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We demonstrate both semiconductor superlattices and nanocavities as narrow-band acoustic transducers in
the subterahertz range. Picosecond ultrasonics with pump and probe incident on opposite sides of the substrate
allows full decoupling of the phonon generation and detection processes. Pumping in the nanotransducers, we
generate spectrally narrow wave packets which propagate over macroscopic distances. Probing in the nano-
transducers, we evidence them as very sensitive and spectrally selective detectors.
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A typical pulse echo experiment works with emitter and
detector of acoustic waves pulses, deposited on opposite
sides of a macroscopic sample. Piezoelectric transduction is
very efficient up to a few gigahertz but only special geom-
etries can work beyond 100 GHz.1 The goal of this Brief
Report is to show that optical transduction with semiconduc-
tor superlattices �SLs� can be used according the same lines
but with a frequency range extending up to 1 THz. The avail-
ability of efficient monochromatic phonons transducers in
the terahertz range would give access to studies of vibra-
tional properties in amorphous and quasicrystalline materi-
als, in nanostructures, or in any system exhibiting inhomo-
geneities at the nanometer scale. These waves could also be
used for high-resolution acoustic microscopy and to drive the
optical and electronic properties of devices at the picosecond
time scale. Propagation of terahertz phonons by heat-pulse
techniques has been extensively studied since the pioneering
work of von Gutfeld2 but these phonons are incoherent and
very broadband. Tunneling junctions3,4 provide monochro-
matic but still incoherent sources. Later, coherent acoustic
wave generation and detection by an optical pump-probe
technique and a femtosecond laser source proved to be very
successful.5 Using a metallic film as a transducer, generation
and detection of very short acoustic pulses with a broad fre-
quency spectrum extending up to a few hundreds of giga-
hertz can be performed. Quantum well �QW� transducers
have been also introduced.6 However they remain broadband
transducers with a high-frequency cutoff limited by the QW
thickness. Regularly stacking several QWs and then building
superlattices should result in an enhancement of the trans-
duction efficiency. More important, SLs offer a unique ac-
cess to high-frequency monochromatic acoustic phonon op-
tical transduction. High-frequency folded modes are strongly
coupled to light in SL and the terahertz range can be reached
with typical periods of a few nanometers, easily controlled
by modern deposition techniques. Moreover, the periodic
modulation of the elastic properties leads to the opening of
energy gaps in the Brillouin-zone center and boundary. Light
scattering has provided a detailed understanding of the SL
vibrations at thermal equilibrium,7 while ultrafast optics ex-
periments also showed that high-frequency modes can be
coherently excited and controlled.8–13 The initial proposal of

SL as potentially ideal monochromatic optical transducers
for coherent phonons14 has however received up to now very
limited experimental demonstration. Propagation through a
substrate of acoustic pulses optically excited in SLs was first
reported using an incoherent detection with a superconduct-
ing bolometer deposited on the other side of the sample.15 A
subsequent experiment using a second SL as an acoustic fil-
ter gave support to the coherence of the emitted phonons,16

though leaving the spectral width of the generated phonons
unknown.

In this work we give direct evidence of the transduction of
coherent monochromatic longitudinal-acoustic phonons us-
ing SL or recently introduced acoustic nanocavities,17,18 by
detecting these phonons with a pump-probe technique after
they propagate through a thick substrate. Indeed, in contrast
with classical pump and probe experiments where both gen-
eration and detection are performed on the device surface,
here the generation process takes place in the device,
whereas the detection is done on the backside with a broad-
band metallic transducer. The generated phonons then cannot
be described as a broadband pulse with a duration in the
picosecond range but as quasimonochromatic coherent oscil-
lations with duration in the nanosecond range. Alternatively,
the metallic layer is also used as a coherent broadband gen-
erator to demonstrate that SLs are very sensitive and
frequency-selective phonon detectors. In these experiments,
the propagation of the generated acoustic signal over a large
distance allows the decoupling of generation and detection
processes. Moreover, during propagation, nonlinear distor-
tion of the initial acoustic signal is likely to occur at high
displacement amplitudes, which could give rise to acoustic
solitons19,20 and high-frequency conversion. Sound attenua-
tion is made negligible across the thick GaAs substrate
�330–380 �m� by cooling down samples to 15 K. Finally
we compare the transduction performances of the standard
SL and the nanocavity devices. We show that the latter pro-
vides an unsurpassed ultimate linewidth associated with con-
fined undispersive cavity phonons, while the overall behav-
iors of the two devices remain qualitatively similar.

Owing to the limitations of the aluminum transducer, we
choose to work on semiconductor structures grown on
double side–polished �001� GaAs substrate, with a zone-
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center first gap located at 100 or 200 GHz. The first ones
contain 35 nm/15 nm GaAs/AlAs SL, resulting in opening
gaps every 50 GHz, whereas for 200 GHz SL, layers are
twice thinner and gaps open every 100 GHz. Sample M1
�M2� is a 20-period �40-period� SL designed at 100 GHz
�200 GHz�. With SL acting as an acoustic Bragg mirror,
surface-localized modes can be confined in superficial layers
of the mirror since the interface with air is a perfect
reflector8,10 but an acoustic nanocavity can also be obtained
if a GaAs layer is sandwiched between two such mirrors. We
present results on cavities containing ten-period Bragg mir-
rors: sample C1 �C2� with an acoustic confined mode at 100
GHz �200 GHz� and a cavity thickness of 23 nm �37 nm�.
For all samples, the light absorption threshold is about 810
nm at low temperature.

When a laser pump beam interacts with such nanostruc-
tures, an acoustic strain modulated at the superlattice period
is created, and generation of very-high-frequency coherent
phonons is expected in a narrow frequency range. To dem-
onstrate this generation, we performed a first set of experi-
ments �named afterward as configuration 1; cf. inset of Fig.
1� where the pump pulse is focused directly on the device,
generating acoustic phonons which propagate through the
whole substrate. They are detected by a time-delayed probe
pulse reflected by a 30-nm-thick Al layer deposited on the
other side of the sample.

We used a femtosecond mode-locked Ti:sapphire laser
providing 130 fs pulses at 750 nm, with an 80 MHz repeti-
tion rate. At this wavelength, the absorption length in the
device, 1 /�, is comparable to the multilayer thickness. The
transient changes of the complex optical reflectivity �r /r are
measured by a Sagnac interferometer.21 The pump is modu-
lated at 1 MHz and the probe is detected by a lock-in ampli-
fier. Both beams are focused onto 60 �m spots with a typi-
cal energy of a few nanojoules per pulse for the pump.

A typical signal �obtained on sample M1� corresponding
to the real part of �r /r is shown in Fig. 1. Due to the very
thick substrate, no direct electronic or thermal contributions
appear except a standard acoustic pulse. Its width amounts to
140 ps, in good agreement with the expected value of �v−1,

where v is the averaged velocity in the device �5 nm/ps�. The
maximum of the signal gives the arrival time of the acoustic
pulse �76.5 ns� taking into account acoustic reflections on the
free surfaces of both Al film and device. Moreover, high-
frequency oscillations extending over a few nanoseconds
with an amplitude of 10−6 are clearly visible. They start 200
ps before the signal maximum, a delay corresponding to the
transit time through the device. The first oscillations are due
to the acoustic signal generated by the device’s deepest lay-
ers, i.e., the last ones before the substrate. Figure 2�a� shows
the Fourier-transform amplitude of the time derivative ��FT�
of the signals over a 3 ns time window to ensure a sufficient
frequency resolution �0.3 GHz�. Note that both real and
imaginary parts of �r /r give similar spectral information.
The acoustic resonances of a mirror made of m periods d
occur at energies corresponding to wave vectors q=n� /md,
with n�N but n

m �N in the extended Brillouin zone of the
related infinite structure. Moreover, for a weakly absorbing
structure, an enhancement of the generation process is
mostly expected near the zone center of the reduced Bril-
louin zone. Thus the lowest-energy large peaks in the Fourier
spectrum are expected at qd=2��� /m, among smaller
resonances. From symmetry considerations applied to the
lowest zone-center gap, only the mode below lower gap edge
should be excited in our structures. It will be referred to the
forward-scattering �FS� mode as the same mode is Raman
active in forward-scattering configuration. The comparison
of the experimental spectra with the dispersion curve �see
Fig. 2�a�� shows that the excited peak corresponds to this
mode. As m=20, it is indeed slightly downshifted relatively
to q=0 mode. In sample C1, the FS mode can also be ob-
served, but at a larger distance from the zone center since
acoustic mirrors of the cavity have only m=10 periods. The
most remarkable fact, however, is the presence of a very
narrow cavity mode in the middle of the first zone-center
gap.

To analyze these results, we perform calculations of the
acoustic field in the multilayers with a standard transfer-
matrix formalism.22 We calculate the electromagnetic field in
each layer and assume that the interaction of the device with
the incoming light leaves a stress proportional to the local
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FIG. 1. �Color online� Re��r /r� on sample M1 as a function of
the pump-probe delay. The insets show an expanded region and a
scheme of the picosecond ultrasonics measurement �configuration
1�, where a calculated temporal trace of the strain generated by the
device is drawn.
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FIG. 2. Configuration 1. �a� Fourier-transform amplitudes of the
time derivative of Im��r /r�, compared to the folded phonon disper-
sion. The pump power is 5 nJ/pulse. �b� Corresponding calculations.
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electromagnetic field energy in GaAs layers only. The sound
wave propagation equation is solved in each layer, taking
into account this stress source term and boundary conditions
to obtain the acoustic field everywhere. We measure in �r /r
100 GHz oscillations of 10−6, and the strain incident on the
Al film at this frequency is estimated to be �10−6. At such
strain, nonlinear effects are negligible. We then calculate the
imaginary part of �r /r �Fig. 2�b��, including contributions of
the surface displacement and photoelastic effects in alumi-
num, in excellent agreement with the experimental data. The
same conclusion applies at higher frequencies for sample C2
emitting at 200 GHz �Fig. 2�.

The cavity mode width deduced for C1 from a 3 ns time
integration is �f =0.5 GHz to be compared with the theoret-
ical limit of 0.32 GHz given by the quality factor. Another
way to analyze the lifetime of the generated phonon modes is
to perform sliding Fourier transform over 300 ps time win-
dows whose central value scans the whole time range. Re-
sults are reported in Fig. 3�a� for sample C1: the cavity mode
lives much longer than the acoustic mirror resonances as this
mode tunnels slowly outside the cavity owing to the confine-
ment. We can deduce an exponential decay of
1300�200 ps, in agreement with the measured linewidth
�3 / ���f� �1100 ps�.

To summarize we have demonstrated in the first part that
SLs and cavities efficiently generate monochromatic
phonons which escape from the device and propagate
through a thick substrate before being detected on the other
side via a metallic transducer. Let us now consider the de-
tection performance of these nanostructures. In a semitrans-
parent material, the interaction of light with coherent
phonons is strongly enhanced at a particular acoustic wave
vector q=2k, where k is the electromagnetic wave vector in
the sample.5 The same modes are Raman active in back-
scattering configuration. At the experimental wavelength, q
is close to the zone edge in samples M1 and C1, and in the
middle of the Brillouin zone in samples M2 and C2. The
Brillouin mode corresponds to the lowest frequency. This
enhanced detection has been demonstrated in the second set
of experiments where the pump beam is absorbed in the Al
layer, generating a broadband acoustic pulse due to the short
optical absorption length. In this case, propagation through
the whole substrate strongly modifies the spectrum of the

pulse and high-frequency conversion is expected �configura-
tion 2; see inset of Fig. 4, where the strain generated by the
Al film and the same strain after nonlinear propagation are
schematically shown�. The detection of the resulting acoustic
pulse by the device on the other side allows one to study the
detection process without mixing with the generation mecha-
nism, and to take advantage of nonlinear frequency conver-
sion to test the detector sensitivity at high frequencies.

Figure 4�a� shows the real part of �r /r obtained on
sample M2. The Brillouin oscillations can be observed on the
whole time window, whereas superimposed high-frequency
features occur during the round trip duration of the acoustic
pulse in the multilayer, indicated by the arrows. Indeed, the
probe beam is not fully absorbed in the device and interacts
in the substrate with the incoming acoustic pulse before it
reaches the device, or when it leaves the device, after reflec-
tion on the free surface. Figure 4�b� shows the �FT of this
temporal trace. As expected, few discrete frequencies corre-
sponding to the enhanced detection selection rule are ob-
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served among Bragg oscillations due to device finite size. We
show in Fig. 3�b� sliding �FT calculated over 200 ps time
window for sample C1. As already mentioned, detection is
enhanced close to the zone edge in this structure and the
lowest folded mode almost coincides with the Brillouin os-
cillation. The Brillouin mode is detected first, while folded
modes are only observed during the time they remain in the
device. Moreover, we see the long-lived cavity modes within
the zone-boundary acoustic gaps �50 and 150 GHz� and the
zone-center one at 100 GHz �at 200 GHz the gap is closed�.
This demonstrates that cavity modes can be excited just hit-
ting the device with an acoustic pulse. In contrast to the
mirror modes, they can be still detected after 68.5 ns during
the long time they take to leave the cavity, which is much
greater than 430 ps, time corresponding to the round trip in
the device.

Let us now consider the effect of high-frequency transfer
during the nonlinear propagation in the GaAs substrate. Fig-
ure 4�c� shows the �FT of Re��r /r� normalized by the pump
pulse energy measured in sample M1 with different energies
from 0.2 to 6.4 nJ. As in C1, the signal is large around the
zone-boundary gaps. On the curve obtained with a low-
intensity pump �0.25 nJ/pulse�, the frequency range detected
in M1 extends to 350 GHz, and up to 550 GHz for the largest
intensity. Distortion during propagation through the substrate
due to sound dispersion and nonlinear effects can be de-
scribed by a one-dimensional �1D� Korteweg–de Vries
equation19,23 as far as diffraction is negligible. Sound absorp-
tion is negligible at low temperature. Solving this equation,
the spectrum of the acoustic pulse incident on the device has
been calculated and Re��r /r� of the device obtained with a

standard method22,24 is shown in Fig. 4�c� for 6.4 nJ/pulse
pump intensity. The incoming strain on the device can be
estimated to be 6�10−4. In similar experiments performed
with an aluminum detector;20 i.e., on a GaAs substrate with
aluminum on both sides, frequencies of up to 200 GHz have
been observed with a low-power excitation and up to 350
GHz for 7.6 nJ/pulse as illustrated in Fig. 4�c�. Moreover, the
detected signal was more than 1 order of magnitude weaker.
These results demonstrate that semiconductor multilayers are
in comparison very efficient detectors at high frequencies.

In summary, we have introduced an experimental scheme
combining a white acoustic transducer �Al film� and a quasi-
monochromatic one �semiconductor multilayer�. This al-
lowed us to perform two sets of experiments which demon-
strate independently that phonon mirrors and acoustic
cavities are efficient quasimonochromatic phonon generators
and also selective and sensitive phonon detectors. We show
that standard models provide a reasonable understanding of
our results. Nevertheless, these experimental configurations
will allow future detailed studies of generation and detection
mechanisms. As the Al film and the multilayer are deposited
on the opposite sides of a thick substrate, in contrast with
experiments performed in front configuration, we clearly
show that coherent phonons generated in the device can be
efficiently transferred into the substrate where they can
propagate over millimetric distances. This transduction effi-
ciency should work in the terahertz range provided that two
such devices are used for the generation and detection. This
would allow phonon imaging and spectroscopy in nanostruc-
tures using acoustic waves with nanometric wavelengths.
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