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Thermal-conductivity measurements of GaAs/AlAs superlattices using a picosecond optical
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We present measurements of the lattice thermal conductikity normal to the interfaces of
(GaAs),/(AlAs),, superlattices witm 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 inwith a reduction of the superlattice period. At 300 &, of
the (GaAs)y/(AlAs) 4 superlattice is approximately three times less tkaof bulk GaAs, andk, of the
(GaAs), /(AlAs) ; superlattice is an order of magnitude less tkaof bulk GaAs. We discuss the decrease in
«, compared to the bulk constituents in terms of extrinsic and intrinsic scattering mechanisms.
[S0163-18209)05611-8

[. INTRODUCTION varying the repeat distance. Therefore, measurements of the
temperature dependence of the thermal conductivity of a
Modern growth technigques such as liquid phase epitaxy ofamily of high-quality SLs can be used to study umklapp
molecular beam epitaxy have made possible the fabricatiofcattering processes.
of semiconductor superlatticéSLs) that have optical, elec- ~ On a practical level, a more complete understanding of
trical, and vibrational properties not found in bulk semicon-the processes that govern the flow of heat through SLs is of
ductors. Extensive studies have been performed on both tHgiportance for the design of quantum-well lasérand SL
fundamental properties and practical applications of thesghermoelectric device®! For a quantum-well laser it is ad-
systems:? Experimental and theoretical studies of vibra- vantageous to use a SL structure that has as high a thermal
tional properties have primarily concentrated on the SL phoconductivity as possible, whereas for thermoelectric cooling
non dispersiorl.Superlattice interfaces have also been invesand power conversion low thermal conductivity is required.
tigated in detail using vibrational spectroscoecause the In a SL structure it is necessary to distinguish between the
phonon dispersion relation is substantially modified in a SLthermal conductivity perpendiculas, or parallel x| to the
it is reasonable to expect that the thermal transport propertieSL interfaces. It was predicted over 15 years ago thaof
of a SL will differ substantially from those of its bulk con- SLs should be reduced compared to the weighted average of
stituents. the bulk constituentd Since that time, there have been only
The thermal conductivity of semiconductors is limited by a few measurements of SL thermal conductivity. This is due
the rate at which phonons are scattered. Phonon scatterifig a large extent to the difficulty of measuring the heat flow
processes can be divided intotrinsic processes, arising in very small structures.
from the anharmonicity of the interatomic forces, andirin- Most of the measurements of the thermal conductivity of
sic processes due to phonon scattering at various sorts &Ls have been made by using an ac calorimetric appatatus.
crystal defects and at the crystal surface. Péigtinted out  In  the first of these experimentsk of several
that the anharmonic processes were of two distinct types. FdGaAs),/(AlAs), SLs was measured at 300K The thick-
normal(N) processes the vector sum of the phonon momentaess of each layer ranged from abowt 17 to 177 mono-
is unchanged after a collision, whereas for umkl@gppro-  layers(ML). It was found thatx| of the SLs was smaller
cesses the total momentum changes by a reciprocal-lattidéan the average conductivity of the bulk constituents. There
vector. In a bulk crystal, there is a minimum phonon energywas a decrease iR with a decrease in the SL period, and
required for aU process to occur. In a SL, this energy is the conductivity for the shortest period SLs was close to that
reduced relative to the bulk because the magnitude of thef the AlysGa sAs alloy. This technique was later used to
shortest reciprocal-lattice vectors is smaller. Furthermore, themeasure the thermal diffusivity at 300 K in the directions
minimum energy for umklapp processes can be tuned byparallel and perpendicular to the surface of a vertical-cavity
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surface emitting lasefVCSEL) made from layers of GaAs
and ALGa _,As. Due to the complicated structure, a ther- v
mal diffusivity value was not assigned to a particular SL but
rather to the whole VCSEL structure. A substantial decrease
of the thermal diffusivity compared to the bulk constituents
was found for both directions; the decrease #nh was
slightly larger than the decreasess). More recently, the ac
calorimetric method was used to measure the temperature '
dependence ofx in a (GaAs)/(AlAs), SL with Detector TN
n~2471213 The measurements were made over a tempera- GaAs AlAs
ture range of 190—-450 K. The SL hag slightly lower than
GaAs throughout most of the temperature range, with the FIG. 1. Schematic diagram of the experiment and sample struc-
largest difference being-10% at 190 K. ture

The thermal conductivity of SLs has been measured with
two other techniques. We have previously reported somdhe frequency is chosen in order to satisfy the condition
preliminary measurements ok, of two short-period wde/DH<1, whered is the thickness of the sample. Under
(GaAs),/(AlAs) , SLs*5 Approximately an order of mag- this condition, the temperature is uniform throughout the
nitude decrease ir, compared to GaAs was found for both thickness of the sample, and the temperature wave propa-
a (GaAs)/(AlAs); and a (GaAs),/(AlAs) 1, SL over the gates in the plane parallel to the sample surface. If the heat
temperature range of 80-330 K. More recently, the 3 capacityC of the material is knowny can be calculated by
method® was used to measure the thermal conductivity ofusing the relation<|=CD). Several groups have used this
Sinm/Ge, SLs over the temperature range 80—406’Kthe  technique to measu@)| of SLs!*?
samples had Si or Ge layers with different thickness, ranging The 3o method developed by CaHitihas been applied to
from 5 to 146 ML. There was over an order of magnitudethe measurement of the thermal conductivity of,Sbe,
decrease in the thermal conductivity of the,8be, SLs  SLs!® This technique is closely related to previously devel-
compared to the average of the conductivity of the bulk conoped hot-wiré® and hot-strip* techniques. The method uses
stituents at the high temperatures. At low temperatures thg single metallic film in the form of a strip running across the
decrease was even larger. sample surface to both generate heat and detect the surface

In this paper we describe how the optical pump-and-probéemperature. In the experiment, an ac current with frequency
technigue can be used to determikg(T) of a thin layer, o is passed through the metal strip. This gives a heat source
and present the results of measurements, @fT) for a fam-  of frequency 2». The temperature oscillations of the strip

Superlattice

..|GaAs| GaAs
Buffer| Substrate

ily of (GaAs),/(AlAs), SLs. cause the resistance of the metal to have an oscillatory com-
ponent at 2. This resistance oscillation causes @ 8om-
Il. EXPERIMENT ponent of the voltage across the line. The thermal conductiv-
ity is determined by analyzing the magnitude of the 3
A. Transient heat-flow techniques component as a function ab. The technique probes the

The experimental determination of the thermal conductiv-Sample to a depth of the order of
ity of a material can be made either by a steady-state or a
time-dependent heat flow meth&tin a steady-state experi-
ment, heat is supplied at one point of a sample and extracted £=
at another point by a heat sink. It is difficult to use this

approach to determine the thermal conductivity of a thinwhere D, is the thermal diffusivity perpendicular to the
layer on a substrate. If, for example, the heat flow is betweegample surface. If the strip is wide compared to the penetra-
two points on the free surface of the layer, the distance be&jon depth, then the temperature at any point in the sample
tween these points must be much less than the layer thiclﬁepemS only on the distaneefrom the surface, and so a
ness so that the substrate does not influence the heat flow. ¢he-dimensional analysis can be used to calcutateMea-
measurement of the heat flow in a free-standing plate avoidgyrements on Si/Ge, SLs were performed over a wide fre-
the problem of substrate conduction, but sample preparatioa\uency range, but typically data were obtained for a fre-
is then more difficult. In addition, in the steady-state tech-yuency near 1 kHz. In these experiments, the penetration
nique it is necessary to have several contacts to the sample fzpth of the temperature wave was larger than the thickness

order to supply the heat, extract it, and measure the relevagf the Sj,/Ge, SLs, and heat flow into the underlying mate-
temperature difference. To overcome these difficulties, &3] had to be taken into account.

time-dependent method can be used. Most of the techniques
of this type require at most a single contact to be made to the
surface of the sample. Very thin structures, either free stand-
ing or on a substrate, can be measured with these techniques.In the experiments reported here we have used an optical
Hattaet al® have used an ac calorimetric method to mea-pump-and-probe technique. This technique has the advantage
sure the thermal diffusivityp | in the direction parallel to the of a much shorter effective penetration depth, and therefore
surface of a free-standing thin plate. In this technique, thés well suited for measurements on a very thin layer, such as
sample surface is partly covered by a mask, and the uncow SL. In the experiment, a metallic film, usually aluminum, is
ered portion is irradiated by light chopped at frequericy deposited on the sample layédtig. 1). A pump light pulse,
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B. Pump-and-probe technique
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focused to a small spot on the surface of the metallic film,
creates a sudden temperature rise. A small change in the
temperature of the filmAT(t) produces a proportional
change in the optical reflectivith R(t). The change in the
reflectivity as the film cools by conduction into the underly-
ing structure is measured by means of a time-delayed probe
light pulse which is focused onto the film so as to overlap
with the pump pulse. In order to determirg, the change in

the reflectivity as a function of delay time is compared to a
change calculated from a numerical simulation of the heat P
flow. The value ofk, used in the simulation is adjusted so as } 40
to give the best fit to the experimental data. The Al film cools - GaAs ,X

in a few ns, and in this time the heat penetrates only a few 0 9 4 6 5
hundred nm into the sample. Hence, even for samples as thin

as 1um, the effect of heat flow into the substrate is very Time (ns)

small. This technlqug has previously been .USEd to MEASUre 1. 2. Measured changeR(t) in optical reflectivity as a func-
the 'thermal COﬂdUCtIVIty. of arnorphou; diamond filffs, tion of time after application of the heating light pulse. These data
Semlconduct(_)r SL¥ and isotopically e_n_rlch_ec_i st are for bulk GaAs and fonXxn GaAs/AlAs superlattices wittm
To determine the thermal conductivity, it is necessary t0_¢ 25, and 40. The inset shows data taken on the GaAs sample
make an accurate measurement of the reflectivity changg shorter times. The sharp features in the inset arise from acoustic
AR(t) for a time delay of the probe varying from about 100 gchoes in the Al film.
ps to several ns. In order to make a measurement of this type,
it is necessary to maintain a constant overlap of the pumpphered,, is the thickness of the film anl 5 is the thermal
and-probe beams on the metallic film while the probe timegiffusivity of Al. For an Al film that is 100 nm thick with
delay is varied. An optical system capable of this type ofyiffusivity of 0.45 cn? s71,2° 7 is 23 ps at 300 K. The
measurement has been described in Ref. 15, and a similgfcrease in the temperature of the film from a single pump
system was used here. In this apparatus the light pulses aggse is
produced by a Ti:sapphire laser operating at a repetition rate
of 76 MHz, a wavelength of 800 nm, and a pulse duration of (1-R)Q
250 fs. The pump beam is chopped at a frequehoy 1 AT= CoAd 3
MHz by an acousto-optic modulator and focused to a spot of AITEEA
diameter~20 um. The probe beam is focused to a spot ofyhereR s the optical reflectivity of the film € 90% for Al
diameter~20 wm on the same region of the sample illumi- Q is the energy of the pump puls€,, is the specific heat
nated by the pump. The optical path length of the probeyer ynit volume of Al, andA is the area of the spot. For a
pulse is varied relative to the optical path length of the PUMIbump pulse with an energy of 1.3 nJ and an Al thickness of
pulse by reflecting the beam off a retroreflector mounted onpo nm, the increase in the temperature of the Al film is
a mechanical translation stage. The energies in each pumgpou 2 K at room temperature.
and-probe pulse applied to the film are typically 1.3 nJ and  as already described, a measurement of the change in the
0.02 nJ, respectively. To improve the signal-to-noise ratioyeflectivity versus time delayAR(t), can be used to give the
the output of the photodiode which detects the reflecteqate at which the Al film cools. Four cooling curves obtained
probe beam is amplified by a lock-in amplifier which has asat 300 K are displayed in Fig. 2. The labels at the end of each
its reference source the same 1 MHz signal that is used tgyrve refer to the structure immediately below the Al film. In
drive the acousto-optic modulator. order to compare the cooling curves, the measux&{t)
When the pump light is absorbed, electrons near the fronfom each sample have been scaled so that the curves overlap
surface of the Al film are excited to higher energy statessy time delays just before and just after 0. The Al thick-
These hot electro_ns quickly diffgse away from the Al SUr-ness on top of each sample was approximately 87 nm. The
face, but are confined to the Al film by the Schottky barrierjnget shows the details of the first 150 ps of the change in the
at the Al-SL interface. Within several picoseconds, the horreflectivity for the (GaAs)s/(AIAS) s SL. The decrease in
electrons transfer their excess energy to the lattice by R(t) which occurs within the first 40 ps is mainly due to
electron-phonon collisions, slightly raising the temperaturgne yegistribution of the heat within the Al film. The slower
of the Al film.** The temperature distribution inside the Al jocrease OAR(t) at later times is due to the cooling of the
film becomes uniform by thermal diffusion, and phonons es<jjy, into the underlying structure. One can see from Fig. 2
cape across the interface into the SL. The diffusion of thgnat the Al film cools fastest on the GaAs substrate and the
phonons across the interface is a relatively slow procesgggjing rate of the SLs increases with decreasing SL period.
compared to the thermal transport within the Al film. There- 1o sharp features that can be seen in the inset of Fig. 2
fore, the time constant for the temperature to become uni- 4re acoustic echos. When the light is absorbed, the tempera-
form inside the film can be approximated by the time con-ye rise sets up an inhomogeneous stress distribution, which
stant for the same process in an insulated Al film, i.e., on relaxing launches a strain pulse from the surface of the
Y. film. The pulse propagates back and forth in the Al film,
ZA' , ) decreasing in amplitude after each reflection at the Al-SL
7D interface. Each time the pulse returns to the free surface of

AR (arb. units)

0 50 100
TIME ( ps )

AR (arb. units)

6x6
\ 25x 25
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the Al film, the elastic strain alters the optical properties of t, t, t, T
the film near the surface causing a small change in the opti- Lo : ’
cal reflectivity. The time interval between these features is
used to calculate the thickness of the fiifn.

The analysis of the cooling of the Al film into the sample
is greatly simplified because it is possible to ignore heat flow
in the radial direction in the Al film and SL. Consider first
the respons@ R(t) that would be obtained for an Al film
which is thermally insulated on both sides. In such a sample Ll : ;
the region heated by the pump pulse cools solely by radial 0 t
heat diffusion. We take the intensity of the pump beam to
vary laterally as exp¢r2/r3), wherer is the distance from TIME

Fh_e center of the pump sp_ot a!mg is a cpnstant. Then the FIG. 3. Qualitative form of the in-phase lock-in output as a
initial temperature distribution in the Al fillassumed to be  ,nction of the time-delay between the pump and probe. The times

g (t)

\Y

uniform throughout the thicknepwill be t,, t,, andt, are discussed in the text.
AT(r,t=0)=AToexp —r?/r3). (4) TTa(t)
Al
At later times the temperature distribution will Be Cada—— =~ ol Ta(O =T (z=00]. (9
ATorﬁ r2 The heat flow within the SL is governed by the one-
AT(f:t)=r§+4—DAlt &N "2 D) () dimensional diffusion equation,
The change in the reflectivity of the probe pulse is propor- dTg(z,1) #PT(z,1)
tional to the convolution of the temperature profile with the LT gt =K 2 (10

intensity profile of the probe. This intensity profile is ap-
proximately the same as the profile of the pump. It followswhere Cg, is the heat capacity of the SL. For an assumed
that initial temperature rise of the aluminum film, Eq®) and
(10) can be solved numerically to predict the temperature of
the film at later times, and hence the change in temperature
' 6) AT,(t) due to a single pump pulse.

The response to a single pump pulse does not fall to a
whereAR(0) is the reflectivity change at=0. We estimate negligible value by the time the next pump pulse arrives. It is
that in the temperature range of our measureménts therefore necessary to consider in the analysis the contribu-
lies between 0.45 and 0.62 éns 1. For D, tions to AT(t) and AR(t) that come from previous pump

1+

2Dt
r2

AR(t)=AR(O)/

0

=0.62 cnt s 'andry,=10 um, Eq.(6) gives pulses. The response of the detection system whRB(t)
originates from more than one pump pulse was discussed in
AR(t)zAR(O)/ (1+1.24x 10" %), @ Ref. 15. It was shown that the in-phase part of the Io_ck.-m
signalV,,, i.e., the output when the lock-in reference is in

e_phase with the modulation of the pump light pulses, is ap-

wheret is in ns. Thus, within the time range of our measur >
g proximated by(Eq. 12 of[15])

ments (<7.5 ns) the effect of radial heat flow for an Al

film which is insulated on both sides is very small. Since the 0

thermal diffusivity of the SL samples is less than that of the V(== 2, cod2mf(qr+t)JAR,(qr+1)

Al film, the effect of radial heat flow in the SL is also unim- Tq=—=

portant. Thus, in the analysis of our experiment it is a good P

approximation to assume that the heat flow is solely in the _ap 2 f(ar+t) AT I 11
directionz normal to the sample surface. T q;w cog2ni(qr+]ATi(qr+t). (11

Cooling of the Al film after the application of a single . _ . .
pump pulse can then be calculated as follows. For simplicity!" thiS equatione is a constant/s is the thermoreflectance
we ignore the variation in intensity of the pump pulse acros&Pefficient [AR(t)=BAT,(t)], f is the modulation fre-
the sample surface, and consider that there is uniform illudu€ncy (1 MHz), 7 is the spacing between pump pulses
mination of an ared. Let the temperature of the Al film at (=13.16 n$, tis the time delay of the probe relative to the
time t be T, and letTg (z,t) be the temperature on the PUMP; andAR(t) is the change in reflectivity that would

planez in the SL. The top surface of the SL isz£0. The result at a time after the application of ainglepump pulse.
For our measurement system, the valueaohas not been

;Zzi?sa;rggéﬁzoig?rt%ytéset':gr?;::;Srzilrﬁr?; g‘cercglés,[he'?ﬁ;qmermined, and we have not measured the thermoreflectance
face between the film and the SL, and is given by coefficient 8 for the Al films prepared in our laboratory.

Equation(11) is valid provided that zf 7 is much less than
N _ _ unity, and 7 is much less than the lock-in time constant.
Q= ok ALTa(D) = Ts(z=00)], ®  These conditions are well satisfied in our experimevitg(t)
where o is the Kapitza conductance. Thus, the rate ofis a periodic function oft, with period 7, and its form is
change of the temperature of the film is given by shown qualitatively in Fig. 3. The out-of-phase part of the
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In the above analysis we have ignored heat flow into the
GaAs below the SL. In order to account for heat flow into the
material below the SL, the procedure that is used to deter-
3 mine AT,(t) must be modified to include the diffusion of

i heat across the interface between the SL and the GaAs, and
: through the GaAs. We take the thermal conductivity and heat
S / capacity of the GaAs to be the same as in bulk. We investi-
: gated the effect of a Kapitza resistance between the SL and
; R the GaAs, and found that, for any reasonable value, the effect
I T = 100K on the cooling rate of the Al film was unimportant. Thus, the
only significant parameters continue to be the Kapitza con-
0 2 4 6 8 ductancesi at the Al-SL interface and the thermal conduc-
TIME (ns ) tivity «, of the SL. It was found that heat flow into the GaAs
was important only for the (GaAs)/(AlAs),s and

FIG. 4. Measured cooling curves of a 93 nm Al film on a (GaAsko/(AlAS) 40 SLs at temperatures: 150 K.

(GaAs),;/(AlAs) ;; superlattice at 100 and 300 K. One can think of alternative methods for the determina-
tion of k, andoy from V,(t). For example, one could use
lock-in output is given by the same equation withthe out-of-phase lock-in output over some time range, as
cog2nf(qr+t)] replaced by sif2wf(qr+t)]. well as the in-phase output. However, the out-of-phase signal

To determine the thermal conductiviky from the mea- Will be more sensitive to errors associated with radial heat

sured lock-in outputv&®(t), the following procedure was flow, and thus a correction for this effect would probably

used. The first step was to assume a value for the therm&@ve to be applied. _

conductivityx, and the Kapitza conductane . Equations As a test of the technigue we have made room-
(9) and (10) are then used to calculate the temperaturdeémperature measurements of the thermal conductivity of
AT,(t) of the Al as a function of the time after application of Al203, GaAs, Ge, Si, and amorphous i®amples, and

a single pump pulse. In this calculation the bulk value of thehave obtained results within 10% of the accepted values. The
heat capacity of Al is used fd€, and the thickness of the thermal conductivity of thesg materials varies frgm 0.014 to
film d is determined by picosecond ultrasoriéghe heat 1-48 W cni *K™%. The technique cannot be applied to mea-
capacityCg, of the SL is taken to be a weighted average ofSuré« for materials of very high thermal conductivity, such
the heat capacity of the constituents. In this average, the buS diamond, because the cooling of the Al film is then almost
value of the heat capacity of GaAs is used and the hedntirely limited by the Kapitza conductance, rather than by
capacity of AlAs is calculated from a lattice-dynamical the thermal conductivity of the sampleFor very low ther-
model?® From AT,(t) a simulated lock-in outp ﬂm(t) is  Mmal conductivity materials, the steady-state h_eatmg o_f_the
calculated to within an uncertainty arising from the unknownSample surface by the pump-and-probe pulses is a significant

factor 8. We then form the two quantities limiting factor. .
The thermal conductivity, (T) of the (GaAs) /(AlAs),

AR (arb. units)
|
Il
wW
o
o
I

SPAt)=VEPR(t) — VER(ty) (12)  SLswas measured over the temperature range 100-375 K by

using a liquid N flow cryostat. At low temperatures, the

and heating of the Al film due to a pump pulse of sufficient
My es \sim sim energy to be detected by the probe pulse is no longer small
STO=VIO -V (), (13 compared to the substrate temperature. For this reason, we

slightly before the pumygsee Fig. 3. We then adjust@ so  high-temperature limit of the experiment, 375 K, was set by
as to minimize the quantity the performance of the heater in the cryostat.

3= ftsdt[SeXp(t)—SSim(t)]z. (14) C. Samples
)

The SLs were grown by molecular beam epitaxy at the
The integration over time is from (75 p9 tot; (7.5n9 (see  Max-Planck-Institut fu Festkaperforschung(MPI) and at
Fig. 3). The timet, is chosen to be just after the temperaturethe Naval Research LaboratayRL). Sample properties are
distribution throughout the thickness of the Al film has be-listed in Table I. Most of the samples were grown on a GaAs
come uniform, and the timg; is the end point of the mea- buffer layer of at least 200 nm thickness which was depos-
sured data. This entire procedure is then repeated with difted on a(001) GaAs substrate. Two of the samples were
ferent values ok, andoy until the minimum of is found.  grown directly on a GaAs substrate. The layer thickness of
The fits toV[A(t) of 93 nm of Al on a (GaAs),/(AlAs),;  then=6, 10, and 17 SLs was confirmed by x-ray diffrac-
SL measured at 100 and 300 K are displayed in Fig. 4. Taion. For all samples, the final SL layer was always GaAs.
reduce the error in the measurementof, up to eight cool- A number of postgrowth characterization techniques can
ing curves were often taken on a single sample at a givebe used to assess the interface quality of semiconductor
temperature and the fit parameters averaged to obtain ®Ls3*%Itis commonly accepted that the transition region at
single k, value. The final uncertainty in the measured interfaces in high-quality (GaAgy (AlAs),, SLs is 1-2 ML
was typically +10%. thick and consists of large atomically flat terraces with small-
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TABLE I. Structural and growth parameters of the superlattices used. The number of superlattice periods
is |, andn denotes the number of monolayers in each layer. The total thickness of the superlalticeTibe
superlattices were grown on a buffer layer of thicknégs:, at a substrate temperature f,, and with a
growth interrupt timet;,;. The thickness of the Al film isly, .

Grower n l dSL (nm) Tsub (OC) dbuffer (nm) tint (S) dAI (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

scale microroughnesé-*The lateral size of the islands de- The thickness of each Al film on the SL samples we studied

pends on the conditions during the growth process. The largyas measured by picosecond ultrasonics and was found to be

est terraces 25 nm) are formed when AlAs is deposited between 87 and 99 nm.

on GaAs. For GaAs deposited on AlAs, the terraces may be

as small as 4—6 nm. The sharpest interfaces are obtained by

growing a buffer layer to isolate the SL from the surface lIl. RESULTS AND DISCUSSION

imperfections of the GaAs substrafeand by using growth

interrupt in order to allow for the recovery of the surface The temperature dependence of the thermal conductivity

smoothness before the next layer is deposited. «, (T) for the (GaAs)/(AlAs), SLs is displayed in Fig. 6.
Photoluminescenc¢PL) measurements can be used toWe find a general increase in with an increase of the SL

partially characterize the roughness of an interface. The erperiod. At 300 K,«, of the (GaAs)y/(AlAs), SL is ap-

ergy of the PL peak depends on the average thickness of thgoximately three times less thanof bulk GaAs, whereas

GaAs well, and the width of the peak or the presence of¢ of the (GaAs)/(AlAs); SL is an order of magnitude less

additional peaks indicates long-range monolayer fluctuationgan « of bulk GaAs. As the temperature is decreasedpf

or interfacial microroughness, respectivélyPhotolumines- the SLs increases. At 100 K, of the (GaAs)y/(AIAS) 4

cence measurements were made on the SLs grown at MI%IL is approximately 10 times less thanof bulk GaAs, and

(n=1,2,6,10). It was found that the PL energies of thé’ : . :
. . . of the (GaAs) /(AlAs), SL is approximately 20 times
andI'-X excitons agree reasonably well with those expecte oss thank of bulk GaAs. It is remarkable that the conduc-

for ideal structures. The broadening of the PL peaks was Ies,“svit of the short-period superlattices idess than
than the energy corresponding to a layer thickness quctuai1 y ductivi F:c h P I
tion of 1 ML. This is indicative of rather smooth interfaces "' _conductivity — of = the AlGahs alloy  (x

: o =0.12 W cm! K12
on the length scale of the exciton diffusion length ™ its sh hat. i al. d .
(=25 nntY), which, however, could still have microrough- e results s OV.Vt ‘?‘t' In general, decreases monotoni-
ness. cally as the SL period is decreased, although there are some

An Al film was deposited on each SL sample by thermal
evaporation. The pressure during the Al deposition was typi- 1.0
cally 5x 10 torr. It is essential that the reflectivity changes .
AR(t) arise solely from the change in temperature of the Al. 0.8t
Thus, the Al film must have a minimum thickness in order to
prevent light from reaching the SL sample. However, in or-
der to minimize the temperature gradient in the Al film, the
film thickness should be as close to this minimum value as
possible. The optical absorption length of a thin metallic
layer depends on the deposition conditions during the growth
of the film#° In order to give sufficient absorption of the 0.2} .
laser light, we found it necessary to use films with a thick-
ness of at least 80 nm in order to give sufficient absorption of 0.0 . L
the laser light. The dependence of the measured thermal con- 50 100
ductivity of GaAs at 300 K for samples with different Al
thickness is shown in Fig. 5. The accepted valuagf, at Al FILM THICKNESS (nm )
300 Kis 0.46 W cm K™, The dashed lines correspond to  FiG. 5. Results of a series of measurements of the thermal con-
a range of=5% around this value. For samples that have arjuctivity of bulk GaAs using Al films of different thickness, .

Al thickness within the range of about 80—120 nm, the meafor d,, between 80 and 120 nm the measured conductivity is inde-
sured thermal conductivity agrees with this accepted valuependent ofdy, .

0.6} .

oa B -5%

K, (Wem® K*)
+
o
X
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FIG. 7. The temperature dependence of the mean free/path
0.00 L L thermal phonons in GaAs. The mean free path was calculated using

the equatiom\ =3 «x/C(v), wherex is the thermal conductivity of
bulk GaAs,C is the heat capacity of GaAs, afd) is the average
thermal phonon velocity in GaAs.

100 200 300 400

TEMPERATURE (K)

FIG. 6. The temperature dependence of the thermal conductivity (B) If ds;~A, the result just given should be corrected
«, perpendicular to the superlattice interfacesrforn GaAs/AlAs ~ for the Kapitza resistance at each interface. Thus,
superlattices, whera is the number of monolayers in each super-
lattice layer. 1 1

~ d, d, 2
k. dit+d, K2

: (16)

K_l Kz Ok
deviations from this trendsee Fig. 6 which are signifi- ] ) ]
cantly larger than the error in the measurements. A mord/hereoy is the Kapitza conductance of the GaAs/AlAs in-
complex behavior was found by Let al. for Si,,/Ge,.}” At terface.

200 K, two SLs with periods of 3 and 3.3 nm were found to  (C) If dsi<A, a phonon will be reflected or transmitted
havex, ~0.03 W cm! K1, whereas three SLs with pe- &t many interfaces before it is scattereihin a layer of the

riods between 5 and 6.5 nm had ~0.04 W el KL SL. Under these conditions it makes sense to consider that
Thus, for these samples, decreases with decreasing SL the effect of the SL is to modify the phonon-dispersion rela-

period, as we have found. However, for three samples withion- New gaps appear in the dispersion relation when the
SL period greater than 13 nm, the valuesaf was consid- magnitude of the component_of the phon_on wave vector nor-
erably lower. This decrease was attributed to the presence 8fa! 10 the SL planes equals integer multiplesmdDs, . If a
a high density of dislocations and stacking faults in thesd®duced zone scheme is used, these new gaps are at the
large-period samples. However, for GaAs/AlAs the latiicePoundary and the center of the new Brillouin zone. Of
mismatch is very small, and so an increase in defect concer?PUrse, in addition to the appearance of these gaps, the dis-
tration for large-period SLs is unlikely to occur. persion relation is also modifiglo some extentthroughout

Lee etall’ found that for all of their Si/Ge, SLs, the€ zone, e.g., atinternal gaps’ _
«, increased with increasing temperature over the tempera- ON€ can estimate the average phonon mean free path in a
ture range 80—200 K, and was approximately constant pulk ma_tenql from the thermal conductivity through the use
tween 200 and 400 K. This contrasts with the steady de®f the kinetic formula
crease in conductivity that we observe for (GafAIAS) ,
between 100 and 375 K. A= 3k (17)

At present there is no satisfactory quantitative theory of C(v)’
the thermal conductivity in SLs which can account for its
dependence on both period and temperattiféThe ratio of
the temperature-dependent phonon mean free paith the
constituent bulk materials to the SL peridd, is clearly a

whereC is the specific heat per unit volume agg) is the
average phonon velocity. The Debye velocity can be used
for (v), but it has been showhthat when this is done this

significant parameter. Consider first a SL that has perfectijormulaunderestimatethe value ofA by a correction factor
smooth interfaces, and no defects or impurities. Let theVhich is about 2.5 for temperatures above one-third of the
thickness of the layers of the two components 1 and 2 makP?€PYe temperatur®p . The results forA in Gaas, includ-
ing up the SL bel, andd,, and let the thermal conductivity "9 this correction factor, are as shown in Fig. 7. The mean
of the bulk constituents be; and«, respectively. One can free path decreases with increasing temperature but even at
distinguish three regimes. 375 K its value(40 nm) is more than twice the periadk,_ for

(A) If ds;> A, the thermal resistance of the SL will just all the SLs that we have studied. Thus, our measurements are
be the weighted average of the bulk thermal resistivities2de in regimec. N
Thus, Given this result, the thermal conductivity of the SL can

be written as

1 1

3 d; d
PR AT

1
K1+K_2)- (15 KL:§C<1)E> T, (18
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wherev | is the group velocity in the direction perpendicular result from phonon scattering at defects within the layers or
to the layers calculated from the phonon-dispersion relatiot the interfaces. Ch&hhas considered the limit of strong
for the SL, andr is the phonon scattering time. In a recentinterface scattering, in which there is completely diffuse
interesting paper, Hyldgaard and Mafhahave considered a scattering at each SL interface. In this model the heat flow in
simplified model of a Si/Ge, SL and have found that above each layer is governed by the bulk phonon dispersion, and
100 K the value ofv?) is reduced by a factor of about 10 the diffuse scattering causes a thermal boundary resistance at
compared to the average of the Si and Ge values. The redugvery SL interface. If the scattering is dominated by elastic
tion in v, is particularly pronounced for phonons traveling Scattering processes, the lifetime of each phonon will be a
at oblique incidence. As far as we know, a similar calculationfunction of the phonon wave vector and polarization, but will
has not yet been performed for the GaAs/AlAs system, an#e independent of the temperature. It then follows that the
the details of how the reduction varies with repeat distancéhermal conductivity must be ancreasingfunction of tem-
are not known. Nevertheless, the results of Hyldgaard an@erature, in contrast to what we have found. Thus, it appears
Mahan suggest that the reduction 409 may be large f[hat a more gengralimodel taking accounsofmedegree of _
enough to explain the reduction i (see also 44 interface scattering is needed. Chen has recently generalized

It is also possible that a reduction in the phonon lifetimethis calculation to include partly specular reflection at the
makes a significant contribution to the reduction in the condnterfaces while keeping the ballistic nature of the bulk
ductivity. In a perfect bulk crystal the phonon lifetime enter- transport? This generalization, while introducing the ratio
ing Eqg. (18) into the kinetic formula is determined by the ©Of specular to diffuse scattering as an additional parameter, is
combined effects of umklapp processed and elastic scat- Still not able to account for the decreasexof with increas-
tering from isotopes. For temperatures below the Debye teriNd temperature shown in Fig. 6. _
perature the umklapp scattering rate decreases rapidly be- Since bulk scattering processgshonon-phonon interac-
cause high-energy phonons are required faJ grocess to  tions Qecrgase .Wlth decreasing temperature, vyhlle defect
occur. In a SL the energy required to produce arocess is ~ Scattering is typically temperature-independent in the tem-
reduced, and so at least fB @ the phonon lifetime will ~Perature range investigated here, it is expected that the im-
be less than in a bulk material. Ren and Ddvave investi- Portance of defects will increase at lolv The data provide
gated this reduction within a simplified one-dimensionalSOme evidence in support of this view. At the highest tem-
model. Even when the difference in the properties of the twd*erature(375 K), «, decreases in sequence for the samples
layers is large(e.g., when the mass ratio is 2;the change with n=40, 25, 17, and 10, whereas the results for smaller
in scattering time is modesgat most 25% However, it is N are closely grouped. Thus, there is a systematic variation of
possible that the change may be much larger in a more de<.  With n, suggesting that defects do not play an important
tailed model which includes the change in lifetime for role. At 100 K, on the other hand; does not vary mono-
phonons traveling at oblique incidence. tonically with n, even for then=50, 25, 17, and 10

At high temperatures such th@it= @, all phonon modes samples. In future work, we plan to investigate a series of
will have appreciable occupation. Thus, in this temperaturdhicker SL to study the crossover to regid) discussed
range the averag@?) will be essentially independent g~ above.
The umklapp scattering rate by three-phonon interactions
will be proportional toT and, correspondingly, the thermal
conductivity should vary a3 ~*. At lower temperatures the
conductivity of perfect crystals varies more rapidly with  We thank S. Tamura and P. Hyldgaard for helpful discus-
temperaturd. However, for the SLs we find a temperature sions and E. Gmelin for a critical reading of the manuscript.
dependence which slowerthanT ! (see Fig. 6. This tem-  This work was supported at Brown University by the U.S.
perature dependence also shows a significant variation frofdepartment of Energy under Grant No. DE-FGO02-
sample to samplésee Fig. 6. The differences presumably 86ER45267.
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