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Phonon group velocity and thermal conduction in superlattices
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With the use of a face-centered cubic model of lattice dynamics we calculate the group velocity of acoustic
phonons in the growth direction of periodic superlattices. Comparing with the case of bulk solids, this com-
ponent of the phonon group velocity is reduced due to the flattening of the dispersion curves associated with
Brillouin-zone folding. The results are used to estimate semiquantitatively the effects on the lattice thermal
conductivity in Si/Ge and GaAs/AlAs superlattices. For a Si/Ge superlattice an order of magnitude reduction
is predicted in the ratio of superlattice thermal conductivity to phonon relaxation[tonsistent with the
results of P. Hyldgaard and G. D. Mahan, Phys. Re%6B10 754(1997)]. For a GaAs/AlAs superlattice the
corresponding reduction is rather small, i.e., a factor of 2—3. These effects are larger for the superlattices with
larger unit period, contrary to the recent measurements of thermal conductivity in superlattices.
[S0163-182699)05028-9

The propagation and scattering of acoustic phonons in alternative approach was taken by Hyldgaard and Mahan.
multilayered structure are of both fundamental and practical hey considered the possibility that the thermal conductivity
interest. The basic propagation characteristics of phonons i a superlattice is reduced because the phonon group veloc-
superlattices have been extensively studied, both theoretity is decreased relative to its value in the bulk constituents.
cally and experimentally. Recently, thermal transport in They employed a simple-cubic lattice model, and predicted
semiconducting*® multilayered structures has attracted that due to this effect there should be an order of magnitude

much attention due to potential application to quantum-welféduction in the thermal conductivity of a ¥2)-Si/Ge su-
lasers and thermoelectric devidés. perlattice. However, they have not shown how this reduction

The thermal conductivities both parafié® and changes as the length of the unit period is varied. In the
perpendiculat’®3to the interfaces of semiconductor super- Present work we employ a face-centered culbec) lattice
lattices have been measured by several groups, and signiffynamics model, and study the group-velocity effect more
cant reductions compared with the values in bulk material§ystematically than Hyldgaard and Mahidriwe show for
are reported. The thermal conductivity measured in the inSi/Ge superlattices how the reduction in the conductivity
plane direction is smaller than the average conductivity ofhanges with the repeat distance of the superlattice. We also
the bulk constituents and decreases with decreasing superl&fake similar calculations with model parameters appropriate
tice period. Chefi,and Hyldgaard and Mah&hsuggested for GaAs/AIAs. superlattlces to conleder if the exp_enmental
that diffuse superlattice-phonon interface scattering is th&esults of Capinski and co-workefs'?can be explained by
key factor in explaining the thermal-conductivity reduction the reduction in phonon group velocity. o
in the direction parallel to the layer interfaces. Here we note that the lattice thermal conductivityat a

A more dramatic reduction has been found in the thermafeémperaturel is given by the formula
conductivity in the growth direction for both GaAs/AlAs and
Si/Ge superlattice$°-130Over a wide range of temperatures -3 B
(80—330 K, Capinski and co-worket$'? made measure- R
ments with GaAs/AlAs samples of various repeat distances.

At 300 K they observed that the thermal conductivity is three 1x =T\ Cpn(@\)V4 ;= T\ Cpn( @)V cO< 6, 2
times to an order of magnitude less than that of bulk GaAs,

depending on the repeat distance. leteal® measured a

series of Si/Ge superlattices and found that the thermal con- Con(w)=
ductivity of their samples fell below the conductivity of SiGe ph
alloys, but above the conductivity @&-Si. Again, at high

temperatures, for some of their samples, there was over asihere\ is a set of quantum numbers specifying a phonon
order of magnitude decrease compared to the average of tis¢ate, which we choose for superlattice phonons \as
conductivity of the bulk silicon and germanium. =(kj,9,j) with k| the wave vector parallel to the layer in-

Chen and Neadtand Chefattributed the large reduction terfacesg the wave number in the growth direction, grttie
of the thermal conductivity in GaAs/AlAs and Si/Ge super-index specifying both the phonon mode and frequency band.
lattices to diffuse interface scattering or dislocation scatterAlso in Eq.(2) 7 is the relaxation time of phonons, is the
ing of phonons, depending on the thickness of bilayers. Arangular frequencyy is the magnitude of the phonon group

(hw)?  exp(hwlkgT)
kT2 [expfiw/kgT)—1]%

()
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FIG. 1. Structure of a unit period in then(X ng) superlattice
consisting of two fcc lattices with different masses.
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TABLE |. Comparison between the calculatéchlc) and ex-
perimental(exph sound velocities of the bulk longitudindl) and
transversdt) modes in thg100] direction (in units of 1¢ cm/s.

I calc expt calc expt

A A Vi Vi
Si 8.48 8.34 5.86 5.90
Ge 497 5.18 3.58 3.67
GaAs 4,71 4.71 3.33 3.33
AlAs 5.65 5.61 3.96 3.96

cyclic permutation of the subscripts and the superscript in
Eqg. (5). These equations determine 3 frequenciesw as
the functions ok andq (O<qg=</D).

We apply the above formulas to Si/Ge and GaAs/AlAs
superlattices with different length of a unit period. Hence,
first we determine the parameters involved in the fcc model
so that the model may best approximate the constituent ma-
terials of the superlattices. Here we note that silicon and

velocity, and@ is the angle between the group velocity andgermanium take diamond structures where a unit cell con-
the direction of the heat flow. In the experiments the thermakists of two identical atoms. So, in applying the fcc model we

conductivity normal to the interfaceg @irection has been
measured, SO we write, cosé,=v, , in Eq. (2).

assign M, (=2XMg)=9.32x1022 g and Mg (=2
X Mg =2.41X 10 %2 g for a Si/Ge superlattice, wheMg;

Now we consider a periodic superlattice whose unit pe-and M, are the atomic masses of silicon and germanium,

riod consists of two fcc latticedattice A and latticeB) di-
vided by an interface between two adjacéddl) planes of
atoms parallel to the-y plane(see Fig. 1 In lattice A(B),

atoms of masi 5 (Mg) are conr_lected to their 12 nearest g taken to bek = 4.22x 10° gs
neighbors by springs of stiffness i.e., we assume the same

magnitude of atomic force constants #+A, B-B, andA-B

pairs. The spacing between the nearest neighbors is taken to

be \2a. Thus, the thickness of sublatticA(B) is du
=npa (dg=nga), wheren, (ng) is the number of atomic
layers and the length of unit period BB=d,+dg .

We write u;,, to be the displacement of an atom from an

equilibrium position rym,=(Xm,2,) =(la,mana) in the

Nth period of the lattice. The displacement vector that satis

fies Bloch's theorem required for the periodicity in the
direction takes the form

Uimn=Ur exdi (K- Xim+qND—wt)], (4)

for (N—1)nag<n<Nnag, where n=Nnag+n with nag
=na+ng the number of atoms iz direction in the unit
period, and En<n,g. In Eq. (4) kj=(k, k,) is common
to latticesA and B, and g is the Bloch wave number. The
equation of motion satisfied by, is*®

OX X X X
Mnulmn_ 2 (ul+1,m+l,n+ l'|I+1,m,n+l+ uI-%—l,m—l,n

AU mn- 1 U im0 T U tmns 1 T U= 110
+ ule imn—-1" 8ulxmn+ uly+ im+1n uIer 1m-1n

+ uIy— im-1n_ U?/_ 1m+ l,n+ uIZ+ imn+1" uIZ+ 1mn—1
5

where M,=M, or Mg depending on the site, and the
equations of motion fou!,,, and u?,, are obtained by a

z z
+u —1mn—1"U —1,m,n+1)1

respectively. We also assume the lattice constnt2a
=5.54x10"8 cm, which is the mean value of the lattice
constants of bulk silicon and germanium. The force constant
2. These parameters give
the bulk sound velocities in thel00] direction tabulated in
Table 1.

For a GaAs/AlAs superlattice we also consider only
acoustic vibrations and replace two atoms in a unit cell of
each material with a single atom in the fcc lattice. Thus, the
chosen values areM, (=Mppns)=1.69<10"2?2 g and

Mg(=Mgand =2.40x10°% g and the lattice constard
=2a=5.64<10"8 cm andK=3.35x10* gs 2. The cal-
culated sound velocities are also given in Table I.

We have shown in Fig. 2 the dispersion curves in the

(5%X5)-Si/lGe and (5%5)-AlAs/GaAs superlattices for

8
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FIG. 2. Dispersion relations of phonons in the growth direction
of (@) a (5X5)-Si/Ge superlattice antb) a (5X5)-AlAs/GaAs
superlattice. Frequendy,]™®* (with | = Si, Ge, GaAs, and AlAs
indicates the maximum frequency of the bullknaterial calculated
by the fcc model.
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FIG. 3. Densities of states weighted by the squaredmponent orly ASOKé —
(the component in the growth directipof the group velocity(a) s - Mmberofmonolayers n
(nXn)-Si/Ge superlattices withn=1, 5, and 10, and(b) 107547 10 23 56T 100 2 3 4567 1000

(nXn)-AlAs/GaAs superlattice wittn=1, 5, and 10. For compari-
son the same quantities of bulk solids are also shown by dashed
lines.

Temperature (K)

FIG. 4. The ratiox of thermal conductivity to phonon relaxation
o ) ) time. (@) (nxn)-Si/Ge superlattices with=1, 2, 5, and 10, antb)
phonons propagating in the growth direction. The frequencynx n)-Alas/GaAs superlattices with=1, 2, 5, and 10. The cor-
gaps at the center and boundary of the folded Brillouin zongesponding values of the bulk solids are shown by dashed lines.

are larger for the Si/Ge superlattice because of the larggfgets show the variation af [normalized by the values ¢8) bulk
mass differences of the constituent atoms, and hence the r§iticon and(b) bulk AlAs at T=300 K] with the number of mono-

ductions of phonon group velocity towards the zone centefayersn in a unit cell. The results af=50, 100, and 300 K are
and boundary are also larger in the Si/Ge superlattice. Hergiotted.
we note that the calculated sound velocities coincide very
well with the experimental values but the fcc model predicts
the maximum phonon frequencies at the zone boundar X A2
(w?axzzﬂ_vmax:(8K/MA)1/2), which are about 20% requency surface in the Br_llloum zZone. _
smaller than the measured values of the bulk materials con- M the low-frequency region the calculated weighted DOS
sidered. for an (nXn)-superlattice takes values between those of the
In order to check our computer code we have calculate(l]’_mk solids, but it is suppressed considerably_ at high frequen-
the lattice specific heat. As expected, the specific heats p&fes due to the flattening of the phonon dispersion curves
atom of superlattices take values in between those of theaused by the zone folding effects. As the number of mono-
constituent bulk materials at low temperatures, and approadgyersn in a unit period increases, the weighted DOS starts
the universal classical value okg in the high-temperature to deviate from the»? dependence at lower frequencies. We
limit. find that the weighted DOS is essentially the same for all
We show in Figs. &) and 3b) the frequency dependence values ofn larger than about 10. There exists no contribution
of the density of stateO9) weighted by the square of the to this quantity from the frequencies higher than the maxi-
group velocity perpendicular to the interfaces, defined by mum frequencywg®* of the bulk solid of the heavier con-
stituent. This is because the phonons in this frequency range
are well localized inside the lighter layéA) of the unit
period and have no effect on the heat conduction in super-
lattices.

Now we consider the ratia of the thermal conductivity
to phonon relaxation time defined by

herev, ,=dw, /dg, anddS, is an element of a constant-

1
(Vi(w))= v ; Sw—w)VE,

1
(2m)®

(6)

as, ,
; f\/;\ V)\,Z|w)\:w!
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creases. The temperature at which this deviation starts corre-

k=2 k1 =2 Con(wy)VE,. (7)  sponds roughly to the frequency of the lowest phonon stop
» A band in the dispersion relations.
The temperature dependences of this rgpier volume are To summarize, based on the fcc lattice model, we have

shown in Figs. 4a) and 4b) for the Si/Ge and AlAs/GaAs Ccalculated the phonon_ group velocities anq e_stimgted their
superlattices, respectively. The magnitude of for the contributions to the I_attlce_ thermal condug:tmty in Si/Ge and
(2x 2)-Si/Ge superlattice relative to those for the bulk sili- ~/AS/GaAs superlattices in the growth direction. We found
con and germanium is very similar to the result by HyId-thfflt the reduction of the group v_eIOC|ty near the f_olded
gaard and Mahat?, i.e., there is an order of magnitude re- Brillouin-zone center and_ edges yields a reduction In the
duction at high temperatures. However, Tat 1000 K the thermal conductivity that is [ess thap 'ghat found experimen-
absolute magnitude for the §22)-SilGe sijperlattice we ob- tally for AIAs/GaAs superlattices. This implies that while the

tained is about 40% of their result. This should be due to th honon group velocity makes a very significant contribution

fact that different lattice dynamics models are used to evalu™ the reducthn of the thermal condu_ctlvr[y in superlatt|ce_s,
other mechanisms must also play an important role. Possible

ate . Although a large reduEtion of is found for the Si/Ge  qffects other than phonon focusiignclude the change in
superlattices, the reduction infor AlAs/GaAs superlattices the rate of anharmonic scattering, especially due to mini-
is modest. At room temperaturasis about 1/2 and 1/3 of umklapp scattering” isotope scattering and also scattering
the corresponding values for the bulk GaAs and AlAs, re-arising from the roughness of the layer interfaces.
spectively. Finally, we note that the reduction of the thermal conduc-
As the number of atomic layens in a unit period in- tivity in the microstructures such as dielectric quantum wires
creasesy decreases, but it saturates for 10 as shown in "as also been reportéti”More interestingly, the possibility
the insets. Thisn dependence common to the Si/Ge and°f quantlz?d thermal conductance at low temperatures is
AlAs/GaAs superlattices is contrary to the experimental reSuggested’
sults, i.e., the thermal conductivity of AlAs/GaAs superlat-  This work was supported in part by a Grant-in-Aid for
tices at room temperatures is reduced as the number  gcientific Research from the Ministry of Education, Science
decreased. Also we see that at very low temperaterés and Culture of JapafGrant No. 09640385 The work at
found between the curves of bulk solids irrespective,diut ~ Brown University was supported by the U.S. Department of
it starts to deviate from the bulk lines as temperature inEnergy under Grant No. DE-FG02-86ER45267.
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