model to solve for 

the wavefunction 7/Jz (z ) for the (~Ol ) oriented Si(20 A)/Ge(20 A) superlattices. 

In the present work, we adopt the Kronig-Penney model to fulfill this purpose for 

simplicity. For a more rigorous treatment, both the z-direction wavefllnction 7/J, (z) 

(which predicts the distribu tion of the free carriers along the z-di rection) and the 

conduction band potential profile (whi ch is determined by the d ist ributions of tbe 

ionized impurities and of the h'ee carriers) have to be obtained in a sel!~cons istent 

manner by solving the Schrodinger equation and the Poisson equation simultaneously, 

including the band bending effect a long t he z-direct ion. t 

Shown in Fig. 6-1 (a) is the calculated squared wavefunction l7/Jz (zW along the 

z-direction as a function of z measured from the center of a quantum well layer (Si 

layer) using the Kriinig-Penney model. In this calculation, the wavefunction ¢z(z) is 

obtained by matching the plane wave functions for an energy E, and a band offset 

6Et (6Ec = 0.808 eV for this particular example) at t he well-barrier boundaries 

according to the boundary conditions given in Eqs. 4.23 and 4.24, where the value 

of E, is obtained by solving the Kronig-Penney equation given in Eq. 4.25.1 It is 

found that the predicted value for Ez hilS a negligible dependence on k, . Therefore, 

the particular solution for 7/J,(z) that is shown in Fig, 6-1 (a) is obtained for k, = O. 

In Fig. 6-1(a), we find that the predicted wavcfllnction 7/Jz(z ) has a negligible overl ap 

between neighboring quantum wells. Therefore, we can use the strict 2D formalism to 

predict the transport properties of the (001 ) oriented Si(20 A)/Ge(20 A) superlattice 

systems, as we discussed in §G.l.l. 

Another thing one should bear in mind is that there is a certain relation between 

the scattering rate for t he conduction electrons in the 2D systems and t he degree 

of quantum confinement for the conduction electrons along the z-direction. Such a 

relation is evident in Fig. 3-3(a) for a (111) oriented PbTe(20 A)/Pb1_ x EuxTe(400 A) 

tThis approach has to be pursued in the future for a more rigorous treatment of the theoret ical 
modeling of the thermoelectric properties for the (001 ) oriented Si (20 ,\)/Oe(20 A) superlattice 
systems. 

~The value for the z component of the effective mass tensor 111,;; used here is 111 .;: = O.921n (see 
§5.3 in Chapter 5). 
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Figure6-1:(a)Squaredwavefunctionlψ 之(z)12fbra(001)orientedSi(20A)/Ge(20A)

superlattice[△-subbandinFig.5-8(a)]asafunctionofz,whichisusedforthecalculationof

σ(9z)(theFouriertransfbrmoflψ 之(z)12)in(b).ψ 之(z)isobtainedbysolvingtheSchr6dinger

equationusingtheKr6nig-Penneymodelasdiscussedin§4.3.4.Thecalculationwasmade

usingthevalueoftheconductionbandoffset△ 、Ec=0.808eVandthevalueofthe之

component(alongthesuperlatticegrowthaxis)oftheef琵ctivemasstensorM2=0.92m

(fbrbothSiandGelayers).(b)1σ(qの12asafunctionofg之,whereσ(gのisdefinedinEq.3.7,

鉛 ・th・wav・ 飾n・ti・ngiv・nin(a).Thein・et・h・w・th・int・g・ati・n・flσ(qを)12withre・pectt・

qをfromzerotoq2asafunctionofq2.Notethatsuchafactor(withq2=Oc)appearsinthe

squaredmatrixelementfbrlongitudinalacousticphonondefbrmationpotentialscattering

witholltinchldingtheeffectofthe丘eecarrierscreening(seeEq.3.14).
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Figure 6-1: (a) Squared wavefunction l"vz(z)12 for a (001 ) oriented 3i(20 A)/Ge(20 A) 
superlattice [6.II-subband in Fig. 5-8(a)] as a function of z, which is used for the calculation of 
G(qz) (the Fourier transform of l"vz(z W) in (b). "vz (z) is obtained by solving the Schriidinger 
equa tion using the Kriinig-Penney model as discussed in §4.3.4. The calculation was made 
using t he value of the conduction band offset 6.Ec = 0.808 eV and the value of the z 
component (along the superlattice gl'Owth axis) of the effective mass tensor tnz = O.92tn 
(for both Si and Ge layers). (h) IG(qzl 12 as a function of qz, where G(qz) is defined in Eq. 3.7, 
for the wavefunct.ion given ill (a). The inset shows the integration of IG(q;)12 with respect to 
q~ from zero to rJz a..~ a [ullction of qz. Note that SIlf:b a factor (v.rith f]z = (0) appears in the 
squared maLrix element [or longitudinal acoustic phonon deformation poLenLiaJ scattering 
without includ ing the efiect of the free carrier screen ing (see Eq. 3.14) . 
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multiple-qualltum-wells,wherewehavefoundthatthescatteringrateforthelongitu-

dinalsubbandisellhancedrelativetothatfortheobliquesubbandduetothelarger

valuesofthe愚1(?((1z)12dqzfactorforthelongitudinalsubbandthanfortheoblique

subband.Itisnotedthatthelargertheconfinementoftheconductionelectrons

inthez-direction(i.e.,thenarrowerthewidthoflψ コc(x)12),thebroaderthewidth

ofIG((1z)12,wherethevalueofG(gz)at(1z=0,denotedbyG(0),isalwaysunity

[i.e.,G(0)=農1ψz(z)12dz=1].Thisindicatesthatalargequantumconfinement

doesnotnecessarilyimplyenhancedthermoelectricproperties(sincethemobilityis

reducedduetotheincreased盤IG(qz)12dq之factor).Therefore,itisnecessaryto

developanimprovedoptimizationprocesstomaximizethevalueofZ3DT,including

thenatureofthe2Delectrongasasdiscussedabove,sothatonecanpredictthe

mostdesirabledesignofthesuperlatticetoobtainthelargestvalueofZ3D7「using2D

systems.

6.1.3 Evaluationofthetransport

ationtimeformalism

coef丑cientsintherelax_

Onceweobtainthemomentumrelaxationtimefunction7(E)bysolvingtheBoltz-

mannequationin§6.1.1,wecanusethefollowingexpressionstoevaluatetheelectrical

conductivityσandtheSeebeckcoefficientSforourmodelsystemofthe(001)ori-

　 　
entedSi(20A)/Ge(20A)sllperlattices:

　

σ一 η篶 〈7(E)〉 (6.11)

fortheelectricalconductivity,and

s-一 毒{〈E7(E)〈
7(E)〉〉一 ζ}

(6.12)
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multiple-quantum-wells, where we have found that the scattering rate for the longit u

dinal subband is enhanced relative to that for the oblique subband due to the larger 

values of the f~oo IG(qz)i2dqz factor for the longitud inal subband than for the oblique 

subband. It is noted that the larger the confinement of the conduction electrons 

in the z-direction (i.e., the narrower t he wid th of l,px(zW), the broader the width 

of IG(q,)12, where the value of G(q, ) at q, = 0, denoted by G(O), is always unity 

[i.e., G(O) = J~oo I?'uz(z)12 dz = 1]. This indicates that a large quantum confinement 

does not necessarily imply enhanced thermoelectric properties (since the mobility is 

reduced due to the increased J~oo IG(qzW dq, factor). T herefore, it is necessary to 

develop an improved optimization process to maximize the value of Z 3DT, including 

the nature of the 2D electron gas as discllssed above, so that one can predict the 

most desirable design of the sllperlattice to obtain the la.rgest value of Z3DT using 2D 

systems. 

6.1.3 Evaluation of the transport coefficients m the relax-

ation time formalism 

Once we obtain the momentum relaxation t ime funct ion T(E) by solving the Boltz

mann equation in §6.1.1, we can use the following expressions to evaluate the electrical 

conductivity (J and the Seebeck coefficient S for our model system of the (001) ori

ented Si(20 A)/Ge(20 A) superlattices: 

2 

(J = n3De (T(E )) 
771,* 

(6.11) 

for the electrical eondllctivit.y, a.nd 

s = -~ { (ET(E )) _ c} 
eT (T(E)) 

(6.12) 
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fortheSeebeckcoef丘ciellt,whereζisthechemicalpotelltialand〈A>denotesthe

followingaveragefortheellergydependentquantityAin2Dsystems:

〈A>一磐 鵜E・(6・13)

IllEq.6.13,ん(E)denotestheFermi-Diracdistributionfullction,alldtheenergy五l

ismeasuredfromthepertinelltbandedge.

6.2Predictedvaluesfbr8,σandZ3DTfbr(001)

　 　
orientedSi(20A)/Ge(20A)superlattices

-Carrierconcentrationdependenceat300K-

Inthissection,wewillexaminetheresultsofthetheoreticalpredictionsforthe

thermoelectricpropertiesofthe(001)orientedSi(20A)/Ge(20A)superlatticesasa

functionofcarrierconcentrationnat300K.Thesetheoreticalpredictionsaremade

usingthesemi-classicalmodelsthataredevelopedin§6.1.Theeffectofδ 一and

modulationdopingtechniquesonenhancingthevaluesofthecarriermobilityμis

alsodiscussedasafunctionofcarrierconcentrationnat300K.

6.2.1Seebeckcoef丑cient

ShowninFig.6-2aretheresultsofthetheoreticalcalculationoftheSeebeckcoe伍 一

cientfor(001)orientedSi(20A)/Ge(20A)sllperlatticesasafunctionofthecarrier

concentrationn,where(1)homogeneollsdopingthroughoutthewholesllperlattice

layers(solidcurve),(2)modulationdopingonlyintheGelayers(dashedcurve),and

(3)δ 一dopingatthecenterofeachGelayer(dash-dottedcurve)areassumed,aswe

discussedin§6.1.1.AlsoshowninFig.6-2aretheexperimentalresultsthatareob-

tainedinChapter5forthe(001)orientedSi(20A)/Ge(20A)sllperlatticesamples,

andthecalculatedvaluesofISIusingtheconstantrelaxationtimeapproximationfor

comparlson・
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for the Seebeck coeffi cient , where ( is the chemical potent ial and (.4) denotes the 

following average for the energy dependent quantity .4 in 20 systems: 

foOO (-';h) A(E)EdE 

(.4) = fooo ( -¥f;) EdE 
( 6.13) 

In Eq. 6.13, fo(E) denotes the Fermi-Dirac distribut ion function, and the energy E 

is measured !i'om the pertinent baud e.dge. 

6.2 Predicted values for 5, CT and Z3DT for (001) 

oriented Si(20 A)jGe(20 A) superlattices 

- Carrier concentration dependence at 300 K -

In this section, we wi ll examine the resul ts of the theoretical predict ions for the 

thermoelectric properties of the (001 ) oriented Si(20 A)/Ge(20 A) superlattices as a 

function of carrier concentration n at 300 K. These theoretical predictions are made 

using the semi-classical models t hat are developed in §6.1. The effect of 6- and 

modulation doping techniques on enhancing the values of t.he carrier mobility p is 

al so di scussed as a fu nction of carrier concentration n at 300 K. 

6.2.1 Seebeck coefficient 

Shown in Fig. 6-2 are the results of the theoretical calculation of the Seebeck coeffi

cient for (~Ol ) oriented Si(20 A)/Ge(20 A) superlattices as a function of the carrier 

concentration n, where (1) homogeneous doping throughout the whole supe rJ attice 

layers (solid curve), (2) modulation doping only in the Ge layers (dashed curve) , and 

(3) rI-doping at the center of each Ge layer (dash-dot. ted curve) 3,,-e assumed, as we 

discussed in §6 .1.1. Also shown in Fig. 6-2 are the experimental results that are ob

tained in Chapter 5 for the (001) oriented 8i(20 A)/Ge(20 A) superlattice samples, 

and the calculated values of 151 using the constant relaxation t ime approximation for 

com parison. 
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Figure6-2:ThetheoreticallypredictedvaluesfbrtheSeebeckcoef丘cientfbr(001)oriented

Si(20A)/Ge(20A)superlatticesasafunctionofcarrierconcentrationat300K.Thecalcu-

lationsweremadeusingthesemi-classicalmodelsthataredevelopedin§6.1assuming(1)

homogeneousdopingthroughoutthewholesuperlattice(solidcurve),(2)modulationdop-

ingonlyintheGelayersofthesuperlattice(dashedcurve)ラand(3)δ 一dopinginthemiddle

ofeachGelayerinthesuperlattice(dash-dottedcurve).Alsoshowninthefigurearethe

as-measuredvaluesfbrtheexperimentalISI(opencircles),thevahlesfbrISIobtainedaf七er

subtractingthebufferlayerand/orsubstratecontributions(filledcircles)asdiscussedin

§5.8,andthevaluesfbrISIpredictedbytheconstantrelaxationtimeapproximation(gray

solidcurve)f()rcomparison(see§5.9fbrthedetailsoftheexperimentalresults).
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F igu re 6-2: The theoretically predicted values for t he Seebeck coeffi cient for (001) oriented 
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lations were made using the semi-classical models that are developed in §6.1 assuming (1) 
homogeneous doping t llToughout the whole superlattice (solid curve), (2) modulation dop
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of each Ge layer in the superlattice (dash-dotted curve) . Also shown in the figure are the 
as-measured values for the experimental 151 (open circles), the values for 151 obtained after 
subtracting the buffer layer and/or substrate contribut ions (filled circles) as discussed in 
§5.8, and t he values for 151 predicted by the constant relaxat ion time approximation (gray 
solid curve) for comparison (see §5.9 for the details of the experimental results). 
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We丘ndthefollowingfeaturesinFig.6-2.Firstofall,thepredictedvaluesof

ISIthatareobtainedusingthesemi-classicalmodelsdevelopedill§6.1aregreatly

enhancedoverthevaluespredictedbytheconstantrelaxationtimeapproximation.

Thisisbecausethemomentumrelaxationtime7(E)predictedusingthesemi-classical

modelsdevelopedinthischapterisanincreasingfunctionofenergy.Suchaproperty

ofthe7(E)functionismainlycausedbythenatureofionizedimpurityscattering,

wherea7(E)～E-3/2dependenceispredictedforpureionizedimpurityscatterillg

for3Dmaterialswithoutincludingthescreeningeffectduetothefreecarriers.The

secondfeaturethatisobservedinFig.6-2isthatalthoughthepredictedvaluesfor

ISIareratherinsensitivetothedetailsofthedopingtechniquesthatareconsidered

here,theydoshowsomedifferencesamongthesedopingschemes.Themainreason

fortheobserveddifferencesinthevalueofISIamongthesethreedopingtechniques

comesfromtheamountoftherelativecontributionofionizedimpurityscattering

tothetotalscatteringProbabilityfortheconductionelectrons.Itispredictedthat

thecontributionofionizedimpurityscatteringtothetotalscatteringprobabilityis

thelargestinthehomogeneouslydopedsamplesandisthesmallestintheδ 一doped

samplesamongthethreedopingtechniquesconsideredhere.Thereforetheresultant

・τ(E)functionfortheδ 一dopedsuperlatticesamplesisexpectedtohavetheweakest

energydependenceamongthoseforthethreedopingschemesconsideredhere.

AlthoughthepredictedvaluesforISIfortheδ 一dopedandthemodulation-doped

(001)orientedSi(20A)/Ge(20A)superlatticesarefoundtobesmallerthanthose

predictedforthehomogeneously-dopedsamples,ifthepredictedvaluesforthecarrier

mobilityfortheδ 一dopedandthemodulation-dopedsamplesaresignificantlylarger

thanthecorrespondingvaluesforthehomogeneouslydopedsllperlatticesamples,

wecanstillachieveenhancementsinthethermoelectricpowerfactorS2σandthe

resultantZ3DTrelativetothosepredictedforthehomogeneouslydopedsamples,by

introducingtheδ 一and/ormodulationdopingschemes,sincetheobserveddifferences

inthepredictedvaluesofISIbetweentheδ 一andmodulation-dopedsamplesandthe

homogeneollslydopedsamplesarerathersmall.
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We find the following features in Fig. 6-2. First of all , the predicted values of 

181 that are obtained using the semi-classical models developed in §6.l are greatly 

enhanced over the va lues predicted by the constant relaxation time approximation. 

This is because the rn omentum relaxation time 7(E) predicted using the semi-classical 

models developed in this chapter is an increas ing function of energy. Such a property 

of the 7(E) fun ction is mainly can sed by the nature of ion ized impurity scattering, 

where a 7(E) ~ E-3/2 dependence is predicted for pure ionized impuri ty scattering 

for 3D materials without including the screening effect due to the free carriers. T he 

second [eatlll'e that is observed in Fip;. 6-2 is that althoup;h the predicted values for 

181 are rather insensit ive to the detai ls of the doping techniques that are considered 

here, they do show some differences among these doping schemes. The main reason 

for the observed differences in the value of lSI among these three doping techniques 

comes from the amount of the relative contribution of ionized impurity scattering 

to t he total scattering pl'Obability [or the conduction electrons. It is pred icted that 

the cont ri but ion of ionized impuri ty scattering to the total scattering pl'Obability is 

the largest in the homogeneously doped samples and is the smallest in the 8-doped 

samples among the three doping techniques considered here. T herefore the resultant 

7(E ) function for the c5-doped superlattice samples is expected to have the weakest 

energy dependence among t hose for the three doping schemes considered here. 

Althoup;h the pred icted values for lSI for t he J-doped and the modulation-doped 

( ~Ol ) oriented Si(20 A)/Ge(20 A) superlattices are found to be smaller t han those 

predicted for the homogeneously-doped samples, if the predicted values for the carrier 

mobility for the 8-doped and the modulation-doped samples are significantly larger 

than the corresponding values for the homogeneously doped superlattice sam ples, 

we can still achieve enhancements in the thermoelectric power factor S2 a and the 

resultant Z3DT relative to those predicted for the homogeneously doped samples , by 

introd ucing the 6- and/or modulation doping schemes, since the observed differences 

in the predicted values of lSI between the 6- and modulation-doped samples and the 

homogeneously doped sam pIes are rather small. 
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6.2.2 Carriermobility

ShownillFig.6-3arethetheoreticallypredictedvaluesforthecarriermobilityfor

the(001)orientedSi(20A)/Ge(20A)superlatticesamplesthatareobtainedusing

thesemiclassicalmodelsthataredevelopedin§6.1.InobtainillgFig.6-3,wehave

alsoassumed(1)homogeneousdopingthroughoutthesuperlatticepartofthesample

(solidcurve),(2)modulationdopingonlywithintheGelayersofthesample(dashed

curve),and(3)δ 一dopingonlyinthemiddleofeachGelayerofthesample(dash-

dottedcurve).

AsevidentinFig.6-3,wehavefoundalargeenhancementinthepredictedvalues

ofthecarriermobilityfortheδ 一andmodulation-doped(oo1)orientedSi(20A)/Ge(20A)

superlatticesamplesrelativetothecorrespondingvaluesforthehomogeneouslydoped

samples.Itisfoundthattheenhancementsinthepredictedvaluesofthecarriermo-

bilityfortheδ 一dopedormodulation-dopedsuperlatticesrelativetothecorresponding

valuesforthehomogeneouslydopedsamplesarelargerintheheavydopingregime

(n>5×1018cm-3)thaninthelightdopingregime(n<5×1018cm-3).Thisis

becausetheδ 一dopedormodulation-dopedimpuritiesarescreenedbythefreecarriers

morestronglythanthehomogeneouslydopedimpuritiesintheparticularmodelsthat

weareusingtodescribethe(001)orientedSi(20A)/Ge(20A)suplerlattices(Kr6nig-

Penneymodel).Wehavealsoassumedauniform,isotropicmediumwhencalculating

thevaluesoftheDebyescreeninglengthfortheSi(20A)/Ge(20A)superlattices(see

footnoteonpage300).PlottedinFig.6-3arethecalculatedvaluesfortheDebye

screeninglengthλ(usingEq.6.10)asafunctionofthecarrierconcentrationat300

K.Wefindthatthevalueofλdecreaseswithincreasingcarrierconcentration.Since

themagnitudeofthescatteringpotentialcreatedbyanionizedimpuritydecaysex-

ponentiallywiththedistancer(whererismeasuredfromthecenteroftheimpurity

potential)foradistancelargerthantheDebyescreeninglength,theionizedimpuri-

tiesthataremosteffectiveinscatteringelectronsarethoselocatedwithintheDebye

screeninglengthfromthecenteroftheelectron,swavefllnction.Sincethepositionof

theδ 一dopedimpuritiesis20AawayfromthecenteroftheSilayersinourmodelfor
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6.2.2 Carrier mobility 

Shown in Fig. 6-3 are the theoretically predicted values for the carrier mobility for 

t he (001) oriented Si (20 A)/Ge(20 A) superlatt ice samples that are obtained using 

the semiclassical models that are developed in §6.1. In obtaining Fig. 6-3, we have 

also assumed (1) homogeneous doping throughout the superlattice part of the sample 

(solid curve), (2) modula tion doping only within the Ge layers of the sample (dashed 

curve), and (3) ii-doping only in the middle of each Ge layer of the sample (dash

dotted curve) . 

As evident in F ig. 6-3, we have found a large enhancement in the predicted values 

ofthe carrier mobilit.y for the 0- a.nd modulation-doped (001) oriented Si(20 A)/Ge(20 A) 

superlattice samples relative to the corresponding values for the homogeneously doped 

samples. It is found t hat t he enhancements in t he predicted values of the calTicr mo

bi lity for the c5-doped or modulation-doped superlattices relative to the corresponding 

values for the homogeneously eloped sam ples are larger in Lhe heavy <.loping regime 

(71. > 5x l 018 cm-:l ) than in the light doping regime (n < 5x lO '8 cm-3) . This is 

because the o-doped or modulation-doped impurities are screened by the free carriers 

more st rongly than the homogeneously doped impuri t ies in the particular models t hat 

we a re using to describe the (001 ) oriented Si(20 A)/Ge(20 A) suplerlattices (Kriinig

Penney model). We have also assumed a uniform, isot ropic medium when calculating 

the values of the Debye screening lellgt h for the Si(20 A)/Ge(20 A) superlat t ices (see 

footnote on page 300). Plotted in Fig. 6-3 are the calculated values fo r the Debye 

screening length -\ (using Eq. 6.10) as a function of the carrier concentration at 300 

K. We find that. the value of -\ decreases with increasing carrier concentration. Since 

the magnitUde of the scattering potential created by an ionized impurity decays ex

ponentially with the distance T (where r is measured from the center of the impurity 

potentia l) for a distance larger t han the Debye screening length, the ionized impuri

ties t hat are most effective in scatteri ng electrons are t hose located wit hin t he Debye 

screening length from t he center of the electron 's wavefunct ion. Since the position of 

t he ii-doped impurities is 20 A away from the center of the Si layers in our model for 
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Figure6-3:(a)Thetheoreticallypredictedvaluesfbrthecarriermobilityfbr(001)ori-

entedSi(20A)/Ge(20A)superlatticesasafunctionofcarrierconcentrationat300K.The

calculationsweremadeusingthesemi-classicalmodelsthataredevelopedin§6.1assuming

(1)homogeneousdopingthroughoutthewholesuperlattice(solidcurve)ラ(2)modulation

dopingonlyintheGelayersofthesuperlattice(dashedcurve),and(3)δ 一dopinginthe

middleofeachGelayerinthesuperlattice(dash-dottedcurve).Alsoshowninthefigure

aretheexperimentalHallcarriermobilities(opencircles)(see§5.9fbrmorediscussion)ラ

andthecarriermobilitiesthatarecalculatedusingMatthiessenラsrule(Eq.5.6)totake

intoaccounttheextrinsicscatteringmechanismsthatarepresentintheactualsuperlattice

samples(Text=4×10-14sischosenhere)fbrthehomogeneouslydoped(001)oriented

Si(20A)/Ge(20A)superlattices(thindash-dottedline),forcomparison.(b)Debyescreen-

inglengthasafunctionofthecarrierconcentrationthatiscalculatedusingEq.6.10fbra

(001)orientedSi(20A)/Ge(20A)superlatticeat300K.
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calculat ions were made using t he serill-c1assical models that are developed in §6.l assuming 
(1) homogeneous doping throughout t he whole superlattice (solid curve) , (2) modula tion 
doping only in the Ge layers of the superlattice (dashed cmve), and (3) <I-eloping in the 
middle of each Ce layer in the superiatt iee (dash-dotted curve) . Also shown in the figure 
are the experimental Hall carrier mobilit ies (open circles) (see §5.9 for more discnssion), 
and the carrier mobilities that are calculated using Matthiessen's rule (Eq. 5.6) to take 
into account the extrinsic scattering mechanisms t hat a re present in the actual superiattice 
samples (Text = 4x l O-14 S is chosen here) for the homogeneo usly doped (001) oriented 
Si(20 A)/Ge(20 A) superlattices (thin dash-dotted line), for comparison. (b) Debye screen
ing length as a funct ion of the carrier concentration t hat is calcnlated using Eq. 6. 10 for a 
(001) oriented Si(20 A)/Ge(20 A) superiattice at 300 K. 
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theδ 一dopedSi(20A)/Ge(20A)superlattices,ionizedimpurityscatteringisexpected

toberelativelyunimportantintheδ 一dopedsamplesforcarrierconcentrationslarger

than5×1019cm-3,wheretheDebyescreeninglengthλispredictedtobesmallerthan

20A[seeFig.6-3(b)].Thisisthereasonfortheobservedincreaseinthepredicted

carriermobilityfortheδ 一dopedSi(20A)/Ge(20A)superlatticesintheheavydoping

regime(n>3×1018cm-3).

6.2.3 S2σandZ3DT

PlottedinFig.6-4arethetheoreticallypredictedvaluesforthethermoelectricpower

factorS2σobtainedbycombiningthecorrespondingresultsforISIandσthatare

discussedin§6.2.1and§6.2.2,respectively.Wefindthatthetheoreticallypredicted

　 　
valuesforS2σfortheδ 一andmodulation-doped(001)orientedSi(20A)/Ge(20A)

superlatticesaregreatlyenhancedrelativetothecorrespondingvaluespredictedfor

thehomogeneouslydopedsuperlattices.

ThecorrespondingvaluesofZ3DTforthe(001)orientedSi(20A)/Ge(20A)su-

perlatticesassumingthethreedopingschemesthatarediscussedin§6.1.1arealso

estimatedandindictedbytherightscaleinFig.6-4.Sincetheexactvaluesforthe

in-planethermalconductivityarenotyetknownfortheSi/Gesuperlatticesystems,

aconstantvalueofκ=5W/m・Kwaschosen(ratherarbitrarily)togiveanorderof

magnitudeestimationforthevaluesofZ3DTforourmodelsystemof(001)oriented

Si(20A)/Ge(20A)superlattices.[Thisvalueofκwaschosenamongthevaluesfound

intheliterature(see§5.2)forthethermalconductivitiesofSii_xGexalloysandthose

forthecross-planethermalcondllctivitythatwasmeasllredforthe(001)oriented

Si(20A)/Ge(20A)superlatticesamples(see§5.7.1).]
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the t5-doped 8i(20 A)/Ge(20 A) superlattices , ionized impurity scattering is expected 

to be relatively unimportant in the t5-doped samples for carrier concentrations larger 

than 5x 10'9 cm- 3 , where the Oebye screening length A is predicted to be smaller than 

20 A [see Fig. 6-3(b)]. This is t he reason for the observed increase in t he predicted 

carrier mobili ty for the t5-doped 8i(20 A)/Ge(20 A) superlattices in t he heavy doping 

regime (11. > 3xlOJ8 cm-·l ). 

Plotted in Fig. 6-4 are the t heoretically predicted values for the thermoelectric power 

factor S2a obtained by combining the corresponding resnlts for I SI and a that are 

discussed in §6.2. l and § 6.2.2, respectively. We find that the theoretically predicted 

values for S 2a for the 15- and modulation-doped (001) oriented 8i(20 A)/Ge(20 A) 

superlattices are greatly enhanced relative to the corresponding values predicted for 

the homogeneously doped snperlattices. 

The corresponding values of Z3DT for the (001) oriented 8 i(20 A)/Ge(20 A) S lI

perlattices assuming the three doping schemes that are discussed in §6.1. 1 are also 

estimated and indicted by t he right scale in Fig. 6-4. 8ince the exact values for the 

in-plane thermal conductivity are not yet known for the 8i/Ge superlattice systems, 

a constant value of /(, = 5 VV /m·I( was chosen (rather arbitrarily) to give an order of 

magnitude est imation for the values of Z3DT for our model system of (001) oriented 

8i(20 A)/Ge(20 A) superlattices. [T his value of /(, was chosen among t he values found 

in the literature (see §5.2) for the thermal conductivities of 8i1_.,Gex alloys and those 

for the cross-plane thermal conductivity that was measured for the (001) oriented 

8i(20 A)/Ge(20 A) superlattice samples (see !l5 .7. 1).] 
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Figure6-4:Thetheoreticallypredictedvaluesf()rthethermoelectricpowerfactor5'2σf()r

(001)orientedSi(20A)/Ge(20A)superlatticesamplesasafunctionofcarrierconcentration

nat300K.Thesecalculationsweremadeusingthesemi-classicalmodelsthataredeveloped

in§6.1assuming(1)homogeneousdopingthroughoutthewholesuperlattice(solidcurve),

(2)modulationdopingonlyintheGelayersofthesuperlattice(dashedcurve),and(3)

δ一dopinginthemiddleofeachGelayerinthesuperlattice(dash-dottedcurve).Also

showninthefigurearetlleas-measuredvaluesfortheexperimentalS2σ(opencircles),the

valuesfbrS2σobtainedafしersubtractingthebufferlayerand/orsubstratecontributions

(filledcircles)(see§5.8),andthevaluesforS2σobtainedusingMatthiessenラsrule(Eq.5.6)

totakeintoaccounttheextrinsicscatteringmechanismsthatarepresentintheactual

superlatticesamples(see§5.9fbrmorediscussion)fbrthe(001)orientedhomogeneously

dopedSi(20A)/Ge(20A)superlattices(thindash-dottedcurve)fbrcomparison(see§5.9.3

f(〕rmorediscussionoftheexperimentalresults).
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Figure 6-4: T he theoretically predicted values for the thermoelectric power factor 52" for 
(001 ) oriented 8i(20 A)/Ge(20 A) superlattice samples as a function of carrier concentration 
nat 300 1<. These calculations were made using the semi-classical models that are developed 
in §6.1 assuming (1) homogeneous doping tlu'oughout the whole superJattice (solid curve), 
(2) modulation doping only in the Ge layers of the superJattice (dashed cmve), and (3) 
6-doping in the middle of each Ge layer in the superJattice (dash-dotted cm ve) . Also 
shown in the figure are the as-measured values for the experimental 52" (open circles), the 
values for 52" obtained after subtracting the buffer layer and/or substrate contributions 
(filled circles) (see §5.8), and the values for 52" obtained using Matthiessen's rule (Eq. 5.6) 
to take into account the extrinsic scattering mechanisms that are present in the actual 
superlattice samples (see §5.9 for more discussion) for the (001) oriented homogeneously 
doped 8i(20 A)/Ge(20 A) superlattices (thin dash-dotted curve) for comparison (see §5.9.3 
for more discussion of the experimental results) . 
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6.3 Predictedvaluesfbr8,σandZ3DTfbra(001)

くつ くつ
orientedSi(20A)/Ge(20A)superlattice

Temperaturedependencestudyforagivencarrier

COnCentratiOn一

Intheprevioussection,wehaveseenthatthetheoreticallypredictedthermoelectric

propertiesforthe(001)orientedSi(20A)/Ge(20A)superlatticesareoptimizedfor

carrierconcelltratiollsbetweel11×1019cm-3and2×1019cm-3at300K.Therefore,

ourfocusinthissectionisthetemperature-dependentstudyofthethermoelectric

　 　
propertiesof(001)orientedSi(20A)/Ge(20A)sllperlatticesforagivenoptimum

carrierconcentrationη,wherewechoosen=1.5×1019cm-3tomakethecomparison

betweenthetheoreticalpredictionsinthissectionandtheexperimentalresultsfor

sampleJL194thatweobtainedin§5.7.

Itisknownthatthetemperature-dependentbehaviorofZ3DTvariesfromone

materialtoanother.Therefore,theinvestigationofthetemperatllre-dependentther-

moelectricpropertiesofthe(001)Si(20A)/Ge(20A)sllperlatticewollldprovide

uswithabasicdataonthetemperaturerangeinwhich(001)Si(20A)/Ge(20A)

superlatticesareparticularlyusefulforthermoelectricapplications.Thesameba-

sicdataonthetemperature-dependentthermoelectricpropertiesfor(001)oriented

　 　
Si(20A)/Ge(20A)sllperlatticescanalsobellsedtoimprovetheoptimizationscheme

forthedesignofsuperlatticestructuresinsuchawaythatthehighestvalueofZ3DT

canbeobtainedinthedesiredtemperaturerangeforspecificthermoelectricapplica-

tions.

6.3.1 SeebeckcoefHcient

ShowninFig.6-5aretheresultsofthetheoreticalcalculationoftheSeebeckcoefficient

for(001)orientedSi(20A)/Ge(20A)superlatticesasafunctionoftemperaturefor

agivencarrierconcentrationofn=1.5×1019cm-3,where(1)homogeneousdoping
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6.3 Predicted values for S, (j and Z 3DT for a (001) 

oriented Si(20 A)/Ge(20 A) superlattice 

- Temperature dependence study for a given carrier 

concentration -

In the previous section , we have seen that t he theoretically predicted thermoelectric 

properties for the (001) oriented Si(20 A)jGe(20 A) superlattices are optimized for 

carrier concentrations between 1 x 1019 crn - 3 and 2 x 1019 crn- 3 at 300 K. Therefore, 

our focus in this section is the temperature-dependent study of the thermoelectric 

properties of (001) oriented Si(20 A)jGe(20 A) superlattices for a given optimum 

carrier concentration n, where we choose n = 1.5x 1019 cm- 3 to make the comparison 

between t he theoretical predictions in this section and the experimental results for 

sample JL194 t lUlt we obtained in §.5. 7. 

It is known that t he temperature-dependent behavior of Z3DT varies from one 

material to another. T herefore, the investigation of the temperature-dependent ther

moelectric propert ies of the (~ol ) Si(20 A)jGe(20 A) superlattice would provide 

us wit h a basic data on the temperature range in which (~ol ) Si(20 A.)jGe(20 A) 

superlattices are particularly usefu l for thermoelectric applications. The same ba

sic data on the temperature-dependent thennoelectric properties lor (~ol ) oriented 

Si(20 A)jGe(20 A) superlattices can also be used to improve the optimization scheme 

for the design of superlattice structures in such a way that the highest value of Z3DT 

can be obtained in the desired temperature range for specific thermoelectric applica

tions. 

6.3.1 Seebeck coefficient 

Shown in Fig. 6-5 are the results of the theoretical calculation of the Seebeck coefficient 

for (001) oriented Si(20 A)jGe(20 A) sll perlattices as a function of temperature for 

a given carrier concentration of n = 1.5x1019 cm-3 , where (1) homogeneous doping 
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Figure6-5:(a)ThetheoreticallypredictedvaluesoftheSeebeckcoefiHcientasafunction

oftemperaturef()r(001)orientedSi(20A)/Ge(20A)superlatticesamples.Thecalculations

weremadeusingthesemi-classicalmodelsthataredevelopedin§6.1forn=1.5×1019cm-3,

wherenisthecarrierconcentration.Thefbllowingthreedopingschemesareconsideredin

thesetheoreticalpredictions:(1)Themodelsuperlatticeishomogeneouslydopedthrough-

outthewholesuperlattice(solidcurve).(2)OnlytheGepart(Gelayers)ofthemodel

superlatticeishomogeneouslydoped(dashedcurve).(3)Themodelsuperlatticeisdoped

usingtheδ 一dopingtechniqueinthemiddleoftheGelayersonly(dash-dottedcurve).Also

showninthefigurearetheas-measuredexperimentalresultsfbrsampleJL194thatare

discussedin§5.7.2fbrcomparison.Theinsetshowsaclose-upofthemainplotinthelow

temperatureregime(T<50K).(b)ThemomentumrelaxationtimeT(E)asafunctionof

energythatisnormalizedbythevalueof7(E)attheFermienergy(chemicalpotential)ラ

whichisdenotedby7(ζ)[ζisthechemicalpotential].Thesolidanddash-dottedcurves

denotetheresultsofcalculated7(E)りsfbrahomogeneouslydopedsuperlatticeandfora

superlatticethatisδ 一dopedinthemiddleoftheGelayersonlyりrespectively.Itisnoted

thatEismeasuredfromthepertinentbandedge.
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Figu re 6-5: (a) The theOl'eticaUy preclicted values of the Seebeck coefficient as a function 
oftemperatme for (001) oriented Si(20 A)/Ge(20 A) superlattice samples. The calculations 
were made using the semi-classical models that al'e developed in §6.1 for n = 1.5 x 1019 cm- 3 , 

where n is the ccurier concentration. The following three doping schelnes are considered in 
these theoretical predictions : (1) The model superlattice is homogeneously doped through
out the whole superlattice (solid curve). (2) Only the Ge part (Ge layers) of the model 
superlattice is homogeneously doped (dashed curve). (3) The model superlattiee is doped 
using the "-doping technique in the middle of the Ge layers only (dash-dotted em-ve). Also 
shown in the figure are the as-measured experimental results for sample JL194 that are 
discussed in §5.7.2 for comparison. The inset shows a close-up of the main plot in the low 
temperature regime (T < 50 K). (b) The momentum relaxat ion t ime T(E) as a function of 
energy that is normalized by the value of T(E) at the Fermi energy (chemical potential), 
which is denoted by T(() [( is t he chemical potential]. The solid and dash-dotted cm-ves 
denote the resu lts of calculated T(E)'s for a homogeneously doped superlattice and for a 
superl attice that is "-doped in the middle of the Ge layers only, respectively. It is noted 
that E is measm ed from the pertinent band edge. 
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throughoutallsuperlatticelayers(solidcurve),(2)modulationdopingonlyintheGe

layers(dashedcurve),alld(3)δ 一dopingatthecenterofeachGelayer(dash-dotted

curve)areassumed.AlsoshowninFig.6-5(a)aretheexperimentalresultsforan

MBE-grown(001)orientedSi(20A)/Ge(20A)superlatticesamplewithasimilar

carrierconcentration(sampleJL194),thatisdiscussedin§5.7,forcomparison.

InFig.6-5,wefindthatthepredictedvaluesoftheSeebeckcoefficientforthe

homogelleouslydopedsuperlatticesamplearehigherthanthosefortheδ 一dopedand

themodulation-dopedsuperlatticesabove180K.Thisobservationisconsistentwith

thefactthatthecontributionofimpurityscatteringtothetotalscatteringrateisthe

largestinthehomogeneouslydopedsampleamongthoseforthethreedopingschemes

consideredhere.Ontheotherhand,theobservedresultsfortheSeebeckcoef丑cients

below120Kforthe(001)orientedSi(20A)/Ge(20A)superlatticeswiththesethree

dopingschemesturnouttoberathercounter-intuitive,wherewe丘ndthepredicted

valuesoftheSeebeckcoefHcientfortheδ 一dopedandmodulation-dopedsamplesare

largerthanthoseforthehomogeneouslydopedsamples[seetheinsetofFig.6-5(a)].

Toresolvethisapparentdiscrepancy,wehaveexaminedtheenergydependenceof

themomentumrelaxationtime・ τ(E)inthevicinityoftheFermienergy(chemical

potential,whichisdenotedbyζ)[seeFig.6-5(b)].WhatwefindinFig.6-5(b)isthat

althoughthemomentumrelaxationtime7(E)fortheδ 一dopedsamplehasaweaker

energydependencethanthe7(E)functionforthehomogeneouslydopedsampleover

alargeenergyscale(ontheorderof200meVat80K),onlyinthevicinityofζ

(chemicalpotential)andonlyoverasmallerenergyscale(oftheorderof20meV),the

7(E)functionfortheδ 一dopedsampleisfoundtohaveastrongerenergydependence

thanthe7(E)fllnctionforthehomogeneollslydopedsample.Fortemperaturesabove

180K,sincetheenergyrangethatcontributestothecalculatedvallleofSbecome

suf丘cientlylarge,thecalculatedvaluesforISIforthehomogeneouslydopedsample

becomelargerthanthecorrespondingvaluesfortheδ 一dopedandthemodulation-

dopedsamples.
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throughout all superlattice layers (solid curve) , (2) modulation doping only in the Ge 

layers (dashed curve), and (3) o-doping at the center of each Ge layer (dash-dotted 

curve) are assumed. Also shown in Fig. 6-5(a) are the experimental resul ts for an 

MBE-grown (001) oriented Si(20 A)jGe(20 A) superlattice sample with a similar 

carrier concentration (sample JL194), that is discussed in §5 .7, for comparison. 

In Fig. 6-5, we find that the predicted values of the Seebeck coeffi cient lor tbe 

homogeneously doped superlattice sample are higher than those for the 6-doped and 

the modulation-doped superlattices above 180 K. T his observation is consistent with 

t he fact that the contribution of impurity scattering to the total scattering rate is t he 

largest in the homogeneously doped sample among those for the three doping schemes 

considered here. On the other hand, the observed resul ts lor the Seebeck coefficients 

below 120 K for the (001) oriented Si(20 A)/Ge(20 A) superlattices with these three 

doping schemes tum out to be rather counter-intuit ive, where we find the predicted 

values of the Seebeck coeffi cient for the <I-doped and modulation-doped samples are 

larger than t hose for the homogeneously doped samples [see the inset of Fig. 6-5(a)]. 

To resolve this apparent discrepancy, we have examined the energy dependence of 

the momentum relaxation time T(E) in the vicini t.y of the Fermi energy (chemical 

potential, which is denoted by () [see Fig. 6-5(b)] . What we find in Fig. 6-5(b) is that 

although the momentum relaxat ion t ime T(E) for the <I-doped sample has a weaker 

energy dependence than the T(E) funct ion for the homogeneously doped sample over 

a large energy scale (on the order of 200 me V at 80 K), only in the vicinity of ( 

( chemical potential) and only over a smaller energy scale (of the order of 20 me V), the 

T(E) function for t he J-doped sample is found to have a stronger energy dependence 

than the T(E) fun ction for the homogeneously doped sample. For temperatures above 

180 K, since the energy range that contributes to the calculated value of S become 

sufficiently large, the calcnlated values for lSI for the homogeneously doped sample 

becoIlle larger than the corresponding values for the <I-doped and the rnodulation

doped samples. 
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6.3.2 Carriermobility

ShowninFig.6-3arethetheoreticallypredictedvaluesforthecarriermobilitiesfor

(001)orientedSi(20A)/Ge(20A)superlatticesamplesasafunctionoftemperature

foragivencarrierconcentrationn=1.5×1019cm-3.Thecalculationsaremadeusillg

thesemiclassicalmodelsthataredevelopediIl§6.1.WehaveassumedthefollowiIlg

threedopingschemeinFig.6-6:(1)homogeneousdopingthroughoutthesuperlattice

partofthesample(solidcurve),(2)modulationdopingonlywithintheGelayersof

thesample(dashedcurve),and(3)δ 一dopingonlyinthemiddleoftheGelayersof

thesarnple(dash-dottedcurve).

InFig.6-6,wefindthatthepredictedvaluesforthecarriermobilityfortheδ 一doped

ormodulation-dopedsuperlatticesincreasewithdecreasingtemperature,whereasthe

predictedvaluesofthecarriermobilityforthehomogeneouslydopedsuperlattices

aresomewhattemperatureindependent.Inordertoclarifythephysicaloriginsfor

theobservedbehaviorsofthepredictedvaluesforthecarriermobilitiesforthe(001)

orientedSi(20A)/Ge(20A)superlatticeswiththethreedopingtechniquesconsidered

here,wehavealsoexaminedthepredictedvaluesfortheDebyescreeninglengthλ

ofthesesuperlatticesampleswithn=1.5×1019cm-3asafunctionoftemperature,

asshowninFig.6-6(b).We丘nd,inFig.6-6(b),thefollowingtwofeaturesforthe

predictedvaluesofλasafunctionoftemperature:(1)Thepredictedvaluesforλare

comparableto,butalittlesmallerthan,thevalueforthedistancebetweenthecenter

ofthewavefunction(themiddleoftheSilayers)andthepositionsoftheδ 一doped

impuritiesintheGe-layers(themiddleoftheGelayers),inthetemperaturerange

thatisinvestigated(10K<T<400K).(2)Thepredictedvaluesofλarefoundto

decreasewithdecreasingtemperaturefromλN16Aat400Ktoλ 駕13Aat100K.

SincethesmallerthevalueoftheDebyescreeninglength,thestrongertheeffectof

thescreeningduetothefreecarriers,weestimatethatabout40%ofthemobility

increaseatlowtemperatllres(T<120K)fortheδ 一dopedsamples(relativetothe

valuesofthecarriermobilityatTN400K)comesfromtheeffectoftheincreased

screeningduetothefreecarriersatlowtemperatures.Theother60%ofthemobility
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6.3.2 Carrier mobility 

Shown in Fig. 6-3 are the theoretically predicted values for the carrier mobilities for 

(001) oriented Si(20 .I\)jGe(20 .1\) superlatt ice samples as a function of temperature 

for a given carrier concentration n = 1.5 x 10'9 cm-3 . The calculations are made using 

the semiclassical models that are developed in §6.1. We have assumed the following 

three doping scheme in Fig. 6-6 : (1) homogeneous doping throughout the superlattice 

part of the sample (solid curve), (2) modulation doping only within the Ge layers of 

the sample (dashed curve), and (3) b-doping only in the middle of the Ge laye rs of 

the sample (dash-dotted cur ve) . 

In Fig. 6-6, we find that the predicted values for the carrier mobility for the ()-doped 

or modulation-doped superlattices increase with decreasing temperature, whereas the 

predicted val ues of the carrier mobility for t he homogeneously doped superiattices 

are somewhat temperature independent. In order to clarify the physical origins for 

the ouserved uehaviors of the predicLed values for the carrier mobilities for the (001) 

oriente.d Si(20 A)jGe(20 A) superlattices with the three doping te.chniques considered 

here, we have also examined the predicted values for the Debye screening length A 

of these superlattice samples with n = 1.5x lO'9 cm- 3 as a function of temperature, 

as shown in Fig. 6-6(b) . We find , in F ig. 6-6(b), the follow ing two features for the 

predicted values of A as a function of temperature : (1) The predicted values for A are 

comparable to, bu t a little smaller than, the value for the distance between the center 

of the wavefunction (the middle of the Si layers) and the positions of the 8-doped 

impurit ies in the Ge-Iayers (the midd le of the Ge layers), in t he temperat ure range 

that is investigated (10 K < T < 400 K). (2) The predicted values of A are found to 

decrease with decreasing temperature Ii'om A ::::: 16 A a t 400 K to A ::::: 13 A at 100 K. 

Since the smaller the value of the Debye screening length, the stronger the effect of 

t he screening due to the free carriers, we e.stimate t hat about 40 % of t he mobi lity 

increase at 101V temperatures (T < 120 1<) for the b-doped samples (relat ive to the 

values of the carrier mobility at T ::::: 400 K) comes from the effect of the increased 

screening due to the free carriers at low temperatures. The other 60 % of the mobility 
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Figure6-6:(a)Thetheoreticallypredictedvaluesforthecarriermobilityfor(001)oriented

Si(20A)/Ge(20A)superlatticesasafunctionoftemperaturefbragivencarrierconcentra-

tionn=1.5×1019cm-3.Thecalculationsweremadeusingthesemiclassicalmodelsthat

aredevelopedin§6.1assuming(1)homogeneousdopingthroughoutthewholesuperlat-

tice(solidcurve)ラ(2)modulationdopingonlyintheGelayersofthesuperlattice(dashed

curve),and(3)δ 一dopinginthemiddleofeachGelayerinthesuperlattice(dash-dotted

curve).AlsoshowninthefigurearetheexperimentalHallcarriermobilitiesfora(001)

orientedSi(20A)/Ge(20A)superlatticesample(sampleJL194)thatwasdiscussedin§5.7,

f(〕rcomparison.(b)Debyescreeninglengthasafunctionoftemperaturethatiscalcu-

latedusingEq.6.10fbra(001)orientedSi(20A)/Ge(20A)superlatticefbragivencarrier

concentrationn=1.5×1019cm-3.
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F igure 6-6: (a) The theoretically predicted values for the carrier mobili ty for (001 ) oriented 
Si{20 A)/Ge{20 A) superlatt ices as a function of temperatnre for a given carrier concentra
t ion n = 1.5x 1019 em- a The calcula tions were made using the semiclassical models that 
are developed in §6. l assuming (I ) homogeneous doping throughout the whole superlat
t ice (solid curve), (2) modulation doping only in the Ge layers of the superlatt ice (dashed 
curve), and (3) 5-doping in the middle of each Ge layer in t he super lat tice (dash-dotted 
curve) . Also shown in the figme are the exper imental Hall carrier mobilities for a cOOl ) 
oriented Si(20 A)/Ge{20 A) superlattice sample (sample JL194) t hat was discussed in §5.7, 
for comparison. (b) Debye screening length as a function of temperature that is calcu
lated using Eq. 6.10 for a (001) oriented Si{20 A)/Ge{20 A) superlattice for a given carrier 
concentration n = 1.5 x 1019 cm-3 
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increasefortheδ 一dopedsamplesatlowtemperatures(T<120K)relativetothoseat

hightemperatures(TN400K)isattributedtothereducedpholloncontributionto

thetotalscatteringrateatlowtemperatures.Forthehomogeneouslydopedsamples,

thedominantcarrierscatteringmechanismisionizedimpurityscatteringarisingfrom

impurityionsthatarelocatednearthecenterofthewavefunction(middleoftheSi

layer)withinthedistanceoftheDebyescreeninglength.Furthermore,thephonon

contributiontothetotalscatteringrateisnegligibleevellabove300K.Therefore,we

observearelativelytemperature-independentbehaviorinthetheoreticallypredicted

valuesofthecarriermobilityasafunctionoftemperature,asseeninFig.6-6(a).

6.3.3 S2σandZ3DT

Finally,plottedinFigs.6-7arethetheoreticallypredictedvaluesforthethermo-

electricpowerfactorS2σobtainedbycombiningthecorrespondingresultsforISI

andσthatarediscussedin§6.3.1and§6.3.2,respectively.We丘ndthatthethe-

oreticallypredictedvaluesforS2σfortheδ 一andmodulation-doped(001)oriented

Si(20A)/Ge(20A)superlatticesaregreatlyenhancedrelativetothecorresponding

valuespredictedforthehomogeneouslydopedsuperlattices.

ThecorrespondingvaluesforZ3DTforthe(001)orientedSi(20A)/Ge(20A)su一

perlatticesassumingthethreedopingschemesthatarediscussedin§6.1.1arealso

estimatedbycombiningthepredictedvaluesforS2σthatareshowninFig.6-7and

atemperature-independentvalueforthethermalconductivityκ=5W/m・K(seethe

discussionin§6.2.3).ThesetheoreticallypredictedvaluesforZ3DTfor(001)oriented

Si(20A)/Ge(20A)superlatticesareplottedinFig.6-8asafllnctionoftemperature

togetherwiththecorrespondingexperimentalresultsforanMBE-grown(001)ori-

entedSi(20A)/Ge(20A)superlatticesample(sampleJL194)thatarediscussedin

§5.7.3.AsisevidentinFig.6-8,wecanexpectalarge(afactoroftwo)enhancement

inthevaluesofZ3DTfortheδ 一〇rmodulation-doped(001)orientedSi(20A)/Ge(20A)

superlatticesamplesrelativetothecorrespondingvaluesforthehomogeneouslydoped

(001)orientedSi(20A)/Ge(20A)sllperlatticesamples.
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increase for the <I-doped samples at low temperatures (T < 120 K) relative to those at 

high temperatures (T "" 400 K) is attributed to the reduced phonon contribution to 

the totaI scattering rate at low temperatures . For the homogeneously doped samples, 

the dominan t carrier scattering mechanism is ioni zed impurity scattering arising from 

impurity ions that are located near the center of the wavefunction (m iddle of the 8i 

layer) within the distance of the Debye screening length. F1Jl"thermore, the phonon 

contribution to the total scattering rate is negligible even above 300 K Therefore, we 

observe a relatively temperature-independent behavior in the theoretically predicted 

values of the carrier mobility as a function of temperature, as seen in Fig. 6-6(a) . 

Finally, plotted in Figs. 6-7 are the theoretically predicted values for the thermo

electric power facto r S2a obtained by combining the corresponding results for lSI 
and a that are discussed in §6.3.l and § 6.3.2, respectively. We find that the the

ol·etically predicted values for S2a for the <5- and modulation-doped (001 ) oriented 

8i(20 A) / Ge(20 A) superlattices are greatly enhanced relative to the corresponding 

values predicted for t he homogeneously doped superlattices. 

The corresponding values for ZooT for the (001) oriented 8i(20 A)/Ge(20 A) su

perlattices assuming the three doping schemes that are discussed in §6.l.l are also 

estimated by combining the predicted values for S2a that are shown in Fig. 6-7 and 

a. temperature-independent value for the t hermal conductivi ty r;, = :5W / m·K (see the 

discussion in §6.2.3) . These theoretically predicted values for Z3DT for (001) oriented 

8i(20 A)/Ge(20 A) superlattices are plotted in Fig. 6-8 as a function of temperature 

together with the corresponding experimental results for an MBE-gTown (001) ori

ented 8i (20 A)/Ge(20 A) superla.ttice sample (sample JL194) that are discussed in 

§5.7.3. As is ev ident in Fig. 6-8, we can expect a large (a factor of two) enhancement 

in the values of Z3DT for the 6- or modulation-doped(OOl ) oriented 8i(20 A)/Ge(20 A) 

superlattice samples relative to the corresponding values for the homogeneously doped 

(001) oriented 8i(20 A)/Ge(20 A) superl attice samples. 
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Figure6-7:ThetheoreticallypredictedvaluesfbrthethermoelectricpowerfactorS2σfbr

(001)orientedSi(20A)/Ge(20A)superlatticesamplesasafunctionoftemperaturefbra

givencarrierconcentrationn=1.5×1019cm-3.Thesecalculationsweremadeusingthe

semiclassicalmodelsthataredevelopedin§6.1assuming(1)homogeneousdopingthrough-

outthewholesuperlattice(solidcurve),(2)modulationdopingonlyintheGelayersof

thesuperlattice(dashedcurve)ラand(3)δ 一dopinginthemiddleofeachGelayerinthe

superlattice(dash-dottedcurve).Alsoshowninthefigurearetheas-measuredvaluesfbr

theexperimentalS2σf()ranMBE-grown(001)orientedSi(20A)/Ge(20A)superlattice

sample(sampleJL194)thatisdiscussedin§5.7,fbrcomparison.
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Figure 6-7: The theoretically predicted values for the thermoelectric power factor S 2(J for 
(001) oriented Si(20 A)/Ge(20 A) superlat t ice samples as a function of temperature for a 
given carrier concentration n = 1.5xl019 cm-3 . These calculations were made using the 
semiclassical models that are developed in §6.l assuming (1) homogeneous doping through
out the whole superlattice (solid curve), (2) modulation doping only in the Ge layers of 
the superlattice (dashed curve), and (3) J-doping in the middle of each Ge layer in the 
superlattice (dash-dotted curve). Also shown in the figure are the as-measured values for 
the experimental S2(J for an MBE-grown (001) oriented Si(20 A)/Ge(20 A) superlattice 
sample (sample JL194) that is discussed in §5.7, for comparison. 
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Figure6-8:ThetheoreticallypredictedvaluesfbrZ3DTfbr(001)oriented

Si(20A)/Ge(20A)superlatticesamplesasafunctionoftemperaturefbragivencarrier

concentrationn=1.5×1019cm-3.Thesecalculationsweremadeusingthesemi-classical

modelsthataredevelopedin§6.1assuming(1)homogeneousdopingthroughoutthewhole

superlattice(solidcurve)ラ(2)modulationdopingonlyintheGelayersofthesuperlattice

(dashedcurve),and(3)δ 一dopinginthemiddleofeachGelayerinthesuperlattice(dash-

dottedcurve).Thevalueofthethermalconductivityusedtoobtainedtheseresultsis

κ=5W/m・K,whichisassumedtobetemperatureindependent.Alsoshowninthe丘gure

aretheexperimentallyestimatedvaluesofZ3DTusingtheas-measuredvaluesforS2σforan

MBE-grown(001)orientedSi(20A)/Ge(20A)superlatticesample(sampleJL194)thatis

discussedin§5.7andusingthetemperature-independentvalueofthethermalconductivity

κ=5W/m・K,forcomparison(alsoseeFig.6-7).
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F igure 6-8: The theoretically predicted values for Z3DT for (001) oriented 
Si(20 A)(Ge(20 A) superiattice samples as a function of temperature for a given carrier 
concent.ration rio = 1.5x lO l9 cm - 3 . These calculat. ions were made nsing t.he semi-classical 
models that are developed in §6.1 assuming (1) homogeneous doping throughout the whole 
superlattice (soLid curve), (2) modulation doping on ly in the Ge layers of the superlattice 
(dashed curve), and (3) o-doping in the middle of each Ge layer in the superia ttice (dash
dotted curve). The value of the th ermal conductivity used to obtained these results is 
" = 5 W ( m·K, which is assumed to be temperature independent. Also shown in the figure 
are the experimentally estimated values of Z3DT using the as-measured values for S2a for an 
IvIBE-grown (001 ) oriented Si(20 A) ( Ge(20 A) superJat tice sample (sample JL194) that is 
disc-lLssed in §5 .7 and tlRing the i;elllperature-lnrlepenriellt val lie or the thennaJ cond uctiv ity 
'" = 5 V\T / m-K, (or comparison (also see Fig. 6-7) . 

318 



6.4 Conclusions

Illthischapter,wehavedevelopedsemi-classicalmodelstopredictthethermoelectric

propertiesofthe(oo1)orielltedSi(20A)/Ge(20A)superlatticesillcludillgiollizedim-

purityscatteringandlongitudinalacousticphonondeformationpotentialscattering.

Wehaveconsideredthefollowingthreedopingschemesexplicitlyinourmodelsto

predicttheeffectoftheδ 一andmodulationdopingtechniquestoenhancethevalues

ofthecarriermobilityrelativetothoseforthehomogeneouslydopedsamples:(1)

Themodelsuperlatticeishomogeneouslydopedthroughoutthewholesuperlattice

(homogeneouslydopedsamples).(2)TheimpurityionsareintroducedonlyinGe

layersofthesuperlattice.WithintheGelayers,theimpurityionsarehomogeneously

distributed(modulation-dopedsamples).(3)Themodelsuperlatticeisδ 一dopedin

themiddleofeachGelayer(δ 一dopedsamples).

Wehaveseensigni丘cantenhancements(afactoroftwotothree,dependingonthe

temperatureandthecarrierconcentration)inthevaluesofthecalclllatedmobilityfor

theδ 一dopedormodulation-dopedsamplesrelativetothecorrespondingvalllesforthe

homogeneouslydopedsamples.ThelargestvalueforZ3D7「thatisobtainedfortheδ 一

dopedsampleat300KisO.49usingaconstantκ=5W/m・Kforthevalueofthermal

conductivity,whichisafactorofmorethantwoenhancementinZ3DTrelativetothe

correspondingvalueforthehomogeneouslydopedsamples(Z3DT=0.22).

Finally,weshollldberemindedthatapracticallymoreinterestingmaterialisthe

(111)orientedSi/Gesuperlattices(see§5.4.2).InChapter5,wehavepredicted

thattheoptimumvalueofZ3D7「fora(111)orientedSi(20A)/Ge(20A)super-

latticeisafactoroffourlargerthanthecorrespondingvaluefora(001)oriented

Si(20A)/Ge(20A)superlattice,usingasimplemodelbasedontheconstantrelaxation

timeapproximation.Inthefuture,thesemi-classicaltreatmentofthethermoelectric

transportcoefficientsforthe(001)orientedSi(20A)/Ge(20A)superlatticesshould

beextendedtopredictthethermoelectricpropertiesofthe(111)orientedSi/Gesu-

perlattices.Combiningtheeffectoftheenhanceddensityofstatesnearthebandedge

inthe(111)orientedSi/Gesuperlattices[relativetothecorresponding(001)oriented
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6.4 Conclusions 

In this chapter, we have developed semi-classical models to predict the thermoelectric 

properties of the (001) oriented Si(20 A)/Ge(20 A) superiattices including ionized im

purity scattering and longitudinal acoustic phonon deformation potential scattering. 

,,ye have considered the following three doping schemes explicitly in our models to 

predict the effect of the 0- and modulation doping techniques to enhance the values 

of the carrier mobility relative to those for the homogeneously doped samples : (1) 

The model superiattiee is homogeneously doped throughout the whole superlattice 

(homogeneously doped samples) . (2) The impurity ions are introduced only in Ge 

layers of the superiattice. Within the Ge layers, the impurity ions are homogeneously 

distributed (modulation-doped samples) . (3) The model superlattice is J-doped in 

the middle of each Ge layer (J-doped samples) . 

vVe have seen significant enhancements (a factor of two to three, depending on the 

temperature and the carrier concentration) in the values of the calculated mobility for 

the o-doped or modulation-doped samples relative to the eorresponding values for the 

homogeneously doped samples. The largest value for Z30T that is obtained for the 0-

doped sample at 300 K is 0.49 using a constant I, = 5 W / m·K for the value of thermal 

conductivity, which is a factor of more than two enhancement in Z30T relative to the 

corresponding value for the homogeneously doped samples (Z30T = 0.22). 

Finally, we should be reminded that a practically more interesting material is the 

(111) oriented Si/Ge superlattices (see §5.4.2). In Chapter 5, we have predicted 

that the optimum value of Z3DT for a (111) oriented Si(20 A)/Ge(20 A) super

lattice is a factor of four larger than the corresponding value for a (001 ) oriented 

Si(20 A)/Ge(20 A) superlattice, using a simple model based on the constant relaxation 

time approximation. In the future, the semi-classical treatment of the thermoelectric 

transport coefficients for the (001) oriented Si(20 A)/Ge(20 A) superlat.tices should 

be extended to predict the t hermoelectric properties of the (111) oriented Si/Ge su

perlattices. Combining the effect of the enhanced density of states near the band edge 

in the (111) oriented Si/Ge superlattices [relative to the corresponding (001) oriented 
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Si/Gesuperlatticesortothecorrespolldingbulkmaterials(SiorGe)]andtheeffect

ofenhallcingthevaluesofthecarriermobilityusingtheδ 一 〇rmodulation-doping

techniques,wecanexpectatrulylargeenhancementinthevalueofZ3DT[relative

tothecorrespondingvaluesforthe(001)orientedSi/Gesuperlatticesandforthe

correspondingconstituentbulkmaterials(SiorGe)]andapracticallyusefulvalueof

Z3DT(Z3DTN2.Oat300K)inthe(111)orientedSi/Gesuperlatticesystems.
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Si/Ge superlattices or to the corresponding bulk materials (Si or Ge)] and the effect 

of enhancing the values of the carrier mobility using the 6- or modulation-doping 

techniques, we can expect a truly large enhancement in the value of Z.,oT [relative 

to the corresponding values for the (001) oriented Si/Ge superJattices and for the 

corresponding constituent bulk materials (Si or Gel] and a practically useful value of 

Z3DT (Z3DT "" 2.0 at 300 I< ) in the (111) orientecl Si/Ge superlatt ice systems. 
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Chapter7

OtherSystemsofInterest

Inthischapter,wewilldescribethematerialssystemsthatareofinterestforfuture

researchonthethermoelectricityoflow-dimensionalorsuperlatticesystems,butare

notincludedinpreviouschaptersofthisthesis.In§7.1,wewillinvestigatethemech-

anismsoftheenhancedthermoelectricpropertiesthatareexperimentallyobservedin

(111)orientedPbTe/Tesuperlattices[92-94].These(111)orientedPbTe/Tesuper-

lattices,andmorerecentlyfound(111)orientedPbSeo .g8Teo.02/PbTe"quantum-dot"

superlattices[93-97],areshowntohaveverylargevaluesofZ3D7「[Z3DT=0.9and

1.9at300Kand550K,respectively,forthePbSeo .g8Teo.02/PbTe"quantum-dot"su-

perlattices]experimentally,butthemechanismsresponsiblefortheobservedenhance-

mentsin52σandZ3DTarenotcompletelyknown.In§7.2,wewillhaveadiscussion

ofthethermoelectricpropertiesofthe(001)orientedPbTe/Pb1_xEu灘Teshortperiod

superlattices.WehaveseeninChapter2thatthevaluesofthetwo-dimens乞onαlZ2D7「

for(001)orientedPbTequantumwells(isolated2Dquantumwells)arepredictedto

beenhancedrelativetothecorrespondingvaluesforthe(111)orientedPbTequantum

wells.Wearenowinterestedinvaluesofthe伽ee-dMens乞onαlZ3DT(丘gllreofmerit

forthewholesllperlattice)for(001)orientedPbTe/Pb1-xEuxTesuperlattices.We

willexaminevariouscombinationsofquantumwellandbarrierlayerthicknesses,and

themagnitudeoftheconductionbandoffset(potentialbarrierheight),tomaximize

theresultantvaluesofthethermoelectricfigureofmeritZ3DTforthewholesuperlat-

tice.Finally,in§7.3wewillintrodllceourrecentproposalofdevelopingpossiblehigh
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Chapter 7 

Other Systems of Interest 

In this chapter , we will describe the materi als systems th at are of interest for future 

research on the thermoelectricity of low-dimensional or superiattice systems, but are 

not included in previous chapters of this thesis. In §7.1, we will investigate the mech

anisms of the enhanced thermoelectric properties that are experimentally observed in 

(111) oriented PbTe/Te superlattices [92- 94]. These (111) oriented PbTe/Te super

latt ices, and more recently found (111) oriented PbSeo.98Teo.odPbTe "qu a.ntum-dot" 

superlattices [93- 97], are shown to have very large values of Z3DT [Z3DT = 0.9 and 

1.9 at 300 K and 550 K, respecti vely, for the PbSeo.98Teo.u2/PbTe "qua.nt um-dot" su

perlattices] experimentally, but the mechanisms responsible for the observed enhance

ments in S2a and Z3DT are not completely known. In §7.2, we will have a discussion 

of the thermoeledrk propert ies of the (001) oriented Pb Te/ P b1- xEux Te short period 

superlattices . We have seen in Chapter 2 tha.t the values of the two-dimensional Z2DT 

for (001) oriented PbTe quantum wells (isolated 2D quantum wells) are predicted to 

be enhanced relativc to the corresponding valucs for the (111) oriented PbTc quantum 

wells. We are now interested in values of the three-dimensional Z3DT (figure of merit 

for the whole superlattice) for (001) oriented PbTe/Pb1_xEux Te superiattices. We 

will exa.mine various combinations of quantum well and barrier layer thicknesses, and 

the magnitude of the conduction band offset (potential harrier height), to l1l&"';:imize 

the resultant values of the thermoelectric figure of merit Z3DT for the whole superiat

t ice. Finally, in §7.3 we will introduce our recent proposal of developing possible high 
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Z3D7「materialsusing(111)orielltedBi/Pb1_xEuxTesuperlattices,wherepractically

usefulvaluesofZ3DT(Z3DTlu2at300K)arepredictedusingasimplemodelbased

ontheconstantrelaxationtimeapProximation.

7.1 Investigationofmechanismsfbrenhancedther一

moelectricpropertiesinPbTe/Tesuperlattices

Inthissection,wewillinvestigatevariouspossiblemechanismsfortherecentlydis-

coveredenhancedvaluesofS2σ(thermoelectricpowerfactor)andZ3DTinthe(111)

orientedPbTe/Tesuperlatticesystemrelativetothecorrespondingvaluesforbulk

PbTe.ItisbelievedthattheobservedenhancementinISIinPbTe/Tesuperlat-

ticessharesthesamebasicphysicaloriginsasthosethatareobservedin(111)

orientedPbSeo .g8Teo.02/PbTe"quantum-dot"superlattices[9296],whosevaluesof

Z3DTareshowntobeevenlargerthanthoseforthe(111)orientedPbTe/Tesuper-

lattices,sincethevaluesofthelatticethermalconductivityκpharereducedinthe

PbSeo .g8Teo.02/PbTe"quantum-dot"superlatticesrelativetobulkvaluesbecauseof

alloyscatteringorboundaryscatteringofphononsatthePbSeo .g8Teo.02/PbTeinter-

faces[93,94].Therefore,investigationofthemechanismsoftheenhancedvaluesof

ISIin(111)orientedPbTe/Tesuperlatticeswouldalsoprovidesomeinsightintothe

mechanismsoftheobservedenhancementinthepowerfactorS2σin(111)oriented

PbSeo .g8Teo.02/PbTe"quantum-dot"superlattices.

We丘ndthat,amongthevariousmechanismswhichwouldaccountfortheobserved

enhancementinS,theenergy-dependent7model(7～ 五1りisthemostplausible

model.Intheenergy-dependent7-model,theeffectivescatteringparameterTis

preferablyincreasedfromthevalllethatfitstheexperimentalresultsforblllkPbTe

(rNO)duetotheadditionalscatteringmechanismsthatareintroducedintothe

systembytheperiodicTe-adsorbedlayers.Othertransportproperties,includingthe

longitudinalmagneto-resistance,arealsoinvestigated(see§7.1.3).
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Z3DT materials using (111) oriented Bi/ Pbr_ .• Eux Te superlattices, where practically 

useful values of Z3DT (Z3DT "" 2 at 300 K) are predicted using a simple model based 

on the constant rel~"ation time approximation. 

7.1 Investigation of mechanisms for enhanced ther

moelectric properties in PbTe/Te superlattices 

In this section, we will investigate various possible mechanisms for the recently dis

covered enhanced values of 52a (thermoelectric power factor) and Z3DT in the (Ill) 

oriented PbTe/ Te superlattice system relative to the corresponding values for bulk 

PbTe. It is believed that the observed enhancement in 151 in PbTe/Te superlat

tices shares the same basic physica.l origins as those that are observed in (111) 

oriented PbSeo.98Teo.Q2/PbTe "quantum-dot" superlattices [92 96], whose values of 

Z3DT are shown to be even larger than those for the (111) oriented PbTe/Te super

latt ices, since the values of the lattice thermal conductivity li:ph are reduced in the 

PbSeO.98 TeO.02/PbTe "quantum-dot" suped attices relative to bulk values because of 

alloy scattering or boundary scattering of phonon8 at the PbSeO.98 TeO.02 / PbTe inter

faces [93,94]. T herefore, investigation of the mechanisms of the enhanced values of 

151 in (111) oriented PbTe/Te superlattices would also provide some insight into the 

mechanisms of the observed enhancement in the power factor 52 a in (111) oriented 

PbSeO.98 TeO.02/PbTe "quantum-dot" superlattices. 

vVe find that , among t he various mechanisms whidl would account for the observed 

enhancement in S, the energy-dependent 7 model (7 ~ Er) is the most plausible 

model. In the energy-dependent 7 model, the effective scattering parameter ,. is 

preferably increased from the value that fits the experimental results for bulk PbTe 

(r "" 0) due to the addi t ional scattering mechanisms that are introduced into the 

system by t he periodic Te-adsorbed layers. Other transport properties, includ ing the 

longitudinal magneto-resistance , are also investigated (see §7.1.3). 
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7.1.1 Introduction

Therehasbeenallincreasinginterestintheenhancedthermoelectricfigureofmerit

ZT(Z=S2σ/κ),whereTisthetemperature,SistheSeebeckcoef且cient,σisthe

electricalconductivity,andκisthethermalconductivity,foramaterialintheform

ofasuperlatticeormultiple-quantum-well(MQw)structure[1-8].Inanearlystage

ofthisresearcharea,mostworkwasfocusedonthestudyoftheenhancedvalueof

ZTonlywithinthequantumwellregionofthesuperlattices(denotedbyZ2DT),that

arepossibleduetothequantumconfinementoftheconductioncarriers(quantum

wellapproach).Anotheradvantageofhavingasuperlatticestructureisthereduced

latticethermalconductivityκphduetotheboundaryscatteringofphononsatthe

barrier-wellinterfaces,whichcontributestotheenhancementofbothZ2DTandZ3DT,

whereZ3DTdenotesthefigureofmeritforthewholesuperlattice.Recently,theidea

ofthequantumwellapproachhasbeenextendedtopredictenhancedvaluesofZ3D7「

forshortperiodGaAs/AIAssuperlattices[48](seeChapter4),whichshowsthatthis

extendedapproachispromisingforfuturethermoelectricapplications.

Anotherapproachtodesignagoodthermoelectricmaterialusingasuperlattice

structureistheso-calledpotentialbarriermodel[55,56](potentialbarrierapproach).

Itissuggestedthatthepotentialbarriersintroducedinthesuperlatticewouldcon-

tributetoamoderateincreaseinSandamoderatedecreaseinσ.Then,theoverall

consequenceisamoderatelyincreasedS2σforoptimizedconditions.Themeritof

havingareducedκphinasuperlatticestructureshouldbepreservedinthepotential

barrierapProachaswell.

Recently,enhancedthermoelectricproperties,relativetothecorrespondingbulk

values,wereexperimentallydiscoveredinMBE-grown,novellead-chalcogenide-based

superlattices,suchasin(111)orientedPbTe/Tesuperlatticesorin(111)oriented

PbSeo .g8Teo.02/PbTe"quantum-dot"superlattices[92-96].Itwasfoundthatthisclass

ofmaterialshasvaluesoftheSeebeckcoefficientISI(rangingfromISI=80μV/K

forn=4.0×1019cm-3toISI=203μV/Kforη=5.8×1018cm-3at300K)

thatarelargerthanthoseforthecorrespondingbulkPbTe(ISI=22μV/Kfor
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7.1.1 Introduction 

There has been an increasing interest in the enhanced thermoelectric figure of merit 

ZT (Z = 5 2(5/K) , where T is the temperature, 5 is t he Seebeck coeffi cient, (5 is the 

electrical conductivity, and K is the thermal conductiv ity, for a material in the form 

of a superlattice or multiple-quantum-well (IVlQW) structure [1-8]. In an early stage 

of this research area, most work was focused on the study of the enh8Jlced value of 

ZT on ly with in the quantum well region of the superlattices (denoted by Z2oT) , that 

are possible due to the quantum confinement of the conduction carriers (quantum 

well approach). Another advantage of having a superJattice structure is the reduced 

lM,tice thermal conrlllct ivity "ph rille to the bOllndary scattering of phollons at the 

barrier-well interfaces, which contributes to the enhancement of both Z2DT anrl Z3DT, 

where Z30T denotes the figure of merit for the whole superlattice. Recently, the idea 

of the quantum well approach has been extended to predict enhanced values of Z3DT 

for short period GaAs/AIAs superlalt.ices [48] (see Chapter 4), which shows LhaL lhis 

extended approach is promising for future thermoelec tric applications. 

Another approach to design a good thermoelectric material using a superJattice 

structure is the so-called potential barrier model [55,56] (potential barrier approach). 

It is suggested that the potential barriers introduced in the superJattice wo uld con

tribute to a moderate increase in 5 and a moderate decrease in (5 . Then, the overall 

consequence is a moderately increased 5 2a for optimized conditions. The merit of 

having a reduced "ph in a superlat tice structure should be preserved in the potential 

barrier approach as well. 

Recently, enhanced thermoelectric properti es, relative to the corresponding bulk 

values, were experimentally discovered in MBE-grown, novellead-chalcogenide-based 

superlattices , such as in (lll) oriented PbTe/Te superJattices or in (ll l ) oriented 

PbSeo.osTeo.o2/PbTe "quantum-dot" superlattices [92- 96]. It was found that t his class 

of materi als has values of the Seebeck coeffi cient 151 (ranging from 151 = 80 /l V /I< 
for n = 4.0 x 1019 cm- 3 to 151 = 203 /lV/K for n = 5.8x 101S cm- 3 at 300 K) 

t hat are larger than those for the corresponding bulk PbTe (151 = 22 ,tV /I< for 
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Table7.1:Summaryofthesuperlatticeparametersandthethermoelectricpropertiesat
300KfbrMBE-grownbulkPbTeandPbTe/Tesuperlatticesamplesthatwereusedinthe

presentstudy.DataaretakenfromRef.[92].

SampleNo.S[μV/K]n[cm-3]μ[cm2/Vs]dpbTe[nm]#ofperiods

T184

T442

T444

T446

T447

一149

-80

-163

-193

-203

7.3×1018

4.0×1019

1.3×1019

8.2×1018

5.8×1018

1200

650

785

880

1015

bulkPbTe

21.6

26.7

29.9

14.8

bulkPbTe

189

189

190

314

η=4.0×1019cm-3andISI=168μV/Kforn=5.8×1018cm-3at300K)bythe

valuesof35-58μV/Kforagivencarrierconcentrationat300K(see§7.1.2).The

valuesfortheobservedHallcarriermobilityforthePbTe/Tesuperlatticesarefound

tobeinthesamerangeas,butslightlysmallerthan,thoseforthecorresponding

PbTebulk(thick)films.CombiningthesevaluesforS(SeebeckcoefHcient)andσ

(electricalconductivity),theresultantvaluesforS2σandZ3D7「,estimatedusingthe

bulkvalueforκphfromtheliterature(κph=2W/m・Kat300K),arefoundtobe

enhancedby23and25%,respectively[9294].Itisnotedthattheoptimumvalues

forS2σandforZ3DToccuratslightlyhighercarrierconcentrationsforthePbTe/Te

superlattices(n。pt～1×1019cm-3)thanforthecorrespondingPbTebulk(thick)films

(nopt～6×1018cm-3)[92-94].

7.1.2 Experimentsandmodels

Thedetailsofthesamplepreparationaregivenelsewhere[92].Brie且y,thePbTe/Te

multilayerstructuresweregrownbymolecularbeamepitaxywherethethicknessof

thePbTelayerwasvariedfrom14.8to29.9nmasshowninTable1.Thethickness

oftheTelayerisbelievedtobe2to3mono-layers(ML),sincewefindthattheTe

layersareonlyadsorbedlayersonthePbTesurface.TheBidopantswereintroduced

intothePbTelayershomogeneouslytomakethematerialn-type.Asummaryofthe

variousproperties(at300K)ofthesamplesthatwereusedinthepresentstlldyis

giveninTable7.1fromRef.[92].
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Table 7.1: Summary of the superlattice parameters and the thermoelectric properties at 
300 K for MBE-grown bulk PbTe and PbTe/Te superlattice samples that were used in the 
present study. Data are taken from Ref. [92]. 

Sample'lo. S [IlV /K] n [cm 3] ,t [cmZ /Vs] dPbTe [nm] # of periods 
T184 -149 7.3x lO 'B 1200 bulk PbTe bulk PbTe 
T442 -80 4.0x 1019 650 21.6 189 
T444 - 163 1.3x lO' 9 785 26.7 189 
T446 - 193 8.2 x lO l8 880 29.9 190 
T447 -203 5.8x lOls 1015 14.8 314 

n = 4.0 x lO19 cm- 3 and lSI = 168 ,tV/K for n = .5 .8x101S cm- 3 at 300 K) by the 

values of 35- 58 IlV / K for a given carrier concentration at 300 K (see § 7.1.2) . T he 

values for the observed Hall carrier mobility for the Pb Te/Te superlattices are found 

to be in the same range as, bu t sli ght ly smaller t han, t hose for the corresponding 

PbTe bulk (thick) films. Combining these values for S (Seebeck coefficient) and (J 

(electrical conductiyity), the resultant values for SZ(J and Z3DT , estimated using the 

bulk value for Kph from the literature (Kph = 2 W /m ·K at 300 K), are fo und to be 

enhanced by 23 and 25 %, respectively [92- 94]. It is noted that the optimum values 

for S2(J and for Z3DT occur at slightly higher carrier concentrations for the PbTe/Te 

superlattices (noPt~ 1 x 1019 cm- 3) than for the corresponding PbTe bulk (thick) films 

(noPt~6xlOlB cm- 3) [92- 94] . 

7.1.2 Experiments and models 

The details of the sam ple preparation are given elsewhere [92]. Driefly, the PbTe/Te 

mult ilayer st ructures were grown by molecular beam epitaxy where the thickness of 

the PbTe layer was varied from 14.8 to 29.9 nm as shown in Table 1. The thickness 

of the Te layer is believed to be 2 to 3 mono-layers (ML), since we find that the Te 

layers are only adsorbed layers on the P bTe surface. T he Bi dopants were introduced 

in to the PbTe layers homogeneoll sly to make t he material n-ty pe. A summary of the 

various properties (at 300 K) of the samples t hat were used in the present study is 

given in Table 7.1 from Ref. [92]. 
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ShownillFig.7-1isaplotoftheexperimelltalSeebeckcoef丘cielltasafullctionof

Hallcarriercollcentration[92]togetherwiththetheoreticalcurvescalculatedusillg(a)

anenergy-dependent7model,and(b)apotentialbarriermodel,whicharedescribed

inmoredetailbelow.Firstwediscussthepossibilityofhavinganenhancedeffective

mass,whichisrelevanttohavingaquantumconfinementofelectrons.

Intheconstantrelaxationtimeapproximation,theSeebeckcoef丑cientSandthe

carriercollcentrationnforamaterialwithparabolicellergyballdsareexpressedas

5-一 ㌘ 鳴1;1一 ぐ)andη 一i、(2睾 丁)号(晦 ・(ぐ), (7.1)

respectively,where、Fi(ζ*)denotestheFermi-Diracrelatedintegralsdefinedelse-

where[14].We丘ndthatSisafunctionofonlythereducedchemicalpotential

ζ*(ζ*=ζ/kBT),whereasthecarrierconcentrationisproportionaltothepower3/2

・fthedensity-・f-statesmassm*[m*-N2/3(吻 ∂1/3],whe・eNisthenumber・f

equivalentvalleysintheBrillouinzone.Thisimpliesthattheincreasedeffectivemass

alongthesuperlatticegrowthdirectionduetoquantumconfinementcouldaccount

fortheobservedenhancedS.However,weexcludethispossibilitybecause:1)wedid

notobserveanydifferenceintheopticalbandgapbetweenthePbTe/Tesuperlat-

ticesandMBE-grownPbTe,whichimpliesthatnoquantumconfinementispresentin

thesesuperlatticesamples,2)theperiodically-introducedTelayersinthePbTe/Te

superlatticesaresothin(0.8-1.5nm)thatitishardlybelievedthattheTelayers

behaveaseitherquantumwellsorbarrierlayers,and3)ifthequantumconfinement

effectispresentin(111)orientedPbTesuperlattices,thevaluesofISIarepredicted

toberedllced,ratherthanincreased,relativetothecorrespondingvaluesforbulk

PbTeatthesamecarrierconcentrationbecauseoftheliftingofthevalleydegeneracy

aswediscussin§7.2.

Energy-dependentTmodel

Sincethepossibilityofhavingaquantumconfinementeffectin(111)orientedPbTe/Te

superlatticesisexcludedasdiscussedabove,wecanregardollrPbTe/Tesllperlattices
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Shown in F ig. 7-1 is a plot of the experimental Seebeck coefficient as a function of 

Hall carrier concentration [92J together with the theoretical curves calculated using (a) 

an energy-dependent T model, and (b) a potential barrier model, which a re described 

in more detail below. First we discuss the possibi li ty of having an enhanced effect ive 

mass, which is relevant to having a quantum confinement of electrons. 

In the constant relaxation t ime approximation, t he Seebeck coefficient 5 and tbe 

carrier concentrat ion n for a material with parabolic energy bands are expressed as 

3 

5 - kR (5F.1/2((' ) (') d _ 1 (2 kRT ) ' ( ' )~F (') - -- - an n - - --.,- m 1 1/2 ( , 
e 3F1/ 2 ((') 2 71"2 /j-

(7.1 ) 

respectively, where F;((' ) denotes the Fermi-Dirac related integrals defined else

where [14J. We find that 5 is a function of on ly the reduced chemical potential 

(* ((* = (/ kBT), whereas t he carrier concentration is proportional to the power 3/2 

of the density-of-states mass m' [m* = N2/3(mzml)1/3], where N is the number of 

equivalent valleys in the Brillouin zone. This implies that the increased effective mass 

along the superlattice growth direction due to quantum confinement could account 

for the observed enhanced 5. However , we exclude this possibili ty because: 1) we did 

not observe any d ifference in t he optical band gap between the PbTe/Te superlat

t ices and MBE-grown PbTe, which implies that no quantum confinement is present in 

these superla ttice samples, 2) the periodically-introduced Te layers in the PbTe/Te 

superlattices are so th in (0.8- 1.5 nm ) that it is hardly believed that the Te layers 

behave as either quantum wells or barrier layers, and 3) if the quantum confinement 

effect is present in (111) oriented PhTe sllperlat.t. ices, the vailles of 151 are predicted 

to be reduced, rather than increased, relative to the corresponciing values for bulk 

PbTc at the same carrier concentration because of the lift ing of the valley degeneracy 

as we discuss in §7.2. 

Energy-dependent T model 

Since the possibility of having a quantum confinement effect in (Ill) oriented PbTe/Te 

superlattices is excluded as discussed above, we can regard our PbTe/Te superlattices 
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Figure7-1:Fittingoftheexperimentaldatausingpossiblemodels:(a)Energy-dependent

Twithvariousvaluesofthescatteringparameterr.(b)Potentialbarriermodelwithvarious
valuesofthepotentialbarrierenergyEo.TheexperimentaldataaretakenfromRefs.[15]

and[92].
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Figure 7-1: Fitting of the experimental data using possible models: (al Energy-dependent 
T with various values of the scattering parameter r . (b) Potential banier model with various 
values of the potential barrier energy Eo. T he experimental data are taken from R.efs. [15J 
and [92]. 
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asa3D(bulk)materialwithsomemodifiedscatteringmechanisms.

OnepossibilitywhichmayexplaintheobservedenhallcementinISIilla3Dbulk

systemisthepreferablymodifiedenergydependenceof7.Assuming7～ 、E「,where

Eistheenergyforanelectronandrdenotesascatteringparameter,Sforabulk

semiconductorisexpressedas

5-一 無(躊 絵1!li-i}i(i;1イ)・ (7.2)

ItisknownthatthescatteringparameterTis-1/2forlongitudinalacousticphonon

deformationpotentialscattering,1/2forpiezoelectricscatteringduetotheacoustic

phonons,and3/2forionizedimpurityscattering.ShowninFig.7-1(a)isthethe-

oreticalfittingoftheexperimentaldatausingvariousvaluesforr.Itisfoundthat

7-=1to1.5wouldexplaintheobservedenhancementinS,whichiswellwithinthe

rangeofvaluesfortheconventionalscatteringmechanisms.Therefore,futurework

shouldbefocusedoninvestigationofthescatteringmechanismsassociatedwiththe

extraTelayersinthePbTe/Tesuperlattices,sincetheymaymodifythedetailsof

thescatteringmechanismsfortheconductionelectronsandgivethesameeffectas

increasingT(thehigherther,thehighertheSforagivenζ*).Thus,weneedto

investigateothertransportpropertiessuchasthelongitudinalmagneto-resistanceof

thePbTe/Tesuperlattices(see§7.1.3)toobtainfurtherinformationonthescattering

mechanismsthatareresponsiblefortheenhancedvaluesofISI.

Potentialbarriermodel

Wehavealsoconsideredwhethertheso-calledpotentialbarriermodel(PBM),pro-

posedbyRoweetα1.[55]andNishioetα1.[56],collldexplaintheobservedenhance-

mentinSforthePbTe/Tesuperlatticesamples.Inthismodel,Siscalculated

assumingthattherelaxationtime7iszeroiftheenergyoftheelectronEissmaller

thansomevalueofthepotentialbarrierenergyEo,and7=70if五lislargerthan

Eo,where70isassllmedtobeindependentofEforsimplicity.ShowninFig.7-1(b)

aretheresultsofthetheoreticalfittingtotheexperimentaldatausingthePBMwith
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as a 3D (bulk) material with some modified scattering mechanisms. 

One poss ibility which may expla in the observed enhancement in 151 in a 3D bulk 

system is the preferably modified energy dependence of 7 . Assuming 7 ~ E r, where 

E is the energy for an electron and T denotes a scattering parameter, 5 for a bulk 

semiconductor is expressed as 

5 = _ k[J ( (1' + 5/2)Fr +3/ 2 (") _ C) . 
e (1' + 3/2)Fr +1/ 2 ( <) 

(7.2) 

It is known that the scattering parameter 7' is - 1/2 for longitudinal acoustic phonon 

deformation potential scattering, 1/ 2 for piezoelectric scattering due to the acoustic 

phonons, and 3/2 for ioni zed impurity scattering. Shown in F ig. 7-1 (a) is the the

oretical fitti ng of the experimental data using various values for r . It is found tha t 

r = 1 to 1.5 would explain the observed enhancement in 5, which is well within the 

range of values fo r the conventional scattering mechanisms. Therefore, future work 

should be focused on investigation of the scattering mechanisms associa.ted with the 

extra Te layers in the PbTe/ Te superlattices, since they may modify the details of 

the scattering mechanisms for the conduction electrons and give the same effect as 

increasing 'J' (the higher t he T, the higher the 5 for a given (') . T hus, we IJeed to 

investigate other transport properties such as the longitudinal mag11eto-resistance of 

the PbTe/Te superlattices (see §7.1.3) to obta in furt her information on the scattering 

mechanisms that are responsible for the enhanced val ues of 151. 

Potential barrier model 

We have also considered whether the so-called potential barrier model (PBM), pro

posed by Rowe et at. [55] and Nishio et al. [56], could explain the observed enhance

ment in 5 for the PbTe/Te superlattice samples . In th is model, 5 is calculated 

assuming tha t the relaxation time 7 is zero if the energy of the electron E is sm aller 

than some value of the potent ial barrier energy Eo, and 7 = 70 if E is larger than 

E o, where TO is assumed to be independent of E for simplicity. Shown in Fig. 7-1 (b) 

are the resul ts of the theoret ical fi tti ng to the experimental data using the PBlv[ with 
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variousvaluesforEo.We丘nd:1)thePBMwithreasoIlablysmallvaluesof、Eo(typ-

ically、Eoty50meV)predictalargeenhancemelltillSonlyatrelativelysmallcarrier

concentrationsn(typicallyn〈5×1018cm-3)anddonotpredictasuf丘cientenhance.

mentatlargercarrierconcentrations(typicallyη>1×1019cm-3)and2)althoughthe

differenceintheexperimentalSbetweenthePbTe/TesuperlatticeandbulkPbTeat

agivennisalmostconstantasafunctionofn,thePBMpredictsthatthedifference

in5betweenthesampleswithandwithoutthepotentialbarriersshoulddecrease

withincreasingn.Becauseofthesediscrepancies,wealsoconcludethatthePBM,

atleastinitspresentform,doesnotdescribetheobservedenhancedthermoelectric

properties(Seebeckcoefficient)forthePbTe/Tesuperlatticescorrectly.

7.1.3 Longitudinalmagneto-resistance,

Hallmobility

magneto-mobilityand

Ouranalysisintheprevioussubsectionsuggeststhatamoredetailedstudyofthe

transportpropertiesofthePbTe/Tesuperlatticesisneededtocollectmoreinforma-

tiononthedetailsofthescatteringmechanismsduetotheextraTelayers.Here,we

chosetostudythelongitudinalmagneto-resistanceforthispurpose.Boththemag-

neticfieldandtheelectriccurrentareapPliedparalleltotheplaneofthesuperlattice,

i.e.,inthe(110)direction.Consideringtherelativegeometriesamongthefourequiv-

alent、L.pointvalleysinthisconfiguration,wecancalculatethemagneto-conductivity

tensorσ(B),usinganequationofmotionforanelectron,e(E十v×B)=mv/7.

Thelongitudinalmagneto-resistance(△R/Ro,where、Roisthezerofieldresistance)is

thenreadilydeducedfromthemagneto-conductivitytensorσ(B).Thisformulation

suggeststhatthecoeflicientforthe、B2terminthemagneto-resistanceisrelatedto

thecarriermobilityμMby[25]:

△ ρ2
=μM

ρB21i。ngit .

3・K(・K-1)2

(2・κ+1)3

,WhereμM一 喜(21-十 一m
tMl)嶋)㌦d

K=竺.
mt

(7.3)

InEq.7.3,(〈 τ島〉/〈7M>)1/2≡7f・ ・thec・nstant7apP・ ・ximati・n.
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various values for Eo. We find : 1) the PBM with reasonably small values of Eo (typ

ically Eu ~ 50 me V) predict a large enhancement in S only at relati vely small carrier 

concent rations n (typically 17, < 5x l018 cm- 3) and do not predict a sufficient enhance

ment at larger carrier concent rat ions (typically n > lxlO'D cm- 3) and 2) although the 

di fference in the experimental S between the PbTe/Te superl attice and bulk PbTe a t 

a given 11, is almost constant as a fun ct ion of 17" the PBN! predi cts that the difference 

in S between the samples with and without the potent ial barriers should decrease 

with increasing n. Because of these discrepancies, we also conclude that t he P BM, 

at least in its present fon n, does not describe the observed enhanced thermoelectric 

properties (Seebeck coefficient) fo r the PbTe/Te superlattices correctly. 

7.1.3 Longitudinal magneto-resistance, magneto-mobility and 

Hall mobility 

Our analysis in the previous subsection suggests that a more detailed study of the 

transport properties of t he PbTe/Te superlatt ices is needed to collect more informa

t ion on tlie detai ls of the scattering mechanisms due to the extra Te layers. Here, we 

chose to study the longitudinal magneto-resistance for this purpose. Both the mag

netic fie ld and the electric current are applied parallel to the plane of the superlatt ice, 

i.e., in the (flO) direction. Considering the relati ve geometries among the four equiv

alent L-point valleys in t his configuration, we can calculate the magneto-conductivity 

tensor u (B ), using an equat ion of motion for an electron, e (E + v x B ) = mv /T. 
The 10ngitudin aJ magneto-resista.nce (6R/ Ro, where Ro is the 7,ero fi eld resistance) is 

then readily ded uced from the magneto-conductivity tensor u (B ). This formulation 

suggests that the coefficient fo!' the B 2 term in the magneto-resistance is related to 

t he ca.rrier mobili ty fLM by [25] : 

6p I 2 3](( T< - 1]2 
pB 2 . = fLM (2]( + 1)3 ' 

longlt. 

In Eq. 7.3, ((T~1 )/(TM))1!2 == T for the constant T approximation. 
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and ]( = mi. 
'1nt 

(7.3) 
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Figure7-2:Thecalculated(a)andtheexperimental[(b)ラ

longitudinalmagneto-resistanceforbulkPbTe[(a)and(b)]andfbrPbTe/Tesuperlattices

(candd)atvarioustemperatures.SeeTable7.1fbrthepropertiesofthevarioussamples.

0246

B[T】

(c)and(d)]resultsfヒ)rthe

ShowninFig.7-2(a)aretheresultsofcalculationsusingtheexperimentallyob-

tainedvaluesforthemagneto-mobilityμMforMBE-grownbulkPbTe(seeFig.7-3a).

ThevaluesμM=5100,13100,38000,and53000cm2/Vsareutilizedinthesecalcula-

tionsforT=150,77,30,and4.5K,respectively,undertheconstant7approximation.

Thegenericfeaturesshowninthisfigureare:1)～ 、B2dependenceof△R/Roatsmall

magneticfield、B,2)asaturationbehaviorof△R/Roatlargemagneticfield(thisefL

fectismostpronouncedatlowtemperature),and3)thesaturationlevelfor△ 、R/Ro

isjustaboveO.2.

ShowninFig.7-2(b)aretheexperimentalresultsforMBE-grownbulkPbTe

(T184).WefindtheabovethreegenericfeaturesinFig.7-2(b)forT=150,77and

30K.However,wealsoseenon-genericfeatures,sllchasthenon-satllrationeffect
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Figure 7-2: T he calculated (a) and the experimental [(b), (c) and (d)] results for the 
longitudinal magneto-resistance for bulk PbTe [(a) and (b)] and for PbTe/Te superJattices 
(c and d) at. various temperatmes. See Table 7.1 for the proper ties of the vm'ious samples . 

Shown in Fig. 7-2(a) are the results of calculations using the experimentally ob

tained values for the magneto-mobili ty {LM for TVIBE-grolVn bulk PbTe (see Fig. 7-3a). 

The values J.lM = 5100, 13100, 38000, and 53000 cm2/Vs are utilized in these calcula

tions for T = 150, 77, 30, and 4.5 K, respectively, under the constant 'T approximation. 

The generi c features shown in this figure are: 1) ~ B2 dependence of 6R/ Ro at small 

magnetic field E, 2) a saturation behavior of 6R/ Ro at large magnetic field (this ef

fect is most pronounced at low temperature) , and 3) the saturation level for 6R/ Ru 

is just above 0.2. 

Shown in Fig, 7-2(b) are the experimental results for MBE-grown bulk PbTe 

(T184) . We find the above three generic features in Fig. 7-2(b) for T = 150, 77 and 

30 K. However, we also see non-generic features, such as the non-saturation effect 
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of△R/Ro,athighmagneticfieldandatlowtemperatures(T=4.5and30K).

Thisdiscrepallcymaybecausedbyellterillgthequalltizingfieldregime,whichis

consistentwiththeapPearanceofoscillationsin△R/RoathighBfortheT=4.5

Kdata.Oursemi-classicalmodelisnotstrictlyvalidinthisregime.Shownin

Figs.7-2(c)and(d)aretwotypicalexperimentalbehaviorsobservedforthePbTe/Te

superlattices(T446andT447),thataredistinctfromthegenericbehaviordiscussed

above.ItisIlotedthatmostoftheotherPbTe/Tesuperlatticesamplesthatwere

investigatedalsoshowedeitherofthesetwotypesofbehaviorinthelongitudinal

magneto-resistancemeasurement.†Figure7-2(c)showsalinearlyincreasing△R/Ro

withmagneticfieldbelowT=30K,whereasthedatainFig.7-2(d)showasharp

peakin△R/RoaroundO.3TwhichbecomesverypronouncedbelowT=30K.

Atpresent,wedonotknowtheexactoriginoftheseunexpectedbehaviorsinthe

longitudinalmagneto-resistanceforPbTe/Tesuperlattices.Howevertheremightbe

somerelationbetweentheobservedanomaliesinthelongitudinalmagneto-resistance

andtheobservedenhancementsinSforthePbTe/Tesuperlattices.

Despitetheanomalousbehaviorsdiscussedabove,thebehavioroftheobserved

magneto-resistanceinthelowfieldregime(typically<0.1T)isconsistentwiththe

transportpropertiesinzerofield.ShowninFig.7-3(a)arethetemperature-dependent

mobilitydeducedfromthemeasuredlongitudinalmagneto-resistancedataviaEq.7.3.

WefindthatthecarriermobilityobtainedfromtheHallmeasurements(denotedby

μH)[seeFig.7-3(b)]isinqualitativeagreementwiththemobilityobtainedfromthe

longitudinalmagneto-resistancemeasurements(denotedbyμM)[Fig.7-3(a)].

7.1.4 Conclusions

Variouspossiblemechanismsareinvestigatedtoexplaintherecentlydiscovereden-

hancedSeebeckcoeflicientinthe(111)orientedPbTe/Tesuperlattices.Theenergy

dependent7model(7～E「)isfoundtobethemostreasonablemodelamongthe

varioustheoreticalmodelsconsidered.Thusfutureresearchshollldfocusoninves一

†SomePbTe/Tesamples(T442andT444)showedbehaviorsthataremoreconsistentwiththe

genericbehaviorobtainedbythemodelcalculation(Fig.7-2a)thanforsamplesT446andT447.
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of 6.R/ Ro, at high magnetic field and at low temperatures (T = 4.5 and 30 K). 

This discrepancy may be caused by entering the quantizing field regime, which is 

consistent with the appearance of oscillations in 6.R/ Ro at high B for the T = 4.5 

K data. Our semi-classical model is not st ri ctly valid in this regime. Shown in 

Figs. 7-2(c) and (d) are two typical experimental behaviors observed for the PbTe/Te 

sllperlattices (1'446 and 1'447), that are d istinct from the generic behavior discussed 

above. It is noted that most of the other PbTe/1'e superla ttice samples that were 

investigated also showed either of these two types of behavior in the longitudinal 

magneto-resistance measurernent. t Figure 7-2(c) shows a linearly increasing 6.R/ Ro 

wit h magnetic field below T = 30 K, whereas the data in Fig. 7-2(cl) show a sharp 

peak in 6.R/ Ro around 0.3 l' whicll becomes very pronounced below T = 30 K. 

At present, we do not know the exact origin of these unexpected behaviors in the 

longitudinal magneto-resistance for PbTe/Te superiattices. However there might be 

some relation between the observed anomalies in the longitudinal magneto-resistance 

and the observed enhancements in 5 for the PbTe/Te super lattices. 

Despite the anomalous behaviors discussed above, the behavior of the observed 

magnet.o-resistance in the low fie ld regime (t.ypically < 0.1 1') is consistent with the 

transport properties in zero field. Shown in Fig. 7-3(a) are the temperature-dependent 

mobili ty deduced from the measured longitudinal magneto-resistance data via Eq . 7.3. 

We find that the carrier mobility obtained from the Hall measurements (denoted by 

f.'H) [see Fig. 7-3(b)] is in qualitative agreement with the mobility obtained from the 

longituclinal magneto-resistance measurements (denoted by ,1M) [Fig. 7-3(a)]. 

7.1.4 Conclusions 

Variolls possible mechanisms are investigated to explai n the recently discovered en

hanced Seebeck coefficienl in the (111) oriented PbTe/Te superlaLtices. T he energy 

dependent T model (T ~ E r) is found to be the most reasonable model among the 

various theoretical models considered. Thus future research should focus on inves-

tSome PbTe/Te samples (T442 and T444) showed behaviors that are more consistent with the 
generic behavior obtained by the model calculation (Fig. 7-2a) than for samples T446 and T447. 
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grownbulkPbTe(T184)andforfourdifferentPbTe/Tesuperlatticesasafunctionof

temperature[98].
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Figure 7-3: (a) Magneto mobility ,"M calculated from the longitudinal magneto-resistance 
measurements via Eq. 7.3 and (b) the experimental Hall carrier mobility I'H, for MBE
grown bulk PbTe (T184) and for four different PbTe/Te superlattices as a function of 
temperature [98] . 
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tigationoftheeffectivescatterillgparameterTforthescatterillgduetotheextra

Telayers.Thelongitudinalmagneto-resistanceofPbTe/Tesuperlatticeshasbeell

investigatedforthispurpose.Thelowfieldlongitudinalmagneto-resistancemeasure-

mentsarefoundtobeconsistentwiththelow丘eldHallmobilitymeasurementsfor

allthesuperlatticesamples.Someanomaliesarefoundinthemeasuredlongitudinal

magneto.resistanceasafunctionofmagneticfieldatlowtemperatures.Therelation

betweentheseanomaliesalldtheobservedenhallcedSeebeckcoef丘cielltshouldbe

investigatedinmoredetailinthefuture,especiallywithregardtopossibleenergy-

dependentrelaxationtimeprocesses.

7.2 (001)orientedPbTe/Pb1_xEuxTeshortperiod

superlattices

ThetheoreticalmodelingofZ3DTfor(001)orientedPbTe/Pb1_cvEuxTeshortperiod

superlatticeswasfirststartedwhilewewereinvestigatingpossiblemechanismsfor

theenhancedS2σandZ3DTthatareobservedinthe(111)orientedPbTe/Tesuper-

latticesorinthe(111)orientedPbSeo .g8Teo.02/PbTe"quantum-dot"superlattices,as

wediscussedin§7.1.Intheseinvestigations,wehavefirstconsideredthequantum

confinementeffectasapossiblemechanismthatisresponsiblefortheobserveden-

hancementsinS2σandZ3DTandwehavemadeextensivemodelingeffortstotest

whetherornotthequantumconfinementeffectcanaccountfortheobservedenhance-

mentinZ3DTinthissystem.Wehavespeci丘callyusedtheKr6nig-Penneymodel

(seeChapter4)tomodelthequantumconfinementeffectinthePbTe/Tesuperlat-

tices,wherewehaveassumedthatthethinTelayersinthePbTe/Tesuperlattices

providepotentialbarriersthathaverelativelylargevaluesforthebarrierheight(ノb

(u。>1ev).

Whatwehavefoundinthesemodelingefforts,however,wasadecrease,rather

thananincrease,inthevaluesofZ3DT,ifaquantumconfinementeffectispresentin

the(111)orientedPbTe/Tesuperlattices,becausethedensityofstatesforelectrons
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tigation of the effective scattering parameter r for the scattering due to the extra 

Te layers. The longitudinal magneto-resistance of PbTe/Te superlattices has been 

investigated for this purpose. The low field longitudinal magnet,Q-resistance measure

ments are found to be consistent with the low fi eld Hall mobility measurements for 

all the superlattice samples. Some anomalies are fo und in the measured longitudinal 

magneto-resistance as a fUllction of magnetic fi eld at low temperatures. The relation 

between these anomalies and the observed enhanced Seebeck coefficient should be 

investigated in more detail in the fn ture, especially with regard to possible energy

dependent relaxation time processes. 

7.2 (001) oriented PbTe/Pb1_xEux Te short period 

superlattices 

The theoretical modeling of Z3DT for (001) oriented PbTe/Pb,_xEux Te short period 

superlattices was first started while we were investigating possible mechanisms for 

the enhanced S2iJ and Z3DT that are observed in the (111) oriented PbTe/Te super

lattices or in the (111) oriented PbSeo.9sTeo.o2/PbTe "quantum-dot" superlatt ices, as 

we discussed in §7.1. In these investigations, we have first considered the quantum 

confinement effect as a possible mechanism that is responsible for the observed en

hancements in S2iJ and Z3DT and we have made extensive modeling efforts to test 

whether or not the quantum confinement effect can account for the observed enhance

ment in Z3DT in this system . We have specifically used the Kron ig-PeJUley model 

(see Chapter 4) to model the quantum confinement effect in the PbTe/Te superlat

t ices, where we have assumed that the thin Te layers in the PbTe/Te superlattices 

provide potential barriers that have relat ively large values for the barrier height Uo 

(Uo > 1 eV) . 

vVlta.l we ha.ve found in these modeling efforts, llOwever, was a decrease, rat Iter 

than an increase, in the values of Z3DT , if a quantum confinement effect is present in 

the (Ill) oriented PbTe/Te superlattices, because the density of states for electrons 
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Figure7-4:PlotofthecalculatedthermoelectricfigureofmeritZ3DTattheoptimum

carrierconcentrationat300Kfbr(111)orientedPbTe-basedsuperlattices(normalizedby

thecorrespondingvaluefbrbulkPbTe)asafunctionofthequantumwellwidthdw.In

obtainingtheseresults,arelativelysmallvaluefordB(barrierlayerthickness)[dB=3A],

andrelativelylargevaluesofthepotentialbarrierheightUo(Uo=1,3,and9eV)areutilized

tosimulatetheeffectoftheextraTelayersinthePbTe/Tesuperlattice.Thecalculated

valuesfbrthese(111)orientedPbTe-basedsuperlatticesarefbundtobereducedrelativeto

thecorrespondingvaluefbrbulkPbTe,duetotheliftingofthevalleydegeneracy[22](see

textandChapter2formorediscussion)ラwhichcontradictstheexperimentalobservationin

§7.1.

nearthebandedgeisreducedrelativetothatforthecorrespondingblllkPbTedlle

tothelif毛ingofthevalleydegeneracy[22](seeChapter2).ShowninFig7-4are

examplesofsuchmodelcalculations,wheretheoptimumvaluesofZ3DTat300K

[denotedbyZ3DT(ぐ 。pt)]areplottedasafunctionofthequantumwellwidthdwfor

variousvaluesforthepotentialbarrierheightZフb.InobtainingtheresultsinFig.7-4

(andalltheotherresultsshowninthissection),wehaveusedvaluesofmt=0.0335m

andml=0.35mfbrthetransverseandthelongitudinalcomponentsoftheeffective

masstensor,respectively.Wehavealsoassumedthatboththequantumwellsand

thebarrierlayersofthesuperlatticehavethesamevaluesformtandmg,respectively,

forsimplicity,andthatthevalueofthelatticethermalconductivityκphfbrthe(111)

orientedPbTe/TesuperlatticesisthesameasthatforbulkPbTe(κp止 、=2W/m・K

at300K).Aswehaveseenin§7.1,the(111)orientedPbTe/Tesuperlatticesthat
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Figure 7-4: Plot of the calculated thennoelectric figure of merit Z3DT at the opt imum 
carrier concentration at 300 K for (1 11) oriented PbTh-based superlattices (normalized by 
the corresponding ,,"dlue for bulk PbTe) as a function of the quantum well width dw . In 
obtaining these results, a relatively small value fOl' dB (barrier layer thickness) [dB = 3 AJ, 
and relatively large values of the potential barrier height Uo (Uo = 1,3, and 9 eV) are utilized 
to simulate the effect of the extra Te layers in the PbTe/Te superlattice. The calculated 
values for these (11 1) oriented PbTe-based superlattices are found to be reduced relative to 
the corresponding value for bulk PbTe, due to the lifting of the valley degeneracy [22] (see 
text and Chapter 2 for more discussion), which contradicts the experimental observat ion in 
§7.1. 

near the band edge is reduced relative to that for the corresponding bulk PbTe due 

to the lift ing of t he vall ey degeneracy [22] (see Chapter 2) . Shown in Fig 7-4 are 

examples of such model calculations, where the optimum values of Z3DT at 300 K 

[denoted by Z3DT((opt )] are plotted as a fuuction of the quantum well width <iw for 

various values for the potential barrier height Uo. In obtaining the results in Fig. 7-4 

(and all t he other resu lts shown in th is sect ion) , we have llsed values of mt = 0.0335 m 

and mt = 0.35 m for the transverse and the longitudinal components of the effect ive 

mass tensor , respectively, vVe have also assumed that both the quantum wells and 

the barrier layers of t he superlattice have the same values for mt and mt , respectively, 

for simplicity, and that t he va lue of t he lattice thermal conductivity Kph for the (111) 

oriented PbTe/Te sllperlattices is the same as that for bulk P bTe (Kph = 2 W / m·K 

at 300 K). As we have seen in §7.1 , the (111) oriented PbTe/Te superlattices that 
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showedeIlhancedvaluesofS2σalldZ3DThavePbTe-layerthicknesses(dw)inthe

rangebetween150Aand300AalldthethicknessfortheTelayers(dB)isverysmall

　 　
(～3A).Therefore,usingthevalueofdB=3Aforthebarrierlayerthickness,the

valueofZ3DTattheoptimumcarrierconcentrationisplottedasafunctionofthe

quantumwellwidth(dw)forUo=1,3andgeVinFig.7-4.

Althoughthe2Dquantumconfinementeffectdidn'tturnouttobethemecha-

nismthatisresponsiblefortheobservedenhancementsinS2σandZ3DTinthe(111)

orientedPbTe/Tesuperlattices,themodelingresultsobtainedduringthisinvestiga-

tionsuggestedthattherearedifferentregimesingeometryandorientation,where

thequantumconfinementeffectcouldbeusedforenhancingthevaluesofZ3DTfor

thewholesuperlatticeinPbTe-basedsuperlattices[or,morebroadly,inthelead-

chalcogenide-basedsuperlattices,sinceallthelead-chalcogenides(PbTe,PbSeand

PbS)havemanypropertiescommontooneanother].Theseregimes,whichwehave

folmdinourpreliminarymodelingstudy,aresummarizedasfollows:(1)Super-

latticeshavetobegrowninthe(001)orientationtoavoidtheliftingofthevalley

degeneracyaswediscussedinChapter2.(2)Relativelylargevaluesofthepoten-

tialbarrierheight(conductionbandoffset)(>0.5eV)arenecessaryinordertoseea

substantialenhancementinthevaluesofZ3DTforthewholesuperlatticerelativeto

thatforthecorrespondingbulkmaterial.(3)Thevaluesforthesuperlatticeperiod

(dw十dB)havetobesmaller(dw十dBN60A)thanthosewehaveseenforthe

(111)orientedPbTe/Tesuperlattices(dw十dBN150-300A).Itisalsonotedthat,

inordertoobtainthemaximumvalueofZ3DT,thevaluesofdwanddBhavetobe

properlyoptimizedforagivenvalueofthepotentialbarrierheightUoandforagiven

valueofthetemperatureTaswediscllssedinChapter4.Inthissection,weshow

theresultsoftheseoptimizationprocessesthatwereperformedon(001)oriented

PbTe/Pb1_xEuxTeshortperiodsuperlatticesystems.

7.2.1 Choiceofthebarriermaterial

AswehavediscllssedinChapter2,Pb1_ccEuxTealloysprovidevariousproperties

thatareidealforthesematerialstobeusedasthebarrierlayersforthePbTe-based
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showed enhanced values of S2u and Z3DT have PbTe-layer thicknesses (dw ) in the 

range between 150 A and 300 A and the thickness for the Te layers (dB) is very small 

(~3 A) . T herefore , using the value of dB = 3 A for the barrier layer thickness, the 

value of Z3DT at t he optimum carrier concentration is plotted as a fu nction of the 

quantum well width (dw ) for Uo = 1, 3 and 9 eV in Fig. 7-4. 

Although the 2D quantum confinement effect did n't tu rn out to be the mecha

nism that is responsible for the observed enhancements in S2U and Z3DT in the (111) 

oriented PbTe/Te superlattices, the modeling results obtained during this investiga

t ion suggested that there are different regimes in geometry and orientation, where 

t he quantum confinement effect could be used for en hancing the values of Z3DT for 

the whole superlattice in PbTe-based superlattices [or , more broadly, in the lead

chalcogenide-based superlattices , since all the lead-chalcogenides (PbTe, PbSe and 

PbS) have many properties common to one another]. T hese regimes, which we have 

found in our preliminary model ing study, are summarized as follows: (1) Super

lattices have to be grown in the (001) orientat ion to avoid the lifti ng of the valley 

degeneracy as we discussed in Chapter 2. (2) Relatively large values of the poten

t ial barrier height (conduction band offset.) (>0.5 eV) are necessary in order to see a 

substantial enhancement in the values of Z3DT for the whole superlattice relative to 

t hat for the corresponding bulk material. (3) T he values fm the superlattice period 

(dw + dB) have to be smaller (dw + dB "" 60 A) than those we have seen for the 

(111) oriented PbTe/ Te superlattices (dw + dB "" 150-300 A) . It is also noted that, 

in order to obtain the maximum value of Z3DT, the values of dw and dB have to be 

properly optimized fo r a given value of the potential barrier height Uo and for a given 

value of the tem perature T as we discussed in Chapter 4. In this section , we show 

the results of these optimization processes that were performed on (001) oriented 

PbTe/ Pb1_xEux Te short period superlattice systems. 

7.2.1 Choice of the barrier material 

As we have discllssed in Chapter 2, Pb1-xEux Te alloys provide variolls properties 

that are ideal for these materials to be used as the barrier layers for the PbTe-based 
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quantumwellsuperlattices.Thesepropertiesillclude(see§2.2):(1)almostperfect

latticematchingbetweenthePbi_xEuxTehomogeneousalloysandPbTe(latticemis-

match<2%),and(2)alargecontrollabilityforthevalueofthebandoffset△E,

(△E,=Uo,whereUoisthepotentialbarrierheight)throughachangeinthevalue

oftheEucontentx(thevalueof△E,canbechangedcontinuouslyfrom△E,=OeV

forx=Oto△ 五1,NleVforx=1).Inaddition,itisalsoknownthatvari-

ouslead-chalcogellide-basedsuperlatticescanbegrowllbothillthe(111)orientation

(seeChapter2andthereferencestherein)andinthe(001)orientation[44],wherea

(111)orientedBaF2substrateisutilizedforthegrowthof(111)orientedsuperlat-

tices[15,39,92-94]anda(001)orientedKCIsubstrateisutilizedforthegrowthof

(001)orientedsuperlattices[32,44,99-109].Therefore,itispossibletotestexperi-

mentallythetheoreticalpredictionsmadeinthissectioninthefuture,whensuitable

growthconditionsforthe(001)orientedPbTe/Pb1_xEuxTesuperlattices[orforother

(001)orientedlead-chalcogenide-basedsuperlattices]areidenti丘ed.

7.2.2 Effectofthequantumwellandbarrierthicknesseson

thevalueofZ3DT

ShowninFig.7-5arethecalculatedvaluesforZ3DTattheoptimumcarriercon-

centration[denotedasZ3DT(〈 。pt)]asafunctionofdw(quantumwellthickness)

anddB(barrierlayerthickness)for(001)orientedPbTe/Pb1_xEucvTesuperlattices

((luN1,i.e.,Uo=1eVischosenforthisspecificinvestigation)at300K.Inob-

tainingtheseresults,wehaveusedbulkvaluesforthecomponentsoftheeffective

masstensor(mt=0.0335mandMg=0.35m),forthelatticethermalconductivity

(κph=2W/m・K),andforthecarriermobility(μ=1500cm2/V・s),becauseofthe

unavailabilityofvaluesfortheseparametersforthesuperlatticesystems.Wefindthe

followingfeatllresinFig.7-5:(1)ThecalculatedvalllesforZ3DT(ζ 。pt)forthe(001)

orientedPbTe/Pb1_xEuxTesuperlatticesapproachthecorrespondingbulkvaluefor

PbTe(Z3D7「=0.325)inthelimitsdw→Ocanddw→0,forallthevaluesofdB

thatwereinvestigatedhere(3A<dB<40A).(2)Thereisaminimuminthevalue
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quantum well superiattices. These properties include (see §2.2) : (1) almost perfect 

lat tice matching between the Pb1_xEux Te homogeneous alloys and PbTe (lattice mis

match < 2 %), and (2) a large cont rollability for the value of the band ofL~et t:"Ec 

(t:" Ec = Un, where Uo is the potent ial barrier height) t hrough a change in t he value 

of the Eu content x (the value of t:"Ec can be changed continuously from t:"Ec = 0 eV 

for .?; = 0 to t:"Ec '" 1 eV for 1; = 1). In add ition, it is also known that vari

ous lead-chalcogenide-based superlattices can be grown both in the (111) orientation 

(see Chapter 2 and the references therein) and in the (001) orientation [44], where a 

(111) oriented BaF2 substrate is uti li zed for t he p;rowth of (111) ori ented superlat

t ices [15,39, 92- 94] and a (001) oriented KCI substrate is ut ilized for the growth of 

(001) oriented suped attices [32 , 44, 99-109]. Therefore, it is possible to test experi

mentally the theoretical pred ictions made in this section in the future, when suitable 

growth conditions for the (001) oriented PbTe/Pb1_xEux 1'e superlattices [or for other 

(001) oriented lead-chalcogenide-based superlatticesJ are identified. 

7.2.2 Effect of the quantum well and barrier thicknesses on 

the value of Z 3DT 

Shown in Fig. 7-5 are the calculated values for Z3DT at the optimum carrier con

centration [denoted as Z3DT((oPt)] as a function of dw (quantum well thickness) 

and dB (barrier layer thickness) for (001) oriented PbTe/Pb1_x Eux 1'8 suped attices 

(x '" 1, i.e., Uo = 1 eV is chosen for this specific investigation) at 300 K. In ob

ta.ining these resul ts, we have used bulk va.l ues for the components of the effect ive 

mass tensor (mt = 0.0335m and mz = 0.35 m) , for the lattice thermal conductivity 

(I£ph = 2 W / m·K), and for the carrier mobility (J.l. = 1500 cm2/V·s), because of the 

unavail abili ty of values for t hese parameters fo r the snperlattice systems. We find the 

following features in Fig. 7-5 : (1) The calculated values for Z3DT((opt) for the (001) 

oriented PbTe/P b1 _xEux Te superlattices approach the corresponding bulk value for 

PbTe (Z'DT = 0.325) in the limits dw --t 00 and dw --t 0, for all the values of dB 

t ha.t were investigated here (3 A < dB < 40 A). (2) There is a minimum in the value 
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Figure7-5:ThecalculatedvaluesofthethermoelectricfigureofmeritZ3DTattheoptimum

carrierconcentration[denotedbyZ3DT(〈opt)](normalizedbythecorrespondingvaluefbr

bulkPbTe)for(001)orientedPbTe/Pbl_xEuxTesuperlatticesasafunctionofthequantum

wellthickness(dw)andthebarrierlayerthickness(dB).Thesecalculationsaremadeusing

theKr6nig-PenneymodelforUo=1eV,whereσoisthepotentialbarrierheight(conduction

bandoffset).

ofZ3DT(ζ 。pt)asafunctionofthequantumwellwidthdwforeachvalueofdBthat

wasinvestigated.TheseminimainZ3DT(ζ 。pt)arealwaysfoundinthevicinityof　
dw=140A,irrespectiveofthevalueofdB(thebarrierlayerthickness).(3)The

maximumvalueofZ3D7「(ζ 。pt)foragivenvalueofclBisfoundtoincreaseasthevalue

ofclBisincreased.ThevalueofdwwhichgivesthemaximuminZ3D7「(ζ 。pt)isfound

todecreasewithincreasingdB,butthecorrespondingvalueforthesuperlatticepe-

riod(dw十dB),thatgivesthemaximumvalueofZ3DT(〈 。pt),isalmostconstantwith

respecttothevalueofdBusedinthiscalculation.

7.2.3 Effectofthepotentialbarrierheightonthevalueof

Z3DT

In§7.2.2,wehaveseenthatthecalculatedZ3DTfor(001)orientedPbTe/Pb1_xEuxTe

superlattices(wherexNlandUo=1eVareassumed)arealwaysmaximized

when(dw十dB)N60A,irrespectiveofthevallleofdB,andthatthelargerthe
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Figure 7-5: The calculated values of the thermoelectric figure of merit Z3DT at the optimwn 
carrier concentration [denoted by Z30T((optll (normalized by the corresponding value for 
bulk PbTe) for (001) oriented PbTe/Pb1_xEux Te superlat tices as a fUllction of the quantum 
well thickness (elw) and the barrier layer thickness (dB) . These calculations are made using 
t.he Kriinig-Penney model for Uo = 1 eV, where Uo is t.he pot.ential harrier height (condlld. ioll 
band offset). 

of Z30T((Op,) as a function of the quantum well width dw for each value of dB that 

was investigated. These minima in Z3DT( (oPt) are always found in the vicinity of 

dw = 140 A, irrespect ive of the value of dB (the barrier layer thickness) . (3) The 

maximum value of Z3DT((opt) for a given value of dB is found to increase as the value 

of dB is increased. The value of dw which gives the maximum in Z3DT((opt) is found 

to decrease with increasing dB , but the corresponding value for the superlattice pe

riod (dw + dB), that gives the maximum value of Z30T ((Opt), is almost constant with 

respect to the value of dB used in this calculat ion. 

7.2.3 Effect of the potential barrier height on the value of 

Z 3DT 

In §7.2.2, we have seen that the calculated Z30T for (001) oriented PbTe/Pb1_xEux Te 

superlattices (where x "" 1 and Uo = 1 eV are assumed) are always m>Lximized 

when (dw + dn) "" 60 A, irrespective of the value of dn, and that the larger the 
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Figure7-6:Thecalculatedelectronicdensitiesofstates[denotedbyDOS(E)]at300K

fbr(001)orientedPbTe(20A)/Pb1_xEuxTe(40A)superlatticesasafunctionofenergy

Ethatismeasured丘omthepertinentbandedge.Thegrey-solid,short-dashed,long-

dashedanddash-dottedcurves,respectivelyラdenotethecalculatedresultsfbrtheDOS(E)

fbrσ6=1.0,0.5,0.25andO.1eV,whereσbisthepotentialbarrierheight(conduction

bandoffset).TheinsetshowsaplotofZ3DT(くopt)(figureofmeritattheoptimumcarrier

concentration)asafunctionofthepotentialbarrierheightσofbr(001)orientedPbTe

(20A)/Pb1_xEucvTe(40A)superlatticesat300K.Thepositionsfbrtheoptimumchemical

potentialζoptthatgivesthelargestvahleofZ3DTforagivenvalueofσoarebetweenOand

O.05eVinthemainscaleofthefiguref()rallthevaluesofσbthatwereinvestigated(OeV

<Uo<1eV).

valueofdB,thelargerthemaximumvalueofZ3DTfbrUo=1eV,whereσ6is

thepotentialbarrierheight(conductionbandoffset).Inthissubsection,weare

interestedin:(1)howwouldthevalueofZ3DT(く 。pt)bechangedinthe(001)oriented

PbTe(20A)/Pb1_cvEucvTe(40A)superlatticesystem,ifthevalueofthepotential

barrierheightU(〕isreducedfromleV(whichcorrespondstoxN1)?and(2)what

arethevaluesoftheoptimumcarrierdensity,at300K,whichgivethelargestvalue

ofZ3DTforthe(001)orientedPbTe(20A)/Pb1_xEuxTe(40A)superlattices,forsome

selectedvalllesofthepotentialbarrierheightZブb(OeV<Zブb<1eV)?

ShowninFig.7-6arethecalclllateddensitiesofstatesasafunctionofenergy(mea.

suredfromthepertinentbandedge)for(001)orientedPbTe(20A)/Pb1_xEuxTe(40A)

superlattices,wherevariousvaluesfbrUo(potentialbarrierheight)wereutilizedin
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Figure 7-6: The calculated electronic densities of states [denoted by D08 (1O)] at 300 K 
for (001) oriented PbTe (20 A)!Pb , _xEu"Te(40 A) superlattices as a function of energy 
E that is measured h·om the pertinent band edge. The grey-solid, short-dashed, long
dashed and d ash-dotted curves, respectively, denote the calc ulated results for t he D08(E ) 
lor Uo = 1.0, 0.5, 0.25 and 0.1 eV, where Uo is the potential barrier height (conduction 
band otrset) . The inset shows a plot of Z3DT((opt) (figure of merit at the optimum carrier 
concentration) as a function of the potential barrier height Uo for (001) oriented PbTe 
(20 A)!Pb 1_ xEuxTe(40 A) superlattices at 300 K. The positions for the optimum chemical 
potential (opt that gives the largest value of Z3DT for a given value of Uo are between 0 and 
0.05 eV in the main scale of the figure for all the values of Uo that were investigated (0 eV 
< Uo < 1 eV) . 

value of dB, the larger the maximum value of Z3DT for Uo = 1 eV, where Uo is 

the potential barrier height (conduction band offset) . In this subsection, we are 

interested in : (1) how wou ld the value of Z3DT((oPt) be changed in the (001) oriented 

PbTe(20 A)/Pb1_" EuxTe(40 A) superlattice system, if t he value of the potential 

barrier height Uo is reduced from 1 eV (which corresponds to X"" 1)7 and (2) wha t 

are the values of the optimum carrier density, at 300 K, which give the largest value 

of Z3DT for the (001) oriented PbTe(20 A)/Pb1_xEu" Te( 40 A) superlattices, for some 

selected values of the potential barrier height Uo (0 eV < Uo < 1 eV)? 

Shown in Fig. 7-6 are the calculated densities of states as a function of energy (mea

sured from the pertinent band edge) for (001) oriented PbTe(20 A)/Pb1_xEux Te(40 A) 

superlattices, where various values for Uo (potential barrier height) were utilized in 
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Figure7-7:ThecalculatedvaluesofZ3DTasafunctionofthecarrierconcentrationfbr
the(001)orientedPbTe(20A)/Pbl_xEuxTe(40A)superlatticesat300K.Thegrey-solid,

short-dashedanddash-dottedcurvesdenotethecalculatedZ3DTsfbrUo=1.0,0.5and

O.1eVラrespectively,whereUoisthepotentialbarrierheight(conductionbandoffset).

ThecorrespondingvalueofZ3DTf()rbulkPbTeattheoptimumcarrierconcentration

(nN3×1018cm-3),whichisdenotedby[Z3DT(くopt)]Bulk,isalsoshowninthefigureby

theholizontalsolidlineラfbrcomparison.

thesecalculations(乙1b=o.1,0.25,0.5andleV)[seeEq2.31fortherelationbe-

tweenxandtheenergybandgap五]ginthePb1_xEuxTealloy†].Alsoplottedinthe

insetofFig.7-6arethecalculatedvaluesofZ3DT(ζbpt)at300Kfor(001)oriented

　 　
PbTe(20A)/Pb1_xEuxTe(40A)sllperlatticesasafunctionofthepotentialbarrier

heightUo.We丘ndthatthecalculatedvalueforZ3DT(く 。pt)isrelativelyinsensitive

tothevalueof乙 」(〕whenU(〕<0.3eV,butincreasesrapidlywithincreasingσbabove

σb=0.3eVandapProachesthevalueofZ3DT(ζ 。pt)=0.54aboveσb=1eV,which

isthevalueforZ3DT(ζ6pt)inthestronglyconfined"degenerate2Dsuperlatticelimit"

[see§4.2.3(page164)].

ShowninFig.7-7arethecalculatedvaluesofZ3DTasafunctionofthecarrier

concentrationnfor(001)orientedPbTe(20A)/Pb1_xEuxTe(40A)superlatticesat

†AswehaveseeninChapter2
,theconductionbandoffset△E,(orthepotentialbarrierheight

σ6)isrelatedtothedifferenceinthedirectenergybandgap△Egbetweenthequantumwell

material(PbTe)andthebarrierlayermaterial(Pb1_mEumTe)throughtheempiricalrelation△Ec=

0.55△Eg[30].
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Figure 7-7: The calculated values of Z3DT as a function of the carrier concentration for 
the (001) oriented PbTe(20 A)/Pbl_xEuxTe(40 A) superbttices at 300 K. The grey-solid, 
short-dashed and dash-dotted curves denote the calculated Z3DTs for Uo = l.0 , 0.5 and 
0.1 eV, respectively, where Uo is the potential barrier height (conduct.ion band offset) . 
The corresponding value of Z:mT for bulk PbTe at the optimum carrier concentration 
(n'" 3x 1018 cm-3), which is denoted by [Z3DT((optllHu\h is also shown in the figure by 
the holizontal solid line, for comparison. 

these calculations (Uo = 0.1, 0.25, 0.5 and 1 eV) [see Eq 2.31 for the relation be

tween '0 and the energy band gap Eg in the Pbl_.< Eux Te alloy!] . Also plotted in the 

inset of Fig. 7-6 are t he calculated values of Z30T((opt) at 300 K f01 (001) oriented 

PbTe(20 A)/Pbl_x EuxTe(40 A) superlatt ices as a function of the potentia l barrier 

height Uo. We find that the calculated va lue for Z30T((Op,) is rela tively insensit ive 

to the value of Uo when Uo < 0.3 eV, but increases rapidly with increasing Uo above 

Uo = 0.3 eV and approaches the val ue of Z3DT((opt) = 0.54 a.bove Uo = 1 eV, which 

is the va.lue for Z30T((opt) in the strongly confi ned "degenerate 2D superlattice limi t" 

[see §4.2.3 (pa.ge 164)]. 

Shown in F ig. 7-7 are the calculated values of Z3DT as a function of the carrier 

concentration n for (001) oriented PbTe(20 A)/Pb,-xEux Te(40 A) superlattices at 

t As we have seen in Chapter 2, the conduction band offset ~Ec (or the potential barrier height 
Uo) is related to the difference in the direct energy band gap !::lEg bet,veen the quantum \vell 
material (PbTe) and the barrier layer material (P b1-xEux Te) through the empirical relation 6. E , = 
0.556.Eg [30]. 
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300KforUo=1.0,0.5aIldO.1eV,whereUoisthepotentialbarrierheight.We丘Ild,

inFig.7-7,thatthevaluesfortheoptimumcarrierconcentrationηforthelargest

valuesofZ3DTareintherangebetween2×1018cm-3and6×1018cm-3forallthe

investigatedvaluesof乙1b,andthatthelargestenhancementinthevalueofZ3DT

duetothequantumconfinementeffect(relativetothecorrespondingvaluefbrbulk

PbTe)canbeobtainedwhenthecarrierconcentrationofthesuperlatticesampleis

closetotheoptimumvalue(η=26×1018cm-3)[see,forexample,theresultsofthe

calculationfbrU(〕=1.OeVinFig.7-7].

7.3 (111)orientedBi/Pb1_xEuxTesuperlattices

TheoreticalmodelingoftheenhancedthermoelectricfigureofmeritZ3DTin(111)

[ortriginally]orientedBi-basedsuperlatticesisanaturalextentionofthetheoretical

modelingforthe(001)orientedPbTe/Pb1_xEuxTesuperlatticesthatwerediscussed

in§7.2.SincebulkBihasonlythree(notfour)equivalentL-pointvalleysthatcor-

respondtothethreeoblique、 乙一valleysin(111)orientedbulkPbTeandPb1_xEuxTe

alloys,wecancompletelyavoidthenegativeeffectofliftingtheconductionbandvalley

degeneracy(onredllcingthevalueofZ3DT)in(111)orientedBi-basedsllperlattices,

whereBiisusedforthequantumwellmaterial.

Inthissection,enhancedvaluesofthethermoelectricfigureofmeritZ3DTarepre.

dictedfor(111)orientedBi/Pb1_xEuxTesuperlattices.ThevaluesofZ3DTobtained

forxNlsuperlatticesare2.31,1.55and1.61†at300K,150Kand77K,respec-

tively,whichshowsthatthesematerialsarepromisingcandidatesforthermoelectric

elementsinthetemperaturerangebetween77Kand300K.Evenwithxassmallas

O.1,wheretheconductionbandoffset△EcisestimatedtobeO.25eV,thepredicted

valuesofZ3DTsare1.75,1.16and1.18at300K,150Kand77K,respectively.It

isproposedthatotherfamiliesofBi-basedsuperlattices,suchasBi/(111)CdTesu-

†Thereasonwhywehavealargervaluef()rthecalculatedZ3DTat77Kthanat150Khere

isthatthephononmeanfreepath4isassumedtobelimitedbythethicknessofthequantum

wells(dw)orthebarrierlayers(dB)below150Kinourcalculation,whilethecarriermobilityμis

assumedtoincreasewithdecreasingtemperatureaccordingtotheexperimentalresultsforthebulk

mobilitiesofBithataref()undintheliterature(see§7.3.2).
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300 K for Uo = 1.0, 0.5 and 0.1 eV, where Uo is the potential barrier height . We find , 

in Fig. 7-7, that the values for the opt imum carrier concentration n for the largest 

values of Ze DT are in the range between 2x 101B cm- 3 and 6x lO18 cm- 3 fOl' all the 

investigated values of Uo, and that t he largest enhancement in the val ue of Z3DT 

due to the quantum confinement effect (relative to the corresponding value for bulk 

PbTe) can be obta ined when the carri er concentra t ion of the superlattice sam ple is 

close to the optimum value (n = 2- 6x 101B cm- 3) [see, for example, the results of the 

calculation for Uo = 1.0 eV in Fig. 7-7J. 

7.3 (111) oriented BijPb1-xEux Te superlattices 

TheOl'etical modeling of the enhanced thermoelectric figure of merit Z3DT in (111) 

[or t ri gin allyJ oriented Bi-based superiattices is a natural extent ion of the t heoretical 

modeling for the (001) oriented PbTe/Pb1_xEux Te superlatt ices that were discussed 

in §7.2. Since bulk Bi has only three (not four) equivalent L-point valleys that cor

respond to the three oblique L-valleys in (111) oriented bulk PbTe and Pb1_xEuxTe 

alloys, we can completely avoid t he negative effect ofli ft ing t he conduction band valley 

degeneracy (Oll reducing the value of Z3DT) in (111) oriented Bi-based superiattices, 

where 13i is used for the quant um well material. 

In this section, enhanced values of the thermoelectric figure of merit Z30T are pre

dicted for (Ill) oriented Bi/ Pb,_xEux Te superiattices. The values of Z3DT obtained 

for x '" 1 superlattices are 2.31, 1.55 and 1.61 t at 300 K, 150 K and 77 K, respec

t ively, which shows that these materials are promising candidates for thermoelectric 

elements in the temperature range between 77 K and .3001<. Even with :r; as small as 

0.1, where the conduction band offset 6 E c is estimated to be 0.25 eV, the predicted 

valucs of Z:mTs are 1.75, 1.16 and 1.18 at 300 K, 150 K and 77 K, respectively. It 

is proposed that other families of Bi-based superlattices, such as Bi/( l11)CdTe su-

tThe reason why we have a larger value for the calculated Z30T at 77 ]( than at 150 K here 
is t.hat t lw phonon llWrll1 frp-p. pat h f is ::l!',sll nlp.d to hp limitp.o hy t.1w t hic.kllP'SS of the fj ll antllJ11 

wells (r1\ov) or the barrier layers (dB) below 150 K in our calculation: while the carrier Inabili ty ~L is 
assumed to increase with decreasing temperature according to the experimental results for the bulk 
mobili ties of Bi that are found in the literature (see §7.3.2). 
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perlattices[110],

elemellts.

shouldalsobegoodcandidatesforlow-temperaturethermoelectric

7.3.1 Introduction

Theuseofsuperlatticestructurestodesignusefulthermoelectricmaterialswithlarge

valuesofthethermoelectricfigureofmeritZ7「(Z=S2σ/κ),where7「,S,σandκ

arethetemperature,SeebeckcoefHcient,electricalconductivityandthermalconduc-

tivity,respectively,hasattractedsigni丘cantinterestinthethermoelectricmaterials

community(seepreviouschaptersandthereferencestherein).Thebasicstrategies

ofenhancingthevaluesofZTusinglowdimensionalstructuresarebasedon:(1)the

useoftheenhanceddensityofstatesforelectrons(orholes)nearthebandedgeto

increasethemagnitudeoftheSeebeckcoefHcientISIatagivencarrierconcentration,

and(2)theuseoftheincreasedboundaryscatteringofphononsatthewell-barrier

interfacesinthesuperlatticetoreducethevaluesofthelatticethermalconductivity

κphrelativetothecorrespondingbulkvalues[12,14].Recently,thisoriginalproposal

ofenhancingthevaluesofZTusingtheisolatedquantumwellsandwires,thatwas

madebyHicksandDresselhaus,hasbeenextendedtomorerealisticsystemssuchas

GaAs/AIAs[47,48,111](seeChapter4)andSi/Ge[111,112](seeChapters5and6)

shortperiodsuperlattices,andanenhancementinthethree-dimensionalthermoelec-

tricfigureofmerit(Z3DT)forthewholesuperlatticehasbeenpredictedrelativeto

thevaluesofZ3DTforthecorrespondingbulkmaterials.

Thekeystrategyforthesuccessfuldesignofthermoelectricmaterialsusingsu-

perlatticestructuresistofindasetofthefollowingtwokindsofmaterialsforthe

quantumwellandbarrierlayermaterials:(a)amaterialwithhighlyanisotropic

constantenergysurfacesthatwillbeusedforthequantumwelllayers,and(2)a

material(forthebarrierlayers)thatischemically(andstructurally)compatiblewith

thewellmaterialandhasalargeenergybandgaptoprovidesufficientlylargeband

offsetsfortheconfinementofthecondllctioncarriers.Biisansemimetalthathas

variousllniqueproperties,suchasahighlyanisotropicFermisurface,largevaluesof

theelectronandholemobilitiesandsmallvaluesofthelatticethermalconductiv一
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perlattices [110], should also be good candidates for low-temperature thermoelectric 

elements. 

7.3.1 Introduction 

The use of superlattice structures to design usefu l thermoelectric materials with large 

values of the t hermoelectric figure of merit ZT (Z = 5 2u/I<), where T , S, U and I< 

are the temperature, Seebeck coeffi cient , electrical conductivi ty and thermal conduc

tivity, respectively, has attracted significant interest in the thermoelectric materials 

community (see previous chapters and the references therein) . The basic strategies 

of enhaJlcing the values of ZT using low (limensional structures alee based on: (1) the 

use of the enhanced density of states for electrons (or holes) near the band edge to 

increase the magnit ude of the Seebeck coefficient 151 at a given canier concentration , 

and (2) the nse of the increased boundary scattering of phonons at the well-barrier 

inlerfaces in ,he superlaL,ice La red LIce ,he values of lhe lattice Lhermal cOlH.iL1CLivi ly 

"1>h relati ve to the corresponding bulk values [12, 14]. Recently, this ori ginal proposal 

of enhancing the values of ZT using the isolated quantum wells and wires, that was 

made by Hicks and Dresselhaus, has been extended to more realistic systems such as 

GaAs/A1As [47,48, 1111 (see Chapter 4) and Si/Ge [111 , 11 2] (see Chapters 5 and 6) 

short period superlattices, and an enhancement in the three-dimensional thermoelec

tric figure of merit (Z3DT) for tire wlrole superlattice has been predicted relative to 

the values of Z3DT for t he corresponding bulk materials. 

T he key strategy for the successful design of thermoelectric materials using su

periattice structures is to fi nd a set of the following two kinds of materials for the 

quantum well and barrier layer materials : (a) a material with highly anisotropic 

constant energy surfaces that wi ll be used for the quantum well layers, and (2) a 

material (for the barrier layers) t hat is chemically (and structurally) compati ble with 

the well material and has a large energy band gap to provide sufficient ly large band 

offsets for the confinement of the conduction carriers. Bi is an semimetal that has 

various unique properties, such as a highly anisotropic Fermi surface, large values of 

the electron and hole mobilit ies and sma ll values of the lat t ice thermal conductiv-
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ity[52,113116].ThesefeaturesofBimakeitpotentiallyaveryinterestingmate-

rialforthermoelectricapplicationsespeciallyinitssemiconductingform[20,37,113].

Thesemimetal-semiconductortransitioninBiisbelievedtoberealizedusinglow-

dimensionalstructuressuchasquantumwellsandwires[50,51,110,117].Ithasbeen

notedthatBiwouldhavealargethermoelectricfigureofmerit(ZT=2.Oat300K)if

itcouldbemadeintoasinglecarriersemiconductorbyremovingitsholes[113].Hicks

etα1.proposedthatthisshouldbeexperimentallyrealizedbymaking2Dsuperlat-

ticesoutofBi,whereBiservesasthequantumwellmaterial[37].Theypredicted

largevaluesofZ2DT(Z2DT=4forawellwidthof50Aat300K)forisolatedBi

quantumwells,whereZ2DTdenotesthefigureofmeritwithinthequantumwells.

Althoughthenecessityofconsideringfinitebarrierwidthsandfinitebarrierheights,

whenpredictingvaluesofZTinsuchsystems,hasbeenpointedoutelsewhere[20],

therehasbeennostudyorproposalonthekindofbarriermaterialstobeusedforthe

Bisuperlatticesandontheoptimumstructures(layerthicknessesandthegrowthori-

entations)ofthesuperlattices,inorderforsuchsuperlatticestobepracticallyuseful

inthermoelectricapplications.Severalattemptshavebeenmade,withsomedegree

ofsuccess,torealizethesemimetal-semiconductortransitioninBiusingreduceddi-

mensionalities[50,51,110,117].Thetwo-dimensionalnatureoftheelectrontransport

hasbeenalsoreportedexperimentallyinBi/(111)PbTesuperlattices[118-120].

Inthesubsequentsubsections,wewillshowtheresultsofourtheoreticalinves.

tigationofthethermoelectricpropertiesofBi/(111)Pb1-xEuxTesuperlattices.We

choosePb1_xEuxTealloysforthebarrierlayermaterialbecause:(1)theBihexag-

onal(001)planehasgoodlatticematchingwiththePb1_xEuxTecubic(111)plane

(latticemismatch～0.3%and～2%at(111)Bi/(111)PbTeand(111)Bi/(111)EuTe

interfaces,respectively),(2)sinceBi/(111)PbTesuperlatticeshavebeenalreadyfab-

ricatedexperimentallyinthepast[118-120],thereisagoodchancethatonecangrow

Bi/(111)Pb1_xEuxTesuperlatticesinthenearfutureaswell,and(3)theabilityof

changingthevalueoftheenergybandgapfromO.32eV(PbTe)to2.2eV(EuTe)

continuouslybychangingthevallleofx(seeChapter2)providesllswithalarge

degreeofcontrollabilityinthematerialsdesignwhenthismaterialreachesthestage
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ity [52, 113- 116]. These features of Bi make it potentially a very interesting mate

rial for thermoelectric applications especially in its semiconducting form [20, 37, 113]. 

The semi metal-semiconductor t ransit ion in Bi is believed to be realized using low

dimensional structures such as quantum wells and wires [50,51, 110, 117]. It has been 

noted that Bi wo uld have a large t hermoelectric figure of merit (ZT = 2.0 at 300 K) if 

it could be made into a single carrier semiconductor by removing its holes [113]. Hicks 

et al. proposed that this should be experimentally realized by making 2D superlat

t ices out of Bi, where Bi serves as the quantum well material [37]. T hey predicted 

large values of Z2DT (Z2DT = 4 for a well width of 50P. at 300 K) for isolated Bi 

quantum wells, where Z2DT denotes the figure of merit within the quantum wells. 

Although the necessity of considering finite barrier wid ths and fini te barrier heights, 

when predicting values of ZT in such systems, has been pointed out elsewhere [20], 

there has been no study or proposal on the kind of barrier materials to be nsed for the 

Bi superlattices and on t he optimulTl structures (layer thicknesses and the growth ori

entations) of the superiattices, in order fo r such superlatt ices to be practically useful 

in thennoelectrk applications. Several attempts have been made, with some degTee 

of success, t.o realize t.he semimetal-semiconclllctor t ransition in Bi llsing reduced di

mensionalities [50,51, 110, 117]' The two-dimensional nature of the electron t ransport 

has been also reported experimentally in Bi /(111)PbTe superlattices [118- 120]. 

In the subsequent subsections, we will show the results of our theoretical inves

t igation of the thermoelectric properties of Bi /(111)Pb1_x Eux Te superiattices. We 

choose Pb1- xEnx Te alloys for the barrier layer material because: (1) the Bi hexag

onal (001) plane has good lattice matching with the Pb1_xEu< Te cubic (111) plane 

(latti ce mismatch ~0.3 % and ~2 % at (111)Bi /( I11 )PbTe and (111)Bi/(111)EuTe 

interfaces, respectively), (2) since Bi /( l11)PbTe superiattices have been already fab

ricated experimentally in the past [118-120], there is a good chance that one can grow 

Bi/(111)Pb1_xEux Te superiattices ill the near futm e as well , and (3) the ability of 

changing the value of the energy band gap from 0.32 eV (PbTe) to 2.2 eV (EuTe) 

continuously by changing the value of x (see Chapter 2) provides us with a large 

degree of controllability in the materials design when this material reaches the stage 
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ofactualsuperlatticefabricationforthermoelectricapplications.

7.3.2 Methodsofcalculation

ThecalculationofZ2DTforisolatedquantumwellsofBihasbeenreportedelse-

where[37].Inthepresentwork,extensionofthismodelismadetoincludetheeffects

offinitebarrierwidthsandfinitebarrierheights(Kr6nig-Penneymodel)[63],and

toincludetheopPositesignsfortheelectronandholecontributionstothethermo-

electrictransport(two-band,two-carriermodel).Forsimplicity,weassumeparabolic

energybandsforboth、 乙一pointelectronsandT-pointholes.SinceBihashighlynon-

parabolicelectronicenergydispersionrelations,thevaluesfortheeffectivemassesare

stronglydependentonenergy.Forexample,thebandedgeeffectivemasstensorfor

electronsatlowtemperatures(T<80)isgivenbym葬=0.00119m,m客=0.266m

andm含=0.00228m,wherethex-,㌢ 一andz-axesaretakentobeparalleltothe

principalaxesoftheconstantenergyellipsoid,whereastheeffectivemasstensorat

theFermienergy(五IF=23meV)isgivenbym聾F=0.00651m,m聾F=1.362mand

m}F=0.0101m.Inaddition,thebandedgeeffectivemassforBiisknowntoincrease

rapidlywithincreasingtemperatureabove80K(m3=0.00708m,mZ=1.58mand

mg=0.0136mforT=300K).Inthepresentcalculation,weusethevaluesfor

themassesattheFermi-levelsincetheyareaconservativechoiceforthefollowing

reasons:(1)Thesemimetal-semiconductortransitionfortheBi/(111)Pb1_xEuxTe

superlatticesleadstoanincreaseinthebandedgeeffectivemass,and,attheopti-

mumstructureofthesuperlattices,theenergyfortheconductionsubbandedgeis

alwayshigherthantheFermienergyofblllkBi.(2)Athighertemperatures,the

respectivevaluesforthebandedgemasstensorandthedegreeofnon-parabolicity

rapidlyincreaseanddecreaseswithincreasingtemperature.Forexample,at300K,

thevaluesforthebandedgeeffectivemasstensorbecomecomparabletothevalues

fortheeffectivemassesattheFermienergyatlowtemperatures(T<77K),asis

shownabove.Infact,thevalllesforZ3DTcalculatedusingthebandedgeeffective

massesat300KareSlightlylargerthanthevaluesforZ3DTcalculatedllsingthe

Fermienergyvaluesfortheeffectivemass.Therefore,usingthevaluesformEFfor

342

of actual super lattice fabrication for thermoelectric applications. 

7.3.2 Methods of calculation 

The calculation of Z2DT [or isolated quantulll wells o[ Bi has been reported else

where [37]. In the present work , extension of this model is made to include the effects 

of finite barrier widths and finite barrier heights (Kriinig-Penney model) [63], and 

to incl ude the opposite signs for the electron and hole contributions to the thermo

electric t ransport (two-band , two-carrier model). For simplicity, we assnme parabolic 

energy bands for both L-point electrons and T-point holes. Since Bi has highly non

parabolic electronic energy dispersion relations, the valnes for the ef[eetive masses are 

strongly dependent on energy. For example, the band edge effective mass tensor for 

electl'Olls at low temperatures (T < 80) is given by m; = O.OOlH) m, m~ = 0.266 m 

and m! = 0.00228 m, where the X- , y- and Z-,L';:es are taken to be parallel to the 

principal axes of the conslam energy ellipsoill, IVhereas the effective mass tensor at 

t he Fermi energy (EF = 23 meV) is given by mj';F = 0.00651 m , m'bF = 1.362 m and 

mh = 0.0101 m. In addition, the band edge effective mass for Bi is known to increase 

rapidly with increasing temperature above 80 K (m~ = 0.00708 m, m~ = 1.58 m and 

m~ = 0.0136 m for T = 300 K). In the present calculation, we use t he values for 

the masses at the Fermi-level since they are a conservative choice for the following 

reasons: (1) T he selllimetal-semiconductor t ransition for tlie Bi/( l11 )Pb l _ x Eux Te 

superlattices leads to an increase in the band edge effective mass, and , at the opti

mum structure of the superlattices , the energy for the conduction subband edge is 

always higher than the Fermi energy of bulk Bi. (2) At higher temperatures, the 

respective values for the band edge mass tensor and the degree of non-parabolicity 

rapidly increase and decreases with increasing temperature. For example, at 300 K, 

t he val ues for the band edge effective mass tensor become comparable to the values 

for the effective masses at the Fermi energy at low temperatmes (T < 77 K), as is 

shown above. In fact, the values for Z3DT calcula ted using the band edge effective 

masses at 300 K are slight ly larger than the values for Z3DT calculated using the 

Fermi energy values for the effective mass. T herefore, using the values for mEF for 
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theestimationofthevaluesofZ3D7「at300Kiscollservative.

Thevalueforthelatticethermalconductivityκphat300Kusedillthepresellt

calculation(seeTable7.2)isdeterminedfromthebulkvaluesforBiandPbTe.

ThesevaluesareintherangebetweenO.9W/m・Kand1.7W/m・KforbulkBi[121]

and2.OW/m・KforbulkPbTe[33],respectively.Therefore,wechooseanaver-

agevaluebetweenthese(κph=1.5W/m・K),asaconservativeestimateofκphfor

Bi/(111)Pb1_xEuxTesuperlatticesat300K.Itisnotedthattheactualvaluesfor

κphfortheBi/(111)Pb1_のEu灘Tesuperlatticesareexpectedtobesignificantlysmaller

thanthisvalue(κph=1.5W/m・K),sincethevaluesforκphforPb1-xEuxTealloys

shouldbereducedrelativetothatforPbTeduetothealloyscatteringofphonons.

Thephononmeanfreepaths乏forbulkBiandbulkPbTeareestimatedtobeloA

and30A,respectively,at300K.Since乏hasaT-1temperaturedependenceina3D

bulkcrystal(thedominantscatteringmechanismforphononsbeingotherphonons),

wealsoassumethatκphfortheBi/(111)Pb1_xEucvTesuperlatticesobeythistem-

peraturedependenceunless4islimitedbytheboundaryscatteringofphonons.We

estimatethetemperatureatwhich乏islimitedbytheboundaryscatteringofphonons

inBi/(111)Pb1-xEuωTesuperlatticestobe150K.Wethereforetakethevalueofκph

tobeindependentoftemperaturebelow150K.

OtherparametersusedinthepresentstudyaresummarizedinTable7.2.We

assumethattheconductionandvalencebandoffsets,denotedby△E,and△Ev,

respectively(asdefinedinFig.7-8),canbeapproximatedbyequallysplittingthe

differenceinthebandenergygapbetweenBiandPb1_xEuxTe,sincethereisnoprior

reportontheconduction-andvalence-bandoffsetsinthissystem.Thebandoverlap

energy△oforBi,alsodefinedinFig.7-8,isassllmedtobetemperatllredependent

(seeTable7.2),whereastheconduction-andvalence-bandoffsetsareassumedtobe

temperatureindependent.

7.3.3 ResultsofZ3DTcalculation

ShowninFig.7-9arethecalculatedZ3DTvalueg.attheoptimumcarrierconcentration

forn-typeBi/(111)Pb1_xEuxTesuperlattices[denotedbyZ3D7「(ζ 。pt)]asafunction
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the estimation of t he values of Z3DT at 300 K is conservative . 

T he value for the lattice thermal conductivity K1>h at 300 K used in the present 

calculation (see Table 7.2) is determined from the bulk values for Bi and PbTe. 

These values are in t he range between 0.9 vV Im ·I( and 1.7 W Im·I( for bulk Bi [121] 

and 2.0 W Im·K for bulk PbTe [33], respect ively. T herefore , we choose an aver

age value between these (li:ph = 1.5 VV Im.K ), as a conservative estimate of li:ph for 

Bi/(I11)Pb1_xEux Te superlattices at 300 K . It is noted that the actual values for 

li:ph for the Bi /(1l1)Pb1_xEux Te superlattices are expected to be significant ly smaller 

t han this value (li:ph = 1.5 W Im ·K) , since the values for li:ph for Pb1- xEux Te alloys 

should be reduced relative to that for PbTe due to the alloy scattering of phonons. 

The phonon mean free paths e for bulk Bi and bulk PbTe are estimated to be 10 A 

and 30 A, respectively, at 300 K. Since e has a T-1 temperature dependence in a 3D 

bulk crystal (the dominant scattering mechanism for phonons being other phonons), 

we also assume that li:ph for the Bi/(ll l )P b l _ x Eux Te superlattices obey this tem

peratme dependence unless e is limi ted by the boundary scattering of phonons. "Ve 

estimate the temperature at whidl e is limited by t he boundary scattering of phonons 

in Bi/(1l1 )Pb1_xEllxTe sllperlattices to he 150 K. \Ve therefore take the vallle of li:ph 

to be independent of temperature below 150 K. 

Other parameters used in the present study are summarized in Table 7.2. We 

assume t hat the conduction and valence band offsets, denoted by 6 Ec and 6 Ev , 

respectively (as defined in Fig. 7-8), can be approximated by equally splitting the 

difference in the band energy gap between Bi and Pb1- xEux Te, since there is no prior 

report on t he conduction- and valence- band offsets in this system. The band overlap 

energy 6 0 for Bi , also defined in Fig. 7-8, is assumed to be temperat ure dependent 

(see Table 7.2), whereas the conduction- and valence- band offsets are assumed to be 

temperature independent. 

7.3.3 Results of Z3DT calculation 

Shown in Fig. 7-9 aj·e the calculated Z3DT values at the optimum carrier concentration 

for n-type Bi/( I11)Pb1_xEuxTe superlattices [denoted by Z3DT((opt)] as a function 
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Table7.2ParametersusedfbrBi/Pb1_xEuxTesuperlattices.

Effectivemasscomponelltsa

BiPb1_xEUxTe

m葬/γ η0.00651-

mぎ/m1.362-

mg/mO.01010.0372

m汚'y'/mO.0644-

mZ/mao.6960.425

ElectronandholemobilitiesforbulkBi[52]

μぎ[cm2/V・s]-1.05×1010T[K]-2'22

μ9[cm2/V・s]-6.91×108T[K]-2●46

μん[cm2/V・s]-2.27×10gT[K]-2・27

LatticeThermalcondllctivityb

κph[W/m・K]=

3.0[W/m・K]

OverlapenergyforbulkBi(seeFig

4.5×IO2T-1[W/m・K]

.7-8)

(T<150K)

(7「>150Kっ

△。[meV]=

38[meV] (T<80K)

38一 ト0.044(T-80)

-4 .58×10-4(T-80)2(T>80K)

十7.39×10-6(T-80)3[meV]

a)Electronandholeeffectivemasses .Thevaluesfbr視 ぎ/mandmぎ/mareobtainedbyprojectingthe

3Dconstantenergyellipsoidontothe(111)trigonal(orcubic)plane,whereasthevaluefbr視 ぎ/m

isobtainedfromthecrosssectionoftheconstantenergyellipsoidinthe欝 一(oryz-)plane.

b)ConservativeestimateforthelatticethermalconductivityfortheBi/Pb
1_xEux]℃superlattice

usedfbrthepresentcalculation(seetext)・
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Table 7.2: Parameters used for Bi/ Pb1- xEux Te superlat tices. 

Effective mass components" 

'ln~/m 
mg/m 
m~/m 
rnx'Y/m h 

m'/m a h 

Bi 
0.00651 

1.362 
0.0101 
0.0644 
0.696 

0.0372 

0.425 

Elect ron and hole mobilities for bulk Bi [52] 

,,~[crn 2 / V·s] = 1.05 X 1010 T[I< r 2.22 

f.l~ [cm2 /V·5] = 6.91 x 108 T[Kr 2
.46 

f.lh[Cm 2/ V·s] = 2.27 X 109 T[Kr 2
.
27 

Lattice T hermal conductivityb 

{ 

3.0 [W/m·K] 
Kph [W/m·K] = 

4.5 x 102T- I [W / m ·K] 

Overlap energy for bulk Bi (see Fig. 7-8) 

38 [meV] 

6 0 [meV] = 38 + 0.044(T - 80) 

(T < 150K) 

(T > 150K) 

(T < SDK) 

-4.58 x 1O- 4(T - 80)2 (T > 80K) 
+7.39 x 1O- 6(T - 80? [meV] 

a) Electron and hole effective masses. The va.lues for n1~ 1m and 1n~/711 are obtained by projecting the 
3D constant energy ellipsoid onto the (111 ) trigonal (or cubic) plane, whereas the value for 7n~ /m 

is obtained from the cross section of the constant energy ellipsoid in the xz- (or yz-)plane. 

lJ)Conservative estimate for the lattice thermal conductivity for the Bi/Pb1- xEu.c Te superlattice 

used for the present calculation (see text) . 

344 



BiL-point

electron

△E
V

ズ
BiT-point

hole

EuTePb
1-xX

oblique

L-pointvalleys

EuTePb
1-xX

longitudinaI

L-pointvalley

Figure7-8:Conductionandvalencebandoffsetdiagramsfbr(111)oriented

Bi/Pb1_xEuxTesuperlattices.Bi五 一pointconductionvalleysareassumedtobecoupled

withtheoblique五 一pointconductionbandvalleysofPb1_xEuxTe,whereastheBiT-point

valencebandvalleyisassumedtobecoupledwiththelongitudinal五 一pointvalenceband

valleyofPb1_xEuxTe.△Ec=△Evisassumedinthepresentwork.
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Figure7-9:Calculatedthermoelectricfigureofmeritattheoptimumcarrierconcentration

Z3DT(ぐopt)asafunctionofthewell(Bi)andbarrier(Pb1_xEuxTe)thicknesses(denotedby

dwanddB,respectively).Theconductionbandoffset△Ecandthetemperaturearetaken

tobeleV(correspondingtoxN1)and300K,respectively.
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Bi L-point 
electron 

Pb1_xEuxTe 
oblique 
L -point valleys 

I ~Ev ~t ~--' 
1t \ rr- Pb1_xEuxTe 

longitudinal 
Bi T -point L -point valley 
hole 

Figure 7-8: Conduction and valence band oftset diagTams for (lll ) Ol'iented 
Bi/ Pbl_xEux Te superlattices. Bi L-point conduction valleys are assumed to be coupled 
with the oblique L-point conduction band valleys of Pbl- xEux Te, whereas the Bi T-point 
valence band valley is assumed to be coupled with the longit udinal L-point valence band 
valley of Pb l- xEux Te. /',Ec = /',Ev is assumed in the present work. 

2.5 

2 -15. 
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V ---f-o 
N'" 1.5 

1 
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'\~~~o~ 
35A 
25A 

50 
dw [A] 
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Figure 7-9: Calculated thermoelectric figure of meri t at the optimum carrier concentration 
Z3DT((opt) as a function of the well (Bi) and barrier (Pb l-xEux Te) thicknesses (denoted by 
dw and dB , respectively) . The conduction band oft'set /',Ec and the temperature are taken 
to be 1 eV (corresponding to x '" 1) and 300 K, respect ively. 
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Figure7-10:Relativeenergiesfbrtheconduction(solidcurve)andvalence(long-dashed

curve)subbandedgesasafunctionofquantumwellthicknessdwforBi/(111)Pb1_xEuxTe

superlattices@N1)at300K.Theconductionandvalencebandoffsets(denotedby△ 、El,

and△ 、Ev,respectively,and△E,=△ 、Evisassumed)andthebarrierlayerthicknessdBare

takentobeleV(seetext)and50A,respectively.Thezeroenergyinthefigureisthe

mid-pointintheoverlapenergy(△o=104meVat300K)betweentheconductionand

valencebandforbulkBi.

ofwell(Bi)andbarrier(Pb1_xEuxTe)layerthicknesses(denotedbydwanddB,

respectively).ExplicitcalculationsaremadeforxN1,△E,=△Ev=1eV,and

△o=104.2meVat300K(seeTable7.2).FormostofthevaluesofdBconsidered

inFig.7-9,weobservethatZ3D7「(ζ 。pt)firstincreaseswithdecreasingdw,reaches

amaximumatacertainvaluefordw(denotedasdw1。pt)andthendecreaseswith

furtherdecreaseofdw.ThefirstincreaseinZ3D7「(ζ 。pt)isduetotheincreaseddensity

ofstatesforelectrons[theheightofthestepsintheelectronicdensityofstatesis

proportionalto(dw十dB)-1],andthedecreaseinZ3DT(ζ 。pt)belowdw=dw1。ptis

duetotheincreasedtunnelingoftheelectronsbetweentheneighboringBilayers

acrossthebarrierlayers.ThehighestvalueforZ3DT[Z3DT(ζ 。pt)=2.31]withthe

ab・vevaluesf・ ・theva・i・usband・ffsetsis・btainedf・ ・dB-50Aanddwl。P、-30A

atacarrierconcentrationof8.6×1017cm-3(seeFig.7-10).Itisnotedthatforvalues

ofdwneardw1。pt,theBi/(111)Pb1_ccEllxTesllperlatticesarealwayssemicondllctors

(foranyvaluesfordBthatareconsideredinthepresentstudy).EvenfordwN70
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Figure 7-10: Relative energies for the conduction (solid cm ve) and valence (long-dashed 
curve) subband edges as a function of quantum well thickness dw for Bi/{lll)Pbl_xEnxTe 
superlattices (x "" 1) at 300 K. The cond uction and valence band offsets (denoted by t;.Ec 
and t;.E v , respectively, and t;.E c = t;.E v is assumed) and the barrier layer t hickness dB ,u-e 
taken to be 1 eY (see text) and 50 A, respectively. The zero energy in the figm e is the 
mid-point in the overlap energy (t;.o = 104 meV at 300 K) between the conduction and 
valence band for bulk Bi. 

of well (Bi ) and barrier (Pb1-xE ux Te) layer t hicknesses (denoted by dw and dB, 

respecti vely) . Explicit calculat ions are made for x '" 1, 6.Ec = 6. Ev = 1 eY, and 

6.0 = 104.2 meV at 300 K (see Table 7. 2) . For most of t he values of dB considered 

in Fig. 7-9, we observe t hat Z3DT((opl) first increases wit,h decreasing dw, reaches 

a maximum at a certain value for elw (denoted as elwloP') and t hen decreases wit h 

furt her decrease of elw . The first increase in Z30T ((opt) is due to the increased density 

of states for electrons [the height of t he steps in the electronic density of states is 

proport ional to (el", + dB) - l], and t he decrease in Z30T((opt) below dw = dWlopt is 

clue to the inCl'easecl t unneling of the electrons between the neighboring Bi layers 

across t he barrier layers. T he highest value for Z30T [Z30T((opt)=2 .31] with t he 

above values for t he various band offsets is obtained for elB = 50 A and dWlopt = 30 A 

at a carrier concent ration of 8.6x 1017 cm- a (see F ig. 7-10) . It is noted t hat fo r values 

of dw near elwlo!" , t he Ri /( lll )Pb1 xEux 'fe superl atti ces are always semiconductors 

(for any values for elB t hat are consiele r'eel in the present st uely) . Even for <iw "" 70 
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Table7.30ptimumstructuresandcalculatedZ3DTsforBi/Pb1_xEuxTesuperlattices.一
△ 五1,=1.OeV(xN1)

300

150

77

△Ec

30508.6×1017

30605.9×1017

28752.6×1017

=0 .5eV(xNO.3)
26757.9×1017

36755.1×1017

40852.4×1017

=0 .25eV(xNO.1)

2.31

1.55

1.61

300

150

77

△Ec

7.7×1017

4.7×1017

2.2×1017

2.03

1.34

1.37

300

150

77

8

ρ
U

O

-
⊥

り
O

K
り

85

100

105

1.75

1.16

1.18

A,wheretheholesinthevalencebandstarttopushthepositionoftheoptimum

chemicalpotentialζ 。ptupintotheconductionband,thebandgapenergyforthe

superlatticeisseveraltimesaslargeasthethermalenergy(kBT=26meVat300K).

Forsuperlatticeswithdw<60A,thecontributionofholestothetotalthermoelectric

transportisnegligible.

Wehavealsoinvestigatedtheoptimumstructuresanddopinglevelsthatgivethe

largestvaluesforZ3DTatvarioustemperatures(77,150and300K)andforvarious

valuesofcondllctionbandoffset(△ 五1,=0.25,0.5and1.OeV).Theinvestigationand

predictionofmaterialswithenhancedvaluesforZ3DTatlowtemperatllres(T<150

K)isimportantbecausetherearevirtuallynotllermoelectricmaterialssystemsat

presentthatareusefulatlowtemperatures,wherethereexiststrongdemandsfor

thermoelectricrefrigeratorstocoolhigh-Tcsuperconductors.Theresultsforthese

calculationaresummarizedinTable.7.3.

7.3.4 Conclusions

Inthissection,enhancedvaluesofthethermoelectricfigureofmeritZ3DTarepre-

dictedforn-typeBi/(111)Pb1_ωEu∬Tesuperlatticesatoptimaldopingconcentrations.
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Table 7.3: Optimum structmes and calculated Z3DTs for Bi/Pb'_xEux Te superlattices. 

T[K] dw[A] dB [A] nOPl[Clll 3] Z3DT 

t::.EG = 1.0 eV (x "" 1) 
300 30 50 8.6x 1017 2.31 
150 30 60 5.9x 1017 1.55 
77 28 75 2.6x 1017 1.61 

t::.Ec = 0.5 eV (.T "" 0.3) 
300 26 r5 r.9x 1017 2.03 
150 36 75 5.1x1017 1.34 
77 40 85 2.4x lO 17 1.37 

t::.Ec = 0.25 eV (X"" 0.1) 
300 18 85 7.7x 1017 1.75 
150 36 100 4.7x 1017 1.16 
7'7 50 105 2.2x 1017 1.18 

A, where the holes in the valence band start to push the position of the optimum 

chemical potential (opt up into the conduction band, the band gap energy for the 

superlattice is several times as large as the thermal energy (kBT = 26 meV at 300 K). 

for superlattices with dw < 60 A, the contribution of holes to the total thermoelectric 

t ransport is negligible. 

"Ve have also investigated the optimum structures and doping levels t hat give the 

largest values for Z3DT at various temperatures (77, 150 and 300 K) and for various 

values of conduction band offset (t::.Ec = 0.25, 0.:3 and 1.0 eV) . The investigation and 

prediction of materials with enhanced val ues for Z3DT at low temperatures (T < 150 

K) is important because there are virtually no thermoelectric materia.ls systems a.t 

present t hat are useful at low temperatures, where there exist strong demands for 

thermoelectric refrigeratms to cool high-Tc superconductors. The results for these 

calculation are summarized in Table. 7.3. 

7.3.4 Conclusions 

In this section, enhanced values of the thermoelectric figure of merit Z3DT are pre

dicted for n-type Bi/( lll)Pb l _ xEux Te superlattices at optimal doping cOllceutl'ations. 
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ThevaluesofZ3DTforxNlsuperlatticesarepredictedtobe2.31,1.55and1.61at

300,150alld77K,respectively.ThesevaluesforZ3DTarefoundtodepelldonthe

valueoftheconductionbandoffset△E,.Itisalsofoundthattheoptimumvaluesfor

thequantumwellandbarrierlayerthicknessestoobtainthemaximumvalueofZ3DT

arealsodependentonthevalueof△ 五1,.ItisproposedthatBi/(111)Pb1_xEuxTesu-

perlatticesareapromisingcandidateforthermoelectriccoolingelementsatlowtem.

peratures,andotherfamiliesofBiquantumwellsuperlattices,suchasBi/(111)CdTe

superlattices,shouldalsopossessequivalentlygoodqualitiesforobtainingenhanced

valuesofthethermoelectricfigureofmeritZ3DT.

348

The values of Z3DT for x '" 1 superia ttices are predicted to be 2.31 , 1.55 and 1.61 at 

300, 150 and 77 K, respectively. T hese values for Z3DT are found to depend on the 

value of the condnction band offset D..Ec . It is also found that the optimum values for 

the quantum well and barri er layer thicknesses to obtain the maximum value of Z3DT 

are also dependent on the value of D..Ec . It is proposed that Bi/(111)Pb1_ x Eux Te su

perlatt ices are a promising candidate for thermoelectri c cooling elements at 101V tem

peratures, and other families of Bi quantum well superlattices, such as Bi/(l11)CdTe 

superiattices, should also possess equivalent ly good quali ties for obtaining enhanced 

values of the thermoelectric fi gure of meri t Z3DT . 
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Chapter8

Conclusions

Summaryofthethesis

Inthisthesis,wehavediscussedhowonecanuselow-dimensionalstructures,es-

peciallyintheformoftwo-dimensionalsuperlattices,todesignmaterialswithen-

hancedvaluesofthethermoelectricfigureofmeritZ3DT.Thegeneralstrategies

takenthroughoutthethesisarethefollowing:(1)explorevariouscombinationsof

materialsforthequantumwellsandbarrierlayersofthesuperlattice,predictingthe

optimumstructure,orientation,andotherpropertiesofthesuperlatticesthatprovide

themaximumvalueofZ3DTusingsimplemodelsbasedontheconstantrelaxation

timeapproximation;(II)performanexperimentalproofLof-principlestudytotestthe

theoreticalpredictionsmadeinthestage(1)investigationabove;(III)improvethe

theoreticalmodelstounderstandtheobtainedexperimentalresultsandgivefeedback

toexperimentalistsprovidinginformationonwhatneedstobeimprovedintheex-

perimentsinordertoachieveevenhigherexperimentalvalllesofZ3DT;(IV)apply

theknowledgeacqlliredaboutvariollsmechanismsthatareresponsiblefortheen-

hancedvaluesofthethermoelectricfigureofmeritZ3DTduringthestage(1)一(III)

investigationsofthisoptimizationprocess,usingonematerialssystemforasystem-

aticinvestigationofthescientificissues,toothermaterialssystemsthatmaybemore

suitableforachievingevenlargervaluesofthethermoelectricfigllreofmeritZ3D7「.

Usingthespecificexamplesthatwereexploitedinthisthesis,wecanexemplifythe
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Chapter 8 

Conclusions 

Summary of the thesis 

In this thesis, we have discussed how one can use low-dimensional structures, es

pecially in the form of two-dimensional superlattices, to design materi als with en

hanced values of the thermoelectric fi gure of merit Z30T. The general strategies 

taken throughout the thesis are the following: (I) explore various combinat ions of 

materials for the quantum wells and barrier layers of the superlattice, predicting the 

optimum structure, orientation, and other propert ies of the superlattices that provide 

t he maximum value of Z30T using simple models based on the constant relaxation 

t ime approximation; (II) perform an experimental proof-of-principle study to test the 

theoretical predictions made in the stage (I) investigation above; (III) improve the 

theoretical models to understand the obtained experimental results and give feedback 

to experimentalists providing information on what needs to be improved in the ex

periments in order to achieve even higher experimental values of Z30T; (IV) apply 

the knowledge acquired about various mechanisms that are responsible for the en

hanced values of the thermoelectric figure of merit Z3DT during the stage (I)-(IlI) 

investigations of this optimization process, using one mfiterials system for fi system

atic investigation of the scientific issues, to other materials systems t hat may be more 

sui table for achieving even larger values of the thermoelectric fi gu re of meri t Z3UT . 

using the specific examples that were exploited in this thesis, we can exemplify the 
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above(1)(IV)investigationsinthegelleraloptimizationstrategiestakenthroughout

thethesis,asdiscussedbelow.

First,thestage(1)and(II)investigationsintheaboveoptimizationprocess

weredescribedinChapter2using(111)orientedPbTe(20A)/Pb1_xEuxTe(400A)

multiple-quantum-well(MQw)samples,whereourfocuswasontheenhancedther-

moelectric丘gureofmeritwithinthequantumwells,denotedbyZ2DT.Wehave

seenthatthemodelsbasedontheconstantrelaxatiolltimeapproximationpredicts

thatlargervaluesofZ2DTareobtainableinthe(001)orientedPbTequantumwells

(§2.5.2)thaninthe(111)orientedquantumwells.ThismainresultofenhancedZ2DT

inthe(001)orientedPbTe-basedmultiple-quantum-wellsalsoledustothetheoretical

investigationof(001)orientedshort-periodPbTe/Pb1_xEuxTesuperlattices(§7.2)to

predictenhancedvaluesofZ3D7「(figureofmeritforthewholesuperlattice)usingthe

samebasicideasasthosellsedforthepredictionoftheenhancedZ2DT,butincluding

thethree-d乞mensionαlenergydispersionrelation,thatisobtainedusingtheKr6nig-

Penneymodel,andwithoutusingthetwo-dimensionalenergydispersionrelationthat

wasemployedforthepredictionofenhancedZ2DT.Sincetheactualsamplesof(001)

orientedPbTe-basedquantumwellsor(001)orientedPbTe/Pb1_xEuxTeshortpe-

riodsuperlatticeswerenotyetavailabletous,theexperimentalproof-ofLprinciple

stlldyoftheenhanced伽o-d乞mensionαlthermoelectricfigllreofmeritZ2DTwasper.

formedusingMBE-grown(111)orientedPbTe/Pb1_xEuxTemultiple-quantum-wells

(MQw)[15],wherethethicknessesforthebarrier(Pb1-。Eu。Te)layers(～400A)

weremuchlargerthanthoseforthewell(PbTe)layers(～20A).Thisexperimental

investigationcanbecategorizedasastage(II)investigationoftheabovegeneral

optlmlzatlonprocess.

TheworkperformedinChapter3iscategorizedasastage(III)investigationof

theaboveoptimizationprocess[i.e.,improvementofthetheoreticalmodelsaccording

totheresultsofthestage(II)investigationabove],wherewehaveanalyzedthe

obtainedexperimentalresults(enhancedvaluesfortheSeebeckcoeflicientlS1)for

the(111)orientedPbTe(20A)/Pb1_xEuxTe(400A)sllperlattice(sampleT-225)that

wereobtainedinChapter2,usingtheimprovedtheoreticalmodelsbasedonthesemi一
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above (I)- (IV) investigations in the general optimization strategies taken throughout 

the thesis, as discussed below. 

First , the st age (I) and (II) investigations in the above optimization process 

were described in Chapter 2 using (ll l ) oriented PbTe(20 A)/Pb, _xEux Te(400 A) 

multiple-quantum-well (MQ"V) samples, where our focus was on the en hanced ther

moelectri c figure of merit within the quant um wells, denoted by Z2oT. "Ve have 

seen that the models based on the constant reia,at ion t ime approximation predicts 

that larger values of Z20T are obtainable in the (001) oriented PbTe quantum wells 

(§2.5.2) than in t he (Ill) oriented qUaJlturn wells. This main resul t of enhanced Z2DT 

in the (001) oriented PbTe-based multiple-quant um-wells also led us to the t heoretical 

investigation of (001) oriented short-period PbTe/Pb1_xEux Te superlattices (§7.2) to 

predict, enhanced values of Z3DT (figure of merit for the whole superlattice) using the 

same basic ideas as those used for the prediction of the enhanced Z"DT, but including 

the thr-ee-dimensional energy dispersion relation, that is obtained using the Kriinig

Penney model, and without usi ng the two-dimensional energy dispersion relation that 

was employed fur the prediction of enhanced Z2oT. Since t he actual samples of (001) 

oriented PhTe-hased qnant.um wells or (001) oriented PbTe/Pb' _xEux Te shorr. pe

riod superlattices were not yet available to us, the experimental proof-of~principle 

stud y of the enh anced two-dimensional thermoelectric figure of merit Z 2DT was per

formed using MBE-grown (Ill) oriented PbTejPb1_x Eux Te multiple-quantum-wells 

(MQW) [15], where the thicknesses for the barrier (Pb1- x Eux Te) layers (~400 A) 

were much larger than those for the well (PbTe) layers (~20 A). This experimental 

investigation ca.n be categorized as a stage (II) investigation of the above general 

optimization process. 

The work performed in Cha.pter 3 is categorized as a stage (III) investigation of 

the above optimization process [i. e., improvement of the theoretical models according 

to the results of t he stage (II) investigation above], where we have analyzed the 

obtained experimental results (enhanced values for the Seebeck coefficientlS I) for 

t he (111) oriented P bTe(20 A)/Pb1 _x Eux Te(400 A) superlattice (sample T-225) that 

were obtained in Chapter 2, using the improved theoretical models based on the semi-
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classicalBoltzmanntransporttheory,includingsomespecificscatteringmechanisms.

TheworkperformedinChapter4iscategorizedasboththestage(IV)alldthe

stage(1)investigationsintheabovegeneraloptimizationstrategies,asexplainedbe-

low.InChapters2and3,wehaveproved,bothexperimentallyandtheoretically,that

thebasicconceptofenhancingthevaluesofZ2DTusinglow-dimensionalstructures

(whichisdenotedasthe``basicprincipleoflow-dimensionalthermoelectricity"in§1.3)

callactuallywork.Therefore,thenextstepillthislilleofresearchwastopredict

enhancedvaluesofZ3DT(thermoelectric丘gureofmeritforthewholesuperlattice).

Inthissense,theworkperformedinChapter4iscategorizedasthestage(IV)inves-

tigationdiscussedabove(applicationoftheknowledgeacquiredduringtheprevious

investigationstoanothermaterialssystemofinterest),becausewehaveappliedthe

knowledgeacquiredinthestudyofenhancedZ2DTforPbTe/Pb1-。Eu。TeMQwsto

"another"GaAs/AIAssuperlatticesystemtopredicttheenhancedthree -dMensionαl

thermoelectric丘gureofmeritZ3DTfortheGaAs/AIAssuperlatticesystem.Itis

needlesstosaythatChapter4wasthestage(1)investigationfortheGaAs/AlAs

superlatticesystem,usingsimplemodelsbasedontheconstantrelaxationtimeap-

proximation.

SinceactualGaAs/AIAssuperlatticesamples,thatwerespeciallydesignedbyus

totestthetheoreticalpredictionsforanenhancedZ3DTinthissuperlatticesystemin

Chapter4,werenotyetavailabletousforexperiments,weproceededinourresearch

withoutperforminganexperimentalproof-ofLprinciplestudyfortheGaAs/AlAssu.

perlattices.Thenextmaterialssystemchosenforthestudyofenhancedthermoelec-

tricfigureofmeritZ3DTwastheSi/Gesuperlattices.ThereasonwhytheSi/Ge

superlatticeswerechosenforthetopicofourinvestigationwaslargelyduetothe

availabilityofthesamplestotestthetheoreticalpredictionsmadebyusforthisma-

terialssystem,since(001)orientedSi/Gesuperlatticesampleswerereadilyavailable

tousthroughthecollaborationwithProf.K.LWang,sgroupatUCLAunderthe

MURI†program.Inadditiontothat,thegeneralknowledgeacquiredduringthe

†DOD/ONRMuRI:QuantumStructuresforThermoelectricApPlications(principalinvestiga-

tor:Prof.GangChenatUCLA).
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classical Boltzmann transport theory, including some specific scattering mechanisms. 

T he work performed in Chapter 4 is categorized as both the stage (IV) and the 

stage (I) investigations in the above general optimization strategies, as explained be

low. In Chapters 2 and 3, we have proved, both experimentally and t heoretically, that 

the basic concept of enhancing the values of ZzoT usi ng low-dimensional structlll'es 

(which is denoted as the "bas ic principle ofl ow-dimensional thermoelect ricity" in §1.3) 

can actually work. Therefore, the next step in this line of research was to predict 

enhanced values of Z3DT (thermoelectric figure of meri t for the whole superlattice) . 

In thi s sense, the work performed in Chapter 4 is categorized as the stage (IV) inves

t igation discussed above (application of t he knowledge acqui red during t he previous 

investigations to another materials system of interest), becalLse we have applied the 

knowledge acquired in t he study of enhanced Z2DT for PbTe/Pbi_xEux Te MQWs to 

"another" GaAs/ AlAs superlattice system to predict the enhanced thr'ee-dimensional 

thermoelectric figme of merit Z3DT for the GaAs/ AlAs superi attice system. It is 

needless to say that Chapter 4 was the stage (I) investigation for the GaAs/AlAs 

superlattice system, using simple models ba8ed on the constant rela'[ation time ap-

proximation. 

Since actual GaAs/AIAs superlattice samples, that were specially designed by us 

to test t he theoretical predictions for an enhanced Z3nT in this superlattice system in 

Chapter 4, were not yet avai lable to us for experiments, we proceeded in our research 

without performing an experimental proof-of-principle study for the GaAs/AlAs su

perlattices. The next materials system chosen for t he study of enhanced thermoelec

t ric figure of merit Z3DT was the Si/Ge superlattices. The reason why the Si/Ge 

superlattices were chosen for the topic of our investigation was largely due to the 

availability of the samples to test the theoretical predictions made by us for this ma

terials system, since (001) oriented Si/Ge superlattice samples were readily available 

to us through the collaboration with Prof. K. L. '''lang's gmup at UCLA under the 

MUR.It program. In adclition to that , the general knowledge acquired during the 

tDOD / ONR MUm: Quantum Structures for Thermoelectric Applications (principal investiga
tor : Prof. Gang Chen at UCLA). 
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modelillgstudyofGaAs/AIAssuperlattices,denotedbythe"CarrierPocketEllgi-

neerillgconcept"inChapter4,alsosuggestedthatSi/Gesuperlatticesshouldbea

goodmaterialscandidatebywhichwemightachieveenhancedvaluesofthether-

moelectricfigureofmeritZ3DT.Itshouldbealsonotedthat,duringthestage(1)

investigationoftheSi/Gesuperlattices,usingsimpletheoreticalmodelsbasedonthe

constantrelaxationtimeapproximation,wehavediscoveredanewconceptofusing

thelatticestrailleffectsthatareexperiellcedbytheSiandGelayersofthesuper-

lattice,asanadditionalparametertocontroltheconductionbandoffsettofurther

enhancethevaluesofZ3DTinthissuperlatticesystem(Chapter5).

ThesecondhalfofChapter5,andChapter6are,respectively,devotedtostage

(II)and(III),andstage(III)investigationsofthegeneraloptimizationprocessthat

isdiscussedabove.InthesecondhalfofChapter5,wehaveexperimentallytested

thetheoreticalpredictionsthatweremadeinthefirsthalfofChapter5.Wehave

used(001)orientedSi/Geshortperiodsuperlatticestofulfillthispurpose,since

(111)orientedSi/Gesuperlatticesampleswerenotyetavailabletousthroughthe

collaborationsundertheMURIprogram.However,itshouldberememberedthat

thepredictedvaluesofZ3DTfor(111)orientedSi/Gesuperlattices[Z3DT=0.98

forastrainsymmetrized(111)Si(15A)/Ge(20A)superlatticeat300K]wasmuch

largerthanthecorrespondingvalueofZ3DTfor(001)orientedSi/Gesuperlattices

[Z3D7「=0.24forastrainsymmetrized(001)orientedSi(20A)/Ge(20A)superlattice

at300K]whenthestructuralparametersofthesuperlatticesuchasthequantumwell

andbarrierlayerthicknessesareoptimized.Theexperimentalresultsobtainedduring

thisproof-of-principlestudywereanalyzedusingthesemi-classicalmodelsthatwere

developedinChapter6[stage(III)investigationofthegeneraloptimizationprocess

thatisdiscussedabove].InChapter6,wehaveextendedourtheoreticalinvestiga-

tionsoftheenhancedthermoelectricfigureofmeritZ3DTforthe(001)orientedSi/Ge

superlatticesamplestoincludetheeffectsofδ 一andmodulationdopingtechniquesso

thatfurtherincreasesinthevaluesofZ3DTforthe(001)orientedSi/Gesuperlat-

ticeswerepredicted.Thlls,thiscanberegardedasthefeedbackfromthetheoretical

modelinginvestigationtotheexperimentalinvestigation[stage(III)investigationof
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modeling study of GaAs/AIAs superJattices, denoted by the "Carrier Pocket Engi

neering concept" in Chapter 4, also suggested t hat Si/Ge superJattices should be a 

good materials candidate by which we might achieve enhanced values of the ther

moelectric figll1'e of merit Z3DT. It should be also noted t hat, dll1'ing the stage (I) 

investigation of the Si/Ge superlattices , using simple theoretical models based on the 

constant rela:xat ion t ime approximat ioll , we have discovered a Il ew concept of using 

the lattice strain effects that are experienced by the Si and Ge layers of the super

lattice, as an additional parameter to control the conduction band offset to further 

enhance the values of Z3DT in this superJatti ce system (Chapter 5). 

The second half of Chapter 5, and Chapter 6 are, respectively, devoted to stage 

(II) and (III), and stage (III) investigations of the general optimization process that 

is discussed above. In the second half of Chapter 5, we have experimentally tested 

the theoretical predictions that were made in the fi rst half of Chapter 5. We have 

used (001) oriented Si/Ge short period superJattices to fulfill thi s purpose, since 

(111) oriented Si/ Ge superlattice samples were not yet available to us through the 

collaborations under the MURl program. However, it should be remembered that 

the predicted values of Z3DT for (111) oriented Si/Ge sllperlattices [Z3DT = 0.98 

for a strain symmetrized (11 1) Si(15 A)/Ge(20 A) superlattice at 300 K] was much 

larger than the con esponding value of Z30T for (001) oriented Si/Ge superlattices 

[Z30T = 0.24 for a strain symmetrized (001) oriented Si(20 A)/Ge(20 A) superlattice 

at 300 K] when the structural parameters of the superJattice such as the quantum well 

and barrier layer thicknesses are optimized. The experimental results obtained during 

this proof~of-principle study were analyzed using the semi-classical models that were 

developed in Chapter 6 [stage (III) investigation of the general optim ization process 

that is discussed above] . In Chapter 6, we have extended our theoretical investiga

tions of the enhanced thermoelectric figure of merit Z3DT for the (001) oriented Si/Ge 

snperlattice samples to illclude the effects of 6- and modulation doping t echlliques so 

that further increases in the values of Z3DT for the { ~Ol ) oriented Si/Ge superJat

tices were predicted. Thus, th is can be regarded as the feedback from the theoretical 

modeling investigation to the experimental investigation [stage (III) investigation of 
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thegeneraloptimizationprocessthatisdiscussedabove].Anaturalcolltilluation

alongthislineoftheresearchusingtheSi/Gesuperlatticesystemsisthestage(IV)

investigationofthe(111)orientedSi/Gesuperlattices,wherevariousknowledge,ac-

quiredduringtheoptimizationprocessesforthe(001)orientedSi/Gesuperlattices,

shouldbeincorporatedintothefuturedesignof(111)orientedSi/Gesuperlattice

structures,inwhichtheoptimumvalueofthethermoelectricfigureofmeritfora

straill-symmetrized(111)orientedSi(20A)/Ge(20A)superlatticeispredictedtobe

afactoroffourlargerthanthatfbrthecorrespondingstrain-symmetrized(001)ori-

entedSi(20A)/Ge(20A)superlattice,usingasimplemodelbasedontheconstant

relaxationtimeapProximation.

Besidetheabove-mentionedmainstreamtopicsofthethesis,wehavealsodis-

cussedthepossiblemechanismsfortheenhancedthermoelectricpropertiesthatwere

observedexperimentallyinthe(111)orientedPbTe/TeandPbSeo.g8Teo.02/PbTe

"quantUM -dot"superlattices(§7 .1).Inthisinvestigation,althoughwewerenotable

toidentifytheexactmechanismsthatareresponsiblefortheenhancedthermoelectric

propertiesinthesesystems,theobservedexperimentalresultsstronglysuggestedthat

somethingotherthanthequantumconfinementeffectoftheconductioncarriers†are

responsiblefortheobservedenhancementinthethermoelectricpropertiesinthese

systems.Duringtheeffortofexplainingthemechanismsfbrtheobservedenhanced

thermoelectricpropertiesofthe(111)orientedPbTe/Tesuperlatticesintermsof

thequantumconfinementeffect,wehavefoundthatthereshouldbeanotherregime

instructureandorientationofthesuperlatticewhereonecanutilizethequantum

confinementeffectoftheconductioncarriersmoreeffectivelyforenhancingthether-

moelectricpropertiesofthesuperlattices.Thlls,wehaveinvestigated,in§7.2,the

thermoelectricpropertiesof(001)orientedPbTe/Pb1_xEuxTeshortperiodsuperlat-

ticesusingsimplemodelsbasedontheconstantrelaxationtimeapproximation.Fi一

†The"quantumconfinementeffect"heremeansthatthe"quantumconfinementeffecttoen-

hancethedensityofstatesusinglow-dimensionalstructures"aswediscussedin§1.3.Thereexist

othertypesofquantumconfinementeffectthatmayberesponsiblefbrtheobservedenhancement

inSinthe(111)orientedPbSeo.g8Teo.02/Te"quantum-dot"superlattices,suchasthequantumme-

chanicalcon丘nementofelectronswithinthequantumdots,whichmayprovideionized-impurity-like

scatteringmechanismsthatenhancethevaluesofS.
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the general optimization process that is discussed above]. A natural continuation 

along this line of the research using the Si/Ge superlattice systems is the stage (IV) 

investigation of the (111) oriented Si/Ge superlattices, where va,rious knowledge, ac

quired dUl'ing the optimization processes for the (001) oriented Si/Ge superlattices, 

should be incorporated in to the future design of (11 1) oriented Si/Ge superlattice 

st ructures, in which the optimum value of the thermoelectri c figure of meri t for a 

strain-symmetrized (111) oriented Si(20 A)/Ge(20 A) superlattice is predicted to be 

a factor of four larger than that for the corresponding strain-symmetrized (001) ori

ented Si(20 A)/Ge(20 A) superlattice, using a simple model based on the constant 

relaxation time approximation. 

Beside the above-mentioned mainstream topics of the thesis, lI'e have also dis-

cussed the possi ble mechanisms for the enhanced thermoelectric propert ies that were 

observed experimentally in the (111) oriented PbTe/Te and PbSeu.y, Teu.u~/PbTe 

"q uantum-dot" superi attices (§7 .1). In this investigation , aJthough we were not able 

to identify the exact mechanisms that are responsible for the enhanced thermoelectric 

properties in these systems, the observed "'Cperimental results strongly suggested that 

something 01 her than the qnantnm confinement effect of the conrlnction carriers 1 are 

responsible for t he observed enhancement in t he thermoelectric properties in these 

systems. During the effort of explaining t he mechanisms for the observed enhanced 

t hermoelectric propert ies of the (111) oriented P bTe/Te superlattices in terms of 

the quantum confinement effect, we have found that there should be another regime 

in structure and orientation of the superlattice where one can utilize the qmultum 

confinement effect of the conduction carriers more effectively for enhancing t he ther

moelectric properties of the superlattices . Thus, we have investigated, in §7.2, the 

thermoelectric properties of (001) oriented PbTe/ Pb1_xEux Te short period superiat

t ices using simple models based on the constant relaxation time approximation. F i-

tThe '(quantum confinement effect" here means tha.t the "quantlU11 confinement effect to en
hance the density of states using low-dimensional structures)) as we discussed in §1.3. There exist 
other types of quantum confinement effect that may be responsible for the observed enhancement 
in S in the (Il l) oriented PbSeO.9sTeo.02/Te "quantum-dot" superlattices, such as the quantum me
chanical confinement of electrons within the quantum clots , which may provide ionized-impurity-like 
scattering mechanisms that enhance the values of S. 
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nally,thesamelineoftheresearchiscontinuedusing(111)orientedBi/Pb1_xEuxTe

shortperiodsuperlattices(§7.3),wherepracticallyusefulvaluesofZ3DT(Z3DT>1)

werepredictedevenattemperaturesaslowas77K.

Futuretrends

Now,weidentifytheissuesleftoverfbrthefuturework.Probably,themostdif丑cult

partoftheactualapplicationoflow-dimensionalstructurestoenhancethermoelec-

tricityisthefabricationofthicksuperlattices.Superlatticeswithatotalthickness

inthe`mm,rangewouldberequiredforcommercialapplicationsoflow-dimensional

thermoelectricity,eitherforrefrigerationorpowergenerationapplications.†Recent

trendstoovercomethisdisadvantageoflow-dimensionalthermoelectricityinactual

applications,therefore,includetheintegrationofthethermoelectricelements,that

arepreparedusingsuperlatticestructures,intoconventionalsemiconductor-basedin-

tegratedcircuits,sothattheintegratedthermoelectricdevicecan"spot-cool"[123]

onlythepartofthegivenintegratedcircuitwhichrequireslowertemperaturesthan

therestofthecircuit,asinasemiconductor-basedsolidstatelaseroraninfrared

detector.

Inordertodevelopsuch"spot-cooled"thermoelectricdevicesusingsuperlattice

structures,itisalsonecessarytodevelopp-typematerialsthathaveashighvalues

ofZ3DTasthosefortheγz-typesuperlatticesthatwereinvestigatedinthisthesis,

inordertodesignthermoelectricdevicesthathaveabalancedpairofp-andn-type

materials(see§1.2).Itispossible,inmanycases,tousethesamegeneraloptimiza-

tionstrategies,basedonthequantumconfinementeffectoftheconductioncarriers

†ItisnotedthatDr .T.C.HarmanatMITLincolnLab.hasachievedagrowthrateashigh

as10μm/hourf()rtheMBEgrownPbSeo.g8Teo.02/PbTe"quantum-dot"superlatticeswithoutde-

gradingthethermoelectricpropertiesappreciablyfromthoseofthe丘lmsgrownusingastandard

1μm/hourgrowthrate[122].Itis,however,notedthat,evenwiththisunusuallyhighgrowth

ratef()rtheMBE-grownsuperlatticefilms,ittakes100hours(4daysand4hours)togrowalmm

thick(totalthickness)superlattice,whichindicatesthatmolecularbeamepitaxyisanextremely

expensiveprocessfbrfabricatinga"low-dimensional"thermoelectricelementthatcanbeusedin

actualthermoelectricapplications.Itis,therefore,necessarytoexploreothergrowthtechniquesfor

thesuperlatticesthataremuchfasterandmuchlessexpensivethanthemolecular-beamepitaxy

technique,butwhichcangrowsuperlatticeswithashighaqualityasasthosegrownbytheMBE

technique,fbrthefし1turecommercializationoflow-dimensionalthermoelectricity.
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nally, the same line of the research is continued using (111) oriented Bi/Pb1_xEuxTe 

short period superlattices (§7.3), where practically useful values of Z3DT (Z3DT > 1) 

were predicted even at temperatures as low as 77 K. 

Future trends 

1\ow, we identify the issues left over for the future work. Probably, the most difficult 

part of the actual application of low-dimensional structures to enhance thennoelec

t ricity is the fabrication of thick superiattices. Superiattices with a total thickness 

in the 'nUll ' range would be required for commercial applications of low-dimensional 

thermoelectricity, either for refrigeration or power generation applications.! Recent 

t rends to overcome this disadvantage of low-dimensional thermoelectricity in actual 

appl ications, therefore, include the integrat ion of the thermoelect ric elements, that 

are prepared using superla ttice st ructures, into conventional semiconductor-based in-

only the par! of the given integrated circui t which requires lower temperatures than 

t he rest of t he circuit , as in a semiconductor-based solid state laser or an infrared 

detector. 

In order to develop such "spot-cooled" thermoelectric devices using superlattice 

structures, it is also necessary to develop p-type materials that have as high values 

of Z3DT as those for t he n-type superl attices that were invest igated ill this thesis, 

in order to design thermoelectri c devices t hat have a balanced pair of p- and n-type 

materials (see §1.2) . It is possible, in many cases , to use the same general optimiza

t ion strategi es, based on the quantum confinement effect of the conduction carriers 

tIt is noted that Dr. T. C. Harman at r.!lIT Lincoln Lab. has achieved a growth rate as high 
as 10 /trn/hour for the lVlBE grown PbSeo.98Tp.o.02/ PbTe "qllantmn-dot" snperlattices without, de
grading the thermoelectric properties appreciably from those of the films grown using a standard 
1 pm/hour growth rate [122]. It is, however, noted that, even with this unusually high growth 
rate for the NIBE-grmvll suped attice films, it takes 100 hours (4 days and 4 hours) to grow a Imm 
thick (total thickness) superiattice, which indicates that molecular beam epitaxy is an extremel.); 
expensi v€ process for fabricating a "}mv-c1imensionaP' thermoelectric element that can be used in 
actual therrnoelectric applications. It is, therefore: necessary to e..-xplore other growth techniques [or 
the superlattices that are much faster anci much less expensive than the molecular-bemll epitaxy 
technique, but which can grmv superlattices with as high a quality as as those grmvn by the MBE 
technique, [or the fu ture commercialization of low-dimensional thermoelectricity_ 
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onellhancillgthethermoelectricpropertiesofsuperlattices,asthoseusedforn-type

dopedsemiconductingsuperlatticesillthisthesis,forp-typedopedsemicollducting

superlatticesaswell.However,sincemanysemiconductingmaterialshavetheirva-

lencebandmaximaatthecenteroftheBrillouinzone(r-point),wherethenumber

oftheequivalentvalleysitesisonlyone,itmaybenecessarytoexplorestrategies

otherthanthosebasedonthequantumconfinementeffecttodesignp-typether-

moelectricmaterialsthathaveellhancedthermoelectricpropertiesrelativetocon-

ventionalp-typethermoelectricmaterials.Hintsalongthislineofresearchlie,for

example,inp-typePbSeo .g8Teo.02/PbTe"quantuM-dot"superlatticesand/orinnovel

p-typeB4C/BgCsuperlattices[124].Forp-typePbSeo.g8Teo.02/PbTe"quantum-dot"

superlattices,sincemostlead-chalcogenidecompoundshavesymmetricalelectronic

structuresbetweenthevalenceandconductionbands,itislikelythattheenhanced

thermoelectricpropertiesthatareobservedinn-typePbSeo.g8Teo.02/PbTe"quantum-

dot"superlattices,canalsobeobservedinp-typePbSeo.g8Teo.02/PbTe"quantum-dot"

superlattices.Forp-typeB4C/BgCsuperlattices,althoughtheexactmechanismsare

notyetknown,someexperimentalinvestigationsindicatedexcellentthermoelectric

propertiesinthissuperlatticesystemandthesep-typematerialshavebeenalready

usedfortheexperimentalevaluationofthermoelectricdeviceswhosep-andn-type

legsaredesigned(andactuallyfabricated)usingthesuperlatticestructures[124,125].

However,scientificunderstandingofwhythesep-typematerialsyieldhighZ3DTval-

uesremainstobeachievedinfuturestudies.
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on enhancing the thermoelectric properties of superlattices, as those used for n-type 

doped semiconducting superlattices in this thesis, for p-type doped semiconducting 

superlattices as well. However, since many semiconducting materials have their va

lence band maxima at the center of the Bri llouin zone (r -point), where the number 

of the equivalent valley sites is only one, it may be necessary to explore strategies 

other than those based on the quantum confinement effect to design p-type ther

moelectric materials that have enhanced thermoelectric properties relati ve to con

ventional p-type thermoelectric materials. Hints along this line of research lie, for 

example, in p-type PbSeo.g8Teo.02/PbTe "quantum-dot" superlattices and/or in novel 

p-type B. C/BgC superlattices [124] . For I)-type PbSeo.g8Teo.oz/PbTe "quantum-dot" 

superlattices, since most lead-chalcogenide compounds have symmetrical electronic 

structures between the valence and conduction bands, it is likely that the enhanced 

thermoelectric propert ies that are observed in n-type PbSeo.98 Teu.u2/PbTe "quantum

dot" superlattices, can also be observed in p-type PbSeo.98 Teo.o2/PbTe "quantum-dot" 

superlattices. For p-type B4C/BgC superlattices, although the e-xact mechanisms are 

not yet known , some experimental investigations indkated excellent thermoelectric 

properties in this sllperlattice syst.em a.nd these p-type materials have heen already 

used for the experimental evaluation of thermoelectric devices whose p- and n-type 

legs arc designed (and actually fabri cated) using the superiattice structmcs [124, 125]. 

However, scient ific understanding of why these I)-type materials yield high Z3DT val

ues remains to be achieved in future studies. 
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AppendixA

Thermoelectricfigureofmeritfbr

aone-bandmaterialofvarious

dimensionsintheconstant

relaxationtimeapProximation

A.1Meaningofsymbolsandvaluesofphysical

constants

Meaningofsymbols

symbol meaning units

N

ζ

ζ*

T

κPh

μ

Mx,My,Mz

ヲ≠ofequivalentvalleys

chemicalpotential

reducedchemicalp・tential毒T

temperature

latticethermalconductivity

CarriermObility

componentsofeffectivemasstensor

J

K

Wm-1K-1

m2V-1s-1

kg
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Appendix A 

Thermoelectric figure of merit for 

a one-band material of various 

dimensions in the constant 

relaxation time approximation 

A.I M eaning of symbols and values of physical 

constants 

Meaning of symbols 

symbol meaning 

N # of eq ui valent valleys 

( chemical potential 

(' reduced chemical potent ial k;T 
T temperature 

latt ice thermal cond uct ivity 

carrier mobility 

units 

J 

K 

rn:Cl my, 1nz cornponcnts of effective Inass tensor kg 
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1・istofphysicalconstants

SymbOlmeanillg value units

m

e

ん

砺

freeelectronmass

electroncharge

Planckconstant/2π

Boltzmannconstant

9.10956

1.60219

1.05459

1.38062

10-31kg

10-19C

10-34J・s

10-23JK-1

Fermi-relatedintegralfunction

乃 ・(ぐ*)ず
ξゴdξ

e(ξ 一 ζ*)一 ト1,

whereブ ー 一 去,0,3,i,含,・ …

A.2 3Dbulkmaterials

Theelectricalconductivityσ,theSeebeckcoefHcientS,theelectroniccontribution

tothethermalconductivityκ,andthedimensionlessthermoelectricfigureofmerit

Z3D7「foraone-bandbulkmaterialare,respectively,givenby

旦

σ=N×

κe=N×

f,,(2睾 丁)2

(
幕(

(砺蜘 去μGF去),

and

s__竺5Fg
e3F,

至

2睾 丁)9(
m・m,m・)

B3・(liEllll

ー*く

5
一2

F
7
-
一2

ーμ-
一2

-
一2

3

一2

2

)*ζ

2歌2)
,

Z3DT=

B3D(3F号 一2晦2)+1'

(A.1)

(A.2)

(A.3)

(A.4)
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List of physical constants 

symbol Ineaning value units 

rn free electron mass 9.10956 10- 31 ko' 
" 

e electron charge 1.60219 10- 19 C 

n Planck cOllstant/2n 1.05459 10-34 J· s 

kB Boltzmann constant 1.38062 10-23 J ](-1 

Fermi-related integral function 

where j = -~, 0, ~J 1, ~, . . '. 

A.2 3D bulk materials 

The electri cal conductivity a , t he Seebeck coeffic ient 5, the electronic cont ribution 

to the thermal conductivity "e and t he dimensionless thermoelectric figm e of meri t 

Z3DT for a one-band bulk material are, respectively, given by 

e (2kBT ) ~ 1 (3 ) a = N x - -- (Tn Tn 'In )2 'r -F, 
31f2 1i 2 x Y z r- 2 '2 1 

(A.1) 

5 = -- --- - ( kB ( 5F~ ') 
e 3F , ' 

::! 

(A.2) 

(A.3) 

and 

(A.4) 
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where

B・D-S
.2(2睾 丁);(m・m・ym・)嫁 籍 ・

(A.5)

A.3 2Disolatedquantumwells

Theelectricalconductivityσ,theSeebeckcoefficientS,theelectroniccontribution

tothethermalconductivityκ,alldthedimensiolllessthermoelectricfigureofmerit

ZIDTforaone-bandisolated2Dquantumwellare,respectively,givenby

σ=N×

κe=N×2
πdwe

2π急w(2睾丁)幅 幅,

and

θ_」 室
e

kZT(2睾 丁

Z2DT=

(誓 一ζ・),

)幅)去 μ(3F・-4銑2),

where

B、D(誓 一 ζ・)2F。

B・D(3F・-f'?)+・'

B・D-2嘉
w(2睾 丁)(蜘 去讐石畜・

(A.6)

(A.7)

(A.8)

(A.9)

(A.10)

A.4 1Disolatedquantumwires

Theelectricalconductivityσ,theSeebeckcoefficientS,theelectroniccontribution

tothethermalconductivityκ,andthedimensionlessthermoelectricfigureofmerit

ZiDTforaone-bandisolatedIDquantumwireare,respectively,givenby

σ=N×
π能(2、κβTh2)㌦誌μ齢

s__墾
e

(3F⊥Fl-〈*一至),

(A.11)

(A.12)
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where 

(A.5) 

A.3 2D isolated quantum wells 

The electrical conductivity (J, the Seebeck coefficient 5, the electronic contribution 

to the thermal conductivity I," and the dimensionless thermoelectric figure of merit 

ZlDT for a one-band isolated 20 quantum well are, respectively, given by 

(A.5) 

s = _ kB ( 2F
t _ C) 

e Fo ' 
(A.7) 

(A.8 ) 

and 

(A.9) 

where 

(A.10) 

A.4 ID isolated quantum wires 

The electrical conductivity (J , the Seebeck coeffic ient 5, the electronic contribution 

to the thermal conductivity K e and the dimensionless thermoelectric figure of merit 

ZlDT for a oue-band isolated 10 quantum wire are, respectively, giveu by 

_ 2e (2J(BT)~ t (1 ) 
(J - N X _ .il 2 7nx /1 ;-F_l , 

J( u,v Ii. 2 2 
(A.ll) 

kB ( 3F~ .) 5= -- --- ( , 
e F 1 

-}" 

(A.12) 

358 



Ke-N× 窯 吟 詐μ¢F暑1皇1), (A.13)

and

ZIDT=

B・D(美弩 一く*)2ム馬

B・D(9Fg-;鋤+1'
(A.14)

where

2

BID=N×
π礁 (2睾丁)m撫 ・

(A.15)
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(A.13) 

and 

( 

3F , ) 2 
E lD --"- - s' 1 F_1 

F_J, 2 2 

Z T - -
lU - ( 9 / ' ' ) , 

B ID %FJ. - ? ;Jy~ + 1 
- 2 - _j-

(A.14) 

where 

E lD = N x -- --? - m x--, 2 (2 kBT ) t k1T/1 
7r&,v Ii- eKph 

(A.15) 
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A.5 TablefbrZxTvs. Bx(X=`1D,,`2Dラand

`3D')

Bx 3Dbulk 2Dquantumwell 1Dqualltumwire

(X=1D,2D,3D) Z3DT(ζ あt) く言pt Z・DT(ζ 苫pt) く言pt Z・DT(ζ 苫pt) く言pt

0.00014 0.00150932 2.46233 0.000568229 0.666509 0.000274548 一 〇.367236

0.00016 0.00172448 2.45991 0.000649373 0.666308 0.000313764 一 〇.367274

0.00019 0.00204702 2.45633 0.000771073 0.666003 0.000372587 一 〇.367341

0.00022 0.00236931 2.45275 0.000892756 0.665698 0.000431407 一 〇.367398

0.00026 0.00279864 2.44802 0.00105497 0.665288 0.00050983 一 〇.367484

0.00031 0.00333469 2.44215 0.0012577 0.664783 0.000607853 一 〇.367589

0.00037 0.00397704 2.43516 0.0015009 0.664172 0.00072547 一 〇.367713

0.00044 0.00472521 2.42712 0.00178455 0.663466 0.000862678 一 〇.367856

0.00052 0.00557865 2.41803 0.00210861 0.662656 0.00101947 一 〇.368018

0.00062 0.00664305 2.40684 0.00251349 0.661645 0.00121543 一 〇.368218

0.00074 0.00791684 2.39365 0.0029991 0.660434 0.00145055 一 〇.368466

0.00088 0.00939821 2.37857 0.00356528 0.659032 0.00172481 一 〇.368752

0.00105 0.0111903 2.36071 0.00425228 0.657325 0.00205776 一 〇.369105

0.00125 0.0132893 2.34028 0.00505978 0.655322 0.00244936 一 〇.369515

0.0015 0.0158993 2.31557 0.00606806 0.652833 0.0029387 一 〇.370021

0.00179 0.0189083 2.28798 0.00723615 0.649962 0.00350612 一 〇.370612

0.00214 0.0225139 2.2561 0.00864376 0.64651 0.00419062 一 〇.371327

0.00256 0.0268044 2.2197 0.0103298 0.6424 0.00501156 一 〇.372186

0.00307 0.0319634 2.17794 0.0123726 0.63745 0.00600776 一 〇.373216

0.00368 0.0380641 2.13109 0.0148095 0.631585 0.00719834 一 〇.374455

0.00441 0.0452698 2.07889 0.0177167 0.624642 0.00862177 一 〇.375934

0.00529 0.0538262 2.02078 0.0212082 0.616393 0.0103357 一 〇.377707

0.00634 0.0638598 1.95702 0.0253557 0.606704 0.012378 一 〇.379815

0.0076 0.0756703 1.88775 0.0303068 0.595298 0.0148247 一 〇.382333

0.00911 0.0895168 1.81286 0.0362036 0.581918 0.0177511 一 〇.385337

0.01093 0.105798 1.73209 0.0432592 0.566211 0.0212701 一 〇.388932

0.01311 0.124768 1.64615 0.0516379 0.547948 0.0254734 一 〇.393205

360

A .5 Table for Z x T vs. E x (X 

'3D') 

Ex 3D bulk 20 quant um well 

(X= 10, 2D. 3D ) Z3DT(~Pt ) '~Pt Z2DT(~Pt) (~pt 

0.00014 0.00150032 2.46233 0.000568229 0.666509 

0.00016 0.00172448 2.45991 0.000649373 0.666308 

0.00019 0.00204702 2.45633 0.000771073 0.666003 

0.00022 0.00236931 2.45275 0.000892756 0.665698 

0.00026 0.00279864 2.44802 0.00105497 0.665288 

0.00031 0.00333469 2.44215 0.0012577 0.664783 

0.00037 0.00397704 2.43516 0.0015009 0.664172 

0.00044 0.00472521 2.42712 0.00178455 0.663466 

0.00052 0.00557865 2.41803 0.00210861 0.662656 

0.00062 000664305 2.40684 0.00251349 0.661645 

0.00074 0.00791684 2.39365 0.0029991 0.660434 

0.00088 0.00939821 2.37857 0.00356528 0.659032 

0.00105 0.0111903 2.36071 0.00425228 0.657325 

0.00125 0.0132893 2.34028 0.00505978 0.655322 

0.0015 0.0158993 2.31557 0.00606806 0.652833 

0.00179 0.0189083 2.28798 0.00723615 0.649962 

0.00214 0.0225139 2.2561 0.00864376 0.64651 

0.00256 0.0268044 2.2197 0.0103298 0.6424 

0.00307 0.0319634 2.17794 0.0123726 0.63745 

0.00368 0.0380641 2.13109 0.0148095 0.631585 

0.00441 0.0452698 2.07889 0.0177167 0.624642 

0.00529 0.0538262 2.02078 0.0212082 0.616393 

0.00634 0.0638598 1.95702 0.0253557 0.606704 

0.0076 0.0756703 1.88775 0.0303068 0.595298 

0.00911 0.0895168 1.81286 0.0362036 0.581918 

0.01093 0. 105798 1.73209 0.0432592 0.566211 

0.01311 0.124768 l.64615 0.0516379 0.547948 
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'lD' '2D' and , 

10 quantum wire 

ZlDT( ~Pt) (~Pt 

0.000274548 - 0.367236 

0.000313764 -0.367274 

0.00Da72587 - 0.367341 

0.000431407 -0.367398 

0.00050983 - 0.367484 

0.000607853 -0.367589 

0.00072547 -0.367713 

0.000862678 -0.367856 

0.00101947 -0.368018 

000121543 -0.368218 

0.00145055 -0.368466 

0.00172481 -0.368752 

0.00205776 -0.369105 

0.00244936 -0.369515 

0.0029387 -0.370021 

0.00350612 -0.370612 

0.00419062 -0.371327 

0.00501156 - 0.372186 

0.00600776 -0.373216 

0.00719834 -0.374455 

0.00862177 -0.375934 

0.0103357 -0.377707 

0.012378 - 0.379815 

0.0148247 -0.382333 

0.0177511 - 0.385337 

0.0212701 -0.388932 

0.0254734 - 0.393205 



Bx 3Dbulk 2Dquantumwell 1Dquantumwire

(X=1D,2D,3D) Z3DT(ζ ざpt) くざpt Z・DT(ζ 苫pt) ζ言pt Z・DT(ζ ざpt) ζ言pt

0.01573 0.146875 1.55509 0.0616064 0.526748 0.0305083 一 〇.398297

0.01887 0.172484 1.4595 0.0734132 0.502334 0.0365187 一 〇.404334

0.02264 0.202099 1.35958 0.0873954 0.474343 0.043701 一 〇.411496

0.02716 0.23618 1.25588 0.103894 0.442472 0.0522642 一 〇.419946

0.03259 0.275332 1.14859 0.123355 0.406365 0.0624836 一 〇.429931

0.0391 0.320048 1.03833 0.146199 0.365834 0.0746402 一 〇.441661

0.04692 0.371031 0.925488 0.172989 0.320573 0.089109 一 〇.455403

0.0563 0.428828 0.810103 0.204258 0.270486 0.106277 一 〇.471444

0.06755 0.49409 0.692697 0.240626 0.215487 0.126609 一 〇.490069

0.08105 0.567525 0.573478 0.282789 0.155501 0.150648 一 〇.511603

0.09725 0.649824 0.452685 0.331478 0.0905561 0.179005 一 〇.53637

0.11669 0.741688 0.33052 0.387474 0.0207376 0.212364 一 〇.564675

0.14002 0.843826 0.207124 0.451603 一 〇.0538206 0.251495 一 〇.596824

0.16802 0.956948 0.0826311 0.524728 一 〇.132937 0.297248 一 〇.633111

0.20162 1.08173 一 〇.0428247 0.607724 一 〇.216403 0.350546 一 〇.673757

0.24194 1.21885 一 〇.169187 0.701496 一 〇.303979 0.412394 一 〇.71898

0.29032 1.36896 一 〇.296388 0.806953 一 〇.395427 0.483862 一 〇.768924

0.34838 1.53272 一 〇.42439 0.925029 一 〇.490518 0.566101 一 〇.823684

0.41805 1.71073 一 〇.553184 1.05662 一 〇.589013 0.660296 一 〇.883288

0.50165 1.90358 一 〇.68275 1.20263 一 〇.690675 0.767679 一 〇.947738

0.60198 2.11185 一 〇.813117 1.36395 一 〇.795331 0.889525 一1 .01696

0.72237 2.33605 一 〇.944257 1.54141 一 〇.902753 1.02709 一1 .09085

0.86684 2.57667 一1 .0762 1.73582 一1 .01279 1.18165 一1 .16927

1.0402 2.83419 一1 .20896 1.94796 一1 .12527 1.35446 一1 .25205

1.24824 3.10906 一1 .34256 2.17857 一1 .24007 1.54676 一1 .33902

1.49788 3.40165 一1 .477 2.42833 一1 .35705 1.75972 一1 .42997

1.79745 3.71238 一1 .61232 2.6979 一1 .4761 1.99448 一1 .52472

2.15694 4.04159 一1 .74851 2.98788 一1 .59713 2.25214 一1 .62308

2.58832 4.38959 一1 .8856 3.29884 一1 .72004 2.5337 一1 .72485

3.10598 4.75672 一2 .0236 3.63129 一1 .84477 2.84012 一1 .82985
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Bx 3D bulk 20 quantum well 10 quantulll wire 

(x= ID,2 D.3D) Z3DT(~Pl) (;pt Z2DT(~Pt) (;Pt ZIDT(;pt) (;pt 

0.01573 0.146875 1.55509 0.0616064 0.526748 0.0305083 - 0.398297 

0.01887 0.172484 1.4595 0.0734132 0.502334 0.0365187 -0.404334 

0.02264 0.202099 1.35958 0.0873954 0.474343 0.043701 -0.411496 

0.02716 0.23618 1.25588 0.103894 0.442472 0.0522642 -0.419946 

0.03259 0.275332 1.14859 0.123355 0.406365 0.0624836 -0.429931 

0.0391 0.320048 l.03833 0.146199 0.365834 0.0746402 -0.441661 

0.04692 0.371031 0.925488 0.172989 0.320573 0.089109 -0.455403 

0.0563 0.428828 0.810103 0.204258 0.270486 0.106277 -0.471444 

0.06755 0.49409 0.692697 0.240626 0.215487 0. 126609 -0.490069 

0.08105 0.567525 0.573478 0.282789 0.155501 0.150648 -0.511603 

0.09725 0.649824 0.452685 0.331478 0.0905561 0.179005 -0.53637 

0.11669 0.741688 0.33052 0.387474 0.0207376 0.212364 -0.564675 

0.14002 0.843826 0.20 7124 0.451603 -0.0538206 0.251495 -0.596824 

0.16802 0.956948 0.0826311 0.524728 -0.132937 0.297248 -0.6331 11 

0.20162 1.08173 -0.0428247 0.607724 -0.216403 0.350546 -0.673757 

0.24194 1.21885 -0. 169187 0.701496 -0.303979 0.412394 -0.71898 

0.29032 1.36896 -0.296388 0.806953 -0.395427 0.483862 -0.768924 

0.34838 1.53272 -0.42439 0.925029 -0.490518 0.566101 -0.823684 

0.41805 1. 71073 -0.553184 1.05662 -0.589013 0.660296 -0.883288 

0.50165 1.90358 -0.68275 1.20263 -0.690675 0.767679 -0.947738 

0.60198 2.11185 -0.813117 1.36395 -0.795331 0.889525 - 1.01696 

0.72237 2.33605 - 0.944257 1.54141 - 0.902753 1.02709 -1.09085 

0.86684 2.57667 -1.0762 1. 73582 - 1.01 279 1.18165 - 1.16927 

1.0402 2.83419 -1.20896 1.94796 - 1.12527 1.35446 -1.25205 

1.24824 3.10906 - 1.34256 2.17857 -1.24007 1.54676 - 1.33902 

l.49788 3.40165 -l.477 2.42833 -1.35705 1.75972 -l.42997 

1.79745 3. 71238 -1.61232 2.6979 -l.4761 1.99448 -1.52472 

2.15694 4.04159 - 1.74851 2.98788 - 1.59713 2.25214 - 1.62308 

2.58832 4.38959 - 1.8856 3.29884 - 1.72004 2.5337 - 1.72485 

3.10598 4. 75672 - 2.0236 3.63129 - 1.84477 2.84012 -1.82985 
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Bx 3Dbulk 2Dquantumwell 1Dquantumwire

(X=1D,2D,3D) Z3DT(ζ ざpt) くざpt Z・DT(ぐ ざpt) くざpt Z・DT(ぐ ざpt) くざpt

3.72717 5.14324 一2 .16251 3.98574 一1 .97123 3.17231 一1 .9379

4.4726 5.54943 一2 .30233 4.36262 一2 .09936 3.53109 一2 .04886

5.36711 5.97553 一2 .44305 4.76237 一2 .22908 3.91722 一2 .16256

6.44053 6.42177 一2 .58469 5.18536 一2 .36037 4.33142 一2 .27886

7.72863 6.88838 一2 .72724 5.63197 一2 .49315 4.77433 一2 .39762

9.27435 7.37555 一2 .87067 6.10253 一2 .62737 5.24656 一2 .51873

11.1292 7.88347 一3 .015 6.59735 一2 .76297 5.74867 一2 .64206

13.3551 8.41234 一3 .16019 7.11675 一2 .89993 6.28117 一2 .76752

16.0261 8.96231 一3 .30623 7.66098 一3 .03818 6.84454 一2 .89498

19.2313 9.53355 一3 .45312 8.23032 一3 .17768 7.43922 一3 .02435

23.0775 10.1262 一3 .60082 8.82502 一3 .31838 8.06562 一3 .15555

27,693 10.7404 一3 .74934 9.44531 一3 .46025 8.72415 一3 .28849

33.2316 11.3764 一3 .89863 10.0914 一3 .60323 9.41516 一3 .42308

39.8779 12.0341 一4 .04868 10.7635 一3 .74731 10,139 一3 .55923

47.8535 12.7139 一4 .19947 11.4619 一3 .89241 10,896 一3 .69689

57.4242 13.4157 一4 .35099 12.1867 一4 .0385 11.6865 一3 .83598

68.9091 14.1397 一4 .5032 12.9381 一4 .18557 12.5108 一3 .97643

82.6909 14,886 一4 .65609 13.7163 一4 .33355 13.3692 一4 .11816

99.2291 15.6548 一4 .80963 14.5215 一4 .48242 14.2619 一4 .26114

119,075 16,446 一4 .96381 15.3538 一4 .63214 15.1892 一4 .40528

142.89 17.2599 一5 .11861 16.2134 一4 .78268 16.1514 一4 .55056

171,468 18.0965 一5 .274 17.1004 一4 .93401 17.1487 一4 .6969

205,761 18.9558 一5 .42998 18,015 一5 .0861 18.1814 一4 .84425

246,914 19.8381 一5 .5865 18.9573 一5 .23891 19.2496 一4 .99258

296,296 20.7433 一5 .74357 19.9275 一5 .39242 20.3537 一5 .14183

355,556 21.6716 一5 .90115 20.9257 一5 .54661 21.4937 一5 .29196

426,667 22.6229 一6 .05923 21,952 一5 .70143 22.67 一5 .44295

512 23.5975 一6 .21781 23.0065 一5 .85688 23.8828 一5 .59473

614.4 24.5954 一6 .37684 24.0894 一6 .01293 25.1321 一5 .74728

737.28 25.6166 一6 .53635 25.2007 一6 .16954 26.4182 一5 .90058

362

Bx 3D bulk 2D quantum well ID quantum wire 

(x= ID,2 D.3D) Z3DT(~Pl) '~Pt Z20T (;pJ (~Pt ZlDT(;Pl ) (~Pt 

3.72717 5.14324 - 2.16251 3.98574 - 1.97123 3.17231 -1.9379 

4.4726 5.54943 -2.30233 4.36262 -2.09936 3.53109 -2.04886 

5.36711 5.97553 -2.44305 4.76237 -2.22908 3.91722 -2.16256 

6.44053 6.42177 -2.58469 5.18536 -2.36037 4.33142 -227886 

7.72863 6.88838 -2.72724 5.63197 -2.49315 4.77433 -2.39762 

9.27435 7.37555 -2.87067 6.10253 -2.62737 5.24656 -2.51873 

11.1292 7.88347 -3.015 6.59735 -2.76297 5.74867 -2.64206 

13.3551 8.41234 -3.16019 7.11675 -2.89993 6.28117 -2.76752 

16.0261 8.96231 -3.30623 7.66098 -3.03818 6.84454 -2.89498 

19.2313 9.53355 -3.45312 8.23032 -3.17768 7.43922 -3.02435 

23.0775 10.1262 -3.60082 8.82.502 -3.31838 8.06562 -3.15555 

27.693 10.7404 -3.74934 9.44531 -3.46025 8.72415 -3.28849 

33.2316 11.3764 -3.89863 10.0914 -3.60323 9.41516 -3.42308 

39.8779 12.0341 -4.04868 10.7635 -3.74731 10.139 -3.55923 

47.8535 12.7139 -4.19947 11.4619 -3.89241 10.896 -3.69689 

57.4242 13.4157 -4.35099 12.1867 -4.0385 11.6865 -3.83598 

68.9091 14.1397 -4.5032 12.9381 -4.18557 12.5108 -3.97643 

82.6909 14.886 -4.65609 13.7163 -4.33355 13.3692 -4.11816 

99.2291 15.6548 -4.80963 14.5215 -4.48242 14.2619 -4.26114 

119.075 16.446 -4.96381 15.3538 -4.63214 15.1892 -4.40528 

142.89 17.2599 -5.11861 16.21:34 -4.78268 16.1514 -4.G50G6 

171.468 18.0965 - 5.274 17.1004 - 4.93401 17.1487 - 4.6969 

20,5.761 18.95,58 -5.42998 18.015 -5.086] 18.1814 -4.84425 

246.914 19.8381 -5.5865 18.9573 - 5.23891 19.2496 -4.99258 

296.296 20.7433 -5.74357 19.9275 - 5.39242 20.3537 -5.14183 

355.556 21.6716 - 5.00115 20.0257 - 5.54661 21.4037 -5.20106 

426.667 22.6229 - 6.05923 21.952 - 5.70143 22 .67 -5.44295 

512 23.5975 - 6.21781 23.0065 - 5.85688 23 .8828 - 5.59473 

614.4 24.5954 - 6.37684 24.0894 - 6.01293 25.1321 - 5.74728 

737.28 25.6166 - 6.53635 25.2007 - 6.16954 26 .4182 - 5.90058 
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AppendixB

Investigationofthethermoelectric

propertiesofthelightlydoped,

(111)oriented

PbTe(20A)/Pb1_xEuxTe(400A)

multiple-quantum-wells

InthisAppendix,wecompileapieceofourworkthatissupplementaltothere-

searchdiscussedinChapters2and3.Themainfocusoftheinvestigationinthis

Appendixistostudy"experimentally"thevaluesforthemobilityratioμ 。bliq/μ1。ngt

thatisdiscllssedinChapters2and3,andtoexaminewhetherthereisanysystematic

dependenceoftheratioμobliq/μlongtonthedopinglevel(carrierconcentration)and

temperature.

TheoriginalmanuscriptonwhichthisAppendixisbasedwaswrittenasanin-

ternalreporttoProf.G.BauerandtoDr.G.SpringholzattheJohannesKepler

UniverSitatLinz,inAustria,whohadkindlyacceptedourrequestofgrowingthe

PbTe/Pb1-。Eu。TeMQWsamplesforus.ItisnotedthattheworkshowninthisAp-

pendixwascarriedoutbeforewestartedtheveryelaboratetheoreticalcalculationsof
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Appendix B 

Investigation of the thermoelectric 

properties of the lightly doped, 

(111) oriented 

PbTe(20 A)/Pbl-xEuxTe(400 A) 

multiple-quantum-wells 

In this Appendi,,,, we compile a piece of our work that is supplemental to the re

search discussed in Chapters 2 and 3. T he main focus of the invest igation in this 

Appendix is to study "experimentally" the values for the mobility ratio /lobHq/ /llongt 

that is discussed in Chapters 2 and 3, and to examine whether there is any systematic 

dependence of the ratio /lobliq/ /llongt on t he dopi ng level (ca rrier concent ration) and 

temperature. 

T he original manuscript on which this Appendix is based was written as an in

ternal report to Prof. G. Bauer and to Dr. G. Springholz at the Johannes Kepler 

L" niversitat Linz , in Austria, who had kindly accepted our request of growing the 

PbTe/Pb1_x EuxTe MQW samples for us. It is noted that the work showll in this Ap

peJldix was carried out before we started the very elabora te theoretical calculations of 
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thethermoelectrictransportpropertiesofthePbTequantumwells(includingspecific

scatteringmechallisms)thatarediscussedillChapter3.Moreover,itwasactually

throughtheworkshowninthisAppendixthatwehadrealizedthatweneededsome-

thingbetterthanasimplemodelbasedontheconstantrelaxationtimeapproximation

inordertoprovideadetailedexplanationoftheobservedenhancedthermoelectric

propertiesinthe(111)orientedPbTe(20A)/Pb1_xEuxTe(400A)multiple-quantum-

wellsthatarediscussedinChapter2.

B.1 Introduction

Recently,Harmanetα1.[15]andHicksetα1.[16]observedenhancedvaluesofthe

thermoelectricpower(ISIN225μV/Kat300K)andalargevalueoftheelectron

Hallcarriermobility(μHallN1400cm2/V・sat300KandμHallN2×104cm2/V・s

at77K)forheavilydopedMQwsamples(n3DN1.1×101gcm-3usingdw=20A

　 　
forthethicknessofthesample)ofn-typePbTe(20A)/Pb1_cvEucvTe(400A)(xN

O.073†).Wehadbeentryingto丘gureouttheunderlyingphysicsfortherather

unusualpropertiesofPbTeMQwsbymodelingthethermoelectricpowerandtlleHall

carrierconcentrationasafunctionoftemperature,usingthethree(sub)bandmodel

whichutilizestheratiosofmobilitiesbetweenthelongitudinal-andoblique-subbands

andbetweenthePb1_cvEucvTebarrierlayerandtheobliquesubbandinthequantum

wellasvariableparameters.Itturnedoutthatitisverydi伍culttoexplainthe

observedthermoelectricpowerandhighmobilityat300Kwithoutassigningashigh

anelectronmobilitytotheobliquesubbandcarriersasfortllelongitudinalsubband

carriers.AfterhavingconsiderablediscussionswithProfessorHenryEhrenreichat

HarvardUniversityonthisissue,werealizedthatitisratherunreasonabletoassume

suchahighmobilityfortheobliqllesubbandforthefollowingreasons:Therelaxation

time・ τis,assumingthatonlyintra-valleycarrierscatteringisimportant,inversely

†ThisvalueisnowupdatedtobeO .09(seethefootnoteonpage99).
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the thermoelectric transport properties of the PbTe quantum wells (including specific 

scattering mechanisms) that are discussed in Chapter 3. Moreover , it was actually 

through the work shown in this Appendix that we had realized that we needed some

thing better t han a simple model based on the constant relaxation time approximation 

in order to provide a detailed explanation of the observed enhanced thermoelectric 

properties in the (Ill) oriented PbTe(20 A)/Pb,_x EuxTe(400 A) llJu lt iple-quantulll

wells that are discussed in Chapter 2. 

B.1 Introduction 

Recently, Harman et o.l. [15] and Hicks et at. [16] observed enhanced values of the 

thermoelectric power (lSI"'" 225 ~N /I< at 300 K) and a large value of the electron 

Hall carrier mobility ( !1Hall "'" 1400 cm2
/Y·8 at 300 K and ~IHall "'" 2x 104 cm2/y·s 

at 77 K) for heavily doped MQW samples (n3D "'" 1.1 x 1019 cm-3 using dw = 20 A 
for the thi ckness of the sample) of n-type PbTe(20 A)/Pb, _xEux Te(400 A) (x "'" 

0.073t ) . We had been trying to figure out the underlying physics for t he rather 

tu1Usual properties of PbTe MQWs by modeling the thermoelectric power and the Hall 

carrier concentration as a function of temperature, usi ng the three (sub)band model 

IVhich ulilizes the ratios of mobili ties between the longitudinal- and oblique-subbands 

and between the Pb' _xEux Te barrier layer and the oblique subband in the quantum 

well as variable parameters. It turned out that it is very difficult to explain the 

observed thermoelectric power and high mobility at 300 K without assigning as high 

an electron mobil ity to the oblique subband carriers as for the longitud inal subbancl 

carriers. After having considerable discussions with Professor Henry Ehrenreich at 

Harvard University on this issue, we realized that it is rather unreasonable to assume 

such a high mobility for the oblique sub band for the following reasons : The rel;L'{ation 

time T is, assuming that only intra-valley carrier scattering is important , inversely 

tThis value is now updated to be 0.09 (see the footnote on page 99). 

364 



proportionaltothescatterillgProbability,

7～
1

wρ,
(B.1)

whereI7Visthesquaredscatteringmatrixelementandρisthedensityofstatesforthe

pertinentelectrollpocket.Thedensityofstatesforasillgleobliquepocketisabout

3timesaslargeasthatforthelongitudinalpocketinthequantumwells.Therefore,

thevaluefortherelaxationtime7forthelongitudinalsubbandshouldbethreetimes

largerthanthatfortheobliquesubband,consideringthedensity-ofLstatesfactoronly.

Moreover,thetransporteffectivemassfortheobliquesubbandisabouttwiceaslarge

asthatforthelongitudinalsubband.Therefore,theratioofmobilitiesbetweenthe

longitudinal-andoblique-subbands(μ1。ngt/μ 。bliq)shouldbeabollt6ifweconsider

thedensity-of-statesfactoronly.Ontheotherhand,thisnaiveapProximationisnot

correctif(1)inter-valleyscatteringisthedominantscatteringprocessand/or(2)the

valueofthescatteringmatrixelementWisdifferentbetweenthelongitudinal-and

oblique-subbands.Thestudyofthemechanismsthatareresponsibleforthereduction

ofmobilityforthelongitudinalsubbandwouldprovideveryusefulinformationfor

designingagoodthermoelectricsuperlattice,sincealargevalueoftheelectronmo.

bilityforthelongitudinalsubbandwouldtendtolowerthevalueofthetotalSeebeck

coef丑cientISIbecausethelongitudinalsubbandisassignedamuchsmallervalueof

theSeebeckcoefficientthantheobliquesubband,andthetotalvalueoftheSeebeck

coefficientisgivenastheweightedaverageoftheSeebeckcoeflicientthatisassigned

toeachsubbandofthepertinentquantllmwell,withtheelectricalcondllctivitythat

isalsoassignedtoeachexistingsubband.Therefore,thepurposeofthepresentwork

istoinvestigatethevaluesofμ1。ngt/μ 。bliqsystematically,forasetofwell-definedn-

typePbTe(20A)/Pb1_xEuxTe(400A)multiple-quantum-wellsamplesasafunction

ofthecarrierconcentrationandtemperature.
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proportional to the scat tering probability, 

(B.l) 

where W is the squared scattering matrix element and p is the density of states for the 

pertinent electron pocket. The density of sta tes for a single oblique pocket is about 

3 t imes as large as that for the longitudinal pocket in the quantum wells. T herefore, 

the vaJ ne for the relaxation time T for the longitudinal subband should be three t imes 

larger than that for the oblique subband, considering the dens ity-of~states factor only. 

Moreover, t he transport effective mass for the oblique subband is about twice as large 

as that for the longitudinal subband. Therefore, the ratio of mobilities between the 

longitudinal- and oblique-subbands (!tlongt/ !tabl;q) should be about 6 if we consider 

t he density-of-states factor on ly. On the other hand, th is naive approximation is not 

correct if (1) inter-valley scattering is the dominant scattering process and/or (2) the 

value of the scattering matrix element W is different between the longitudinal- and 

oblique-subbands. T he study of the mechanisms that are responsible for the reduction 

of mobility for the 10ngitudinaJ subband would pl'Ovide very useful information for 

designing a good thermoelectric superlattice, since a large value of the electl'OlI HlO-

bility for the longitudinal subband would tend to lower the value of the total Seebeck 

coefficient lSI because the longitudinal subband is assigned a much smaller value of 

the Seebeck coeffi cient than the oblique sub band, and the total value of the Seebeck 

coefficient is given as the weighted average of the Seebeck coefficient that is assigned 

to each subband of the pertinent quantum well , with the electrical conductiv ity t hat 

is also assigllecl to eadl existing subband . Therefore, the purpose of the present work 

is to investigate the values of !tlongtj{Lobliq systematically, lor a set of well-defined n

type PbTe(20 A)/Pb,_xEux Te( 400 A) multiple-quantum-well samples as a function 

of the carrier concentration and temperature. 
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B.2 TheoreticalModeling

OurmodelfortheSeebeckcoef丑cientandtheHallcoef丘cielltassumesaparabolic

energyballdstructurewith1)alongitudillalsubband,whichisderivedfromthe

longitudinal、 乙一pointvalleyinbulkPbTe,2)anobliquesubband,whichisderived

fromthethreeequivalent五 一pointvalleysthatareobliquetothesuperlatticegrowth

axis,and3)a3Dparabolicbandthattakescareoftheparalleltransportcontributions

fromthebarrierlayersofthesuperlatticesamples.Thedellsityofstatesforthebarrier

layerwasmultipliedbydB(=barrierlayerwidth)/dw(=quantumwelllayerwidth)to

takeintoaccounttheeffectoftheparallelconductionintheHallcoefficientandthe

Seebeckcoeflicientmeasurements.Eachofthesubbandenergiesiscalculatedusing

theKr6nig-Penneymodel(seeEq.B.7)andusingbulkvaluesfortheeffectivemasses

forPbTeandPbωEui-xTe(seeEqs.B.2B.5).Weassumetheconstantrelaxation

timeapproximationthroughouttheAppendix,unlessmentionedotherwise.

BulkeffectivemassesforPbTeusedinthepresentworkaregivenby

mt=0.024一 ト3.15×10-5T (B.2)

mt=0.25十3.33×10-4T, (B.3)

wheremtandmtdenotethetransverseandthelongitudinalcomponentsoftheeffec-

tivemasstensor,respectively.

ThebulkeffectivemassforPb1_xEuxTe@NO.08)isdeterminedfromtheSee-

beckcoefficientmeasurementasafunctionoftemperatureforsampleMBEG894†(see

Fig.B-3)inthefollowingway.TheexperimentalresultsfortheSeebeckcoeflicient

forsampleMBEG894arefittedbythetheoreticalmodelbasedontheconstantrelax-

ationtimeapproximationusingthebulkeffectivemassesofPbTethataregivenin

Eqs.B.2andB.3.Inthisfittingprocedure,thetotalcarrierconcentrationnwasused

asafittingparameter,andthenthevalueofnobtainedfromthefittingoftheSee一

†SampleMBE894isaMBEgrownPb1 _xEuxTe@FuO.08)bulk(thick)film.Thedetailsofthe

growthconditionsandthespecificationsoftheotherMBEgrownPbTe/Pb1_xEuxTesuperlattice

samplesaregivenintheletterfromDr.G.SpringholzasshowninFigs.B-1andB-2.
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B.2 Theoretical Modeling 

Our model for the Seebeck coefficient and the Hall coefficient assumes a parabolic 

energy band structure with 1) a longitudinal subband, which is derived from the 

longitud inal L-poin t va ll ey in bulk PbTe, 2) an oblique subhan d, wh ich is derived 

from the three equivalent L-point valleys that are oblique to the superlat t ice growth 

axis, and 3 ) a 3D parabolic band that tal{es care of the parallel transport contributions 

from the barrier layers of the superiattice samples. The density of states tor the barrier 

layer was mult iplied by dB (= barrier layer width)/dw(= quantum well layer width) to 

take into account the effect of the parallel cond ucLion in the Hall coefficient and the 

Seebeck coefficient measurements. Each of the subband energi es is calculated using 

the Kronig-Penney model (see Eq. B.7) and using bulk values for the effective masses 

for PbTe and PbxEul- X Te (see Eqs. B.2- B.5) . We assume the constant rela.,ation 

t ime approximation throughou t the Appendix, unless mentioned otherwise. 

Bulk effective masses for PbTe used in the present work are given by 

m., = 0.024 + 3.15 x 1O-5T (B.2) 

ml = 0.25 + 3.33 x 1O- 4T , (B.3) 

where m., and 'ml denote the transverse and the longitudinal components of the effec

t ive mass tensor, respectively. 

T he bu lk effect ive mass for Pb1-xEux Te (x "" 0.08) is determined from the See

beck coefficient meaSUl'ement as a function of temperatUl'e for sample MBEG894t (see 

Fig. B-3) iJl t he foll owing way. The experimental resu lts for the Seebeck coefficient 

for sample lVIBEGS94 are fitted by the theoretical model based on the constant relax

ation t ime approximation using the bulk effective masses of PbTe that arc given in 

Eqs. B.2 and B.3. In t his fitting procedure, the total carrier concentrat ion n was used 

as a fit t ing parameter , and then the value of n obtained from the fitting of the See-

tSample MBE894 is a MBE grown Pb1_xEu .• Te (x'" 0.08) bulk (thick) fi lm. The details of the 
growth conditions and the speci fications of the other MBE grown PbTejP bt_xEux Te superlattice 
samples are given in the letter from Dr. G. Springholz as shown in Figs. B-1 and B-2 . 
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Dr・G・Spring』ol呂
サ　

」011ANNESKE置 ⊃LERUNIVERSユTAT置 」NZ

1NSTlTUTFURHALBLEITl三RPHYSIK.O.UNIV.PROF.DR。G曲NTHERBAUER

A・4〔}401Li`1ム'rcl・ 〔0732,2468/9600・Tclc「ax(0732}=Z468822,0-mai且:G.Springhelzalhtphys,"ni・1inz .ac.at

Takaa8iKog題

RoomNo.13-3005

Massachusetts匠nsli吐uteofTechnology

77MassuctiUSL'ttsAvenue

Cambridge,MAO2139

USA

12.4.1998

DearTakaagi,

E"closedIsendyouthePbTe1PbEuTeMQwsamplesthatIhavegrownforyou .unfb血nately

Iinitialymisinterprc重edyourrequestedsampleparametersinthesenscthatIthoughtthatyou

wantedatotal3Dca肝ierdensityoflx1018cm'3,insteadofthisdensityintheQwsonly
,soI

hadtorepeatthesamplegrowth,Thesenewsamp[eshavethisorderofcarrierdensityinthe

QWsassuming吐ha1allcarriersmease閣1'edbyHalleffectarelocatedinthequantumwells.The

rcferencePbEuTesampleIgrewfirsthad睦latticeconstantof6。485A ,whichgivesaEu

c(,n忙11lof;trotind8{%,depcndingonwhichrel訊 雌onshiponeusesfortheEucontentasa

functionoflatticeconstan1.Ihuvculsomadcsomcx-raydiffractionmeasurementsontheMQW

・ampl・ ・.whi・hyi・ld・d・ ・upe・1・tticep・ ・i。d・f・r・und420Af・ ・themea…edsampl・ ・
,Le.,・ゆ

Qwthicknessof20A・AtsoIhavemadequickHallmeasuremcnttoroughlydeterminとthe

carrierdensiこyintheQWstakingatotalQwthicknessof20AtimestheperiOdnurnberof120 ,

which五sthesameforallMQwsamples.ThemobilityoftheMQwsampiesseemstobe

somewhaUowerlhanthevaluesofTedHarman,andiscertainlyconsiderablylowerthanfbr

purcPbTcIayers.Thisisduetoi飢erfacescatteringandprobablysomeintermixingatthe

i飢er島ce∬inc¢thecarrierscatteringbyEuimpuritiesitra吐herstrong .Itisourexperiencethat

Ihcm・biliり ・inwidcrquuntumwctlsand/orforbarriereswithlowerEucontentisrnuchbetter .

Therefbrc.1h"、 ・¢utsogrowntwoaddition汕1甜mpl¢sonewitha40Awcllwidthandoaewitha

reducedEuco"〔en!inthebarrier.Nolea!sothatIhaΨei飢e飢 きona置1yBi-dopedontylhePbTe

QwregionsinceotherwisefbrthewidePbEuTebarrielsitmavbcnotallcarriersaretransferred

10theQwregion・Howover、thePbEuTebarriershaΨesomcbackgrounddopi脆gIeveldue亀o

vacancyincorporutiontoo.whichhowcver[haΨeno重delerminedindepend¢n亘1y .Thethickness

・fth・PbEuT・b・ffe・ 重・1500Af・ ・all・ampl・ ・.N・{・ ・1・・Ih・tfi・ ・th・1・ ・uw…mpl・ ・,電h・H・11

effcctnicasuremcntyicldedsomewhatslr"ngeIresul1,namelyslronglycurren電dcpendenIcarricr

densitiesandmobilitiesandunusuallyhighmobili吐iesasroomtempera1ure .Thiscouldbedue

電oconlactproblems.Poss.iblythcHallmeasuremen電sareaffectedstrongerbypotsibleparalle且

conductionch鋤nelsin吐hebarriers,soldonotttusttoon1腿chinthesevalucs .YouhaveIo

checkagainwithyourHallmeasuremenls .lwillaIsohaveour重echniliannlakeaHallbar

structuref止omthesetwosamplesinordertocheckwhat'sgoingon .

一'

FigureB-1:LetterfromDr.G.Springholzaboutthesamplespecifications.
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Dr.G.Sprinlholz 
JOHANNES KEI'LER UNIVERSITAT LlNZ 

INSTITUT FUR HALULIliTERPHYSIK.O.UNIV.-PROF. DR. GUNTHER BAUER 
A-40.aU Lint. Td.(01)1)246&'96OO. T<!ld.llx (0732)2"68812. c-m.lI: G.Springholz .l hlphys.uni-linz.ac .• t 

T akaagi Koga 

Room No. 13-3005 

Massachuseus Institute of Technology 

77 Massachusetts A venue 

Cambridge. MA 02139 

USA 

Dcar Takaagi. 

12.4. 1998 

Enclosed I send you the PbTeJPbEuTe MQW samples Ihal [ have grown for you. Unfortunately 

I initialy misinterpreted your requested sample paramelers in lbe sense lbat [ thought that you 

wanted a total 3D carrier density of I x 1018 cm-3• instead of this density in the QWs only. so I 

had to repeat the sample growth. These new samples have this order of carrier density in the 

QWs assuming that all carriers meascured by Hall effect are located in the quantum wells. The 

reference PbEuTe sample I grew first had a lattice constant of 6.485 A. which gives a Eu 

contenl of around 8 ~. depending on which relationship one uses for the Eu content as a 

funclion of i:Ulicc constant I have also m:lde some x-my diffraction mea. .. urements on the MQW 

samples. which yielded a superlattice period of around 420A for Ihe measured samples. i.e .• a 

QW Ihickness of 20 A. Also I have made quick Hall measurement to roughly determine the 

carrier density in tbe QWs taking a total QW thickness of20A times the period number of 120. 

which is the same for all MQW samples. The mobility of the MQW samples seems to be 

somewhat lower Ihan the values of Ted Harman. and is certainly considerably lower than for 

purc PbTc layers. This is due 10 inlerface scauering and probably some intermixing at the 

interfaces since the carrier scaltering by Eu impurities is rather strong. It is our experience that 

the mohilil), in wider quantum wells and/or fOf barriercs with lower Eu content is much better. 

Thcrcfurc. I have also grown Iwo additional samples one wilh .40 A well width and one wilh a 

reduced Eu content in the barrier. NOIe also Ihat I have inlenlionally Bi-<loped only the PbTe 

QW region since otherwise for the wide PbEuTe barriers it mavbe nOI all carriers are transferred 

to the QW region. However. the PbEuTe barriers have some background doping level due to 

vacancy incorpomlion too. which however I have not delermined independently. The thickness 

of the PbEuTc buffer is 1500 A for all samples. Note also Ihal for the laSI two samples. the Hall 

effect measurcment yielded somewhat strange result~ namely slrongly current dependent carrier 

densities and mobilities and unusually high mobllities as room tempef"dlufC. This could be due 

10 conlact problems. Possibly Ihe Hall Illca.,urements are affected slronger by possible parallel 

conduction channels in the barriers, so J do not trust too much in_these values. You have (0 

check again with your Hall measurements. I will also have our technitian make a Hall bar 

structure fTom these two samples in order to check what 's going on. 

FiglHe B- l: Letter from Dr. G. Springliol, about t he sample specifi cations. 

367 



一
sample

MBEG894

(BiTc昌320。C}

MBEG902

(BiTe岩350。C,

MBEG908

(BiTe=320。C)

MBEGgO9

(BiTe冨300。C)

MBEGglO

(BiTc=280。C}

MBEGgM

(BiTc3300。C)

MBEG915

dQW

20A

20A

20A

20A

20八

り

40A
o

(BiTe=300eC)20Adoped

nominalXEu dBarrier u30eK(cm2/Vs}nlOK(cm・3)

一8%4 .1um(total吐rickness)

一8%

一8%

・-89e

～8%

一6%

～8%

400A

400A

400A

400A

400A

400A

77K:

77K:

77K:

77K:

160

265

2500

300

2870

288

3120

215

2100

2700(?)

_3.3x1018

一7 .1x10置8

働5 .1x10量8

-2 .Ox10星8

_2
.2xlO18

-2 .Ox1018

_7 .1x1018

_1 .1x1018

-4 .7xIO17

-1 .7xlOl8

77K:contactproblems

2600(?) 4.3xlOl8
77K=contactproblems

Ifyouhavefulてherquestions,sendnleamessagebye-mail.

Besttegards,alsotoMillieandGene,

Yours,

GunthcrSp而gtlotz

FigureB-2LetterfromDr.G.Springholzaboutthesamplespecifications(continued).
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The samples I have prepared now are: 

sample dQW nominal XEu dBarrier UJOOK (cm2/Vs) hlOK (cm·J) 

MBEG894 -8 % 4.1 um(lotallhickness) 160 -3.3 x 1018 

(BiTe=320°C) 

MBEG902 20A -8 % 400 A 265 ·7.1 x 1018 

(BiTe=350°C) 77K: 2500 -5.1 x 1018 

MBEG908 20A - 8% 400 A 300 ·2.0 x 1018 

(BiTe=320°C) 17K: 2870 ·2.2 x 1018 

MBEG909 20A -8 % 400 A 288 ·2.0 x 1018 

(BiTe=300°C) 17K: 3120 -7.1 x 1018 

MBEG910 20A -8 % 400 A . 215 - 1.1 x 1018 

(BiTc=280°C) 17K: 2100 -4.7 x 1017 

MBEG914 20A -6% 400 A 2700 (1) ·1.7 x 1018 

(BiTc=300°C) 17K: contact problems 

MBEG915 40A -8% 400 A 2600 (1) ·1.3 x 1018 

(BiTe=300°C) 20A doped 77K: contact problems 

If you have funher qllestions. send me a message by e-mai!. 

BCSI regards, also 10 Millie and Gene, 

Yours, 

Gunther Springhull. 

Figure B-2: Letter from Dr. G. Springholz about the sample specifications (continued). 
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FigureB-3:TheSeebeckcoefHcientasafunctionoftemperatureforaMBE-grownbulk

(thick)Pb1_xEuxTefilm(5cf」O.08)sample(sampleMBEG894).

beckdatawascomparedwiththeHallcarrierconcentrationofthesamesamplethat

wasobtainedinaseparateindependentexperiment.Thebest丘toftheexperimental

SeebeckcoefficientforsampleMBEG894wasobtainedforn=1.7×1018cm-3as

showninFig.B-3.TheHallcarrierconcentrationforthissampleisdeterminedtobe

3.5×1018cm-3atlowtemperature(～10K)[measuredbyKoga]or3.3×1018cm-3at

roomtemperature(～300K)[measuredbySpringholz].Thismeansthat,assuming

theactualcarrierdensityiseqllaltotheHallcarrierdensity,thedensityofstatesfor

Pb1_xEuxTeisabouttwiceaslargeasthatforPbTe.Thus,weassumetheeffective

massesforPb1_xEuxTetobe22/3(=1.5874)timesaslargeasthoseforPbTe.

mt(Pb1_xEuxTe)=1.5874×mt(PbTe)

mt(Pb1_ccEuccTe)=1.5874×mt(PbTe)

(B.4)

(B.5)

IncalculatingtheboundstateenergylevelsusingtheKr6nig-Penneymodel,the

followingboundaryconditionsareusedatthebarrier-wellinterfaces,sincetheparticle
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Figure B-3: The Seebeck coefficient as a [unction o[ temperature [or a MBE-grown hulk 
(thick) Ph' - xEllx Te HIm (CI: "" 0.08) sample (sample MBEG894). 

beck data was compared with the Hall carrier concentration of the same sample that 

was obtained in a separate independent experiment . The best fit of the experimental 

Seebeck coefficient for sample lvIBEG894 was obtained for n = 1.7 X 10'8 cm- 3 as 

shown in F ig. B-3. Tlte Hall carrier concentratioll for tlt is sample is determined to be 

3.5x lOlR cm-' at low temperatme (~lO K) [measm ed by Koga] or 3.3xlO's cm-·' at 

room temperatme (~300 K) [measured by Springholz] . This means that , assuming 

the actual carrier density is equal to the Hall carrier density, the density of states for 

Pb'-xEuxTe is about twice as large as that for PbTe. Thus, we assume the effective 

masses for Pb '-xEux Te to be 22/ 3 (= 1.5874) times as large as those for PbTe. 

(B.4) 

(B.5) 

In calculat ing the bound state energy levels using the Kriinig-Penney model, the 

following boundary conditions are used at the barrier-well interfaces, since the part icle 
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currentatthebarrier-wellillterfaceshastobecollserved

Ψw=ΨB,
1dΨw 1dΨB

mwdz mBdx
(B.6)

whichyieldstheKr6nig-Pelllleyenergydispersionrelation

(Q加B)2-(K/mw)2sinh(?d
Bsin、Kdw十coshQdBcos、Kα=cosん(dw十dB)(B.7)2(Q/

mB)(・ κ/mw)

where

K-vsiliiJE/h and Q=277zB(△ 五lc一 五1)/h. (B.8)

InEqs.B.7andB.8,△E,isthebarrierheight(conductionbandoffset),dwisthe

quantumwellthickness,dBisthebarrierlayerthickness,mwistheeffectivemassfor

thequantumwelllayer,andmBistheeffectivemassforthebarrierlayer.Assuming

thatwehavequantumconfinementalongthex-axis,thex-componentoftheeffective

masstensorisobtainedbythecrosssectionoftheellipsoidalconstantenergysurface

inthek.kz-(orkykz-)planeforthequantumwellandbarrierlayermaterials,whereas

thein-planecomponentsoftheeffectivemasstensorforthe2Dquantumwellare

obtainedbytheprojectionofthe3Dconstantenergysurfacesontotheplaneof

thequantumwell(kxky-plane).Forthelongitudinalsubbandinthe(111)oriented

PbTe/Pb1-。Eu。TeMQws,theprojectionoftheellipsoidalconstantenergysurface

tothe(111)planecoincideswiththecrosssectionoftheconstantenergysurface,

yieldinganisotropicin-planemasscomponent(=mt)forthequantumwellandthe

z-componentoftheeffectivemassequaltoml.Fortheobliquesubbandinthe(111)

orientedPbTe/Pb1-。Eu。TeMQws,thez-componentoftheeffectivemasstensoris

givenby

mゑ・≡暢 儲
)+物 ≒)),(B・9)

whereasthein-planecomponentsoftheeffectivemasstensoraregivenby

mx=mt(2D)=mt(3D) (B.10)
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current at the barrier-well interfaces has to be conserved: 

1 d\)J w 1 d \)J B 
(B.6) 

mw dz ms dz 

which yields the Kronig-Penney energy dispersion relation 

(Q/mB)" - (K /mw)" . . 
(Q/ )(Y / ) sll1h Qds sm K dw + cosh Qds cos Ka = cos k(dw + dB) (B.7) 

2 rnB \.. 'Tnw 

where 

f( = J2mwE/n and (B.8) 

In Eqs. 13. 7 and 13.8, t::.Ec is t he barrier height (conduction band offset), dw is the 

quantum well thickness, dB is the barrier layer t hickness, mw is the effective mass for 

the quantum well layer, and ms is the efiective mass for the barrier layer. Assuming 

that we have quantum confinement along the z-axis, the z-component of the effective 

mass tensor is obtained by the cross section of the ellipsoidal constant energy surface 

.in the kxkz-( or kykz-) plane for t he quantum well and barri er layer materi als, whereas 

the in-plane components of the effective mass tensor for the 2D quantum well are 

obtained by t he projection of the 3D constant energy surfaces onto the plane of 

the quantum well (kxhy-plane) . For the longitudinal subband in t he (111) oriented 

PbTe/Pb1_xEux Te MQWs, the projection of the ellipsoida.l constant energy surface 

to the (111) plane coincides with the cross section of the constant energy surface, 

yielcling an isotropic in-plane mass component (= m,) for the quantum well and the 

z-component of the efiective mass equa.i to m, . For the oblique subband in the (111) 

oriented PbTe/P b1_xEux Te iVIQ\"ls, the z-component of t he effective mass tensor is 

given by 

1n- 1 = 'In - .i = ~ ( 8 + _1_) 
z - IV 9 m " (3D) m,(3D) , 

(E.g) 

whereas t he in-plane components of the effective mass tensor are given by 

m x = 7n' (2D) = m'(3D) (Il.l0) 
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and

m,≡Ml(・D)-8ml(3D)譜(3D)・(B・11)

Weusethefollowingempiricalequationforthetemperaturedependentenergyband

gapforPb1_cEuxTe[31]:

21-7.56x
Eg(x,T)=189.7meV十 〇.48・T(K) 十4480・ 灘(B.12)

T十29

andtheconductionbandof益set△E,(barrierheightforthequantumwell)iscalculated

usingtherelation[30]

△E,=0.55△ 五lg.(B.13)

ThevaluesforthetotalSeebeckcoef且cientandtheHallcarrierconcentrationfor

thewholesuperlatticearecalculatedusingthefollowingequations(multiplecarrier

model).Itisnotedthatthetermsforthebarrierlayerhavetobemultipliedby

thefactordB/dwtotakeintoaccounttheparallelconductioncontributionfromthe

barrierlayers,yielding

Sl。 。g、σ1。。g、+θ 。bliqσ 。bliq+θbarri,,σbarri,,dB/晦(B

.14)St。tal

σ1。。g・+σ 。bliq+σbarri,,dB/dW

fortheSeebeckcoef丘cient.FortheHallcarrierdensity(lowfieldlimit),weobtain

(ηlongtμlongt十nobliqμobliq十 ηbarrierμbarrie,dB/dW)2

,(B.15)ηHall=

.4十B十 〇

where

A-nl。ng・ μio。9、THI。ng・,(B・16)

B-(誰D
1),n・bli・/c・lbliqTH・bli・,(B・17)

・-3譜 雫 吉3)nbarri…LegarrierTubarrierdB/Clw,(B・18)

inwhich、lt2D=ml(2D)/mt(2D)and、lt3D=ml(3D)/mt(3D).InEqs.B.15-B.18,rul。ngt,

T .HobliqandT.Hbarrie,areHallscatteringfactorsforeachsubband/layerdefinedby
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and 
_ Sml(3D) + mt(3D) 

my = ml(2!)) = 9 (B.ll) 

We use the following empirical equation for the temperature dependent energy band 

gap for Pb1-xEux Te [31] : 

1 - 7. 56x 
Eix, T) = 189.7meV + 0.48 · T(K? + 44S0· x 

T + 29 
(B.12) 

and the conduction band offset 6 Ec (barrier height for the quautum well) is calcula ted 

using the relation [30] 

6 Ec = 0. 556 E9· (B.13) 

The values for the total Seebeck coeffi cient and the Hall carrier concentration for 

the whole superlat tice are calcula.ted using the following equations (multiple carrier 

model). It is noted that the terms for the barrier layer have to be multiplied by 

the factor dol dw to take in to account the parallel conduction contr ibu tion from the 

barrier layers, yielding 

(B.14) 

for the Seebeck coeffi cient. For the Hall carrier density (low field limit), we obtain 

A+ B +C 
(B.15) 

where 

(B.16) 

(B.17) 

(B.18) 

in which ]{2D = ml(2D ) /mt(2D ) and ]{3D = ml(:jD) /mt(3 D) ' In Eqs. B.15-8.1S, Tmongt> 

Tlfobliq and Tlfbarrie,. are Hall scattering factors for each subband/layer defined by 
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TH-〈7>2/〈72>・Wefu・the・assumeTHI・ng・-TH・bliq-3秘 簿2)THbarri・ ・-1in

thepresentcalculations.ThefollowingequationsfortheSeebeckcoefficientforsingle

bandmaterials,assumingtheconstantrelaxationtimeapproximation,areusedto

calculatethecontributionfromeachsubbandandbarrierlayertothetotalSeebeck

coefHcient.Forthelongitudinalandtheobliquesubbands

s・D-一 ㌘(2F、(〈*茄(ζ*))イ), (B.19)

andforthebarrierlayer

53D-一 儲liil;1イ), (B.20)

wherethereducedchemicalpotential〈*(=〈/んBT)ismeasuredfromeach(sub)band

edge.

B.3 IRtransmission

TheIRtransmissionexperimentswerecarriedoutonallthesamplesprovided(see

Figs.B-4-B-10).ForbulkPbi_xEu灘Tefilm(MBEG894),theopticalabsorptionedge

occursnear5000cm-1(617meV),correspondingtotheEucontentx～0.085accord-

ingtoEq.B.12.Forquantumwellsamples(Figs.B-5B-10),threedistinctwavenum-

bers,eachassociatedwithopticaltransitionofelectronsfromthevalencebandtothe

conductionband(1)forthelongitudinalsubband,(2)fortheobliquesllbbandand

(3)forthePbi_xEuxTebarrierlayer,respectively,arefoundinthetransmissionspec-

tra.Thesewavenumbersarecomparedtothecorrespondingenergygapsobtainedin

thetheoreticalcalculationassumingacertainEucompositionxasdescribedinthe

previoussection.TheEucompositionsxforwhichthebestagreementbetweenthe

experimentandtheoryisobtainedaregivenbelow.
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· - ( )2/( 2) W' f -tl . . . - . - 3[(,,)([(.10+2) - 1 . 
1!-l - T T. e UI l e I aSSlune 1 Hlongt - 1 Hobliq - (2{(3D+l)Z rHbarrier - In 

the present calculations . The fo llowing equat ions for the Seebeck coefficient for single 

band materials, assuming the constant relaxation time approximation, are used to 

calculate the contribution from each subband and barrier layer to the total Seebeck 

coefficient. For the longitudi nal and the oblique subbands 

So = _ ku (2F1((*) _ (*) 
_D e Fo((*) , (B.19) 

and for the barrier layer 

(B.20) 

where the reduced chemical potential (*(= (/kBT) is measured from each (sub)band 

edge. 

B.3 IR transmission 

The IR t ransmission experiments were carried out on all the samples provided (see 

f igs. B-4- B-1O). For bu lk Pb,_x EuxTe fi lm (J\HlEG894), the optical absorption edge 

occurs near 5000 cm- l (617 meV) , corresponding to the Eu content x ~ 0.085 accord

ing to Eq. B.12. For quantum well samples (Figs. B-5- B-I0) , three distinct wavenum

bers, each associated with optical transition of electrons from the valence band to the 

conduction band (1) for the longitudinal subband , (2) for the obliCjue subband and 

(3) for t he Pb,_x EuxTe barrier layer, respectively, are found in the t ransmission spec

tra. T hese wavenumbers are compared to the corresponding energy gaps obta ined in 

t he theoretical calculation assuming a certain Eu composit ion x as clescribecl in the 

previous section. The Eu compositions x for which the best agreement between the 

experiment and theory is obtained are given below. 
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FigureB-4:IRtransmissionspectrumforaMBE-grownbulk(thick)Pb1_xEuxTe丘lm

(5cfuO.08)sample(sampleMBEG894).Thevaluefbrthedirectenergybandgapshownin

thefigure(、Eg=617.4meV)isobtainedforx=0.085andT=300KusingEq.B.12.

SamplenameEucompositionxseeFig.

MBEG902

MBEG908

MBEG909

MBEG910

MBEG914

MBEG915

0.08

0.092

0.09

0.095

0.065

0.08

B-5

B.6

B.7

B-8

B-9

B-10

TheseresultsarealsoconsistentwiththeobservationsofthespacingoftheFabry-

Perotinterferencefringesinthespectra[32].ThespacingofFabry-Perotinterference

fringesinFigs.B-5-B-10impliesthehighestrefractiveindicesforsamplesMBEG902,

MBEG914andMBEG915whoseEucontentsxareamongthelowestofallthesam-

ples,andthelowestrefractiveindexforsampleMBEG910whoseEucontentisamong

thehighest.TherefractiveindicesforsamplesMBEG909andMBEG908arefoundto

beslightlyhigherthanthatforMBE910,consistentwithaslightlylowerEucontent
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Figure B-4: IR transmission spectrum for a MBE-grown bulk (thick) Pb,-xEux Te film 
(X"" 0.08) sample (sample MBEG894). The value for the direct energy band gap shown in 
the figure (Eg = 617.4 meV) is obtained for x = 0.085 and T = 300 K using Eq. B.12. 

Sample name Ell composition .x see Fig. 

MBEG902 0.08 B-5 

MBEG908 0.092 B-6 

MBEG909 0.09 B-7 

MBEG910 0.095 B-8 

MBEG914 0.065 B-9 

lVlBEG915 0.08 B-IO 

These results are also consistent with the observations of the spacing of the Fabry

Perot interference fringes in the spectra [32] . The spacing of Fabry-Perot interference 

fringes in Figs . B-5- B-1O implies the highest refractive indices for samples MBEG902 , 

i'vIBEG914 and MBEG915 whose Ell contents x are among the lowest of all the sam

ples, and the lowest refi:active index for sample MBEG910 whose Ell content is among 

the highest. The refractive indices for saIllples MBEG909 and MBEG908 are found to 

be slightly higher than that for 'VlBE910 , consistent with a slightly lower Ell content 
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A)multiple-quantum-wellsample(MBEG902).Thevaluesoftheopticalenergybandgaps

giveninthefigureareobtainedbytheKr6nig-PenneymodelusingEqs.B.12andB.13to

calculatetheconductionandvalencebandoffsetsatT=300K,wherethevalueofcc(Eu

content)usedinthecalculationisalsogiveninthefigure(x=0.08).
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FigureB-6:IRtransmissionspectrumfbra(111)orientedPbTe(20A)/Pb1_xEuxTe(400

A)multiple-quantum-wellsample(MBEG908).Thevaluesoftheopticalenergybandgaps

giveninthefigureareobtainedbytheKr6nig-PenneymodelusingEqs.B.12andB.13to

calculatetheconductionandvalencebandoffsetsatT=300Kラwherethevalueofc(Eu

content)usedinthecalculationisalsogiveninthefigure(x=0.092).
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Figure 8 -5: IR. t ransmission spectrum for a (111) oriented PbTe(20 A)/Pb1_xEux Te(400 
A) multiple-quanturn-well sample (MBEG902). The values of the optical energy band gaps 
given in the figure are obtained by the Kriinig-Penney model using Eqs. B.12 and B.13 to 
C<l.lcllI H.tP. t.hp ronil llr.t inn ::J.nrl v~.1 f':n (:p. hann offsAts at. T = 300 K, wll(~rp. th p. v;::t1 11 P' of .7: (E ll 

content) used in the calculation is also given in the figure (x = 0.08) . 
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Figure 8 -6: IR. transmission spectrum for a (111) oriented PbTe(20 A)/Pb1_xEux Te(400 
A) mult iple-quantum-well sample (MBEG908). The values of the optical energy band gaps 
given in the fig me are ob tained by the Kriinig-Penney modelllsing Eqs. B. 12 and B.13 to 
calculate the conduction and valence band offsets at T = 300 K, where the value of :E (E u 
content) used in the calculation is also given in the fi gure (x = 0.092) . 
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A)multiple-quantum-wellsample(MBEG910).Thevaluesoftheopticalenergybandgaps

giveninthefigureareobtainedbytheKr6nig-PenneymodelusingEqs.B.12andB.13to

calculatetheconductionandvalencebandoffsetsatT=300Kラwherethevalueofc(Eu

content)usedinthecalculationisalsogiveninthefigure(x=0.095).
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Figure B-7: IR. transmission spectrum for a (111) oriented PbTe(20 A)/Pb1_xEux Te(400 
A) mult iple-quanturn-well sample (MBEG909). The values of the optical energy band gaps 
given in the figure are obtained by the Kriinig-Penney model using Eqs. B. 12 and B.13 to 
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content) used in the calcula tion is also given in the figure (x = 0.09). 
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Figure B-8: IR. transmission spectrum for a (111) oriented PbTe(20 A)/Pb1_xEux Te(400 
A) mult iple-quant um-well sample (MBEG910). The values of the optical energy band gaps 
given in the figme are obtained by the Kriinig-Penney model using Eqs. B.12 and B.13 to 
calculate the conduction and valence band offsets at T = 300 K, where the value of :E (Eu 
content) used in the calculation is also given in the fi gure (x = 0.095). 
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xforthesesamplesthallforMBEG910.

B.4 Hallcarrierconcentration

HallcoefHcientmeasurementsasafunctionoftemperaturewerecarriedoutforall

thequantumwellsamples.ForthebulkPb1_∬E恥Tesample(MBEG894),theexperi-

mentaldatawereobtainedonlyatlowtemperature(～10K)duetotheloosecontacts

duringthemeasuremellt.Thetypicalsamplessizeis3×3mm2,andamaglleticfield

ofO.3Twasutilizedforthesemeasurements.ThepureHallvoltagewasseparated

fromtheresistivevoltagedropbyswitchingthemagnetic丘eldbetween十 〇.3Tand

-0 .3Tateachtemperatureofmeasurement.Typically,anelectricalcurrentof1-10

μAwasusedinthesemeasurements.

ShowninFig.B-11isthemeasuredHallcarrierdensityasafunctionoftemper-

atureforsamplesMBEG902,908,909and910.TheresultsforsamplesMBEG914

and915aregiveninFig.B-24andFig.B-26,respectively.ItisfolmdthattheHall

carrierconcentrationforallthesamples(exceptforthePb1_xEucvTebulksample

MBEG894)variesasafunctionoftemperature.Inmostcases,theHallcarrierden-

sityisfoundtoincreaseabove～170K(MBEG902,909,910,914and915),butin

onecase(MBEG908),theHalldensitydecreaseswithincreasingtemperature.These

apparentchangesinHalldensityasafunctionoftemperaturearenotfullyconsistent

withthechangeinthechargedistributionamongthethree(sub)bands(longitudinal-

andoblique-subbandsandbarrierlayer)providedthatourtheoreticalmodelforthe

Hallcarrierconcentrationisvalid.

TheHallcarriermobilitiesareshownasafunctionoftemperatureinFigs.B-12

andB-13.TheHallmobilityforthesampleMBEG910(～2000cm2/V・sbelow70K

and～250cm2/V・satroomtemperatllre)isfoundtobethelowestofallthesamplesin

spiteofitslowcarrierconcentration,probablybecauseofthelargeinterfacescattering

duetoitsratherhighEucontent@=0.095)forthebarrierlayer.Thehighest

mobilityisfoundinsampleMBEG914atlowtemperature(<150K),consistentwith

thequantumconfinementeffect.ThissamplehadthelowestEucontent(x=0.065)

377

x for these samples than for MBEG910. 

B.4 Hall carrier concentration 

Hall coefficient measurements as a flUlction of temperature were carried out for all 

the quantum well samples. For the bulk Pb,-xEux Te sample (MBEGS94), the experi

mental data were obtained only at low temperature (~10 K) due to the loose contacts 

during the measurement. The typical samples size is 3x3 mrn2 , and a maglletic field 

of 0.3 T was utilized for these measurements. T he pure Hall voltage was separated 

from the resistive voltage drop by switching the magnetic field between +0.3 T and 

-0.3 T at each temperature of measurement. Typically, an electrical current of 1-10 

J.1A was used in these measurements. 

Shown in Fig. B-ll is the measured Hall carrier density as a function of temper

ature for samples MBEG902, 90S, 909 and 910. The resul ts for samples JvLBEG914 

and 915 are given in Fig. B-24 and Fig. B-26, respectively. It is found that the Hall 

carrier concentration for all the samples (except for the Pbl_TEuT Te bulk sample 

MBEGS94) varies as a function of temperature. In most cases, the Hall carrier den

sity is found to increase above ~ 170 K (MBEG 902, 909, 910, 914 and 915) , but in 

one case eVIBEG908), the Hall density decreases with increasing temperature. These 

apparent changes in Hall density as a function of temperature are not fully cons istent 

with the change in the charge distribution among the three (sub) bands (longitudinal

and oblique- subbands and barrier layer) provided that our theoretical model for the 

Hall carrier concentration is val id. 

T he Hall carrier mobilities are shown as a function of temperature in Figs. B-12 

and B-13. The Hall mobility for t.he sam ple MBEG910 (~2000 cm2/V.s below 70 K 

and ~250 cm2 /V·s at room temperature) is found to be the lowest of all the samples in 

spite of its low carrier concentration, probably because of the large interfnce scattering 

due to its rather high Eu content (x = 0.095) for the barrier layer. The highest 

mobility is found in sample MBEG914 at low temperature « 150 I<), consistent with 

the quantum confinement effect . This sample had the lowest Eu content (x = 0.OG5) 
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FigureB-11:Hallcarrierconcentrationasafunctionoftemperatureforvarious(111)

orientedPbTe(20A)/Pb1_xEuxTe(400A)multiple-quantum-wellsamples.
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inthebarrierlayer.Wefindamobility>20000cm2/V・sforthissamplebelow20

K.Itisestimatedthatmorethan97%ofthecarriersareboundtothelongitudillal

subbandfbrthissamplebelow100K.Ontheotherhand,theHallmobilityfor

thissampleatroomtemperatureisfoundtoberatherlow(～270cm2/V・s),despite

itshighmobilityatlowtemperature.Thisisprobablybecausetherearearather

largenumberofcarriersoccupyingthe3Denergybandfbrthebarrierlayeratroom

temperatureforthissample.Weestimate,inourmodel,thatabout57%ofthetotal

carriersarelocatedinthebarrierlayeratroomtemperatureinthissample.†

RatherpeculiarbehaviorisobservedfbrsampleMBEG915.Forthissample,the

Hallmobilityisamongthehighestofallthesamplesabove180K.However,below

170K,theHallmobilitystartstodecreasewithdecreasingtemperaturereaching

virtuallyzeromobilityat60K.Thiszeromobilityisfoundtobeconnectedtothe

large(increasing)valuesoftheelectricalresistivityatlowtemperatureasshownin

Fig.B-14.TheHallcarrierconcentrationremainsfiniteatlowtemperaturesforthis

sampleasshowninFig.B-26.Theincreasedresistivityatlowtemperaturewasalso

observedduringthemeasurementoftheSeebeckcoefficient,wheretheobserved△V

vs.△Tdataatlowtemperatures(T<70K)werefoundtoberathernoisydueto

thelargeresistanceacrossthesample(sampleMBEG915).

B.5 Seebeckcoefficient

B.5.1 MBEG910

ShowninFig.B-15istheSeebeckcoef丘cientasafunctionoftemperatureforsam-

pleMBEG910.Thecarrierconcentrationwithinthequantumwellforthissampleis

determinedtobe4.8×1017cm-3fromtheHallcoef丑cientmeasurementatlowtemper一

†Thisconclusionmayhavetoberevisedaccordingtotheresultsofthemoreelaboratetheoretical

modelingthatisperformedinChapter3.InChapter3,we丘ndthatpolaropticalphononscattering

ismoreeffectiveinscatteringthecarriersintheobliquesubbandthaninscatteringthecarriersin

thelongitudinalsubband.Therefore,theobserveddecreaseinthevaluesofthecarriermobilitymay

beattributedtotheincreasingoccupationoftheobliquesubbandbytheconductioncarriers,where

theconductioncarrieraremorevulnerabletopolaropticalphononscattering.
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111 the barrier layer. We find a 1110bility >20000 cm2/V ·5 for this sample below 20 

K. It is est imated that more than 97 % of the carriers are bound to t he longitudinal 

subband for this sam ple below 100 K. On the other hand, the Hall mobility for 

thi s sample at room temperature is found to be rather low (~270 cm 2/V·s), despite 

its high mobility at low temperature. This is probably because there are a rather 

large Ilumber of carriers occupying the 3D energy band for the barrier layer a.t room 

temperature lor this sample. vVe estimate, in our model, that about 57 % of the total 

carriers are located in the barrier layer at room temperat ure in this sample.! 

Rather peculiar behavior is observed for sample MBEG915 . For th is sample, the 

Hall mobility is among t he highest of all the samples above 180 K. However, below 

170 K, the Hall mobili ty starts to deCi·ease with deCi·easing temperature reaching 

virtually zero mobility at 60 K. This zero mobili ty is found to be connected to the 

large (increasing) values of the electrical resistivity at low temperature as shown in 

Fig. B-14. T he Hall carrier concentration remains fin ite at low temperatmes for this 

sample as shown in Fig. B-26. The increased resist ivity at low temperature was also 

observed during t he measurement of the Seebeck coefficient, where the observed L':. V 

vs. L':.T data at low temperatnres (T < 70 K) were fonnd to be rather noisy dne to 

the large resistance across the sample (sample MBEG915). 

B.5 Seebeck coefficient 

B.5.1 MBEG910 

Shown in Fig. B-15 is the Seebeck coefficient as a function of temperature for sam

ple MBEG910. The carrier concentration within the quantum weil for this sample is 

determined to be 4.8x 1017 cm- 3 from the Hall coefficient measurement at low temper-

tThis conclusion may have to be revised according to the results of the more elaborate theoretical 
modeling that is performed in Chapter 3. In Chapter 3, we find that polar optical phonon scattering 
is more effective in scattering the carriers in the oblique subband than in scattering the carriers in 
the longitudinal subband. Therefore, the observed decrease in the values of the carrier mobility may 
be attributed to the increasing occupation of the oblique subband by the conduction carriers, where 
the conduction carrier are more vulnerable to polar optical phonon scattering. 
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FigureB-14Electricalconductivityasafunctionoftemperaturefora(111)oriented

PbTe(20A)/Pbl_xEuxTe(400A)multiple-quantum-wellsample(MBEG915).
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ature(seeFig.B-16).WefindasmallbumpintheSeebeckcoeflicientnear150Kand

asmalldipinHallcarrierdensitynear170K.Thesebumpanddipfeaturesmaybe

relatedtotheexistenceoftheobliquesubband(seebelow),but,uptonow,wedon,t

haveafullexplanationforthisanomaly.ThegeneralbehavioroftheSeebeckcoefL

ficientasafunctionoftemperatureisbestexplained,ifweassumethatthereexists

onlyalongitudinalsubbandinthequantumwell(singlesubbandapproximation)[see

thesolidlineinFig.B-15].However,thisassumptionneitherexplainstheoriginofthe

bump,northebehavioroftheHallcarrierconcentrationabove200K(seeFig.B-16).

Uptonow,wehavenoexplanationforthisincreasingHallcarrierconcentrationwith

increasingtemperatureabove200K.Asimilarbehaviorisalsoobservedforsamples

MBEG909,902and914(seeFigs.B-18,B-22andB-24).Thelowtemperatllreside

ofthebumpintheSeebeckcoefHcientandthelowtemperaturesideofthedipinthe

Hallcarrierconcentrationaremodeledassumingtheexistenceofallthree(sub)bands

inthemodel.Inthiscase,wesetthetotalcarrierdensitytobent。t=4.8×1017cm-3

andallowthedistributionofthecarrierstochangeamongthesethree(sub)bandsasa
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Figure 13-16: Hall carrier density as a function of temperature for a (111) oriented PbTe(20 
A)/Pb1_xEux Te(400 A) multiple-quantum-well sample (MBEG910). 

atme (sec Fig. B-16). We find a small bump in the Seebeck coeffi cient near 1501< and 

a small dip in Hall carrier density Bear 170 K. T hese bump and dip featm es may be 

related to the existence of t he oblique subband (see below), but, up to now, we don 't 

have a lull explanation for this anomaly. The general behavior of the Seebeck coef

ficient as a function of temperature is best explained, if we assume that there exists 

only a longitudinal subband in the quantum well (single subband approx im ation) [see 

the solid line in F ig. B-15]. However, this assumption neither explains the origin of the 

bump, nor the behavior of the Hall carrier concentration above 200 K (see Fig. B-16). 

1.:p to now, we have no explanation for this increasing Hall carrier concentration with 

increasing temperatme above 200 K A similar behavior is also observed for samples 

MBEG909, 902 and 914 (see Figs. B-l S, B-22 and B-24). The low temperatme side 

of the bump in the Seebeck coefficient and the low temperatme side of the dip in the 

Hall carrier concentration are modeled assuming the existence of all t hree (sub)bands 

in the modeL In this case, we set the total carrier density to be ntol = 4.Sxl0'7 cm-3 

and allow the distribut ion of t he carriers to change among these t hree (su b) bands as a 
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functioIloftemperatureaccordingtotheFermi-DiracdistributioIlfuIlction.†We丘Ild

thattheobliquesubbandstartsbeillgoccupiedabove100K.InFig.B-16weshow

afewmodelingresultsfortheHallcarriermobilityasafunctionoftemperature(fbr

μ1。n/μ 。bliq=0.1,0.15,0.2,0.3andμbar/μ 。bliq=0.5,sincetheHallmobilityforthe

Pb1_コcEuコcTebulksampleMBEG894istypicallyhalfoftheHallmobilitiesforother

quantumwellsamplesnearroomtemperature),amongwhichμlongt/μobliq=0.15

agreesbestwiththeexperimentalresults.IllFig.B-15,weshowthemodelingre-

sultsfortheSeebeckcoef且cientforμlongt/μobliq=0.15andμB/μobl=0.5(dashed

curve).Thus,thesimultaneousmodelingoftheSeebeckcoefHcientandHallcarrier

concentrationispossiblebelow140Kassumingμlongt/μobliq=0.15.‡

B.5.2 MBEG909

TheSeebeckcoefHcientandHallcarrierconcentrationforsampleMBEG909are

showninFigs.B-17andB-18,respectively,asafunctionoftemperature.The

Hallcarrierconcentrationofthissampleisdeterminedtobe5to6×1017cm-3atlow

temperature.ThetheoreticalcalculationoftheSeebeckcoefficient,assumingonlythe

longitudinalsubband,isshownbythesolidcurveinFig.B-17fornt。t=6×1017cm-3.

Theagreementbetweentheexperimentandmodelcalculationisgoodupto～130

K,wherecarriersarepredominantlylocatedinthelongitudinalsubband.Above140

K,theexperimentalSeebeckcoef丑cientishigherthanthemodelcalculationthatwas

performedincludingonlythelongitudinalsubband.Thisisbecausealargenumber

†Inthisreport
,weassumedthatthetotalcarrierdensityntotthatisdefinedbythefbllowing

equationisassumedtobeconstantwithtemperatureconsideringthechargeconservation:

dB
n…=n'・n・ ・+n・b"q+nB× 薦,

wherenlongt,nobliq,andnBarethecarrierdensitiesthatareattributedtothelongitudinalsubband,

t・the・blique・ubband,andt・th・barri・ ・layers・The・ea・ ・nw・needth・fa・t・ ・ 器inth・ab・v・

equationisthatnBiscalculatedusingthethicknessofthebarrierlayers((iB),whereasnlongtand

nobliqarecalculatedusingthethicknessofthequantumwelllayers(dw).

‡InChapter3
,wefindthatthepolaropticalphononscattering,whichisthedominantscattering

mechanismfortheobliquesubband,hasanef艶ctofincreasingthevalueoftheSeebeckcoef丑cient

relativetothosepredictedintheconstantrelaxationtimeapproximation.Theref()re,theactual

valueofμlongt/μobliq,consideringthedetailsofthescatteringmechanisms,shouldbelargerthan

thevaluegivenhere(i.e.,μlongt/μobliq>0.15).
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function of temperature according to the Fermi-Dirac distribution function.! We find 

that the oblique subband starts being occupied above 100 K. In Fig. B-16 we show 

a few modeling results for the Hall carrier mobility as a function of temperature (for 

Jilon/{tobliq = 0.1, 0.15, 0.2 , 0.3 and ,tba,/ Jiobl i" = 0.5, since the Hall mobili ty for the 

Pb1_xEuxTe bulk sample MBEG894 is typically half of the Hall mobili ties for other 

quantum well samples near room temperature) , among which /Jlongt h1obliq = 0.15 

agrees best with the experimental results. In Fig. B-15, we show the modeling re

sults for the Seebeck coefficient for Jilongt/ Jiobliq = 0.15 and JiB/ ,tobl = 0.5 (dashed 

curve) . Thus, the simul taneous modeli ng of the Seebeck coeffici ent and Hall carrier 

concentration is possible below 140 K assuming Jiloogt/ Jiobljq = 0.15.1 

B.5.2 MBEG909 

The Seebeck coefficient and Hall carrier concentration for sample MBEG909 are 

shown in Figs. B-17 and B-18, respect ively, as a function of temperature. The 

Hall carrier concentration of this sample is determined to be 5 to 6x 1017 cm- 3 at low 

temperature. The theoretical calculation of the Seebeck coefficient , assuming only the 

longitudinal subband, is sholVn by t he solid curve in Fig. B-17 for ntot = 6x 1017 cm-3
. 

The agreement between the experiment and model calculation is good up to ~130 

K, where carriers are predominantly located in the longitudinal subband. Above 140 

K, the experimental Seebeck coeffi cient is higher than t he model calculat ion that lVas 

performed including on ly t he longitudinal subband. T his is because a large number 

tIn this report ) we assumed that the total carrier density ntot that is defined by the following 
equation is assumed to be constant with temperature considering the charge conservation: 

dB 
n to C = nlongt + nobJiq + nB x -d ' 

w 

where nlongt l nobliq , and n n are the carrier densities that are attributed to the longitudinal subband, 
to the oblique subband, and to the barrier layers. The reason we need the factor ff! in the above 
equation is that ns is calculated using the thickness of the barrier layers (dB)' whereas nlongt and 
noh liq are calculated using the thickness of the quantum well layers (dw) -

tIn Chapter 3, we find that the polar optical phonon scattering, which is the dominant scattering 
mechanism for the oblique subband, has an effect of increasing the value of the Seebeck coefficient 
relative to those predicted in the constant rela"\ation time approximation. Therefore, the actual 
value of Jllongt../ j.lobliq , considering the details of the scattering mechanisms, should be larger than 
the value given here (Le., tll ongt!Jlobliq > 0_15) . 
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FigureB-19:TheSeebeckcoef丘cientasafunctionoftemperaturefbra(111)oriented

PbTe(20A)/Pb1_xEuxTe(400A)multiple-quantum-wellsample(MBEG908).

ofcarriersstartoccupyingtheobliquesubbandatthistemperature(andthebar-

rierlayeratevenhighertemperature).Wefoundthatthesimultaneous丘ttingof

theSeebeckcoefficientandtheHallcarrierconcentrationisdifficultwithourthree

(sub)bandtheoreticalmodelabove150K.

B.5.3 MBEG908

ThetemperaturedependenceoftheSeebeckcoefficientandHallcarrierconcentration

forsampleMBEG908areshowninFigs.B-19andB-20,respectively,asafunction

oftemperature.TheHallcarrierconcentrationofthissampleisfoundtohave

aratherpeculiarbehaviorasafunctionoftemperature(seeFig.B-20)compared

tothosefortheothersamples.TheHallcarrierconcentrationisdeterminedtobe

2.7×1018cm-3and1.2×1018cm-3,atlowtemperatures(below70K)andathigh

temperatures(above180K),respectively.Therefore,wehavemadecalculationsofthe

Seebeckcoefficien-tbothforntot=2.7×1018cm-3andforntot=1.2×1018cm-3,using

ollrthree(sub)bandmodel.Thebestresultisobtainedfornt。t=1.2×1018cm-3,

assumingμ1。ngt/μ 。bliq=0.7andμB=0(seeFig.B-19).Themodelingresultforthe
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Figure D-19: The Seebeck coefficient as a function of temperature for a (111) oriented 
PbTe(20 A)/Pb1_ x EuxTe(400 A) multiple-quantwn-well sample (MBEG908) . 

of caniers start occupying the oblique subband at this temperature (and t he bar

rier layer at even higher temperature) . We found that t he simultaneous fitting of 

the Seebeck coefficient and the Hall carrier concentration is difficult wit h our three 

(sub) band theoreticalmoclel above 150 K. 

B.5.3 MBEG908 

The temperature dependence of the Seebeck coefficient and Hall carrier concentration 

for sample JvI8EG908 are ShOW ll in Figs. 8 -19 and 8 -20, respectively, as a function 

of temperature. The Hall carrier concent ration of this sample is found to have 

a rather peculiar beha" ior as a function of temperature (see Fig. B-20) compared 

to those for the other samples. The Hall carrier concentration is determined to be 

2.7x101S cm-3 and 1.2 x lO"s cm-3, at low temperatures (below 70 K) and at high 

tem peratures (above 180 ](), respectively. Therefore, we have made calcul a.tions of the 

Seebeck coefficient bot h for 11.tot = 2.7 x lO"s cm- 3 a.nd for ntot = 1.2x lO "s C111 - 3 , using 

our three (sub)band model. The best result is obtained for ntot = 1.2 x 1018 cm- 3, 

assuming f.'longth'obJ;q = 0.7 and f.'B = 0 (sec Fig. B-19) . The modeling result for the 
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FigureB-20:Hallcarrierdensityasafunctionoftemperaturefora(111)orientedPbTe(20

A)/Pb1_xEuxTe(400A)multiple-quantum-wellsample(MBEG908).

Hallcarrierconcentrationwiththesameassumptionsagreeswiththeexperimental

resultonlyabove180K.Thetheoreticalcalculationfornt。t=2.7×1018cm-3agrees

poorlywithexperimentalresultsforanyassumptionsfortheμ,s(seeFigs.B-19and

B-20).

B.5.4 MBEG902

TheSeebeckcoef丘cientandHallcarrierconcentrationforsampleMBEG902are

showninFigs.B-21andB-22,respectively,asafunctionoftemperature.Forthis

sample,thecarrierconcentrationisabout3.8×1018cm-3atlowtemperature(below

170K)(seeFig.B-22).Therefore,themodelcalculationoftheSeebeckcoef丑cient

wascarriedolltforthiscarrierconcentration(Fig.B-21).Theratioofthemobilities

betweenthebarrierlayerandtheobliquesllbband(μB/μ 。bliq)issettobeO.5sincethe

HallmobilityforthebulkPb1_xEuxTefilm(MBEG894)wastypicallyhalfthevalues

oftheHallcarriermobilityforthequantumwellsamplesatroomtemperature(see

Fig.B-2).Atlowtemperature,anyspecificassumptionsfortheratioofthemobilities

betweenthebarrierlayerandtheobliqllesllbband(μB/μ 。bliq)havenegligibleeffect
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Figure B·20: Hall carrier density as a function of temperature for a (111) oriented PbTe(20 
A)/Pb1_ xEux Te(400 A) multiple-Quantum-well sample (MBEG908). 

Hall carrier concentration with the same ~sslllnptions agrees with t.he experimental 

result only above 180 K. T he theoretical calculation for ntot = 2.7x 1018 cm- 3 agrees 

poorly wit h experimental results for any assumptions for the ,, 's (see Figs . B-l 0 and 

B-20) . 

B.5A MBEG902 

The Seebeck coefficient and HaJl carn er concentration for sample MBEG902 are 

shown in Figs. B-21 and B-22, respectively, as a function of temperature. For t his 

sample, the carrier concentration is about 3.8x l018 cm- 3 at low temperature (below 

170 K) (see Fig. B-22). T herefore, the model calculation of the Seebeck coefficient 

was carried out fo r this carrier concentration (Fig. I3-21). T he ratio of t he mobili ties 

between the barrier layer and the oblique subband (/.lB/,lob];q) is set to be 0.5 since the 

Hall mobility for the bulk Pb1- x Eux Te film (MBEG894) was typically half the values 

of the Hall carrier mobility for t he quant um well samples at room temperature (see 

Fig. B-2). At low temperature, any specific assumptions for the ratio of the mobilit ies 

between the barri er layer ancl t he oblique subband (/1.BIII'obl;,,) have negl igible effect 
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onthefillalmodelillgresultsoftheSeebeckcoef丘cielltorHallcarrierconcentration,

sincethecarrieroccupationatthebarrierlayerbecomesverysmallatlowtemper-

ature.InFig.B-21,weshowtheresultsofthreemodelcalculationseachassuming

μ1。ngt/μ 。bliq=0.7,1,and2,respectively.Probably,whatishappeninghereisthatat

lowtemperature,theratioμ1。ngt/μ 。bliqisabout2,whichisconsistentwiththemod-

elingresultoftheHallcarrierconcentration,andthisratiodecreaseswithincreasing

temperaturereachingavalueofaboutO.7at～150K.†Thell,thisvaluewillagain

increaseathightemperature(above230K).However,thisobservationoftheratioof

mobilitiesbetweenthelongitudinalandtheobliquesubbandsisnotconsistentwith

theresultfortheHallcarrierconcentrationabove100K(seeFig.B-22).

B.5.5 MBEG914

TheSeebeckcoefHcientandHallcarrierconcentrationforsampleMBEG914are

showninFigs.B-23andB-24,respectively,asafunctionoftemperature.Thegeneral

behavioroftheSeebeckcoef丑cientandHallcarrierconcentrationissomewhatsimilar

totheresultsf()rsampleMBEG910,despitethedifferencesinthecarrierconcentra-

tionandtheEucontentxbetweenthesetwosamples.IntheSeebeckcoefHcientfor

sampleMBEG914,thereisachangeofslopearound140Kinsteadofabumpwhich

wasfoundforsampleMBEG910.IntheHallcarrierconcentration,thereisalsoadip

around150K,andtheHallcarrierconcentrationincreaseswithincreasingtempera.

tureabove150Kaswefoundf()rsampleMBEG910.TheHallcarrierconcentration

atlowtemperature(around50K)isdeterminedtobe7.5×1017cm-3.Therefore,the

theoreticalcalculationoftheSeebeckcoefHcientiscarriedolrtfor-thiscarrierconcen_

tration.Assumingthesamemobilitiesforthelongitudinal-andoblique-subbandsand

†ThepooragreementbetweentheexperimentallydeterminedSeebeckcoefHcientsandthetheo-

reticallypredictedSeebeckcoefHcientsbasedontheconstantrelaxationtimeapproximationhere,is

somewhatsimilartowhatweobserveinChapters2and3fbrthePbTe(20A)/Pb1_xEuxTe(400A)

MQwsamplethatwasgrownbyDr.T.C.HarmanatMITLincolnLab.(sampleT-225).Therefore,

thephysicaloriginsfortheapparenttemperaturedependenceofthevalueoftheratioμlongt/μobliq,

thatisobtainedbyfittingtheexperimentalresultsusingtheconstantrelaxationtimeapproxima-

tion,shouldberesolvedbythedetailedtheoreticalmodelingincludingspecificscatteringmechanisms

(longitudinalacousticphononandpolaropticalphonon)aswediscussinChapter3.
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on the final modeling results of the Seebeck coefficient or Hall carrier concentration, 

since the carrier occupation at the barrier layer becomes very small at low temper

ature. In Fig. B-21 , we show the results of three model calculations each assuming 

J1lo",,/J1'obliq = 0.7, 1, and 2, respectively. P robably, what is happening here is that a t 

low temperature, the ratio {llo"g,/ J10bliq is about 2, which is consistent with the mod

el ing result of' the Hall carrier concentrat ion, and this ratio decreases with increasing 

temperature reaching a value of about 0.7 at ~150 K. l Then, this value will again 

increase at high temperature (above 230 K). However, this observation of the ratio of 

mobili ties between the longitudinal and the oblique subbands is not consistent with 

t he result for the Hall carrier concentration above 100 K (see Fig. B-22) . 

B.5.5 MBEG914 

The Seebeck coefficient and Hall carrier concentration for sample MBEG914 are 

shown in Figs. B-23 and B-24, respectively, as a function of temperature. The general 

behav ior of t he Seebeck coeffi cient and Hall calTier concentration is somewhat similar 

to the results for sample MBEG910, despite the differences in the carrier concentra

t ion and the Eu content :1; between t hese two samples. In the Seebeck coefficient for 

sample MBEG914, t here is a change of slope around 140 K instead of a bump which 

was found for sample MBEG910. In the Hall carrier concent ration, there is also a dip 

around 150 K, and the Hall carrier concentration increases with increasing tempera

t ure above 1.50 K as we found for sample MBEG910. T he Hall carrier concentration 

at low temperature (around 50 K) is determined to be 7.5x l 017 cm-a Therefore, the 

theoretical calculation of t he Seebeck coefficient is carried out for this carrier concen-

tration. Assuming t he same mobilities for the longitudinal- and oblique-subbands and 

tThe poor agreement between the experimentally determined Seebeck coefficients and the theo
retically predicted Seebeck coefficients baseu on tile constant relaxation time approximation here l is 
somewhat similar to what we observe in Chapters 2 and 3 for the P bTe(20 A)/PbJ _ xEuxTe(400 A) 
MQW sample that was STown by Dr. T . C. Hannan at MIT Lincoln Lab. (sample T-225). Therefore, 
t,he physical origins [or the apparent temperature dependence of Lhe value of the raLio !-Llongt! /Joblicp 

that is obtained by fitting the experimental results using the constant relaxation time appro::d ma
t iOll, should be resolved by the detailed theoretical modeling including specific scattering mechanisms 
(longitudinal acoustic phonon and polar optical phonon) as we discuss ill Chapter 3. 
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PbTe(20A)/Pb1_xEucvTe(400A)multiple-quantum-wellsample(MBEG915).

forthebarrierlayer,theexperimentallyobservedSeebeckcoefficientissuccessfully

modeledbelow130K.However,themodelingresultsfortheHallcarrierconcentra-

tionwiththesameassumptionsasinthecalculationoftheSeebeckcoefHcientare

notcompletelyconsistentwiththeexperimentalresultsabove100K(seeFig.B-24).

B.5.6 MBEG915

TheSeebeckcoefllcientandHallcarrierconcentrationforsampleMBEG915are

showninFigs.B-25andB-26,respectively,asafunctionoftemperature.Forthis

sample,theHallcarrierconcentrationabove130K(upto310K)isbestmodeled

usingnt。t=7.75×1017cm-3,μ1。ngt/μ 。bliq=2.25andμB/μ 。bliq=0.5.Therefore,we

determinethecarrierconcentrationofthissampletobent。t=7.75×1017cm-3.

WehavealsocalculatedtheSeebeckcoefficientasafllnctionoftemperaturefor

nt。t=7.75×1017cm-3.Wehavemadethreecalculationsllsingμ1。ngt/μ 。bliq=1,

2.25,and5,butwehavealwaysassumedμB/μ 。bliq=0.5.Theseresultsareplotted

inFig.B-25togetherwiththeexperimentalresults.Wefindthatthetheoretical

resultsassumingμ1。ngt/μ 。bliq=5agreewiththeexperimentalresultbestofallthe
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Figure 8-25: The Seebeck coefficient as a function of temperature for a (111) oriented 
PbTe(20 A)/Pb, _xEu.,Te(400 A) multiple-quantum-well sample (MBEG915) . 

for the barrier layer , the experimentally observed Seebeck coefficient is successfully 

modeled below 130 K. However, the modeling results for the Hall carrier concentra-

t ioll with t I, e sa lli e assumptions as in the ca lculatioll of t I, e Seebeck coeffi cient are 

not completely consistent with t he experimentalresuits above 100 [( (see Fig. 13-24). 

B.5.6 MBEG915 

The Seebeck coefficient and Hall carner concentration for sample MBEG915 are 

shown in Figs. B-25 and 8 -26, respectively, as a function of temperature. For this 

sample, the Hall carrier concentration above 130 K (up to 310 K) is best modeled 

using n,ot. = 7.75xlO17 cm- 3, f.!longt /!lohHq = 2.25 and !lR/f.!obl;cl = 0.5. T herefore, we 

determine the carrier concentration of this sample to be ntot = 7.75x1017 cm-3. 

vVe have also calculated the Seebeck coefficient as a function of temperature for 

ntot = 7.75 x 1017 cm-3. Vie have made three calculations using !llongt/!lobl;q = 1, 

2.25, and 5, but we have always assumed f.!B!tlobl;q = 0.5. These results are plotted 

in Fig. 8 -25 together with the experimental resul ts. We find that the theoretical 

results assuming f.!longt/ !lobllq = 5 agree with the experimental result best of a.1I the 
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FigureB-26:Hallcarrierdensityasafunctionoftemperaturefora(111)orientedPbTe(20　 　
A)/Pb1_xEuxTe(400A)multiple-quantum-wellsample(MBEG915).

assumptionsconsideredhere(μ1。ngt/μ 。bliq=1,2.25,and5),whereasthecalculation

assumingμlongt/μobliq=2.25,whichgivesthebestfittotheHallcarrierconcentration,

overestimatesthevaluesoftheactualSeebeckcoef丑cient.

B.6 Summary

Forquantumwellsampleswithlowcarrierconcentrations(<1018cm-3),theagree-

mentbetweentheexperimentalandtheoreticalresultsfortheSeebeckcoef自cientis

prettygoodatlowtemperatures(≦150K),wheretheconductionelectronspredomi-

nantlypopulatethelongitudinalsubband.However,thesimultaneousmodelingofthe

Seebeckcoef丑cientandtheHallcarrierconcentrationisfoundtobedif丑cultathigh

temperatures(≧150K)wheretheobliquesubbandandthe3Denergybandforthe

barrierlayersstartbeingoccllpied.Forhighercarrierconcentrations(>1018cm-3),

thebehavioroftheexperimentalSeebeckcoefHcientissuccessfllllymodeledovera

widetemperaturerange(～50K<T<～300K)usingourthree(sub)bandmodel,

assumingthetotalnumberofcarriersinthesuperlatticeisconserved.Wealways丘nd

pooragreementbetweenexperimentandtheorywhenweassumeμ1。ngt/μ 。bliqN6,
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Figure B-26: Hall carrier density as a function of temperature for a (111) oriented PbTe(20 
A)/Pbl_xEux Te(400 A) multiple-quant um-well sample (MBEG915) . 

assumpt ions considered here (f./longt/11obliq = 1, 2.25, and 5), whereas t he calculation 

assuming I[longt/I'obliq = 2.25, which gives t he best fi t to t he Hall carrier concentration, 

overestimates t he values of t he actual Seebeck coeffi cient. 

B.6 Summary 

For quant um well samples with low carrier concentrations « 101'8 cm-3), t he agree

lflent between t he experimelltal a nd t heoretical results for t he Seebeck coeffi cient is 

pretty good at low temperatures (:";150 K ), where t he conduction electrons predomi

nant ly populate t he longi tudinal su bband . However , t he simultaneous modeling of t he 

Seebeck coefficient and the Hall carrier concentration is found to be difficul t at high 

temperatures (2: 150 K) where t he oblique sub band and t he 3D energy band for t he 

barrier layers start being occupied . For higher carrier concent rations (>10'8 cm- 3), 

t he behavior of t he experimental Seebeck coefficient is successfully modeled over a 

wide temperature range (~50 K < T < ~300 K) using our th ree (sub)band model, 

assuming the total number of carriers in t he superlattice is conserved. We always fi nd 

poor agTeement between experiment a.nd t heory when we a.ssume JLlongt/ f./obliq "" 6, 
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whichistheresultforthenaiveilltra-valleycarrierscatterillgmodel,consideringthe

density-ofLstatesfactorollly.Goodagreementbetweelltheoryandexperimentareob-

tainedforvaluesoftheratiosofthemobilitiesμ1。ngt/μ 。bliqbetweenO.7and2.Thus,

inter-valleyscatteringofcarriersmaybecomeimportantforthesequantumwellsat

hightemperature.†

†ThislastsentenceturnsoutnottobethecaseaswediscussinChapter3 .
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which is the result for the naive intra-valley carrier scattering model, considering the 

density-of-states factor only. Good agreement between theory and experiment are ob

ta.ined for va.lnes of the ratios of the mobilities MlongJ./ Moo];e between 0.7 and 2. T hus, 

in ter-valley scattering of carriers may become important for these quantum wells a t 

high temperaturet 

tThis last sentence turns out not to be the case as we discuss in Chapter 3. 
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AppendixC

Enhancedcarriermobility

observedinPbTe/Pb1_xEuxTe

multiple-quantum-wells

(unpublishedrebuttalpaperto

ApPl.Phys.Lett.)
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TheenhancedthermoelectricfigureofmeritZinlowdimensionalsystemshasbeenan
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Appendix C 

Enhanced carrier mobility 

observed in PbTe/Pbl-xEux Te 

multiple-quantum-wells 

(unpublished rebuttal paper to 

Appl. Phys. Lett.) 

Note : the r'eferences for this Appendix are given on page 396. 

Comme nt on "Thermoelectric transport in quantum well superlattices" 

[App!. Phys. Lett. 70, 2834 (1997)] (unpubli shed manuscript ) 

T . Koga' , T. C. Harman2 , S. B. Cronin4 and M. S. Dresselhaus3,4 

' Division of Engineer~ng and Applied Sciences, Harvard University, Cambridge, MA 02138 

2 Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, MA 02173 

3 Department of Elect"ical Engineer'ing and Computer Science and 4 Department of 

Physics, Massachusetts Institute of Technology, Cambr'idge, MA 02139 

The enhanced thermoelect ric figure of merit Z in low d imensional systems has been an 
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attractiveresearchtopicsillceitsfirstsystematicstudybyHicksandDresselhaus[1].

ThisideahasbeenexperimelltallydemonstratedinthePbTe/Pb1-。Eu。TeMQw

(multiple.quantum-well)systembyHarmanetα1.[2]andHicksetα1.[3].Recently,

BroidoandReinecke[4]reportedcalculationsofZ,explicitlytakingintoaccountthe

dependenceofthecarrierscatteringbyphononsonenergyandquantumwellwidth,

andtheeffectsofthemultiple-carrier-valleysplitting.Theircalculationsindicated

rathersmallZ2DTvalues(smallerthanthebulkvalue)forPbTequalltumwells　
withquantumwellwidthsdw<100A[4].TheirargumentforthesmallZ2DT

forPbTequantumwellsistwo-fold:(1)thevalleydegeneracyofmulti-valleybulk

semiconductorsisliftedbythequantumconfinementleadingtoadecreaseinthe

electricalconductivityduetoareductionincarrierdensity,and(2)qualitatively

differentscatteringratesinsuperlatticesfromthoseinbulkmaterialscauseadecrease

inthecarriermobilitywithdecreasingwellthickness.

IntheircalculationofZ2DT,theauthorsassumedaninfinitebarrierheightforthe

quantumwell,whichleadstoaratherlargeenergysplittingbetweenthelongitudinal-

andoblique-subbandsforPbTe.Basedonthisassumption,theyconcludedthatthe

carrierdensityintheobliquesubbandbecomesnegligiblefordw<60A.However,

thebarrierheightsfortheexperimentalPbTequantumwellsinthePbTe/Pb1_xEuxTe

MQwsofRef.2and3areintherangeofloo-200mev[5],whichleadstomuch

smallerenergysplittingsbetweenthelowestlongitudinal-andoblique-subbands.

Theoptimumcarrierdoping,themeasuredHallmobilityandthemeasuredSeebeck

coefficientatroomtemperature,respectively,havethevalues1.1×1019cm-3,1420

cm2/v・sand-225μv/Kforthe19AquantumwellsofthebestMQwsampleand

7.4×1018cm-3,1220cm2/V・sand-149μV/Kforthecorrespondingbulkfilms

inRef.2and3.Forthe19Aqllantllmwells,weestimatethatabout57%of

theconductioncarrierspopulatetheobliquesubbandat300K[3].Populationof

theobliquesubbandcontributesimportantlytothehighpowerfactor(S2σ=130

μW/cm・K2)throughtheenhancementofSduetothelargedensityofstatesofthe

obliquesubband.Therefore,weconcludethattheauthors,firstpointmentioned

abovearisesfromtheirunrealisticassllmptionforthebarrierheightforthequantum
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attractive research topic since its first systematic study by I-licks and Dresselhaus [1]. 

This idea has been experimentally demonstrated in the PbTe/Pb'_xEux Te MQW 

(multiple-quantum-well ) system by Harman et a.1. [2] and Hicks et al. [3]. Recently, 

Broido and Reinecke [4] reported calculations of Z , explicitly taking into account the 

dependence of the carrier scattering by phonons on energy and quantum well width, 

and the effects of the mul t iple-carri er-valley spl itt ing. Their calculations indicated 

rather small Z2DT values (smaller than the bulk value) for PbTe quantum wells 

with quantum well widths dw < 100 A [4]. T heir argument for the small ZooT 

for PbTe quanturn wells is two-fold: (1) the valley degeneracy of multi-valley bulk 

semiconductors is lifted by the quantum confinement leading to a decrease in the 

electrical conductivity due to a reduction in carrier density, and (2) qualitatively 

different scattering rates in superlattices from those in bulk materials cause a decrease 

in the carrier mobility with decreasing well thickness. 

In their calculation of Z2DT, the authors assumed an infinite barrier height fot' the 

quantum well , which leads to a rather large energy spli tti ng between the longi tudinal

and oblique- subbands fot' PbTe. Based on this assumption, they <.:Onduded that the 

carrier density in the oblique snbbanrl becomes negligible for dIN < 60 A. However, 

the barrier heights for the eA-perimental PbTe quantum wells in the PbTe/Pb'_xEux Te 

MQ\Vs of Ref. 2 and 3 are in t he range of 100- 200 meV [5], which leads to much 

smaller energy splittings between the lowest longitudina.l- and oblique- subbands. 

The optimum carrier doping, the measured Hall mobility and the measured Seebeck 

coefficient at room temperature, respectively, have the values l.1 x 10'9 cm-3 , 1420 

cm2/V·s and -225 "V IK for the 19 A quantum wells of the best MQW sample and 

7.4 x 10'8 cm-3, 1220 cm2/V·s and -149 MV/I< for the corresponding bulk fi lms 

in Ref. 2 and 3. For the 19 A quantum wells, we estimate that about 57 % of 

the conduction carriers populate the oblique subband at 300 I< [3]. Population of 

t he oblique subballd coutributes importantly to the high power factor (S2(J = 130 

"W /cm·[(2) through the enhancement of S due to the la.rge density of states of the 

oblique subband. T herefore, we concl ude t hat t he authors' first point mentioned 

above arises from their unrealistic assumption for the barrier height for the quantum 
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well.

PlottedillFig.C-1istheexperimelltallyobtainedHallcarriermobilityμHallasa

functionofthequantumwellwidthdwforPbTe/Pb1-。Eu。TeMQws.Mostofthe

dataplottedinFig.C-1aretakenfromRef.2,butafewrecentlyobtaineddatapoints

arealsoaddedtothefigure.AlthoughhighermobilitiesforundopedPbTehavebeen

obtained[6],ourbestmobilitiesfor1018-1019cm-3Bi-dopedMBE-grownbulkPbTe

filmsareintherange960-1230cm2/V・satroomtemperature,asindicatedbythe

shadedpatterninthe丘gure.Ontheotherhand,themobilitiesforMQwsamples

atroomtemperatureareintherange650-1420cm2/V・s,whichshowalargerscatter

thanthoseforthebulksamples,butcovertheentirerangefortheobservedbulk

mobilities.Fromthisexperimentalobservation,weconcludethatnodegradationof

carriermobilityisevidentfortheMQwsamplesatleastasthequantumwellwidth

　
dwisredllceddownto19A.

Thejusti丘cationofusingS2nasameasureofthepowerfactor(S2σ)inRef.3,

whichisanotherpointbeingcriticizedbytheauthorsofRef.4,followsnaturallyfrom

theaboveargument.Sincenoobviousdegradationofcarriermobilityisobservedfor

ourMQwsamples,S2ncanbeusedasanequallygoodmeasureforS2σ.Theuse

ofS2navoidsthedi伍cultiesassociatedwiththecalculationofthemobility,sincean

adequatetheoryofcarrierscatteringforPbTequantllmwellsisnotyetavailable.

ThetheoreticalcalculationscarriedoutbyBroidoandReinecke[4],whichinclude

adetailedtreatmentforthecarrierscatteringmechanismtosolvetheBoltzmann

equation,areindeedagoodapProachtomodeltllethermoelectrictransportofMQw

systemsmorequantitatively.However,ouranalysisgivenintllisshortreportindicates

theimportanceofperformingsllchcalculationsllsingmorerealisticconditions,such

asusingafinitebarrierheightforthequantumwellsuperlattice.
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well. 

Plotted in Fig. C-1 is the experimentally obtained Hall carrier mobility I-'Hall as a 

function of the quantum well width dw for PbTe/ P b1 _"Eu"Te MQvVs. Most of the 

data plotted in Fig. C-1 are taken from Ref. 2, but a few recent ly obtai ned data points 

are also added to the figure. Although higher mobilities for undoped PbTe have been 

obtained [6] , our best mobili ties for 1018_10 19 cm-3 Bi-doped MBE-grown bulk PbTe 

films are in the range 960-1230 cm2 /V·s at room temperature, as indicated by the 

shaded pattern in the figme. On the other hand, the mobilit ies for MQW samples 

at room temperature are in the range 650- 1420 cm2 / V·s, which show a larger scatter 

t han those for the bulk samples, but cover the entire range for the observed bulk 

mobilities. From this experimental observation, we conclude that no degradation of 

carrier mobility is evident for the MQW samples at least as the quantum well width 

dw is reduced down to 19 A. 
The justifica.tion of using 52n as a measure of the power factor (520") in Ref. 3, 

which is another point being criticized by the authors of Ref. 4, follows naturally from 

the above argument. Since no obvious degradation of carrier mobility is observed for 

our MQvV samples, 5 217 can he used as an equally good measure for 52
(J . The use 

of 52n avoids the difficulties associated with the calculation of the mobility, since an 

adequate t heory of carrier scattering for PbTe quantum wells is not yet available. 

The theoret ical calculations carried out by Broido and Reinecke [4], which include 

a detailed treatment for the carrier scattering mechanism to solve the Boltzmann 

equation, are indeed a good approach to model the thermoelectric transport of MQvV 

systems more quantitat ively. However , our analysis given in this short report indicates 

the importance of performing such calculations using more reali st ic conditions, such 

as using a finite barrier height for the quantum well superlattice. 
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FigureC-1:HallcarriermobilityμHallasafunctionofthequantumwellwidthdw

forPbTe/Pb1-。Eu。TeMQwsat300K(closedcircles).Mostofthedataaretaken

fromRef.2,butafewmorerecentlyobtainedresultsarealsoadded.Theshaded

regionindicatesthecarriermobilitiesforsimilarlygrownbulkPbTeforcomparison.

Thesolidlineisaguidetotheeye.
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Figure C-l: Hall carrier mobility P.Hall as a function of the quantum well width dw 
for PbTe/ Pb1_x Eux Te MQWs at 300 K (closed circles) . Most of the data are taken 
from Ref. 2, but a few more recently obtained resu lts are also added. T he shaded 
region indicates the carrier mobilities for similarly grown bulk PbTe for comparison. 
The solid line is a guide to the eye. 
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AppendixD

Iterationmethodtosolvethe

perturbationfunctionφ(k )

InthisAppendix,wewillexplainhowtosolvetheBoltzmannequation(Eq.3.12),

c・sθ÷'(Ekl1)/鴇 懸 寄 θ(kll,k,){φ(k)-kfi'/榊(ki1)}dkll,(3・12)

usingtheiterativeapproachforaninelastic(opticalphonon)scatteringmechanism[53].

InordertosolveEq.3.12forthepertllrbationfllnctionφ(klI),wefirstexpand

φ(kll)intermsoftheLegendrepolynomialsPl(cosθ),asdiscllssedin§3.3.3,whereθ

isthepolarangleforthewavevectork:

φ(kll)一 Σ α1(Ek11)Pl(c・sθ)・(D・1)

1=1,3,…

InEq.D.1,0nlytheoddordertermsintheLegendrepolynomialexpansionare

retaineddlletothesymmetryofthepertinentproblem.

AfterinsertingEq.D.1intoEq.3.12,andintegratingovertheprimedvariables,

Eq.3.12willhavethefollowingstructureduetotheδ 一functionthatisfoundinthe

Fe・mig・lden・ule[S(k,k')一 努1〈k'IH'lk>12δ(Ekl-EkTh・ ・)](Eq.3.4)・
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Appendix D 

Iteration method to solve the 

perturbation function ¢(k ll ) 

In this Appendix, we will exphin how to solve the Bolr,zmann equation (Eq. 3.12), 

(3.12) 

using the iterative approach for an inelastic (optica l phonon) scattering mechanism [53] . 

In order to solve Eq. 3.12 for the perturbation fu nction ¢(k ll), we first expand 

¢(k ll) in terms of the Legendre polynomials pt(cose) , as discussed in §3.3.3, where () 

is t he polar angle for the waye vector k ll : 

¢(k ll ) = 2:: at (Ekll)Pt (cos(i) . (D.1) 
[= 1,3, .. 

In Eq. D.1 , only the odd order terms in the Legendre polynomial expansion are 

retained due to the symmet.ry of the pertinent problem. 

After inserting Eq. D. l into Eq. 3.12, and integrating over the primed variables, 

Eq. 3.12 will have the following structure due to the S-function that is found in the 

Fermi golden rule [S(k,k') = 2; l(k'IH' lk)1 28(Ek, - Ek =F liw )] (Eq. 3.4) : 
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P、(C・Sθ)≡C・Sθ= α、(E)・4、(E,θ)

+α 、(E+ん ω)且 †(E,θ)

十 α1(E一 充ω)ノli(・E,θ)

十

十

十

α3(E)A3(Eθ)

α3(E+ん ω)且 才(E,θ)

α3(E一 充ω)A,一(・III,θ),

(D.2)

wherethefirstandthesecondtermsareconnectedwiththeelasticscatteringprocess

ofelectrons(ifweincludetheelasticscatteringmechanismsinthepertinentprob-

lem);thefirsttothefourthtermsareconnectedwiththeopticalphononabsorption

processfortheelectronsthatarescatteredoutofthestatekllandtheopticalphonon

emissionprocessfortheelectronsthatarescatteredintothestatekll;andthe丘rst,

thesecond,thefifthandthesixthtermsareconnectedwiththeopticalphononemis-

sionprocessfortheelectronsthatarescatteredoutofthestatekandtheoptical

phononabsorptionprocessfortheelectronsthatarescatteredintothestatek.ln

Eq.D.2,ωdenotestheopticalphononfrequency,Edenotestheenergyofanelectron

inthestatek(thesubscriptinEk[1isdroPPedforclarity),andonlyuptothirdorder

termsintheLegendrepolynomialsareretained,sinceitisexactlywhatwedidin

§3.3.3.However,itisalsostraightforwardtoextendtheformalisminthisAppendix

toincludethetermsintheLegendrepolynomialexpansiontoanyhigherorder.

Now,changingthevariableaccordingto:u=cosθinEq.D.2,andusingthe

orthogonalityrelationfortheLegendrepolynomials,

君P調P纐 一
2 δ

幅,2
n十1

(D.3)

wewillobtainthefollowingsetoftwoequationsthatconnectthevaluesofα1(E)and

α3(E)tothevaluesofα1(E± 充ω)andα3(E± 充ω):

葺一 α・(E)オ ・・(E)+

+α 、(E+充 ω)紬(E)+

+α 、(E一 充ω)孟n(E)+

α3(E)・43、(E)

α3(E+ん ω)紬(E)

α3(E一 充ω)孟互、(E),

(D.4)
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P, ( COS II ) == cos II = 

+ a,(E+nw)At (E,II) + a3(E +ilW)At(E , II) (D .2) 

+ a,(E - nw)A,(E,II) + (l3(E - tU.<J)A:;(E,II ), 

where the first and the second terms arc connected with the clastic scattering process 

of electrons (if we include the elastic scattering mechanisms in t he pertinent prob

lem); the fi rst to the fo urth terms are connected with the opt ical phonon absorption 

process [or the electrons that are sca ttered out o[ the sta te kl l and the optical phonon 

emission process for the electrons tha t are scattered into the state k ll ; and the fi rst, 

the second, the fift h and t he sixth terms are connected with the optical phonon emis

sion process for t he electrons that are scattered ou t of the state k ll and the optical 

phonon absorpt ion process for the electrons that are scattered into the state k ll . In 

Rq. D.2, w denotes th e optical phonon frequency, R denotes the energy of an electron 

in the state k ll (the subscript in Ekll is dropped for clarity), and only up to third order 

terms in the Legendre polynomials are retained, since it is exactly what we did in 

§3.3.3. However, it is also straightforward to extend the formalism in this Appendix 

to include the tenns in the Legendre polynomial expansion to any higher order. 

Now, changing the variable according to x = cos e in Eq. D. 2, and using the 

orthogonality relat ion for t he Legendre polynomials , 

/

, ? 
Pn(x)P{(x)dx = ~ rS"l, 

- 1 2n + 1 
(D .3) 

we will obtain the following set of two equations that connect the values of aI(E) and 

a3(E) to the values ofa,(E ±nw) and a3(E ± liw) : 

2 
3 

+ (!1(E + hw)Aii(E) + (l3(E + hw)AM E) 

+ (l1(E-nw)A 1J (E) + (l3(E-nw) A:;, (E), 
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and

O=α 、(E)・4、3(E)+α3(E)・433(E)

十 α1(E十 充ω)At,(E)十 α3(E十 充ω)ノ1蕊(E)(D・5)

+α 、(E一 充ω)Ai,(E)+α3(E一 充ω)堀(E),

wherethecoeMcientsAll,A31,.4査,ノ1歯,.4五and.4前inEq.D.4areobtainedby

multiplyingP1(⑳tothebothsidesofEq.D.2,andusingtheorthogonalityrelation

Eq.D.3,whilethecoefHcients.413,.433,ノlt3,.4蕊,ノ1奮and.4酷inEq.D.5areobtained

bymultiplying、P3(x)tothebothsidesofEq.D.2,andusingtheorthogonalityrelation

Eq.D.3.

Now,inordertosolveEqs.D.4andD.5forα1(E)andα3(E),weusethefollowing

iterativeapProach.

1stiteration

(1)For、El=Eo<充 ω(Othstepofthelstiteration),thevaluesforα1(、Eo-hω)and

α3(Eo一 充ω)arenotdefine(/,since/4五(五lo)=且 重(・Eo)=ノ4i3(五lo)=且 蕊(・Eo)=0,

andthevaluesforα1(五]o十 充ω)andα3(五b十 充ω)arenotknownyet.Therefore,we

firstobtaintheapProximatevaluesforα1(五lo)andα3(五b)bysettingα1(五b十 充ω)=

α3(Eo十 充ω)=0.Theapproximatevaluesforα1(Eo)andα3(五b)obtainedinthis

waya・eden・tedbyαi')(E。)andα!')(E。)[m・ ・egene・ally,theapP・ ・ximates・luti・ns

f・・ α、(E。)andα3(E。)afte・theηthite・ati・nareden・tedbyαln)(E。)andα 乎)(E。),

respectively,aswewillseebelow].

(2)ForE=、Elo十mん ω(mthstepofthelstiteration),wherem=1,2,3,…,the

Eqs.D.4andD.5connectthevaluesofα1(、Elo十mん ω)andα3(Eo十mん ω)tothe

valuesofα1(Eo十(m±1)充 ω)andα3(Eo十 伽 ±1)充 ω).Sinceapproximatesolutions

αi')(E。+(m-1)充 ω)andα!')(E。+(m-1)充 ω)aren・wkn・wnf・ ・mthe@-1)thstep

ofthefirstiteration,whereasnosolutionsareyetavailableforα1(五lo十(m十1)為 ω)

andα3(Eo十(m十1)ん ω),wecanobtainthebestapproximatevaluesforα1(Eo十mん ω)

andα3(E。+mん ω)(den・tedbyα1')(E。+m充 ω)andα!')(E。+mん ω),・espectively)

usingtheapP・ ・ximatevaluesαi')(E。+(m-1)充 ω)andα!')(E。+(m-1)充 ω),andby
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and 

0= 

+ al (E + nw )AUE) + a3(E + nw)AME) 

+ al (E - trw)A'3(E) + "3(E - nw)A33(E), 

(0 .5) 

where the coefficients An, A31 , At" Atl ' A'l and A31 ill Eq. O A are obtained by 

mult iplying PI (~; ) to the both sides of Eq. D.2 , and using the orthogonality relation 

Eq. 0.3, while the coefficients A,3 , A33 , At, At3' A'3 and A33 in Eq. D.5 are obtained 

by multiplying P3(X) to the both sides oIEq. D.2, and using the orthogonali ty relat ion 

Eq.0.3. 

Now, in order to solve Eqs. O A and 0.5 for al (E ) and a3(E), we use the following 

iterative approach. 

1st iteration 

(1) For E = Eo < nw (Oth step of ti l" lst itaMion), the val lies [or al(ED -n.w) and 

a3(Eo - tlW) are not d~fined, since A'l (Eo) = A31 (Eo) = A'3(Eo) = A33(Eo) = 0, 

and the values for al(Eo + nw) and a3(Eo + Ilw) are not known yet . Therefore, we 

first obtain the approximate values for al(Eo) and a3(Eo) by setting al(Eo + Ilw) = 

a3(Eo + Ilw) = O. The approximate values for al(Eo) and a3(Eo) obtained in th is 

way are denoted by a\' )(Eo) and ail) (Eo) [more generally, the approximate solutions 

for al(Eo) and a3(Eo) after the nth iteration aJ'e denoted by a[")(Eo) and a~n\Eo), 

respectively, as we will see below] . 

(2) For E = Eo + m tlW (mth step of the 1st iteration), where m = 1, 2, 3, . .. , the 

Eqs. O A and 0,5 comlect the values of (r1(Eo + mllw) and Cl3(Eo + mllw) to the 

values of Cl1 (Eo + (m ± l )nw) and Cl3(Eo + (m ± l )tlW) . Since approximate solutions 

0,(1) (Eo + (m - l )llw) and Cl~l ) (Eo + (m - 1)nw) are now known from the (m - 1) th step 

of the fi rst iteration, whereas no solutions are yet available for al(Eo + (m + l )noW) 

and a3(Eo+(m+1)nw), we can obtain the best approximate values for al(Eo+mllw) 

and Cl3(Eo + mtlW) (denoted by a\l)(Eo + mnw) and a~l)(Eo + 'mllw), respectively) 

using the approximate values 0,(1 ) (Eo + (m -l)nw) and a~l ) (Eo + (m - l )llw), and by 
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settillgα1(.Eo十(m十1)充 ω)=α3(五lo十(m十1)充 ω)=0,insolvillgEqs.D.4andD.5

forα1(五lo十m充 ω)andα3(・Eo十mha).

(3)Repeat(2)incrementingthevalueofmbyluntilmbecomesasuf且cientlylarge

numberハ4.

nthiteration(n>1)

(1)ForE=Eo<為 ω(Othstepoftheηthiteration),asinthelstiteration,thevalues

forα1(Eo一 充ω)andα3(Eo一 充ω)arenot(lefine(/,since/lfi(Eo)=ノ1前(Eo)=/1奮(Eo)=

.4蕊(Eo)=0.However,thevaluesforα1(Eo十 んω)andα3(Eo十 んω)arenowknown

卿 翻mα 蜘f・ ・mthe(n-1)thite・ati・n[i.e.,theya・egivenbyα1"-1)(E。+充 ω)

andα 乎 一1)(E。+充 ω),・espectively].The・ef・re,wecan・btain卿 ・・㊨・dvaluesf・ ・

α、(E。)andα 、(E。)usingthevalues・fα 野一1)(E。+充 ω)andα!e-1)(E。+充 ω)f・ ・mthe

(n-1)thiteration.Theimprovedvalllesthusobtainedforα1(Eo)andα3(Eo)after

nthite・ati・nareden・tedbyαln)(E。)andα!e)(E。),respectively.

(2)ForE=Eo十mha(mthstepoftheηthiteration),wherem=1,2,3,…,the

Eqs.D.4andD.5connectthevalllesofα1(、Eo十m為 ω)andα3(Eo十mhcu)tothevalues

ofα1(Eo十(m土1)ん ω)andα3(Eo一 ト(m±1)ん ω).Sincetheapproximatesolutionsof

αin)(E。+(m-1)充 ω)andα!e)(E。+(m-1)充 ω),andtl・ ・se・fαin-1)(E。+(m+1)充 ω)and

α乎 一1)(E。+(m+1)充 ω)a・eavailablef・ ・mthe瞬 一1)thstep・ftheηthite・ati・n,and

fromthe(m十1)thstepofthe(η 一1)thiteration,respectively,wecanobtain,using

thesevallles,improvedvalllesforα1(五b十mha)andα3(Eo十m充 ω)fromEqs.D.4

andD.5.Theseimprovedvaluesforα1(Eo十mん ω)andα3(Eo十m充 ω),aftertheηth

lte・atl・n,a・eden・tedbyα 望)(E。+痂 ω)andα!e)(E。+禰 ω),respectively.

(3)Repeat(2)incrementingthevalueofmbylsolongasmdoesnotexceedM-n十1

(m<M-n十2).Itisnotedthatwecannotperformthe(M-n十2)thstepof

thenth(n>1)iteration,sincetheapproximatevaluesforα1(五lo十(m十1)充 ω)and

α3(Eo十(m十1)充 ω)arenotavailablefromthe(n-1)thiterationform=M-n十2.

Theiterationprocessdescribedaboveisrepeatedbyasuf丑cientlylargenumber
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setting al (Eo + (m + l)ruv) = a3(Eo + (m + l )rlW) = 0, in solving Eqs. D.4 and D.5 

for al(Eo + ml\w) and a3(Eo + ml\w). 

(3) Repeat (2) ill(;rementing the value of m by 1 until Tn becomes a sufficiently large 

number )\;[ . 

nth iteration (n > 1) 

(1) For E = Eo < I\w (Oth step of the nth iteration), as in the 1st iteration, the values 

for al(Eo-l\w) and a3(Eo-l\w) are not defined, since All (Eo) = A31(Eo) = A13(Eo) = 
A33(Eo) = O. However, the values for (Ll(Eo + t1W) and (L3(Eo + t1W) are now known 

approximately li'om the (n - l )th iterat ion [i.e., they are given by a\n-l )(Eo + /iw) 

and a~n-l) (Eo + nw), respectively]. Therefore, we can obtain impTO'Ved values for 

ul(Eo) and "3(Eo) using the values of Ul,, - l\Eo + tiw) allll ,,~n - l\Eo + tiw) fro m tbe 

(n - l)th iteration. T he improved values thus obtained fo r a1(Eo) and a3(Eo) after 

nth iteration are denoted by a\n)(Eo) and a~') (Eo), respectively. 

(2) For E = Eo + ml\w (mth step of the nth iteration), where m = 1, 2, 3, .. " the 

Eqs. D.4 and D.5 eonnect the values of ul(Eo +771, n.w) and 0,3 (Eo +171. n,w) to the values 

of a1(Eo + (m ± l )t1W) and a3(Eo + (111. ± 1)l\w) . Since the approximate solut ions of 

a\n)(Eo+ (m-l )nw) and a~n) (Eo + (m -l )nw), and those of a\n-l )(Eo+(m+ l )rlW) and 

a~n-l) (Eo + (m + 1)l\w) are available from the (m - l )th step of the nth iteration, and 

from the (771, + l )th step of the (n - l )th iteration, respectively, we can obtain, using 

t hese values, improved values for al(Eo + mt1W) and a3(Eo + mnw) fm m Eqs. DA 

and D.5 . These improved values for a1 (Eo + m /iw) and a3(Eo + m nw), after the nth 

iteration, are denoted by a\n) (Eo + mliw) and a~')(Eo + mnw), respectively. 

(3) Repeat (2) incrementing the value of rn by 1 so long as rn does not exceed M - n+ 1 

(rn < iVI - n + 2) . It is noted that we cannot perform the (M - 10 + 2)th step of 

the nth (n> 1) iteration, since the approximate values for al(Eu + (m + l )l\w) and 

o,3(Eo + (771, + l )nw) are not available from the (n - 1)th iteration for Tn = N[ - n + 2. 

The iteration proeess described above is repeated by a sufficiently large number 

400 



ofη=Ntimestogetgoodconvergence.Forthecalculationsperformedin§3.3.3,

wehaveusuallyobtainedasuMcientlygoodcoIlvergenceafterNN8.

401

of n = N times to get good convergence. For the calculations performed in §3 .3.3, 

we have usually obtained a sufficiently good convergence after N", 8. 
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