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Spectral analysis of high-harmonic coherent acoustic phonons in piezoelectric semiconductor
multiple quantum wells
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Multiple harmonic components have been observed in the Fourier spectra of the coherent acoustic phonon
oscillations in InGaN/GaN multiple quantum wells~MQW’s!. The dependence of the relative magnitudes of
the first two Fourier components on the sample geometry was analyzed by conducting time-resolved pump-
probe measurements on MQW samples with different well-to-barrier ratios. The results were also compared
with the recently proposed loaded-string model@Phys. Rev. B64, 235316~2001!#, and an overall agreement is
obtained which validates the picture of string oscillation with inhomogeneous loadings. We also demonstrated
manipulation of the spectral components using the coherent optical control technique. Our demonstration can
be regarded as a first step to the realization of wave-form synthesis of nanoacoustic waves.
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Following recent advances in femtosecond lasers and
trafast spectroscopy technology, generation and contro
acoustic phonons with a high degree of spatial and temp
coherence at the teraherz~THz! frequencies have been dem
onstrated in bulk solids,1–4 semiconductor superlattices,5,6

quantum dots,7 metallic nanoparticles,8 and a number of
other materials. The progress in coherent acoustic-pho
generation has opened possibilities for research in fundam
tal phonon physics9 and material characterization.10 With the
ability to generate intense coherent acoustic waves, m
potential applications can be exploited, for example, pho
control of electron transport in quantum heterostructure11

and phonon control of the ionic motion,12 etc. Recently, we
had reported large coherent longitudinal-acoustic~LA ! pho-
non oscillations with piezoelectric InGaN/GaN multip
quantum wells~MQW’s!.13,14 Coherent control within a few
oscillation cycles was also demonstrated in this system.15,16

Such nitride-based piezoelectric MQW structures acting
coherent nanowavelength acoustic sources opens a new
sage to phonon engineering. Furthermore, the propaga
nature of coherent acoustic phonons makes it possibl
realize the analogy of laser, a saser.17 The observed large
oscillation amplitude renders this nitride-based MQW a p
sible candidate for constructing a phonon laser.

Contrary to its optical-phonon counterpart, the charac
istic frequency of the coherent acoustic phonons is mo
determined by the length scale of the underlying heterost
tures. Through a linear dispersion relation, the observed t
poral oscillation reflects the spatial spectrum of the hete
structure. In most cases, there also exist non-negligible z
folding phenomena, for example, in GaAs/InA
superlattices.6 As a result, coherent acoustic phonons usua
have multiple spectral components. By utilizing cohere
control technique, it is possible to manipulate the spec
composition of a phonon pulse, and therefore, synthesiz
temporal wave form.18,19 For example, Bartelset al. have
demonstrated the coherent control of zone-folded acou
lattice vibrations in GaAs/AlAs superlattices by time seque
tial excitation with femtosecond pulses. In their experimen
they silenced the first back-folded mode nearq50, while
selectively enhancing the coherent amplitude of higher-or
back-folded modes.18
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In the present Rapid Communication, we report the sp
tral analysis of the coherent acoustic phonons in the InG
GaN MQW’s. Higher harmonic oscillations~up to the order
of 3! were also observed from the spectral analysis. By c
ducting pump-probe measurements on different MQ
samples, we studied the dependence of the spectral com
nents of acoustic phonons on MQW duty ratios~defined as
the ratio of well thicknessLw to the MQW periodL). The
experimental results are compared with the loaded-st
model.20,21 Finally, similar to previous coherent contro
experiments,18,19 second-harmonic oscillation was enhanc
by injecting another control pulse, while the fundamen
oscillation was suppressed due to destructive interferenc

We performed our measurements using standard fem
second transmission pump-probe technique based on a K
lens mode-locked Ti: sapphire laser. The laser output pu
were frequency doubled using a beta barium borate crysta
reach the band-gap energy of the InGaN/GaN MQW’s. T
frequency-doubled pulses had a pulse width of 180 fs a
wavelength of 390 nm measured by a two-photo
absorption-type pump-probe autocorrelation in a bulk G
thin film.14,15 Because of the large piezoelectric consta
along the @0001# orientation group III nitrides, a strain
induced piezoelectric field on the order of MV/cm is e
pected. This large piezoelectric field is also important for
generation of coherent acoustic phonons.14,20 The widths of
barrier and well are in the range of 10–130 Å, depending
samples. The In composition in the MQW’s was determin
to be 10%. The MQW samples consist of 14 periods.22

Figure 1~a! shows the measured differential transmissi
change at a wavelength of 390 nm after the same wavele
femtosecond pulse excitation in a 14 period InGaN MQ
The well and barrier widths of the MQW are 2.2 and 7 n
respectively. All the quantum wells have the same well a
barrier widths. After zero time delay, a clear transmiss
oscillation due to the induced coherent acoustic phonons
be observed. The observed oscillation period is 1.27 ps,
responding to an acoustic frequency of 0.8 THz. With
acoustic wavelength the same as the quantum well per
9.2 nm, a longitudinal acoustic velocity of 7200 m/s in t
MQW structure can be obtained.14 Due to the highly asym-
©2003 The American Physical Society03-1
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metric well-to-barrier ratio~2.2 versus 7.0!, higher harmonic
oscillations were expected according to the loaded-st
model.20,21

Figure 1~b! shows the Fourier power spectrum of the te
poral trace shown in Fig. 1~a!. One sharp peak at 0.8 TH
can be seen in the figure, which corresponds to the fun
mental oscillation frequency of inverse 1.27 ps in the tem
ral trace@Fig. 1~a!#. There are also smaller peaks at 1.6 T
~4.6-nm acoustic wavelength! and 2.4 THz~3.1-nm acoustic
wavelength! corresponding to the second- and thir
harmonic oscillations in the temporal trace shown in F
1~a!. It is worth noting that there is negligible splitting o
oscillation frequencies caused by zone-folding effect. Thi
due to the small difference of the elastic constants betw
well and barrier materials. The splitting is estimated to
less than 1% using available sound velocities.

In order to investigate the second-harmonic componen
the generated coherent acoustic phonons, we have to
into the generation process. Recently, Sanderset al. devel-
oped a microscopic theory for the photoexcitation of carri
and subsequent generation of coherent phonons in
MQW’s.20 Under typical experimental conditions, the
showed that the microscopic theory could be simplified a
mapped onto a loaded-string problem that can be ea
solved and understood.20 On the other hand, based on piez
electric constitution relations, continuum elastic mechan
and Maxwell’s equations, we also developed a macrosco
theory for the generation and propagation of coher

FIG. 1. ~a! Measured differential transmission change vers
probe delay for a 22 Å/70 Å InGaN/GaN MQW. The modulat
transmission change with a period of 1.27 ps reflects the ph
induced coherent acoustic phonon oscillation. The laser wavele
was 390 nm.~b! Fourier power spectrum of the temporal tra
shown in~a!. Acoustic frequency components of 0.8, 1.6, and
THz can be observed with corresponding acoustic wavelength
9.2, 4.6, and 3.1 nm.
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phonons in such MQW structures.21 The eigenmodes are
found to obey the loaded-string equation. The genera
mechanism can be understood as follows.14,20 Due to large
piezoelectric field in the well, the photoexcited electrons a
holes are spatially separated, resulting in a periodic sp
charge density within the MQW. This charge density p
tially screens the piezoelectric field and impulsively chang
the mechanical equilibrium state to an inhomogeneous
through piezoelectric and deformation potential couplin
As a result, the lattice relaxes to this new inhomogene
equilibrium and thereby initiates the coherent acoustic os
lations.

Let u5uẑ be the displacement field, herez direction is
chosen to be along the crystalc axis, which is the case of ou
samples discussed in this Rapid Communication. The loa
string equation foru is20,21

r0

]2u

]t2 2G
]2u

]z252
e33

«3
rsc1 (

n5e,h
dn3

]rn

]z
5 f piezo1 f def,

~1!

whereG5C331e33
2 /«3 is the effective elastic module alon

@0001# direction,C33, «3, ande33 are the stiffness, dielec
tric, and piezoelectric tensor elements in thez direction.rsc
5ueu(re2rh) is the space charge density, andrn is the num-
ber density of speciesn (n5e,h). dn3 is the deformation
potential coupling constant. The sound velocity is given
Cs5AG/r0. The contracted index convention is used for t
tensors. We also introduce two driving forces in Eq.~1!:
f piezo and f def, corresponding to piezoelectric and deform
tion potential couplings. The resulting strain is given bys
5]u/]z and the electric field isE5Esc2(e33/«3)s.21 Here
the space charge field satisfies«3]Esc /]z5rsc . The Fourier
component of strains̃ then satisfies the well-known simpl
harmonic-oscillator equation21,23

S ]2

]t2 1vq
2D s̃~q,t !5

iq

r0
f̃ ~q,t !. ~2!

Here f̃ is the Fourier transform of the driving force and th
angular frequencyvq5Csq. Assuming the pump pulse has
width much less than the oscillation period, the solution os̃
is given by21,23

s̃~q,t !5@ i f̃ ~q!/r0Cs
2q#@12 Ĩ ~vq!cos~vqt !#. ~3!

Here f̃ (q)5 f̃ (q,t@tp) is the steady-state value andtp is the
laser pulsewidth. There are two terms on the right-hand s
of Eq. ~3!. The first term corresponds to the steady state
the carrier-induced strain fields̃0(q)5 i f̃ (q)/r0Cs

2q. The
second term corresponds to the oscillating part of the st
field, i.e., the coherent acoustic waves. The magnitude of
coherent acoustic wave is also proportional to the stea
state strain components̃0(q) and is reduced by the puls
spectrum factorĨ (vq).21,23 The strain fields̃ has the same
periodicity as the source termf̃ , which is a periodic function
with a period equal toL. Their Fourier components hav
peaks atq5mq0 with q052p/L andm integers. As a result
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the characteristic oscillating angular frequencies aremv0
5mCsq0. The relative magnitudes of the Fourier comp
nents depend on the structure of the MQW.

In Fig. 2, we show the relative oscillating amplitude
second harmonics̃(2q0) to s̃(q0) ~the left vertical axis! ver-
sus the MQW duty ratioLw /L ~solid line!. In the calculation,
the well thickness was kept 22 Å, and the barrier thickn
was varied from 10 to 90 Å. Here we assume a sech2 inten-
sity profile ~autocorrelation full width at half maximum
equal to 255 fs! for the calculation of the spectrum facto
Ĩ (vq). An increase in the second-harmonic component w
a more asymmetric well-barrier width ratio can be observ
Also shown in Fig. 2~open circles! are the observed Fourie
component ratios (2v0 to v0) of the measuredDT/T corre-
sponding to traces from different samples with different we
barrier width ratios of 22 Å/30 Å, 22 Å/70 Å, and 22 Å/90 Å
InGaN/GaN MQWs. Since the observed phonon-induc
transmission modulationDT/T is through the quantum con
fined Franz-Keldysh~QCFK! effect,24 it depends on the rela
tive overlapping of strain field with the electron and ho
envelope wave functions. The modulation efficiencies of
herent oscillations with different spatial Fourier compone
are also different. It is expected that the first-order com
nent would have a larger QCFK effect due to a greater ov
lap with the envelope functions. It can be seen from Fig
that the observed modulation ratio is slightly lower than
calculated strain amplitude ratio. An overall agreement of
measured values with expected values from the loaded-s
model is obtained.

In order to selectively enhance the second-harmonic c
ponent of the initiated coherent acoustic phonons, we a
apply coherent optical control to perform the coherent c
cellation of the fundamental and third-harmonic compone
with simultaneous enhancement of the second-harm
component. We have previously demonstrated coherent
trol of acoustic phonon oscillations in InGaN/GaN MQW
for coherent manipulation, including magnitude and pha
of the initial fundamental oscillation.15,16 The fact that the
LA phonon oscillation in InGaN/GaN MQW has multipl
harmonic components is a special feature compared to
ers. By applying the coherent control technique to the g
erated acoustic-phonon oscillations, we are able to se

FIG. 2. Amplitude ratio of second harmonic to fundamental

cillations us̃(2q0)u/us̃(q0)u versus duty ratio of MQW,Lw /L. The
InGaN/GaN MQWs considered here have a fixed well thickn
Lw522 Å. The solid line is calculated by using the loaded stri
model. The open circles are measured results, corresponding to
rier thicknesses of 30, 70, and 90 Å.
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tively enhance the second-harmonic component wh
suppressing the fundamental and third-harmonic ones. T
was done by applying another femtosecond uv pulse~called
control pulse! into the pump region at 3.18-ps time dela
which is equal to 2.5 fundamental oscillation cycles, 5
second-harmonic oscillation cycles, or 7.5 third-harmo
oscillation cycles. This control pulse thus generated ano
coherent acoustic-phonon oscillation of which fundamen
and third-harmonic oscillations destructively interfer
with the original ones and second-harmonic compon
constructively interfered with the original second-harmon
component.

Figure 3~a! shows the measured differential transmissi
change induced by the pump pulse and a 3.18-ps dela
control pulse. In the coherent control experiment, after i
tiation of the oscillation, an uv control pulse was direct
into the same area to perform the oscillation manipulat
with time delay controlled by a 0.1-mm stepping stage. In
order to have a maximum spatial overlap between the pu
and control pulses, the incident angles of these two pu
were carefully tuned so that they were identical. A clear s
ond harmonic oscillation with an oscillation period of 0.6
ps, half of the fundamental oscillation period, can be o
served after applying the control pulse at 3.18 ps. Figure 3~b!
shows the Fourier intensity spectra of the trace after in
dence of the control pulses. Consistent with time-domain
servations, the magnitude of the second-harmonic oscilla
was significantly enhanced relative to the fundamental on
is also interesting to notice the suppression of the weak th
harmonic oscillation, since we are also performing destr
tive interference for the third-harmonic oscillation.

In summary, we have presented experimental spec

-

s

ar-

FIG. 3. ~a! Measured differentiated transmission changes ver
probe delay with a control pulse at 2.5 fundamental oscillat
cycles after the first pump pulse. Second-harmonic oscillation w
a period of 0.63 ps can be clearly observed after applying cohe
control with a control pulse.~b! Fourier power spectra of the tem
poral traces shown in~a! after the incidence of the control pulse
The enhancement of the second-harmonic component is evide
3-3
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analysis of the coherent LA phonon oscillations in InGa
GaN MQW’s. By conducting time-resolved pump-prob
measurements on MQW samples with different barrier thi
ness, we studied the dependence of the spectral compo
on the sample geometry. The results were also compared
loaded-string model and an overall agreement was obtai
Simultaneously, cancellation of the fundamental oscillat
and enhancement of the second harmonic was also dem
strated through optical coherent controls. Our demonstra
indicates the possibility for nanoacoustic wave-form synt
sis. Different acoustic frequencies can be predesigned t
embedded in the MQWs or superlattices with different p
riod widths and well-to-barrier width ratios. Acoustic wav
form synthesis up to a level of nanometers should then
possible by coherently controlling the phases and magnitu
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