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Narrow-band detection of propagating coherent acoustic phonons in
piezoelectric InGaN/GaN multiple-quantum wells
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The authors demonstrated that the piezoelectric superlattice, can serve as narrow-band detectors for
propagating coherent longitudinal acoustic phonons at multiple frequencies corresponding to the
spatial frequency of the superlattice and its higher harmonics, and its detection bandwidth is
determined by the total structure width. By optically exciting a broadband propagating longitudinal
acoustic pulse from a thin Ni film, the authors studied the acoustic spectral sensitivity function of
a ten-period Ing ,Gay ggN/GaN multiple quantum well. Because the barriers (19 nm) and wells
(3.6 nm) are of different widths, the second detection band, corresponding to the second harmonic
of the fundamental frequency, can be resolved. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2785126]

It has been shown that ultrafast optical excitation of
GaAs/AlAs and GaAs/Al,Ga,_,As superlattice structures'
and piezoelectric InGaN/GaN multiple quantum wells™
(MQWSs) results in the generation of coherent acoustic
phonons (CAPs). However, in these previous experiments
the semiconductor structures were not only a generator but
also a detector of the CAPs, and few experiments were con-
ducted where the generation and the detection of CAPs were
spatially separated.s’6 For piezoelectric superlattices, its spec-
tral sensitivity function for coherent acoustic phonon detec-
tion has never been independently measured.” This moti-
vated us to generate broadband acoustic phonons in a
separated layer&9 to investigate the detection sensitivity of a
periodic piezoelectric multilayer. In this paper, we demon-
strate that the piezoelectric superlattice with a low impe-
dence mismatch between adjacent layers can serve as
narrow-band CAP detectors at multiple frequencies corre-
sponding to the spatial frequency of the MQWs and its
higher harmonics. We adopt Ing 1,Gag ggN/GaN MQW as our
studied narrow-band CAP detectors. With a broad-spectrum
propagating longitudinal acoustic pulse (LAP), which re-
sulted from an ~3—6 nm Ni film after optical impulse exci-
tation, we studied the acoustic spectral sensitivity function
for optical transmission of the ten-period Ing ;,Gay ggN/GaN
MQW. With an asymmetric well/barrier ratio and a broad
enough LAP bandwidth, the InGaN/GaN MQW experimen-
tally exhibited two narrow detection bands of which the cen-
tral frequencies correspond to the period of the MQW and its
second harmonic, 1respectively,10 and the CAP detection
bandwith is determined by the total MQW width.
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In periodic semiconductor multilayer structures, due to
the zone folding of the phonon branches into mini-Brillouin
zones with a dimension of 77/ A and the impedance mismatch
between layers, the phonon stop bands appear at acoustic
wave vectors of g=nm/A, where A is one-period width of
the multilayer structure and n is an integer. The acoustic
phonons with a stop band frequency cannot propagate in
these structures and will be reflected due to the Bragg
condition.'’ In previous works, phonon filters based on stop
bands in periodic semiconductor multilayers have been
realized."”™> As a result, when the propagating LAP inci-
dents upon the periodic semiconductor multilayers with a
large acoustic impedance mismatch, it will be hard for this
structure to detect propagating phonons with a stop band
frequency. In contrast to the previous stop band filter
result,'”>™" with a low impedence mismatch between piezo-
electric multilayers with a limited number of layers, for ex-
ample, the ten-period Ing;,GajggN/GaN MQW, ' we ex-
pect that the piezoelectric multilayer structure will not only
allow transmission of the acoustic phonons with an acoustic
wave vector of g=2n/A with negligible interfacial reflec-
tions but can also provide narrow-band CAP detection
through the strain induced modulation in the quantum con-
fined potentials,“’18 with the central frequency of detection
corresponding to g=2n7/A and its higher harmonics.

The sample we used in this experiment was grown on an
~3.4- um-thick wurtzite GaN layer on a c-axis sapphire sub-
strate by metal organic chemical vapor deposition. It has ten
periods of c-axis orientated In, ,Gag ggN/GaN (3.6/19 nm)
layers as the narrow-band CAP detector, and the structure
was confirmed by transmission electron microscopy, as
shown in Fig. 1. The room temperature photoluminescence
of the MQW is with a peak at ~460 nm. On top of the
MQW, the sample was capped with a 17 nm layer of unin-
tentionally doped GaN. Finally, we deposited an ~3—-6 nm
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FIG. 1. Transmission electron micrograph of the ten-period
Ing 1,Gay ggN/GaN MQW. The first layer on right hand side includes the
~17-nm-thick undoped GaN cap layer of and one ~19-nm-thick barrier
layer. The left hand side shows one part of the ~3.4 um GaN layer. The
quantum well width is ~3.6 nm and the barrier width is ~19 nm.

Ni film on top of the cap layer as a generator of LAP, and the
uncertainty of the Ni film thickness came from limited depo-
sition thickness control of the thermal coater. Within the
thickness uncertainty, the Ni film can generate broad-
spectrum acoustic phonons at least up to 800 GHz, enough
for our current study. Because the acoustic impedance of Ni
is similar to that of GaN (Zy;/Zgax ~ 1.09),'*"? the acous-
tic reflection coefficient between the Ni film and the undoped
GaN cap layer is less than 0.05.

The experimental setup is a femtosecond transient trans-
mission two-color pump-probe system.20 A femtosecond Ti:
sapphire laser at a 76 MHz repetition rate provided optical
pulses at a central wavelength of 800 nm for optical pumps.
Pulses frequency doubled by a Beta-Barium Borate crystal,
now at a central wavelength of 400 nm, were used as optical
probes. The powers of the pump and the probe beams were
adjusted to be 40 and 6.5 mW, respectively. According to
previous experimentaﬁ’18 and theoretical’ works on coherent
LA phonon oscillations in piezoelectric MQWs, the strain
induced modulation in quantum confined energies can be
through several mechanisms, including piezoelectric cou-
pling and deformational potential coupling. A detailed theo-
retical investigation7 found that the piezoelectric coupling is
the dominating contribution for optical transmission sensitiv-
ity function in Iny;GaN MQWs. By choosing the probe pho-
ton energy above the InGaN quantum well transition but be-
low the bandgap of the GaN (~365 nm), similar to previous
studies,® we are able to probe the strain induced absorption
changes in the quantum well regions. The temporal delays
between the pump and the probe pulses were controlled by a
translation stage. Finally, the pump and the probe beams
were focused onto the sample with spot diameters of ~20
and ~10 um, respectively, and the transmitted probe pulses
were detected by a photodetector linked to a lock-in ampli-
fier. After the Ni film was excited by the pump radiation, a
propagating LAP was generated and went through the 17 nm
undoped GaN cap layer into the MQW region along the ¢
axis. The absolute amplitude of the strain pulse can be esti-
mated to be on the oder of 3 X 1074, following Ref. 21. The
propagating LAP in the quantum well modulated the piezo-
electric field and deformation potential of the InGaN well
and caused variation on optical absorption of the probe
beam.*’ The transmission changes of the probe beam due to
the existence of coherence LA phonons can be conveniently
expressed using this equation AT(f)=7"'[F(w)S(w)], where
J-! denotes the inverse Fourier transform and F(w) and S(w)
are the acoustic spectral sensitivity function for optical trans-
mission of the MQW and the frequency spectrum of the
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FIG. 2. Measured transient transmission change vs probe time delay.

strain pulse, respectively. The quantity F(w) represents the
weighted contribution of the strain value to the sample trans-
mission change at a specific acoustic angular frequency w,
and it is related to the wavelength of the probe and the struc-
ture of the sample. As shown in Fig. 2, we can see the trans-
mission variation of the probe beam when the LAP propa-
gates into the sample. According to the velocities of the LA
modes of Ni and GaN along the ¢ axis,m’”’lg we can know
that the transient transmission changes for the time delay of
~4-30 ps is resulted from the LAP propagating in the
Iny 1,Gay ggN/GaN MQW region. Hence we use the transient
transmission signal between 4 and 30 ps to study the charac-
teristic of the acoustic phonon spectral sensitivity function
F(w) of the ten-period In, ;,Gay gsN/GaN MQW.

In order to investigate its frequency domain response,
we performed fast Fourier transformation on the transient
transmission signal shown in Fig. 2 for ~4-30 ps, and the
result is shown in Fig. 3(b). There are three signal bands in
Fig. 3(b) with central frequencies of ~103, ~370, and
~740 GHz and with full widths at half maximum of ~50,
~45, and ~45 GHz, respectively. The ~370 GHz frequency
corresponds to the acoustic wave vector g=27/A, where
A=22.6 nm, assuming the longitudinal acoustic sound veloc-
ity along the c-axis Inp»,GagggN/GaN MQWs to be
8360 m/s, slightly higher than the reported value of
8020—-8160 m/s for bulk GaN (Refs. 22 and 23) and is in
good agreement with a recently reported value in
InGaN/GaN MQW.24 Furthermore, since the widths of the
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FIG. 3. (a) Fourier transform of the inset of (a), which shows the measured
transient reflection change for ~4-30 ps probe time delay. The absolute
magnitude of the relative reflectivity oscillation AR/R is on the order of 3
X 107°. (b) Fourier transform of the inset of (b), which shows the measured
transient transmission change for ~4-30 ps probe time delay.
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FIG. 4. Measured transient transmission trace with the band at a central
frequency of ~103 GHz filtered out. Ten significant peaks, situated between
~4 and 30 ps, correspond to the time when the LAP propagating through

the ten equally spaced InGaN quantum wells.

barriers and that of the wells are not the same (19/3.6 nm),
in principle, the acoustic spectral sensitivity function of the
MQWs has multiple detection bands. With an asymmetric
well/barrier ratio, the MQW spatial frequencies are with a
fundamental wave vectors of g=2m/A and its higher
harmonics.'” With a limited bandwidth phonon source S(w),
we were able to observe the fundamental frequency of
~370 GHz and its second harmonic, i.e., ~740 GHz, being
detected by the Ing,GagggN/GaN MQW. Moreover, in
theory, the bandwidth of these multiple detection bands must
be the same, which are determined by the total MQW width
D. The bandwidths of ~370 GHz band and ~740 GHz band
are ~45 GHz, which also consists with the expectation that
the bandwidth should be equal to ~1.2v,/D, where v,, is the
acoustic velocity in the MQW.

As regards the ~103 GHz signal, we must first under-
stand the detection mechanism of picosecond ultrasonics in
transparent (or partially transparent) materials.*" %% Its de-
tection mechanism is based on the modification of the optical
properties in strained materials due to a LAP inside. In pre-
vious picosecond ultrasonics studies, the transient reflectivity
of the probe beam oscillates when the LAP propagates in the
medium, which is the so-called “Brillouin oscillation.”?®
When the optical reflection varies in a transparent system,
the optical transmission must change at the same time; there-
fore, the intensity of the transmitted probe beam also vacil-
lates corresponding to the Brillouin oscillation, and both os-
cillations have the same frequency. For this reason, we
suggest that the ~103 GHz transmission signal comes from
the Brillouin oscillation. To verify this, we performed the
corresponding transient-reflection two-color pump-probe ex-
periment on the same sample, and the results are shown in
Fig. 3(a). There indeed is an ~103 GHz oscillation with an
~50 GHz bandwidth, while the observed Brillouin oscilla-
tion is with a 180° phase shift from that observed in the
transmission measurement, supporting our suggestion.

In order to exclusively study the characteristic of the
Ing 1,Gay ggN/GaN MQW acoustic detector in the time do-
main, we filtered out the ~103 GHz acoustic signals and the
result is shown in Fig. 4. There are obviously ten peaks with
a period of ~2.67 ps, corresponding to the LAP propagating
through the ten equally spaced InGaN quantum wells one by
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one. If there was strong acoustic reflection between
Ing 1,Gag ggN and GaN interfaces, the trace would have more
than ten significant peaks. This result suggests that the propa-
gating LAP is insignificantly affected by Ing ,GagsN/GaN
multilayers, and the original profile of the LAP is basically
kept during its propagation throught the InGaN MQW.

In summary, we demonstrated that the low-impedance-
mismatch piezoelectric superlattice can serve as narrow-band
detectors for propagating longitudinal CAPs at multiple fre-
quencies corresponding to the fundamental spatial frequency
of the superlattice and its higher harmonics, and its detection
bandwidth is determined by the total structure width. By op-
tically exciting a broadband propagating longitudinal acous-
tic pulse from a thin Ni film, we studied the acoustic spectral
sensitivity function for optical transmission of a ten-period
Ing 1,Gag ggN/GaN MQW. Because the barriers and wells are
of different width, the second detection band, corresponding
to the second harmonic of the fundamental frequency, can be
resolved.
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