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ABSTRACT

Quantum transduction between microwave and optical photons offers the potential to merge the long-range connectivity of optical photons
with the deterministic quantum operations of superconducting microwave qubits. A promising approach to achieving this uses an interme-
diary mechanical mode along with piezo-optomechanical interactions. Traditionally, these transducers are suspended to confine mechanical
fields, but this complicates manufacturing and comes with the major challenge of poor thermal anchoring and a trade-off between noise and
efficiency. To overcome these issues, we introduce the—to our knowledge—first design of a release-free electro-optomechanical quantum
transducer. Our release-free, i.e., non-suspended, design leverages a silicon-on-sapphire platform. It combines release-free lithium niobate
electromechanical crystals with silicon optomechanical crystals on a sapphire substrate, optimizing thermal anchoring and microwave and
mechanical coherence. Despite departing from the traditional suspended transducer paradigm, our release-free design achieves coupling
rates sufficient for quantum-level interactions between microwave photons, phonons, and optical photons. Unconventionally, it utilizes high-
wavevector mechanical modes tightly confined to the chip surface. Beyond quantum science and engineering, this platform and its design

principles could also propel low-power acousto-optic systems in integrated photonics.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0246075

I. INTRODUCTION

Optical and microwave photons each have distinct attrac-
tive properties. Superconducting microwave qubits support near-
deterministic coherent quantum operations." Optical photons
have vanishing thermal occupation even at room temperature
and enable long-range connectivity. Similarly to classical optical
interconnects,” quantum microwave-optics transducers promise
to connect these complementary fields—bridging five orders of
magnitude in operating frequency through optically pumped up-
or down-converting three-wave-mixing interactions. If sufficiently
performant, these transducers would unlock demonstrations of
optically mediated entanglement between superconducting qubits”
and microwave-powered optical entanglement.® This could impact
quantum computing, communication, and sensing.f“N

Realizing these goals is a major challenge, given the vast gap
between microwave and optical frequencies and the strict perfor-
mance requirements. It requires combining superconducting and

APL Photon. 10, 010801 (2025); doi: 10.1063/5.0246075
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optical technology in a cryogenic environment without reducing
their performance and doing so ideally in a scalable way. To this
end, a variety of platforms including direct electro-optic, bulk
electro-optomechanical, and atom- or magnon-based systems are
under development.””"” Harnessing piezo-optomechanical interac-
tions is a promising path because of the wavelength-scale over-
lap between optical and mechanical fields. This results in strong
three-wave-mixing interaction rates and thus low energy dissi-
pation in the power-constrained cryogenic environments needed
for superconducting qubits. These piezo-optomechanical transduc-
ers employ an intermediary mechanical mode that interacts with
the microwave and optical fields, creating a coherent and bidirec-
tional bridge between them [Fig. 1(a)]."* Typically, the device is
based on an optomechanical crystal (OMC) that co-localizes opti-
cal and mechanical fields in a micrometer-scale silicon beam."” An
optical pump then facilitates up- and down-conversion of pho-
tons via the linearized optomechanical interaction Hamiltonian:
Hom = hgom/mc(a’ + &) (b + b"), with & and b being the photonic
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FIG. 1. Proposal and design of a release-free silicon-on-sapphire (SOS) piezo-optomechanical transducer. (a) Principle of the transduction process. An optical mode & and
a microwave mode ¢ are coupled via an intermediary mechanical mode b. The input and output lines are evanescently coupled to the optical and microwave cavity modes.
Incoherent phonons created by parasitic absorption heating in the optical mode can end up in the substrate, as preferred, or in the mechanical mode—reducing the signal-
to-noise ratio of the transduction process. (b) Cross-section of the proposed device in the optomechanical region: Incoherent heat phonons (red) can escape from the silicon
optomechanical region directly into the substrate. (c) Overview of the release-free transducer device. The insets depict the nomenclature of the unit cell parameters and the

material stack at different locations in the device.

and phononic ladder operators, respectively, and g being the
vacuum optomechanical interaction rate [Fig. 1(a)].'® The interac-
tion can be enhanced by increasing the number of pump photons
nc in the cavity. This category of transducers has improved rapidly
and has seen efficiencies increase from order 107> to the percent
level'”*" in a matter of years.

These state-of-the-art piezo-optomechanical devices are sus-
pended, i.e., released from the underlying substrate. This enables
excellent mechanical confinement of a mechanical breathing mode
with a high optomechanical coupling rate g . However, para-
sitic absorption of optical pump photons results in heating of the
mechanical mode.”’ The suspension that allows mechanical coher-
ence also prevents the heat from dissipating rapidly.”” This gives rise
to a seemingly fundamental noise-efficiency trade-off: Increasing the
optical pump power increases the efficiency but also the added noise.
As a consequence, the piezo-optomechanical transducers are often
operated using short pulses to allow the mechanical mode to cool
down in between successive shots.'*’ Improved thermalization of
the optomechanical crystal would enable quantum state transduc-
tion with higher fidelity and bandwidth for both continuous-wave
and pulsed protocols.

An approach to improve thermalization uses two-dimensional
optomechanical crystals where the devices are patterned on a
suspended sheet of silicon rather than on a one-dimensional
nanobeam.”* These structures led to about an order-of-magnitude
improvement in the thermal phonon population in pure optome-
chanics experiments.”""" Although these devices show impressive
improvements over one-dimensional suspended structures, they
require tight dimensional control and fine-tuning along with in-
plane bandgaps to support modes. This can decrease device robust-
ness and yield”* unlike in one-dimensional structures where clean
modes exist even in the presence of small geometric deviations.

APL Photon. 10, 010801 (2025); doi: 10.1063/5.0246075
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Achieving high-fidelity and fast microwave-optics transduction
limited only by the piezo-optomechanical interaction rates and the
cryostat’s overall cooling power—rather than by the local parasitic
heating—benefits from revisiting the basic design principles behind
piezo-optomechanical transducers.

To address these challenges, we present—for the first time, to
our knowledge—a release-free electro-optomechanical transducer
architecture. The proposed devices are in full contact with their
underlying substrate. This is intended to allow the optically dis-
sipated energy to flow into the substrate before it populates the
mechanical mode [Figs. 1(a) and 1(b)]. Along this research direction,
we previously reported the design and room-temperature measure-
ment of release-free silicon optomechanical crystals with silicon
dioxide as the substrate.”” These structures showed an attractive
vacuum optomechanical interaction rate of g /(27) = 0.5 MHz as
well as good sideband-resolution and acceptable room-temperature
mechanical quality, motivating us to push forward in this uncharted
territory.

In this work, we design an entire release-free piezo-
optomechanical transducer. Current suspended transducer designs
have a nearly vanishing longitudinal mechanical wavevector, which
implies that the mechanical mode would quickly be lost to the
substrate if not for the suspension. In other words, conven-
tional transducer designs require suspension, resulting in a severe
trade-off between noise and efficiency. To overcome this chal-
lenge, we explore an unconventional operating point for opto- and
electromechanical crystals harnessing high mechanical wavevec-
tors. This operating point places the mechanical mode well
outside the continuum of substrate modes but was previously
expected to have insufficient’® opto- and electromechanical cou-
pling rates for quantum-level interactions. To facilitate optome-
chanical coupling, we leverage counter-propagating three-wave
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mixing processes.”’” Our reliance on high mechanical wavevectors
and counter-propagating interactions for quantum transduction
thus ties together the rich fields of Brillouin scattering and cav-
ity quantum optomechanics.'*'****" The optomechanical crystal
section of the transducer uses backward Brillouin scattering as stud-
ied mainly in traveling-wave optomechanical structures, such as
non-suspended chalcogenide waveguides® and partially suspended
silicon nanowires’""* so far.

We propose sapphire as a crystalline substrate with the aim
of improving thermal anchoring in addition to microwave and
mechanical coherence compared to the amorphous silicon diox-
ide substrate used in Kolvik et al.”’ Sapphire conducts heat well
and supports excellent superconducting microwave and mechanical
coherence as seen in cutting-edge superconducting qubit and quan-
tum acoustics experiments.” *” On top of the sapphire, the design
combines thin films of lithium niobate and silicon: lithium niobate
for its strong piezoelectricity’ " and silicon as a leading material in
optomechanics for its high refractive index and optical and mechan-
ical quality.”””" Lithium niobate and silicon are also widely used in
integrated photonics.” In addition, the speed of sound in sapphire
exceeds that in silicon by roughly 15% (see Appendix B 1), allow-
ing the thin films on top of it to support confined mechanical modes
even without geometric softening.”’

Our work addresses the question: Can we design acousto-
optic systems capable of quantum-level interactions between
microwave photons, phonons, and optical photons without suspen-
sion? Remarkably, our design achieves electro- and optomechanical
interaction rates comparable to those in suspended implementa-
tions. The approach thus satisfies the stringent design requirements
to transduce microwave photons, phonons, and optical photons at
the quantum level —despite leaving the traditional paradigm of using
suspended devices.

The outline is as follows: After briefly introducing the
mechanical confinement method, we design silicon-on-sapphire
(SOS) optomechanical crystals with performance similar to that
of our prior work with the silicon dioxide substrate.”” Next, we
design release-free lithium niobate on the SOS electromechani-
cal crystal (EMC). We then create a partial mirror to acoustically
connect and hybridize the electro- and optomechanical crystals,
leading to a release-free piezo-optomechanical transducer design.
The transducer’s microwave operating frequency near wm/(27)
~ 5 GHz is well matched to state-of-the-art superconducting qubits.
Finally, we analyze the resulting transducer and assess its robustness
and other metrics.

Il. RELEASE-FREE MECHANICAL CONFINEMENT

Our device consists of three subsections: the optomechani-
cal crystal (OMC), the electromechanical crystal (EMC), and the
partial mirror transition that connects and hybridizes the OMC
with the EMC [Fig. 1(c)]. Our mechanical modes are confined to
the device layer in each of these sections even in the presence of
the substrate as their wavevectors exceed those of any substrate
modes at the same frequency. They lose energy to acoustic modes
in the substrate only through rapid geometric perturbations and
disorder, unlike in suspended devices—where full bandgaps help
prevent this. Through careful photonic and phononic engineering
exploiting slow transitions and high wavevectors, our design aims

APL Photon. 10, 010801 (2025); doi: 10.1063/5.0246075
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to keep such scattering of coherent GHz phonons into the sub-
strate under control. Our approach to mechanical confinement is
similar to the confinement of optical fields through total internal
reflection, in contrast to non-suspended efforts using, for example,
bound states in the continuum.” As in our previous release-free
optomechanical crystals,” there is also geometric softening””*****!
near the material boundaries. This effect reduces the mechanical fre-
quencies further below the continuum of substrate modes at the
fixed wavevector. These confinement principles affect only a nar-
row subset of the phononic modes of the system with sufficiently
high wavevectors. Most phononic modes in the system have poor
confinement by design. In this way, we aim to confine coherent
GHz phonons while letting incoherent heat phonons flow into the
substrate.

lll. RELEASE-FREE OPTOMECHANICAL CRYSTAL

To achieve strong interaction rates between high-wavevector
phonons and optical photons, we leverage counter-propagating
three-wave-mixing processes. That is, we couple high-wavevector
mechanical modes near the X-point km »~ 7/a to a near-infrared
optical mode of half the wavevector k, ~ 7/(2a) through phase-
matched and counter-propagating three-wave-mixing, where a is
the unit cell period [Fig. 1(c)] (see the work of Kolvik et al.”” and
Appendix C 2). Thus, we use backward Brillouin scattering in a
non-suspended silicon optomechanical crystal cavity.”’

The desire for simultaneous confinement of mechanical and
optical modes leads us to examine short unit cells with a period of
a ~ 200 nm as these push the acoustic substrate continuum to higher
frequencies. Like their suspended counterparts, these unit cells are
patterned with ellipses—whose band structure can be tuned geomet-
rically; see Appendix B 2. The unit cell with its relevant dimensions
is shown in Fig. 1(c). Finite-element simulations of the unit cell
with periodic boundary conditions let us find an optical mode in
the C-band near a free-space wavelength of 1550 nm and a mechan-
ical mode around wm/(27) ~ 5 GHz. The pinch-like!> mechanical
displacement is mostly along the beam and perpendicular to the
quasi-TE optical mode. The optical field is predominantly in the
dielectric. For this unit cell with periodic boundary conditions, we
compute a vacuum optomechanical coupling rate of g, /(27)
= 3.8 MHz; see also Appendix C 2. Sapphire has a refractive index
of 1.74, resulting in a minor penalty in the optical confinement with
respect to a silicon dioxide substrate;’” see also Appendix B 4.

We create a cavity from a series of unit cells by perturbing
the periods and hole sizes toward the ends of the cavity to open
a bandgap for both mechanical and optical fields. Before optimiz-
ing the cavity, we ensure that the cavity supports modes with the
correct wavevectors by Fourier transforming the fields.”” Next, we
optimize the cavity to maximize the vacuum optomechanical cou-
pling rate and the optical and mechanical quality factors using a
Nelder-Mead algorithm (see Appendix D 3). We simulate radiation-
limited quality factors using perfectly matched layers in the absence
of disorder. They set an upper bound on our experimental qual-
ity factor expectations. The resulting cavity and band structures are
shown in Figs. 2(a) and 2(b).

The mechanical mode is near the band edge, while the optical
mode is not. Hence, the bandgap opens for the mechanical mode
at the beginning of the transition region while it takes more unit

10, 010801-3
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FIG. 2. Release-free silicon-on-sapphire
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and mechanical (bottom) band structures
of the nominal mirror (left) and defect cell
(right) of the short OMC (sOMC). The
middle plot shows the frequencies at the
X-point as the bands are perturbed from
mirror to defect. The horizontal dashed
line indicates the operating frequency.

(b) Optical (top) and mechanical (bottom)
mode profiles of the sOMC. (c) Vac-
uum optomechanical coupling rates g,
(left, blue) and radiation-limited mechan-
ical quality factors Q, (right, red) of the
0 sOMC modes. The arrow indicates the
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cells for the optical mode. The resulting spatial mismatch between
the optical and mechanical modes shown in Fig. 2(b) motivates us
to examine a longer OMC (IOMC) with N = 9 identical defect cells
(see also Appendix B 3). This should decrease the impact of the
transition region on the mode profile and reduce the spatial mis-
match, bringing the optomechanical coupling rates of the full cavity
closer to those expected from the coupling rate g . of the peri-
odic unit cell. This also reduces the optical energy density, likely
improving thermalization compared to the short OMC (sOMC)
with N = 1 defect cell. Increasing the length of the cavity by adding
identical defect unit cells does not impact the maximum optome-
chanical cooperativity in the large-N limit where g scales only
with the mechanical zero-point motion. Indeed, we then have
gom o< 1/ VN2 and flemax o< N, assuming thermal conductance
scaling linearly with N and at fixed added noise. Therefore, the maxi-
mal optomechanical cooperativity, Com o< gﬁmnc, max» 1 independent
of N in this limit. In practice, g benefits from longer cavities as
this simplifies exploiting the strong unit-cell vacuum optomechan-
ical coupling rate g ... However, as we will see later, the larger
mode volume for the mechanical mode decreases the hybridization
in the transducer, creating a trade-off between peak performance
and robustness. In addition, a shorter transducer benefits from a less
crowded mechanical spectrum.

For the optimized release-free SOMC, we simulate an opti-
cal mode with wo/(27) =195 THz and a mechanical mode
with wm/(27) = 4.8 GHz with radiation-limited quality factors
Q, =2x10° and Q,, =9 x 10%, respectively. The simulated vac-
uum optomechanical coupling is g, /(27) = 0.35 MHz, with
the moving-boundary term as the dominant contribution to the
optomechanical interaction [Fig. 2(c)]. For the IOMC, the coupling
increases to around g /(27) = 0.43 MHz. The optical mode vol-
ume is roughly 30% larger than in the sOMC. The increased thermal
contact area would likely result in lower heating at the same n. in the
1OMC as alluded to above.

IV. RELEASE-FREE ELECTROMECHANICAL CRYSTAL

Now, we turn to designing the electromechanical crystal
(EMC). We approach its design in a release-free manner as well. The

APL Photon. 10, 010801 (2025); doi: 10.1063/5.0246075
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AT 48 mode of interest.

Frequency (GHz)

alternative of combining a suspended EMC with a non-suspended
OMC likely produces excessive mechanical losses at the interface
between them. Furthermore, optical absorption may also occur in
the EMC region, e.g., near the electrodes, which may contribute to
noise in the transducer. We, therefore, leave the EMC on the sub-
strate and harness similar mechanical design principles, including
high mechanical wavevectors as for the OMC.

Considering the EMC defect unit cell, we look for modes
with frequencies and shapes similar to those in the OMC. Simi-
lar mode profiles would let us avoid a mode-converting transition
such that it may be easier to achieve a large mechanical overlap
and stronger hybridization between the EMC and OMC mechani-
cal modes (Sec. VI). Both the desire for similar mode profiles as well
as the ability to control the bands to confine the mode lead us to
examine unit cells similar to those in the OMC. The material stack
is a 100 nm thin film of lithium niobate (LN) on top of the same
SOS stack as in the OMC. We choose lithium niobate as a strong
piezoelectric used with success in state-of-the-art quantum acous-
tics experiments using suspended GHz phononic crystals.”*"* The
LN is slightly narrower than the silicon beam to leave sufficient mar-
gin for misalignment in fabrication. It is deliberately chosen to be
thin to ease the transition from EMC to OMC (Sec. V) and to reduce
the impact of the sidewalls present in the LN etch.

We use an inter-digitated capacitor on top of the beam to
actuate the piezomechanical mode [Fig. 3(a)]. We consider alu-
minum electrodes here. Other materials with beneficial properties,
such as high kinetic inductance and low quasiparticle lifetime,
can also be used.”” The static capacitance of the microwave
field in the LN should be small to reduce the detrimental impact
of the LN’s microwave loss tangent on the microwave mode’s
coherence (see also Appendix C 1).">***7 At the same time, the
LN region needs to be large enough to yield a good electromechani-
cal interaction rate. As another precaution to improve the transition
(see Sec. V1), the elliptical hole is patterned into both the LN and the
silicon underneath, taking into account margins for misalignment
(see Appendix A).

The electromechanical coupling depends on the crystal ori-
entation. We choose an orientation such that the piezoelectric
coupling matrix has a large e;; component, e;, = —4 C/m?. This

10, 010801-4
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FIG. 3. Release-free silicon-on-sapphire electromechanical crystal. (a) Mechanical band structure of defect (left) and mirror cell (right) in the electromechanical crystal
(EMC). The middle plot shows the frequencies at the X-point as the bands are perturbed from defect to mirror. The horizontal dashed line indicates the operating frequency.
(b) Mechanical mode profile (bottom) of the EMC. The upper inset shows the electrical potential associated with the mode. The latter simulation has no electrodes in order to
only show the piezoelectric potential. (c) Electromechanical coupling rates g, (left, blue) and radiation-limited mechanical quality factors Qn, (right, red) of the EMC modes.

The arrow indicates the mode of interest.

component connects the field in the x-direction generated by the
inter-digitated capacitor to the dominant source of strain, S1;, of
our mechanical mode (see also Appendix C 1). We examine the
electric potential of the mechanical modes arising from piezoelec-
tricity [Fig. 3(b)], confirming that the microwave field impinging
on the electrodes properly addresses it. Thus, we find a mechanical
mode with wm/(27) = 4.7 GHz with an electromechanical coupling
rate of g, /(2m) = 21 MHz when coupled to a C, = 70 fF, i.e., an
impedance of Z, = 478 ), microwave resonator, or qubit (see also
Appendix C 1). This simulated piezoelectric interaction rate is as
strong as in suspended lithium niobate phononic defects.”® The
static capacitance for three electrode periods is Cipr = 0.5 fF—of
a magnitude similar to that in suspended structures.””"” Using
1 mirror and nine transition cells is sufficient to achieve a radiation-
limited quality factor Q,, = 2 x 10*. The band diagram is shown in
Fig. 3(a). The unit cell simulations do not include electrodes. Adding
electrodes to the EMC cavity reduces the mechanical frequency by
about 100 MHz.

V. TRANSITION BETWEEN OPTO- AND
ELECTROMECHANICAL CRYSTALS

To realize a piezo-optomechanical transducer, we connect the
opto- and electromechanical cavities via a partial mirror region.
We design this transition region to act as a phononic waveguide at
~5 GHz while simultaneously supporting a quasi-bandgap for the
optical field.

We visualize (Fig. 4) how the bands of a unit cell and mode
profiles in the full transducer—to be introduced in the following
section—change as it is transformed from a full mirror to a partial
mirror. As the bands in the partial mirror get closer to the OMC
mechanical frequency, the mechanical mode expands into the partial
mirror direction. When the partial mirror band surpasses the OMC
mechanical frequency, we find a propagating mode in the partial

APL Photon. 10, 010801 (2025); doi: 10.1063/5.0246075
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FIG. 4. Band and mode evolution for the partial mirror. (a) Optical (left) and
mechanical (right) band structures as the unit cell is transformed from mirror (dark
red) to partial mirror (orange). We provide the unit cell parameters in Appendix A.
(b) Full transducer mode profiles for the partial mirror transformation in (a).

mirror that hybridizes the OMC and EMC modes. Before that point,
the energy participation ratio in the EMC is negligible at <<1%. This
means that the existence of a mode in the partial mirror is essential
for hybridization. At the same time, the band must not be lifted so
far beyond the operating frequency that the mode could leak into
the continuum. A partial mirror region is also present in the sus-
pended devices. In that case, the phononic waveguide is terminated

10, 010801-5
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by an unpatterned suspended block of silicon with a piezoelectric
material on top. In our non-suspended device, however, the sudden
change in geometry would cause scattering losses at the LN to no-LN
interface. Instead, we adiabatically guide the mechanical mode from
LN into the silicon. This comes at the cost of a longer transition
region.

The LN-to-Si transition region follows the following procedure:
Starting from the EMC defect, we gradually taper the mode from
the LN into the silicon. This is done by simultaneously decreas-
ing period a4, increasing width w, and expanding the LN ellipse
by increasing h, and h.. We let the ellipses overlap so that the
LN slowly recedes to the sides of the beam [Fig. 5(b)]. We do not
allow for disconnected pieces of LN since they might be difficult to
fabricate.

The taper region is defined by the parameters of the EMC
defect cell and the final taper cell before the LN is removed.
The final taper cell, also referred to as taper-end cell, is designed
such that it has low energy participation in the LN. The transi-
tion between the two defining cells is made over several unit cells
where all parameters with the exception of h, are varied accord-
ing to a cubic function, just as for the transition regions in OMC
and EMC." The ellipse parameter h, is transformed according to a
polynomial function [Fig. 5(a)]. This tapered version of the EMC
has only two electrode periods, reducing the static capacitance to
Cipt = 0.3 fF.
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VI. RELEASE-FREE PIEZO-OPTOMECHANICAL
TRANSDUCER

Next, we assemble the OMC, EMC, and transition sections
designed above into two release-free piezo-optomechanical trans-
ducers: a SOMC- and a IOMC-based transducer. We show the
sOMC-based transducer in Fig. 5(c). We connect these individual
sections through tapering regions to slowly deform unit cells at the
end of one section into unit cells at the beginning of the next section.
Connecting the OMC and EMC sections changes the mechanical
and optical mode frequencies. In addition, it increases the mechani-
cal mode density as a result of the increase in the total length of the
cavity.

We characterize the design by sweeping the EMC mechanical
mode frequency for a constant OMC mechanical mode frequency.
This is done by varying the EMC defect period a—revealing an anti-
crossing between the EMC and OMC mechanical modes [Fig. 6(a)].
Having found the EMC-OMC anti-crossing, we re-optimize the
entire device once again for the coupling rates and quality
factors.

The sOMC-based transducer exhibits a vacuum optomechan-
ical coupling rate of g /(27m) = 0.24 MHz and a piezomechanical
coupling rate of g, /(27) = 6 MHz at peak hybridization. The spac-
ing to the neighboring modes is #15 MHz. The piezomechanical
coupling rate g, ~drops to half of its peak value at a detuning

M)“ooooo
Ly

b Optim. Step 25
700[4ee, '

— ﬁ;'o..

FIG. 5. Release-free silicon-on-sapphire piezo-optomechanical transducer through hybridization of opto- and electromechanical crystals. (a) Band diagrams of the partial
mirror cell (left) and the taper-end cell (right). The narrow inset figures show the X-point frequency as the unit cell is perturbed to the OMC defect cell and the EMC defect
cell, respectively. (b) Principle of the taper transition: starting from the EMC defect cell, the LN is slowly removed to the sides, which transfers the acoustic energy to the
silicon. The plot shows how the LN ellipse parameters hy and hy vary along the transition. The points in the plot corresponding to the presented cells are shown with dashed
lines. (c) Optical (top) and mechanical (bottom) mode profile of the final sSOMC-based transducer design.
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FIG. 6. Opto- and electromechanical mode anti-crossings and simulated robustness of the release-free transducer vs geometric disorder. (a) Mechanical mode frequencies
as a function of normalized EMC defect cell period for the SOMC-based transducer. The color denotes g, (left) and g, (right), respectively. Varying the period changes
the frequency of the EMC mode, which exhibits an anti-crossing with the OMC mode. The black arrow denotes the mode defined in the main text. (b) Same as (a) but for the
|IOMC-based transducer. (c) We subject the sOMC- (circles) and IOMC-based (triangles) transducers to random disorder in their hole sizes with the given standard deviation
o in 30 separate simulations. The mode with the highest g, is chosen as the data point. In fact, the devices usually support several modes with appreciable g, and g,

[see also Fig. 6(a)]. (d) Same as (c) but including only modes with g,,/(27) > 1 MHz.

of £3% in a, corresponding to a +40 MHz frequency detuning of
the EMC vs the OMC. In this range, the fraction of mechanical
energy participating in the electromechanical region decreases from
12% to 5%. When the participation in the lossy transition region
is at its peak near the anti-crossing, the mechanical quality factor
drops to Q,, ~ 3 x 10°. For the IOMC-based transducer, the degree
of hybridization is reduced due to the lower overlap between the
evanescent fields of the two modes [Fig. 6(b)]. Even at the anti-
crossing, the participation in the piezoelectric is only ~2%, and the
mechanical quality factor increases to Q,, ~ 1 x 10*. Nonetheless, we
find g, /(27m) = 2.4 MHz along with a larger g /(27) = 0.34 MHz
for the IOMC-based transducer.

A. Disorder sensitivity and robustness

To evaluate the robustness of these designs, we introduce arti-
ficial disorder. The disorder has the form of random size variations
of each ellipse, i.e., its hy and h,, sampled from a normal distribu-
tion centered at zero. This is meant to capture fabrication disorder
resulting from, for example, lithography and etching. Figure 6(c)
shows the effect of increasing disorder on the transducer perfor-
mance. Each data point corresponds to the mode with the highest
&,m in a given simulation. We perform these disorder simulations
for both the sOMC- and IOMC-based transducers. We can distin-
guish the following tendencies in the two transducer types: lower
Qp» higher g, for the sOMC-based transducer and higher Q,,,
lower g, for the IOMC-based transducer. Despite the generally
lower g, ., the IOMC also supports modes with high g, [Fig. 6(d)].
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The optical quality factor is also affected by the disorder. It decreases
from Q, > 10° to an average of Q, ~ 2 x 10 for o = 2 nm (see also
Appendix B 5).

B. Desigh metrics

In this section, our aim is to put the proposed platform
and design into the context of previous designs and experimen-
tal demonstrations, to the extent possible prior to experimental
work. To this end, we consider the efficiency-bandwidth product
Hex - Aw of the transducer along with the added noise 7,44, where
ey is the efficiency of the transducer, including the coupling to
external feedlines where applicable, and Aw is the transducer’s band-
width. Keeping the thermal mechanical occupation and thus the
added noise #,4¢ low while maximizing the efficiency-bandwidth
product 7, - Aw ensures that quantum states can be transduced
quickly and with a high single-photon signal-to-noise ratio and
ﬁdelity.]‘;‘ll‘y

The noise-efficiency trade-off resulting from parasitic heat-
ing implies that cutting-edge piezo-optomechanical transduc-
ers need to operate at small optomechanical cooperativity
Com = 4g§mnc /(koym) < 1 to achieve low added noise n,44 of, for
example, order O(107%). Here, n. is the number of intracavity
pump photons and «,, «,, and YV, are the optical, microwave, and
mechanical loss rates, respectively. Under these conditions, the elec-
tromechanical cooperativity Cem = 4gen/(Kuym) > Com dominates
in state-of-the-art devices such that the optomechanical interaction
limits device performance. Then, the efficiency-bandwidth product
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is linearly proportional to the maximum acceptable rate ®; at which
pump photons can be dissipated,

CemCom
AW = Ao M (14 Cem + C
Hext Nutlo (1 + Com + Com)z Ym( em om)
~ 4 CemCom .
~ ’1#’10(1 + Cem) Ym
Cem  4gom
—4 __wem e
Tule (1 + Cem) KoKo,i ﬁl,ic/
—_——— D,
Hem
@; h i
= 4hwo - ——, gqubit = & K();;O, > (1)
qubit ’7}4’70;75111 4gom

with @ = koinc, M, = Kue[Kus 1, = Koe[Ko, and &guie being
the energy dissipated per transduced qubit as introduced
elsewhere.' " Similar to the energy-per-bit metric in classical
optical interconnects,”"* we expect the dissipated energy-per-qubit
&qubit to play an important role in setting the limits to quantum data
transmission in power-constrained environments, such as those
needed for superconducting qubits. The energy dissipated per qubit
&qubit is therefore inversely proportional to the efficiency-bandwidth
product per dissipated pump photon: Hext - Aw/®; = 4hwo | Equpi-
Minimizing added noise #1,49(®;) while improving the efficiency-
bandwidth product 7, - Aw, thus, benefits from reducing the
energy-per-qubit &qubit. As hinted at in the Introduction, the locally
dissipated pump photons generate a hot bath for the transducer’s
mechanical mode. The nature of this hot bath is under study.”**"*
Thus, both the efficiency-bandwidth product 7, - Aw and the
added noise 1,44 (®;) are influenced by ®@;. The release-free designs
presented above are intended to reduce the dependence of 71,44 (D;)
on the hot bath driven by ®@; such that either higher #_, - Aw can be
achieved at fixed n,qq4 or, equivalently, lower n,4q can be achieved at
fixed 77, - Aw.

Learning to what extent release-free designs reduce parasitic
heating requires in-depth experimental validation of our design. We
estimate that our design has a similar &y compared to cutting-
edge devices (see Appendix Table IV). Here, we expect Cem > 10
and therefore n7, . > 0.9 using the coupling rates and losses simulated
here. Therefore, either &y needs to be reduced or the reduction in
parasitic heating must be substantial for the release-free approach
to surpass the suspended one in the efficiency-bandwidth product
oy - Aw at fixed noise level 1,44 (®;).

The area through which the optically generated heat must pass
to reach the cryostat’s cold bath, ie., the thermal contact area,
increases substantially by going from suspended one- and two-
dimensional devices to release-free optomechanical crystals’” and to
the release-free transducer designs presented here. We expect that
this larger thermal contact area is associated with a larger thermal
conductance and therefore a lower thermal mechanical occupation
at fixed ®;. This suggests that a significant reduction in parasitic
heating may be accessible in release-free devices. The complex ther-
mal physics”**" associated with parasitic heating has several key
unknowns, such as millikelvin material and interface properties,
requiring careful experimental investigation.

The 10MC-based transducer with a longer optomechanical
section is likely to have a larger thermal contact area and thus

APL Photon. 10, 010801 (2025); doi: 10.1063/5.0246075
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improved thermalization compared to the sOMC-based transducer.
It also has larger g = and reduced simulated radiation-limited
mechanical losses. It pays for these advantages over the sOMC-
based transducer with a reduction in its mechanical energy in the
EMC region, leading to a decrease in hybridization and g, . Given
that optomechanical three-wave-mixing is the crucial limiting factor
in recent piezo-optomechanical transducer implementations, this is
likely a good trade.

We simulate interaction rates and clamping losses suffi-
cient to achieve sizable electro- and optomechanical cooperativities
(see Table 1V), supporting electro- and optomechanical processes
between individual quanta in our release-free system. The presented
release-free transducer may be further improved through future
work focusing on the EMC and transition region as the latter limits
the simulated mechanical quality factors. The design may eventually
benefit from the use of even thinner piezoelectrics to simplify the
EMC and potentially circumvent acoustic tapering.

In the above, we illustrate the case of a continuous-wave
efficiency-bandwidth product. Alternative pulsed schemes leverage
the time delay of the heating from an optical pump pulse to oper-
ate the transducer device at lower noise levels before the heating
kicks in. In these schemes, bandwidth Aw is set by the thermaliza-
tion time of the mechanical mode instead of the total mechanical
linewidth y_, (1 + Cem + Com ). Apart from that, the above discussion
and expectations largely carry over to pulsed protocols to achieve
optically mediated entanglement of microwave qubits as well as
microwave-powered optical entanglement.”**>*

VIl. CONCLUSION AND OUTLOOK

Traditional piezo-optomechanical transducer designs rely on
suspension to confine phonons. This drastically limits heat dissi-
pation, resulting in high added noise even at low efficiencies. To
remove the need for suspension, we re-imagine the conventional
designs at a basic level. We introduce release-free opto- and elec-
tromechanical crystals on a sapphire substrate. We then combine
these opto- and electromechanical elements to form, to our knowl-
edge, the first design of a release-free electro-optomechanical quan-
tum transducer. Remarkably, the simulated release-free interaction
rates are comparable to those of suspended devices.

Using an unconventional operating point with high mechan-
ical wavevectors allows us to confine the mechanical mode in the
device while still achieving attractive simulated electro- and optome-
chanical performance. Our design is one-dimensional; it supports
modes even in the presence of sizable geometric disorder. We study
two versions of the transducer: a longer version with lower simu-
lated acoustic scattering losses and larger substrate contact area and
a shorter version with improved hybridization between the opto-
and electromechanical sections. The devices have the potential to
significantly weaken the trade-off between the efficiency and added
noise of these quantum transducers. In other words, it could increase
the conversion rate in a host of microwave-optics transduction
protocols.”*"”

Future work could revisit the optomechanical crystal where
improvements in the overlap of the optical and mechanical fields
appear to be within reach. The design principles could also
be transferred to a variety of other platforms, such as lithium
niobate on sapphire.”” Unique to the release-free platform, the
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electro- and optomechanical sections might also be connected
acoustically through the substrate in future design efforts.

Key empirical questions include to what extent the thermal-
ization improves with increased contact area to the substrate and
whether the strong simulated piezomechanical coupling rate holds
up in the experiment. We effectively design an ultra-low-power
and resonant non-suspended acousto-optic modulator compatible
with transducing either classical or quantum signals. Our design
and its operating principles may be useful beyond quantum sci-
ence in microwave signal processing'””’ and integrated photonics
at large >332
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APPENDIX A: DEVICE PARAMETERS

In Tables I-1II, we provide the relevant parameters for the
sOMC-based transducer. The crystal orientations of the lithium
niobate and silicon layers are shown in Fig. 7.

To address the transducer’s EMC, we use four aluminum elec-
trodes, i.e., two periods, 80 nm in width and 30 nm in thickness.
The transducer design is straightforward to adapt to electrodes made
of low-quasiparticle-lifetime and high-kinetic-inductance materials,
such as NbTiN.

R-plane Y

VLN Kdir
LN layer Si layer AlOs layer
FIG. 7. Orientations of the transducer beam with respect to the crystalline
directions. The LN and sapphire crystal orientations are as defined in the
literature.****
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The function describing how h, is transformed in
the transition region is he(hy) =d-hy+c-h +b-hy+a.
The parameters listed in rising polynomial order are
[-1271 nm, 9.365, -0.018 75 nm™', 1.238-10"° nm’].

APPENDIX B: DESIGN CONSIDERATIONS

1. Acoustic modes in the substrate

The choice of substrate is essential for the design of the release-
free transducer. Acoustic excitations in the substrate, such as surface

W

S—""""~—" " == Sgpphire (R)
=== Sapphire (C)
Silicon (001)

Ve at au === Silicon (111)

Velocity (km/s)
ot

-m/2 0 /2
Angle o (rad)
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FIG. 8. Acoustic properties of sapphire and silicon. (a) Sound velocities in a variety
of substrates as a function of in-plane angle «. We take the elasticity matri-
ces from the literature.%> (b) and (c) Mode profiles as a function of phase for
surface acoustic waves and transversal bulk acoustic waves, respectively. The
modes shown appear for R-plane sapphire at « = 0 and « = 77/4, respectively,
withk =08 ;&= 1/nm.

or bulk acoustic waves (SAWs and BAWs), are the dominant chan-
nel of mechanical loss in our system. Surface acoustic waves in
the substrate usually constitute the lowest frequency acoustic exci-
tations at a given wavevector. Substrates with higher SAW veloc-
ity may therefore increase mechanical confinement in analogy to
high refractive-index-contrast and optical confinement for optical
devices.

We study the acoustic velocities using a simple simulation
model: we consider a thin (10 nm sides) and long beam of the sub-
strate. Between the two yz-planes, we impose a boundary condition
u; = we ™M) yith k = ke,. We use the frequency of the lowest
frequency mode found in this way to determine the sound velocity
for a given k. The resulting velocities in silicon adequately reproduce
the reported experimental results [Fig. 8(a)].”° Depending on the in-
plane rotation angle o of the crystal, we find Rayleigh-type surface
acoustic waves or slow transverse bulk-type waves [Figs. 8(b) and
8(c)].”7

As alluded to in the main text, sapphire is an attractive substrate
for several reasons including its high SAW velocity. However, even
when the substrate’s sound velocity is below that of silicon, such as
for SiO, (v ~ 3200 m/s), the mechanical mode of the transducer can
be confined by geometric softening.””* Thus, the presented design
principles apply to a wide variety of other thin-film and substrate
choices.

2. Optical and mechanical geometric
frequency tuning

We tune both the optical and mechanical mode frequencies in
our design work, exploiting the mode frequencies’ dependence on
the unit-cell geometry. Considering a single unit cell with periodic
boundary conditions for the fields, we show the X-point frequen-
cies in Fig. 9(a) as a function of unit cell parameters. In Fig. 9(b), we
show g, . the vacuum optomechanical coupling rate associated
with one such unit cell with periodic boundary conditions. This unit

- a = 200 nm a = 300 nm a = 400 nm
= S 280 =
@
-] o)
] 240 5 b
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<2 200 = = @
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FIG. 9. Geometric tuning of mode frequencies and unit-cell vacuum optomechanical coupling rate. (a) Unit cell optical (top) and mechanical (bottom) mode frequencies at
the X-point as a function of ellipse parameters hy and hy. The three columns correspond to three different periods a. The approximate operating point of the defect and
mirror cell is marked with a white circle and triangle, respectively. (b) Vacuum optomechanical coupling rate g, ,. of a single a = 200 nm unit cell with periodic boundary
conditions under counter-propagating phase-matching condition kn, = 2k, = /a. The approximate operating point is marked with a black circle.

APL Photon. 10, 010801 (2025); doi: 10.1063/5.0246075
© Author(s) 2025

10, 010801-10

L¥:60:€L G20z Atenigad 0L


https://pubs.aip.org/aip/app

cell coupling rate, g . is related to the coupling rate of a simplified

cavity with N identical unit cells as gom = gom,uc/ V/N.*% In other
words, it sets an upper limit to the cavity coupling rate based on the
field overlap integral (see also Appendix C 2). Because the optical
field responds mostly to the effective index of the beam, there is no
dramatic difference in scaling between h, and h,. For the mechanical
frequency, on the other hand, hy, i.e., the dimension perpendicular to
the beam, yields a much stronger effect compared to hx. This asym-
metry can be understood in the following way: increasing h, and
decreasing h, both increases the effective mass. However, increasing
hy softens the geometry, and decreasing h, stiffens it. In the former
case, the softening and the increase in mass act together to decrease
the frequency, while in the latter case, the stiffening and the mass
increase counteract. Optics and mechanics are affected quite differ-
ently by variations in a and h,, which allows us to create a partial
mirror (Sec. V).

In addition to mode frequencies, the shape of the band is also
important. For example, a flat mechanical band, most prominent for
unit cells with small a and large h,, is associated with lower group
velocity and likely higher susceptibility to inhomogeneous broaden-
ing due to fabrication disorder.”"”” This creates a trade-off: small
a and large h, are desirable for high optomechanical coupling,
but they also flatten the band and induce smaller feature sizes
(Fig. 9).

3. Optical and mechanical cavity spectra

To illustrate the optical spectra in the OMC, we study a sim-
plified toy model: instead of combining defect and mirror regions
via an adiabatic transition region, the model consists of a series of
identical defect cells terminated by a perfect electrical conductor
boundary condition on both sides of the simulation region. Since we
are not limited by the finite bandgap of the OMC in this case, we can
now find all cavity modes below the light-line. Because the cells are

identical, the cavity modes discretize the band structure associated
with the infinite waveguide of the underlying cell.

Figures 10(a) and 10(b) show selected mode profiles along the
band. The positions in k-space are found by Fourier transforming
the field and agree with estimates based on the cavity length, i.e.,
ki= (N -1i)/N - n/a, where N is the number of cells of period a.
Increasing the length of the cavity narrows the wavevector distri-
bution, tightening demands on phase-matching. The mode profiles
have a spatial modulation along the cavity length."”*’ At k ~ 77/a, we
have a single-peak, fundamental-like, mode. For lower k, the mod-
ulation exhibits an increasing number of peaks until a maximum
at k ~ 7/(2a). Further decreasing k decreases the number of peaks
until we are back at the I'-point with a fundamental-like mode. Low
k modes are obscured by the optical continuum.

Similarly, we now consider a mechanical toy model consisting
of a series of identical defect cells terminated by a free boundary con-
dition. To avoid phonon scattering into the continuum, we simulate
the cavity as fixed at the bottom but without a substrate. Thus, we
can trace the spatial modulation of the mechanical field from the X-
to the I'-point [Fig. 10(d)]. The apparent spatial mismatch between
the X-point mechanical mode and the 7/(2a) optical mode is also
mentioned in the main text.

4, Thin interfacial oxide layer

In this section, we briefly study the impact of a thin SiO, layer
between sapphire and silicon. Figure 11 shows the dependence of
mechanical frequency and coupling on the silicon dioxide thickness.
The coupling increases slightly as the layer thickens. Over the same
thickness range, the optical frequency increases by around 0.5 THz,
i.e., 5 nm. Further increasing the oxide layer thickness eventually
results in an SOI-based OMC, such as the one presented in Ref. 27.
Both SOI and SOS allow for high radiation-limited optical quality
factors.
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FIG. 10. Mode spectra for optics and mechanics in an artificial cavity consisting only of defect unit cells and artificial mirrors. (a) Optical band diagram of the unit cell used in
the cavity. The circles correspond to cavity modes. (b) Selected mode profiles of cavity modes shown in the cross section of the beam. (c) Fourier transforms of the modes
shown in (). (d) Same as (a)—(c) but for mechanics. In (d), there is no substrate: the beam is fixed at the bottom and free on the sides.
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FIG. 11. OMC and EMC frequency as a function of silicon dioxide layer thickness
between the silicon and sapphire. (a) OMC mechanical frequency and optome-
chanical coupling rate. (b) EMC mechanical frequency and electromechanical

coupling rate.

5. Disorder studies

As described in the main text, we analyze the robustness of the
design to artificially introduced disorder [Figs. 6(c) and 6(d)]. In
addition to the data on coupling rates and mechanical quality fac-
tors shown in the main text, the disorder also affects the mechanical
and optical frequencies as well as the optical quality factor (Fig. 12).
For disorder up to 4 nm, the optical wavelength varies on the scale
of a few nanometers, while the mechanical frequency varies on the
scale of 100 MHz. The optical quality factor is most affected by the
disorder, dropping from >10° for the nominal design to an average

of2x10° ato =2 nm.

We have performed similar studies of our silicon-on-insulator
OMCs and compared them to experimental results. We conclude
that our actual fabrication disorder yields similar Q, to those

expected based on disorder simulations for around ¢ = 2-3 nm.

APPENDIX C: CALCULATION OF COUPLING RATES

1. Electromechanical coupling

In this section, we provide an outline for the derivation of
the electromechanical coupling rate g, . The total energy of the

-1 —9 =4
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N
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FIG. 12. Disorder studies of sOMC and IOMC transducers. We show
supplementary data to Fig. 6(c) in the main text. The same simulations as in the
main text are now plotted as a function of mechanical and optical frequencies.
The color scale denotes the optical quality factor. We plot the mode with largest
Jom from a set of 30 simulations for both the SOMC- (circles) and IOMC-based

transducer (triangles).
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piezoelectric oscillator (EMC section) consists of an electromag-
netic, a mechanical, and a piezoelectric part,

1
"= fe|E|2+/4|H|2 dr
1 -
+E fp|V| +SijCijlekl dr
—fDm-E dr, (C1H

where V is the displacement field and Dy, is the electrical displace-
ment field resulting from mechanical motion through the piezo-
electric effect. The other quantities follow a common convention.
For simplicity, we focus on only one mode at frequency w. Then,
the kinetic energy can be rewritten in terms of the displacement:
[V| = ©*|U|. We now quantize the fields as

E=et+hc U=ub+he Dm = dmi) + h.c, (C2)

where ¢ and b are the ladder operators for the microwave and
mechanical modes, respectively. As will be shown below, using this
expansion, the Hamiltonian 7 can be written as

U = homb b + hw,,ctc + +f‘1‘gfem(bcfr + ch) (C3)

in the rotating-wave approximation and with appropriate field
normalizations. Next, we find the appropriate normalization of
the simulated mode profiles. We start with the electromagnetic
component,

1
3 fs|E|2 + (4|H|2 dr

= (/e\e\z + uhf? dr)cTc = (2 /s\e|2 dr)cTc = hwuc'c, (C4)

where we have used the commutator [¢,c']=1 and [ ele/*dr
=f /h*dr. The same procedure can be applied to the mechanical
energy. Hence, we arrive at the following normalizations:

U,=2 [£|e|2 dr = hwy, U = 205, /p|u\2 dr = hwm.  (C5)

These normalizations connect the fields u, e, and di, to the simulated
fields u’, €, and dJ,,,

u= hw’m u, e= hw,” e, dm= M—,mdfn, (C6)
V U U, Un

where we use the mechanical and electrical energies of the mode
fields,

Uy, =2 /s|e'|2 dr and U} =205, /p|u'|2 dr.  (C7)

Using (C2), we examine the interaction part of the Hamiltonian (C1)
neglecting the fast-varying terms in bc and b'c',

Hn = f Dun - E dr = A(gembc’ + @imbo), (C8)

with Aem = — [dm - €"dr. We absorb the phase of gem into the ladder
operators such that the coupling rate is a real and positive quantity
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without loss of generality. That is, we take the absolute value of gem,
i.e., ||gem| = gem. Inserting the field normalizations (C6), we arrive at

Hint = — /Dm -E = hgem(chr + ch),

with

N

g =7/d'-e'*dr
\/ UnUy

This expression holds for an oscillating electric field e’. We retrieve
instead a static electric field ¢’ from a stationary simulation such
that ¢’ = e’*. We re-write the electromagnetic energy U, associ-
ated with the oscillating field in terms of the static capacitance
Cor + C, associated with the inter-digitated electrodes and the
microwave resonator or qubit as Ulﬁ =2 f .€|e'|2 dr = 4U.lectrostatic
=2(Cmr + C#)Vé, with being V, the voltage applied in the static
simulation. Our expression for the piezomechanical coupling rate
g., agrees with the expressions derived by Blésin et al°' and
is similar to the expression used in Chiappina et al® It also
numerically agrees with the g, = results we obtain through Foster
synthesis following the method in the work of Arrangoiz-Arriola
and Safavi-Naeini®” for the presented release-free EMC and a sus-
pended phononic crystal defect.”® The Foster synthesis method
requires more simulation time and is more sensitive to mode crowd-
ing, so we primarily use the overlap integral approach described
above.

The electromechanical coupling rate at fixed frequency w,
is proportional to both the zero-point mechanical motion and
the zero-point voltage. The latter scales as the square root of

. (C9)

the microwave impedance Z;/ ? at fixed frequency: gem o< wy/+/ U,ﬁ

= Z}i/ 2 [Eq. (C9)] when keeping the frequencies fixed. In order to
compare our results with those of prior work, we take C, = 70 fF
throughout the main text”*’ without loss of generality. This capac-
itance C, = 70 fF corresponds to an impedance of Z, = m
~ 474 ), whereas high-impedance resonators with Z > 1 kQ have
been demonstrated.” "’

The LN dielectric loss tangent,** tan din = 1.7 x 1072, is sev-
eral orders of magnitude greater than the loss tangents of sapphire
and silicon.”*” The microwave loss rate contributed by the LN is
set by the participation ratio of the microwave field in the piezo-

; : _ _Cpr 45 :
electric material 1N = CorCs w, tan §pn.” For the parameters in

this work, we have KH,LN/Zn = 340 Hz, which is of similar magni-
tude as state-of-the-art transmon qubits on sapphire™ with /27
~ 500 Hz. In the long run, this may provide motivation to fur-
ther reduce the static capacitance Cipr. The microwave piezoelectric
loss is unlikely to limit the performance in near-term experi-
ments. It is well below the losses associated with kinetic-inductance
resonators.”’

The mechanical fields are extracted by simulating the device’s
eigenmodes. In this simulation, the electrodes present a metallic
boundary condition at their interfaces. The magnitude of the applied
potential does not affect the eigenmode solution. To illustrate the
piezomechanical coupling mechanism, we plot the strain profile in
the EMC unit cell (see Fig. 13). As described in the main text, the
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FIG. 13. Mechanical mode in the EMC defect cell. The plot series corresponds
to different components of the strain tensor showing that the Sxx component is
strongest.
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Sxx component is strongest, which is exploited by Ex and the
associated component the piezoelectric coupling matrix, ej;.

2. Optomechanical coupling

We calculate the optomechanical coupling using an overlap
integral of optical and mechanical fields. We take into account
the moving-boundary contributions between silicon and air—which
dominate—as well as between silicon and sapphire. We also consider
the bulk photoelasticity in silicon and sapphire.®® The bulk photoe-
lasticity contribution amounts to ~4% of the total coupling rate for
our mechanical mode.

As we explore below, the unconventional operating point cho-
sen in this work with km = 7/a and ko, = 77/(2a) relies on counter-
propagating optical waves to generate optomechanical interactions
adding up from one unit cell to the next.”” In effect, we use back-
ward Brillouin interactions in an optomechanical crystal cavity.®’
In the standing-wave cavity, where photons and phonons naturally
travel in both directions, the overlap integral takes the same form
as for the co-propagating scenario using I'-point mechanical modes
with the near-vanishing longitudinal wavevector.’® For example, the
moving-boundary term is still given by"**’

Th e J(u(r) m) (AdE! - A(HIDP)dA

2m 2/ fplu(r)P &r [e(nIE(ME dr
(C10)
with the fields having forward and backward components, e.g.,
E oc Ege™of 4 Eje™ . For the coupling in a unit cell with periodic
boundary conditions [see Fig. 9(b)] where the pump and the Stokes
photons are counter-propagating, we use a modified expression.”*"”
The optical fields appearing in the numerator of Eq. (C10) then
become |[E![? - (E!)? and the same for D*. This corresponds to
changing k — —k for one of the two participating optical fields. We
test our simulation code by calculating the optomechanical coupling
rates for (1) the traveling-wave silicon nanowires demonstrated
by Qiu et al’’ and Van Laer et al’' for both co- and counter-
propagating cases and (2) the suspended OMC cavity demonstrated
by Chan et al.”! We find good agreement for both the magnitude and
the relative sign of the moving-boundary and photoelastic contribu-
tions in the traveling-wave silicon nanowires.””’ In those cases, we
convert between the Brillouin gain coefficient and vacuum optome-
chanical coupling rate.”” For the suspended OMC cavity, we find
a coupling rate of g /(27) ~ 1 MHz, with constructively interfer-
ing moving-boundary and photoelastic contributions. In addition,
our simulations are in good agreement with our measurements for a
release-free optomechanical crystal on a silicon dioxide substrate.””

g0m|m.b. =
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APPENDIX D: SIMULATION TECHNIQUES

1. Meshing in finite element simulations

Achieving accurate simulations requires sufficiently high mesh
resolution. However, a higher mesh resolution also increases the
simulation time such that a good balance must be found. Because of
the variety of crystalline materials involved, we cannot easily invoke
symmetries to reduce the system’s degrees of freedom. As our design
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FIG. 14. Mechanical frequency as a function of mesh resolution. The dashed gray
line denotes the simulation time. (a) An OMC is simulated with a symmetry plane
along its long axis. We sweep both the minimum mesh size (right) and then also
the resolution in narrow regions (left). (b) Same as (a) but for an EMC cavity and
without symmetry planes. (c) Mesh of unit cells in the OMC along the curve in (a).
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critically depends on mechanical frequency matching between sub-
sections, we use the mechanical frequency as our key parameter,
setting this balance between mesh accuracy and simulation time. We
examine the mechanical frequency of a pure OMC as a function of
the mesh resolution [Fig. 14(a)].

We find that the mechanical frequency decreases monoton-
ically with increasing mesh resolution. The EMC frequency is
affected less by mesh refinement [Fig. 14(b)]. Coupling rates and
optical frequencies are practically unaffected over this mesh range.
The simulation time, on the other hand, is generally much longer
for simulations involving piezoelectricity. The mesh used for the
simulations in the bulk of this work corresponds to ~20 nm in the
minimum mesh size in Fig. 14(a). In our case, the simulation times
for a single full transducer, including both optical and piezome-
chanical parts along with coupling calculations, can be up to one
hour.

2. Perfectly matched layer

The results of the simulations depend on the boundary condi-
tions at the edges of the simulation domain. We employ a perfectly
matched layer (PML) at the edges to attenuate incoming optical and
mechanical fields and create an effectively boundless domain. We
use an exponential function for the attenuation factor,

Jomi () = A(exp (77 _Ifsmt) - 1) for 7> Rtart (D1)
0

where A is the amplitude of the PML. It begins to act at Rt
with a characteristic slope related to Ro. Then, it increases until the
end of the simulation domain is reached, Rgim. To attenuate optical
(mechanical) fields, we use f,m as the imaginary part of the refrac-
tive index (density). The overall scale is determined by the real part
of the refractive index (density).

b
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FIG. 15. Effect of perfectly matched layer (PML) properties on the radiation-limited quality factors. For the short optomechanical crystal (SOMC): (a) optical (left) and
mechanical (right) quality factor as a function of PML amplitude A. The colors correspond to varying simulation domain sizes, Rs. The shaded regions indicate the
operating point in this work. (b) PML function #(r) as a function of A. The color coding is the same as in (a). (c) and (d) Same as (a) and (b) but for different PML

parameters.
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FIG. 16. Optimization of design parameters. We use a Nelder—Mead algorithm to
optimize pure EMC parameters for the local maximum of the objective function
fbj = Qmgen- Each dot corresponds to a simulation, i.e., a step in the algorithm.
Similar optimizations are run for the pure OMC and full transducer with objective
functions of the form £t = QmQo gy @Nd £t = Qm Qo Gom Jem» reSPECtively.

In Fig. 15, we examine the behavior of the PML. We aim to
operate in a parameter region where Q is stable to perturbations,
i.e, a plateau. Away from the plateau, Q fluctuates and becomes
inconsistent [Fig. 15(a)]. We find a larger spread in Q,, compared
to Q, in their plateau regions. When Rtart is too small, the PML may
absorb significant parts of the evanescent field of the mode, which is
undesirable. We find that starting the PML at Ryart = 2 ym, the qual-
ity factors converge. Although the initial rise of f,m looks fast on
the logarithmic scale [Figs. 15(b) and 15(d)], the exponential shape
of fpml ensures that it rises from zero at Rt so that there are no
reflections because of an abrupt change in the material.

3. Design optimization

In our design process, we use a Nelder-Mead algorithm
to optimize the key design parameters.” The most important

optimizations are those of the pure OMC and EMC. In those, we
aim for the highest coupling rate while achieving a minimum value
for the quality factor (Fig. 16). For every iteration, we also include
limits on minimum feature size, bandgap size, and mechanical and
optical frequency.

As described in the main text, the introduction of the partial
mirror changes the fields in the OMC (Fig. 4). To quickly examine
this type of structure, we simulate the OMC with the partial mirror
on one side followed by a transition into the nominal OMC mirror.
This simulation yields g, while a second simulation without the
OMC nominal mirror yields Q,. This can speed up optimizations
because these simulations tend to be significantly faster than those
that include piezoelectricity.

Finally, we optimize the final design of the full transducer.
Because of the long simulation times, the number of random ini-
tial points and the number of iterations are both limited. Thus,
we focus on the design parameters that are most critical for the
hybridization, i.e., the partial mirror and the EMC. To also factor
in the robustness of the device, we let each optimization step con-
sist of two simulations separated by 2% in the EMC period. By using
only the result with the inferior figure of merit, we encourage the
algorithm to decrease the sensitivity of the design to geometric per-
turbations. For the presented sOMC and IOMC transducers, the
optimization maximizes the objective function fobj = g, §em Qo Qums
where Qo oy = 10° and Qm max = 10%. In future work, it might be
interesting to introduce a maximum value for g, such that more
mechanical energy can be devoted to the optomechanical region
that is expected to limit performance. With sufficient closed-form
knowledge of the thermal and added noise behavior of the device,
eventually, the full efficiency-bandwidth product (Sec. VI B) or other
protocol-specific metrics could serve as an objective function to bet-
ter distribute the performance between the various sections of the
transducer.

TABLE IV. Overview of simulated metrics of short and long release-free transducers and comparison to experimental and
simulated (sim.) state-of-the-art suspended implementations. For the simulated works, we have assumed the same extrinsic
and intrinsic optical and microwave loss rates as in the work of Meesala et al.?* We estimate &g, for future 2D OMC-based
transducers by assuming half the reported g, of the pure 2-D OMCs, 7,,,, = 0.95, and microwave loss rates as in the work of
Meesala et al.2* We welcome feedback from the authors of the relevant articles in case we have misinterpreted their results.

8om/(2M)  &e/(27)  Cem  Equbit (est.)

Type (MHz) (MHz) (est.) (-)  (pJ/qubit)

MacCabe et al.** 1-D OMC 1.15 - - -
Mirhosseini et al.'” 1-D 0.43 2.25 112 1.8
Jiang et al.'s 1-D 0.41 0.42 0.22 1.3
Weaver et al.”’ 1-D 0.53 7.4 24 1.7
Meesala et al.” 1-D 0.27 1.2 22 1.1
Chiappina et al. (sim.)* 1-D 0.83 2.8 119 0.12
Zhao et al.”’ 1-D 0.34 0.19 29 0.33
Ren et al.”” 2-D OMC 1.06 - - (0.11)
Mayor et al.”® 2-D OMC 0.86 - - (0.29)
Kolvik et al.”’ 1-D release-free OMC 0.5 - - -
This work: sOMC (sim.) 1-D release-free 0.24 6.3 49 1.4
This work: IOMC (sim.) 1-D release-free 0.34 2.4 26 0.71
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APPENDIX E: OVERVIEW OF RELEVANT LITERATURE

In Table IV, we provide a non-exhaustive overview of related
piezo-optomechanical transducers to better place our design efforts
in the context of prior work. We list both experimental and simula-
tion results. Several relevant parameters are not explicitly available
in the literature, so we calculate them ourselves. In some cases,
these calculations have large uncertainty and should be considered
as rough estimates (est). We have not added information on the dis-
order sensitivity (Sec. VI A, Appendix B 5) to the table due to the
lack of information in the literature.
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