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A study of thermal conductivities perpendicular to the interfaces ji@&i'Sh,Te; superlattices is presented.
The lattice thermal conductivities in these short-period superlattices are less than those in homogeneous
solid-solution alloys and exhibit a minimum for a period-e60 A. For periods less than 50 A, the adjoining
layers of the superlattice apparently become coupled and, in effect, make their thermal conductivities approach
that of an alloy. Using the mean free path from kinetic theory, a diffusive transport analysis suggests a
low-frequency cutoff {0 in the spectrum of heat-conducting phonons. A physical model based on the
coherent backscattering of phonon waves at the superlattice interfaces is outlined for the reduction of lattice
thermal conductivity; this suggests conditions of localizationlike behavior for the low-frequency phonons. The
weutoff from the diffusive transport model is comparable to that estimated from applying the Anderson criterion
to the potential localization of phonon waves. The general behavior of localizationlike effects is not unique to
Bi,Te;/Sh,Te; superlattices; it is also apparent in the thermal conductivities of Si/Ge superlattices. These
superlattice structures offer a scope for studying the phonon localization phenomena while the lattice thermal
conductivity reduction could lead to high-performance thermoelectric materials.

INTRODUCTION AND BACKGROUND ductivity technique denoted agw3nethod developed by Ca-
hill, Katiyar, and Abelsort? are just becoming available. Re-
High figure-of-merit(2) thermoelectric materials can en- cent work® on the thermal transport properties of Si/Ge
able efficient solid-state refrigeration and power conversionSuperlattices have confirmed the significant reduction in ther-

The dominant state-of-the-art thermoelectric materials arg@'@ conductivities. The benefits of such superlattice struc-
based on solid-solution alloys in the (Bb, ,),Te; and tures for advanced thermoelectrics have prompted detailed

. . ) theoretical understanding of the thermal conductivities in su-
Bi»(SgTe,_y)3 system or in the SiGe alloy system. The ra- perlattices using a Boltzmann transport modéf Several
tionale for solid-solution alloyingis that the lattice thermal factors, including phonon dispersion relations and scattering
conductivity is reduced much more strongly than the electrint the superlattice interfaces, have been considered in the
cal conductivity so that an overall enhancemenZinan be  thermal transport modelS.The various fitting parameters, to
achieved for certain alloy compositions. Several of theaccount for the different mechanisms, have yielded apparent
approachés* being investigated to enhance tdein thin-  agreement with experimental data. However, the general
film thermoelectric materials would benefit from the reducedconsensus is that the origin of the reduction of thermal con-
lattice thermal conductivity in low-dimensional structures. ductivity in superlattice structures is not completely clear.
Utilizing this advantage, we have recently observed a facto- N this paper, for the first time to our knowledge, an at-

rial enhancement iz with Bi,Te,;/Sh,Te; superlattices at €MPthas been made to measure the lattice component of the
300 K, relative to state-of-the-art bulk allGy cross-plane thermal conductivities in superlattice structures;

i . the Bi,Te;/Sh,Te; superlattice systetfi is presented as an
. Reduced th.ermal diffusivifyand 7cpntrollable t.ransmls- example. We present the results of this study and indicate a
sion characteristics of phonon waves superlattices had  oge| for the reduction of lattice thermal conductivity in

been reported prior to the first observafidiof a significant  syperlattice structures. First, we present a phonon diffusive
reduction in the thermal conductivities, below those of SO”d-transport analysis that indicates a low-frequency cutoff
solution alloys, with superlattice structures. Also, the weakew,o) in the spectrum of phonons that transport heat. A
carrier-phonon and phonon-phonon interactions, leading tphysical model for the reduction of lattice thermal conduc-
slow decay of optically excited systems and slower dissipativity based on the coherent backscattering of phonon waves
tion of local Joule heating, respectively, have been docuat the superlattice interfaces is outlined. We propose a local-
mented in AlGa _,As/GaAs superlattices relative to bulk izationlike behavior depending on the frequency of phonons.
GaAsl® wave transport models predicting Bragg reflectionslt is similar to photon localization in highly scattering media,
at acoustic phonon frequencies have also been discéiébed. such as superlatticEsand semiconductor powdets;this
It is not clear, however, if the transport behavior of long-Mmodel is also consistent with the experimentally observed
wavelength heat-conducting phonons, diffusing under a loca#elective  transmission  of high-frequency phonons in
temperature gradient in a material, would be different fromSuperiattices.
that observed for “externally generated” waves in the acous-
tic phonon frequency reginfet!

Reliable data on thermal conductivities in superlattice The Bi,Te;/Sh,Te; superlattices were grown on single-
structures, owing significantly to the thin-film thermal con- crystal, semi-insulating GaAs substrates by metallorganic
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chemical vapor depositioff. Transmission electron 1,000 )
microscopy® studies have revealed that these superlattices L T N oo
exhibit good interfacial quality even in the monolayer range 850 =~ ¥ ¢ ¢ * ~——o
(~10 A). Carrier transport studi€sand x-ray diffraction

studied® have also indicated that these superlattices are of 700 |7

good quality for both short and large periods. We have car- & :

ried out an extensive study, based on a large number of high- ,1_5— 550 [~ y Gans+SiaNgSL, 20 um
quality superlattice samples, of the variation of thermal con- =

ductivity with the superlattice period and free-carrier level. 400 I~ /GaAs+Si3N4, 10 um
The superlattice periods investigated ranged fre/20 to ®------- ®----os ®----~-. @®------- @®-----. ®
~180 A. The free-carrier level in the-type Bi,Te;/Sh,Te, 250 [~ W------ a------ M- - o,----- u
superlattice, for a given superlattice period, was typically | l\ GaAs+SigN,, 20 pm
varied from~8x 10" to ~2x10"cm™3. The superlattice 100~ p 85 9

layer thickness for the thermal conductivity measurement In(20)
was in the range of 4000—7000 A.
FIG. 1. AT vs In(2w) for two heater widths, used for the eluci-
dation of the cross-plane thermal conductivity measurement by the
Cross-plane thermal conductivity measurement 3w method in BiTe,/Sh,Te; superlattices.

The thin-film 3w method? has been utilized for the mea-
surement of thermal conductivities normal to thethickness is~0.44 um. We observe very-well-behaved»3
Bi,Te;/Sh,Te; superlattice interfaces. Note that superlatticedata, owing in significant measure to the excellent quality of
structures, by the very nature of their interfaces, are expecteitie SN, dielectric isolation layer. With the 1@m heater,
to exhibit anisotropic thermal conductivities. This is true we obtain the thermal conductivity of the superlattice film
even in materials that do not exhibit anisotropy in bulk form;(Kg) as 0.5350.016 W/mK. For this set, the reference
this has been reported in GaAs/Sla,_,As superlatticed’  Kgaas (Without the superlattice filnwas 46.5 1.4 W/mK,
However, when heater widths are significantly larger thanwhile Kgaas (With the superlattice fillm was 45.1
the film thicknesses, the thin-film:8method?is expected to  +1.4W/mK. With the 20um heater, Kg, was 0.509
measure the cross-plane thermal conductivities int0.015W/mK, whileKgaas (Without the superlattice filpn
superlattices® Recently, we have also observed that thewas 44.8-1.3W/mK andKgaas (With the film) was 44.2
thermal conductivities measured by the Biethod are com- *=1.3W/mK. These measureldg,ss values are excellent,
parable to those from the thermoreflectance technique, amiose to its known valu& The observed near-independence
other independent cross-plane thermal conductivity measuref the measure#{ g, with respect to the heater width used for
ment method, in Si/Ge superlattices. Additional resultsthe measurement and the accuracy in the extractiotgf
described below further validate that the thin-filla Biethod  (with the SL film) are attributable to the negligible role of
measures the cross-plane thermal conductivity in anisotropiany in-plane thermal spreading effects in the superlattice
structures. film. This, therefore, indicates the validity of a one-

Heater widths and superlattice film thickness were 10—2@imensional thermal transport through the thickness of the
pum and 0.4-0.6um, respectively, for the @ measurements. film.
Pinhole-free dielectric isolation(SizN, of thicknesses The ability of the 3» method to determine the cross-plane
~0.06-0.1um) is needed to carry out thesdmeasurements thermal conductivity in the potentially anisotropic
on electrically conducting thin films. The through-thicknessBi,Te;/Sh,Te; superlattices was further checked using a
heat transport in the superlattice andNgi films adds a mesa geometryfollowing Ref. 22. The mesa structure en-
frequency-independent component to the thermal response sfires that the heat transport is one-dimensional through the
the substraté? We accounted for the thermal resistance ofsuperlattice interfaces. The thermal conductivities from the
the SgN, dielectric isolation layer by carrying out a separateconventional and the mesa-etched thin-film structures were
3w measurement on a reference GaAs substrate, also with tlvéthin 5% of each other. Noting that the ratio of heater width
same thickness of the I, dielectric layer as in the super- to film thickness is between 20 and 40 in our measurements,
lattice. This procedure enables the experimental determindhese results are similar to the modeling and experiments on
tion of AT related to the substrate, as opposed to its theothe cross-plane thermal conductivity of anisotropic poly-
retical estimation. From thA T of the composite and that meric films?? Most importantly, the cross-plane thermal con-
of the substrate, along with the power input per unit lengthductivities measured by thas3nethod in the BiTe;/Sh,Te;
the thermal conductivity of the superlattice film can besuperlattices were found to be in agreement with those ob-
determined? The measurement can be cross-checked by beained from through-thickness Peltier effect measurements in
ing able to obtain accurately the thermal conductivity of thethin-film thermoelements processed with these superlattice
substrate from the slope of theT ... vs In(2w) variation for  films?®
the substrate SisN,+superlattice composite. This method 3w measurements between 300 and 150 K on a limited
was calibrated by measuring the properties of well-knowmumber of BjTe;/Sh,Te; superlattice samples indicated
films such as thermally grown oxides on Si. the general behavior was comparable to that reported for

The raw 3v» data(300 K) from a Bi,Te;/Sh,Te; superlat- ~ Si/Ge superlattice¥ In this paper, however, we focus on
tice (SL) structure with the SN, dielectric isolation for two the 300-K thermal conductivities in the Bie;/Sh,Te;
heater widths are shown in Fig. 1. Here, the superlattice filnsuperlattices.



PRB 61 LATTICE THERMAL CONDUCTIVITY REDUCTION AND . .. 3093

0.8‘(_\ 10
@ 30/60 SL; y = 2.25 x 100X + 0.417 Sb,Te,
0.9 [~| m20/30 SL; y = 2.43 x 10-20X + 0.224 0.7 Jg
A 10/50 SL; y = 2.93 x 10-20X + 0.247 T o6l . A ~
©30/30 SL; y = 1.79 x 10-20X + 0.254 %) BiSbTes Alloy A s
08 [ = O.Si,‘r 25 8 . 1% <
¥ 04® A 4 a =
£ A A 4 0%
07 - S 03 A -
— s ~ A Pa% 13
X ¥ 02 Az h P
£ 01
S 08 0 L I i I 0
|!— 0 40 80 120 160 200
05 Superlattice Period (R)

FIG. 3. Experimental lattice thermal conductivitl{,() and cal-
culated average phonon mean free pdth.f as a function of the
period in BipTe;/Sh,Te; superlattices and other reference materials.

0.4 [~

03 | = | = L = | = | o Note: There are three data points, almost on top of each other, at the
0 4x10%  8x107® 12x107% 1.6x10°% 2x10 60 A period, corresponding to 30 A/30 A, 10 A/50 A, 20 A/40 A
Hole Concentration (cm'3) structures.

FIG. 2. Total thermal conductivity as a function of free-carrier ~ The variation of the lattice thermal conductiviti{() as a
concentration in some of the Hie;/Sh,Te; superlattice structures.  function of the superlattice period is shown in Fig. 3. Three
points are worth notingl) TheK, of the superlattice struc-
LATTICE THERMAL CONDUCTIVITY tures shows a minimum for a period 6f50 A. The mini-
IN SUPERLATTICES mumK is ~0.22 W/m K; this value is nearly a factor of 2.2
maller than that obtained for a solid-solution all@3). The
The 3» method measures the total cross-plane therqukL of larger-period superlattices exceed that of the solid-
conductivity (Ky), consisting of the lattice componer()  sojution alloy but begin to approach that of a weighted av-
and the electronic componerk (). K. is given by Eq.(1),  erage of BjTe; (K, ~1.05W/mK) and SkTe; (K ~0.96
wherel j is the Wiedemann-Franz constaqtis the charge \w/m K). (3) For superlattice periods:50 A, K, begins to
of the carrier,u, is the carrier mobility in the cross-plane increase from the above minimum and starts approaching
direction,p is the carrier concentration, afdis the absolute that of the solid-solution alloy. The variation &f and its
temperature: approach to that of the alloy in ultrashort-period superlattices
is similar to the reported behavior of total thermal conduc-
Ke=LoT(apu,). (1) tivity in ultrashort superlattice$?
K. can be obtained from thgintercept in the plot oKt as
a function ofp, if we assume that., is nearly independent
of carrier level. In these superlattices, the Hall-effect mea- Kinetic theon?® gives the average phonon mean free path
surements indicate that the carrier mobilities are relatively(l ;) from
independentwithin 10%) for carrier levels in the range of N
5x 10' to about 3.5 10*°cm 3.1 This stems from weak KL=3¢p(V)lmp, 2
ionized impurity scattering effects. For carrier transport perwherec is the specific heap is the density, andv,) is the
pendicular to the superlattice interfaces, any small reductioaverage phonon velocity. Even in the presence of localiza-
in carrier mobility from increased impurity scattering at tionlike effects, as observed later, this velocity can be
higher carrier level is expected to be offset by a higher transthought of as the speed at which the energy is transported
port function across the potential barri@ven if only shal- locally by wave diffusion in a “viscous” mediurfi/
low in these superlatticgsthis can be understood from the  The variation ofl ¢, as a function of the superlattice pe-
movement of the Fermi level towards the valence-band edggod is also shown in Fig. 3; the behavior essentially re-
with higher hole concentration. The linear behavior of thesembles the variation d€, , normalizing for thecp product
Kt-vsp variation for the BjTe;/ShyTe; superlattice struc- in the various superlattices. For the calculation$,gf, both
tures shown in Fig. 2 supports this argument. c andp in a superlattice were assumed to be weighted aver-
We observe that the lattice thermal conductivities of theages of the individual layer components,Bi; and ShTe;.
10 A/50 A and the 30 A/30 A Bile;/Sh,Te; superlattices  Note that the Debye temperatures of both these materials are
with the same period are the same).25 W/mK. A similar ~ ~160 K22 much lower than the temperature of discussion
study of Ky vs carrier conductivity gives & of 0.49 (300 K). In addition, these materials have a rather large num-
W/mK for Bi,Sh_,Te; (x~0.9£0.15) alloy films along ber of atoms per unit cell. Thus, the specific heat at 300 K
the ¢ axis. For these alloy films we had to account for thewould be dominated by the high-frequency acoustic and op-
relatively non-negligible mobility change with carrier con- tical phonons due to the frequency dependence of density of
centration along the axis, the direction of measured thermal states. This seems apparent including the effect of singulari-
conductivity. ThisK is in agreement with that of Rosi and ties in the phonon density of states from Born—vorrr{an
Ransberg’® for an alloy of similar composition as well as model?® Thus the specific heats of the constituents of the
with that deduced from the data of Scherrer and Sctérrer superlattice should be comparable to their bulk values, inde-
for comparable alloys. pendent of the propagatiofor lack of it) of the low-

MEAN-FREE-PATH REDUCTION IN SUPERLATTICES
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frequency heat-conducting phonons fd¥ fpep,e>1. We 1.25x 1012 An
have used dv,) of ~2.4x10°cm/sec in the estimation of
| mip In the various superlattices, the alloy, and, By shown
in Fig. 3. The closeness of the estimatgd) to the phase
velocity (vp) is due to the near-linear experimental disper-
sion curves in these materialfor most part of the longitu-
dinal and transverse acoustic phonon spectiang the
trigonal axis. Certainly, more rigorous calculations
arge possible when Ioc)glization egffects are at wdrk. o 28X 107 P Sb,Te;

We can consider the physical significance of the estimated 0 | I I I
| mip IN the above materials. For example, in,B&; we esti- 0 40 80 120 160 200
mate al ,, of ~9.6 A from its K| . The value of 9.6 A is Superlattice Period (A)
close to the repeat spacing of van der Waals bonding in the _ .
crystal. This bonding by its nature could potentially vary F_IG. 4. Calculated Iow_-frequency cutof‘f_asafunctlon of period
from layer to layer, thereby, creating a potential anharmonici? Bi2T€:/Sb;Te; superlattices compared with that of an alloy and
ity along the axis of heat flow. Similarly, for the BiShye ShyTes.
alloy film, we estimate dq, of ~4.9 A from its measured
K, . Remarkably, this is about the average separation be- ~ PHONON REFLECTION AT SUPERLATTICE
tween a Bi and a Sb atom in a lattice of the random alloy. INTERFACES

For superlattices with the lowest, , we obtain al g, of Although we can relate the reduction in the averhgg

~2.2 A. We believe, in these superlattices, the region of, the blocking of low-frequency phonons, we need a physi-
anharmonicity could be in the vicinity of the van der Waals 5| model for the reduction dfupp. In Other words, how does

gap, due to the different covalent compone(®,Te; or  the anharmonicity, as indicated earlier, reduce the?

Sh;Tes) on its either side. Here, we invoke the coherent backscattering of phonon
waves at the superlattice interfaces, the regions of anharmo-
nicity. This is similar to photon localization in highly scat-
tering media.’18
From | s, and the effective diffusivity D~ (v}l ) of Let us consider a simple picture of a uniform alloy made
phonons, we can obtain the spectrum of frequencies that p&f two componentsM, and M, and that of a superlattice
tentially conduct heat. We start from the one-dimensionafonsisting of two individual layers d#1; andM, as shown
continuity relatior® for the transport of heat to get the famil- in Fig. 5. The alloy would exhibit an average “acoustic im-
iar diffusion equation. The frequency-domain solution to thispedance”Z,, that is related to the massé$; andM,, as
prob]em is well known and provides an estimate for thedescribed by Bri”ouil’?.l In the Superlattice, each of the two
range of the temperature walefor a given angular fre- layers has a characteristic impedarige and Z,, respec-
quency(w) via tively. At first glance it would appear that the specific ar-
rangements of atoms among the available lattice sites are
irrelevant to the propagation of long-wavelength acoustic
|=(2D/w)*?. 3 phonons. However, note that the acoustic mismatch would
lead to reflection of the phonon waves at the interfice.
Thus, in a superlattice, theacoustic long-wavelength
As the linear heat conduction by phonons would occur forphonons not only “see” the varying composition (as much in
a length scale<l,;, noting that for length scale-l,;, the  the random alloy) but also experience reflection at the peri-
phonons would have been scattered in another direction, wedic interfaces
estimate that a give® and|;, would set a low-frequency The reflection aspect in conjunction with a Bragg reflec-

1x 1012 A

7.5x 10M

A

A
5x 1011
T\ BisbTe, Alloy & A

Cut-off Frequency (Hz)
>
>

DIFFUSIVE TRANSPORT ANALYSIS

cutoff, weyonr, given by tion model has been invoked by Narayanamattal.” They
_ z
wcutoﬁ:§<vt>(|mfp) l- (4) 3) ave
. . . M
Thus the reducediy, in superlattice structureg-ig. 3), Mz . M My 2
compared to the solid-solution alloy, leads us to conclude
that the low-frequency phonons would be inhibited from b) 7 ' .
1 v 2

transport while the high-frequency phonons would be al-
lowed to propagate in superlattices. This is in agreement .—‘V‘M—.—W/v—‘—%—.—“/\'—.
with observation of a lossy transmission of_ Iow-frequen_cy M, M, My+Mp My My
phonons and the near-complete transmission of the high- i

frequency phonons in GaAs/&ba, _,As superlattice$. The
calculated low-frequency cutoff as a function of the super-
lattice period for the BiTe;/Sh,Te; superlattices is shown in FIG. 5. Schematic ofa) an alloy and(b) a superlattice showing
Fig. 4. the potential for reflection of waves at the interface of a superlattice.

Interface
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used the acoustic impedance mismatch model to indicate that 4.0

the transmission should be minimized when the superlattice 35| | WSb2Tes  @BiSbTe, .

period is~\/2, where\ is the phonon wavelength, in anal- ©10/10 SL 020/20 SL .

ogy with optical filters. However, in a subsequent paper 39| 4 30130 SL £20/30 SL n

Kelly'® has indicated that the transmission should be a maxi- _ 25| a

mum when the phonon wavelength matches the superlattice E 20l u

period. Kelly*® pointed out that the difference might be that > “ - o

inelastic processes are involved in the observations of Naray- 15 ] o ® o

anamurtiet al.” 1oL - o °
However, the reflection of phonon waves can lead to an [ ] o©® o ® o

enhanced ili i i o5t mgo09 oo ®

probability of a phonon wave coming back to its 8 8 a®® ®
point of origin (in a local sense This coherent backscatter- 0 I L .
ing is frequently referred to as weak localization or as a 0 4.0x10"  80x 10" 12x10'2 1.6x10%2

precursor to wave localization. In addition to backscattering,
randomness is required to initiate a tendency for localization.
A possibility in this regard is the varying amount of van der  FIG. 6. Calculateckl, product for some of the superlattices,
Waals bonding along the various superlattice interfaces, exalloy, and SkTe; over the range of the acoustic phonon spectrum.
emplified by the fluctuation in the electron diffraction inten-
sity that we have observed within one of the bilayers of theand from the fact thal.,ioi (27/ N cutor)» WE Obtain relation
superlatticé® We also note the strikingly nonlinear behavior (5); this can be compared with the Anderson localization
of K versus the superlattice perid#fig. 3). Furthermore, criterion of kl;,~1 and the loffe-Riegel criteridh of 0.5
larger-period samples are more opaque to phonon transpo#tkl ,4,<0.985:
than smaller period samples, below the 50 A scale, in Fig. 3.
These observations suggest that localizationlike phenomena Keutoff mip= %((vt)/vp). (5)
may be at work. We observe to our knowledge that such a
localization aspect has not been invoked before to explain
the thermal conductivity reduction in superlattices. The lo-
calization model may be appropriate in dealing with poten-
tial reflection of diffusing wave$’?” The backscattering
should lead to a “viscous” mediuff for phonon waves in We can now consider the rise ity and thel ., (Fig. 3)
the superlattice structures, over and above that attainable in ultrashort-period superlatticéperiod <50 A). This dis-
solid-solution alloys. For one to observe the effects of sucltussion is only intended to be qualitative and needs a more
backscattering, of course, the superlattice interfaces probabtyetailed quantitative modeling. First, we observe that it is
have to be of high quality. The transmission electron microstempting to attribute this behavior to phonon-tunneling ef-
copy studies and in-plane electrical transport data of théects, given the near-exponential rise in thermal conductivity
Bi,Te;/Sh,Te; superlattice® do indicate that the superlat- (Fig. 3 with (period) !. However, we discount this possi-
tices under consideration are of good quality. Besides, theility, as the 10 A/50 A, 20 A/40 A, and 30 A/30 A super-
layered chlcogenidesuch as BiTe; and ShTe;y), due to the  |attices(all with a period~60 A) show nearly the samié,
van der Waals gap along the growth axis, are purported to bgnd about similar mean free pattf&g. 3). Thus, if phonon
ideal material¥**for obtaining ultrasharp interfaces in their tunneling through a 10-A region were dominant in order to
respective heterostructures with very few interface defects.explain the difference between the 10 A/10 A and the 30
A/30 A superlattice, then one would expect #g of the 10
A/50 A superlattice to be markedly different from that of a
30 A/30 A superlattice. However, this is not the case.

The behavior of ultrashort-period superlattices can be un-

In this section we discuss the equivalence between thelerstood if we compute the wavelengths using the phase ve-
diffusive transport analysis and the localizationlike behaviodocity for the cutoff frequencies shown in Fig. 4. The cutoff
that can stem from back scattering at the superlattice intewavelength §c,.) is plotted as a function of the superlat-
faces. The Anderson localization phenomena can be inferrelice period in Fig. 7a). We observe that near the point where
from a calculation of thél ., product?” wherek is the wave ~ the minimum lattice thermal conductivityequivalent to
vector. Froml ., and the phase velocity(), we can esti- Minimum average phonon transmissios approached, the
mate thekl ., product over the entire range of the acousticSuperlattice period is-2\qr. Under this condition, we
phonon Spectrum_ The Ca|cu|atbﬂnfp products for some of Can consider a. SChemath- Of. the phonon waves, for the qutl-
the structures under discussion are shown in Fig. 6. We ot-al frequency, in the two individual layers of the superlattice
serve that in the short-period superlattices, the condition oS shown in Fig. () for dg; re,~dsp,re,. When the cutoff
klmpp<<1 is strongly met for a larger range of low frequen- wavelengths calculated by the diffusive transport analysis
cies, predicting localizationlike behavior. The cutoff fre- start approaching and exceeding the individual layer thick-
guency estimated for the various structures in Fig. 6 from thenesses inboth layers, the two layers probably become
application of the Anderson localization criterion are compa-coupled and so the effect of acoustic mismatch starts to dis-
rable to those estimated from the diffusive transport modeappear. From this viewpoint, the cutoff wavelength would
(shown in Fig. 4. This is not surprising since from E) not decrease any further with the reduction of the superlattice

Frequency (Hz)

APPARENT RISE IN K, AND I g,
OF ULTRASHORT-PERIOD
SUPERLATTICES

EQUIVALENCE BETWEEN DIFFUSIVE TRANSPORT
AND LOCALIZATION
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FIG. 7. (a) Low-frequency cutoff wavelength as a function of superlattice period(bnthe approximate situation when the superlattice
period ~ 2\ cyoft -

period and the long-wavelength phonons would begin to bealculations suggest that phonon-reflection effects leading to
transported across the interfaces. It is interesting to obsena localizationlike behavior may be at work in this system as
that the condition fomaximumtransmission as per Kelldy  well for superlattice periods of 65-75 A. In conclusion, the
is at a period~\ and we indicateninimumtransmission at a heat transport in superlattice structures may offer a scope for
period ~ 2\ o - understanding the potential effects related to phonon local-
ization phenomena. Most importantly, however, the lattice
thermal conductivity reduction offered by the superlattices
may be very useful to obtaining high-performance thermo-
The general behavior of lattice thermal conductivity in €lectric materials:>*
superlattices, with a minimum around certain intermediate
periods, is not unique to the Hie;/Sh,Te; superlattices. The
in-plane lattice thermal conductivities in Si/Ge superlattices Dr. S. Wolf at Defense Advanced Research Projects
as a function of their period indicate a similar behavftWe  Agency and Dr. J. Pazik at the Office of Naval Research are
have observed a rather sharp minimum for superlattice periacknowledged for the support of this work. The author is
ods of 6575 A at 300 K. A realistic modeling of this data is grateful the support of Dr. K. Stokes in the 3neasurement
complicated by the fact that thépep,e Of these materials setup and the technical assistance of T. Colpitts and E. Si-
(450-600 K is significantly larger than the temperature of ivola. The collaboration with the Thermal Sciences Group of
measurement. Also, the in-plane heat transport, especially iRrofessor K. Goodson of Stanford University and the com-
such periodic structures, may have to be effectively treatethents of Dr. M. Stroscio of the Army Research Office, Re-
as a three-dimensional problem. Even so, our preliminangearch Triangle Park, NC, are acknowledged.
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