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Piezoelectric optomechanical platforms present one of the most promising routes towards efficient trans-
duction of signals from the microwave to the optical frequency domains. While there has been significant
recent progress particularly on the materials front, alternative device architectures that can potentially
meet the stringent efficiency requirements of quantum transducers need to be continuously explored. In
this work, we utilize the mechanical supermode principle to improve the overall microwave-to-optical
transduction efficiency, by fabricating Lamb-wave resonators that are hybridized with the mechanical
breathing modes of a rib waveguide in a suspended gallium arsenide (GaAs) photonic-integrated-circuit
platform. Combining the strong elasto-optic interactions available in GaAs with the increased phonon
injection efficiency enabled by this architecture, we demonstrate signal transduction up to 7 GHz, and an
increase in transduction efficiency of approximately 25 times for the hybridized mode (fm ≈ 2 GHz), using
this approach. We also outline routes for improving device performance to enable quantum transduction
within this platform.
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I. INTRODUCTION

Engineering hybrid quantum systems [1], that combine
a “best-of-all-worlds” approach, brings with it the neces-
sity of engineering efficient quantum transducers that can
translate the information back and forth between the differ-
ent physical (frequency) domains. A prototypical example
of such a hybrid system is a distributed quantum net-
work built around superconducting qubits, where the dis-
tant nodes are linked by low-loss optical fibers, with the
superconducting qubits being used for computation and
telecom band optical photons for communicating the quan-
tum information between distant nodes. Such a system
requires efficient microwave-to-optical signal transducers
and has attracted a lot of recent research interest [2],
primarily driven by the spectacular progress in scaling
superconducting-qubit-based quantum processors [3,4]. In
addition to quantum transduction, these devices are also
of interest to enable optical detection of weak microwave
signals [5] arising in radio astronomy and nuclear magnetic
resonance [6].

The key challenge with building efficient microwave-to-
optical signal transducers lies in overcoming the massive
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disparity in frequencies (gigahertz to hundreds of tera-
hertz) and associated wavelengths (centimeters to microm-
eters), which reduces the interaction strength between the
fields considerably. By converting the microwave signal
to an acoustic wave that has an approximate micrometer
wavelength at gigahertz frequencies, piezoelectric optome-
chanical transducers overcome this wavelength mismatch
problem and present one of the most promising routes
towards building microwave-to-optical signal transducers
[7,8] by engineering strong acousto-optic interactions in
nanoscale optomechanical cavities [9]. Such devices have
been explored across a wide range of material platforms
ranging from monolithic implementations in aluminum
nitride (AlN) [10–14], gallium arsenide (GaAs) [15,16],
gallium phosphide (GaP) [17,18], and lithium niobate (LN)
[19,20] to hybrid material platforms, AlN on silicon (Si)
[7] and Si on LN [21].

In a piezoelectric optomechanical platform, the
microwave-to-optical signal transduction is carried out
in two steps. The microwave signal is first converted
to an acoustic wave, and this acoustic wave then either
directly or indirectly excites the mechanical mode of
an optomechanical cavity. An optical pump field circu-
lating in the cavity is modulated by this acousto-optic
interaction and produces an optical sideband, which is
the desired signal of interest. The overall transduction
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efficiency (ηpeak) [22] in such piezo-optomechanical
devices scales as ηpeak ∝ ηPIECom, where ηPIE represents
the phonon injection efficiency, defined as the fraction of
the input microwave energy that is transmitted into the
desired mechanical mode of the optomechanical cavity
and Com ∝ g2

0 represents the optomechanical cooperativ-
ity, which is dependent on the optomechanical coupling
rate g0. The rate g0 has the units of angular frequency
(rad/s), but g0/2π is more often used, which is speci-
fied in Hertz. In this article, g0 represents g0/2π wher-
ever the units hertz are used. To achieve high ηpeak, it is
therefore critical to design piezoelectric optomechanical
platforms that simultaneously enhance ηPIE and Com, and
this balance is not easy to achieve [8]. In particular, it
is challenging to achieve high ηPIE with high-g0 optome-
chanical cavities like one-dimensional (1D) photonic crys-
tals [23] that exploit strong elasto-optic interactions. This
occurs [8] because the piezoelectric transducer needs to
be simultaneously impedance matched to 50 � and mode
matched to approximately micrometer-scale dimensions. It
was recently proposed [22] that mechanical supermodes
can in principle overcome this challenge. A mechani-
cal supermode, engineered by hybridizing a standard rf-
MEMS resonator with an optomechanical cavity with high
g0, provides a best-of-both-worlds approach by enabling
impedance matching through the rf-MEMS front end and a
sufficiently strong optomechanical interaction in the high-
g0 back end. The mode hybridization, if properly engi-
neered, allows one to efficiently transfer energy between
the two subsystems and significantly improve the overall
ηPIE [22].

In this work, we design and fabricate Lamb-wave res-
onators in a suspended GaAs photonic-integrated-circuit
platform [24] with a view towards improving ηPIE for
microwave-to-optical signal transduction, by hybridizing
the Lamb-wave resonance with the mechanical breath-
ing mode of a rib waveguide. The GaAs platform sup-
ports strong acousto-optic interactions with g0 > 1 MHz
in 1D nanobeam photonic crystal cavities [23]. On the
other hand, its weak piezoelectric coefficient (k2

eff) has
limited the achievable phonon injection efficiency, with
ηPIE � 1, which has resulted in overall photon transduction
efficiencies of approximately 10−10 [8] in experiments.
Improving ηPIE is therefore critical to achieving quantum
transduction in this platform, and the mechanical super-
mode approach provides a natural route towards higher
ηPIE. We show in this work an approximately 25-times
improvement in a proof-of-principle experiment, with a
potential for higher gains with better device engineer-
ing. Lamb-wave resonators also enable access to higher
mechanical frequencies on account of the higher acoustic
velocity of Lamb-wave modes, compared to surface acous-
tic waves and we demonstrate transduction of signals up to
7 GHz using this approach.

II. ENHANCING PHONON INJECTION WITH
LAMB-WAVE RESONATORS

While the mechanical supermode principle [22] was
originally proposed in the context of increasing ηPIE for
the breathing mode of a 1D nanobeam optomechanical
crystal (g0 ≈ 1 MHz in GaAs), in this work we primar-
ily focus on the breathing mode (shear horizontal) of rib
waveguides. As shown in Figs. 1(c) and 1(d), the shear hor-
izontal mode of a strip waveguide has the same symmetry
as the breathing mode of a nanobeam cavity, and there-
fore shows a similarly high g0 (approximately 200 kHz),
(calculated for a waveguide length of 60 μm), in overlap
with the fundamental transverse-electric (TE) mode of the
waveguide, shown in Fig. 1(a). The strong acousto-optic
coupling of these mechanical waveguide modes has also
been exploited for Brillouin scattering experiments in sus-
pended silicon waveguides [25–27]. Moving from a strip
waveguide to a rib waveguide [Figs. 1(e) and 1(f)] low-
ers the acousto-optic mode overlap and g0 [with the rib
waveguide TE mode shown in Fig. 1(b)], but allows us to
excite the mode laterally from a Lamb-wave resonator. As
Fig. 1(g) shows, by building a Lamb-wave (contour mode)
resonator [28] on the other side of the rib and choosing
the transducer period to match the rib waveguide breathing
mode frequency, ηPIE can be significantly increased due to
mode hybridization. By wrapping the rib waveguide into a
microring resonator, the optomechanical interaction can be
resonantly enhanced.

(g)

(c) (e)

(f)

(d)

(a) (b)

FIG. 1. Optical modes (TE) of a strip waveguide (a) and a rib
waveguide (b) of width 540 nm and thickness 220 nm and total
rib width of 3.54 μm (the color scale represents the magnitude
of the total electric field, normalized between 0 and 1). (c),(d)
The X and Y displacements, respectively, of the shear horizon-
tal (SH) breathing mode (4.2 GHz) for the strip waveguide with
g0 ≈ 200 kHz. (e),(f) The X and Y displacements, respectively,
of the SH breathing mode (approximately 4.5 GHz) for the rib
waveguide. (g) The X displacement of the SH breathing mode
of the rib waveguide being excited by the Lamb-wave resonator
with an IDT period of 0.9 μm and five finger pairs [the color
scale represents the magnitude of the signed displacement field,
scaled between positive (red) and negative (blue)].
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The Lamb-wave resonator is designed by building
a traditional interdigitated transducer (IDT) on a sus-
pended membrane. A Lamb-wave resonator [28] is a
hybrid of traditional surface acoustic wave (SAW) and
bulk acoustic wave (BAW) resonators, built by combining
the benefits of both. Lamb-wave resonators combine the
lithographic frequency definition of SAW devices, which
enable easy multifrequency operation, with the higher
mechanical quality factors (Qm) at gigahertz frequencies
usually attained in BAW and film bulk acoustic wave res-
onator devices, enabled by suspension. In contrast to using
SAWs for exciting optomechanical platforms [15], Lamb
waves have two major advantages: Lamb waves are better
mode matched to the opto-mechanical modes of interest,
which increases the ηPIE and overall ηpeak, and the higher
velocity of Lamb waves compared to SAWs (2–3 times
higher) allows access to higher frequency mechanical
modes. The key challenge with fabricating Lamb-wave
resonators, especially in a weak piezoelectric like GaAs,
is the need to suspend a relatively large (size approxi-
mately 1000 μm2) membrane and maintaining mechanical
integrity across the whole suspended photonic-integrated-
circuit (PIC) platform.

We note here that, while Lamb-wave resonators have
been demonstrated around integrated photonics platforms
before [13,19], to the best of our knowledge, a general
design principle has not been outlined, and experimen-
tally demonstrated, on how to engineer these structures
to achieve the high ηpeak needed for quantum transduc-
tion. The key insight behind the mechanical supermode
approach is to start from a mode that has intrinsically
high g0 and hybridize it with the Lamb-wave resonance.
In contrast to 1D nanobeam optomechanical crystals that
have a higher g0, the rib waveguide geometry studied
in this work provides two key advantages: straightfor-
ward integration into an integrated photonics platform
[24] because of relaxed dimensional tolerances and side-
on coupling; and access to higher (> 5 GHz) frequency
mechanical modes with moderate g0. This becomes criti-
cal for engineering quantum transduction [8] in a material
with strong acousto-optic interactions, but relatively low
speed of sound like GaAs (vSAW < 3000 m/s). Traditional
1D nanobeam optomechanical crystals, with g0 ≈ 1 MHz
have breathing mode frequencies < 3 GHz, with mini-
mum feature sizes < 100 nm [23]. Pushing these designs
to mechanical frequencies > 5 GHz, in order to achieve the
requisite spectral separation from the strong optical pump
[8], places prohibitive constraints on nanofabrication.

III. DEVICE ARCHITECTURE AND
CHARACTERIZATION

Figure 2(a) shows an optical microscope image of
our suspended GaAs PIC platform with an integrated
Lamb-wave resonator for piezo-optomechanical signal
transduction. Figures 2(b)–2(d) show enlarged SEM

images of the different sections of the device, including
the grating coupler, rib waveguide, microring resonator,
and the Lamb-wave resonator interfaced with the ring.
The devices are fabricated on a 220-nm-thick GaAs device
layer in a process flow derived from our previous work [24]
on building suspended GaAs PIC platforms derived from
a silicon photonics foundry process. The main changes to
the process flow are the addition of the Cr/Au IDTs [Figs.
2(b) and 2(c)] to excite the acoustic waves. The presence
of the metal layers modifies our cleaning procedure after
the GaAs layer is suspended by undercutting the underly-
ing Al0.6Ga0.4As layer. The complete fabrication process is
detailed in Appendix B.

The Lamb-wave resonator is built to incorporate the rib
waveguide. A schematic of the device cross section, show-
ing the interface between the Lamb-wave resonator and
the rib waveguide, and the resulting mode hybridization,
is shown in Fig. 1(g) for reference. The rib waveguide is
wrapped into a microring resonator as shown in Fig. 2(a)
to enhance the optomechanical interaction. The triangu-
lar shape of the microring is chosen in order to maximize
the fraction of the ring that is modulated by the Lamb-
wave resonator. A schematic of the experimental setup
used for coherent acousto-optic characterization is shown
in Fig. 3(a). Light from a tunable telecom wavelength
laser, Santec TSL-550, is coupled in through the suspended
grating couplers [shown in Fig. 2(d)] and routed through
the on-chip suspended rib waveguides. The microring res-
onator is side coupled to the rib waveguide with a coupling
gap of 350 nm. The Lamb wave resonator has an effec-
tive interaction length of 60 μm with the optical microring
resonator. The microring has a total length of 300 μm,
which gives us an acousto-optic participation ratio (ηcav)
of 20%. An optical transmission spectrum through a rep-
resentative ring resonator device is shown in Fig. 5 (blue
curve). The nominal insertion loss in our grating couplers
is approximately 7 dBm per coupler and our microring
resonators have nominal quality factors (Qo) of approxi-
mately 20,000. Our fiber array is kept some distance away
from the grating couplers to avoid causing collapse of the
suspended device. This results in an additional loss of
approximately 4 dBm between the fiber array and the air
on each side, estimated by the difference in measured trans-
mission with the fiber array hovering and close to landing
on the coupler. The optical power drawn from the laser
is 7 dBm (5 mW) in our experiments, which results in
approximately −4 dBm (0.398 mW) of power at the input
of the microring cavity (used to estimate the intracavity
circulating power in the experiments below) and approxi-
mately −15 dBm (0.03 mW) of power received at the fast
photodiode.

The microwave signal is coupled to the IDTs using stan-
dard rf probes (Picoprobe 40A GSG). The Lamb-wave
resonances of the membrane can be measured from the
rf reflection (S11) spectrum of the device. Representative
S11 spectra for devices with IDT periods 1 and 0.8 μm
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(a) (b)

(c)

(d)

FIG. 2. Suspended 220-nm GaAs PIC platform with integrated Lamb-wave resonators for piezo-optomechanical signal transduction.
(a) Optical microscope image of a representative device with an enlarged section of the microring resonator in conjunction with the
IDT (Cr/Au) shown. Suspended grating couplers, seen at the bottom right are used to couple light into a rib waveguide. The rib
waveguide is side coupled to a triangular microring resonator (coupling region shown in the enlarged section), which is also designed
around a rib waveguide geometry. The Lamb-wave resonator is defined by the suspended GaAs membrane under the IDT (gold
fingers). (b),(c) False-color SEM images showing the interconnection between the suspended ring resonator and the suspended IDT.
The partially etched rib region (green) connects the Lamb-wave resonator with the base of the triangular microring resonator, allowing
mode hybridization between the Lamb-wave resonator mode and the breathing mode of a rib waveguide. The microring geometry
enables resonant enhancement of the acousto-optic interaction, with the primary source of mechanical loss being the tethers [in (b)
and (c)] used to hold the suspended rib waveguide and microring assembly from the side. (d) False-color SEM image of the partially
etched suspended grating coupler.

are shown in Fig. 3(b) with their respective resonances
highlighted in blue and red. The three dips correspond
to the fundamental antisymmetric (A0), fundamental sym-
metric (S0), and first-order antisymmetric (A1) Lamb-wave
modes, respectively [29]. Finite element (FEM) simula-
tion of the respective modal displacement profile is also
depicted in the inset of Fig. 3(b). The nominal acous-
tic velocity of these three Lamb-wave (plate) modes are
1400, 4100, and 5800 m/s, compared to the standard SAW
velocity of approximately 2800 m/s in GaAs, and enable
transduction of higher frequency optomechanical modes.

IV. PIEZO-OPTOMECHANICAL TRANSDUCTION
THROUGH LAMB-WAVE RESONATORS

The acousto-optic (AO) interaction inside the
waveguide can be accurately modeled using a FEM
simulation (COMSOL Multiphysics®) of the acoustic and

optical fields and calculating the AO perturbation using an
overlap integral between the two. In general, the AO inter-
action has two contributions of different physical origins.
When the acoustic wave perturbs the rib waveguide, it
changes the waveguide dimensions perturbing the overall
optical field distribution. This is referred to as the mov-
ing boundary perturbation [23] and can be quantified using
a surface integral over the waveguide boundaries of the
optical and mechanical fields [30], given by

GMB = −ω0

2

∮
(Q · n̂)(|E‖|2�ε − �ε−1|D⊥|2) dS

∫
ε|E|2 dV

, (1)

where GMB represents the gradient of the optical frequency
with displacement (dω/dx) for moving-boundary contri-
butions, ω0 is the resonance frequency of the unperturbed
optical mode, Q is the normalized displacement induced
at the waveguide boundary, n̂ is the normal vector to
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FIG. 3. (a) Schematic of the acousto-optic (AO) characteriza-
tion setup used in the experiments. A vector network analyzer
(VNA) is used to drive the Lamb-wave resonator (port 1) and
the AO modulation of the microring resonator is detected in
transmission by a fast photodetector (PD), whose output is con-
nected to port 2 of the VNA. (b) rf reflection (S11) spectra for
Lamb-wave resonators with IDT periods of 0.8 and 1 μm. The
resonances corresponding to the A0, S0, and A1 modes (see the
text) are highlighted blue and red for the two IDTs, respec-
tively, and the background is shown in black. The mode shapes
corresponding to the dips are shown in the inset.

the surface boundary, E‖ and D⊥ are the tangential opti-
cal electric field and normal electric displacement field
components, respectively, that are continuous across the
boundary, and ε denotes the optical permittivity of GaAs
with �ε = εGaAs − εair and �ε−1 = ε−1

GaAs − ε−1
air . In addi-

tion, the strain developed in the waveguide modifies the
local refractive index due to the stress-optical (photoe-
lastic) effect [23]. The volume integral between the opti-
cal and mechanical modes to estimate the photoelastic
perturbation to the refractive index is quantified as

GPE = ε0ω0n4

2

∫
dV(E∗

x , E∗
y , E∗

z )

⎛

⎝
pS1 pS6 pS5
pS6 pS2 pS4
pS5 pS4 pS3

⎞

⎠

⎛

⎝
Ex
Ey
Ez

⎞

⎠

∫
ε|E|2 dV

,

(2)

where GPE represents the gradient of the optical frequency
with displacement (dω/dx) for photoelastic contributions,
ε0 is the vacuum permittivity, n is the refractive index of
the medium (GaAs), E represents the electric field com-
ponents of the optical mode, and pSm (m = 1–6) are the
changes in the optical indicatrix coefficients due to strain

sm (m = 1–6), defined as

⎛

⎜
⎜
⎜
⎜
⎜
⎝

pS1
pS2
pS3
pS4
pS5
pS6

⎞

⎟
⎟
⎟
⎟
⎟
⎠

=

⎛

⎜
⎜
⎜
⎜
⎜
⎝

p11 p12 p12 0 0 0
p12 p11 p12 0 0 0
p12 p12 p11 0 0 0
0 0 0 p44 0 0
0 0 0 0 p44 0
0 0 0 0 0 p44

⎞

⎟
⎟
⎟
⎟
⎟
⎠

⎛

⎜
⎜
⎜
⎜
⎜
⎝

s1
s2
s3
s4
s5
s6

⎞

⎟
⎟
⎟
⎟
⎟
⎠

,

(3)

where p11 = −0.165, p12 = −0.14, and p44 = −0.072 are
the photoelastic coefficients of GaAs. The photoelastic
matrix in Eq. (3) is rotated to match the crystal orienta-
tion in our experiments, with the acoustic waves traveling
along the 〈110〉 direction.

For the experiments, the more relevant quantity to define
is the vacuum optomechanical coupling rate g0, which
quantifies the interaction strength between a single pho-
ton and a single phonon in the mechanical mode (due to
vacuum fluctuations). This is defined as g0 = GxZPF, where
xZPF is the zero-point mechanical fluctuation amplitude:

xZPF =
√

�

2meff�m
(4)

with

meff =
∫

R
ρ Q(r)2 dV/ max

R
(Q(r)2) (5)

the effective mass of the phonon mode. The mode dis-
placement is integrated over a simulation domain region R,
defined by a coordinate variable r ∈ R. Here ρ is the den-
sity of the material (GaAs, assumed to be isotropic) and
Q is the mechanical displacement of the mode as defined
above in Eq. (1).

In this work, we perform FEM simulations and over-
lap integrals of propagating modes across the device cross
section in two dimensions. Therefore, the surface integral
(dS) and volume integral (dV) in Eqs. (1), (2), and (5)
are replaced by Lc × dr (boundary integral) and Lc × dS
(surface integral), respectively, where Lc is the length per-
pendicular to the simulation cross section, also known as
the interaction length between the acoustic and the optical
resonator (in this work, Lc = 60 μm). This also necessi-
tates approximating the optical modes of a rib waveguide
microring resonator with that of a straight rib waveguide,
but given the relatively large bend radii in our devices,
the mode perturbation due to curvature is small. In addi-
tion, the presence of the tethers will perturb the mechan-
ical modeshape in three dimensions [see Fig. 11(b) in
Appendix F] but to make the computations tractable we
rely primarily on the approximate 2D calculation of the
acousto-optic overlap in this work. The presence of the
supermode can also be inferred in full 3D simulations of
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a scaled version of the device, shown in Appendix F. A
scaled version of the device is chosen mainly to fit the
simulations in memory, and shows good correspondence
between the 3D mode shapes and the 2D simulation results
shown in Fig. 1(g).

The total optomechanical interaction strength (g0,tot) is
calculated as (g0,MB + g0,PE)ηcav, where ηcav is the ratio
of the rib waveguide section coupled to acoustic res-
onator (Lc), to that of the overall length of the microring.
This acousto-optic participation ratio (ηcav) in our current
designs is 20%. The numerically evaluated g0 from Eqs.
(1) and (2) has units of angular frequency (rad/s) but it is
divided by 2π and expressed in Hertz in this work.

The acoustic and optical modes are simulated indepen-
dently, as shown in Fig. 1, and the interaction strength
is calculated by solving the overlap integrals described
above. In order to find the peak interaction strength in this
architecture, we first simulate the optical and the acoustic
modes for the strip and the rib waveguides without the IDT
section. This way, we can also identify the shear horizontal
(SH) breathing mode frequencies of the respective waveg-
uides. For a strip waveguide (rib height of 0), we obtain
two breathing modes at 4.2 GHz (SH) and 10.7 GHz, both
of which result in g0 higher than 200 kHz. The X and Y
displacements of the 4.2-GHz mode are shown in Figs.
1(c) and 1(d), respectively. Although the strip waveguide
geometry is potentially a good candidate for traveling-
wave microwave-to-optical transduction, it runs into the
same problem as 1D photonic crystals, where the breathing
mode cannot be efficiently excited by acoustic waves and
ηPIE � 1 [8]. Hence, the Lamb-wave resonator is designed
to work with a rib waveguide to create a mechanical super-
mode. We note here that to achieve a strong acousto-optic
interaction using this approach, it is critical that the rib dis-
placement be of the right mode shape, with the right strain
profile in the waveguide to generate a moderately high g0
with the fundamental TE mode of the rib waveguide.

Figure 4 depicts the numerically calculated g0 values (in
Hz) obtained for strip and rib waveguides of width 540
nm and rib widths of 2.54, 4.54, and 6.54 μm. As we
move from the strip to the rib waveguide geometry and the
rib width increases, the shear horizontal mode splits into
other modes and the g0 value decreases due to mechani-
cal mode delocalization, as can be seen in Fig. 4. This is
a fundamental trade-off in the supermode approach in that
the increase in ηPIE comes at the cost of reduced g0. The
g0 for the breathing mode reduces from approximately 200
kHz for the strip waveguide to approximately 35 kHz for
the rib waveguide with rib width 6.54 μm, and to approxi-
mately 25 kHz for the hybridized mode including the IDT.
The X and Y displacements in the rib geometry for the
shear horizontal mode (about 4.5 GHz) are shown in Figs.
1(e) and 1(f). The shear horizontal mode (4.5 GHz) is of
prime interest in this work, despite the 10.7-GHz mode
having a higher g0, because most microwave qubits lie in

FIG. 4. Numerically estimated optomechanical coupling rate
(g0) of the shear horizontal breathing modes (approximately 4.2
and 10.7 GHz) of a strip waveguide (w = 540 nm, blue bars)
and rib waveguides with rib widths of 2.54, 4.54, and 6.54 μm.
Adding the rib sections split the original SH mode into a mul-
tiplet of modes with an accompanying reduction in g0 due to
mechanical mode delocalization in the ribs. In turn, the mode
delocalization enables efficient coupling from a Lamb-wave res-
onator through mode hybridization and a mechanical supermode
formation.

the frequency range 3–7 GHz [31] and the 10.7-GHz mode
places prohibitive constraints on the IDT fabrication pro-
cess. The breathing mode at 10.7 GHz can be moved to
approximately 7 GHz if the GaAs thickness is increased to
approximately 340 nm.

In GaAs, the AO interaction is primarily dominated
by the photoelastic effect. For reference, in the case of a
rib waveguide with width 540 nm, thickness 220 nm, rib

FIG. 5. Acousto-optic modulation for one of the mechanical
modes (fm ≈ 2 GHz in Fig. 6) as the telecom laser is tuned across
one of the microring cavity resonances. The normalized opti-
cal transmission spectrum is shown in blue with a Qo ≈ 20,000.
The optical cavity lineshape converts the AO phase modulation
induced by the mechanics into amplitude modulation (AM; black
dots correspond to the experimental measurements), and it can
be seen that the AM is peaked when the laser (ωL) detuning
(� = ωL − ω0) from the cavity centre (ω0) is � ≈ ±κ/2, and
is minimized when � ≈ 0.
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thickness 100 nm, and rib width of 3.54 μm, we calcu-
late g0,MB = 3.12 kHz and g0,PE = −100.06 kHz. As noted
above, the shear horizontal breathing mode of a rib waveg-
uide has a large overlap with the fundamental TE optical
mode, leading to g0 ≈ 100 kHz. We again note that all g0
values are calculated for an overlap length of 60 μm, which
corresponds to the width of the fabricated Lamb-wave
resonator devices.

To observe the coherent AO modulation, we use the
experimental setup shown in Fig. 3. The laser is parked
on the shoulder (the detuning � ≈ κ/2, where κ is the
optical cavity linewidth) of the optical cavity resonance
and the Lamb-wave resonator is driven from port 1 of the
vector network analyzer (R&S-ZVL 13). The transmitted

optical signal is detected using a high-speed photodetec-
tor (Thorlabs DXM30BF), whose output is connected to
port 2 of the VNA. This performs a coherent acousto-
optic S21 measurement [15]. The optical cavity converts
the phase modulation induced by the AO interaction into
an amplitude modulation that can be detected using the
high-speed photodetector. This can be seen experimentally
in Fig. 5, where the AO modulation (S21) for a represen-
tative mechanical mode (fm ≈ 2 GHz, in Fig. 6) is shown
as the laser is tuned across the optical cavity resonance. It
can be clearly seen that the modulation is peaked, when the
laser is tuned to the point of maximum slope of the cavity
lineshape (� ≈ κ/2) and is minimized at the cavity centre
(� ≈ 0).

(a)

(b)

FIG. 6. Coherent AO modulation spectrum (S21, dark orange) of two microrings driven by integrated Lamb-wave resonators of
periods (a) 0.8 μm and (b) 1 μm. The S11 response of the transducers is shown in black and the resonant modes are highlighted in
purple. The numerically estimated g0 of various mechanical modes for the rib waveguide are shown by the blue bars, where the width
of the bars is 50 MHz, representing the deviation of ±25 MHz with an error of ±25 nm in the estimation of the rib widths from SEM
imaging. The measurements and numerical calculations have been made for fabricated devices with (a) waveguide width of 0.564 μm
and rib width of 6.378 μm, and (b) waveguide width of 0.574 μm and rib width of 6.408 μm, as shown by the SEM images in
Appendix C. When the S11 response of the device lines up with one of the high-g0 modes [shown by the green dashed box in (a)], there
is a significant increase in transduction efficiency due to supermode formation. On the other hand, when the modes are misaligned
[indicated by the dashed box in (b)], the transduction is inefficient, even if more energy is coupled into the Lamb-wave resonator
(note the size of the S11 dip in the two shaded green boxes). Lamb-wave resonators also enable higher frequency (approximately 7
GHz) piezo-optomechanical transduction, compared to standard surface acoustic wave devices, as indicated by solid green boxes in
(a) and (b).
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By parking the laser at the optimal detuning (� ≈ κ/2),
and sweeping the VNA frequency, we can measure the
coherent AO modulation induced by the Lamb-wave res-
onator. Figures 6(a) and 6(b) show the experimentally
measured AO-S21 spectra (in dark orange) for represen-
tative Lamb-wave devices with IDT periods of 0.8 and
1 μm, respectively, recorded with an output optical power
of 30 μW measured at the photodetector. The S11 spec-
tra of the devices, shown in Fig. 3(b), are also overlaid
for reference in black, with the resonant modes high-
lighted in purple. There is a clear correspondence between
the measured S11 dips (purple) and the S21 peaks (dark
orange) at the same frequencies in both cases, showing that
Lamb-wave resonators can effectively transduce mechani-
cal motion in the microring. In addition, there are several
other peaks that are also transduced, even though there is
negligible rf energy converted into mechanical motion by
the Lamb-wave transducer.

We can understand the observed behavior in detail
through FEM simulations. Figure 6 also shows the simu-
lated g0 for a variety of mechanical modes of the fabricated
rib waveguide, with rib width of approximately 6.378 µm
for the device in Fig. 6(a) and approximately 6.408 μm in
Fig. 6(b). The waveguide widths in the two cases are 0.564
and 0.574 μm, respectively. The device dimensions are
estimated from SEM images of the device postfabrication;
the images are shown in Appendix C. The overlap integrals
are calculated for the mechanical mode with the funda-
mental TE optical mode. We can see that the additional
peaks in the S21 spectrum are approximately aligned (sub-
ject to fabrication tolerance and uncertainty in determining
device dimensions) with high-g0 mechanical modes, which
provide moderate transduction efficiencies, even though
they are misaligned with the Lamb-wave resonator fre-
quency [cf. modes at approximately 3.5 GHz in Fig. 6(b)].
To account for dimensional uncertainty, the widths of the
blue bars in Fig. 6 are 50 MHz, corresponding to a dimen-
sional uncertainty of ±25 nm. From Fig. 6(a), when the
S11 dips (purple) are exactly lined up with one of the high-
g0 modes of the rib waveguide (fm ≈ 1.9 GHz, indicated
by the green dashed box), there is a significant increase
in the AO modulation (S21) amplitude. This increase in
overall transduction efficiency is a clear signature of the
formation of a mechanical supermode between the Lamb-
wave resonator and the rib waveguide breathing mode at
approximately 1.9 GHz.

Figures 7(a) and 7(b) provide enlarged views of the
spectra in the two dashed green boxes in Fig. 6. As can
be seen from Fig. 7(a), when the S11 dip lines up with a
moderately high-g0 mode of the rib waveguide (blue bar),
the transduction efficiency (S21 magnitude) is significantly
enhanced. For reference, in Fig. 7(b), the S11 response is
larger, showing that more of the input microwave energy
is coupled into acoustic vibration in the resonator. On
the other hand, the spectral misalignment between the S11

(a)

(b)

FIG. 7. Enlarged views of AO-S21 spectra (dark orange) from
the dashed green boxes in Fig. 6 for the Lamb-wave resonators
with periods (a) 0.8 μm and (b) 1 μm. In (a), when the S11
response of the Lamb-wave resonator exactly lines up with
a high-g0 mode of the rib waveguide, the transduction effi-
ciency (S21) is significantly enhanced. This enhancement has
been observed for multiple devices with the same design param-
eters, as shown by the plot in Appendix D. On the other hand,
when the two are offset, ηpeak is reduced. Note in (b) that the
S11 of the second IDT is significantly higher (refer to Table I for
S11 magnitudes), but the S21 is approximately 14 dB lower. In
(b), one can clearly see that the S21 is a doublet, where the first
peak is due to a mechanical mode of the waveguide at approxi-
mately 4.45 GHz; see the text for details. Note that the bar width
(50 MHz) is the deviation in frequency of the mechanical mode
(numerically calculated) for ±25-nm variation in the waveguide
rib width.

resonance and a mechanical mode of the waveguide with
moderate g0 (blue bars) results in a significantly lower
overall transduction efficiency. Figure 7(b) also provides
additional evidence for the importance of lining up the
spectral responses. The S21 response is a doublet with the
second peak exactly lined up with the IDT response (in
purple). The first peak lies just off the shoulder of the IDT
response and corresponds to a moderate g0 mode (approxi-
mately 5 kHz) of the waveguide. It is clear from the relative
sizes of the two peaks that even relatively poor align-
ment with a mechanical mode of the waveguide results in
a significantly higher (approximately 4 dB) transduction
efficiency, even though most of the microwave power is
reflected off the Lamb-wave resonator. We are unable to
see the mechanical mode signatures in the thermal noise
spectra of the microrings due to the suboptimal Qo,m of the
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TABLE I. Experimental parameters and extracted transduction efficiency from the AO-S21 data in Fig. 6.

Parameters
IDT period

0.8 μm
IDT period

1 μm

ω0/2π (THz) 196.33 196.6

Qo 20 150 19 861

κ/2π (GHz) 9.74 9.9

κe/κ 0.13 0.19

Acoustic mode A0 S0 A1 A0 S0 A1

�m/2π (GHz) 1.94 5.18 7.21 1.38 4.48 6.72

Qm 319.5 323.6 360.8 230 293.2 134.3

γ /2π (MHz) 6.07 16 20 6 15.3 50

γe/γ 0.013 0.0045 0.0045 0.012 0.025 0.011

S11 (dB) −0.23 −0.08 −0.08 −0.21 −0.43 −0.2

S21 (dB) −68.5 −89.8 −95.96 −81.1 −81.6 −94.8

g0/2π (kHz) 4.37 1.75 1.34 0.62 1.17 0.96

Ncav(×104) 1.278 1.278 1.278 1.858 1.858 1.858
ηpeak(×10−7) 1.17 0.027 0.01 0.045 0.15 0.012

bare optomechanical device, as discussed in the following
section. Observing the peaks (corresponding to the blue
bars in Fig. 6) in the thermal noise spectrum would have
provided us independent experimental verification of the
supermode formation, without the need to rely on numer-
ical simulations as in this work. On the other hand, the
evidence provided in Figs. 6 and 7, and most importantly,
the significant increase in transduction efficiency that is the
key parameter of interest, all point strongly to supermode
formation. We acknowledge that there is an intrinsic uncer-
tainty with assigning modes to peaks in Fig. 6, given the
uncertainty in geometry due to nanofabrication errors. On
the other hand, we find the supermode formation relatively
robust, provided the mode alignment occurs within the
bandwidth of the IDT. In Appendix D, we attach measure-
ments from additional devices designed to be nominally
identical to the device in Fig. 6(a). Both the doublet split-
ting in the S11 and a high ηpeak can be observed in all cases.

The suitability of the Lamb-wave resonator geometry
for achieving high-frequency transduction can also be seen
from the solid green boxes in Figs. 6(a) and 6(b) that
show modes > 7 GHz being transduced by the Lamb-wave
resonator’s A1 mode. Although the overall transduction
efficiency in this case is limited due to spectral misalign-
ment, these are already the highest frequency mechanical
modes that have been piezoelectrically transduced in a
slow acoustic velocity material like GaAs. As mentioned
above, by working with a 340-nm-thick GaAs layer, one
can in principle line up the high-g0 mode at 10.7 GHz
in Fig. 4 with this IDT resonance to create an effective
supermode and increase the overall ηpeak.

V. ANALYSIS: SIGNAL TRANSDUCTION
EFFICIENCY ENHANCEMENT

To quantify the overall signal transduction efficiency
and, in particular, the enhancement due to the
supermode, we extract the experimental acousto-optic
coupling strength g0 and the overall signal transduction
efficiency for different mechanical modes using the mag-
nitude of the measured AO S21 signal. To estimate this, we
assume that we are operating with weak microwave input
power and in the regime where the mechanical frequency
(�m) is comparable to but does not exceed the optical cav-
ity decay rate (κ) [9,32]. As long as the device is operating
at weak microwave inputs with small optical power in the
cavity and �m � γ , the relation between S21 and g0 is
given by

S21 = 32g2
0γeκ

2
e R2

PDP2
rec

��mγ 2κ2Rload

[
�2

m + κ2

4�4
m + κ4

]

, (6)

valid in both the sideband-resolved and sideband-
unresolved regimes. Here κ (κe) and γ (γe) are the total
decay rate (external coupling rate) of the optical and acous-
tic modes, respectively, RPD is the conversion gain of the
photodetector (16.5 V/W), Prec is the power received at
the photodetector, and Rload = 50 � is the impedance of
the input microwave source. The detailed analysis and
derivation are provided in Appendix A.

Table I lists the experimental transduction efficiency
and associated optoelectromechanical system parameters
for the devices shown in Fig. 6. In our simulations, we
calculate g0/2π ≈ 25 kHz for the 1.94-GHz mode with
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Lamb-wave hybridization (resonator length of 300 μm and
overlap length of 60 μm). This gives us g0,tot of 5 kHz
for ηcav = 0.2, which is in reasonable agreement with the
experimentally calculated value of g0/2π of 4.37 kHz.
The highest ηpeak measured in our system is approximately
1.17 × 10−7 for the 1.92-GHz (A0) mode of the 0.8-μm
Lamb-wave resonator, which forms the supermode as dis-
cussed above in Fig. 6(a). To quantify the supermode
enhancement factor, we can compare the ηpeak for the A0
modes of the two devices (with periods 0.8 and 1 μm),
and find an enhancement factor of approximately 25 times.
We also find an enhancement of approximately 8 times
over the S0 mode of the 1-μm Lamb-wave resonator, even
though the S0 mode is far more effectively transduced by
the IDT (γe/γ is approximately 2 times higher) and the S0
mode is approximately 2.3 times higher in frequency. Our
ηpeak is the highest reported for III–V platforms, which are
usually characterized by high g0 and low k2

eff (see Ref. [8]
for a table listing the performance metrics of other piezo-
electric optomechanical platforms). While our overall ηpeak
is below state-of-the-art results in stronger piezoelectric
(LiNbO3) and hybrid (AlN/Si) platforms, below we dis-
cuss how our devices can be improved to increase ηpeak
significantly in the near term.

We note here that, while we have used the enhance-
ment in ηpeak and the spectral alignment of modes to infer
formation about the supermode, ideally, one would like
to map the acoustic displacement field [33] or tune the
resonance frequency of the Lamb-wave resonator in situ
(by local heating for instance) to observe the anticross-
ing of the Lamb-wave mode with the waveguide breathing
mode. These measurements, along with the thermal noise
spectra, as discussed above, are key to providing direct
experimental evidence for the supermodes, without relying
on numerical simulations that are sensitive to fabrication
geometry. On the other hand, it is the overall ηpeak that is
the main quantity of interest for microwave-to-optical sig-
nal transduction, and our work shows an approximate 104

enhancement over current GaAs devices [8], with signif-
icant prospects for improvement, as discussed below. We
note that in Fig. 7(a), the IDT S11 shows a pronounced dou-
blet splitting [for reference, compare the S11 in Fig. 7(b)],
which is another indirect signature for supermode forma-
tion, but without an in situ tuning mechanism, it is hard to
quantify the coupling strength between the rib waveguide
SH mode and the Lamb-wave resonator experimentally.

VI. OUTLOOK: PROSPECTS FOR QUANTUM
TRANSDUCTION

To achieve quantum transduction in this platform,
the microwave-to-optical photon transduction efficiency,
ηpeak ≈ 1, which requires a significant improvement in
current device performance. Although the supermode
approach helps with increasing the ηpeak considerably in

our current devices, the overall device performance is still
limited by the bare device optical (Qo) and mechanical
(Qm) quality factors. In particular, the Qo is approxi-
mately 2 × 104, which is significantly lower than one
would expect from a rib waveguide microring geometry.
It is possible that our devices have some residual under-
side roughness after the Al0.6Ga0.4As undercut, due to the
modified cleaning procedure. We believe the main fac-
tor for optical loss in our devices is the limited thickness
(1 μm) of the bottom cladding [air following the under-
cut of Al0.6Ga0.4As]. This is explored in more detail in
Appendix E. Improvements in the fabrication (cleaning)
process, along with incorporation of alumina surface pas-
sivation [34], and moving to GaAs wafer with higher
Al0.6Ga0.4As thickness (≥ 1.5 μm) should improve our Qo
significantly.

The Qm is similarly < 400 in our devices, mainly due to
the tethering geometry used. As can be seen in Fig. 2(c),
there are four tethers that are holding the waveguide in
our first-generation AO devices in this suspended GaAs
platform (mainly due to the lack of tensile stress in GaAs)
and each of them serves as a significant source of mechan-
ical loss in our devices (see Fig. 11(b) in Appendix F
for a 3D simulation showing mode leakage through the
tethers). Moving the tethers to field nodes or removing
them entirely should result in devices with Qm approach-
ing standard Lamb-wave resonators [28], with further Qm
enhancements possible by incorporating more sophisti-
cated biconvex resonator geometries [35]. A near-term
goal is to understand the limit of Qm in these Lamb-wave
resonators at cryogenic temperatures.

The biggest improvement in transduction efficiency
comes from designing the supermode around the right
optomechanical mode of the cavity, since S21∝g2

0 . This
is the main motivation behind designing the supermodes
around 1D nanobeam optomechanical crystals in the orig-
inal proposal [22] with g0 > 1 MHz [23], an improvement
of 25 times over the rib waveguide modes shown here. As
discussed above, the key with ensuring high ηpeak using
the supermode approach is to ensure that the g0 does not
drop too much due to mode hybridization. This is ulti-
mately set by the size of the Lamb-wave resonator needed
for efficient rf-mechanical signal transduction and is one
of the key challenges in working with a low piezoelec-
tric coefficient platform like GaAs. Moving to a hybrid
AlN-on-GaAs platform, and reducing the size of the Lamb-
wave resonator would allow us to maintain high g0 and γe
simultaneously.

In the near term, improving Qo by 10 times using sur-
face passivation and higher Al0.6Ga0.4As thickness, and
achieving a 100-times increase in Qm by better mechan-
ical resonator design and cryogenic operation seems
feasible. Incorporating an in situ tuning mechanism to
achieve a supermode between the SH breathing mode
and the S0 Lamb-wave resonator mode, which results in
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higher piezoelectric transduction, would result in a further
improvement. Assuming an Ncav ≈ 104, as in our cur-
rent experiments, this gives us an ηpeak of approximately
10−5–10−3, which we can realistically hope to achieve
in the near future. The final step towards ηpeak ≈ 1 will
likely require a move towards a hybrid AlN-on-GaAs plat-
form, mostly for shrinking the number of IDT finger pairs
on the Lamb-wave resonator front end. We reiterate that
the supermode principle is independent of the underly-
ing material platform used and can be used to enhance
the transduction efficiency in any material platform. For
instance, the ideas presented in this work can be applied
to GaP, a material with similar piezoelectric and optome-
chanical device parameters as GaAs, but which provides
better cryogenic (millidegree-kelvin temperature range)
performance due to reduced surface heating, especially in
a 1D nanobeam optomechanical crystal geometry.

VII. CONCLUSIONS

In summary, we have experimentally demonstrated that
Lamb-wave resonators, suitably hybridized with high-g0
optomechanical modes into mechanical supermodes, can
result in a significantly enhanced microwave-to-optical
transduction efficiency. While we have shown a 25-times
improvement in these proof-of-principle devices, our over-
all transduction efficiency is limited by the bare optome-
chanical device performance. Improving the bare device
performance and engineering in situ mode tuning to form
supermodes around desired optomechanical modes sets
the stage for achieving quantum transduction using this
approach.
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APPENDIX A: EXTRACTING g0 AND
TRANSDUCTION EFFICIENCY (η)

1. Input-output formalism

The device can be modeled as a coupled optomechanical
system with an acoustic resonator driven by a microwave
signal and an optical resonator coupled evanescently to

a waveguide. The coupling exists in the form of a feed-
back loop where the mechanical motion shifts the optical
resonance frequency of the cavity that in turn exerts a
radiation pressure force. The system can be analytically
treated by using an input-output formalism that provides
us Heisenberg-Langevin equations of motion [9,36], as
given by

ȧ =
(

i� − κ

2

)

a − ig0a(b + b†) + √
κeain, (A1)

ḃ = −
(

i�m + γ

2

)

b − ig0a†a + √
γebin, (A2)

where a (a†) and b (b†) are the annihilation (creation) oper-
ators of the optical and acoustic modes, respectively, �m
is the resonance frequency of the acoustic resonator, g0 is
the single-photon optomechanical coupling strength, ωL is
the laser pump frequency, � = ωL − ω0 is the laser detun-
ing with respect to the optical resonance frequency ω0, ain
and bin are the input optical and microwave fields, respec-
tively, and κ = κe + κi and γ = γe + γi are the total decay
rates of the optical and acoustic fields, respectively, with
subscript “e” denoting the external coupling rate and sub-
script “i” denoting the intrinsic loss. The decay rate κ is
related to the optical quality factor (Qo) as ω0/Qo and simi-
larly γ = �m/Qm. The above equations are described with
respect to a frame rotating with the laser frequency ωL, i.e.,
aactual = e−iωLtaabove. The optical external coupling rate κe
can be calculated from the Lorentzian fitting of the optical
transmission (T) [37] as

κe = κ

2
(1 −

√
Tmin). (A3)

The acoustic external coupling rate γe can be extracted
from the linear S11 reflection spectrum as

γe = (1 − S11)
γ

2
. (A4)

We consider the acoustic resonator being driven by a single
microwave frequency �m such that

bin = Bine−i�mt, (A5)

where Bin is the amplitude of the input microwave field
with power Pin = ��m|Bin|2 [19]. In the weak optical
mode limit, the optical backaction term (ig0a†a) can be
neglected. Using the value of bin from Eq. (A5) in Eq. (A2)
and using the Fourier transform, we get

B(�) =
√

γeBin2πδ(� + �m)

i(� + �m) + γ /2
. (A6)
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Now taking the inverse Fourier transform of Eq. (A6) gives
us the following solution to Eq. (A2):

b(t) = Be−i�mt, B =
√

γeBin

γ /2
. (A7)

2. Optical sidebands

The optical amplitude a can be decomposed into a series
of sidebands, such that

a = Av

∑

v

Ave−iv�mt, (A8)

where Av is the amplitude of the optical sideband of
order v. Under the limits of weak microwave input
power and small optical power inside the cavity, we can
ignore second- and higher-order optical sidebands, i.e.,
v = 0, ±1, which gives

a = A0 + A−ei�mt + A+e−i�mt. (A9)

We can now solve for the amplitudes of the sidebands by
using the value of b from Eq. (A7) in Eq. (A1). Applying
the Fourier transform to Eq. (A1) yields

iωa(ω) =
(

i� − κ

2

)

a(ω)

− ig0B(a(ω − �m) + a(ω + �m))

+ 2π
√

κeainδ(ω), (A10)

which can be decomposed into the following set of equa-
tions using Eq. (A9):

0 =
(

i� − κ

2

)

A0 − ig0B(A− + A+) + √
κeain,

(A11)

i�mA− =
(

i� − κ

2

)

A− − ig0BA0, (A12)

−i�mA+ =
(

i� − κ

2

)

A+ − ig0BA0. (A13)

Solving the above equations, we obtain the sideband
amplitudes

A− = ig0BA0

i(� − �m) − κ/2
, (A14)

A+ = ig0BA0

i(� + �m) − κ/2
, (A15)

A0 � −√
κeain

i� − κ/2
. (A16)

In this work, �m is comparable to κ but κ > �m for all
acoustic frequencies. The maximum S21 value is obtained

when the laser is parked at the slope of the optical reso-
nance transmission such that � = ±κ/2, as can be seen in
Fig. 5. In our case, the pump laser is blue detuned from the
optical resonance, i.e., � = κ/2. Using this value of � in
the Eqs. (A14) and (A15), we obtain

A− =
[

ig0B
i(κ/2 − �m) − κ/2

][ −√
κeain

iκ/2 − κ/2

]

= −ig0B
√

κeain

κ[�m + i(�m − κ)]/2
, (A17)

A+ =
[

ig0B
i(κ/2 + �m) − κ/2

][ −√
κeain

iκ/2 − κ/2

]

= ig0B
√

κeain

κ[�m + i(�m + κ)]/2
. (A18)

3. Extracting g0 from the S21 measurement

According to the input-output theory of open quantum
systems, the transmitted optical power (T) of an evanes-
cently coupled unidirectional waveguide-resonator system
is given by [9,38]

T = �ωL|ain − √
κea|2. (A19)

The output microwave voltage V generated at the pho-
todetector from the beating between the transmitted pump
laser and the optical sidebands is given by RPDT (terms
oscillating with �m), where RPD is the conversion gain of
the photodetector (defined in V/W) [39]. Following some
analysis, the expression for the voltage is reduced to

V = RPD�ωL
√

κe[(a∗
inA− + ainA∗

+)ei�mt + · · ·
+ (ainA∗

− + a∗
inA+)e−i�mt]. (A20)

The output of the photodetector is received at port 2 of the
VNA where it is mixed with a local oscillator at �m and
then passed through a low-pass filter of bandwidth 10 kHz.
Now if we consider

M = (a∗
inA− + ainA∗

+) (A21)

and M ∗ = (ainA∗
− + a∗

inA+), (A22)

the voltage registered at port 2 of the VNA is then given
by

|V| = RPD�ωL
√

κe|M |. (A23)
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Using the values of A− and A+ from Eqs. (A17) and (A18),
respectively, in Eq. (A21), we obtain

M = −i4g0B
√

κea2
in

κ

[
�m − iκ

(2�3
m − κ2) − i2�mκ

]

= 4g0B
√

κea2
in

κ

[
κ3 − i(2�3

m − �mκ2)

4�4
m + κ4

]

, (A24)

=⇒ |M | = 4g0B
√

κea2
in

κ

√
�2

m + κ2

4�4
m + κ4 . (A25)

Substituting this value of |M | into Eq. (A23), we obtain
the amplitude of the microwave voltage registered in S21
signal,

|V| = 4g0BκeRPDPopt

κ

√
�2

m + κ2

4�4
m + κ4 , (A26)

where Popt = �ωLa2
in is the input optical power going into

the cavity. The microwave power generated at the port 2 of
the VNA is then given by

Pout = V2

2Rload

= 8g2
0B2κ2

e R2
PDP2

rec

κ2Rload

[
�2

m + κ2

4�4
m + κ4

]

, (A27)

where Rload (50 �) is the impedance of the VNA and Popt is
replaced by the optical power received at the photodetec-
tor (Prec), accounting for the insertion losses of the device
from the output of the cavity to the input of the photodetec-
tor. Finally, the acousto-optic transmission spectrum S21 is
defined as

S21 = Pout/Pin

= 32g2
0γeκ

2
e R2

PDP2
rec

��mγ 2κ2Rload

[
�2

m + κ2

4�4
m + κ4

]

, (A28)

using the value of B from Eq. (A7) and Pin = ��mB2
in. The

above equation can be rearranged to extract the value of
g0 from the S21 transmission spectrum. The extracted g0
has units of angular frequency (rad Hz), but it is divided
by 2π to get g0 in hertz. Equation (A28) is valid for both
sideband-resolved and sideband-unresolved regimes when
the pump laser is detuned by ±κ/2 from the optical reso-
nance frequency. In the sideband-resolved regime, where
�m � κ , we can write Eq. (A28) as

S21 � 8g2
0γeκ

2
e R2

PDP2
rec

��3
mγ 2κ2Rload

. (A29)

Equation (A29) is also valid when the laser detuning � =
±�m.

4. Photon-number conversion efficiency (η)

The intracavity photon number (Ncav) or the average
number of photons circulating inside the cavity for the
input optical power Popt is given by [9]

Ncav = 〈a†a〉 = κe

�2 + (κ/2)2

Popt

�ωL
. (A30)

In this work, � = κ/2, which gives

Ncav = 2κePopt

κ2�ωL
, (A31)

where Popt = −4 dBm in our case owing to 7 dBm of loss
from the grating coupler and 4 dBm of loss between the
fiber array and air for 7 dBm of input power from the laser.

The photon-number conversion efficiency (η) is defined
as the ratio of the number of optical sideband photons,
which are coupling out of the cavity, to the number of input
microwave photons. It can be expressed as

η = |√κeA−|2
|Bin|2 + |√κeA+|2

|Bin|2 . (A32)

Using Eqs. (A7), (A17), and (A18), the above equation can
be written as

η = 16g2
0γeκ

2
e Popt

κ2γ 2�ωL

[
1

2�2
m + κ2 − 2�mκ

]

+ 16g2
0γeκ

2
e Popt

κ2γ 2�ωL

[
1

2�2
m + κ2 + 2�mκ

]

= 4g2
0

γ κ

2κePopt

κ2�ωL

2κeκγe

γ

[
1

2�2
m + κ2 − 2�mκ

]

+ 4g2
0

γ κ

2κePopt

κ2�ωL

2κeκγe

γ

[
1

2�2
m + κ2 + 2�mκ

]

= ComNcav
2κeκγe

γ

[
1

2�2
m + κ2 − 2�mκ

]

+ ComNcav
2κeκγe

γ

[
1

2�2
m + κ2 + 2�mκ

]

, (A33)

where Com is the single-photon optomechanical cooper-
ativity and Ncav is the intracavity photon number. The
experimental results for our devices have been tabulated
in Table I.

APPENDIX B: FABRICATION PROCESS

The device is fabricated on a 220-nm-thick gallium
arsenide (GaAs) layer [24], which is suspended in air by
removing the underlying 1-μm-thick layer of aluminium
gallium arsenide (Al0.6Ga0.4As). The light is coupled onto
the chip using integrated suspended grating couplers,
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which are partially etched to a depth of 70 nm and have a
radius of curvature of 25 μm. The coupled light traverses
inside a suspended rib waveguide, defined by etching the
220-nm GaAs layer to a depth of 120 nm. The waveguide
has a width of 0.54 μm with a total rib width of 6 μm,
making sure that the optical mode is tightly confined in the
GaAs rib core. The ribs are tethered to the unsuspended
GaAs layer using pillars that act like links on a suspension
bridge. The waveguide is coupled to a microring resonator
(gap 350 nm), which is modified from a traditional circular
ring resonator in order to maximize the coupling between
the optical and acoustic modes.

We begin our device fabrication by spin coating PMMA
resist on a cleaned sample and patterning the PMMA resist
to define the metal electrodes for IDTs and contact pads.
The electrodes are patterned such that they are aligned
parallel to the 〈110〉 set of directions. This is immedi-
ately followed by a gold layer deposition of 45 nm with
a 5 nm chromium adhesion layer using thermal evapora-
tion. PMMA is then lifted off the sample using acetone,

leaving only the metal layers behind. After a brief inspec-
tion of the IDTs, we spin coat the sample with hydrogen
silsesquioxane (HSQ), which is a negative tone resist for
electron-beam lithography. In the next step, we pattern
the HSQ to define the waveguide, resonator, and the grat-
ing couplers but, we also use HSQ to cover the metal
region to protect against dry etching. The patterned resist is
developed using tetramethylammonium hydroxide and the
GaAs layer is etched to a depth of 70 nm using Ar/BCl3
chemistry in an inductively coupled plasma reactive ion
etcher.

By keeping the current HSQ layer intact, we spin coat
another layer of HSQ and pattern with electron-beam
lithography to cover the grating couplers in order to protect
them from getting further etched. Using the same chem-
istry, we etch the GaAs layer another 50 nm to define
our waveguide ribs, which are now 100 nm thin. We
repeat the spin coating, lithography, and etching steps one
more time to etch the GaAs layer 100 + 20 nm (overetch)
and open slots for undercutting, while protecting the

(a) (b) (c)

(d) (e) (f)

FIG. 8. SEM images of the rib waveguides actuated by the Lamb-wave resonators. (a)–(c) Waveguide and rib widths measured for
the device actuated by the IDT with a period of 0.8 μm, whose measured spectra are depicted in Figs. 6(a) and 7(a). (d)–(f) Waveguide
and rib widths measured for the device actuated by the IDT with a period of 1.0 μm, whose measured spectra are depicted in Figs.
6(b) and 7(b). The quantities in the white boxes correspond to the spacings between the white lines drawn in the respective figures and
correspond to estimates of the waveguide width and the top and bottom rib widths.
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waveguide ribs. All the etch steps are monitored with an
ellipsometer to ensure that etch depths within ±5 nm are
achieved. Finally, the device is suspended by wet etching
the underlying Al0.6Ga0.4As layer with (24%) hydrofluo-
ric acid. To remove any by-products and smooth the GaAs
walls, the sample is cleaned in diluted hydrogen peroxide
(H2O2–30%) and potassium hydroxide (KOH:H2O = 1 g:4
mL) solutions [24,40]. In practice, we observe that per-
forming the full cleaning step as in our previous passive
devices [24] affects the rf performance of the IDTs, with
the S11 dips diminishing significantly postfabrication. On
the other hand, not cleaning the chip postundercut leaves
the GaAs surface with a lot of surface residue. A trade-off
is made to keep the cleaning times brief, 10 s and 1 min,
respectively, which is used for the devices reported in this
work.

APPENDIX C: FABRICATED RIB WAVEGUIDES

The waveguide widths and the rib widths for the fab-
ricated devices used in the measurements in Figs. 6 and 7
are estimated using SEM imaging. Figures 8(a)–8(c) depict
the dimensions of the rib waveguide that has been actu-
ated by an IDT of period 0.8 μm and whose measurements
and numerical calculations were shown in Figs. 6(a) and
7(a), while Figs. 8(d)–8(f) depict the dimensions of the
rib waveguide that has been actuated by an IDT of period
1.0 μm and whose measurements and numerical calcula-
tions were shown in Figs. 6(b) and 7(b). The waveguide
dimensions have been used in the numerical calculation
of g0 and were shown with blue bars in Figs. 6 and 7. The
widths measured using SEM imaging have an error of ±25
nm due to the manual cursor placement.

APPENDIX D: AO-S21 SPECTRA FOR THE
MECHANICAL SUPERMODE

Figure 9 shows the AO-S21 spectra for three devices
actuated by IDTs with a period of 0.8 μm. In all three

FIG. 9. Measured AO-S21 spectra for three different devices at
approximately 1.92 GHz, each actuated by an IDT with a period
of 0.8 μm. The rf reflection (S11) spectra for each are also shown
in the same color for reference.

case, a doublet in the S11 spectra has been observed and
an enhancement in transduction efficiency (ηpeak) has been
obtained for the mechanical mode at approximately 1.92
GHz. This shows that the supermode formation is reason-
ably robust to fabrication errors. As long as the modes are
lined up within the IDT transduction bandwidth, ηpeak is
significantly enhanced. The sensitivity of supermode for-
mation can be estimated by looking at the three curves,
which correspond to nominally identical devices. The
green curve in Fig. 9 shows an ηpeak reduced by approx-
imately 3 dB for a shift of approximately 5.4 MHz in
frequency.

APPENDIX E: FACTORS INFLUENCING
OPTICAL PERFORMANCE

To better understand the factors affecting the optical
loss observed in our devices, in particular the lower than
expected Qo, we simulated our rib waveguide structure
(shown in the inset of Fig. 10) using Ansys Lumerical’s
Mode solutions. The structure has a waveguide width of
540 nm and a rib width of 6 μm with the bottom cladding
(in our case, air) varied between 0.92–1.5 μm thickness.
As can be seen from Fig. 10, the relative loss (normal-
ized to a gap of 920 nm) increases exponentially as the gap
between the waveguide and the substrate decreases, due to
the leakage of the propagating optical mode into the sub-
strate. Our devices are fabricated on a 220-nm GaAs layer,
which is suspended by removing the underlying 1 μm of
aluminium gallium arsenide (Al0.6Ga0.4As) layer. As can
be seen from Fig. 10), losses increase by roughly 15% as
the air gap decreases from 1.1 to 1 μm. Since our devices
are suspended in air and GaAs has relatively low tensile
stress, the effective air gap between the waveguide and the
substrate is possibly lower than 1 μm, something we had
observed in previous experiments as reported in Ref. [24].
As the loss increases exponentially with decreasing air
gap, this leads to higher optical loss and lower Qo for the
devices. By increasing the (Al, Ga)As thickness to 1.5 μm,

FIG. 10. Optical loss obtained from mode solving in Ansys
Lumerical for varied thickness of bottom air cladding.
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(a) (b)

(c)

(d)

FIG. 11. Three-dimensional simulations of the supermode for-
mation between the contour mode resonator and the shear hori-
zontal (SH) mode of the rib waveguide. (a) The X displacement
of the SH breathing mode at 1.97 GHz generated by the contour
mode resonator (IDT), which is coupled to a rib waveguide. (b)
The X displacement of the SH mechanical mode at 1.97 GHz
when the rib waveguide is held by the tethers between the etch
window. A scaled version of the device (interaction length of
30 μm) shown in Fig. 2 is used to fit the simulation in memory.
The slight distortion to the mode shape at the tether locations and
the acoustic radiation through the tethers can be clearly seen. (c)
Two-dimensional cross section of the mode displacement of the
simulated mechanical mode at 1.97 GHz shown in (a). It can be
seen that the mode profile of this 2D cut is very similar to the
mechanical mode profile of Fig. 1(g), shown in (d) for reference.
At the supermode frequency, the contour mode resonator clearly
excites the SH mode of the rib waveguide.

we can significantly reduce the optical losses while also
allowing for sufficient tolerance postfabrication.

APPENDIX F: 3D FEM SIMULATIONS OF THE
MECHANICAL SUPERMODE

While the supermode formation and the acousto-optic
overlap integrals are calculated with 2D simulations for
computational tractability, it is an important question to
understand the effect of the 3D shape of the resonator on
the supermode formation and the role of the tethers. Figure
11(a) shows a 3D FEM simulation of the contour mode res-
onator, coupled to the rib waveguide excited at a frequency
of 1.97 GHz corresponding to supermode formation in this
device. The X displacement of the mode shape is shown in
Fig. 11(a). A scaled version of the actual fabricated device
with an interaction length of 30 μm and five finger pairs
is chosen to fit the computation within memory. Figure
11(b) shows the same structure but with suspension teth-
ers added. The spacing between the tethers and the tether
widths in the simulation is half of that in the fabricated

device. As can be seen from Fig. 11(b), the overall mode-
shape at the supermode frequency is nominally identical
to that in Fig. 11(a), except that there is a distortion of the
mode shape near the tethers and significant energy leak-
age, as can be seen by the acoustic radiation patterns at the
tether ends.

The correspondence between the 2D mechanical mode
simulations used for determining the acousto-optic over-
laps and the 3D mode shapes can be determined by taking
a cross section of the mode displacement in Fig. 11(a).
Figure 11(c) shows the corresponding mode displacement.
The supermode, as determined from a 2D eigenmode
simulation, Fig. 1(g), is reproduced in Fig. 11(d). The cor-
respondence between the two can be clearly seen, showing
that the 3D simulations also indicate the existence of super-
mode formation between the SH breathing mode of the
rib waveguide and the Lamb-wave mode of the contour
mode resonator. Moving forward, optimizing the design
and placement of the suspension tethers to minimize mode
perturbation and leakage is critically important to achieve
high overall transduction efficiency.
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ner, R. A. Norte, F. van Otten, A. Fiore, K. Srinivasan,
and S. Gröblacher, Microwave-to-optics conversion using
a mechanical oscillator in its quantum ground state, Nat.
Phys. 16, 69 (2020).

[17] S. Hönl, Y. Popoff, D. Caimi, A. Beccari, T. J. Kippenberg,
and P. Seidler, Microwave-to-optical conversion with a gal-
lium phosphide photonic crystal cavity, Nat. Commun. 13,
1 (2022).

[18] R. Stockill, M. Forsch, F. Hijazi, G. Beaudoin, K. Pantzas,
I. Sagnes, R. Braive, and S. Gröblacher, Ultra-low-noise
microwave to optics conversion in gallium phosphide.
arXiv:2107.04433 (2021).

[19] L. Shao, M. Yu, S. Maity, N. Sinclair, L. Zheng, C.
Chia, A. Shams-Ansari, C. Wang, M. Zhang, K. Lai,
et al., Microwave-to-optical conversion using lithium
niobate thin-film acoustic resonators, Optica 6, 1498
(2019).

[20] W. Jiang, C. J. Sarabalis, Y. D. Dahmani, R. N. Patel, F.
M. Mayor, T. P. McKenna, R. Van Laer, and A. H. Safavi-
Naeini, Efficient bidirectional piezo-optomechanical trans-
duction between microwave and optical frequency, Nat.
Commun. 11, 1 (2020).

[21] I. Marinkovic, M. Drimmer, B. Hensen, and S. Groeblacher,
Hybrid integration of silicon photonic devices on lithium
niobate for optomechanical wavelength conversion, Nano
Lett. 21, 529 (2021).

[22] M. Wu, E. Zeuthen, K. C. Balram, and K. Srinivasan,
Microwave-to-Optical Transduction Using a Mechani-
cal Supermode for Coupling Piezoelectric and Optome-
chanical Resonators, Phys. Rev. Appl. 13, 014027
(2020).

[23] K. C. Balram, M. Davanço, J. Y. Lim, J. D. Song, and
K. Srinivasan, Moving boundary and photoelastic cou-
pling in GaAs optomechanical resonators, Optica 1, 414
(2014).

[24] P. Jiang and K. C. Balram, Suspended gallium arsenide plat-
form for building large scale photonic integrated circuits:
Passive devices, Opt. Express 28, 12262 (2020).

[25] P. T. Rakich, C. Reinke, R. Camacho, P. Davids, and Z.
Wang, Giant Enhancement of Stimulated Brillouin Scatter-
ing in the Subwavelength Limit, Phys. Rev. X 2, 011008
(2012).

[26] E. A. Kittlaus, H. Shin, and P. T. Rakich, Large Brillouin
amplification in silicon, Nat. Photonics 10, 463 (2016).

[27] N. T. Otterstrom, R. O. Behunin, E. A. Kittlaus, Z. Wang,
and P. T. Rakich, A silicon Brillouin laser, Science 360,
1113 (2018).

[28] G. Piazza, P. J. Stephanou, and A. P. Pisano, Piezo-
electric aluminum nitride vibrating contour-mode MEMS
resonators, J. Microelectromech. Syst. 15, 1406 (2006).

[29] J. Zou, High quality factor Lamb wave resonators, EECS
Department University of California, Berkeley Technical
Report No. UCB/EECS-2014-217 (2014).

[30] G. S. Wiederhecker, P. Dainese, and T. P. Mayer Alegre,
Brillouin optomechanics in nanophotonic structures, APL
Photonics 4, 071101 (2019).

[31] J. C. Bardin, D. H. Slichter, and D. J. Reilly, Microwaves
in quantum computing, IEEE J. Microwaves 1, 403 (2021).

[32] T. J. Kippenberg and K. J. Vahala, Cavity opto-mechanics,
Opt. Express 15, 17172 (2007).

[33] L. Zheng, L. Shao, M. Loncar, and K. Lai, Imaging acoustic
waves by microwave microscopy: Microwave impedance
microscopy for visualizing gigahertz acoustic waves, IEEE
Microw. Mag. 21, 60 (2020).

[34] D. Najer, I. Söllner, P. Sekatski, V. Dolique, M. C. Löbl,
D. Riedel, R. Schott, S. Starosielec, S. R. Valentin, A. D.
Wieck, et al., A gated quantum dot strongly coupled to an
optical microcavity, Nature 575, 622 (2019).

[35] C. Tu and J. E. Lee, VHF-band biconvex AlN-on-silicon
micromechanical resonators with enhanced quality factor
and suppressed spurious modes, J. Micromech. Microeng.
26, 065012 (2016).

[36] C. Gardiner, P. Zoller, and P. Zoller, Quantum Noise:
a Handbook of Markovian and non-Markovian Quantum
Stochastic Methods with Applications to Quantum Optics
(Springer Science & Business Media, New York city,
2004).

[37] C. Xiang, W. Jin, J. Guo, C. Williams, A. M. Netherton, L.
Chang, P. A. Morton, and J. E. Bowers, Effects of nonlin-
ear loss in high-Q Si ring resonators for narrow-linewidth
III-V/Si heterogeneously integrated tunable lasers, Opt.
Express 28, 19926 (2020).

[38] H. Haus, Waves and Fields in Optoelectronics, Vol. 402
(Prentice-Hall, Inc., Englewood Cliffs, 1984).

[39] M. Gorodetksy, A. Schliesser, G. Anetsberger, S. Deleglise,
and T. J. Kippenberg, Determination of the vacuum
optomechanical coupling rate using frequency noise cali-
bration, Opt. Express 18, 23236 (2010).

[40] L. Midolo, T. Pregnolato, G. Kiršanskė, and S. Stobbe,
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