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Interfacing electronics with optical fiber networks is key to the long-distance transfer of classical and quantum infor-
mation. Piezo-optomechanical transducers enable such interfaces by using gigahertz-frequency acoustic vibrations
as mediators for converting microwave photons to optical photons via the combination of optomechanical and piezo-
electric interactions. However, despite successful demonstrations, efficient quantum transduction remains out of reach
due to the challenges associated with hybrid material integration and increased loss from piezoelectric materials when
operating in the quantum regime. Here, we demonstrate an alternative approach in which we actuate 5-GHz phonons
in a conventional silicon-on-insulator platform. In our experiment, microwave photons resonantly drive a phononic
crystal oscillator via the electrostatic force realized in a charge-biased narrow-gap capacitor. The mechanical vibrations
are subsequently transferred via a phonon waveguide to an optomechanical cavity, where they transform into optical
photons in the sideband of a pump laser field. Operating at room temperature and atmospheric pressure, we measure a
microwave-to-optical photon conversion efficiency of 1.72 % 0.14 x 1077 in a 3.3 MHz bandwidth. Our results mark
a stepping stone towards quantum transduction with integrated devices made from crystalline silicon, which promise
efficient high-bandwidth operation and integration with superconducting qubits. Additionally, the lack of need for
piezoelectricity or other intrinsic nonlinearities makes our approach applicable to a wide range of materials for poten-

tial applications beyond quantum technologies.
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1. INTRODUCTION

Bidirectional conversion of electrical and optical signals is an
integral part of telecommunications, and is anticipated to play a
crucial role in long-distance quantum information transfer [1].
A direct electro-optic frequency conversion can be realized via
the Pockels effect in nonlinear crystals [2—4]. More recently, the
progress in controlling mechanical waves in nanostructures has
led to a new form of effective electro-optic interaction, which is
mediated via resonant mechanical vibrations [5]. In this approach,
the electrical actuation of mechanical waves in piezoelectric
materials is combined with the acousto-optic effect in cavity
optomechanical systems to modulate the phase of an optical field.
Piezo-optomechanical systems based on this concept have been
used for microwave-optics frequency conversion [6—14] as well as
optical modulation, gating, and nonreciprocal routing [15-17].

A variety of materials such as lithium niobate, gallium arsenide,
gallium phosphide, and aluminum nitride have been previously
used in piezo-optomechanical devices [6-14,18,19]. However,
relying on a single material platform for simultaneously achieving
strong piezoelectric and acousto-optic responses is challenging.
Alternatively, heterogeneous integration has been used to com-
bine piezoelectric materials with silicon optomechanical crystals
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(OMCs) [20-23]. These devices benefit from the large optome-
chanical coupling rates facilitated by the large refractive index and
photo-elastic coefficient of silicon [24]. However, they require
sophisticated fabrication processes, which hinder mass integra-
tion with the existing technologies. Additionally, heterogeneous
integration often results in poly-crystalline films and degraded
surface properties, which lead to increased microwave, acoustic,
and optical loss when operating in the quantum regime [21].

Considering this landscape, a monolithic silicon platform for
electro-optomechanical transduction is highly desirable. Beyond
providing a large optomechanical coupling, silicon offers an
exceptionally low acoustic loss in cryogenic temperatures [25—
27], which facilitates efficient microwave-optical transduction.
Previous work has pursued capacitive forces, as an alternative to
piezoelectricity, for driving mechanical waves in silicon (which is
not a piezoelectric due to its centro-symmetric crystalline struc-
ture) [28-30]. While efficient electro-optic transduction has
been realized using this approach [31], the low frequency of the
involved mechanical modes (1-10 MHz) has resulted in a small
electro-optic conversion bandwidth. Conversely, large-bandwidth
operation has been achieved by driving gigahertz-frequency acous-
tic waves [29], but achieving a large conversion efficiency has
remained out of reach.
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Here, we demonstrate electro-optomechanical transduction via
a5 GHz mechanical mode on a silicon-on-insulator platform. Our
approach relies on a novel capacitive driving scheme for actuating
mechanical vibrations in an extended geometry, where mechanical
motion is shared between an electromechanical resonator and an
optomechanical cavity via a phonon waveguide. By optimizing the
design geometry, we maximize transduction efficiency in structures
with robust performance against frequency disorder. We fabricate
devices based on this concept and test them at room temperature
and atmospheric pressure, where we achieve a microwave-optical
photon conversion efficiency of 1.72 +0.14 x 1077 ina 3.3 MHz
bandwidth. Additionally, we employ the transducer devices
as resonant phase modulators and quantify their performance
by measuring a modulation half-wave voltage of 750 mV. Our
platform’s demonstrated efficiency and half-wave voltage are
comparable to previous results in piezo-optomechanical devices.
At the same time, our approach benefits from a significantly sim-
plified fabrication process relying on conventional materials and
techniques. Our work represents an essential first step towards
developing piezoelectric-free silicon transducers for quantum
transduction and may have implications for active RF photonics
components, which are based on electrical actuation of mechanical
waves in optomechanical devices [32-34].

2. PRINCIPLE OF OPERATION AND DEVICE
DESIGN

Figure 1(a) depicts the chain of processes in our experiment, which
consists of three main components: (i) coherent conversion of
radio-frequency signals to mechanical waves, followed by (ii)
routing and delivering of the acoustic wave to an OMC cavity,
and (iii) creation of sideband optical photons by modulating
the light inside the optomechanical cavity. We achieve the first
component through electrostatic actuation, where a constant
DC voltage across a mechanically compliant capacitor generates
an electrostatic force of attraction. Modulating the voltage with
a time-varying signal at the frequency w creates an oscillatory
component in the attraction force, F(w)= (dC/dx)Vy Vi,
where dC/dx is the rate of change of the capacitance with respect
to the capacitor’s gap x. This induced time-varying force reso-
nantly drives a mechanical mode that is confined to the capacitor’s
electrodes.

The canonical setting for electro-optomechanical transduc-
tion couples a mechanical oscillator to a pair of microwave and
optical cavities. In the electrostatically driven process under
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consideration, electromechanical interaction can be realized by
connecting the DC-biased mechanically compliant capacitor to
a microwave cavity. In this configuration, the electromechanical
interaction rate (gem) determines the electromechanical coopera-
tivity [Cem = 4g2, /(¥ * Kmic), where ¥ and ki are the intrinsic
mechanical and microwave linewidths], which is a crucial figure of
merit for calculating the transduction efficiency [1]. Alternatively,
the capacitor can be directly attached to a microwave waveguide,
as depicted in Fig. 1(a), without an intermediate microwave cavity.
In this scenario, the electromechanical interaction leads to energy
leakage via electromagnetic radiation into the waveguide. The rate
of energy loss, known as the electromechanical decay rate (Vem),
is related to the cooperativity (Cem = Yem/y). While this direct
connection to the waveguide typically yields lower cooperativies,
it simplifies room-temperature experiments by not requiring a
high-quality-factor microwave cavity (see Supplement 1 for more
details).

While electrostatic actuation is the standard operation scheme
for micro-electromechanical systems (MEMS) [35], its application
to microwave-optical frequency conversion has remained relatively
limited [28,29,36]. This is partly due to the difficulty in simulta-
neously achieving a large electromechanical conversion efficiency
and confining high-Q mechanical resonances in the gigahertz-
frequency band. Additionally, routing acoustic waves between
the electromechanical and optomechanical systems is challeng-
ing due to the often dissimilar form factors of the mechanical
vibrations employed in these distinct processes. We have recently
solved some of these challenges in developing gigahertz-frequency
electromechanical crystals (EMCs) and demonstrated operation in
the strong coupling regime with large mechanical quality factors
(approximately 10 million) in cryogenic environments [37]. EMC
resonators rely on phononic crystal structures, and here we show
that they can be engineered to interface with OMC:s for realizing
efficient microwave-optics transduction.

Figure 1(b) outlines the main components of our devices. A
suspended silicon nanobeam with an array of air holes contains
the electromechanical and optomechanical components, which
are accessed via on-chip microwave and optical waveguides. The
nanobeam starts with a phononic crystal “defect” cavity covered
by a thin metallic layer that supports a “breathing” mechanical
mode. Combined with a pair of electrodes that are symmetrically
positioned across narrow air gaps, this section forms the EMC
resonator [37]. The EMC section is adiabatically tapered to a
phonon waveguide, which connects to an OMC cavity (based on
the design in [24]) at the opposite end. The phonon waveguide

| Phonon
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Electro-optomechanical frequency conversion via electrostatic drive. (a) Schematic of the frequency conversion process. (b) Scanning electron

microscope image of a fabricated device. The insets show the zoomed-in images of the optomechanical (OMC) and electromechanical crystal (EMC) res-
onators, respectively. Partial segments of the metalized “wire” connections and the EMC electrodes are shown in false colors (red and blue, for the two differ-

ent polarities).
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Device design and modeling. (a) Geometric parameters of the nanobeam’s elliptical hole array. The beam width w = 530 nm and thickness r =

220 nm are maintained throughout the structure. (b) Mechanical band structures of the phonon waveguide and (c) photon/phonon reflector used to termi-
nate the OMC section. Dashed line marks the nominal frequency of the EMC and OMC resonators. (d) Simulated displacement field amplitudes for the
two of the hybridized modes with the largest electro- and optomechanical couplings. The insets show the mode profile of the optical cavity field and the elec-
tric fields from the DC bias voltage and the microwave drive. A nonlinear color map is used to highlight the spatial distribution of the electric fields in the
EMC. (e) Calculated optomechanical coupling rate of the simulated modes. (f) Electromechanical dissipation rate of the simulated modes, assuming a bias
DC voltage of 10 V. The two dominant peaks correspond to the two hybridized modes in (d).

is designed to be reflective for the TE-polarized optical fields,
but transmissive to the mechanical breathing mode of interest.
Finally, the OMC cavity is terminated by a photon/phonon mirror
section, which prevents optical and mechanical leakage into the
membrane. The geometric parameters of the elliptical hole array
defining the different sections of the nanobeam are displayed in
Fig. 2(a). Additionally, we connect the nanobeam to the surround-
ing membrane via an array of two-dimensional phononic shields
with a wide band gap for all phonon polarizations at the vicinity of
the operation frequency (see Supplement 1).

We employ finite-element-method (FEM) simulations to
model optical, electrical, and mechanical responses of the device
[see Figs. 2(b)-2(f)]. As is evident in Fig. 2(d), the termination
of the phonon waveguide with the EMC and OMC resonators
creates a mechanical Fabry—Perot cavity, which supports extended
“supermodes.”
energy density of each supermode and the electric (optical) fields
in EMC (OMC) resonators sets the rates of electromechanical

The degree of overlap between the mechanical

(optomechanical) interactions. We numerically calculate the
single-photon optomechanical coupling (go) and the electro-
mechanical decay rate (Yem) for all the supermodes in the vicinity of
the bare resonance frequency of the EMC and OMC resonators. As
is evident in Figs. 2(e) and 2(f), with careful design of the structure,
we can get a pair of dominant supermodes in the spectra, which are
identified as symmetric and anti-symmetric superpositions of the
bare EMC and OMC resonances. We have numerically studied
the effects of fabrication disorder on the degree of hybridization of
the supermodes and optimized our design to achieve robustness

against percent-level frequency offsets between the EMC and
OMC resonators (see Supplement 1).

For each supermode, we have calculated the moving-boundary
and photoelastic contributions to the optomechanical coupling via
surface and volume integrals, respectively [24,27]. As previously
mentioned, when our device is directly connected to a microwave
waveguide, the electromechanical interaction is observed as a decay
rate for the mechanical resonator. This decay rate can be under-
stood as ohmic dissipation (modeling electromagnetic radiation
through the waveguide) imparted by the electrical circuit onto the
mechanical resonator. Considering the quadratical scaling of this
decay rate via the biasing voltage, Yem (V4) = Vi Ve, we evaluate
the per-volt electromechanical dissipation rate, Yem, from device
modeling. This is done by evaluating a normalized surface integral
at thessilicon/air boundaries in the device

2y

—&[//(Q #)Ae™! D- D dST (1)

Yem = Meff 1/dc

Here, Ae ™! = 1/€; — 1/€; represents the permittivity contrast
between the two materials across the boundary; Dy and D are
the normal components (to the structural boundary) of the DC
and microwave electric displacement fields, respectively; m.f is
the frequency and the effective mass of the mechanical mode; and
Zy = 5012 is the impedance of the microwave feed line. We have
normalized the displacement field, Q, such that max(|Q|) = 1.
The quantities V., Vi denote the voltage difference across the
capacitor electrodes, expressed as line integrals of the correspond-
ing electric fields. The distinction between the spatial profiles of
the DC and RF electric fields is due to the frequency-dependent
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Characterization of the optomechanical and electromechanical response. (a) Measurement setup for optomechanical detection of thermal

mechanical motion. EDFA, erbium-doped fiber amplifier; RSA, real-time spectrum analyzer. (b) Measurement setup for microwave-to-optical frequency
conversion. VNA, vector network analyzer. (c), (d), (¢) Measurements of the optically transduced thermal mechanical spectrum for three devices with
different values of the scale parameter, £. The measurements are performed with the pump laser detuned by A /2w ~ —5 GHz from the optical cavity (blue
sideband), and a laser power of 46 LW (72, = 980) at the on-chip waveguide. (f), (g), (h) Corresponding microwave-to-optical transduction spectra for (c),

(d), and (e). The DCbiasis set to Vi, = 10 V for the experiments in (c)—(e).

electric response of the substrate [see Fig. 2(d) and Supplement 1
for more details].

3. FABRICATION AND CHARACTERIZATION

We fabricate devices starting with a 220-nm silicon-on-insulator
substrate sputtered with a thin (=15 nm) film of titanium
nitride (TiN), which is used as the metallic layer for the electrodes.
First, we pattern the nanobeam, phonon shields, and the optical
waveguide by patterning the geometry via electron-beam lithog-
raphy (EBL), followed by the dry etching through the metal and
silicon layers via SF¢/Ar and SFs/C4Fg chemistry, respectively.
This step is followed by a second aligned EBL and etching processes
to remove the metal layer from the optical components and define
the electrodes. The devices are finally released with hydrofluoric
(HF) acid.

Simplified diagrams of our measurement setups are presented
in Figs. 3(a) and 3(b) (see more details in Supplement 1). We
deliver the laser light to the chip by a tapered fiber waveguide [38],
which is also used to collect the device’s response in reflection.
We characterize the optomechanical response by setting the laser
frequency detuning from the optical cavity to one mechanical

frequency (A = —w,,, the “blue” side drive). In these initial mea-
surements, we do not use any electric drive. Instead, the thermally
excited mechanical motion from the ambient room-temperature
environment leads to the conversion of power from the incident
pump frequency into the optical resonance due to the optome-
chanical coupling. The generated sideband interferes with the
reflected pump, leading to a beat note oscillating at the mechanical
frequency. This beat note is measured with a fast detector and
analyzed (on a spectrum analyzer) to find the spectrum of the
thermally excited mechanical modes. Figures 3(c)-3(e) show the
measurement results for three different devices. The presence of
multiple peaks in the spectra points to the presence of hybridized
supermodes. The areas under the peaks in the spectrum provide
a relative measure of the optomechanical coupling rate (go) of
the different modes (with a quadratic proportionality in the weak
coupling regime, where gg < k for an optical linewidth of ).

In the next step, we create electromechanical coupling by
applying a DC voltage (V, =10 V) to the electrical port in the
device. We then use a vector network analyzer (VNA) to excite
the mechanical modes via a microwave drive as we measure the
beat note in the photocurrent [Fig. 3(b)]. Figures 3(f)-3(h) shows
the measurement results, where we can identify the mechanical
supermodes with significant transduction efficiency. To achieve an
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optimal mechanical spectrum, we precisely match the frequency
of the electromechanical and optomechanical sections of the
device. This is done post-fabrication, where we select the device
with the optimal geometry from an array of devices with varying
scale factors that create a mechanical frequency offset between
the optomechanical and electromechanical components. The
scale factor, denoted as &, is used to adjust the lattice constant
(a — &£a) and the dimensions of the ellipse hole at the center of
the electromechanical resonator (d; — &d; and dy — £d,). We
maintain the adiabatic tapering curve, phonon waveguide, and
OMC parameters, as described in Supplement 1. We then deter-
mine the optimal device by searching for simultaneous maxima in
the optomechanical and microwave-optics transduction spectra.
In devices that are scaled close to optimally, we observe a pair of
peaks in the transmission spectrum, which correspond to modes A
and B [shown in Figs. 3(d) and 3(g)]. These findings are in agree-
ment with our device modeling results [as shown in Figs. 2(e) and
2(f)]. Although the spectrum’s fine features change, we find thatall
devices exhibit relatively strong transduction signals over a range
of scaling parameter values. The peak transduction efficiency is
maximized at £ = 1, and drops to a quarter of its maximum value
at £ = 1.06, indicating that the devices are robust against small
fabrication offsets.

We characterize the optomechanical and electromechanical
coupling rates in a device with near-optimal geometry. Due to the
small magnitude of the electromechanical decay rates, exclusive
electrical measurement of the mechanical modes (e.g., via the
reflection spectrum) is not possible in our experiment. Instead, we
find the electromechanical decay rate by measuring the number of
electrically excited phonons from a resonant drive with a known
input power

Vem P, of

(/2 hoy’ @

Mphon =

Here, y and wy, are the (total) linewidth and the frequency of
the mechanical oscillator, respectively, and Py is the power of the
drive tone. We calibrate the number of phonons in the cavity by
measuring the optically transduced power spectral density (PSD),
which includes a narrow-band coherent response from the reso-
nant drive along with an incoherent component from the thermal
motion of the mechanical resonator [see Figs. 4(a) and 4(b)]. We
find the driven phonon number by comparing these via

1 Scoh

hom S ’
e/eBT -1 th

(€)

Mphon =

where kg is the Boltzmann constant, 7 is room temperature,
and Sen and Sy, are the integrals of the coherent and thermal
portions of the PSD, respectively. Using this technique, we find
the electromechanical dissipation rates for the most prominent
mechanical modes as y2 /27 =0.85Hz and y8 /27 = 1.1 Hz
at 1, =10V [see Figs. 4(a) and 4(b)]. We then calculate the
optomechanical coupling for these two modes by measuring the
change in the mechanical linewidth caused by the optomechanical
back-action, Ay, = —4gin./k, as a function of photon num-
ber from the optical pump, #.. Figure 4(c) shows measurement
results, from which we calculate git/2m =577 £ 19kHz and
g8 /2w =470 £ 24 kHz using the measured value of the optical
linewidth x /27 = 1.39 GHz.

Using the measured electrical and optical coupling rates, we
calculate the (internal) microwave-to-optical frequency conversion

efficiency with the expression 7oe = 4CemCom/ (1 4 Cem + Com)*
Here, Cem = Yem/y and Com =4gl/ky are electromechanical
and optomechanical cooperativities [1]. The measured efficiency
[see Fig. 4(d)] is found to increase with the DC-bias voltage in a
quadratic fashion, in accordance with the theoretical prediction.
We find a maximum value of 7, =1.72+0.14 x 1077 for the
mechanical mode A at V4, =10 V. The transduction bandwidth
for this mode is measured as B = 3.3 MHz, which is set primarily
by the intrinsic mechanical linewidth.

We crosscheck our measurement results by performing an alter-
native calibration of the electromechanical decay rate via direct
observation of the optomechanical phase modulation. In analogy
to the electro-optic modulators, we define the modulation index as
B =2g0./Mphon/ @m- We are able to increase the modulation index
by increasing the input microwave drive, which ultimately results
in the generation of higher-order harmonics of the microwave
drive tone in the optical emission from the cavity. These harmonics
lead to the splitting of the optical reflection spectrum as the laser
frequency sweeps near the optical resonance [see Fig. 4(e) and
Supplement 1]. Fitting the reflection spectrum to a theory model,
we can back out the modulation index. Subsequently, the effi-
ciency of the modulator can be quantified by finding the half-wave
voltage (V) that renders § = . We can further relate V; to the
electromechanical decay rate via the expression

TYywn |2Z0hwy

‘/T[ =
4g0 Yem

(4)

Using this technique, we find y2 /27 =0.79 £ 0.5Hz at
% =10V, in good agreement with the result from thermal
motion calibration. We note that for the device under study we
can reach values as small as V; =750+ 12mV at V[, =14V.
This half-wave voltage is on par with previous realizations based
on piezoelectric materials [6,13,19,22]. While in our current
devices, the maximum DC-bias voltage is limited to W, & 15V
(limited by the onset of the pull-in instability; see Supplement
1), we anticipate further lowering of V to be possible in optimal
designs accommodating larger bias voltages.

4. DISCUSSION AND CONCLUSION

In summary, we have demonstrated -electro-optomechanical
transduction from microwave photons to telecom-band optical
photons via gigahertz-frequency mechanical modes. Our exper-
iment takes advantage of the electrostatic force in a DC-biased
capacitor as a mechanism for actuating gigahertz-frequency
mechanical vibrations in a phononic crystal resonator, and routing
mechanical waves through a phononic waveguide to an optome-
chanical cavity. Fabricating devices based on this concept, we show
microwave-optical frequency conversion with a photon conversion
efficiency reaching 1.72 £ 0.14 x 1077 at a bandwidth exceeding
3 MHz, and efficient phase modulation with a half-wave voltage of
Vz =750 mV, comparable to the counterparts with piezoelectric
materials (see Supplement 1). Our devices are made from a conven-
tional silicon-on-insulator platform, operate at room temperature
and atmosphere pressure, and do not rely on intrinsic material
properties such piezoelectricity or the Pockels effect, therefore
offering a universal mechanism adoptable to wide range of material
platforms. Looking ahead, we anticipate several orders of magni-
tude improvement in the transduction efficiency with operation
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Fig.4. Calibrating microwave-optics conversion efficiency. (a) Power spectral density (PSD), showing the driven response (the narrow central peak) and
the thermal Brownian motion (the broad baseline feature) for the mechanical mode A. The microwave power is set to —40 dBm, and the DC-bias volt-
age is 10 V. The number of phonons is found as nﬁhon =1116. (b) PSD for the mechanical mode B with the same microwave power and bias voltage as

part (a), leading to ”thon = 1457. (c) Measured linewidths of the mechanical mode A (red) and B (purple) as a function of intra-cavity photon number
from the pump laser. The vertical error bars designate the 95% confidence interval from a Lorentzian fit to the mechanical spectrum. The horizontal error
bars represent an estimated 10% uncertainty arising from connections and reconnections of fiber mating unions during the calibration of intracavity pho-
ton numbers. (d) Microwave-to-optical photon flux conversion efficiency 1, for the modes A and B as a function of the DC bias voltage. Measurements
are done with an optical power of 46 pW (1, = 980) in the on-chip waveguide. The microwave drive power is kept sufficiently low (—6 dBm) to avoid
high-order acousto-optic harmonic generation. The error bars are from analytical calculations and account for the uncertainties in calibrating the electro-
mechanical decay and optomechanical coupling rates. (e) Optical reflection spectra for microwave drive tones result in a large modulation index. Red dotted
curves are the theoretical fits from which we extract the modulation index (8). The DC bias voltage is setat 10 V for these measurements.

Data availability. All the data needed to evaluate the conclusions in the
paper have been presented in the figures in the main text or the supplementary

at milikelvin temperatures that will mark a significant step for-
ward towards realizing efficient microwave-optical entanglement
generations [39-41]. Gigahertz-frequency silicon mechanical
oscillators exhibit exceptionally narrow spectral linewidths (in
the 10-100 kHz range) at these temperatures [25-27], translat-
ing to significant improvements in the electromechanical and
optomechanical cooperativities. Additionally, integration with
high-impedance microwave cavities readily increases the electro-

sections. Any additional data may be obtained from the authors upon reasonable
request.

Supplemental document. See Supplement 1 for supporting content.

mechanical readout rate to previously demonstrated values in
the range of 0.5-1 MHz [37]. With these parameters, we antici-
pate achieving efficiencies exceeding 50% at a bandwidth above
500 kHz using few p-Watt optical pump powers, values at which
continuous-wave operation has been demonstrated with NbTiN
microwave resonators [39,42]. Our work may also open up new
avenues for RF photonics applications such as filtering, isolation,
frequency multiplication, and beam-steering [32—-34] by enabling
silicon devices compatible with the standard CMOS technology.
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