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ABSTRACT: We report on the lifetimes of zone-center
longitudinal phonon modes in GaAs/AlAs superlattices with
varying period thicknesses. By measuring the lifetimes at 78 K
and room temperature, we separate the contributions of intrinsic
and extrinsic contributions to the lifetime of a 223 GHz
longitudinal phonon mode in a 12 nm × 12 nm period
superlattice. The intrinsic lifetime that is determined by
phonon−phonon scattering of the 223 GHz mode falls in a
transition region between the Akhiezer relaxation and the
anharmonic three-phonon scattering regimes. While the lifetime
of the 223 GHz mode has contributions from both intrinsic and
extrinsic processes at room temperature for the 12 nm × 12 nm
period superlattice, lifetimes of phonon modes at 376 and 737 GHz for the 6 nm × 6 nm and 3 nm × 3 nm superlattices,
respectively, are dominated by extrinsic contributions. This suggests that in thin period GaAs/AlAs superlattices the lifetimes of
subterahertz acoustic phonons that could contribute substantially to the total thermal conductivity of the superlattices are
mainly determined from extrinsic rather than phonon−phonon scattering processes. Along with lifetime measurements, we also
report on the thermal conductivity of GaAs/AlAs superlattices with periods ranging from 12 nm × 12 nm to 1 nm × 1 nm, from
78 to 300 K as measured by time domain thermoreﬂectance. For all structures, thermal conductivities are independent of
temperature and show a monotonic decrease in thermal conductivity with decreasing period thicknesses for the entire
temperature range studied in this work, which suggests that scattering of vibrations at the internal boundaries rather than the
sample boundaries dictates the overall thermal transport across these superlattices.

■

INTRODUCTION
Apart from being used in a wide array of technologically
relevant applications such as eﬃcient thermoelectrics,1,2
quantum cascade lasers,3 and thermal barrier coatings,4
superlattice (SL) materials also provide a unique platform to
study the fundamental vibrational physics associated with
coherent phonon wave propagation as well as heat
conduction.5−11 One such material system, the AlAs/GaAs
SL, has garnered much attention due to the ease of fabrication
of high-quality lattice-matched structures. However, a complete understanding of thermal transport in these SLs is still
lacking partially due to discrepancies in literature values of
measured thermal conductivities and limited investigations on
phonon scattering at periodic boundaries in these SLs. In this
context, while computational approaches theorize a minimum
in thermal conductivity in GaAs/AlAs SL’s with period
thickness that occurs at the crossover between particle and
wave-intereference transport behaviors,12−14 experimental
results have not been able to replicate these ﬁndings due to
© 2018 American Chemical Society

extrinsic scattering processes at interfaces and defects that
dictate heat conduction and result in a monotonically
decreasing thermal conductivity with period thicknesses.5−7
The relative contributions from extrinsic and intrinsic
scattering can be qualitatively deduced from the temperature
dependence of thermal conductivity; extrinsic scattering rates
are generally constant at elevated temperatures (above liquid
nitrogen)15 and are mainly due to scattering at internal
boundaries and defects, whereas intrinsic scattering rates due
to anharmonic phonon−phonon interactions increase with
increasing temperature.16−18 Even though thermal conductivity
measurements over temperature can lend signiﬁcant insight
into thermal transport processes, it can not provide
information on individual mode lifetimes since the thermal
conductivity represents an aggregate sum of the interactions
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to characterize the growth surface in situ. Prior to growth, the
native oxide on the substrates is thermally desorbed at 630 °C
for 20 min. The substrate temperature is then brought down to
580 °C, and a 200 nm GaAs smoothing layer is grown. The
RHEED pattern gradually transforms from one corresponding
to a three-dimensional surface (indicating desorption of native
oxide) to a clear 2 × 4 pattern indicating growth of an Asstabilized smooth GaAs surface. Following this, the AlAs/GaAs
superlattice (with individual growth times adjusted for speciﬁc
period thickness) is grown at a substrate temperature of 580
°C. The AlAs and GaAs growth rates (calibrated by RHEED
oscillations) are kept constant at 0.3 ML/s. A V/III beam
equivalent pressure (BEP) ratio of 13 is maintained for As:Ga
across the samples.
For transmission electron microscopy (TEM) analysis,
samples were cross-sectioned with a focused ion beam (FIB)
lift out using an FEI Helios 450 DIB system. The TEM images
are taken using an FEI Tecnai F20 equipped with HAADF
STEM detector. The cross-sectional images as shown in Figure
1 reveal good crystalline quality (for all ﬁlms), and the

among all the excited modes in the vibrational spectrum.
Therefore, an investigation into the intrinsic and extrinsic
scattering processes of individual phonon modes would be
highly beneﬁcial for a comprehensive understanding of phonon
thermal transport in short period AlAs/GaAs SLs.
In this regard, femtosecond pump−probe measurements
allow for the generation and detection of coherent longitudinal
acoustic (LA) phonon modes that are determined by the
period thicknesses of the SLs.10,19,20 So far, relatively few
studies have experimentally investigated the individual phonon
mode lifetimes of LA modes generated in AlAs/GaAs SLs.10,21
Maznev et al.10 generated coherent acoustic modes at 339 GHz
in an 8 nm × 8 nm AlAs/GaAs SL and found that both
extrinsic and intrinsic processes aﬀect the lifetime of this zonecenter mode at room temperature (RT). Similarly, Hofmann et
al.21 measured a lifetime of 150 ps for an ∼643 GHz LA mode
and attributed it to extrinsic processes in a SL with 219 periods
comprised of 14 nm GaAs and 2 nm AlAs layers. These works
demonstrated that extrinsic eﬀects, such as boundary
scattering, can ultimately limit the lifetime of coherent LA
modes, parallel to which have been drawn to in recent works
studying phonon thermal transport in symmetric AlAs/GaAs
SLs.5,6 However, a quantitative comparison as to how intrinsic
and extrinsic eﬀects of coherent LA modes can help us
understand the current topic of coherent phonon heat
conduction in SLs is absent. Understanding how changes in
periodicity of symmetric AlAs/GaAs SLs impact the intrinsic
and extrinsic scattering of these coherent LA modes is
necessary to establish upper limits to coherent phonon
lifetimes and thus further understand and assess the roles of
coherent transport in AlAs/GaAs SLs.5−7,12−14
In this work, we study the phonon transport processes across
AlAs/GaAs SLs with varying period thicknesses by generating
and detecting coherent phonons using femtosecond laser
pulses. For this purpose, we use 12 nm × 12 nm, 6 nm × 6 nm,
and 3 nm × 3 nm SLs to generate zone-center coherent
phonon modes at 223, 376, and 737 GHz, respectively. By
measuring the lifetimes at 78 K and RT, we separate the
contributions from extrinsic and intrinsic scattering mechanisms for these zone-center phonon modes. We ﬁnd that for
the 223 GHz phonon mode in the 12 nm × 12 nm period SL,
both intrinsic and extrinsic scattering processes dominate the
lifetime at RT, whereas for the 376 and 737 GHz modes in the
6 nm × 6 nm and 3 nm × 3 nm period SL, respectively,
extrinsic processes dictate the measured lifetimes. Along with
measuring the lifetime of individual zone-center phonon
modes, the temperature-dependent thermal conductivities of
SLs with varying periods (including a 1 nm × 1 nm AlAs/GaAs
SL) are measured by the time domain thermoreﬂectance
(TDTR) technique. In line with the lifetimes of the individual
modes, our TDTR results on the temperature dependence of
thermal conductivity (or the lack thereof) for our SLs suggest
that extrinsic scattering processes dictate the heat conduction
in these SLs.

Figure 1. Scanning transmission electron microscopy images for our
(a) 1 nm × 1 nm, (b) 12 nm × 12 nm, and (c) 6 nm × 6 nm
superlattices.

individual thicknesses of the GaAs/AlAs layers are conﬁrmed
to be 12, 6, 3, or 1 nm. From high-resolution STEM, it is clear
that the interfaces between the GaAs/AlAs layers exhibit
interfacial mixing of <3 ML, which is expected for MBE
growth, as it has been shown previously.22 Figure 1 shows
scanning transmission electron microscope (STEM) images of
two of the superlattice samples. Note that the initial few
monolayers show high degrees of intermixing and are reduced
for subsequent layers. For all samples, an intermixing layer of
the order of ∼1 nm is observed.
Generation and Detection of Acoustic Phonons. To
generate and detect coherent acoustic waves, we use a Spectra
Physics Tsunami oscillator that emanates pulses at 80 MHz
centered at 808 nm wavelength. The output of the oscillator is
split into a pump path (that provides the excitation energy to
generate the coherent phonons) and a variably delayed probe
path (that is used to detect these acoustic waves excited in the
AlAs/GaAs SLs). Since we are interested in measuring the
lifetimes of acoustic waves with periods on the order of ∼1.5
ps, it is imperative to have pulse widths much shorter than

■

EXPERIMENTAL SECTION
Sample Fabrication and Characterization. The AlAs/
GaAs SLs were fabricated using the molecular beam epitaxy
(MBE) technique on GaAs(001) substrates, which produces
ﬁlms with a ∼1 nm intermixing layer in the SL interfaces. The
total thickness of the SLs was 2.2 μm. The substrate
temperature was monitored using an optical pyrometer, and
reﬂection high-energy electron diﬀraction (RHEED) was used
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Figure 2. (a) Transient change in reﬂectance of a 12 nm × 12 nm AlAs/GaAs SL. The inset shows the periodic modulation of the reﬂectivity due
to the 223 GHz longitudinal acoustic mode on top of a longer period Brillouin oscillation at 44 GHz. The slowly decaying background dominated
by the electronic excitation is subtracted before taking the Fourier transforms. (b) ΔR/R from 500 to 550 ps measured for the 6 nm × 6 nm AlAs/
GaAs SL showing periodic oscillations of the reﬂectivity with a period of ∼2.7 ps enveloped by a longer period Brillouin oscillation at 78 K. (c)
ΔR/R from 100 to 150 ps measured for the 3 nm × 3 nm AlAs/GaAs SL showing periodic oscillations of the reﬂectivity with a period of ∼1.4 ps
enveloped by the Brillouin oscillation at room temperature. The fast Fourier transforms of the transient reﬂectivities of the (d) 12 nm × 12 nm, (e)
6 nm × 6 nm, and (f) 3 nm × 3 nm SLs at diﬀerent time windows showing peaks at 223, 376, and 737 GHz, respectively.

these periods to eﬀectively resolve the ultrafast response.
Therefore, we characterize our pump and probe pulse widths
via the frequency-resolved optical gating technique.23 We
verify the sub-picosecond pulse widths for our pump and probe
pulses, which are much shorter than the time periods of
interest. A 10× objective is used to focus the pump and probe
beams on the sample surface with 1/e2 radii of 20 and 15 μm,
respectively. The samples were mounted onto an optical
cryostat, and the measurements were performed at room
temperature (RT) and 78 K, with a typical data collection time
of ∼7 h to monitor an entire TDTR data set over the necessary
pump-prove time regime.
The wavelength of the pump (1.53 eV) is strategically
chosen so that only the GaAs layers absorb the energy, while
the AlAs layers are transparent due to their higher band gap
energy compared to the pump energies. The absorption in the
GaAs layers generates an excited charge carrier population, and
this generation of electron−hole pairs by interband absorption
of the laser excitation leads to mechanical stresses caused by
the modiﬁcation of the interatomic interactions.24 The change
in the optical constants due to the acoustic waves generated by
the stress is monitored by the probe pulses. Figures 2a, 2b, and
2c show the diﬀerential reﬂectivity of the 12 nm × 12 nm, 6
nm × 6 nm, and 3 nm× 3 nm SLs. As shown in Figure 2a, at
early times, the signal is dominated by the ultrafast electronic
excitation due to the absorption of the pump pulse by the
valence band electrons in the GaAs layers. The features due to
the generation of the acoustic wave on the reﬂectivity can be
appreciated by subtracting the background signal as shown in
the inset of Figure 2a. We analyze the acoustic wave spectrum
by performing fast Fourier transforms (FFTs) on the
background-subtracted signals. Figures 2b and 2c show the
transient changes in reﬂectivity in time windows of 500 to 550
ps and 100 to 150 ps for the 6 nm × 6 nm and 3 nm × 3 nm,
respectively, that clearly show the short-period oscillations
associated with the coherent phonon modes that are enveloped
by the longer-period Brillouin oscillation at 44 GHz. Figures

2d, 2e, and 2f show the respective FFT spectra of the signals at
various time delays. The reduction in the peak FFT amplitude
of the LA modes at the diﬀerent time windows shows the
attenuation of the modes in the respective SLs.
As is clear from Figure 2, one of the factors dictating the
generation of the zone-center LA modes is the period thickness
of the SL.25 The central peak frequencies of 223, 379, and 737
GHz for the 12 nm × 12 nm, 6 nm × 6 nm , and 3 nm × 3 nm
SLs, respectively, are the ﬁrst symmetric zone-center modes
that lie at the bottom of a small bandgap formed at the zone
center (with zero wave vector and zero group velocity).9 To
measure the lifetime of the 223 GHz LA mode, we perform
FFT analysis on the signal with the background removed in a
sliding window of width 200 ps placed at 200 ps intervals and
ﬁtting an exponentially decaying function to determine the
lifetime. Note that this method to deduce the lifetimes has the
advantage of being a model-independent method, thus
allowing for the direct measurement of individual phonon
lifetimes without any assumptions.
Thermal Conductivity Measurements. To measure the
thermal conductivities of our SLs, we utilize the pump−probe
technique based on a two-tint TDTR setup,26 where the ∼90 fs
pulses emanate at 80 MHz from a Ti-Sapph. oscillator. The
probe path is mechanically delayed relative to the pump path
and passes through a long-pass sharp-edged ﬁlter to spectrally
isolate the pump wavelength from the laser bandwidth.
Another narrow bandpass ﬁlter is inserted in the probe path
centered at 810 nm, and the output wavelength is tuned to get
a maximum thermoreﬂectance signal from the sample. Prior to
the TDTR measurements, we metallize the SLs with a
nominally 80 nm thick Al transducer layer via electron beam
evaporation at 6 × 10−6 Torr. We modulate the pump path at
8.8 MHz and monitor the ratio of the in-phase to out-of-phase
signal of the reﬂected probe beam from a lock-in ampliﬁer for
up to 5.5 ns after the Al layer absorbs the initial pump heating
event. A nitrogen-cooled cryostat is utilized to measure the
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thermal conductivity from 78 K to RT. Several scans are taken
to ensure repeatability of the measurements.
To analyze the TDTR data, we use a three-layer thermal
model to eﬀectively back out the thermal conductivity of our
superlattice ﬁlms. The unknown parameters in the thermal
model are taken from the literature, and the subsequent ﬁtting
procedure and details on the data analysis are given in refs 27,
28, and 29. An example of the ﬁts along with the TDTR data is
shown in Figure 3 for our 12 nm × 12 nm and 1 nm × 1 nm

Figure 4. Time evolution of the normalized fast Fourier transform
peaks at 223 GHz measured from the 12 nm × 12 nm AlAs/GaAs SL
at 78 K and room temperature. The solid lines represent exponential
ﬁtting with time constants of 412 and 640 ps for room temperature
and 78 K, respectively.

Table 1. Lifetime Measurements at 78 K and Room
Temperature for the 12 nm × 12 nm, 6 nm × 6 nm, and 3
nm × 3 nm AlAs/GaAs SLsa

Figure 3. Characteristic TDTR data along with the best-ﬁt curves for
the 12 nm × 12 nm and 1 nm × 1 nm period superlattice. (Inset)
Thermoreﬂectance response at early time delays for Al on a 1 nm × 1
nm period superlattice sample. The sharp features as shown by the
arrow represent the acoustic wave reﬂection at the Al/superlattice
interface used to accurately measure the thickness of the Al transducer
layer.

sample
12 nm × 12 nm
6 nm × 6 nm
3 nm × 3 nm
8 nm × 8 nm
(ref 10)
2 nm × 14 nm
(ref 21)
2 nm × 14 nm
(ref 21)

period SL. As the Al ﬁlm thickness provides the largest
uncertainty in our measurments, we determine the Al ﬁlm
thickness of 80 ± 3 nm from the picosecond acoustic signal at
early time delays as shown in the inset of Figure 3 for our 1 nm
× 1 nm period SL; the thickness can be determined from the
“echo” that is observed in the thermoreﬂectance signal due to
the absorption of the pump pulse by the metal transducer
layer, which generates a strain wave that reﬂects from the
metal/SL interface.30 The picosecond acoustic signal is shown
in the inset of Figure 3 and is designated by the arrow.

frequency
(GHz)
223
376
737
340

τ78K (ps)
640
210
163
690

±
±
±
±

44
16
12
25

τ296K (ps)

τint,296K (ps)

±
±
±
±

30
15
10
10

1200

890

412
207
127
400

319.2

1200 ± 60

510 ± 20

642.8

150 ± 20

190 ± 20

950

Also included are lifetime measurements for 8 nm × 8 and 2 nm ×
14 nm AlAs/GaAs SLs, from refs 10 and 21, respectively.

a

should be noted that our 1 nm × 1 nm SL did not produce any
apparent frequency peaks (excluding the low-frequency 44
GHz peak) since in these SLs interfacial mixing in the order of
a monolayer exists, which eﬀectively renders the 1 nm × 1 nm
SL properties to be that of a random alloy of GaAs/AlAs.
Cross-section transmission electron microscopy (TEM)
images of the 1 nm × 1 nm SL (see Figure 1) conﬁrm that
the interfacial mixing is on the order of a monolayer around
the AlAs/GaAs interfaces in these SLs.
Although the lifetime measurements and the basic idea of
the experiment are straightforward, one has to consider several
aspects of the data before drawing substantial conclusions.
First, to rule out the possibility of the excited electron density
dictating the coherent phonon relaxation mechanism, we
perform the lifetime calculations at diﬀerent ﬂuences of the
pump laser. We ﬁnd that the excitation ﬂuence has a minimal
eﬀect on the observed lifetimes of the LA modes for the
ﬂuences interrogated in this work, suggesting that electron−
phonon interactions do not play a signiﬁcant role in our
experiments, consistent with previous results on the GaAs/
AlAs SLs.10,21 Second, the ﬁnite absorption length, δ, leads to a
spread in the wave vector, Δk = 1/δ, and thus a ﬁnite width in
the peak coherent phonon frequency, which renders a ﬁnite

■

RESULTS AND DISCUSSIONS
Lifetime of Subterahertz Phonons. The results of the
FFT analysis for the 223 GHz LA mode are shown in Figure 4
for RT and 78 K along with the exponential ﬁts to the data.
The lifetimes determined by the ﬁts at 78 K and RT are 412 ±
30 ps and 640 ± 44 ps, respectively. Similar FFT analyses were
performed for the 6 nn × 6 nn and 3 nn × 3 nn SLs but with
sliding windows placed at 100 ps intervals for better resolution.
The results of the lifetime measurements at 78 K and RT for
the SLs are tabulated in Table 1. The uncertainties associated
with the measurements are determined by taking multiple sets
of data for repeatability along with dividing multiple data sets
into smaller subsets of 20 ps time intervals and calculating a
standard statistical analysis by determining the decay times
from each subset. For comparison, the lifetime measurements
of a 340 GHz phonon mode from an 8 nm × 8 nm SL and
phonon modes at 319 and 642.8 GHz from a 4 nm × 12 nm
SL taken from refs 10 and 21, respectively, are also shown. It
29580
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processes, the lifetimes for the 340 GHz from 8 nm × 8 nm
(ref 10) and the 320 GHz from 2 nm × 14 nm (ref 21) SLs are
dictated by intrinsic and extrinsic processes at RT. From this, it
can be inferred that along with the fabrication technique the
nature of the interface and the individual layer thicknesses also
play a critical role in the extrinsic scattering processes even for
subterahertz phonon modes with similar frequencies.
Figure 5 shows the intrinsic and measured lifetimes of the
223 GHz LA mode measured for the 12 nm × 12 nm SL (solid

lifetime for the modes. However, since the absorption depth in
our measurements is ∼1.5 μm, the estimated Δf is much
smaller than the line widths determined from the FFT analysis
as shown in Figure 2d−f.10,21 Therefore, the lifetimes due to
the frequency broadening will be signiﬁcantly larger than the
measured lifetimes, which rules out the possibility of ﬁnite
absorption depth aﬀecting our measurements.
The third possibility is the eﬀect of inhomogeneous
dephasing that could potentially result in lowering the lifetime
of the LA modes observed in our experiment. This eﬀect arises
due to the generation of multiple frequencies at diﬀerent
locations within the excited region in the SL due to variations
in the layer thicknesses in the SL.21 As such, this eﬀect is
mainly an artifact of the fabrication process and is temperature
independent. Of the remaining possible mechanisms aﬀecting
the measured lifetimes, phonon−phonon scattering is an
intrinsic process, and phonon-impurity/defect/interface roughness scattering is the extrinsic processes (along with
inhomogeneous dephasing).
As mentioned earlier, extrinsic processes are generally
considered temperature independent, while intrinsic scattering
leads to a linear temperature dependence of phonon relaxation
rates above the Debye temperature of the solid.31,32 Indeed, for
56 GHz phonons in GaAs, the measured lifetime at 80 K was
more than an order of magnitude larger than that measured at
RT.33 Similarly, ﬁrst-principles studies have shown for phonon
lifetimes below 1 THz the lifetimes increase by an order of
magnitude for GaAs at 80 K compared to RT and, likewise, for
GaAs/AlAs SLs at 100 K as compared to RT.10,21 Therefore,
the modest increase (less than twice, see Table 1) in lifetimes
measured at 78 K compared to that at RT for the 223 GHz
mode suggests that the RT measurement includes both
intrinsic and extrinsic processes, while the lifetime at 78 K
only involves extrinsic processes that are temperature
independent. The fact that the lifetimes of the 376 and 737
GHz LA modes do not signiﬁcantly change with temperature
suggests that the lifetimes are dominated by extrinsic rather
than intrinsic processes. For the 223 GHz phonon mode, an
intrinsic lifetime at RT can be deduced by applying
−1
−1
Matthiesen’s rule, τ−1
in,RT = τRT − τ78K. Similar deductions
10
were made by Maznev et al. to calculate intrinsic scattering
rates for an 8 nm × 8 nm SL (with FFT peak at 340 GHz), as
shown in Table 1. The measured lifetimes at 78 K and RT for
the 223 GHz mode in this work and the lifetimes reported by
Maznev et al. for the 340 GHz at those temperatures are
similar within uncertainties. It is essential to point out that the
223 GHz phonon was generated from a SL with a lower
interface density of ∼0.08 nm−1 as compared to the 340 GHz
mode, which was generated from a SL with an interface density
of ∼0.13 nm−1. Therefore, the similarities between the two sets
of lifetime measurements for 223 and 340 GHz modes suggest
that even for symmetric SLs the results strongly depend on the
details of the fabrication technique. While the SLs in this work
were prepared using solid-state MBE, the 8 nm × 8 nm SL in
ref 10 was prepared by the metal−organic chemical vapor
deposition (MOCVD) technique at 750 °C. Furthermore, the
lifetime measurements for a 320 GHz mode generated from a
2 nm × 14 nm SL (with an interface density that is similar to
the SL used by Maznev et al. and which was also fabricated by
the MOCVD technique) by Hofmann et al.21 are comparatively much higher as shown in Table 1. Similarly, while we
deduce that the liftetime of the 376 GHz mode in the 3 nm ×
3 nm SL at the two temperatures is mainly driven by extrinsic

Figure 5. Measured phonon lifetimes of the zone-center 223 GHz
(hollow square), 376 GHz (hollow diamond), and 737 GHz (hollow
triangle) longitudinal phonon modes at room temperature. For
comparison, the phonon lifetimes for low-frequency modes of GaAs
taken from ref 10 and a 56 GHz longitudinal acoustic mode measured
in ref 33 (Chen et al.) are also shown (hollow circles). The dashed
line represents the Akhiezer model deﬁned in eq 1 ﬁt to experimental
data on GaAs. The solid square symbol represents our measured
intrinsic phonon lifetime of the 223 GHz. The solid circle symbol is
the intrinsic phonon lifetime measurement taken from ref 10. The
hollow blue squares represent ﬁrst-principles calculations of phonon
lifetimes in GaAs that only take into consideration the three-phonon
scattering processes.

square) along with the RT lifetimes of the 376 and 737 GHz
modes measured for the 6 nm × 6 nm and 3 nm × 3 nm SLs,
respectively. For comparison, we also include the calculated
intrinsic phonon lifetimes (from ﬁrst-principles calculations as
shown by the hollow blue squares), which predict the lifetimes
determined by three-phonon scattering processes in GaAs.21 A
ω−2 dependency is ﬁt to the data for extrapolation to lower
frequencies (solid blue line). Along with the three-phonon
scattering lifetimes, the predictions of the Akhiezer model that
is ﬁt to the experimental data at low frequencies taken from
refs 33 and 10 are also shown in the ﬁgure and are discussed
below.
For the three-phonon scattering processes, an extrapolation
of the ﬁrst-principles calculations to 223 GHz results in a
possible lifetime of ∼6 ns, which is ﬁve times greater than the
measured intrinsic lifetime for the LA mode. However, the
three-phonon scattering model is only valid for phonons
satisfying ωτth ≫ 1, where τth is the lifetime of thermal
phonons. Therefore, a direct comparison to the measured
lifetime of the 223 GHz phonon mode cannot be made with
the three-phonon scattering model. Our result for the intrinsic
lifetime of the 223 GHz mode is inline with that of the 340 and
29581
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320 GHz modes (as shown in Table 1) deduced from 8 nm ×
8 nm and 2 nm × 14 nm SLs, respectively.10,21 In contrast to
the three-phonon scattering processes, the Akhiezer relaxation
model is used to describe the lifetimes of phonons that satisfy
ωτth ≪ 1, where at high frequencies the model predicts a
constant lifetime.34 Within the relaxation time approximation
and the assumption that the group velocity of the thermal
phonons is considerably less than the velocity of the phonon
with frequency ω, the attenuation of a mode with frequency ω
under the Akhiezer relaxation process can be given as
α(ω) =

ω 2τth
CT
2
2
[⟨
γ
⟩
−
⟨
γ
⟩
]
kj
2ρv 3 kj
1 + ω 2τth

the intrinsic lifetimes measured in this work as well as in refs
10 and 21, for AlAs/GaAs SLs, even though the back of the
envelope calculation based on thermal conductivity between
GaN and GaAs suggests that phonon lifetimes in GaAs should
be comparable to or smaller than those in GaN with similar
frequencies (as pointed out by Maznev et al.10). These
seemingly disparate sets of measurements, along with the lack
of studies focusing on experimental measurements of
subterahertz to THz phonon lifetimes, prompt further
investigations into this topic.
Thermal Conductivity. To investigate the overall thermal
transport properties of these material systems, we measure the
total thermal conductivity of our SLs as a function of
temperature using the pump−probe TDTR meteorology as
discussed above. Figure 6 shows the measured thermal

(1)

where C is the speciﬁc heat per unit volume; ρ is the density;
and ⟨γ2kj⟩ denotes an average over the thermal phonons of
wave-vector k and polarization j having a Grüneisen constant
γkj.33 For low frequencies (ωτth ≪ 1), ω in eq 1 can be
considered a slowly changing strain ﬁeld that shifts the
frequencies of thermal phonons proportionally to the mode
Grüneisen constant γkj.33 However, at higher frequencies
(ωτth≫1), eq 1 predicts a constant phonon lifetime as shown
in Figure 5 (dashed line). Our intrinsic lifetime measurement
for the 223 GHz mode (solid square) shows that it lies in the
intersection of the three-phonon and Akhiezer relaxation
regimes.
For the 376 and 737 GHz modes, the similarities in the
measured lifetimes at 78 K and RT within statistical
uncertainties (see Table 1) suggest that extrinsic phonon
scattering dominates the phonon attenuation at both temperatures for these frequencies in the 6 nm × 6 nm and 3 nm × 3
nm SLs. It should be noted that the lattice mismatch between
GaAs and AlAs at RT is 0.11%, while the lattice mismatch at
78 K is 0.14%,35 which suggests that the role of lattice
mismatch on the extrinsic phonon scattering process due to
thermal expansion at RT could be potentially diminished as
compared to that at 78 K. As the extrinsic phonon scattering
mechanisms are highly dependent on the speciﬁcs of the
sample and the details of the fabrication process as mentioned
above, it is not instructive to directly compare the lifetimes of
these modes to the lifetimes of modes with similar frequencies
in other SLs with varying periods. However, the lifetime of
higher frequency phonon modes with wavelengths larger than
the interfacial nonidealities in the 6 nm × 6 nm and 3 nm × 3
nm (above the sub-THz phonons measured by our experiment) could potentially be dictated by extrinsic scattering
processes due to interface roughness and defect scattering in
the structures.
While the generation and detection of THz coherent
acoustic phonons has been a subject of considerable interest
in prior literature (readers are referred to ref 20 for a
comprehensive overview of this topic), other works speciﬁcally
focusing on direct lifetime measurements of subterahertz
phonon modes have been limited to semiconductors based on
InGaN/GaN SLs. In this regard, a recent work by Maznev et
al.36 has shown that 1−1.4 THz coherent acoustic phonons in
GaN can propagate more than 2 μm with a lifetime of ∼136 ps
measured for a 1.06 THz phonon mode at RT, which they
ascribe as a lower bound due to both intrinsic and extrinsic
scattering processes. Similarly, Liu et al.37 measure an intrinsic
phonon lifetime of ∼150 ps at 380 GHz, which the authors
ascribe as dictated by three-phonon scattering processes.
However, this lifetime measurement is considerably lower than

Figure 6. Temperature-dependent thermal conductivity of 12 nm ×
12 nm (green squares), 6 nm × 6 nm (red diamonds), 3 nm × 3 nm
(black triangles), and 1 nm × 1 nm (blue triangles) measured via time
domain thermoreﬂectance technique. For comparison, the thermal
conductivities of bulk GaAs taken from ref 38, 12 nm × 12 nm SL
with a thickness of 216 nm taken from ref 6, and 10 nm × 10 nm SL
with a thickness of 849 nm taken from ref 7 are also shown.

conductivity of our SLs as a function of temperature and the
thermal conductivity of bulk GaAs taken from ref 38 for
comparison. The 1/T dependence of thermal conductivity for
bulk GaAs can be attributed to three-phonon scattering
mechanisms and anharmonicity in the single crystal dictating
the thermal transport at higher temperatures. However,
consistent with earlier measurements of thermal conductivity,7
our measurements reveal a lack of temperature dependence
(the solid lines for the 24, 12, and 6 nm period SLs represent ∼
T0.1 trends, which emphasizes the lack of temperature
dependence) for our SLs, suggesting that the dominant
scattering mechanism in these SLs is extrinsic. This can mainly
be attributed to interfacial scattering of dominant heat carrying
vibrational modes as discussed in more detail below. Our
results are also consistent with molecular dynamics simulations
of thermal conductivity predictions for AlAs/GaAs SLs with
rough interfaces, in which it was shown that heat conduction is
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SLs, contribute to ∼9% of the thermal conductivity at RT,
whereas mean-free paths longer than 216 nm contributed 71%
to the total thermal conductivity of an inﬁnite SL. Therefore,
low-frequency, long mean-free path phonons dominate the
heat conduction and dictate the temperature trends for the
ﬁnite thickness SL, whereas for the thicker SLs, thermal
conductivity is mainly dictated by scattering at the internal
boundaries rather than the sample boundaries for phonons
with mean-free paths shorter than the total thickness. This is in
line with our ﬁndings where the temperature dependence of
thermal conductivity for our 12 nm × 12 nm GaAs/AlAs SL
reveals the dominance of extrinsic processes.
For SLs with perfect interfaces and free of extended defects,
an increase in the thermal conductivity with decreasing period
thickness for short period SLs (thus showing a minimum in
thermal conductivity as a function of SL period) has been
experimentally observed in both MBE and pulsed-laser
deposition-grown oxide SLs,8 MOCVD-grown Bi2Sb3/Bi2Te3
SLs,39 and DC magnetron-sputtered metal/semiconductor
SLs.40,41 In the regime where the thermal conductivity
increases with decreasing period thickness, phonons are
extended eigenstates of the SL structuresa manifestation of
crossover from diﬀuse (particle-like scattering at period
interfaces) to specular (wave-like interference at period
interfaces leading to scattering at the total sample thickness
boundaries) of phonons dominating heat conduction due to
miniband formation.42,43 It has been suggested that coherent
transport dominates the regime in which specular scattering
dictates heat conduction, whereas incoherent scattering
dominates the thermal conductivity in the regime where
particle-like scattering dictates the heat conduction in
SLs.8,40,44 Our results for the SLs, as shown in Figure 6, do
not show a minimum or an increase in thermal conductivity
with decreasing period thickness for the temperature range
studied in this work. This fact along with the lack of
temperature dependency of thermal conductivity for these
SLs suggest that diﬀuse, phase-destroying scattering at the
internal interfaces by modes characteristic to the eigenstates of
the individual materials in each layer dominates thermal
conductivity across these SLs. In other words, the thermal
conductivity of our SLs is in the incoherent scattering regime,
and coherent heat conduction has signiﬁcantly lower
contributions to the thermal conductivity for these SLs.

strongly suppressed by the diﬀuse scattering caused by the
interlayer mixing.12
In Figure 6, we also include the TDTR results by
Luckyanova et al.,6 for a 12 nm × 12 nm AlAs/GaAs SL
with a total ﬁlm thickness of 216 nm (solid up-pointing
triangles) for comparison. In contrast to the temperaturedependent thermal conductivity for our 12 nm × 12 nm AlAs/
GaAs SL, the thermal conductivity for their ﬁnite thickness SL
increases with increasing temperature up to ∼130 K and levels
oﬀ for higher temperatures. The temperature dependence at
lower temperatures suggests that boundary scattering is the
dominant mechanism dictating thermal conductivity in their
216 nm SL. They attributed this to ballistic transport of lowfrequency phonons with longer mean-free paths that scatter at
the sample boundaries rather than at internal interfaces, similar
to the Casimir regime. Moreover, Luckyanova et al.6 also
showed that the thermal conductivity demonstrates a linear
increase with total SL thickness from 30 to 150 K, which was
also attributed to ballistic transport of most of the phonons
that contributed to the measured thermal conductivity in these
SLs at these temperatures. For higher temperatures >130 K,
the thermal conductivities of the 216 nm SL and our 2.2 μm
SL are similar within experimental uncertainties, which implies
the increasing impact of extrinsic scattering processes for the
216 nm SL.
In Figure 6, we also include Capinski et al.’s7 thermal
conductivity measurements for an 849 nm thick 10 nm × 10
nm AlAs/GaAs SL (solid left-pointing triangles), which shows
similar temperature dependence compared to the SLs studied
in this work. However, the thermal conductivity for their SL is
considerably lower than that measured for the 12 nm × 12 nm
SLs and is also lower than the values for the 6 nm × 6 nm SL
as shown in Figure 6. This disagreement could arise from the
diﬀerences in the fabrication methods; even though both
Capinski et al.7 and Luckyanova et al.6 utilized the MOCVD
technique to fabricate their SLs, the details of the fabrication
method such as the growth rate, pressure, and temperature
used during the process could potentially lead to diﬀerences in
the SL quality. Another cause for the discrepancy could arise
from the diﬀerences in the analytical approaches utilized in the
various studies.27,28 Regardless, the similarity in the temperature dependence for the thicker SLs suggests that extrinsic
scattering dictates the thermal conductivity at these temperatures, which is in contrast to the results for the 216 nm SL
from ref 6. Note, as mentioned above, our measurements agree
very well with those reported in ref 6 for higher temperatures
as shown in Figure 6; however, the total thickness of the SLs in
ref 6 is 216 nm, whereas our SLs are much thicker. The
consequence of this is seen in the thermal conductivity
measurements at low temperatures (>130 K) for the 12 nm ×
12 nm SL measured in this work where it shows a lack of
temperature dependency while the thermal conductivity drops
sharply with decreasing temperature for the 216 nm thick 12
nm × 12 nm SL measured in ref 6.
A direct comparison to ﬁrst-principles calculations on the
spectral accumulation and mean-free path dependence of
thermal conductivity for the AlAs/GaAs SLs with similar
period thicknesses can reveal signiﬁcant insight into the heat
conduction mechanisms in these SLs. Indeed, Luckyanova et
al.6 calculated this spectral thermal conductivity as a function
of mean-free path from ﬁrst-principles for an inﬁnite 12 nm ×
12 nm GaAs/AlAs SL and showed that mean-free paths of
phonons longer than 2.2 μm, which is the total thickness of our

■

CONCLUSIONS
We have measured the lifetimes of zone-center longitudinal
phonon modes in GaAs/AlAs superlattices with varying period
thicknesses using femtosecond laser pulses. We separate the
contributions of intrinsic and extrinsic scattering mechanisms
dictating the lifetime of a 223 GHz longitudinal mode in a 12
nm × 12 nm period superlattice by conducting experiments at
78 K and room temperature. The intrinsic lifetime of the 223
GHz mode falls in a transition region between the Akhiezer
relaxation and the anharmonic three-phonon scattering
regimes. We also measured the lifetimes of phonon modes at
376 and 737 GHz from 6 nm × 6 nm and 3 nm × 3 nm
superlattices, respectively. We found that extrinsic processes
such as scattering at interfacial nonidealities and defects dictate
the thermal conductivity for these phonon modes. Along with
lifetime measurements, we also report on the thermal
conductivity of GaAs/AlAs superlattices with periods ranging
from 12 nm × 12 nm to 1 nm × 1 nm, from 78 to 300 K as
measured by time domain thermoreﬂectance. For all
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(23) Trebino, R.; DeLong, K. W.; Fittinghoff, D. N.; Sweetser, J. N.;
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laser pulses in the time-frequency domain using frequency-resolved
optical gating. Rev. Sci. Instrum. 1997, 68, 3277−3295.
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potential mechanism of hypersound photogeneration in n-doped
GaAs semiconductors. J. Appl. Phys. 2011, 109, 064909.
(25) Tamura, S.; Hurley, D. C.; Wolfe, J. P. Acoustic-phonon
propagation in superlattices. Phys. Rev. B: Condens. Matter Mater. Phys.
1988, 38, 1427−1449.
(26) Kang, K.; Koh, Y. K.; Chiritescu, C.; Zheng, X.; Cahill, D. G.
Two-tint pump-probe measurements using a femtosecond laser
oscillator and sharp-edged optical filters. Rev. Sci. Instrum. 2008, 79,
114901.
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structures for time-domain thermoreflectance. Rev. Sci. Instrum. 2004,
75, 5119−5122.
(28) Schmidt, A. J.; Chen, X.; Chen, G. Pulse accumulation, radial
heat conduction, and anisotropic thermal conductivity in pump-probe
transient thermoreflectance. Rev. Sci. Instrum. 2008, 79, 114902.
(29) Hopkins, P. E.; Serrano, J. R.; Phinney, L. M.; Kearney, S. P.;
Grasser, T. W.; Harris, C. T. Criteria for cross-plane dominated
thermal transport in multilayer thin film systems during modulated
laser heating. J. Heat Transfer 2010, 132, 081302.
(30) Tas, G.; Maris, H. J. Electron diffusion in metals studied by
picosecond ultrasonics. Phys. Rev. B: Condens. Matter Mater. Phys.
1994, 49, 15046−15054.
(31) Herring, C. Role of Low-Energy Phonons in Thermal
Conduction. Phys. Rev. 1954, 95, 954−965.
(32) Srivastava, G. Phonon conductivity of insulators and semiconductors. J. Phys. Chem. Solids 1980, 41, 357−368.

structures, thermal conductivities are independent of temperature and show a monotonic decrease in thermal conductivity
with decreasing period thicknesses for the entire temperature
range studied in this work, which suggests that extrinsic
scattering processes, similar to that aﬀecting the lifetimes of the
higher-frequency modes in the thinner period superlattices,
also dictate the thermal conductivity of these material systems.
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