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ABSTRACT: We combine the transient thermal grating and time-domain
thermoreﬂectance techniques to characterize the anisotropic thermal conductivities of GaAs/AlAs superlattices from the same wafer. The transient grating
technique is sensitive only to the in-plane thermal conductivity, while timedomain thermoreﬂectance is sensitive to the thermal conductivity in the crossplane direction, making them a powerful combination to address the challenges
associated with characterizing anisotropic heat conduction in thin ﬁlms. We
compare the experimental results from the GaAs/AlAs superlattices with ﬁrstprinciples calculations and previous measurements of Si/Ge SLs. The measured
anisotropy is smaller than that of Si/Ge SLs, consistent with both the massmismatch picture of interface scattering and with the results of calculations from
density-functional perturbation theory with interface mixing included.
KEYWORDS: Nanoscale heat conduction, superlattice, thermal conductivity anisotropy, time-domain thermoreﬂectance,
transient thermal grating

T

studies17,18 have been carried out on heat conduction
mechanisms in SLs using lattice dynamics4,19 and molecular
dynamics simulations.20 Continued experimental and theoretical studies deepen our understanding of the heat conduction
mechanisms in SLs, which serve as excellent platforms to
explore and engineer nanoscale phonon heat conduction.21
Experimental tools capable of measuring the anisotropic
thermal conductivity of SLs, and thin ﬁlms in general, are
needed. In this paper, we combine the transient thermal grating
(TTG) and time-domain thermoreﬂectance (TDTR) techniques to characterize anisotropic thermal conductivity. Using
this combination, we report the anisotropic thermal conductivity of GaAs/AlAs SLs and compare the experimental
results with ﬁrst-principles calculations and previous measurements of thermal conductivity anisotropy in Si/Ge SLs.
We used two noninvasive optical techniques in tandem to
measure the anisotropic thermal properties of two GaAs/AlAs
SLs grown with metal organic chemical vapor deposition
(MOCVD). The TDTR technique13,14,22 was used to measure
the cross-plane thermal conductivities, and TTG23−29 measured
the in-plane thermal diﬀusivities. These two techniques have
not been combined before to characterize the anisotropy of
thermal transport in thin ﬁlms and SLs. Both techniques use
lasers to induce a temperature rise at the sample surface and to
monitor the temperature decay via heat conduction. The main
diﬀerence between the two techniques lies in the spatial
distribution of the excitation laser light at the sample surface, as
illustrated in Figure 1A and B. In TDTR (Figure 1A), we used a

he thermal properties of superlattices (SLs) are of great
interest in a range of ﬁelds. Due to their decreased
thermal conductivities, SLs are an important fundamental
learning tool for developing better thermoelectric energy
conversion materials.1,2 In optoelectronics, SLs often serve as
the gain media or the mirrors in solid-state semiconductor
lasers, even though their low aggregate thermal conductivities
often lead device temperatures to rise, degrading performance.3
SLs are expected to have anisotropic thermal properties,
resulting from both the modiﬁed phonon dispersion4,5 and
increased diﬀuse scattering of phonons at the interfaces.6,7 So
far, only a few studies have been conducted on the anisotropy
of Si/Ge SLs by using the 3ω method and varying the
linewidths of the heaters placed on Si/Ge SLs.8−11 Measuring
the thermal conductivity anisotropy of SLs has proven
challenging because frequently used techniques such as the
3ω method12 and optical pump−probe13 are more sensitive to
cross-plane thermal transport.14 Measurements of in-plane
thermal properties using ac calorimetry rely on freestanding
ﬁlms.15,16 The two-wire 3ω method characterizes thermal
conductivity anisotropy of SLs by using two heaters of diﬀerent
widths, with one being much wider than the thin ﬁlm thickness
so that its temperature rise is independent of the in-plane
thermal conductivity of the ﬁlm. The other heater has a width
smaller than or comparable to the ﬁlm thickness, such that its
temperature rise depends on heat spreading laterally inside the
ﬁlm, making it sensitive to the in-plane thermal conductivity.
However, due to the dominance of the cross-plane thermal
conductivity in determining both heaters’ temperature rise, the
sensitivity to the in-plane thermal conductivity is limited and
depends on the ﬁlm thickness as well as the thermal
conductivity anisotropy.10 Extensive theoretical and modeling
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Figure 1. Schematic diagram of the laser excitation and subsequent
heat diﬀusion pathways due to (A) the time-domain thermoreﬂectance
(TDTR) setup and (B) the transient thermal grating (TTG) setup.

large (60 μm) laser spot; hence on short time scales the heat
transfer occurs primarily in the cross-plane direction. In TTG
(Figure 1B), two interfering beams created a sinusoidal
intensity pattern with a small period (on the order of a few
micrometers). The heat transport in TTG occurs in both the
in-plane and the cross-plane directions; however, as will be
explained below, the temporal signature of the thermal grating
decay is only sensitive to the in-plane thermal conductivity.
This unique characteristic of the measurement was recognized
only recently.26 By combining the TDTR and TTG techniques,
we measured the room temperature anisotropic thermal
conductivity of GaAs/AlAs SLs and compared the results
with previously reported measurements of cross- and in-plane
conductivities on diﬀerent GaAs/AlAs SLs. The results are also
compared to ﬁrst-principles calculations of SL thermal
conductivity, accounting for both intrinsic and extrinsic phonon
scattering channels, and contrasted with experimental data on
Si/Ge superlattices, which have a larger acoustic mismatch.
Two 3.5 μm thick GaAs/AlAs SLs, an 8 nm × 8 nm (with a
total period of 16 nm) SL and a 2 nm × 2 nm (with a total
period of 4 nm) SL, were epitaxially grown by MOCVD on the
[100] direction of a GaAs wafer with a 500 nm GaAs buﬀer. Xray diﬀraction performed on the samples conﬁrmed both the
planarity and the period thicknesses of 4 and 16 nm for the two
SL samples. For the TDTR measurements, a 90 nm Al opticalthermal transducer layer was deposited with e-beam evaporation.30
In the TDTR pump−probe measurements, a pump laser
pulse (pulse duration 200 fs, wavelength 400 nm, spot size 60
μm, repetition rate 80 MHz, modulation frequency 3−12
MHz) impinged upon the sample, generating hot electrons in
the metal transducer layer. The hot electrons quickly
thermalized through electron−phonon interactions. Since the
pump spot size is much larger than the thermal penetration
depth, the resulting heat input propagated from the metal layer
into the SL primarily in a direction perpendicular to the SL
interfaces. A time-delayed probe pulse (pulse duration 200 fs,
wavelength 800 nm, spot size 10 μm, repetition rate 80 MHz)
measured the transient reﬂectivity of the surface of the metal
transducer. This surface reﬂectivity is directly related to the
surface temperature via the thermoreﬂectance coeﬃcient. The
resulting cooling curve (Figure 2A) was ﬁt to a three-layer
thermal diﬀusion model of the cooling of the sample. The layer
structure consists of a thin metallic ﬁlm, a ﬁnite thermal
interface conductance between the metal transducer and the
SL, and an anisotropic SL layer with an adiabatic back
boundary. Fourier’s law dictates the ﬂow of heat within the
metal transducer ﬁlm and within the SL and is given by
Ci

∂Ti(z , t )
∂ 2T (z , t )
= ki i 2
∂t
∂z

Figure 2. (A) TDTR and (B) TTG data and ﬁts for the two SLs. The
inset in B shows the thermal diﬀusivities of the two SLs at varying TG
periods.

where Ci is the heat capacity and ki is the cross-plane thermal
conductivity of the layer i. There is a ﬁnite thermal resistance
between the Al optical-thermal transducer layer and the SL due
to the Kapitza conductance, G, given by
CAld

∂TAl(z = d , t )
= −G[TAl(z = d , t ) − Ts(z = 0, t )]
∂t
(2)

where CAl is the aluminum heat capacity, d the thickness of the
Al, TAl is the temperature of the ﬁlm, and Ts is the temperature
of the SL. A multiparameter optimization was used to deduce
the two unknown quantities: the thermal conductivity of the SL
and the thermal interface conductance between the Al and the
SL. The details of the experimental technique and data analysis
have been discussed elsewhere.14,22,31
The in-plane thermal conductivity was measured using a
transient thermal grating (TTG) technique. In the reﬂectance
mode of this technique, two excitation pulses (pulse duration
60 ps, wavelength 515 nm, spot size 600 μm, repetition rate 1
kHz) interfered with each other on the surface of the sample to
create a sinusoidal intensity proﬁle with spacing L on the order
of several micrometers. Absorption led to a spatially periodic
heating and a resulting spatially periodic variation in the sample
optical properties, forming a transient diﬀraction grating that
encoded the material thermal response. A diﬀracted quasi-cw
probe beam (wavelength 532 nm, spot size 300 μm),
superposed with a reference beam in a heterodyne detection
scheme,26−28 was monitored to measure the temperature
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In the TTG method, in contrast with the TDTR method, we
do not use a metal coating. This is an important diﬀerence that
deserves a brief discussion. Measuring an uncoated sample
entails a number of advantages: no sample preparation is
required and the measurements are aﬀected neither by the
metal ﬁlm thickness nor by the thermal boundary resistance at
the metal−semiconductor interface.13 Thus, there is no need to
employ multiparameter ﬁtting. In fact, in the model we use to
ﬁt the data, given by eq 4, the only variable parameter is the
parameter of interest. On the other hand, photothermal
measurements on uncoated semiconductors are often complicated by the presence of photoexcited carriers.32 Indeed, laser
excitation creates both a temperature grating and a concentration grating of the excited carriers with the latter also
inﬂuencing the refractive index and contributing to diﬀraction
of the probe beam. However, the ambipolar diﬀusion
coeﬃcient of photoexcited carriers in both bulk GaAs33 and
GaAs quantum wells34 exceeds 10 cm2/s, whereas the thermal
diﬀusivity measured on our samples is well below 0.1 cm2/s.
Consequently, the carrier grating should decay much faster
than the thermal grating. Indeed, we do observe a small initial
spike of duration ∼0.5 ns limited by the resolution of the
detection electronics, which may be caused by the photoexcited
carriers. On the longer time scale of interest the carrier
contribution should be entirely negligible, which is conﬁrmed
by the fact that the thermal model alone generally ﬁts the data
very well.
The above discussion makes it clear that the combination of
the TDTR and TTG methods is a powerful solution to the
challenge of determining the anisotropic thermal conductivity
of thin ﬁlms and is ideally suited for studying the physics of
phonon heat conduction in SLs. Figure 2A shows raw data and
the corresponding ﬁtting curves from the TDTR experiment
for the SLs we studied. Figure 2B shows the data and ﬁtting for
the TTG experiment at four diﬀerent grating periods. The solid
lines are measured data, and the dashed lines are ﬁttings to the
data with eq 4.
The experimental in-plane and cross-plane thermal conductivities as well as the resulting anisotropies are given in
Table 1. The anisotropy is deﬁned as the in-plane thermal
conductivity divided by the cross-plane thermal conductivity.

dynamics. Approximately 300 measurements were conducted
per second so each resulting signal decay (Figure 2B)
represents the average of 10 000 traces.
In general, the diﬀracted beam intensity was sensitive to both
surface displacement and temperature “gratings” whose distinct
time dependences can complicate the analysis of the diﬀracted
signal decay measured in the reﬂection geometry. Heterodyne
phase control was used to eliminate the surface displacement
component which only contributes to the signal through its
eﬀect on the optical phase.26 Thus the signal decay that we
measured (Figure 2B) tracked the dynamics of the amplitude of
the spatially sinusoidal temperature grating at the sample
surface.
The solution of the thermal diﬀusion equation17 yields the
following equation for the dynamics of the thermal grating
decay at the surface z = 0:
2

2

T (z = 0, x , t ) = T0e αzζ t efrc(ζ αzt )cos(qx)e−αxq t

(3)

where ζ is the optical absorption coeﬃcient, q = 2π/L is the
wave vector magnitude of the thermal grating, αz and αx are the
cross-plane and in-plane thermal diﬀusivity values, respectively,
and erfc is the complementary error function. The decay is
inﬂuenced by both cross- and in-plane diﬀusivities; however,
the former only aﬀects the initial shape of the decay; at long
times t > αz−1ζ−2 and eq 3 takes the asymptotic form
T (z = 0, x , t ) =

π

T0
1/2

ζ

2

(αzt )−1/2 cos(qx)e−αxq t

(4)

The temporal proﬁle of the signal decay is completely
determined by αx, while αz only aﬀects the amplitude factor.
Thus the TTG method is selectively sensitive to the in-plane
diﬀusivity unlike the TDTR or 3ω methods which, depending
on the conﬁguration, are sensitive to either both in- and crossplane thermal conductivities or primarily to the cross-plane
conductivity. This unique characteristic makes the TTG
technique ideally suited to characterize the in-plane thermal
conductivities of superlattices. In our SL samples, we estimate
the absorption coeﬃcient at the excitation wavelength to be ∼4
× 104 cm−1. Consequently, the cross-plane diﬀusivity inﬂuences
the decay dynamics only at short times, t ≤ 10 ns. Indeed,
Figure 2B shows that the measured decay curves can be
accurately ﬁt with eq 4 for t > 10 ns.
Equations 3 and 4 are obtained for a uniform anisotropic
half-space and do not account for the presence of the substrate.
This is justiﬁed as long as the thermal grating decays before it
can extend deeply enough to reach the substrate. The thermal
penetration depth into the substrate is given by h ∼ 2(αzt)1/2.
Considering that the time window used for the data analysis
was 10−150 ns, let us take t = 150 ns; with the highest value of
αz measured using the TDTR method we get h ∼ 1.8 μm,
signiﬁcantly shorter than the SL thickness of 3.5 μm. For a
longer TTG period, the time window of the experiment would
be longer in order to allow in-plane heat transport from grating
peak to null, and thus the thermal penetration depth would
increase. Since the GaAs substrate has a much higher diﬀusivity
than the SL, we would expect the apparent diﬀusivity to go up
with a longer grating period if the substrate eﬀect becomes
signiﬁcant. However, for the TTG period range used in our
measurements, 2.5−5 μm, the diﬀusivity was nearly constant, as
shown in the inset in Figure 2B, giving us another indication
that the substrate eﬀect is negligible.

Table 1. Calculated and Experimentally Measured Thermal
Conductivities and Anisotropies for 2 nm × 2 nm and 8 nm
× 8 nm GaAs/AlAs SLs (296 K), Measured with TDTR and
TTG, and 2 nm × 2 nm Si/Ge SLs (260 K), Measured with
the 3ω Method9
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SL layer thickness

2 nm

8 nm

GaAs/AlAs in-plane αx (cm2/s), experimental
GaAs/AlAs in-plane kx (W/m·K), exptl
GaAs/AlAs in-plane kx (W/m·K), calculated
GaAs/AlAs cross-plane kz (W/m·K), exptl
GaAs/AlAs cross-plane kz (W/m·K), calcd
GaAs/AlAs anisotropy, exptl
GaAs/AlAs anisotropy, calcd
Si/Ge in-plane kx (W/m·K), exptl9
Si/Ge cross-plane kz (W/m·K), exptl9
Si/Ge in-plane kx (W/m·K), calcd36
Si/Ge cross-plane kz (W/m·K), calcd36
Si/Ge SL anisotropy, exptl9
Si/Ge SL anisotropy, calcd36

0.0488
8.05 ± 0.48
18.64
6.5 ± 0.5
15.0
1.2 ± 0.12
1.24
6.3
1.6
9.35
5.02
3.9
1.9

0.0693
11.4 ± 0.46
8.7 ± 0.4
1.3 ± 0.08
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Thermal conductivity, k, values in the table are obtained from
experimentally measured thermal diﬀusivities via k = αρcp,
where cp is the average of the speciﬁc heats of GaAs and AlAs
and ρ is the average of their densities.35 For the TDTR
experiments, each SL was measured at ﬁve diﬀerent locations
under four diﬀerent pump modulation frequencies. No
systematic frequency dependence was found. Thus, the thermal
conductivities given represent the averages of 20 measurements
and the standard deviation of these measurements. The error
given for the TTG measurements is the standard deviation in
the ﬁve grating spacing measurements shown in the inset of
Figure 2B. The thermal conductivities are lower than the
corresponding bulk values. The table also shows the values for
in- and cross-plane thermal conductivities in 2 nm × 2 nm Si/
Ge symmetrically strained SLs as well as the resulting
anisotropy, obtained using the 3ω method with two diﬀerent
heater widths.9 The results indicate that the anisotropy is
signiﬁcantly higher in the Si/Ge SLs due to the larger mass
diﬀerence and corresponding mismatch in the phonon
properties between the Si and Ge layers, compared to that
between GaAs and AlAs layers.
A comparison of our results from these experiments with
previously reported measurements for GaAs/AlAs SL thermal
conductivities is shown in Figure 3.15,30,37 The new data ﬁt in

conductivities of GaAs/AlAs and Si/Ge SLs using density
functional perturbation theory (DFPT), including the eﬀects of
atomic mixing at interfaces.36−40 To compute the thermal
conductivity from ﬁrst principles, second-order and third-order
interatomic force constants were derived using DFPT. The SL
was then simulated by allocating the masses of Ga, Al, and As to
the appropriate atoms in the unit cell. The calculation of in- and
cross-plane thermal conductivities was performed both for SLs
with perfect interfaces and SLs with atomistic mixing at
interfaces but a ﬁxed planarity. The atomistic mixing used in the
simulations consisted of one monolayer on either side of the
interface having randomly mixed Ga and Al atoms.41 For
perfect SLs, phonons scatter only through anharmonic threephonon processes, and these scattering rates were computed
using perturbation theory. Scattering from rough interfaces was
computed by including random mass mixing in two atomic
monolayers on either side of the interface. The thermal
conductivities of the SLs were then calculated by solving the
Boltzmann transport equation under the single-mode relaxation
time approximation. Details of the simulation are published
elsewhere.21 The anisotropy was found to be higher in SLs with
perfect interfaces (Figure 4). The smaller anisotropy values for

Figure 4. Anisotropy ratio of short period GaAs/AlAs superlattices.
The ratio is lower when interfaces have atomic mixing and increases
with increasing period.
Figure 3. A comparison of the values of GaAs/AlAs thermal
conductivities from the TDTR and TTG experiments with results
from previous studies.

rough interfaces more closely corresponded to experimental
values. The simulated anisotropy for a Si/Ge SL (2 nm × 2
nm) with interface mixing is approximately 1.9, in reasonable
agreement with the experimentally determined value.36
Furthermore, the results show why the thermal conductivity
anisotropy of GaAs/AlAs SLs is lower than that of Si/Ge SLs,
where an increased mass mismatch leads to more scattering at
the interfaces and a greater reduction in phonon group
velocities. Due to computational power limits, the thermal
conductivity of the 8 nm × 8 nm SL was not simulated.
However, the experimental results for anisotropy are close to
the simulated results for the 2 nm × 2 nm SL when atomistic
mixing is included (Figure 4).
However, the absolute values for thermal conductivity from
the simulations, both in the in-plane and the cross-plane
directions, are approximately two times higher than the
experimentally determined thermal conductivities (Table 1).
This may be the result of the model used in the calculations,
wherein the interface roughness was approximated as random

well with the general trend of increasing thermal conductivities
with increasing GaAs/AlAs SL period thickness. Variations
among data reported by diﬀerent authors are expected because
phonon mean free paths (MFPs) in SLs are strongly inﬂuenced
by defect scattering and interface roughness6,7 which could vary
depending on the fabrication process. Since previous in-plane
and cross-plane data were obtained on diﬀerent samples, they
do not provide reliable information about the thermal
conductivity anisotropy in a given material system.
The reduced thermal conductivity can be understood as a
consequence of additional phonon scattering due to interface
roughness. In the past, such interface roughness has been
modeled under the particle picture of phonon transport as
causing partially diﬀuse and partially specular phonon scattering
at the interfaces6,7 or with molecular dynamics simulations.4 We
have performed ﬁrst principles calculations of the thermal
3976
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atomistic mixing, while real interface roughness in GaAs/AlAs
SLs consists of both atomic mixing and local layer thickness
ﬂuctuations, also known as the formation of islands. The
interface mixing is treated as a perturbation to perfect
interfaces, essentially equivalent to that of point defects,
resulting in a ∼ω4 frequency dependence of the scattering
rates.21 In this model, interface roughness predominantly aﬀects
high-frequency phonons while having little eﬀect on the MFPs
of low-frequency phonons. The local thickness ﬂuctuations,
which can have lateral dimensions ∼10 nm,42 can scatter long
wavelength phonons. The additional island scattering picture is
consistent with recent measurements of coherent phonon
lifetimes in similar SL structures showing that extrinsic
scattering rates of sub-THz phonons were indeed much larger
than those predicted by the atomistic mixing model.43 How to
include both island formation and atomic mixing into DFPT
simulations remains a challenge.
In summary, we have shown that the TTG technique is
sensitive to the in-plane thermal conductivities of thin ﬁlms and
combined it with the TDTR technique to probe the
anisotropies in the thermal conductivities of GaAs/AlAs SLs.
The anisotropy in the thermal conductivities of GaAs/AlAs SLs
is much smaller than that of the Si/Ge SLs reported in the past,
consistent with pictures obtained from ﬁrst-principles simulation. Although DFPT simulations produced similar anisotropy
values compared to experimental data for both GaAs/AlAs and
Si/Ge SLs, the thermal conductivity values predicted are about
a factor of 2 higher than experiments, potentially due to local
thickness ﬂuctuations.
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