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Lattice thermal conductivity reduction and phonon localizationlike behavior
in superlattice structures
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A study of thermal conductivities perpendicular to the interfaces in Bi2Te3 /Sb2Te3 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 of;50 Å. For periods less than 50 Å, 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 (vcutoff) 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
vcutoff 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
Bi2Te3 /Sb2Te3 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.
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INTRODUCTION AND BACKGROUND

High figure-of-merit~Z! thermoelectric materials can en
able efficient solid-state refrigeration and power conversi
The dominant state-of-the-art thermoelectric materials
based on solid-solution alloys in the (BixSb12x)2Te3 and
Bi2~SeyTe12y)3 system or in the SiGe alloy system. The r
tionale for solid-solution alloying1 is that the lattice therma
conductivity is reduced much more strongly than the elec
cal conductivity so that an overall enhancement inZ can be
achieved for certain alloy compositions. Several of t
approaches2–4 being investigated to enhance theZ in thin-
film thermoelectric materials would benefit from the reduc
lattice thermal conductivity in low-dimensional structure
Utilizing this advantage, we have recently observed a fac
rial enhancement inZ with Bi2Te3 /Sb2Te3 superlattices at
300 K, relative to state-of-the-art bulk alloy.5

Reduced thermal diffusivity6 and controllable transmis
sion characteristics of phonon waves7 in superlattices had
been reported prior to the first observation8,9 of a significant
reduction in the thermal conductivities, below those of sol
solution alloys, with superlattice structures. Also, the wea
carrier-phonon and phonon-phonon interactions, leading
slow decay of optically excited systems and slower dissi
tion of local Joule heating, respectively, have been do
mented in AlxGa12xAs/GaAs superlattices relative to bu
GaAs.10 Wave transport models predicting Bragg reflectio
at acoustic phonon frequencies have also been discusse7,11

It is not clear, however, if the transport behavior of lon
wavelength heat-conducting phonons, diffusing under a lo
temperature gradient in a material, would be different fro
that observed for ‘‘externally generated’’ waves in the aco
tic phonon frequency regime.7,11

Reliable data on thermal conductivities in superlatt
structures, owing significantly to the thin-film thermal co
PRB 610163-1829/2000/61~4!/3091~7!/$15.00
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ductivity technique denoted as 3v method developed by Ca
hill, Katiyar, and Abelson,12 are just becoming available. Re
cent work13 on the thermal transport properties of Si/G
superlattices have confirmed the significant reduction in th
mal conductivities. The benefits of such superlattice str
tures for advanced thermoelectrics have prompted deta
theoretical understanding of the thermal conductivities in
perlattices using a Boltzmann transport model.14,15 Several
factors, including phonon dispersion relations and scatte
at the superlattice interfaces, have been considered in
thermal transport models.15 The various fitting parameters, t
account for the different mechanisms, have yielded appa
agreement with experimental data. However, the gen
consensus is that the origin of the reduction of thermal c
ductivity in superlattice structures is not completely clear

In this paper, for the first time to our knowledge, an a
tempt has been made to measure the lattice component o
cross-plane thermal conductivities in superlattice structu
the Bi2Te3 /Sb2Te3 superlattice system16 is presented as an
example. We present the results of this study and indica
model for the reduction of lattice thermal conductivity
superlattice structures. First, we present a phonon diffus
transport analysis that indicates a low-frequency cut
(vcutoff) in the spectrum of phonons that transport heat.
physical model for the reduction of lattice thermal condu
tivity based on the coherent backscattering of phonon wa
at the superlattice interfaces is outlined. We propose a lo
izationlike behavior depending on the frequency of phono
It is similar to photon localization in highly scattering medi
such as superlattices17 and semiconductor powders;18 this
model is also consistent with the experimentally observ
selective transmission of high-frequency phonons
superlattices.7

EXPERIMENT

The Bi2Te3/Sb2Te3 superlattices were grown on single
crystal, semi-insulating GaAs substrates by metallorga
3091 ©2000 The American Physical Society
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3092 PRB 61RAMA VENKATASUBRAMANIAN
chemical vapor deposition.16 Transmission electron
microscopy16 studies have revealed that these superlatt
exhibit good interfacial quality even in the monolayer ran
~;10 Å!. Carrier transport studies16 and x-ray diffraction
studies19 have also indicated that these superlattices are
good quality for both short and large periods. We have c
ried out an extensive study, based on a large number of h
quality superlattice samples, of the variation of thermal c
ductivity with the superlattice period and free-carrier lev
The superlattice periods investigated ranged from;20 to
;180 Å. The free-carrier level in thep-type Bi2Te3 /Sb2Te3
superlattice, for a given superlattice period, was typica
varied from;831018 to ;231019cm23. The superlattice
layer thickness for the thermal conductivity measurem
was in the range of 4000–7000 Å.

Cross-plane thermal conductivity measurement

The thin-film 3v method12 has been utilized for the mea
surement of thermal conductivities normal to t
Bi2Te3 /Sb2Te3 superlattice interfaces. Note that superlatt
structures, by the very nature of their interfaces, are expe
to exhibit anisotropic thermal conductivities. This is tru
even in materials that do not exhibit anisotropy in bulk for
this has been reported in GaAs/AlxGa12xAs superlattices.20

However, when heater widths are significantly larger th
the film thicknesses, the thin-film 3v method12 is expected to
measure the cross-plane thermal conductivities
superlattices.13 Recently, we have also observed that t
thermal conductivities measured by the 3v method are com-
parable to those from the thermoreflectance technique,
other independent cross-plane thermal conductivity meas
ment method, in Si/Ge superlattices. Additional resu
described below further validate that the thin-film 3v method
measures the cross-plane thermal conductivity in anisotr
structures.

Heater widths and superlattice film thickness were 10–
mm and 0.4–0.6mm, respectively, for the 3v measurements
Pinhole-free dielectric isolation~Si3N4 of thicknesses
;0.06–0.1mm! is needed to carry out the 3v measurements
on electrically conducting thin films. The through-thickne
heat transport in the superlattice and Si3N4 films adds a
frequency-independent component to the thermal respons
the substrate.12 We accounted for the thermal resistance
the Si3N4 dielectric isolation layer by carrying out a separa
3v measurement on a reference GaAs substrate, also wit
same thickness of the Si3N4 dielectric layer as in the super
lattice. This procedure enables the experimental determ
tion of DTosc related to the substrate, as opposed to its th
retical estimation. From theDTosc of the composite and tha
of the substrate, along with the power input per unit leng
the thermal conductivity of the superlattice film can
determined.12 The measurement can be cross-checked by
ing able to obtain accurately the thermal conductivity of t
substrate from the slope of theDTosc vs ln(2v) variation for
the substrate1Si3N41superlattice composite. This metho
was calibrated by measuring the properties of well-kno
films such as thermally grown oxides on Si.

The raw 3v data~300 K! from a Bi2Te3/Sb2Te3 superlat-
tice ~SL! structure with the Si3N4 dielectric isolation for two
heater widths are shown in Fig. 1. Here, the superlattice
s
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thickness is;0.44 mm. We observe very-well-behaved 3v
data, owing in significant measure to the excellent quality
the Si3N4 dielectric isolation layer. With the 10-mm heater,
we obtain the thermal conductivity of the superlattice fi
(KSL) as 0.53560.016 W/m K. For this set, the referenc
KGaAs ~without the superlattice film! was 46.561.4 W/m K,
while KGaAs ~with the superlattice film! was 45.1
61.4 W/m K. With the 20-mm heater, KSL was 0.509
60.015 W/m K, whileKGaAs ~without the superlattice film!
was 44.861.3 W/m K andKGaAs ~with the film! was 44.2
61.3 W/m K. These measuredKGaAs values are excellent
close to its known value.21 The observed near-independen
of the measuredKSL with respect to the heater width used f
the measurement and the accuracy in the extraction ofKGaAs
~with the SL film! are attributable to the negligible role o
any in-plane thermal spreading effects in the superlat
film. This, therefore, indicates the validity of a one
dimensional thermal transport through the thickness of
film.

The ability of the 3v method to determine the cross-plan
thermal conductivity in the potentially anisotrop
Bi2Te3 /Sb2Te3 superlattices was further checked using
mesa geometry~following Ref. 22!. The mesa structure en
sures that the heat transport is one-dimensional through
superlattice interfaces. The thermal conductivities from
conventional and the mesa-etched thin-film structures w
within 5% of each other. Noting that the ratio of heater wid
to film thickness is between 20 and 40 in our measureme
these results are similar to the modeling and experiments
the cross-plane thermal conductivity of anisotropic po
meric films.22 Most importantly, the cross-plane thermal co
ductivities measured by the 3v method in the Bi2Te3 /Sb2Te3
superlattices were found to be in agreement with those
tained from through-thickness Peltier effect measurement
thin-film thermoelements processed with these superlat
films.5

3v measurements between 300 and 150 K on a limi
number of Bi2Te3 /Sb2Te3 superlattice samples indicate
the general behavior was comparable to that reported
Si/Ge superlattices.13 In this paper, however, we focus o
the 300-K thermal conductivities in the Bi2Te3 /Sb2Te3
superlattices.

FIG. 1. DT vs ln(2v) for two heater widths, used for the eluc
dation of the cross-plane thermal conductivity measurement by
3v method in Bi2Te3 /Sb2Te3 superlattices.
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PRB 61 3093LATTICE THERMAL CONDUCTIVITY REDUCTION AND . . .
LATTICE THERMAL CONDUCTIVITY
IN SUPERLATTICES

The 3v method measures the total cross-plane ther
conductivity (KT), consisting of the lattice component (KL)
and the electronic component (Ke). Ke is given by Eq.~1!,
whereL0 is the Wiedemann-Franz constant,q is the charge
of the carrier,m' is the carrier mobility in the cross-plan
direction,p is the carrier concentration, andT is the absolute
temperature:

Ke5L0T~qpm'!. ~1!

KL can be obtained from they intercept in the plot ofKT as
a function ofp, if we assume thatm' is nearly independen
of carrier level. In these superlattices, the Hall-effect m
surements indicate that the carrier mobilities are relativ
independent~within 10%! for carrier levels in the range o
531018 to about 3.531019cm23.16 This stems from weak
ionized impurity scattering effects. For carrier transport p
pendicular to the superlattice interfaces, any small reduc
in carrier mobility from increased impurity scattering
higher carrier level is expected to be offset by a higher tra
port function across the potential barrier~even if only shal-
low in these superlattices!; this can be understood from th
movement of the Fermi level towards the valence-band e
with higher hole concentration. The linear behavior of t
KT-vs-p variation for the Bi2Te3 /Sb2Te3 superlattice struc-
tures shown in Fig. 2 supports this argument.

We observe that the lattice thermal conductivities of
10 Å/50 Å and the 30 Å/30 Å Bi2Te3/Sb2Te3 superlattices
with the same period are the same,;0.25 W/m K. A similar
study of KT vs carrier conductivity gives aKL of 0.49
W/m K for BixSb12xTe3 (x;0.960.15) alloy films along
the c axis. For these alloy films we had to account for t
relatively non-negligible mobility change with carrier co
centration along thec axis, the direction of measured therm
conductivity. ThisKL is in agreement with that of Rosi an
Ransberg23 for an alloy of similar composition as well a
with that deduced from the data of Scherrer and Scherr24

for comparable alloys.

FIG. 2. Total thermal conductivity as a function of free-carr
concentration in some of the Bi2Te3 /Sb2Te3 superlattice structures
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The variation of the lattice thermal conductivity (KL) as a
function of the superlattice period is shown in Fig. 3. Thr
points are worth noting:~1! TheKL of the superlattice struc
tures shows a minimum for a period of;50 Å. The mini-
mumKL is ;0.22 W/m K; this value is nearly a factor of 2.
smaller than that obtained for a solid-solution alloy.~2! The
KL of larger-period superlattices exceed that of the so
solution alloy but begin to approach that of a weighted a
erage of Bi2Te3 (KL;1.05 W/m K) and Sb2Te3 (KL;0.96
W/m K). ~3! For superlattice periods,50 Å, KL begins to
increase from the above minimum and starts approach
that of the solid-solution alloy. The variation ofKL and its
approach to that of the alloy in ultrashort-period superlatti
is similar to the reported behavior of total thermal condu
tivity in ultrashort superlattices.9,25

MEAN-FREE-PATH REDUCTION IN SUPERLATTICES

Kinetic theory26 gives the average phonon mean free p
( l mfp) from

KL5 1
3 cr^v t& l mfp , ~2!

wherec is the specific heat,r is the density, and̂v t& is the
average phonon velocity. Even in the presence of local
tionlike effects, as observed later, this velocity can
thought of as the speed at which the energy is transpo
locally by wave diffusion in a ‘‘viscous’’ medium.27

The variation ofl mfp as a function of the superlattice pe
riod is also shown in Fig. 3; the behavior essentially
sembles the variation ofKL , normalizing for thecr product
in the various superlattices. For the calculations ofl mfp , both
c andr in a superlattice were assumed to be weighted av
ages of the individual layer components, Bi2Te3 and Sb2Te3.
Note that the Debye temperatures of both these materials
;160 K,28 much lower than the temperature of discussi
~300 K!. In addition, these materials have a rather large nu
ber of atoms per unit cell. Thus, the specific heat at 300
would be dominated by the high-frequency acoustic and
tical phonons due to the frequency dependence of densit
states. This seems apparent including the effect of singu
ties in the phonon density of states from Born–von Ka´rmán
model.28 Thus the specific heats of the constituents of
superlattice should be comparable to their bulk values, in
pendent of the propagation~or lack of it! of the low-

FIG. 3. Experimental lattice thermal conductivity (KL) and cal-
culated average phonon mean free path (l mfp) as a function of the
period in Bi2Te3 /Sb2Te3 superlattices and other reference materia
Note: There are three data points, almost on top of each other, a
60 Å period, corresponding to 30 Å/30 Å, 10 Å/50 Å, 20 Å/40
structures.
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3094 PRB 61RAMA VENKATASUBRAMANIAN
frequency heat-conducting phonons forT/uDebye.1. We
have used âv t& of ;2.43105 cm/sec in the estimation o
l mfp in the various superlattices, the alloy, and Sb2Te3 shown
in Fig. 3. The closeness of the estimated^v t& to the phase
velocity (vp) is due to the near-linear experimental disp
sion curves in these materials~for most part of the longitu-
dinal and transverse acoustic phonon spectra! along the
trigonal axis. Certainly, more rigorous calculations of^v t&
are possible when localization effects are at work.27

We can consider the physical significance of the estima
l mfp in the above materials. For example, in Sb2Te3 we esti-
mate al mfp of ;9.6 Å from its KL . The value of 9.6 Å is
close to the repeat spacing of van der Waals bonding in
crystal. This bonding by its nature could potentially va
from layer to layer, thereby, creating a potential anharmon
ity along the axis of heat flow. Similarly, for the BiSbTe3
alloy film, we estimate al mfp of ;4.9 Å from its measured
KL . Remarkably, this is about the average separation
tween a Bi and a Sb atom in a lattice of the random all
For superlattices with the lowestKL , we obtain al mfp of
;2.2 Å. We believe, in these superlattices, the region
anharmonicity could be in the vicinity of the van der Waa
gap, due to the different covalent components~Bi2Te3 or
Sb2Te3! on its either side.

DIFFUSIVE TRANSPORT ANALYSIS

From l mfp and the effective diffusivity (D; 1
3 ^v t& l mfp) of

phonons, we can obtain the spectrum of frequencies that
tentially conduct heat. We start from the one-dimensio
continuity relation29 for the transport of heat to get the fami
iar diffusion equation. The frequency-domain solution to t
problem is well known and provides an estimate for t
range of the temperature wave30 for a given angular fre-
quency~v! via

l 5~2D/v!1/2. ~3!

As the linear heat conduction by phonons would occur
a length scale, l mfp noting that for length scale. l mfp the
phonons would have been scattered in another direction
estimate that a givenD and l mfp would set a low-frequency
cutoff, vcutoff , given by

vcutoff5
2
3 ^v t&~ l mfp!

21. ~4!

Thus the reducedl mfp in superlattice structures~Fig. 3!,
compared to the solid-solution alloy, leads us to conclu
that the low-frequency phonons would be inhibited fro
transport while the high-frequency phonons would be
lowed to propagate in superlattices. This is in agreem
with observation of a lossy transmission of low-frequen
phonons and the near-complete transmission of the h
frequency phonons in GaAs/AlxGa12xAs superlattices.7 The
calculated low-frequency cutoff as a function of the sup
lattice period for the Bi2Te3 /Sb2Te3 superlattices is shown in
Fig. 4.
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PHONON REFLECTION AT SUPERLATTICE
INTERFACES

Although we can relate the reduction in the averagel mfp
to the blocking of low-frequency phonons, we need a phy
cal model for the reduction ofl mfp . In other words, how does
the anharmonicity, as indicated earlier, reduce thel mfp?
Here, we invoke the coherent backscattering of phon
waves at the superlattice interfaces, the regions of anhar
nicity. This is similar to photon localization in highly sca
tering media.17,18

Let us consider a simple picture of a uniform alloy ma
of two componentsM1 and M2 and that of a superlattice
consisting of two individual layers ofM1 andM2 as shown
in Fig. 5. The alloy would exhibit an average ‘‘acoustic im
pedance’’Zav that is related to the massesM1 and M2 , as
described by Brillouin.31 In the superlattice, each of the tw
layers has a characteristic impedanceZ1 and Z2 , respec-
tively. At first glance it would appear that the specific a
rangements of atoms among the available lattice sites
irrelevant to the propagation of long-wavelength acous
phonons. However, note that the acoustic mismatch wo
lead to reflection of the phonon waves at the interface31

Thus, in a superlattice, theacoustic long-wavelength
phonons not only ‘‘see’’ the varying composition (as much
the random alloy) but also experience reflection at the pe
odic interfaces.

The reflection aspect in conjunction with a Bragg refle
tion model has been invoked by Narayanamurtiet al.7 They

FIG. 4. Calculated low-frequency cutoff as a function of peri
in Bi2Te3 /Sb2Te3 superlattices compared with that of an alloy a
Sb2Te3.

FIG. 5. Schematic of~a! an alloy and~b! a superlattice showing
the potential for reflection of waves at the interface of a superlatt
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PRB 61 3095LATTICE THERMAL CONDUCTIVITY REDUCTION AND . . .
used the acoustic impedance mismatch model to indicate
the transmission should be minimized when the superlat
period is;l/2, wherel is the phonon wavelength, in ana
ogy with optical filters. However, in a subsequent pap
Kelly10 has indicated that the transmission should be a m
mum when the phonon wavelength matches the superla
period. Kelly10 pointed out that the difference might be th
inelastic processes are involved in the observations of Na
anamurtiet al.7

However, the reflection of phonon waves can lead to
enhanced probability of a phonon wave coming back to
point of origin ~in a local sense!. This coherent backscatte
ing is frequently referred to as weak localization or as
precursor to wave localization. In addition to backscatteri
randomness is required to initiate a tendency for localizat
A possibility in this regard is the varying amount of van d
Waals bonding along the various superlattice interfaces,
emplified by the fluctuation in the electron diffraction inte
sity that we have observed within one of the bilayers of
superlattice.16 We also note the strikingly nonlinear behavi
of KL versus the superlattice period~Fig. 3!. Furthermore,
larger-period samples are more opaque to phonon trans
than smaller period samples, below the 50 Å scale, in Fig
These observations suggest that localizationlike phenom
may be at work. We observe to our knowledge that suc
localization aspect has not been invoked before to exp
the thermal conductivity reduction in superlattices. The
calization model may be appropriate in dealing with pote
tial reflection of diffusing waves.17,27 The backscattering
should lead to a ‘‘viscous’’ medium27 for phonon waves in
the superlattice structures, over and above that attainab
solid-solution alloys. For one to observe the effects of su
backscattering, of course, the superlattice interfaces prob
have to be of high quality. The transmission electron micr
copy studies and in-plane electrical transport data of
Bi2Te3 /Sb2Te3 superlattices16 do indicate that the superla
tices under consideration are of good quality. Besides,
layered chlcogenides~such as Bi2Te3 and Sb2Te3!, due to the
van der Waals gap along the growth axis, are purported t
ideal materials32,33 for obtaining ultrasharp interfaces in the
respective heterostructures with very few interface defec

EQUIVALENCE BETWEEN DIFFUSIVE TRANSPORT
AND LOCALIZATION

In this section we discuss the equivalence between
diffusive transport analysis and the localizationlike behav
that can stem from back scattering at the superlattice in
faces. The Anderson localization phenomena can be infe
from a calculation of theklmfp product,27 wherek is the wave
vector. Froml mfp and the phase velocity (vp), we can esti-
mate theklmfp product over the entire range of the acous
phonon spectrum. The calculatedklmfp products for some of
the structures under discussion are shown in Fig. 6. We
serve that in the short-period superlattices, the condition
klmfp,1 is strongly met for a larger range of low freque
cies, predicting localizationlike behavior. The cutoff fr
quency estimated for the various structures in Fig. 6 from
application of the Anderson localization criterion are comp
rable to those estimated from the diffusive transport mo
~shown in Fig. 4!. This is not surprising since from Eq.~4!
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and from the fact thatkcutoff (2p/lcutoff), we obtain relation
~5!; this can be compared with the Anderson localizati
criterion of klmfp;1 and the Ioffe-Riegel criterion27 of 0.5
,klmfp,0.985:

kcutoffl mfp5
2
3 ~^v t&/vp!. ~5!

APPARENT RISE IN KL AND l mfp

OF ULTRASHORT-PERIOD
SUPERLATTICES

We can now consider the rise inKL and thel mfp ~Fig. 3!
in ultrashort-period superlattices~period ,50 Å!. This dis-
cussion is only intended to be qualitative and needs a m
detailed quantitative modeling. First, we observe that it
tempting to attribute this behavior to phonon-tunneling
fects, given the near-exponential rise in thermal conductiv
~Fig. 3! with (period)21. However, we discount this poss
bility, as the 10 Å/50 Å, 20 Å/40 Å, and 30 Å/30 Å supe
lattices~all with a period;60 Å! show nearly the sameKL
and about similar mean free paths~Fig. 3!. Thus, if phonon
tunneling through a 10-Å region were dominant in order
explain the difference between the 10 Å/10 Å and the
Å/30 Å superlattice, then one would expect theKL of the 10
Å/50 Å superlattice to be markedly different from that of
30 Å/30 Å superlattice. However, this is not the case.

The behavior of ultrashort-period superlattices can be
derstood if we compute the wavelengths using the phase
locity for the cutoff frequencies shown in Fig. 4. The cuto
wavelength (lcutoff) is plotted as a function of the superla
tice period in Fig. 7~a!. We observe that near the point whe
the minimum lattice thermal conductivity~equivalent to
minimum average phonon transmission! is approached, the
superlattice period is;2lcutoff . Under this condition, we
can consider a schematic of the phonon waves, for the c
cal frequency, in the two individual layers of the superlatti
as shown in Fig. 7~b! for dBi2Te3

;dSb2Te3
. When the cutoff

wavelengths calculated by the diffusive transport analy
start approaching and exceeding the individual layer thi
nesses inboth layers, the two layers probably becom
coupled and so the effect of acoustic mismatch starts to
appear. From this viewpoint, the cutoff wavelength wou
not decrease any further with the reduction of the superlat

FIG. 6. Calculatedklmfp product for some of the superlattice
alloy, and Sb2Te3 over the range of the acoustic phonon spectru
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FIG. 7. ~a! Low-frequency cutoff wavelength as a function of superlattice period and~b! the approximate situation when the superlatti
period;2lcutoff .
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period and the long-wavelength phonons would begin to
transported across the interfaces. It is interesting to obse
that the condition formaximumtransmission as per Kelley10

is at a period;l and we indicateminimumtransmission at a
period;2lcutoff .

CONCLUDING REMARKS

The general behavior of lattice thermal conductivity i
superlattices, with a minimum around certain intermedia
periods, is not unique to the Bi2Te3 /Sb2Te3 superlattices. The
in-plane lattice thermal conductivities in Si/Ge superlattice
as a function of their period indicate a similar behavior.34 We
have observed a rather sharp minimum for superlattice p
ods of 65–75 Å at 300 K. A realistic modeling of this data
complicated by the fact that theuDebye of these materials
~450–600 K! is significantly larger than the temperature o
measurement. Also, the in-plane heat transport, especiall
such periodic structures, may have to be effectively trea
as a three-dimensional problem. Even so, our prelimina
c

e
ve

e

ri-

in
d
y

calculations suggest that phonon-reflection effects leadin
a localizationlike behavior may be at work in this system
well for superlattice periods of 65–75 Å. In conclusion, th
heat transport in superlattice structures may offer a scope
understanding the potential effects related to phonon loc
ization phenomena. Most importantly, however, the latti
thermal conductivity reduction offered by the superlattic
may be very useful to obtaining high-performance therm
electric materials.5,34
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