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ABSTRACT

Quantum computing platforms based on superconducting qubits have achieved re-
markable progress in recent years, with significant advancements in quantum error
correction, coherence times, and gate fidelities. However, the path to large-scale,
fault-tolerant quantum computing faces a critical scaling bottleneck: the physical
limits of single-chip architectures. Integrating millions of qubits on a single super-
conducting chip presents formidable engineering challenges, including increased
thermal load, crosstalk, and complex wiring within the dilution refrigerator.

A promising approach to overcome these limitations is to interconnect multiple
smaller superconducting quantum processors via a quantum network, allowing for
distributed quantum computation. In this context, telecom-wavelength optical pho-
tons (around 1550 nm or 200 THz) are particularly attractive for transmitting quan-
tum information across long distances due to their low propagation loss in optical
fiber and negligible thermal occupation at room temperature. However, super-
conducting qubits typically operate at microwave frequencies (around 5-10 GHz),
leading to a fundamental mismatch in operating frequencies that prevents direct
coupling between these two domains.

This five-orders-of-magnitude frequency mismatch poses a major challenge for co-
herent quantum transduction, requiring a highly efficient, low-noise interface to
faithfully convert quantum states between microwave and optical photons. A lead-
ing approach for transduction involves piezo-optomechanical platforms, where an
intermediary acoustic resonator facilitates the conversion between microwave pho-
tons and microwave acoustic phonons, which are then converted to optical photons.
However, existing designs often suffer from poor conversion efficiency and added
noise due to geometric constraints and substrate heating, limiting their scalability
for real-world quantum networks. In the first part of this thesis, I will introduce an
optimized two-dimensional optomechanical crystal platform with a side-coupled op-
tical waveguide. This geometry significantly improves the noise-efficiency metric
for optical photon-acoustic phonon conversion. I will then discuss the integra-
tion of piezo-acoustic circuits into these two-dimensional crystals to realize a full
microwave-to-optical transducer. I will cover the underlying design principles, fabri-
cation processes, and preliminary measurement results, highlighting the potential of
this platform for enabling future quantum communication and distributed quantum
computing.
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Another critical challenge in quantum networking is the frequency mismatch that
arises when attempting to interfere photons emitted by different quantum nodes.
This mismatch is primarily caused by variations in fabrication processes. In the
second part of this thesis, I will present a novel post-fabrication tuning technique for
piezo-optomechanical transducers, based on atomic force microscope (AFM) nano-
oxidation. By applying a voltage bias to the AFM tip, we can selectively oxidize
the surface of the dielectric device, introducing a controlled, localized change in
refractive index and mechanical properties. This allows for precise tuning of both
optical and acoustic resonance frequencies. I will demonstrate the effectiveness of
this technique through experimental results at both room and cryogenic temperatures,
highlighting its potential for scaling quantum networks.
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C h a p t e r 1

INTRODUCTION

1.1 Background

Since the invention of the transistor, computers have completely transformed the

world. They have reshaped nearly every part of modern life, from communication

to scienti�c research. Today, microprocessors pack billions of transistors into tiny

chips, powering everything from smartphones to advanced AI systems. Classical

computing, built on simple binary logic, has become incredibly fast and e�cient.

But the real magic is not just in processing information, it is in how we move it

around.

Thanks to a mix of electronics and �ber optics, data can travel across the globe

almost instantly. The internet, one of history's most important inventions, connects

people, devices, and entire industries, making real-time communication and cloud

computing possible.

The key to all this progress? Powerful little devices like transistors and optical

transceivers. For years, we kept making them smaller and faster, but now we are

hitting a limit. At the tiniest scales, weird quantum e�ects start causing problems,

making it harder to improve traditional computers. That is why scientists are now

exploring entirely new ways to compute, like quantum computing, that might take

us even further.

Quantum Computation: From Concept to Reality

The idea of using quantum mechanics for computation was �rst seriously proposed

by Richard Feynman in the early 1980s [1]. He pointed out that classical computers

struggle to e�ciently simulate quantum systems because quantum mechanics inher-

ently involves superposition and entanglement, which require exponentially growing

computational resources when mapped onto classical architectures. He suggested

that a computer built on quantum principles could naturally and e�ciently simulate

quantum systems, o�ering an advantage in many computational tasks.

This idea led to the formalization of quantum computation, where information is

processed using qubits, quantum analogs of classical bits, that can exist in super-

positions of states. In the 1990s, researchers discovered that quantum computers
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could do more than just simulate quantum mechanics: they could outperform clas-

sical computers on certain problems. Algorithms like Shor's algorithm for integer

factorization [2, 3] and Grover's algorithm for search [4] demonstrated that quan-

tum computers could o�er exponential or quadratic speedups for speci�c computa-

tional tasks. These breakthroughs sparked signi�cant interest in building practical

quantum computers, leading to experimental e�orts in implementing qubits using

superconducting circuits, trapped ions, and other quantum platforms.

Quantum computing has rapidly progressed, with major players achieving signi�cant

milestones. Google unveiled the Willow processor (105 qubits), demonstrating

exponential error reduction and a quantum advantage in random circuit sampling

[5]. IBM continues scaling up, with its Condor processor (1121 qubits) and a

roadmap toward a fully error-corrected system by 2029 [6]. Amazon has unveiled

its error correction Ocelot chip [7], while Xanadu and PsiQuantum reported major

quantum computing breakthroughs [8, 9, 10]. China's USTC achieved quantum

supremacy with Jiuzhang [11] and Zuchongzhi [12] quantum computers.

The Need for Quantum Interconnects

Classical computers and communication networks are highly interconnected, form-

ing the backbone of modern distributed computing. Data centers around the world

exchange vast amounts of information in real time, enabling e�cient processing,

storage, and retrieval of information across large distances. Similarly, if quan-

tum computing is to become a practical technology, quantum information must be

transferred reliably between quantum processors. Unlike classical bits, however,

qubits cannot simply be copied due to the no-cloning theorem [13], meaning tra-

ditional methods of communication do not work. Instead, quantum information

must be transferred coherently, preserving the delicate quantum states that encode

computational data.

To achieve this, researchers have explored the concept of quantum networking [14],

where multiple quantum processors are linked together through quantum channels.

This opens up the possibility of distributed quantum computing, where multiple

quantum processors collaborate to solve problems more e�ciently than a single

device.

Many practical quantum applications are expected to require quantum processors

with millions of physical qubits. Superconducting qubits, a leading hardware plat-

form, must operate at cryogenic temperatures near 10 millikelvin. This imposes
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strict thermal and spatial constraints, making it impossible to house all the physi-

cal qubits within a single cryogenic system like modern dilution refrigerators. A

promising workaround is to interconnect multiple smaller quantum processors, each

operating in its own cryostat into a uni�ed quantum network.

Microwave-to-optical Transducers

While superconducting qubits are among the most promising candidates for building

scalable quantum processors, they inherently operate at microwave frequencies

(typically 5-10 GHz), where they interact with microwave photons for quantum

state manipulation and readout. However, transmitting quantum information over

long distances is best achieved using optical photons (around 200 THz, or telecom

wavelengths), which experience signi�cantly lower loss in �ber-based networks.

This �ve-orders-of-magnitude di�erence in frequency presents a major challenge

because there is no natural coupling between superconducting circuits and optical

photons. To bridge this gap, the community has focused on developing engineered

devices known as microwave-optical transducers, which can coherently convert

quantum states between the microwave and optical domains.

An ideal microwave-optical transducer should satisfy the following key require-

ments:

ˆ High E�ciency: To minimize information loss and increase entanglement

generation rates.

ˆ Low Added Noise: To preserve the fragile quantum coherence of the converted

states.

ˆ Bidirectional Operation: To support both upconversion (microwave to optical)

and downconversion (optical to microwave), allowing for �exible network

architectures.

ˆ Scalability: To enable integration with large-scale quantum networks.

Several physical platforms have been explored for quantum transduction, including

electro-optomechanical systems, nonlinear crystals, and atomic ensembles. Among

these, piezo-optomechanical systems have emerged as a promising candidate which

is the subject of this thesis. This dissertation focuses on a developing a piezo-

optomechanical transducer based on side-coupled two-dimensional optomechanical

crystals (2D-OMC).
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In the following chapters, we will discuss the design, fabrication, and preliminary

results that set the foundation for high-e�ciency, low-noise microwave-to-optical

conversion. The work presented here aims to bridge the gap between superconduct-

ing quantum processors and optical quantum networks, enabling the next generation

of distributed quantum computing. It is a challenging problem, but one that could

unlock the full potential of quantum technologies in the years to come.

In the second part of this thesis, we address a critical challenge in quantum net-

working: the frequency mismatch that arises when attempting to interfere photons

emitted by di�erent quantum nodes. This mismatch is often introduced during the

fabrication of piezo-optomechanical devices, where slight variations can lead to sig-

ni�cant spectral detuning. we will present a novel post-fabrication tuning technique

for piezo-optomechanical transducers, based on Atomic Force Microscope (AFM)

nano-oxidation. By applying a voltage bias to the AFM tip, we can selectively oxi-

dize the surface of the dielectric device, allowing for precise tuning of both optical

and acoustic resonance frequencies. The experimental results presented in this work

demonstrate the e�ectiveness of this tuning strategy for achieving spectral alignment

across quantum nodes at cryogenic temperatures, providing a scalable path toward

practical quantum networks.

1.2 Thesis organization

This dissertation is divided into two parts.

Part I: High-E�ciency Low-Noise Platform for Piezo-Optomechanical Trans-

ducers

Part I focuses on the development of high-e�ciency, low-noise piezo-optomechanical

transducers based on two-dimensional optomechanical crystals (OMCs).

ˆ Chapter 2: Fundamentals of optomechanics, piezo-mechanics, and microwave-

to-optical transducers. Using coupled mode theory, we derive the optical,

microwave, and acoustic equations of motion that will be used throughout the

thesis.

ˆ Chapter 3: Design principles of optomechanical crystals, with a focus on

side-coupled 2D OMCs. This chapter covers their band structure, mode

con�nement properties, as well as fabrication techniques and optimization

strategies.
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ˆ Chapter 4: Cryogenic measurements of side-coupled OMCs, demonstra-

tion of high-e�ciency, low-noise phonon-photon transducers along with an

analysis of the dominant sources of thermal noise.

ˆ Chapter 5: Possible origins of the optical-absorption induced hot bath that

adds thermal population to the acoustic resonator.

ˆ Chapter 6: Design principles of a microwave-to-optical transducer based on

2D OMCs.

ˆ Chapter 7: Fabrication techniques developed for these transducers, includ-

ing process optimization and material considerations. Measurement setup,

along with preliminary room-temperature and cryogenic measurements of the

fabricated devices.

Part II: AFM Nano-Oxidation for Spectral Tuning

Part II explores the use of atomic force microscope (AFM) nano-oxidation for

spectral tuning of dielectric devices.

ˆ Chapter 8: Room-temperature tuning of optomechanical devices, includ-

ing a three-OMC tuning experiment to align optical and acoustic resonance

frequencies.

ˆ Chapter 9: Work on selective room-temperature pre-alignment of the op-

tical modes in OMCs to enable precise wavelength matching at millikelvin

temperatures.

ˆ Chapter 10: Future directions, including ongoing e�orts toward creating a

Bell state shared between superconducting qubits, mediated by optical pho-

tons.





Part I

High-E�ciency Low-Noise Platform

for Piezo-Optomechanical

Transducers

7
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C h a p t e r 2

FUNDAMENTALS OF OPTOMECHANICS AND
PIEZO-MECHANICS

2.1 Optomechanical systems

At its heart, optomechanics explores the interplay between light and mechanical

motion, driven by radiation pressure and phase modulation. When light bounces

o� a moving surface, the transfer of momentum can push the object, causing it to

shift position. At the same time, the object's motion alters the light's phase and

frequency. This two-way interaction is the foundation for advanced measurement

methods and real-world technologies, from detecting gravitational waves to enabling

quantum information transfer.

In the early 20th century, experiments demonstrated that light exerts a force on

microscopic particles [15], an e�ect that later became the basis for laser cooling

and optical tweezers, techniques that allow precise control of atoms and biological

molecules. On the opposite end of the scale, optomechanics is key to experiments

like LIGO, where lasers detect the faintest mirror movements caused by gravitational

waves, measuring shifts smaller than a trillionth of an atom's width.

From a technological perspective, optomechanics enables practical applications

such as acousto-optic modulators (AOMs), which use mechanical vibrations to alter

the frequency and propagation of light. More recently, nanomechanical resonators

coupled to optical cavities have become a leading platform for studying quantum

e�ects in macroscopic systems [16]. These devices allow us to observe quan-

tum phenomena in mechanical systems and explore novel methods of information

processing.

A typical cavity optomechanical system, as shown schematically in Fig. 2.1a, con-

sists of an optical cavity coupled to a mechanically compliant mirror or resonator

with mass< . In such systems, the optical �eld inside the cavity exerts radiation

pressure forces on the mechanical element, whereas the resonator's motion, in turn,

shifts the optical cavity frequency. The Hamiltonian describing this system as a

function of resonator's positionGis given by:

^� = \ l 0¹Gº0̂y0̂ ¸ \ l 11̂y1̂– (2.1)
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Figure 2.1:Representation of cavity optomechanics. a,An optical cavity modê0
with equilibrium length! is coupled to a movable mirror supporting a mechanical
mode1̂. Displacements of the mirror by an amountGmodulates the cavity length,
enabling optomechanical coupling.b, Modal diagram of the system. The optical
mode 0̂ is coupled to an external waveguide with external decay rate^4–0 and
intrinsic loss ratê 8–0. The acoustic modê1 couples to the optical mode at a
rate � om, and has an intrinsic damping rate^8–1.c, Typical spectral picture of the
optomechanical system with pump laser,l ! , blue detuned (left) and red detuned
(right) with respect to the optical cavity,l 0. The acoustic scattered sidebands of
the pump are represented by red and blue arrows.

wherel 0 is the optical resonance frequency,l 1 is the mechanical resonance fre-

quency, and̂0, 1̂ (0̂y, 1̂y) are the annihilation (creation) operators for the optical and

mechanical modes, respectively.

The optical resonance frequency is sensitive to displacement of the mirror and can

be expressed as:

l 0¹Gº =
2c2

¹! ¸ Gº
– (2.2)
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where2 is the speed of light,! is the equilibrium cavity length, andGis the small

perturbative displacement of the mirror. For small displacements,G � ! , the

frequency can be expanded to �rst order as:

l 0¹Gº � l 0

�
1 �

G
!

�
– (2.3)

with l 0 = 2c2• ! being the optical frequency at equilibrium (G= 0).

The mirror's position operator can be expressed in terms of the mechanical mode

operators as:

Ĝ= Gzpf¹1̂ ¸ 1̂yº– (2.4)

where Gzpf =
q

\
2<l 1

is the zero-point �uctuation amplitude of the mechanical

motion. Incorporating this into the Hamiltonian, we obtain the total Hamiltonian

including the �rst order interaction term̂� int:

^� = \ l 00̂y0̂ ¸ \ l 11̂y1̂ � \ 6OM0̂y0̂¹1̂y ¸ 1̂º
|                   {z                   }

^� int

(2.5)

where the single-photon optomechanical coupling rate is de�ned as:

6OM =
l 0Gzpf

!
• (2.6)

This coupling parameter quanti�es the interaction strength between individual pho-

tons and phonons in the system. The Hamiltonian reveals that the interaction of the

mechanical oscillator with the radiation �eld is fundamentally a nonlinear process,

involving three operators (three wave mixing). To achieve large optomechanical

coupling, systems typically require high optical con�nement (small cavity lengths,

! ) and low mechanical mass (< ) and high mechanical frequency (l 1).

An alternative and intuitive way to understand the interaction between the mechan-

ical resonator and the optical �eld is through the concept of radiation force. Since

the mechanical oscillator can be e�ectively described as a spring-mass system, it is

often more straightforward to analyze the coupling by considering the cavity �eld

as exerting a force upon the mechanical oscillator. The radiation force operator,

derived from the interaction Hamiltonian, is given by:

^� rad = �
3 ^� int

3Ĝ
=

\ 6OM

Gzpf
0̂y0̂• (2.7)
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2.2 Linearied optomechanical equations of motion

The optomechanical systems that typically exist have the conditionl 1 � l 0. It

is convenient to go into the rotating frame of the a laser drivel ! by de�ning

� = l ! � l 0. Additionally, we further simplify the Hamiltonian by linearizing it.

For this, we split the cavity �eld into average coherent amplitude�Uand a �uctuating

term,0̂ ! �U¸ 0̂. The total Hamiltonian is then given by

^� � \� 0̂y0̂ ¸ \ l 11̂y1̂ � \ 6OM �U¹0̂y ¸ 0̂º¹1̂y ¸ 1̂º– (2.8)

where we have ignored terms involvingjUj2 which represent a constant energy shift.

We can further ignore terms involvinĝ0y0̂ in equation 2.8 since they are small

compared to linear terms leading to the total Hamiltonian:

^� � \� 0̂y0̂ ¸ \ l 11̂y1̂ � \ � OM¹0̂y1̂y ¸ 0̂1̂º
|                    {z                    }

^� tms

� \ � OM¹0̂y1̂ ¸ 0̂1̂yº
|                    {z                    }

^� bs

– (2.9)

where� OM = 6OM �U = 6OM
p

=0 is the pump enhanced optomechanical coupling

rate with=0 being the average number of photons in the optical cavity.^� tms and
^� bsare called the two-mode-squeezing and beam-splitter Hamiltonian, respectively.

For a laser drive atl ! , these two processes correspond to scattering into Stokes and

anti-Stokes sidebands.

To compute the optomechanical scattering rate, we now include dissipation and

derive the equations of motion using the Hamiltonian in Equation 2.9. The linear

optomechanical system has two detunings¹� º of interest,� = � l 1 and� = ¸ l 1.

We assume the laser is red-detuned to the mechanical frequency, i.e.,� = � l 1. This

is schematically shown in Figure 2.1d where the upper sideband (blue) of the laser

is resonant with the optical cavity. Under this condition, the two-mode squeezing

term ^� tms (red sideband) is rapidly rotating and can be neglected under the rotating

wave approximation.

To account for energy loss and �uctuations due to coupling to external baths, we use

the quantum Langevin formalism. This approach modi�es the Heisenberg equations

of motion by including damping terms along with corresponding quantum noise

operators.

¤̂$ =
8
\

» ^�– $̂ ¼ �
�
2

$̂ ¸
p

� $̂ in¹Cº– (2.10)
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where � is the energy decay rate of the mode, and$̂ in¹Cº is the corresponding

quantum input operator of the drive or the noise introduced by the environment.

The optical mode decays at rate^0 due to both intrinsic loss and coupling to external

waveguideŝ 0 = ^0–8̧ ^0–4, while the mechanical (or acoustic) mode damps at rate

^8–1due to coupling to its thermal environment as shown in Figure 2.1b. Throughout

this thesis, the terms mechanical and acoustic are used interchangeably to refer to

the vibrational mode.

Assuming weak coupling regimê0 � � OM, the quantum Langevin equations in

the frequency domain are:

� 8l 0̂¹l º =
�
8� �

^0

2

�
0̂¹l º � 8� OM1̂¹l º ¸

p
^0–4̂0in¹l º (2.11)

� 8l 1̂¹l º =
�
� 8l 1 �

^8–1

2

�
1̂¹l º � 8� OM0̂¹l º ¸

p
^8–1̂1in¹l º• (2.12)

Ignoring the input termŝ0in and1̂in and settingl = l 1 = � � this gives:

^0

2
0̂ ¸ 8� OM1̂ = 0 (2.13)

^8–1

2
1̂ ¸ 8� OM0̂ = 0• (2.14)

According to input-output theory, the optical output �eld̂0out is related to the input

and intracavity �elds by:

0̂out = 0̂in �
p

^0–40̂•

In the case where there is no external input (i.e.,0̂in = 0), this simpli�es to:

0̂out = �
p

^0–40̂ (2.15)

= �
� 28� OM

p
^0–4

^0
1̂ (2.16)

= � 8
p

[ 0
p

WOM1̂– (2.17)

where,[ 0 = ^0–4• ^0 is the external optical coupling e�ciency to the waveguide, and

the optomechanical scattering rate is given by

WOM =
4� 2

OM

^0
=

462
OM=0

^0
• (2.18)
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This rate corresponds to the scattering of phonons into optical photons via the beam-

splitter interaction and is the basis for sideband cooling and quantum transduction.

The total damping rate of the acoustic mode, includes both the intrinsic mechanical

damping rate,̂ 8–1, and the optomechanically induced damping (or scattering) rate,

WOM.

The optomechanical conversion e�ciency,[ OM, is de�ned as the fraction of phonons

that are successfully converted to optical photons, which is given by the ratio:

[ OM =
WOM

WOM ¸ ^8–1
• (2.19)

2.3 Calibration of photon and phonon occupancy

The intracavity photon number=2 can be derived from the steady-state solution of

the optical �eld under coherent drive. The Heisenberg-Langevin equation for the

cavity �eld 0̂ is given by:

¤̂0 =
�
8� �

^0

2

�
0̂ ¸

p
^4–0Uin• (2.20)

Here,� = l ! � l 0 is the laser detuning from cavity resonance,^0 is the total cavity

linewidth, andUin is the coherent drive amplitude related to the input power by

jUin j2 = %in• \ l ! .

In steady state, we set¤̂0 = 0 and solve for the mean �eld amplitude:

�U = h0̂i =
p

^4–0Uin

^0•2 � 8�
• (2.21)

The intracavity photon number is then:

=0 = j �Uj2 =
^4–0%in• \ l !

� 2 ¸ ¹ ^0•2º2
• (2.22)

This expression is used to determine=0 in experiments based on known input power,

cavity parameters, and laser detuning.

Thermal Occupation and Sideband Asymmetry

The mean phonon number in a mechanical mode, or thermal occupancy=th, is

determined by the Bose-Einstein distribution:
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=th =
1

exp
�

\ l 1
: � )

�
� 1

– (2.23)

where: � is the Boltzmann constant,) is the temperature of the system. At relatively

high temperatures (: � ) � \ l 1), this expression simpli�es to

=th �
: � )
\ l 1

• (2.24)

In quantum mechanics, the transition rate between an initial statej8i and a �nal state

j 5i induced by a weak perturbation is given by Fermi's golden rule:

� 8! 5 =
2c
\

�
�h5j ^� int j8i

�
�2 d5– (2.25)

where ^� int is the interaction Hamiltonian, andd5 is the density of �nal states. In the

context of optomechanics, this interaction is given by the beam-splitter Hamiltonian

for a red-detuned drive, which enables phonon annihilation and photon creation,

or the two-mode squeezing Hamiltonian for a blue-detuned drive, which enables

phonon creation and photon annihilation.

Applying Fermi's golden rule to the optomechanical interaction^� int � 1̂ ¸ 1̂y, we

obtain the phonon annihilation rate as follows:

� =! =� 1 /
�
�h= � 1j ^� int j=i

�
�2 / =– (2.26)

where the rate is proportional to the phonon occupation= because the probability

of removing a phonon scales with the number of available phonons. This type of

interaction is activated when� = � l 1 in the sideband resolved regime and leads to

e�ective "cooling" of the acoustic resonator known assideband cooling.

On the other hand, the phonon creation rate is given by

� =! =¸ 1 /
�
�h=j ^� int j= ¸ 1i

�
�2 / = ¸ 1– (2.27)

where the additionaļ 1 accounts for spontaneous creation of phonons, a purely

quantum e�ect with no classical counterpart. This type of interaction is activated

when� = l 1 in the sideband resolved regime and is used for initialization of the

acoustic resonator into �rst excited state.
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The ratio of these scattering rates provides a direct measurement of the phonon

occupation:

� ¹� = l 1º
� ¹� = � l 1º

=
=th ¸ 1

=th
= 1 ¸

1
=th

– (2.28)

which can be rearranged to give the phonon occupation:

=th =
1

�
� ¹�= l 1º

� ¹�= � l 1º

�
� 1

• (2.29)

This method enables thermometry down to the single-phonon level and is widely

used in quantum optomechanics experiments to assess thermal and coherent phonon

populations.

2.4 Piezoelectricity

Figure 2.2: Microwave-acoustic interaction a,Wurtzite crystal structure of alu-
minum nitride (AlN), illustrating its non-centrosymmetric unit cell, which is es-
sential for piezoelectricity (source: Wikipedia).b, Schematic of a piezoelectric
element sandwiched between two electrodes, demonstrating its ability to convert RF
waves into acoustic waves and vice versa.

Piezoelectricity is a fundamental property of certain crystalline materials that en-

ables the direct coupling between mechanical and electrical domains. This coupling

arises from the intrinsic asymmetry of the crystal structure, which lacks a center

of inversion, creating a direct relationship between mechanical strain and electric

polarization. Figure 2.2a shows the aluminum nitride Wurtzite crystal structure

showing lack of inversion symmetry. This e�ect was �rst discovered by Jacques

and Pierre Curie in 1880 [17], who observed that certain crystals, such as quartz

and Rochelle salt, generate an electric charge when subjected to mechanical stress.
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Today, materials like aluminum nitride (AlN), lithium niobate (LN), and Barium

Titanate (BTO) are widely used for their strong piezoelectric responses, making

them essential for a range of applications, including sensors and actuators.

At the microscopic level, piezoelectricity is described by a linear coupling between

the mechanical deformation of a material and the resulting electric �eld. This rela-

tionship can be captured through the strain-charge form of the constitutive equations,

which link the mechanical stress tensor) 9 :, the strain tensor( 8 9, the electric �eld

� : , and the electric displacement �eld� 8. These equations are given as:

( 8 9= B�
8 9 :;) : ; ¸ 3:8 9� : – (2.30)

� 8 = n)
8 9� 9 ¸ 38 9 :) 9 :– (2.31)

where:

ˆ B�
8 9 :;is the elastic compliance tensor under a constant electric �eld,

ˆ n)
8 9is the permittivity tensor under constant stress,

ˆ 38 9 :is the piezoelectric tensor, which quanti�es the strength of the coupling.

The piezoelectric tensor38 9 : captures the unique coupling between the electrical

and mechanical domains. Its components depend on the crystal symmetry and

orientation. For materials like AlN, which have a hexagonal wurtzite structure, this

tensor is typically sparse, re�ecting the speci�c symmetry constraints of the crystal

lattice. The form of the piezoelectric tensor for AlN is:

38 9 :=
©
­
­
«

0 0 0 0 315 0

0 0 0 315 0 0

331 331 333 0 0 0

ª
®
®
¬

– (2.32)

where the non-zero components315, 331, and333 represent the primary piezoelectric

coe�cients for the material. For AlN, the bulk value are315 = � 3•84 [pC/N],

331 = � 1•92[pC/N], and333 = 4•96[pC/N]. The strength of these coe�cients varies

signi�cantly between di�erent materials, re�ecting di�erences in atomic bonding,

crystal orientation, and material composition. To achieve optimal coupling between
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RF and acoustic modes, the piezo-electrode sandwich geometry (see Figure 2.2b)

can be numerically optimized by carefully selecting the appropriate piezoelectric

coe�cients and electrode con�guration.

2.5 Microwave-optical transduction

The optomechanical and piezo elements can be integrated together with a microwave

resonator to transducer signals from microwave photons to optical photons. A

modal diagram for such a system is shown in Figure 2.3a, where the acoustic mode

is simultaneously coupled to both microwave and optical modes. The microwave

mode2̂ is a LC resonator that is externally coupled to a feedline at a rate^4–2and

has an intrinsic damping ratê8–2. The coupling Hamiltonian between microwave

resonator and acoustic photons is given by

^� int = 6pe

�
1̂y2̂ ¸ 1̂2̂y

�
(2.33)

where the piezoelectric coupling6pe can be derived from the perturbation theory:

6pe =
l 1

4
p

2* 1* c

¹

piezo
D1 � Ec 3+• (2.34)

The integral in equation above is evaluated over the entire piezo slab. Here,D1

represents the electric displacement �eld induced by mechanical motion within

the piezoelectric region, whileEc corresponds to the single-photon electric �eld

generated by the loaded microwave resonator across the electrodes. These �elds

are normalized to their respective zero-point energies,\ l 1•2, which gives rise to

the prefactor preceding the integral. The terms* 1 and* c denote the total acoustic

energy stored in the piezo region and the total electrostatic energy of the microwave

circuit. Figure 2.3b shows the lumped-element representation of the microwave-

optical transducer circuit, where the acoustic mode is a hybrid between the piezo

and a movable mirror.

Similar to the pure optomechanical circuit, the transducer can be operated in two

distinct modes depending on whether the drive laser is red- or blue-detuned with

respect to the optical cavity resonance frequencyl 0.

Direct frequency conversion

In this mode of operation, the drive laser is red-detuned by the mechanical frequency,

i.e., � = � l 1, which activates a beam-splitter type interaction between the optical
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Figure 2.3: Representation of an acoustic mediated microwave-optical trans-
ducer. a, Modal diagram of the system. The optical mode0̂ is coupled to an
external waveguide with external decay rate^4–0and intrinsic loss ratê8–0. The
acoustic modê1 couples to the optical and microwave mode modes at a rate� om
and6pe, and has an intrinsic damping rate^8–1. The microwave modê2 is coupled
to a transmission line with external decay rate^4–2and intrinsic loss ratê8–2. b,
Lumped-element representation of the transducer. The optical mode is represented
by the optical cavity, the acoustic mode by a mechanical resonator, and the mi-
crowave mode by a lumped-element circuit, illustrating the hybrid nature of the
system. The transducer operates by mediating energy transfer between microwave
and optical signals via the piezoelectric coupling of the acoustic mode.

and mechanical modes. Since the microwave mode also couples to the mechan-

ical mode via a beam-splitter interaction, this con�guration enables coherent and

reversible transfer of excitations between the microwave and optical domains. As

a result, the transducer facilitates direct frequency conversion between microwave

and optical photons.

Entanglement generation

In this mode of operation, the drive laser is blue-detuned by the mechanical fre-

quency, i.e.,� = l 1, which activates a two-mode squeezing type interaction between

the optical and mechanical modes. This interaction enables the creation of corre-

lated photon-phonon pairs. When the mechanical mode is coupled to a microwave

resonator, the process leads to the generation of entangled microwave and optical
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photons, which is useful for quantum communication and remote entanglement

protocols such as the DLCZ scheme [18].

We now derive an expression for the microwave-optical conversion e�ciency. For

simplicity, we assume the weak coupling regime6?4 � ^2 and� $" � ^0. Similar

to the optomechanical case, we can write the quantum Langevin equations in the

frequency domain as follows:

� 8l 0̂¹l º =
�
8� �

^0

2

�
0̂¹l º � 8� OM1̂¹l º ¸

p
^0–4̂0in¹l º (2.35)

� 8l 1̂¹l º =
�
� 8l 1 �

^8–1

2

�
1̂¹l º � 8� OM0̂¹l º � 86pe2̂ ¸

p
^8–1̂1in¹l º (2.36)

� 8l 2̂¹l º =
�
� 8l 2 �

^2

2

�
2̂¹l º � 86pe1̂ ¸

p
^8–2̂2in¹l º• (2.37)

We assume that the transducer is operated with microwave input2̂in and all fre-

quencies are resonant,l = l 1 = l 2 = � � , which gives us the following set of

equations:

� ^0

2

�
0̂ = � 8� OM1̂ (2.38)

� ^8–1

2

�
1̂ = � 8� OM0̂ � 86pe2̂ (2.39)

� ^2

2

�
2̂ = � 86pe1̂ ¸

p
^8–2̂2in• (2.40)

Rearranging above equations, we obtain

0̂

 
4� 2

OM

^0
¸

462
pe

^2
¸ ^8–1

!

= � 2
2� OM

^0

26pe
p

^2

r
^8–2

^2
2̂in• (2.41)

The output optical �eld0̂out is given by the input-output theory aŝ0out = �
p

^0–4̂0.

The microwave-optical transduction e�ciency is then given by

[ 2! 0 =

�
�
�
�
0̂out

2̂in

�
�
�
�

2

= ^4–0

�
�
�
�

0̂
2̂in

�
�
�
�

2

• (2.42)

Inserting Equation 7.7 into Equation 2.42, we obtain

[ 2! 0 = [ 0[ 2
4WOMWpe

¹^8–1̧ WOM ¸ Wpeº2
– (2.43)
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where similar to optomechanical scattering rate, we have de�ned microwave-acoustic

scattering rateWpe = 462
PE• ^2 for ^2 � 6PE. [ 0 = ^4–0• ^0 and[ 2 = ^4–2• ^2 are the

external coupling e�ciencies of optical and microwave modes. The transduction

e�ciency is maximized for the caseWpe = WOM which is the impedance matching

condition.
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C h a p t e r 3

OPTOMECHANICAL CRYSTALS

Among various optomechanical designs, optomechanical crystals (OMCs) have

emerged as a particularly attractive platform for quantum information processing,

quantum transduction, and for probing the fundamental material limits of dissipation.

OMCs are nanostructures engineered to simultaneously con�ne light and mechanical

vibrations within dielectric cavities at sub-wavelength scales [19]. These structures

can achieve signi�cant single-photon optomechanical coupling strengths, typically

on the order of6OM•2c � 1MHz [20], enabling interaction between gigahertz-

frequency mechanical resonances and optical photons at telecom wavelengths.

3.1 Photonic crystals

Photonic crystals are materials with a spatially periodic dielectric function, such

that

Y¹rº = Y¹r ¸ Rº– (3.1)

whereR denotes a lattice translation vector. This periodic modulation in refractive

index leads to Bragg scattering, which can inhibit the propagation of electromagnetic

waves within speci�c frequency ranges�forming what is known as aphotonic

bandgap.

Starting from Maxwell's equations, the wave equation for the magnetic �eld in such

periodic media can be written as

r �
�

1
Y¹rº

r � H¹rº
�

=
� l

2

� 2
H¹rº– (3.2)

wherel is the optical frequency and2 is the speed of light. The solutions to this

equation take the form of Bloch waves,

H¹rº = H048k�rDk ¹r º– (3.3)

with k being the wavevector andDk ¹r º a function that shares the periodicity of the

lattice.

By solving this eigenvalue problem for allk in the Brillouin zone, one obtains the

photonic band structure, which de�nes the allowed and forbidden frequency ranges
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Figure 3.1:Photonic crystals. a,A photonic crystal consists of periodic regions
of high and low refractive index, which create destructive interference that re�ects
incident electromagnetic waves.b, A one-dimensional photonic crystal structure
composed of a periodic array of elliptical elements.c, Perspective view of a single
unit cell from the 1D photonic crystal shown in panel b.d, The optical band
structure, with the red shaded region indicating the frequency range where wave
propagation through the crystal is forbidden (the photonic bandgap). The slanted
line denotes the edge of the light cone, while the grey shaded region lies inside the
light cone. The solid and dashed red curves represent the optical modes that de�ne
the edges of the bandgap.

for wave propagation. This concept is illustrated in Fig. 3.1a, where periodic mod-

ulation of the refractive index leads to Bragg re�ection of incident electromagnetic

waves, preventing their transmission through the structure and resulting in a pho-

tonic bandgap, a frequency range in which light propagation is forbidden due to
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destructive interference.

Figure 3.1b shows a practical implementation of a 1D photonic crystal using a

periodic array of elliptical air holes in a dielectric waveguide. In such structures,

light is con�ned in the transverse directions by total internal re�ection and guided

along the longitudinal axis, while the photonic bandgap restricts propagation within

the periodic region.

Fig. 3.1c presents a perspective view of the unit cell from panel b, showing the ge-

ometry of a single elliptical hole in a dielectric block. Fig. 3.1d shows the computed

optical band structure. The shaded red region marks the photonic bandgap, while

the solid and dashed red lines indicate the optical modes that de�ne its boundaries.

The grey area represents the light cone, and the slanted line denotes its edge. Optical

modes lying above this cone are not well-con�ned and tend to leak into free space.

3.2 Phononic crystals

Periodic structuring of dielectric materials can also be employed to control the

propagation of mechanical (acoustic) waves. Much like photonic crystals inhibit

light propagation within certain frequency ranges via Bragg interference, phononic

crystals exhibitphononic bandgaps�frequency bands where elastic waves cannot

propagate through the medium. These bandgaps arise from periodic modulation of

the material's elastic properties or mass density.

The distinct physical properties of optical and acoustic waves lead to very di�erent

frequency scales, even when the structures con�ning them are of similar physical

dimensions. The frequency of a wave in a periodic medium is determined by the

dispersion relation:

5 =
E
_

– (3.4)

where5 is the frequency,Eis the phase velocity of the wave, and_ is its wavelength

in the medium.

For optical waves at telecom wavelengths, the wavelength in vacuum is_0 � 1•5 ` m,

and the phase velocity in a dielectric material with refractive index= is Eopt =

2•= � 2 � 108 m•s (for = � 1•5). Using the vacuum wavelength to calculate the

corresponding frequency:

5a �
2
_0

=
3 � 108 m•s
1•5 � 10� 6 m

� 200 THz• (3.5)
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In contrast, acoustic waves in the same material (say Silicon) typically travel at

Eb � 5 � 103 m/s. Using a similar wavelength scale (_b � 1 ` m), the corresponding

acoustic frequency is:

5b �
5 � 103 m•s
1 � 10� 6 m

= 5 GHz• (3.6)

This large di�erence in wave velocities allows for photonic and phononic bandgaps

to coexist in structures with similar feature sizes, enabling simultaneous control over

both light and sound in engineered materials.

3.3 Optomechanical crystal cavities

Optomechanical crystal (OMC) cavities are engineered nanostructures that simulta-

neously con�ne optical and mechanical modes by leveraging the bandgap properties

of periodic photonic and phononic crystals. These structures act as mirrors for both

light and sound, creating cavities with co-localized photon and phonon modes.

The con�nement is achieved by introducing a local defect into a perfect periodic

crystal, such as modifying the unit cell spacing or shape. This defect breaks the

crystal's translational symmetry, creating a region where both optical and mechan-

ical modes can resonate within the bandgaps. The surrounding crystal acts as a

mirror, suppressing wave propagation at the target frequencies and trapping energy

in the defect, similar to a Fabry-Pérot resonator.

Figure 3.2a illustrates this concept in a 1D photonic crystal cavity, where a few central

periods have altered refractive index, allowing an optical mode to localize in the

center. Similarly, Fig. 3.2b and shows the simulated optical and mechanical modes

of a 1D OMC. These modes are typically co-localized in the same defect region

and overlap signi�cantly, which is essential for achieving strong optomechanical

interaction.

To ensure that the optical and acoustic modes are both well-con�ned and experience

minimal scattering losses, the defect must be designed with care. Tapered transitions

between the defect and mirror regions help reduce radiation loss, especially for

optical modes. Optical losses can also be quanti�ed in terms of optical quality

factor which is the ratio of optical frequencyl 0 and the decay ratê0

&opt =
l 0

^0
• (3.7)

In one-dimensional OMCs, optimized device designs have demonstrated optical

quality factors as high as1•2 � 106 [20].
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Figure 3.2: Optomechanical crystals. a,Illustration of the concept of optome-
chanical crystal cavity with localized optical and acoustic defect surrounded by the
`mirror' region that re�ects optical and acoustic waves.b, FEM-simulated mode
pro�le of the fundamental optical resonance (� H component of the electric �eld),
with red (blue) indicating positive (negative) �eld amplitude. The corresponding
acoustic displacement pro�le is shown at the bottom, where the magnitude of the
displacement is represented by color (large displacement in red, zero displacement
in blue).

3.4 Optomechanical coupling

Following Equation 2.6, optomechanical coupling in optomechanical crystals can

be derived using a perturbative approach:

6OM =
3l 0

3U
Gzpf– (3.8)

whereU is a generalized coordinate representing the amplitude of the mechanical

mode, andGzpf is the zero-point �uctuation associated with the mechanical oscillator

(as de�ned in the previous chapter).
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To compute the shift3l 0•3U, we apply �rst-order electromagnetic perturbation

theory. The total shift is typically decomposed into two parts: the moving boundary

(MB) and the photoelastic (PE) contributions:

3l 0

3U
=

�
3l 0

3U

�

MB
¸

�
3l 0

3U

�

PE
• (3.9)

The MB term arises from the physical motion of dielectric boundaries caused by

mechanical deformation, which perturbs the optical mode by changing the boundary

conditions. The PE term originates from strain-induced changes in the refractive

index within the material (via the photoelastic e�ect), leading to a shift in the optical

mode frequency due to the modi�ed dielectric environment.

Moving Boundary Contribution:

�
3l 0

3U

�

MB
= �

l 0

2

¯ �
� YjEkj2 � � Y� 1jD? j2

�
q � =̂ 3�

¯
+ YjEj23+

• (3.10)

Here,q¹r º is the normalized mechanical mode shape,=̂ is the outward-pointing unit

normal vector, and� Y = Ydiel � Yvac is the dielectric contrast across the boundary

The integration is performed over all surfaces of the geometry.

Photoelastic Contribution:
�
3l 0

3U

�

PE
= �

l 0

2

¯
+ Y2� �

8� 9?8 9 :;( : ; 3+
¯
+ YjEj23+

– (3.11)

where?8 9 :; is the rank-4 photoelastic tensor and( : ; = 1
2 ¹m: @; ¸ m;@: º is the lin-

earized strain tensor derived from the displacement �eldq¹rº. The integration is

performed over the dielectric volume of the geometry.

With the knowledge of material properties such as permittivityY, densityd, and

the photoelastic tensor?8 9 :;, we can numerically evaluate6OM for arbitrary device

geometries and material systems using simulated optical and mechanical eigenmodes

[21, 22]. In one-dimensional OMCs, optimized device designs have demonstrated

vacuum optomechanical coupling rates as high as6OM•2c � 1•1MHz [20].

3.5 Two-dimensional optomechanical crystals

Having introduced principles of optomechanical crystals and optomechanical cou-

plings, we will go through the process of designing two dimensional optomechanical
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crystal (2D-OMC) cavity and the optical coupling waveguide. 2D OMCs provide

signi�cant advantages over their one-dimensional counterparts, including improved

lateral optical con�nement, higher achievable optical quality factors [23], and en-

hanced thermal conductance to the substrate for better heat dissipation which we

will explore in detail in the following chapter.

Figure 3.3: 2D OMC unitcell and band structure. a, Unit cell of a 2D op-
tomechanical crystal (OMC) design in a 220 nm thick silicon device layer.b, c,
Dimensions of the snow�ake and �shbone unit cells, respectively.d, e, Optical
and acoustic band structures of the unit cell in (a). Only even-symmetry (f I = ¸ 1)
optical modes are shown. The solid red curves highlight the target bands of inter-
est, while dashed red curves represent other guided modes that de�ne the photonic
and phononic bandgaps. Green dash-dotted lines indicate the localized optical and
acoustic cavity modes. The black curves in (e) correspond to modes of di�erent
symmetry.

To design a 2D OMC, we begin with a snow�ake crystal based on a hexagonal

lattice, which supports simultaneous photonic and phononic bandgaps in the near-

infrared and gigahertz frequency ranges, respectively [24]. A line-defect is created

by replacing one row of snow�akes with a specially engineered ��shbone� unit cell,

forming a waveguide capable of con�ning both optical and acoustic modes. The

schematic of the resulting waveguide geometry is shown in Fig. 3.3a, with detailed



29

dimensions of the snow�ake and �shbone unit cells illustrated in Figs. 3.3b and 3.3c,

respectively.

Due to fabrication constraints from state-of-the-art lithography and etching pro-

cesses, these geometries exhibit �nite radii of curvature, which are accounted for

in numerical simulations. Measurements indicate typical radii in the range of 30�

40 nm for both snow�ake and �shbone features.

The optical band structure is shown in Fig. 3.3d, highlighting a photonic bandgap that

spans from 190 to 210 THz. The plot includes only optical bands with even vertical

mirror symmetry, i.e.,f I = ¸ 1. In an ideal crystal, modes with di�erent symmetries

do not couple. However, fabrication-induced disorder can break these symmetry

constraints, leading to mode mixing and degradation of the optical quality factor.

The slanted black line represents the light cone. The solid red line corresponds to

the optical mode of interest, which de�nes the upper edge of the optical bandgap.

The green dash-dotted line in the band structure indicates the target frequency for

an optical cavity mode.

Note that the mode de�ning the lower edge of the bandgap is mainly localized in

the dielectric and is referred to as thedielectric-mode, while the mode de�ning

the upper edge is primarily localized in the air slots and is termed theair-mode

[25]. For 1D-OMCs, the mode of interest is typically the dielectric-mode, where the

dominant contribution to the optomechanical coupling arises from the photoelastic

e�ect. In contrast, if the mode of interest is the air-mode, the moving boundary

contribution can dominate the optomechanical coupling. This o�ers greater design

�exibility for optimizing the coupling. However, a key drawback of air-modes is

their sensitivity to surface roughness, which can limit the achievable optical quality

factors. The highest quality 2D-OMC cavities, which aim to maximize optical

Q-factors, typically rely on the dielectric-mode as the mode of interest [23].

Figure 3.3e shows the acoustic band structure. The solid red curve highlights the

acoustic mode of interest, while the dotted red curve indicates other guided acoustic

modes that de�ne the bandgap. Black curves represent modes of di�erent symmetry.

The green dash-dotted line marks the frequency of a target acoustic resonance.

It is important to design the acoustic mode of interest with strong dispersion (i.e.,

a large group velocity), as this reduces its sensitivity to fabrication-induced disor-

der. In contrast, the �rst 2D-OMC geometry [26], based on snow�ake structures,

employed a defect waveguide that exhibited �at dispersion for the relevant acoustic
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mode and shows acoustic mode-splitting in the spectroscopy. Such signatures of

multi-mode splitting are also observed in more recent work at high optical pow-

ers [27]. This limitation was carefully addressed in the previous work from our

group [28].

The �nal step in the 2D OMC cavity design involves introducing a taper to the

waveguide in Figure 3.3a along theG-axis, the propagation direction of both optical

and acoustic modes. This is achieved by gradually modifying the geometric param-

eters of the �shbone unitcell,¹� 8– F8– �>– F>º, such that the modulation increases

approximately quadratically with distance from the center of the cavity (Fig. 3.4a,b).

This spatial variation induces a corresponding quadratic shift in the frequencies of

the waveguide modes along the propagation axis. For optical and acosutic waveg-

uide modes of interest at the edge of the bandgap, this frequency modulation leads

to mode localization, thereby forming a con�ned cavity mode within the respective

bandgaps.

Figure 3.4c (top) shows the y-component of the Electric �eld for the localized optical

cavity. The optical energy of the cavity is mainly localized in the air slots with >80%

contribution while the rest is in silicon. We obtain simulated optical quality factor

&0 ¡ 10 � 106. Figure 3.4d shows the total displacement pro�le of the localized

acoustic resonator with the excitation decaying quickly outside the defect region.

3.6 Design optimization of 2D OMC cavity

In 1D-OMCs, the dominant contribution to the optomechanical coupling rate comes

from the photoelastic e�ect, whereas the contribution from the moving boundary is

either negative or very small. Figure 3.5(a) illustrates the various boundaries within

a 1D-OMC that contribute to the optomechanical coupling. The inner boundaries

of the ellipses exhibit a phase opposite to that of the outer boundaries. The simu-

lated 1D-OMC geometry has a total6OM•2c = 967kHz, out of which 920 kHz is

the contribution due to photoelastic coupling,6OM,PE•2c. The moving boundary

contribution from the inner boundaries (adjacent to ellipses) and the outer bound-

aries (outer edges),6OM,MB-in•2c and6OM,MB-out•2c are -341 kHz and 388 kHz,

respectively, leading to net 47 kHz moving boundary contribution.

For 2D-OMC, all the moving boundaries are designed to be in-phase, resulting in

a net positive contribution to the optomechanical coupling, as depicted in Figure

3.5(b). Furthermore, the moving boundary contribution can be signi�cantly en-

hanced by reducing the gap size� > � � 8. Figure 3.5(c) shows6OM,PE•2c, 6OM,MB•2c
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Figure 3.4: 2D OMC geometry. a, b,Variation of �shbone unitcell parameters
(� 8– F8– �>– F>) from left to right to create a localized optical and acoustic cavity.
c, (top) FEM-simulated mode pro�le of the fundamental optical resonance (� H
component of the electric �eld) atl 0•2c = 194THz, with red (blue) indicating
positive (negative) �eld amplitude. The corresponding acoustic displacement pro�le
for the fundamental acoustic resonance atl 1•2c = 10•3 GHz is shown at the bottom,
where the magnitude of the displacement is represented by color (large displacement
in red, zero displacement in blue).

and total optomechanical coupling6OM•2c as a function of� > � � 8. For comparison,

the 6OM•2c for 1D-OMC is in the range 900 kHz - 1.1 MHz. For each value of
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� > � � 8, we run Nelder-Mead Simplex algorithm [28] to optimize the coupling rate.

For gap size of 20 nm,6OM•2c of 2.45 MHz have been obtained numerically. Exper-

imentally, gap sizes as small as 30 nm have been realized in thin �lm SOI [29] using

standard nano-fabrication techniques. Additionally, self assembly techniques have

been used to realize gap sizes as small as 2 nm in a bow-tie cavity architecture [30].

However, we note that with smaller gaps, the optical Q factors become sensitive to

surface roughness as more electric �eld intensity is concentrated in smaller gaps

[31], which ultimately limits the optomechanical scattering rateWOM. In our design,

we limit the minimum gap size to¡ 70nm which leads to theoretical6OM•2c � 1•2

MHz.

Figure 3.5: Numerical optimization of optomechanical crystals a, 1D OMC
breathing mode. The inner moving boundaries of the ellipses have opposite phase
compared to the outer boundaries at the edge of the nanobeam. Moving boundary
contribution to optomechanical coupling for inner boundaries,6OM,MB-in•2c = 341
kHz whereas that for outer boundaries,6OM,MB-out•2c = � 388 kHz. b, 2D OMC
breathing mode is designed to have only outer boundaries that constructively add
in phase to the photoelastic optomechanical coupling.c, shows the various con-
tributions to the optomechanical coupling rate as a function of the smallest gap
size � > � � 8 for 2D-OMC. The red datapoints show contribution from photoelas-
tic part6OM,PE•2c, the green datapoints show contribution from moving boundary
6OM,MB•2c and the magenta shows the total coupling rate6OM•2c. In comparison,
the optimized value of6OM•2c for 1D-OMC is in the range 900 kHz-1.1 MHz.
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