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Thermal-conductivity measurements of GaAs/AlAs superlattices using a picosecond optical
pump-and-probe technique
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We present measurements of the lattice thermal conductivityk' normal to the interfaces of
(GaAs)n /(AlAs) n superlattices withn between 1 and 40 monolayers. The conductivity was measured by an
optical pump-and-probe technique in the temperature range of 100 to 375 K. In the experiment, an Al film is
deposited onto a superlattice sample, and the rate at which this film cools by conduction into the superlattice
is determined. We find a general decrease ink' with a reduction of the superlattice period. At 300 K,k' of
the (GaAs)40/(AlAs) 40 superlattice is approximately three times less thank of bulk GaAs, andk' of the
(GaAs)1 /(AlAs) 1 superlattice is an order of magnitude less thank of bulk GaAs. We discuss the decrease in
k' compared to the bulk constituents in terms of extrinsic and intrinsic scattering mechanisms.
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I. INTRODUCTION

Modern growth techniques such as liquid phase epitax
molecular beam epitaxy have made possible the fabrica
of semiconductor superlattices~SLs! that have optical, elec
trical, and vibrational properties not found in bulk semico
ductors. Extensive studies have been performed on both
fundamental properties and practical applications of th
systems.1,2 Experimental and theoretical studies of vibr
tional properties have primarily concentrated on the SL p
non dispersion.3 Superlattice interfaces have also been inv
tigated in detail using vibrational spectroscopy.3 Because the
phonon dispersion relation is substantially modified in a S
it is reasonable to expect that the thermal transport prope
of a SL will differ substantially from those of its bulk con
stituents.

The thermal conductivity of semiconductors is limited
the rate at which phonons are scattered. Phonon scatte
processes can be divided intointrinsic processes, arising
from the anharmonicity of the interatomic forces, andextrin-
sic processes due to phonon scattering at various sort
crystal defects and at the crystal surface. Peierls4 pointed out
that the anharmonic processes were of two distinct types.
normal~N! processes the vector sum of the phonon mome
is unchanged after a collision, whereas for umklapp~U! pro-
cesses the total momentum changes by a reciprocal-la
vector. In a bulk crystal, there is a minimum phonon ene
required for aU process to occur. In a SL, this energy
reduced relative to the bulk because the magnitude of
shortest reciprocal-lattice vectors is smaller. Furthermore,
minimum energy for umklapp processes can be tuned
PRB 590163-1829/99/59~12!/8105~9!/$15.00
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varying the repeat distance. Therefore, measurements o
temperature dependence of the thermal conductivity o
family of high-quality SLs can be used to study umkla
scattering processes.

On a practical level, a more complete understanding
the processes that govern the flow of heat through SLs i
importance for the design of quantum-well lasers5,1 and SL
thermoelectric devices.6,7 For a quantum-well laser it is ad
vantageous to use a SL structure that has as high a the
conductivity as possible, whereas for thermoelectric cool
and power conversion low thermal conductivity is require

In a SL structure it is necessary to distinguish between
thermal conductivity perpendiculark' or parallelk uu to the
SL interfaces. It was predicted over 15 years ago thatk' of
SLs should be reduced compared to the weighted averag
the bulk constituents.8 Since that time, there have been on
a few measurements of SL thermal conductivity. This is d
to a large extent to the difficulty of measuring the heat flo
in very small structures.

Most of the measurements of the thermal conductivity
SLs have been made by using an ac calorimetric appara9

In the first of these experiments,k uu of several
(GaAs)n /(AlAs) n SLs was measured at 300 K.10 The thick-
ness of each layer ranged from aboutn517 to 177 mono-
layers ~ML !. It was found thatk uu of the SLs was smaller
than the average conductivity of the bulk constituents. Th
was a decrease ink uu with a decrease in the SL period, an
the conductivity for the shortest period SLs was close to t
of the Al0.5Ga0.5As alloy. This technique was later used
measure the thermal diffusivity at 300 K in the directio
parallel and perpendicular to the surface of a vertical-cav
8105 ©1999 The American Physical Society
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8106 PRB 59W. S. CAPINSKIet al.
surface emitting laser~VCSEL! made from layers of GaAs
and AlxGa12xAs.11 Due to the complicated structure, a the
mal diffusivity value was not assigned to a particular SL b
rather to the whole VCSEL structure. A substantial decre
of the thermal diffusivity compared to the bulk constituen
was found for both directions; the decrease ink' was
slightly larger than the decrease ink uu . More recently, the ac
calorimetric method was used to measure the tempera
dependence ofk uu in a (GaAs)n /(AlAs) n SL with
n'247.12,13 The measurements were made over a temp
ture range of 190–450 K. The SL hadk uu slightly lower than
GaAs throughout most of the temperature range, with
largest difference being;10% at 190 K.

The thermal conductivity of SLs has been measured w
two other techniques. We have previously reported so
preliminary measurements ofk' of two short-period
(GaAs)n /(AlAs) n SLs.14,15 Approximately an order of mag
nitude decrease ink' compared to GaAs was found for bo
a (GaAs)3 /(AlAs) 3 and a (GaAs)12/(AlAs) 14 SL over the
temperature range of 80–330 K. More recently, thev
method16 was used to measure the thermal conductivity
Sim /Gen SLs over the temperature range 80–400 K.17 The
samples had Si or Ge layers with different thickness, rang
from 5 to 146 ML. There was over an order of magnitu
decrease in the thermal conductivity of the Sim /Gen SLs
compared to the average of the conductivity of the bulk c
stituents at the high temperatures. At low temperatures
decrease was even larger.

In this paper we describe how the optical pump-and-pr
technique can be used to determinek'(T) of a thin layer,
and present the results of measurements ofk'(T) for a fam-
ily of (GaAs)n /(AlAs) n SLs.

II. EXPERIMENT

A. Transient heat-flow techniques

The experimental determination of the thermal conduc
ity of a material can be made either by a steady-state
time-dependent heat flow method.18 In a steady-state exper
ment, heat is supplied at one point of a sample and extra
at another point by a heat sink. It is difficult to use th
approach to determine the thermal conductivity of a t
layer on a substrate. If, for example, the heat flow is betw
two points on the free surface of the layer, the distance
tween these points must be much less than the layer th
ness so that the substrate does not influence the heat flo
measurement of the heat flow in a free-standing plate av
the problem of substrate conduction, but sample prepara
is then more difficult. In addition, in the steady-state tec
nique it is necessary to have several contacts to the samp
order to supply the heat, extract it, and measure the rele
temperature difference. To overcome these difficulties
time-dependent method can be used. Most of the techniq
of this type require at most a single contact to be made to
surface of the sample. Very thin structures, either free sta
ing or on a substrate, can be measured with these techniq

Hattaet al.9 have used an ac calorimetric method to me
sure the thermal diffusivityD uu in the direction parallel to the
surface of a free-standing thin plate. In this technique,
sample surface is partly covered by a mask, and the un
ered portion is irradiated by light chopped at frequencyf.
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The frequency is chosen in order to satisfy the condit
p f d2/D uu!1, whered is the thickness of the sample. Und
this condition, the temperature is uniform throughout t
thickness of the sample, and the temperature wave pro
gates in the plane parallel to the sample surface. If the h
capacityC of the material is known,k uu can be calculated by
using the relationk uu5CDuu . Several groups have used th
technique to measureD uu of SLs.10–12

The 3v method developed by Cahill16 has been applied to
the measurement of the thermal conductivity of Sim /Gen
SLs.19 This technique is closely related to previously dev
oped hot-wire20 and hot-strip21 techniques. The method use
a single metallic film in the form of a strip running across t
sample surface to both generate heat and detect the su
temperature. In the experiment, an ac current with freque
v is passed through the metal strip. This gives a heat so
of frequency 2v. The temperature oscillations of the str
cause the resistance of the metal to have an oscillatory c
ponent at 2v. This resistance oscillation causes a 3v com-
ponent of the voltage across the line. The thermal conduc
ity is determined by analyzing the magnitude of the 3v
component as a function ofv. The technique probes th
sample to a depth of the order of

j5 S D'

2v
D 1/2

, ~1!

where D' is the thermal diffusivity perpendicular to th
sample surface. If the strip is wide compared to the pene
tion depthj, then the temperature at any point in the sam
depends only on the distancez from the surface, and so
one-dimensional analysis can be used to calculatek' . Mea-
surements on Sim /Gen SLs were performed over a wide fre
quency range, but typically data were obtained for a f
quency near 1 kHz. In these experiments, the penetra
depth of the temperature wave was larger than the thickn
of the Sim /Gen SLs, and heat flow into the underlying mat
rial had to be taken into account.

B. Pump-and-probe technique

In the experiments reported here we have used an op
pump-and-probe technique. This technique has the advan
of a much shorter effective penetration depth, and there
is well suited for measurements on a very thin layer, such
a SL. In the experiment, a metallic film, usually aluminum,
deposited on the sample layer~Fig. 1!. A pump light pulse,

FIG. 1. Schematic diagram of the experiment and sample st
ture
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focused to a small spot on the surface of the metallic fi
creates a sudden temperature rise. A small change in
temperature of the filmDT(t) produces a proportiona
change in the optical reflectivityDR(t). The change in the
reflectivity as the film cools by conduction into the under
ing structure is measured by means of a time-delayed p
light pulse which is focused onto the film so as to over
with the pump pulse. In order to determinek' , the change in
the reflectivity as a function of delay time is compared to
change calculated from a numerical simulation of the h
flow. The value ofk' used in the simulation is adjusted so
to give the best fit to the experimental data. The Al film co
in a few ns, and in this time the heat penetrates only a
hundred nm into the sample. Hence, even for samples as
as 1mm, the effect of heat flow into the substrate is ve
small. This technique has previously been used to mea
the thermal conductivity of amorphous diamond films22

semiconductor SLs,14 and isotopically enriched Si.23

To determine the thermal conductivity, it is necessary
make an accurate measurement of the reflectivity cha
DR(t) for a time delay of the probe varying from about 10
ps to several ns. In order to make a measurement of this t
it is necessary to maintain a constant overlap of the pu
and-probe beams on the metallic film while the probe ti
delay is varied. An optical system capable of this type
measurement has been described in Ref. 15, and a sim
system was used here. In this apparatus the light pulses
produced by a Ti:sapphire laser operating at a repetition
of 76 MHz, a wavelength of 800 nm, and a pulse duration
250 fs. The pump beam is chopped at a frequencyf of 1
MHz by an acousto-optic modulator and focused to a spo
diameter;20 mm. The probe beam is focused to a spot
diameter;20 mm on the same region of the sample illum
nated by the pump. The optical path length of the pro
pulse is varied relative to the optical path length of the pu
pulse by reflecting the beam off a retroreflector mounted
a mechanical translation stage. The energies in each pu
and-probe pulse applied to the film are typically 1.3 nJ a
0.02 nJ, respectively. To improve the signal-to-noise ra
the output of the photodiode which detects the reflec
probe beam is amplified by a lock-in amplifier which has
its reference source the same 1 MHz signal that is use
drive the acousto-optic modulator.

When the pump light is absorbed, electrons near the fr
surface of the Al film are excited to higher energy stat
These hot electrons quickly diffuse away from the Al su
face, but are confined to the Al film by the Schottky barr
at the Al-SL interface. Within several picoseconds, the
electrons transfer their excess energy to the lattice
electron-phonon collisions, slightly raising the temperat
of the Al film.24 The temperature distribution inside the A
film becomes uniform by thermal diffusion, and phonons
cape across the interface into the SL. The diffusion of
phonons across the interface is a relatively slow proc
compared to the thermal transport within the Al film. Ther
fore, the time constantt for the temperature to become un
form inside the film can be approximated by the time co
stant for the same process in an insulated Al film, i.e.,

t'
dAl

2

p2DAl
, ~2!
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wheredAl is the thickness of the film andDAl is the thermal
diffusivity of Al. For an Al film that is 100 nm thick with
diffusivity of 0.45 cm2 s21,25 t is 23 ps at 300 K. The
increase in the temperature of the film from a single pu
pulse is

DT5
~12R!Q

CAl AdAl
, ~3!

whereR is the optical reflectivity of the film (;90% for Al!,
Q is the energy of the pump pulse,CAl is the specific heat
per unit volume of Al, andA is the area of the spot. For
pump pulse with an energy of 1.3 nJ and an Al thickness
100 nm, the increase in the temperature of the Al film
about 2 K at room temperature.

As already described, a measurement of the change in
reflectivity versus time delay,DR(t), can be used to give the
rate at which the Al film cools. Four cooling curves obtain
at 300 K are displayed in Fig. 2. The labels at the end of e
curve refer to the structure immediately below the Al film.
order to compare the cooling curves, the measuredDR(t)
from each sample have been scaled so that the curves ov
for time delays just before and just aftert50. The Al thick-
ness on top of each sample was approximately 87 nm.
inset shows the details of the first 150 ps of the change in
reflectivity for the (GaAs)25/(AlAs) 25 SL. The decrease in
DR(t) which occurs within the first 40 ps is mainly due
the redistribution of the heat within the Al film. The slowe
decrease ofDR(t) at later times is due to the cooling of th
film into the underlying structure. One can see from Fig
that the Al film cools fastest on the GaAs substrate and
cooling rate of the SLs increases with decreasing SL per

The sharp features that can be seen in the inset of Fi
are acoustic echos. When the light is absorbed, the temp
ture rise sets up an inhomogeneous stress distribution, w
on relaxing launches a strain pulse from the surface of
film. The pulse propagates back and forth in the Al film
decreasing in amplitude after each reflection at the Al-
interface. Each time the pulse returns to the free surfac

FIG. 2. Measured changeDR(t) in optical reflectivity as a func-
tion of time after application of the heating light pulse. These d
are for bulk GaAs and forn3n GaAs/AlAs superlattices withn
56, 25, and 40. The inset shows data taken on the GaAs sam
for shorter times. The sharp features in the inset arise from acou
echoes in the Al film.
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8108 PRB 59W. S. CAPINSKIet al.
the Al film, the elastic strain alters the optical properties
the film near the surface causing a small change in the o
cal reflectivity. The time interval between these features
used to calculate the thickness of the film.26

The analysis of the cooling of the Al film into the samp
is greatly simplified because it is possible to ignore heat fl
in the radial direction in the Al film and SL. Consider fir
the responseDR(t) that would be obtained for an Al film
which is thermally insulated on both sides. In such a sam
the region heated by the pump pulse cools solely by ra
heat diffusion. We take the intensity of the pump beam
vary laterally as exp(2r 2/r 0

2), wherer is the distance from
the center of the pump spot andr 0 is a constant. Then the
initial temperature distribution in the Al film~assumed to be
uniform throughout the thickness! will be

DT~r ,t50!5DT0 exp~2r 2/r 0
2!. ~4!

At later times the temperature distribution will be27

DT~r ,t !5
DT0r 0

2

r o
214DAlt

expS 2
r 2

r 0
214DAlt

D . ~5!

The change in the reflectivity of the probe pulse is prop
tional to the convolution of the temperature profile with t
intensity profile of the probe. This intensity profile is a
proximately the same as the profile of the pump. It follo
that

DR~ t !5DR~0!Y S 11
2DAlt

r 0
2 D , ~6!

whereDR(0) is the reflectivity change att50. We estimate
that in the temperature range of our measurementsDAl
lies between 0.45 and 0.62 cm2 s21.25 For DAl
50.62 cm2 s21 and r 0510 mm, Eq. ~6! gives

DR~ t !5DR~0!Y ~111.2431023t !, ~7!

wheret is in ns. Thus, within the time range of our measu
ments (t<7.5 ns) the effect of radial heat flow for an A
film which is insulated on both sides is very small. Since
thermal diffusivity of the SL samples is less than that of t
Al film, the effect of radial heat flow in the SL is also unim
portant. Thus, in the analysis of our experiment it is a go
approximation to assume that the heat flow is solely in
directionz normal to the sample surface.

Cooling of the Al film after the application of a singl
pump pulse can then be calculated as follows. For simplic
we ignore the variation in intensity of the pump pulse acr
the sample surface, and consider that there is uniform
mination of an areaA. Let the temperature of the Al film a
time t be TAl , and letTSL(z,t) be the temperature on th
planez in the SL. The top surface of the SL is atz50. The
rateQ̇ at which energy is transferred across the Al-SL int
face is proportional to the temperature jump across the in
face between the film and the SL, and is given by

Q̇5sKA@TAl~ t !2TSL~z50,t !#, ~8!

where sK is the Kapitza conductance. Thus, the rate
change of the temperature of the film is given by
f
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CAldAl

]TAl~ t !

]t
52sK@TAl~ t !2TSL~z50,t !#. ~9!

The heat flow within the SL is governed by the on
dimensional diffusion equation,

CSL

]TSL~z,t !

]t
5k'

]2TSL~z,t !

]z2
, ~10!

whereCSL is the heat capacity of the SL. For an assum
initial temperature rise of the aluminum film, Eqs.~9! and
~10! can be solved numerically to predict the temperature
the film at later times, and hence the change in tempera
DT1(t) due to a single pump pulse.

The response to a single pump pulse does not fall t
negligible value by the time the next pump pulse arrives. I
therefore necessary to consider in the analysis the contr
tions to DT(t) and DR(t) that come from previous pump
pulses. The response of the detection system whenDR(t)
originates from more than one pump pulse was discusse
Ref. 15. It was shown that the in-phase part of the lock
signal VLI , i.e., the output when the lock-in reference is
phase with the modulation of the pump light pulses, is a
proximated by~Eq. 12 of@15#!

VLI~ t !5
a

t (
q52`

`

cos@2p f ~qt1t !#DR1~qt1t !

5
ab

t (
q52`

`

cos@2p f ~qt1t !#DT1~qt1t !. ~11!

In this equation,a is a constant,b is the thermoreflectance
coefficient @DR1(t)5bDT1(t)#, f is the modulation fre-
quency ~1 MHz!, t is the spacing between pump puls
('13.16 ns!, t is the time delay of the probe relative to th
pump, andDR1(t) is the change in reflectivity that would
result at a timet after the application of asinglepump pulse.
For our measurement system, the value ofa has not been
determined, and we have not measured the thermoreflect
coefficient b for the Al films prepared in our laboratory
Equation~11! is valid provided that 2p f t is much less than
unity, and t is much less than the lock-in time constan
These conditions are well satisfied in our experiments.VLI(t)
is a periodic function oft, with period t, and its form is
shown qualitatively in Fig. 3. The out-of-phase part of t

FIG. 3. Qualitative form of the in-phase lock-in output as
function of the time-delayt between the pump and probe. The tim
t1 , t2 , andt3 are discussed in the text.
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lock-in output is given by the same equation wi
cos@2pf(qt1t)# replaced by sin@2pf(qt1t)#.

To determine the thermal conductivityk' from the mea-
sured lock-in outputVLI

exp(t), the following procedure was
used. The first step was to assume a value for the the
conductivityk' and the Kapitza conductancesK . Equations
~9! and ~10! are then used to calculate the temperat
DT1(t) of the Al as a function of the time after application
a single pump pulse. In this calculation the bulk value of
heat capacity of Al is used forCAl and the thickness of the
film dAl is determined by picosecond ultrasonics.26 The heat
capacityCSL of the SL is taken to be a weighted average
the heat capacity of the constituents. In this average, the
value of the heat capacity of GaAs is used and the h
capacity of AlAs is calculated from a lattice-dynamic
model.28 From DT1(t) a simulated lock-in outputVLI

sim(t) is
calculated to within an uncertainty arising from the unkno
factor ab. We then form the two quantities

Sexp~ t ![VLI
exp~ t !2VLI

exp~ t1! ~12!

and

Ssim~ t ![VLI
sim~ t !2VLI

sim~ t1!, ~13!

where the timet1 corresponds to the probe pulse arrivin
slightly before the pump~see Fig. 3!. We then adjustab so
as to minimize the quantity

S5E
t2

t3
dt@Sexp~ t !2Ssim~ t !#2. ~14!

The integration over time is fromt2 ~75 ps! to t3 ~7.5 ns! ~see
Fig. 3!. The timet2 is chosen to be just after the temperatu
distribution throughout the thickness of the Al film has b
come uniform, and the timet3 is the end point of the mea
sured data. This entire procedure is then repeated with
ferent values ofk' andsK until the minimum ofS is found.
The fits toVLI

exp(t) of 93 nm of Al on a (GaAs)17/(AlAs) 17

SL measured at 100 and 300 K are displayed in Fig. 4.
reduce the error in the measurement ofk' , up to eight cool-
ing curves were often taken on a single sample at a gi
temperature and the fit parameters averaged to obta
single k' value. The final uncertainty in the measuredk'

was typically610%.

FIG. 4. Measured cooling curves of a 93 nm Al film on
(GaAs)17/(AlAs) 17 superlattice at 100 and 300 K.
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In the above analysis we have ignored heat flow into
GaAs below the SL. In order to account for heat flow into t
material below the SL, the procedure that is used to de
mine DT1(t) must be modified to include the diffusion o
heat across the interface between the SL and the GaAs,
through the GaAs. We take the thermal conductivity and h
capacity of the GaAs to be the same as in bulk. We inve
gated the effect of a Kapitza resistance between the SL
the GaAs, and found that, for any reasonable value, the e
on the cooling rate of the Al film was unimportant. Thus, t
only significant parameters continue to be the Kapitza c
ductancesK at the Al-SL interface and the thermal condu
tivity k' of the SL. It was found that heat flow into the GaA
was important only for the (GaAs)25/(AlAs) 25 and
(GaAs)40/(AlAs) 40 SLs at temperatures< 150 K.

One can think of alternative methods for the determin
tion of k' andsK from VLI(t). For example, one could us
the out-of-phase lock-in output over some time range,
well as the in-phase output. However, the out-of-phase sig
will be more sensitive to errors associated with radial h
flow, and thus a correction for this effect would probab
have to be applied.

As a test of the technique we have made roo
temperature measurements of the thermal conductivity
Al2O3 , GaAs, Ge, Si, and amorphous SiO2 samples, and
have obtained results within 10% of the accepted values.
thermal conductivity of these materials varies from 0.014
1.48 W cm21K21. The technique cannot be applied to me
surek for materials of very high thermal conductivity, suc
as diamond, because the cooling of the Al film is then alm
entirely limited by the Kapitza conductance, rather than
the thermal conductivity of the sample.29 For very low ther-
mal conductivity materials, the steady-state heating of
sample surface by the pump-and-probe pulses is a signifi
limiting factor.

The thermal conductivityk'(T) of the (GaAs)n /(AlAs) n
SLs was measured over the temperature range 100–375
using a liquid N2 flow cryostat. At low temperatures, th
heating of the Al film due to a pump pulse of sufficie
energy to be detected by the probe pulse is no longer s
compared to the substrate temperature. For this reason
are limited to taking measurements at or above 100 K. T
high-temperature limit of the experiment, 375 K, was set
the performance of the heater in the cryostat.

C. Samples

The SLs were grown by molecular beam epitaxy at
Max-Planck-Institut fu¨r Festkörperforschung~MPI! and at
the Naval Research Laboratory~NRL!. Sample properties are
listed in Table I. Most of the samples were grown on a Ga
buffer layer of at least 200 nm thickness which was dep
ited on a~001! GaAs substrate. Two of the samples we
grown directly on a GaAs substrate. The layer thickness
the n56, 10, and 17 SLs was confirmed by x-ray diffra
tion. For all samples, the final SL layer was always GaA

A number of postgrowth characterization techniques c
be used to assess the interface quality of semicondu
SLs.30,31It is commonly accepted that the transition region
interfaces in high-quality (GaAs)m /(AlAs) n SLs is 1–2 ML
thick and consists of large atomically flat terraces with sm
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TABLE I. Structural and growth parameters of the superlattices used. The number of superlattice p
is l, andn denotes the number of monolayers in each layer. The total thickness of the superlattice isdSL . The
superlattices were grown on a buffer layer of thicknessdbuffer at a substrate temperature ofTsub and with a
growth interrupt timet int . The thickness of the Al film isdAl .

Grower n l dSL ~nm! Tsub (oC) dbuffer ~nm! t int ~s! dAl ~nm!

MPI 1 800 452.8 550 200 8 99
MPI 2 400 452.8 495 200 9 99
NRL 3 159 270.0 590 500 unknown 94
MPI 6 150 509.4 530 0 20 87
MPI 10 150 849.0 555 0 20 91
NRL 17 50 481.1 800 500 90 93
NRL 25 15 212.3 580 450 90 87
NRL 40 10 226.4 580 450 90 87
-
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scale microroughness.32–36The lateral size of the islands de
pends on the conditions during the growth process. The l
est terraces (.25 nm) are formed when AlAs is deposite
on GaAs. For GaAs deposited on AlAs, the terraces may
as small as 4–6 nm. The sharpest interfaces are obtaine
growing a buffer layer to isolate the SL from the surfa
imperfections of the GaAs substrate,37 and by using growth
interrupt in order to allow for the recovery of the surfa
smoothness before the next layer is deposited.38,39

Photoluminescence~PL! measurements can be used
partially characterize the roughness of an interface. The
ergy of the PL peak depends on the average thickness o
GaAs well, and the width of the peak or the presence
additional peaks indicates long-range monolayer fluctuati
or interfacial microroughness, respectively.31 Photolumines-
cence measurements were made on the SLs grown at
(n51,2,6,10). It was found that the PL energies of theG-G
andG-X excitons agree reasonably well with those expec
for ideal structures. The broadening of the PL peaks was
than the energy corresponding to a layer thickness fluc
tion of 1 ML. This is indicative of rather smooth interface
on the length scale of the exciton diffusion leng
('25 nm31!, which, however, could still have microrough
ness.

An Al film was deposited on each SL sample by therm
evaporation. The pressure during the Al deposition was ty
cally 531026 torr. It is essential that the reflectivity chang
DR(t) arise solely from the change in temperature of the
Thus, the Al film must have a minimum thickness in order
prevent light from reaching the SL sample. However, in
der to minimize the temperature gradient in the Al film, t
film thickness should be as close to this minimum value
possible. The optical absorption length of a thin meta
layer depends on the deposition conditions during the gro
of the film.40 In order to give sufficient absorption of th
laser light, we found it necessary to use films with a thic
ness of at least 80 nm in order to give sufficient absorption
the laser light. The dependence of the measured thermal
ductivity of GaAs at 300 K for samples with different A
thickness is shown in Fig. 5. The accepted value ofkGaAs at
300 K is 0.46 W cm21K21. The dashed lines correspond
a range of65% around this value. For samples that have
Al thickness within the range of about 80–120 nm, the m
sured thermal conductivity agrees with this accepted va
g-
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The thickness of each Al film on the SL samples we stud
was measured by picosecond ultrasonics and was found t
between 87 and 99 nm.

III. RESULTS AND DISCUSSION

The temperature dependence of the thermal conducti
k'(T) for the (GaAs)n /(AlAs) n SLs is displayed in Fig. 6.
We find a general increase ink' with an increase of the SL
period. At 300 K,k' of the (GaAs)40/(AlAs) 40 SL is ap-
proximately three times less thank of bulk GaAs, whereas
k' of the (GaAs)1 /(AlAs) 1 SL is an order of magnitude les
thank of bulk GaAs. As the temperature is decreased,k' of
the SLs increases. At 100 K,k' of the (GaAs)40/(AlAs) 40

SL is approximately 10 times less thank of bulk GaAs, and
k' of the (GaAs)1 /(AlAs) 1 SL is approximately 20 times
less thank of bulk GaAs. It is remarkable that the condu
tivity of the short-period superlattices isless than
the conductivity of the Al0.5Ga0.5As alloy (k
50.12 W cm21 K21!.2

The results show that, in general,k'decreases monotoni
cally as the SL period is decreased, although there are s

FIG. 5. Results of a series of measurements of the thermal
ductivity of bulk GaAs using Al films of different thicknessdAl .
For dAl between 80 and 120 nm the measured conductivity is in
pendent ofdAl .
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deviations from this trend~see Fig. 6!, which are signifi-
cantly larger than the error in the measurements. A m
complex behavior was found by Leeet al. for Sim /Gen .17 At
200 K, two SLs with periods of 3 and 3.3 nm were found
havek';0.03 W cm21 K21, whereas three SLs with pe
riods between 5 and 6.5 nm hadk';0.04 W cm21 K21.
Thus, for these samplesk' decreases with decreasing S
period, as we have found. However, for three samples w
SL period greater than 13 nm, the value ofk' was consid-
erably lower. This decrease was attributed to the presenc
a high density of dislocations and stacking faults in the
large-period samples. However, for GaAs/AlAs the latt
mismatch is very small, and so an increase in defect con
tration for large-period SLs is unlikely to occur.

Lee et al.17 found that for all of their Sim /Gen SLs,
k' increased with increasing temperature over the temp
ture range 80–200 K, and was approximately constant
tween 200 and 400 K. This contrasts with the steady
crease in conductivity that we observe for (GaAs)n /(AlAs) n
between 100 and 375 K.

At present there is no satisfactory quantitative theory
the thermal conductivity in SLs which can account for
dependence on both period and temperature.41,42The ratio of
the temperature-dependent phonon mean free pathL in the
constituent bulk materials to the SL perioddSL is clearly a
significant parameter. Consider first a SL that has perfe
smooth interfaces, and no defects or impurities. Let
thickness of the layers of the two components 1 and 2 m
ing up the SL bed1 andd2 , and let the thermal conductivity
of the bulk constituents bek1 andk2 , respectively. One can
distinguish three regimes.

(A) If dSL@L, the thermal resistance of the SL will jus
be the weighted average of the bulk thermal resistiviti
Thus,

1

k'

5
1

d11d2
S d1

k1
1

d2

k2
D . ~15!

FIG. 6. The temperature dependence of the thermal conduct
k' perpendicular to the superlattice interfaces forn3n GaAs/AlAs
superlattices, wheren is the number of monolayers in each supe
lattice layer.
re

th
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e
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(B) If dSL;L, the result just given should be correcte
for the Kapitza resistance at each interface. Thus,

1

k'

5
1

d11d2
S d1

k1
1

d2

k2
1

2

sK
D , ~16!

wheresK is the Kapitza conductance of the GaAs/AlAs i
terface.

(C) If dSL!L, a phonon will be reflected or transmitte
at many interfaces before it is scatteredwithin a layer of the
SL. Under these conditions it makes sense to consider
the effect of the SL is to modify the phonon-dispersion re
tion. New gaps appear in the dispersion relation when
magnitude of the component of the phonon wave vector n
mal to the SL planes equals integer multiples ofp/DSL . If a
reduced zone scheme is used, these new gaps are a
boundary and the center of the new Brillouin zone.
course, in addition to the appearance of these gaps, the
persion relation is also modified~to some extent! throughout
the zone, e.g., at internal gaps.3,43

One can estimate the average phonon mean free path
bulk material from the thermal conductivity through the u
of the kinetic formula

L5
3 k

C ^v&
, ~17!

whereC is the specific heat per unit volume and^v& is the
average phonon velocity. The Debye velocityvD can be used
for ^v&, but it has been shown44 that when this is done this
formulaunderestimatesthe value ofL by a correction factor
which is about 2.5 for temperatures above one-third of
Debye temperatureQD . The results forL in GaAs, includ-
ing this correction factor, are as shown in Fig. 7. The me
free path decreases with increasing temperature but eve
375 K its value~40 nm! is more than twice the perioddSL for
all the SLs that we have studied. Thus, our measurements
made in regimeC.

Given this result, the thermal conductivity of the SL ca
be written as

k'5
1

3
C ^v'

2 & t, ~18!

ty

FIG. 7. The temperature dependence of the mean free pathL of
thermal phonons in GaAs. The mean free path was calculated u
the equationL53 k/C^v&, wherek is the thermal conductivity of
bulk GaAs,C is the heat capacity of GaAs, and^v& is the average
thermal phonon velocity in GaAs.
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wherev' is the group velocity in the direction perpendicul
to the layers calculated from the phonon-dispersion rela
for the SL, andt is the phonon scattering time. In a rece
interesting paper, Hyldgaard and Mahan45 have considered a
simplified model of a Si2 /Ge2 SL and have found that abov
100 K the value of̂ v'

2 & is reduced by a factor of about 1
compared to the average of the Si and Ge values. The re
tion in v' is particularly pronounced for phonons travelin
at oblique incidence. As far as we know, a similar calculat
has not yet been performed for the GaAs/AlAs system,
the details of how the reduction varies with repeat dista
are not known. Nevertheless, the results of Hyldgaard
Mahan suggest that the reduction in^v'

2 & may be large
enough to explain the reduction ink' ~see also 44!.

It is also possible that a reduction in the phonon lifetim
makes a significant contribution to the reduction in the c
ductivity. In a perfect bulk crystal the phonon lifetime ente
ing Eq. ~18! into the kinetic formula is determined by th
combined effects of umklapp processes~U! and elastic scat-
tering from isotopes. For temperatures below the Debye t
perature the umklapp scattering rate decreases rapidly
cause high-energy phonons are required for aU process to
occur. In a SL the energy required to produce aU process is
reduced, and so at least forT,QD the phonon lifetime will
be less than in a bulk material. Ren and Dow8 have investi-
gated this reduction within a simplified one-dimension
model. Even when the difference in the properties of the t
layers is large~e.g., when the mass ratio is 2:1!, the change
in scattering time is modest~at most 25%!. However, it is
possible that the change may be much larger in a more
tailed model which includes the change in lifetime f
phonons traveling at oblique incidence.

At high temperatures such thatT>QD all phonon modes
will have appreciable occupation. Thus, in this temperat
range the averagêv'

2 & will be essentially independent ofT.
The umklapp scattering rate by three-phonon interacti
will be proportional toT and, correspondingly, the therm
conductivity should vary asT21. At lower temperatures the
conductivity of perfect crystals varies more rapidly wi
temperature.4 However, for the SLs we find a temperatu
dependence which isslowerthanT21 ~see Fig. 6!. This tem-
perature dependence also shows a significant variation f
sample to sample~see Fig. 6!. The differences presumabl
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result from phonon scattering at defects within the layers
at the interfaces. Chen41 has considered the limit of stron
interface scattering, in which there is completely diffu
scattering at each SL interface. In this model the heat flow
each layer is governed by the bulk phonon dispersion,
the diffuse scattering causes a thermal boundary resistan
every SL interface. If the scattering is dominated by elas
scattering processes, the lifetime of each phonon will b
function of the phonon wave vector and polarization, but w
be independent of the temperature. It then follows that
thermal conductivity must be anincreasingfunction of tem-
perature, in contrast to what we have found. Thus, it appe
that a more general model taking account ofsomedegree of
interface scattering is needed. Chen has recently genera
this calculation to include partly specular reflection at t
interfaces while keeping the ballistic nature of the bu
transport.42 This generalization, while introducing the rati
of specular to diffuse scattering as an additional paramete
still not able to account for the decrease ofk' with increas-
ing temperature shown in Fig. 6.

Since bulk scattering processes~phonon-phonon interac
tions! decrease with decreasing temperature, while de
scattering is typically temperature-independent in the te
perature range investigated here, it is expected that the
portance of defects will increase at lowT. The data provide
some evidence in support of this view. At the highest te
perature~375 K!, k' decreases in sequence for the samp
with n540, 25, 17, and 10, whereas the results for sma
n are closely grouped. Thus, there is a systematic variatio
k' with n, suggesting that defects do not play an importa
role. At 100 K, on the other hand,k' does not vary mono-
tonically with n, even for the n550, 25, 17, and 10
samples. In future work, we plan to investigate a series
thicker SL to study the crossover to regionB, discussed
above.
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