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Picosecond ultrasonic experiments were performed to generate and detect acoustic pulses in
piezoelectric (111) epilayers of In,Ga(;_,As, and the longitudinal sound velocities in the [111]
direction of In,Ga;_, As were thus directly determined by controlling the indium content x. We
found that the sound velocity exhibits an obvious bowing with different alloy compositions and can
be described as a quadratic function of V, (x) =458x>—1451x+5414. This result supports a nonlinear
compositional dependence of the elastic constants of In,Ga(_,As and indicates that the
linear-interpolation approximation is inapplicable for estimating sound velocity in this specific

case. © 2006 American Institute of Physics. [DOI: 10.1063/1.2388138]

I. INTRODUCTION

Piezoelectric semiconductors have recently attracted
much interest due to its characteristics of acousto-optical and
electroacoustic couplings.l_4 One of these piezoelectric semi-
conductors is strained (111)-oriented InGaAs, which can be
grown in high quality as heterostructures with high built-in
piezoelectric fields.” Therefore it is highly desired to explore
its potential for future GaAs-based acousto-optical devices.
However, the lack of study on the elastic properties of the
InAs-GaAs system makes it difficult to precisely design
acousto-optical devices from those compounds.

With a zinc blende cubic structure in InGaAs, strong
coupling between the piezoelectric field and the ultrasonic
wave propagation along the [111] direction can be expected
and one can anticipate that the mode of acoustic waves
propagating along the [111] direction would play an impor-
tant role in piezoelectric device applications. The longitudi-
nal sound velocity along the [111] direction is one of the
most significant elastic properties to be determined. For most
binary compounds such as InAs and GaAs, one can calculate
sound velocities from its elastic constants by the well-known
elastic relations (e.g., Christoffel’s equation).® As for
In,Ga(;_,)As, not only its sound velocities but also its elastic
constants are still unattainable. Therefore, they are usually
estimated by a linear-interpolation approximation from the
elastic properties of InAs and GaAs.” When using linear-
interpolation method to investigate sound velocities of ter-
nary compounds, there are two different assumptions gener-
ally adopted. One is linear dependence of sound velocity
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with composition parameter x.” The other is to consider a
linear relation between the elastic constants and the alloy
content.® Although these linear-interpolation methods are
widely used for the sound velocity estimation, many previ-
ous studies show that the elastic constants of III-V ternary
compounds exhibit bowing with the alloy composition.()_11 It
is thus highly desirable to experimentally determine the alloy
composition dependence of the longitudinal sound velocity
along the [111] direction in InGaAs.

In this paper, we performed picosecond ultrasonic ex-
periments to study the elastic properties of In,Ga(,_, As with
different alloy compositions. By directly generating and ob-
serving the acoustic pulses propagating along the [111] di-
rection, we experimentally determined the longitudinal
sound velocity along the [111] direction as a function of
indium content x. These results showed an obvious bowing
relation between the sound velocity and the indium compo-
sition and indicated a nonlinearly compositional dependence
of the elastic constants of In,Ga(;_,)As. Moreover, our study
revealed that the linear-interpolation approximation is unsuit-
able for estimating the sound velocity along the [111] direc-
tion of In,Ga(,_yAs.

Il. PICOSECOND ULTRASONICS AND EXPERIMENTAL
SETUP

A. Picosecond ultrasonics

With the advances of ultrafast laser technologies, the so-
called “picosecond ultrasonics” is developed to generate pi-
cosecond acoustic pulses with a central frequency up to sev-
eral hundred gigahertz and to study the acoustic and thermal
properties of thin films.'>™" Figure 1 shows the schematic
diagram of the adopted picosecond ultrasonic measurement
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FIG. 1. Schematic diagram of the picosecond ultrasonic experiment. The
acoustic pulse was excited by an optical pump pulse and was monitored by
the interference behavior of a reflected probe pulse between the interfaces of
the sample and the region where refractive index was modulated by the
acoustic pulse.

in this study. First a femtosecond optical IR pulse (referred to
as the “pump pulse”) was incident onto a 10-nm-thick gold
film sputtered on the surface of the InGaAs sample and was
used to generate the acoustic pulses. After the optical pulse
was strongly absorbed by the gold film, a sudden increase in
the film temperature of a few degrees Kelvin would be
induced."® This temperature rise generated a thermal stress
distribution in the gold film that initiated a strain pulse into
the InGaAs layer. The initiated acoustic pulsewidth is deter-
mined by the gold film thickness and the sound velocity of
the gold film. Because the film thickness was much smaller
than the laser spot size (typically a few tens of microns in
diameter), only the longitudinal acoustic waves were excited.
The photoexcited acoustic pulses then propagated into the
studied InGaAs layer with the longitudinal sound velocity
and were monitored by another time-delayed optical pulse
(referred as the “probe pulse”). With the refractive index
modified by the strain field, the transmission or reflection
changes of the optical probe pulse can be used to study
sound velocities, attenuation of traveling acoustic waves, and
thicknesses of thin films.'>™** In our specific case, we utilized
the time-resolved “Brillouin scatterings” of the probe beam
to measure the longitudinal sound velocity.'z’15 The reflected
probe beams from the “fixed” interfaces of the sample (for
example, the top surface) interfered with that from the “dy-
namic” region where refractive index was altered by the
propagating acoustic pulses. With the propagation of acous-
tic pulses, the phase relation between the reflected optical
beams changed with time, which resulted in the transient
oscillatory reflection of the probe pulse. This oscillation fre-
quency can be derived as'

2nV cos 6

N (1)

where n and V are the refractive index and the longitudinal
sound velocity of the propagation layer, A is the vacuum
wavelength of the light, and € is the angle between the
propagation directions of the optical probe pulse and the
acoustic pulses. From Eq. (1), the longitudinal sound veloc-
ity can then be obtained by measuring the oscillation fre-
quency.
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B. Experimental details

For most applications of (111) InGaAs heterostructures
with built-in strain-induced piezoelectric fields, the indium
concentration is hardly higher than 35% to avoid strain re-
laxation in the InGaAs layers.16 One of the aims of the
present study is to determine sound velocities for applica-
tions of acousto-optical devices. We therefore reduced the
measured regime of In composition by choosing 0 <x=<0.3.
Moreover, with the previous investigation of sound velocities
in InAs the observed regime of In content could be extended,
and the relation between the In content x and the longitudinal
sound velocity along the [111] direction, V,[111], of
In,Ga(;_,)As can thus be established.

The samples under study were (111) In,Ga(;_,)As thin
films with indium compositions x=0,0.1,0.2,0.3. The in-
dium content of each sample was measured by using electron
probe x-ray microanalyzer (EPMA). In,Ga(,_,)As layers with
~1.5 um thickness were grown on (111) GaAs substrates by
the molecular-beam epitaxy (MBE) technique. In addition,
the surfaces of the samples were sputtered with a
10-nm-thick gold thin film as the generation layer for initi-
ating acoustic pulses. With an In,Ga(,_,As layer thickness
much greater than the critical thickness,17 the strain due to
the lattice mismatch can be expected to be fully relaxed. The
typical dislocation density in InGaAs/GaAs heterostructures,
depending on the growth conditions and film thickness, is on
the order of 107 cm™2.'® According to a previous elastic study
in GaN films with different dislocation densities,19 the dis-
crepancy in the sound velocity due to dislocation is insignifi-
cant in contrast to our measurement uncertainty even with a
dislocation density up to 108-10'° cm=2. We thus assumed
that the dislocation-induced sound velocity deviation in our
samples could be on the order of or below our system reso-
lution.

It is clear from Eq. (1) that the reduction of estimation
error in the refractive index is essential to improve the accu-
racy of the sound velocity measurements. For semiconductor
materials, the refractive index will vary abruptly when the
optical wavelength approaches to the bandgap, which is
strongly dependent on the sample quality.20 In addition, with
the probe photon energy above the bandgap energy, strong
absorption would result in low probe penetration. The probe
wavelength adopted in this measurement was thus chosen to
be 1.3 wm, which is much longer than the bandgap wave-
lengths of all measured samples so that the probe absorption
and the uncertainties in refractive indices can be reduced (the
bandgap energy of Iny;Gag,As is ~1.05 eV, corresponding
to an optical wavelength of 1.18 wm, at room temperaturezl).
The 1.3 um wavelength can be reached by using an optical
parametric oscillator (OPO) synchronously pumped by a
mode-locked Ti:sapphire laser. With collinear noncritically
phase-matched parametric interaction in a periodically poled
lithium niobate (PPLN) crystal, the OPO was able to convert
the near-infrared beam into infrared with a pulse width on
the order of 200 fs at a repetition rate of 76 MHz. The cor-
responding coherence time for the acoustic-pulse-induced
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FIG. 2. The measured optical reflection change as a function of time delay
for the sample of Iny;Gay;As. 7 is the time at which the acoustic pulse
entered the (111) GaAs substrate. The oscillations at the frequencies of 27.0
and 28.3 GHz resulted from the propagation of the acoustic pulse in InGaAs
and GaAs layers were observed. The complete trace is shown in the inset.

optical interference is on the order of 2 ns, which is much
longer than the interference delay that occurred in this
study.22

The picosecond ultrasonic experiments were performed
using a typical pump-probe arrangement.1 The laser beam
from OPO was split into two beams with perpendicular po-
larizations. The probe pulse with an average power of 8§ mW
was delayed with respect to the pump pulse by a mechanical
stage. The pump beam at the same wavelength was chopped
and was with an average power of 60 mW. Both beams were
focused into the sample with a focal diameter of ~15 um
and an angle 6 of ~5°. To increase the signal-to-noise ratio,
the reflected probe signal was measured using a lock-in am-
plifier as a function of the temporal delay between the pump
and the probe pulses.

lll. RESULTS AND DISCUSSION
A. Experimental results

Figure 2 shows a typically measured probe reflection
change as a function of time delay for the sample with x
=0.3. When the Au film was heated by the pump pulse, the
temperature rise induced the reflectivity change by the ther-
moreflectance effect. The reflectivity change then slowly dis-
appeared as the heat diffused into the sample. With an aver-
age pump power of 60 mW, an oscillation signal with a
modulation strength AR/R on the order of 10~ could be
observed on top of the background signal. This oscillation
signal resulted from the Brillouin scattering effect as de-
scribed in previous discussions. Before ~300 ps, the ob-
served oscillation period of 37 ps, corresponding to a fre-
quency of 27.0 GHz, is attributed to the propagation of
longitudinal acoustic pulses in the InGaAs layer. A sudden
change of modulation strength could be found at ~300 ps,
which indicates that the acoustic pulses transmitted into the
GaAs substrate after traveling in the InGaAs layer. Because
of the small difference between the acoustic impedances of
GaAs and InGaAs with a low In content, low reflection of
acoustic pulses is expected at the InGaAs/GaAs interface.
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FIG. 3. (a) The measured oscillation frequencies of the optical reflection
changes and (b) the calculated indices of refraction for the In,Ga(_,As
samples with different In contents.

The change of modulation strength is thus attributed to dif-
ferent sensitivity functions of InGaAs and GaAs.”

In addition, the compositional dependent refractive in-
dex for a wavelength below the bandgap has previously been
reported by Takagi.24 From his reported results the refractive
index of Inj;Gaj,As can be estimated as 3.509. The sound
velocity of Ing;Gay,As along [111], therefore, could be de-
rived as 5033 m/s by using Eq. (1).

B. Result analysis and discussion

In addition to Iny ;Ga, ;As, the same experiment and cal-
culation for samples of different indium compositions were
carried out as shown in Fig. 3. The refractive index becomes
higher when the alloy consists of a higher indium concentra-
tion. In addition, high indium concentration results in the
decrease of the measured oscillation frequency. These results
conform to the characteristic that the sound velocity of
In,Ga(;_,)As becomes lower with the increase in the indium
content x. The error bars shown in Fig. 3 represent the stan-
dard deviation. The error bars on the oscillation frequencies
are the statistic results from the measurements performed at
different positions on each sample. Those uncertainties are
also caused by the limits of signal-to-noise ratio and the
analytic uncertainty resulted from finite oscillation periods.
Due to the uncertainties of alloy concentration of the mea-
sured samples, the variations of calculated refractive indices
were taken into consideration and are also shown as the stan-
dard deviation in Fig. 3.

According to the measured data and the calculated re-
fractive indices, the compositional dependence of the longi-
tudinal sound velocities of InGaAs along the [111] direction
can be obtained. In (111) GaAs the measured values yield
V. [111]=5410+32 m/s, which is in good agreement with
the values obtained from the literature values of the elastic
constants,6’25’26 as shown in Table I. Figure 4 shows the mea-
sured and the expected sound velocities calculated by the
reported elastic constants of In,Ga;_,)As as a function of the
indium composition. The sound velocities determined by our
measurements were denoted as solid dots, and the calculated
sound velocity of InAs was labeled as solid triangle.zﬁ’27

To appropriately model the relation between the longitu-
dinal sound velocity and the indium content x, we first com-
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TABLE I. Longitudinal sound velocities of In,Ga_,As along the [111]
direction for different In compositions. The calculated sound velocities
along [111] were derived using the literature values of elastic constants and
mass densities according to V;=+/(C;+2C,+4Cyy)/3p.

Longitudinal sound velocity along the [111] direction (m/s)

Composition x  Calculated values Experimental values (this work)

0.000 (GaAs) 5401° 5410+32
5384+25°
53934
0.1050.003 5285+32
0.205+0.005 5110+34
0.300+0.001 5033+15
0.49 4746+29%¢
0.53 4753+29%¢
1.000 (InAs) 44214

“Reference 6.

"Reference 25.

“The elastic constants were taken from Ref. 26.

The mass densities of In,Ga(;_,yAs were obtained by applying Vegard’s rule
p=5317+350x (kg/cm?), which was the interpolation of those of GaAs and
InAs (Refs. 25 and 27).

“The elastic constants were taken from Ref. 10.

pared the experimental results with the linear-interpolation
values of the sound velocities from those of GaAs and InAs
which was shown as a dashed line. It was clear that the
measured sound velocities were obviously smaller than the
interpolation results. It thus indicated a nonlinear variation in
the sound velocity with different indium concentrations, and
the linear-interpolation approximation of sound velocity was
inapplicable for the sound velocity estimation in this specific
material system.

As previously discussed, by assuming linear dependence
of the elastic constants on alloy composition, sound veloci-
ties could also be evaluated by the elastic relations. It is
another linear-approximation method which can be used to
model the measured sound velocities in this study, and has
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FIG. 4. Longitudinal sound velocity of In,Ga,_,As along the [111] orien-
tation vs the composition x. The measured values are denoted as solid dots,
and the calculated ones obtained from the literature values of elastic con-
stants are represented as solid triangles (Ref. 26) and open circles (Ref. 10).
The solid line is a quadratic fitting curve according to the measured values
of InGa(_yAs and the calculated sound velocity of InAs. The linear-
interpolation curve of the sound velocity is shown in dashed line, and the
open rhombuses are the calculated values by assuming linear compositional
dependence of elastic constants of In,Ga(;_yAs.
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been adopted for the sound velocity investigation in other
ternary compounds.8 According to Christoffel’s equation, the
longitudinal sound velocity along the [111] direction of a
cubic structure  can  be  formulated as Vv
=\/(C”+2C12+4C44)/3p.6 This formula has neglected the
stiffening induced by piezoelectric effect because piezoelec-
tric coupling only resulted in ~0.1% and ~0.01% increases
in the calculated V,[111] of GaAs and InAs, respectively.®®
With this elastic relation and the assumption of linear com-
positional dependence of the elastic constants, the V,[111] of
In,Ga(;_,)As was calculated and is denoted as open rhom-
buses in Fig. 427" We could find that the linear estimates of
the sound velocity are evidently distinct from the measured
values with higher indium contents. It therefore indicates that
this elastic estimation method is also unsuitable for modeling
the relation between V;[111] and the alloy composition in
In,Ga(,_,)As. Moreover, because the assumption of linear
compositional dependence of the elastic constants failed, the
results thus support that the elastic constants of In,Ga(,_,)As
would have a nonlinear relationship with the In contents.
Since the linear-interpolation approximations with the sound
velocity and the elastic constants both fail for modeling the
Vi[111] of In,Ga(;_,As, a higher-order polynomial would be
used to fit the nonlinear relation of the sound velocity. With
a reference of the calculated sound velocity of InAs, the
experimental results can be nicely described by a quadratic
function of V,(x)=(458+35)x>—(1451+48)x+(5414+2),
shown as the solid line in Fig. 4. This fitting curve agrees
well with the expected values calculated from a previous
measurement of the elastic constants of InGaAs whose In
contents were 49% and 53%.'° It thus supports that the qua-
dratic function can well describe the bowing characteristic of
the discussed elastic property.

IV. CONCLUSION

We performed a picosecond ultrasonic experiment to
generate acoustic pulses propagating in the [111] direction of
In,Ga(;_,As and to directly examine its sound velocity de-
pendence on the indium composition. The experimental re-
sults exhibit an obvious bowing in the sound velocity versus
In composition x and can be well described using a quadratic
function. This characteristic thus indicates the nonlinear
compositional dependence of the elastic constants of
In,Ga(;_,As. Furthermore, our study experimentally demon-
strates that the linear-interpolation approximation is inappli-
cable for estimating the sound velocity along the [111] direc-
tion of In,Ga(,_yAs.
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