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a b s t r a c t

Resonators based on acoustic distributed Bragg reflectors (DBRs) were optimized to work in the GHz–THz
regime, and grown by molecular beam epitaxy. We show that in structures made of GaAlAs alloys a
simultaneous optimal confinement of light in the visible range and phonons in the tens of GHz range
can be achieved. We report time resolved differential optical reflectivity experiments performed with
fs–ps laser pulses. The experimental results are in excellent agreement with simulations based on stan-
dard transfer matrix methods. The resonant behavior of the photoelastic coefficient is discussed. The per-
fect optic-acoustic mode overlapping, added to a strongly enhanced coupling mechanism, implies that
these DBR-based cavities could be the base of highly efficient optomechanical resonators.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Semiconductor multilayers, mainly based on GaAs and AlAs,
have been studied at length for their interesting electronic, vibra-
tional, and optical properties, and for the ability developed to fab-
ricate structures of exceedingly high quality based on molecular
beam epitaxy (MBE) techniques. Because of the relatively high
acoustic impedance mismatch between the two materials, high-
reflectivity acoustic mirrors can be obtained with periodic (SL)
structures [1,2]. Aperiodic specifically optimized structures, on
the other hand, can be designed to perform as color or notch filters,
broadband mirrors, or essentially any other passive acoustic device
[3–10]. From the electronic point of view, GaAs/AlAs structures are
at the base of the fundamental and applied research on quantum
wells (QWs) and multiple quantum wells (MQWs) which have
allowed, through quantum confinement, to strongly modify the
light-matter interaction. Resonant electronic states can be spatially
localized, and spectrally tuned, to tailor the interaction of photons
with electrons, and through them also with phonons. In addition,
exciton formation due to electron–hole interaction leads to
strongly enhanced oscillator strengths. GaAs and AlAs are transpar-
ent below 1.42 (1.52) eV at room (low) temperatures, displaying
contrasting index of refraction (3.57 and 2.96 respectively). This
makes these materials also attractive for the conception of optical
mirrors and cavities, a fact that has led to the broad and expanding
fields of cavity polaritonics, and low threshold lasers [11–21].
Briefly, GaAs and AlAs are extremely powerful materials of choice
for optoelectronic, photonic and phononic applications.

Based on the above considerations, we have introduced the idea
of acoustic nanocavities based on distributed Bragg reflectors
(DBRs). These resonators could be at the base of phonon lasers,
and other active acoustic devices. They can be designed to confine
phonons up to THz frequencies with very high Q-factors (long life-
times), strong spatial and spectral confinement, and essentially
perfect coupling to the outside. Acoustic nanocavities have been
studied both in the spectral (Raman) [22–25] and temporal (pico-
second acoustics and coherent phonon generation) [1,26–30]
domains. The photon confinement in optical microcavities has also
been exploited to enhance the coupling of light with vibrations,
again also in spectral [31–34] and temporal domain [35–37] exper-
iments. Enormously enhanced Raman cross sections (up to 108,
Ref. [38]) and coherent phonon generation efficiencies (up to
106) have been demonstrated [39,40]. In addition, and most inter-
estingly, cavities lead to selection rule modifications that allow and
enhance otherwise forbidden processes. More specifically, Raman
selection rules are modified in such a way to allow the observation
of acoustic nanocavity modes and otherwise non-overlapping gen-
eration and detection ps-acoustics bandwidths in SLs and MQWs

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultras.2014.05.017&domain=pdf
http://dx.doi.org/10.1016/j.ultras.2014.05.017
mailto:daniel.kimura@lpn.cnrs.fr
mailto:afains@ cab.cnea.gov.ar
mailto:afains@ cab.cnea.gov.ar
http://dx.doi.org/10.1016/j.ultras.2014.05.017
http://www.sciencedirect.com/science/journal/0041624X
http://www.elsevier.com/locate/ultras


N.D. Lanzillotti-Kimura et al. / Ultrasonics 56 (2015) 80–89 81
become perfectly matched [37,40]. This direct excitation of vibra-
tions in the microcavity is related to other strategies oriented to
the modulation of the optical properties of microcavities through
phonon pulses or surface acoustic waves [35,39,41–50].

A natural question thus emerges: will a resonator designed for
optimal optical confinement (i.e., a photon microcavity), perform
satisfactorily at the same time as an acoustic resonator (i.e., a pho-
non cavity) [23,51–60]? This question is critical for the potential
use of DBR based cavities as optomechanical resonators. As we
have recently demonstrated, the answer is positive [61]. Indeed,
a ‘‘double magic coincidence’’ exists both for the acoustic and
refractive index ratios, and for the sound and light speed ratios
in GaAs/AlAs materials, such that structures turn out to be opti-
mally designed to perform both as acoustic and light resonators,
confining photons and phonons precisely at the same spatial loca-
tion. The consequence is the conception of novel cavity optome-
chanical devices that, as we show, display perfect light-sound
mode overlap, high vibrational frequencies (20–100 GHz range),
huge optomechanical coupling (in the THz/nm range), perfect pho-
non extraction, potentially low effective mass in pillar structures,
and consequently potentially very low phonon lasing thresholds
[28,62–66]. An interesting feature of these materials, as compared
to others used in cavity optomechanics (specifically Si and SiO2), is
the presence of a resonant photoelastic coupling mechanism, in
addition to the more standard purely ‘‘mechanical’’ mechanisms
(radiation-pressure or interface-displacement) and the possibility
to combine optomechanics and optoelectronics phenomena in
the same device [67].

In this contribution we will review the development of these
GaAs/AlAs DBR-based optomechanical resonators, emphasizing
recent results and discussing in detail the microscopic mechanisms
involved. After introducing acoustic nanocavities in Section 2 and
discussing the possibility to selectively excite confined vibrations
in these structures in Section 3, we present optical microcavities
in Section 4 as a means to strongly amplify the photon-phonon
interaction in coherent phonon generation experiments. These
concepts lead to the conception of DBR-based GaAs/AlAs optome-
chanical resonators which are described in Section 5. These resona-
tors add to the standard ‘‘mechanical’’ (laser pressure or interface
displacement) mechanisms, the possibility to strongly enhance
the light-matter interaction through a resonant photoelastic pro-
cess. The latter is analyzed in detail in Section 6 after which conclu-
sions and prospects for future work are presented.

2. Acoustic nanocavities

Following the example of one-dimensional photonic crystals, in
which the electromagnetic field distribution is artificially modified
in one dimension by spatially modulating the refractive index, the
concepts of one-dimensional phononic crystals and cavities have
been introduced for the manipulation of acoustic phonons. In the
case of acoustic phonon devices, the relevant parameter determin-
ing the reflection and transmission coefficients at each interface
are the speed of sound and mass density of the materials.

The simplest phononic device is a periodic structure, where the
unit cell is formed by two layers of different materials, i.e., a super-
lattice. In a bulk material, we can consider that the dispersion rela-
tion of the acoustic phonons is linear. The modulation of the
acoustic properties introduced by the superlattice is the origin of
the folding of the acoustic dispersion relation, defining a new Brill-
ouin mini-zone determined by the thickness of the unit cell.
Depending on the thickness ratio of the two layers (and the corre-
sponding material speeds of sound), minigaps will open at the cen-
ter and edge of the new Brillouin zone. The acoustic wavelength
kac ¼ v=f in each material results the relevant design parameter,
where v is the speed of sound and f the target frequency. As an
example, a ðkac=4; kac=4Þ SL of GaAs/AlAs will optimize the mini-
gaps at the zone edge, while a ð3kac=4; kac=4Þ will present opti-
mized minigaps in the zone center. These minigaps are energy
bands were no real wavevectors are defined, thus no energy trans-
port can take place. In a finite size sample, this can be observed as
the constructive (destructive) interference generated by the multi-
ple interfaces in a reflection (transmission) experiment. The band-
width of the high reflectivity regions is determined by the contrast
of the acoustic impedance of the used materials, while the maxi-
mum reflectivity is also determined by the number of periods. As
such, a superlattice works with acoustic waves in the same way
an optical distributed Bragg reflector (DBR) works for light. The
effective thickness of the layers will fix the working wavelength
of the mirror [2,22,31].

A planar acoustic cavity is conceptually similar to a Fabry–Perot
resonator in which two high-reflectivity mirrors are separated by a
spacer. The metallic reflectors are replaced by acoustic DBRs. The
resonant condition is achieved when the spacer thickness matches
an integer number n of half-wavelengths (nkac=2). In order to
achieve GHz–THz frequencies thicknesses of the order of
1–100 nm are necessary. Since the performance of the mirrors
depends on an interference phenomenon, the quality of the inter-
faces (roughness) and the thickness indetermination should be
much smaller than the working acoustic wavelength. These
requirements are nowadays achievable by means of molecular
beam epitaxy [22,23,25].

The efficient generation and detection of these high frequency
phonons are one of the main challenges in nanophononics. In con-
trast with acoustics and phononics where piezoelectric transducers
are available, the transduction of sub-THz acoustic nanowaves
relies mainly on ultrafast optical methods [1,29,44,45,65,68–80].
By the same token, the coupling between vibrations and light is
the very backbone in optomechanics. Coherent phonon generation,
picosecond ultrasonics and pump–probe in nanophononics usually
refers to the set of generation, control and detection techniques of
coherent acoustic phonons using ultrafast lasers.

In the basic pump–probe experiment a pulsed ultrafast laser is
divided into two different paths: an intense beam, the pump; and a
weak beam, the probe. The probe beam is delayed using a mechan-
ical delay line. In order to allow a synchronous detection, the pump
beam is modulated at MHz frequencies using an acousto-optic
modulator. Both beams are then focalized onto the sample typi-
cally using a single lens. The reflected signal from the probe is
detected using a photodiode and processed using a lock-in ampli-
fier. The physical process that takes place can be described as fol-
lows: (i) a pump pulse excites a phonon population (a mechanical
strain generated by a thermoelastic, electrostriction or deforma-
tion potential mechanism), (ii) these phonons modulate the refrac-
tive index of the materials forming the structure; and (iii) the
probe pulse senses the variations in reflectivity induced by the
coherent phonons at a given delay. This process is repeated for dif-
ferent delay times, allowing to reproduce the time dependent
reflectivity curve of the sample.

In a simplified model, the coherent phonon generation can be
described as follows [29]:

gðxÞ ¼ a
Z

jðzÞg0ðx; zÞjEpðzÞj2dz: ð1Þ

And the detection selection rules can be condensed in the
following expression:

Dr¼ b
Z
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Fig. 1. Panel a: Time resolved reflectivity measured on a GaAs/AlAs superlattice.
The sharp peak at t = 0 ps corresponds to the electronic excitation of the sample,
while the slow variations related to the temperature change and electron–hole
recombination dynamics in the system. A zoom of the time resolved reflectivity
between 50 and 100 ps is shown in the inset. The high frequency oscillations are
induced by high frequency coherent acoustic phonons. Panel b: Magnitude of the FT
of the time-resolved pump–probe reflectivity experiment. The peaks indicated with
circles correspond to the q ¼ 2k condition, while the peak indicated with a square is
related to the q ¼ 0 condition. The inset illustrates the folded dispersion relation of
the acoustic phonons.
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In Eqs. (1) and (2), a and b are proportionality constants, g0 the
elastic strain eigenstates, g is the elastic strain in the sample, E the
electric field inside the sample, j is an effective generation con-
stant that considers different light-matter couplings, p the photo-
elastic constant, and g and Dr are the amplitude of the generated
phonons and the reflectivity change respectively. In Eq. (2), �m is
the dielectric function of layer m, and zm is the position of the inter-
face between layers m and mþ 1. The probe field within layer m is
E0ðzÞ ¼ amei

ffiffiffiffi
�m
p

kz þ bme�i
ffiffiffiffi
�m
p

kz, and
ffiffiffi
�
p

k is the light wavevector. The
first term in Eq. (2) is due purely to the photoelastic effect (i.e., a
change in the index of refraction). The second results from the dis-
placement of the interfaces (i.e., an effective change in the thick-
ness distribution of the cavity). The latter is fully determined by
a proper evaluation of the acoustic modes of the structure, and
by physical constants (dielectric functions) that are readily avail-
able for most materials. The photoelastic term in Eq. (2), on the
other hand, is proportional to the photoelastic constant p that
has only been measured for a few materials, and even in those
cases for a limited range of wavelengths. This problem will be
addressed in Section 6 below.

Looking at these expressions it is clear that it is possible to
change the efficiency of each one of the processes and to change
the efficiency of the whole generation–detection process by engi-
neering the materials selection (affecting the generation and
photoelastic constants), the electric field distribution and the strain
eigenstates. In standard optomechanics the excitation laser is far
from electronic resonances, and thus the interface displacements
tends to be more important. Optoelectronic semiconductors open
the possibility of using an extra engineering parameter: the reso-
nance of the photoelastic term. In the remaining of this paper we
will discuss how to tailor these processes using (i) electronic reso-
nances, (ii) optical confinement, and (iii) mechanical resonances,
targeting a structure where a perfect overlap between the electric
and displacement fields is achieved and the interactions strongly
enhanced.

The top panel of Fig. 1 shows the time resolved reflectivity
curve measured on a GaAs/AlAs superlattice. This superlattice
has been optimized to present the first minigap at the Brillouin
zone center at around 1 THz. The sharp peak observed at t = 0 ps
corresponds to the electronic excitation of the sample, while the
slow variation of the signal for t > 0 ps is related to a temperature
change and electron–hole recombination dynamics in the system.
In the inset we show a detail of the time resolved reflectivity
between 50 and 100 ps. In this range it is possible to observe high
frequency oscillations induced by coherent phonons. Two periods
can be easily identified: oscillations of approximately 1 ps period
are mounted on a 20 ps period oscillation.

The bottom panel of Fig. 1 shows the Fourier transform of the
signal show in the top panel. For clarity reasons the slow dynam-
ics-related background has been removed from the signal, and the
electronic signal omitted from the window on which the FT is per-
formed. A group of three peaks are clearly observed around 1 THz.
The peaks labeled with red circles are related to q ¼ 2k condition,
where q is the acoustic wavevector, and k is the laser wavevector.
This is the condition under which the detection is most efficient
[29]. The peak indicated with a blue square is related to the q ¼ 0
phonons, where the generation process results most efficient [29].
These selection rules are strict only for infinite samples. In fact, gen-
eration and detection spectral overlap becomes possible when finite
size or absorption are present [29]. The peak at around 50 GHz is the
so-called Brillouin mode, and corresponds to the first intersection of
the q ¼ 2k line with a linearized acoustic dispersion relation (see
the inset in Fig. 1b). The relative intensity of these peaks is strongly
related to the aforementioned selection rules that are derived from
the matching between the electric and strain fields.
One of the desirable tasks is to spectrally select the frequency of
the acoustic phonons that are excited and detected. As we show
next, this can be accomplished by means of (i) time domain coher-
ent control, (ii) the spatial overlap of the electric and mechanical
fields, and (iii) using electronic resonances in the structure that
locally enhance the transduction by tuning the laser energy.

3. Selective generation of confined acoustic modes

Achieving a monochromatic source of high-frequency coherent
phonons is a main challenge in the search of an acoustic lasing
device (SASER). Based on the characteristics of the semiconductor
structures, there are at least three possible approaches to reach
the selectivity in the excitation of a quasi monochromatic
phononic mode in a pump–probe experiment:

� Coherent excitation by temporal modulation of the excitation
[79–87]. In other words, by performing a coherent control
experiment using multiple excitation pulses and controlling
time profile it is possible to resonantly excite one of the acoustic
modes, annihilate others, manipulate the intensity distribution,
and in a general way to synthesize a phononic pulse. This tech-
nique has been used in the past both in semiconductor multi-
layers, metallic nanostructures, and nanoparticles to excite
particular modes [79–87]. In Fig. 2 we show how a phonon
nanocavity mode can be manipulated using pairs of pump



Fig. 2. Acoustic nanocavity spectra measured in the coherent control scheme with
two pump pulses in-phase (top, continuous line), two pump pulses in counterphase
(bottom, dashed line), and with one pump pulse (middle, gray thin line). The star
indicates the acoustic cavity mode peak.
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pulses and varying the separation between them [36]. To per-
form this experiment two pump lasers where used with a time
delay that matches one half and one full period of the confined
phonons. The grey line in Fig. 2 corresponds to a single pump
inciding on the sample.
� Resonant excitation with an electronic level in a semiconductor

nanostructure. Due to confinement effects, layers with different
thickness in the nm-range, will have associated different elec-
tronic transitions. Thus it is possible to perform an engineering
of the involved layer thickness and material composition in
order to have a spatially localized absorption of light, and con-
sequently a localized generation of mechanical strain [73,88].
By tuning the pump pulse energy to the cavity spacer electronic
transition it is then possible to selectively excite the confined
acoustic mode [88]. As we will discuss later, the photoelastic
constants present strong variations around electronic reso-
nances, affecting also the detection efficiency of monochromatic
signals.
� Spatial selectivity of the excitation, i.e., to localize the electrical

field in a particular region of space in order to excite (or detect)
more efficiently a given acoustic mode by matching the desire
strain profile. The dimensions involved in the nanocavities we
presented up to now are much smaller than the optical wave-
lengths in the Vis–NIR bands. Thus this strategy cannot be
directly applied in the sub-THz regime as in the photoacoustic
study of microscopic objects. As we will show below, the tech-
nique is readily applicable in the 10–100 GHz range.

Taking into account these strategies, the next sections explore
how the engineering of the electric fields, and the spatial matching
between the electromagnetic and strain fields can enhance the
generation and detection of monochromatic coherent acoustic
phonons.
4. Enhancement of pump–probe signals using microcavities

One way to modify the electric field distribution in a pump–
probe experiment is to generate a stationary spatially localized
wave using a planar optical microcavity. Optical distributed Bragg
reflectors (DBRs) are constructed by growing periodic sequences of
bilayers of materials of contrasting index of refraction, n. The
refractive index mismatch (Zop ¼ n1=n2), and the number of bilay-
ers (N) determine the performance of a mirror. For a given Zop and
N, the optimal mirror (i.e., with the largest forbidden optical gap,
and the highest reflectivity) is obtained by choosing ðk1=4; k2=4Þ
stacks, where kl is the optical wavelength in material l. Since this
latter wavelength depends on the index of refraction, it is Zop that
determines the optimal relation of thicknesses between the two
materials. A DBR-based optical cavity is obtained by growing two
DBRs enclosing a spacer. The optimal spacer thickness corresponds
to an integer number m of half-wavelengths, dcav ¼ mkl=2. Note
that this structure resembles the previously discussed acoustic
nanocavities. For an optical wavelength of 800 nm, the typical per-
iod is �120 nm while for an acoustic nanocavity in the THz range
as discussed above the period is �8 nm.

The confinement of the electric field has two main conse-
quences: on one hand it locally enhances the electric field, and thus
the efficiency of the generation and detection processes; on the
other hand, the spatial modulation modifies the spectrum of the
detectable phonons, and as a result the generated spectrum per-
fectly matches the detected spectrum [40]. By the same token, this
spatial modulation implies also a spatially modulated strain gener-
ation. It has previously shown that the condition to maximize the
generation efficiency is to tune the pump wavelength to the optical
cavity mode; while the condition to maximize the detection sensi-
bility is to tune the laser wavelength with the edge of the optical
cavity mode [37,39,40]. Using a single laser, i.e. a single wave-
length, it is possible to achieve both conditions simultaneously tak-
ing advantage of the angular dispersion of the optical cavity mode
by adjusting the incidence angles according to:

xðkjjÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

0 þ ðckjj=neff Þ2
q

; ð3Þ

where c and neff are the speed of light and the index of refraction of
the microcavity spacer, respectively. In the case studied in this sec-
tion, an acoustic nanocavity is enclosed between two optical DBRs
in such a way that it acts as the optical spacer of an optical cavity.
Provided that the layers forming the acoustic nanocavity are much
smaller than the optical wavelength, an effective index of refraction
should be considered weighting the contributions of the different
materials forming the acoustic structure.

Fig. 3a shows a schematics of an acoustic cavity structure
embedded in an optical microcavity. The top (bottom) mirror of
the studied microcavity is a 3(10) periods Ga0.8Al0.8As/AlAs
55.39/64.19 nm, corresponding to a ðkl=4; kl=4Þ stack. The full
acoustic nanocavity structure acts as a 2kl spacer. Each acoustic
DBR is formed by 13 bilayers of (GaAs/AlAs) 5.75/2.27 nm, corre-
sponding to a ð3kac=4; kac=4Þ stack; while the acoustic spacer is a
3kac=2 GaAs layer. It is worth highlighting that in this structure
kac � kl.

In Fig. 3c we show the amplitude of the measured acoustic
nanocavity mode as a function of laser wavelength (keeping the
incident angles constant). There is a clear maximum around
760 nm. This maximum corresponds to the optimum coupling of
the pump laser with the cavity mode and the maximum sensitivity
of the probe tuned to the edge of the cavity mode at the incidence
angle chosen. This coupling condition was achieved by setting the
pump beam at almost normal incidence and the probe at �30�
degrees (see Fig. 3b). In the top panel of Fig. 3c we present the
reflectivity measured directly with the pulsed laser for both angles.
The curve in grey corresponds to the derivative of the reflectivity of
the probe beam. The second maximum at 747 nm corresponds to
an additional point where a balance between an optimized detec-
tion efficiency (minimum in the derivative) and maximal genera-
tion efficiency are attained. Similar double resonant schemes
using microcavities were previously reported in Raman spectros-
copy [37,40].



Fig. 3. (a) Schematics of an acoustic cavity structure embedded in a optical microcavity. (b) Experimental configuration to perform a double optical enhanced pump–probe
experiment taking advantage of the microcavity angular dispersion. (c) Coherent acoustic phonon generation. Top panel: optical reflectivity curve measured with the diode
for both the pump and probe beams. The thin curve corresponds to the numerical derivative of the probe reflectivity. The lower panel shows the acoustic cavity mode
amplitude as a function of the laser wavelength. The arrow indicate the position of the microcavity mode center.

Fig. 4. (a) Schematics of an acoustic cavity structure optimized to work at the
20 GHz frequency range. The cavity spacer is made of GaAs while the DBRs are
based on AlGaAs alloys. The structure is able to simultaneously confine photons in
the visible-near infrared range and phonons in the GHz–THz range. (b) Detail of the
calculated optical (red) and acoustic displacement (blue) fields for fundamental
cavity modes. The curves have been vertically displaced for clarity reasons. Note the
perfect matching between both fields. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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The next section is devoted to the study of the particular case
where kac ¼ kl. That is, the thickness of the layers making the
acoustic nanocavity (THz frequencies, nm-size thicknesses) are
augmented, keeping the same optimized ratio, until the structure
acquires dimensions characteristic of optical microcavities (peri-
ods in the range of 100 nm). Moreover, kl will be selected such that
the photon cavity energy is close to the electronic resonance of the
cavity spacer allowing for a spatially selective excitation, as dis-
cussed above [88].

5. Simultaneous resonators for light and sound

The fundamental structure and design of an acoustic nanocavity
and an optical microcavity are based on the same concept: a
Fabry–Perot resonator where the metallic mirrors are replaced by
distributed Bragg reflectors. The design parameter in the acoustic
case are the sound velocity and the mass density while in the case
of the optical microcavities is the index of refraction.

A structure formed by 20(18) periods of AlAs/Ga0.82Al0.18As
ðkl=4; kl=4Þ bilayers for the top (bottom) mirror enclosing a k=2
GaAs layer is an optimized optical microcavity with the first con-
fined mode centered at a wavelength of 870 nm [89]. Taking into
account the previous discussion, we ask ourselves how does the
same structure perform as an acoustic cavity for longitudinal
acoustic phonons of the same wavelength. ‘‘Optimal’’ implies that
the cavity mode (either acoustic or optical) falls at the center of
a DBR stop band, and the Q-factor is the largest for the materials
chosen [90]. The key and new concept here is that for GaAs and
AlAs (and any alloy made of these materials) a ‘‘double magic’’
coincidence exists: (1) the ratios of (light and sound) velocities
are almost identical and (2) the (light and sound) impedance con-
trasts are also almost identical. This implies that the same optical
microcavity optimized to confine photons will optimally confine
acoustic phonons of the same wavelength and with the same
Q factor [61]. As it can be seen in Fig. 4, in this structure there is
a perfect matching between the electric and atomic displacement
fields. In this case the fundamental cavity confined acoustic mode
falls around 20 GHz. Typically, DBR semiconductor cavities have
Q-factors in the range 103–105, depending on the number of
periods forming the DBR.
The performance of the optical cavity structure can be easily
tested by means of a photoluminescence (PL) experiment using
an excitation laser of 647 nm. In Fig. 5a we show the PL spectra
taken at room temperature on two different points on the sample.
The studied structure was grown with a gradient in the thickness
in such a way that the wavelength of the optical mode depends
on the position on the sample where the experiment is performed.
The two cases shown correspond to the cavity mode tuned to the
transparency region below the gap (881 nm) and precisely tuned
at the gap (870 nm), respectively. From the measured spectrum a



Fig. 5. Top: Photoluminescence measured at room temperature for two different
positions on the sample, i.e. cavity-bandgap detunings (the structure was grown
with a gradient in thickness). E0 indicates the position of the GaAs bandgap.
Bottom: Pump probe signal measured with the laser near the bandgap of the GaAs
(cavity spacer), and below the bandgap. The three peaks correspond to the three
first confined modes at the Brillouin zone edge. The inset shows a detail of the mode
around 60 GHz. Note the clear shift for the two different spot positions (i.e., cavity
thicknesses).
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Fig. 6. Top panel: optical reflectivity obtained using the probe laser pulses set at
kop ¼ 870 nm. The full curve is the numerical derivative of the probe reflectivity.
Middle: coherent phonon peak intensity. Both panels are given as a function of the
position of the spot on the sample, directly related to the detuning between the
laser wavelength and the cavity mode at normal incidence. Bottom: Amplitude of
the detected electronic signal (time trace a t = 0 ps). Note how the electronic signal
follows the behavior of the derivative of the probe reflectivity. The phonon signal
intensity is approximately the modulus of the latter.
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quality factor (Q-factor) of �103 can be derived for this sample
when measured below the gap.

In order to probe the elastic behavior of the resonator we per-
formed coherent phonon generation experiments on the structure
using 1 ps laser pulses, tuned approximately with the cavity mode.
The FWHM of the optical cavity mode is �1 nm, so the temporal
width of the laser pulse must be adjusted to match the finesse of
the resonator. In the bottom panel of Fig. 5 we show typical spectra
obtained with this technique. The peaks observed at �20, �60, and
�100 GHz correspond to the first three cavity confined acoustic
modes. It is worth highlighting as shown in Fig. 5 that different
positions on the sample give not only different optical cavity mode
energies, but also different acoustic cavity mode frequencies, thus
demonstrating the simultaneous confinement of light and hyper-
sound. For the two measured spectra note that the larger optical
Q-factor-resulting in an enhanced signal-compensates the reduced
absorption at longer wavelengths leading to similar picosecond
acoustics signal intensities. The measured time traces were 3 ns
long, thus limiting the intrinsec bandwidth resolution and quality
factor measurement of the acoustic system. The nominal mechan-
ical Q-factor is of the order of 1000 as in the case of the electromag-
netic counterpart, and the estimated acoustic cavity mode lifetime
is about 30 ns.

The top panel of Fig. 6 shows the optical reflectivity obtained
using the �1 ps probe laser pulses. The full curve is the numerical
derivative of the probe reflectivity. The central panel presents the
coherent phonon (amplitude of the peaks shown in Fig. 5) peak
intensity as a function of the position on the sample, directly
related to the laser-cavity detuning. The bottom panel presents
the electronic signal amplitude (amplitude of the time trace at
t = 0 ps) as a function of the position on the sample. Note that
the maxima of both vibrational and electronic signals are observed
when the probe is tuned to the edge of the cavity mode [40]. This
demonstrates unambiguously that the observed oscillations are
due to the modulation of the cavity reflectivity by phonons belong-
ing to the resonator.

In picosecond ultrasonics experiments the information of the
acoustic phonon dynamics is readily available. A color map dis-
playing the experimental windowed Fourier transforms (WFTs)
amplitude as a function of time-delay is shown in Fig. 7(a and b).
The reported WFTs were obtained by calculating the Fourier trans-
form of the derivative of the measured time-traces (to reduce the
contribution of the slowly varying electronic signals), in time win-
dows of 500 ps width. The center of these windows was continu-
ously varied between 250 and 2750 ps to extract the time
dependence of the phonon mode population. The data were convo-
luted with Gaussians of width 2r ¼ 250 ps centered within the
500 ps window (‘‘Gaussian window Fourier transforms’’). Similar
results were obtained using other functions (e.g., Hann window).
The results with simple square windows lead to essentially the
same results, albeit with some unphysical weak high frequency
oscillations originated in the window boundaries. The width of
the windows was chosen as a compromise for having the required
time resolution, without loosing relevant spectral information. We
have verified, however, that the main conclusions of the paper do
not depend on the chosen parameters. Strong oscillations and a
rich behavior are observed for the mode amplitudes as time
evolves. A peculiar event occurs around 900 ps, characterized by
a strong dip of the 20 GHz mode intensity, a ‘‘shake-up’’ of the
60 GHz mode, and the appearance of additional frequencies in
the spectra.



Fig. 7. (a and b): Detail of the experimental WFT intensity map corresponding to
the 20 (a) and 60 (b) GHz cavity modes. The separate color intensity scale has been
chosen to emphasize the relative variation of the corresponding phonon signal.
Note the intensity beatings displayed between the two acoustic phonon modes. See
the text for further details. (c–h): Calculated WFT intensity maps for the same
spectral regions. Six panels are shown corresponding to the WFTs obtained from the
full calculation (c and d), from the time trace obtained by spectrally filtering the
cavity modes only (e and f), and from the time trace with all modes except the cavity
modes (g and h).
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Panels (c and d) in Fig. 7 display the WFT of the calculated dif-
ferential reflectivity time traces obtained using Eqs. (1) and (2).
Except for the overall amplitude, no fitting parameters are used,
only nominal thicknesses and published material properties data
were included. The agreement between experiment and theory is
quite notable, with the most relevant features being nicely repro-
duced: the intensity oscillation of the modes, and the effects due
to the echo ‘‘shock’’ at �900 ps. From the calculations it becomes
clear that these peculiar features originate in the strong perturba-
tion produced by an echo of the initial phonon pulse generated at
the GaAs spacer, that propagates to and is reflected by the sample
surface.

To further clarify how this occurs, we show in Fig. 7(e–h) the
WFTs of the calculated differential reflectivity time trace due exclu-
sively to the cavity modes (e-f), and the equivalent trace corre-
sponding to all modes other than the cavity modes (g–h). The
pure cavity modes display a slowly decaying monotonic behavior,
as expected for a confined vibration. The non-confined compo-
nents, on the other hand, escape the GaAs spacer very rapidly,
within the first �20 ps, and are echoed back to the GaAs-spacer
at �900 ps.

The excellent agreement between experiment and theory sug-
gests that this model can be used to evaluate the performance of
the structure as an optomechanical resonant device. While this is
qualitatively true, coming back to Eq. (2) we recall that for a quan-
titative description an important level of uncertainty is introduced
by the lack of available data for the photoelastic coefficient, the
critical parameter required to define the resonant contribution to
the optomechanical coupling. As we argue next, this parameter
can lead to huge contributions, but has only been determined for
a few materials, for only limited laser energy ranges, and, to the
best of our knowledge, never in the context of quantum confined
electronic transitions.
6. Photoelastic coefficients in Gallium Arsenide based
resonators

To take full advantage of the electronic-resonant excitation in
semiconductors it is essential to know the photoelastic behavior
of the materials involved in the design of the optomechanical res-
onators. In what follow we briefly discuss the photoelastic charac-
teristics of GaAs in the Vis–NIR range.

Deformation potential is a very important mechanism for the
interaction between acoustic strain and optical properties in semi-
conductors. In usual experimental conditions where the laser
energy is close to excitonic transitions, it becomes the dominant
mechanism and overcomes the contribution due to interface or
surface displacements [61]. A quantitative description of this inter-
action is therefore of great interest and accurate measurements of
the photoelastic coefficient which governs the amplitude of the
mechanism as a function of the energy around excitonic reso-
nances is highly desirable. Resonant Brillouin scattering has been
applied since a long time to the demonstration of excitonic reso-
nances in the acoustic phonon scattering spectra [91]. However
absolute measurements of Brillouin scattering efficiencies remain
difficult, and in addition the scattering amplitude reflects only
the absolute value of the coefficient. The later point is a strong lim-
itation of the method as photoelastic coefficients are predicted to
display strong variations of both their real and imaginary parts
close to resonance. Independent knowledge of both variations
would thus be essential to analyze coherent acoustic and optome-
chanical experiments close to excitonic resonances.

We have recently demonstrated a huge increase of the light
scattering amplitude by acoustic vibrations at the excitonic reso-
nance in a GaAs/AlAs multi-quantum well [92], which points to a
very large enhancement of the photoelastic coefficient in these
conditions. We cannot deduce from our experiments whether
variations of the real or the imaginary part of the photoelastic coef-
ficients play a dominant role in this resonance, but we unambigu-
ously demonstrated that acousto-optic coupling becomes huge in
such conditions. In fact, we recently studied as a follow-up of
Ref. [92], the variation of the Brillouin forward scattering intensity
starting from the strong excitonic resonance and decreasing the
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laser energy towards the transparency region where independent
measurements of photoelastic constants are available (see below).
We observed such a steep decrease of the scattering intensity that
the Brillouin lines could not be observed on the low-energy edge of
the excitonic resonance as they disappear within the strong per-
sisting luminescence background. However for even smaller ener-
gies we recovered the Brillouin lines and could thus obtain an
estimation of the global increase by a factor of (1.5 ± 0.5) 105 of
the photoelastic coupling due to excitonic resonance when the
laser is changed from 1.485 to 1.521 eV. These results are illus-
trated in Fig. 8, where the spectra obtained at liquid nitrogen tem-
perature well below (left red curve) and on the exciton (right black
curve) are plotted together. For the red curve, the laser line,
strongly attenuated by a foremonochromator, is recorded with a
similar intensity to the Brillouin lines appearing as a triplet typical
to forward scattering configuration [91]. In strong resonance, the
Brillouin lines sit on a strong background of resonant luminescence
but the intensity can be determined with a reasonable accuracy.
Since the Brillouin scattering efficiency is proportional to the
square of the photoelastic constant, we deduce an increase by
400 of the modulus of this coefficient when the laser is varied from
�36 MeV to zero detuning with the exciton resonance.

This result highlights the relevance to perform other type of
experiments to measure the photoelastic coefficient, and not only
its modulus, in a large range of energies. Different methods have
been reported in the literature and applied to bulk semiconduc-
tors: piezobirefringence [93], acousto-optic deflection [94] and
piezo-ellipsometry [95]. These techniques apply to complementary
situations: piezobirefringence and acousto-optic deflection to
transparent samples, and piezo-ellipsometry to energy ranges
where absorption is sufficiently large. Piezo-ellipsometry has been
mostly applied to the study of higher optical transitions in bulk
semiconductors where the large absorption make the technique
very sensitive. The technique seems to be not well adapted to
low energy excitonic transitions and to the quantum wells as
involved in several coherent acoustic and optomechanical applica-
tions. Piezobirefringence and acousto-optic deflection give consis-
tent evidences that the real part of the photoelastic coefficient
displays a large dispersion when the band gap is approached from
Fig. 8. Experimental Brillouin scattering spectra taken at liquid nitrogen temper-
ature with an excitation laser energy below the gap (left red spectrum) and on the
gap (right black spectrum). FLA labels the superlattice folded acoustic phonons. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
the lower energy side, in a range where the imaginary part is neg-
ligible. However strong absorption in the thick samples used in
these experiments lets the determination closer to the exciton res-
onance inaccessible.

There are some additional complications in the use of data
reported in the literature for GaAs as the definitions of the photo-
elastic coefficients are varying from paper to paper. For instance,
Feldman and Horowitz [93] is using the historical definition:
dð��1Þ ¼ PX while Renosi and Sapriel [94] use: dð��1Þ ¼ PU. On
the other hand, Etchegoin [95] presents several curves based on
again another definition: dð�Þ ¼ PX, while Popovic et al. [96] gives
often cited numerical values based on Etchegoin results but chang-
ing to the alternative definition: dð�Þ ¼ PU. Finally in the context of
optomechanics and in the interpretation of pump–probe experi-
ments, the refractive index is many times used in place of the
dielectric constant with the following expression: dn ¼ PU. In these
expressions, U and X are the strain and stress tensors, respectively,
P is the photoelastic coefficient, n is the refractive index, and � is
the dielectric constant. Knowledge of the elastic and dielectric con-
stant of the materials, allows however to transform from one def-
inition to another and to compare different determinations when
the energy range of experiments overlap (keeping in mind that d
(��1) = (-1/�2Þd� = (-2/n3) dn). Fig. 9 shows data for the component
p12 of P of bulk GaAs, extracted from Ref. [94] and obtained at room
temperature and converted to the definition used by Popovic and
coworkers (d (�) = PU). We checked that these values agree well
with determinations by Feldman and Horowitz [93] based on
another technique. The coefficient p12 is the relevant component
involved in our Brillouin and coherent phonon experiments (both
detected signals are proportional to jp12j

2). It is however not
straightforward to directly compare these data with our observa-
tion in GaAs MQWs and in strong resonance. After correction from
the temperature induced shift of the exciton resonance, and in
account of the 400 amplification of the Brillouin scattering effi-
ciency shown in Fig. 8, we deduce that the modulus of the photo-
elastic constant at the top of the exciton resonance is likely to
reach a huge value of the order of 7000 over a narrow range of
energies.

Extension of this technique to multilayers seems not to have
been reported but could become possible provided that sufficiently
transparent samples can be studied. Multi quantum wells with a
limited number of wells, designed for an optimum transmission
can be easily obtained but the application of uniaxial stress to such
Fig. 9. p12 component of the photoelastic tensor as a function of the laser energy,
derived from Ref. [94].
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structures remains a technical challenge, particularly for the stan-
dard GaAs/AlAs structures grown on GaAs substrate as GaAs is opa-
que at the energies of interest for the quantum well, and thus
structures without substrate have to be considered. Waveguided
geometries could also be used to study the birefringence under
uniaxial stress, but its practical implementation also remains diffi-
cult [97]. A more recent technique could help to solve some of the
above mentioned issue: reflectance anisotropy spectroscopy [98].
The latter technique has been applied to multiple quantum well
structures under uniaxial stress [99] in order to determine intrinsic
anisotropies due to interfaces or doping but the quality of the spec-
troscopic features seems to be compatible with accurate determi-
nations of photoelastic coefficient at excitonic resonances.
7. DBR-based GaAs/AlAs optomechanical resonators

We use Eq. (2) to calculate the optomechanical coupling factor
gph

om ¼ DR
dR
dxDa

. We emphasize that all required parameters needed to

determine the purely mechanical contribution are experimentally
accessible (dielectric functions), or set by design (the cavity struc-
ture). The photoelastic term, on the other hand, can be evaluated
taking into account the above discussion related to the photoelas-
tic constant in GaAs close to the exciton resonance. To calculate DR
well established standard values are used for the dielectric con-
stants of the AlGaAs materials. As a conservative estimation of
the photoelastic constants of GaAs close to resonance we use a
value of 200. dR

dx is calculated for the probe tuned to the flank of
the optical cavity mode using the nominal structure. a is the dis-
placement associated to the 20 GHz mode. We calculate using
p12 ¼ 200 that gph

om ¼ 83 THz/nm for the photoelastic term, and
gif

om ¼ 3:6 THz=nm for the contribution due to the displacement
of spacer and DBR interfaces. A related quantity that is also used
to describe the optomechanical coupling is the effective coupling
length Lom ¼ ð1

x
dx
daÞ
�1

. Lom is the length over which a photon’s
momentum is transferred into the mechanical mode as it propa-
gates in the structure. [55] For the described planar cavity we
obtain Lom � 600 or 30 nm, that is, 5 or 0.25 times the spacer thick-
ness, depending on whether the pure mechanical or photoelastic
contributions are considered. These values can be compared to sev-
eral microns for planar Si optomechanical crystals operating in the
infrared and at few GHz mechanical frequencies [55]. Nominal
Q-factors were used in these estimations. A discussion on the
actual cavity Q-factors attainable in these planar DBR-based cavi-
ties and at such high vibrational frequencies, is however required.
The cavity-mode lifetime is determined by the mirror reflectivity
which is set by design. For the reported sample the nominal qual-
ity-factors are Qop � Qac � 103, corresponding to cavity escape life-
times of �1 ps and �60 ns for photons and phonons, respectively
(the difference arising only from the contrasting speeds of light
and sound). The optical cavity finesse can be easily measured
experimentally through photoluminescence or reflectivity experi-
ments. Below the GaAs fundamental gap, were light absorption is
small, the nominal value coincides excellently well with the exper-
iment. Q-factors in the range of 105 have been attained with no
fundamental difficulties [100]. Phonons are, however, intrinsically
anharmonic. This implies that anharmonic decay must be consid-
ered as a possible additional source of lifetime limitation. From
picosecond acoustic studies of 60 GHz phonon in GaAs, one can
estimate the anharmonic decay lifetime of the 20 GHz first con-
fined mode to be somewhere between 3 and 30 ns [101]. Since
we do not observe any significant decay within the measured
3 ns time-window, we conclude that the actual lifetime should
be closer to the upper limit. In any case, it is clear that anharmonic-
ity may be partially limiting the phonon cavity Q-factor at room
temperature. And would definitively limit it if Q-factors larger than
103 would be sought. However, below 80 K anharmonic decay
should be negligible [101]. We also note that roughness limitations
to the phonon lifetime in MBE-grown structures at these wave-
lengths are not expected to be critical [25]. Optomechanical phe-
nomena of a dynamical nature arise when the decay time of the
photons inside the cavity is comparable to or longer than
the mechanical oscillator period [102]. For the studied structure
the latter vary between 50 and 10 ps (for the 20 and 100 GHz
modes, respectively). It thus turns out that both fully static and
purely dynamical regimes should be both attainable with DBR-
based cavities in which the cavity photon lifetime can span the
range between 1 and 100 ps (Qopt from 103 to 105).
8. Discussion and conclusions

To summarize, we have shown that hypersound devices formed
by �100 nanometric layers can be conceived for the simultaneous
manipulation of light and ultrahigh frequency acoustic vibrations.
The performance of this devices is highly predictable, and the
available growth techniques, and optimization and design algo-
rithms open new possibilities in the fast developing nanophonon-
ics and phonon engineering research. With highly promising
results for future nanophononics applications, these devices were
able to confine a specific frequency with high quality factors, while
at the same time confining light in the VIS–NIR region.
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