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ABSTRACT

Integrated Stress-Optic Silicon Nitride Photonics for Communications and Atomic

Applications

by

Jiawei Wang

Modulation-based control and locking of lasers, filters, and other photonic components
is a ubiquitous function across many applications that span the visible to infrared (IR) range,
including atomic, molecular, and optical (AMO), quantum sciences, fiber communications,
metrology, and microwave photonics. Today, modulators used to realize these control
functions consist of high-power bulk-optic components for tuning, sideband modulation, and
phase and frequency shifting while providing low optical insertion loss and moderate
operation bandwidth. To enhance the power efficiency, scalability, and cost-effectiveness of
these applications while reducing their size and weight, it is imperative to implement
modulation control functions in a low-loss, wafer-scale complementary metal-oxide-
semiconductor (CMOS)-compatible photonic integration platform. The silicon nitride
integration platform has been successful in realizing extremely low waveguide losses across
the visible to infrared range [1,2] and components including high-performance lasers [3],
filters [4], resonators, stabilization cavities [5], and optical frequency combs [6]. However,
the advancement in incorporating low-loss, low-power modulators into the silicon nitride

platform while maintaining compatibility with wafer-scale processes has been constrained.
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This dissertation represents significant progress in the integration of a piezo-electric
(PZT, lead zirconate titanate) actuated micro-ring modulator within a fully planar, wafer-
scale silicon nitride platform, at both 1550 nm and 780 nm. This integration maintains low
optical losses at infrared and visible wavelengths, accompanied by an order of magnitude
increase in optical bandwidth (DC to 25 MHz 3-dB) and an order of magnitude lower power
consumption of 20 nW improvement over prior PZT modulators [7,8]. This work
demonstrated control applications utilizing the developed PZT modulator as sideband
modulation in a Pound-Drever Hall (PDH) lock loop for laser stabilization and as a laser
carrier tracking filter. Subsequently, an AOM/EOM-free laser stabilization scheme is
demonstrated unifying both functions using a single PZT modulator. This approach has the
potential to pave the way for photonic integrated stabilized lasers, given the compatibility of
the PZT modulator with both the integrated reference cavity [9] and lasers [3,10]. The PZT
modulator design can be extended to the visible region in the ultra-low loss silicon nitride
platform with waveguide design changes. The integration of PZT modulation in the ultra-
low loss silicon nitride waveguide platform enables modulator control functions in a wide
range of visible to IR applications such as atomic and molecular transition locking for
cooling, trapping and probing, controllable optical frequency combs, low-power external
cavity tunable lasers, quantum computers, sensors and communications, atomic clocks, and
tunable ultra-low linewidth lasers, and ultra-low phase noise microwave synthesizers.
Finally, more complex photonic structures with PZT control are investigated, such as
symmetrically coupled photonic molecules and their potential applications in optical
isolators and high-order switchable filters. These results open the door to novel device

designs and a wide range of applications including tunable lasers, high-order suppression
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ultra-narrow linewidth lasers, dispersion engineering, optical parametric oscillators, physics

simulations, and atomic and quantum photonics.
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1. Introduction

1.1 Background on Silicon Nitride Photonics

The silicon nitride (SizsN4) photonic integrated platform [11,12] delivers ultra-low
waveguide losses, low-temperature coefficient, high optical power density handling, and
broad passive functionality across the visible range through the IR wavelength range [1,2] in
a planar wafer-scale CMOS-compatible process. This platform has the potential to provide
the benefits of integration, namely low-cost, portability, low-power, scalability, and
enhanced reliability to a wide range of applications including quantum information sciences
and applications [13,14], optical atomic clocks [15,16], precision metrology [17,18], atomic,
molecular and optical [19], microwave photonics [20,21], fiber optic precision frequency
distribution [22—24], and energy-efficient communications [25]. A ubiquitous function
among these applications is optical actuation and modulation, to perform tuning and control
functions including wavelength shifting, sideband and sweep modulation, and phase
shifting, with low optical insertion loss and modulation bandwidths from DC to 10s of MHz
and higher. Examples include laser locking to reference cavities, and atomic transitions [26]
and optical channel tracking in fiber communications [27]. Today, these systems use power-
consuming bulk-optic electrooptic (EOM) [28] and acousto-optic (AOM) [29] modulators to
implement control loops, such as the PDH [30,31] and proportional, integration, and
derivative (PID) [26,32]. Devices and functions that will benefit from integrated, low-power,
active modulation include hybrid tunable lasers [33], optical frequency combs [34,35],
Brillouin lasers [2,36,37], atomic and ion transition trapping, cooling and locking [15,38],

laser stabilization [39], phase-lock loops [22], and cryogenic applications [40,41]. However,



it has remained a challenge to transition these modulators to the silicon nitride platform
while maintaining ultra-low optical loss in a CMOS-compatible, wafer-scale process.
Therefore, integrated control modulators that maintain the desirable properties of the silicon

nitride platform as well as low-power consumption are required.

1.2 Motivation of Stress-Optic Modulation on Silicon Nitride Platform

Efforts have been made to realize tuning and modulation in ultra-low loss silicon nitride
photonics. Silicon nitride has a high third-order Kerr nonlinearity which is suitable for
generating octave-spanning frequency comb [42] and stimulated Brillouin scattering
(SBS) [3], however, due to its centrosymmetric crystal structure, silicon nitride has a small
second-order Pockels effect with a maximum electro-optic (EO) coefficient of 8.31+5.6
fm/V [43] and cannot make use of free-carrier modulation like silicon [44]. Conventional
thermal tuning approaches support bandwidths of up to 10 kHz [6] with 40 mW silicon
nitride tuners [41]. The heterogeneous integration of nonlinear materials and silicon nitride
waveguides introduces second-order nonlinearities for EO modulation, such as lithium
niobate [45], ferroelectrics [46], and zinc oxide [47], as shown in Figure 1.1. These methods
offer modulation bandwidths above 1 GHz; however, they suffer from large optical losses,
increased fabrication complexity, higher power consumption, and a limited material optical
wavelength range owing to the heterogeneous integration of different materials. Electrically
poling of silicon nitride films can align Si-N bonds and induce second-order nonlinearity in
silicon nitride materials [48,49], demonstrating a modulation bandwidth of >100 MHz;
however, this method requires a high-power CO2 laser above 10 W to heat the device to
hundreds of degrees of poling temperature [48] with an extremely high poling voltage
approximately 1000 V [49] and days of operation, which is not compatible with other

2



processes and experiments. The stress-optic effect, on the other hand, offers a broad optical
bandwidth, moderate electrical bandwidth, and ultra-low power consumption. Stress-optic
actuated silicon nitride waveguides have been demonstrated using piezoelectric materials,
such as aluminum nitride (AIN) [40,50] and lead zirconate titanate (PZT) [7,8], as shown in
Figure 1.1. AIN actuation utilizes acoustic resonant enhancement because of its relatively
small piezoelectric coefficient (AIN: e5, - = 1.02 C/m?, PZT: ey, , = —18.3 C/m? [51])
and tuning efficiency, which is an order of magnitude weaker than that of PZT [52]. The
under-etched or waveguide-released PZT approach results in high loss, low Q, and limited
modulation bandwidth (< 1 MHz), and is difficult to make compatible with planar wafer-
scale integration [7]. Progress has been made with planar-processed PZT actuators including
a Mach-Zehnder interferometer (MZI) phase modulator [8] with a modulation bandwidth of
629 kHz and high optical loss. Therefore, it is imperative to develop a planar-integrated,
CMOS-compatible, low-loss and low-power modulation technique for ultra-low loss silicon
nitride platform utilizing the stress-optic method and realize complex optical control
functions on the chip. Table 1.1 summarizes the pros and cons of different modulation
methods for silicon nitride in terms of modulation speed, optical loss, power consumption,

and nitride waveguide optical transparency.
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Figure 1. 1 Prior art of different modulation method on silicon nitride platform.

Mechanism Speed Loss Power Optical

Consumption Transparency

Thermal [6,53] <10 kHz < 1dB/cm > 40 mW Broad

Electro- > 1GHz >1dB/cm \ Limited

Optic [45,47]

Poling [48,49] ~ 100 MHz \ HIGH Limited

Stress-Optic [7,41] | MHz - GHz < 0.4 dB/cm ~ 10s nW Broad

Table 1. 1 Comparison of different modulation method on silicon nitride platform.

1.3 The Structure and Scope of this Thesis

This dissertation focuses on the design and properties of PZT-actuated stress-optic

modulator and its applications on silicon nitride waveguide platform. Chapter 1 briefly




introduces the properties and applications of silicon nitride integrated photonics. The
motivation for using the stress-optic modulation method compared to other methods is then
discussed.

In Chapter 2, silicon nitride waveguide and resonator designs at 1550 nm and 780 nm
are discussed in detail. The PZT actuator designs are similar for both wavelengths and are
discussed in detail, including the working principle, modeling, and simulation. Finally, the
fabrication processes of both passive nitride waveguide patterning and an active PZT
actuator are introduced.

In Chapter 3, PZT single-ring modulators at 1550 nm and 780 nm are discussed and
characterized in detail. This includes the resonator quality factor and loss measurements,
PZT actuator static tuning and static power consumption measurements, PZT modulator
bandwidth, and linearity characterization.

In Chapter 4, different optical control applications using PZT modulation are
demonstrated. First, the PZT modulator works as a double-sideband modulation and replaces
the conventional electro-optic modulator (EOM) component in PDH locking circuits to
realize laser stabilization and frequency noise suppression. Second, the PZT modulator was
demonstrated to be locked and tracked to the laser carrier, which is important for monitoring
and stabilizing wavelength changes to minimize the wavelength drift and spectral
misalignments that cause power loss and signal distortion in fiber communications. Finally,
by combining these two functions into one application, an AOM/EOM-free laser
stabilization scheme is proposed and demonstrated using only one PZT modulator to replace

the functions of bulky EOM phase modulation and AOM frequency shifting and realize laser



stabilization. This work can be instrumental as it can pave the way for all-waveguide,
system-on-chip photonic integrated frequency-stabilized lasers.

In Chapter 5, a novel photonic molecule composed of three symmetrically and mutually
coupled silicon nitride resonators with independent PZT actuators was designed and studied.
Simulation and coupled-mode theory were developed to study the spectrum behavior and
supermodes splitting under different coupling conditions. The PZT actuation and
independent tuning control with low crosstalk on each photonic atom were also studied and
demonstrated.

In Chapter 6, future work that can be enabled by PZT technology is discussed, including
non-magnetic optical isolator/circulator, fast switchable high-order filters, and photonic

integrated laser sources.



2. PZT-actuated Silicon Nitride Microresonator Modulator

2.1 Introduction

Compared to the previous art of stress-optic actuated silicon nitride waveguide devices in
Figure 1.1[7,41] that require waveguide releasing and under-etching process, the PZT
actuator in this thesis is monolithically integrated on a silicon nitride waveguide, and the

devices are planar-processed and fabricated on the wafer scale.

2.2 Microresonator Design for Infrared and Visible Wavelengths

The waveguide design and fabrication process are based on the silicon nitride ultra-low
loss waveguide (ULLW) platform [1,2,11,54] developed at UCSB. There are two types of
silicon nitride waveguide designs in this thesis, one for infrared wavelengths of 1550 nm and

the other for visible wavelengths of 780 nm.
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Figure 2. 1 Waveguide design for different wavelengths of 1550 nm and 780 nm.



As indicated in Figure 2.1, for 1550 nm, the waveguide thickness is chosen to be 175
nm, the width is 2.2 um and the top cladding thickness is 6 um. For 780 nm, the waveguide
thickness is chosen to be 120 nm, the width is 0.9 um and the top cladding thickness is 4
um. For a fixed waveguide thickness, different waveguide widths support multiple optical
modes, and the waveguide width is chosen to support only the fundamental TE and TM
modes in the waveguides. The indices used for different materials at different wavelengths
are summarized in Table 2.1. The waveguide simulation is performed in Lumerical, and the
mode profiles are simulated, as shown in Figure 2.2. For the 1550 nm waveguide design, the
TEo mode has an effective mode index of 1.519 and an effective mode area of 2.05 pm?, the
TMo mode has an effective mode index of 1.469 and an effective mode area of 4.62 pm?.
For 780 nm waveguide design, the TEo mode has an effective mode index of 1.585 and an
effective mode area of 0.32 um?, the TMo mode has an effective mode index of 1.508 and an
effective mode area of 0.65 pm?. In contrast to the normal highly confined waveguide mode,
the waveguides designed for the ULLW process and in this thesis have a relatively loosely
confined mode with a high aspect ratio. Optical mode confinement determines the
propagation loss and bending limit of the waveguide structure. The reason for the high-
aspect-ratio waveguide design is that the optical propagation loss mainly comes from
scattering losses generated by the sidewall roughness during nitride etching processes,
which is generally an order of magnitude larger than the surface roughness of the
waveguide. By having a high-aspect-ratio waveguide, meaning that waveguide has a small
thickness (down to 20 nm) and relatively large width (approximately 2 um), the contribution
of scattering loss is minimized as the majority of the optical mode sits in silicon dioxide

claddings. It is worth noting that a low scattering loss is not sufficient to produce a low



optical loss in waveguides. Other main contributions include material absorption loss due to
hydrogen impurities, waveguide bend loss, and scattering due to particles introduced during
lithography and processing, which will be further discussed in the fabrication process in
Section 2.5. Bend loss occurs when light traveling through a waveguide encounters a sharp
bend or curve in the structure, and partial light radiates out owing to bending-induced
modes. When the waveguide bends, several factors contribute to bend loss: mode mismatch,
scattering, phase mismatch, material absorption and higher-order mode excitation. To
simulate the bend loss, we define critical bend loss to be 1 dB/cm and simulate it in
Lumerical mode analysis and include “bent waveguide” option. The bend loss simulation for
waveguide designs at 1550 nm and 780 nm are shown in Figure 2.3. From the simulations, a
minimum bend radius of approximately 300 um is required to support the fundamental mode
operation. The radius of the 1550 nm resonator is chosen to be 580 um and 625 um, and the
radius of the 780 nm resonator is chosen to be 750 um. The resonator bus-to-ring and ring-
to-ring coupling coefficient simulations are performed in Lumerical FDTD for the 1550 nm

and 780 nm resonators, as shown in Figure 2.4 and Figure 2.5.

1550 nm 780 nm
Top TEOS cladding index 1.45 1.46
Silicon nitride index 1.95 1.99
Bottom thermal oxide index 1.445 1.455
Top cladding thickness 6 um 4 um

Table 2. 1 Refractive indices used in Lumerical mode profile simulation.
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Figure 2. 2 Simulated mode profiles in 175 nm core for A = 1550 nm and 120 nm core
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Figure 2. 3 Bend loss simulation for resonator designs at A = 1550 nm and A = 780
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2.3. Piezoelectricity and Stress-optic Simulation and Design

As discussed in the introduction, compared to thermo-optic modulation and electro-optic
modulation on silicon nitride waveguides, stress-optic modulation can benefit from minimal
power consumption and moderate modulation speed without compromising the optical loss
and wavelength transparency of the silicon nitride waveguide. Active control of the stress in
the silicon nitride waveguide can be achieved by the deposition of thin film piezoelectric
material on top of the waveguide, as shown in Figure 2.6. The stress-optic modulator
developed in this dissertation is based on piezoelectric material PZT, which is the
abbreviation of lead zirconate titanate with the chemical formula Pb[ZrxTii—~<]O3 (0 < x <
1)). PZT exhibits a strong piezoelectric effect; for example, in comparison to other
commonly used piezoelectric materials such as aluminum nitride (AIN) and zinc oxide
(Zn0O), PZT has an order of magnitude stronger effective transverse piezoelectric coefficient
than that of AIN (AIN: e31s=-1.02 C/m?, ZnO: e31,f=-1.00 C/m?, PZT: e31,+=-18.3

C/m2 [8,51,55]).

( a ) Offset ( b)

Ll

|
PZT| ! PZT
SiO, top clad

[Si.N,

N

|

SiO, lower clad

Figure 2. 6 (a) Cross-section of the device, the PZT actuator is deposited on top of

the waveguide with certain offsets to achieve the best performance without affecting
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the optical loss. (b) Illustration of the stress-optic microresonator modulator, the PZT
actuator (yellow) is monolithically integrated on top of the SizN4 resonator (black)

without under-etching process.

As a piezoelectric material, PZT exhibits the piezoelectric effect, meaning the
mechanical stress applied to the material will generate electrical charges and therefore
electric fields. We utilize the converse piezoelectric effect, where the electric field applied
across the PZT thin film causes it to expand in the direction of the electrical field and
contract in the perpendicular direction. The stress/strain propagates underneath to the
waveguide, resulting in a change and modulation of the effective refractive index of the

optical mode. This process is illustrated in Figure 2.7.

Converse
Apply piezoelectric effect
voltage >

to PZT

Photo-Elastic effect

Refractive

> index
change An

Figure 2. 7 Device working principle: converse piezoelectric effect and stress-optic

effect.

The stress-optic effect relation can be described as:

Anij = -Bijjkiokl (2.1)
where Anij = njj-nolij, Bijki and o are the refractive index tensor, the stress-optical coefficient
tensor and the stress tensor respectively. Therefore, the principle diagonal components of
anisotropic refractive index tensor can be expressed as:

Nx = No—B1ox—B2[oy + Gz] (22)
13



Ny =No— B1 Oy — B2 [Gz + Gx] (23)
nz=no—B1o:—B> [Gx + Gy] (24)
The change in refractive index and permittivity due to strain is given by:
1 _ 1 _

where ¢, is the relative permittivity, ¢ is the strain and p is the photo-elastic tensor. For

Si02: p,, = 0.121, p,, = 0.27, p,, = —0.075; for Si: p,; = —0.094, p,, = 0.017, p,, =

—0.051. The photo-elastic coefficient of silicon nitride are estimated to by same as SiO2 [7].
Using these equations, the piezoelectricity and stress-optic simulation can be set up in

COMSOL Multiphysic. The parameters used in simulation are summarized in the Table 2.2

below.
Young’s Piezoelectric Thermal
B1 B2 Poisson’s Density
modulus constant expansion
(m?N) (m?IN) ratio (kg/m®)
(GPa) (pm/V) coeffi. (1/K)

Si 110 \ \ \ 0.19 2.5x10°° 2330
SiO; 78 6.5x10%3 4.2x10% \ 0.17 3.5x1077 2203
SisNg4 280 -3.5x10°%3 2.36x107%? \ 0.24 3.3x10°® 3170

ds1=-180
PZT 60.5 \ \ 0.3 2x10°¢ 7500
ds3 = 300

Table 2. 2 Indexes used in piezoelectric simulation in COMSOL.

Here, an example for the PZT stress-optic simulation for 1550 nm waveguide design is

shown as in Figure 2.8. The top cladding thickness is chosen to be 6 um and the PZT

thickness, width and offset are chosen to be variable for simulation. The simulation set up is

shown as in Figure 2.8 (a), the waveguide design and cladding thickness are simulated in
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Lumerical and same as discussed in the microresonator design in the previous section.
Figure 2.8 (b) and (c) shows the simulation results of stress distribution and actuator
displacement under the condition of 15 um PZT width, 2 um PZT thickness, 3 um PZT

offsets and 10 V applied voltage.
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Figure 2. 8 Piezoelectric and stress-optic simulation in COMSOL.

By sweeping these parameters, the effective index change of the waveguide in relation to
different PZT offsets, thickness and widths can be simulated and plotted, as shown in Figure
2.9. According to the simulation, the stress-optic effect becomes stronger with increased
PZT thickness and PZT width, reaching a maximum with offsets around 2 um to 3 um. It is

worth noting that, as depicted in Figure 2.9 (b), at the certain designs, the index change due
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to the PZT stress-optic effect will exhibit a change in sign. This results in an opposite
direction of static tuning of the PZT-actuated ring resonator, leading to red- and blue-shifted
resonant wavelengths / frequencies. This phenomenon will be discussed and demonstrated in
Chapter 3.2. The waveguide loss simulation with different waveguide cladding thickness
and metal offset designs is shown as in Figure 2.10. Based on the simulation and fabrication
process requirements, the top cladding thickness of the waveguide is set to 4 um and 6 pm,
the PZT thickness is set to 500 nm and 1 um, the PZT offsetsis setto 0 um, 2 um, and 5 pm,

and the PZT width is set to 15 um for the offset design and 30 um for the no-offset design.
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(a) o x10° ‘ ‘ 7(b)1l5 %108
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'V/
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Figure 2. 9 Simulation of effective index change with different (a) PZT offsets and

thickness and (b) PZT offsets and widths.
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metal loss for different PZT offsets and different top cladding thickness
10 3
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Figure 2. 10 Simulation of waveguide loss with different cladding thickness and metal

offset design.

2.4. Fabrication Processes

The fabrication processes are divided into two parts: the first part involves the
fabrication of passive silicon nitride ultra-low loss waveguides fabrication at UCSB
Nanofabricaiton facility and Honeywell Aerospace cleanroom foundry; the second part

involves the fabrication of the PZT actuator at Army Research Laboratory.
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Figure 2. 11 Passive silicon nitride waveguide fabrication process

For the passive nitride processes, as depicted in Figure 2.11, the fabrication begins with
a 15 um thick lower cladding layer consisting of thermal silicon dioxide grown ona 1l mm
thick, 100 mm diameter silicon substrate. Next, the stoichiometric silicon nitride layer is
deposited by low-pressure chemical vapor deposition (LPCVD) atop the thermal oxide
layer. LPCVD silicon nitride has low intrinsic stress compared to plasma-enhanced chemical
vapor deposition (PECVD) and offers high uniformity across the wafer, which is crucial for
depositing both very thin layer of nitride (for example 20 nm and 40 nm) and very thick
layer (>400 nm) for frequency comb devices. Subsequently, positive photoresist UV6-0.8
and DUV anti-reflection (AR) coating resist DUV42-P are spin-coated onto the nitride layer
and patterned with a photomask using 248 nm ASML DUV stepper exposure. The nitride
core is etched with CF4/CHF3/O2 gas in inductively coupled plasma (ICP) and reactive ion

etching (RIE) etcher. Before upper cladding deposition, the wafer undergoes cleaning to
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remove particle defects and achieve ultra-low optical loss. The cleaning steps include
oxygen plasma ashing to remove byproducts during the dry chemical etching, NMP (N-
Methylpyrrolidone) photoresist stripping at 80 °C, and piranha (a mixture of sulfuric acid
and hydrogen peroxide) cleaning at 110 °C. Next, top cladding silicon dioxide is deposited
in two steps by plasma enhanced chemical vapor deposition (PECVD) using
tetraethylorthosilicate (TEOS) used as a Si precursor. TEOS is chosen for its reduced
hydrogen content compared to silane [56]. The wafer then undergoes high-temperature
annealing at 1050 °C for 7 hours and 1150 °C for 2 hours to further reduce absorption loss
due to the hydrogen content in Si-H and N-H bonds [57]. Following upper cladding
deposition, the wafer undergoes chemical-mechanical polishing (CMP) to planarize the
surface for piezo actuator deposition.

The final patterned waveguides are characterized by scanning electron microscopy
(SEM), as illustrated in Figure 2.12. Some fabrication variations occur when moving to
smaller feature sizes and approaching the diffraction limit of ~ 250 nm for the DUV stepper.
Atomic force microscopy (AFM) measurements are conducted to characterize waveguide
edges and surfaces roughness. As shown in Figure 2.13 and Figure 2.14, the edge roughness
of the waveguide is measured and calculated to be 1.04 nm, while the top of the waveguide
(LPCVD silicon nitride) exhibits a surface RMS roughness of 468.8 pm, and the bottom of

the waveguide (etched thermal oxide) exhibits a surface RMS roughness of 467.2 pm.
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Figure 2. 12 SEM images of fabricated waveguides.
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Figure 2. 13 AFM measurement of waveguide edge.
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Figure 2. 15 PZT fabrication process.
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For the PZT fabrication, as shown in Figure 2.15, the actuator stack consists of a
sputtered 40 nm thick TiO2 adhesion layer, a sputtered 150 nm thick Pt bottom electrode,
and a 500 nm (or 1 um) thick layer of PZT (52/48 Zr/Ti ratio) deposited via chemical
solution deposition (CSD), and the stack is capped with a sputtered 100 nm thick Pt top
electrode. The PZT and Pt electrodes are patterned by argon ion milling. With the actuator
patterned, electrical traces are evaporated and patterned through lift-off and consist of a
Cr/Pt/Au stack with thicknesses of 20 nm, 20 nm, and 730 nm, respectively. To reduce
resistivity and minimize gold coverage on the electrodes, a 10 um thick copper layer is
electroplated using photoresist molds and a sputtered copper seed layer. The photoresist
molds and copper seed layer are removed with solvents to release the device. While the PZT
material is capable of withstanding temperatures up to 700 degrees during processing, the
procedure outlined above operates below 350 degrees due to the constraints imposed by
metal processing, which have thermal limitations. It is possible to address this thermal
constraint by incorporating extra contact pads, introducing an inter-layer dielectric, or
modifying the metal material.

The final fabricated PZT-actuated SisN4 resonator is shown in Figure 2.16 (a), and the
detailed mask layout and layers is shown in Figure 2.16 (b). From the layer labeling, “SiN”’
is where the waveguide is patterned, “TopPt” are the locations that contain top electrode,
“PZTmill” are the locations that contain PZT, “WetEtch” are the vias to the bottom
electrode, “CPW” is where gold is evaporated, “PZTProt” is where the copper is anchored to
the gold, and “Cul” is electroplated copper (suspended in air if “PZTProt” is not patterned

underneath).
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Figure 2. 16 (a) Fabricated PZT-actuated silicon nitride ring modulator; (b) Mask

layout and layer description of the device.

An X-ray diffraction (XRD) scan is performed on the PZT materials, as shown in Figure
2.17, which is deposited by Radiant Technologies, Inc., and has a composition along the
morphotropic phase boundary where the peak piezoelectric coefficients are observed [58].
The PZT contains random crystallographic orientation, as can be seen from the XRD. It’s
possible that piezoelectric performance, and thus modulator performance, could be
improved by controlling orientation to achieve predominantly (100)-oriented PZT [58]. No

other detrimental X-ray signatures such as pyrochlore are observed.

23



(oov)1s”

{11Thd - -

{22ENd v e v smn

L
"y

Jk&.« T, o
{TTENd ~osr a.%

¥

(ot€)/(T0€)1Zd W™

——
Ly -

ENN?_ .ﬁw
(zor)/(0zT)1zd =5 a

(21T)/(T12)LZd ==

(zot)/(102)12d aﬂw,
SQNE v xwa% i
(00Z)1zd ===l

:::Nn_ :-...3

(OTT)/(TOT)LZd ~svezeicre L

100000

(100)/(00T)LZd —:.i: 2.

1000
100

10000

sjuno) 307

16 22 28 34 40 46 52 58 64 70 76 82 88

10

20(°)

Figure 2. 17 X-ray diffraction (XRD) scan of the PZT material.
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3. Characterization of PZT Modulator

3.1 Resonator Quality Factor and Loss Measurement

A high quality factor (Q) resonator requires accurate characterization with an optical
frequency standard [59]. This is achieved using an RF-calibrated unbalanced fiber-based
Mach-Zehnder interferometer (MZI) as a frequency ruler. Other quality factor measurement
methods, such as cavity ring-down measurement [60], will not be discussed in this thesis, as
the devices’ Q values in this thesis are not ultra-high. The MZI’s free spectral range (FSR)
can be calibrated using single-sideband laser sweeping measurement [61] or the cavity
optical frequency discrimination (OFD) method [9], which will be discussed in Chapter 4.

As discussed in the previous section, there are two types of resonators and PZT ring
modulators characterized in this section: one for 1550 nm design and one for 780 nm. For
the 1550 nm resonator design, as illustrated in Figure 3.1 (c), a fiber laser with piezo
frequency tuning is modulated by a waveform generator. The scanned laser signal passes
through both the MZ1 with a calibrated FSR of 5.87 MHz and the resonator under test. Both
optical signals are measured with a balanced photodetector and fed to an oscilloscope for
processing along with the ramp signal. As shown in Figure 3.1 (b), plotted from the
oscilloscope, the full-width-at-half-maximum (FWHM) of the PZT-actuated resonator
resonance is measured to be 54.52 MHz at 1550 nm using the MZI with calibrated 5.87
MHz FSR as an accurate frequency reference. The measurement yields a 7.1 million
intrinsic Q, a 3.6 million loaded Q, and a corresponding 0.03 dB/cm waveguide loss. The

calculation of Q factor and propagation loss is described below.
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Figure 3. 1 (a) The optical image of the fabricated PZT modulator resonator. (b) The Q
measurement of the 1550 nm resonator. The calibrated MZI with a 5.87 MHz FSR acts
as a frequency ruler (yellow trace) to measure the FWHM of the resonator resonance
(blue trace). (c) System diagram of the quality factor measurement with the calibrated

MZI.

From the couple mode equations [62]:

2= (~iw +5) a+ 7S (3.1)

dt

Sout = Sin +i Yeca (32)

The measured resonance shape can be fitted to a Lorentzian profile with the transmission

expressed as:
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Sout|* _ |iw+(yin—yc>/z|2 (3.3)

iw+(Vin+Yc)/2

r= Sin
where y;,, = ca/n, is the intrinsic linewidth and y, = cx?/n, L is the extrinsic linewidth.
n, is the group index of the waveguide and o is the propagation loss. L = 2R is the
perimeter of the ring resonator and k2 is the power coupling coefficient.

Through Lorentzian fitting, two parameters can be extracted: one corresponds to yin and
other corresponds to yc. To differentiate them, multiple devices with the same resonator
design but different coupling gaps are measured. Because the intrinsic linewidth yin does not
change while the extrinsic linewidth yc (bus coupling rate) varies due to different coupling
conditions, both yin and yc can be identified.

The intrinsic and extrinsic quality factor of the device and the propagation loss o can be

calculated [63,64]:

Qin B y_m - ﬂ‘resa (34)
Qex :2: Zﬂngi_ (3'5)
Ve j“res’(

The loaded quality factor can be expressed as:

QLoad = ﬂ'fes = @ = 2”n9 L

FWHM 3, +7, 4 (aL ) (3.6)

As discussed in Chapter 2, the effective index changes as a function of PZT offset and
thickness is summarized in Figure 3.2 (a), indicating that a 2 um offset results in the largest
index change. Fabricated resonators with different PZT offsets are tested for Q and loss, as
shown in Figure 3.2 (b). When the PZT actuator is located directly above the waveguide, the
Q and the loss are reduced by approximately 20% compared to when the PZT actuator is not

present. However, with the PZT actuator laterally offset by 2 um from the waveguide and

27



fabricated on top of the upper oxide cladding, the reduction in loss and Q are only under a

few tenths of a dB.
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Figure 3. 2 Summary of the simulation data, showing that the 2 pm offset results in the
largest strain effect. (b) The measurement of the fabricated devices agrees with the

simulation.

Similarly, the Q measurement of the 780 nm resonator is conducted using the same
method as in Figure 3.1 (c). The laser source is a 780 nm distributed Bragg reflector (DBR)
laser, the photodetectors are adjusted for the visible range, and the unbalanced fiber MZ1 is
designed for visible wavelengths and calibrated to be 24 MHz at 780 nm. As illustrated in
Figure 3.3, for a 780 nm resonator design with a coupling gap of 1.15 um and a ring radius
of 750 um, the average loaded Q is 2.48 Million with a standard deviation of 0.24 from
measurements of 6 devices. The average intrinsic Q is 12.08 Million with a corresponding

loss of 4.3 dB/m at 780 nm. The resonance exhibits an extinction ratio (ER) of 3.1 dB and a

FWHM linewidth of 171 MHz.
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Figure 3. 3 The Q measurement of the 780 nm resonator. The calibrated MZI with a 24
MHz FSR acts as a frequency ruler (blue trace) to measure the resonator resonance

(red trace).

3.2 PZT Actuator Static Tuning Measurement

Static tuning of the PZT actuator, which shifts the ring resonance as a function of
applied bias voltage, is shown in Figure 3.4 (a). The electric field is applied to the PZT
actuator electrodes using a DC probe, including strain through the piezoelectric effect,
thereby changing the waveguide refractive index. For the 1550 nm PZT modulator, we
measure a 14 dB ER across the full 4 GHz tuning range, as the applied voltage is varied
from 0 V to 20 V. Nonlinearity and hysteresis are observed in static tuning by sweeping the
DC bias voltage in both forward (from -20 V to 20 V) and backward (from 20 V to -20 V)
direction, as shown in Figure 3.4 (b), due to the ferroelectric nature of PZT [7,65]. PZT is a
ferroelectric material with a spontaneous electric polarization. When polarized by an electric

field, PZT retains that polarization when the field is removed. The average tuning coefficient
is calculated to be -1.3 pm/V or -162 MHz/V. The half-wave voltage-length product VL of
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the modulator is calculated to be 43 V-cm, and V, La, taking into account the waveguide
loss, is 1.3 V-dB, comparable to state-of-art phase modulators [7,46,66]. We measure the
static power consumption to be 20 nW at 20 V bias voltage using a precision source and
measure unit (Keysight B2902A) with 100 fA measurement resolution, determined by the
leakage current through the PZT actuator. It is worth noting that with a 500 nm PZT
thickness, the devices have a dielectric breakdown voltage of approximately 30-40 V, which
can be improved with a thicker PZT thickness and optimized actuator design. The RF power
dissipation can be calculated by:

P=CVif="ttlyy (3.7)
where w, [ and t are the electrode width, length and PZT thickness, f is the RF driving
frequency and V is the applied voltage. The average capacitances measured for the 1550 nm

PZT modulator and 780 nm modulator are 600 pF and 700 pF.
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Figure 3. 4 The optical transmission spectrum of the static tuning of the device. The
resonance has a 14 dB extinction ratio (ER) across the 4 GHz tuning range. (c) The
linear fitting of the tuning curve corresponds to -1.3 pm/V or -162 MHz/V tuning

coefficient.
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Similarly, static tuning is also measured for the 780 nm PZT modulator. As described in
the previous section, the top cladding thickness of 780 nm design is decreased from 6 um to
4 um compared to the 1550 nm design, therefore we expect an increase in stress-optic tuning
strength. For the 780 nm run, a metal heater utilizing the bottom electrode platinum layer as
the heating element is shown as in Figure 3.3, and the thermal tuning is measured and shown
in Figure 3.5 with a tuning coefficient of 87.4 MHz/mW. The Pt heater is located
approximately 100 um away from the nitride waveguides. The static tuning of the 780 nm
PZT actuators is measured for different PZT offset designs, as shown in Figure 3.6. For no
offset design actuators, the tuning coefficient is measured to be about 480 MHz/V, while for
the 2 um offset design, the tuning coefficient is measured to be about -150 MHz/V. The
difference between tuning directions is due to the physical process of the stress-optic effect
from the two designs. When there is no offset, the PZT film sits on top of the waveguide,
and the strain will propagate underneath, acting as a “pulling” force to the waveguide,
whereas when there is an offset in the middle of the two PZT films, the strain that
propagates underneath will act as a “squeezing” force to the waveguide. The dielectric
breakdown voltage for the 780 nm PZT modulator is measured to be around 70 V, mainly

due to a thicker PZT film of 1 um compared to 500 nm of the 1550 nm design.
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Figure 3. 6 PZT static tuning of (a) No PZT offset design with 480 MHz/V tuning

strength and (b) 2 pm PZT offset design with -150 MHz/V tuning strength.
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3.3 Modulator Bandwidth Measurement

The small-signal electrical-to-optical modulation response Sz1 for the 1550 nm PZT
modulator is measured using a semiconductor diode laser (Velocity TLB-6730) modulated
to the FWHM point of the resonance, a calibrated fast photodetector (Thorlabs DETO1CFC,
bandwidth 1.2 GHz), and a vector network analyzer (Keysight N5247B PNA-X). The
measurement set-up is illustrated in Figure 3.7 (a).

(a) (b)

PZT Modulator ]
Tunable Optical D_
Laser

Q "
Electrical ‘ I i

VNA 0sC 25 15 MHz, 25 MHz

S,, E-O response 10* 105 10° 107 10°

Frequency (Hz)

Figure 3. 7 (a) The experimental diagram for small-signal electrical-to-optical
frequency response measurements. (b) The frequency response (S21) indicates that the

3-dB and 6-dB modulation bandwidth is 15 MHz and 25 MHz, respectively.

As depicted in Figure 3.7 (b), the 3-dB and 6-dB modulation bandwidths are 15 MHz
and 25 MHz, respectively. Since the network analyzer measures the photocurrent of the
detector, describing the optical response in terms of detected optical power, the 3-dB
bandwidth of the detected optical power equals the measured 6-dB bandwidth of the

detected photocurrent, which is 25 MHz.
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To study the bandwidth limitations and performance, a small-signal model is developed
for the PZT ring modulator. The dynamics are described by the coupled-mode theory for a

microresonator modulator [67]:

— = (lw, = %)a —iuSi, 3.8)

dt

Sout = Sin — ina (3.9)
Here, S, is the optical continuous wave (CW) input to the resonator, S,,,, is the time-
varying bus output, and a represents the energy stored inside the resonator. t is the effective

photon lifetime, given by 1/t = 1/1ex + 1/tin, Which is also the effective optical linewidth of
the resonator. Tex represents the amplitude decay time constant due to bus-ring coupling, and
Tin represents the amplitude decay time constant due to cavity intrinsic loss. r is the on-
resonance frequency of the resonator, and p is the coupling coefficient between the bus and
the ring where p2 = 2/tex.

In steady state, considering input of S;, = S;,,e'“int, a = a,e'®ntand S

out —

Souto €t where win is the laser carrier frequency

Qg = "5 Sing (3.10)
iL\(.o+;—‘L_i
Souto = 1 Sino (3.11)

where Aw = w;,, — w, is the laser detuning frequency.

2
, therefore, from

Souto

2
and hence

Sout

Since the transmission T is proportional to the

in ino

Equation 3.11 the transmission T can be characterized as:

. 1 1 2
l(win_wr)"‘a_a

T =

(3.12)

; T
(Wi —wy) 7
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Now considering small-signal modulation, a = a,(t)e“nt, by substituting Equation 3.8,
we arrive at:

day(t) . 1 .
% =— (mw + ;) ay(t) — iuSino (3.13)

In dynamic small-signal domain we have Aw = Aw, + §4w(t) and a = a, + Ja(t),

therefore by deriving Equation 3.13 and consider first order AC components, we arrive at:
£ (8a(0) = - (idw + 1) 8a() - ap64w(t) (3.14)
We can treat the small perturbation as §4w(t) = Be'®st and Sa(t) = Sa,e'®st, where B
and &a, are the corresponding amplitude constants, and w is the modulation frequency
from the VNA, and we arrive at:

Sa, = —2F (3.15)

i(Aw+wS)+%
Therefore, S21 is proportional |6S,,,, | and hence |Sa,|? if we consider the magnitude

only:

B
i(Adw +ws)+%

(3.16)
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Figure 3. 8 Optical response calculation at different detuning point (red and orange

curve) with measured optomechanical response S21 (blue curve).

By plotting the calculated S21 as shown in Figure 3.8, the optical bandwidth enhancement
expected from operating at the quadrature point of resonance yields the yellow curve,
whereas on-resonance operation yields the red curve. These calculations estimated an 80
MHz optical bandwidth for at quadrature operation and a 31 MHz optical bandwidth for on-
resonance operation, both of which are larger than what we have measured. The peak in the
frequency response (yellow trace) occurs due to the constructive interference between the
detuned input laser frequency and the coupled light preexisting inside ring resonator and
oscillating at its natural frequency [68—70]. To study the bandwidth limitation and

performance, we model the system into three parts: electrical, PZT opto-mechanical and
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optical, as illustrated in Figure 3.9. The measured frequency response can be decoupled into

three parts and expressed as:

1 1

+5+= 3.17
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Figure 3. 9 Modeling of the frequency response system divided into (1) electric, (2)

opto-mechanic and (3) optical response.

The PZT actuator capacitance is measured to be around 600 pF, and the resistance is 2.2

Q, yielding an electrical bandwidth of 120 MHz. Considering only the electrical RC time
constants and quadrature point optical bandwidth cascaded, the effective bandwidth is fiz =

1
_ + ,
1z foz

which yields an effective bandwidth of 66 MHz. Performing the same calculation
for on-resonance operation yields 30 MHz, both of which are higher than the measured 15
MHz bandwidth. Incorporating a time constant for the optomechanical stress-optic actuator
and using the RC time constant and quadrature yellow curve, we calculated the bandwidth of
the optomechanical stage to be approximately fom = 15 MHz, according to Equation 3.17.

This calculation points to our piezo actuator being the current bandwidth limitation. For

optical bandwidth, with a higher Q or narrower resonator linewidth, the modulator is more
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susceptible to index variation, which will enhance the modulation depth but, on the other
hand, will limit the optical bandwidth.

For the 780 nm PZT modulator, Sz1 is measured in a similar setup, as shown in Figure
3.10. The optical 3-dB bandwidth (6-dB electrical bandwidth) is 10 MHz, and the out-of-
phase bandwidth is about 16 MHz. A positive phase value for Sz1 indicates that the output
phase leads the input phase, and a negative value indicates that the output phase lags the

input phase.
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Figure 3. 10 The frequency response (S»1) (@) amplitude information and (b) phase

information of the 780 nm PZT modulator.

3.4 Modulator Linearity Measurement

The modulator linearity is characterized by measuring the third-order intermodulation

distortion (IMD3) spurious free dynamic range (SFDR) [71-73]. The SFDR is a common

measure of modulator linearity and is defined as the signal level at which the noise floor and

power of the third order distortion tone are equal. The two-tone test is performed by
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applying two closely placed RF signals to the modulator and measuring the intermodulation
components at the optical output using an electrical spectrum analyzer (ESA). The measured
noise floor is -97.9 dBm/Hz at 1 MHz and -110.1 dBm/Hz at 10 MHz. IMD3 SFDR values
of 65.1 dB-Hz%2 and 73.8 dB-Hz%® are measured at 1 MHz and 10 MHz, respectively, as

shown in Figure 3.11 (c) and (d).
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Figure 3. 11 (a) The experimental diagram for two-tone spurious-free dynamic range

(SFDR) measurements. (b) Detected RF power of the carrier frequencies at 9.5 MHz

and 10.5 MHz and the third-order intermodulation distortion (IMD3) frequencies at
8.5 MHz and 11.5 MHz with 1 kHz resolution bandwidth. (c) and (d) RF output power
of the fundamental and third order intermodulation distortion (IMD3) component as a

function of RF input power of the ring modulator at 1 MHz and 10 MHz.
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The SFDR measurement setup is shown in Figure 3.11 (a). The optical signal from a
tunable CW laser (Velocity TLB-6730) is coupled into the PZT modulator, which is biased
at the FWHM point of the resonator resonance. A two-tone signal input at 1 MHz and 10
MHz is generated using a Keysight EDU33212A waveform generator. The two-tone signal
is applied to the modulator with an RF probe and the fundamental and the IMD3 frequencies
are measured with a photodetector (Thorlabs PDB470C, Bandwidth DC — 400 MHz) and a
40 GHz RF spectrum analyzer (Rohde & Schwarz FSEK?20, Bandwidth 9 kHz — 40 GHz).
The spectrum of a 10 MHz signal with -4.73 dBm RF input power is shown as an example
in Figure 3.11 (b) with a measured -80.1 dBm noise floor. The noise power per unit
bandwidth is calculated with a 1 kHz resolution bandwidth to be -110.1 dB/Hz assuming the
noise floor used in the SFDR calculation [72].

In summary, a low-power photonic integrated PZT actuated stress-optic microresonator
modulator is demonstrated for optical control functions, realized in the CMOS-compatible
ultra-low loss silicon nitride platform. The waveguide-offset, fully planar designachieves 0.03
dB/cm loss in a 625 um radius resonator operating at 1550 nm, witha DC - 25 MHz 3-dB
optical modulation bandwidth, an order of magnitude improvement over prior PZT stress-
optic modulators [7], and power consumption of 20 nW. The resonator has an intrinsic Q of
7.1 million, which is over 10 times larger than prior state of the art [7] and 14 dB ER over a4
GHz tuning range. The modulator resonance tuning coefficient is measured to be 1.3 pm/\V
(162 MHz/V) and corresponding half-wave voltage-length products are VL = 43 V-cm and

V.La= 1.3 V-dB. The IMD3 SFDR is measured to be 65.1 dB-Hz?3 and 73.8 dB-Hz2"% at 1

MHz and 10 MHz, respectively. Since the modulation is based on stress-optic induced

40



changes in the silicon nitride, this design will work with ultra-low loss visible to IR designs
with only small waveguide design changes to operate in the visible [1]. The silicon nitride
waveguide layers are completely fabricated ina CMOS compatible process and can withstand
temperatures up to 1200 C. The PZT is a back-end process that is deposited at a lower
temperature on the silicon nitride wafers after the CMOS process, and is therefore compatible
with the ultra-low loss silicon nitride process. This advance in ultra-low loss waveguide
modulators will enable chip-level control to be integrated with other ultra-low loss silicon
nitride components [11] for a wide range of visible to IR applications, including atomic and
molecular guantum sensing, computing and communication, controllable optical frequency
combs, low-power stabilized lasers, atomic clocks, and ultra-low phase noise microwave

synthesizers.
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4. PZT Modulation in Laser Stabilization Control Applications

4.1 Introductions to PDH Locking and Laser Stabilization

The Pound-Drever-Hall (PDH) locking technique is a common method to stabilize the
laser frequency by locking it to a stable cavity. Originally introduced by Ronald W. P.
Drever, J. L. Hall, and R. Pound in the 1980s [74], the PDH locking technique has since
evolved into an indispensable tool for achieving high-precision control of laser frequencies.
This method has found extensive use in areas such as atomic and molecular physics [75-77],
quantum optics [13,14], and advanced technologies like gravitational wave
detection [78,79].

PDH locking [30] requires phase modulating the frequency of a laser beam to generate
sidebands which contain the definite phase relationship to the incident signal. The phase
modulation is typically achieved by using an electro-optic modulator (EOM) and is
necessary to generate PDH error signals. Next, an acoustic-optic modulator (AOM) is often
needed to perform frequency shifting and adjust the laser frequency to the reference cavity.
Then the modulated laser beam is directed into a high-finesse optical cavity. The reflected or
transmitted light from the cavity is mixed with the reference laser beam and results in a beat
frequency known as the PDH signal, which will be measured with a photodetector and
demodulated to generate an error signal that is proportional to the laser frequency deviation
from the cavity resonance. This error signal is used in a feedback loop to actively stabilize
the laser frequency to the cavity resonance.

Table top ultra-stable lasers employ PDH locking of the laser to a bulky reference cavity
with large optical volume to achieve best performance, delivering laser linewidth down to

40 mHz [80]. These spectrally pure laser sources play a pivotal role in precision scientific
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experiments and applications such as atomic clocks [16,81], precision spectroscopy [17],
guantum computing and sensing [13] and fiber optic links and communications [22]. To
fully harness the potential of stabilized lasers, it is imperative to implement these designs
and applications on a CMOS-compatible, wafer-scale, photonic integrated circuit platform
such as a silicon nitride ultra-low loss platform [11], ensuring small footprint, low cost, and

minimal power consumption.

4.2 Control Applications: Sideband Modulation and Carrier Tracking with PZT

Modulation

To demonstrate the applicability of PZT modulation in optical control applications and
its potential for on-chip photonic integrated laser stabilization, two applications are
presented: PDH stabilization of a laser to an optical reference cavity [30] and laser carrier
tracking [82]. Figure 4.1 (c) illustrates the experimental setup for PDH locking. Instead of
using an electro-optic modulator (EOM), a PZT modulator is employed to generate double
sidebands on the laser carrier. An acousto-optic modulator (AOM) is utilized to frequency
shift the double sideband (DSB) modulated carrier and lock it to a reference cavity
resonance. The reference cavity is an integrated silicon nitride bus-coupled resonator with an
ultra-high Q of 108 and a large mode volume of 2.9x10° um? [62]. The narrow resonance
provided by the high Q is exploited to suppress laser frequency noise fluctuations, and the
large mode volume is chosen to reduce the thermo-refractive noise (TRN) floor.

The modulation depth of the DSB modulated carrier is a crucial factor in laser noise

stabilization. In this experiment, a 20 MHz, 8 V peak-to-peak sinusoidal voltage is applied
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to the PZT actuator, as illustrated in Figure 4.1 (a). Amplitude modulation produces a
modulation depth that can be approximated by:

A(t) = [1 4+ m, cos(Qt)]A,e't
myA 4.1)

4 eiwt_}_“lOAOei(w+Q)t n 0 Li(w-0)t
0
2

The sideband modulation depth at w + Q, as shown in Figure 4.1 (b), is calculated to be

m, = 0.48 by fitting Equation 4.1 to the measured response, resulting in a sideband-to-
2
carrier power ratio % = 12%. The laser frequency noise (FN) is measured using the self-

delayed homodyne laser frequency noise method with an unbalanced fiber MZI optical
frequency discriminator [83] with an FSR of 1.03 MHz. The power spectral density of the
frequency noise as a function of frequency offset from carrier is shown in Figure 4.1 (d).
The stabilized laser frequency noise (red curve) is reduced by four orders of magnitude (~40
dB) compared to the unstabilized laser over the frequency range of 100 Hz to 1 kHz and
reduced by two orders of magnitude (~20 dB) at a 10 kHz frequency offset. The laser
stabilization locking circuits have a bandwidth of approximately 1 MHz, where the servo
bump can be observed in the stabilized frequency noise measurement. The thermo-refractive
noise (TRN) floor is calculated for the silicon nitride high Q resonator, as shown by the
green dashed curve in Figure 4.1 (d). The stabilized laser is able to achieve close to the TRN
limit for this cavity over the frequency range of 1 kHz to 10 kHz. The demonstrated PZT-
actuated ring modulator can be an ideal on-chip and low-power solution to the bulk EOM
component and provides sufficient bandwidth in a PDH locking circuit for laser

stabilization.
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Figure 4. 1 Laser stabilization demonstration. (a) lllustration of DSB modulated
carrier. (b) Measured DSB spectrum of the laser signal with and without the PZT DSB
modulation, showing the 40MHz sidebands with modulation depth of 0.48. (c) A
semiconductor laser is PDH locked to an ultra-high Q (UHQ) reference cavity using
the PZT modulator as a double sideband (DSB) modulator, replacing the electro-optic
modulator (EOM). The double sideband modulated carrier is frequency shifted by an
acousto-optic modulator (AOM) and locked to the quadrature point of an UHQ
integrated reference resonator using a proportional-integral-derivative (PID) control
loop that drive a voltage-controlled oscillator (VCO) AOM frequency shift control
signal. The resulting stabilized frequency noise is measured using an unbalanced fiber

MZI optical frequency discriminator (OFD). (d) Measured frequency noise (FN) power
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spectral density for the free-running (blue trace) and stabilized laser (red trace)
showing 40 dB close to carrier noise reduction and near thermo-refractive noise (TRN)

limited performance for the 1 kHz to 10 kHz frequency range.

The frequency noise of the laser signal is measured using an optical frequency
discriminator (OFD) consisting of a fiber based unbalanced Mach-Zehnder interferometer
(MZ1) and a balanced photodetector (Thorlabs PDB450C). The frequency noise of the laser,

S (v), is related to the power spectral density of the detector output Sy, (v), expressed

as [83]:

5;(1) = Sgee(¥) (—)2 “2)

sin(mvtp)Vy,

where v is the frequency offset, 2 is the FSR of the MZI, V,, is the peak-to-peak value of
D

the detector. A high-speed sampling scope (Keysight Infiniivision DSOX6004A) is used to

measure the power spectral density Sy..(v) with averaging over 16 traces. The V,,,, is

measured with a ramp signal applied to the MZI.

Demonstration of the PZT modulator as an automated laser carrier tracking filter is
shown in Figure 4.2. Laser carrier tracking is essential for monitoring and stabilizing
wavelength changes to minimize the wavelength drift and spectral misalignments, which
cause power loss and signal distortion in fiber communications [82]. In this experiment, the
stress-optic modulator resonance is locked to the laser output using a PID locking loop, as
depicted in Figure 4.2 (a). The PDH error signal (shown in the inset) indicates the deviation
between the resonator resonance and the laser tone. The PDH servo utilizes the error signal

to control the PZT actuator and lock the resonance to the laser carrier. To demonstrate the
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tracking function, the filter output is measured in response to a sinusoidally varying output
wavelength and to a step response output wavelength shift of the tunable laser. The
sinusoidally varying or step input signal (Vin) is applied to the optical frequency modulation
control input of a Velocity TLB-6730 laser. The small signal frequency response of the
tracking loop, including the individual responses of the laser, the PZT actuator, the
photodetector, and the PID loop, is characterized by Vout/Vin, as shown in Figure 4.2 (b). The
bandwidth of the system, characterized at the 180° phase lag point, is f;5,o = 0.9 MHz and
is mainly limited by the tunable laser bandwidth wavelength control of approximately 1
MHz. As shown on the right side of Figure 4.2 (b), within the locking bandwidth, the optical
level at the tracking filter output of the signal is maintained at a constant value (within 3% at
1 kHz and 10 kHz) with the external signal dithering. When the applied signal reaches 1
MHz, which is near a bandwidth resonance, the optical output of the filter fluctuates. The
tracking system step response is measured and shown in Figure 4.2 (c), where the blue trace
represents the applied step signal (1 kHz square waveform) to the laser frequency tuning,
and the red trace represents the control loop response measured at the input to the PZT
actuator. The tracking filter output demonstrates the stabilization time (90% to 10%) in
response to the step wavelength change at the input. The time to stabilize the lock is
approximately 130 ps, and the settling time is approximately 8 ps. With proper bandwidth
design, this integrated PZT modulator could be used to monitor and track the signal carrier

drifting and filter the desired signals in communication links.
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Figure 4. 2 (a) The PZT-actuated ring modulator is locked to the laser in a PID locking
loop, when an external signal is applied to the laser, the locked modulator will respond
to the signal dithering and track the laser carrier. The scope at the output port
recorded the optical level fluctuation (orange) with the signal dithering in the laser
signal (blue). (b) The total response of the feedback loop shows the bandwidth is close
to 1 MHz. (c) Step input, control loop response, and tracking filter output stabilization

time (from 90% to 10%) ~ 130 ps with ~ 8 ps settling time.

4.3 AOM/EOM-free Laser Stabilization with PZT Modulation

High spectral purity lasers are a key component for many applications, including
precision spectroscopy [17], atomic clocks [16], quantum computing and sensing [13], and
fiber optic links and communications [22]. These systems achieve ultra-high optical stability

and ultra-low phase noise by employing table-top lasers, free-space optics, bulk AOMs,
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EOMs and table-top reference cavities configured with a PDH locking circuit [79]. In order
to reduce the size, cost and power consumption of the stabilized laser system, it is necessary
to the realize the bulky AOM and EOM functionality in a high-performance photonic
integrated circuit technology such as the ultra-low loss silicon nitride waveguide platform
[6]. However, AOMs are difficult to realize in the silicon nitride platform and consume high
power above 1 Watt, and silicon nitride does not support electro-optic modulation function
directly due to its material properties as discussed in the introduction. Therefore, new
approaches are needed for integrated PDH laser stabilization in the ultra-low loss, CMOS
foundry compatible silicon nitride platform. Our group at UCSB has demonstrated a
photonic integrated dual-stage laser stabilization and achieved 292 Hz integral

linewidth [83]. The dual stage process is described in Figure 4.3. First, an integrated SBS
laser made of ultra-high Q silicon nitride resonator is designed and demonstrated to have the
frequency noise reduction at high frequency offsets from the laser carrier due to the
nonlinear Brillouin process. Next, the laser signal is PDH locked to an integrated silicon
nitride reference cavity fabricated on the same waveguide platform to further reduce the

frequency noise at low frequency offsets from the carrier.

(a) (i) Nonlinear Brillouiné (b) (i) Ultra-low loss
i resonator resonator (c)
e - : 3

z<_( )

= Pump laser
= Brillouin laser
~—— Stabilized laser

=5 ()

Figure 4. 3 Dual stage laser stabilization using integrated silicon nitride ultra-high Q

resonators [83] as (a) nonlinear Brillouin laser resonator and (b) reference cavity to
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achieve laser noise reduction at both high- and low-frequency. (c) Frequency noise

illustration showing the frequency noise of the laser can be first reduced at the high
frequency offset from the carrier due to the nonlinear Brillouin process and then
further reduced at the low frequency offset from the carrier by PDH locking to a

reference cavity.

Based on these results, the next step for an integrated stabilized laser is to realize AOM
and EOM functions on the chip. Here, we combined the two applications discussed in the
previous section and demonstrated the stabilization of a semiconductor laser to an integrated
silicon nitride waveguide reference cavity using the integrated PZT modulator, without the
use of an AOM or EOM component. The PZT modulator is employed as a novel carrier-
tracking DSB modulator that simultaneously generates a DSB signal for the PDH loop while
tracking the laser output as the laser is stabilized to the reference cavity.

The scheme, as shown in Figure 4.4, is based on driving the PZT modulator with an
electrical combiner network (bias-T) and applying a sinusoidal drive signal to the high-
frequency bias-T port that drives the PZT modulator to the DSB and modulates the 1550 nm
semiconductor laser (Velocity TLB-6700) output. This DSB-modulated carrier was used to
lock the laser onto the SisN4 ring-resonator reference cavity with a PDH loop. The low-
frequency port of the bias-T is used to auto-track the modulator to the laser by maintaining a
constant average output power, whereas a second PID lock stabilizes the laser close-to-
carrier noise and drifts to the reference cavity. Using this approach, the photonic integrated
PZT modulator provides DSB modulation over a wide laser detuning range, while the

frequency noise of the laser is reduced and the carrier is stabilized to the reference cavity by
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the PDH loop. The frequency noise of the stabilized optical output was measured using a
self-delayed homodyne laser frequency noise method with an unbalanced fiber MZI as the
optical frequency discriminator. The resulting frequency noise power spectral density (PSD)
is plotted in Figure 4.5 (a) as a function of the frequency offset from the laser carrier.
Compared with the free-running laser (blue trace), the AOM-free stabilized laser frequency
noise (orange trace) is reduced by over 40 dB from the 10 Hz to 1 kHz frequency offset
range and is close to the simulated TRN limit (green dashed trace), which is intrinsic to the
optical mode volume for the reference cavity. The 1/x integral linewidth (ILW) is reduced
by 4.5 times from 3.2 kHz to 712 Hz. As shown in Figure 4.5 (b), the Allan deviation
(ADEV), which measures the frequency stability between certain amount of observation

time, is reduced by an order of magnitude from 1.8x10-11 at 5 ps to 2x10712 at 5 ms.
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Figure 4. 4 Experimental diagram for AOM-free photonic integrated stabilization.

VCO, voltage-controlled oscillator. UHQ cavity, ultra-high quality factor cavity. PD,

photodetector.
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Figure 4. 5 (a) Frequency noise measurement for the free-running and stabilized laser
with simulated TRN in the reference cavity. (b) The ADEV plots of the free-running

and the stabilized laser.

The demonstrated AOM/EOM-free photonic integrated laser stabilization scheme
employs only one PZT-integrated silicon nitride ring-resonator modulator in a PDH
configuration without the complexity or power consumption, loss tradeoffs, and integration
complexity of the bulky AOM frequency shifters and EOM phase modulators. This
approach has multiple advantages: (1) The PZT-actuated modulator consumes tens of nW
compared to high-power consumption of the AOM component over several watts; (2) the
DSB/carrier-tracking modulator does not affect the low optical waveguide losses across the

visible to IR; (3) the stress-optic design supports waveguides that can operate from the
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visible to the infrared with only simple mask-level or waveguide thickness design changes;
and (4) the common integration platform can realize more completely stabilized laser
systems on-chip integration. This work demonstrates a path towards photonic integrated
stabilized lasers because the PZT stress-optic modulator is compatible with both integrated
reference cavity [9] and lasers (e.g., external laser cavity lasers [10], SBS lasers [3] or
injection-locked lasers [84,85]), as shown in Figure 4.6. Because the components are
fabricated using the same SisN4 ultra-low loss waveguide process, this work can be
translated to the visible regime [1] and paves the way toward all-waveguide, system-on-chip
photonic integrated frequency-stabilized lasers. Such integrated systems-on-chip stabilized
lasers will lower the cost and weight and improve reliability for a wide range of
applications, such as fiber optic communications, quantum sensing and computing [13],

atomic, molecular, and optical (AMO) physics, and atomic clock applications [16].

Quantum &
Atomic Applications

Position &
Navigation

Coherent
Communication

Figure 4. 6 lllustrative example application of PZT -actuated modulator for control

functions in an external cavity laser (ECL). The PZT actuator can be used to tune and
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control the ECL, and generate sidebands to further stabilize the laser fluctuation by
Pound-Drever Hall (PDH) locking to an ultra-high Q reference cavity. The stabilized

output can be modulated (optional) based on specific applications.
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5. Integrated Symmetrically-coupled Three-Ring Photonic Molecule

with PZT Control

5.1 Introduction of Photonic Molecule

Photonic molecules (PM) are systems of coupled atom-like optical resonators that
produce rich quantized energy states and supermodes with behavior analogous to atoms and
molecules [86]. The field of photonic molecules explores the utilization of photons in
optically coupled resonant microstructures to achieve functionalities and behaviors akin to
electronic atomic and molecular systems. In this context, optical resonators can be likened to
photonic atoms, and groupings of these photonic atoms can be engineered to function as
photonic molecules. For instance, an assembly of interconnected photonic atoms, such as
micro-resonators, can be employed to create a photonic molecule exhibiting behavior
resembling its electronic counterpart, featuring atomic energy levels or resonant states and
molecular super-modes. The concept of the photonic molecule is analogous to the hydrogen
molecule system [87], as shown in Figure 5.1, the energy level or the orbital of two
separated hydrogen atoms are equivalent. When the two atoms get close, the original
degenerate energy level will split into a non-degenerate state due to the inter-atom coupling
or bonding and anti-bonding atom orbitals. Analogously, the microresonator can be treated
as a hydrogen atom in a photonic molecule system. When two resonators are strongly
coupled, their degenerate resonant frequency will split into two resonant frequencies. The
frequency differential between the split resonances is governed by the interplay of the

coupling rates between the two resonators.
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Figure 5. 1 Analogy of hydrogen model to photonic molecule

Photonic molecules can realize complex optical energy modes that simulate states of
matter and have applications to quantum, linear, and nonlinear optical systems. These
characteristics enable precision control of light and light-matter interactions including
complex dispersion engineering [88] and nonlinear energy-level transitions [89], and
applications including many body physics simulations [90] and quantum optical
phenomena [91]. Its applications span various domains, encompassing the development of
novel lasers for communication and sensing, spectral engineering [92,93], optical signal
processing [94,95], nonlinear optics [96], and nano-particle detection [97]. Furthermore,
they find utility in ultra-sensitive spectroscopy detection, label-free single molecule
detection [98], ultra-low power optical switching [99,100], analog and specialized analog
optical computing and processing (e.g., Ising models), programmable RF and digital optical
circuits, slow light, and analogs to electromagnetically induced transparency [101], many-
body physics simulations [90], quantum information processing, and quantum

communication networks. The incorporation of tunability into photonic molecule structures
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enables the harnessing of light forces within resonators for sensing changes in small
biological samples, opening up new avenues such as ultra-sensitive spectroscopy detectors
and analog specialized computation.

Progress in photonic molecule integration has been limited to the coupling between a
single bus to two- and three-coupled microring resonators [102,103], microdisks [104], and
photonic crystals [105]. More recent dual resonator advances include electrooptically
tunable molecules for soliton optical frequency comb generation [106] and an optical
isolator without tuning [107]. These demonstrations have had limited tunability, symmetry,
and bus coupling, where molecules with more than two resonators are limited to chain-
linked two-two coupling (Figure 5.2 (d)) [108] or serially coupling (Figure 5.2 (c)) [109].
Additionally, thermal tuning for DC bias control has limited power scalability and low
linewidth resolution due to low Q and high loss [102]. For more complex coupled resonator
circuits, it is critical to enable DC bias resonance tuning of each resonator independently
using low-power actuators. In addition to DC tuning and biasing, it is also desirable to use
actuators that can be modulated in the MHz to GHz range. In addition, only limited arrays
comprising a few coupled very high-Q resonators have been manufactured and utilized for
PM demonstrations until recently, with a constrained selection of integration platforms [90].
Although lower Q resonator arrays, such as coupled photonic crystal cavities with Qs in the
tens of thousands, have been demonstrated, the fabrication of arrays from resonators with Qs
ranging from the tens to hundreds of millions has remained elusive until recent
developments. The inability to integrate large-scale arrays of coupled high-Q resonators has
hindered the transformation of applications that could leverage these extensive systems of

coupled photonic atoms. For instance, only in recent times have strong couplings been
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achieved between high-Q whispering gallery mode (WGM) microcavities and tapered fibers,
enabling the observation of fundamental temporal behaviors—the optical equivalent of
Rabi-like oscillations, previously observed only in low-Q cavities [108,110]. The
progression from basic demonstrations involving a few high-Q resonators coupled to tapered
fibers to chip-scale integrated high-Q resonators designed and fabricated with waveguides
and extensive tunability marks a transformative shift in the field of photonic molecules. The
next stage of photonic molecule development requires scaling in terms of the number of
resonators per molecule, complexity of energy modes, controllability of the resonance
linewidth and splitting, and low power dissipation actuation and fabrication in a wafer-scale
CMOS foundry-compatible photonic integration platform. Achieving these goals requires a
fully planar fabrication process of low-loss waveguides and high Q coupled resonators that

can be independently tuned with low-power actuation that maintains the low loss and high

Q.
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Figure 5. 2 Previous work on photonic molecule.

Low power PZT stress-optic actuators are able to maintain low optical waveguide losses
and high optical Q with static (DC) tuning capabilities as well as AC modulation, and offer
low crosstalk [111]. Other stress-optic modulation approaches include resonant AC
aluminum nitride (AIN) modulators [52]. The choice of stress-optic actuator should be
compatible with fully planar, ultra-low loss platforms, without requiring complex under-

etching processes [7] and maintain low optical losses across the visible to IR.
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5.2 Device Design and Simulation

The photonic molecule demonstrated in this thesis is shown in Figure 5.3 (a) with the
three coupled ring-bus resonators symmetric to the three axes angled at 120 degrees offset as
indicated by the dotted lines. The waveguide and actuator structure are fully planar
monolithic as shown before in Chapter 2, without requiring undercut or released tuning
structures and waveguides. The individual resonator design hass a 580 um radius with a 1.5
um ring-bus coupling gap, and the waveguide geometry is 175 nm thickness and 2.2 pm
width. The PZT actuator is designed with a 2 um horizontal offset gap from the waveguide
center to avoid overlap with the optical mode and maintain low optical loss and high Q
while realizing a large strain-optic effect and index and resonance shift [111]. The optical

microscope image of the fabricated device is shown in Figure 5.3 (b).

Figure 5. 3 lllustration of PZT controlled photonic molecule and optical micrograph of

a fabricate device with monolithically integrated PZT actuators.

As discussed in the introduction section, in analogy to the hydrogen molecule where

each hydrogen atom has two split states due to the bonding and antibonding orbitals, each
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photonic atom in the photonic molecule has two degenerate modes at each resonant
frequency due to the mutual coupling to the other two atoms, the clockwise (CW) and the
counterclockwise (CCW) propagating, as shown in Figure 5.4 (a) and (b). Each photonic
atom (resonator) can be considered to have two split states with a bonding orbital and an
antibonding orbital as in the hydrogen molecule model, where these states coherently add to
generate supermodes. Therefore, six supermodes are supported due to the strong coupling
between all three resonators. The coupling between these modes is determined by the gap
between the resonators. If we observe such coupled cavities in standing waves, the modes in
each cavity can be treated as either even (E) or odd (O) parity with respect to its axes [112]
as indicated in Figure 5.4 (c), in comparison to the hydrogen model where the bonding
orbitals (cosine function, even) or antibonding orbitals (sine function, odd) in Figure 5.4 (b)
can be treated the same. Therefore, one should observe four energy states from such a
photonic molecule system, where Odd-Odd-Odd (OOO) indicates the highest energy level
and Even-Even-Even (EEE) represents the lowest energy level. The other four supermodes
come into two degenerate pairs, one is symmetric to the vertical axes and the other one is

asymmetric.
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Figure 5. 4 (a) Coupled photonic molecule model and (b) the comparison with

hydrogen model. (c) The energy state splitting of three coupled atoms.



The coupled mode theory (CMT) model [113] is formulated in a matrix approach, where
the diagonal elements specify the resonance frequency and loss rate for each mode and the
non-diagonal elements specify the coupling rates between the modes. In this simulation, the
backscattering within each resonator due to the perturbation from particles or defects is
ignored, since the resonator has a higher linewidth than the backscattering induced mode
splitting [62].

The general transfer matrix therefore can be developed as [113]:

ay *% + twa 0 0 k12 0 1K13 ay 1
as 0 *% + !.’4}.‘, ih}[z 0 ih',lgg 0 as 0
f_i az| 0 iK12 —7} +iwpg 0 0 thog as " 0 i /s
dt |as| iK12 0 0 7% +iwpg ik23 0 aq 0 fesm
(s 0 K13 0 1K23 —% + iwe 0 as 0
ag th13 0 K23 0 0 —,:2[ + iwe ag 0 (51)

where aij represents the modal amplitudes of the supermodes, wi is the resonant frequency of
individual photonic atom, «ij is the coupling rate between the it and ji modes, v is the total
loss rate, yc represents the bus-ring coupling rate and sin is the optical input in the bus
waveguide.

Thus, the transmission for each port pf the photonic molecule can be plotted based on

the matrix. For example, from the input port to the throughput of the PM can be written as:

2
T=2e - peiraf (5.2)
The drop port n or the reflection port can be written as:
R, =i 5.3)

Therefore, the spectrums of each port can be simulated based on the equations and
matrix above with different settings of intrinsic and coupling losses (7, ij and yc). An

example is shown in Figure 5.5 for symmetric alignment case.
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Figure 5. 5 Simulation of the symmetric alignment case of transmission and

reflection spectrum.

To verify the accuracy of the numerical modeling, simulation of such a structure is also
performed in Lumerical INTERCONNECT. Due to the relative large size of the photonic
structure, it is time- and resource-consuming to perform an accurate FDTD (Finite-
Difference Time-Domain) simulation. Alternatively, INTERCONNECT provides an
efficient way to simulate such a complex photonic structure in component level. As shown
in Figure 5.6, the PM is simulated in Lumerical INTERCONNECT using the waveguide and
the coupler components to realize the three symmetrically coupled resonator system by
incorporating device waveguide length, measured waveguide losses, simulated effective

mode index and coupling coefficients.
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Figure 5. 7 Lumerical INTERCONNECT simulation of (a) symmetric aligned case
and (b) non-degenerate splitting case. Blue curve represents the through port output

and the red and green curve represent the drop ports at the two other rings.

Three mode-splitting cases are studied and the comparison between the CPM modeling
and the device simulation for different cases ((a) perfectly symmetric case, (b) non-
degenerate case, and (c) actual measurement case) are shown in Figure 5.8, and the accuracy
between the modeling prediction, simulation verification, and measurements can be
confirmed. When all resonator waveguides and coupling parameters are identical, the energy
modes are degenerate with 4 supermodes as shown in the transmission spectrum in Figure
5.8 (a). The rightmost supermode has the highest energy level and the leftmost supermode
has the lowest energy level. The four remaining supermodes are present in two degenerate

pairs [112]. When symmetry is broken, for example, if the coupling strengths k between the
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resonators are non-uniform, the middle degenerate pairs split and mode degeneracy is lifted,
as shown in Figure 5.8 (b). Fabrication variations among resonators and coupling lead to
asymmetric molecule energy, as shown in the experimental and modeled energy spectra in

Figure 5.8 (c).
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Figure 5. 8 Comparison between the coupled photonic molecule (CPM) modeling (left

side) and Lumerical simulation for different cases (right side).
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5.3 Device Characterization and PZT Control Demonstration

We measure the resonance FWHM of the single-ring resonator that composes the three
rings to be 43.23 MHz at 1550 nm, as shown in Figure 5.9 (a), using a radio frequency
calibrated unbalanced MZI [62]. These measurements correspond to an intrinsic Q factor of
8.11 million and loaded Q factor of 4.48 million, corresponding to a propagation loss of 3.3
dB/m. For comparison, the resonator of the same geometry but without the PZT actuator has
a resonance FWHM of 36.60 MHz, as shown in Figure 5.9 (b), corresponding to an 8.37
million intrinsic Q factor and propagation loss of 3.19 dB/m. The loss is increased by only
3%, demonstrating that the monolithically integrated PZT actuators maintain the properties
of the ultra-low waveguide loss and high-Q. The device has a 48 GHz FSR and a 2.5 GHz
tuning range with tuning responsivity of 160 MHz/V. The photonic molecule insertion loss
is estimated to be 1 dB from the through port, with a coupling loss measured with a straight

waveguide to be 5 dB from double sides.
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Figure 5. 9 The quality factor (Q) measurement of a single ring resonator with R =580
pm with and without PZT actuator.
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The actual transmission spectrum of the PM is measured as shown in Figure 5.10, and
the six supermodes have well-defined resonances with narrow linewidths of 47 MHz, 49
MHz, 58 MHz, 54 MHz, 46 MHz and 50 MHz, and corresponding loaded Q factor of 4.12
million, 3.95 million, 3.34 million, 3.58 million, 4.21 million and 3.87 million respectively.
The measured spectrum (blue) is in good agreement with the CMT matrix model fitting
(orange), which incorporates the measured cavity loss y and inter-ring coupling coefficient
K. This model allows us to accurately design and predict the mode energy splitting, which
becomes increasingly important as the energy state complexity of photonic molecules
increases and enables calibration owing to fabrication and environmental perturbations. The

drop ports of the photonic molecules were measured as shown in Figure 5.11.
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Figure 5. 10 Measured and modeled PM transmission spectra for a single bus.

69



—
(=3
S—
—_—
(o]
—

[N

~——Drop Port1
15 ~———Drop Port2

-20

I

&
N
o

Power Detected (dBm)
& in
Power Detected (dBm)

Lo
S

1580.28 1580.3 1580.32 1580.28 1580.3 1580.32
Wavelength (nm) Wavelength (nm)
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Next, we demonstrate PM supermode tuning by controlling the PZT DC bias for each
ring resonator. The independent DC bias for each ring resonator enables full control over
supermode splitting and frequency location. An example is shown in Figure 5.12 (a) - (c).
The colored lines indicate the measured transmission spectra as the DC bias voltages applied
to the PZT actuators were adjusted from 0 V to 15 V on each ring. The modeled behavior,
indicated by the dashed lines, is in strong agreement with the measurements, yielding an
important tool for designing, predicting, and accurately controlling the supermodes. By
tuning two resonators simultaneously, the symmetric degenerate case can be reached, as
shown in Figure 5.12 (d), demonstrating that the photonic molecule can be calibrated and
balanced, and the energy splitting can be tuned and controlled. The PZT material has a high
resistivity, resulting in a very low leakage current and power dissipation, measured to be
approximately 6 nA at a 15 V bias, corresponding to 90 nW electrical power consumption
per actuator. The capacitance of the PZT actuator was measured as approximately 600 pF,

corresponding to a stored energy of 67 nJat 15 V.
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can be reached by tuning multiple rings; N.T., normalized transmission.

5.4 Discussion of the work

A comparison of the performance of this work that with of three other coupled -resonator
photonic molecules is summarized in Table 5.1. This work demonstrated a monolithically

integrated, programmable, and strongly coupled three-ring resonator photonic molecule. The
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molecule consists of silicon nitride three-ring resonators with an intrinsic Q of 8.11x109, the
highest reported to date for a PZT-controlled integrated ring resonator. The ability to
maintain high Q via PZT actuation without degradation as the resonance shifts results in
narrow PM resonance linewidths that are independent of the tuning and state splitting, and a
resonance splitting to linewidth ratio of 58, representing the lowest linewidth for a PZT
tunable resonator and over an order of magnitude improvement in the resonance split-to-
linewidth ratio for a prior integrated three-resonato PM [102]. The PZT actuator offers 90
nW ultra-low power dissipation with a linear tuning coefficient of 160 MHz/V. The devices
are fabricated using a CMOS foundry compatible process without requiring complex
processes, such as undercut or released and suspended structures.

PZT actuation provides a programmable PM platform that increases the design and
spectral flexibility and the potential to scale to larger arrays owing to its lower power and
compact size. The multiple discrete levels of the photonic molecule can be utilized as a
signal splitter or wavelength shifter with proper PZT spatiotemporal modulation [111] and
can enable new integrated circuits for tunable dispersion compensators [106], optical
frequency comb generation [114], and optical parametric oscillation by tuning the phase
matched modes [115]. These results provide a path towards integration of photonic
molecules for applications like multichannel high-order filters [103], topological
photonics [88], ultra-low phase noise lasers through higher-order mode inhibition of
stimulated Brillouin lasers (SBL) through mode splitting [116], and many body physics
simulations [90]. Low-power consumption is critical to enable large-scale integration of
coupled photonic atoms and complex photonic molecules on a chip and is suited for

heterogeneous integration with semiconductor lasers.
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Reference This work [102] [108] [109]
Integration Yes Yes No No
Polymeric
Material Si3N4 /SiO02 SOl Silica toroid
Silicone
Temperature control|  Mechanical
Tunability PZT Microheatern
(TEC) Stretching
Loaded Q 448 M 6.7 K 29,37 & 110 M 79K
Linewidth 43 MHz 29 GHz * 6.8-1.8 MHz NA
Supermodes 6 6 3 NA
Detuning Range 2.5 GHz 80 GHz 0.75 GHz * NA
Resonance Splitting /
58 2.8 110 NA
Linewidth
90 nW per
Power Consumption 35 mwW NA NA
actuator

Table 5. 1 Summary of this work with comparable integrated ring-resonator

modulator. SOI: silicon on insulator; TEC: thermoelectric cooler. * Extracted based on

the information provided in the literature.
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6. Discussion and Future Work

6.1 Non-magnetic integrated optical isolator and circulator

One of the potential future works that this thesis could lead to is a non-magnetic
integrated optical isolator and circulator. Non-reciprocal devices, such as optical isolators
and circulators, play a crucial role in telecommunication and quantum applications by
facilitating signal routing and preventing unwanted back-reflection signals to protect and
stabilize lasers. The main approaches to optical isolation require breaking optical reciprocity
and include the intrinsic magnetic response in a material used with the waveguide [117],
utilizing optical nonlinearities for spatial mode, polarization, or frequency conversion [118],
employing temporal modulation of the refractive index of the material [119], and exploring
optical chirality [120]. Traditionally, non-reciprocity in optical systems has been achieved
through the use of magneto-optic materials and Faraday effect-induced polarization
rotation [121,122]. However, this method often requires an external magnetic field,
permanent magnets, or a current loop. Such requirements are not compatible with the CMOS
fabrication processes. Introducing a magnetic field on-chip may adversely affect nearby
electronics and circuits, thereby presenting challenges for backend processing.

Other non-magnetic techniques have also been demonstrated. These effects utilize
nonlinear mode, frequency conversion, or RF frequency index modulation. Optical
nonlinearities, such as second-order Kerr nonlinearity, are input signal power-dependent and
some designs do not work with both input and reflected signals simultaneously, attributes
that do not lend to a true optical isolator. Direct modulation of the refractive index using
traveling or standing wave index modulation is an attractive approach, with past designs

having a large footprint, high power, and complex electrode connections.
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Based on the results of three-resonator photonic molecule discussed in Chapter 5, we
propose a non-magnetic integrated optical isolator and circulator by spatio-temporal
modulation of three photonic integrated silicon nitride waveguide bus-coupled optical ring
resonators, as shown in Figure 6.1 (a), and modulated by low-power stress-optic PZT
actuators that are driven by three RF signals of the same amplitude but are 120-degree
phase-shifted between rings, as shown in Figure 6.1 (b). This design is inspired by an
electrical circuit demonstrated for RF isolation with 40 dB isolation [123], which utilized the
parametric modulation of three coupled discrete electronic RLC resonator tank circuits.
Modulation of the index of refraction in a ring resonator as a function of position in the ring
and time imparts an equivalent angular velocity. However, modulation of the index in a
single ring has serious drawbacks, including constraints imposed by the boundary conditions
of the optical and electrical fields, lack of tunability, limits on isolation and engineering of
isolation passband shapes, and lack of three-port operation as a circulator. The proposed
approach shown in Figure 6.2, splits the resonator into three strongly coupled resonators,
each with its own bus coupling. This geometry provides several advantages: (1) bulk
modulation of each ring can be performed at arbitrary frequencies determined by the desired
isolation separation, which can be as low as the MHz regime to 10s to 100s of MHz, design
choice; (2) each resonator has a coupled bus providing 3-port circulator function; (3) DC
tuning of the ring coupling provides full tunability using the photonic molecule tuning
model; (4) driving the resonators can be achieved with low power (10s nW) PZT actuators;
and (5) the combination of ultra-low loss silicon nitride with PZT modulation enables very
high Q with narrow resonator linewidths, making tuning and isolation possible with lower

bandwidth (e.g. 10s of MHZz) signals.
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When the driving frequency matches the ring-to-ring coupling rate with proper RF
driving power, an effective angular momentum will be imparted on the three resonators in a
circularly rotating fashion, thus breaking the reciprocity by introducing an asymmetric phase
shift for counter-propagating modes of the photonic molecule [123]. This asymmetric
splitting frequency up-shifts the passband resonances for light propagating through the
photonic molecule in one direction and frequency-down shifts the passband resonance for
light propagating through the photonic molecule in the opposite direction while
simultaneously routing it to another of the bus ports, making the circulator function. For a
symmetrically aligned three-resonator photonic molecule, one should observe the degenerate
mode split in one light propagation direction but remain the same in the other direction when
the reciprocity breaking condition is reached, indicating signal isolation. The driving
frequency also needs to be larger than the linewidth of the supermode so that the splitting
will fall out of the resonance band and achieve a large isolation. An example of the

measurement setup for the 780 nm photonic molecule isolator is shown in Figure 6.2.

(a) (b)

Port 1

Port 6

Port 5 Port 4

Figure 6. 1 (a) Three-port integrated optical isolator/circulator; (b) Imparting
equivalent angular moment via parametric modulation of three coupled resonators

with three RF signals of same amplitude and 120 degrees phase shift from each other
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to induce magnetic-free optical non-reciprocity; (c) Measurements showing RF

probing of three resonators photonic molecule with PZT actuators.

Phase Synced AWG

24 MHz Keithley DC
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'y Forward } Bias Tees
RF RF RF
780 1 Port 1 ‘ Amp H Amp ‘ Amp
sHe [ SOA %’ Isolator ———— Pol Controller |
) cCcWw Port 2

4\

Port 4
Port 5
Backward

Figure 6. 2 Measurement setup for 780 nm isolator test. The three RF signals are

generated from the arbitrary waveform generator (AWG) and are phase synchronized,

and then are amplified and applied to each resonator via the PZT actuator modulation.

This approach has advantages over single-ring approaches [124] including wavelength
tunability, decoupling of the relationship between optical resonance and electrical
modulation, and benefits of a three-port optical circulator. Ultra-low power dissipation PZT
actuators are planar-processed on the wafer scale and are compatible with the silicon nitride
platform, leading to a promising approach for photonic integrated non-magnetic optical

isolators and circulators.

77



6.2 PZT-actuated fast-switchable high-order ring filter

Another application that can be enabled by the PZT modulator demonstrated in this
thesis is the PZT-actuated fast-switchable high-order filters. Fast-switchable and widely
tunable optical filters are important for many applications in optical communications,
tunable laser sources, and nonlinear optics. It is desirable to have filters with a high
extinction ratio, flat passbands, and low loss that can be quickly switched on and off faster
than 1 us for optical gating, which can be realized by coupling multiple rings based on a
silicon nitride ultra-low loss waveguide platform and controlled by fast PZT modulation and
tuning.

As shown in Figure 6.3, 3'9 and 4" order of cascaded ring filters have been designed at
780 nm and 1550 nm, respectively, for AMO and telecommunication applications.
According to the simulation shown in Figure 6.4, these add-drop filters can have a flat
passhand of approximately 6 GHz, with a large extinction ratio of 100 dB for the 3" order
filter and 120 dB for the 4™ order filter. The PZT actuator demonstrated in the previous
chapters with a 20-30 MHz modulation speed can be used to switch the filter into and out of
the signal carrier frequency, achieving less than 0.1 us switch time, which cannot be realized

by conventional low-speed thermal tuner.
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3rd order filter for 780 nm 4th order filter for 1550 nm
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Figure 6. 3 Third and fourth order ring filter design for 780 nm and 1550 nm.
Thermal heater using the bottom Pt electrode layer is patterned inside the ring to assist

for cascaded ring resonance alignment.
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Figure 6. 4 Simulation of the high-order ring filter at 1550 nm. For third order
filter design, a flat passband about 6 GHz with 100 dB extinction ratio can be reached;
for fourth order filter design, a flat passband about 6 GHz with 120 dB extinction ratio

can be reached.
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6.3 Photonic integrated stabilized laser

As discussed in Chapter 4, an immediate near-term work is to develop a fully on-chip
and photonic integrated stabilized laser using a PZT modulator and actuator for the on-chip
control and tuning functions. There are two types of design. The first is a PZT-tunable
external cavity laser. As shown in Figure 6. 5, the external cavity is based on an ultra-low
loss silicon nitride waveguide platform, and the PZT actuator can be integrated into the
vernier rings and waveguide phase shifter to control the external cavity and detune the laser.
The second design is similar to that discussed in Chapter 4, where the PZT modulator can be
implemented in the AOM/EOM-free scheme and acts as a bridge to connect the dual-stage
laser stabilization with the nonlinear Brillouin laser and reference cavity locking. As shown
in Figure 6.6, the PZT actuator can be integrated on top of the SBS resonator and the filter
ring to directly control and detune the SBS laser. Then, on the same waveguide platform, the
PZT modulator can be used as a DSB modulator and the laser signal can be further PDH-

locked to a reference cavity on the same silicon nitride chip.
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[ -Thermal tuner
[ - SiN waveguide

I - RSOA waveguide
I - PZT Tuner

Figure 6. 5 External cavity laser with PZT actuator integrated on vernier rings and

waveguide to detune the laser.

PZT Coil ref cavity
modulator

e

Figure 6. 6 Photonic integrated stabilized laser source with SBS resonator and

filter

reference cavity. The PZT actuator is integrated on top of the SBS resonator and filter
to directly control the SBS laser. The PZT ring modulator is used as DSB modulator to

generate sidebands on the laser carrier for PDH locking to the coil reference cavity.
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