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Phonon superlattice transport
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We predict in Si/Ge superlattices a dramatic high-temperature suppression of the perpendicular thermal
transport. Total internal reflection confines the superlattice modes and significantly reduces the average group
velocity at nonzero in-plane momenta. These consequences of the acoustic mismatch cause at high tempera-
tures an order-of-magnitude reduction in the ratio of superlattice thermal conductivity to phonon relaxation
time.[S0163-18207)07441-9

The observelf reduction of the in-plane thermal conduc- effects of straif® and a finite interface disordét.Most in-
tivity in long-period GaAs/AlAs superlattices implies a po- vestigations report the dispersiom(q,k), of superlattice
tentially attractive application for semiconductor heterostrucimodes propagating either entirely within the superlattice
tures in thermoelectric devicésThe in-plane superlattice planesk=0, or at right angles to the interfaceg=0. None
thermal transport has consequently been the focus of theoredf these studies, however, directly illustrate the effective
ical investigationg:® modal confinementyw(k;q)/dk~0, arising atq#0.

Two recent experimerﬁ§ also report a dramatic reduc- In this paper we attempt such an illustration and also ex-
tion for the thermal transport perpendicular to theplore the important consequences for the perpendicular ther-
GaAs/AlAs superlattice interfaces. The perpendicular thermal conductivityxs, of Si/Ge superlattices. We assume per-
mal conductivityxs, reported in Ref. 7 exhibits an order-of- fect interfaces and use a simple-cubic effective phonon
magnitude room-temperature reduction compared with thamodet’ to (i) document how the finite acoustic mismatch
of bulk GaAs and cannot be explained as alloy scattering. ensures a dramatig+# 0-modal confinement, an@) predict

A very recent papérinvestigates this microscopic heat a resultingorder-of-magnitudénigh-temperature suppression
transfer and reports a Boltzmann transport calculation baseef the perpendicular thermal transport. This reduction arises
on abulk phonon dispersion in each of the superlattice lay-directly in the ratioks| /75, and thus our work complements
ers. Assuming complete diffusive scattefiig at everyin- ~ earlier investigatiorfs of the effective superlattice phonon
terface, that is, a very strong reduction in the effective photelaxation timerg . We emphasize that themalle) acous-
non relaxation timerg , it is possible to account for the tic mismatch will drive a similarbut smalley modal con-
observe8t’ reduction in the perpendicular superlattice ther-finement and thermal conductivity reduction also in the
mal conductivity? GaAs/AlAs superlattice$!

We believe it essential, however, to describe the superlat- Figure 1 characterizes our simple-cubic model of the
tice thermal transporkg, across the increasingly perfect in- double-silicon/double-germanium superlattice phonon dy-
terfaces based instead on thaperlattice-phonorspectrum. namics. The upper panel shows one-dimensional model
Total internal reflection results with a finite acoustic mis- schematic assuming effective silicon/germanium lattice con-
match difference in material sound velocities in a significantstants agyge and atomsM g;ge connected by intrasilicon/
suppression of the phonon flux across an individual heteraintragermanium force constanks, syce and interlayer cou-
structure interfacé’ We must therefore expect a correspond-pling constantstE\/Fp;SiF,;,;G,S_18 This one-dimensional
ing reduction in the perpendicular group velocity of the su-model, however, can only describe the dynamics of superlat-
perlattice phonon modes, that is, an effective modatice phonons both polarized:(iz) and propagating exactly
confinement. Below we document how the acoustic misin the growth orz direction.
match causes such a modal confinement and produces a su-The lower panel of Fig. 1 illustrates our simple-cubic
perlattice phonon spectrum qualitatively different from thosemodel of the general superlattice phonon dynamics. We as-
of the individual bulk layers. sume for simplicity a shared in-plane and perpendicular lat-

Early one-dimensional model investigations yielded photice constanta=ag; (identical in all layery and add in-
non spectra for GaAs/AlAgRefs. 11 and 1Pand Si/GeRef.  plane force constarit$ F,.gyc. necessary to describe the
13) superlattice modes propagating at right angles to the inphonon propagation at a finite in-plane momenty#0. We
terfaces, i.e., with zero in-plane momentugr=0. Such also introduce characteristic ~frequencieg), .sice
modes can be probed optically and as a function of perpen= \/4|:p t:sice /M sice-
dicular momentunk using ultrasound® The increased um- The églli-polarized phonon modes at in-plane momemnta

klapp scattering of the zone-foldep=0 GaAs/AlAs super- s then described by a bulk silicdigermanium model dis-
lattice modes causes a smalk®5%) reduction in the persion:

effective phonon relaxation timeg, and thus in the thermal

conductivity'* 05=02 gicel 1— cogKsicea) 112+ Qf gice(agl2), (1)
More recently there have been several three-dimensional
calculations of the superlattice phonons identifying both the aq=[2—-coqq,a)—cogqya)]<4, 2
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K Fo K F K where wg.gje= g~ Qfsied @q/2) defines the effective
p pSi p pGe P squared frequency available for the perpendicular motion

Q 0) % \ Q) ) within the silicon/germaniu2m.

. . . A superlattice moded, wg) will propagate(i.e., be char-
Mg, ! M, M, ! Mg, Mg, ' M, acterized by a real wave vectdi;go through a silicon/

: silicon : germanium ! germanium layer if and only if & o gyce= Q2.ye N coN-

' ) X trast, superlattice modes Witlmﬁ;Si(Ge)<O(>Q§;GQ are

' Layer 1 ' Layer 1+1 : germanium(silicon) confined by total internal reflection. For

! ! ! example, a high-energy mode wiilf, s~ Q2. yields a sub-

' |_—1 ' |——{ ' monolayer decay length 4. as may be estimated from

! ag; ! a 1

1 14 1 1

cosh yo) = (205.5/ Q5,60 — 1. 5)

We describe the general phonon displacement field at
coordinatej in layer| and in-plane momentum by

nq.1(])=Aexpik;aj) + Biexp( —ikaj), (6)

using either real or complex wave vectdss gjg. for modes
which in the silicon/germanium are propagating or evanes-
cent, respectively. For thefplli—polarized modes the
individual-layer displacement fields, E¢p), couple at the
heterostructure interfaces through force constag
=\Fp.;siFp.ce The equation of motion for the two atoms
bordering thel/l+1 interface establishes the relation,
(A1,B) = (A11,B141). P

Our four-atom superlattice has peridd=4a and is de-

FIG. 1. Simple-cubic model for double-silicon/double- scribed by the perpendicular superlattice phonon momentum
germanium superlattice phonon spectra. The upper panel shovkse[_ﬂ_/d w/d]. We solve the equations linking

one-dlmensmngl model schematic with silicon/germanium atoms(AI \B)<=(A+2,B,.,) subject to the Bloch ansatz fat
Mgice and lattice constantsg;g.. The atoms are coupled by

intrasilicon/intragermanium force constarftg. gjc. and interlayer ) i+4)=n.(j)e, 7
constantk ;= JF.5F ,.ce The lower panel illustrates the simple- 77q,|+2(J ) ﬂq'l(J) @
cubic phonon model for the generg}liz-polarized superlattice to obtain the frequency-squared valueé’,k')\, A=1-4,and
modes, that is, having monzeroin-plane momentumg+#0. We  thus determine thézone-folded superlattice modal spectra
assume a shared in-plane and perpendicular lattice constant, (for &,l1z- as well as foré; ;lIx,y-polarized modes.

=ag; (identical in all layers, and add in-plane silicon/germanium  We assume a frequency-independent phonon relaxation

force constantsf . sige- time 75 and denote by\N(T) the Bose-Einstein distribution
function at temperaturé. Generalizing the Boltzmann equa-
relating frequencyw, and perpendicular momentukgjce . tion result for bulk phonon transpéttwe evaluate the ratio
We describe the bulk silicofgermanium modes with polar-  of the perpendicular superlattice thermal conductiity to
ization & ;lIx,y using the dispersion phonon relaxation time, using
wz,iyfQtz;Si(G@[l—cos{kSi(G@a)]/Z KsL =S ﬂ frr/d %
2 2 TsL m (2m)? ) _ma 27
+(Qp;Si(Ge)+Qt;Si(Ge))(aq/4)' ©)]
. L . . JWg;k\ ?[dN
Silicon is significantly harder than germanium. Our simple XE wq;k"‘(T) (ﬁ) (8)
model yields Q,5ce=40.9 (22.9 meV and Qsice A m

|:28.'3((j16"? meV and is nor: an accu(r}ag}; descrlptl(i]n of theHere the indexm denotes a sum over polarizatiogy( & y)
ongitudinal or transverse phonon modesiowever, the ra- 54 qentifies the set of superlattice modesnat g, and

tios p s~ 30 ;ge are consistent with the actual bulk pho- %one-folded perpendicular momenturk. The correspond-
non spectra and our model thus reflects the essential effec; g estimatesxsyce/ Tsjce, for bulk silicon/germanium re-

of the acoustic mismatch. Below we concentrate our discusg,; by replacing in Eq(8) d by ag,ceand of course restrict-

sion on theg,-polarized modes. _ _ ing \ to the single acoustic band described by our effective
Assuming perfect interfaces the in-plane momeqi&  gimple_cubic lattice model. Note that we divide out the very
conserved and thus characterizes also the superlattice mOd&ﬁerent phonon relaxation timesg;eest, to obtain a fair

together with the squared frequency vgkué The perpen-  comparison of the thermal conductivities and illustrate the
dicular dynamics of such a mode is described by thesuperlattice effects.
individual-layer model dispersion Figure 2 compares the temperature variation of superlat-
) 5 tice ratio kg /75, solid curve, with the corresponding esti-
wg:sice= Qp:sicd 1 —coKsyce) 1/2, (49 mates for bulk silicon, dashed curve, and for bulk germa-
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FIG. 2. Dramatic suppression of perpendicular superlattice ther 04 X : . A .
mal transport. The solid curve shows order-of-magnitude high- ' ! ' ' '
temperature reduction for calculated superlattice ratio of therma 08 r = r 1
conductivity («g) to phonon relaxation timerg ) when compared o =0
to average of bulk silicon/germanium ratios, dashed/dotted curve 04l L L _
The conductivity suppression results from the nonzero in-plane ma _3
mentaq# 0 ensuring an effective confinement of the superlattice Ng T /
modes(Fig. 3) The inset verifies that no such confinement effect € 0.0 [————— ==t
arises in the long-wavelength limi{relevant for the low- 0€,,=0
temperature transportlowest q=0 superlattice spectrum, solid 04 . ) \ ) .
curve, is an average of corresponding Si/Ge spectra, dashed/dott 0 2 0 1 2 30 2
curves. ksa kgd koa

FIG. 3. Increasing silicon/germanium superlattice phonon con-
nium, dotted curve. To interpret this temperature variation ofinément for upper/lower two zone-folded modes illustrated:at
«/ both for the superlattice and in the bulk we approximate=[2~c0os€x@)—c0s,a)]=0 (bottom row, at aq=0.9 (middle
« as a product of the average group velociew/JK), av- row), and atay=2 (top row). The central column of the panels

s show the squared frequency valuexﬁ, of zone-folded superlattice
erage mean free pati{dw/ok), and of the heat capacitg: modes (G kg d=<). The left(right) column of panels compares

with squared frequency values of modes able to propagate in bulk
k~ 1wl IK)>CI3, (9)  silicon (germaniunm, 0<kgjgea< . All panels shows squared fre-
guencies relative t@ﬁSi(anZ) (dashed lines—minimal value nec-
essary for silicon propagation at,. The dotted lines identifies

In the low-temperature limit we may approximate the squared frequencies which af, allow germanium propagation.

bulk silicon/germanium heat capaci'[ﬁSi(Ge)oc(T/v_Si(Ge))3
whereu g g¢ denotes the average long-wavelength sound ve-

locity. Thus we have ratiossyce/Tsice* T/usiceyielding a4 general in-plane momentpand illustrate how the acous-

cubic temperature dependence for the bulk materials. Thg. mismatch forces a significant reduction of the average
low-temperature ratiocg /75 IS an average Oksjce/ Tsige phonon group velocity.

because the long-wavelength superlattice velocity is an aver- Figure 3 compares squared frequency valuﬁé for
age of the Si/Ge velocities as documented in the inset of Fig, "t qed superlattice modes, <@ d< ) centranl col-

2. he high - h umn, and for bulk-silicon/germanium propagating modes,
In contrast, the high-temperature raig, /75 shows a 0<kgjca<) left/right column, at increasing in-plane

d.rgmatic suppression comp'ared WiFh the average bul omentumqg. The bottom row of panels compares these
s!llcon/germamum v_alues. This reduction refle(_:ts. a suppresF-)honon spectra at,=0, the middle row atry=0.9, and the
sion of the perpendicular average group velocity: top row ata,= 2. All panels shows squared frequencies rela-
tive to QﬁSi(aq/Z) (dashed lineg,minimal value necessary
kl 7 (dwl IK)?;,  T=Qp 1sices (10)  for propagation in the silicon. The pairs of dotted lines iden-
tifies the range of squared frequency values which allows
as the high-temperature bulk silicon/germanium and supemgermanium propagation,s@wg;eesﬂf,;ee,
lattice heat capacities saturate at the Boltzmann constant The superlattice spectrum evaluatedvgt= 0, centralbot-
times the density of phonon modes. To understand the draem panel, resembles the spectra obtained in previous one-
matic reduction of the high-temperature raiig /7s, we in-  dimensional theoretical studiés!® The aq=0 dispersion
vestigate below the zone-folded superlattice phonon spectraurves show two modes which can propagate in all layers
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and two modes located above the range of germaniumncreasingly silicon{germanium) confined even by the thin

propagating modes. The top superlattice mode is almost e@djacent germaniurgsilicon) layers.

tirely siliconlike. It is much too energetic to penetrate the The valueaq=2 corresponds roughly to a minimal pho-

germanium, and is consequently characterized by a vanision energy of one half the germanium Debye temperature.

ing group velocity2 At such temperatures and above the average modal confine-
The intermediate valuer,=0.9, centralmiddle panel, ~Ment causes a dramatic suppression of the redjdrs_as

forces a finite offset between silicon- and germanium-documented in Fig. 2. _

propagating modes as identified by the set of dashed and We have theoretlca}lly mvestlgated the thermal transport

dotted lines. The offset quantifies the traditional total internaP€"Pendicular to the interfaces in a double-silicon/double-

effect: germanium phonons at a gives 0 must have also a J€rmanium superlattice assuming a simple-cubic model for
9 P gve the lattice vibrations. We predict an order-of-magnitude

];'T:gtz fhe;rr:etﬂilcrl#iizmrsg]mee:él:& Sga;;bﬂﬁyemgftthzav%igh-temperature suppression in the ratio of the perpendicu-
- lar thermal conductivity to the phonon relaxation time. This
harder S|I|co_n. . . dramatic suppression occurs at temperatures above one half
In turn this offset between the silicon- and germanium-y,o yermanium Debye temperature when the acoustic mis-

propagating phonons causes a partial germanium Conf'n‘?ﬁatch forces an effective modal confinement at the finite
ment of the lowest superlattice mode and an increased SI|ICO|Iﬁ_p|ane momentaq characterizing this transport. Upon

confinement of ,bOt_? uppler two modes. Alregdya%t:hO.Q completion of this work we have learned of recent Si/Ge-
we observe a significantly reduced contribution to the avergherattice measurements reporting perpendicular thermal

age superlattice phonon group velocity. conductivitiessmallerthan that of an actual Si/Ge allé.
The centraltop panel illustrates how in-plane momenta

with @q=2 ensures a partial confinement of all superlattice This work was supported by ARPA, the University of
phonon modes. The range of squared frequency values fdrennessee, and the Division of Material Science, U.S. De-
modes propagating in the silicojgermaniun layers is at partment of Energy under Contract No. DE-ACO05-
aq=2 situated entirely abovelow) the dashed-dotted line. 960R22464 with Lockheed Martin Energy Research Corpo-
The top(bottom two superlattice modes are thus@j{=2  ration.
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