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(Receiva 26 July 1999 acceptd for publicatian 19 Augug 1999

The concep of carrie pocke engineerig is applied to strainel Si/Ge superlattics to obtan alarge
thermoelectic figure of merit ZT. In this system the effed of the lattice stran at the Si/Ge
interfaces provides anothe degre of freedan to contrd the conductiom bard structue of the
superlattice We explore variols geometris and structure to optimize ZT for the whole
three-dimensioriasuperlattice The resultan Z T, calculatel for a symmetrizel Si(20 A)/Ge20 A)

superlattie grown on a (111) oriented Siy G, 5 substrateis 0.96 at 300 K ard is shown to increase
significantyy at elevatel temperaturesSud a superlattie can be grown using molecula beam
epitaxy. © 199 American Institute of Physics [S0003-695(99)04042-5

The use of low-dimension&structuresas realized in the
form of two-dimensionk (2D) quantun wells'™*3 ard one-
dimension& (1D) quantun wires*~*® has bee shown to
provide a promisirg stratey for designirg materias with a
large thermoelectié figure of merit ZT. The origind pro-
posa tha a large enhancemeanin ZT shoutl be possibé in
reducel dimensionalitis used a simple modé for isolated
systems:1* Although this is a reasonatsl modé for quantum
wire arrays embeddd in a porots almina templaté®™® and
multiple quantum wells (MQWSs) with very thick and/a in-
finitely high (potentia) barriers®=® revision of the modé is
neede to descrile the thermoelectd properties of other
quasi-two-dimensiorasystems sud as MQWSs with finite
barrier heighs and thicknessesincluding the effed of tun-
neling of the carriess throuch the barrie layers ard of para-
sitic therma conductia in the barrie layers®™2 It is these
latter systens that are currenty of intereg for actua thermo-
electrc applications.

Recently the thermoelecti properties of shot period
GaAs/AlAs superlattice (SLs) hawe bee calculated first
consideriig only the coupling of the I' point valley between
the well ard the barrie layers and then also considerirg the
contributiors from the X and L valleys in the Brillouin zone
(BZ).12 1t was shown tha ZT for the whole SL, including the
contributiors from the X and L valleys could be abou 50
times highe than tha for the correspondig bulk GaAs if
the geomety and structue of the SLs are carefuly engi-
neerel so tha both GaAs ard AlA s layers can contribue to
the thermoelecti transport We refer to sud a desigh pro-
ces as “carrier pocke engineering.’*?

In the presem letter, it is shown tha the concep of car-
rier pockdé engineerig yields even bette resuls for the
Si/Ge SL. The reasos to study the thermoelectid properties
of Si/Ge SLsinclude (1) Si and Ge haw a large numbe of
conductio bard valleys (six ard four at the A and L points
in the BZ, respectively, (2) the SiGe alloy is already a good
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thermoelecté materia) (3) the reductio of the lattice ther-
ma conductivity «p, due to interface scatterig of phonons
has bean studial extensively'® ard (4) the effea of lattice
stran due to lattice mismata at the Si/Ge interface$®? pro-

vides additiond contrd over the conductiom bard structure
of the SL as discussd below. The gener& schene of our

theoretichmodelirg has been describel elsewheré? Briefly,

the densiy of electrone states (DOS) is calculate for vari-

ous high symmety valleys in the BZ (L ard A pointsin the
presemn work) using the Kronig—Penng modef? ard the
bard parametes listed in Table I. Using this DOS and the
constan relaxation time approximation various thermoelec-
tric transpot coefficiens are then calculated In this letter,

we first discus the effed of uniaxid strain on the energy of

the A ard L point valleys in St ard Ge, ard then how to

incorporat this effed in our model.

While uniaxid stran along the (001) direction asis re-
alized in the (001) oriental Si/Ge superlatticeshas no effect
on the position of the L-point valley extrema it leads to a
splitting of the conduction bard minima at the A point in the
BZ (called the A valleys tha are degenerain the absence

TABLE |. Parameteyusal for Si/Ge superlattices.

Band Parameter Si Ge
ag (A)? 5.4307 5.6579
m, /m? 0.19 0.082
m, /m? 0.92 1.59
25 (ev)P® 9.16 9.42
EL (eV)® 16.14 15.13
w (cm?V s)° 1350 3600

Kpn (W/mK)® 7.3

AES®® (ev)® 0.25

*Data taken from Ref. 23.

PData taken from Ref. 21.

‘Bulk carrie mobilities at 300 K from Ref. 23.

dConservatie estimae for the lattice therma conductiviy for the Si/Ge
superlattie usel in the presen calculation The experimenthvalues found
in the literature are somewhasmalle then this value (see Ref. 19).
fConductio bard offset betwea the averag position for Si A valleys and
the avera@ position for Ge L valleys The literature values for AES"Ge are
betwea 0.15 and 0.35 eV (Ref. 20) dependig on the hydrostatt compo-
nert of the stran in the superlattice.
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FIG. 1. Conductimn bard offset diagrans for (a) (001) and (b) (111 ori-
ental Si/Ge superlatticesThe bard offsets formed at the A% and A 100010

valleys (denotel by A' ard A*, respectively ard at the L' and L 111111111
valleys (denotel by L and L), respectively are shown by the blad solid
and the gray dash-dottd lines in (a) ard (b), respectively The left, middle,
ard right diagrans denoe the bard offsets for the unstraineé layers for a
superlattie grown on a Siy sG&, 5 substrateard for a superlattie grown on
a Si substraterespectively The bard offses at L and A are also shown by
the blad dashel lines in the left diagrans of (a) and (b), respectively for
comparison.

of strain?® The magnituds of thes splittings are given by

AE'=%E((e,—¢) and AEPME—3E((e, ¢,
Wherethe superscrip to AE. denoe the alignmert direction
for the pertinen valley, :ﬁ is the stran deformatia poten-
tial for the A valley (likewise, the notation | is usa to
denot the L valley), and €, (¢;) is the componehfor the
lattice stran tensa@ perpendicula (paralle) to the interface.
Similarly, unde uniaxid stran along the (111) direction as
isrealized in (111) orientel Si/Ge superlatticesthe energy of
the A point valleys is not affected while the enery of the

L-poﬁintivgllgyssplitsc":lccordingtoAE111 5:{](6l €,) and
2=L

AELIILIIL. 22 ble — ¢).? The values for €, and e
are calculatel assumigy that the laterd lattice constan (|| to
the interface$ for the strainal layer is equa to tha of the
substratewhere alinear interpolation schene is utilized to
determire the lattice constam of the SiGe alloy.

Shown in Fig. 1(a) is the effed of the uniaxid lattice
stran on the position of the A valley minima calculatel for
the (001 orientad Si/Ge superlattice grown on (001
Sip.sGey 5 ard on (001) Si substratesWhen the SL is grown
on a (001) SiysGe) 5 substratethe Si ard Ge layers experi-
ene tensik and compressie stressesrespectlvely There-
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FIG. 2. Calculatel densiy of electronc states for (a) the symmetrizel (001)
orientad Si(20 A)/Ge&(20 A) superlattie and (b) the symmetrizel (111) ori-
entad Si(15 A)/Ge(20 A) superlattie as afunction of energy relative to the
A point of the unstraine bulk Si. The valleys from which the pertinent
subbau is derived are indicatel using the sane notatian as in Fig. 1. The
calculatel ZTs as afunction of carrier concentratia are shown in the insets.

fore, the energ for the Ge (Si) A° valley is shifted upward
(downward and the Ge (Si) A1%°9%0yalley s shifted down-
ward (upward, which makes the effective barrie height
large (smalley for the quantun well derived from the
A 001 (A100.01§ yalley. Here the superscripon A denote the
orientation along which the pertinert valley is aligned The
resultirg DOS for electronsshown in Fig. 2(a), is calculated
for a(001) oriented Si(20 A)/Ge(20 A) SL grown on a (001)
Sip.sGey 5 substratewhere the thicknesse for the Si ard Ge
layers (20 A) are chos@ so tha the resultirg ZT is maxi-
mized It is noted tha the quantun wells for the A and L
valleys are formed in the Si ard Ge layers respectively.
Therefore there is a possibility for realization of the carrier
pocké engineeriig concep for the (001) Si/Ge superlattice.
However for this particula case L-point carries make a
negligible contributin to the transport becaus the energy
for the L-point subbax edge is very high (~200mV) rela-
tive to the A19%90sybban edge The resultan ZT calculated
with this superlattie structue is Z3pT 0.24 at 300 K, which
is rathe small althoudh muc large than the corresponding
ZT for bulk Si (ZT=0.014 at 300 K).

We propo® the following two approachs tha can be
usal to increag ZT even further for the Si/Ge SLs The first
methal is to grow the SL on a (001) Si substra¢ so tha the
effective barrig height for the quantum wells derived from
the A% valley will be large due to the compressie stress
on the Ge layer [see the right hard diagran in Fig. 1(a)].
Unde thes circumstancesthe A%t (A19091 valley in the
Ge laye is shifted to highe (lower) enery becaus of the
uniaxid strain along the (001) direction while the Si A val-
leys remahn degeneratesinee the Si layer is unstrained The
calculation of the DOS for a Si(20 A)/Ge(20 A) SL grown on
a (001) Si substrag shows tha the subbaul levels associated

with the A% valley ard the A09010yalleys respectively,

Copyright ©2001. All nghts Reserved.
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FIG. 3. Calculate values for ZT at the optimum doping conditiors for the
symmetrizel (001) ard (111) oriented Si(20 A)/Ge(20 A) superlattices (de-
noted by the dashe and solid curves respectively. The T dependene of
ul ko is taken to be T~ (gray curves and T~* (bladk curves.

stay very clos to ead othe in energy becaus the large
effective mass alorg the (001) direction (confinemendirec-
tion) for the A%* valley is compensat by the large barrier
height of the quantum wells. The resultirg ZT calculatel for

this SL is 0.78 at 300 K, which represerg more than a factor
of three enhancemenrelative to the correspondig ZT for

the SL grown on a (001) Si, sGe&, 5 substrateOne drawback
for this SL desiqn is that the SL is not symmetrizedi.e., the
lattice constan for the completey relaxel Si(20 A)/Ge20

A) SL is differert from that for the substrag (Si in this case.

Thus the Si(20 A)/Ge(20 A) SL can be grown on (001) Si

only up to acertan critical thicknes before alarge number
of crystalline defecs and dislocatiors are introduced.

The seconl methal proposé to increag Z;5T for the
Si/Ge SL is to grow the SL in the (111) direction [see the
middle diagran in Fig. 1(b)]. For a SL grown in this direc-
tion, the subband derived from the A valleys of Si and Ge
reman degeneradue to symmetry The resulting ZT for the
(111 oriented Si(15 A)/Ge20 A) SL grown on (111)
Sip sGey 5 is calculatel to be 0.98 at 300 K [see Fig. 2(b)],
which is afacta of four enhancemenrelative to the ZT
calculatel for the (001) orientel Si(20 A)/Ge(20 A) SL
grown on (001 SiyGeys. Even alarge ZT is expectd if
the superlattie is designé sud tha the subband derived

from the A valley and the L1 1111111 yalleys stay very close
to ead othe in energy This situatian is conceptuall real-
ized by growing a Si(15 A)/Ge(40 A) SL on (111) oriented
Si [see the right hard diagran in Fig. 1(b)]. Since the Ge
layers in this SL are compressivel strainal while the Si
layer is unstrainedonly the Ge L-point valleys are split into

a L' valley (highe in energy and L1t yalleys
(lower in energy. The resultirg ZT calculatel for this struc-
tureis 1.25 which is afacta of five enhancememnrelative to
the ZT for the Si(20 A)/Ge20 A) SL grown on (001)
SipsG& 5. It shoud be notead tha the growth of suc anon-
symmetrizel SL is not yet possibé with currert MBE tech-
nology, and awaits future developmergin materid science.
It is of practicd interes to se= how ZT increass as the
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temperatue is increased Shown in Fig. 3 is the calculated
ZT as a function of temperatue for the symmetrizel (001)
oriented Si(20 A)/Ge(20 A) SL grown on (001) Siy Ge, 5 as
well as the symmetrizel (111) orientel Si(20 A)/Ge(20 A)
SL grown on (111) SiysGeys. The calculation was made
assumig aT™” dependenefor u/ky, with v= 1.5 (acoustic
phonm scattering and »=1 (empirical value for doped
Si),® wherep is the electron mobility anet,y, is assume to
be independenof T. In Fig. 3, we find that ZT increases
significantly as the temperatue is increasd for the symme-
trized (111) oriented Si(20 A)/Ge&(20 A) superlattice so that
ZT=15is expectd at ~600K for such asuperlattice.

In summary the concep of carrie pockd engineerig is
applied to strainal Si/Ge superlattice to design materials
with an enhancd ZT. The effed of the lattice stran at the
Si/Ge interfaces is shown to be utilized as an additiona tool
to contrd the conduction bard structue of the superlattice.
The ZT calculatel for the symmetrizel (111) orientad Si(20
A)IGe(20 A) superlattie is 0.96 at 300 K ard is shown to
increag significantly at elevatel temperatures.
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