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A differential 3w technique is employed to determine the thermal conductivity of the A%, o3
ternary alloy, the A Ga1ASy oSk 03 quaternary alloy, and an (AlAg)(AlSb),, digital-alloy
superlattice. Between 80 and 300 K, the thermal conductivities for all three samples are relatively
insensitive to temperature. The thermal conductivity of the (AJAGASb),; superlattice is smaller

than that of the AlAgyShy o5 ternary alloy, but much larger than the predictions of a model for
phonon transport across the superlattice interfaces20@2 American Institute of Physics.
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INTRODUCTION endpoints'! which is attributed to alloy-disorder scattering
induced by strain and mass-point defééalthough thermal
The antimonide family of IlI-V heterostructure materi- conductivities have also been reported for the quaternaries
als with lattice constants near 6.1 A has become increasinglgl, :Ga, 6ASy 5,S5hy 45 (Ref. 13 (matched to InpP and
important as the basis for electronic and optoelectronic deAl,Ga _,As,Sh_, (Ref. 14 with x=0-0.5 and lattice
vices such as high-speed field effect transistors, infrared lamatched to GaSb, no previous data are available for
sers, infrared photodetectors, and thermophotovoltafts. Al,Ga ,As,Sh, _, with high Al concentrations.
Besides the binaries GaSb, InAs, and AISb, this family in-  Thermal conductivities in superlattices such as
cludes a number of ternary (galn,Sb, AlAs,Sh,_,, etc)  GaAs/A(GaAs,® 18 InAs/AISb® and InP/InGaA®, are
and quaternary (Ga,In,As,Shy,_,, Al,Ga ,As,Sh _,, much lower than the predictions based on Fourier law and
etc) random alloys, as well as superlatticege.g., InAs/  bulk thermal conductivity values of their constituents, and
AlSb, InAs/Ga_,In,Sb) and digital alloys (e.g., tend to be even lower than in alloys with the same average
Ga,_,In,As/Ga_,In,Sh, AlAs/AIShH that provide numer- composition. Various models based on minigap scattéfing,
ous additional opportunities for engineering of the bandthe Boltzmann transport equatiéh?>and phonon group ve-
structures and electronic wave functions. locity reductior*~?® have been developed to explain this
Thermal conductivityx is a key parameter in many de- trend. The only previously published thermal conductivity
vice applications. This is particularly true of lasers, whichnmeasurements for antimonide superlatticB®As/AISb
generate considerable quantities of heat that must be dis€i33A/32A)] found cross-plane thermal conductivity values
pated. While the thermal conductivities of GaSh, AlSb, andthat were a full 1 order of magnitude lower than the bulk
InAs are well knowrt? few data are currently available for values for both InAs and AISE. The implication is that such
the various antimonide random alloys, digital alloys, and sulayers, which have been employed frequently in the injection
perlattices. It is known that the thermal conductivity of otherregions of antimonide mid-infrared lasérs® should be
-V alloys such as AlGa _,As are lower than the binary avoided from the thermal management standpoint. Since ter-
nary AlAs Sh, _, or quaternary AlGa _,As,Sh, _, can pro-
dAuthor to whom correspondence should be addressed; electronic mai}{lqe alternative injection r(_aglorfslt is important to deter-
borcat@rpi.edu mine the thermal conductivity for those alloys. A second
Ppermanent address: HRL Laboratories, LLC, Malibu, CA 90265. configuration of interest is the “digital alloy?®*® in which
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constituent layers may be as thin as 1 monoldjér). One
must be concerned by the general decrease of the therm
conductivity with decreasing superlattice period that most
GaAs/AlGaAs experiments have observEtf8 A decrease
into the ultrashort-period limit would imply that digital al-
loys are also very detrimental to the heat removal in high-
duty-cycle devices. However, one recent theory predicts the
presence of a minimum followed by an increasexddt the
shortest period®. Earlier modeling resulté! show similar  Fig. 1. xsTM™ image of a representative (AIAd(AISb),; digital-alloy
trends in short period superlattices, although these studiesiperlattice. In this 26.5 n10.4 nm gray-scale image, As atoms appear
did not predict the increasing thermal Conductivity in thicker_darke_r then S_b. The AIA_s appears to be well confined, with relatively little
. . interdiffusion into the adjacent AISb layers.

superlattices. There have been no previous thermal conduc-
tivity experiments on 1l1-V digital alloys.

In the present work we used a differentiad 8chnique,

o

[001] Growth Direction

. uncti ith il wodi ional heat 3w method® a metallic wire is deposited onto the sample to
Idn conjunc |gnIW| a muitiayer two- |mendS|onad ea ﬁon- act as both a heater and temperature sensor when modulated
uction model, to measure temperature-dependent thermgy, o passes through it. Since the measured films are semi-

conductivities for three antimonide-based materials: anq,qcting, the wire must be electrically insulated from the
AlAS 0,075y o ternary alloy, an A (G, AS.orS g3 quater- sample surface to avoid current leakage. The electrical insu-
nary alloy, a_nd an (AlAs)/(AISb)q4 s_uperlattlce digital al- lation was provided by thii83-100 nm Si,N, films depos-
loy, all of W.h'Ch have &n average latt'ce. constant near t_h?‘t oit?ed onto the samples by plasma enhanced chemical vapor
GaSh. While each.of these materials is important _'nd'v'd_u'deposition at 150 °C. In the differentialsamethod, the tem-
ally as a key constituent of lasers and other potential devicge o1 re drop across the film of interest is measured experi-
structures, it is also instructive to compare the three. results. entally by taking the difference in temperature rise between
WI" be seen that t.he thermal cenductlvny of the digital alloy similar heaters deposited on the sample and a reference with-
IS c0n5|deraply higher t.han might have been expected fror‘gut the film. The experiments are carried out over a fre-
an extrapolation of earlier theory and data. guency range where the measured temperature drop is fre-
quency independent. The thermal conductivity of the film is
SAMPLE AND MEASUREMENT TECHNIQUE extracted from_the best fit between the n_1easured temperature
drop and predictions of a heat conduction model, using the
The three undoped films were grown by molecular beamunknown thermal conductivity of the film as a fitting param-
epitaxy at three different facilities. All were grown on GaSb eter. Since heat spreading and effects associated with the
substrates and protected by thin GaSb cap layersubstrate/film thermal-conductivity contrast must be taken
(=100A). The AlAs Shy s ternary alloy (MIT Lincoln into account for this configuratioif,a two-dimensional heat
Laboratory was 0.62um thick, and its composition was conduction modéf-*> was used. The fitting also employed
confirmed by x-ray rocking-curve data. The experimentally measured values for the thermal conductivity
Al Gay 1ASy 0715k o3 quaternary alloySarnoff was 1.3um  of the substrate and Dy, which were determined by fitting
thick. The digital alloy(NRL) comprised 280 repeats of an the frequency dependent temperature rise of the heater de-
(AlAs) ;1 /(AISb); superlattice, for a total thickness of 1.02 posited on the reference sample. The advantage of the differ-
um. ential technique is that the measured thermal conductivity of
The layer abruptness of a representativethe film of interest is relatively less affected by uncertainties
(AlAs) 1 /(AlSb),; digital alloy, grown under similar condi- associated with the thermal properties of the substrate and
tions to the thermal conductivity sample, was characterizeéhsulation layer.
by cross-sectional scanning tunneling microscO¥$TM). The experiments were carried out at temperatures be-
This technique provides an “edge-on,” atomic-scale, crosstween 80 and 300 K. Calibration of the temperature coeffi-
sectional view of 110 cleavage face. The XSTM image in cient of resistance for the metallic wires was performed dur-
Fig. 1 shows the filled electronic states on (&0 surface, ing the slow warmup of the cryostat. Thes 3oltage was
revealing the anion latticdAs/Sh of every other layer measured by a lock-in amplifier, and the data acquisition and
grown3? In this gray-scale image, As atoms appear darkecontrol were computer automated.
then Sb, principall;z/ because of the shorter bond length of the
AlAs versus AIS’ The image demonstrates that the AS iS by be o ENTAL RESULTS AND DISCUSSION
well confined, with relatively little interdiffusion into the 11
AISb layers between each AlAs layer, and has not formed a  Figure 2 shows examples of the experimen@ints
random alloy. Quantitatively, the observation that the AlAs isfrequency-dependent temperature amplitude measured at 80
confined primarily to a single XSTM layer/period implies and 300 K, for the case of 18m-wide heaters deposited on
that its actual distribution is spread over no more than Zhe GaSb substrate reference and thg Bk, 1ASy 075k 93
growth MLs/period(since only every other growth layer is quaternary alloy film. The temperature difference measured
exposed in the image between the sample S and the substrate reference R, which is
A differential 3» method was employed to measure theconstant over this frequency range, is used to determine the
cross-plane thermal conductivities of the three films. In thehermal conductivity of the alloy film. The curves in Fig. 2
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1.6 11T T T Ty TABLE |. Comparison of thermal conductivities at 300 K from this work
b with earlier related results.
— S-
:‘71-4 ——— Latiice  « (300 K)
o =300K match (W/mK) Reference
E 12 AMBIENT AISb o 57 10
oy AlAS 91 10
=10 GasSb 33 10
: AIAS, 56Shy 44 InP 4.2 10
c 0.8 Alg.1Gay.0ASy 555k 48 InP 3.2 13
=] (InAs), 1/ (AISb),,SL GaSh 2.7-3.3 19
P 0.6 Alo 5Ga 5AS. 0250 o5 Gasb 18.2 14
5 ) Alg 2768 7970 035y o7 GaSb 105 14
o Alg 5:G& 49AS0.0551 .95 GaSb 7.7 14
= 0-4- LINE-FITTING Al G 1ASo 06t o3 Gasb 7.1 this work
- DOTS-EXPERIMENTAL AlAsg o7Shy o3 GaSb 9.8 this work
I} PR RIS R RN B (AlAS) 1/ (AISD); GaSb 7.3 this work
500 1000 1500 2000 2500 3000
FREQUENCY (Hz)

FIG. 2. Experimental temperature amplitude as a function of modulation . .
frequency, measured at 80 and 300 K for A6 heaters and temperature dependencéwith n=1-1.5) in the 80—-300 Kange. By
sensors deposited on the reference GaSb subs®atand on the comparison, the studied films have a much weaker depen-

Al dGa.ASo 051 03 quaternary alloy samplé dence on temperature, as is typical when mechanisms other
than phonon—phonon scattering dominate the thermal trans-

port. Moreover, the thermal conductivities are much lower

show the modeled heater temperature rise using fitted valugg, those of the binaryAl,Ga)/(As,Sb compounds. This
for the thermal conductivities of the substrate, insulationy,y he seen from Table | which ,compares the present re-

layer, and alloy film. sults at 300 K with earlier data for related binaries, ternaries,
~ The temperature-dependent cross-plang thermal condugyaternaries, and superlattices. For example at 300 K, the
tivities are shown in Fig. 3 for all three films: AlfgSt.es  thermal conductivities of the binaries range between 33

(boxes,  AlgGayoASpoShyos  (crosses and  the \v/mK for GaSb to 91 W/mK for AIAS® while the corre-
(AlAs), /(AISb),, superlattice(triangles. The experimental  gqnding values measured in the present experiments are

uncertainty of the measured thermal conductivity20% 15 w/mK for the ternary alloy, and-7 W/mK for the
for the ternary alloy film and-10% for the quaternary alloy quaternary alloy and the superiattice.

and superlattice films. The thermal conductivities of binary = g, comparison, Fig. 3 also shows theoretical predic-

IV compounds typically peak at 10-30 K and have &1/ iqng for the two alloys at room temperatuegrows and for
the superlattice as a function of temperat(carves. The
theory for bulk alloys afl above the Debye temperature is

tions for the measured thermal conductivity reduction are

A20 [ 'D' AIAls Sb L S taken from the phenomenological model of Abefésyhich
4 ! 0.07" 0.93 ] includes normal and Umklapp three-phonon anharmonic pro-
E L < Al Ga As Sb Bulk AIAS§,9 cesses as well as alloy-disorder scattering induced by strain
E [ . AT; o'k 007 083 models and mass-point defects. The calculation employs an interpo-
> 15 [ (AlAs) /(AISD),, SL y lation schem®*53"based on the thermal resistivities of the
S I ] binary compounds along with nonlinear contributidghsw-
(,:J : DDDD Bulk AIGaAsSb’ ing parametepsassociated with the random distribution of

[ O ﬁ atoms on the sublattice sites. The binary thermal resistivities
8 10 ' SDDDD OqpOHEESE 8 and values for the bowing parameters are taken from Ref. 10.
5 I XKXM%KKKxxﬁxﬁﬁﬁxﬁéAaé The predicted room-temperature thermal conductivities for
(&) : X AlASq oSk o3 and Al Gay 1ASy oSk gz are 15 and 11
:tl 5 TBR model for 1 W/mK, respectively, whereas both measured values are
E [ (AlAs)1/(AISb)11 SL i ~65% of the respective predictions. Three possible explana-
i !
I
(=

—p=1 discussed below. Since the present samples are actually thin
0 I p= ’ films (0.62 and 1.3um), size effects due to the interface
50 100 150 200 250 300 tscatterlgg <t)_f Ion%—w?_'velength |i)rllq_ononsI ma;t/_ haye contt)rlkélljted
TEMPERATURE(K) 0 a reduction ofx. However, this explanation is probably

unlikely in the view of a recent experimental repdtindi-
FIG. 3. Temperature-dependent thermal conductivities of the three filmscating the dominance of alloy scattering mechanisms in the
The experimente_tl _resul(points) are compared with predictions for the bulk thermal conductivity reduction of SiGe alloy superlattices.
thermal conductivity of the alloys at room temperat(@erows and of the  Apqther possibility is that the theoretically derived bowing
superlattice(curves assuming uppeftp=1 means specular scatterjngnd . .
lower (p=0 means diffuse scatterintimits on the specularity of the phonon Parameter for AlAsSb needs to be adjusted upward. This

scattering at the superlattice interfaces. procedure would lead to much better agreement with theory
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for both the ternary and quaternary alloys, since the AlAsSHdigital-alloy superlattice films have been measured between
bowing affects the thermal resistance in both. The preser80 K and room temperature. Over this range the obsekged
measurements imply a thermal-resistivity bowing parameteare nearly independent df, since mechanisms other than
of 130 cm K/W. The earlier data in Ref. 13 are consistentphonon-phonon scattering dominate the thermal transport. At
with values nearly as high, in the 90—100 cm K/W range,room temperature the thermal conductivities of the alloys are
whereas the theoretical value from Ref. 10 is 65 cm K/W.~35% smaller than the values expected from a bulk model.
The most likely explanation for the measured thermal conThe most likely explanation for the measured thermal con-
ductivity reduction is based on the interface thermal resisductivity reduction is the existence of a small (2.1-6.8
tance between the measured films and the GaSb substrate10 8 Km? W 1) interface thermal resistance between the
The film—substrate interface thermal resistance is not sulalloy films and the GaSb substrate. The thermal conductivity
tracted by the differential measurement technique, and theref the (AIAs),/(AISb),, superlattice is 30% smaller than
fore is included in the measured thermal resistance of théhat of the AlAg oSk o3 alloy, despite similar average com-
film. Comparing the predicted thermal resistance of the alloypositions. However, the superlattice result exceeds consider-
films with the experimental values measured at room temably the thermal conductivity predicted by a theory for the
perature, the interface thermal resistance is estimated to likermal boundary resistance across superlattice interfaces,
~2.1x10 8Km?W™! for the ternary alloy and~6.8  possibly due to phonon tunneling through the thin AlAs lay-
X108 Km? W1 for the quaternary alloy. These values areers. From the device development standpoint, it is quite en-
of the same order of magnitude as measured for the interfac®uraging that this finding runs counter to the usual trend of
thermal resistance between dielectric films and Si subsitate.decreasing« with decreasing superlattice layer thickness.
However, additional measurements, e.g., on bulk alloy layers
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