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Propagation of THz acoustic wave packets in GaN at room temperature
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We use femtosecond laser pulses to generate coherent longitudinal acoustic phonons at frequencies
of 1-1.4THz and study their propagation in GaN-based structures at room temperature. Two
InGaN-GaN multiple-quantum-well (MQW) structures separated by a 2.3 um-thick GaN spacer are
used to simultaneously generate phonon wave packets with a central frequency determined by the
period of the MQW and detect them after passing through the spacer. The measurements provide
lower bounds for phonon lifetimes in GaN, which are still significantly lower than those from first
principles predictions. The material Q-factor at 1 THz is found to be at least as high as 900. The
measurements also demonstrate a partial specular reflection from the free surface of GaN at
1.4 THz. This work shows the potential of laser-based methods for THz range phonon spectroscopy
and the promise for extending the viable frequency range of GaN-based acousto-electronic devices.
Published by AIP Publishing. https://doi.org/10.1063/1.5008852

Acoustic phonons with frequencies in the THz range are
the dominant heat carriers in non-metallic solids at room
temperature. Thermal acoustic phonons and their interactions
with other phonons, boundaries, defects, and impurities have
been the focus of intense efforts in studying nanoscale ther-
mal transport in the past decade.' While thermal transport
research deals with incoherent thermal phonon sources, the
field of acoustics studies coherent acoustic waves (coherent
phonons) with a well-defined absolute phase. Experiments
with coherent THz phonons present many advantages for
elucidating basic microscopic features of phonon transport
over typical thermal conductivity studies where the informa-
tion content is integrated over all phonon modes, losing
important fundamental details. Indeed, the propagation of
coherent THz phonon wave packets is often simulated in
molecular dynamics studies.”™ In terms of experiments, the
use of femtosecond laser pulses for generation and detection
of acoustic waves® has ushered in acoustic measurements in
the sub-THz range, which have now become routine and pro-
vide valuable insight into phonon-phonon, phonon-boundary,
and electron-phonon interactions.®'® Progress towards THz
acoustics, however, has been slow.

At 1 THz, acoustic wavelengths are typically in the single-
digit nanometer range, and thus, coherent THz phonons can be
easily destroyed by nanometer-scale surface or interface rough-
ness.” Consequently, the most significant progress in generating
THz acoustic waves has been achieved with epitaxial semicon-
ductor structures characterized by high-quality, single-crystal
layers and interfaces.'’ Typically, researchers use periodic
multiple-quantum-well (MQW) structures designed in such a
way that the excitation laser wavelength is absorbed in the
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wells but not in the barriers.'*'* The frequency of acoustic
waves generated in MQWs is determined by the periodicity of
the structure, with the fundamental eigenmode frequency
approximately equal to v/d, where d is the MQW period and v
is the speed of sound in the MQW. In experiments with GaAs-
AlAs MQWs at cryogenic temperatures (~15K), the genera-
tion and propagation of longitudinal acoustic (LA) waves up to
1.2 THz were observed.'>'® In a very recent study,'” measure-
ments of the phonon mean free path (MFP) in GaAs at frequen-
cies up to 1THz and temperatures 10-60K were performed
using GaAs-AlAs MQWs, offering keen insights into the phys-
ics of phonon-phonon interactions. In InGaN-GaN MQWs,
coherent acoustic phonons at even higher frequencies, up to
2.5THz, were generated at room temperature.l&19 However, in
the latter case, THz phonons were only observed in the same
MQW structure where they were generated. The objective of
the present work is to observe the propagation of coherent pho-
nons in GaN above 1 THz, generated and detected at different
locations within the sample at room temperature.

The choice of GaN for this study was motivated not only
by the encouraging previous results on the laser generation of
THz coherent phonons in GaN-based structures but also
because it is an important electronic and opto-electronic mate-
rial, with phonon-mediated thermal transport playing a crucial
role in the thermal management of GaN-based devices.'~*!
Furthermore, GaN is a promising acousto-electronic mate-
rial. > While GaN-based acousto-electronic devices currently
operate at frequencies below ~10 GHz, characterizing acous-
tic properties of GaN at higher frequencies is critical for future
developments of this technology.

At ultrasonic frequencies (on the order of 1GHz and
below), the phonon MFP is inversely proportional to the fre-
quency squared.”>** The longitudinal acoustic phonon life-
time in GaN at 1.2 GHz at room temperature can be obtained
from a reported Q-factor of 1885 of a thin film resonator

Published by AIP Publishing.
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believed to be dominated by intrinsic losses in GaN.?> This
yields a lifetime of 0.25 us, which corresponds to a MFP of
2mm. If the quadratic dependence of the acoustic attenua-
tion on frequency continued into the THz range, the MFP at
1.2THz would be expected to be ~2nm, which is smaller
than the phonon wavelength (6.7nm at this frequency).
However, the quadratic dependence does not continue from
GHz to THz frequencies as the phonon dissipation transitions
from the Akhiezer relaxation regime at low frequencies to
the Landau-Rumer (three-phonon scattering) regime at high
frequencies (where the frequency dependence of the attenua-
tion again becomes nearly quadratic).®??*?® Indeed, mea-
surements at 435 GHz showed almost negligible attenuation
of longitudinal acoustic (LA) phonons in GaN over a dis-
tance of 2 um.”’

On the theory side, meaningful calculations of lifetimes
of THz phonons remained out of reach until recent break-
throughs in ab-initio calculations of anharmonic phonon
interactions.”®* Such methods employ density functional
theory (DFT)*** to determine interatomic forces coupled
with quantum mechanical perturbation theory (Fermi’s
golden rule) to determine phonon-phonon scattering proba-
bilities.*' 3¢ The lifetime of each phonon mode is then
given by the inverse of the sum of all scattering probabilities
that conserve energy and crystal momentum. Figure 1 shows
the dependence of the LA phonon lifetime on frequency for
propagation along the ¢ axis of wurtzite GaN we obtained
using Egs. (2) and (3) from Ref. 30, which give the scattering
probabilities from three-phonon processes and from natural
isotopic variations, respectively. (However, phonon-isotope
scattering contributes less than ~1% to the total scattering
rate at frequencies below 2THz.) One can see that in the
range of 1-2THz the lifetime is expected to vary between
Ins and 150 ps, which corresponds to a MFP range of
1.2-8 um. Based on these theoretical predictions, we set out
to observe THz phonon propagation over a few microns
using two MQW structures separated by a bulk GaN spacer
which are employed to simultaneously generate and detect
coherent phonon wavepackets.?’
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FIG. 1. Ab-initio longitudinal acoustic phonon lifetime vs frequency in wurt-
zite GaN at 300K for the wave vector direction along the ¢ axis (circles) and
lower bound experimental data from the current work (crosses, each symbol
corresponds to a different point on the sample).
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The sample structure is schematically depicted in Fig.
2(a). Ing,GaggN/GaN MQWSs were grown using a custom-
built molecular beam epitaxy (MBE) tool*” on commercially
available c-plane GaN templates (5 um thick) on double-
polished 300 um-thick sapphire substrates. The growth
sequence was as follows: ~50nm GaN buffer layer, 9-period
superlattice structure (MQW1) comprising Iny,GaggN quan-
tum wells separated by GaN barrier layers, 2.3 um GaN spacer
layer, the second superlattice (MQW?2) identical to MQW1,
and 120nm GaN cap layer. In situ reflection high energy elec-
tron diffraction (RHEED) was used to monitor the growth pro-
cess. Two samples, with MQW thicknesses of 8 nm (sample 1)
and 5.5nm (sample 2), were fabricated. Figure 2(b) shows a
scanning transmission electron microscopy (STEM) image of
the top superlattice structure (MQW?2) of sample 2, indicating
excellent uniformity.

Experiments were conducted with an optical pump-probe
setup based on a frequency-doubled Ti:sapphire laser with a
pulse duration of ~200 fs and a repetition rate of 76 MHz.
The wavelength of the pump and probe was 404 nm, corre-
sponding to a photon energy below the bandgap of GaN but
above the bandgap of Ing,GaygN quantum wells. The pulse
energy and the laser spot diameter at the sample were 0.5 nJ/
15 um for pump pulses and 0.05 nJ/15 um for probe pulses.
We measured the intensity of the transmitted probe pulse as a
function of its delay with respect to the pump pulse introduced
by a mechanical delay line.

GaN (a)
cap

GaN

GaN spacer template

GaN

InGaN

FIG. 2. (a) Schematic diagram of the sample structure, with arrows indicating
the propagation paths of acoustic wavepackets generated by the optical excita-
tion of MQW structures. The numbers indicate subsequent points in time
when acoustic wavepackets propagate through MQWs and are detected by the
probe beam. (b) STEM image of the top superlattice structure (MQW2) of
sample 2.
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Figure 3(a) shows the dependence of the measured probe
beam transmission on the time delay dominated by the elec-
tronic response; subtracting the slow background reveals
acoustic oscillations shown in Figs. 3(b)-3(d). A Fourier trans-
form (FT) reveals an acoustic frequency of 1.06 THz [see Figs.
3(e) and 3(f)]. Mechanisms of the laser generation and detec-
tion of acoustic waves in InGaN/GaN MQW structures have
been described in detail previously.* The excitation pulse gen-
erates free carriers which screen the electric field associated
with the static stress in the piezoelectric MQW structure. The
rapid change in the electric field, through the inverse piezoelec-
tric effect, yields a driving force that initiates coherent phonon
oscillations. The acoustic waves modulate the effective optical
constants of the MQW structure, resulting in the oscillations in
the transmission of the probe beam.*® The initial acoustic sig-
nal labeled “1” and shown in detail in Fig. 3(c) is similar to
what was previously observed in many pump-probe experi-
ments on InGaN/GaN MQWs,m’lg’lg’38 the only difference
being that the signal is generated simultaneously in two MQW
structures.
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FIG. 3. Results from sample 1: (a) Raw signal waveform (transmitted probe
intensity vs delay time). (b) Acoustic signal made more prominent by sub-
tracting the slow background; the observed tone-bursts are numbered to corre-
spond to the numbers in Fig. 2(a). (c¢) The initial acoustic signal. (d) Acoustic
arrivals at large delays. (e) Fourier spectrum of the initial acoustic signal
shown in (c). (f) Fourier spectrum of the delayed tone-bursts shown in (d),
with solid and dashed lines corresponding to tone-bursts 3 and 4, respectively.
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Each MQW structure generates two counter-propagating
acoustic wavepackets with a rectangular envelope, the num-
ber of acoustic periods in each wavepacket being equal to
the number of MQW periods. The oscillations in the trans-
mitted probe intensity are observed as long as the wavepack-
ets are propagating through the MQW structure; as soon as
they are out of the MQW, the oscillating signal disappears.
The acoustic oscillations in the signal reappear whenever an
acoustic wavepacket again enters a MQW structure. Figure
3(b) reveals three distinct tone-bursts (2—4) following the ini-
tial acoustic response. The origin of these tone-bursts is sche-
matically explained in Fig. 2(a). The first delayed tone-burst
(2) is observed when a wavepacket generated by MQW2
returns to MQW?2 after reflection from the free surface. The
next tone-burst (3) is observed at a large delay of ~290 ps,
corresponding to the GaN spacer thickness divided by the
speed of sound along the c-axis of GaN equal to 8020 m/s.*”
It is produced by a wavepacket generated by MQW 1 passing
through MQW?2 after having crossed the spacer layer, and,
simultaneously, by a wavepacket generated by MQW?2 pass-
ing through MQW1. As can be seen in Fig. 3(d), the tone
burst has a triangular envelope resulting from the convolu-
tion of the rectangular envelope of the phonon wavepacket
and the rectangular envelope of the MQW profile. The last
tone-burst is additionally delayed by ~45 ps: the wavepacket
generated by MQW 1, after crossing the spacer and propagat-
ing through MQW?2, crosses the GaN cap layer, reflects from
the free surface, and returns to MQW2, with an additional
delay corresponding to a double thickness of the cap layer
plus the MQW thickness. Simultaneously, the wavepacket
initially launched from MQW?2 in the direction of the surface
arrives to MQW1 with the same additional delay. Thus,
delayed tone bursts 3 and 4 are produced simultaneously by
two wavepackets passing through both MQW structures.

The amplitude of tone-burst 4 is smaller primarily due
to losses associated with reflection from the free surface.’”
The squared ratio of the amplitudes of the two tone-bursts
equal to 0.21 [as determined from the magnitudes of the
Fourier-transform peaks in Fig. 3(f)] provides a lower bound
estimate of the surface specularity; the second tone burst
may be additionally attenuated by a double pass through the
GaN cap layer and a pass through an MQW structure which
involves crossing 18 GaN-InGaN interfaces. However, scat-
tering losses at GaN-InGaN interfaces are likely to be small
due to the very small differences in acoustic impedances and
velocities."

Figure 4(a) presents the delayed signals from sample 2.
Since the MQW period for this sample is smaller, it yields a
higher acoustic frequency of 1.39 THz, as can be seen in Fig.
4(b). The signal waveform is somewhat noisier, but the sec-
ond wavepacket is still present, indicating that a partial spec-
ular reflection from the surface is still observed at this very
high frequency.

We quantify the losses associated with the propagation
through the GaN spacer by comparing the amplitudes of the
initial signal, such as the signal shown in Fig. 3(c), and of
the delayed tone-burst 3. In the absence of losses, the ampli-
tude of the delayed wavepacket should be equal to 1/2 of the
oscillation amplitude in the initial signal (because each
MQW launches two wavepackets propagating in opposite
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directions and the initial signal is produced by both wave-
packets). On the other hand, the delayed signal is twice as
long as the initial tone-burst; as a result, in the ideal case
without losses, the height of the FT peak should be exactly
the same for the initial and delayed signals. Thus, the attenu-
ation of the acoustic amplitude is given by the ratio of the
FT peak magnitudes Az/A;. If the observed attenuation
comes solely from the propagation loss in the GaN spacer, it

is given by
Aj T,
== -« 1
A, P < Zr)’ ey

where T, is the wavepacket propagation time equal to the
observed time delay and t is the phonon lifetime. The factor
1/2 in the exponent comes from the fact that the common
definition of the phonon lifetime corresponds to 1/e decay
for the energy rather than for the amplitude. Thus, the pho-
non lifetime can be obtained from the measured ratio Az/A;.
Measurements at six different points on sample 1 yielded a
lifetime of 136 =20 ps, whereas measurements at 5 points
on sample 2 yielded 55 = 7 ps.

As can be seen in Fig. 1, the experimental lifetimes are
significantly smaller than the calculated values. We believe
that the measured attenuation may be affected by the non-
uniformity of the GaN spacer thickness within the probe
laser spot. If we assume that the spacer thickness L varies
randomly within the laser spot, then the reduction in the
observed signal amplitude is given by averaging exp(ikL),
where k is the phonon wavevector, over the distribution of L.
For a Gaussian distribution, averaging yields the apparent
amplitude attenuation given by

2 2
B exp (— 'i) @)

where o is the rms deviation of the thickness L from the aver-
age value. If we assume that the observed attenuation comes
entirely from the thickness nonuniformity, Eq. (2) yields
0 =1.9nm for sample 1 and 2.1 nm for sample 2. Considering
that the total thickness is 2.3 um, non-uniformity of 2nm
within the laser spot does not appear unlikely. The observed
point-to-point variability of the measured lifetimes also indi-
cates the likely role of the thickness non-uniformity.

Thus, the phonon lifetimes determined from the mea-
sured attenuation of the delayed signals should be considered

Appl. Phys. Lett. 112, 061903 (2018)

FIG. 4. Results from sample 2: (a)
delayed acoustic arrivals (slow back-
ground subtracted); (b) Fourier spectra
of the first (solid line) and second
(dashed line) wavepackets in (a).

lower bounds; further investigation is required to separate
the intrinsic phonon attenuation from extrinsic factors such
as GaN thickness non-uniformity. Still, even with our lower
bound estimate for the phonon lifetime at 1.06 THz, we
obtain a material Q-factor, i.e., the product of the phonon
lifetime and the angular frequency, of 905, which is only two
times smaller than that previously reported at 1.2 GHz.>> The
product of the quality factor and frequency f x Q, which is
often used as a performance metric for acousto-electronic
materials,zz’25 comes out at 9.7 x 1014HZ, which is about
400 times higher than the highest room temperature value
for GaN measured in the GHz range.*

In conclusion, we observed the propagation of 1-1.4 THz
coherent longitudinal acoustic phonons in GaN at room tem-
perature over a distance exceeding 2 um using two MQW
structures serving as both transducers and receivers. Our results
yielded lower bounds for room temperature phonon lifetimes
in GaN. In particular, the lower bound for the material Q-
factor at 1 THz is found to be only two times smaller than the
Q-factor reported at 1.2 GHz. Thus, intrinsic losses do not pose
an obstacle for expanding the frequency range of acousto-
electronic devices all the way to THz frequencies. We also
observed a partial specular reflection from the surface at
1.4 THz. The results show the potential for experiments with
coherent phonon wave packets at frequencies comparable to
those of heat-carrying thermal phonons, which have hitherto
only been possible with molecular dynamics simulations.”™
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