
PIEZOELECTRIC TRANSDUCTION OF SILICON NITRIDE
PHOTONIC SYSTEM

by

Hao Tian

A Dissertation

Submitted to the Faculty of Purdue University

In Partial Fulfillment of the Requirements for the degree of

Doctor of Philosophy

School of Electrical and Computer Engineering

West Lafayette, Indiana

May 2022



THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. Sunil A. Bhave, Chair

Elmore Family School of Electrical and Computer Engineering

Dr. Andrew M. Weiner

Elmore Family School of Electrical and Computer Engineering

Dr. Peter Bermel

Elmore Family School of Electrical and Computer Engineering

Dr. Chen-Lung Hung

Department of Physics and Astronomy

Approved by:

Dr. Dimitrios Peroulis

2



ACKNOWLEDGMENTS

I would like to firstly thank my Ph.D. advisor, Prof. Sunil A. Bhave, for his significant

advising about the device design, fabrication, testing of optomechanical devices, and any

problems met in the research. He can always bring up new ideas and inspire you deeply into

the topic. He fully supports me with research funding and encourages me to try different

methods. He provides me with lots of resources such as the collaboration with excellent

people all over the world, attending international conferences.

I would also thank my committee members, Prof. Andrew M. Weiner, Prof. Peter

Bermel, and Prof. Chen-Lung Hung, for providing valuable suggestions on my study and

research at Purdue. I can still remember the precious time I spent in Prof. Weiner’s class on

Ultra-fast optics. Many of the course materials were well designed and helped a lot during

my research, such as spectrum analysis, laser physics, and optical nonlinearity. I especially

want to thank Prof. Weiner for supporting experiments in their lab and borrowed me their

equipments, and thank Dr. Daniel E Leaird for organizing the experiments. Prof. Bermel

has been my Master degree advisor. I cherish his guidance during the early stage of my

research, where I learnt how to design an experiment, analyze the data, and present the

work scientifically. He helped me grow up from beginner to be able to conduct research

independently.

I’d like to thank my colleagues from the OxideMEMS and HybridMEMS groups, espe-

cially Dr. Bin Dong and Dr. Mert Torunbalci, Dr. Ben Yu, Dr. Yanbo He for their help-

on fabrication, device characterization, and valuable discussions. I really enjoy the past five

years spent with you in daily life, in the lab and cleanroom. You mental support encourages

me to keep trying and not give up when I stuck in the research.

I would also give my great appreciation to our collaborators from Prof. Tobias Kippen-

berg’s group in EPFL for fabricating and testing the high performance photonic devices.

Prof. Kippenberg has been one of the experts in optomechanics and Si3N4 photonics. His

full support keeps each of the research project going efficiently and smoothly. He can always

come up with genius ideas that bring the project into next level. Dr. Junqiu Liu has been

one of the experts in nano-fabrication, who continuously provides us with high quality Si3N4

3



photonic wafers. His believe in me encouraged me to keep working even though the first

several runs of the devices were failed, and only after two years we finally got the device

working. I want to thank Anat Siddharth, Dr. Rui Ning Wang, Terence Blésin, Dr. Jijun

He, Dr. Grigory Lihachev, Dr. Johann Riemensberger, Dr. Wenle Weng for their testing of

the optical devices and valuable discussion in each group meeting we had on Wednesday. I

really expected and enjoyed each Wednesday meeting where we shared ideas and discussed

the progresses we made.

I would like to thank Prof. Matteo Rinaldi’s group from Northeastern University for

providing us the high quality Sc doped AlN thin films for testing its piezoelectric tuning

of the optical microring resonatos. I want to thank William Zhu and Michele Pirro for

depositing the AlScN thin films.

I would like to thank our staff and engineers of our Birck Nanotechnology Center for their

support of keeping the cleanroom and labs running efficiently. I want to thank Joon Park

and Bill Rowe for fixing issues every time I met with the photolithography, thank Jeremiah

Shepard and Francis Manfred for maintaining the etching tools, thank Dave Lubelski and

Dan Hosler for training me on the deposition tools, thank Mary Jo and Kyle Corwin for

sending and receiving packages which connects us with other groups.

I would like to thank all the funding agencies, especially the NSF Quantum Information

Science and Engineering Network (QISE-NET) program which supports the research studies

of graduate students and get connected with other researchers in the field of quantum tech-

nology. I would also thank the OEM Group (now with Plasma therm) for providing high

quality AlN thin films for fabricating piezoelectric actuators, thank Radiant Technologies

for providing high performance PZT actuators, thank Prof. Matteo Rinaldi for providing

AlScN thin films.

I would like to finally give my thank to my family for supporting me during the hard

time of the Ph.D. studies, for encouraging me to explore the unknowns and keep curiosity,

and always staying with me and giving me the courage to overcome all the obstacles.

4



TABLE OF CONTENTS

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11 

LIST OF SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  29 

ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  32 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35 

1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37 

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37 

1.2 Piezoelectric tuning of a Si3N4 microring resonator . . . . . . . . . . . . . .  42 

1.2.1 Optical waveguide and ring resonator . . . . . . . . . . . . . . . . . .  42 

1.2.2 Piezoelectric effect . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45 

1.2.3 Photoelastic and moving boundary effects . . . . . . . . . . . . . . .  46 

1.3 Organization of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . .  50 

2 UNRELEASED PIEZOELECTRIC ACTUATION . . . . . . . . . . . . . . . . . .  53 

2.1 AlN actuator piezoelectric tuning . . . . . . . . . . . . . . . . . . . . . . . .  53 

2.1.1 Design of the AlN actuator . . . . . . . . . . . . . . . . . . . . . . . .  53 

2.1.2 Fabrication flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  57 

2.1.3 DC tuning of the optical resonance . . . . . . . . . . . . . . . . . . .  59 

2.1.4 Optimization of the waveguide placement . . . . . . . . . . . . . . . .  62 

2.1.5 Characterization of the tuning speed . . . . . . . . . . . . . . . . . .  66 

5



2.1.6 Strategies to improve the tuning speed . . . . . . . . . . . . . . . . .  73 

2.2 HBAR acousto-optic modulation . . . . . . . . . . . . . . . . . . . . . . . .  76 

2.2.1 HBAR AOM of Disk actuator . . . . . . . . . . . . . . . . . . . . . .  76 

2.2.2 Analysis of mechanical dispersion . . . . . . . . . . . . . . . . . . . .  79 

2.2.3 HBAR AOM of Donut actuator . . . . . . . . . . . . . . . . . . . . .  82 

2.2.4 Electromechanical cross-talk between adjacent actuators . . . . . . .  83 

2.2.5 Strategy for mitigating HBAR resonances . . . . . . . . . . . . . . .  85 

2.3 AlScN actuator piezoelectric tuning . . . . . . . . . . . . . . . . . . . . . . .  88 

2.4 PZT actuator piezoelectric tuning . . . . . . . . . . . . . . . . . . . . . . . .  89 

2.4.1 DC tuning with PZT actuator . . . . . . . . . . . . . . . . . . . . . .  89 

2.4.2 Co-integration with a thermal heater . . . . . . . . . . . . . . . . . .  92 

2.4.3 Characterization of the tuning speed . . . . . . . . . . . . . . . . . .  94 

2.4.4 HBAR AOM of the PZT actuator . . . . . . . . . . . . . . . . . . . .  96 

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  97 

3 PIEZOELECTRIC CONTROL OF SOLITON MICROCOMBS . . . . . . . . . .  100 

3.1 Optical Kerr frequency comb . . . . . . . . . . . . . . . . . . . . . . . . . . .  100 

3.2 Voltage controlled soliton states . . . . . . . . . . . . . . . . . . . . . . . . .  104 

3.3 HBAR induced PDH error signal . . . . . . . . . . . . . . . . . . . . . . . .  106 

3.4 Stabilization of the Kerr frequency comb . . . . . . . . . . . . . . . . . . . .  108 

3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  110 

6



4 RELEASED PIEZOELECTRIC ACTUATION . . . . . . . . . . . . . . . . . . .  111 

4.1 Design of the released piezoelectric actuator . . . . . . . . . . . . . . . . . .  111 

4.2 Fabrication processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  116 

4.3 DC optical resonance tuning . . . . . . . . . . . . . . . . . . . . . . . . . . .  117 

4.4 Tuning dynamics and speed . . . . . . . . . . . . . . . . . . . . . . . . . . .  121 

4.5 GHz acousto-optic modulation via bulk acoustic resonance . . . . . . . . . .  125 

4.6 Released HBAR with AlScN actuator . . . . . . . . . . . . . . . . . . . . . .  130 

4.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  131 

5 MAGNETIC-FREE SILICON NITRIDE INTEGRATED OPTICAL ISOLATOR  134 

5.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  134 

5.2 Design of the integrated optical isolator . . . . . . . . . . . . . . . . . . . . .  135 

5.2.1 Working principle and design . . . . . . . . . . . . . . . . . . . . . .  135 

5.2.2 Theoretical analysis via the coupled mode theory . . . . . . . . . . .  137 

5.2.3 Numerical simulation of the spatio-temporal modulation . . . . . . .  142 

5.2.4 Device fabrication and characterization . . . . . . . . . . . . . . . . .  143 

5.3 Characterization of the on-chip optical isolation . . . . . . . . . . . . . . . .  149 

5.3.1 Measurement set-up for the isolator . . . . . . . . . . . . . . . . . . .  149 

5.3.2 Dependency on the RF phases . . . . . . . . . . . . . . . . . . . . . .  150 

5.3.3 Dependency on the RF power . . . . . . . . . . . . . . . . . . . . . .  154 

5.3.4 Detuning of the optical mode spacing . . . . . . . . . . . . . . . . . .  159 

7



5.3.5 Comparison with the Floquet analysis . . . . . . . . . . . . . . . . .  161 

5.3.6 Time domain optical isolation . . . . . . . . . . . . . . . . . . . . . .  162 

5.3.7 Dependency on the optical power . . . . . . . . . . . . . . . . . . . .  162 

5.3.8 Results of the over-coupled device . . . . . . . . . . . . . . . . . . . .  163 

5.4 Frequency shifter and polarization rotator . . . . . . . . . . . . . . . . . . .  165 

5.5 Comparison with the state of the art . . . . . . . . . . . . . . . . . . . . . .  169 

5.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  172 

5.6.1 Outlook on future applications and improvements . . . . . . . . . . .  172 

6 QUANTUM MICROWAVE TO OPTICAL CONVERTER . . . . . . . . . . . . .  176 

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  176 

6.2 Theoretical analysis with Coupled Mode Theory . . . . . . . . . . . . . . . .  179 

6.2.1 Relation between η and optomechanical S21 . . . . . . . . . . . . . .  183 

6.2.2 Derivation of Vπ from S21 . . . . . . . . . . . . . . . . . . . . . . . .  186 

6.2.3 Efficiency of the isolator device . . . . . . . . . . . . . . . . . . . . .  186 

6.3 Device design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  187 

6.4 Experimental realization with 22 µm radius device . . . . . . . . . . . . . . .  193 

6.4.1 Challenge 1: releasing of the chip edge . . . . . . . . . . . . . . . . .  194 

6.4.2 Challenge 2: nonuniform releasing of the actuator . . . . . . . . . . .  194 

6.4.3 Challenge 3: non-ideal optical modes . . . . . . . . . . . . . . . . . .  195 

6.4.4 Challenge 4: undesired HBAR beneath the signal pad . . . . . . . . .  196 

8



6.5 Estimation of efficiency η and g0 . . . . . . . . . . . . . . . . . . . . . . . . .  197 

6.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  199 

7 OUTLOOK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  201 

7.1 Hybrid integrated quantum systems . . . . . . . . . . . . . . . . . . . . . . .  201 

7.1.1 Piezoelectric programmable photonic circuits . . . . . . . . . . . . . .  206 

7.1.2 Photonic synthetic dimension enabled by HBAR AOM . . . . . . . .  207 

7.1.3 Classical readout and control of superconducting qubit . . . . . . . .  210 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  213 

A ANALYTIC ANALYSIS OF ELECTRO-OPTOMECHANICAL RESPONSE . . .  241 

A.1 Electromechanical model of HBAR mode . . . . . . . . . . . . . . . . . . . .  241 

A.2 Electromechanical S11 reflection parameter . . . . . . . . . . . . . . . . . . .  246 

A.3 Mechanical dispersion analysis . . . . . . . . . . . . . . . . . . . . . . . . . .  247 

A.4 Electromechanical coupling and acousto-optic overlap . . . . . . . . . . . . .  251 

B DESIGNING THE OPTICAL WAVEGUIDE FOR TE-TM MODE COUPLING  254 

B.1 Design of quasi-square optical waveguide . . . . . . . . . . . . . . . . . . . .  254 

B.2 Calibration of the azimuthal order difference ∆m . . . . . . . . . . . . . . .  256 

VITA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  258 

LIST OF PUBLICATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  259 

9



LIST OF TABLES

2.1 Comparison of the piezoelectric tuning with different design parameters for both
AlN, AlScN, and PZT actuators. . . . . . . . . . . . . . . . . . . . . . . . . . .  97 

2.2 Comparison with the piezoelectric tuning demonstrated in the literature. All
the works here are unreleased structure, and the optical waveguide is made from
Si3N4. MZI: Mach-Zehnder interferometer. The FSR for each optical ring is as
labeled. Vπ · L has unit of V·cm, and is estimated from the resonance tuning for
the microring structure. The last three rows compare with thermo-optic tuning.
WG: waveguide. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  99 

4.1 Comparison of the piezoelectric tuning with different design parameters. . . . .  131 

4.2 Comparison with the piezoelectric tuning demonstrated in the literature. All
the works here are released structure, and the optical waveguide is made from
Si3N4. The FSR for each optical ring is as labeled. Vπ · L has unit of V·cm,
and is estimated from the resonance tuning for the microring structure. BW:
bandwidth, which is also the frequency of the fundamental mechanical mode. .  132 

5.1 Fitting parameters of the MBVD model of HBAR at 2.958 GHz. . . . . . . . .  148 

5.2 Comparison of optical non-reciprocal devices realized using different schemes: MO
(magneto-optic), NL (nonlinear optics), OM (optomechanical), SBS (stimulated
Brillouin scattering), SM (synthetic magnetic field), and ST (spatio-temporal
modulation). IL: Insertion loss. The three devices with 950, 850, and 600 nm
gaps shown in this work are listed separately. A commercial bulk optical isolator
is listed for comparison. a: Non-reciprocal sideband modulation. b: Optical
pump power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  171 

6.1 Comparison with experimental demonstrations of microwave to optical converters
in the literature using electro-optic (EO) or piezo-optomechanical (OM) methods.
Note the “isolator” device is the same device presented in the last chapter and
driven with a single optical mode. The proposed device is with two optical modes.  192 

6.2 Summary of the parameters for the isolator device, current first-generation 22
µm-radius device, and projected future goals. . . . . . . . . . . . . . . . . . . .  199 

A.1 Material properties of each layer employed in the analytic model . . . . . . . . .  246 

A.2 Effective cavity length at different resonant conditions. The effective boundary
condition at each interface is compared. . . . . . . . . . . . . . . . . . . . . . .  250 

10



LIST OF FIGURES

1.1 Schematics of stress-optical tuning. (a) A piezoelectric actuator is placed
on top of an optical waveguide (blue). Upon external electric signal, the
piezoelectric film will deform and generate stress distribution crossing the
waveguide (red dashed lines). The boundary of the waveguide will displace
(dark blue dashed lines) and thus change the shape of the waveguide. (b)
Released structure where the substrate is removed to suspend the actuator
for larger mechanical deformation. . . . . . . . . . . . . . . . . . . . . . . .  39 

1.2 Comparison of AOM between Surface and Bulk acoustic waves. Typical AOM
via surface acoustic wave where the optical waveguide is formed by either (a)
etching trenches into the piezoelectric film or (b) embedding the waveguide
near surface. The surface acoustic wave (violet curve) is excited by interdigital
electrode fingers (orange). (c) AOM via bulk acoustic waves proposed in
this work, which is excited vertically towards the substrate by piezoelectric
actuator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41 

1.3 (a) Cross-section of an optical waveguide. (b) Electric field distribution for TE
and TM optical modes. The white arrows denote the direction of electric field.
(c) Top view of an optical microring resonator. (d) Transmission spectrum of
a typical optical resonator. The dashed curve shows the shifting of the optical
resonances under piezoelectric tuning. . . . . . . . . . . . . . . . . . . . . .  43 

2.1 Schematics for the designed devices with (a) Disk shape and (b) Donut shape
actuators with silicon nitride ring resonator (blue) having different relative
positions. (c) and (d) are the cross-sections for Disk and Donut devices along
black dashed lines in (a) and (b), respectively. (e), (f) COMSOL simulation
of horizontal stress distribution around optical waveguide under +60 V DC
biasing for Disk and Donut devices, respectively. The overlaid gray arrows
denote the local mechanical displacement with the biggest arrow scaling as 1
nm. Reprinted from Ref. [ 12 ]. . . . . . . . . . . . . . . . . . . . . . . . . .  54 

2.2 Static stress distribution in z and φ directions. (a) and (b) show the numerical
simulation of vertical z stress distribution under +60 V DC biasing for the
Disk and Donut devices, respectively. Both of them show extensional stress
around the waveguide. (c) and (d) are out of plane (tangential to the optical
ring) stress distributions for Disk and Donut devices. They present different
sign inside the waveguide, since the optical ring of the Disk device expands
while the Donut device squeezes. Reprinted from Ref. [ 12 ]. . . . . . . . . .  55 

2.3 Fabrication flow for the unreleased AlN piezoelectric actuator. . . . . . . . .  56 

2.4 (a) Optical microscope image and (b) false color SEM around Disk actuator
corner as labeled in white dashed box in (a) for Disk device. (c) Optical
microscope image and (d) false color SEM around actuator corner for Donut
device. Reprinted from Ref. [  12 ]. . . . . . . . . . . . . . . . . . . . . . . . .  57 

11



2.5 (a) Transmission spectrum of one resonance of TE and TM polarization mode
for Disk device under +60 V (blue), 0 V (black), and -60 V (red). The x axis
represents wavelength shifts relative to resonant wavelength λ0 (∼1550 nm)
of each mode. The tuning direction reverses for opposite voltages, demon-
strating bi-directional tuning. (b) Dependence of resonant wavelength detune
on voltages. Experimental results (squares) show high linearity for both TE
(pink) and TM (cyan) modes, with R2 > 99% linear fitting (straight lines).
(c) Influence of piezoelectric actuation on the optical quality factor Q for TE
and TM modes, which verifies that the actuation will not influence the optical
Q. Reprinted from Ref. [ 12 ]. . . . . . . . . . . . . . . . . . . . . . . . . . . .  58 

2.6 (a) Transmission spectrum of one resonance of TE and TM polarization mode
for Donut device under +60 V (blue), 0 V (black), and -60 V (red). (b)
Dependence of resonant wavelength detune on voltages. Experimental results
(squares) show high linearity for both TE (pink) and TM (cyan) modes, with
R2 > 99% linear fitting (straight lines). (c) Influence of piezoelectric actuation
on the optical quality factor Q for TE and TM modes. Reprinted from Ref.
[ 12 ]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  59 

2.7 Current-Voltage relation for the capacitor-like AlN actuator. Black square is
the experimental results, which the red dashed line is the linear fitting. . . .  60 

2.8 (a) Resonance shift versus applied voltage in forward and backward directions,
showing the small hysteresis. V incr. / decr.: voltage increase / decrease;
meas.: measured data. (b) Resonance shift for TE resonances in the wave-
length range from 1500 nm to 1630 nm, when the applied voltage changes
from -100 V to +150 V. The wavelength-dependent tuning results from a 5.3
MHz change of the FSR due to the piezoelectric actuation. Reprinted from
Ref. [ 121 ]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  61 

2.9 (a) COMSOL simulation of the tuning efficiency for Disk device under different
relative shift between the waveguide and the top electrode’s outer edge. The
definition of the shift is as shown in the inset and the arrow denotes the
positive shift direction. Both TE (red) and TM (blue) modes are shown. (b)
Distribution stress of σr for different shifts from left to the right as labeled in
(a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  63 

2.10 Examples of fabricated Disk devices with -8 µm (left), 0 µm (middle), and
8 µm shift. The blue dashed curve illustrates the position of the microring
resonator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  64 

2.11 Experimentally measured tuning efficiency for (a) Disk and (b) Donut actua-
tors. Both TE (red) and TM (blue) modes are measured. . . . . . . . . . . .  64 

2.12 Optical resonance tuning of TE (upper) and TM (lower) modes for (a) Disk
and (b) Donut device with optimal shift under ±60 V. . . . . . . . . . . . .  65 

12



2.13 (a) Image of measurement setup. The chip with devices of different sizes is
shown in the middle. (b) Tuning efficiency of TE (red) ad TM (blue) modes
for devices with different radius and thus FSR. (Courtesy of Anat Siddharth)  66 

2.14 Time domain response (black) to a large-signal input square wave (red) with
20 V Vpp. The repetition rate is increased from 100 kHz to 1 MHz (left to
right). The duty cycle of the square wave is 50%. . . . . . . . . . . . . . . .  67 

2.15 Fast Fourier Transform (FFT) of the 1 MHz repetition rate input and out-
put square waves in Fig.  2.14 . The position and frequency of each acoustic
resonance is as labeled. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  67 

2.16 (a) Time domain response (orange) to a small-signal square wave (gray) with
2 V Vpp, 1 MHz repetition rate, and a 50% duty cycle. (b) Time domain
response to short pulses with 20 V Vpp, 5 MHz repetition rate, and a 20 ns
pulse width, demonstrating ultra-fast (sub-ns) tuning speed. The inset shows
the normalized cross-correlation (black) between input and output signals
and the auto-correlation (red) of the input signal. The right Y axis in (a), (b)
denotes the resonant wavelength shifting relative to 0 V voltage, according to
a linear tuning of -0.2 pm/V. Reprinted from Ref. [  12 ]. . . . . . . . . . . . .  68 

2.17 6 GHz square wave driving at the frequency where mechanical resonances
disappear due to low mechanical Q. The electrical signal (gray) is measured
by an oscilloscope (Tektronix DSA8200) after 20 dB attenuation of the original
signal. The optical output shows clear oscillations with a frequency equal to
the driving field, illustrating GHz level piezoelectric actuation. Reprinted
from Ref. [  12 ]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69 

2.18 (a) Schematic of the setup for measuring electromechanical and optomechan-
ical response. ECDL: external cavity diode laser, PC: polarization controller,
DUT: device under test, PD: photo-diode, VNA: vector network analyzer.
(b) Electromechanical S11 and (c) optomechanical S21 spectrum response of
the piezoelectric transduction from 300 kHz to 100 MHz. The position and
frequency of each acoustic resonance is as labeled. . . . . . . . . . . . . . . .  71 

2.19 (a) Schematic of the device cross-section. (b) Numerical simulation of one
of the HBAR modes around 82 MHz, showing the vertical z displacement.
Acoustic standing wave is formed over the whole substrate. The mode is
axisymmetric around the vertical dashed line. . . . . . . . . . . . . . . . . .  72 

2.20 (a) Optomechanical S21 response at low frequency. The frequency is plotted
in log scale. (b) Simulation of typical mechanical modes of the entire photonic
chip, including flexural mode at 480 kHz, face-shear mode at 665 kHz, and
Lamé mode at 755 kHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  73 
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2.21 Optomechanical S21 responses of Disk actuator with single actuation (gray),
dual actuators with differential drive for a square Si3N4 chip (green), an
apodized chip (red), and an apodized chip on a carbon tape (blue). Inset:
numerical simulation of three mechanical modes of the square S21 chip and
the apodized chip (1.69 MHz). Photo of the apodized chip with the dual-
actuator configuration. Experimental schematic for differential driving of dual
actuators. (Courtesy of Anat Siddharth) . . . . . . . . . . . . . . . . . . . .  74 

2.22 Hybrid nanophotonic high-overtone bulk acoustic resonator (HBAR) plat-
form. 3D schematic illustrating excitation of bulk acoustic wave resonances
via a macroscopic piezoelectric actuator, which transmit vertically into the
stack and form acoustic standing waves inside the various acoustic Fabry-
Pérot cavities. The resonance enhanced mechanical stress changes the waveg-
uide’s effective index via the stress-optical effect, and thereby modulate the
output optical intensity. Reprinted from Ref. [ 12 ]. . . . . . . . . . . . . . .  75 

2.23 Microwave frequency electro-acousto-optic modulation. (a) Electromechani-
cal S11 spectrum from 1 to 6 GHz. A range of equidistant bulk acoustic res-
onances is found to exist over a broad frequency range. The inset schematic
illustrates the acoustic wave reflection at interfaces. (b), (c) Optomechanical
S21 responses of TE and TM modes demonstrate acousto-optic modulation
covering multiple octave-spanning microwave frequencies. Due to different
optical mode shapes (insets in (b) and (c)) and thus acousto-optic mode over-
lap, TE and TM modes show dissimilar S21 spectra. (d), (e) The zoom-in of
S11, and TE mode’s S21 within the window (green shaded area in (b)) around 2
GHz. (f) The zoom-in of TM mode’s S21 around 4 GHz in (c). The resonances
distribute evenly with an FSR of 17.5 MHz. Reprinted from Ref. [ 12 ]. . . . .  77 

2.24 (a) Numerical simulation of vertical stress σz distribution for one typical acous-
tic resonant mode at 2.041 GHz under 1 V driving field, with a zoom-in around
the optical waveguide (red box in (a)) shown in (b). At GHz frequencies, the
acoustic wavelength is similar in scale to optical wavelength and waveguide
structure. Reprinted from Ref. [  12 ]. . . . . . . . . . . . . . . . . . . . . . . .  78 
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2.25 Mechanical dispersion analysis of HBAR modes. (a) Calculated and (b) mea-
sured S11 spectrum showing good agreement between the electromechanical
model and experiment. Each green dashed line denotes the location of a reso-
nance from the SiO2 cavity. The inset in (b) illustrates the coupling between
Si, SiO2, and AlN cavities. (c) The measured (circle) and calculated (solid
line) frequency difference between each pair of adjacent Si resonances, showing
a periodic variation of local FSR around an average value of 17.5 MHz. Note
that the maxima of FSR align with green dashed lines where the SiO2 reso-
nances are located. (d) Measured (circle) and calculated (solid line) higher
order dispersion represented by the frequency deviation from an equidistant
frequency grid (with average FSR = 17.515 MHz), referencing to mode ν0 (=
3.0145 GHz, labeled as yellow dot). µ is the mode number difference relative
to the mode at 3.0145 GHz. . . . . . . . . . . . . . . . . . . . . . . . . . . .  80 

2.26 The same S11 and S21 measurements on the Donut device in GHz range.
(a) Electromechanical S11 spectrum from 1 to 6 GHz. Optomechanical S21
responses of (b) TE and (c) TM modes demonstrate effective stress-optical
modulation spanning a broad range of microwave frequencies. The Donut
device shows similar results as reported for the Disk device in the main text.
(d) and (e) show the zoom-in of S11 and S21 responses of TE mode within the
window (green shaded area) around 2 GHz in (b), while (f) shows the zoom-in
of TM mode’s S21 response around 4 GHz in (c). Reprinted from Ref. [ 12 ]. .  81 

2.27 (a) Numerical simulation of σz distribution for one typical acoustic resonant
mode at 2.125 GHz, with a zoom-in around the optical waveguide (red box)
shown in (b). Reprinted from Ref. [ 12 ]. . . . . . . . . . . . . . . . . . . . .  83 

2.28 Demonstration of low electromechanical cross-talk between adjacent actua-
tors. (a) Optical microscope image of the device with three closely placed
actuators. (b) (top) Two port electromechanical S21 measurement by driving
actuator 1 and sensing from actuator 2 as labeled in (a). (bottom) S11 reflec-
tion for device 1. The cross-talk between the two devices is as low as -60 dB
which guarantees compact integration. (c) Zoom-in of the measured S21 and
S11 responses in the green shaded region in (b). Reprinted from Ref. [ 12 ]. . .  84 

2.29 Fabrication flow for removing HBAR resonances by roughing the backside
surface of the Si substrate and pasting a layer of polyurethane (PU) epoxy
mixed with 3 µm nickle powder. . . . . . . . . . . . . . . . . . . . . . . . .  84 

2.30 (a) Cross-section of the device after roughing and then pasting polyurethane
(PU) epoxy (mixed with 3 µm Nickle powders) on the backside of the Si
substrate. (b) S11 and (c) S21 of the TM mode from 1 to 10 GHz after
damping acoustic resonances. The VNA responses become smoother with
only wide range envelope variation. Enabled only by AlN fundamental and
second harmonic resonances (green shaded regions), broadband modulation
can be achieved with 3 dB bandwidth of 250 MHz for each. Reprinted from
Ref. [ 12 ]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  85 
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2.31 S11 (top) and S21 (bottom) of the TM mode from 20 MHz to 1GHz after
damping acoustic resonances. The frequency is in log scale. . . . . . . . . .  86 

2.32 (a) Optical image for an AlScN actuator on an optical microring resonator
with 200 GHz FSR. (b) Cross-section of the device with 500 nm AlScN thin
film. (c) SEM image of one AlScN actuator. . . . . . . . . . . . . . . . . . .  87 

2.33 (a) Optical image for devices with different sizes. The FSR of each optical
ring resonator is as labeled. (b) The tuning efficiency for each device with
different FSR. All the devices are with the 8 µm shift, except for the 25 GHz
FSR device which has 10 µm shift. . . . . . . . . . . . . . . . . . . . . . . .  88 

2.34 (a) Optical image for a PZT actuator on an optical microring resonator with
100 GHz FSR. The dashed blue circle indicates the optical microring. (b)
False color SEM of the PZT actuator in (a). (c) False-colored SEM image of
the cross-section, showing the PZT actuator integrated on the Si3N4 photonic
circuit. The piezoelectric actuator is composed of Pt (yellow), PZT (green)
layers on top of the Si3N4 waveguide (blue) buried in SiO2 cladding. . . . . .  89 

2.35 (a) PZT piezoelectric tuning of a 100 GHz FSR optical resonator. The tuning
of the resonance under 5 V before (yellow) and after (blue) electrical poling
the PZT film are shown. (b) The shift of the optical resonance as the voltage
increases (red) and decreases (blue), showing slight hysteresis. . . . . . . . .  90 

2.36 (a) Optical image of one photonic chip with different sizes of devices. The
FSR of each type of device is as labeled. (b) The resonance tuning for devices
with different sizes as the voltage is increased. (c) The tuning efficiency for
devices with different FSR. . . . . . . . . . . . . . . . . . . . . . . . . . . .  91 

2.37 (a) Top: Optical image of the PZT chip containing 30 GHz and 100 GHz
FSR devices. Bottom: optical image of the PZT actuator co-integrated with
a heater surrounding the optical ring. The zoom-in in the red dashed box is
shown on the right. The optical waveguide is right beneath the edge of the top
metal as indicated by the blue dashed line. (b) Tuning of the optical resonance
for 30 GHz (top) and 100 GHz (bottom) FSR devices under different voltages.  92 

2.38 Thermal-optical tuning of the the optical resonance for (a) 100 GHz and (b)
30 GHz FSR devices. Over one FSR tuning can be achieved when voltage is
larger than 13 V for both of them. The lower panel shows the electrical power
and current under each voltage. The gray dashed line indicates the FSR for
each device. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  93 

2.39 Time domain modulation of the light output for (a) 100 GHz and (b) 30 GHz
FSR devices. The top and middle rows are square waves with 100 kHz and
500 kHz repetition rate, respectively. The bottom row is under electrical pulse
with 0.5 µs pulse width. The Vpp of the the square waves and pulse is 1 V
only. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  94 
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2.40 Zoom-in of the ringing down tail of the time domain switching under 100 kHz
square wave for the 100 GHz (black dots) and 30 GHz (blue dots) devices in
Fig.  2.39 . The decay is fitted exponentially for 100 GHz (red line) and 30 GHz
(red dashed line) to extract the time constant as labeled. The capacitance is
measured as shown in the inset. . . . . . . . . . . . . . . . . . . . . . . . .  95 

2.41 (a) Electromechanical S11 (top) and optomechanical S21 (bottom) responses
over a wide frequency range. (b) Zoom-in of S11 (top) and S21 (bottom) from
0.5 to 2 GHz, showing HBAR resonances of the PZT actuator. . . . . . . . .  96 

3.1 Schematics for the optical frequency comb in the time domain (a) and the
frequency domain (b). The carrier-envelope offset phase φCEO is defined as
the phase difference between the peak of envelope and the closest peak of
carrier. The discrete frequencies distribute evenly with interval frep, and the
offset frequency is fCEO. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  101 

3.2 Principle of the Kerr comb. The comb is firstly generated by the degener-
ate FWM process which converts two pump photons into evenly distributed
sidebands. As the power from pump is distributed to sideband, the FWM
is dominated by the non-degenerated version which generates new sidebands
and forces even frequency distribution. . . . . . . . . . . . . . . . . . . . . .  102 

3.3 (a) Schematic of the AlN actuator on top of a Si3N4 microring resonator.
CW light (green) is coupled into the resonator which generates dissipative
solitons (red pulses) at the output. The modulation signal applied to the AlN
actuator induces bulk acoustic waves (purple waves), which transduces the
modulation to all the comb lines of the generated soliton pulses (spectrum
at bottom right). (b) Optical image showing the Si3N4 microresonator (red
dashed line) with a disk-shape AlN actuator. (c) False-colour SEM image of
the sample cross-section, showing Al (yellow), AlN (green), Mo (red), Si3N4
(blue) and the optical TE mode (rainbow). The inset shows the schematic of
the cross-section. Reprinted from Ref. [ 121 ]. . . . . . . . . . . . . . . . . .  104 

3.4 (a) Experimental set-up for comb generation and control. OSC, oscilloscope;
FBG, fibre Bragg grating; OSA, optical spectrum analyser; PD, photodiode;
EOM, electro-optic modulator; VNA: vector network analyzer. (b) A typical
soliton step of millisecond length. (c) Optical spectrum for frequency comb at
different states under different voltages. PC: primary comb; MI: modulation
instability; MS: multi-soliton. (d) Resonance detuning measured by VNA.
The cavity resonance is initially 1 GHz smaller than the laser frequency, and
is then tuned to the laser and generates different comb states. (e) Optical
spectrum for single soliton states with different bandwidth when varying the
voltage. (f) Cavity and soliton resonance detuning in the soliton state with
different voltages. SS: single soliton. Reprinted from Ref. [ 121 ]. . . . . . . .  105 
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3.5 (a) Experimental set-up for On-chip generation of PDH error signals using
the HBAR modes induced by AlN actuation. LPF: low-pass filter; Amp.: RF
power amplifier. PDH error signal (blue) modulated at (b) 78.67 MHz and
(c) 114.1 MHz HBAR modes. The optical resonance is shown as the orange
curves. ∆f is the relative detune between the laser and the optical resonance.
Reprinted from Ref. [  121 ]. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  107 

3.6 Stabilization of the frequency comb over a long period of time. (a) Experi-
mental setup for locking the resonance to the laser and maintaining the soliton
detuning. OSC: oscilloscope; BPF: bandpass filter; FBG: fiber Bragg grating.
(b) Soliton stabilization over 5 hours. Three selected comb lines are shown
here with stability over 5 h. Reprinted from Ref. [ 121 ]. . . . . . . . . . . . .  108 

3.7 Stabilization of the repetition rate of the soliton. (a) Experimental setup used
to lock the microcomb to an electro-optic (EO) comb, and characterize the
in-loop phase noise of the beatnote signal between line no. -1 of the micro-
comb and line no. -13 of the EO comb. DSO, digital storage oscilloscope;
MZM, Mach–Zehnder modulator; EOM, electro-optic modulator; ESA, elec-
trical spectrum analyzer; PNA, phase noise analyser. (b) Schematic of soliton
repetition rate stabilization using an EO comb with 14.6974 GHz line spacing.
Line no. -1 of the microcomb and line no. -13 of the EO comb are locked and
referenced to a 60.0 MHz signal. (c) Measured beat-note signal of line no. -1
of the microcomb and line no. -13 of the EO comb, in the cases of locked and
free-running (unlocked) states. Resolution bandwidth (RBW) is 1 kHz. (d)
Measured phase noise of the beat signal in the locked (blue) and free-running
states (red), in comparison to the 60.0 MHz reference signal (black). The
locking bandwidth of the AlN actuator is 0.6 MHz. Reprinted from Ref. [ 121 ].  109 

4.1 Schematics of cross-section of the devices with different relative positions of
Si3N4 ring resonator for (a) 6 µm from tip edge, (b) 12 µm from tip edge, and
(c) right at the anchor. The thickness of each layer is labeled in each figure,
while the dimensions of the waveguide is 1.8 × 0.8 µm2. The relative position
of rotational axis of the device is shown as in (a), and the cylindrical coordinate
is employed. AlN sandwiched between Al and Mo serves as piezoelectric
actuator which will bend the membrane when we apply voltage. (d-f) shows
the FEM simulation of r direction displacement (top) and horizontal stress
distribution (bottom) around the waveguide for (a-c), respectively. As positive
60 V is applied, the membrane will bend downwards, and tune the resonant
wavelength by shrinking the ring mechanically and perturbing the refractive
index through the stress-optical effect. . . . . . . . . . . . . . . . . . . . . .  112 
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4.2 (a) Optical microscope of Device Edge 2. (b) Zoom-in optical microscope
images around waveguide coupling region for Device Edge 1 (top) and Device
Edge 2 (bottom), which corresponds to the white dashed rectangle in (a).
The relative position of ring resonator inside membrane is clearly shown. (c)
and (d) illustrate the optical microscope image of the whole device and zoom-
in near waveguide coupling region (white dashed region in (c)) for Device
Anchor, respectively. (e) and (f) show the false color SEM near red dashed
rectangle in (a) and (c) respectively. Yellow region is top Al electrode with
AlN (green) beneath it. Red is for released SiO2 membrane while blue is Si
substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  113 

4.3 (a) COMSOL simulation of total displacement distribution of device Edge 2
under 60 V DC voltage. COMSOL optical mode simulation for (b) TE (upper)
and TM (lower) modes respectively. . . . . . . . . . . . . . . . . . . . . . . .  114 

4.4 Schematics of fabrication flow for the released piezoelectric actuator. (a)
Cross-section of the device after fabrication of the Si3N4 ring resonator us-
ing the Damascene process. (b) Mo and AlN are RIE etched to define the
shape of the actuator. (c) Etching the bottom Mo metal. (d) Release holes
are defined by deep RIE etching of SiO2 and Si, followed by (e) isotropic dry
etching of the Si substrate. (f) The wafer is finally mechanically polished to
be diced into small chips. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  115 

4.5 SEM image of the Si substrate of the device Anchor after vertical DRIE (white
arrows) and Si lateral etching (red arrows). . . . . . . . . . . . . . . . . . . .  116 

4.6 (a-c) DC tuning spectrum for TE (upper) and TM (lower) modes under 0 V
(gray), 60 V (red), and -60 V (blue) for device Edge 1, Edge 2, and Anchor
respectively. The x axis for each spectrum is relative to the center wavelength
of each mode, with λ0 for Edge 1 TE mode 1548.4 nm and TM mode 1548.8
nm, and for Edge 2 TE mode 1549.6 nm and TM mode 1548.8 nm, and
for Anchor TE mode 1549.1 nm and TM mode 1549.7 nm. All devices and
modes show red detune (increasing resonant wavelength) for positive voltage
and blue detune (decreasing resonant wavelength) under negative voltage, but
with different tuning efficiency. (d-f) Dependence of the resonant wavelength
tuning ∆λ on DC voltage for devices Edge 1, Edge 2, and Anchor, respectively.
Orange (purple) dots and lines are experiment points and linear fitting for TE
(TM) mode, respectively. The tuning is highly linear (R2 > 99%) and has
positive slope with voltage, showing bidirectional tuning. (g-i) Dependence
of the optical quality factor Q on voltages for TE (orange) and TM (purple)
modes. TE modes show higher Q than TM mode in all cases. . . . . . . . .  118 
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4.7 Time domain intensity modulation of device Edge 1 under triangle waves with
(a) 10 kHz and (b) 100 kHz, as well as under square waves with 10 kHz (c) and
100 kHz (d). The top part (black) of each figure is the input RF signal while
the lower part (red) is the output optical modulation. (e) Optomechanical S21
response to the input RF modulation, showing mechanical resonance at 1.36
MHz with 190 mechanical Q. (f) COMSOL simulation of the fundamental
mechanical mode at 1.36 MHz. . . . . . . . . . . . . . . . . . . . . . . . . .  120 

4.8 Time domain intensity modulation of device Edge 2 under triangle waves with
(a) 10 kHz and (b) 100 kHz, as well as under square waves with 10 kHz (c) and
100 kHz (d). The top part (black) of each figure is the input RF signal while
the lower part (red) is the output optical modulation. (e) Optomechanical
S21 response to the input RF modulation, showing mechanical resonance at
1.2 MHz with 312 mechanical Q. (f) COMSOL simulation of fundamental
mechanical mode at 1.2 MHz. . . . . . . . . . . . . . . . . . . . . . . . . . .  122 

4.9 Time domain intensity modulation of device Anchor under triangle waves with
(a) 10 kHz and (b) 100 kHz, as well as under square waves with 10 kHz (c) and
100 kHz (d). The top part (black) of each figure is the input RF signal while
the lower part (red) is the output optical modulation. (e) Optomechanical
S21 response to the input RF modulation, showing four closely located modes
around 1.35 MHz. (f) COMSOL simulation of the four mechanical modes as
labeled in (e). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  123 

4.10 (a) Measured spectrum of the displacement at the tip of the cantilever using
Laser Doppler Vibrometer (LDV). (b) Measured mechanical displacement dis-
tribution for each mode as labeled in (a). The COMSOL simulation is shown
in the lower panel which matches well with the measurement. . . . . . . . .  124 

4.11 (a) Electromechanical S11 spectrum from 1 to 10 GHz with the mode order
labeled for each visible acoustic resonance in oxide cavity. The inset shows the
zoom-in of the green shaded region. (b) Calculated electromechanical coupling
efficiency k2

t,eff for each HBAR mode (black square). The k2
t,eff of unreleased

HBAR (red curve) is plotted for comparison. (c) Numerical simulation of the
vertical stress distribution σz for typical modes. The mode order is as labeled
in (a). The mode is axisymmetric which revolves around the vertical dashed
line. Reprinted from Ref. [ 16 ]. . . . . . . . . . . . . . . . . . . . . . . . . .  126 

4.12 Acousto-optic modulation response S21 for TE (upper) and TM (lower) modes
from 1 to 10 GHz. Periodic resonances can be observed corresponds to each of
the dip from S11. The orders for the resonances at high frequencies that can
hardly be distinguished in S11 are as labeled. The S21 for unreleased devices
for TE (purple) and TM (red) modes are overlapped for comparison. . . . .  127 

4.13 (a) Electromechanical S11 and (b) optomechanical S21 at the microwave X-
band. The HBAR mode from 18 to 20 order can be clearly seen. The definition
of different microwave bands is indicated at top. . . . . . . . . . . . . . . .  128 
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4.14 (a) Optical image of the fabrication released AlScN HBAR actuators. (b)
Zoom-in SEM around the two actuators. (c) Electromechanical S11 and (d)
admittance Y11 of one actuator. Inset in (d) shows the fitting of Y11 using
the Modified Butterworth-Van Dyke model (MBVD, red line). . . . . . . .  131 

5.1 (a) Schematic and device rendering. Three discrete AlN piezoelectric ac-
tuators are equidistantly integrated on top of a Si3N4 microring resonator
(blue solid). Upon coherent driving these actuators with fixed relative phases
(φ1, φ2, φ3) = (0◦, 120◦, 240◦), a rotating acoustic wave (black arrow) is gener-
ated that spatio-temporally modulates the two co-propagating optical modes
(red and green arrows), leading to indirect interband transition in only one
direction where the phase matching condition is fulfilled. (b) Frequency do-
main representation illustrating the indirect interband transition. When the
two optical modes, a and b, are spaced by the resonant frequency Ωm of the
mechanical mode c, scattering among modes a and b happens with a scatter-
ing rate of g = g0

√
n̄c under a microwave drive at Ωm. (c) Schematic of ω− k

space showing the energy (∆ωba = Ωm) and momentum (∆kba = −km) con-
servations. Interband transition that couples the two optical modes with the
acoustic wave is only allowed in the direction where phase matching condition
is fulfilled, giving rise to transparency on resonance in this direction (“for-
ward”, as shown in a) and extinction in the other direction (“backward”).
Reprinted from Ref. [  169 ]. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  136 

5.2 (a) Schematic for the coupling between the two optical modes and the me-
chanical mode. The system is pumped by the external microwave drive which
couples strongly the two optical modes. (b) Energy level for the three wave
mixing process. The microwave stimulates the energy exchange between the
two optical modes. κa,i, κb,i, and κc,i are the intrinsic losses for the two optical
modes and the mechanical mode. . . . . . . . . . . . . . . . . . . . . . . . .  138 

5.3 (a) 2D Schematic of the simulated optical ring resonator. The refractive index
of three regions are modulated as labeled by the red area. The relative phases
of the modulation between the adjacent area can be controlled in the simula-
tion. Electric field (Ez, out of plane) distribution of (b) optical mode a and (c)
mode b. m is the azimuthal order for each mode. (d) Optical transmission of
mode a in the forward (red) and backward (blue) directions. Electric field (Ez,
out of plane) distribution under reversed phases: (e) (φ21, φ31) = (120◦,−120◦)
(perfect phase matching) and (f) (φ21, φ31) = (−120◦, 120◦) (largest phase mis-
match). The input light wavelength is at the resonant wavelength of mode
a (λa = 1502.8 nm). As we change the rotation direction of the modulation
wave, the light changes from (e) transmission to (f) isolation. Reprinted from
Ref. [ 169 ]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  141 
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5.4 (a) Transmission spectra of mode a and (b) converted sideband in mode b
under 2D sweep of the relative phase φ21 and φ31. Each column corresponds
to the spectrum under the same phase φ31 and has a spectra span of (1.5027
nm, 1.5031nm). The spectra in Fig.  5.3 (d) are the slices as labeled by the
black dashed lines in (a). Reprinted from Ref. [ 169 ]. . . . . . . . . . . . . . .  143 

5.5 (a) False-colored top-view SEM image of the fabricated device. Inset: False-
colored SEM image of the sample cross-section, showing the vertical structure
of the piezoelectric actuator and quasi-square Si3N4 photonic waveguide. (b)
Optical microscope image highlighting the bus-microring coupling section, the
released SiO2 area, and the relative positions of Si3N4 waveguides (blue line)
and two AlN actuators. (c) FEM numerical simulations of the vertical stress
σz distribution of a typical HBAR mode at 2.9 GHz, which is conducted along
the cross-section indicated by the red dashed line in (b). Insets: the optical
profiles of the TE00 and TM00 modes of the quasi-square Si3N4 waveguide.
White arrows mark the optical polarization directions. (d) Optical transmis-
sion spectrum showing a pair of TE00 and TM00 modes with around 3 GHz
frequency spacing. The x-axis is frequency-calibrated relative to the center
frequency of the TE00 mode around 1546 nm. Inset shows the relative position
of the two modes in the ω − k space. Reprinted from Ref. [ 169 ]. . . . . . . .  144 

5.6 From top to bottom are microwave reflection S11, and optomechanical response
S21 of the actuator 1, 2, 3 (labeled in Fig.  5.5 (a)), respectively. Red arrow
marks the mechanical mode at 2.958 GHz that is used in the experiment.
Reprinted from Ref. [  169 ]. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  146 

5.7 (a) Schematic of equivalent electrical circuit model representing one HBAR
mode. (b) Upper panel: electro-mechanical S11 around the HBAR mode used
in the experiment in the main text. Lower panel: Calculated admittance
(blue) and MBVD fitting (red). Reprinted from Ref. [ 169 ]. . . . . . . . . . .  147 

5.8 (a) Optical microscope image of the device. Three actuators are as labeled.
(b) Electro-mechanical S11 (purple), electrical cross-talk between actuators 2
and 1 S21 (pink), and 3 and 1 S31 (yellow). The noise floor with probes lifted
(gray) is shown for reference. Reprinted from Ref. [  169 ]. . . . . . . . . . . .  148 

5.9 (a) Experimental setup. Three RF signals are amplified and applied to the
AlN actuators with phases controlled individually. An optical switch is used
to control the direction of input TE light (red arrows). The output TE light
(red arrows) and the generated TM sideband (green arrows) are spatially
separated and detected. The white arrow on the device denotes the clock-
wise rotation of the RF drive in the forward direction. Amp: RF amplifier.
ECDL: external-cavity diode laser. FPC: fiber polarization controller. F-PBS:
fiber polarization beam splitter. PD: photodetector. (b) Optical transmission
spectra with (φ21, φ31) = (120◦,−120◦) (perfect phase matching, red) and
(φ21, φ31) = (−120◦, 120◦) (largest phase mismatch, gray). Reprinted from
Ref. [ 169 ]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  150 
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5.10 (a) Optical transmission and (b) converted sideband under phase sweep of
signals 2 and 3 relative to signal 1, i.e. sweeping φ21 and φ31. Each column
is an experimentally measured spectrum under the same φ31 with spectral
span of ±16 pm relative to the center wavelength λ0 (1542.6 nm) of the TE00
mode. Both b and c are normalized to the input TE light power on chip. The
spectra in Fig.  5.9 (b) are the slices as labeled by the black dashed lines in
(a). Reprinted from Ref. [ 169 ]. . . . . . . . . . . . . . . . . . . . . . . . . .  151 

5.11 (a) From top to bottom are microwave reflection S11, optomechanical response
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ABSTRACT

Integrated photonics has provided an elegant way to bring the table-top bulky optical

systems from the research lab to our daily life, thanks to its compact size, robustness, and

low power consumption. Over the past decade, Silicon Nitride (Si3N4) photonics has become

a leading material platform, benefiting from its record-low loss, large Kerr nonlinearity, and

compatibility with the foundry process. However, the lack of electro-optical effect makes it

challenging to actively tune the Si3N4 photonic circuits for advanced applications, such as

LiDAR, spectroscopy, and microwave photonics. During my Ph.D. research, I have devel-

oped a new platform of piezoelectric control of Si3N4 photonics through stress-optical effect.

By integrating an Aluminum Nitride (AlN) piezoelectric actuator, I demonstrated the tun-

ing of a Si3N4 optical microring resonator at sub-microsecond speed with nano-Watt power

consumption. Microwave frequency (GHz) acousto-optic modulation (AOM) is realized by

exciting high-overtone bulk acoustic wave resonant modes (HBAR), which are tightly con-

fined in an acoustic Fabry-Pérot cavity. Maximum of 9.2 GHz modulation is achieved which

falls into the microwave X-band. Both released and unreleased mechanical structures are

thoroughly studied, aiming at high efficiency, low-cost, and robustness.

The applications of the Piezo-on-Photonic platform are extensively explored in the quasi-

DC and high frequency regimes. By working as a stress-optical tuner at low frequency, it

allows us to actively tune a Kerr frequency comb into different states, and stabilize it over

several hours, which can serve as the light source for the next-generation chip-based Li-

DAR engine. On the other hand, the GHz frequency AOM has helped me demonstrate a

magnetic-free integrated optical isolator through spatio-temporal modulation. Three AlN

HBAR actuators are integrated closely on the same Si3N4 microring resonator, which gen-

erate an effective rotating acoustic wave and break the transmission reciprocity of the light.

A maximum of 10 dB isolation is achieved under 300 mW total radiofrequency power, with

minimum insertion loss of 0.1 dB. Finally, the application of the same technique in quantum

microwave to optical converter is theoretically analyzed, showing potential for building future

quantum networks. The initial experimental attempt and outlook for future improvements

are discussed. In conclusion, this thesis investigated a novel Piezo-on-Photonic platform for
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flexible and efficient control of the Si3N4 photonic system, and its applications in a wide va-

riety of advanced devices are demonstrated, with the potential of being key building blocks

for future optical systems on-chip.
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1. INTRODUCTION

1.1 Background

Integrated photonics [ 1 ], [ 2 ] has enabled chip-scale optical systems with compact sizes,

portable weight, and low power consumption, which have been translated from table-top re-

search setups to commercial products. With the advancement of nano-fabrication technology,

there have been major achievements in integrated semiconductor lasers [ 3 ]–[ 8 ], modulators

[ 9 ]–[ 16 ], photodetectors [ 17 ], [ 18 ], as well as ultralow-loss PICs [ 19 ]–[ 26 ]. Importantly, the

nonlinearities of ultralow-loss Photonic Integrated Circuits (PICs) have been explored and

harnessed [ 27 ], [ 28 ], giving rise to nonlinear photonics such as optical frequency comb (OFC)

generation [ 29 ]. Formed in Kerr-nonlinear optical microresonators, dissipative Kerr soliton

(DKS) microcombs [ 28 ]–[ 30 ] constitute miniaturized, coherent, broadband OFCs with repe-

tition rates in the millimeter-wave to microwave domain, and are amenable to heterogeneous

integration with III-V/Si lasers [ 7 ], [  31 ]–[ 33 ].

Major progress has been made in the past decade in developing various platforms [ 34 ],

including Si3N4 [ 22 ]–[ 25 ], LiNbO3 [ 19 ], [  35 ]–[ 37 ], AlN [  38 ], [  39 ] and AlGaAs [ 21 ], [  40 ]. Among

the materials developed thus far for integrated nonlinear photonics, Si3N4 has attracted

intense efforts due to its wide transparency window from the mid-ultraviolet (400 nm) to mid-

infrared, ultra-low linear losses, absence of two photon absorption in the telecommunication

band, space-compatibility [ 41 ], large Kerr nonlinearity (χ(3)), and wide geometric flexibility

for waveguide dispersion engineering [ 28 ]. Silicon Nitride has been the material of choice for

soliton microcomb generation [ 42 ], and supercontinuum generation [ 28 ], optical filters [ 43 ],

gyroscopes [ 44 ], and optical interconnects [ 45 ]. Recent advances of Si3N4-based dissipative

Kerr soliton microcombs, have included octave-spanning comb spectra [ 46 ], [  47 ], ultra-low

initiation power [ 31 ], [  32 ], [  48 ], and microcomb repetition rates in the microwave domain

[ 49 ]. Integrated Si3N4 soliton microcombs which are fully frequency-stabilized and operated

with low electrical power would enable chip-based optical [ 50 ] and microwave [ 49 ] frequency

synthesizers with ultrahigh frequency precision and a compact form factor. Meanwhile, high-

Q Si3N4 microresonators have also been used recently to create ultralow-noise semiconductor

lasers [  5 ], [  7 ] whose performance is on par with advanced fiber lasers.
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Reliable and fast resonance tuning of Si3N4 microring resonators is becoming an impor-

tant asset and requirement for a number of applications in integrated nonlinear photonics.

For example, high bandwidth tuning allows microcomb repetition rate stabilization [  50 ], res-

onance tuning for tunable filters, and compensating fabrication errors. Likewise, recently

emerged platforms such as spatio-temporal modulation based optical non-reciprocity [ 51 ] and

topological optical band structures in synthetic frequency dimension [ 52 ]–[ 54 ] both require

GHz speed modulation within optical micro-resonators, which poses stringent requirements

on the cross-talk and size.

However, due to the inversion symmetry, and thus the lack of χ(2) nonlinearity, it is diffi-

cult to electrically modulate the refractive index of Si3N4. Traditionally, the thermo-optical

effect is employed to fulfill the tuning requirement [  55 ]–[ 59 ] which, presents low tuning speed

(∼1 ms), high power consumption (∼1 mW), and large thermal cross-talk. These drawbacks

make it incompatible with large-scale integration and cryogenic applications [ 60 ]. Although

hybrid integration with various electro-optical materials, e.g., graphene [ 61 ], lead zirconate

titanate (PZT) [ 62 ], lithium niobate (LiNbO3) [ 63 ], and monolayer WS2 [ 64 ] has made sig-

nificant progresses, there are still remaining challenges related to CMOS-compatibility, fab-

rication complexity, optical losses, and dispersion engineering. To fully utilize the maturity

and advantages of Si3N4 photonics, new tuning mechanisms which retain the original optical

properties are needed.

The stress-optical effect, discovered over a hundred years ago, has recently gained at-

tention for its role in the modulation of Si3N4 waveguides and microring resonators both

theoretically [ 65 ], [ 66 ] and experimentally [ 67 ]–[ 73 ], thanks to the advances in Micro-Electro-

Mechanical Systems (MEMS) [ 74 ], [  75 ]. By either piezoelectrically [ 71 ], [  72 ] or electrostat-

ically [ 76 ], [ 77 ] applying an external force to the optical waveguide, the deformation of the

mechanical structure changes the effective refractive index of the waveguide by generating

stresses and modifying the shape of the waveguide (see Fig.  1.1 (a)). While the former is

the so-called photoelastic [ 65 ] effect, the latter is the well-known moving boundary [ 78 ]

effect. While electrostatic method has been successfully applied for mechanically tunable

photonic waveguides and resonators (e.g., directional coupler [ 79 ], optical switches [  80 ], [ 81 ],

phase shifter [  82 ]), there remains challenges that need to be addressed in the future. For
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Figure 1.1. Schematics of stress-optical tuning. (a) A piezoelectric actuator
is placed on top of an optical waveguide (blue). Upon external electric signal,
the piezoelectric film will deform and generate stress distribution crossing the
waveguide (red dashed lines). The boundary of the waveguide will displace
(dark blue dashed lines) and thus change the shape of the waveguide. (b)
Released structure where the substrate is removed to suspend the actuator for
larger mechanical deformation.

example, the optical waveguides have to be suspended which may compromise its robustness

and large-scale integration. Also, the air-cladded waveguide would present higher optical

losses, subjecting to the scattering from particles in the air. The piezoelectric method would

circumvent these problems by fully cladding the waveguide in dielectric material, and the

stresses are generated by deforming the piezoelectric material upon applying electric field.

Thus, this thesis mainly focuses on the piezoelectric actuation of integrated photonic devices.

The piezoelectric controlled photonic devices can be categorized in terms of piezoelectric

material, whether the mechanical structure is released, and the frequency range the device

is working at. Both of these aspects will be studied thoroughly in this thesis in the fol-

lowing chapters. Two main piezoelectric materials that are widely used in the literature

are Aluminum Nitride (AlN) and Lead Zirconate Titanate (PZT). They both have

their own pros and cons. While PZT shows >20 times larger piezoelectric coefficient, AlN

advances in better linearity, smaller dielectric constant (thus smaller capacitance and shorter

charge-discharge time), and zero hysteresis (PZT has ferroelectricity). Therefore, the right

material should be chosen depending on specific application requirements. Compared with

the thermal-optical tuning, they both show much less power consumption (sub-µW) and

faster actuation speed (µs), which makes the piezoelectric tuning suitable for large-scale,

cryogenic, fast reconfigurable applications, such as high-refresh-rate LiDAR source [ 83 ], pro-
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grammable photonic circuits [ 73 ], and integrated tunable laser [ 84 ]. To further increase the

tuning efficiency, the mechanical structure that hosts the photonic waveguides can be sus-

pended to have larger deformation (see Fig.  1.1 (b)). This is the so-called “released” structure

where the device is released from the substrate. However, released structure usually presents

low mechanical resonant frequencies from kHz to MHz, which ultimately limits the tuning

speed and requires extra cares for damping the mechanical ringing.

Besides quasi-DC operation (DC-MHz), when driving at microwave frequencies (GHz),

sub-micron wavelength acoustic waves are excited which enable efficient acousto-optic mod-

ulation (AOM). AOM is conventionally widely adopted in laser systems, spectroscopy, and

atomic physics because of its flexibility in controlling the light direction, intensity, and fre-

quency precisely. However, traditional AOMs are realized by making interdigital transducer

(IDT) on bulky piezoelectric crystal (e.g., fused silica, LiNbO3, chalcogenide glasses) and

works mainly for free space light, which consumes a lot of electrical power (few Watts), and

limits the maximum working frequency to 100 MHz. It is only within most recent decade

that the integration of AOM into chip scale has been successfully demonstrated, extending

the modulation frequency beyond 10 GHz [  14 ], [  85 ]–[ 91 ]. Most of these demonstrations excite

the Surface Acoustic Wave (SAW) by fabricating co-planar IDT electrodes with sub-

micron interdigital fingers’ width, thanks to the advances in nano-fabrication technologies.

Since the acoustic waves transmit along the surface, to have efficient optical modulation, the

optical waveguides have to be brought towards the surface of the substrate by either directly

etching trenches on the surface of the piezoelectric film [  14 ], or burying the waveguide within

sub-micron away from the top surface of the cladding [ 92 ] (see Fig.  1.2 (a-b)). These would

inevitably scatter light into the environment and increase the optical loss.

In this thesis, I proposed and demonstrated a new way of acousto-optic modulation

by exciting High Overtone Bulk Acoustic Waves Resonances (HBAR) (see Fig.

 1.2 (c)). Although HBAR has been ubiquitously deployed in modern wireless systems for

high quality filters [  93 ], [  94 ] and oscillators [ 95 ], [  96 ], and coupled with quantum systems

such the superconducting qubit [  97 ]–[ 99 ] and the Nitrogen Vacancy center [ 100 ], [ 101 ], it

is the first time for it to couple with an integrated photonic device. Different from SAW,

Bulk Acoustic Waves (BAW) transmit vertically into the substrate and perpendicular to
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Figure 1.2. Comparison of AOM between Surface and Bulk acoustic waves.
Typical AOM via surface acoustic wave where the optical waveguide is formed
by either (a) etching trenches into the piezoelectric film or (b) embedding the
waveguide near surface. The surface acoustic wave (violet curve) is excited
by interdigital electrode fingers (orange). (c) AOM via bulk acoustic waves
proposed in this work, which is excited vertically towards the substrate by
piezoelectric actuator.

optical paths. An acoustic Fabry-Pérot cavity is naturally formed by the top and bottom

surfaces of the substrate, which confines tightly the acoustic energy and forms a rich family

of acoustic resonant modes. The coupling between vertical acoustic waves and in-plane

optical circuits makes it possible for independent optimization of the actuator and optical

components. Thus, waveguides can be fully cladded for preserving high quality factor and

desirable frequency dispersion. Furthermore, the high lateral acoustic mode confinement

enables low cross-talk and compact integration.

Therefore, the simple but efficient Piezo-on-Photonics stress-optical platform demon-

strated in this work, either working as quasi-static tuner or GHz frequency optical modu-

lator, would find widespread applications in Si3N4 microwave photonics [ 102 ], such as the

repetition rate stabilization and tuning of soliton microcombs via injection-locking [ 103 ],

on-chip optomechanical frequency comb generation [  104 ], and comb-assisted microwave pho-

tonic filters [ 105 ]. Specifically, I will show later the application in the piezoelectric control

of Kerr micro-comb generated in the Si3N4 microring resonator. Also, the GHz frequency

AOM is used to demonstrate a fully electrically controlled, magnetic-free optical isolator

integrated on chip. The application of AOM in quantum microwave to optical conversion is

theoretically studied and the first experimental realization will be discussed.
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1.2 Piezoelectric tuning of a Si3N4 microring resonator

This section gives a brief overview of the working principle and theoretical treatment of

the piezoelectric actuation on a Si3N4 microring resonator demonstrated in this work. The

cross-section of the typical device structure is as shown in Fig.  1.1 (a), where a thin film of

piezoelectric material is sand-witched between top and bottom metal electrodes and placed

directly on top of the optical waveguide. By applying external electric field, the piezoelectric

film will expends or squeeze, which generates stress and strain around the optical waveguide

and changes the materials’ refractive index through stress-optical effects. In the following,

detailed description of each component will be given and the basic concepts will be reviewed

in order to be prepared for the experimental results in the following chapters.

1.2.1 Optical waveguide and ring resonator

The main principle of an optical waveguide is based on the well-known Total Internal

Reflection (TIR) where light will get fully reflected when it’s injected from high refractice

index to low index material and the incident angle is bigger than Brewster’s angle. In

such way, light will be guided in a channel formed by a waveguide core with high refractive

index that is surrounded by the waveguide cladding with low refractive index, as shown in

Fig.  1.3 (a). Since the Si3N4’s index n = 2 is bigger than SiO2 whose index is 1.44, light

will be confined inside the Si3N4 waveguide and transmit with ultra-low loss (1 dB/m [ 24 ]).

Different optical modes can be supported in the same waveguide by solving the eigenmode of

the Maxwell equations. In this work, I mainly focus on the fundamental Transverse Electric

(TE) and Transverse Magnetic (TM) modes with different optical polarization. As shown in

Fig.  1.3 (b), while the direction of TE’s electric field is parallel to the surface of the substrate,

that of the TM mode is vertical.

As shown in Fig.  1.3 (c), an optical ring resonator consists of a straight bus waveguide and

an adjacent microring. Light is injected from one port of the bus waveguide and evanescently

coupled into the optical microring through the narrowest region between the bus and the

ring. The coupling gap can be controlled by the design during fabrication. The narrower the

gap, the stronger the external coupling rate κex from the bus to the ring. As light is injected

42



SiO2

Si3N4

T
ra

n
s
m

is
s
io

n

𝝎

FSR FSR

TE TM

𝑎in 𝑎out

𝑎

𝜅ex

𝜅in

(a) (b)

(c) (d)

𝜔0

Figure 1.3. (a) Cross-section of an optical waveguide. (b) Electric field
distribution for TE and TM optical modes. The white arrows denote the
direction of electric field. (c) Top view of an optical microring resonator. (d)
Transmission spectrum of a typical optical resonator. The dashed curve shows
the shifting of the optical resonances under piezoelectric tuning.

into the ring, constructive interference will largely enhance the light intensity if perimeter of

the ring is an integer number of the optical wavelength, the so-called resonant condition:

2πr = mλ0/neff (1.1)

where r is the radius of the ring, λ0 is the optical wavelength in vacuum, neff is the effective

refractive index of the optical waveguide, m = 1, 2, 3, ... is an integer number. Equation  1.1 

can be expressed in terms of optical angular frequency ω0 as:

ω0 = mc

rneff
(1.2)
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where c is the velocity of light in the vacuum. The application of stress and strain to the

waveguide will both alter the radius r and the effective refractive index neff. By taking

differential on both side of Eq.  1.2 , the perturbation on the resonant angular frequency ω0

can be found as:
∆ω0

ω0
= −∆neff

neff
− ∆r

r
(1.3)

where the relative change of the resonant angular frequency is the sum of the relative change

of the index and radius, and the minus sign means they change in different directions.

Equation  1.3 shows intuitively the basic effects of piezoelectric tuning on the optical microring

resonator. More rigorous analysis that incorporates the perturbation theory will be given in

the following sections.

From Eq.  1.2 , it can be found that for each integer m there exists an optical resonance,

and they are equally spaced with the spacing defined as the Free Spectrum Range (FSR), as

shown in Fig.  1.3 (d). We should note that because of the material and geometric dispersion,

neff is a function of frequency, so FSR is only locally equidistant, and related with higher order

dispersion such as group velocity dispersion (GVD). Following the Coupled Mode Theory

(CMT) [  106 ], the dynamic equation of light in an optical cavity can be described as:

d

dt
â = −(i∆ + κ

2 )â+√κexâin (1.4)

âout = âin −
√
κexâ (1.5)

where ∆ = ω0− ωl is the relative detune between the laser and the optical resonant angular

frequency. â is the intra-cavity optical field amplitude which is normalized such that ‖â‖2

is the intra-cavity photon number. ‖âin‖2 is the input photon flux P/~ωl where P is the

optical power. κ is the total loss of the optical cavity which is the sum of the intrinsic loss

κi of the cavity and the external coupling rate κex. At steady state, the intra-cavity optical

field and the output optical amplitude can be found as:

â =
√
κexâin

i∆ + κ
2

(1.6)

âout =
i∆ + κ

2 − κex

i∆ + κ
2

âin (1.7)
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The optical power transmission can thus be calculated as:

T =
∥∥∥∥∥ âout

âin

∥∥∥∥∥
2

=
∆2 + (κ2 − κex)2

∆2 + κ2

4
(1.8)

This is the traditional expression for an optical resonance with Lorentz shape. When κex =

κi = κ/2, the optical ring is critically coupled to the bus waveguide such that the transmission

at the resonant frequency (∆ = 0) is 0. Besides, depending on the relative size of the external

and intrinsic losses, the optical resonance can be classified into under-coupled (κex < κi) and

over-coupled (κex > κi) regimes. Depending on specific applications, these working regimes

can be controlled by adjusting the coupling gap in the design and fabrication.

1.2.2 Piezoelectric effect

The piezoelectric effect is an effect where charges can be generated and accumulated at

the surface of the material upon external pressure. It can happen on certain crystalline

material with no inversion symmetry, such as PZT, AlN, LiNbO3. The inverse effect is

often true where stress and strain can be built as external electric field is applied across

the material. The direct and inverse piezoelectric effect can be mathematically described by

relating the electric field to the strain of the material:

εI =
6∑

J=1
SIJσJ +

3∑
j=1

dtIjEj (1.9)

Di =
6∑

J=1
diJσJ +

3∑
j=1

εijEj (1.10)

where ε and σ are the strain and stress, D and E are the electric displacement and electric

field. SIJ is the compliance coefficient that describes the microscopic Hooke’s law in linear

elastic material. εij is the permittivity of dielectric. diJ is the piezoelectric coefficient in

the unit of C/N (which is also equal to m/V). Note the piezoelectric coefficient is often

quoted as eijk which relates the strain to the electric displacement in the unit of C/m2.

The subscript indices represent different components of each physical quantity. The capital

indices I, J are for stress and strain which range from 1 to 6 to take into account the normal

45



and shear components with the conventional notation that: 1 → xx, 2 → yy, 3 → zz, 4 →

yz, 5 → xz, 6 → xy. The indices i, j are for electric field and displacement, and each has

three components: 1→ x, 2→ y, 3→ z. Note that due to the symmetry, dtIj = djI .

The piezoelectric coefficient is related with the crystal structure of each piezoelectric

material. Although diJ has 18 components, due to the symmetry of the crystal, only few

are non-zero. For the piezoelectric materials explored in this thesis, including AlN and

PZT, the prominent components are d31 (relating electric field in z to strain in x) and d33

(relating electric field in z to strain in z). For AlN, d31 = −2 pm/V and d33 = 3.9 pm/V.

On the other hand, PZT shows much higher piezoelectric coefficient d31 ≈ −150 pm/V

and d33 ≈ 100 pm/V. The application for both of them in piezoelectric tuning of optical

microring resonator will be fully studied in the next chapter.

1.2.3 Photoelastic and moving boundary effects

The application of external electric field to the piezoelectric actuator will generate stress

and strain surrounding the optical waveguide, and change the optical resonant frequency

by either modifying the refractive index or deforming the radius of the optical ring (see

Eq.  1.3 ). There are mainly two effects, photoelastic and moving boundary, that should

be taken into account to describe the interaction between light and mechanical structures

(acoustic waves), which are widely adopted in fields like cavity optomechanics [ 107 ], stim-

ulated Brillouin scattering [ 108 ], and acousto-optic modulation (AOM) [  14 ], [ 15 ], and are

applicable in a wide frequency range from Direct Current (DC) to Radio-frequency (RF).

While the photoelastic and moving boundary describe the action of mechanics on the light,

the inverse effects where the photon generates optical forces on the mechanical structures

will also take place, which correspond to the electrostrictive and radiation pressure forces

[ 109 ], respectively.
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The photoelastic effect is the change of the refractive index n (also the permittivity ε)

of an optical material under stress and strain [ 65 ], [ 110 ]. In general, the permittivity is a

rank-2 tensor which contains 6 independent components due to the symmetry [ 65 ]:

ε =


n2

1 n2
6 n2

5

n2
6 n2

2 n2
4

n2
5 n2

4 n2
3

 (1.11)

where n1−6 is the refractive index that relates electric fields in different directions, and the

subscripts follow the same convention as the last section. The relative change of refractive

index under strain is conventionally described by the strain-optic coefficient pij as:

∆ 1
n2

i
=

6∑
j=1

pijεj (1.12)

For most of the optical material used in this work, which are amorphous SiO2 and amor-

phous Si3N4, the strain-optic coefficients have only two independent components due to the

symmetry of the material as the following [ 65 ]:

∆



1/n2
1

1/n2
2

1/n2
3

1/n2
4

1/n2
5

1/n2
6


=



p11 p12 p12 0 0 0

p12 p11 p12 0 0 0

p12 p12 p11 0 0 0

0 0 0 p44 0 0

0 0 0 0 p44 0

0 0 0 0 0 p44





ε1

ε2

ε3

ε4

ε5

ε6


(1.13)

where p44 = (p11 − p12)/2. For SiO2, p11 = 0.121 and p12 = 0.27 [ 65 ]. As there is no direct

measurement of the strain-optic coefficient of Si3N4 from the literature, it is inferred from

relevant experiments that p11 = 0.239 [  111 ] and p12 = 0.047 [  112 ].
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The stress-optic coefficient Ci is also often referred in the literature which directly relates

the change of index with the stress σ as [  65 ]:



n1

n2

n3

n4

n5

n6


=



n0

n0

n0

0

0

0


−



C1 C2 C2 0 0 0

C2 C1 C2 0 0 0

C2 C2 C1 0 0 0

0 0 0 C3 0 0

0 0 0 0 C3 0

0 0 0 0 0 C3





σ1

σ2

σ3

σ4

σ5

σ6


(1.14)

where n0 is the original refractive index of the optical materials used in this work which

are isotropic. It can be intuitively seen that C1 relates the index and stress in the same

direction, while C2 relates that in orthogonal direction. The stress-optic coefficient Ci can

be calculated from the strain-optic coefficient pij through [  65 ]:

C1 = n3
0
p11 − 2νp12

2Emod
(1.15)

C2 = n3
0
p12 − ν(p11 + p12)

2Emod
(1.16)

C3 = n3
0
p44

2G (1.17)

where Emod, G, ν are Young’s modulus, shear modulus, and Poisson ratio, respectively.

From the expressions, we can see pij and Ci are correlated through the mechanical properties

of the material, that govern the relation between the stress and strain.

Now that we know how the stress modifies the refractive index, we can next calculate

the change of the effective refractive of the optical waveguide, and thus the optical resonant

frequency by the Bethe-Schwinger perturbation theory [ 15 ], [  108 ], [  113 ]:

∆neff,PE = neff

2

∫∫∫
E∗ ·∆ε · E dV∫∫∫

E∗εE dV
(1.18)

where the numerator is the perturbation of the electromagnetic energy in the optical cavity,

and the denominator is the total energy of the optical mode. The volume integral is over the
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whole region where the electromagnetic field resides. ∆ε is a rank-2 tensor and the integrand

in the numerator can be expanded as [ 15 ]:

E∗ ·∆ε · E = −ε0n4
(
E∗1 E∗2 E∗3

)


∆ 1
n2

1
∆ 1
n2

6
∆ 1
n2

5

∆ 1
n2

6
∆ 1
n2

2
∆ 1
n2

4

∆ 1
n2

5
∆ 1
n2

4
∆ 1
n2

3




E∗1

E∗2

E∗3

 (1.19)

where ε0 is the vacuum permittivity. The ∆(1/n2
i ) can be directly calculated from the strain-

optic relation in Eq.  1.13 . From Eqs  1.18 - 1.19 , we can estimate the change of the refractive

index of the optical waveguide by simulating the optical and strain field distribution using

Finite Element Method (FEM) such as multiphysics software COMSOL.

Due to the large contrast between the refractive index of the waveguide core and the

cladding material, the abrupt displacement of the waveguide’s boundary will modify the

overall effective refractive index of the waveguide, which is the so-called moving boundary

effect. It will play an important role when the shape of the waveguide deforms under external

mechanical strain. Rigorous derivation of the relation between the index and the boundary

displacement can be found in Ref [ 78 ], and the main result is summarized as below [ 15 ],

[ 113 ]:

∆neff,MB = neff

2

∫∫
(Q · n̂)(∆εE2

‖ −∆ε−1D2
⊥) dS∫∫∫

E∗εE dV
(1.20)

where Q is the mechanical displacement of the boundary, and n̂ is the normal vector of the

boundary facing outward. So the dot product of Q·n̂ picks the component of Q normal to the

boundary. E‖ only takes the component parallel to the boundary, and D⊥ is the perpendicular

component. ∆ε = εcore− εcladding and ∆ε−1 = ε−1
core− ε−1

cladding are the difference of permittivity

and inverse of permittivity between the waveguide core and cladding materials. The surface

integral in the numerator is taken over all the surfaces of the waveguide.

The tuning of the resonant frequency of the optical resonator can be inferred by substi-

tuting the photoelastic effect (Eq.  1.18 ) and the moving boundary effect (Eq.  1.20 ) into Eq.

 1.3 :

∆ω0 = −ω0
∆neff,PE + ∆neff,MB

neff
(1.21)
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The above equations will be useful for simulating the tuning of the optical resonance upon

quasi-DC voltages applied to the actuator. At the microwave frequency AOM, it is widely

adopted to describe the interaction between photon and phonon quantum mechanically by

using the single photon-phonon optomechanical coupling rate g0, which can be calculated by

normalizing Eq.  1.21 using the Zero Point Fluctuation (ZPF) of the mechanical motion as:

g0 = ∆ω0
xZPF

max{Q} (1.22)

xZPF =
√

~
2meffΩm

(1.23)

meff =
∫∫∫

ρQ2 dV

max{Q2}
(1.24)

where xZPF, meff and Ωm are the zero-point motion, effective mass, and resonant frequency of

the mechanical resonator, respectively. ρ is the material’s density, and max{Q} and max{Q2}

are the maximum displacement and its square over the whole mechanical mode. Intuitively,

g0 measures the scattering rate between a single photon and phonon in an optomechanical

cavity, and is related with the overlap between the optical and mechanical modes. It can be

experimentally calibrated by optomechanically measuring the thermal Brownian noise of the

mechanical resonator [  114 ]. From the expressions, we can also see the larger the mechanical

mass meff and frequency Ωm, the smaller the xZPF, and thus smaller coupling rate. In the

case where large g0 is preferred, we would want to tightly confine the mechanical mode in a

small volume.

1.3 Organization of the thesis

This thesis will cover the piezoelectric tuning of a Si3N4 microring resonator with re-

leased and unreleased structures. The applications in the quasi-DC and RF frequencies will

be discussed, and the demonstrations in fast actuation of the Kerr frequency comb, inte-

grated optical isolator, and quantum microwave to optical conversion will be presented in

the following chapters.
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In Chapter 2, the quasi-DC tuning of a microring resonator in an unreleased structure will

be studied, and the tuning will be characterized from different aspects including the actuator

shape, relative position between the actuator and the optical waveguide, tuning efficiency,

tuning speed, and the electrical power consumption. Different piezoelectric materials, AlN,

AlScN, and PZT, will be explored and compared. By exciting HBAR modes at the microwave

frequency, efficient AOM will be demonstrated. The mechanical dispersion of the HBAR

modes will be analyzed via an established electromechanical analytic model.

In Chapter 3, the application of the unreleased actuator in the piezoelectric tuning of a

Kerr frequency comb will be presented. Dissipative Kerr soliton is initiated by tuning the

resonance of the optical resonator to a fixed-frequency laser. The soliton repetition rate is

stabilized with a locking bandwidth of 0.6 MHz and maintained over 6 hours. The HBAR is

demonstrated to generate an on-chip Pound–Drever–Hall (PDH) error signal which can be

used to lock the laser frequency to the resonance of a stabilized optical cavity in a reliable

way.

In Chapter 4, I removed the Si substrate to create a released structure with suspended

SiO2 membrane, in an attempt to increase the tuning efficiency. The relative position of the

optical microring inside the membrane is studied, indicating the tuning is dominated by the

stress-optical effect. The optical resonance is tuned by 25 pm upon applying 60 V to the top

electrode with a 1 nA current draw, demonstrating ultra-low DC power consumption (2.4

pW/MHz). Sub-µs tuning speed is achieved which is ultimately limited by the fundamental

mechanical mode of the released cantilever around 1.3 MHz. Microwave frequency modula-

tion (up to 9 GHz) is achieved by exciting bulk acoustic waves which are confined tightly in

released SiO2 thin film. The modulation efficiency is increased by over 100 times compared

with unreleased devices. The excitation of released HBAR modes with the AlScN actuator

will also be presented.

In Chapter 5, I demonstrated a magnetic-free optical isolator based on aluminum nitride

(AlN) piezoelectric modulators monolithically integrated on low-loss Si3N4 PIC. The trans-

mission reciprocity is broken by spatio-temporal modulation of a Si3N4 microring resonator

with three AlN bulk acoustic wave resonators that are driven with a rotational phase. This

design creates an effective rotating acoustic wave that allows indirect interband transition
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in only one direction among a pair of strongly coupled optical modes. Maximum of 10 dB

isolation is achieved under 300 mW total RF power applied to three actuators, with mini-

mum insertion loss of 0.1 dB. An isolation bandwidth of 700 MHz is obtained, determined by

the optical resonance linewidth. The isolation remains constant over nearly 30 dB dynamic

range of optical input power, showing excellent optical linearity. I also demonstrated an in-

tegrated non-reciprocal optical frequency shifter by coupling TE and TM modes. the device

is at the same time a polarization rotator. 50% conversion efficiency between TE and TM

optical modes is achieved, with 15 dB suppression of carrier frequency and 12 dB sideband

asymmetry.

In Chapter 6, the released HBAR AOM is proposed to realize the quantum microwave

to optical conversion. A quantum model is established to describe the conversion process

and estimate the conversion efficiency. Different device parameters are investigated aiming

at the highest efficiency with reasonable amount of pump optical power. It is encouraging

to find out that the converter and isolator share the same triple-mode operation. In the

isolator, microwave serves as the pump to couple TE and TM optical modes. However, in

the converter, TE is pumped to couple the mechanical mode with the TM optical mode,

which swaps the quantum information. The first generation of device is fabricated and the

preliminary measurement will be presented. Future improvements of the efficiency will be

discussed.

In Chapter 7, I will conclude the thesis by the outlook for the Piezo-on-Photonics plat-

form in future prospective applications enabled by the technique. Specifically, I will envision

the apply of the platform in building a hybrid integrated quantum system where mechanics

couples or mediates the coupling between distinct quantum objects (e.g., superconduct-

ing qubits, photons, spins), with application scenarios being discussed in piezoelectric pro-

grammable photonic circuits, photonic synthetic dimension, and classical readout and control

of superconducting qubit.
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2. UNRELEASED PIEZOELECTRIC ACTUATION

2.1 AlN actuator piezoelectric tuning

2.1.1 Design of the AlN actuator

As a well-known piezoelectric thin film, AlN is utilized to form the piezoelectric actuator

which generates stress around Si3N4 waveguides. When an electric field is applied across

the AlN film, the film is deformed and generates stress and stress gradient in the layers

beneath. Two designs are considered in this work as shown in Fig.  2.1 (a-b). First, a disk-

shape actuator is placed directly on top of the Si3N4 ring resonator, as shown in Fig.  2.1 (a),

which is referred as Disk device in following sections. Since the stress mainly originates

from the corner of the actuator, the microring resonator is positioned at the outer edge of

the disk actuator. Under positive DC biasing on top electrode (while bottom electrode is

always grounded), the AlN film expands and pushes the ring outwards (i.e. expanding in

Fig.  2.1 (e)). Intuitively, the other design is to use donut-shape actuator which squeezes the

microring resonator if it is placed at the inner edge of the actuator, as shown in Fig.  2.1 (b),

which is referred as Donut device in subsequent sections. These two designs will show

different stress distribution and static resonance tuning as demonstrated later. Additionally,

the areas around the bus-waveguide-to-microring-resonator coupling regions are opened to

prevent any actuation-induced perturbation of light coupling.

The cross-sections with more structure details are illustrated in Fig.  2.1 (c-d). To apply

vertical electric field, AlN film of 1 µm thickness is sandwiched between top Aluminum (100

nm) and bottom Molybdenum (100 nm) metal layers. The Si3N4 waveguides are fabricated

using either a subtractive process [ 22 ], [ 115 ] or a photonic Damascene process [  116 ]–[ 118 ],

which have 800 nm height and 1.8 µm width and are fully buried in a 6-µm-thick SiO2

cladding (with 3 µm SiO2 from the Mo layer to prevent metal absorption). The entire device

sits on a 230-µm-thick Si substrate. The radius of the microring resonator is 118 µm. The

ring is placed 3 µm within the edge of Disk actuator and 5 µm for the Donut actuator.

The static mechanical simulation is conducted using finite element method (COMSOL)

as shown in Fig.  2.1 (e-f), in which +60 V DC biasing is applied on top Al layer while bottom

Mo layer is grounded (same in the following experiments). In this case, negative electric field
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Figure 2.1. Schematics for the designed devices with (a) Disk shape and
(b) Donut shape actuators with silicon nitride ring resonator (blue) having
different relative positions. (c) and (d) are the cross-sections for Disk and
Donut devices along black dashed lines in (a) and (b), respectively. (e), (f)
COMSOL simulation of horizontal stress distribution around optical waveguide
under +60 V DC biasing for Disk and Donut devices, respectively. The overlaid
gray arrows denote the local mechanical displacement with the biggest arrow
scaling as 1 nm. Reprinted from Ref. [ 12 ].

Ez forms (points downwards) across the AlN thin film, and due to the positive piezoelectric

coefficient e33 (1.55 C/m2), the AlN film will be squeezed in the z-direction and expand

horizontally (positive Poisson ratio). Fig.  2.1 (e) illustrates the horizontal stress distribution

and the mechanical displacement around the optical waveguide at the upper right corner

of Fig.  2.1 (c). As AlN expands, starting from the corner, the stress splits into two parts:

extensional stress under the actuator and compressing stress at outside, and the mechanical

displacement orients mainly horizontally and points outside the actuator. Similar results can

be drawn for Donut device as in Fig.  2.1 (f). Depending on the position of the waveguide, it

experiences extension, compression, or the interplay between these two. For the Disk device,

the horizontal stress inside the waveguide is a mixture of extension and compression, while

for the Donut device, it is mainly extension. Additionally, when applying negative voltages,

AlN actuator changes from expanding (horizontally) to shrinking, so that all the stresses

in the above analysis change sign. In this way, bi-directional tuning can be achieved by

reversing the applied voltage’s sign, as demonstrated in the following sections.
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Figure 2.2. Static stress distribution in z and φ directions. (a) and (b)
show the numerical simulation of vertical z stress distribution under +60 V
DC biasing for the Disk and Donut devices, respectively. Both of them show
extensional stress around the waveguide. (c) and (d) are out of plane (tangen-
tial to the optical ring) stress distributions for Disk and Donut devices. They
present different sign inside the waveguide, since the optical ring of the Disk
device expands while the Donut device squeezes. Reprinted from Ref. [ 12 ].

Besides the dominant horizontal stress, stresses in other directions will also affect the

modulation on the refractive index. As shown in Fig.  2.2 (a) and (b), originating from the

corner of top metal, σz exhibits two main lobes with different signs. Inside the actuator,

the waveguides in both cases experience extensional stress around 2 MPa. Under positive

biasing, the ring of the Disk device will be pushed outwards as the actuator expands, which

builds up extensional stress in the waveguide as in Fig.  2.2 (c). On the other hand, at the

inner edge of the Donut actuator, the optical ring is squeezed, generating compressing stress

[Fig.  2.2 (d)]. Since shear stress is found to play a less role compared with normal stress[ 65 ],

it is not taken into account in this study. Additionally, when applying negative voltages,

the AlN actuator changes from expanding (horizontally) to shrinking, so that all the stresses

in the above analysis change sign. In this way, bi-directional tuning can be achieved by

reversing the applied voltage’s sign, as demonstrated in the following section.
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The presence of stress will change the refractive index of optical material, and affect

differently for light with different polarization, causing so-called birefringence. Numerically,

they are correlated by stress-optical coefficients by [ 65 ]:

nr = n0 − C1σr − C2(σφ + σz) (2.1)

nφ = n0 − C1σφ − C2(σz + σr) (2.2)

nz = n0 − C1σz − C2(σr + σφ) (2.3)

where, n0 is the original refractive index of the material, C1 relates refractive index

and stress that are in the same direction while C2 relates the two that are orthogonal.

These equations are applicable to isotropic material such as amorphous Si3N4 from low-

pressure chemical vapor deposition (LPCVD) used in this work. The lack of the stress-optical

coefficient for Si3N4 in the literature makes it difficult to predict precisely the response of the

optical ring resonator. However, it would be possible to extract the coefficients by comparing

experimental tuning of optical ring resonator with simulation, which is under investigation.

Al

AlN

Mo

SiN

Si

SiO2

Resist

AlN and Mo sputtering

(a)

AlN DRIE dry etch

(b)

Al lift-off

(d)

Mo DRIE dry etch

(c)

Final structure

(e)

Figure 2.3. Fabrication flow for the unreleased AlN piezoelectric actuator.

56



(a) (c)

10 µm(b) 10 µm

(d)

Figure 2.4. (a) Optical microscope image and (b) false color SEM around
Disk actuator corner as labeled in white dashed box in (a) for Disk device. (c)
Optical microscope image and (d) false color SEM around actuator corner for
Donut device. Reprinted from Ref. [ 12 ].

2.1.2 Fabrication flow

The fabrication of the high performance Si3N4 photonic circuits using the photonic Dam-

ascene process can be found in Ref [ 116 ]–[ 118 ]. The AlN piezoelectric actuators are directly

fabricated on top of the Si3N4 microring resonator separated by the SiO2 cladding for preserv-

ing the low loss of the optical waveguide. The fabrication flow is as shown in Fig.  2.3 . 100

nm Mo and 1 µm polycrystalline AlN films are sputtered on the SiO2 substrate through the

foundry service (OEM Group). The AlN disk (or donut) is patterned by photoresist (SPR

220-4.5), and dry etched using Cl2 and BCl3 in a Panasonic E620 Etcher [ 119 ]. The dry

etching of the bottom electrode (Mo) is performed using Cl2 and O2 in the same Panasonic

E620 Etcher. Finally, the top 100 nm of Al is evaporated by a PVD E-beam evaporator,

and patterned using a standard lift-off process.
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The whole wafer is finally diced into individual chips by deep reactive ion etching (RIE)

followed by a backside mechanical polishing of the Si substrate. This enables smooth chip

facets for efficient coupling of light from lensed fiber to inverse waveguide taper at the

edge. This three-mask photolithography fabrication leads to a low cost and high fabrication

tolerance. The final fabricated devices are shown in Fig.  2.4 (a,c) for the two designs. In

Fig.  2.4 (b,d), false color SEMs that are zoomed-in around actuator corners show the relative

position between the optical microring resonator (blue) and the AlN actuator (green).

The above fabrication flow is for our first generation device with Al top metal. In our

second generation, the top metal is replaced by Mo which is sputtered following the AlN in

the same vacuum sputtering chamber. This will reduce the required masks to two, where

the top metal can be etched using the same mask as AlN in the same time. This will further

lower the fabrication cost for large volume production.
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Figure 2.5. (a) Transmission spectrum of one resonance of TE and TM polar-
ization mode for Disk device under +60 V (blue), 0 V (black), and -60 V (red).
The x axis represents wavelength shifts relative to resonant wavelength λ0
(∼1550 nm) of each mode. The tuning direction reverses for opposite voltages,
demonstrating bi-directional tuning. (b) Dependence of resonant wavelength
detune on voltages. Experimental results (squares) show high linearity for both
TE (pink) and TM (cyan) modes, with R2 > 99% linear fitting (straight lines).
(c) Influence of piezoelectric actuation on the optical quality factor Q for TE
and TM modes, which verifies that the actuation will not influence the optical
Q. Reprinted from Ref. [ 12 ].
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Figure 2.6. (a) Transmission spectrum of one resonance of TE and TM po-
larization mode for Donut device under +60 V (blue), 0 V (black), and -60 V
(red). (b) Dependence of resonant wavelength detune on voltages. Experimen-
tal results (squares) show high linearity for both TE (pink) and TM (cyan)
modes, with R2 > 99% linear fitting (straight lines). (c) Influence of piezoelec-
tric actuation on the optical quality factor Q for TE and TM modes. Reprinted
from Ref. [  12 ].

2.1.3 DC tuning of the optical resonance

Working as a Si3N4 ring resonator tuner, the static optical resonance tuning is performed

by applying DC biasing. Fig.  2.5 (a) shows the transmission spectrum of one resonance

under different voltages for both TE and TM modes of the Disk device. One can see that

as we apply a positive 60 V, the resonance shifts to shorter wavelength (blue curve) relative

to the original resonance (black curve), and the tuning changes direction after reversing the

voltage (red curve), demonstrating bi-directional tuning ability. Also, it can be observed

that the resonance dip only shifts horizontally with little changes of vertical depth, since

the waveguide coupling region is unaffected by the opening section of the actuator. The

dependence of resonant wavelength on voltages is summarized in Fig.  2.5 (b), showing high

linearity. Both TE and TM modes demonstrate similar tuning performances with nearly -12

pm under positive 60 V, with tuning efficiency of -0.2 pm/V. As 1 GHz frequency difference

equals to 8 pm wavelength change for infrared light, the tuning efficiency is also equivalent to
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25 MHz/V for the tuning of the resonant frequency. The tuning range at 60 V is on a similar

order or larger than the linewidth of the high-optical-Q resonances, which is applicable for

Si3N4 microcomb applications such as Kerr comb generation and stabilization.

Interestingly, due to different relative positions of the ring resonator, the Donut device

shows opposite behaviour: the resonant wavelength increases for positive voltages and vice

versa, as can be seen in Fig.  2.6 (a, b). Here, the slope of tuning with respect to voltage

changes from negative to positive. On the other hand, it shows much smaller tuning range

with 5.66 pm for the TM mode and 1.63 pm for the TE mode under +60 V, with efficiency

of 0.094 pm/V (-11.8 MHz/V) and 0.027 pm/V (-3.4 MHz/V), respectively. The different

tuning range of two orthogonal polarization modes, TE and TM, demonstrates tunable

birefringence in an otherwise isotropic material by controlling the stress, which can be utilized

for the polarization control [ 120 ] or tuning the mode spacing and coupling between a pair of

TE and TM modes in a microring resonator.
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Figure 2.7. Current-Voltage relation for the capacitor-like AlN actuator.
Black square is the experimental results, which the red dashed line is the
linear fitting.

The effect of mechanical actuation on the optical Q is plotted in Fig.  2.5 (c) and Fig.

 2.6 (c), which is found to be insignificant. The TE mode shows much higher Q than the TM
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(a) (b)

Figure 2.8. (a) Resonance shift versus applied voltage in forward and back-
ward directions, showing the small hysteresis. V incr. / decr.: voltage increase
/ decrease; meas.: measured data. (b) Resonance shift for TE resonances in the
wavelength range from 1500 nm to 1630 nm, when the applied voltage changes
from -100 V to +150 V. The wavelength-dependent tuning results from a 5.3
MHz change of the FSR due to the piezoelectric actuation. Reprinted from
Ref. [ 121 ].

mode, since the TM mode extends further in the vertical direction which is prone to the

absorption of the bottom metal. Additionally, as shown in Fig.  2.7 , the DC current drawing

from the actuator is monitored while tuning, which keeps below 1 nA at 60V. The power

consumption is at the level of 5 nW/pm, making it possible for large scale integration and

cryogenic applications.

As shown in Fig.  2.8 (a), a small hysteresis is observed when the voltage is swept between

±140 V back and forth. While polycrystalline AlN is non-ferroelectric, such hysteresis is

commonly caused by the trapped charges accumulated at AlN interfaces or combined with

bulk defects [  122 ]. Figure  2.8 (b) shows the frequency tuning for TE resonances ranging

from 1500nm to 1630 nm, calibrated using the frequency-comb assisted diode laser spec-
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troscopy [ 48 ]. The wavelength-dependent total tuning results from a 5.3 MHz change of the

microresonator’s FSR (191.0 GHz), which can be inferred from Eq.  1.2 :

∆FSR
FSR ∼ ∆ω0

ω0
(2.4)

where the relative change of the FSR is on the similar order with that of the resonant fre-

quency. The nearly linear change of the tuning with wavelength in Fig.  2.8 (b) shows that

there is no observable change of the dispersion (where the ∆FSR varies with wavelength).

While the capability of controlling the dispersion could find application in versatile pro-

gramming of the frequency comb’s spectrum [ 61 ], the linear tuning of the FSR is preferred

in stabilization of the frequency comb [ 123 ].

2.1.4 Optimization of the waveguide placement

In this section, the relative position between the waveguide and the edge of the actuator is

studied to optimize the tuning efficiency. The tuning efficiency under different relative shifts

between them are simulated as shown in Fig.  2.9 (a) and the examples of stress distribution

are shown in Fig.  2.9 (b). Note that in the simulation and the experiments below, the radius

(thus the position of the waveguide) is fixed, and the radius (thus the edge) of the actuator is

varied. It can be seen from the stress distribution that as the waveguide moves from outside

of the actuator to inside, the stress on the waveguide changes from negative (compression)

to positive (extension). When the waveguide is right beneath the top metal’s edge, the

waveguide is near the transition region between compression and extension stress, and the

average stress on the waveguide is zero. This will lead to a relatively small tuning efficiency.

For positive shift where the waveguide is well beneath the actuator, the tuning efficiency

gradually increases and saturates as the waveguide moves in. Maximum of 40 MHz/V can

be achieved. The fact that the tuning is not sensitive to the shift allows for more tolerance in

fabrication misalignment. On the other hand, for negative shift, the negative stress changes

the tuning direction. As there is a negative stress ’hot-spot’ region right outside of the AlN

edge’s corner, the tuning efficiency experiences a maximum value around -6 µm shift, which

shows -80 MHz/V. However, as will be seen in the following experimental results, this ’hot-
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Figure 2.9. (a) COMSOL simulation of the tuning efficiency for Disk device
under different relative shift between the waveguide and the top electrode’s
outer edge. The definition of the shift is as shown in the inset and the arrow
denotes the positive shift direction. Both TE (red) and TM (blue) modes are
shown. (b) Distribution stress of σr for different shifts from left to the right as
labeled in (a).

spot’ is not observed and the tuning remains positive even for negative shift. More careful

studies would be needed in the future for explaining this discrepancy.

Experimentally, I designed actuators with different sizes while the radius of the Si3N4

microring is kept as 118 µm. The relative shift is swept from -8 µm to +8 µm in 2 µm step.

Examples of the fabricated devices are as shown in Fig  2.10 , where the relative position

between the waveguide and the actuator edge can be seen. The experimentally measured

tuning efficiency for Disk and Donut actuators are shown in Fig.  2.11 (a) and (b), respectively.

For Disk actuator, the tuning increases for TE mode and keeps nearly constant for TM

mode as the shift changes from negative to positive, which is different than the simulation.

Maximum of 32 MHz/V is achieved for +8 µm, which means 6 GHz resonance scanning can

be realized under ±100 V. On the other hand, TM mode keeps 20 MHz/V irrespective of

the shift.
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0 µm 8 µm-8 µm

Figure 2.10. Examples of fabricated Disk devices with -8 µm (left), 0 µm
(middle), and 8 µm shift. The blue dashed curve illustrates the position of the
microring resonator.
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Figure 2.11. Experimentally measured tuning efficiency for (a) Disk and (b)
Donut actuators. Both TE (red) and TM (blue) modes are measured.

For Donut actuator, the tuning changes to negative sign and reaches maximum tuning for

negative shift. Similarly, TM mode is less sensitive to the shift than TE mode. Overall, Donut

actuator shows smaller tuning than Disk, since Donut has more freely moving boundaries

which releases the stress constrain. Examples of the resonance tuning for TE and TM modes

are shown in Fig.  2.12 for both Disk and Donut devices. These devices exhibit larger optical

Q than the device in Fig.  2.5 -  2.6 , as they are fabricated using the optimized photonic

Damascene process [ 118 ]. Because of the improved optical Q, the resonance can be clearly

resolved under 60 V applied, and the tuning can be achieved an order of magnitude larger
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Figure 2.12. Optical resonance tuning of TE (upper) and TM (lower) modes
for (a) Disk and (b) Donut device with optimal shift under ±60 V.

than the optical resonance linewidth. But also note that these devices show smaller tuning

than that in Fig.  2.11 probably because of the variation in fabrication or the measurement

uncertainty.

Disk devices with different radius (and thus FSR) are fabricated and measured in Fig.

 2.13 . The optical image shows the measurement setup where the chip with different devices

can be seen in the middle. Lensed optical fibers come from left and right to coupling laser in

and out. The DC needle probes are landed from the top to apply voltages to the actuator.

From Eq.  1.2 , FSR = c/rneff, where FSR is inversely proportional to the radius of the

microring resonator. For 40 GHz FSR microring, the radius is 575 µm, whereas for 400

GHz, the radius is 57.5 µm. From Fig.  2.13 (b), the tuning efficiency increases for both TE

and TM modes as the radius decreases (FSR increases). This is expected from Eq.  1.3 where

as r decreases, the relative change of radius ∆r/r increases since ∆r is more related with

local stress and is independent of r.

In summary, Disk actuator prefers placing the waveguide beneath the Disk, while Donut

has larger tuning when the waveguide is outside of the actuator. Disk usually shows larger

tuning than Donut. TE mode is more sensitive to the shift than the TM mode. The discrep-

ancy between the experiment and the simulation probably comes from the built-in stress in
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Figure 2.13. (a) Image of measurement setup. The chip with devices of
different sizes is shown in the middle. (b) Tuning efficiency of TE (red) ad
TM (blue) modes for devices with different radius and thus FSR. (Courtesy of
Anat Siddharth)

the SiO2 and Si3N4 film that is not taken into account in the simulation. Also, the indirectly

inferred photoelastic coefficient of Si3N4 will require further experimental investigation in

the future.

2.1.5 Characterization of the tuning speed

In this section, the tuning speed of the actuator is characterized in both time and fre-

quency domain. In most applications, it is required There are mainly three limiting factors

including RC transition time, photon lifetime, and mechanical response. Due to the small

area of the device and small dielectric constant of AlN, the capacitor is estimated to be 10

pF which guarantees fast electrical response of ∼10 ps. The cavity photon lifetime in our

case can be estimated by τph = λQ/2πc [ 124 ], which is ∼0.1 ns. The high acoustic wave

velocity in SiO2 (5900 m/s) helps fast (∼0.5 ns) stress field build up around the waveguide.

Based on these observations, ultra-fast sub-nanosecond dynamic response can be expected,

which is several orders of magnitude larger than current thermal tuning [ 57 ].

To demonstrate the high speed switching, time domain dynamic response of the output

light intensity is recorded while applying modulating signals and biasing the laser at the slope
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Figure 2.14. Time domain response (black) to a large-signal input square
wave (red) with 20 V Vpp. The repetition rate is increased from 100 kHz to 1
MHz (left to right). The duty cycle of the square wave is 50%.

0 20 40 60 80 100

-80

-60

-40

-20

0

R
e

la
ti
v
e

 i
n

te
n

s
it
y
 (

d
B

)

Frequency (MHz)

 Output

 Input

17
33

47 60 73
86

Figure 2.15. Fast Fourier Transform (FFT) of the 1 MHz repetition rate
input and output square waves in Fig.  2.14 . The position and frequency of
each acoustic resonance is as labeled.

of the optical resonance. As shown in Fig.  2.14 , square waves with 20 V Vpp are applied to

the actuator with different repetition rates. The output shows sharp switching between the

two voltage levels with high signal to noise ratio (SNR). From the 1 MHz result, it can be

seen the device instantaneously responds to the input signal with speed much faster than

0.1 µs. However, it is observed that there exist sharp spikes at tuning edges when switching

from one voltage state to the other, irrespective of the repetition rate. Although the actuator

is unreleased, they are from the acoustic resonances excited in the bulk substrate and the

mechanical vibration of the entire chip which is 5×5 mm2.
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Figure 2.16. (a) Time domain response (orange) to a small-signal square
wave (gray) with 2 V Vpp, 1 MHz repetition rate, and a 50% duty cycle. (b)
Time domain response to short pulses with 20 V Vpp, 5 MHz repetition rate,
and a 20 ns pulse width, demonstrating ultra-fast (sub-ns) tuning speed. The
inset shows the normalized cross-correlation (black) between input and output
signals and the auto-correlation (red) of the input signal. The right Y axis
in (a), (b) denotes the resonant wavelength shifting relative to 0 V voltage,
according to a linear tuning of -0.2 pm/V. Reprinted from Ref. [ 12 ].

To see it more clearly, Fast Fourier Transforms (FFT) of both the input and output time

domain response of the 1 MHz square waves are conducted as shown in Fig.  2.15 . Compared

with the input signal, the output light modulation presents resonant peaks as labeled by the

purple arrows. As will be shown in more details in the next section, these resonances are

from the High-overtone Bulk Acoustic Resonances (HBAR) formed in the Si substrate. As

we drive the actuator, vibration of the AlN actuator will launch an acoustic wave vertically

into the substrate, which will be trapped in an acoustic Fabry-Pérot cavity formed by the

top and bottom surfaces of the entire chip. With 17 MHz resonance being the first order

mode, an equidistantly spaced higher order harmonics can be found that are nearly integer

number of the fundamental mode. These resonances will add extra unnecessary noise to the

light modulation and compromise the linearity of the actuator’s response which is especially

important in long distance (>100 m) detection of LiDAR [  84 ].

Next, the ability of the piezoelectric transduction is pushed towards small signal and

higher speed. A small-signal (Vpp = 2 V) square wave (1 MHz) is firstly applied in Fig.
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Figure 2.17. 6 GHz square wave driving at the frequency where mechanical
resonances disappear due to low mechanical Q. The electrical signal (gray)
is measured by an oscilloscope (Tektronix DSA8200) after 20 dB attenuation
of the original signal. The optical output shows clear oscillations with a fre-
quency equal to the driving field, illustrating GHz level piezoelectric actuation.
Reprinted from Ref. [  12 ].

 2.16 (a), and the transmitted light intensity modulation is measured. Although with only 0.4

pm relative resonant wavelength shifting, the output signal shows clear separation between

the two switching states which is larger than the noise level. Periodic (5 MHz) short pulses

with 20 ns pulse widths are also applied as seen in Fig.  2.16 (b). To quantitatively show

the similarity between input and output signals, the normalized cross-correlation between

them is calculated as shown in the inset of Fig.  2.16 (b). Indeed, the similarity between the

auto-correlation (red) of the input signal itself and the cross-correlation (black) demonstrates

ultra-fast actuation beyond the nanosecond.

Despite the high actuation speed, the existence of HBAR modes prevents digital mod-

ulation at repetition rates beyond 1 GHz, where a flat and broadband response is usually

required as in traditional optical communication. In this sense, pre-conditioning of the input

signal or data post-processing is necessary to eliminate the distortion from mechanical reso-

nances. However, due to the constant f ·Q product in a general mechanical resonant systems,
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the acoustic resonances at high frequency gradually disappear due to low mechanical Q. If

we apply an ultra-high repetition rate (frep) signal in the mechanical resonance damping-out

region, we can still retrieve a clear output, getting rid of resonance induced signal distortion.

This is demonstrated in Fig.  2.17 , where a 6 GHz square wave (gray curve) is applied using

a programmable pattern generator (Tektronix PPG1251), and amplified by an optical mod-

ulator driver (WJ communication SA1137-2) to Vpp of 7 V. The output optical modulation

(orange) shows distinguishable oscillation at the same repetition rate, which suggests that

the piezoelectric actuator itself can perform ultra-fast actuation, despite the fact that broad-

band modulation is mostly limited by acoustic resonances. Because of the lower responsivity

to higher harmonic Fourier components (e.g., 12 GHz, 24 GHz) of the input square wave,

the output behaves more like a 6 GHz sinusoidal wave.

For an ideal high speed tuning of the optical resonator, it is required the actuator keeps

flat response from DC up to an high frequency (which is dependent on specific application).

The frequency response of the actuator is directly measured by the setup shown in Fig.

 2.18 (a). Both the electromechanical S11 and optomechanical S21 spectrum responses are

measured. The S11 is the reflection of the electrical energy from the actuator which is

measured using port 1 of the network analyzer (Agilent E8364B), where the electrical signal

(-5 dBm) is applied to the actuator through an RF GS probe (GGB 40A-GS-150). As shown

in Fig.  2.18 (b), the mechanical resonances can be found from the dips where the electrical

energy is converted to the acoustic energy into the device. Ideally, S11 should be smaller

than 0 dB which means there is no gain in the system. However, there are several spikes

that are above 0, which is mainly due to the difficulty in calibration in low frequencies of

the VNA. Also, note that the scale of S11 is small on the order of 0.1 dB.

For the optomechanical S21 measurement, around 100 µW continuous wave light from

a diode laser (Velocity Tunable Laser 6328) is edge-coupled to the device using a lensed

fiber via inverse taper. A -5 dBm RF electrical signal is applied from port 1 of the network

analyzer to drive the piezoelectric actuator and the light intensity modulation is detected by

a 12 GHz photodiode (New Focus 1544), which is sent back to port 2 of the network analyzer.

A series of periodic HBAR modes can be clearly observed which aligns with the dips in S11.

Also, these resonances match with the FFT spectrum in Fig.  2.15 , and the slightly higher
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Figure 2.18. (a) Schematic of the setup for measuring electromechanical
and optomechanical response. ECDL: external cavity diode laser, PC: po-
larization controller, DUT: device under test, PD: photo-diode, VNA: vector
network analyzer. (b) Electromechanical S11 and (c) optomechanical S21 spec-
trum response of the piezoelectric transduction from 300 kHz to 100 MHz. The
position and frequency of each acoustic resonance is as labeled.

frequency is because of the variation of the Si substrate’s thickness from each fabrication

run. One of the typical HBAR mode is simulated in Fig.  2.19 (b), showing the distribution

of vertical mechanical displacement. It can be seen the mode distributes over the whole

substrate, and the acoustic wavelength is on the order of 100 µm at MHz frequencies which

is excited by AlN actuator with only 1 µm.

Due to the high optical Q (∼1 Million), the HBAR resonances (except for the fundamental

harmonic at 18.5 MHz) in S21 show over 20 dB contrast in SNR, and the resonance and anti-
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Figure 2.19. (a) Schematic of the device cross-section. (b) Numerical sim-
ulation of one of the HBAR modes around 82 MHz, showing the vertical z
displacement. Acoustic standing wave is formed over the whole substrate. The
mode is axisymmetric around the vertical dashed line.

resonance which are typical for a mechanical resonance can be clearly resolved. This is in

contrast to the electrical S11 measurement where resonances are smaller 0.1 dB. The high

sensitivity of the optical readout on the one hand can be used for optomechanical sensors.

On the other hand, all the unwanted mechanical vibration can be picked which would add

extra noise to the output optical signal and compromise the linearity of the piezoelectric

actuation at high speed.

Not only the HBAR modes at 10s of MHz, the bulk modes of the chip at lower frequency

(100s kHz) are also coupled to the output of the light modulation, as shown in Fig.  2.20 (a). A

very rich family of mode can be found. As hundreds of mechanical modes can be supported

by the chip, it is challenging to identify each resonance and match with the simulation.

The simulations of typical mechanical modes of the chip are shown in Fig.  2.20 (b), which

include the flexural mode, Lamé mode, and face-shear mode [ 125 ]. While the vibration of

the flexural mode is mainly out of plane, that of the Lamé and face-shear mode is in plane.

These mechanical modes of the chip needs to be eliminated in order to have a flat response

up to 10 MHz, as will be shown in the next section.
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2.1.6 Strategies to improve the tuning speed

As illustrated in the last section, the high density of mechanical modes at MHz frequency

severely limits the linear response of the actuator. We investigate here different strategies

to suppress the mechanical modes of the chip and the combination of them results in flat

response up to 10 MHz. At low frequency, the actuator is relatively small compared with

the wavelength of the acoustic wave, so it can be treated as a point source that locally emits

acoustic waves. As inspired by Ref [ 126 ] where the flexural modes of a nanomechanical

membrane are suppressed by the far field destructive interference between elastic waves, we

mitigated the flexural mode of the chip by differential driving of two adjacent actuators. As

shown in the optical image of the insets in Fig.  2.21 , an auxiliary disk actuator is placed
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Figure 2.20. (a) Optomechanical S21 response at low frequency. The fre-
quency is plotted in log scale. (b) Simulation of typical mechanical modes of
the entire photonic chip, including flexural mode at 480 kHz, face-shear mode
at 665 kHz, and Lamé mode at 755 kHz.
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Figure 2.21. Optomechanical S21 responses of Disk actuator with single ac-
tuation (gray), dual actuators with differential drive for a square Si3N4 chip
(green), an apodized chip (red), and an apodized chip on a carbon tape (blue).
Inset: numerical simulation of three mechanical modes of the square S21 chip
and the apodized chip (1.69 MHz). Photo of the apodized chip with the dual-
actuator configuration. Experimental schematic for differential driving of dual
actuators. (Courtesy of Anat Siddharth)

adjacent to the actuator that is on the optical microring resonator. By driving them with

the same signal but with π phase difference, the excitation of mechanical resonances can be

effectively suppressed as shown in Fig.  2.21 green curve. However, it is mostly effective for

modes below 1 MHz where most flexural modes reside. The in plane shear modes are still

significant as illustrated by the 967 KHz resonance in Fig.  2.21 .

To further suppress the in plane acoustic waves, the entire chip is apodized into a polygon

with non-parallel edges to suppress the reflection and thus resonant of in plane elastic waves.

The lower left optical image in Fig.  2.21 shows one of the apodized photonic chip where

the top two corners are intentionally cut to reduce parallel faces. This strategy extends the

flatness of the response further to beyond 1 MHz as shown by the red curve in Fig.  2.21 .

However, since we have to couple light in and out through the left and right edges of the

chip, they are still parallel. One of the mechanical mode of the apodized chip is shown

as the 1.69 MHz mode in Fig.  2.21 . Finally, we further flatten the actuation response by

attaching the apodized chip on a piece of carbon tape and then differentially driving the

actuators. In such a way, both the flexural and the bulk mechanical modes are damped, and
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a flat response can be achieved up to 10 MHz with variation smaller than 1 dB, as shown

in the blue curve of Fig.  2.21 . This flat response will improve the linearity of piezoelectric

actuation for integrated tunable laser, and frequency modulated continuous wave (FMCW)

LiDAR where any nonlinearity with reduce the SNR as light travels over long distance (>100

m) [ 84 ]. While these strategies are effective for mechanical modes of the chip, the HBAR

modes at 10s of MHz that inherently reside in the substrate will require extra solutions, as

will be discussed in the next section.

𝜆acoustic

Figure 2.22. Hybrid nanophotonic high-overtone bulk acoustic resonator
(HBAR) platform. 3D schematic illustrating excitation of bulk acoustic wave
resonances via a macroscopic piezoelectric actuator, which transmit vertically
into the stack and form acoustic standing waves inside the various acoustic
Fabry-Pérot cavities. The resonance enhanced mechanical stress changes the
waveguide’s effective index via the stress-optical effect, and thereby modulate
the output optical intensity. Reprinted from Ref. [  12 ].
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2.2 HBAR acousto-optic modulation

2.2.1 HBAR AOM of Disk actuator

As illustrated in previous section, as we switch fast, there form spikes at the edges.

After careful frequency analysis, we found these are caused by the mechanical ringing from

a rich family of High-overtone Bulk Acoustic wave Resonances (known as HBAR modes), as

illustrated in Fig.  2.22 . As we drive the actuator harmonically, vibration of the AlN disk

will launch an acoustic wave vertically into the substrate. Since the bottom surface of the

substrate is smooth and flat, the acoustic wave will be reflected and subsequently bounce

back and forth between the top and bottom surfaces. Working as an acoustic Fabry-Pérot

cavity, the counter-propagating acoustic waves will constructively interfere when the cavity

length is an integer number of the acoustic wavelength, with acoustic energy trapped inside

the cavity. These bulk acoustic standing waves will enhance the stress field around optical

waveguides and modulate the effective index through stress-optical effect [ 65 ].

Experimentally, the electromechanical reflection parameter S11 is first measured as shown

in Fig.  2.23 (a). A series of resonance dips is found to evenly distribute over multiple octaves

in the microwave regime. A zoom-in of the spectrum is illustrated in Fig.  2.23 (d) which

highlights the resonance shape, linewidth (∼3 MHz), and acoustic free spectral range (FSR)

of around 17.5 MHz. The narrow linewidth demonstrates high mechanical Q (∼1000) which

is mainly limited by the intrinsic acoustic loss in the substrate and the scattering at interfaces.

It is interesting to note that the envelope of these sharp resonances varies slowly and

smoothly with a period of ∼490 MHz. This is caused by the resonance inside the 5.4 µm

SiO2 cladding layer, which stems from acoustic wave reflections at the Si-SiO2 interface due

to an acoustic impedance mismatch. The position of SiO2 resonance is located at the node of

the envelope, whereas anti-resonance is located at the anti-node. Intuitively speaking, at the

anti-resonance of the SiO2 layer, it works as an acoustic anti-reflection coating such that more

acoustic energy will transmit into the Si substrate, which has larger acoustic impedance, and

thus better electromechanical conversion. When the acoustic half wavelength matches the 1

µm AlN thickness, the AlN layer reaches its fundamental resonance mode and becomes more

efficient in excitation of acoustic waves around 4 – 4.3 GHz. It can be seen that, by optimizing
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Figure 2.23. Microwave frequency electro-acousto-optic modulation. (a)
Electromechanical S11 spectrum from 1 to 6 GHz. A range of equidistant
bulk acoustic resonances is found to exist over a broad frequency range. The
inset schematic illustrates the acoustic wave reflection at interfaces. (b), (c)
Optomechanical S21 responses of TE and TM modes demonstrate acousto-optic
modulation covering multiple octave-spanning microwave frequencies. Due to
different optical mode shapes (insets in (b) and (c)) and thus acousto-optic
mode overlap, TE and TM modes show dissimilar S21 spectra. (d), (e) The
zoom-in of S11, and TE mode’s S21 within the window (green shaded area in
(b)) around 2 GHz. (f) The zoom-in of TM mode’s S21 around 4 GHz in (c).
The resonances distribute evenly with an FSR of 17.5 MHz. Reprinted from
Ref. [ 12 ].

AlN and SiO2 thicknesses, the resonances of these two cavities can be misaligned to further

improve acoustic wave excitation. Additionally, the coupling between the Si substrate cavity

and the SiO2 and AlN cavities causes periodic fluctuations of the FSR and higher order

dispersion, as will be discussed later.

The acousto-optic modulation of the microring resonator can be characterized by an

optomechanical S21 measurement as shown in Fig.  2.18 (a), where by biasing the input laser

(∼1550 nm) at the slope of the optical resonance, its output intensity is modulated as we
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launch a -5 dBm RF signal from port 1 of the VNA. The intensity modulation of the optical

signal is measured using a photodiode and sent back to port 2 for the S21 measurement.

Note that no optical and electrical amplifiers are employed in an effort to preserve direct

electro-opto-mechanical transduction. The optomechanical S21 measurements are performed

for both the transverse electric (TE) and transverse magnetic (TM) optical modes, as shown

in Fig.  2.23 (b) and (c) respectively.

As expected, a broad range of periodic peaks is observed which correspond to each HBAR

mode in S11. Due to the different optical mode profiles of the TE and TM modes (and thus

acousto-optic mode overlaps) and optical Q factors, they respond differently, with the TE

mode response strongest around 2 GHz and the TM mode responding most strongly around

4 GHz. Since the TE mode shows higher optical Q, it will enter the resolved sideband regime

at frequencies far beyond its linewidth (1 – 2 GHz), where the modulation sidebands are

suppressed when biasing at the resonance slope. The zoom-in of highlighted regions (green

shaded areas) are as shown in Fig.  2.23 (e) and (f), illustrating clear peaks with high contrast

(>20 dB) between resonance and anti-resonance.
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Figure 2.24. (a) Numerical simulation of vertical stress σz distribution for
one typical acoustic resonant mode at 2.041 GHz under 1 V driving field, with
a zoom-in around the optical waveguide (red box in (a)) shown in (b). At GHz
frequencies, the acoustic wavelength is similar in scale to optical wavelength
and waveguide structure. Reprinted from Ref. [  12 ].
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A numerical (COMSOL) simulation of one typical acoustic mode at 2.041 GHz is shown

in Fig.  2.24 (a), and a zoom-in around the optical waveguide is in Fig.  2.24 (b). The

acoustic standing wave distributes uniformly over the entire substrate, which indicates that

the optical circuits can be buried deeply inside the SiO2 cladding, free from the trade-off

between actuation efficiency and absorption losses due to metal as found in traditional optical

modulators. Also, an acoustic wavelength that is comparable to the optical wavelength and

waveguide structure at microwave frequencies is achieved with macroscopic actuators. As

is evident, the simplicity of our structure presents advantages such as simple fabrication,

high fabrication tolerance, high rigidity, and high power handling. Additionally, it can be

seen from Fig.  2.24 (a) that the acoustic mode is largely confined beneath the actuator

which guarantees low electromechanical cross-talk (-60 dB) between adjacent devices (see

next section). These features may supplement conventional SAW based AOM for future

microwave photonics applications with ultra-high optical Q, low cost, and dense integration.

2.2.2 Analysis of mechanical dispersion

An analytical electromechanical model is established to help us get deep understanding of

the mechanical performance of the device (see Appendix A for details). The S11 response is

first calculated as shown in Fig.  2.25 (a), illustrating high accuracy of the model as compared

to the experiment (Fig.  2.25 (b)). As mentioned above, the coupling from SiO2 and AlN

cavities not only modulates the resonances’ magnitude envelope, but also the dispersion of

mechanical modes (deviation from equidistant spectrum). Fig.  2.25 (c) clearly shows the

variation of frequency difference (local FSR) between each pair of adjacent resonances. The

local FSR varies nearly periodically around an average value of 17.5 MHz with the same

period as the envelope in Fig.  2.25 (b). By comparing Fig.  2.25 (b) and (c), it can be

found that at each node of the envelope, the FSR reaches maximum value, which means the

spacing of Si resonances increases near the SiO2 resonance. From the standpoint of the Si

cavity, the variation of FSR can be understood intuitively that, the wave reflected back into

the Si substrate from the Si-SiO2 interface experiences varied phases relative to the SiO2

resonance. For example, around SiO2 resonance, the Si-SiO2 interface locates at the node
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Figure 2.25. Mechanical dispersion analysis of HBAR modes. (a) Calcu-
lated and (b) measured S11 spectrum showing good agreement between the
electromechanical model and experiment. Each green dashed line denotes the
location of a resonance from the SiO2 cavity. The inset in (b) illustrates the
coupling between Si, SiO2, and AlN cavities. (c) The measured (circle) and
calculated (solid line) frequency difference between each pair of adjacent Si
resonances, showing a periodic variation of local FSR around an average value
of 17.5 MHz. Note that the maxima of FSR align with green dashed lines
where the SiO2 resonances are located. (d) Measured (circle) and calculated
(solid line) higher order dispersion represented by the frequency deviation from
an equidistant frequency grid (with average FSR = 17.515 MHz), referencing
to mode ν0 (= 3.0145 GHz, labeled as yellow dot). µ is the mode number
difference relative to the mode at 3.0145 GHz.
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of an acoustic stress wave with near-zero stress (maximum displacement), which presents

a free boundary condition. Far beyond SiO2 resonances, the interface is at an anti-node

corresponding to fixed boundary condition (zero displacement). These various boundary

conditions each impose a particular phase for a given reflected wave, and thus change the

effective cavity length of Si.

However, for the AlN and SiO2 cavities, the green dashed lines that denote the location

of each SiO2 resonance bunch together around 4 GHz where the AlN cavity resonance is

located. Also, it can be seen that the average FSR of acoustic modes decreases around the

AlN resonance. Based on these observations and the fact that the acoustic impedance of

SiO2 is smaller than Si and then AlN, we can conclude that, for two coupled acoustic cavities,

the small cavity (e.g., SiO2) with smaller acoustic impedance tends to decrease (increase)

the effective cavity length (FSR) of the big cavity (e.g., Si) when it’s on resonance compared
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Figure 2.26. The same S11 and S21 measurements on the Donut device in GHz
range. (a) Electromechanical S11 spectrum from 1 to 6 GHz. Optomechanical
S21 responses of (b) TE and (c) TM modes demonstrate effective stress-optical
modulation spanning a broad range of microwave frequencies. The Donut
device shows similar results as reported for the Disk device in the main text.
(d) and (e) show the zoom-in of S11 and S21 responses of TE mode within the
window (green shaded area) around 2 GHz in (b), while (f) shows the zoom-in
of TM mode’s S21 response around 4 GHz in (c). Reprinted from Ref. [  12 ].
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to off resonance, and vice versa [ 127 ]. This is, to some extent, similar to coupled optical

cavities by treating acoustic impedance as the effective refractive index.

The higher order dispersion is presented in Fig.  2.25 (d), which shows the frequency

deviation of each resonance from the ideally even distribution with reference to mode at

3.0145 GHz and period of 17.515 MHz. Mathematically, it can be interpreted as the integral

of Fig.  2.25 (c) (that is, the accumulation of FSR deviation relative to 17.515 MHz) with

respect to the origin at 3.0145 GHz. The higher order dispersion also shows periodic variation

caused by the coupling between the Si and SiO2 cavities, which varies between normal and

anomalous group velocity dispersion. The roll-off starting around 3.5 GHz is caused by

reduced FSR due to coupling of the AlN cavity. This study of mechanical dispersion could

benefit the growing field of mechanical dispersion engineering for future applications (e.g.,

mechanical solitons) and future devices by optimizing Si, SiO2, and AlN thicknesses or

by choosing materials with different acoustic impedance [ 128 ]–[ 130 ]. In this sense, further

theoretical and numerical studies are necessary for a more complete understanding of the

acoustic wave propagation and mechanical cavity coupling in such a platform.

2.2.3 HBAR AOM of Donut actuator

The same measurements are also done for the Donut device, including S11 and S21 re-

sponses as shown in Fig.  2.26 . No big differences can be found between the Disk and Donut

devices in terms of mode distribution, envelope of resonances, and signal to noise ratio. This

indicates that the HBAR mode distribution and optomechanical spectra are less related to

the shape of the actuator, but more to the vertical stack. This relaxes the requirements on

actuator shape and size, which lends itself with high design freedom and small footprint. In

the zoom-in around 2 GHz in Fig.  2.26 (e), there are multiple peaks inside each resonance

due to existence of higher order acoustic modes.

Numerical simulations of one of the fundamental modes at 2.125 GHz is shown in Fig.

 2.27 (a), and the zoom-in around waveguide is in Fig.  2.27 (b). From the mode distribution,

we can see the acoustic wave is effectively excited and confined under the actuator vertically
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Figure 2.27. (a) Numerical simulation of σz distribution for one typical acous-
tic resonant mode at 2.125 GHz, with a zoom-in around the optical waveguide
(red box) shown in (b). Reprinted from Ref. [ 12 ].

with little diffraction angle. The good mode confinement guarantees low cross-talk between

closely placed actuators.

2.2.4 Electromechanical cross-talk between adjacent actuators

As mentioned in the previous section, the high confinement of the acoustic mode beneath

the actuator guarantees low cross-talk between adjacent actuators. To demonstrate this,

three actuators are closely placed on the same optical ring resonator, which cover the whole

ring in an interval of 120◦, as shown in Fig.  2.28 (a). The one port reflection parameter S11 of

actuator 1 is first measured as illustrated in Fig.  2.28 (b). The difference from the S11 shown

in the main text is caused by the thicker Si substrate (500 µm) and thicker SiO2 cladding (7

µm). These lead to smaller FSR and period of the envelope.

More importantly, the cross-talk is measured by performing a two-port electromechanical

S21 measurement, where we drive actuator 1 and sense the electrical signal out from the

adjacent actuator 2. The cross-talk mainly comes from the leaking of acoustic waves from

actuator 1 which can be sensed out by actuator 2 via the piezoelectric effect. The leakage

of electric field will also be sensed by device 2 and cause cross-talk between electrical signals

of device 1 and 2. As demonstrated in Fig.  2.28 (b), S21 as low as -60 dB of cross-talk is

83



-64

-62

-60

-58

3.46 3.48 3.50 3.52 3.54

-6.00

-5.25

-4.50

-3.75

 

 

S
2

1
 (

d
B

)

 

S
1

1
 (

d
B

)

Frequency (GHz)

-80

-70

-60

-50

1 2 3 4 5

-6.0

-4.5

-3.0

-1.5

 

S
2

1
 (

d
B

)
S

1
1
 (

d
B

)

Frequency (GHz)

1 2

(a)

(b) (c)

Figure 2.28. Demonstration of low electromechanical cross-talk between ad-
jacent actuators. (a) Optical microscope image of the device with three closely
placed actuators. (b) (top) Two port electromechanical S21 measurement by
driving actuator 1 and sensing from actuator 2 as labeled in (a). (bottom) S11
reflection for device 1. The cross-talk between the two devices is as low as -60
dB which guarantees compact integration. (c) Zoom-in of the measured S21
and S11 responses in the green shaded region in (b). Reprinted from Ref. [  12 ].

achieved, which illustrates the electrical and mechanical isolation between the two adjacent

devices. This low cross-talk enables us to fabricate several actuators on the same optical ring,

which may realize optical isolation through spatial-temporal modulation [ 51 ], [  131 ]–[ 133 ], or

dispersion engineering of Si3N4 microring resonator [  61 ] by engineering stress distribution.

Al

AlN

Mo

SiN

Si

SiO2

ResistSi etching using XeF2

PU

Applying polyurethane
(PU) epoxy + 3um Ni powder

Final Structure

(a) (b) (c)

Figure 2.29. Fabrication flow for removing HBAR resonances by roughing
the backside surface of the Si substrate and pasting a layer of polyurethane
(PU) epoxy mixed with 3 µm nickle powder.
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2.2.5 Strategy for mitigating HBAR resonances

For applications where a broad bandwidth is required, the acoustic modes should be

effectively damped or even eliminated. As shown in Fig.  2.29 , to damp and eliminate

the intrinsic bulk acoustic wave resonances, the backside surface of the Si substrate is first

isotropically etched by XeF2 in a Xactix Xenon Difluoride E1 system, with the top surface

protected by the photoresist AZ1518. The roughing will diffract acoustic waves to random

directions and thus weaken constructive interference. Next, as suggested by previous work

[ 134 ], a layer of polyurethane (PU) epoxy mixed with 3 µm nickle powder is pasted at the

bottom, which can damp acoustic vibration at the boundaries and absorb acoustic energy.
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Figure 2.30. (a) Cross-section of the device after roughing and then pasting
polyurethane (PU) epoxy (mixed with 3 µm Nickle powders) on the backside
of the Si substrate. (b) S11 and (c) S21 of the TM mode from 1 to 10 GHz after
damping acoustic resonances. The VNA responses become smoother with only
wide range envelope variation. Enabled only by AlN fundamental and second
harmonic resonances (green shaded regions), broadband modulation can be
achieved with 3 dB bandwidth of 250 MHz for each. Reprinted from Ref. [ 12 ].

After post-processing the fabricated device, its electromechnical and optomechanical per-

formances are recorded in Fig.  2.30 (b) and (c), respectively. To increase the signal to noise

ratio of S21 at high frequencies, the RF signal from the VNA is amplified before being applied

to the actuator. From the S11 response, one can see that nearly all resonances from the Si

substrate cavity are diminished. However, the smoothly varying envelope from resonances in
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SiO2 and AlN cavities still exists, since they remain unaffected by the post-processes. The

S21 measurement also demonstrates the smoothing of the modulation spectrum, but with

broad range variations. Some exceptionally small resonances are still visible below 2.5 GHz

in S21, because the acoustic wavelength at low frequencies is comparable or larger than the

Si roughing scale (∼5 µm). It’s worth noting here that the optical measurement is more

sensitive than its electrical counterpart due to the high optical Q and its signal to noise ra-

tio. The fast roll-off of S21 starting around 9.5 GHz is mainly limited by the optical quality

factor of the TM mode, and the actual acousto-optic interaction may potentially extend to

frequencies beyond 10 GHz.

The fundamental resonance from the AlN thin film enhances the electromechanical con-

version efficiency and thus optical modulation around 4.13 GHz, and thanks to its low

mechanical Q, we observe broadband modulation with a 3 dB bandwidth of 250 MHz, as

shown in Fig.  2.30 (c). The second harmonic resonance of AlN cavity is also found in S21

around 8.7 GHz, here with a 260 MHz bandwidth. These broad bands of modulation can

potentially be used to connect superconducting circuits with optical interfaces for low-loss
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Figure 2.31. S11 (top) and S21 (bottom) of the TM mode from 20 MHz to
1GHz after damping acoustic resonances. The frequency is in log scale.
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quantum information communication [ 74 ], [ 135 ]. Of note, the positions of these bands can

be engineered by modifying the AlN and SiO2 film thickness for specific applications.

However, the above solution is not effective for HBAR modes below 1 GHz. As shown in

Fig.  2.31 , the mechanical resonances are still significant at this frequency range, although

they can be hardly seen from the electromechanical S11 response. In the future, dedicated

design and patterning of the bottom surface of the substrate can be done for better suppres-

sion of acoustic resonances from Si cavity. For example, it was shown that deeply etched

trenches from the Si substrate’s backside can effectively scatter off the acoustic waves below

1 GHz [ 136 ]. Also, by having thinner Si substrate, we can push the fundamental Si HBAR

resonance beyond 100 MHz. For example, 100 MHz HBAR fundamental mode corresponds

to 42 µm thick Si substrate. To further increase the modulation bandwidth above 1 GHz,

more effort is needed to eliminate resonances from SiO2 and AlN layers, which can be realized

by matching mechanical impedance at interfaces, such as using an acoustic anti-reflection

layer [ 137 ], or through phononic crystal band gap engineering to suppress undesired acoustic

modes [ 138 ].

50 µm

(a) (b)

Si

SiO2

AlScN 500nm

Pt 100nm

Pt 100nm
Si3N4

8µm

(c)

Figure 2.32. (a) Optical image for an AlScN actuator on an optical microring
resonator with 200 GHz FSR. (b) Cross-section of the device with 500 nm
AlScN thin film. (c) SEM image of one AlScN actuator.
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Figure 2.33. (a) Optical image for devices with different sizes. The FSR of
each optical ring resonator is as labeled. (b) The tuning efficiency for each
device with different FSR. All the devices are with the 8 µm shift, except for
the 25 GHz FSR device which has 10 µm shift.

2.3 AlScN actuator piezoelectric tuning

It has been recently found out that by doping the AlN with Scandium (Sc), the piezo-

electric coefficient can be increased by around 4 times [ 139 ]–[ 143 ]. The piezoelectric tuning

of the optical microring resonator using the actuator made from AlScN is studied here. As

shown in Fig.  2.32 (b), a 500-nm AlScN thin film is sandwiched between top and bottom

electrodes made of 100 nm Pt. They are all etched by the physical ion milling etching tool

(AJA ICP Argon Ion Mill Etcher). For most devices, the waveguide is 8 µm within the disk

actuator based on the previous study on the position of the waveguide. The optical and SEM

images of the fabricated AlScN actuator can be found in Fig.  2.32 (a) and (c), respectively.

The tuning efficiency for devices with different sizes and thus different FSR is measured

and shown in Fig.  2.33 (b). Since the AlScN is also a ferroelectric material, a 40 V DC

voltage is first applied to pole the polarization of the film in the same direction. Similar as

the AlN actuator, the tuning efficiency increases as the FSR increases. However, note that

all the devices have 8 µm shift, except for the device with the lowest FSR (25 GHz) which

has a 10 µm shift. It deviates from the trend and shows higher efficiency, which indicates

that by placing the waveguide further inside the actuator, we could further increase the
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tuning in the future. The value of the tuning for each device is summarized in Table  2.1 .

By comparing with the AlN actuator, the AlScN actuator shows generally two times smaller

tuning efficiency which doesn’t reflect its 4 times higher piezoelectric coefficient. This is

probably because of its much thinner thickness with 500 nm, which is the thickest that can

be deposited currently. Further investigation in the future is needed to take full advantage

of the higher piezoelectric response of the AlScN.

30 µm(a)

(b)
(c)

Figure 2.34. (a) Optical image for a PZT actuator on an optical microring
resonator with 100 GHz FSR. The dashed blue circle indicates the optical mi-
croring. (b) False color SEM of the PZT actuator in (a). (c) False-colored SEM
image of the cross-section, showing the PZT actuator integrated on the Si3N4
photonic circuit. The piezoelectric actuator is composed of Pt (yellow), PZT
(green) layers on top of the Si3N4 waveguide (blue) buried in SiO2 cladding.

2.4 PZT actuator piezoelectric tuning

2.4.1 DC tuning with PZT actuator

PZT has been one of the well-known piezoelectric material and widely used not only in

academic research and industry but also in our daily life such as microphone, acoustic guitar,

and electric lighter in the kitchen, thanks to its large piezoelectric response. It presents a

piezoelectric coefficient nearly 20 times larger than AlN with e33 of 23 C/m2. Here, PZT

actuators are designed based on the experience gained from the results of AlN in the last

section, and are fabricated by the foundry process from Radiant Technologies. The optical

image of one of the typical actuator is shown in Fig.  2.34 (a), which is placed on top of an
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optical microring resonator with 100 GHz FSR. The optical waveguide is positioned 8 µm

inside from the edge of the top metal. Since the PZT is optically transparent at visible light,

the optical circuits beneath the PZT can be seen clearly. The PZT is sandwiched between

top and bottom metal electrodes which are made both from 100 nm Platinum (Pt), as shown

in Fig.  2.34 (c). Different from previous AlN actuator, the bottom metal can be patterned

before depositing the PZT, so the bottom metal below the top metal’s signal pad can be

removed to eliminate the capacitance from the signal pad. This is especially important for

PZT as it has a relatively large permittivity. Any parasitic capacitance will increase the RC

constant and reduce the response speed of the actuator.
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Figure 2.35. (a) PZT piezoelectric tuning of a 100 GHz FSR optical res-
onator. The tuning of the resonance under 5 V before (yellow) and after
(blue) electrical poling the PZT film are shown. (b) The shift of the optical
resonance as the voltage increases (red) and decreases (blue), showing slight
hysteresis.

Since PZT is also ferroelectric, appropriate electrical poling of the film is necessary to

align the polarization of each domain in the same direction, such that the piezoelectric effect

can be maximized. This is verified by measuring the resonance tuning before and after poling

the PZT, as shown in Fig.  2.35 (a). The poling is conducted by applying 25 V DC voltage

to the top metal while grounding the bottom metal and wait for at least 1 second. It can be

seen, the poling doubles the tuning efficiency from 1 GHz to 2.5 GHz under 5 V. The tuning

efficiency after poling is around 500 MHz/V which is ten times larger than the maximum
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Figure 2.36. (a) Optical image of one photonic chip with different sizes of
devices. The FSR of each type of device is as labeled. (b) The resonance
tuning for devices with different sizes as the voltage is increased. (c) The
tuning efficiency for devices with different FSR.

tuning efficiency for AlN actuators. In the following sections, the results are after poling

by default. A slight hysteresis is observed as the voltage is swept back and forth as shown

in Fig.  2.35 (b). This is commonly observed for most ferroelectric material [ 144 ], which is

mainly due to the change of polarization with the applied electric field. Despite of that, over

12 GHz of tuning is achieved under 25 V. To maintain the direction of the polarization of the

film, only positive voltage is applied, and the application of negative voltage will reverse the

polarization and compromise the poling. Thus, in real applications, a positive bias should be

applied if bi-directional tuning is desired. Fortunately, the low leaky current of the PZT film

(∼1 nA) helps to remain low power consumption with tens of nW despite of the constantly

applied DC bias.

The tuning for devices with different sizes are studied as shown in Fig.  2.36 . It can

be seen the tuning increases as the radius of the device decreases (FSR increases). All the

devices achieve tuning larger than 10 GHz when the voltage is larger than 30 V. However,

as the voltage further increases, the tuning tends to saturate due to the saturation of the

polarization of PZT at high electric field. This leads to a nonlinear response for the large

signal and long range tuning, which can be compensated with programmable input signal.

It is noteworthy that over 500 MHz/V tuning can be achieved for 400 GHz FSR device,

which is among the largest tuning efficiency for an unreleased structure up to date. It is

also interesting to see that, for the 25 GHz FSR device (r = 900 µm), tuning over half FSR
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(= 12.5 GHz) is achieved for 40 V, which equals to π phase shift for the light in the ring.

The figure of merit of the product Vπ · L = 22 V·cm, where Vπ is the voltage that produces

π phase shift of the light. Although this value is an order of magnitude larger than that for

the state of the art electro-optic tuning using LiNbO3 [ 10 ], the product that includes the

loss Vπ ·L · α = 0.2 V·dB is comparable, thanks to the ultra-low loss of the Si3N4 waveguide

(1 dB/m) [ 24 ].

2.4.2 Co-integration with a thermal heater

Despite of the high tuning efficiency of the PZT actuator, sometimes the tuning of the

optical resonator on the order of 100 GHz is required to compensate for the fabrication

variation in more advanced applications, such as spectroscopy [  59 ], FMCW LiDAR [ 83 ], and

integrated tunable laser [ 84 ]. In that sense, a combination of the heater and the piezoelectric
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Figure 2.37. (a) Top: Optical image of the PZT chip containing 30 GHz
and 100 GHz FSR devices. Bottom: optical image of the PZT actuator co-
integrated with a heater surrounding the optical ring. The zoom-in in the red
dashed box is shown on the right. The optical waveguide is right beneath the
edge of the top metal as indicated by the blue dashed line. (b) Tuning of the
optical resonance for 30 GHz (top) and 100 GHz (bottom) FSR devices under
different voltages.
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Figure 2.38. Thermal-optical tuning of the the optical resonance for (a) 100
GHz and (b) 30 GHz FSR devices. Over one FSR tuning can be achieved
when voltage is larger than 13 V for both of them. The lower panel shows the
electrical power and current under each voltage. The gray dashed line indicates
the FSR for each device.

actuator could provide a way that supports both wide range and high speed tuning. In a

new fabrication process, the PZT actuator is co-integrated with a heater as shown in Fig.

 2.37 (a). Since the heater has to be as close as possible to the waveguide to have effective local

heating, we have to bring the waveguide to the edge of the actuator. This may compromise

the piezoelectric tuning to some extent as illustrated in Fig.  2.37 (b). The tuning efficiency

decreases to 208 MHz/V and 243 MHz/V for 30 GHz and 100 GHz devices, respectively.

However, tuning of 8 GHz can still be achieved under 40 V.

The resistance of the heater for 100 and 30 GHz devices are measured to be 182 Ω and

625 Ω, respectively. The thermal tuning for the two devices are illustrated in Fig.  2.38 . Both

of them can achieve over one FSR tuning when the voltage is larger than 13 V. As expected,

the tuning is quadratic dependent on the voltage, the square of which is proportional to the

heating power. Because of the smaller resistance of 100 GHz FSR device, it consumes higher

current. While the 100 GHz FSR device consumes 680 mW to achieve one FSR tuning, the

30 GHz FSR device will take 250 mW. Different from the piezoelectric tuning, the thermal

tuning can only red shift the wavelength (in other words, decreasing the frequency). It is also

interesting to observe that the resistance slightly increases with the voltage probably because

higher temperature increases the resistivity. From both the piezoelectric and thermal tuning,
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Figure 2.39. Time domain modulation of the light output for (a) 100 GHz
and (b) 30 GHz FSR devices. The top and middle rows are square waves with
100 kHz and 500 kHz repetition rate, respectively. The bottom row is under
electrical pulse with 0.5 µs pulse width. The Vpp of the the square waves and
pulse is 1 V only.

it can conclude that the combination of heater and piezoelectric actuator will provide a more

flexible control of the photonic circuits and will find wide applications in the future.

2.4.3 Characterization of the tuning speed

The switching speed of the PZT actuator is characterized for the same 30 and 100 GHz

FSR devices as in the last section, as shown in Fig.  2.39 . A relatively long switching tail

can be observed due to the large capacitance of the PZT actuator. Due to the large radius

(700 µm) of the 30 GHz ring, it shows even longer ringing down than the 100 GHz device

with radius of 235 µm. For 500 kHz rate, the 30 GHz device can hardly reproduce the input

square wave due to the slow response. To find the factor that limits the speed, the ringing

down is fitted with an exponent function as shown in Fig.  2.40 . The time constant is found

to be 1.4 µs and 0.2 µs for 30 GHz and 100 GHz device, respectively. The time of 30 GHz

device is 7 times larger than the 100 GHz, which aligns with the ratio between the area of
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Figure 2.40. Zoom-in of the ringing down tail of the time domain switching
under 100 kHz square wave for the 100 GHz (black dots) and 30 GHz (blue
dots) devices in Fig.  2.39 . The decay is fitted exponentially for 100 GHz (red
line) and 30 GHz (red dashed line) to extract the time constant as labeled.
The capacitance is measured as shown in the inset.

them. This indicates that the switching speed is mainly limited by the time it takes to charge

and discharge the capacitance which is governed by the RC time constant. The capacitance

is measured to be 2 nF for 100 GHz and 20 nF for 30 GHz device. The resistance is mainly

from the long and narrow traces for the signal lines which is around 27 Ω.

In the future, the RC time can be reduced by making shorter and wider traces, and pat-

terning the top metal by carving out the center area of the disk to reduce the capacitor area.

In previous experiment, I found that Donut shaped actuator has smaller tuning efficiency

than Disk, probably because of more degree of freedom of moving boundaries which release

the concentration of the stress. If we only pattern the top electrode and leave the disk of

the PZT, we may not compromise the tuning efficiency, which needs more investigation in

the future.
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Figure 2.41. (a) Electromechanical S11 (top) and optomechanical S21 (bot-
tom) responses over a wide frequency range. (b) Zoom-in of S11 (top) and S21
(bottom) from 0.5 to 2 GHz, showing HBAR resonances of the PZT actuator.

2.4.4 HBAR AOM of the PZT actuator

The acousto-optic modulation can also be realized by driving the PZT actuator har-

monically. The Electromechanical S11 (top) and optomechanical S21 (bottom) are measured

accordingly as shown in Fig.  2.41 . Despite of the large loss tangent of the PZT at RF

frequencies, the HBAR modes can be seen clearly around 1 GHz both electrically and opti-

cally. However, beyond 2 GHz, the excitation of HBAR mode become less efficient. This is
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Table 2.1. Comparison of the piezoelectric tuning with different design pa-
rameters for both AlN, AlScN, and PZT actuators.

Material Shape Shift FSR (GHz) Optical Mode Tuning (MHz/V)
AlN Disk 0 µm 200 TE 25
AlN Disk 0 µm 200 TM 25
AlN Donut 3 µm 200 TE -3.4
AlN Donut 3 µm 200 TM -11.8
AlN Disk 8 µm 200 TE 31
AlN Disk 8 µm 200 TM 19
AlN Donut -8 µm 200 TE -20
AlN Donut -8 µm 200 TM -4.7
AlN Disk 8 µm 400 TE 75
AlN Disk 8 µm 400 TM 56
AlScN Disk 10 µm 25 TE 11.6
AlScN Disk 8 µm 40 TE 9.27
AlScN Disk 8 µm 100 TE 11.5
AlScN Disk 8 µm 200 TE 13
AlScN Disk 8 µm 400 TE 15.15
PZT Disk 0 µm 30 TE 208
PZT Disk 0 µm 100 TE 243
PZT Disk 8 µm 200 TE 391
PZT Disk 8 µm 400 TE 578

mainly because the large parasitic capacitance shunts most of the microwave energy into the

ground without being converted to mechanical vibration. Although the microwave frequency

response of the PZT actuator is not as good as the AlN, the 1 GHz AOM allows locking of

the optical resonance through the Pound–Drever–Hall (PDH) technique [ 121 ], [ 145 ]. There-

fore, the technique developed here enables multi-functional control of the photonic circuits

from wide range tuning (heater) to ultra-fast agitation and GHz modulation using the PZT

piezoelectric transduction.

2.5 Summary

In summary, the piezoelectric tuning of the Si3N4 microring resonator is demonstrated

by designing and fabricating both AlN, AlScN, and PZT actuators on an unreleased sub-

strate.The performance of the tuning for AlN and PZT actuators with different design pa-

rameters is summarized in Table  2.1 . Several design rules can be summarized as followings:
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• Disk actuator shows larger tuning rate than Donut actuator

• TE mode generally has higher tuning than TM mode

• Disk actuator prefers positive shift while Donut actuator prefers negative shift

• Optical ring with larger FSR (smaller radius) has higher tuning rate

• PZT has much higher tuning efficiency than AlN, although AlN advances in linearity,

negligible hysteresis, bi-directional tuning, and higher actuation bandwidth

The comparison of the AlN, AlScN, and PZT piezoelectric tuning with other similar

works in the literature is summarized in Table  2.2 . It can be seen the PZT actuator in

this work shows the most efficient optical resonance tuning with estimated Vπ · L of 12.5

V·cm. The power consumption of 1.7 pW per MHz resonance tuning is among the lowest

in the literature. Also, the tuning speed on the order of sub-µs is much faster than other

works, which is ultimately limited by the bulk mechanical modes of the photonic chip. In the

lower rows of Table  2.2 , it is compared with thermal tuning in the literature. As expected,

thermal tuning shows three orders of magnitude larger tuning range at the expense of three

orders of magnitude larger power consumption and lower response speed. Therefore, while

heater is suitable for coarse tuning, piezoelectric actuator can be used for fast fine tuning,

as demonstrated in the last section.

Besides quasi-DC tuning, I also demonstrated microwave frequency acousto-optic mod-

ulation of the Si3N4 microring resonator by exciting HBAR modes using both the AlN and

PZT actuators. Upon electrical signals, bulk acoustic waves (BAW) are excited, transmitting

vertically towards the optical resonator which modulates the refractive index through the

stress-optical effect. The flat top and bottom surfaces of the photonic chip naturally form

an acoustic Fabry–Pérot cavity, which supports a series of evenly distributed resonances

covering multiple octaves from 1 to 6 GHz. I further developed the electromechanical model

for precisely predicting the frequency and dispersion of mechanical resonances, which allows

engineering the mode spacing. The advantages of HBAR based AOM over traditional surface

acoustic waves include:
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Table 2.2. Comparison with the piezoelectric tuning demonstrated in the
literature. All the works here are unreleased structure, and the optical waveg-
uide is made from Si3N4. MZI: Mach-Zehnder interferometer. The FSR for
each optical ring is as labeled. Vπ · L has unit of V·cm, and is estimated from
the resonance tuning for the microring structure. The last three rows compare
with thermo-optic tuning. WG: waveguide.

Ref. Piezo Structure Tuning
(MHz/V)

Vπ · L Speed Power

[ 67 ] PZT MZI 12.5 0.25 µs 300 nW
[ 68 ] PZT MZI 50 100 µs 1 µW
[ 70 ] PZT MZI 16 0.85 µs 0.1-1 µW
[ 69 ] PZT Ring (48GHz) 160 55 38 pW/MHz
This work PZT Ring (25GHz) 336 20 1 µs 3 pW/MHz
This work PZT Ring (200GHz) 400 18 0.1 µs 2.5 pW/MHz
This work PZT Ring (400GHz) 578 12.5 0.1 µs 1.7 pW/MHz
This work AlN Ring (200GHz) 58 124 0.1 µs 18 pW/MHz
This work AlScN Ring (200GHz) 13 553 0.1 µs 77 pW/MHz
Thermal WG Structure Tuning Speed Power
[ 55 ] Si Ring (800GHz) 300 GHz/mW 170 µs 3 nW/MHz
[ 56 ] Si3N4 Ring (231GHz) 0.1 GHz/mW 710 µs 10 µW/MHz
[ 58 ] Si3N4 Disk 1.8 GHz/mW 30 µs 0.5 µW/MHz

• The HBAR explores the design of freedom in the vertical direction, allowing compact

integration.

• Si3N4 waveguides can be cladded with thick oxide for preserving high quality factor

and dispersion.

• The tight vertical confinement enables a close arrangement of multiple actuators with

low cross-talk.

• The mechanical frequency is dictated solely by the thicknesses of each layer. The

lateral dimensions can be photolithograph defined, allowing large volume production

with little frequency variation.

Therefore, the marriage between HBAR and Si3N4 integrated circuits, which are key tech-

niques in each’s field, will open up a new avenue for MEMS-enabled photonic devices in the

future.
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3. PIEZOELECTRIC CONTROL OF SOLITON MICROCOMBS

In this chapter, the application of the piezoelectric control of the optical microring resonator

has been demonstrated in tuning of the generated Kerr frequency comb from the Si3N4

microring. After briefly introducing the frequency comb, the piezoelectric tuning of the

comb into different states will be shown. The actuation and stabilization of the comb will

also be discussed.

3.1 Optical Kerr frequency comb

Frequency comb, since its invention, has boosted a wide variety of applications, such as

frequency metrology [ 146 ], atomic clock [ 123 ], spectroscopy [ 147 ], and signal synthesis [  50 ],

since stabilized frequency comb shows ultrahigh frequency accuracy and stability [  148 ]. In

frequency domain, frequency comb consists of discrete, evenly spaced sharp lines, as shown

in Fig.  3.1 (b). If there is a coherent relative phase among these comb lines, they will form

pulses with periodic envelope in the time domain, superimposed with fast oscillating optical

carrier, as shown in Fig.  3.1 (a). The envelope in the time and frequency domain satisfy

Fourier transform with each other. Therefore, the frequency spacing is equal to the pulse

repetition rate, which is the inverse of pulse period frep = 1/T . One important parameter

of frequency comb is the so called carrier-envelope offset phase φCEO, which is the phase

difference between the peak of envelope and the closest peak of carrier. Due to the dispersion

in the cavity in practical application, the group velocity vg of the envelope usually is smaller

than the phase velocity vph of the carrier. Therefore, the φCEO varies from pulse to pulse in

a step of ∆φCEO [ 148 ]:

∆φCEO =
(

1
vg
− 1
vph

)
lcωcmod(2π) (3.1)

where lc is the length of the optical cavity, ωc is the angular frequency of the optical carrier.

Due to the evolution of carrier-envelope phase, there is an absolute offset of the comb in

frequency domain, fCEO = frep∆φCEO/2π. The absolute frequency of each comb line can

then be found as:

fn = fCEO + nfrep (3.2)
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Figure 3.1. Schematics for the optical frequency comb in the time domain
(a) and the frequency domain (b). The carrier-envelope offset phase φCEO is
defined as the phase difference between the peak of envelope and the closest
peak of carrier. The discrete frequencies distribute evenly with interval frep,
and the offset frequency is fCEO.

A frequency comb can be fully stabilized by measuring and stabilizing the frequency

spacing frep and the overall offset fCEO. The frep can be either measured directly by fast

photodetectors for low repetition rate (10s of GHz) frequency comb, or by beating with

another comb with known repetition rate for comb THz rate. Measuring the fCEO is more

difficult to implement experimentally, since it is hidden as phase information. One commonly

used technique is self-referencing f − 2f technique [ 50 ], which utilizes octave spanning fre-

quency comb (maximum frequency is two times bigger than the lowest frequency) and second

harmonic generation [  148 ]. The main principle is as follows: if the frequency comb is doubled

by a second harmonic crystal, the comb line with index n will have close frequency with the

frequency component with index 2n of the original comb. The frequency difference between

them is precisely the fCEO:

2fn − f2n = 2(nfrep + fCEO)− (2nfrep + fCEO) = fCEO (3.3)

This can be easily implemented by doing the heterodyne measurement in RF domain, which

provides a high precision.

The frequency comb is conventionally generated by an ultrafast mode-locked laser, such

as the Kerr lens mode-locked (KLM) Ti:sapphire laser [  148 ]. Over the past decade, frequency

comb has been realized on chip utilizing the optical Kerr nonlinearity, the so called Kerr comb
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Figure 3.2. Principle of the Kerr comb. The comb is firstly generated by
the degenerate FWM process which converts two pump photons into evenly
distributed sidebands. As the power from pump is distributed to sideband,
the FWM is dominated by the non-degenerated version which generates new
sidebands and forces even frequency distribution.

[ 29 ], [  42 ], [  149 ]. With the help of parametric four wave mixing (FWM) in dielectric material

[ 150 ], Kerr comb has been demonstrated over broad bandwidth in infrared region. The main

advantages of these combs over conventional ultrafast lasers are the GHz to THz repetition

rate and the compact size.

As shown in Fig.  3.2 , the parametric process is initially dominated by the degenerate

FWM, where two input pump photons ωp annihilate and generate a higher frequency signal

photon ωs, and a frequency downshifted photon idler photon ωi. The energy conservation

law requires that the signal and idler photons equally distribute on the two sides of the

pump. Also, the degenerate FWM will be highly enhanced if the frequencies coincide with

the resonant mode of the an optical cavity. Since the mode frequency spacing of cavity

(FSR) is nearly evenly distributed (regardless of dispersion of cavity), this also guarantees

even distribution with respect to the pump. As more sidebands generated, and the power

of them grows, the non-degenerate FWM dominates. In this case, two photons with differ-

ent frequencies can interact and generate new frequencies. Through these cascaded FWM

processes, frequencies with evenly distributed spacing are generated, which form a frequency

comb. The bandwidth of the final spectrum will be limited by dispersion inside resonator
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and the transparent bandwidth of material, while the first factor is the mainly bottleneck in

practice [ 151 ].

Many materials have been demonstrated experimentally to generate frequency comb effi-

ciently, such as silica [ 149 ], Si3N4 [ 152 ], CaF2 [ 153 ], AlN [ 38 ], and AlGaAs [ 21 ], [ 40 ], to name

a few. Kerr comb is first demonstrated on a silica toroidal microresonator (75 µm diameter),

which high quality factor (>108), tight mode confinement, and large repetition rate (∼1 THz)

[ 149 ]. All these features make it possess low threshold power, which is 60 mW. Because of

the intrinsic dispersion compensation, the generated frequency comb covers a large spectrum

bandwidth of 490 nm. Another widely used material and structure is the Si3N4 microring

resonator studied in this work. Its high third order nonlinearity (2.5 × 10−15 cm2/W, an

order of magnitude higher than silica, CaF2) makes it possible to serve as good frequency

comb generator with low pump power. The advantages of this Si3N4 microring resonator

Kerr comb include CMOS compatibility and planar integration, which allows it to be inte-

grated together with other optical components like waveguides, light source, photodetector,

and with thermal heater and piezoelectric actuator demonstrated in this work.

High-speed actuation of laser frequency [  154 ] is critical in applications using lasers and

frequency combs [ 148 ], and is a prerequisite for phase locking, frequency stabilization and

stability transfer among optical carriers. For example, locking combs to microwave standards

is key to optical frequency synthesis [ 155 ]. Phase-locking of combs to stable reference cavities

is also central for low-noise microwave generation via optical frequency division [  156 ]. Optical

clocks require frequency combs to be locked to atomic transitions [ 157 ], and higher-bandwidth

actuators are needed to keep pace with the improvement in clock fractional uncertainty [ 158 ].

Frequency combs based on mode-locked lasers have established elaborate techniques for

wideband frequency actuation, typically realized using bulk phase or amplitude modulators

within the laser cavity. In contrast, measurement-based high-speed feedback stabilization of

chip-based microcombs is currently only achieved with off-chip bulk modulators that actuate

the pump laser. Therefore, high-speed actuators on-chip are highly desirable for integrated

soliton microcombs, where the demonstrated piezoelectric actuation can play an important

role.
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(a) (b)

(c)

Figure 3.3. (a) Schematic of the AlN actuator on top of a Si3N4 microring
resonator. CW light (green) is coupled into the resonator which generates dis-
sipative solitons (red pulses) at the output. The modulation signal applied to
the AlN actuator induces bulk acoustic waves (purple waves), which transduces
the modulation to all the comb lines of the generated soliton pulses (spectrum
at bottom right). (b) Optical image showing the Si3N4 microresonator (red
dashed line) with a disk-shape AlN actuator. (c) False-colour SEM image of
the sample cross-section, showing Al (yellow), AlN (green), Mo (red), Si3N4
(blue) and the optical TE mode (rainbow). The inset shows the schematic of
the cross-section. Reprinted from Ref. [ 121 ].

3.2 Voltage controlled soliton states

As shown in Fig.  3.3 , a Disk AlN actuator is placed on top of a Si3N4 microring resonator

with radius of 118 µm and FSR of 191 GHz. The Si3N4 is fully buried by the SiO2 cladding

to preserve the low loss of the Si3N4 waveguide which leads to a measured intrinsic quality

factor, Q0 > 15 × 106. This is identical to that of bare microresonators without AlN [ 24 ],

demonstrating that the monolithically integrated AlN actuators are compatible with the

ultralow-loss Si3N4 photonic circuits. Also, the dispersion is preserved which is essential for

the Kerr soliton generation [ 121 ].

The Kerr frequency comb is generated using the setup shown in Fig.  3.4 (a). A 15 mW

CW laser is butt coupled into the the microring resonator with a 60% coupling efficiency per

chip facet. The laser frequency is fixed which is 1 GHz larger (blue detune) than the optical

resonance. By applying positive voltage to the AlN actuator, the soliton is initiated by tuning
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(a)

(b) Soliton step

(c) (d)

(e) (f)

Figure 3.4. (a) Experimental set-up for comb generation and control. OSC,
oscilloscope; FBG, fibre Bragg grating; OSA, optical spectrum analyser; PD,
photodiode; EOM, electro-optic modulator; VNA: vector network analyzer.
(b) A typical soliton step of millisecond length. (c) Optical spectrum for fre-
quency comb at different states under different voltages. PC: primary comb;
MI: modulation instability; MS: multi-soliton. (d) Resonance detuning mea-
sured by VNA. The cavity resonance is initially 1 GHz smaller than the laser
frequency, and is then tuned to the laser and generates different comb states.
(e) Optical spectrum for single soliton states with different bandwidth when
varying the voltage. (f) Cavity and soliton resonance detuning in the soliton
state with different voltages. SS: single soliton. Reprinted from Ref. [ 121 ].

the resonance to the laser [ 30 ], [ 57 ]. A typical soliton step of millisecond duration is shown

in Fig.  3.4 (b). Though not required for soliton initiation, we monitor the resonance–laser

detuning using an electro-optic modulator (EOM) and a vector network analyser (VNA)

[ 159 ]. As the voltage is increased, the detuning between the laser and resonance decreases

as can be seen from the black (0 V), cyan (30 V), and pink (50 V) in Fig.  3.4 (d). As more

laser is pumped into the resonance at 71 V, the primary comb is generated with the spacing

of several FSR as illustrated by the blue curve in  3.4 (c-d). Subsequently, the comb enters
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into the modulation instability at 81 V (green) and multi-soliton state to 85 V (red). As the

comb is in the soliton state, the VNA trace shows double peaks with the lower frequency

being the soliton resonance and the higher frequency for the cavity resonance (red curve in

Fig.  3.4 (d)).

Next, the AlN voltage is reduced such that the backward tuning enables switching [ 159 ]

to the single soliton state at 79 V (blue in Fig.  3.4 (e-f)). The voltage is increased again

(90 V) to increase the soliton bandwidth. Figure  3.4 (e) shows different soliton states with

different applied voltages. From Fig.  3.4 (f), while the cavity detuning increases with the

voltage, the soliton resonance remains close to the laser. These results demonstrate that

the soliton can be initiated by solely tuning the optical resonance with fixed-frequency laser

which usually shows lower linewidth and noise than the tunable laser. Also, the frequency

comb can be programmed in situ into different states by adjusting the voltage applied to the

actuator. Therefore, the voltage-controlled AlN actuator can be used to implement feedback

and to eliminate the detuning drift for long-term soliton stabilization as demonstrated later.

3.3 HBAR induced PDH error signal

The Pound–Drever–Hall (PDH) technique [ 160 ] has long been widely used to lock the

laser frequency to the resonance of a stabilized optical cavity in a reliable way. Compared

with the locking to the slope of the resonance, it elegantly decouples the fluctuation of the

frequency and intensity of the laser, and the locking bandwidth is not limited to the cavity’s

linewidth which is usually small for stabilized, high finesse optical cavity. It is a combination

of heterodyne and homodyne detection in optical and RF domain, respectively. As shown

in the setup of Fig.  3.5 (a), the optical resonator is modulated which generates modulation

sidebands around the input laser. Depending on the relative detune between the laser and

the optical resonance, the sidebands will carry different relative phases, and show either

constructive or destructive interference at the photodetector. The beatnote between the

sidebands and the laser will have the same frequency as the modulation signal fmod, which

can be sampled by mixing them with the original local oscillator using an RF mixer. This

RF homodyne detection will generate a DC signal which can be selected by a low pass filter,
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(a)

(b) (c)
78.67 MHz 114.09 MHz

Figure 3.5. (a) Experimental set-up for On-chip generation of PDH error
signals using the HBAR modes induced by AlN actuation. LPF: low-pass
filter; Amp.: RF power amplifier. PDH error signal (blue) modulated at (b)
78.67 MHz and (c) 114.1 MHz HBAR modes. The optical resonance is shown
as the orange curves. ∆f is the relative detune between the laser and the
optical resonance. Reprinted from Ref. [ 121 ].

which becomes the PDH error signal measured by the oscilloscope. This error signal gives

precisely the information about the relative detune which be fed-back for stabilizing the laser

frequency using a servo such as the proportional–integral–derivative (PID) controller.

Here, we demonstrated the generation of PDH error signal by acousto-optic modulating

the optical microring resonator using the HBAR modes. Although narrow-band, HBAR

modes offer an efficient way for modulating the optical resonator at a single frequency which

is best suited for the PDH technique. Different modulation frequencies corresponding to

different HBAR modes are investigated as shown in Fig.  3.5 (b-c). It can be seen at the

zero detune, the PDH error is zero due to the balance between the sidebands. As the

laser deviates, the PDH error increases and shows different sign depending on the detuning

direction. Thus, by adding a negative feedback gain in a closed loop, the laser frequency
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Figure 3.6. Stabilization of the frequency comb over a long period of time. (a)
Experimental setup for locking the resonance to the laser and maintaining the
soliton detuning. OSC: oscilloscope; BPF: bandpass filter; FBG: fiber Bragg
grating. (b) Soliton stabilization over 5 hours. Three selected comb lines are
shown here with stability over 5 h. Reprinted from Ref. [ 121 ].

can be quickly adjusted back to keep the PDH error zero, and therefore zero detuning. The

response time of the feedback is ultimately limited by the bandwidth of the low pass filter

which can be increased by driving higher frequency HBAR mode. In conclusion, the on-chip

HBAR AOM provides an efficient and low-cost way to implement PDH locking, which will

find useful in locking an integrated semiconductor laser to the Si3N4 microring resonator

[ 3 ]–[ 8 ].

3.4 Stabilization of the Kerr frequency comb

Not only for tuning the comb states by adjusting the detune between the laser and the

optical resonance, the fast piezoelectric actuation also allows us to stabilize the detune over

a long period of time. The setup for stabilization is shown in Fig.  3.6 (a), where A feedback

loop is applied to fix the soliton detuning at 317 MHz and eliminate the detuning fluctuation

over the long term. Fig.  3.6 (b) shows the evolution of three comb lines over 5 h. The final
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(b)(a)

(c) (d)

Figure 3.7. Stabilization of the repetition rate of the soliton. (a) Experi-
mental setup used to lock the microcomb to an electro-optic (EO) comb, and
characterize the in-loop phase noise of the beatnote signal between line no.
-1 of the microcomb and line no. -13 of the EO comb. DSO, digital storage
oscilloscope; MZM, Mach–Zehnder modulator; EOM, electro-optic modulator;
ESA, electrical spectrum analyzer; PNA, phase noise analyser. (b) Schematic
of soliton repetition rate stabilization using an EO comb with 14.6974 GHz
line spacing. Line no. -1 of the microcomb and line no. -13 of the EO comb
are locked and referenced to a 60.0 MHz signal. (c) Measured beat-note signal
of line no. -1 of the microcomb and line no. -13 of the EO comb, in the cases
of locked and free-running (unlocked) states. Resolution bandwidth (RBW)
is 1 kHz. (d) Measured phase noise of the beat signal in the locked (blue)
and free-running states (red), in comparison to the 60.0 MHz reference signal
(black). The locking bandwidth of the AlN actuator is 0.6 MHz. Reprinted
from Ref. [  121 ].

soliton loss after 6 h is caused by the drift of the fiber–chip coupling using suspended lensed

fibers, and can be mitigated by gluing the fibers to the chip [ 161 ], or via the photonic wire

bonding [ 162 ], [  163 ].

As mentioned in the introduction, for a stabilized frequency comb, it is required to lock the

repetition rate to a standard frequency reference, which is implemented in the setup shown in

Fig.  3.7 (a). As the soliton repetition rate, frep = 191 GHz, is not directly measurable, we use

an electro-optic frequency comb (EO comb) of 14.6974 GHz line spacing, and measure the
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beat signal between line number (no.) -1 of the microcomb and line no. -13 of the EO comb,

as illustrated in Fig.  3.7 (b). The EO comb is generated by cascading one MZM intensity

modulator and three EO phase modulators which are driven with the same RF signal at

14.6974 GHz [ 164 ], [ 165 ]. Both microcomb and EO comb are generated with the same pump

laser (Toptica CTL). The beat signal is compared to a reference signal of 60.0 MHz. The

error signal is fed-back to the AlN actuator, such that the actuation on the microresonator

stabilizes the soliton repetition rate to the EO comb line spacing.

The beat signal and the phase noise of it are measured for both free-running and locked

cases as shown in Fig.  3.7 (c-d). It can be seen clearly, after locking the linewidth of the

beatnote and the phase noise are largely improved. The locking bandwidth, determined by

the merging point of the two phase noise curves (red and blue), is 0.6 MHz. This bandwidth

is wide compared to conventional lasers where the piezo response is typically limited to a few

kilohertz (similar to integrated heaters). In addition, the 0.6 MHz bandwidth is limited by

the chip contour and bulk modes of our sample. This bandwidth could be further extended

to 10 MHz by eliminating the chip modes as outlined in Chapter 2.

3.5 Summary

In summary, we demonstrate the piezoelectric control of soliton microcombs, by mono-

lithically integrating AlN actuators on ultralow-loss Si3N4 waveguides. We show electrically

controlled soliton initiation, tuning and megahertz-bandwidth locking. This novel approach

of microcomb actuation not only benefits existing applications, but also allows synchronous

scanning of the pump laser and microresonator, as required to build parallel FMCW Li-

DAR engines [ 83 ], [ 121 ]. The unprecedented bandwidth and low cross-talk offered by these

piezoelectric actuators enable the suppression of parasitic line power fluctuations and Raman

self-frequency shifts for LiDAR applications. By co-integration with CMOS microelectronic

circuits and heterogeneously integrated semiconductor laser [ 7 ], compactly packaged micro-

combs with rapid electronic initiation, actuation, and stabilization are attainable, which will

pave the paths for portable LiDAR and spectroscope in the future.
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4. RELEASED PIEZOELECTRIC ACTUATION

In this chapter, the Si substrate beneath the piezoelectric actuator is removed to suspend

the SiO2 membrane such that it will have larger degree of freedom for mechanical bending.

This will lead to more deformation of the optical microring than the unreleased device,

and thus larger optical resonance tuning can be expected. As will be shown later, this

larger deformation is at the expense of smaller tuning bandwidth due to the low frequency

mechanical vibration modes of the SiO2 membrane. These modes are measured and analyzed

in more details. On the other hand, at the microwave frequency, HBAR can also be excited

which will be tightly confined in the SiO2 membrane. The AOM efficiency will be increased

by 100 times compared with the unreleased device due to smaller acoustic mode volume and

larger optomechanical interaction strength.

4.1 Design of the released piezoelectric actuator

Based on the resonance condition of optical ring resonator: Lneff = mλ, where L is the

the cavity length 2πR, neff is the effective refractive index, m is the azimuthal order, there

will be mainly two ways to tune the resonance wavelength λ: one is to change the cavity

length L and the other will be to modify the effective refractive index. According to this idea,

we designed released membrane structure, combining with piezoelectric actuator, which can

be bent as we apply voltage. As shown in Fig.  4.1 (a-c), the Si3N4 waveguide is embedded

in 5.8 µm silica membrane which is 1.8 µm wide and 800 nm thick. This guarantees most

of optical mode is confined within low loss Si3N4 waveguide, which helps to generate high

optical quality factor. The optical ring resonator is constructed with the same waveguide

dimensions with radius of 118 µm. Depending on the relative position of the ring resonator

within the membrane, three different structures are designed, with ring resonator 6 µm (Fig.

 4.1 (a), Device Edge 1) and 12 µm (Fig.  4.1 (b), Device Edge 2) away from tip edge of the

membrane, as well as at the anchor of the released membrane (Fig.  4.1 (c), Device Anchor).

Depending on the placement of the resonator, the devices will show distinct performance as

demonstrated in the following sections.
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Figure 4.1. Schematics of cross-section of the devices with different relative
positions of Si3N4 ring resonator for (a) 6 µm from tip edge, (b) 12 µm from tip
edge, and (c) right at the anchor. The thickness of each layer is labeled in each
figure, while the dimensions of the waveguide is 1.8 × 0.8 µm2. The relative
position of rotational axis of the device is shown as in (a), and the cylindrical
coordinate is employed. AlN sandwiched between Al and Mo serves as piezo-
electric actuator which will bend the membrane when we apply voltage. (d-f)
shows the FEM simulation of r direction displacement (top) and horizontal
stress distribution (bottom) around the waveguide for (a-c), respectively. As
positive 60 V is applied, the membrane will bend downwards, and tune the
resonant wavelength by shrinking the ring mechanically and perturbing the
refractive index through the stress-optical effect.

As illustrated in Fig.  4.1 (a-c), the piezoelectric actuator is composed of AlN (1 µm) which

is sandwiched between Aluminum top electrode (100 nm) and Molybdenum bottom electrode

(100 nm). The bottom electrode always serves as ground while voltage is applied to the top

electrode across this work. As we apply positive voltage to the actuator, the AlN will expand

and bend the membrane downwards. This actuation introduces r direction displacement,

which is simulated for each structure as shown in the upper half of Fig.  4.1 (d-f). As it bends

down, upper part of the membrane experiences movement inwards the ring (negative ∆r

displacement), while the lower boundary moves outwards (positive ∆r displacement). From

the simulation, it can be seen that the waveguide undergoes negative horizontal displacement

which means the optical ring will shrink. As the ring changes position gradually from the

tip edge to the anchor, it experiences less and less horizontal displacement.
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As expected, besides the mechanical displacement, there will be stress inside the mem-

brane as it bends, which is also simulated and shown in the lower half of Fig.  4.1 (d-f).

Bending downwards generates extensional (positive) stress at the upper half of the mem-

brane, while compressive (negative) stress is generated for the lower part. Interestingly, the

area beneath the actuator shows enhanced stress and the stress around the waveguide is

mainly determined by the relative position between ring and actuator, irregardless of the

position of ring inside the membrane. Accordingly, as ring resonator gradually moves from

the edge to the anchor, mechanical displacement will play less role, while stress-optical effect

dominates. As the optical mode is mostly confined inside the Si3N4 core, the change of

effective refractive index is mainly determined by the change of index of Si3N4 due to the

stress-optical effect, which is different from previous work where the mode is less confined

and inside the SiO2 cladding [ 71 ].

20  m

(a) (b) (c)

(d)

50  m
(e)

(f)

waveguide

waveguide

waveguide

Ring

Ring

Ring

50 µm

50 µm

Figure 4.2. (a) Optical microscope of Device Edge 2. (b) Zoom-in optical
microscope images around waveguide coupling region for Device Edge 1 (top)
and Device Edge 2 (bottom), which corresponds to the white dashed rectangle
in (a). The relative position of ring resonator inside membrane is clearly shown.
(c) and (d) illustrate the optical microscope image of the whole device and
zoom-in near waveguide coupling region (white dashed region in (c)) for Device
Anchor, respectively. (e) and (f) show the false color SEM near red dashed
rectangle in (a) and (c) respectively. Yellow region is top Al electrode with
AlN (green) beneath it. Red is for released SiO2 membrane while blue is Si
substrate.
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Figure 4.3. (a) COMSOL simulation of total displacement distribution of
device Edge 2 under 60 V DC voltage. COMSOL optical mode simulation for
(b) TE (upper) and TM (lower) modes respectively.

One of the optical microscope images of the final fabricated samples for device Edge 2

is shown in Fig.  4.2 (a), while device Edge 1 shows much similar structure except for the

relative position of ring resonator as illustrated in Fig.  4.2 (b), which shows the zoom-in

around the bus waveguide side coupling region. As expected, the ring of device Edge 1 is

closer to the membrane edge than Edge 2. Inside the membrane, there are 9 rectangle holes

that are defined for releasing the membrane uniformly, namely the releasing holes. To protect

coupling between waveguide and ring from being perturbed by piezoelectric actuation, there

is an intact region around the coupling area without any metal and piezoelectric material

(Fig.  4.2 (b)). Fig.  4.2 (e) illustrates the skewed false-color SEM image of device Edge 2 of

the red dashed region in Fig.  4.2 (a), which shows the freely moving SiO2 membrane (red)

together with the top AlN piezoelectric actuator (green).

Similarly, the optical image of device Anchor is shown in Fig.  4.2 (c), with the zoom-in

near coupling region in Fig.  4.2 (d). One can see that the optical ring resonator locates at

the anchor of the released membrane. The skewed SEM of device Anchor is also as presented

in Fig.  4.2 (f). Based on the SEMs, no significant buckling of the membrane after releasing is

observable, demonstrating low residual stress inside the SiO2 membrane after the deposition.
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The mechanical simulation of the device Edge 2 is provided in Fig.  4.3 (a), which shows

the total displacement under 60 V. The released membrane bends downwards for positive

voltage with maximum displacement of 56 nm. Due to the lack of AlN near the waveguide

coupling region, the displacement distribution is not cylindrically symmetric, which makes

the simulation of optical resonance tuning challenging. The optical mode distribution of TE

and TM modes are simulated as shown in Fig.  4.3 (b). It can be seen that TE mode is more

confined within Si3N4 waveguide core than TM mode. This helps to reduce the waveguide

surface scattering loss of TE mode. On the other hand, the TM mode extends more outside

the waveguide in the vertical direction, which increases its absorption loss from metal on

top of the cladding. From these simulations, TE mode shows lower losses and thus higher

optical Q than TM mode as observed in the experimental results.

SiO2 SiSiNAlNMoResist

(a) (c)

(d) (e)

(b)

AlN & Mo dry etching Bottom Mo etching

SiO2 & Si DRIE etching Si isotropic etching

(f)

Figure 4.4. Schematics of fabrication flow for the released piezoelectric actua-
tor. (a) Cross-section of the device after fabrication of the Si3N4 ring resonator
using the Damascene process. (b) Mo and AlN are RIE etched to define the
shape of the actuator. (c) Etching the bottom Mo metal. (d) Release holes
are defined by deep RIE etching of SiO2 and Si, followed by (e) isotropic dry
etching of the Si substrate. (f) The wafer is finally mechanically polished to
be diced into small chips.
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4.2 Fabrication processes

To fabricate the released actuator, a novel releasing technique is proposed as illustrated

in Fig.  4.4 . The Si3N4 photonic circuits is fabricated using the photonic Damascene process

[ 24 ]. Films of 100 nm Mo and 1 µm AlN are then sputtered on the wafer through foundry

services (Plasma-Therm). The actuators are patterned by thick photoresist SPR220-4.5, and

the top Mo is etched with Reactive Ion Etching (RIE) using Cl2 and the AlN is also RIE

etched using Cl2 and BCl3 in the same Panasonic E620 Etcher. The bottom Mo electrode

is patterned by photoresist AZ1518 and dry-etched using Cl2 in the same etcher. Note the

device shown in Fig.  4.2 has Al top metal which is fabricated by lift-off process described in

Chapter 2.

In the next step, the releasing holes are made by deep RIE (DRIE) etching of the SiO2

and Si, which is anisotropic and has good selectivity in the vertical direction as illustrated

in Fig.  4.4 (d). Note that the dicing lines between chips (5 × 5 mm2) are also etched in

the same time, which helps to dice the wafer into individual chips in combination with the

Figure 4.5. SEM image of the Si substrate of the device Anchor after vertical
DRIE (white arrows) and Si lateral etching (red arrows).
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mechanical polishing in the final step. Also, the DRIE makes sure smooth chip edge for good

lensed fiber to chip edge coupling. In the following, Si isotropic dry etching using SF6 is

performed to undercut and suspend the SiO2 membrane. The mechanical polishing serves as

the final step to dice the wafer into chips. The SEM of the Si substrate of the device Anchor

after the DRIE and Si lateral isotropic etching is shown in Fig.  4.5 . DRIE first etched the

Si vertically (white arrows) and defined releasing holes. The lateral Si isotropic dry etching

(red arrows) is performed subsequently to release the remaining structures using the defined

releasing holes. This leads to the curved surface and roughness at the corners.

4.3 DC optical resonance tuning

To demonstrate the tunability of the devices, we apply first DC voltages on the top

electrode while grounding the bottom electrode, and then measure the corresponding spec-

trum using a tunable diode laser (New Focus TLB-6328). The results for the three kinds

of devices are summarized in Fig.  4.6 . Both TE and TM modes are measured which are

identified by comparing the measured FSR of them with COMSOL mode simulation. For

device Edge 1, where the ring is close to membrane edge, the resonant wavelengths of both

TE and TM modes increase as we apply positive voltage, as shown in Fig.  4.6 (a). As we

switch the voltage to a negative value, the resonance shifts to lower wavelength, which means

blue detune. This demonstrates bidirectional tuning ability, which is different from Ref [ 71 ],

probably because the stress-optical effect plays a more important role rather than the purely

mechanical deformation. One can see that, from Fig.  4.6 (a), the tuning is achieved over one

linewidth of the resonance under 60 V, which would be sufficient for applications like Si3N4

micro-combs and optical modulator. The dependence of the tuning on DC voltage for device

Edge 1 is shown in Fig.  4.6 (d), which is highly linear with linear fitting R2 bigger than 0.99

(solid lines). Higher voltages are applied up to 100 V without breaking the AlN actuator,

demonstrating AlN break down field higher than 100 V/µm. Both TE and TM modes show

similar tuning efficiency of 0.4 pm/V (-50 MHz/V).

As the ring moves away from the edge, like Edge 2 (Fig.  4.6 (b)), it shows similar bidi-

rectional tuning performance as Edge 1, but now TE and TM modes have different tuning
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Figure 4.6. (a-c) DC tuning spectrum for TE (upper) and TM (lower) modes
under 0 V (gray), 60 V (red), and -60 V (blue) for device Edge 1, Edge 2,
and Anchor respectively. The x axis for each spectrum is relative to the center
wavelength of each mode, with λ0 for Edge 1 TE mode 1548.4 nm and TM
mode 1548.8 nm, and for Edge 2 TE mode 1549.6 nm and TM mode 1548.8 nm,
and for Anchor TE mode 1549.1 nm and TM mode 1549.7 nm. All devices and
modes show red detune (increasing resonant wavelength) for positive voltage
and blue detune (decreasing resonant wavelength) under negative voltage, but
with different tuning efficiency. (d-f) Dependence of the resonant wavelength
tuning ∆λ on DC voltage for devices Edge 1, Edge 2, and Anchor, respectively.
Orange (purple) dots and lines are experiment points and linear fitting for TE
(TM) mode, respectively. The tuning is highly linear (R2 > 99%) and has
positive slope with voltage, showing bidirectional tuning. (g-i) Dependence
of the optical quality factor Q on voltages for TE (orange) and TM (purple)
modes. TE modes show higher Q than TM mode in all cases.
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efficiency, demonstrating the polarization dependency of the tuning due to stronger stress-

optical effect. This is related with anisotropy of stress optical coefficients with large off

diagonal elements in stress-optic tensor. Although TE mode shows smaller tuning efficiency

of 0.12 pm/V (-15 MHz/V) than TM mode 0.4 pm/V (-50 MHz/V), it has much higher

optical quality factor (narrower linewidth), probably because it is now far away from the

edge with less scattering loss. The linearity of tuning is illustrated in Fig.  4.6 (e), and the

TE mode has smaller tuning slope than TM which is consistent with previous observation

from the spectrum (Fig.  4.6 (b)).

When the ring is located at the anchor (Fig.  4.6 (c)), the mechanical deformation of

ring radius is highly suppressed, with index perturbation mainly induced by the stress.

Intriguingly, TE mode shows very little tuning of 0.02 pm/V (-2.5 MHz/V) while TM mode

is less influenced with 0.3 pm/V (-37.5 MHz/V). It can be seen more clearly from Fig.  4.6 (d-

f), the slope of TE mode gradually decreases while the TM mode remains nearly unaffected

as ring moves from edge to anchor. This tuning selectivity for TE and TM modes will be

especially interesting for applications where the advanced tuning of the frequency separation

between a pair of TE and TM modes is considered. Quantitatively speaking, from the FEM

simulation of Fig.  4.1 (d-f), the average radius change under 60 V is around -1.2 nm for device

Edge 1, which corresponds to negative resonant wavelength detune around -16 pm. This is

in stark contrast with the positive tuning from the experiment (Fig.  4.6 (a)). One proposed

hypothesis is the influence of stress-optical effect is large enough to overcome the change of

radius effect and reverse the tuning sign. Also, the asymmetry of the structure requires fully

3D simulation model both optically and mechanically, which makes the problem difficult. In

addition, the built-in stress inside the SiO2 membrane and Si3N4 after fabrication is ignored

in the simulation, which worth further consideration in the future.

The optical quality factor Q is monitored as we change the voltage, as presented in Fig.

 4.6 (g-i). The Q shows little dependence on voltage and the fluctuation is mainly due to the

measurement error. This demonstrates the membrane bending will not degrade the optical Q

which is important for practical applications like micro-combs and tunable filters. In general,

TM mode shows much smaller Q than TE mode for each device. This is because TE mode

is more confined in the Si3N4 waveguide core than TM mode, such that it has less scattering
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loss from the waveguide surface due to the surface roughness. Also, the more confinement

of TE in vertical direction helps to reduce the absorption from the metal electrode. As

expected, device Edge 2 shows higher Q than device Edge 1 for both TE and TM modes,

since optical ring in Edge 2 is farther away from the membrane edge, the roughness of which

will further introduce scattering loss. Accordingly, Q as high as 1.8× 105 is observed for TE

mode of Edge 2. Unfortunately, due to the presence of releasing holes, the ring in device

Anchor is close to membrane etching edge (see Fig.  4.1 (c)), which limits its Q to around

5 × 104. Finally, it is worth noting that, due to the low leaky current of AlN film, the DC

current is kept below 1 nA as we increase the voltage up to 60 V, showing sub-100 nW power

consumption tuning. The low power consumption and bidirectional tunability make this

design stand out among similar works and thermal-optical method.
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Figure 4.7. Time domain intensity modulation of device Edge 1 under triangle
waves with (a) 10 kHz and (b) 100 kHz, as well as under square waves with
10 kHz (c) and 100 kHz (d). The top part (black) of each figure is the input
RF signal while the lower part (red) is the output optical modulation. (e)
Optomechanical S21 response to the input RF modulation, showing mechanical
resonance at 1.36 MHz with 190 mechanical Q. (f) COMSOL simulation of the
fundamental mechanical mode at 1.36 MHz.
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4.4 Tuning dynamics and speed

Besides the above mentioned advantages of the proposed design, this work also shows

high tuning speed, which is mainly limited by the fundamental mechanical resonance. By

properly designing mechanical structure, the resonant frequency of fundamental mechanical

mode is around 1.3 MHz. To test the tuning speed of the device, time domain modulation is

conducted with both triangle and square waves for different frequencies, as shown in Fig.  4.7 ,

where device Edge 1 is first tested. For 10 kHz triangle wave (Fig.  4.7 (a)), the output follows

nearly with the input signal, and no hysteresis is observed. As we increase the frequency

to 100 kHz (Fig.  4.7 (b)), there appear ripples along the triangle which is induced by the

mechanical ringing due to high frequency components from the sharp turning edge of the

triangle wave. Therefore, for practical applications, we should avoid sharp features of the

input signals to bypass the mechanical oscillation.

The influence of the mechanical resonance can be seen more easily from square wave

drive as shown in Fig.  4.7 (c-d). Due to the sharp edge of square, it contains frequency at

the mechanical resonance which excites the oscillation after it switches from one state to the

other. However, the edge of output is also sharp and follows the input, which shows that the

tuning speed is mainly limited by the mechanical ringing. We can see clearly the ringing as

it is switched in Fig.  4.7 (c), and also the mechanical oscillation in Fig.  4.7 (d). Furthermore,

the ringing always exists although we reduce the repetition frequency of the square wave

(from 100 kHz to 10 kHz), which is mainly related with the sharp edge.

The spectral response of the device around the fundamental mechanical mode is shown

in Fig.  4.7 (e). The resonant frequency shows up at 1.36 MHz with mechanical Q of 190. The

high Q leads to long ring down time as in Fig.  4.7 (c). The mode shape of the fundamental

mechanical mode is simulated as shown in Fig.  4.7 (f). To further increase the tuning

speed, we can do preconditioning of the input signal by filtering the frequency components

around mechanical resonances to suppress the mechanical oscillation. On the other hand, the

mechanical oscillation can be suppressed by filling air with damping gases using commercial

packaging techniques. These advanced strategies may reduce the influence of the mechanical

resonance and worth more investigation in the future.
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Figure 4.8. Time domain intensity modulation of device Edge 2 under triangle
waves with (a) 10 kHz and (b) 100 kHz, as well as under square waves with
10 kHz (c) and 100 kHz (d). The top part (black) of each figure is the input
RF signal while the lower part (red) is the output optical modulation. (e)
Optomechanical S21 response to the input RF modulation, showing mechanical
resonance at 1.2 MHz with 312 mechanical Q. (f) COMSOL simulation of
fundamental mechanical mode at 1.2 MHz.

Similar testing is conducted for device Edge 2 as shown in Fig.  4.8 , including time

domain intensity modulation at different frequencies under both triangle and square waves,

as well as spectral response. In this time, the laser is biased at the other slope of the

resonance, such that the output has π phase shift with respect to the input. Other than

that, it shows similar behavior as previous device. For example, it shows ringing effect when

the input voltage switches from positive to negative, or vice versa. This is also caused by

the mechanical resonance as shown in the spectral response (Fig.  4.8 (e)), with fundamental

mode at 1.2 MHz and Q of 312, which is simulated and illustrated in Fig.  4.8 (f).

The dynamic modulation and response of device Anchor is studied following similar

procedure as demonstrated in Fig.  4.9 . Due to the different mechanical structure design,

it shows four close mechanical modes around 1.35 MHz caused by four cantilevers that are

only connected at the anchor. Since the waveguide coupling region is not covered by the
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Figure 4.9. Time domain intensity modulation of device Anchor under tri-
angle waves with (a) 10 kHz and (b) 100 kHz, as well as under square waves
with 10 kHz (c) and 100 kHz (d). The top part (black) of each figure is the
input RF signal while the lower part (red) is the output optical modulation.
(e) Optomechanical S21 response to the input RF modulation, showing four
closely located modes around 1.35 MHz. (f) COMSOL simulation of the four
mechanical modes as labeled in (e).

actuator, it breaks the cylindrical symmetry and the cantilevers are grouped into two groups

that have mirror symmetries. The upper two cantilevers form a group that generates the

first two mechanical modes, as shown in Fig.  4.9 (f). For mode 1, the two cantilever oscillate

in phase, while for mode 2 they are out of phase. Similarly, for the lower two cantilevers,

they form mode 3 and 4. Interestingly, the excitation of the four modes generates beating

in the ringing for the square wave as can be seen in Fig.  4.9 (c). The input and output show

π phase difference depending on which slope the laser is biased at.

The mechanical modes of the device Edge 2 is further studied by by measuring the

displacement of the cantilever using Laser Doppler Vibrometer (LDV), as shown in Fig.  4.10 .

From the displacement spectrum in Fig.  4.10 (a), a series of flexural mode of the circular

cantilever can be found with the mode order as labeled by the number. The displacement
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Figure 4.10. (a) Measured spectrum of the displacement at the tip of the
cantilever using Laser Doppler Vibrometer (LDV). (b) Measured mechanical
displacement distribution for each mode as labeled in (a). The COMSOL sim-
ulation is shown in the lower panel which matches well with the measurement.
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distribution of each mode is measured in Fig.  4.10 (b) together with the COMSOL simulation,

which shows good agreement. It can be seen as the mode order increases, more nodes can

be formed along the circle with smaller wavelength of the standing wave. This is similar

as an optical ring resonator. It is interesting to observe that the peaks’ amplitudes show

alternative height as the mode order increases in Fig.  4.10 (a). This is because the spectrum

is measured at one point on the cantilever where it locates at the antinode and node for odd

and even order mode, such that it experiences large and negligible displacement.

4.5 GHz acousto-optic modulation via bulk acoustic resonance

In Chapter 2, I demonstrated the AOM of Si3N4 microring using high-overtone bulk

acoustic wave resonances (HBAR) [ 12 ], where the acoustic wave transmits vertically towards

the substrate. This releases a degree of freedom for the design from the surface to out of the

plane, where the waveguide can be buried deeply in a thick cladding layer. This largely pre-

serves waveguide low-losses and large optical Q of the Si3N4 ring resonator. Also, the acoustic

resonances primarily rely on the material stack and thickness rather than lithography, which

gives more lateral design freedoms regarding footprint, actuator shape, and fabrication cost,

compared with SAW. Additionally, the high vertical acoustic mode confinement helps keep

low cross-talk between two closely adjacent actuators, which is advantageous for compact

spatiotemporal modulation [ 12 ].

However, the HBAR AOM is still suffering from low modulation efficiency which is mainly

limited by the electromechanical and optomechanical coupling efficiency. In the previous

study, the acoustic wave is evenly distributed over the whole 200 µm Si substrate which

lowers the acoustic excitation efficiency, and the large mode volume decreases optomechanical

coupling rate g0 [ 12 ]. Here, by removing the Si substrate and forming a free-standing 5.5 µm

SiO2 membrane, the bulk acoustic waves can be tightly confined in the acoustic cavity. The

microwave frequency electromechanical and optomechanical responses of the device Edge 2

is studied in the following.

At first, the electromechanical S11 response is characterized by measuring the electrical

reflection S11 using port 1 of the vector network analyzer (VNA), which shows up the en-
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Figure 4.11. (a) Electromechanical S11 spectrum from 1 to 10 GHz with the
mode order labeled for each visible acoustic resonance in oxide cavity. The
inset shows the zoom-in of the green shaded region. (b) Calculated electrome-
chanical coupling efficiency k2

t,eff for each HBAR mode (black square). The
k2

t,eff of unreleased HBAR (red curve) is plotted for comparison. (c) Numerical
simulation of the vertical stress distribution σz for typical modes. The mode
order is as labeled in (a). The mode is axisymmetric which revolves around
the vertical dashed line. Reprinted from Ref. [  16 ].

ergy conversion from electrical to mechanical vibration as a dip. The result is shown in

Fig.  4.11 (a) where a series of periodic resonances can be observed with a free spectrum

range (FSR) of 490 MHz. The mode order for each HBAR resonance is as labeled, which

corresponds to the number of wavelengths in one round-trip inside the cavity similar as an

optical Fabry-Pérot cavity. This can be seen more clearly from the Finite Element (COM-

SOL) simulations of the stress distribution for typical modes in Fig.  4.11 (c). Since the stress

distributes uniformly over the whole oxide membrane, the optical waveguide can be buried

deep inside the cladding without compromising the modulation efficiency.

Interestingly, the electromechanical response is enhanced (deeper resonance) around 4

GHz as in the green shaded region. This is because, at this frequency, the half acoustic

wavelength in AlN equals the AlN thickness, approaching the fundamental (1st order) res-

onance of the AlN cavity (see mode simulation of order 9 in Fig.  4.11 (c)). Besides the

sharp resonances, there are small periodic dips overlapped at the background with a much
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smaller FSR of 17 MHz (see the zoom-in shown in Fig.  4.11 (a) inset). This comes from

the HBAR resonances from the Si substrate as part of the contact pads and traces are not

fully released and sits on the rigid substrate. By having a rough backside substrate surface,

these resonances can be avoided in the future, which will prevent the energy leak into the

substrate and increase the mechanical Q.

The electromechanical coupling efficiency k2
t,eff for each mode is calculated using the tra-

ditional Mason model as shown in Fig.  4.11 (b). The efficiency gradually increases as the

frequency approaches the AlN fundamental resonance. A maximum of 2% can be achieved

which is one order of magnitude improvement over previous HBAR modes with giant Si sub-

strate (red curve in Fig.  4.11 (b)). It can be seen that there is also an efficiency enhancement

around 8.5 GHz which corresponds to the second order resonance of the AlN film. Theoret-

ically, the second order AlN resonance can hardly be observed if the structure is symmetric
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Figure 4.12. Acousto-optic modulation response S21 for TE (upper) and
TM (lower) modes from 1 to 10 GHz. Periodic resonances can be observed
corresponds to each of the dip from S11. The orders for the resonances at high
frequencies that can hardly be distinguished in S11 are as labeled. The S21
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Figure 4.13. (a) Electromechanical S11 and (b) optomechanical S21 at the
microwave X-band. The HBAR mode from 18 to 20 order can be clearly seen.
The definition of different microwave bands is indicated at top.

with respect to the AlN film, since the net stress generated in the piezoelectric film is zero

[ 166 ]. However, the symmetry is broken due to the choice of different materials as top and

bottom metals and biasing of oxide layer. We will see below the second harmonic resonance

will enhance the optical modulation at that high frequencies.

Each of the HBAR modes can be excited to modulate the optical refractive index via

the stress-optical effect. This is measured by performing optomechanical S21 measurements,

where, by setting the input laser frequency ( 1550 nm) at the slope of the optical resonance,

the output modulated laser intensity is detected by a high-speed photodetector (PD) and

sent to port 2 of the VNA, while a -5 dBm RF signal from port 1 of the VNA is launched on

the AlN actuator. From Fig.  4.12 one can see the resonant modulation peaks corresponding

to each of the oxide HBAR modes from S11. The small resonances from the Si substrate

HBAR as presented in S11 do not show up in optomechanical S21, since the Si HBAR mainly

locates at the outer anchor region which is far away from the inner Si3N4 ring.

Intriguingly, resonances up to 9.15 GHz can be resolved, as shown in Fig.  4.13 . Although

the resonances of modes from 15 to 20 are very weak in S11 (Fig.  4.13 (a)), the optomechani-

cal response shows a larger signal to noise ratio (SNR) thanks to the high optical sensitivity.
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This is true for both TE and TM modes, although TE shows lower level responses at high

frequencies due to its higher optical Q and thus longer response time. The second-order res-

onance from AlN film helps to enhance the modulation efficiency at high frequencies around

9 GHz. It should be noted that this high frequency modulation falls into the microwave X-

band, which will find widespread applications such as injection-locking of Kerr combs with

10 GHz FSR [ 49 ], atomic clocks that use Cesium’s 9.19 GHz hyperfine transition frequency

as a reference [ 167 ].

As high as -45 dB direct transduction efficiency from RF in to photo detector output

at 4 GHz is achieved, which is two orders of magnitude increased compared with previous

unreleased HBAR AOM under the similar input optical intensity (∼100 µW). As mentioned

earlier, one order of magnitude improvement comes from the electromechanical coupling

efficiency. The other one order is from the enhancement of optomechanical coupling rate g0

due to the shrink of the mechanical mode volume.

GHz frequency acousto-optic modulation can find widespread applications, among which

microwave to optical converter has attracted much attention recently for building a quantum

computing network [ 168 ]. One important figure of merit is the quantum conversion efficiency

η which measures the ratio of the number of photon scattered to the sideband over input

microwave photons. It can be estimated from the S21 measurement as [  15 ]:

η = 2Rload

IR2
PD

Ωm

ω0
S21 (4.1)

where I is the pump optical power, Rload (50 Ω) is the impedance of VNA, RPD (800 V/W) is

the responsivity of the photo-detector, Ωm and ω0 is the resonant frequencies of mechanical

and optical cavity, respectively. After plugging in the experimental numbers, the quantum

efficiency η is 8× 10−10, which is still far from the ideal case. The dependence of h on device

parameters is [ 106 ]:

η = κe

κ

Γex

Γ
4C

(1 + C)2 (4.2)

where κ (κex) and Γ (Γex) are the total loss rate (external coupling rate) for optical and

mechanical cavity, respectively. C = C0ncav is the enhanced cooperativity with C0 = 4g2
0/κΓ
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the single-photon cooperativity and ncav the intra-cavity pump photon number. From the

relations, there are many ways to increase the efficiency in the future: 1. Increasing the

optical Q. The current device is fabricated using traditional subtractive process. With the

recent Damascene reflow process, the Q can be increased further by 10 times [ 117 ]; 2. In-

creasing the mechanical Q (∼10×) by eliminating the Si HBAR modes through roughing the

backside surface of Si substrate; 3. Increasing optomechanical coupling rate g0 by further

shrinking the mode volume V (by ∼100×) using THz Si3N4 microring (22 µm radius). g0

will increase by 10 times as it is proportional to 1/
√
V ; 4. Increasing the intra-cavity pump

photon number ncav via triple-cavity scheme [  106 ]. By aligning the pump light with a second

optical cavity, the pump efficiency can be boosted by ∼104× especially with high optical Q.

If these measures can be implemented successfully, we can achieve higher efficiency AOM

on Si3N4 ring resonator, which is not only useful for the converter but also spatiotemporal

modulation for nonreciprocal devices in Si3N4 circuit [ 169 ].

4.6 Released HBAR with AlScN actuator

The excitation of released HBAR modes by an actuator made from Sc doped AlN (AlScN)

is studied here as shown in Fig.  4.14 . A 500-nm AlScN thin film is sandwiched between

top and bottom electrodes made of Pt. The Si beneath the actuators is isotropically etched

to form a freestanding oxide membrane that is 4 µm thick. The electromechanical S11 of

one of the actuator is measured as shown in Fig.  4.14 (c), from where three oxide HBAR

modes can be found around 5 GHz. The largest resonance is at 5.05 GHz with linewidth

of 6.75 MHz and mechanical Q of 750. To extract the electromechanical coupling efficiency

k2
t,eff, the admittance Y11 is calculated from the S11 as shown in Fig.  4.14 (d). The k2

t,eff

is estimated by fitting the Y11 using the Modified Butterworth-Van Dyke (MBVD) model

[ 170 ], which is an equivalent circuit model that describes the piezoelectric interaction. From

the fitting, k2
t,eff is around 0.007%, which is smaller the AlN actuator measured in the next

chapter. One possible reason can be the relatively large signal pad’s capacitance divides

most of the current. Nonetheless, the excitation of HBAR modes by the AlScN actuator is

first demonstrated with frequency as high as 5 GHz and high mechanical Q. More careful
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Figure 4.14. (a) Optical image of the fabrication released AlScN HBAR
actuators. (b) Zoom-in SEM around the two actuators. (c) Electromechanical
S11 and (d) admittance Y11 of one actuator. Inset in (d) shows the fitting of
Y11 using the Modified Butterworth-Van Dyke model (MBVD, red line).

design and engineering can be done in the future to further increase the electromechanical

coupling efficiency.

Table 4.1. Comparison of the piezoelectric tuning with different design parameters.
Device Optical Mode Tuning (MHz/V) Mechanical resonance
Edge 1 TE -50 1.36 MHz
Edge 1 TM -50
Edge 2 TE -15 1.2 MHz
Edge 2 TM -50
Anchor TE -2.5 1.3 MHz
Anchor TM -37.5

4.7 Summary

In summary, tuning of the Si3N4 ring resonator is achieved by integrating AlN piezoelec-

tric actuator on top of a free-standing SiO2 membrane that encapsulates the ring resonator.

As applying the voltage, the membrane will bend which potentially changes the refractive

index by enhanced stress and also the radius of ring by mechanical deformation. It is found
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Table 4.2. Comparison with the piezoelectric tuning demonstrated in the
literature. All the works here are released structure, and the optical waveguide
is made from Si3N4. The FSR for each optical ring is as labeled. Vπ · L has
unit of V·cm, and is estimated from the resonance tuning for the microring
structure. BW: bandwidth, which is also the frequency of the fundamental
mechanical mode.

Ref. Piezo Structure Tuning
(MHz/V)

Vπ · L BW
(MHz)

Power

[ 73 ] AlN MZI 50 120 6 nW
[ 71 ] PZT Ring (52GHz) 3250 3.6 0.27 3 pW/MHz
[ 72 ] AlN Ring (1.2THz) 480 16 7.26 20 fW/MHz
This work AlN Ring (200GHz) -50 141 1.3 20 pW/MHz

that the stress-optical effect dominates in all devices. Nevertheless, the tuning efficiency is

improved compared with unreleased devices. The tuning shows good linearity up to 100 V

for all devices and modes, while the high optical Q is preserved due to thick oxide cladding.

While tuning, the leaky current is kept around or below 1 nA (1 nA at 60 V), demonstrating

ultra-low power consumption compared with thermal technique. Limited by the mechani-

cal ringing effect due to the first mechanical mode around 1.3 MHz, sub-µs tuning speed

is demonstrated experimentally, which can be further increased using advanced techniques,

such as preconditioning of input signal and damping of the mechanical oscillation.

The tuning performance of the measured three kinds of devices is summarized in Table

 4.1 . It can be seen TE shows smaller tuning than TM mode, and TM is less dependent on

the relative position of the optical waveguide. The results are further compared with other

piezoelectric tuning with released structure in the literature in Table  4.2 . Although Ref [ 71 ]

demonstrated the highest efficiency which mainly relies on the mechanical bending, it suffers

from low frequency mechanical resonance. The work in Ref. [ 72 ] works at 775 nm and shows

the highest tuning efficiency with AlN actuator and the smallest power consumption.

At microwave frequencies, HBAR modes are excited and confined tightly in the SiO2

membrane, which increases the efficiency by two orders of magnitude compared with unre-

leased devices. Maximum 9.2 GHz AOM is achieved which lies in the microwave X-band.

With further improvement in the future, the implementation of efficient AOM will bring

novel features and functionalities into Si3N4 photonics. By taking full advantages of Si3N4,

132



new applications can be foreseen, such as quantum microwave to optical conversion [ 106 ],

Si3N4 topological devices [ 51 ], and injection locking of the Si3N4 dissipative Kerr soliton [  49 ].

I finally also demonstrated the first excitation of released HBAR modes with an AlScN

actuator. Although the excitation efficiency is not as high as the AlN actuator, HBAR mode

at 5 GHz is achieved with mechanical Q as high as 750.
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5. MAGNETIC-FREE SILICON NITRIDE INTEGRATED

OPTICAL ISOLATOR

5.1 Background

Integrated photonics [ 1 ] has enabled signal synthesis, modulation and conversion using

photonic integrated circuits (PIC). Many materials have been developed, among which sil-

icon nitride (Si3N4) has emerged as a leading platform particularly for nonlinear photonics

[ 27 ], [ 28 ]. Low-loss Si3N4 PIC has been widely used for frequency comb generation [ 28 ],

[ 29 ], narrow-linewidth lasers [ 5 ], [ 7 ], [ 171 ], microwave photonics [ 172 ], [ 173 ], photonic com-

puting networks [ 174 ], [ 175 ], and even surface-electrode ion traps [ 176 ], [ 177 ]. Despite of

these advances of Si3N4 integrated photonics, non-reciprocal devices, such as isolators and

circulators that are widely used in optical communications and data centers for signal rout-

ing, multiplexing, and protecting lasers from reflections, have not been improved via these

developments.

Conventionally, optical non-reciprocity is realized in magneto-optic materials [ 178 ] where

the Faraday effect induces non-reciprocal polarization rotation under external magnetic field.

However, magneto-optic materials are not CMOS-compatible, posing challenges to integrate

using standard CMOS techniques developed for silicon photonics. Besides, the magneto-optic

effect is weak from the near-infrared to visible wavelength range, therefore requiring a strong

external magnetic field applied at microscopic scale. Nevertheless, successful integration of

cerium-substituted yttrium iron garnet (Ce:YIG) on PICs (e.g., on Si [ 179 ], [  180 ] or Si3N4

[ 181 ]) has been demonstrated via wafer bonding or deposition, though these efforts suffer

from significant optical losses and external magnet. In addition, the requirement of large

magnetic field bias makes it incompatible with superconducting qubits where optical isolation

is needed for blocking reflected noises in optical interfaces for quantum interconnects [ 182 ].

To overcome these bottlenecks, magnetic-free schemes have been demonstrated to break

Lorentz reciprocity and time reversal symmetry, through synthetic magnetic field [ 132 ], [ 183 ]–

[ 185 ], optical nonlinearities [ 186 ]–[ 192 ], optomechanically induced transparency [ 193 ]–[ 196 ],

and stimulated Brillouin scattering (SBS) [ 197 ]–[ 201 ]. In addition, optical non-reciprocity

has also been demonstrated in atomic systems [  202 ]–[ 204 ]. However, challenges remain in
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all these approaches. For example, optomechanically induced non-reciprocity requires air-

cladded, isolated microtoroids or microspheres that are difficult to integrate with PICs. In

addition, the isolation bandwidth is primarily limited by the mechanical resonance linewidth

that is typically within kilohertz to megahertz range. Separating the signal from the control

pump laser using common multiplexing schemes is a formidable challenge, as they are spaced

by the mechanical resonance that is below hundred megahertz. While nonlinear optics can

work passively without active modulation, the main concern is the dynamic reciprocity that

forbids light propagation in both directions with limited dynamic range of input optical

power [ 205 ].

Spatio-temporal modulation [ 51 ], [ 92 ], [ 131 ], [ 206 ]–[ 209 ], which breaks reciprocity by

coupling two optical modes and prescribing phase matching condition by active modulation,

stands out in terms of integration and applicability on nearly all optical materials. Recently,

schemes based on acousto-optic modulation (AOM) has been extensively developed due to

their compatibility with low-loss PICs (e.g., AlN [ 131 ] and Si [ 92 ]). Thus far, only non-

reciprocal sideband modulation is achieved, limited by the modulation efficiency and power

handling capability of the interdigital transducers (IDT) for generating surface acoustic

waves (SAW). In this chapter, I demonstrate the first AOM-based optical isolator for Si3N4

integrated photonics. Three AlN piezoelectric actuators are equidistantly placed along a

Si3N4 microring resonator, and generate high-overtone bulk acoustic resonances (HBAR)

[ 12 ] to create an effective rotating acoustic wave that couples two optical modes in the

momentum-biased direction.

5.2 Design of the integrated optical isolator

5.2.1 Working principle and design

Our integrated optical isolator consists of three AlN piezoelectric actuators on top of a

Si3N4 microring resonator, as shown in Fig.  5.1 (a). The Si3N4 PIC (blue) fully cladded with

silicon dioxide (SiO2) was fabricated using the photonic Damascene process [ 24 ], followed by

monolithic integration of AlN actuators [ 12 ], [ 121 ]. The AlN thin film (green) with a piezo-

electric coefficient of d33 = 3.9 pm V−1 is sandwiched between top aluminum (Al, yellow) and
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Figure 5.1. (a) Schematic and device rendering. Three discrete AlN piezo-
electric actuators are equidistantly integrated on top of a Si3N4 microring res-
onator (blue solid). Upon coherent driving these actuators with fixed relative
phases (φ1, φ2, φ3) = (0◦, 120◦, 240◦), a rotating acoustic wave (black arrow)
is generated that spatio-temporally modulates the two co-propagating optical
modes (red and green arrows), leading to indirect interband transition in only
one direction where the phase matching condition is fulfilled. (b) Frequency
domain representation illustrating the indirect interband transition. When the
two optical modes, a and b, are spaced by the resonant frequency Ωm of the
mechanical mode c, scattering among modes a and b happens with a scattering
rate of g = g0

√
n̄c under a microwave drive at Ωm. (c) Schematic of ω−k space

showing the energy (∆ωba = Ωm) and momentum (∆kba = −km) conservations.
Interband transition that couples the two optical modes with the acoustic wave
is only allowed in the direction where phase matching condition is fulfilled, giv-
ing rise to transparency on resonance in this direction (“forward”, as shown
in a) and extinction in the other direction (“backward”). Reprinted from Ref.
[ 169 ].

bottom molybdenum (Mo, orange) electrodes. When the electrodes are microwave-driven,

bulk acoustic waves are formed vertically in the substrate (i.e. the HBAR mode) beneath

the actuators. The Si substrate is removed to create a suspended SiO2 membrane, which

enables tight confinement of HBAR modes inside the Fabry-Pérot acoustic cavity formed by

the top and bottom SiO2-air surfaces, and thus enhances the acousto-optic coupling through

stress-optic effect [  12 ].
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The Si3N4 microresonator is designed to support two optical eigenmodes, a and b, with

frequency difference matching a mechanical/acoustic resonant frequency, as shown in Fig.

 5.1 (b). The design of the optical waveguide can be found in Appendix B. The microwave

drives applied on the three AlN actuators create acoustic waves inside the mechanical cavity,

which scatter light between modes a and b (i.e. indirect interband transition). Figure  5.1 (c)

illustrates the ω−k space, where k = 2π/λ is wavenumber (the photon/phonon momentum is

~k, with the sign denoting the rotating direction along the microring, clockwise or counter-

clockwise), and ω is the angular frequency. To induce interband transition, energy and

momentum conservations must be satisfied, known as the “phase matching condition”. With

a nonzero phonon momentum km, phase matching requires ∆ωba = ωb − ωa = Ωm and

∆kba = kb−ka = −km, where the minus sign of km indicates that the acoustic wave counter-

propagates with the two co-propagating optical modes, as illustrated in Fig.  5.1 (a). We

denote this direction, where phase matching condition is fulfilled, as the “forward” direction

in the following discussion.

While a single vertical HBAR mode from one AlN actuator carries zero in-plane momen-

tum, an effective acoustic wave rotating along the microring is generated by driving three

actuators coherently with phases of (0◦, 120◦, 240◦), i.e. 120◦ phase difference between two

adjacent actuators, as illustrated in Fig.  5.1 (a). In the forward direction, the two optical

modes can be coupled strongly and show Rabi mode splitting and transparency at the center.

However, in the backward direction, the transmission will show a single resonance. If we

work at critical coupling, most input light will sink into the resonator without transmission,

as shown in Fig.  5.1 (a). Next, the transmission in the forward and backward directions will

be analyzed by the analytical Coupled Mode Theory (CMT).

5.2.2 Theoretical analysis via the coupled mode theory

In the forward direction, the two optical modes are coupled via the rotating acoustic

wave, which can be quantum mechanically described by a three-wave mixing (two optical

modes a and b and one mechanical mode c) process, as shown in Fig.  5.2 . The external
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Figure 5.2. (a) Schematic for the coupling between the two optical modes
and the mechanical mode. The system is pumped by the external microwave
drive which couples strongly the two optical modes. (b) Energy level for the
three wave mixing process. The microwave stimulates the energy exchange
between the two optical modes. κa,i, κb,i, and κc,i are the intrinsic losses for
the two optical modes and the mechanical mode.

microwave pump assists the coupling and energy exchange between the two optical modes.

The quantum interaction Hamiltonian of the system is:

HI = ~g0(âb̂†ĉ+ â†b̂ĉ†) (5.1)

assuming that phase matching is fulfilled and â has a smaller frequency than b̂. Under these

conditions, the optomechanical interaction can be understood as the combination of two

processes: 1. âb̂†ĉ, annihilation of a photon â and a phonon ĉ and generation of one higher-

frequency photon b̂; 2. â†b̂ĉ†, annihilation of one photon b̂ and generation of a photon â and

a phonon ĉ. Following an approach similar to Ref. [  106 ], the equations of motion for the
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annihilation operators can be obtained by assuming resolved sidebands and rotating-wave

approximation:

d

dt
â = −(i∆a + κa

2 )â− ig0b̂ĉ
† +√κa,exâin (5.2)

d

dt
b̂ = −(i∆b + κb

2 )b̂− ig0âĉ (5.3)
d

dt
ĉ = −(iΩm + Γc

2 )ĉ− ig0â
†b̂+

√
Γc,exĉine−iΩdt (5.4)

âout = âin −
√
κa,exâ (5.5)

b̂out = −√κb,exb̂ (5.6)

where â, b̂, and ĉ are the intra-cavity amplitude of mode a, b, and c. They normalized such

that their square is the intra-cavity photon and phonon numbers. κa (κb) are the total loss

rate of mode a (b), and κa,ex and κb,ex are the external coupling rate of each mode. g0 is

the single photon-phonon coupling rate describing the optomechanical interaction strength.

These equations of motion are transformed under the rotating-wave approximation (RWA)

referenced to the input laser frequency ωL/2π, thus ∆a = ωa − ωL (∆b = ωb − ωL) is the

relative detuning between the laser frequency and the optical resonant frequency of a (b).

Ωd/2π is the microwave drive frequency that can be slightly detuned from the mechanical

resonant frequency Ωm/2π. Mode a is probed by the input light with amplitude âin, and its

optical transmission/isolation is studied in the following analysis.

Γc/2π and Γc,ex/2π are the total loss rate (11 MHz) of the mechanical mode and the

external coupling rate (22 kHz) from the microwave line to the HBAR phonons, and ‖ĉin‖ =√
Pin/~Ωd is the input microwave amplitude [  168 ]. Assuming that the optomechanical cou-

pling (term g0â
†b̂ in Eq.  5.4 ) has a much smaller contribution than the microwave drive, the

mean intra-cavity amplitude of c̄ at steady state is:

c̄ =
√
n̄ce−iΩdt (5.7)

n̄c = Γc,ex

(Ωd − Ωm)2 + Γ2
c/4

Pin

~Ωd

(5.8)
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By inserting Eq.  5.7 into Eqs.  5.2 and  5.3 , we can obtain the simplified Coupled Mode

Theory (CMT) equations:

d

dt
â = −(i∆a + κa

2 )â− igb̂eiΩdt +√κa,exâin (5.9)
d

dt
b̂ = −(i∆b + κb

2 )b̂− igâe−iΩdt (5.10)

where g = g0
√
n̄c describes the scattering rate between the two optical modes. Due to the

modulation, the frequency of mode b̂ is shifted by Ωd in the rotating frame of ωL. The slow

amplitude and fast oscillation of mode b̂ can be separated by substituting b̂ with b̃e−iΩdt.

At the steady state, Eqs.  5.9 and  5.10 can be solved by setting time derivatives to zero,

and after some linear algebra [ 106 ] we obtain the general expressions for transmission T and

sideband conversion efficiency η:

T =
∥∥∥∥∥ âout

âin

∥∥∥∥∥
2

=

∥∥∥∥∥∥∥1−
κa,ex

i∆a + κa
2 + g2

i(∆b−Ωd)+κb
2

∥∥∥∥∥∥∥
2

(5.11)

η =
∥∥∥∥∥∥ b̂out

âin

∥∥∥∥∥∥
2

= κa,ex

κa

κb,ex

κb

4C
‖C + (1 + 2i∆a

κa
)(1 + 2i(∆b−Ωd)

κb
)‖2

(5.12)

where ∆b−Ωd = ∆ba + ∆a−Ωd. C = 4g2/κaκb is the optical-to-optical cooperativity, which

measures the ratio of scattering rate to optical losses. It can be seen that at the optical

resonance of mode a when ∆a = 0 and ∆ba = Ωd, Eqs.  5.11 and  5.12 can be reduced to:

T =
∥∥∥∥∥ âout

âin

∥∥∥∥∥
2

∆a=0
=
[
1− 2κa,ex

κa(1 + C)

]2

(5.13)

η =
∥∥∥∥∥∥ b̂out

âin

∥∥∥∥∥∥
2

∆a=0

= κa,ex

κa

κb,ex

κb

4C
(1 + C)2 (5.14)

In the forward direction, due to the efficient mode coupling, the scatter rate is much larger

than the optical losses g � κa,b, such that C � 1. From Eq.  5.13 , it can be seen T → 1.

This transparency can be understood intuitively as the impedance mismatch between the

bus waveguide and the microresonator, resulted from the increasing effective intrinsic loss
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due to the scattering to the other optical mode b. In the backward direction where the three-

wave phase matching is not fulfilled, interband transition is prohibited, leading to C ≈ 0

and T = 0 in the critical coupling regime (κa,ex = κa,i). Consequently, the microresonator

remains critically coupled and its light transmission is not affected by the presence of the

acoustic wave. This non-reciprocal transmission between the forward (T = 1) and backward

directions (T = 0) is the basic of our optical isolator.
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Figure 5.3. (a) 2D Schematic of the simulated optical ring resonator. The
refractive index of three regions are modulated as labeled by the red area.
The relative phases of the modulation between the adjacent area can be
controlled in the simulation. Electric field (Ez, out of plane) distribution
of (b) optical mode a and (c) mode b. m is the azimuthal order for each
mode. (d) Optical transmission of mode a in the forward (red) and back-
ward (blue) directions. Electric field (Ez, out of plane) distribution under
reversed phases: (e) (φ21, φ31) = (120◦,−120◦) (perfect phase matching) and
(f) (φ21, φ31) = (−120◦, 120◦) (largest phase mismatch). The input light wave-
length is at the resonant wavelength of mode a (λa = 1502.8 nm). As we
change the rotation direction of the modulation wave, the light changes from
(e) transmission to (f) isolation. Reprinted from Ref. [ 169 ].
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5.2.3 Numerical simulation of the spatio-temporal modulation

The numerical simulation is conducted through a Finite Difference Frequency Domain

(FDFD) algorithm developed by Y. Shi et al. in Ref. [ 210 ], [ 211 ]. As the optical microres-

onator used in the experiment is relatively large (118 µm radius) which is time-consuming

to simulate, a much smaller optical microring (3 µm radius) is simulated following the same

setting as Ref. [ 51 ], as shown in Fig.  5.3 (a). Three regions are modulated with fixed relative

phases to generate an effective in-plane modulation wave. The phases between them are

studied in the simulation. Two optical modes are identified and the mode distribution of

them are shown in Fig.  5.3 (b-c). In the simulation, mode a is pumped and mode b is the

generated sideband. Based on the relative position of the two optical modes in the ω − k

space (see Fig.  5.1 (c)), a modulation wave that counter-propagates with the direction of the

light is needed for the phase matching. This corresponds to an optimal modulation phases

of (φ21, φ31) = (120◦,−120◦).

With the optimal phases, mode a shows mode splitting and a transparent window opens

at the center wavelength as shown in Fig.  5.3 (d). However, if we reverse the modulation

wave’s direction by reversing the sign of the phases, mode a remains as single resonance as

the two optical modes are not coupled efficiently. Note that in the simulation the input light

direction is fixed while reversing the modulation direction, and this is equivalent to reversing

the light direction with fixed modulation direction in practical application. The electric field

distributions in the phase matching and phase mis-matching cases are shown in Fig.  5.3 (e-f)

with input light at the resonance of mode a. Under phase matching in Fig.  5.3 (e), the

light transmits through the bus waveguide, and the electric field in the optical microring is

a mixture of modes a and b due to the mode coupling. If the modulation wave’s direction

is reversed in Fig.  5.3 (f), the light is absorbed in the optical microring and the electric field

shows the original distribution of mode a, indicting that no mode coupling is induced.

The phase (φ21, φ31) are swept in the simulation, and the 2D plots of the spectra of the

transmission of mode a and the conversion of mode b are shown in Fig.  5.4 . It can be seen as

the phase is close to the optimal phase matching, the mode splitting increases. However, for

the reversed phases, single resonance is remained and the conversion to mode b is small. This
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Figure 5.4. (a) Transmission spectra of mode a and (b) converted sideband
in mode b under 2D sweep of the relative phase φ21 and φ31. Each column
corresponds to the spectrum under the same phase φ31 and has a spectra span
of (1.5027 nm, 1.5031nm). The spectra in Fig.  5.3 (d) are the slices as labeled
by the black dashed lines in (a). Reprinted from Ref. [ 169 ].

demonstrates the breaking of the spatial reciprocity. As can be seen later, the simulation

explains very well the experimental data where detailed analysis will be given.

5.2.4 Device fabrication and characterization

Figure  5.5 (a) shows the false-colored, top-view scanning electron microscope (SEM) image

of the fabricated device with three AlN actuators integrated on a released Si3N4 microring

resonator. The thickness of Al/AlN/ Mo is 100/1000/100 nm, respectively. The center hole

is opened for Si-isotropic dry etching using a sulfur hexafluoride (SF6) Bosch process, to

partially remove the Si substrate and to suspend the 5.4-µm-thick SiO2 cladding. Figure

 5.5 (b) shows the optical microscope image highlighting the bus waveguide coupling region,
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Figure 5.5. (a) False-colored top-view SEM image of the fabricated device.
Inset: False-colored SEM image of the sample cross-section, showing the ver-
tical structure of the piezoelectric actuator and quasi-square Si3N4 photonic
waveguide. (b) Optical microscope image highlighting the bus-microring cou-
pling section, the released SiO2 area, and the relative positions of Si3N4 waveg-
uides (blue line) and two AlN actuators. (c) FEM numerical simulations of
the vertical stress σz distribution of a typical HBAR mode at 2.9 GHz, which
is conducted along the cross-section indicated by the red dashed line in (b).
Insets: the optical profiles of the TE00 and TM00 modes of the quasi-square
Si3N4 waveguide. White arrows mark the optical polarization directions. (d)
Optical transmission spectrum showing a pair of TE00 and TM00 modes with
around 3 GHz frequency spacing. The x-axis is frequency-calibrated relative
to the center frequency of the TE00 mode around 1546 nm. Inset shows the
relative position of the two modes in the ω − k space. Reprinted from Ref.
[ 169 ].

the Si3N4 microring with 118 µm radius buried in the suspended SiO2 membrane, and two

AlN actuators. Figure  5.5 (c) shows the simulated stress distribution of one HBAR mode

within the SiO2 membrane using Finite Element Method (FEM). It can be seen that the

HBAR mode is uniformly distributed under the AlN actuator and tightly confined in the SiO2

membrane, allowing direct modulation of the optical mode propagating along the waveguide

through photoelastic and moving boundary effects [ 212 ].
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From the microring’s resonant condition k = 2π/λ = m/r, the momentum is related to

the azimuthal order m of the mode and the microring’s radius r. As the three actuators

cover the entire microring, the generated rotating acoustic wave has an effective wavelength

of 2πr, and thus the azimuthal order is mc = 1. Therefore the phase matching condition

requires the azimuthal order difference ∆mab = ma −mb = mc = 1 between the TE00 and

TM00 modes. As the Si3N4 waveguide is fully cladded with SiO2, a quasi-square waveguide

cross-section (810 × 820 nm2), as shown in Fig.  5.5 (a) inset, is designed to have slightly

different effective refractive indices for the two optical modes (see Appendix B). Figure  5.5 (c)

shows the simulated TE00 and TM00 mode profiles, which also include the slanted waveguide

sidewall. The transmission of polarization-tilted light through the optical microresonator,

including a pair of TE00 and TM00 resonances, is shown in Fig.  5.5 (d). The TM00 mode

frequency is 3 GHz higher than that of the TE00 mode at around 1546 nm wavelength. The

resonance linewidth (total loss κa,b/2π) is 0.68 and 1.16 GHz for the TE00 and TM00 mode,

respectively.

Figure  5.6 shows the microwave reflection S11, where mechanical resonances are revealed.

Only one actuator’s S11 is shown as the others are similar. Three strong resonances are

found around 3.0, 3.4 and 3.8 GHz, which are due to the SiO2 mechanical cavity with ∼470

MHz free spectral range (FSR, determined by the SiO2 cladding thickness). Besides, weak

resonances with an FSR of ∼19 MHz are observed, due to the HBARs in thick Si substrate

formed under square signal probe pads which were not undercut [ 12 ]. The SiO2 HBAR at

2.958 GHz is used in the following experiments to match the optical mode spacing at 3 GHz.

The HBAR can be analyzed using the well-known Modified Butterworth-Van Dyke model

(MBVD) [  170 ], which describes the HBAR resonance by an equivalent RLC circuit as shown

in Fig.  5.7 (a). Lm and Cm are motional inductance and capacitance which present kinetic

and potential energy of the mechanical resonance, while the motional resistance Rm accounts

for the intrinsic mechanical loss [ 168 ]. The mechanical RmLmCm branch is parallel to a

capacitance C0 that is the physical capacitance formed by the top and bottom electrodes
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chanical response S21 of the actuator 1, 2, 3 (labeled in Fig.  5.5 (a)), respec-
tively. Red arrow marks the mechanical mode at 2.958 GHz that is used in the
experiment. Reprinted from Ref. [  169 ].

of our piezoelectric actuator. R0 is the capacitor loss and Rs is the series resistance. The

admittance looking into the entire circuit can be calculated as [ 170 ]:

Y (ω) = jωC0
1− ( ω

ωp
)2 + j( ω

ωp
) 1
Qp0

1− ( ω
ωs

)2 + j( ω
ωs

) 1
Qs0

(5.15)

where ωs = 1/
√
LmCm is the series resonance of the RmLmCm branch, which is also the

mechanical resonance. ωp is the so-called parallel resonance, which is related with ωs by :

(
ωp
ωs

)2
= 1 + Cm

C0
(5.16)
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Qs0 and Qp0 are the Qs of each resonance:

1
Qs0

= ωs(Rm +Rs)Cm (5.17)

1
Qp0

= ωp(R0 +Rm)Cm (5.18)

The S11 of the HBAR mode at 2.958 GHz is shown in Fig.  5.7 (b), from which the

admittance can be calculated as:

S11 = Z − Z0

Z + Z0
(5.19)

where Z0 is the impedance of the RF cable which is 50 Ω, and Z = 1/Y is the impedance of

the device. The admittance obtained from the S11 measurement is then fitted using Eq.  5.15 

as shown in Fig.  5.7 (b). The fitting parameters are summarized in Table  5.1 . The electro-

mechanical coupling efficiency k2
t,eff can be estimated by taking the ratio of capacitance [ 168 ]

k2
t,eff = Cm/C0 which is around 0.2 % based on the fitting. The mechanical Qm can be

calculated by 1/(ωmRmCm) which is 270.
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Table 5.1. Fitting parameters of the MBVD model of HBAR at 2.958 GHz.
C0 Cm Lm Rm R0 Rs k2

t,eff ωm/2π Qm

2.137 pF 4.274 fF 0.677 µH 46.8 Ω 45 Ω 47 Ω 0.2 % 2.958 GHz 270

Only the HBARs confined in SiO2 can efficiently modulate the optical mode because

the HBARs in the Si substrate have negligible overlap with the Si3N4 waveguide, which

can be verified from the optomechanical S21 response shown in Fig.  5.6 . S21 measures

the ratio between the output light intensity modulation and the microwave drive power.

Three actuators are measured individually. Since the HBARs are mainly determined by the

thickness of each layer that is highly uniform over the device scale, the HBAR frequencies

of the three actuators show only sub-megahertz misalignment. Maximum of −45 dB S21

is achieved, providing 20 dB improvement over a previously reported unreleased Si HBAR

AOM [ 12 ]. This is due to the significantly reduced mechanical mode volume and tighter

HBAR confinement in the released SiO2 membrane.

Additionally, maintaining small electrical signal cross-talk between adjacent actuators

is important for keeping stable relative phases between them. The cross-talk is measured
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Figure 5.8. (a) Optical microscope image of the device. Three actuators are
as labeled. (b) Electro-mechanical S11 (purple), electrical cross-talk between
actuators 2 and 1 S21 (pink), and 3 and 1 S31 (yellow). The noise floor with
probes lifted (gray) is shown for reference. Reprinted from Ref. [ 169 ].
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by driving actuator 1 and detecting the output electrical signal from actuators 1 (S11), 2

(S21), and 3 (S31), as shown in Supplementary Fig.  5.8 . Due to the rotational symmetry

of the device, the cases for driving actuators 2 and 3 individually are similar. From the

results, we can see that the cross-talk is well maintained below −60 dB over the measured

range of 1 to 6 GHz, which means that the cross-talk from adjacent actuators is 6 orders of

magnitude smaller than the signal applied. The low cross-talk mainly comes from the tight

acoustic wave confinement and the center release hole that prevents lateral acoustic waves

from propagating. The variation of envelope is mainly from the background noise (gray)

which is measured by lifting the probes.

5.3 Characterization of the on-chip optical isolation

5.3.1 Measurement set-up for the isolator

The experimental setup is shown in Fig.  5.9 (a). Three RF signal generators (Agi-

lent E8257D) output RF drives that are amplified by three RF amplifiers (ZHL-5W-63-S+)

before going into the device. The relative phases are controlled by their built-in phase

controllers after synchronization by their internal 10 MHz clock. The CW laser’s wave-

length is continuously swept to probe the spectral response around the optical resonance.

The input light polarization is controlled by fiber polarization controllers (FPC561). The

light input direction is selected by a MEMS (micro-electro-mechanical system) 2 × 2 opti-

cal switch (OSW22-1310E). The output TE and TM polarizations are separated by a fiber

PBS (PBC1550SM-FC), which is a key reason why we use two modes of different polariza-

tions. They are then measured by two photo-detectors (New Focus 1811) whose signals are

recorded by an oscilloscope (MSO8104A). Note that the optical axis of the PBS is fixed,

thus a polarization controller is needed to align correctly the TE and TM polarizations with

respect to the optical axis of the PBS.

During the measurement, TE polarization is selected by rotating the polarization con-

troller until that only TE mode resonances are observed.This process is repeated for both

directions. It is worth noting that, although the polarization will change as we switch the

MEMS optical switch, the polarization right before the PBS will be the same, since the
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Figure 5.9. (a) Experimental setup. Three RF signals are amplified and
applied to the AlN actuators with phases controlled individually. An optical
switch is used to control the direction of input TE light (red arrows). The
output TE light (red arrows) and the generated TM sideband (green arrows)
are spatially separated and detected. The white arrow on the device denotes
the clockwise rotation of the RF drive in the forward direction. Amp: RF am-
plifier. ECDL: external-cavity diode laser. FPC: fiber polarization controller.
F-PBS: fiber polarization beam splitter. PD: photodetector. (b) Optical trans-
mission spectra with (φ21, φ31) = (120◦,−120◦) (perfect phase matching, red)
and (φ21, φ31) = (−120◦, 120◦) (largest phase mismatch, gray). Reprinted from
Ref. [ 169 ].

optical switch itself is a reciprocal device. The RF phases are actively adjusted to compen-

sate the drift of RF phases due to the thermal heating and HBAR resonance shift. The RF

phases are calibrated by comparing the transmission spectrum with numerical simulations.

5.3.2 Dependency on the RF phases

The RF phases are critical for phase matching. Figure  5.10 (a) shows the transmission

spectrum of TE light by sweeping the RF phases of signals 2 and 3 relative to signal 1 (φ21

and φ31), while the output RF power (20 dBm for each actuator) and light input direction

are fixed. Each pixel in the 2D plot is the spectrum by sweeping the laser wavelength across

the resonance of the TE mode. Example of it is as shown in Fig.  5.9 (b). The unit of the

x-axis is the relative wavelength detune. The entire column is a stack of different spectrum

with different phases of actuator 2 and corresponds to the same phase of actuator 3. Note
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that reversing the sign of the RF phases changes the rotation direction of the acoustic wave.

Non-reciprocity can be seen from the disparate transmission by reversing the RF phases

with respect to the origin (0◦, 0◦). As expected, strong mode splitting is induced under ideal

phase setting (φ21, φ31) = (120◦,−120◦), while the original single resonance is maintained at

(φ21, φ31) = (−120◦, 120◦), as shown in Fig.  5.9 (b). When the RF phases deviate from the

ideal values within ±30◦, non-reciprocity only slightly degrades, which allows large tolerance

of phase fluctuations in practical applications. This behaviour and RF phase dependency

matches well with the FDFD simulations, showing qualitative agreement with experimental

data.
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Figure 5.10. (a) Optical transmission and (b) converted sideband under
phase sweep of signals 2 and 3 relative to signal 1, i.e. sweeping φ21 and φ31.
Each column is an experimentally measured spectrum under the same φ31 with
spectral span of ±16 pm relative to the center wavelength λ0 (1542.6 nm) of
the TE00 mode. Both b and c are normalized to the input TE light power on
chip. The spectra in Fig.  5.9 (b) are the slices as labeled by the black dashed
lines in (a). Reprinted from Ref. [  169 ].
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Light transmission of the generated anti-Stokes TM sideband is simultaneously measured

as shown in Fig.  5.10 (b). It is normalized to the TE’s input power, thus can be interpreted as

conversion efficiency η. Figure  5.10 (a) and (b) show similar pattern but with reversed color

rendering. Prominent splitting and TE-TM conversion are found at (120◦,−120◦), while

TE-TM conversion is negligible at (−120◦, 120◦). As the measured TM sideband is resulted

from mode coupling and phase matching, it can be used as feedback signal for tuning and

stabilizing the RF phases.

From Fig.  5.9 (b), the optical isolation ratio between the clockwise (forward) and counter-

clockwise (backward) directions is calculated as 9.3 dB, which is mainly limited by the level

of critical coupling (-10.1 dB) of the optical microring (the current device is slightly under-

coupled with 850 nm bus-microring gap). The isolation ratio can be improved in the future

by fine tuning the bus-microring gap in the design and fabrication. 83% transmission is

achieved on the resonance corresponding to 0.8 dB insertion loss in the forward direction.

I further note another device with 0.1 dB insertion loss (98% transmission) which shows

higher modulation efficiency but less backward extinction due to the fact that the microring

is more under-coupled with a wider gap with 950 nm. The results as shown in Fig.  5.11 . The

electro- and opto-mechanical properties are characterized in Fig.  5.11 (a). It shows similar

S11 as the device presented before, and the mechanical resonances of the actuators also align

with each other. Since the optical mode spacing is around 4 GHz for this device, the HBAR

at 3.833 GHz is chosen in the experiment.

Similar RF phase dependency measurement is conducted as shown in Fig.  5.11 (b) under

20 dBm RF power applied on each actuator. This device shows larger mode splitting,

and maximum of 3.3 GHz is achieved at phase matched case (φ21, φ31) = (−120◦, 120◦).

Intriguingly, for phase φ31 between −150◦ and −60◦, there is always mode splitting regardless

of φ21 because of its stronger mode coupling. The optical transmission under reversed phases

is shown in Fig.  5.11 (c). Due to the stronger mode coupling g/2π = 1.65 GHz, and thus

larger optical cooperativity C ∼ 16, higher optical transmission at center wavelength can

be reached around 98%, corresponding to 0.1 dB insertion loss. However, as this device

has larger bus-microring coupling gap, the microring is undercoupled to the bus waveguide,

leading to less extinction (6 dB) in the backward direction and thus smaller isolation ratio
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Figure 5.11. (a) From top to bottom are microwave reflection S11, optome-
chanical response S21 of the three actuators 1, 2, and 3, respectively. Red
arrows mark the mechanical mode at 3.833 GHz that is used in the experi-
ment. (b) Normalized optical transmission of the TE00 mode under 2D sweep
of phases of signals 2 and 3 relative to signal 1, i.e. sweeping φ21 and φ31.
Each column is the measured spectrum under the same φ31 with spectral
span of ±24 pm relative to the center wavelength λ0 (1553 nm) of the TE00
mode. (c) Optical transmission spectra along black dashed lines in (b) with
reversed phases: (φ21, φ31) = (120◦,−120◦) (purple, perfect phase matching)
and (φ21, φ31) = (−120◦, 120◦) (green, largest phase mismatch). Reprinted
from Ref. [  169 ].
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than the device in the main text. Nevertheless, this measurement shows that both low

insertion loss (0.1 dB) and high isolation (>20 dB) can be achieved if the bus-microring gap

design is optimized in the future.

5.3.3 Dependency on the RF power

The evolution of optical isolation with varying applied RF power is studied in Fig.  5.12 

with fixed RF phases of (φ21, φ31) = (120◦,−120◦) and drive frequency of 2.968 GHz. Figure

 5.12 (a) shows the measured forward and backward transmissions of the TE00 mode, with

the RF power (applied to each actuator) increased from 15 to 20 dBm. In the forward

direction, initially the resonance depth decreases and the linewidth broadens with increasing

RF power up to 16 dBm, resulted from the increasing intrinsic loss caused by the scattering to

the TM00 mode. Above 17 dBm, mode splitting appears, creating a transparency window at

the original resonance frequency. In the backward direction, single-resonance profile remains,

however with slightly increasing linewidth due to the weak mode coupling as predicted and

described by the Floquet theorem [ 51 ]. Figure  5.12 (c) shows the isolation ratio at zero laser

detuning relative to the TE00 mode (∆λ = 0) which increases exponentially with the applied

RF power and is finally limited by the backward extinction.

The mode splitting rate, which is two times of the interband scattering rate g, is extracted

by fitting the resonance profile using the generalized Eq.  5.13 from CMT, with g and ∆ωba
being the fitting parameters. Figure  5.12 (d) shows that g gradually increases with increasing

RF power, and sharply increases to a higher value at 18 dBm RF power, above which g

continuously increases and finally saturates at 20 dBm. This behaviour is caused by the

blue shift of the SiO2 HBARs due to RF thermal heating, as SiO2 has a large positive

temperature coefficient of elasticity of 188 ppm K−1 [ 213 ]. The RF drive frequency Ωd is

initially blue-detuned from the HBAR frequency Ωm at room temperature, i.e. Ωd−Ωm > 0.

As the RF power increases and the acoustic velocity in SiO2 increases, Ωm approaches Ωd

(i.e. Ωd − Ωm → 0) and more phonons are pumped into the mechanical cavity. This

in turn increases the temperature which further blue-shifts the HBAR. Thus, the thermal

nonlinearity leads to an increase in g at approximately 18 dBm RF power.
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Figure 5.12. (a) Optical transmission spectra of the TE light in the forward
(red solid) and backward (gray solid) directions, with increasing RF power from
15 to 20 dBm. ∆λ is the wavelength detuning of the input laser relative to the
TE00 mode ∆λ = λL − λTE,0, with λTE,0 = 1544.1 nm. (b) Generated light of
the anti-Stokes TM sideband in the forward direction, normalized by the input
TE light power. The RF power increase is the same as (a). The anti-Stokes
sideband is blue-shifted relative to the input laser by the modulation frequency
2.968 GHz (∼24 pm, λTM − λTE,0 = ∆λ − 24). The fitted transmission using
Coupled Mode Theory (CMT, blue dashed) is also shown in (a) and (b). (c)
Conversion efficiency of the TM sideband at ∆λ = 0 and (d) Scattering rate
g as a function of RF power. Experimental data (squares) are grouped as
low RF power (red) and high RF power (blue), fitted individually with CMT
(solid lines) with different microwave drive to mechanical resonance detuning
∆Ω = Ωd −Ωm. Horizontal gray dashed line in (d) marks the value of g/2π ∼
460 MHz when cooperativity C = 1. Vertical red and blue dashed lines in
(c) and (d) mark the maximum conversion at each detuning. The error bars
of each data point represent the standard deviation (SD) from 5 individual
measurements. The dependence of isolation on RF power is shown in (c) with
experimental data (brown circle) and exponential fitting (brown solid line).
Reprinted from Ref. [  169 ].
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With RF power above 20 dBm, the interband scattering rate g saturates, indicating that

the efficiency of pumping phonons into the cavity starts dropping. This is likely because Ωd

becomes red-detuned to Ωm, i.e. Ωd − Ωm < 0. Therefore, for RF power between 18 to 20

dBm, nearly zero detuning can be derived. In this regime, the single-phonon optomechanical

coupling strength g0/2π is calculated as 208 Hz, by fitting high RF power data (blue line) with

g = g0
√
n̄c, where n̄c is calculated by extracting the electro-mechanical coupling efficiency

k2
t,eff = 0.2% from S11 (see Supplementary Note 3). The low RF power region is fitted with

(Ωd − Ωm)/2π ≈ 6 MHz blue-detuning (red line). Another consequence of the RF thermal

effect is the drift of mode spacing ∆ωba. Figure  5.12 (a) shows that the mode splitting evolves

from symmetric (18 dBm) to asymmetric (20 dBm) with increasing RF power, and ∆ωba/2π

is increased from 3 GHz to 3.3 GHz.

The spectrum of the TM anti-Stokes sideband is shown in Fig.  5.12 (b). The conversion

efficiency η at zero laser detuning to the TE00 mode (∆λ = 0) is plotted in Fig.  5.12 (c).

Similarly, each data set with low and high RF power are fitted individually using Eq.  5.14 

with the same detuning as used in Fig.  5.12 (d). It can be derived from Eq.  5.14 that the

maximum value of η is reached at C = 1. This can also be seen from Fig.  5.12 (b) where

the conversion starts to drop at center due to the mode splitting when C > 1. Maximum of

8% (−11 dB) of the TE00 mode power is converted to the TM00 sideband, which is mainly

limited by the external coupling efficiency of the TE00 mode (κa,ex/κa = 0.34) and TM00

mode (κb,ex/κb = 0.24), see Eq.  5.14 . At zero RF drive detuning (blue line), C = 1 is

achieved with 14 dBm RF power applied on each actuator (18.8 dBm in total), and the

system operates in the strong coupling regime at 20 dBm. The detuning not only reduces g

but increases the required RF power to achieve C = 1. In practice, the generated sideband

can compromise the output signal purity. In our case, using optical modes with different

polarizations enables the separation of different polarizations with high extinction ratio (>20

dB) using a PBS. Recently, an integrated PBS on Si3N4 photonics has been demonstrated

[ 214 ]. On the other hand, it is worth noting that the same device can work as a non-reciprocal

frequency shifter and polarization rotator with 100% conversion achievable for strongly over-

coupled devices (i.e. κex ≈ κ). It could serve as a key building block in photonic quantum

computing [ 215 ]–[ 217 ].
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Figure 5.13. (a) Scattering rate g at different RF power. Green squares are
fine sweep between 17 to 18 dBm with 0.1 dBm step. Red and purple squares
correspond to the same data in the main text. (b) Electro-mechanical S11
under different RF power around the HBAR mode used in the main text. The
resonances of SiO2 and Si HBARs are as labeled. Reprinted from Ref. [ 169 ].

The fast transition from low g at 17 dBm to high g at 18 dBm is studied in details

by fine RF power sweep with step of 0.1 dBm, as shown in Fig.  5.13 (a). The fine sweep

connects the low and high RF power data set. The sweep is conducted back and forth,

and no obvious hysteresis is observed. To further explain the origin of the heating effects,

electro-mechanical S11 is measured under different RF powers as shown in Fig.  5.13 (b). It

can be seen clearly that the SiO2 HBAR is blue-shifted when the RF power increases from

−5 dBm to 18 dBm. Intriguingly, due to the better thermal conductance of the Si substrate,

the Si HBARs show no prominent shift, which also verifies that the blue shift of SiO2 HBAR

is not from measurement errors. The blue shift of the SiO2 HBAR is mainly from the

bad thermal conductance of the free-standing SiO2 membrane and the large temperature

coefficient of elasticity of SiO2. The shift of HBAR resonances will introduce phase shift

on the modulation, which can be actively compensated by adjusting the RF signal phases

experimentally.

The power handling capability of our piezoelectric actuators is also studied. For RF power

under 27 dBm, the piezoelectric actuator can work continuously for several hours without

degradation. However, for RF power higher than 30 dBm, there is gradual roughening of
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Figure 5.14. (a) Optical microscope image of the device undergoes 30 dBm
RF power. Black line denotes the edge of the SiO2 undercut. Blue lines
outlines the Si3N4 microring waveguide and dummy waveguides. (b) SEM
image showing the corrugated surface of the Al top electrode. (c) Zoom-in
SEM of the region in the red dashed box in (b). Reprinted from Ref. [ 169 ].

the top electrode surface, as seen in Fig.  5.14 (a). Also, there is burning at the sharp corners

of the bottom electrode which is caused by the current crowding under high RF power.

Interestingly, the outer edge of the rough region aligns with the edge of the undercut (black

line), indicating that the degradation is mainly due to the low thermal conductivity of the

suspended SiO2 membrane. Also, the degradation is split by three concentric circles into

several regions which align with the underneath Si3N4 microring waveguide and dummy

ring structures (blue lines) designed for uniform chemical-mechanical polishing (CMP). This

is likely due to that these Si3N4 structures scatter the acoustic waves which reduces the

energy density around these regions. The roughness is highlighted in the SEM images in
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Figure 5.15. Top panel: Optical transmission spectra in the forward (red) and
backward (gray) directions, with increasing center wavelength (left to right).
The mode spacing (∆ωba) changes correspondingly due to the different FSRs
of the TE00 and TM00 modes. Insets show the relative positions of the two
modes in the ω − k space (not to scale). Bottom panel: spectra of isolation
ratios varying with the center wavelength. Reprinted from Ref. [ 169 ].

Fig.  5.14 (b,c). The top Al layer is corrugated and detached from AlN. One possible reason

for this detachment is that the large vertical displacement and vibration under high power

loosen the adhesion of Al to AlN. This may explain why the Si3N4 region is not influenced

since the acoustic energy is dissipated by the scattering. So the corrugation of Al may

“undesirablely” maps the distribution of acoustic mode.

5.3.4 Detuning of the optical mode spacing

Since there is 380 MHz difference in FSR between the TE00 and TM00 modes (see Ap-

pendix B), their frequency spacing ∆ωba varies from pair to pair for different center wave-

lengths. Here, the dependence of isolation performance on ∆ωba is studied in Fig.  5.15 under

20 dBm RF power. At λ0 = 1542.58 nm, ∆ωba is nearly equal to the driving frequency Ωd,

and the mode splitting is symmetric. Because the optical resonance linewidths are around

gigahertz level, TE00 and TM00 modes can still be coupled even with a frequency mismatch

between ∆ωba/2π and Ωd/2π on the order of 0.5 GHz. The mismatch leads to asymmet-
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ric mode splitting. Nevertheless, there is no prominent degradation of isolation within the

measured range.

The decrease of maximum isolation for shorter wavelength is caused by the reduction of

extinction in the backward direction. This is because that shorter wavelength has smaller

mode size and thus a weaker bus-microring external coupling rate κex that leads to under-

coupling. Maximum of 9.5 dB isolation is achieved at 1545.55 nm, which is even larger than

the matched symmetric case due to its better critical coupling. Therefore, the isolator can

work simultaneously for multiple center wavelengths which is important for optical com-

munication using wavelength multiplexing [ 218 ]. The wavelength range can be extended to

cover the optical C-band by using pulley coupling scheme [ 219 ] to maintain critical coupling

or slight over-coupling, and engineering the waveguide geometry to reach precise FSR match.

On the other hand, thermal tuning to continuously shift the operating resonance can further

increase the bandwidth.
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Figure 5.16. Comparison of one typical experimental result (the 18 dBm RF
power case in Fig.  5.12 (a)) with the temporal coupled mode theory based on
the Floquet analysis from Ref. [ 51 ]. Here the backward direction transmission
can also be predicted which shows good agreement with the experiment.

160



5.3.5 Comparison with the Floquet analysis

In the previous plots, the experimental results are compared with the simplified CMT

developed in this thesis, which show good agreement. However, it cannot predict the behavior

when there is phase mismatch in the backward direction. In the original paper by Y. Shi

in Ref. [ 51 ], he derived a more rigorous temporal coupled mode theory to describe the

direction-dependent dissipation based on the Floquet analysis. Following the equations in

Ref. [  51 ], one typical experiment result at 18 dBm RF power is fitted for both the forward

and backward transmissions, as shown in Fig.  5.16 . Good agreement can be found for both

directions. From the fitting, the modulation-induced coupling strength between modes J is

found to be 0.3 Ωd. Other settings are similar as the simplified CMT before.
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Figure 5.17. (a) Transmission of optical pulse trains in the forward (red) and
backward (gray) directions for 100 ns (top panel) and 10 ns (bottom panel)
pulse width. The power is normalized to the maximum power of the forward
pulse in each case. (b) The isolation ratio decreases with narrower pulse width
due to the finite photon lifetime (∼1.5 ns) in the optical cavity. Experimental
data (circle) are fitted with an exponential function (solid line). Reprinted
from Ref. [  169 ].
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5.3.6 Time domain optical isolation

I further evaluate the optical isolator to demonstrate a unidirectional transmission of an

optical pulse train to mimic (0, 1) data stream, as shown in Fig.  5.17 (a). The 100-ns pulse

shows the quasi-static response, where the backward reflection is only 11% of the forward

transmission. The bump at the pulse edge is caused by the limited bandwidth (∼125 MHz)

of the photodetector. The dynamic response is tested with 10-ns pulses, illustrating a vast

contrast in the two directions. The isolation bandwidth can be inferred from the decreasing

isolation with decreasing pulse duration, as revealed in Fig.  5.17 (b). A pulse of minimum 8

ns duration is measured, limited by the photodetector’s bandwidth. Over 8 dB isolation is

maintained for pulses longer than 20 ns. However, the isolation drops exponentially when

the pulse duration is shorter than 20 ns, which is ultimately limited by the photon lifetime

of ∼1.5 ns, corresponding to 680 MHz linewidth of the optical resonance.

5.3.7 Dependency on the optical power

Dynamic reciprocity has been a well-known limitation for most optical isolators relying

on optical nonlinearity, where the isolation degrades dramatically when light transmits si-

multaneously in both directions and the optical power exceeds a certain threshold [ 191 ],

[ 205 ]. In our work, with only electrical drives, the optical linearity is preserved as long as the

intra-cavity photon number is smaller than the phonon number. Since phonon frequency is

five orders of magnitude smaller than photon frequency, theoretically it suggests maximum of

6 kW optical power for 20 dBm RF power in the experiment. However, the optical linearity

of our isolator is eventually limited to several Watts due to the Kerr nonlinearity of Si3N4.

The quasi-square waveguide cross-section used here has a normal group velocity dispersion

(GVD), and the optical microresonator has low optical Q < 5 × 105, which suppress Kerr

parametric oscillation [  29 ].

The linearity is experimentally verified in microwatt to milliwatt range as shown in Fig.

 5.18 . The optical isolation remains nearly constant within the measurement range. The large

variation at high optical power is mainly due to the optical thermal nonlinearity as the laser
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Figure 5.18. Measured data (blue circle) showing that the isolation remains
nearly constant around 9 dB (red dashed line) over 30 dB dynamic range of
the optical input power. Reprinted from Ref. [  169 ].

is swept across the optical resonance. Theoretically there is no limit on the lower bound of

the optical power, thus our device can work for photonic quantum computing [ 215 ]–[ 217 ].

5.3.8 Results of the over-coupled device

Most recently, Ref. [ 133 ] proposes a method to control the extinction of the optical

mode by operating in the overcoupled regime. In this case, the device works in the opposite

way: 1. As the device is overcoupled, it shows high transmission when there is no mode

coupling induced in the phase-mismatched direction; 2. In the phase-matched direction,

mode coupling converts the input light into the other auxiliary mode and finally gets filtered.

The advantage of this approach is the amount of light converted into the other mode can be

controlled by the RF power. This can also be understood intuitively that the conversion to

the other mode effectively increases the microresonator intrinsic loss, and critical coupling

can be achieved by matching the intrinsic loss with the external coupling rate. We can
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(a)

(b) (c)

Figure 5.19. (a) Normalized optical transmission in the phase-mismatched
case (red) and phase-matched cases with increasing RF power applied on each
actuator (green, yellow, blue). (b) Conversion to the TM mode under each set-
ting in (a). (c) Isolation ratio by taking difference between the phase-matched
case under 28 dBm (blue) and mismatched case (red) in (a). Reprinted from
Ref. [ 169 ].

imagine that the undercoupled device will not work as the external coupling rate would be

always smaller than the intrinsic loss (since we can only increase intrinsic loss).

A device with 600 nm coupling gap is characterized as shown in Fig.  5.19 . Maximum

of 43.3 dB extinction is obtained at −0.75 GHz laser detuning, with −1.86 dB transmission

at phase-mismatched case (red curve), corresponding to an isolation ratio of 41 dB. Due to

the lower optical Q for over-coupled device, the modulation efficiency is reduced and the

requires RF power is higher than that used for the under-coupled device in the main text.

The extinction gradually increases with increasing RF power, and mode starts splitting over

28 dBm. Applying higher RF power is avoided as the AlN actuator starts to degrade. On

the other hand, the lower optical Q helps to achieve larger isolation bandwidth as shown in

Fig.  5.19 (c). Isolation larger than 20 dB is obtained over 2 GHz bandwidth. Strategies to

reduce RF power are discussed in the next section.

As mentioned previously, conversion to the TM sideband can have higher efficiency in

over-coupled region, which is studied in Fig.  5.19 (b). Maximum of 60% conversion is achieved

which can be further increased in devices that are more over-coupled. This device integrates

three features together: frequency shifting, polarization rotating, and non-reciprocity, which

can find applications in frequency-encoded quantum optical computing [  175 ], [  220 ].
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5.4 Frequency shifter and polarization rotator

Optical light has been the workhorse for today’s telecommunication systems due to its

flexible and versatile degree of freedom for encoding digital information. Most recently,

encoding quantum information in optical photon has been widely studied because of its low

thermal noise and losses at room temperature. For example, generation of entangled photons

in vertical and horizontal polarization has been used for quantum key distribution [ 221 ], [ 222 ].

Another example is to encode the information in different optical paths. Photonic quantum

computing and simulating have been demonstrated by building a mesh of Mach–Zehnder

interferometer [ 175 ].

Most recently, encoding quantum information in frequency domain has enabled high

dimensional quantum computing [ 215 ]. As shown in Fig.  5.20 (a), light in ω0 represents

logical |0〉, whereas light in ω1 is logic |1〉. Similar as a Mach–Zehnder interferometer in the

spatial domain, the two basic operations can also been implemented in frequency domain

by coupling the two optical mode as shown in Fig.  5.20 (b-c). For example, for an ideal

swap operation, light in one frequency is completely converted to the other frequency (this

is also often called frequency shifter). In a beam-splitter operation, light is split equally into

two frequency modes. The advantage of this encoding is that all the light can transmit in a

single waveguide. Also, it works with discrete frequencies, such that we can use the optical

resonators to enhance the interaction strength as shown in Fig.  5.20 (d). In such a way, it

will present good scalability, parallelism and compactness.

However, controlling the frequency in integrated photonic platforms has been difficult

and is highly on demand as integrated photonic computing matures. Recently, the conver-

sion between two optical modes in different frequencies is demonstrated by electro-optically

modulating a coupled ring resonantors, where light in the symmetric mode can be converted

to the asymmetric mode in a different frequency, and vice versa [ 220 ]. The conversion effi-

ciency can be controlled by RF powers, which can configure the device between frequency

shifter and beam splitter. Non-reciprocal frequency shifting has been demonstrated with

acousto-optic modulation on a suspended Si waveguide with maximum conversion efficiency

of ∼10−4 [ 223 ].
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Figure 5.20. (a) Schematic showing encoding information (logical |0〉 and
|1〉) in different frequencies of the optical modes (ω0 and ω1). Representa-
tions of (b) SWAP operation and (c) beam-splitter operation in analogy of a
Mach–Zehnder interferometer in space. (d) Cascading of multiple microrings
for compact integration.

From the demonstrations of the isolator discussed before, the coupling between TE and

TM modes induces the energy conversion between them. Although in isolator, the generated

sideband needs to be filtered out, it can be utilized to demonstrate the frequency shifter

which also rotates the polarization of the light after shifting. From Fig.  5.12 (b), it can

be seen maximum of 9% conversion efficiency is achieved, which is mainly limited by the

extraction efficiency to the bus waveguide as it’s slightly under coupled with κex/κ ∼ 0.3.

To increase the efficiency, a device with 600 nm bus-ring gap is measured which is highly

overcoupled with κex/κ � 0.5. Initially, the beam-splitter operation is demonstrated as

shown in Fig.  5.21 . 10 dBm RF power is applied to each actuator. The transmission

spectrum in Fig.  5.21 (a) is measured by sweeping the laser frequency across the TE mode’s

resonance, and they are normalized by the off-resonance transmission of TE light. The

generated TM light is separately measured which shows nearly equal transmission with the

TE light at the zero detune (∆f = 0). Next, the optical spectrum of the output light is

measured by an optical spectrum analyzer (OSA) with laser biased at ∆f = 0, as shown
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Figure 5.21. (a) Transmission spectrum for TE (red) and TM (green) modes
under 10 dBm RF power applied to each actuator. x-axis the the relative
detuning of the input laser to the resonance of TE mode. (b) Optical spectrum
of the output light when RF power is off (red dashed line) and when RF power
is on (solid line). Part of the energy is converted to the TM light (green) with
shorter wavelength. The inset shows the beam-splitter operation diagram.

in  5.21 (b). The broadening of the single frequency laser spectrum is mainly limited by the

finite resolution of the OSA with 0.02 nm. When the RF drive is zero, there is a single peak

(red dashed line). When the RF drive is turned on, there appear two peaks, with part of

the light shifting to the lower wavelength, corresponding to the TM mode. Therefore, light

injected into the TE will be split into TE and TM modes at the output with equal intensity.

This corresponds to the beam-splitter operation in frequency domain.

The SWAP operation is further conducted by increasing the RF power to 20 dBm, as

shown in Fig.  5.22 . Note this was done on a different device with smaller optical Q. The

optical spectrum before and after turning on the RF power is measured with fixed laser

frequency at the resonance of TE mode. By comparing the optical spectrum, the output light

shifts to the shorter wavelength (larger frequency) and the original input light is suppressed

by 15.4 dB. The asymmetry between the two sidebands is 12 dB, which demonstrates a single

sideband modulator with carrier frequency suppressed. The wavelength shifting can be seen
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Figure 5.22. (a) Optical spectrum in log scale when RF power is on (green)
and off (red) for fixed input laser frequency at the resonance of the TE mode.
(b) Same optical spectrum as in (a) in linear scale. The inset shows the SWAP
operation diagram.

more clearly in the linear scale in Fig.  5.22 (b), where most light shifts to lower wavelength

in the output.

The transmission spectrum for TE and TM modes when sweeping the laser across the

TE resonance is shown in Fig.  5.23 upper panel. It can be seen at the center most TE is

extinct which is converted to TM with 50% efficiency. Since this device is not in the strong

over-coupled regime, the rest 50% TE light is lost as the intrinsic loss of the resonator. On

the other hand, light can also be converted from TM to TE if TM mode is input as shown in

the lower panel of Fig.  5.23 . This demonstrates the bi-direction conversion between TE and

TM modes. Also, the coupling between TE and TM modes also rotates the polarization after

conversion. These novel features would help to pave the way for applications in photonic

quantum computing.
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5.5 Comparison with the state of the art

This section reviews and summarizes most recent optical non-reciprocal devices realized

using different schemes, and compares their performance with our work in Table  5.2 . The

isolation and insertion loss of these devices are summarized and plotted in Fig.  5.24 for better

visualization. Optical non-reciprocal devices have long been realized using magneto-optic

materials with the Faraday effect. However, it is challenging to integrate these materials

as they are not compatible with most CMOS processes. Nevertheless, there have been

advancements towards integrating cerium-substituted yttrium iron garnet (Ce:YIG) on Si

photonic chips via wafer bonding [ 180 ]. Most recently, Ce:YIG has been grown on silicon

nitride by pulsed laser deposition (PLD) [ 181 ]. However, it still needs bulky external magnet

to generate the required magnetic field to break the Lorentz reciprocity. On the other hand,

in the applications for building optical interfaces to connect distant superconducting circuits

for quantum internet [ 182 ], the applied external magnetic field would unavoidably interfere
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Figure 5.24. Comparison of insertion loss and isolation among several ex-
perimental realizations of optical isolators. These devices are classified by the
level of integration into monolithic (green), and non-monolithic (red). Devices
relying on magneto-optic material (blue) is separately listed while others are
all magnetic-free. The three devices with 950, 850, and 600 nm gaps shown
in this work are listed separately as solid green squares. The references are as
labeled. Reprinted from Ref. [ 169 ].

the operation of superconducting qubits. Thus, magnetic-free optical isolators are especially

desired in this case.

Optical non-reciprocity has been demonstrated in optomechanical systems through op-

tomechanically induced transparency (OMIT) [  193 ]–[ 196 ], where an optical pump in one op-

tical mode excites and couples a mechanical resonance with another optical mode. However,

most of these demonstrations are realized in a stand-alone optical microresonator (micro-

toroid or microsphere) that supports both optical and mechanical whispering gallery modes

(WGMs). This scheme is difficult to integrate with PICs in a convenient and reliable man-

ner. Moreover, as it requires optical pump, the power of the probe light has to be much

smaller than the pump light to maintain stable optomechanical interaction. This limits the

dynamic range of the optical power that can be isolated. On the other hand, in OMIT the
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Table 5.2. Comparison of optical non-reciprocal devices realized using differ-
ent schemes: MO (magneto-optic), NL (nonlinear optics), OM (optomechani-
cal), SBS (stimulated Brillouin scattering), SM (synthetic magnetic field), and
ST (spatio-temporal modulation). IL: Insertion loss. The three devices with
950, 850, and 600 nm gaps shown in this work are listed separately. A commer-
cial bulk optical isolator is listed for comparison. a: Non-reciprocal sideband
modulation. b: Optical pump power.

Year Scheme Structure Material Isolation IL (dB) Bandwidth Power CMOS
2016[ 180 ] MO Ring Si+Ce:YIG 32 dB 2.3 15 GHz 10 mW No
2020[ 181 ] MO Ring SiN+Ce:YIG 28 dB 1 15 GHz No
2018[ 189 ] NL Toroid SiO2 24 dB 7 1 MHz No drive No
2020[ 191 ] NL Ring Si 20 dB 1.3 20 GHz No drive Yes
2016[ 194 ] OM Toroid SiO2 10 dB 14 250 kHz 17 µWb No
2018[ 196 ] OM Toroid SiO2 10 dB 3 60 kHz 60 µWb No
2018[ 195 ] OM Sphere SiO2 17 dB 2 200 kHz 7.8 mWb No
2017[ 224 ] SBS Sphere SiO2 11 dB 0.14 400 kHz 235 µWb No
2014[ 184 ] SM MZI Doped Si 2.4 dB 20 nm 34 dBm Yes
2021[ 132 ] SM Ring AlN 3 dB 9 4 GHz 16 dBm Yes
2021[ 185 ] SM Ring Doped Si 13 dB 18 2 GHz -3 dBm Yes
2012[ 207 ] ST MZI Doped Si 3 dB 70 200 GHz 25 dBm Yes
2018[ 209 ] STa MZI Si 39 dB NA 125 GHz 90 mWb Yes
2018[ 131 ] STa Ring AlN 15 dB NA 1 GHz 18 dBm Yes
2021[ 92 ] STa MZI Si+AlN 16 dB NA 100 GHz 21 dBm Yes
850 nm ST Ring Si3N4+AlN 10 dB 0.8 0.7 GHz 25 dBm Yes
950 nm ST Ring Si3N4+AlN 6 dB 0.1 0.7 GHz 25 dBm Yes
600 nm ST Ring Si3N4+AlN 41 dB 1.9 2 GHz 33 dBm Yes
Thorlab IO-K-

1550
35 dB 1.2 40 nm No

bandwidth of the transparency window is limited by the mechanical linewidth, which limits

the isolation bandwidth to below megahertz (see Table  5.2 ).

Other monolithic integrated optical non-reciprocal devices are realized either by opti-

cal nonlinearity or by dynamical modulation (spatio-temporal modulation and synthetic

magnetic field), benefiting from the advanced integration of nonlinear components [ 34 ] and

electro-optic and acousto-optic modulators [ 9 ]–[ 16 ]. The recent work [ 191 ] using the Si non-

linearity has achieved 20 dB isolation and 20 GHz bandwidth. However, the fact that it

works for optical power within 4 to 8 dBm limits its applications. In contrast, dynamic

modulation, especially with electrical driving, largely preserves the optical linearity by sep-

arating driving and sensing in two different domains. The early experiments [  184 ], [ 207 ]

are based on modulating doped-Si waveguides in a Mach-Zehnder interferometer (MZI).
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However, the exaggerated loss of the doped-Si waveguides (70 dB insertion loss) limits the

maximum isolation within 2.4 to 3 dB.

Recently, spatio-temporal modulation using AOM has been implemented [  92 ], [ 131 ], [ 209 ].

Limited by either the modulation efficiency or the power handling capability of electrodes,

complete mode conversion (C = 1) has not been achieved, i.e. only non-reciprocal sideband

modulation is demonstrated. Most recently, optical isolators are demonstrated by modulat-

ing coupled optical microrings through either synthetic Hall effect [ 132 ] or Aharonov-Bohm

effect [ 185 ], but with limited isolation [ 132 ] and large insertion loss [ 185 ]. In comparison,

our HBAR resonator shows better power handling capability because of its wide electrode

area (and thus small resistance). Also, the tight confinement of acoustic energy in thin SiO2

membrane improves the modulation efficiency by 100 times compared with previous unre-

leased Si HBARs [ 12 ]. With these features, we demonstrate the lowest insertion loss among

these works, and comparable isolation under reasonable amount of RF power applied.

5.6 Summary

In this chapter, I demonstrated an integrated optical isolator by spatio-temporal mod-

ulation of a Si3N4 microring resonator via three AlN piezoelectric actuators. By carefully

tuning the relative phases among these actuators, HBAR modes create an effective rotating

acoustic wave that couples two optical modes in the momentum-biased direction. The device

has been fully characterized in terms of RF phases, RF powers, optical spectra, and optical

powers, showing agreement with theoretical models and numerical simulations. The device

enters the mode splitting regime when RF drive power applied on each actuator is higher

than 14 dBm, and maximum isolation of 10 dB and minimum insertion loss of 0.1 dB under

20 dBm RF power are achieved. An isolation bandwidth of 700 MHz is obtained, which is

primarily determined by the optical resonance linewidth.

5.6.1 Outlook on future applications and improvements

In practical applications, the main figure of merit for an isolator is its insertion loss,

isolation ratio and bandwidth. We summarize in Supplementary Table  5.2 the comparison
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of our current devices with a commercial bulk isolator from Thorlab IO-K-1550. The crit-

ically coupled device (950 nm gap) have 0.1 dB insertion loss, while the isolation ratio is

limited by the critical coupling level of the microring. In the current fabrication, we sweep

the bus-microring gap distance coarsely with 50 nm step. In the future, finer gap sweep

can be implemented for better critical coupling. Experimentally, 30 dB extinction can be

achieved, which is comparable with most commercial isolators. On the other hand, due to

the low insertion loss, cascading several isolators can increase isolation. For example, by

cascading five 950-nm-gap devices, we can have 30 dB isolation and 0.5 dB insertion loss.

The over-coupled 600-nm-gap device shows higher isolation and higher insertion loss than

the commercial isolator.

The bandwidth is limited by the optical resonance linewidth. The isolator bandwidth can

be increased by either increasing the microresonator’s intrinsic loss, or increasing the external

coupling rate by working in the over-coupling regime. This however increases the RF power

consumption. Nevertheless, there are still ways to reduce the RF power in the future. The

piezo-optomechanical coupling efficiency is mainly determined by the cooperativity C:

C = 4g2
0

κaκb
n̄c (5.20)

Based on the expression, there are some strategies to increase C:

• Reducing the optical microring radius. This is an effective way to increase the

g0 by shrinking both of the optical and mechanical mode volume [ 168 ]. For optical

microring with 22 µm radius, the mechanical mode volume will be decreased by 25

times. As the g0 is inversely proportional to the square root of volume, this leads to

25 times decreasing of RF power to 12 mW.

• Using scandium (Sc) doped AlN. AlScN has 4 times larger piezoelectric coefficient

than that of AlN [ 139 ]–[ 143 ]. If using AlScN, we anticipate at least 4 times increase of

electro-mechanical coupling, leading to 4 times reduction of the RF power.

• Increasing optical Q. This can be achieved using our optimized photonic Damascene

process [ 24 ]. We expect to achieve 100 MHz optical resonance linewidth (Q = 2×106).
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This would lead to RF power reduction to 6 mW. However, there is a trade-off between

isolation bandwidth and RF power. Additionally, if microresonators of Q > 107 are

used, the higher intra-cavity power boosted by higher Q will induce large resonance

shift due to thermal-optic and Kerr nonlinearity. In this case, the resonance shift

caused by high input power of the optical signal will be prominent, which will affect

the device performance.

• Increasing mechanical Q. This will increase the intra-cavity phonon number under

the same input microwave. Currently our mechanical Q is limited by the acoustic

energy leakage into the HBAR mode within the substrate. In the future, the sub-

strate HBAR can be eliminated by roughening the backside surface of the substrate as

demonstrated in our previous work [ 12 ]. We anticipate at least two times improvement

of mechanical Q.

We estimate that a combination of these strategies could reduce the required RF power

to ∼60 µW.

Isolators protect lasers from back-reflection and maintain unidirectional transmission of

light signals. Recently, there are several demonstrations of self-injection locking of an inte-

grated laser to a Si3N4 microresonator [  33 ], [ 225 ]. Laser self-injection locking enables direct

interaction of the laser and the microresonator through back-scattered light from the mi-

croresonator, where an optical isolator is absent. However, an integrated optical isolator

between the laser and the microresonator is still preferred in certain circumstances that full

laser control is required. For example, Ref. [ 226 ] shows that an isolator between the semi-

conductor laser and the Si3N4 microresonator is needed to increase the optical bandwidth

of the generated soliton comb. In this case, an optical isolator of few hundreds of mega-

hertz bandwidth (as our case) is sufficient to cover the laser tuning range for soliton comb

generation.

Due to the resonant nature of the optical microresonator, the bandwidth is limited by the

optical resonance linewidth. The current bandwidth of our device (∼700 MHz) is sufficient

for applications such as microwave to optical converters for quantum interconnects [ 182 ] and

classical optical control and readout of superconducting qubits’ states [ 227 ], [ 228 ], where the
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qubit Rabi oscillation is usually on the order of tens of megahertz. The main limitation in

these applications is the RF power consumption. In current commercial dilution fridges, the

cooling power at 50 K and 4 K stages are 50 W and 1.5 W, respectively. The RF power

consumption of our devices can be further reduced to meet the cooling power budget.

In summary, we believe that <1 dB insertion loss and >30 dB isolation can be achieved

by optimizing our designs. Together with RF power of less than 1 mW, our integrated

optical isolators can meet the requirements for many applications for nonlinear photonics

and quantum engineering in the future.
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6. QUANTUM MICROWAVE TO OPTICAL CONVERTER

6.1 Introduction

While superconducting qubits have shown powerful quantum computing and simulation

abilities at cryogenic temperatures [ 229 ]–[ 233 ], the subsequent transporting of quantum in-

formation based on microwave carrier is prone to larger thermal noise at room temperature

which is proportional to kBT/~Ωm, where kB is the Boltzmann constant, T the temperature,

~ the reduced Planck’s constant, and Ωm the microwave frequency. This largely restricts

connecting distant quantum computers for distributed computing and quantum networks.

On the other hand, the optical photon has 5 orders of magnitude larger frequency which leads

to much less thermal noise at room temperature. Moreover, light has been the workhorse for

today’s telecommunication system, and the main building blocks have been commercialized

with low cost. Also, quantum key distribution (QKD) [ 221 ] via the optical telecommunica-

tion system has been well studied, and quantum information processing and simulation has

been successfully implemented in an optical circuits all at room temperature [ 175 ], [ 234 ],

[ 235 ].

In that sense, coherent microwave to optical conversion has been highly demanded for

interfacing superconducting circuits with optical communication systems. While the former

conducts high fidelity quantum information processing at cryogenic temperature, the latter

enables transmitting quantum states at room temperature with ultra-low loss and thermal

noise. This helps to take full advantage of each system for building a hybrid quantum

network. To realize the frequency conversion from microwave to optical (or vice versa),

optical nonlinear effects are required to induce three-wave-mixing. This is conventionally

achieved in electro-optic materials with second order nonlinearity, such as LiNbO3 [ 10 ], [ 19 ],

[ 236 ], [ 237 ], LiTaO3 [ 238 ], and AlN [ 124 ], [ 239 ]. However, since the metal electrodes have

to be placed several microns away from the optical waveguide to have low optical losses,

current electro-optic modulators show relatively low quantum efficiency due to low electric

field confinement. Nevertheless, progressive efforts have been made, pushing the efficiency

towards 1% [  240 ] by increasing the pump efficiency via matching two optical modes [ 106 ],
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[ 241 ] or coupling two optical ring resonators [ 240 ], [ 242 ]–[ 245 ], or with microwave-frequency-

FSR optical resonator [ 246 ], [  247 ].

Another approach that has been widely explored is to achieve the conversion between

microwave and light mediated by a mechanical resonator. Strong coupling between super-

conducting qubit and different mechanical modes has been demonstrated including, SAW

[ 248 ]–[ 250 ], BAW [  97 ]–[ 99 ], [ 251 ], [ 252 ], and phononic crystal [ 253 ]–[ 255 ]. On the other hand,

optomechanical interaction has been largely studied in the past decades [ 256 ], and achieved

quantum sensing beyond the standard quantum limit.One famous example is the observa-

tion of the gravitational wave using LIGO [ 257 ]. The strong coupling of mechanics to both

microwave and optical light makes it a good candidate for the quantum converter.

Similarly, different mechanical resonators have been investigated aiming at efficient trans-

duction from microwave to mechanics and mechanics to optics. To date, the highest effi-

ciency is achieved in an electro-optomechanical system [ 258 ], where a Si3N4 membrane is

capacitively coupled to a microwave LC cavity, and optomechanically coupled in a Fabry-

Pérot optical cavity. Maximum of 10% conversion between microwave and optical is real-

ized. However, the MHz frequency of the membrane resonator presents high thermal noise

even at cryogenic temperature. Also, the low mechanical frequency limits the transduction

bandwidth. The electro-mechanical excitation of a GHz frequency mechanical mode of an

optomechanical crystal resonator has recently been demonstrated with maximum of 1.2%

conversion efficiency [ 259 ].

Most recently, piezo-optomechanical transduction has drawn much attention, since it

enables exciting mechanical resonances at GHz frequency, which can be cooled down to

the ground state at cryogenic temperature, and matches with the working frequency with

the superconducting qubit. One widely adopted structure is to use the optomechanical

crystal (OMC) [ 260 ], where both the mechanical and optical modes are confined tightly in a

defect of a co-designed 1D photonic and phononic crystal. Different material platforms have

been explored in realizing efficient optomechanical coupling, including Si [  261 ]–[ 263 ], LiNbO3

[ 264 ], [ 265 ], Si3N4 [ 266 ], AlN [ 267 ]–[ 269 ], Gallium Phosphide (GaP) [ 270 ]–[ 272 ], and Gallium

Arsenide (GaAs) [  273 ]–[ 276 ]. Except for Si and Si3N4, others are all good piezoelectric

materials. They both show their own advantages which will be discussed in details later. In
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general, the mechanical mode is excited by launching surface acoustic waves [ 264 ], [ 265 ], or

coupling to a 3D microwave cavity [ 275 ]. The advantage of OMC is the tight confinement of

mechanical and optical modes. As can be seen from Eq.  1.22 , the optomechanical coupling

rate g0 is inversely proportional to the square root of the mechanical mode volume. OMC

has achieved the highest coupling rate on the order of MHz. However, the tight confinement

is at the expense of low optical Q on the order of GHz. Also, the small mode volume

makes it challenging to impedance match with the external microwave channel [ 277 ], and

the suspension of the 1D OMC beam in air compromises the thermal conductance.

Another well studied mechanical mode is to excite surface acoustic waves (SAW) by in-

terdigital electrode transducer (IDT). The microwave to optical conversion has been realized

and studied by modulating a photonic crystal [  278 ] or an optical ring resonator [ 15 ]. IDT

can be designed to better impedance match with the microwave transmission line for higher

electromechanical conversion efficiency. Also, optical ring resonator usually shows higher

optical Q than OMC, and it can support multiple optical modes to match with the pump

and signal light.

In contrast, the application of HBAR in microwave to optical conversion is less studied,

and the most recent studies couple HBAR with a free space Fabry-Pérot optical cavity [ 279 ]–

[ 281 ]. The free space implementation presents difficulty in on-chip integration which prevents

the high volume production, and the stability and robustness of the system is compromised

which will be problematic once in the cryogenic chamber. In this thesis, I take advantage of

the optical microring structure (high optical Q and triple-cavity design), and couple it with

the HBAR mode excited by the AlN actuator as presented in the previous chapters. The

advantage of using HBAR compared with SAW is the optical waveguide can be fully cladded

which will reduce the influence of the stray light on the superconducting qubit [ 262 ]. Also,

the HBAR can be immersed in superfluid Helium to have better thermal conductance and

cooling. In the following I will present the theory and design of the HBAR based microwave

to optical converter, and the first experimental results and future outlook.
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Figure 6.1. (a) Schematic showing the coupling between the mechanical mode
and two optical modes. The vibration of mechanical resonator scatters pump
light in mode a (ωa) into higher frequency mode b (ωb). The inset shows the
quantum picture of the process where an incoming phonon scatters one pump
photon into higher frequency signal photon. (b) Schematic for the triple-mode
optomechanical system, where the TE mode is pumped which couples the
mechanical and TM modes.

6.2 Theoretical analysis with Coupled Mode Theory

The theory that describes the system is provided in this section, as well as the figure

of merits that guide the device design. I adopt the simplified CMT equations as presented

in the last chapter [ 106 ], while more rigorous treatment can be found in Refs [ 168 ], [  273 ],

[ 282 ]. It is interesting to find that the converter can be described using the same scheme

and equation set as the optical isolator presented in the last section, since they both rely on

the three-wave-mixing between acoustic and optical modes.

As shown in Fig.  6.1 , I assume there is one mechanical cavity at microwave frequency Ωm

and two optical modes with spacing matching the mechanical mode. The two optical modes

are also chosen to be TE and TM modes. This triple mode scheme is first proposed [ 241 ] and

demonstrated [ 106 ] in electro-optical converter, which would large boost the pump efficiency

of the light. The implementation in piezo-optomechanical converter has not been realized,

and most OMC converters only support one optical mode. Different from the isolator, the

light that is input into the lower frequency optical mode serves as the pump, while the

mechanical and the other optical modes are coupled. The vibration of the mechanical res-
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onator will modulate the pump light and generate the anti-Stokes sideband at mode b, which

then carries the quantum information from the microwave channel and gets transmitted to

another quantum processor.

From the stand point of quantum picture, as illustrated in the inset of Fig.  6.1 , one

incoming phonon will be absorbed and scattering one intra-cavity photon into one output

higher frequency photon. The reverse process is theoretically possible where the high fre-

quency photon can be split into a pair of photon and phonon. This reversible process also

enables the detection of quantum information carried by optical photon for receiver. The

scattering strength is characterized by the single-photon coupling strength g0, which can

be interpreted physically as the scattering rate between input phonon and the up-converted

optical photon when there is one pump photon in the optical cavity. g0 is related with

the mode overlap between mechanical and optical mode and is inversely proportional to

the mode volume. Thus, by shrinking the device sizes and tightly confining the mechanical

mode, we can increase the coupling strength. In an ideal case, we would like to work in the

resolved sideband regime where the mechanical frequency is much larger than the optical

linewidth. Otherwise, part of the pump photon will be scattered to the lower frequency

Stokes sideband, which will become added noise as will be discussed later.

The dynamics of the process can be described by the same equations in Eq.  5.2 - 5.4 .

However, the roles of the modes a and c are exchanged. Assuming the optomechanical back-

action on the property of mode a is negligible, we can ignore it and get a stationary solution

for â:

â =
√
κa,exâin

i∆a + κa
2

(6.1)

And thus the intra-cavity pump photon number can be calculated as:

n̄a = ‖â‖2 = κa,ex‖âin‖2

∆2
a + κ2

a

4

(6.2)
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We can define a so-called enhanced optomechanical coupling g = g0
√
n̄a, which can be

understood as the increase of scattering possibility by having more pump photons in the

cavity. The dynamic equations for b̂ and ĉ can then be reduced to:

−iΩdb̂ = −(i∆b + κb
2 )b̂− igĉ (6.3)

−iΩdĉ = −(iΩm + Γc
2 )ĉ− igb̂+

√
Γc,exĉin (6.4)

According to the input-output theorem in Eq.  5.6 , the output of optical field b̂ can be

calculated as:

b̂out =
ig
√
κb,exΓc,ex

g2 + [i∆m + Γ/2][i(∆b − Ωd) + κb/2] ĉin (6.5)

where ∆m = Ωm − Ωd. Finally, the overall quantum conversion efficiency can be calculated

as:

η =
∥∥∥∥∥∥ b̂out

ĉin

∥∥∥∥∥∥
2

= κb,ex

κb

Γc,ex

Γc
4C

‖C + (1 + 2i(∆b − Ωd)/κb)(1 + 2i∆m/Γc)‖2 (6.6)

where C = C0n̄a is the enhanced cooperativity, and C0 = 4g2
0

κbΓc
is the single photon coopera-

tivity, that measures the coupling strength relative to the loss rate of mechanical and optical

cavities. In practical application, we usually set the microwave drive at the mechanical reso-

nant frequency: ∆m = Ωm−Ωd = 0, and the detuning of pump equals microwave frequency

∆b = Ωd such that field b̂ is on resonance. The efficiency can be reduced to:

η = κb,ex

κb

Γc,ex

Γc
4C

(1 + C)2 (6.7)

From the above equation, the overall system efficiency can be divided into mainly three

parts: the coupling efficiency from input microwave photon to phonon in the mechanical

cavity, ηex,m = Γc,ex/Γc; the internal conversion efficiency from phonon to optical photon

ηin = 4C/(1 + C)2, occurring in the optical cavity; and the coupling efficiency from intra-

cavity photon to output bus waveguide ηex,opt = κb,ex/κb, which then connects to optical

fiber for long distance communication. The dependence of internal conversion efficiency on

system cooperativity is calculated and plotted in Fig.  6.2 (b). It can be seen the internal
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Figure 6.2. (a) Schematics showing the cascaded coupling efficiencies that
determine overall system efficiency, including input coupling efficiency from
microwave channel to mechanical cavity ηex,m, intra-cavity conversion efficiency
from mechanical phonon to photon ηin, and output coupling efficiency from
optical cavity to fiber ηex,opt. (b) The dependence of internal efficiency on
enhanced cooperativity C.

efficiency reaches maximum 100% when C = 1. This can be understood qualitatively that, if

the scattering rate g is much smaller than loss rate of mechanical and optical cavities, most of

the intra-cavity phonon and photon are lost which leads to small efficiency. However, if g is

much larger than the loss rate and thus the external coupling rate κb,ex, the generated photon

will be converted back to phonon before being extracted to output waveguide. Therefore, g

should be on the similar magnitude with the loss rate and thus C = 1. This is in contrast

to the isolator case where C � 1 is required for mode splitting.

To have high overall system efficiency, the external coupling efficiency is also important.

Thus, it is preferred to have overcoupling for the mechanical and optical cavities, κb,ex/κb ∼ 1

and Γc,ex/Γc ∼ 1. However, assuming intrinsic loss is fixed, this inevitably increases the total
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loss and lowers the Q, and finally cooperativity C0. To have C = 1 we need to increase the

pump power which in turn increases the thermal noise. Thus, there is a trade-off between

efficiency and noise we need to consider in the real device design.

In most OMC structure, where only one optical mode is incorporated, the detuning of

pump light makes it inefficient to pump into the optical cavity, especially when working

deeply in resolved sideband regime (∆ � κ). This requires to increase the input pump

power to have reasonable amount of intra-cavity photon for C = 1. However, the high power

leads to larger thermal noise. To mitigate the high required power, it is proposed here to

use a second optical resonance that aligns with the pump light to accumulate more pump

photons inside the cavity, as shown in Fig.  6.1 . When aligned with the resonance of mode

a, the intra-cavity pump photon number can be calculated:

n̄a = 4κa,ex

κ2
a

Pin,opt

~ωa
(6.8)

where Pin,opt is the input pump power and ωa is the resonant frequency of mode a. As we

increase the optical Q, we have more long lived photon in the cavity, which increases the

possibility and rate for one phonon to be scattered into output photon.

6.2.1 Relation between η and optomechanical S21

The quantum conversion efficiency can be estimated from the optomechanical S21 mea-

surement following the method in Ref. [ 15 ]. At first, the classical expression for the S21

is derived. To be consistent with the optomechanical S21 measurement performed for the

unreleased and released devices before, I assume there is only one optical mode, and the

cooperativity is low such that the back-action on the mechanical cavity can be ignored. In
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that case, we can solve Eqs.  6.3 - 6.4 classically, and get the output electric field magnitude

for the carrier A0,out and anti-Stokes sideband A+,out:

A0 =
√
κexAin

(i∆ + κ/2) (6.9)

A+ = − ig0BA0

i(∆− Ωd) + κ/2 (6.10)

A0,out = Ain −
√
κexA0 (6.11)

A+,out = −√κexA+ (6.12)

where A0 and A+ are the magnitude of the intra-cavity optical field of the carrier and anti-

Stokes sideband. Ain is the input electric field magnitude and its square is the input photon

flux: A2
in = Pin,opt/~ωL. ∆ = ω0 − ωL is the detuning of the laser relative to the optical

cavity. B is the magnitude of the intra-cavity acoustic field, which is normalized such that

its square is the intra-cavity phonon number as:

B2 = 4Γex

Γ2
Pin,m

~Ωd

(6.13)

The output microwave voltage of the photodetector U can be calculated as:

U = RPD~ωL‖A+,outA0,out‖ (6.14)

= RPDPin,optg0B

∥∥∥∥∥ κex

i(∆− Ωd) + κ/2
i∆ + κ/2− κex

(i∆ + κ/2)2

∥∥∥∥∥ (6.15)

= RPDPin,optg0Bχ(Ωd,∆) (6.16)

where RPD is the responsivity of the photodetector in unit of V/W. The output microwave

power of the photodetector measured by the VNA is:

Pout,m = U2

2R0
=
R2

PDP
2
in,optg

2
0

2R0

4Γex

Γ2
Pin,m

~Ωd

‖χ‖2 (6.17)
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where R0 = 50 Ω is the impedance of the VNA. Therefore, the S21 can be calculated as:

S21 = Pout,m

Pin,m
=

2ΓexR
2
PDP

2
in,optg

2
0

Γ2~ΩdR0
‖χ‖2 (6.18)

When the laser detune equals the microwave drive and mechanical frequency, ∆ = Ωd = Ωm,

and also the device works in the resolved sideband regime. S21 can be reduced to:

S21 =
8κ2

exΓexR
2
PDP

2
in,optg

2
0

κ2Γ2~Ω3
dR0

(6.19)

The conversion efficiency can be related with the S21 if we find out their definitions as:

η = P+,out/~ωL
Pin,m/~Ωd

(6.20)

S21 = R2
PDP+,outP0,out

2R0Pin,m
(6.21)

where P+,out and P0,out are the output optical power of the anti-Stokes sideband and the

carrier. Therefore, the efficiency can be related with S21:

η = 2R0

R2
PDP0,out

Ωd

ωL
S21 (6.22)

The output power in the carrier P0,out can be related with the input optical power as:

P0,out =
∥∥∥∥∥ i∆ + κ/2− κex

i∆ + κ/2

∥∥∥∥∥
2

Pin,opt (6.23)

In the resolved sideband regime ∆� κ, P0,out = Pin,opt. Note the above efficiency is off-chip

efficiency which includes the coupling loss from the chip to the edge coupling optical lensed

fiber.
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6.2.2 Derivation of Vπ from S21

The expression for the Vπ of an AOM is derived in Ref. [ 264 ] as:

Vπ =
Ωmπ

√
2Pin,mR0

g0B
(6.24)

By inserting Eq.  6.13 into the above expression, we can get:

V 2
π

= ~Ω3
mπ2R0Γ2

2g2
0Γex

(6.25)

By multiplying Eq.  6.19 and Eq.  6.25 and cancelling most of the terms in the numerator

and denominator, we can get the following neat expression

S21 =
(2κex

κ

πRPDPin,opt

Vπ

)2
(6.26)

If the optical mircoring is critically coupled, it can be further reduced to:

S21 =
(

πRPDPin,opt

Vπ

)2
(6.27)

Interestingly, this expression is the same as the one derived in Ref. [ 15 ] for Mach-Zehnder

Interferometer (MZI).

6.2.3 Efficiency of the isolator device

From the above derived expressions, the AOM efficiency for the optical isolator from the

last chapter can be estimated as a starting point. Figure  6.3 shows the measured S11 and S21

for one actuator of the isolator device. Here, only one optical mode is utilized. The pump

power is 40 µW and is detuned from the resonance. The S21 is -51.5 dB for the mode at

3.42 GHz as labeled by the red arrow. The quantum efficiency is thus calculated from Eq.

 6.22 which is around 5×10−10. Note the optical pump power is small (40 µW) and only one

actuator is excited which covers one third of the ring. The efficiency can be increased by

increasing the pump power. However, there is a limit of the maximum power that we can
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Figure 6.3. (a) Electromechanical S11 and (b) optomechanical S21 of one ac-
tuator of the isolator device. The red arrow denotes the mode that is analyzed.

apply in the dilution fridge, depending on the cooling power and thermal conductance. The

Vπ is calculated from Eq.  6.26 around 26 V. Other parameters of the device are summarized

in Table  6.1 . Therefore, to increase the efficiency, we need to design a new device with larger

optomechanical coupling g0 and smaller optical and mechanical losses, as will be discussed

below.

6.3 Device design

Based on the above analysis, there are several design goals for designing a converter with

high efficiency and low added noise: 1. larger optical and mechanical Q; 2. large single

photon scattering rate g0. In practice, it is usually hard to meet the two requirement in the

same time. To achieve large g0, we need to confine optical mode into tight space, which in

turn suffers large scattering losses due to fabrication. Nowadays, the state of art g0 has been

achieved in optomechanical crystal (OMC) structures sub-micron confinement of optical and
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Figure 6.4. (a) Schematic showing the proposed piezo-optomechanical quan-
tum converter. By driving the piezoelectric actuator with microwave signal,
the input pump light is scattered to output signal photon with high quantum
efficiency. (b) Cross-section along the black dashed line in (a).

mechanical modes [ 264 ]. However, limited by nano-fabrication, OMC usually shows low

optical Q (∼ 105) with linewidth on the order of GHz.

Higher optical Q (∼ 106 − 107) can be achieved in optical ring resonators. Here, I

propose to couple the HBAR mode with the Si3N4 microring resonator to demonstrate an

efficient microwave to optical converter. As shown in Fig.  6.4 , HBAR is generated by an AlN

piezoelectric actuator, which is overlaid on top of a Si3N4 optical ring resonator that is buried

inside a released SiO2 membrane. The full cladding of Si3N4 waveguides helps isolate optical

circuits from external environment and mechanical vibrations, making it robust compared

with the OMC systems where there is an air gap between the OMC and bus waveguide. By
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Figure 6.5. (a) Vertical stress distribution of one typical HBAR mode at 4.4
GHz. (b) Electric field distribution of TE and TM modes with close frequency
spacing. The white arrows denote the magnitude and direction of the electric
field.

applying a microwave signal, the AlN film starts vibrating and transmitting acoustic wave

vertically which are tightly confined in the SiO2 Fabry-Pérot acoustic cavity. To further

shrink the optical and mechanical mode volume, the radius of the optical ring is reduced

to 22 µm while maintaining ultra-high optical Q (∼5×105) by using the reflow Damascene

process for fabricating high Q Si3N4 ring resonator [ 118 ].

The dimensions of vertical stacking are shown in Fig.  6.4 (b). 1 µm AlN is chosen

which presents its fundamental resonance around 4 GHz. 4 µm SiO2 cavity forms a series of

mechanical resonances with spacing of 500 MHz. By aligning AlN and SiO2 resonances, one

of the HBAR modes can be efficiently excited at 4.4 GHz as shown in the simulation of Fig.

 6.5 (a). Similar as the isolator, to efficiently convert one pump photon into signal photon,

energy and momentum conservation of the process must be satisfied. Ideally, the pump and

signal optical modes need to have the same azimuthal order m. However, it is experimentally

hard to have TE and TM modes with the same m and in the same time have close frequency

spacing, since the non-vertical sidewall of the waveguide inevitably strongly hybridizes the

TE and TM modes [  106 ]. Therefore, a quasi-square waveguide (800×801 nm2) is chosen for
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Figure 6.6. (a) Dependence of the required pump optical power to achieve
C = 1 (left Y axis) and total optical Q (right Y axis) on external coupling
strength for fixed g0 = 1 kHz. Three different intrinsic Q are chosen that
are experimentally realizable. M is short for Million. (b) Dependence of the
required pump power on the optomechanical coupling strength g0 under critical
coupling regime for three different optical Q. The green dashed line show the
power level of 1 mW and red dashed line shows the position of 1 kHz g0/2π as
estimated in simulation.

TE and TM modes to have close effective refractive index and frequency spacing equal to

the mechanical resonance Ωm. The mode shape of the two modes are simulated as in Fig.

 6.5 (b). The mode with lower frequency is chosen as pump to avoid phonon lasing and system

instability. By doing mode overlap integral in COMSOL simulation, the coupling between

mechanical and optical mode is estimated to be g0/2π ∼ 1 kHz.

It is reasonable to examine the influence of the variation of device parameters on the

performance. Since the ideal working condition is C = 1, the required pump optical power

to achieve this condition can work as a figure of merit which leverages efficiency and added

noise. The smaller the pump power, the better the device. As shown in Fig.  6.6 is the

dependence of pump power on the external coupling strength κex for fixed g0. Three different

regions can be found depending on the relative strength of κex and κ: under-coupling region

when κex/κ < 0.5, critical coupling when κex/κ = 0.5, and over-coupling when κex/κ > 0.5.

As pointed out in the last section, it is preferred to work at over-coupled region to increase

the extraction efficiency of signal photon. However, from the calculation, the required pump
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Figure 6.7. 2D contour plot of the required pump power for various optical
Q and g0 under critical coupling. The mechanical loss rate is assumed to be 1
MHz. The red (yellow) star indicates the proposed (current measured) device
parameters.

power will increase due to reduced quality factor. It is interesting to see that we will get the

lowest power around critical coupling region rather than under-coupling. This is because at

under-coupling, the coupling efficiency of pump into the cavity is decreased which reduces

the intra-cavity photon. So we don’t want to work at this region which not only has low

extraction efficiency but requires higher pump power. Thus, the design goal is to push

the system towards the bottom right corner of Fig.  6.6 (a). By optimizing the fabrication

process, the intrinsic Q can be increased which will lower the pump power in Fig.  6.6 (a).

Due to the maturity of fabricating untra-low loss Si3N4 waveguides, intrinsic optical Q of 10

million to 20 million can be achieved, indicating sub-100 µW power can be achieved with

80% extracting efficiency.

The dependence of power on the optomechanical coupling strength g0 is also characterized

in Fig.  6.6 (b), where the power depends on the square of g0. We can still have sub-mW pump
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Table 6.1. Comparison with experimental demonstrations of microwave
to optical converters in the literature using electro-optic (EO) or piezo-
optomechanical (OM) methods. Note the “isolator” device is the same de-
vice presented in the last chapter and driven with a single optical mode. The
proposed device is with two optical modes.

Ref. [ 243 ] [ 106 ] [ 262 ] [ 264 ] Isolator Proposed
Year 2020 2018 2020 2020
Method EO EO OM OM OM OM
Material LiNbO3 AlN Si+AlN LiNbO3 Si3N4+AlN Si3N4+AlN
Structure Ring Ring OMC OMC Ring Ring
g0/2π (kHz) 1.2 0.3 420 80 0.07 1
κ/2π (GHz) 0.6 0.285 1.6 1.2 0.377 0.03
κex/κ 0.22 0.3 0.5 0.67 0.34 0.67
Γ/2π (MHz) 21.6 0.5 0.45 2 14 1
Ωm/2π (GHz) 6.8 8.3 5.16 2 3.42 4
C0 4.4×10−10 2.3×10−9 9.6×10−4 1.2×10−5 4×10−12 1.3×10−7

Pin,opt (µW) 100 5000 2 3.3 40 100
C 3.6×10−5 7.5×10−2 4.2×10−2 6.5×10−3 2.17×10−9 1
η 6.6×10−6 2×10−2 1×10−3 1.7×10−5 5×10−10 1×10−2

power when g0/2π is around 200-300 Hz for the optical Q above 5 Million, which is achievable

in the experiment. To better estimate the performance of the device, the dependence of the

required power on optical Q and g0 is summarized in the 2D contour plot in Fig.  6.7 . From

our previous experiments, optical Q of 5-10 million is achievable with optimized fabrication.

Around the estimated g0/2π of 1 kHz, optical power as low as tens of microWatts is sufficient

to achieve C = 1 for 100% internal conversion efficiency. However, as the optical Q drops to

1 Million, the pump power increases to 10-100 mW for g0/2π between 100-1000 Hz.

To put our design into perspective, I compare it with the most recently demonstrated

converters using electro-optic (EO) [ 106 ], [ 243 ] or piezo-optomechanical crystal (OMC) [ 262 ],

[ 264 ] methods, as shown in Table  6.1 . While the OMC structure presents the highest g0,

optical microring has generally higher optical Q. Although OMC has higher single photon

cooperativity, microring can pump more photon into the cavity because of the ability to

have two optical modes and high optical Q, which helps it to achieve a similar order of

the enhanced cooperativity. Although the current device is far from the best performance,

there is still much room to improve in the future by increasing the optical Q and the g0,
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Figure 6.8. (a) Optical microscope image of the fabricated device with two
AlN actuators fabricated on the same Si3N4 microring resonator with 22 µm
radius (THz FSR). (b) Zoom-in SEM of the device in the red dashed box in
(a). (c) Optical image of the chip edge. The inset shows the pre-off of the Si
at the chip edge to compensate for the etching during release in the future.
(d) Zoom-in SEM of the chip edge after the breaking of the suspended oxide
membrane.

as indicated by the proposed device. From these observations, the proposed microwave

to optical converter based on the AlN-on-SiN platform can serve as an attractive quantum

optical interface with high efficiency, low noise, and low cost (low power consumption and ease

of fabrication). It is also compatible with cryogenic temperature and can be co-integrated

with SC circuits for future hybrid integrated quantum system capable of quantum computing

and communication.

6.4 Experimental realization with 22 µm radius device

Based on previous design, a new device with 22 µm radius (with THz FSR optical mi-

croring) is designed and fabricated as shown in Fig.  6.8 (a). The zoom-in SEM of the device

can be seen in Fig.  6.8 (b). Due to the non-vertical sidewall of the waveguide, TE and TM
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modes are coupled and hybridized, and sometimes the coupling is so strong that the spacing

of them is too large to match with the mechanical resonances, especially when they have

the same azimuthal order [ 106 ]. Thus, in the waveguide design, TE and TM are purposely

designed to have slightly different azimuthal order. Two actuators are designed to match the

momentum mismatch between TE and TM. Different than previous AlN actuators, the top

and bottom metals are both made from Mo, which is especially important for small devices

to avoid misalignment between the top metal and AlN. While testing the new devices, there

appeared more challenges than expected. Each of them are presented in the followings.

6.4.1 Challenge 1: releasing of the chip edge

As the scale of the device decreases, the size of the center releasing hole is also shrunk

to 20 µm in diameter as shown in Fig.  6.8 (b). This undesirably extends the time required

to fully release the actuators. This long time releasing inevitably etches the Si at the edge

of the chip, which forms a suspended oxide membrane. The membrane in most case is too

fragile and breaks as shown in Fig.  6.8 (c). This increases the coupling loss from the chip

edge to the lensed fiber to above 10 dB, which largely reduces the overall efficiency. Since the

wafer is diced into pieces using a DRIE etching process and the releasing step is after that,

a pre-offset of the Si at the chip edge during the DRIE can be applied to compensate for the

etching of Si during releasing in the future, as illustrated in the inset of Fig.  6.8 (c). With

this modification of the fabrication, we can avoid releasing of the chip edge and preserve

high edge coupling efficiency.

6.4.2 Challenge 2: nonuniform releasing of the actuator

The other challenge of the fabrication is the nonuniform releasing of the oxide membrane

where the optical microring resides in, as shown in Fig.  6.9 (a). The Si beneath the oxide

is isotropically etched with gas XeF2 which leads to an uneven edge at the released oxide

membrane’s anchor. It can be seen nearly half of the optical ring is not fully released which

would reduces the AOM efficiency by half. It is found out that SF6 will isotropically etch

Si in a more uniform way. As shown in Fig.  6.9 (b), a uniform releasing circle and smooth
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Release with XeF2 Release with SF6
(a) (b)

Figure 6.9. (a) Nonuniform releasing of the optical microring resonator with
XeF2. (b) Releasing of the oxide membrane with SF6 which generates a uniform
circle.

edge can be achieved with SF6. Therefore, in the future, by incorporating SF6, we can have

a more uniform releasing of the actuator, which will largely improve the mechanical Q and

HBAR excitation efficiency.

6.4.3 Challenge 3: non-ideal optical modes

The typical optical transmission spectrum of different devices are shown in Fig.  6.10 . It

can be seen most of the optical resonances show triangle shape instead of Lorentz. Despite

of that, the loaded optical Q is as high as 1.4 Million. For nearly half devices, there is a

prominent mode splitting due to the back scattering with splitting as high as 500 MHz.

This is typical for optical microring resonator with THz FSR, because as the bending radius

decreases, more portion of the optical mode locates at the outer sidewall of the microring

where the roughness of the sidewall will cause Rayleigh scattering (see Fig.  6.5 (b) TE

mode). The undesired back scattering will lose nearly half of the optical pump and signal

and lower the quantum efficiency by four times (as both the pump and signal are halved).

More severe problem is the smallest spacing between the TE and TM modes is found to be

around 30 GHz which is much larger than the HBAR resonances, making the triple mode

operation impossible. This is mainly because as the FSR increases, the difference of the FSR
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Figure 6.10. Optical transmission spectrum for different devices. The red
dashed line is the Lorentz fitting with linewidth of 137 MHz, which indicates
an optical Q of 1.4 Million.

between TE and TM modes also increases which exaggerates changing of the mode spacing

over mode order. Furthermore, only few modes can be supported in the measurement range

which lowers the possibility of finding the optimal mode spacing. In the future, we can

decrease the FSR to 500 GHz with radius of 40 µm to solve these problems and further

increase the optical Q.

6.4.4 Challenge 4: undesired HBAR beneath the signal pad

Since the bottom metal and AlN are deposited at the same time, there is bottom metal

left beneath the signal pad as shown in Fig.  6.8 (a). Therefore, the signal pad itself also

forms a capacitor as part of the entire device, in parallel with the released actuator. Since

the area of the signal pad is much larger than the actuator itself, it will dominate the

electromechanical response of the whole device. Electrically, the large capacitance of the

pad leads to small impedance which draws most of the current through it. Mechanically, the

pad will also excite bulk acoustic waves into the Si substrate, as it is not released. It turns
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out that these unreleased HBAR modes dominate the mechanical modes of the device, such

that most of the input RF power is lost into the Si substrate without going into the released

actuator. Consequently, the excitation efficiency of the released HBAR mode around the

optical waveguide is quite small, as will be shown later. To circumvent the problem from

the large signal pad, a novel so-called band-aid fabrication process will be developed in the

future [ 283 ]. The purpose of the band-aid process is to remove the AlN and bottom metal

beneath the signal pad, and route the top trace directly on top of the oxide cladding, which

will get rid of the pad capacitance. This will also ease the wire bonding to the signal pad

which is required for the application in the dilution fridge.
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Figure 6.11. (a) Optical transmission spectrum of the TE mode. It is fitted
with the Lorentz function (red dashed line), with linewidth of 153 MHz. (b)
Electromechanical S11 and optomechanical S21 measured on one actuator.

6.5 Estimation of efficiency η and g0

Although it is hard to find the optimal spacing for the TE and TM modes, the measure-

ment of AOM with one optical mode (here TE mode) can be conducted to estimate the AOM

efficiency and the optomechanical coupling rate g0, as shown in Fig.  6.11 . The optical trans-

mission spectrum of the TE mode is illustrated in Fig.  6.11 (a), showing 153 MHz linewidth

and loaded optical Q of 1.26 Million. Total of 583 µW TE light is output from the laser, and

only 106 µW is coupled into the chip with around 7.3 dB loss per coupling facet. 19.7 µW
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TE light is collected from the inverse taper and measured by the photodetector. From the

S11 in Fig.  6.11 (b), the HBAR resonances from the released oxide membrane can be hardly

seen which are overwhelmed by the HBAR from the Si substrate beneath the signal pad as

discussed in the last section. This largely reduces the coupling efficiency from the microwave

to the oxide HBAR.

The single optical mode AOM is measured as shown in Fig.  6.11 (b), with only one

actuator is driven. Maximum of -65 dB is achieved for HBAR mode at 1.35 GHz. The

mechanical linewidth is measured to be 10 MHz which corresponds to the mechanical Q of

135. During the measurement, the laser is biased 88 MHz off the optical resonance. The

off-chip conversion efficiency can be estimated from Eq.  6.22 which is around 2.7 × 10−11.

The on-chip efficiency is thus 1.48 × 10−10, which is on the similar order with the isolator

device and mainly limited by the low electromechanical coupling efficiency. Since it is hard

to find the oxide HBAR, the electromechanical efficiency is estimated by the Mason model

(see Appendix A) which is 0.1%. The model takes into account the most ideal case which

is overestimated compared with the real experiment. The enhanced cooperativity C can

then be estimated from Eq.  6.6 to be 2.98 × 10−5, and the signal photon cooperativity C0
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Figure 6.12. (a) Electromechanical S11 of one actuator. (b) Electromechani-
cal S21 between the two actuators to measure the cross-talk between them.
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Table 6.2. Summary of the parameters for the isolator device, current first-
generation 22 µm-radius device, and projected future goals.

Device g0/2π (Hz) κ/2π

(MHz)
Γ/2π

(MHz)
C0 C η

Isolator 70 377 14 4× 10−12 2.17× 10−9 5× 10−10

Current 150 153 10 5.9× 10−11 2.98× 10−5 1.48× 10−10

Future 1000 30 1 1.3× 10−7 1 1× 10−2

is 5.92 × 10−11. The optomechanical coupling rate g0 can be estimated from the definition

of C0 = 4g2
0/κΓ which is 2π×150 Hz. This is underestimated because of the overestimation

of the electromechanical efficiency. Nonetheless, it is much smaller then the expected value

from the simulation of 1 kHz, because of the challenges presented in the last section.

The electromechanical cross-talk between the adjacent two actuators on the same optical

microring is measured as shown in Fig.  6.12 (b). The cross-talk between them is kept below

-60 dB from 1 to 4 GHz, such that we can treat them as individual modulators. By driving

them with differential phases, we can match the phase mismatch between the TE and TM

modes in the future [ 106 ].

6.6 Summary

In this section, I proposed to demonstrate the quantum microwave to optical conversion

using the efficient released HBAR formed in the oxide cladding. The results for the demon-

strated conversion using the large isolator device and the new device with 22 µm-radius are

summarized in Table  6.2 . By shrinking the size of the device, the g0 is increased by at least

two times. Since the new device has thick oxide top cladding, the optical Q is improved by

more than 2 times. These improvements lead to one order of magnitude higher single photon

cooperativity C0. However, the excitation efficiency of the HBAR mode in the new device is

compromised by the lose into the Si substrate, which leads similar overall efficiency as the

isolator device.

In the future, by removing the HBAR in the Si substrate using the Bandaid process, the

electromechanical coupling and mechanical quality factor can be largely improved by the

better confinement of the oxide HBAR modes. Also, with uniform releasing profile using
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SF6, the better mechanical and optical mode overlap will also increase the optomechanical

coupling strength g0. These two improvements (bandaid and uniform release) are critical and

can be readily achieved in the near future. The increasing of optical Q with THz FSR optical

ring resonator is more challenging. By increasing the radius to 40 µm with 500 GHz FSR,

the optical properties can be improved, including higher optical Q, little back scattering,

and ease of matching TE and TM modes. With these procedures successfully implemented,

the parameters of current device can be projected in the future as shown in Table  6.2 , as

well as in Fig.  6.7 . Therefore, the proposed HBAR based microwave to optical converter

will have the potential to perform efficiency quantum conversion in the future quantum

networks. Furthermore, a new quantum protocol has been recently proposed to circumvent

the requirement of the unit conversion efficiency by implementing quantum transportation

with entangled microwave and optical photons generated by the converter [ 284 ]–[ 289 ].
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7. OUTLOOK

In this thesis, a piezoelectric controllable photonic circuits is fully explored and its appli-

cations in versatile tuning of Kerr frequency comb [ 121 ], magnetic-free integrated optical

isolator [  169 ], and quantum microwave to optical converter are demonstrated and analyzed

[ 168 ]. Piezoelectric transduction on a photonic chip has been widely studied in both quasi-

DC tuning [ 67 ], [ 71 ]–[ 73 ] and microwave frequency modulation [ 14 ], [ 15 ]. The main innova-

tion of this thesis is the incorporation of HBAR in the acousto-optic modulation [ 12 ] which

paves paths for novel applications from photonic synthetic dimensions to hybrid quantum

transduction. Compared with other mechanical resonators in the literature, such as SAW

and OMC, the HBAR presents the advantages of ease of fabrication, high quality factor, a

rich family of modes, and compact size. These unique features help HBAR stand out as a

good candidate for future quantum applications. In the following, I will briefly outline the

prospective applications in a hybrid quantum system.

7.1 Hybrid integrated quantum systems

Hybrid quantum systems have drawn intensive interest recently, as they leverage the

advantages of different quantum objects for quantum applications with better performance

[ 135 ]. For instance, while the nonlinearity of superconducting (SC) qubit makes it good

at processing quantum information, the low thermal noise of optical photon advances in

quantum information communication. On the other hand, the low speed of acoustic waves

supports sub-micron wavelength at microwave frequency, which largely shrinks the device size

compared with its electromagnetic counterpart. The long coherence time (low losses) of the

mechanical resonator can help to store quantum information for a long time, and a hardware-

efficient Quantum Random Access Memory (QRAM) has been theoretically proposed [ 290 ].

Moreover, phonon has been found to couple with most quantum objects, making it a good

media for connecting different quantum platforms.

Figure  7.1 shows the diagram illustrating the direct or indirect coupling between three

different quantum objects: photon, phonon, and SC qubit. The core material for the system

is the piezoelectric material, such as AlN and LiNbO3, which are in the same time good
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SC qubit

Phonon Photon
Opto-mechanic

Piezo 
material:

AlN, 
LiNbO3

Figure 7.1. Diagram illustrating the interaction scheme between photon,
phonon, ad superconducting (SC) qubit. Piezoelectric material is the core for
realization of this hybrid quantum system.

electro-optic materials. This makes it possible for the SC qubit to couple with photon

and phonon through electro-optic and piezoelectric effects, respectively. The phonon and

photon can interact through optomechanical effects (photoelastic and moving boundary)

which closes the loop in a decent way. Note all the links are with double arrows which

means the interactions are bi-directional, and the signal can transmit either clockwise or

counter-clockwise. All the links have been experimentally demonstrated. For example, SC

qubit is able to resolve different Fock state of phonon [ 99 ], [ 253 ], and phonon mediates

the remote communication and entanglement between SC qubit [  248 ], [ 250 ]. Photons have

been used to classically control [ 228 ] and readout of SC qubit state [ 227 ]. However, the

quantum interaction hasn’t been demonstrated due to the currently low quantum efficiency

of electro-optic modulators.

Thanks to the advances of nano-fabrication technologies, different mechanical and optical

structures has been studied, and the coupling between them and the SC qubit has been
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Optical Mechanical Qubit

BAW

SAW

Phononic crystal

Microring

Photonic crystal

Transmon

Figure 7.2. The coupling between optical, mechanical, and SC qubit devices
with different structures has been studied and demonstrated. The black link
shows the demonstrations from the literature. The red link is the work of this
thesis. The red dashed link hasn’t been achieved yet.

experimentally demonstrated in the literature as shown in Fig.  7.2 . The coupling between

mechanical resonator and the SC qubit has grown as a new field of so-called circuit quantum

acousto-dynamics (cQAD) since its first demonstration of the coupling between an AlN

BAW resonator with a Josephson phase qubit in 2010 by Andrew N Cleland et al. [ 251 ].

Although in its infancy, cQAD has brought new quantum resources, with the potential of

being indispensable building blocks in future superconducting circuits design, due to its

ultra-high Q (∼1010) and compact size. It has been demonstrated on different platforms,

such as SAW [ 248 ]–[ 250 ], BAW [  97 ], [  98 ], and phononic crystal [ 253 ]–[ 255 ]. Advancements

have been made in SC-qubit mediated preparation and control of mechanical resonators

in different phononic Fock states [  99 ], and phonon-number resolved readout [ 253 ]. On the

optomechanical coupling side, SAW AOM of the optical microring resonator [ 14 ], [ 15 ] and

the photonic crystal [ 278 ] has been demonstrated, and OMC combines together the photonic

and phononic crystal for tight mode confinement [ 260 ]. In this thesis, I demonstrated the link
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Optical fibers

Optical I/O

Optical I/O

Superconducting circuits
Function: processing quantum information
Material: Al, NbN, Nb, Mo
Device: qubit, quantum gates
Structure: transmon, fluxonium

Phononic circuits
Function: storing quantum information
Material: AlN, LiNbO3, AlScN
Device: memory, readout cavity
Structure: HBAR, SAW, phononic crystal

Photonic circuits
Function: transmitting quantum information
Material: Si, Si3N4, AlN, LiNbO3

Device: converter, photonic link
Structure: ring, photonic crystal 

Figure 7.3. Layout for future hybrid quantum system that leverages different
modules from photonic, phononic, and superconducting circuits. The func-
tion, material, devices, and structure for each module are listed. The optical
input/output (I/O) ports serves to communicate the quantum information.

between HBAR and the optical ring resonator in both released and unreleased structure. It is

interesting to note that the link between the HBAR and photonic crystal is still missing. The

study of it in the future will provide a new way for realizing microwave to optical conversion

with the advantages of better optical Q and thermal conductance than OMC (as it’s cladded

with SiO2), and smaller mode volume than the optical ring.

Figure  7.3 envisions the layout for future hybrid integrable quantum chip that includes

different modules from the photonic, phononic, and superconducting circuits. Each of the

module has their own functionalities. For example, after being processed by the supercon-

ducting qubit, the quantum information can be either stored by the phononic resonator or

transmitted through the optical I/O to another dilution fridge. The advantages of each

module will be fully utilized, and it has the potential to become the core for future quantum

networks. More importantly, the materials that are required for each circuits are accessible

at the foundry level and compatible with currently standard CMOS processes, especially for
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Figure 7.4. Schematic of a proposed fully packaged hybrid quantum chip.
The SC qubit is protected from the stray light from the photonic circuits.

the Si, Si3N4, and AlN, which are the materials studied in this thesis. This enables to fully

integrate them on the same chip with low cost.

To fully explore the potential of the hybrid quantum system where the advantages of

each quantum component are treated well, it is desirable to integrate them on a single chip

through novel fabrication technologies, such as flip-chip [ 98 ], [ 175 ], packaging, photonic wire

bonding [ 162 ], as shown in Fig.  7.4 . The HBAR resonator can be capacitively coupled with

the SC qubit by flip-chip which encapsulates the SC qubit and protects it from the stray

light scattered off the photonic circuits. The stray light otherwise will break the cooper

pairs of the superconductor which generates decoherence of the SC qubit [ 262 ]. On the other

hand, while photonics need to be cladded with SiO2, the SC qubit needs to be fabricated

directly on high resistivity Si substrate to preserve the coherence time and avoid the losses

from Two-Level-System (TLS) [ 291 ]. This can be achieved by either etching away the SiO2

around the region of the SC circuits, or fabricating them on separate chips. The optical I/O

serves to transmit the quantum information over long distance through low-loss optical fibers

which can be connected with the on-chip waveguides through lensed fiber fixed with epoxy

[ 292 ] or via photonic wire bonding [ 162 ]. This full package will also enhance the stability

and robustness of the system once in the cryogenic chamber. Although HBAR and optical

microring resonators are taken as an example in Fig.  7.4 , other mechanical and optical

structures can be incorporated such as OMC and SAW.
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Figure 7.5. (a) Schematic for a programmable photonic circuits made from a
mesh of Mach-Zehnder Interferometers (MZI). (b) Example of one MZI where
the optical phases of the top and bottom arms will be actuated for controlling
the path of photons.

7.1.1 Piezoelectric programmable photonic circuits

Programmable photonic circuits [ 293 ]–[ 295 ] has drawn much attention of being the core

processor from photonic quantum computing and simulation [ 175 ] to optical neural networks

(ONN) for deep learning [ 296 ]. It is in general made from a mesh of Mach-Zehnder Inter-

ferometers as shown in Fig.  7.5 (a). The optical information is encoded in different channels

(1, 2, 3, ...), and the interaction between adjacent channels is implemented by the MZI in

Fig.  7.5 (b). Depending on the phases that the light experiences when going through the top

and bottom arms of the MZI, light can be either switched to the adjacent channel or remain

in the original one. In that way, the light from the input channels can be programmatically

mapped into the output channels. This arbitrary transformation is one of the key oper-

ation in advanced tasks in optical quantum information processing and machine learning,

depending on whether quantum or classical light is input.

The key building block for the MZI is the optical phase shifter on each arm. Depending

on the material of the waveguide, different ways for actuating the phase are studied. In the

demonstration of the deep learning in Ref. [  296 ], Si waveguide is thermally tuned which

consumes a lot electrical power. Tuning of the Si waveguide through injection carriers is
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also demonstrated [ 207 ] but shows much higher optical losses. In the most demonstration

of implementing quantum algorithms (Gaussian Boson sampling, molecular vibronic spec-

tra, graph similarity) on a Si3N4 photonic circuits [ 175 ], thermo-optic tuning of the Si3N4

waveguide is also employed. It is noteworthy that to achieve the universal transformation of

N input ports, total of N(N − 1)/2 MZI will be needed [  294 ]. For example, 10 input ports

would need 45 MZI. This grows on the order of O(N2), which will become problematic with

thermal tuning especially with over 100 ports in practice. Also, both of the thermal tuning

and injection carrier tuning have high cross-talk between adjacent actuators. In that sense,

lower power consumption actuator, low optical loss MZI with low cross-talk will become

essential for future programmable photonic circuits.

Piezoelectric tuning of the MZI photonic circuits has been recently demonstrated using

the AlN piezoelectric actuator on a Si3N4 MZI network [ 73 ]. Unitary transformation of 4

ports are implemented with 6 MZI. Dynamic and static power consumption of 200 µW and

6 nW is achieved, and has been demonstrated to be compatible with cryogenic operation at

5 K. The figure of merit Vπ ·L is of 50 V·cm. This preliminary result is promising for future

large scale programmable photonic circuits. If we recall from eq.  1.18 that the stress-optical

tuning is proportional to the n2 of the waveguide, it is time to revisit Si as the photonic

waveguide in the Piezo-on-Photonics platform, thanks to its large refractive index n of 3.5.

From our previous demonstration of PZT tuning of Si3N4 waveguide, Vπ · L of 12 V·cm is

within reach. By replacing Si3N4 by Si, the Vπ · L can be further reduced to 4 V·cm which

is on par with commercial electro-optical modulators. This means π phase shift can be

achieved under 20 V for 1000 µm Si waveguide in a push-pull MZI configuration. Therefore,

piezoelectric programmable Si photonics could become one of the core processors for future

optical quantum computer and machine learning.

7.1.2 Photonic synthetic dimension enabled by HBAR AOM

Optical light has been the pivot for today’s telecommunication systems due to its flexible

and versatile degree of freedom for encoding digital information. Most recently, encoding

quantum information in optical photon has been widely studied because of its low thermal
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Figure 7.6. Top: The coupling between optical mode with its adjacent mode
(red), the next-nearest neighbour (green), and the next-next-nearest neighbour
(yellow). Bottom: equivalent synthetic frequency lattices in 1D, 2D, and 3D.
The black dot indicates one photon.

noise and losses at room temperature. One famous example is by using the polarization of

light. Quantum key distribution has been commercialized for quantum secure communication

[ 221 ] based on photons encoded with different polarization states. Another example is to

encode the information in different optical paths as discussed in the last section.

Encoding information in optical frequency has led to the concept of synthetic frequency

dimensions [ 52 ], [ 297 ], where the dynamic modulation of the optical ring resonator induces

coupling between adjacent optical modes as shown in Fig.  7.6 . These modes are equally

spaced, forming a lattice in the frequency domain. If the modulation frequency matches the

FSR of the optical resonator, the optical mode can be coupled to its nearest neighbour. This

naturally forms a tight-binding model for photon in a 1-D frequency lattice, mimicking the

hopping of electrons in a crystal lattice. The Hamiltonian can be described as [  52 ]:

HTB =
∑
k

ωka
†
kak +

∑
k

ga†(k+1)akeiφ + h.c. (7.1)

where ωk is the frequency of each mode and here in the model it works as an on-site potential,

φ is the phase of the microwave drive. ~ is omitted for simplicity. As the reciprocal space of

frequency is time, the band structure can be directly measured by performing time-resolved

reflection measurement [ 53 ]. By placing one photon into one lattice site, the coherent random

walk of photon under continuous drive can be studied [ 298 ]. If instead the drive is detuned
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from the resonant condition with ∆ = Ωd−FSR, an effective electric force can be generated

on the photon, in the form of adding a constant potential to the Hamiltonian ∑
k k∆a†kak

allows us to study the 1D Bloch oscillation [ 299 ].

Long-range hopping term can be easily achieved by adding microwave drive at multiple

of FSRs, which appears in the Hamiltonian as: ∑k gNa
†
(k+N)akeiφN . This allows us to fold

the 1D lattice into higher dimensions. For example, if the optical mode can in the same

time be coupled with the next-nearest neighbor, a 2D lattice can be constructed (Fig.  7.6 

2D). Depending of the relative phases between the microwave drives, an effective magnetic

field and gauge potential can be generated threading the lattice [ 53 ], [ 300 ]. Similarly, a

3D lattice can be built by introducing the next-next-nearest hopping (Fig.  7.6 3D), and

even higher dimensional physics can be studied which would be hard for real spaces [ 52 ].

Beyond that, more complex lattice can be constructed by coupling multiple optical resonators

in physical dimension [  301 ]. Very rich physical phenomena can be studied by engineering

the magnitude and phase of each hopping term, such as topological band-structure [  53 ],

nonreciprocal frequency conversion (photon hops in one direction) [ 54 ], [ 302 ], [ 303 ], and

synthetic quantum Hall effect [ 304 ].

Besides studying the topological physics, it is also proposed to implement the universal

unitary transformation in the synthetic dimensions by engineering the coupling between

modes [ 305 ]. It can fulfill similar tasks as the MZI network does in the last section, but in a

very compact form in real space, since all the light can transmit in a single waveguide. Also,

it works with discrete frequencies, such that we can use the optical resonators to enhance

the interaction strength. In addition, by combining with the optical Kerr nonlinearity of

the photonic waveguide, novel dynamics of the soliton generation has been theoretically

predicted [ 306 ]. Therefore, the study of the synthetic frequency dimension will provide a

vastly large spaces for investigating novel physics, and resources for classical and quantum

computation.

Experimentally, synthetic frequency dimension in photonics has been demonstrated in

different platforms, such as optical fiber loops [ 53 ], [ 54 ], electro-optic modulation of LiNbO3

[ 298 ], [ 303 ], modulation Si racetrack resonator by p-n junction [ 307 ], and SAW AOM of AlN

ring resonators [ 304 ]. The main challenge in the experiment is to match the modulation
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with the FSR, especially for on-chip optical resonators with FSR from 10 GHz to THz

range. Si3N4 microring resonators with FSR as low as 2.5 GHz has been demonstrated with

optical Q over 5 Million [ 84 ], which matches well with the HBAR resonances. Moreover, by

matching HBAR resonances to multiple FSR such as 5 GHz, 7.5 GHz, higher dimensional

lattices can be studied. Therefore, the HBAR AOM of microwave frequency FSR optical

resonators would be of great interest for future research.

7.1.3 Classical readout and control of superconducting qubit

Superconducting qubit has become a leading platform for quantum computing, thanks to

its scalability, high fidelity gate, and stability, with the quantum supremacy demonstrated

recently [  231 ]. However, current fault-tolerance algorithm requires millions of qubits which

imposes challenge for signal routing and cabling. As each qubit requires at least three RF

cables for qubit control and readout, this implies that millions of RF cables have to be

connected into the dilution fridge, which is not only problematic for spacing but introduces

large heat load for the fridge. Based on current experiments, 13 nW heat load is added for

each RF coaxial cable. With 20 µW cooling power for typical commercial dilution fridge,

this suggests at most 500 qubits can be addressed, which is far from the ideal case [  228 ].

Inspired by the traditional optical telecommunication, most recently, photonic link using

optical fibers has been implemented successfully for both qubit control and readout with

fidelity same as using coaxial cable [ 227 ], [  228 ]. This method not only saves lots of spacing

(0.1 mm fiber vs 2 mm cable), but also reduces the heat load. Thanks to the low thermal

conductance of most silica optical fiber, 3 pW passive heat load is estimated, which increases

ultimate number of qubits to 2 Million. Furthermore, by using frequency multiplexing, each

fiber can address more than 10 qubits at the same time, which largely releases the wiring

problem. Therefore, this approach paves a path towards scaling up number of qubits for

fault-tolerance operation in the future.

In current photonic link demonstrations, microwave signals are generated by detecting

incoming intensity modulated light through a photodiode [ 228 ]. The added noise of this

photonic link is mainly limited by the shot noise which is intrinsic for photodiode, coming
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Figure 7.7. Schematic showing the multiplex of microwave tones for the
control of multiple qubits with the same device. The spacing between the two
optical modes are engineered by the FSR difference between them, where each
pair can be coupled to HBAR modes with equidistant spacing. Each RF tone
can be addressed to each qubit by flux tuning the qubit transition frequency.

from the fundamental quantum fluctuation of the electron-hole pair generation. On the other

hand, although the efficiency of the microwave to optical converter demonstrated in the last

section is still low for quantum applications, it can be used to generate classical microwaves

for driving the SC qubit, where the beating between the pump and signal lights excites the

HBAR mode which is then converted to the microwave through the piezoelectric actuator.

By getting rid of the shot noise, the added noise is ultimately limited by the voltage noise

at the electro-optical modulator (EOM), which is estimated to be one order of magnitude

smaller than the shot noise [ 228 ]. The optical resonance used in the device intrinsically works

as a filter that rejects the white noise outside of the resonance, which further suppresses the

noise.

In terms of the heat load, the previous demonstration using photodiode is mainly limited

by the active heating of the photodiode, despite of the ultra-low passive heat from the optical

fiber. This heating is mainly from the non-radiative dissipation of the excess energy of the

incoming photon above the bandgap of the semiconductor, which is intrinsic for the photo-

diode. However, for the optomechanical converter, by working at the over-coupling regime,
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most pump light will transmit outside of the device and get recycled. Therefore, with the

theoretically low added noise and heat load, the optomechanical approach may potentially be

better suited for quantum applications than photodiode. As the optomechanical interaction

is reversible, the device can not only work as photodetector but also optical modulator.

The device can be further engineered to multiplex microwave tones to drive multiple

qubits at the same time, which fully utilizes the rich bandwidth of light and will largely

reduce the number of fibers and converters required. The working scheme is as shown in Fig.

 7.7 , where the FSR difference between TE and TM modes can be engineered by the aspect

ratio of the waveguide, such that the variation of mode spacing matches the frequencies of

HBAR modes, whose FSR can be engineered easily by the oxide thickness. In this way,

the same device can support multiple “triple cavity optomechanics” combinations working

at different microwave frequencies. Each frequency can be addressed to each qubit by flux

tuning the qubit’s transition frequency to align with the microwave drive. For example, with

5 µm oxide, the HBAR’s FSR is around 500 MHz. With 2 GHz tuning range of current

transmon qubit, at least four qubits can be multiplexed. It is worth mentioning that the use

of optical microring structure makes it easy for engineering the optical FSR and dispersion

compared with other optomechanical frequency converter such as OMC.

For an estimation of the required optical power in the application for qubit control, the

power is calculated for inducing 10 MHz Rabi oscillation which is much larger than typical

qubit’s relaxation rate ( 25 kHz). The Rabi frequency ΩR is related with the microwave

photon flux as:

ΩR = 2
√

˙nMWγex (7.2)

where γex is the coupling rate of qubit to the microwave channel on the order of 1 kHz,

˙nMW is the microwave photon flux, which is related with the input optical photon flux via

conversion efficiency η. With efficiency of 1 × 10−4, 10 µW is required for 10 MHz Rabi

frequency under 100 µW pump light.
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[99] U. von Lüpke, Y. Yang, M. Bild, L. Michaud, M. Fadel, and Y. Chu, “Parity measure-
ment in the strong dispersive regime of circuit quantum acoustodynamics,” arXiv preprint
arXiv:2110.00263, 2021.

[100] E. MacQuarrie, T. Gosavi, N. Jungwirth, S. Bhave, and G. Fuchs, “Mechanical spin
control of nitrogen-vacancy centers in diamond,” Physical review letters, vol. 111, no. 22,
p. 227 602, 2013.

[101] E. MacQuarrie, T. Gosavi, S. Bhave, and G. Fuchs, “Continuous dynamical decoupling
of a single diamond nitrogen-vacancy center spin with a mechanical resonator,” Physical
Review B, vol. 92, no. 22, p. 224 419, 2015.

[102] D. Marpaung, J. Yao, and J. Capmany, “Integrated microwave photonics,” Nature pho-
tonics, vol. 13, no. 2, p. 80, 2019.

[103] E. Obrzud, S. Lecomte, and T. Herr, “Temporal solitons in microresonators driven by
optical pulses,” Nature Photonics, vol. 11, no. 9, p. 600, 2017.

[104] L. Fan, C.-L. Zou, N. Zhu, and H. X. Tang, “Spectrotemporal shaping of itinerant
photons via distributed nanomechanics,” Nature Photonics, p. 1, 2019.

[105] V. Supradeepa, C. M. Long, R. Wu, F. Ferdous, E. Hamidi, D. E. Leaird, and A. M.
Weiner, “Comb-based radiofrequency photonic filters with rapid tunability and high selec-
tivity,” Nature Photonics, vol. 6, no. 3, p. 186, 2012.

[106] L. Fan, C.-L. Zou, R. Cheng, X. Guo, X. Han, Z. Gong, S. Wang, and H. X. Tang,
“Superconducting cavity electro-optics: A platform for coherent photon conversion between
superconducting and photonic circuits,” Science Advances, vol. 4, no. 8, eaar4994, Aug. 2018.

[107] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, “Cavity optomechanics,” Reviews
of Modern Physics, vol. 86, no. 4, p. 1391, 2014.

[108] G. S. Wiederhecker, P. Dainese, and T. P. Mayer Alegre, “Brillouin optomechanics in
nanophotonic structures,” APL Photonics, vol. 4, no. 7, p. 071 101, 2019.

[109] J. Rosenberg, Q. Lin, and O. Painter, “Static and dynamic wavelength routing via the
gradient optical force,” Nature Photonics, vol. 3, no. 8, pp. 478–483, 2009.

[110] J. Xu and R. Stroud, Acousto-optic devices: principles, design, and applications. Wiley,
1992.

222



[111] F. Gyger, J. Liu, F. Yang, J. He, A. S. Raja, R. N. Wang, S. A. Bhave, T. J. Kippenberg,
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Dumur, J. Grebel, G. A. Peairs, R. G. Povey, et al., “Phonon-mediated quantum state
transfer and remote qubit entanglement,” Science, vol. 364, no. 6438, pp. 368–371, 2019.

[249] L. R. Sletten, B. A. Moores, J. J. Viennot, and K. W. Lehnert, “Resolving phonon fock
states in a multimode cavity with a double-slit qubit,” Physical Review X, vol. 9, no. 2,
p. 021 056, 2019.
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S. Gröblacher, “Ultra-low-noise microwave to optics conversion in gallium phosphide,” arXiv
preprint arXiv:2107.04433, 2021.
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A. ANALYTIC ANALYSIS OF

ELECTRO-OPTOMECHANICAL RESPONSE

A.1 Electromechanical model of HBAR mode

To better explain the electromechanical S11 response and mechanical dispersion shown

in the main text, a one-dimensional (1D) analytic electromechanical model is established by

combining the well-known Mason model [ 127 ], [  308 ] and the transfer matrix method [  309 ],

[ 310 ]. As shown in Fig.  A.1 (a), the acoustic wave is assumed to propagate bidirectionally

along the z axis due to acoustic reflection at interfaces, such that the mechanical displacement

u(z, t) can be expressed as [ 308 ]:

u(z, t) = A+e−j(kz−ωt) + A−ej(kz+ωt) (A.1)

where, ω and k = ω/vac (vac is acoustic velocity) are the frequency and acoustic wave number

respectively, and A+ and A− are amplitudes for the bidirectional propagating waves. The

wave is then related to the velocities v and forces F (or stress σ) at the two surfaces at z1

and z2, working as boundary conditions [ 308 ]:

v1 = du(z1)
dt = jω(A+e−jkz1 + A−ejkz1) (A.2)

v2 = du(z2)
dt = jω(A+e−jkz2 + A−ejkz2) (A.3)

F1 = ScE
du(z1)

dz = −jSck(A+e−jkz1 − A−ejkz1) (A.4)

F2 = ScE
du(z2)

dz = −jSck(A+e−jkz2 − A−ejkz2) (A.5)
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Figure A.1. Model of acoustic wave propagation in a non-piezoelectric ma-
terial. (a) Acoustic wave propagates in forward and backward directions in a
layer of non-piezoelectric material. The layer thickness is d with two bound-
aries located at z1 and z2. The wave distribution is solely determined by the
boundary conditions of force F and velocity v. (b) Equivalent circuit model
describing acoustic wave transmission. (c) The two boundaries can be corre-
lated by a transfer matrix M which is a function of the acoustic impedance
and the propagation length. Reprinted from Ref. [  12 ].

S is the surface area, and cE is the stiffness coefficient of the material . The prefactor

related with time is omitted for simplicity. After some brief algebra, the forces can be

expressed as the combination of velocities as:

F1 = Zac
jsin(kd)(v1 − v2) + jZactan(kd2 )v1 (A.6)

F2 = Zac
jsin(kd)(v1 − v2)− jZactan(kd2 )v2 (A.7)

where Zac (=Sρvac, where ρ is the material density) is the acoustic impedance of the material,

and d is the thickness. Interestingly, if we treat force and velocity as voltage and current, an

equivalent circuit model can be built which satisfies Eq.  A.6 - A.7 according to the Kirchhoff’s

law, as shown in Fig.  A.1 (b). The circuit consists of three resistors with impedance as labeled

in Fig.  A.1 (b). Since the force and velocity must be continuous at the boundary between

two different layers, the circuit model makes it easy to cascade different layers by connecting

their corresponding circuits.
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From Eq.  A.6 - A.7 , two adjacent boundaries can be related using a transfer matrix M as

[ 309 ]: F1

v1

 =

 cos(kd) jZacsin(kd)

jsin(kd)/Zac cos(kd)


F2

v2

 = M

F2

v2

 (A.8)

In this way, each layer can be represented by its characteristic transfer matrix M [Fig.

 A.1 (c)], and the relation between any two boundaries can be connected by multiplying the

transfer matrix of each layer in between. The boundary condition at each interface can thus

be determined from the very end boundaries of the entire stack structure which, for a general

mechanical structure, satisfy the free boundary condition where the force is zero (F = 0), or

the fixed boundary condition where the velocity (or equivalently the displacement) is zero

(v = 0). After knowing the boundary conditions, the acoustic wave distribution in each layer

can be determined from Eq.  A.2 - A.5 by solving for A+ and A−. This is known as transfer

matrix method for solving one-dimensional propagation of acoustic waves in multiple layer

structures, which is suitable for our vertical stack structure of HBAR mode.

After the derivation of acoustic wave propagation, we are now ready for the model of

acoustic wave excitation through a piezoelectric actuator. As we apply voltage to the piezo-

electric material, the electric field will generate stress inside the film, which in turn builds

up extra charges at the surfaces and change the electric field accordingly. The interplay

between stress and electric field can be related as [ 308 ]:

σ = cEε+ eE (A.9)

D = eε+ εE (A.10)

where cE is the stiffness coefficient under constant E, e is piezoelectric coefficient, ε is di-

electric constant, ε is strain, E is electric field, and D is electric displacement. In general,

the coefficients are matrices which correlate the mechanical and electric field in different

directions. In our case, we consider only the terms related to the z direction.
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Figure A.2. Model of acoustic wave propagation in a piezoelectric mate-
rial. (a) Equivalent circuit Mason model that describes the excitation and
propagation of acoustic waves in the piezoelectric layer. The three resistors
represent the propagation of acoustic waves, while the transformer represents
energy conversion between electrical and mechanical domain. (c) Three ports
representation of the piezoelectric actuator. Reprinted from Ref. [  12 ].

By performing a similar procedure as before, the velocities and forces generated at the

boundaries can be calculated from the applied external voltage and current through [ 308 ]:

F1 = Zac
jsin(kd)(v1 − v2) + jZactan(kd2 )v1 + h

jωI (A.11)

F2 = Zac
jsin(kd)(v1 − v2)− jZactan(kd2 )v2 + h

jωI (A.12)

V = 1
jωC0

[I + hC0(v1 − v2)] (A.13)

where C0 (= εS/d) is the intrinsic capacitance of the piezoelectric actuator, and h = e/ε

is a constant related with the material properties. Based on these equations, an equivalent

circuit model can be established as shown in Fig.  A.2 (a), which is the so-called Mason

model [ 308 ]. Compared with the previous circuit in Fig.  A.1 (b) which does not consider the

piezoelectric effect, a transformer is added to the middle branch with a ratio of 1 : hC0, which

then connects to the external power source through series and parallel capacitances C0. The

series capacitance has a negative sign which indicates that its current will combine with the

external current I and go through the parallel capacitance. This is to be consistent with Eq.

 A.13 . The other resistors describe the acoustic wave propagation in the piezoelectric layer
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boundary condition. (c) Transfer matrix chain that connects each interface.
The input impedance at each port can be correlated and calculated by the
multiplication of matrices in between. Reprinted from Ref. [ 12 ].

as before. The piezoelectric layer can be treated as a three port component as shown in Fig.

 A.2 (b), where the mechanical ports are dependent on I-V port. In transfer matrix method,

this active component introduces additional boundary conditions through the electric port.

As we have the circuit model and transfer matrix of each layer, the actual device as

described in the main text and shown in Fig.  A.3 (a) can be modeled by simply connecting

each adjacent layer. Fig.  A.3 (b) shows the equivalent circuit of the whole device. Free

boundary conditions at the top and bottom surfaces are employed such that the forces F ′2
and F4 are zero, which correspond to an electric short in the circuit. The impedance looking

into one interface can be defined as Z = F/v. By utilizing Eq.  A.8 , and assuming F ′2 = 0 and

F4 = 0, the impedance at port 1′ and 3 from the top Al electrode and bottom Si substrate

can be calculated easily as:

Ztop = jZAltan(kAldAl) (A.14)

Z3 = jZSitan(kSidSi) (A.15)
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Table A.1. Material properties of each layer employed in the analytic model
Material Density ρ (kg/m3) Velocity v (m/s) Thickness d (µm)
Al 2700 6300 0.1
AlN 3300 11050 0.92
Mo 10200 6636 0.1
SiO2 2200 5640 5.44
Si 2329 8430 231.5

where ZAl and ZSi are the acoustic impedance of Al and Si respectively. Similarly, by

multiplying matrices of cascaded layers, the impedance at ports 2 and 1 can be calculated:

Z2 = j ZSitan(kSidSi) + Zoxtan(koxdox)
1− (ZSi/Zox)tan(kSidSi)tan(koxdox) (A.16)

Zbot = Z2 + jZMotan(kModMo)
1 + j(Z2/ZMo)tan(kModMo) (A.17)

where Zox and ZMo are the acoustic impedance of SiO2 and Mo respectively. From Eq.

 A.11 - A.13 , the electrical impedance Zin (= V/I) can be obtained by [ 127 ], [  308 ]:

Zin = 1
jωC0

{
1− k2

t
kAlNdAlN

(ztop + zbot)sin(kAlNdAlN) + j2[1− cos(kAlNdAlN)]
(ztop + zbot)cos(kAlNdAlN) + j(1 + ztopzbot)sin(kAlNdAlN)

}
(A.18)

where, k2
t is the intrinsic electromechanical coupling coefficient of AlN which is 6.5%, ztop

(= Ztop/ZAlN) and zbot (= Zbot/ZAlN) are the impedance from the top and bottom side of

AlN which are normalized by the AlN acoustic impedance ZAlN.

A.2 Electromechanical S11 reflection parameter

By applying actual material properties as summarized in Table  A.1 , the electrical input

impedance can be calculated, from which the S11 response can be calculated as:

S11 = Z0 − Zin

Z0 + Zin
(A.19)

where Z0 (50 Ω) is the standard normalized impedance of the network analyzer. The results

are shown in Fig.  A.4 which demonstrates similarity between measurements and calculations
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from the electromechanical model. The difference in magnitude is mainly introduced by the

calibration and parasitic capacitance from the probe landing during the electrical experi-

ments. The variation of envelope caused by the coupling between Si, SiO2 and AlN cavities

is well captured by the model. As mentioned in the main text, the node of the envelope

corresponds to a SiO2 resonance. This is because, at the SiO2 resonance, more acoustic

energy is confined in SiO2 which is softer and has smaller acoustic impedance as compared

to Si.
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Figure A.4. Measured (a) and calculated (b) S11 reflection parameter, show-
ing much similarity in terms of varied envelope and its period. Reprinted from
Ref. [ 12 ].

A.3 Mechanical dispersion analysis

Provided the precision of the model demonstrated in last section, we can rely on the

model and analyze the mechanical dispersion by calculating resonant frequencies. By let-

ting the denominator in Eq.  A.18 equal zero, we retrieve the parallel resonant frequencies

corresponding to the maximum resistance [  127 ]:

(ztop + zbot)cos(kAlNdAlN) + j(1 + ztopzbot)sin(kAlNdAlN) = 0 (A.20)
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The dispersion equation is transcendental and can be solved numerically. The FSR variation

and higher order dispersion can thus be calculated from resonant frequencies as shown in

the main text. To get a feeling of why and how the FSR varies, an analytic expression of

FSR can be derived under simplified assumptions. Specifically, we can assume the metal

thickness is much smaller than the acoustic wavelength, such that their impedance is nearly

zero. Under this assumption, the dispersion equation Eq.  A.20 can be simplified to:

ZSitan(kSidSi) + Zoxtan(koxdox) + ZAlNtan(kAlNdAlN)
1− ZAlN

Zox
tan(kAlNdAlN)tan(koxdox)

= 0 (A.21)

The equation is arranged in the way that SiO2 and AlN are combined and work together

as an external cavity coupled to the Si cavity. The FSR can be divided into four regions

in terms of resonance and anti-resonance of SiO2 and AlN cavities (see Table  A.2 and Fig.

 A.5 ).

Firstly, let’s consider frequencies around AlN resonance, where kAlNdAlN = pπ+δAlN, with

p an integer number and δAlN denoting a small deviation. When the SiO2 is at resonance

such that the second term in Eq.  A.21 is near zero, koxdox = nπ + δox. In this case, Si cavity

must satisfy kSidSi = mπ + δSi, such that Eq.  A.21 becomes [  127 ]:

ZSiδSi + Zoxδox + ZAlNδAlN = 0 (A.22)

From Eq.  A.22 we derive the relation between the three cavities as:

kSidSi = mπ− Zox

ZSi
(koxdox − nπ)− ZAlN

ZSi
(kAlNdAlN − pπ) (A.23)

where kSi = 2πfm/vSi, kox = 2πfm/vox, kAlN = 2πfm/vAlN. This is also true for the m − 1

mode. Note that the mode order p and n of AlN and SiO2 will not change for the m and

m− 1 modes. By taking the frequency difference between the m and m− 1 modes, we can

get the local FSR after some algebra as:

∆f = ∆f0
dSi

dSi + ρox
ρSi
dox + ρAlN

ρSi
dAlN

(A.24)
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FSR of each region and the corresponding effective length deff is labeled on
the right. The bottom insets show the schematics of the acoustic stress wave
distribution for each region, illustrating the locations of interfaces relative to
the stress wave. Reprinted from Ref. [ 12 ].

where ∆f0 = vSi/(2dSi) is the original FSR of the Si cavity. This new FSR is smaller than

the original FSR since the SiO2 and AlN extends the effective cavity length. It is interesting

to note that this extension is not simply the physical length of each layer but the effective

length weighted by its density relative to Si.

Following a similar procedure, the FSR at SiO2’s anti-resonance and around AlN’s reso-

nance can be obtained. In this time, the three cavities satisfy:

kAlNdAlN = pπ + δAlN (A.25)

koxdox = nπ + π/2 + δox (A.26)

kSidSi = mπ + π/2 + δSi (A.27)
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Table A.2. Effective cavity length at different resonant conditions. The
effective boundary condition at each interface is compared.

kAlNdAlN koxdox kSidSi AlN–SiO2 SiO2–Si Effective length
pπ nπ mπ Free Free dSi + ρox

ρSi
dox + ρAlN

ρSi
dAlN

pπ nπ + π

2 mπ + π

2 Free Fixed dSi + Z2
Si

Z2
ox

(
ρox
ρSi
dox + ρAlN

ρSi
dAlN

)
pπ + π

2 nπ + π

2 mπ Fixed Free dSi + ρox
ρSi
dox + Z2

ox
Z2

AlN

ρAlN
ρSi

dAlN

pπ + π

2 nπ mπ + π

2 Fixed Fixed dSi + Z2
Si

Z2
ox

(
ρox
ρSi
dox + Z2

ox
Z2

AlN

ρAlN
ρSi

dAlN

)

By inserting them into Eq.  A.21 , it becomes [ 127 ]:

−ZSi

δSi
+
−Zox

δox
+ ZAlNδAlN

1 + ZAlNδAlN
Zoxδox

= 0 (A.28)

Since ZAlNδAlN is a very small term, we can ignore it and get:

δSi = −ZSi

Zox
δox −

ZSiZAlN

Z2
ox

δAlN (A.29)

We can then retrieve the relation between the three cavities as:

kSidSi = mπ + π/2− ZSi

Zox
(koxdox − nπ− π/2)− ZSiZAlN

Z2
ox

(kAlNdAlN − pπ) (A.30)

By taking the frequency difference between fm and fm−1, we can find the local FSR as:

∆f = ∆f0
dSi

dSi + Z2
Si

Z2
ox

(
ρox
ρSi
dox + ρAlN

ρSi
dAlN

) (A.31)

By comparing Eq.  A.24 and  A.31 , it can be seen that the extra effective length due to

SiO2 and AlN is now multiplied by the square of the ratio between the acoustic impedance

of Si and SiO2. Since SiO2 has a smaller impedance than Si, the effective length is longer

than before, and the FSR is thus smaller.

The cases where the AlN is near its anti-resonance condition kAlNdAlN = pπ + π/2 + δAlN

can be calculated in a similar manner which are summarized in Table  A.2 . Note the SiO2

resonance is defined as when there is no Si, and now its resonant condition becomes koxdox =
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nπ + π/2 + δox due to the π/2 phase introduced from the AlN–SiO2 interface. Similar as

before, the length (FSR) is longer (smaller) around SiO2’s anti-resonance as compared to

its resonance. By comparing cases between AlN resonance and anti-resonance regions, there

is an additional factor of the ratio square between the impedance of oxide and AlN around

AlN anti-resonance. Since AlN has a higher impedance than SiO2, the effective length (FSR)

around AlN anti-resonance regions is shorter (larger) than the corresponding region around

AlN resonance. Based on the effective length expressions, we can find that, for two coupled

mechanical cavities, if the impedance of the small cavity is smaller (e.g., Si and SiO2), the

effective length (FSR) is shorter (larger) around the small cavity resonance than its anti-

resonance. This is also true for the reverse case (e.g., SiO2 and AlN), where the small

cavity has larger impedance, and the effective length (FSR) is longer (smaller) around AlN

resonance [ 127 ].

The boundary conditions at the interfaces in each case are also summarized in Table  A.2 .

The AlN–SiO2 interface is free at the AlN resonance and fixed at anti-resonance. This is

also true for the SiO2–Si interface. The four cases are numbered as 1-4 from top to bottom

in Table  A.2 and labeled and compared with experiments as shown in Fig.  A.5 . Around the

AlN resonance, the FSR oscillates between 1 and 2, while at AlN’s anti-resonance it varies

between 3 and 4, which is consistent with experiments. Finally, as a rule of thumb, since

the envelope and FSR are both related with the matching of acoustic impedance, the node

(anti-node) of the S11 envelope corresponds to larger (smaller) local FSR.

A.4 Electromechanical coupling and acousto-optic overlap

The model can also be used to estimate the optomechanical S21 response which is depen-

dent on both electromechanical coupling efficiency and acousto-optic overlap. The stress field

distribution in AlN will strongly influence the effective electromechanical coupling, which can

be estimated by following the method, as found in the literature [  127 ]:

k2
t,eff = π2

4
fs
fp

(1− fs
fp

) (A.32)
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where fp is the parallel resonant frequency when the denominator of Eq. (18) equals zero,

and fs is the series resonant frequency when the numerator of Eq. (18) equals zero. k2
t,eff

is thus calculated as shown in Fig.  A.6 (a). A maximum value of 0.15% is reached around

4.3 GHz where the AlN resonance is located. It varies with a envelope similar as the S11

measurement.

In addition to the electromechanical conversion efficiency, the S21 also depends on acousto-

optic overlap which determines the modulation of the optical resonant frequency. According

to the perturbation theory, the relative change of resonant frequency can be related with the

modulation of refractive index distribution as [ 14 ]:

∆ω
ω
≈ −

∫∫
∆n(x, y)‖E(x, y)‖2dxdy∫∫
n(x, y)‖E(x, y)‖2dxdy (A.33)

where the perturbation of refractive index is caused by the induced stress through the stress-

optical effect, and is proportional to the stress via the stress-optical coefficient. In our specific
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Figure A.6. (a) Measured S11 response (top) and calculated effective elec-
tromechanical coupling coefficient k2

t,eff (bottom). The coupling reaches a max-
imum value of 0.15% around 4.3 GHz. (b-c) Measured S21 response of the TE
and TM mode (top) and corresponding normalized product of acousto-optic
overlap and k2

t,eff (bottom). When the node of the acoustic stress wave is
located at the center of the waveguide, the acousto-optic overlap integral Γ
becomes zero and thus causes notches in the S21 response. Reprinted from
Ref. [ 12 ].
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case, the stress is dominated by the vertical stress σz. Therefore, the normalized acousto-

optic overlap can be approximately estimated as [ 14 ]:

Γ =
∫∫
σz(z)‖E(r, z)‖2drdz∫∫
‖E(r, z)‖2drdz (A.34)

where σz is assumed to be dependent only on z and uniform in the r direction. In this way,

the distribution of σz can be calculated from the aforementioned 1-D acoustic model. The

electric field takes only the dominant component, that is Er for TE mode and Ez for TM

mode.

To better compare with the measured optomechanical S21 response, the normalized prod-

uct of Γ and k2
t,eff is plotted in Fig.  A.6 (b-c) for TE and TM modes. Their product can

help us to explain the variation of S21 qualitatively. For instance, when the node of a stress

wave locates at the center of the waveguide, the overlap integral approaches zero due to the

vertical symmetry of the optical mode. This causes notches in the S21 response, such as the

decreasing of S21 near 2 GHz of the TE mode. The nearly periodic variation of the envelope

of S21 is due to the modulation of k2
t,eff. Due to the high confinement of the optical mode

in the waveguide, there exhibits only a small difference of the acousto-optic overlap between

the TE and TM modes. On the other hand, the difference of the measured S21 response

is mainly caused by the optical Q. Since TE mode shows nearly two times larger Q than

TM mode, its response beyond 4 GHz is suppressed by entering into the resolved sideband

regime. The perturbation of the local stress field due to the Si3N4 waveguide is not taken into

account which requires 2D numerical simulation. This may lead to the difference between

measurement and calculation shown in Fig.  A.6 (b-c). Despite this, the analytic model can

still give us a good qualitative estimation of the electro-optomechanical response
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B. DESIGNING THE OPTICAL WAVEGUIDE FOR TE-TM

MODE COUPLING

B.1 Design of quasi-square optical waveguide

As mentioned in the main text, phase matching is key for efficient mode coupling. This

requires that the two optical modes have the frequency difference matching the mechanical

frequency (below 5 GHz), and the azimuthal order difference equals to the effective azimuthal

order of the modulation wave. Satisfying the frequency requirement is relatively easy since

at the mode anti-crossing the two modes are closely spaced. It is more stringent for mo-

mentum. Since the three actuators cover the entire microring, the effective wavelength of

the modulation wave is 2πR indicating that the azimuthal order is 1. This requires the two

optical modes to have very close effective refractive indices.

In the case of fully SiO2-cladded Si3N4, an intuitive way is to design a quasi-square

waveguide cross-section where the difference of effective refractive indices between TE00 and

TM00 modes is determined by the aspect ratio of the waveguide’s height h and width wb, as

shown in Fig.  B.1 (a). The sidewall angle θ is also included in the design based on previous

experiments [ 24 ], [ 48 ], [ 117 ]. As h depends on thin-film deposition and chemical-mechanical

polishing, wb depends on photolithography, and θ depends on reactive ion etching (RIE),

they all show variations over wafer scale due to fabrication, which should be taken into

account in the waveguide design.

For specific waveguide geometry (h, wb, and θ), the resonant frequency and azimuthal

order of the two modes are simulated using Finite Element Method (with COMSOL), where

the frequency and azimuthal order difference ∆m = mTE − mTM can be calculated. For

fixed choice of θ and ∆m, there is a combination of h and wb that will generate mode anti-

crossing around 1550 nm wavelength (193.5 THz frequency), as seen in Fig.  B.1 (c). The

initial design targets at ∆m = 1 with sidewall angle θ = 89◦ (red line with red filled square).

As the waveguide height varies between 800 to 820 nm across the wafer, the waveguide

width is designed to vary from 810 to 830 nm to take into account the height variations. The

width is designed to be slightly larger than the height such that TE00 has a higher effective

refractive index than that of TM00, and thus a slightly higher azimuthal order. To maintain
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Figure B.1. (a) Schematic of optical waveguide cross-section with Si3N4
(blue) fully embedded in isotropic SiO2 cladding. The definition of height h,
bottom width wb, and sidewall angle θ are as labeled. (b) False colored SEM
showing the cross-section of the fabricated optical waveguide. The sidewall
angles are as labeled. (c) Simulations suggests that the required h and wb
combination produces close TE00 and TM00 modes around 1550 nm with ∆m =
1 (red), ∆m = 4 (green), ∆m = 5 (purple). Different sidewall angles are
studied and labeled. The blue shaded area indicates the variation of waveguide
height in the fabrication. Reprinted from Ref. [ 169 ].

∆m, the width and height need to increase (or decrease) together to keep the aspect ratio.

As the sidewall angle decreases to 88◦, the required height increases at the same width (red

line with red unfilled square). Nevertheless, the curve still crosses the height variation (blue

shaded area) at small width. In this case, the initial design is supposed to cover the variation

of height, width and sidewall angle.
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Figure B.2. (a) Measured TE00 and TM00 mode anti-crossing around 1540
nm. The wavelength λ0 is the center wavelength between TE00 and TM00.
(b) Simulated height h that generates close TE00 and TM00 modes, and (c)
corresponding FSR difference ∆FSR for different sidewall angles and ∆m. The
variation of width wb is included as lower (810 nm) and higher (830 nm) bounds
of each ∆m plot. The blue shaded areas are experimental variations. Reprinted
from Ref. [  169 ].

B.2 Calibration of the azimuthal order difference ∆m

In this section, the azimuthal order difference ∆m of the fabricated device is calibrated,

showing deviation from the initial design in the previous section. The waveguide cross-section

is shown in the SEM in Fig.  B.1 (b). The sidewall angles deviate from 89◦ with the smallest

angle being 83◦, which will be corrected in the following analysis. For the device shown in the

main text, the spectra of TE00 and TM00 mode pairs are measured over a broad wavelength

range, as shown in Fig.  B.2 (a). A mode anti-crossing is found around 1540 nm. At longer

wavelength, TE mode has lower frequency than the TM mode (fTE < fTM), while at shorter

wavelength fTE > fTM. This shows that TE mode has a larger FSR than the TM mode, i.e.

∆FSR = FSRTE − FSRTM ≈ 380 MHz. This FSR difference is used to find approximately

the ∆m of the measured device by comparing with numerical simulations (COMSOL), as

illustrated in Fig.  B.2 (c).

256



Figure  B.2 (b) shows the simulation of the required h as a function of sidewall angle θ

for different ∆m. The variation of width is also included in each ∆m plot with the lower

bound being wb = 810 nm and upper bound being wb = 830 nm. We find that, as the

sidewall angle decreases, the required height increases, and it is higher for smaller ∆m. For

angle around 83◦, the height achieved in the experiment overlaps with ∆m = 4 ∼ 5. In Fig.

 B.2 (c), the change of ∆FSR with sidewall angle is also plotted. It can be seen that ∆FSR is

smaller for small ∆m, which means that the two optical modes has closer refractive indices.

∆FSR also increases with decreasing sidewall angle. Based on the measured ∆FSR, ∆m = 4

shows better overlap with both height and ∆m. Due to the discrete nature of the spatial

modulation, there are higher-azimuthal-order Fourier components simultaneously excited

that can fulfil phase matching at the expense of lower efficiency [ 208 ]. In the future, ∆m

can be precisely engineered to 1 with better estimation of the variations of waveguide height,

width, and sidewall angles.
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