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Microcavity exciton polaritons enable the resonant coupling of excitons and photons to vibrations in the
super-high-frequency (SHF, 3–30 GHz) domain. We introduce here a novel platform for coherent SHF
optomechanics based on the coupling of polaritons and electrically driven SHF longitudinal acoustic
phonons confined in a planar Bragg microcavity. The highly monochromatic phonons with tunable
amplitudes are excited over a wide frequency range by piezoelectric transducers, which also act as efficient
phonon detectors with a very large dynamical range. The microcavity platform exploits the long coherence
time of polaritons as well as their efficient coupling to phonons. Furthermore, an intrinsic property of the
platform is the backfeeding of phonons to the interaction region via reflections at the sample boundaries,
which leads to quality factor × frequency products (Q × f) exceeding 1014 Hz as well as huge modulation
amplitudes of the optical transition energies exceeding 8 meV. We show that the modulation is dominated
by the phonon-induced energy shifts of the excitonic polariton component. Thus, the large modulation
leads to a dynamical switching of light-matter nature of the particles from a mixed (i.e., polaritonic) one to
photonlike and excitonlike states at frequencies up to 20 GHz. On the one hand, this work opens the way
for electrically driven polariton optomechanics in the nonadiabatic, sideband-resolved regime of coherent
control. Here, the bidirectionality of the transducers can be exploited for light-to-sound-to-rf conversion.
On the other hand, the large phonon frequencies and Q × f products enable phonon control with optical
readout down to the single-particle regime at relatively high temperatures (of 1 K).
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I. INTRODUCTION

The coherent coupling between photons and mechanical
vibrations (termed optomechanics [1]) has experienced
substantial theoretical and experimental advances since
the initial investigations of parametric instabilities in
Fabry-Perot interferometers [2] and of the coherent optical
excitation of mechanical motion in the MHz range [3]. In
particular, the demonstration of the strong optomechanical
coupling in the MHz range [4], laser cooling of a micro-
cavity (MC) to the mechanical ground state [5], quantum-
coherent coupling of near-infrared photons and MHz
phonons [6], and optomechanically induced transparency
[7] constitute important landmarks in this field.

Furthermore, the coupling of phonons to solid-state exci-
tations is of relevance for quantum computations, commu-
nications, and metrology. Various quantum systems (e.g.,
spin and superconducting qubits) have internal resonances
in the super-high-frequency (SHF, 3–30 GHz) range [8–10]
of radio frequencies. Moreover, SHF phonons are attractive
for coherent control in acousto-optics [11] as well as in
systems for quantum-information processing. However, on-
demand generation and detection of SHF phonons in low-
loss materials as well as their efficient coupling to quantum
systems constitute considerable challenges.
Most of the optomechanics studies have been carried out

using vibrations with frequencies below 10 GHz. Planar
solid-state structures like semiconductor superlattices and
planar MCs are a promising platform for optomechanics at
significantly higher frequencies. (Al,Ga)As MCs are par-
ticularly attractive for optomechanics since they can simul-
taneously confine in their active region both photons and
longitudinal acoustic (LA) vibrations [12], thus enhancing
the acousto-optical interaction by several orders of magni-
tude [13]. In fact, owing to a “double magic coincidence” of
AlxGa1−xAs alloys [14], the ratio between their acoustic
and optical impedances as well as between their LA and
light propagation velocities are almost identical and
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independent of the composition x. As a consequence, a MC
optimized for photon confinement will also optimally
confine acoustic phonons of the same wavelength with a
comparable quality factor (Q) [14,15].
Vibrations with frequencies up to THz can be stimulated

in these structures by short laser pulses, a technique known
as picosecond (ps) acoustics [16]. The latter method has
been applied as a complementary technique to Raman and
Brillouin spectroscopy for basic studies of phonon propa-
gation and confinement in layered structures [17–20]. The
ability to generate strong and short strain pulses has been
exploited for nonlinear acoustic effects [21] as well for the
ultrafast control of emission centers inserted in layered
structures [22–24].
Recent advances in the growth of high-quality MCs with

embedded quantum wells have led to the emergence of MC
exciton polaritons (simply, polaritons)—hybrid light-matter
particles arising from the strong coupling between photons
and quantum-well (QW) excitons. Polaritons inherit the low
effective mass and long-range spatial coherence from their
photonic component as well as strong nonlinearities asso-
ciated with the excitonic component [25].
Microcavity polaritons have enabled the demonstration

of multiple phenomena in the solid state, such as Bose-
Einstein condensation [26], wavelike diffraction at defects
and superfluidity [27], as well as parametric amplification,
bistability [28], and topological effects [29] in the (10–
300)-K temperature range. Although quantum polaritonics
is still in its infancy, there has also been significant progress
in the demonstration of quantum correlations at the single-
particle level in polariton systems [30–32]. These recent
developments have revealed a vastly unexplored potential
of polaritons for quantum technologies [32,33].
Further motivation for polariton-based optomechanics,

i.e., the coupling of polaritons to phonons, lies in the
strength of the polariton interaction with vibrations. The
latter value normally exceeds the one for bare photons since
the photon-related radiation-pressure mechanism is com-
plemented by the strong deformation potential modulation
of the excitonic resonances [34,35]. In fact, light-scattering
investigations of the polariton coupling to thermal LA
phonons with frequencies of a few hundred GHz in
superlattices [35,36] and MCs [37] yield photoelastic
coupling enhancements at polariton resonance reaching
105 [35].
Because of the strong coupling to phonons, optome-

chanics with MP polaritons not only offers an interface
between the GHz and THz domains, but it also provides a
means for the coherent coupling of optoelectronic excita-
tions to mechanical motion down to the quantum limit.
Polariton systems hold, therefore, considerable potential
for testing fundamental limits as well as for advanced
photonic applications.
Monochromatic strain fields induced by electrically

excited surface acoustic waves (SAWs) have proven to

be a powerful tool for the modulation and control of MC
polaritons [38,39]. The finite penetration depth of the SAW
fields, however, restricts the range of SAW frequencies for
efficient coupling to polariton coupling to the sub-GHz
domain. While several studies have addressed the modu-
lation of excitonic systems in MCs by laser-excited
phonons with frequencies of tens of GHz to THz, only
very few have been carried out in the strong light-matter
interaction (i.e., polariton) regime. Here, examples are the
studies of nonadiabatic polariton modulation by laser-
excited transient strain pulses [40–42]. The phonons, in
these cases, are not monochromatic and, thus, not suitable
for coherent control. There is clearly a technological gap
for efficient generation of monochromatic strain in the tenth
of GHz range. The demonstration of an electrically driven
source of monochromatic GHz phonons and of the modu-
lation of MC polaritons by such a source constitutes
important milestones on the way toward coherent opto-
mechanics in the GHz range.
In this work, we introduce a novel platform for electri-

cally driven polariton optomechanics based on the piezo-
electric generation and detection of bulk LA phonons (bulk
acoustic waves, BAWs) in the SHF range using high-
frequency piezoelectric BAW resonators (BAWRs) fabri-
cated on the surface of a polariton MC [cf. Fig. 1(a)]. The
studies are carried out in hybrid phonon-polariton MCs
designed for the confinement of phonons with frequencies
of 7 and 20 GHz. The highly monochromatic phonons are
injected into MCs using BAWRs, which are driven by the
external rf voltage. BAWRs generate highly monochro-
matic phonons (with tunable amplitudes) over a range of
several GHz, which far exceeds the stop band of the
phononic cavity. These resonators also act as highly
sensitive phonon detectors, thus enabling acoustic echo
spectroscopy with a very high (over 90 dB) dynamic range
[43]. In this way, one can directly access the acoustic
response of the MC and determine the distribution of the
acoustic field within the samples. The latter distribution is
found to be dictated by the resonant coupling of three
acoustic cavities within the sample: The main one corre-
sponding to the optical confinement region within the MC
spacer, a surface cavity between the BAWR and the upper
distributed Bragg reflector (DBR), and a bulk cavity
formed between the lower DBR and the back surface of
the wafer. We establish that the coupling enables the
backfeeding of BAWs into the main cavity, thus resulting
in acoustic quality factorsQa’s significantly higher than the
ones expected from the acoustic reflectivity of DBRs as
well as in frequency Qa × fa products exceeding 1014.
The strong acoustic field in the MC spacer embedding

the QWs induces a huge modulation of the polariton
energies with amplitudes (>8 meV) exceeding the light-
matter Rabi coupling. We also investigate the nature of the
polariton-phonon coupling and show that the large energy
modulation arises from the deformation potential coupling
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to the polariton excitonic components. The latter coupling
far exceeds the radiation-pressure coupling to the photonic
MC mode.
In the subsequent sections,we first describe the structure of

the hybrid optomechanical MCs (Sec. II A) and of BAWRs
employed for the generation and detection of SHF BAWs
(Sec. II B).Thepropagation andquality factorsof the acoustic
modes of the MCs are considered in Secs. II C and II D,
respectively. The results on the phonon-polariton interactions
are presented in Sec. III. Specifically, the lateral enhancement
of the resonant acoustic fields within the cavity is discussed in
Sec. III A. Large acoustic modulation of the polariton energy
is presented in Sec. III B followed by the elucidation of the
modulation mechanism in Sec. III C. The implication of the
large values of the quality factor × frequency products
(Q × f) is discussed in Sec. III D. Section IV summarizes
the main results and prospects of this work.

II. HYBRID OPTOMECHANICAL CAVITIES

A. Microcavity structure

Polariton optomechanics profits from the ability of planar
(Al,Ga)As MCs to simultaneously confine within their
spacer region both photons and acoustic phonons with the
same wavelength λ0 [12,14,44]. This ability relies on the
proportionality between the impedances and propagation
velocities of light and mechanical waves in AlxGa1−xAs
alloys with different compositions x [14]. As a consequence,
an (Al,Ga)As-based optical MC designed for the

confinement of near-IR photons also confines longitudinal
BAWs in the GHz range [14]. The ratios between the
polariton and phonon energies are dictated by the corre-
sponding ratio between their propagation velocities. The
optomechanical coupling becomes strongly enhanced in
these structures [37,38] not only due to the simultaneous
confinement but also as a result of the increase of the
photoelastic coupling at the polariton resonances [35].
The studies are carried out using hybrid acousto-optical

(Al,Ga)As MCs with the structure displayed in Fig. 1(a)
with spacer layers embedding (In,Ga)As QWs (see the
Appendix A for details). We present experimental results
obtained for two samples grown on GaAs (001) substrates
by molecular beam epitaxy.
The first sample [designated as sample A and illustrated

schematically in Fig. 1(a)] has a special design to enable the
simultaneous confinement of optical and acoustic modes of
wavelengths λo ¼ 850=nGaAs nm and λa ¼ 3λo, respec-
tively. Here, nGaAs is the GaAs refractive index. This
sample thus confines photons with a (free-space) wave-
length of 850 nm and phonons with a frequency of
approximately 7 GHz within its spacer layer. Sample A
has two sets of distributed Bragg reflectors (DBRs). The
inner set (i.e., the one enclosing the spacer) is an acousto-
optical DBR [AODBR, cf. Fig. 1(a)] acting as a first-order
and third-order grating for phonons and photons, respec-
tively. It consists of ten GaAs=Al0.85Ga0.15As layer pairs
with 3λ0=4 thickness per layer. The outer set provides the
additional optical confinement required to achieve the

FIG. 1. Hybrid MC for polaritons and phonons. (a) Schematic cross section of sample A showing the spatial distribution of photon
(red-shaded region) and exciton-polariton fields (yellow). ODBR and AODBR stand for the distributed Bragg reflectors (DBRs) acting
as optical and acoustic mirrors, respectively. Longitudinal bulk acoustic waves (BAWs) are generated by a ring-shaped bulk acoustic
wave resonator (BAWR) driven by rf voltage. The ring-shaped BAWR has an aperture for laser excitation of the MC. (b),(c) Profiles for
the acoustic displacement field juj calculated for the mode localized (b) at the sample surface (modewith fS ¼ 6.36 GHz) and (c) within
the MC spacer [fMC ¼ 6.83 GHz; cf. thick arrows in (d)]. (d) Measured s11 rf-scattering parameter of the BAWR (thick red curve) and
calculated s11 profiles for different thicknesses dZnO of the piezoelectric ZnO layer of the BAWR varying from 300 nm (bottom curve) to
180 nm (top curve) in steps of 20 nm (thin black lines). The calculations are done according to the procedure outlined in Ref. [43]. The
colored area in (d) indicates the spectral extent of the acoustic stop band of the MC.
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strong coupling between photons and excitons for polariton
formation designated as optical DBRs (ODBRs). Each of
the ODBR stacks consists of six pairs of λ0=4-thick
GaAs=Al0.85Ga0.15As layers. The spacer region of sample
A concurrently acts as an optical 5ðλ0=2Þ and as an acoustic
5
3
ðλ0=2ÞMC spacer, as we discuss in detail in Appendix A.

This region embeds two 15-nm-thick In0.04Ga0.96As QWs
separated by a 5-nm-thick GaAs barrier. The latter QWs are
positioned at a depth corresponding to an antinode of the
optical field and close to an antinode of the acoustic strain
field inside the MC spacer.
According to the transfer-matrix simulations, sample A

has the optical quality factor Qo;sim ¼ 5600 and the Rabi
splitting ΩRabi;sim ¼ 4.3 meV at 10 K (defined as twice the
coupling energy between excitons and photon modes). The
measured ΩRabi is about 2 meV. Simulations for the
acoustic field yield a bare (i.e., neglecting BAW reflections
at sample borders) acoustic quality factor Qa;sim ¼ 172 at
6.9 GHz at 10 K.
The second MC (sample B) has a λ0-wide spacer

embedding a single, 15-nm-thick In0.04Ga0.96As QW.
The AODBRs are designed as first-order reflectors for
both photons and phonons with the same wavelength
λo ¼ λa, resulting in acoustic resonance frequencies close
to 20 GHz [43]. The upper and lower AODBRs consist of
20 and 36 pairs of λ0=4-thick GaAs=Al0.85Ga0.15As,
respectively. The sample is in the strong-coupling regime
at 10 K with a Rabi splitting energy ΩRabi ¼ 3 meV.
While the hybrid MCs enable the simultaneous confine-

ment of polaritons and phonons, it is not possible to
perfectly overlap the antinodes of the acoustic and optical
fields within the spacer layers. To enhance the coupling,
special care is taken to position the QWs in between the
antinodes of both the optical and acoustic fields (for details,
see Appendix A). The QW position shift reduces the strain
amplitude at the QWs by a factor ηs ∼ 0.8 relative to the
values at the strain antinodes.

B. Bulk acoustic wave resonators

The BAWs are excited by BAWRs [43,45] fabricated on
the sample surface, as illustrated schematically in Fig. 1(a).
BAWRs consist of a piezoelectric ZnO film sandwiched
between two 50-nm-thick metal contacts. The sputtered
ZnO films have their hexagonal c axis oriented
perpendicular to the MC surface. Their thicknesses are
chosen close to dZnO ¼ λBAW=2, where λBAW is the acoustic
wavelength (see Ref. [43] for details}. Under this con-
dition, the acoustic response of a BAWR shows a single
resonance at the frequency fBAW ¼ vBAW=λBAW, where
vBAW is the acoustic velocity [43]. A special feature of the
BAWR design is the ring-shaped geometry with apertures
in the bottom and top contacts for optical access to the MC.
The piezoelectrically active area is thus defined by the
overlap region of the top and bottom electrodes.

The acoustoelectrical response of the samples is probed
using a vector network analyzer to record its rf-power
reflection coefficient (corresponding to the s11 scattering
parameter). The acoustic transduction results in the fre-
quency-dependent attenuation of the reflected rf power,
corresponding to the dips in the measured s11.
Figure 2(a) compares the frequency response of BAWRs

with a ZnO thickness of 280 nm deposited on a bare (001)
GaAs substrate (red line) and on sample A. The minima in
the s11 spectra are signatures of BAWexcitation: They arise
from the reduction of the electrical reflection due to the
excitation of acoustic modes within a broad resonance
centered at 8 GHz. In contrast, the BAWR on sample A

FIG. 2. (a) Electrical response of a BAWR on sample A at
300 K. The red curve shows the s11 scattering parameter for a
BAWR on a bare GaAs substrate, while the blue one gives the
response of a device on a MC (sample A). Both devices have
nominally identical ZnO thickness of 260 nm. The gray-shaded
area designates the spectral range of acoustic stop band created by
the AODBR displayed in Fig. 1(a). The two modes within the
stop band correspond to the MC acoustic mode with fMC ¼
6.9 GHz and the surface mode fS ¼ 6.4 GHz confined between
the BAWR surface and the upper AODBR. (b) Simulated acoustic
reflectivity of the MC with a BAWR device on its surface.
(c) Electrical response of a BAWR on sample B measured at
10 K, as given by the s11 scattering parameter recorded as a
function of the frequency. The curves are acquired using a BAWR
with circular (rather than ring-shaped) contacts with a diameter
of 20 μm.
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develops a frequency spectrum characterized by multiple
resonances [cf. Fig. 2(a)]. In particular, one identifies two
main acoustic resonances—fS and fMC—both located
within the acoustic stop band, which is marked by the
shaded background (the stop band in sample A is at the
lower flank for the BAWR emission band). Figure 2(b)
shows the calculated acoustic reflection of sample A using a
transfer-matrix approach, which accurately reproduces all
spectral features of the measured acoustic response.
In order to understand the nature of the modes within the

stop band, we show in Fig. 1(d) finite-element calculations
[43,46] of the s11 response (thin lines) for varying thick-
nesses dZnO of the ZnO layer. The latter calculations
accurately reproduce the measured response of Fig. 2(a)
for a ZnO thickness dZnO ¼ 240 nm (thick line) slightly
smaller than the nominal one. While the MC mode is
essentially insensitive to dZnO, the S mode shifts toward
higher frequencies with decreasing dZnO. This behavior arises
from the fact that the S mode is confined between the upper
AODBR and the BAWR surface, while the MC mode is

concentrated in between AODBRs, as illustrated by the
calculated mode profiles of Figs. 1(b) and 1(c), respectively.
The generation of 20-GHz BAWs in sample B is carried

out using BAWRs with nominally 80-nm-thick ZnO films.
Figure 2(c) displays the electrical response of a BAWR
consisting of circular electrodes with a diameter of 20 μm
deposited on this sample. The s11 spectrum shows a sharp
dip associated with the surface mode fS ¼ 19.63 GHz.
Because of the thick upper AODBR in this sample, the MC
mode at fMC (cf. inset) interacts weakly with the BAWR,
thus leading to a much weaker signature in the rf-reflection
spectrum than the one for sample A.

C. Phonons in hybrid microcavities

Detailed information about the spatial distribution of the
acoustic modes within theMC can be obtained via an inverse
Fourier transformation of the s11 response over the frequency
range of the acoustic stop band, which yields the impulse
time response (or echo profiles) of the BAWRs. Figure 3(a)

FIG. 3. Acoustoelectric response of sample A [panels (a), (c), (e)–(g)] and sample B [panels (b), (d), (h)–(j)] at 10 K. (a) Time
dependence of the rf BAWR reflection of sample A determined from the spectral response of the s11 rf-scattering parameter in the
(5.5–7.5)-GHz spectral range. The multiple acoustic echoes ri (i ¼ 1 to 5) result from acoustic reflections at the back surface of the
substrate. (c) Spectral dependence of the echoes within the time ranges TG1 (0–100 ns, pink) and TG2 (150–550 ns, green,
encompassing three acoustic echoes) defined in (a). The gray area is the stop-band range. Two acoustic modes can be seen within the
stop band for the TG2 (see text for discussion). (e)–(g) Enlargements of the green curve in (c) highlighting the frequency comb with
spacing Δfsub ¼ 6.4 MHz. (b) Time dependence of BAWR rf reflection of sample B determined from the spectral response of the s11 rf-
scattering parameter in the (17–22)-GHz spectral range of Fig. 2(c). Similar to sample A, the multiple acoustic echoes ri (i ¼ 1 to 5) are
observed due to the acoustic reflections at the back surface of the substrate. (d) Spectral dependence of the echoes within the time ranges
TG1 (0–100 ns, pink) and TG2 (270–600 ns, green, encompassing three acoustic echoes) defined in (b). Again, two acoustic modes can
be seen within the stop band for the TG2. (h)–(j) Enlargements of the green curve in (d) highlighting the frequency comb with spacing
Δfsub ¼ 6.9 MHz.
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shows the echo response of sampleA, which is characterized
by an exponentially decaying signal at short times (<100 ns
denoted as the TG1 range) followed by a series of echoes
delayed by tRT ¼ 151� 1 ns (region TG2). The echoes are
associated with round-trips of BAWs reflected at the back-
side of the double-polished GaAs substrate. Indeed, by
taking the LA phonon velocity in GaAs vLA ¼ 4.7 μm=ns
and the nominal substrate thickness dsub ¼ 350� 20 μm,
one obtains a round-trip time 2dsub=vLA ¼ 149� 15 ns,
whichmatches the echo delays tRT well. Only five reflections
are shown in Fig. 3(a): In fact, up to nine echoes are detected,
thus indicating long BAW propagation lengths. From the
amplitude of the echoes, we determine BAW lifetimes
exceeding 0.3 μs.
The contributions to the frequency response fromdifferent

spatial regions can be identified by an inverse Fourier
transformation of the time trace in Fig. 3(a) within the
TG1 and TG2 time-delay regions. The results are shown in
Fig. 3(c). The acoustic response at short times (TG1 range) is
dominated by a single strong resonance at fS ¼ 6.46 GHz
corresponding to the surface cavity resonance mode of
Fig. 1(b). The confinement near the surface by the upper
AODBR accounts for the long decay time of the individual
echo pulses in Fig. 3(a), which far exceeds the short transit
time (∼1=fS ¼ 0.15 ns) across the BAWR. The spectrum
obtained from the TG2 time range shows two peaks (denoted
as fS and fMC) located on a wide background of low s11;TG
response (gray-shaded area). The background is assigned to
the acoustic stop band of the AODBRs, which can be
detected due to the high dynamic range and time resolution
(or, equivalently, wide frequency response) of the BAWRs.
The two peaks at fS ¼ 6.46 GHz and fMC ¼ 6.94 GHz are
attributed to acoustic modes of the surface (S) and the main
(MC) cavities, respectively. The absence of the mode at fMC
in the spectrum for the TG1 is likely due to the large
background induced by incomplete suppression of the
electromagnetic contribution at short echo delays.
A closer examination of the frequency response for the

TG2 range reveals a frequency comb with the free spectral
range Δfsub ¼ 1=tr1 ¼ 6.4 MHz [cf. Figs. 3(c)–3(e)]. In
order to understand the origin of the comb, we remind
ourselves that the transmission through an ideal Bragg
resonator with a cavity always approaches unity at the
resonance frequency. The resonance modes of the surface
and main acoustic cavities are thus expected to propagate
through thewhole structure. The constructive interference of
BAWs after multiple round-trips results in the frequency
comb—the phonon backfeeding effect. The quality factor of
the comb resonances reaches values Qa;A ≥ 2800 at
6.937 GHz.
Figure 3(b) shows the corresponding results for the

propagation of 20-GHz acoustic waves in sample B. The
slightly shorter echo round-trip delays [cf. Fig. 2(c)] as
compared to sample A are attributed to a slightly smaller
wafer thickness. Backtransformation of the time signal

within the TG1 and TG2 regions to the frequency domain in
Fig. 3(b) reveals the corresponding surface fS ¼
19.65 GHz and cavity fMC ¼ 20.97 GHz acoustic reso-
nances; cf. Fig. 3(d). The signatures associated with the fS
mode are less pronounced than the corresponding ones for
sample A mainly due to the higher noise background levels
in the 20-GHz range. Similar to the case of sample A, the
interference of the reflected acoustic waves creates a
frequency comb with Δfsub ¼ 6.4 MHz; cf. Fig. 3(j).
Within the fMC range [around 20.97 GHz; cf. Fig. 3(i)],
the comb resonances reach a quality factor of Qc;B ¼ 6800

(cf. Table I).

D. Quality factor of the acoustic resonances

The quality factor Qc of the acoustic comb resonances is
much larger than the bare quality factor of the MCs (QMC)
determined by the acoustic reflection coefficient and losses
in the MC spacer and the DBRs. Experimentally, QMC can
be quantified as the ratio between the center frequency and
width of the s11 envelopes (cf. Fig. 3; values for samples A
and B are summarized in Table I). The previous section also
shows that Qc increases for sample B, which has a higher
acoustic frequency. From the values in the Table I, we
determine a very large Qc;A × f ∼ 2 × 1013 Hz product for
the comb resonances around 6.94 GHz in sample A. Sample
B exhibits even higher Qc;B × f ∼ 1.4 × 1014 Hz at
20 GHz. Interestingly, the ratio between the effective
quality factors of the samples ofQc;B=Qc;A ¼ 2.4 compares
reasonably well with the ratio of fMC;B=fMC;A ¼ 3 between
their resonance frequencies, thus proving that this figure of
merit does not reduce with increasing frequency. We show
in this section that the enhancement of the quality factor
arises from phonon backfeeding to the spacer region via
reflections at the front and back surface of the sample.
In the following, we analyze the mechanisms determining

the acoustic Q factor in the samples including the role of
phonon backfeeding. The propagation properties of SHF
BAWs in GaAs (001) substrates at low temperatures have
been studied in Ref. [43]. Here, the propagation losses are
expressed in terms of an effective amplitude absorption
coefficient αeff , which includes losses during both pro-
pagation and reflection at the sample boundaries.

TABLE I. Measured [Qc] and estimated [Qc (calc)] quality
factors for the comb modes from Eqs. (1) and (2) using ds ¼
λBAW and αeff ¼ 8 × 10−4 μm−1 [43]. QMC is the bare quality
factor of the acoustic mode determined from the envelope of the
s11 response of the BAWR. Qsub is the quality factor of the bare
substrate determined from the BAW absorption coefficient αeff
[cf. Eq. (1)].

Sample fBAW (GHz) Qsub QMC Qc (calc) Qc

A 7 3050 172 4100 2800
B 20 8700 982 14500 6800
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Furthermore, Ref. [43] also reports that αeff is essentially
temperature independent below 20 K, where it becomes
limited by reflection losses at the sample boundaries, which
are onlyweakly frequency dependent between 5 and 20GHz.
The effective fraction of the acoustic power absorbed per
round-trip across the substrate can then be written as
2rb ¼ 4αeffdsub, where rb is the power loss fraction per
round-trip, and dsub denotes the substrate thickness. In this
approximation, theQ factor of the comb resonances in a bare
GaAs substrate of thickness dsub can then be expressed as

Qsub ¼ 2
dsub

rbλBAW
¼ 1

2αeffλBAW
: ð1Þ

The above expression neglects BAW reabsorption by the
BAWR. An important consequence of Eq. (1) is that, since
αeff remains constant between 5 and 20GHz,Qsub is expected
to increase with the BAW frequency.
The previous analysis can be extended to the MC

structures if the acoustic losses at the high-quality MC
interfaces can be neglected. In this case, the main effect of
the MC is to increase the effective round-trip length by
QMCds, where ds denotes the thickness of the MC spacer,
and QMC is the quality factor of the bare MC determined
from the reflection coefficient of the DBRs (i.e., by
neglecting BAW backfeeding due to reflections at the
sample boundaries). The effective acoustic Q for the comb
resonances is obtained:

Qc ¼ 2
dsub þ dsQMC

rbλBAW

¼ Qsub

�
1þ ds

dsub
QMC

�
: ð2Þ

The value of Qc approaches the quality factor Qsub of the
bare substrate for Qa;MC ≪ ðdsub=dsÞ, while for Qa;MC ≫
ðdsub=dsÞ there is a considerable enhancement of the
quality factor due to acoustic confinement in the MC.
Table I compares the measured quality factors (Qc) of the

acoustic cavity modes in samples A and B with the values
[Qc (calc)] estimated from Eqs. (1) and (2) assuming ds ¼
λBAW and αeff ¼ 8 × 10−4 μm−1 [43]. The latter Qc value
yields the quality factorsQsub for the bare substrate listed in
the third column of the table. In general, the calculatedQc’s
overestimate the measured ones. This discrepancy may be
due to the simplicity of the model, which neglects losses at
the BAWR as well as at the MC interfaces. Nevertheless,
the model accounts for the higher Qc for the 20-GHz MC,
which is mainly due to the higher QMC arising from the
larger number of acoustic DBR stacks.

III. PHONON-POLARITON INTERACTIONS IN
HYBRID MICROCAVITIES

A. Lateral field distribution in ring-shaped BAWR

The spectroscopic studies of the phonon-polariton inter-
actions in the hybridMCs require optical access to the sample
area underneath the BAWRs, which is difficult in conven-
tional BAWRs due to the opaquemetal electrodes. In order to
overcome this limitation, we use for the spectroscopic experi-
ments special BAWRs with ring-shaped electrodes, as dis-
played in Fig. 1(a). In a typical PL experiment, the exciting
laser light is focused at the center of a BAWR aperture. We
show in this section that this electrode geometry not only
provides optical access to theMCspacer but also enhances the
phonon field within the illumination area.
The spatially resolved photoluminescence (PL) measure-

ments are carried out in the 10- to 60-K temperature range in
a cryogenic (liquid He) probe station. Optical excitation is
provided by a pulsed diode laser emitting at 635 nm with
average powers between 10 and 200 μW focused onto a
10-μm2 spot. The exciting laser pulses have a repetition rate
of 30 MHz and widths (≳100 ps) far exceeding the typical
photon lifetimes in the MC (of approximately 2 ps for an
optical quality factor Q ∼ 1000). The PL is spectrally
resolved using a single grating spectrometer with resolution
of 100 μeV and detected by a liquid-nitrogen-cooled CCD
detector. The typical PL acquisition times are between 1 and
30 s per spectrum.
We probe the lateral distribution of the BAW field within

the BAWR aperture by exploiting the strong dependence of
the QW excitonic energies on strain. The experiments are
carried out at 50K,where the excitonic resonances of sample
A are largely decoupled from the optical cavity resonance
(see Appendix B). The experimental configuration is
illustrated in the top-view micrograph of the BAWR of
Fig. 4(a). Figure 4(b) displays a PLmap obtained by exciting
sampleAwith the laser focused on the 6-μm-diameter spot at
the center of the BAWR aperture and recording the PL
emitted within the region delimited by the dashed lines in
Fig. 4(a)with spatial resolution alongy. ThePL extends over
a region much larger than the size of the laser spot due to
diffusion and drift of the photoexcited excitons.
The map of Fig. 4(b) shows two well-defined excitonic

peaks designated X1 and X2 corresponding to the two
excitonic resonances arising from the tunnel coupling of the
QWs in this sample (cf. Sec. II A). These features can be
identified in the spectral cross section through the center of
the aperture displayed in Fig. 4(d) (blue line). The blue-
shifted broad peak C is centered around the optical mode of
the MC. The emission at this energy is attributed to the
luminescence from (mainly carbon) defects in the substrate,
which is resonant to the optical MC mode. The large
spectral width (compared to the expected narrow optical
transmission of the MC for normal incidence) results from
the fact that the PL is collected using a high-NA objective.
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The spectroscopic measurements in the presence of a
BAW are carried out using a special modulation technique
to discriminate the BAW-induced changes from potential
thermal effects induced by the rf power applied to the
transducer [47] (see Appendix D for details). In short, we
establish that the rf-induced heating does not play a
significant role [47].
When the BAWR is driven at one of the comb resonances

within the cavity acoustic mode (frf ¼ 6.9247 GHz), the
energy and spatial characteristics of the PL maps are
modified as shown in Fig. 4(c) and in the cross section
spectrum of Fig. 4(d). Specifically, the sinusoidal modu-
lation of the excitonic energies by the BAW strain field
induces the apparent splitting of the PL line into a doublet
separated by an energy splitting 2ΔE in time-integrated PL
spectra [48]. The doublet lines are indicated in Fig. 4(d). In
the present case, the intensity of the higher-energy doublet
is much larger than the lower-energy one: This behavior is
attributed to the different coupling strengths of the doublet
components to the photonic mode of the MC. While the
intensity of the higher-energy doublet component increases
as it approaches the photonic mode, the other one moves
away, thus decreasing the coupling. A comparison with the
corresponding spectrum recorded in the absence of the
BAW [cf. Fig. 4(d)] reveals that the BAW effectively splits
the X1 peak by 2ΔE ≈ 1.5 meV. The X2 peak is affected in
a similar manner. However, due to its relatively low
intensity it merges with the shoulder of the C peak. The
splitting corresponds to the peak-to-peak amplitude of the
strain-induced energy shifts. It is related to the amplitude
uzz;0 of the BAW strain field by

ΔE ¼ ahηsuzz;0; ð3Þ

where ηsuzz;0 is the strain modulation amplitude at the QW
position, and ah ≈ 10 eV is the GaAs hydrostatic defor-
mation potential for electron-hole transitions [49].
The curved shape of the ΔE splitting of the X1 line in

Fig. 4(c) (dashed line) clearly shows that the strain field
increases toward the center of the aperture, thus indicating
that the ring-shaped electrodes concentrate the acoustic
field at the aperture center. The latter effect is attributed to
the lateral propagation of modes excited underneath the
ring-shaped electrodes. This result opens an interesting
possibility of engineering acoustic in-plane gradients by the
design of the electrodes’ shape.

B. Effect of BAW on polariton spectrum

We now turn our attention to the impact of the BAWs on
the PL of the polariton modes of sample A. By lowering the
temperature, theX1 andX2 excitonic resonances displayed in
Fig. 4(d) blueshift and strongly couple to the (relatively
temperature insensitive) C cavity resonance. As a result,
three polariton branches with characteristic parabolic
dispersion are observed at 10 K (cf. Appendix B). Fitting
the dispersion using the three coupled oscillators model
yields the Rabi splitting energy of approx. ΩRabi ¼ 2 meV.
The color map of Fig. 5(a) shows the time-integrated

polariton PL as a function of the rf frequency (frf ) applied
to the BAWR. The PL maps in Figs. 5(a) and 5(c) are
obtained by sweeping the frf over a wide frequency range
with a small frequency step and recording, for each step, a
PL spectrum [similar to the one in Fig. 4(d), red curve]. The
BAW induces an energy modulation of amplitude ΔE as
well as changes in PL intensity, which are very pronounced
at the comb resonances. Figure 5(b) compares the measured
amplitude ΔE of the energy shifts in Fig. 5(a) with the

FIG. 4. (a) Optical micrograph of a ring-shaped BAWR. The vertical dashed lines delimit the surface imaged on the slit of the
spectrograph for PL spectral analysis. (b),(c) Maps of PL intensity as a function of the energy (horizontal axis) and position along the slit
(vertical axis) without (b) and under BAW excitation of the acoustic MC mode fMC ¼ 6.9247 GHz and rf power Prf ¼ 14 dBm (c).
These maps are recorded by collecting the PL emitted within the dashed rectangle in (a), excited by the 635-nm laser focused at the
center of the BAWR aperture. (d) Comparison of PL spectra recorded in the center of the BAWR aperture in the absence (blue) and in the
presence of the BAW (red). The spectra are produced by spatial integration over the regions delimited by the horizontal dashed lines in
(b) and (c), respectively. ΔE is the amplitude of the energy modulation of the excitonic resonances.

KUZNETSOV, MACHADO, BIERMANN, and SANTOS PHYS. REV. X 11, 021020 (2021)

021020-8



electrical response s11;TG showing an excellent correlation
with the comb resonances in s11;TG. Moreover, the highest
modulation amplitudes ΔE are found at the MC resonance
fMC, where the acoustic field becomes confined within the
spacer, thus increasing the interaction with the QW
excitons. Note, however, that weaker modulation is also
observed outside of the acoustic stop band.
Figure 5(c) displays an enlargement of the spectral PL

map around fMC. The sharp PL comb resonances have an
effective quality factor comparable to the one determined
from the s11;TG curves of Fig. 3(b). The PL energy shift
reaches amplitudes up to ΔE ¼ 8 meV, which exceed
several times the value of ΩRabi. Furthermore, Fig. 5(d)
shows the dependence of the ΔE for a fixed comb
frequency on the rf power applied to the BAWR.
The large energy modulation at the comb frequencies in

comparison to the Rabi splitting in Fig. 5 leads to a
complex dependence of the PL intensity on energy. It
can be understood by taking into account that the undis-
turbed polaritons are slightly positively detuned (i.e., with
the excitonic levels redshifted with respect to the cavity
photons) and that the BAW strain field mainly modulates
the excitonic energies. The PL intensity thus reduces

significantly when the BAW redshifts the excitonic lines.
In contrast, when the excitonic energies are blueshifted, the
emission initially increases as the resonances approach the
photonic mode and then decreases for higher energy shifts.
Finally, we note that the PL emission reduces below the
detection limit for large energy shifts. Therefore, the shifts
ΔE measured in these plots represent the lower bound to
the energy modulation amplitude of the excitonic states.
We conclude this section with a comparison between the

polariton modulation amplitudes induced by electrically
excited acoustic waves with the corresponding values
reported for strain transients excited by ps laser pulses.
The ps-acoustics studies of (Al,Ga)As polariton MCs with
an In0.04Ga0.96As QWof Ref. [40] quoted small (sub-meV)
energy modulation amplitudes. A subsequent study by the
same group reported the observation of phonon sidebands
due to the nonadiabatic energy shifts of the polariton lines
with amplitudes up to 2 meV [41]. According to the
authors, the strong THz strain pulses shift the excitonic
energies by as much 10 meV: These huge shifts cannot be
spectrally detected because they are accompanied by a
strong reduction of the oscillation strength [42]. The
optically induced strain transients are excited by laser

FIG. 5. Polariton-phonon interaction in a hybrid microcavity. (a) Spectral dependence of the photoluminescence on the rf frequency
for sample A recorded at 10 K and the nominal rf power of 24 dBm. The acoustic stop-band limits are indicated by the vertical dashed
lines. (b) Comparison of the time-gated s11 parameter of a similar device with the acoustically induced energy modulation amplitude of
the comb resonances ΔEðfÞ calculated with respect to the Eref ¼ 1464.3 meV [indicated in (a) with the horizontal black dashed line].
(c) The rf-frequency dependence of the PL recorded for a fixed rf power Prf ¼ 14 dBm applied to the BAWR at 10 K corresponding the
coupled linear power amplitude P0.5

BAW ¼ 45 mW0.5 showing the effects of the frequency comb with Δfsub ¼ 6.4 MHz. The inset
displays the temperature (T) dependence of the energy modulation amplitude ΔE. The dashed line in the inset is a guide to the eye.
(d) Dependence of the PL recorded for a fixed rf frequency frf ¼ 6.9312 GHz applied to the BAWR at 10 K on P0.5

BAW.
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sources with per pulse powers typically in the kW to MW
range [21,40]. Here, in contrast, we report polariton energy
shifts of comparable amplitudes (up to 8 meV) induced by
standing strain fields generated using a much lower
electrical power (of approximately 0.3 W). The latter
reduction becomes possible due to the coherent (and
continuous) nature of the electrically excited waves, which
enables field buildup via the backfeeding effect.

C. BAW modulations mechanisms

In order to understand the mechanisms responsible for
the phonon-induced modulation of polariton energies, we
compare in Figs. 6(a)–6(c) time-averaged PL spectra of
sample A recorded at different temperatures in the absence
of acoustic excitation (thin blue lines) with the ones
acquired under the excitation at a comb frequency in the
fMC range (thick red lines). Similar to the behavior
previously discussed in connection with Fig. 4(d), the
excitonic states of this sample at temperatures above 50 K
are redshifted and only weakly coupled to the cavity
resonance (C), giving rise to the three PL peaks in

Figs. 6(a) and 6(b). When the BAW is turned on [red
curves in Figs. 6(a) and 6(b)], the sinusoidal modulation of
the excitonic energies with amplitude ΔE leads to two
shoulders in the time-averaged PL spectra shifted by �ΔE
with respect to the unperturbed excitonic energy indicated
by the dotted vertical blue lines [48]. As in Fig. 4(d), the
redshifted shoulder is much weaker than the blueshifted
one (dotted vertical red lines) due to the large detuning with
respect to the photonic resonance. More importantly, the
photonic mode (C at 1465 meV) remains essentially
unperturbed, thus proving that the energy modulation is
dominated by the strain-induced modulation of the exci-
tonic resonances via the deformation potential mechanism
quantified by Eq. (3).
At lower temperatures, the excitonic lines blueshift, and

the strong coupling to the photonic mode leads to the
formation of the lower- (LP), middle- (MP), and upper-
(UP) polariton states indicated in Fig. 6(c). The acoustic
modulation induces a large dynamical modulation of the
polariton spectrum resulting in the appearance of redshifted
and blueshifted shoulders shifted by ΔE ≈ 8 meV with
respect to the LP peak energy [dotted vertical lines in
Fig. 6(c)]. The BAW-induced energy modulation in Fig. 6
(c) is sufficiently large to considerably change the exciton
and photon fractions of the respective polariton branches.
Specifically, when the dynamic detuning reaches the large
positive value of Δ ¼ C − X1 ≈ 8 meV, the LP polariton is
essentially excitonlike. From the ΔE value in Fig. 6(c), we
obtain using Eq. (3) a strain amplitude at the QW positions
of ηsuzz;0 ¼ 8 × 10−4. Since the amplitude of the phonon
displacement field uz;0ẑ is given by uz;0 ¼ ðλa=2πÞuzz;0,
the effective optomechanical coupling is estimated to
be geff ¼ ΔE=uz;0 ¼ ðηs2π=λaÞah ¼ 18 THz=nm.
Finally, another interesting feature of the BAW modu-

lation is the strong reduction of ΔE with increasing
temperature illustrated in the inset of Fig. 5(c). The latter
effect is attributed to the increased acoustic propagation
losses in GaAs for temperatures above 20 K [50]. Indeed,
according to Eq. (7) of Ref. [43], the effective acoustic
absorption coefficient αeff doubles when the temperature
increases from 10 to 65 K. Since the amplitude of the
acoustic field scales with 1=αeff , the increased absorption
correlates well with the 2 times reduction of ΔE (from 8 to
3.5 meV) from 10 to 65 K displayed in the inset of
Fig. 5(c).

D. Hybrid microcavities for 20-GHz phonons

SHF phonons in hybrid MCs open interesting possibil-
ities for quantum optoacoustics as well as for the time-
coherent manipulation of polaritons. In particular, the
energy quantum of 20-GHz phonons of 80 μeV can exceed
several times the linewidth of polariton BEC condensates in
similar samples [51,52]. Thus, the demonstration of energy
modulation amplitudes larger than the polariton linewidths
at these frequencies constitutes an important milestone to

FIG. 6. Modulation of polaritons by MC acoustic modes. Time-
averaged PL spectra of sample A recorded in the absence (thin
blue lines) and in the presence (thick red lines) of a BAW with
frequency fBAW ¼ 6.931 GHz recorded at (a) 65, (b) 50, and
(c) 10 K. ΔE denotes the energy modulation amplitude of the
excitonic levels in (a) and (b), and polariton states in (c).

KUZNETSOV, MACHADO, BIERMANN, and SANTOS PHYS. REV. X 11, 021020 (2021)

021020-10



reach the nonadiabatic, sideband-resolved modulation
regime. As the effective phonon absorption losses at low
temperatures remain approximately constant in the (3–30)-
GHz frequency range, the hybrid MC platform allows a
straightforward increase of the effective Qa by increasing
the frequency [43]. In this section, we show experimental
results for polariton modulation in sample B, which
confines 20-GHz phonons with a Qc;B ¼ 6800.
The polariton states in sample B arise from the strong

coupling of MC photons to excitons in single QW
(cf. Appendix C). Figure 7(a) displays a PL map recorded
while driving the BAWR across the fMC frequency range
(19.92–19.97 GHz). Similar to the behavior of sample A
[cf. Fig. 5(c)], the BAW induces a comb of resonances in
the PL spectrum with energy modulation of the lower-
polariton energies reaching amplitudes ΔE up to 2 meV
[cf. Fig. 7(b)]. The lower modulation amplitudes as
compared to sample A are attributed to the lower strain
amplitudes due to the weaker electroacoustic conversion
efficiency of the BAWR at 20 GHz. The weaker modulation

of the upper-polariton branch in sample B is attributed to its
mostly photonic character. The ΔE values yield using
Eq. (3) strain amplitudes ηsuzz;0 ≈ 1 × 10−4 and geff ¼
50 THz=nm at 20 GHz.

IV. CONCLUSION AND PROSPECTS

We introduce a novel platform for electrically driven
exciton-polariton optomechanics at 20 GHz based on the
coupling of polaritons and electrically generated BAWs
confined in a planar MC. On the one hand, the platform
profits from the long effective lifetimes of phonons con-
fined in the spacer region of the MC. These MCs are less
susceptible to the degradation of the acoustic quality factor,
for example, due to the surface defects. As a consequence,
the values of Qa × f products in the SHF range exceed
1014 Hz and are comparable to the highest values reported
for much lower vibration frequencies [1,43,53]. On the
other hand, the platform exploits the high sensitivity of the
excitonic resonances to confined strain fields, which
enables the modulation amplitudes of the polariton energies
far exceeding the light-matter coupling strength as well as
effective optomechanical couplings in the geff ∼ 50 THz/
nm range. The results thus demonstrate electrically driven
modulation of optical signals at 20 GHz, which, when
combined with the nonlinear character of polaritons (e.g.,
BEC), can be exploited for the on-demand generation of
coherent ps optical pulses from semiconductor structures.
The work opens the way to resonant optomechanics in

the nonadiabatic, resolved sideband regime using polariton
condensates with spectral linewidths considerably smaller
than the inverse phonon frequency (and, thus, much
narrower than the ones in the subcondensation regime
reported here). The latter condition enables the study and
electrical control of advanced phenomena such as mechani-
cal self-oscillations and phonon lasing [52]. Finally, recent
developments in MC structures have demonstrated the
feasibility of zero-dimensional confinement of polaritons
[54,55] and phonons [56] in structured MCs. Electrically
driven high-frequency BAWs in these structures enable
access to the single-phonon regime at temperatures (of
approximately 1 K) substantially larger than for sub-GHz
vibrations.
The demonstrated platform offers a road to electrically

driven optomechanical lattices and nonlinear phononics
(akin to nonlinear optics) with structured hybrid MCs. In
these structures, polaritons are laterally confined in μm-
sized traps defined by etched pillars [57] or by intracavity
traps created by the etching and overgrowth technique
[55,58]. These traps also laterally confine (10–100)-GHz
phonons [56]. On the one hand, the electrical generation of
a large density of confined phonons can enable nonlinear
acoustic processes, e.g., harmonics generation [59], fre-
quency mixing, parametric oscillations, and parametric
amplification. On the other hand, similar to polaritons
[60], in-plane phonon molecules and lattices can be

FIG. 7. Optomechanical response of a hybrid MC for 20-GHz
BAWs. (a) The rf-frequency dependence of the PL recorded for a
fixed rf power Prf ¼ 24 dBm applied to the BAWR displaying
the effect of the BAWon the PL emission. The red arrow points at
one of the acoustic resonances. The LP and UP stand for the
lower-polariton branch and the upper-polariton branch, respec-
tively. (b) Time-averaged PL spectra recorded at 10 K in the
absence (thin blue line) and presence (thick red line) of a BAW
with frequency fBAW ¼ 19.926 GHz [cf. red arrow in (a)]. The
measurements are carried out at 10 K.
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realized by a proper lateral arrangement of traps. Such 1D/
2D phononic crystals [61] are particularly interesting for
the investigation of collective nonlinear phonon dynamics,
topology, and tunable band structure. They may form the
basis for applications in arrays of sensors, clocks, and
synchronization devices as well as for the realization of
materials with engineered heat conductivity.
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APPENDIX A: FIELD DISTRIBUTION IN
HYBRID MICROCAVITIES

As we show in the main text, the modulation of the QW
excitonic levels by the strain field uzz ¼ ∂u=∂z of the BAW
is the dominating mechanism determining the optomechan-
ical coupling in these structures. Here, u ¼ ð0; 0; uzÞ is the
BAW displacement field as a function of the z coordinate
perpendicular to the MC surface. Optimization of this
coupling requires, therefore, that the QWs embedded in the
MC spacer are placed close to the antinodes of both the
optical and the acoustic strain fields.
It turns out that the requirement stated above can never

be fully satisfied. In AlxGa1−xAs alloys, the coincident ratio

between the light and sound velocities as well as between
the inverse acoustic impedance is approximately indepen-
dent of the composition x also implies that the antinodes of
the acoustic (uz) and optical field (Fx assumed to be
polarized along the surface direction x) occur at the same
z coordinate [14]. The antinodes of uz are, however, nodes
of uzz, thus implying a vanishing modulation of the
excitonic energy.
Fortunately, a very good position matching of the

maxima of uzz and Fx can still be achieved in the hybrid
MC of sample A by slightly displacing the QWs with
respect to the antinodes of uzz. Figures 8(b) and 8(d) show
calculations of the optical (Fx) and acoustic (uzz) field
distributions within the spacer of the MC [cf. Fig. 8(a)]
carried out using a transfer-matrix approach. Figure 8(c)
shows, for reference, the depth modulation of refractive
index n in the same regions indicating the position of the
QWs. These plots show that the antinodes of uzz coincide
with the nodes of Fx. Note that the separation between the
QWs is much smaller than the wavelength of both the
optical and acoustic fields, so that they can be considered to
be subjected to an approximately constant field amplitude.
The middle z coordinate of the two QWs is slightly shifted
away from the antinode of uzz to match an antinode of Fx.
The strain field at the QWs is still about ηs ¼ 80% of its
maximum value, so that the small shift only marginally
reduces the optoelectronic coupling.
A similar approach is used in sample B: This sample

contains a single (In,Ga)As QW, which is slightly displaced
from the antinodes of the optical field to ensure a higher
coupling to the acoustic field.

FIG. 8. (a) Layer structure of the hybrid microcavity (sample A). Depth profiles within the spacer region of the hybrid microcavity of the
(b) optical field Fx at the photonic resonance energy, where x is the polarization direction on the MC surface, (c) refractive index, n, and
(d)normalizedacousticstrain fielduzz for theacoustic resonance frequencyfMC ¼ 6.9 GHz.Thegreenbanddesignatesdepthof the twoQWs.
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APPENDIX B: TEMPERATURE DEPENDENCE
OF THE OPTOELECTRONIC RESONANCES

The nature of the light-matter coupling in the MCs can
be accessed by studying the energy dispersion of the
photonic and excitonic resonances obtained from angle-
resolved PL spectra. Typical dispersion plots are displayed
in Figs. 9(b)–9(e) for different temperatures. The momen-
tum-resolved maps of Fig. 9 are measured by positioning
the entrance slit of a single-pass spectrometer in a plane
conjugate to the Fourier (back focal) plane of the objective
lens. At temperatures above 50 K [i.e., Figs. 9(d) and 9(e)],
the photonic resonance shows a parabolic dispersion, which
contrasts with the essentially flat dispersions of the red-
shifted excitonic states. This behavior is typical for exci-
tonic resonances in the regime of the weak coupling to
photonic modes. It is interesting to note the presence of two
excitonic lines: a main line denoted as X1 and a weaker one
(X2) blueshifted by approximately 1.5 meV. The appear-
ance of two lines is presently not fully understood. Two
InGaAs QWs in this sample are (unintentionally) tunnel
coupled by a thin (5-nm-thick) GaAs barrier. This coupling
produces excitonic bonding and antibonding resonances
split by approximately 4.5 meV, which is larger than the
energy difference of approximately 2 meV between the X1

and X2 lines in Fig. 9(e).

An alternative explanation is that one of the lines
corresponds to the free exciton (X2) and the second to a
trion state (X1) resulting from the coupling of an exciton to
a residual charge in the QWs. For the subsequent dis-
cussions (here and in the main text), the important point is
that both lines are of excitonic nature.
As the temperature reduces, the excitonic resonances

blueshift and strongly couple to the photonic mode, giving
rise to the LP, MP, and UP polariton branches indicated in
Fig. 9(a). By fitting the angular-resolved PL map at 10 K to
a model of three coupled resonances, we obtain a light-
matter Rabi splitting ΩRabi ¼ 2� 0.3 meV.

APPENDIX C: POLARITON SPECTRUM IN
SAMPLE B

Figure 10 shows the spatial dispersion of emission
of sample B; the “0” of the horizontal axis corresponds to
the wafer center. Typical anticrossing behavior of the
cavity mode (C) and the exciton resonance (X) is observed.
The fitting of the experimental data with the two coupled-
oscillators model yield Rabi splittingΩRabi ¼ 3� 0.5 meV.
The measurements of Fig. 7 are taken at y ≠ 7 mm. At
this position, the UP is photonlike, while the LP is
excitonlike.

FIG. 9. Temperature dependence of the PL of the hybrid MC (sample A). (a) Temperature dependence of the PL spectrum. X1 and X2

are excitonic resonances of the coupled InGaAs QWs, which couple to the photonic (C) mode of the MC to form the lower (LP), middle
(MP), and upper (UP) states at low temperatures. Momentum-resolved PL at (b) 10, (c) 30, (d) 55, and (e) 70 K. Below 50 K, the system
is in the strong-coupling regime. The solid lines in (e) are three coupled oscillator fits to the data. The dashed lines are bare energies. The
fitted Rabi splitting energy is ΩRabi ¼ 2� 0.3 meV.
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APPENDIX D: COMPENSATION FOR THERMAL
EFFECTS IN THE SPECTROSCOPIC

MEASUREMENTS

The rf excitation of the transducers induces sample
heating. The s11 coefficient for the device [cf. in Fig. 2(a)]
shows that at fMC ≈ 6.9 GHz only about 12% of the applied
rf power is converted into coherent phonons, and 88% are
losses, including heating. Since the temperature sensor in the

measurement setup is not placed directly on the sample, it
cannot detect these changes. Alternatively, PLmeasurements
allow us to probe the temperature locally, because the
emission intensity and energy of the exciton depend strongly
on the temperature. Figure 9(a) shows that we can detect
temperature changes with an accuracy of 5 K.
In order to discriminate possible thermal effects arising

from sample heating from the ones due to the coherent
modulation by the BAWs, the acoustic PL measurements
are carried out in the following way [47]. The rf generator
and the pulsed semiconductor laser diode exciting the PL
are triggered by a train of low-frequency square pulses
(with frequencies between 1 and 10 kHz). To rule out the
effect of the temperature, the measurements are carried out
under two configurations for the relative phases between
the pulse trains: (i) the in-phase condition, where the rf and
optical excitation are present at the same time and (ii) out-
of-phase condition—no temporal overlap between the rf
and optical pulses. Because of the high pulse frequency, the
sample temperature is the same for the two situations. Thus,
the out-of-phase condition contains information about
thermal phonons (heat). This method allows us to rule
out the temperature contribution to the PL modulation
shown in Fig. 4.
Figure 11 compares the PL spectra of a device with rf off,

rf in phase, and rf out of phase (see Appendix D). The in
phase and out of phase are measured at the same resonant rf
frequency of 6.944 GHz and the same applied rf power of
14 dBm. Thus, the out-of-phase spectrum contains infor-
mation about thermal phonons (heat). A comparison of the
rf off and rf out of phase shows that the effect of the heating
is negligible compared to the strain-induced modulation.
For completeness, the green curve shows a PL spectrum
recorded for the rf in-phase condition, which proves that the
changes induced by the acoustic modulation are completely
different from the purely thermal ones.
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