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Photoelastic properties of zinc-blende Al,Ga;_,N in the UV: Picosecond ultrasonic studies
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Picosecond ultrasonics was used to study the photoelastic properties of zinc-blende (cubic) c-Al,Ga;_, N with
x around 0.5. The velocities for longitudinal sound in the alloys were measured using ultrafast UV pump-probe
experiments with (AlGa)N membranes. Strong Brillouin oscillations were observed in (AlGa)N films attached
to GaAs substrates. These oscillations are due to the dynamical interference of the probe beams reflected from
the sample surface and interfaces and a picosecond-duration strain pulse propagating in the alloy layer. Optical
and elasto-optical parameters including the complex refractive index and the fundamental band gap of the cubic
nitride alloys are determined and compared with the values obtained by ellipsometry.
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I. INTRODUCTION

There is a strong demand for efficient deep-UV (<300 nm)
semiconductor light sources for various applications, notably
water purification [1-3]. The nitride alloy Al,Ga;_,N is a
prospective candidate materials system for fabricating such
devices. The band gap of Al,Ga;_,Nranges from E, = 3.2eV
(for x =0) to E, ~ 6 eV (for x = 1), and its value can be
controlled by varying the aluminum content x in the alloy.
Most of the optical studies with (AlGa)N alloys have been per-
formed on wurtzite h-Al,Ga;_,N layers epitaxially grown on
c-axis sapphire or SiC substrates. These layers possess strong
piezoelectric and spontaneous polarization effects which can,
in some circumstances, affect the efficiency of optoelectronic
device structures [4]. Zinc-blende (cubic) Al,Ga;_, N layers do
not exhibit piezoelectric and spontaneous polarization effects
[5], which makes c-(AlGa)N attractive for optoelectronic
applications. Furthermore, because c-AlGaN can be grown by
MBE on Si and GaAs substrates, the optoelectronic devices can
be integrated with conventional Si- and GaAs-based electronic
devices. However, the cubic phase of AlGaN is metastable
and it is difficult to grow high-quality layers containing few
stacking faults and a small hexagonal component, therefore
there are only a few works where the optical properties of
c-Al,Ga;_,N have been studied [6-8]. In those experiments,
the ellipsometry technique was used to measure the layer thick-
ness as well as the refractive index and extinction coefficient.
This provided information about the electronic band structure
and also characterized the quality of the grown layers.

Ellipsometry is a powerful technique, but still possesses
some uncertainty in defining the dielectric function of the lay-
ers and the thicknesses in the case of multilayered structures,
particularly in the UV spectral range where the basic optical
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properties of some materials are not well known. A technique
that can complement ellipsometry is picosecond ultrasonics
[9], which can measure the same optical parameters (e.g.,
refractive index and extinction coefficient) and can also obtain
the photoelastic properties of the materials; the latter providing
a route to the application of high-frequency ultrasonics in
UV nanoscopic imaging [10] and ultrafast modulation [11,12]
of nitride based lasers and light-emitting diodes. Picosecond
ultrasonics was previously used to study the photoelastic prop-
erties of 1-GaN and related nanostructures [ 13]. More recently,
a few experiments have been carried out on c-GaN layers [14],
c-GaN membranes [15], and c-GaN/AlGaN quantum wells
[16].

In the present paper, we report the results of the ex-
periments where we use picosecond ultrasonics to measure
the photoelastic properties of c-Al,Ga;_,N epilayers with x
around 0.5. From the experiments performed on free-standing
membranes we obtain the sound velocity s for three layers with
different nominal values of x. Measurements of the dynamical
interference of the probe light with the picosecond strain pulse
(so-called Brillouin oscillations) allow us to derive the complex
refractive index, and estimate the photoelastic parameters
and their dependencies on probe wavelength. Monitoring the
reflection of coherent phonons with frequency ~100 GHz at
the free surface of the c-Al,Ga;_, N layer gives us information
regarding the submicrometer roughness of the free surface.

II. EXPERIMENT AND RESULTS

A. Samples and experimental details

We present detailed results for three c-Al,Ga;_,N layers
with x = 0.42, 0.49, and 0.66. The samples were grown by
molecular beam epitaxy (MBE) on semi-insulating (100) GaAs
substrates with a c-GaN buffer layer. The AIN fraction was
measured by electron probe microanalysis (EPMA) using a
Cameca SX100 system [17] and the fractional error for x did
not exceed 2%. The thicknesses of the ¢-Al,Ga;_,N and c-
GaN buffer layers were around 300 and 50 nm respectively and
the values measured by a J. A. Woollam M-2000 ellipsometer
are given in Table I. The uncertainty in the thickness of the
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TABLE I. Photoelastic parameters of c-Al,Ga;_,N measured in the present work and compared with the data obtained earlier. The values
obtained from ellipsometry data are in brackets. The accuracy for obtaining n and « from ellipsometry measurements are +0.05 and +2.5%

respectively.
c-GaN (x = 0) x =042 x =0.49 x = 0.66 c-AIN (x = 1)
Thickness of the buffer c-GaN layer (nm) 57+ 10 49 £+ 10 57+ 10
Thickness of the alloy layer (nm) 282 £ 12 289 £ 10 286 + 10
Density (kg/m?) 6000 4824 4628 4152 3200°
Speed of sound (m/s) Measured 7940 £ 380 8017 £+ 340 8855 £ 290
Linear fit 7000° 8100 8283 8728 9619*
Direct band gap E, (eV) 3.2d 444+0214.47) 45£0.2(4.47) 48+0.2(4.86) 5.93¢¢
3.874,4.1° 3.984, 4.2¢ 4.264,4.5° 5.0¢
Refractive index at E = E,, n 2.8¢ 27+0.12.72) 26+0.12.63) 2.6+£0.1(2.54) 2.9¢
2.4 for x = 0.46¢ 2.34
Extinction at E = E,, k 0.25¢ 0.05 (0.22) 0.05 (0.16) 0.05 (0.14) ~0.01¢
0.15 for x = 0.46¢ 0.15¢
Photoelastic parameters o 10 at 4.25 eV 2at4.3eV 8at4.6 eV
—6at4.55eV —3at4.7eV —4 at4.8 eV
B 2 at4.37 eV lat4.5eV 2 at4.8

4Reference [20].
PReferences [14,15].
‘Reference [25].
dReferences [6,7].
“Reference [8].

layers was better than £15 nm. The edge-supported (AlGa)N
membranes were fabricated by wet chemical etching of a
1-mm-diameter hole from the back of the GaAs substrate
through to the nitride layer. Standard UV photolithographic
techniques were used to define the hole.

A detailed description of the picosecond acoustics tech-
nique may be found elsewhere [9]. The picosecond ultrasonic
experiments were performed using a two color UV optical
pump-probe setup, the schematic for which may be found in the
Supplemental Material [18]. The laser system included an 82-
MHz Ti-sapphire oscillator (wavelength Ao = 700-900 nm,
pulse duration 120 fs) and an optical harmonic generator, which
had outputs for second and third harmonics with wavelength
Ay = Ao/2 and A3 = Ap/3 respectively. The average power of
the pump and probe beams were ~10 and ~1 mW respectively
and both beams were focused to a spot diameter of ~20 pm on
the sample with the pump spot slightly larger than the probe.
A beam from one output (pump) with wavelength A, was
used for generating picosecond strain pulses [9,19] and the
beam from the other output (probe) with wavelength A, was
used to detect the strain pulses. Depending on the experiments,
we used either A, > Ap, or A,, > A,,. The pump beam was
modulated using an acousto-optical modulator at a frequency
of 200 kHz and the reflected probe beam was detected by a
UV-enhanced silicon photodiode.

B. (AlGa)N membranes

In the experiments with the membranes, we used pump
wavelengths of A ,, = A3 = 258-280 nm, and the probe A ,, =
Ay = 387-420 nm arranged in reflection geometry. The main
panel in Fig. 1 shows the pump-probe signals AR(¢) as a
function of delay time # between pump and probe pulses. After
a sharp step, oscillations with frequency f,, ~ 10 GHz are
clearly observed. These oscillations are due to the fundamental

vibrational mode of the membrane. The modes with higher
frequency are not observed in our experiments because of their
much smaller amplitude which agrees with earlier studies on
pure c-GaN membranes [15]. The left inset in Fig. 1 shows the
fast Fourier transforms (FFTs) of the oscillations and it is seen
that f,, increases with the increase of the Al content.

The measured values of f;, allow us to obtain the velocity
s, of longitudinal acoustic phonons in the c-(AlGa)N alloy.
For this we take into consideration a thin c-GaN buffer layer
which remains in the membrane after back-etching the GaAs
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FIG. 1. Pump-probe signals measure in c-Al,Ga;_,N mem-
branes; left inset: fast Fourier transforms (FFTs) of the background
free signals, shown in the main panel; right inset: the sound velocity
of the alloy as a function of Al content (black squares) and linear
interpolation (red line) between the values for x = 0 and x = 1.
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substrate. Then the value of s, can be derived from the equation

. [ bw aw Z, . {aw bw
sin| — )Jcos| — ) + —sin| — Jcos{ — ) =0, (1)
S0 Sa Zy Sa S0

where w = 2nf,, and a and b are the thicknesses of the
alloy layer and c-GaN buffer respectively, so = 7000 ms~!
sound velocity in c-GaN [14,15], Z, = s,p, and Zy = s9po
are acoustic impedances of the alloy and c-GaN respectively
(pq and py are corresponding densities). The densities of the
alloys are estimated by linear interpolation of the values for
c-GaN and c-AIN [20]: p, = (6000 — 2800x) kg m~3. The
corresponding values of p, are presented in Table I. The filled
symbols in the right inset of Fig. 1 show the values of s,
derived from Eq. (1). The straight line connects the values
of sound velocities measured in c-GaN [14,15] and calculated
for c-AIN [20]. It is seen that the values for s, obtained from
the experiment and Eq. (1) agree very well with the linear
interpolation of the sound velocity dependence on the Al
content x in the alloy.

C. Brillouin oscillations

For these measurements, we used the c-(AlGa)N layer
attached to the substrate and excited the picosecond strain
pulses in the GaAs substrate by pump beam excitation with
awavelength A, = Ao/2 = 380—450 nm from the side of the
epitaxial layer. For this wavelength, the c-(AlGa)N layer is
transparent, and we may also neglect the energy absorbed in
the c-GaN cap which has a band gap at 3.2 eV (corresponding
to 388 nm) due to its small thickness. The UV pump beam is
absorbed strongly in the GaAs substrate in a near surface layer
with a thickness of ~10 nm. The result of this excitation is two
strain pulses propagating in opposite z directions [19].

The compressive strain pulse 7,.(z,t) injected into the c-
(AlGa)N layer propagates there with velocity s,, has a duration
of several picoseconds, and may be well approximated by a
Gaussian temporal profile [21]. The detection of the strain
pulse is realized by using a probe light beam of wavelength
Apr = Xo/3 = 250—300 nm and measuring the changes of the
light intensity reflected from the (AlGa)N layer, A R(?).

There are two mechanisms which govern the probe signal
AR(t): the displacement of the interfaces in the layered
structure and the photoelastic effect [22]. Both mechanisms are
described by the modulation of the interference terms for the
probe beams reflected at the interfaces and perturbations of the
complex refractive index n* = n + ix due to the photoelastic
effect. The interference of the probe beam reflected from the
propagating strain pulse with other reflections results in a
harmonic modulation of the A R(¢) with a frequency f5 [23].
The corresponding temporal oscillations in AR(?) are often
called Brillouin oscillations, and for k < n:

. 25,4

fz= n? —sin’6, 2

pr

where 8 = 30° is the incidence angle of the probe beam in our
setup. The amplitude and the phase of the oscillations in AR(t)
depend on the complex photoelastic constant which depends
on A p,,. Inour experiments we observe Brillouin oscillations for
all three studied alloys, and the corresponding signals AR(¢)
are shown in the (a) panels of Figs. 2—4 for the alloys with
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FIG. 2. Results of pump-probe experiment with picosecond strain
pulses generated in GaAs substrate and injected into the c-Al,Ga;_,N
alloy with x = 0.42: (a) measured pump-probe signals AR(z) for
various probe wavelength; vertical dashed lines #; and #, correspond
to the temporal moments when the strain pulse enters the GaN/AlGaN
and open surface interfaces respectively; (b) the dependence of the
frequency fp of the Brillouin oscillations on the probe wavelength;
(c) the dependence of real (closed squares) and imaginary (open
squares) parts of the complex refractive index in the alloy layer on
the probe wavelength; the red solid line in (c) corresponds to the
smoothed on five experimental points curve.

x = 0.42, 0.49, and 0.66 respectively. Vertical dashed-dotted
lines at t+ = 0 correspond to the time when the pump pulse
excites the GaAs substrate. Vertical dashed lines at #; & 10 ps
and #, & 40 ps correspond to moments when the picosecond
strain pulse enters the alloy layer after passing the c-GaN buffer
and hits the free surface of the alloy respectively. The positions
of #; and 1, depend on the exact sample in accordance with
the thicknesses of the buffer and alloy layers. The frequencies
fp are derived from performing the FFT of the oscillations
in a time window between #; and f, when the strain pulse
propagates along the alloy layer towards the free surface. The
FFT is performed after subtracting a slow varying background
of AR(t). The FFT spectrum of the oscillations is a single line
with a shape that is close to symmetric which allows us to
determine fp as the central frequency of the spectral profile
with an accuracy ~1%. The corresponding dependencies of
fB on A, are shown in panel (b) of Figs. 2—4.

The spatial width of the strain pulse in our experiment is
~10 nm which is much less than the thickness of the alloy layer
~300 nm. Thus the contribution from interface displacement
to the probe signal should take place only in the intervals
~?2 ps near the times #; and 7, marked by vertical dashed
lines in Figs. 2—4 while the major part of the temporal interval
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FIG. 3. Results of pump-probe experiment with picosecond strain
pulses generated in GaAs substrate and injected into the c-Al, Ga;_,N
alloy with x = 0.49: (a) measured pump-probe signals AR(t) for
various probe wavelength; vertical dashed lines #; and #, correspond
to the temporal moments when the strain pulse enters the GaN/AlGaN
and open surface interfaces respectively; (b) the dependence of the
frequency fp of the Brillouin oscillations on the probe wavelength;
(c) the dependence of real (closed squares) and imaginary (open
squares) parts of the complex refractive index in the alloy layer on
the probe wavelength; the red solid line in (c) corresponds to the
smoothed on five experimental points curve.

t; — tp includes only photoelastic effect. Moreover, we do
not see high-amplitude spikes at #; and t, which suggests
a relatively weak contribution from the displacement effect.
Therefore in the analysis of the results we consider only the
photoelastic effect.

The values of refractive indices n are calculated using
Eq. (2) and shown in panels (c) of Figs. 2—4. The solid lines are
the result of smoothing out adjacent points. The accuracy of
obtaining » is approximately 5% and is dependent on the error
in our estimation of the sound velocity s, (see Table I). The
extinction coefficients «, calculated from the dependencies of
the amplitude of the oscillations on time, are shown also in
panel (c) of Figs. 2—4 together with n.

Qualitatively the A R(¢) signals measured at A ,, < 280 nm
for all three studied layers are similar: all of them possess
harmonic oscillations. However, their amplitude and depen-
dencies on A, are different. The existence, or alternatively
the absence, of Brillouin oscillations after the reflection of
the strain pulse from the free surface (corresponding to the
time ¢ > t;) depends on the reflection of coherent phonons
with fp from the surface. The, ideally flat, surface plays the
role of a perfect mirror for phonons and Brillouin oscillations
with the same amplitude are observed immediately before
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FIG. 4. Results of pump-probe experiment with picosecond strain
pulses generated in GaAs substrate and injected into the c-Al,Ga;_, N
alloy with x = 0.66: (a) measured pump-probe signals AR(t) for
various probe wavelength; vertical dashed lines #; and #, correspond
to the temporal moments when the strain pulse enters the GaN/AlGaN
and open surface interfaces respectively; (b) the dependence of the
frequency fp of the Brillouin oscillations on the probe wavelength;
(c) the dependence of real (closed squares) and imaginary (open
squares) parts of the complex refractive index in the alloy layer on
the probe wavelength; the red solid line in (c) corresponds to the
smoothed on five experimental points curve.

and after reflection, as seen in the lower curve in Fig. 2(a)
(x =0.42 and A, =300 nm). Alternatively, phonons with
wavelength comparable with the scale of the surface roughness
are strongly scattered at the surface, and the amplitude of
Brillouin oscillations immediately after the reflection of the
strain pulse is much lower than immediately before reflection.

III. ANALYSIS AND DISCUSSION

We begin with the discussion of the measured complex
refractive index and its comparison with the data obtained from
ellipsometry experiments. Then, we will turn to the discussion
of the photoelastic effect, which defines the amplitude and
sign of the Brillouin oscillations. Finally, we shall discuss the
reflection of phonons from the free surface.

A. Complex refractive index

The dependence of n on the probe wavelength, panel (c) in
Figs. 2—4, possesses a maximum at photon energy E,, which
is typical for the refractive index of GaN and their alloys for
photon energies near the fundamental band gap E, [6,7]. The
width of the maximum in the studied alloys is around 20 nm
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FIG. 5. The photon energy dependencies of (a) refractive indices
n and (b) extinction coefficients k obtained from ellipsometry mea-
surements for the samples with various x.

(~300 meV) which is typical for cubic nitride alloys [6,7].
The extinction coefficient ¥ shows a decrease with increasing
wavelength which is also typical for semiconductors in the
region close to the direct band gap. We associate the peak
position in the wavelength dependence of n with the onset for
optical electron-hole transition and correspondingly with the
band gap E, of the alloy (i.e., E; = Ep). As was shown in
previous studies with c-GaN [24], c-AIN [25], and (AlGa)N
alloys [8] this is a good approximation and the values of E,
defined in such a way are presented in Table I. We do not see
any experimental evidence of indirect band gap in (AlGa)N
which could happen when x approaches the value of 0.7 [8].
However, this fact does not exclude the existence of an indirect
band gap around 5 eV. A more definite conclusion requires
detailed studies which are beyond the scope of the present
work where we aim at photoelastic effects.

Table I shows also the values of n, k, and correspondingly
E, measured by ellipsometry in this work [18]. The ellipsom-
etry data for three samples are shown in Fig. 5. Comparing
picosecond ultrasonic and ellipsometry measurements (cf. the
values in Table I) we see that both techniques show the peaks in
the wavelength dependence of n. The values of n at the peak, the
position of the peaks, and correspondingly the value of E, =
Ey are quite close to the values measured using picosecond
ultrasonics. A more significant difference is observed for
the extinction coefficients «: the values of x measured by
ellipsometry are, in general, higher as compared to the values
obtained from picosecond ultrasonics. This difference may be
due to additional contributions from phonon scattering on the
defects and inhomogeneities in the alloys [26,27]. Phonon
scattering will result in the decrease of the amplitude of the
oscillations with time while the strain pulse is propagating
in (AlGa)N layer from the GaAs substrate towards the free
surface. Having neglected the effects of phonon scattering may
explain the consistent underestimate for the value of « obtained
from picosecond acoustic experiments.

We may compare the values of n, «, and E, obtained by
ellipsometry in the present work with the values reported
earlier [6-8]. There is quite a big difference in n and E,

between our data and values measured in [6,7], but the values
for k measured by ellipsometry are quite similar. The values
of E, measured in [8] are much closer to our data. We note
that there is also a difference for c-AIN measured in [6,7] and
more recent works on c-AlN [25] and (AlGa)N alloys [8]. The
differences of our ellipsometry data with values obtained in
earlier works [6,7] could possibly be related to different quality
of the grown material, the accuracy of defining x, different
substrates, and the models used in the ellipsometric analysis.

The general reason for the difference of picosecond ul-
trasonic and ellipsometry techniques for obtaining n, «, and
E, could be that ellipsometry data analysis uses smooth
functions to model the spectroscopic response while picosec-
ond ultrasonics directly measures the response at particular
photon energies without any fitting functions as used for model
calculations in ellipsometry. Another point is that ellipsometry
software uses a parameter related to surface roughness. This
parameter is only a good measure for roughness on a lateral
length scale that is much shorter than the wavelength of the
light, i.e., 100 nm. In Sec. IIIC we show that this is not the
case for our films.

B. Photoelastic effect

Now we turn to the analysis of the photoelastic effect which
gives the dominant contribution to the measured signal A R(¢).
Brillouin oscillations, which are observed in our work in the
time interval #; <t < #, when the strain pulse is traveling
in the (AlGa)N layer, are due only to the photoelastic effect
in the alloy. In picosecond ultrasonics, the changes AR in
the reflectivity are described by the changes An* of the
complex refractive index n* in the presence of dynamical
strain n [9,19,22]. In direct band gap semiconductors, the
biggest photoelastic response takes place for the photon energy
E = hc/A close to the band gap E,. For energies far from
E, the photoelastic effect is much smaller, and |An*/n*|
does not depend strongly on A. In our case, when AR(¢)
strongly depends on A, we shall consider only the case when
dynamical strain induces the modulation of E,. Forn < 1 we
have [16]

N dn(E)
An® = +1i
dE dE

.a’lc(E))%’7 . 3)
n

where p is photoelastic coefficient and d E, /dn is known as
the deformation potential and for direct band gap has a value
~—10 eV [28]. The sign and, correspondingly, the phase of
AR(t) depends on the optical wavelength A. For our spectral
range with a peak in n at £ = E,, dn/dE is positive for
E < E, and alternatively dn/dE is negative for E > E,.
The imaginary part dk /dE is always positive. The obtained
wavelength dependencies of n and x shown in panel (c) of
Figs. 2—4 and Eq. (2) gives an estimate of the real and imaginary
contributions to An* = (o + i8)n. The dimensionless con-
stants & and § are associated with photoelastic parameters p
and their values Eq. (2) are shown in Table I, obviously « = O at
E = E,. The accuracy for the values of photoelastic constants
is limited by the accuracy of deformation potential whose value
is not precisely known for the c-AlGaN alloys. From [28] and
references therein we may estimate the uncertainty of defining
photoelastic constants to be ~20% and so in the interest of
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prudence we present only the first significant digit for o and 8 in
Table I. The quantitative calculation of the reflectivity changes
AR(t)/Ro (Rp: reflectivity at n = 0) can be performed on the
basis of analytical [19,22] or numerical [16] approaches. We
estimate the maximum amplitude of the Brillouin oscillations
using the equations for AR(#)/ R, derived in [19]. For short
strain pulse and k < n we get

AR(t) _ l6mnpnAz
R,  A(mi—1)°

“

where Az ~ 10 nm is the spatial length of the strain pulse. For
p ~ 10 the estimate gives AR(z)/ Ry ~ 107 that is consistent
with the experimental value |[AR(t)|/ Ry ~ 10~* for the strain
amplitude 1 ~ 1073, This strain amplitude is a reasonable
value for the pump excitation density ~10 uJ/cm? in the
GaAs substrate used in our experiments. The obtained values
between 1 and 10 for « and B (see Table I) are of the same
order of magnitude as for other direct band gap semiconductors
for light with photon energy E ~ E,. For instance, for GaAs
(E; =1.43eV)a =2.8and B = 2.6 for photon energy E =
1.65 eV [29,30]. For the semiconductors with a sharp dielectric
function near E, the values of o and 8 may be quite high
when E approaches E, from the low energy side. For instance,
using the data obtained in [24] for dielectric function in c-GaN
(Eg =3.23 eV) and deformation potential 10 eV we get
a ~ 10 and 8 ~ 20.

The analysis of the phase of the Brillouin oscillations in
the studied samples requires the inclusion of the imaginary
parts of n* and An*. We perform a qualitative analysis of
the phase dynamics in the signals AR(#)/Ry presented in
Fig. 4(a) for the alloy with x = 0.66. It is seen that AR(¢)/ Ry
undergoes a 7 phase change between A, = 265 and 270 nm.
This phase change takes place when the photon energy E ~ E,
where |An*| ~ 0. This example shows how the photoelastic
effect may be used for accurate measurements of the band
gap in the nitride alloys even if the dependence of n on X is
not known.

C. Surface roughness

The fact that for most of the used A, the Brillouin oscilla-
tions are observed only for #; < t < f, < 40ps [see panel (a)
of Figs. 2—4] indicates a strong scattering of the corresponding
phonons at the free surface. There are only a few signals
measured at long wavelengths, A, > 290 nm, for the samples
with x = 0.42 and 0.49 when the oscillations are detected
after the reflection of the strain pulse at the free surface.
Obviously, the scattering at the surface increases with the
increase of phonon frequency fp of the Brillouin oscillations.
The experimental results show that in all studied samples
strong scattering starts at a frequency f; &~ 150 GHz, which
corresponds to a phonon wavelength, A; = c¢/f;, of about
50 nm. If the rms surface roughness R, is of the order of, or
larger than, A /4, in the area of the probe spot (~20 pxm in our
experiments), the coherence will be lost in the reflected phonon
flux and Brillouin oscillations will not be detected. From our
picosecond ultrasonic data we estimate that Ryy,g ~ 10 nm.

We have measured the surface roughness independently
using atomic force microscopy (AFM). In a 5 um x 5 um
square, Ry is found to be (innm) 7 4+ 3,30 £ 14, and 20 £ 4

[ 100 nm
80

60

40
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FIG. 6. AFM image measured on the surface of the Al,Ga,;_,N
film x = 0.49. 2 um scale bar is shown.

for films with x = 0.42, 0.49, and 0.66 respectively. The AFM
image for the sample with x = 0.49 is shown in Fig. 6. The
values obtained by AFM are in reasonable agreement with the
values estimated from picosecond acoustics. The deviations in
height take place with a lateral correlation length of ~1 um
which is smaller than the diameter of the picosecond probe
spot. However, this lateral scale is larger than the visible and
UV probe wavelengths used in ellipsometry, which means that
the assumptions of the effective medium approximation are
not satisfied and so standard ellipsometric analysis cannot
make an accurate estimate of the surface roughness (see
Sec. IITA). Comparing the picosecond ultrasonic data to
the AFM data demonstrates the possibility of measuring the
surface roughness in the nitride alloys using the picosecond
ultrasonic technique.

IV. CONCLUSIONS

We have used picosecond ultrasonics for studies of the
optical properties of nitride epitaxial layers in the UV spectral
range. We have studied zinc-blende (i.e., cubic) (AlGa)N alloys
grown by MBE on (001) GaAs substrates and measured the
values of complex refractive index and their dependence on Al
content and the optical wavelength in the range 250-300 nm.
The real part of the refractive index possesses maximum at
a wavelength close to the onset of optical transitions and
correspondingly to the fundamental band gap. The velocities
for longitudinal sound in the alloys have been measured from
pump-probe experiments with (AlGa)N membranes. The alloy
layers show a strong photoelastic effect for optical wavelengths
close to the band gap which results in observation of Brillouin
oscillations with frequency ~100 GHz. The photoelastic pa-
rameters of the alloys have been derived from the analysis of
Brillouin oscillations on the basis of the deformation potential
mechanism of the photoelastic effect. Finally, the analysis of
the reflection of coherent phonons from the free surface of the
alloy layer provide an estimate of the surface roughness of the
material. The results are compared with the data obtained by
ellipsometry and AFM.

The presented results demonstrate that picosecond ultra-
sonics is a powerful technique for obtaining the fundamental

034606-6



PHOTOELASTIC PROPERTIES OF ZINC-BLENDE Al ...

PHYSICAL REVIEW MATERIALS 2, 034606 (2018)

properties of the materials in the UV where the usage of
standard optical techniques, like ellipsometry, meets certain
difficulties such as scattering of light at the surface and uncer-
tainty in how to model optical parameters of the new materials.
The photoelastic effect resulting in Brillouin oscillations of
a probe beam could be exploited for ultrafast (subterahertz)
modulation of UV laser beams.
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