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Abstract

Over the last few decades nonlinear integrated optical devices have emerged as an enabling
technology for a number of important applications in communications, computing, sensing,
medical, and defense and security systems. It all has been possible through the advancement
of micro and nano-fabrication techniques and the development of nonlinear optical
materials that can leverage the mature complementary metal-oxide semiconductor (CMOS)
infrastructure. Among the materials explored for integrated nonlinear photonics silicon
nitride (Si3N4) is one of the most suitable and widely used. Despite its maturity and
prominence, there are a few challenges that persist. One of them is the difficulty in the
fabrication of thick low-loss Si3N4 waveguides suitable for nonlinear applications using
conventional wafer-scale methods. In particular, a waveguide thickness of at least 700 nm
is needed to attain anomalous dispersion which is critical for efficient nonlinear processes.
However, fabricating such waveguides through the preferred method of low-pressure
chemical vapor deposition is challenging due to cracks developing during deposition
caused by the differences in tensile stress between the Si3N4 layer and substrate. Tellurium
oxide (TeO) is among the oxide glasses with the most attractive optical properties. TeO>
has a relatively large linear refractive index, wide transparency, high nonlinearity, high
Raman gain, high acousto-optic figure of merit, negligible nonlinear losses, and high rare
earth dopants solubility making it a good candidate for linear, nonlinear, and active optical
devices. This work presents a study of nonlinear optical phenomena in a hybrid TeO»-
coated SizNy platform. The platform is based on a thin commercial foundry Si3Ns which
avoids the need for customized fabrication processes and highly nonlinear TeO: that is
deposited at a low temperature by reactive radio frequency magnetron sputtering which is
compatible with back-end-of the line CMOS processing. Importantly, the required
anomalous dispersion is attained by adding the TeO> coating which also helps to enhance

waveguide nonlinearity owing to its higher nonlinearity than Si3N4. In addition, the TeO»
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can host rare-earth dopants for waveguide amplifiers and lasers, offering the potential for
monolithic linear, nonlinear, and active functionalities in the same platform. Chapter 1
presents an overall discussion on material platforms that have been studied for integrated
nonlinear photonics in comparison to Si3N4 and TeOz. Chapter 2 covers the theoretical
background of nonlinear optics, discusses the main nonlinear processes, nonlinear
integrated devices under study, and their applications, and introduces the hybrid TeO»-
Si3N4 platform. Chapter 3 presents an analytical and numerical study on waveguide
nonlinearity enhancement and dispersion engineering. The results presented show
enhancement of the nonlinear parameter for TeO»-Si3N4 waveguides of up to three times
that of stoichiometric SizN4 and calculated anomalous dispersion at near-infrared
wavelengths for 400-nm Si3N4 coated with varying TeO> thicknesses. Chapter 4 provides
an experimental proof-of-concept for the hybrid TeO2 on a 400-nm-thick SizN4 platform as
a candidate for monolithic linear, nonlinear and active photonic circuits. Dispersion
measurements results are presented showing anomalous dispersion for a 400 nm thick, 1.6
um wide Si3N4 strip waveguide coated with a 424 nm TeO> film, with values of ~25 and
~78 ps/nm-km at 1552 nm for the fundamental transverse electric and transverse magnetic
modes, respectively. Microring resonator frequency combs with up to 8 comb lines
covering a 1000-nm wavelength span for a pump power of 251 mW coupled into the bus
waveguide are presented. Multimode lasing and a net gain of 2.8 dB in an Er-doped TeO»-
coated Si3N4 microdisk resonator and a 6.7 cm long paperclip waveguide, respectively, are
also reported. Chapter 5 presents experimental results on supercontinuum generation
where an octave-spanning supercontinuum covering wavelengths from 940 to 1930 nm is
demonstrated at a low peak pump power of just 258 W for 100 fs pulses centered at 1565
nm. Chapter 6 covers a comprehensive analytical and numerical study of Raman
amplification in the hybrid platform. The results are promising and show high potential for
on-chip Raman amplification at reasonable powers, device footprint, and lower losses that

can be reached by improving fabrication methods and waveguide designs. For example, for
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a projected loss of 0.01 dB/cm which is lower than our current figure but higher than the
state-of-the-art Si3N4 loss a net gain of up to 10 dB is shown for 1 W pump power in a 1.3
m long TeO»-coated Si3N4 spiral waveguide. Chapter 7 summarizes and discusses the

results presented and provides propositions for future work.
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Chapter 1

Introduction

1.1 Silicon Photonics Overview

The tremendous increase in internet traffic in recent years has overwhelmed the current
electronic-based interconnects and telecommunication infrastructure calling for new
innovative technologies to complement it[1,2]. There has been an exponential increase in
data traffic driven by the ever-increasing consumer demand for media streaming, social
media content, and other cloud services. This has created major challenges in both short
and long-haul communications systems. The first concern is the amount of power
consumed by the traditional metal interconnects for short-haul communication in data
centers. It is estimated that power consumption in data centers in terms of percentage share
of global electricity consumption will increase from 1.15% to 2.06% between 2016 to 2030
given that all currently known growth factors remain the same [3,4]. Another problem is
the constantly increasing bandwidth requirement that will eventually not be met by the
current infrastructure, including the performance of electronic systems which are nearing

their theoretical limits.

In recent years, silicon photonics has emerged and grown to become a leading candidate
technology capable of being directly integrated with electronic circuits and systems to
address the challenges of today and future communication technology. The term silicon

photonics in this context refers to the technology to fabricate photonic integrated circuits
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(PICs) with silicon as a base material using the same mature fabrication processes
developed in the microelectronics industry, i.e. complementary metal-oxide semiconductor
(CMOS) process technology [5]. The main motivation is to leverage the existing
multimillion-dollar infrastructure of a well-developed microelectronics industry to make
mass manufacture of photonic circuits possible. Also, to enable direct incorporation of
photonic devices into electronic circuits. Integrating PICs with existing electronic systems
not only reduce power consumption but also increase bandwidth that is readily accessible

in photonics through the wavelength division multiplexing (WDM).

The increased interest in silicon photonics has also been heavily motivated by other
application areas besides telecommunication and computing. These areas include
applications in biomedical sensing and diagnostic technologies such as the optical coherent
tomography (OCT). Also, there are applications for environmental sensing ad monitoring
as well as the emerging Lidar technology. Lidar is particular of significant interest as the
enabling technology for the futuristic autonomous vehicles [6]. Furthermore, silicon
photonic has span and will continue to play an important role in areas of optical metrology,

defense and security.

To date, silicon photonics has reached the maturity stage where a significant number of
devices have been experimentally demonstrated and optimized from components and
circuits to the system level and are penetrating the commercial market. At a component
level, there are compact low-loss waveguides for guiding and routing light and critical
circuit building blocks such as modulators, filters, photodetectors, and waveguide
amplifiers [1,7]. At the circuit and systems levels there are the so-called photonics
integrated circuits where monolithic and hybrid integration of multiple building blocks for

multiple functionalities and a higher-level performance have been demonstrated [8—10].
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1.2 Integrated Nonlinear Photonics

Most of the well-developed traditional photonic devices are based on linear optical
phenomena which follow the linear response of a medium to an incoming light wave
characterized by linear electromagnetic polarization. On the other hand, the advancement
of microfabrication processes aided by the large core-cladding index contrast of silicon-
based photonic materials has allowed the fabrication of optical waveguides with a very
small cross-section and device footprint. Such small areas have allowed for high power
density to be attained leading to the onset of nonlinear optical phenomena. Nonlinear
photonics results from the nonlinear response of a medium to an intense input light beam.
Such behavior is characterized in part by the so-called nonlinear refractive index (n2), an
intensity-dependent term added to the regular refractive index of a medium. The study of
nonlinear phenomena in silicon photonics has led to the discovery of different devices that
have become essential in a number of applications areas beyond traditionally heavily
studied areas such as telecom and computing. These areas include but are not limited to
medical sensing [11], Lidar [12], spectroscopy [13], metrology, and quantum information

processing [14].

Research in integrated nonlinear photonics typically involves three parts which are material
studies, waveguide design and optimization, and development of specific nonlinear
devices. Material studies in this context constitute the search for the right nonlinear
medium, studying and measuring its basic linear and nonlinear properties and developing
optimal fabrication methods. Properties of interest in a potential material platform include
its transparency, nonlinearity, dispersion, and physical and thermal properties. The material
side of nonlinear photonic research is addressed in the next section and in further detail in
Chapter 2. The second aspect is waveguide design and optimization which aims at
developing an optimal waveguide structure to get the best of the material’s linear and

nonlinear optical properties. Such properties include propagation loss, refractive index
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contrast, nonlinear, and dispersion parameters. While low loss, wide transparency, and high
refractive index contrast are generally desired properties in integrated photonics,
nonlinearity and dispersion are of particular interest in nonlinear integrated photonics. It is
desirable to optimize waveguide nonlinearity which helps in lowering the threshold power
needed for the onset of various nonlinear optical phenomena. On the other hand, despite
being a linear optical property, dispersion plays a key role in many nonlinear photonic
processes. In waveguides, dispersion is represented by the group velocity dispersion (GVD)
parameter, which can take a negative or a positive sign, referred to as normal and
anomalous dispersion, respectively. The waveguide nonlinear and dispersion parameters
are defined in Chapter 2 and their optimization study is presented in Chapter 3. The last
aspect of integrated nonlinear photonic research involves the design of devices tailored for
specific applications. In particular, this include the engineering of waveguides into a
structure that enhances one/combination of specific nonlinear phenomena that lead to
desired useful outcomes. For, example a waveguide can be looped back to itself to form a
ring resonator that trap light and enhance its intensity leading to manifestation of certain
nonlinear processes. Different optical phenomena arising from the intensity-dependent
refractive index with their subsequent applications are be introduced in Chapter 2 of this
thesis. The phenomena of interests which include the formation of optical frequency combs
(OFCs), supercontinuum generation (SCG), and Raman amplification are addressed in

Chapters 4, 5 and 6 respectively.
1.3 Materials for Integrated Nonlinear Photonics

In silicon photonics, the primary material of interest is silicon through the silicon-on-
insulator (SOI) platform. The high index contrast between the silicon core and SiO»
cladding in SOI allows for tight confinement of light which increases the extent of

nonlinear interactions in waveguides through enhanced light intensity. However, the
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prevalent nonlinear losses around telecommunication wavelengths (1.3 and 1.5 pm) due to
multiphoton absorption and free carrier generation render it a highly inefficient nonlinear
medium [15,16]. Several approaches have been attempted to overcome this problem such
as removing the generated free carriers using pin junctions and/or operating with pump
wavelengths just above the multiphoton absorption edge [17]. While the former is highly
inefficient due to the amount of voltage needed to achieve any significant performance, the
latter is of less interest for conventional application wavelengths within the
telecommunication band. The most feasible alternative that has been largely pursued by the
photonics research community is to use other CMOS compatible materials that can be
fabricated directly on silicon in the foundry process or with a back end of a line process.
Such materials include doped silica, silicon nitride, silicon-rich nitrides (SRN), silicon-
germanium (SiGe), and tantalum pentoxide (Ta>Os). Table 1.1 presents a quantitative
summary of parameters for the most prominent CMOS-compatible nonlinear platforms,
followed by a brief discussion about each material in the next paragraphs. The parameters
in the table are the linear refractive index (n), the nonlinear refractive index (n:), the
nonlinear parameter (y) that describes the strength of n> with respect to the propagating
light frequency and waveguide effective area, the two photon absorption coefficient (S1pa)
describing the extent of nonlinear losses in terms of two-photon absorption, and the
propagation loss (). The parameters n2, y, and ftpa are defined and discussed in further

detail in Chapter 2.
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Table 1.1. Nonlinear parameters of various silicon photonics platforms (all wavelength—dependent

parameters are reported values at 1550 nm)

Platform Transparency | n xn2 of Y prea a Reference(s)
(um) silica W'/m | emGW! | dB/em
Silica 0.18-3.5 1.44 1 nil nil <0.01 [18]
a-Si 1.1-8 34— 1730 1200 0.25 4.5 [19,20]
3.7
c-Si 1.1-8 3.48 807 300 0.45 1 [19,20]]
Si3Na4 025-4 2.0 10 0.65 nil 0.0008 | [21]
Hydex 0.18-3.5 1.5- 5 0.25 nil 0.06 [22]
1.9
SRN Varies® 22— 54— 6.1 - nil 1- 4.5 | [20]
3.1 1077" 5502
SiGe 1.8-14 Varies® | 430° 25 33 1.4 [23,24]
Chalcogenide* | >20 2-3 >1000 high 6.2 ~0.1 [25,26]
TayOs 032-8 >2 30 - nil 0.03 [27,28]
TeOs 04-5 2.08 50 1-25 | nil 0.2 [29,30]

Silica: Silica glass has the lowest nonlinearity among silicon photonics materials listed in
Table 1.1. However, building on its mature fabrication methods and widespread application
in optical fibers, its ultra-low losses allow for the fabrication of very long waveguides [31]
and high Q micro-resonators [32] providing enough length and optical field intensity for
efficient nonlinear processes at low pump powers [33]. In addition, taking advantage of its
transparency within telecommunication bands different nonlinear devices have been
demonstrated [34—36]. A relatively large footprint imposed by the large bend radius
requirement of such a low index waveguide material is one of the major limitations of

integrating silica devices into photonic circuits.

'SNR - Silicon rich nitride whose values vary depending on the composition, see ref [20]

2 SiGe - Silicon germanium whose values vary depending on the composition, see ref [23]

*Only representative parameters are included but there is significant variation in these parameters depending
on composition
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Silicon: Through the SOI platform, silicon photonic devices can be directly fabricated in a
CMOS foundry and offer superior mode confinement by the higher index contrast between
the Si core and the SiO: cladding. Silicon has the highest nonlinear refractive index among
CMOS photonic materials listed in Table 1.1. Tight mode confinement allows for very
small footprint devices and ultra-high intensity leading to various nonlinear processes in
waveguides. However, for pump wavelengths below ~2 pum, it is quite difficult to achieve
an efficient nonlinear process due to the narrow bandgap of silicon which results in higher
nonlinear losses. The losses mainly arise from multiphoton absorption and free carrier
generation. Nevertheless, by shortening the free carrier lifetime through pin junctions or
operating at a wavelength above 2 pum, various nonlinear processes can efficiently be
achieved. The former has attracted interest for applications within telecommunication
wavelengths (1.3 to 1.7 um) and numerous nonlinear devices have been demonstrated such
as on-chip Raman amplifiers/lasers [37] and frequency combs [38]. The latter is for
application beyond telecom wavelengths in the mid-infrared region where SOI devices
have performed quite well in the absence of nonlinear losses [39,40]. Also, recently there
has been a rise of low-loss multi-mode silicon waveguide approaches where free carrier
density is highly minimized by the large mode volume reducing nonlinear losses [41]. This
could ultimately lower threshold power to below the limit of nonlinear absorption at

telecom wavelengths.

Silicon nitride: Over the last two decades, stoichiometric Si3N4 has been well established
to be the favorable platform for development of various on-chip nonlinear devices from the
visible to mid-infrared (MIR) wavelength region. The Si3N4 platform offers the advantage
of full compatibility with CMOS processing through which highly compact and low loss
waveguides can be fabricated. In addition, Si3N4 has a reasonably high bandgap, thus is
free from multi-photon absorption and free carrier generation allowing highly efficient

nonlinear processes within telecom wavelengths window. Different nonlinear devices have
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been demonstrated on an integrated SizN4 platform mainly for supercontinuum generation
and ultra-broadband frequency comb generation [7,42]. As an ideal nonlinear medium,
Si3N4 has only minor shortcomings among other CMOS materials. Relatively weak
nonlinearity is one of the issues. It has been readily addressed by significantly reducing
waveguide propagation losses to the ultra-low loss regime [43,44], where threshold powers
for nonlinear processes are significantly reduced counterbalancing it’s weaker nonlinearity.
Another issue arises from the difficulties of fabricating thick low-loss waveguides needed
for nonlinear processes from conventional CMOS procedures. This is due to cracks caused
by stress in the film introduced during low-pressure chemical vapor deposition (LPCVD).
This issue has been widely studied and addressed by using alternate deposition techniques
such as the damascene reflow process [45] or applying stress release patterns technique
[46]. Although these processes have proven to be effective in meeting the end goal, they
nonetheless introduce undesired complexities into the fabrication process. Furthermore, the
resulting Si3Ns waveguides have large core cross-sections, thus are highly multi-mode,
which may be detrimental for implementing various linear or active optical functionalities
on the same platform. Nevertheless, highly optimized fabrication process leading to ultra-
low loss waveguides and recently demonstration of integrated linear and nonlinear
functionalities on one chip [47] cement Si3N4‘s position as currently the most suitable

platform for nonlinear silicon photonics.

Silicon-rich nitride: While the SOI platform suffers from higher nonlinear losses, Si3N4
suffers from lower nonlinearity, and to take advantages of both platforms by
complementing each other’s strengths came SRN. The so-called silicon-rich nitride, can be
tailored to have widely varying optical properties. Different varieties of the SRN have band
gaps which are engineered to values high enough to inhibit multiphoton absorption while
retaining the strong nonlinearity of silicon. A significant number of nonlinear devices have

been demonstrated in this platform with a detailed review of its progress given in [20,48].
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Despite showing promising performances, the platform has not yet taken full advantage of
the ultra-low loss feature of SizN4 as expected and hence higher waveguide propagation

loss remains as a major challenge for the platform.

Hydex: Hydex is a doped-silica glass platform first introduced in 2003 [49], with a
composition aimed at exploiting the low loss property of silica glass and higher
nonlinearities of semiconductors. The waveguides are fabricated through conventional
CMOS steps including chemical vapor film deposition, lithography and reactive ion etching
without the need for high temperature annealing afterwards, making the entire process fully
CMOS compatible. The main advantage of this platform stems from its ultra-low
propagation losses allowing for the fabrication of very long waveguides suitable for
nonlinear devices at lower pump powers [42]. However, a relatively small linear refractive
index and weak nonlinearities leading to devices with large footprint and the need for thick
cladding materials make it challenging to fully-integrate Hydex devices into silicon

photonic circuits.

Silicon-Germanium (SiGe): Exploiting the strong nonlinearity and the wide transparency
of germanium, which like silicon is a group-IV semiconductor, SiGe has been a material of
interest for near to mid infrared photonics. Germanium has strong absorption below 2 um
wavelength, a behavior that has been widely exploited to fabricate germanium
photodetectors [50], whereas it’s transparency is the broadest of all CMOS photonics
materials spanning to 15 um wavelength. Therefore, there has been strong interest in
exploiting germanium-based photonic devices to extended integrated photonics to
wavelengths beyond 8 um, the limit of silicon transparency [24]. In particular, various
compositions of SijxGex have been studied, offering flexibility in lattice and bandgap
engineering. However, it has been found that increasing germanium composition comes at
the expense of increasing both linear and nonlinear losses especially moving toward shorter

wavelength in the NIR [23]. Nevertheless, SiGe devices have shown among the best
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nonlinear photonic devices in the MIR, notably multiple octave(s) spanning

supercontinuum generation [51].

Chalcogenides. Chalcogenides are alloys of sulfur, selenium and tellurium that are
covalently bonded to network formers such as germanium, bismuth, gallium, silicon or
phosphorus. The combination result into verities of glasses that are rich in optical properties
such as broad transparency, high nonlinearity and photosensitivity, and can be fabricated
at low temperature compatible with CMOS process [25]. A number of chalcogenide glasses
of various composition have been extensively studied for on-chip nonlinear photonics.
Their nonlinear indices can be as high as thousand times that of silica [26], with high Raman
and Brillouin gain coefficients. Despite fostering rich nonlinear optical feature, thermal and
optical instability of chalcogenide glasses remain a major challenge for their integration in
CMOS PICs. For a detailed review of integrated photonics in chalcogenide glasses readers

are directed to a review articles by B.J. Eggleton et al. [25], and B. Gholipour et al. [26].

Tantala: Tantalum pentoxide (Ta»Os), also referred to as tantala, is one of the novel silicon
photonic platforms that has recently been explored for on-chip nonlinear photonics. Tantala
has been reported to have an n> of approximately 3% that of Si3N4 [52]. It also has high
index contrast that allows the fabrication of compact waveguides and wide transparency
from 0.32 to 8 um [28]. Ultra-low loss waveguides with losses down to 3 dB/m have been
demonstrated in [53]. The waveguide dispersion can also be effectively engineered as
shown in [27]. In addition, it has a relatively lower thermo-optic coefficient which makes
it a highly desirable material for stable-operating optical microresonators [26]. Nonlinear
devices such as supercontinuum sources and frequency combs have been demonstrated in
this platform [52,54]. As a nonlinear photonics platform, tantala is relatively young, but

with early works showing promising results, it has promising prospects.

Novel and hybrid CMOS materials: Due to the variety of nonlinear optical phenomena

and promising applications of integrated nonlinear photonic devices, there are a large

10
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number of optical materials that have been studied and not all are included in Table 1.1.
Research on some of these materials is driven by the search for a better nonlinear platform,
for niche applications where conventional CMOS materials are unsuitable, or for improving
the nonlinearity of the well-developed platforms such as silicon and Si3N4. For example,
studies of nonlinear devices in titanium oxide is presented in [55,56]. Also, there is a
concept of a hybrid waveguide approach in which a typical SOI or Si3zN4 waveguide is
coated with highly nonlinear polymer or oxide [57]. Good examples of such waveguides
include well performing nonlinear devices based on graphene oxide demonstrated in
[57,58] . For further reading, a detailed review of silicon-based hybrid structures is given

in [59].

Other nonlinear photonics materials: The discussion above is limited to amorphous
materials in order to be consistent with the motivation of fabrication compatibility with
CMOS processing. However, it is worth mentioning that the research on nonlinear
integrated photonics is not limited to these materials. Several crystalline and compound
semiconductor materials with far superior nonlinearities have also been extensively studied
over the years. For example, nonlinear devices have been demonstrated in compound
semiconductor materials such as aluminium gallium arsenide (AlGaAs) and indium gallium
arsenide (InGaAs). A review of nonlinear photonics in compound semiconductor (III-V)
materials is given in [60] while a review specific to AlGaAs is given in [61]. Also nonlinear
devices have been demonstrated in crystalline materials such as lithium niobate (LN) [62],
aluminium nitride [63], and diamond [64]. It should be noted that most of the crystalline
materials require high processing temperatures that are above the level of the standard
CMOS line and thus pose a technical obstacle of integrating them in a conventional CMOS

process.

Tellurium oxide: TeO: is the least investigated for integrated photonics among the

materials listed in Table 1.1. However, it has extensively been studied in fibers especially

11
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for Raman amplification [65]. Owing to its attractive optical properties it has a huge
potential as a material platform for integrated silicon photonics. TeO- has slightly higher
linear refractive index than that of stoichiometric Si3N4 enabling fabrication of highly
compact waveguides. Its higher nonlinearity and rare-earth dopants solubility are among
the features that attract attention for monolithic nonlinear and active photonic applications.
Stoichiometric TeO> waveguides can be fabricated through standard microfabrication steps
[66] or can be integrated into other platforms such as SOI [67] and Si3N4 [68] forming a
hybrid TeO2-SOI or TeO:-SizN4 respectively, via straightforward post-processing.
Importantly, the TeO;-coating can be deposited at low temperature making it fully
compatible with back end of line CMOS processes. An extensive review of the properties,
fabrication and performance of waveguides based on this platform is given by Steve J.
Madden and Khu T. Vu in [69]. TeO; has number of features that makes it a suitable
candidate for not only independent linear, nonlinear and active photonic applications but
also monolithic integration of all of these functionalities in one chip, and these features are
well examined throughout this thesis. In particular, this thesis focuses on the hybrid TeO»-
Si3N4 waveguides rather than fabricating stoichiometric TeO; waveguides. This is due to
number of reasons that are detailed in Chapter 2 including the challenges of efficiently

etching TeO; into compact, small-footprint and low loss waveguides

Table 1.2 gives a qualitative comparison summary of materials that have been discussed
above giving an overview of where each stands within the realm of nonlinear silicon
photonics. While there will always be interests in developing a superior nonlinear silicon
photonics platform, at the moment Si3Ny has been established as the most common platform
especially for applications within telecommunication wavelengths. It has become the state
of the art go-to platform for devices such as optical frequency combs and broadband

supercontinuum sources.

12
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Table 1.2. Qualitative comparison summary of various silicon photonic platforms

No | Platform Advantages Challenges
1 Silicon (SOI) | = Higher nonlinearity = Higher nonlinear loss
= High index contrast = Non-transparent in visible
= Easy GVD engineering wavelength region
2 Silica = Ultra-low loss waveguides = Lower nonlinearity
= Transparency in visible and telecom * Small index contrast
band
= Negligible nonlinear losses
3 Silicon = Ultra-low loss waveguides = Complex fabrication processes
nitride = Moderate nonlinearity = Difficulties in GVD
= High index contrast engineering
= Negligible nonlinear losses
= Wider transparency
4 Silicon-rich = Higher nonlinearity = High propagation losses
nitride = Easy GVD engineering = Some nonlinear losses
= High index contrast
= Minimal nonlinear losses
5 Hydex = Ultra-low loss waveguides = Lower nonlinearity
= Transparency in visible and telecom = Small index contrast
band
= Negligible nonlinear losses
6 Chalcogenide | = High nonlinearity = Poor thermal stability
= Broadest transparency = Poor optical stability
= Flexible material engineering
= High index contrast
7 Tantala =  Moderate nonlinearity = Varying fabrication processes
= Minimal nonlinear losses = Relatively immature
= Low thermo-optic coefficient
= High index contrast
6 Tellurite = Higher nonlinearity = Challenges in compact
= High index contrast waveguides fabrication
= Negligible nonlinear losses = Relatively immature
= Wider transparency

13
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1.4 Thesis Objectives

The main goal of this thesis work is to explore and introduce tellurite glass as a potential
candidate for integrated CMOS-compatible nonlinear silicon photonic devices. In
particular, the focus is on the development of hybrid TeOz-coated SizN4 waveguides as a
nonlinear integrated photonics platform. Achieving this objective required modeling,
design and optimization of the hybrid TeO>-Si3Ns waveguides suitable for integrated
nonlinear photonics. Also, numerical/theoretical and experimental demonstrations of
functioning nonlinear devices on the platform. Furthermore, owing to other interesting
optical properties, this work also explores and demonstrates the possibility of monolithic
integration of linear, nonlinear and active functionalities in a single photonic chip. This
thesis aims at providing the very first framework of integrated nonlinear photonics devices

in the hybrid TeO2-Si3N4 platform.
1.5 Statement of Thesis Work

This thesis consists of seven chapters covering modelling, simulation, design,
measurements and characterization of the integrated TeO»-Si3Ns nonlinear photonic
devices. The thesis includes one published manuscript, one manuscript under review and
two manuscripts in preparation for submission. Where a published manuscript is included
in the thesis, a statement is given at the beginning of the chapter indicating the changes that

were made due to the thesis preparation.

Chapter 2 gives a brief theoretical background of nonlinear optical phenomena in
waveguides, their applications, and introduces the TeO»>-SizsN4 platform. The relevant
equations are presented without detailed derivation, from the wave equation for nonlinear
photonics, the nonlinear Schrédinger equation to the waveguide dispersion formulas. Also,

the main properties of and nonlinear processes relevant to the waveguide platform under
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study are discussed followed by their current and prospective future applications. Then, the
hybrid TeO»-Si3N4 platform is introduced covering its basics properties, the designed

waveguide structure and general simulation parameters.

Chapter 3 covers the optical properties of TeO»-Si3N4 waveguides focusing on dispersion
engineering and nonlinear parameter optimization. It presents a summary of the nonlinear
refractive indices of the tellurite that have been reported over the years in bulk glass, thin
films, and waveguides. This is followed by a comprehensive analytical and numerical
study, and simulation results showing tailoring of the waveguide dispersion and

optimization of the waveguide nonlinearity on the hybrid TeO>-Si3N4 platform.

Chapter 4 present an overview consisting of design, simulation and experimental results
justifying the potential of the TeO>-SizNs4 platform for linear, nonlinear, and active
photonics. First, it covers a complete simulation summary on the waveguide design and
optimization, list of designed devices and layout for fabrication. Experimental results on
characterized devices such as microring resonators are presented along with measured
anomalous dispersion confirming the proposition and simulations in Chapter 3.
Furthermore, experimental results on demonstrated nonlinear performance are presented
showing Kerr comb, supercontinuum, and third-harmonic generation. Lastly, experimental
results on active functionalities are presented showing waveguide amplification and lasing

in microdisk resonators.

Chapter 5 covers detailed experiments on SCG in waveguides. The efficient generation of
an octave-spanning supercontinuum in the TeO>-Si3N4 platform is presented followed by a

discussion of potential areas to explore following this demonstration.

Chapter 6 presents a comprehensive numerical study of stimulated Raman amplification in
integrated TeO»-Si3N4 waveguides. A study on waveguide parameter optimization for

Raman amplification is given followed by detailed Raman amplifier modeling.
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Chapter 7 is reserved for discussion, an outlook and concluding remarks. It includes a brief
discussion on the current status of the TeO»>-Si3N4 platform with respect to the results of
this thesis and other related works. A roadmap and an outlook on the prospect of hybrid
TeO:-Si3N4 waveguides as a nonlinear silicon photonics platform is given followed by an

overall conclusion of the thesis.

1.6 Publications

Below are published and submitted journal articles and manuscripts by the author that have
contributed to the results presented in this thesis:

= H. M. Mbonde, H. C. Frankis, and J. D. B. Bradley, “Enhanced nonlinearity and
engineered anomalous dispersion in TeO»>-coated SisNs Waveguides,” [EEE
Photonics J. 12(2), 2200210 (2020).

= H. M. Mbonde and J. D. B. Bradley, “Numerical study of stimulated Raman
amplification in CMOS-compatible integrated tellurite glass waveguides,”
submitted for publication, August 2022.

= H. M. Mbonde, N. Singh, B. L. Segat Frare, M. Sinobad, P. Torab Ahmadi, B.
Hashemi, D. B. Bonneville, F. X. Kértner, and J. D. B. Bradley, “Octave-spanning
supercontinuum generation in a thin SisN4 waveguide coated with highly nonlinear
TeO»,” manuscript in preparation.

= H. M. Mbonde, P. Torab Ahmadi, T. Wildi, B. Hashemi, B. L. Segat Frare, M. A.
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manuscript in preparation.
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supercontinuum generation in a thin SisN4 waveguide coated with highly nonlinear

TeOy,” in Frontiers in Optics (FiO), 9-12, October 2022.
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= H. M. Mbonde, K. Miarabbas Kiani, H. C. Frankis, and J. D. B. Bradley, “TeO»-
coated Si3N4 waveguides with engineered dispersion and enhanced nonlinearity,”
in Conference on Lasers and Electro-Optics (CLEO), Virtual Conference, 2020,
OSA Technical Digest (online) (Optical Society of America, 2020), paper
JTu2A.151.

= H. M. Mbonde and J. D. B. Bradley, “Numerical modelling of CW Raman
amplification in integrated TeO, waveguides,” presented at Photonics North,

Virtual Conference, 2628 May 2020, paper TD-4-27-5.

= H. M. Mbonde, H. C. Frankis, and J. D. B. Bradley, “Optimization of nonlinear
optical properties of tellurium-oxide-coated silicon nitride waveguides,” presented

at Photonics North, Quebec City, Canada, 21-23 May 2019.

Coauthored journal articles that are not directly incorporated into this thesis:

= R. Wang, H. C. Frankis, H. M. Mbonde, D. B. Bonneville, and J. D. B. Bradley,
“Erbium-ytterbium co-doped aluminum oxide thin films: Co-sputtering deposition,
photoluminescence, luminescent lifetime, energy transfer and quenching fraction,”

Opt. Mater. 111, 110692 (2021).

= N. Singh, H. M. Mbonde, H. C. Frankis, E. Ippen, J. D. B. Bradley, and F. X.
Kartner, “Nonlinear silicon photonics on CMOS-compatible tellurium oxide,”

Photonics Res. 8(12), 1904-1909 (2020).

= K. Miarabbas Kiani, H. M. Mbonde, H. C. Frankis, R. Mateman, A. Leinse, A. P.
Knights, and J. D. B. Bradley, “Four-wave mixing in high-Q tellurium-oxide-coated
silicon nitride microring resonators,” OSA4 Continuum 3(12), 3497-3507 (2020).
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= H.C. Frankis, H. M. Mbonde, D. B. Bonneville, C. Zhang, R. Mateman, A. Leinse,
and J. D. B. Bradley, "Erbium-doped TeO-coated Si3N4 waveguide amplifiers with
5 dB net gain," Photonics Res. 8(2), 127-134 (2020).

= K. Miarabbas Kiani, H. C. Frankis, H. M. Mbonde, R. Mateman, A. Leinse, A. P.
Knights, and J. D. B. Bradley, "Thulium-doped tellurium oxide waveguide
amplifier with 7.6 dB net gain on a silicon nitride chip," Opt. Lett. 44(23), 5788—
5791 (2019).

1.6.1 Internship Statement
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student, Thibault Wildi, whereas the supercontinuum generation experiment was carried
out in Dr. Franz Kértner’s lab in collaboration with his research scientists, Dr. Neetesh

Singh and Dr. Milan Sinobad.
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Chapter 2

Background and Theory

In this chapter, a brief theoretical background of nonlinear optical phenomena is given
followed by an introduction to the hybrid TeO»-Si3Ns nonlinear integrated photonics
platform studied in this thesis. It also includes a discussion of different nonlinear integrated
photonic devices of interest and their applications, and the different design and

characterization techniques that are to be used throughout this thesis.

In section 2.1, a general introduction to nonlinear optical phenomena in bulk media is given
along with the derivation of the nonlinear wave equation from Maxwell’s equations. Then,
section 2.2 gives a brief explanation of the linear and nonlinear behavior of light in an
optical waveguide, a basic structure/building block in integrated photonics. This section
also introduces the various waveguide shapes that are typically used in the study of
integrated nonlinear photonics in different platforms introduced in Chapter 1. Microring
resonators form an integral part of the study of integrated nonlinear photonics. They are
used to build some of the relevant nonlinear devices and as a means of characterizing
waveguide properties. Thus, in section 2.3 a brief description of microring resonators is

given, and their basic properties and relevant features are discussed.

Different nonlinear phenomena can be exploited to design various devices in integrated
photonic platforms. Section 2.4 discusses different nonlinear photonic devices that are

studied in this thesis and their respective current or prospective applications.
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Section 2.5 introduces the hybrid TeO»-Si3N4 nonlinear photonic platform under study.
This section gives the separate properties of the constituent materials of the platform (i.e.,
Si3sN and TeO») followed by the waveguide properties of the combined TeO2-Si3Ny4

platform such as the structure and simulated optical properties.

Lastly, section 2.6 gives a summary of this chapter.
2.1 Nonlinear Optical Response in Bulk Media

Since the very first observation of the nonlinear optical effect in the form of second
harmonic generation (SHG) by Franken et al. in 1961 [70], the theory of nonlinear optics
has been well established. Examples of well-detailed accounts of the theory of nonlinear
optical phenomena can be found in the works of Boyd [71], Agrawal [72], and Lin et al.
[15]. In this section, a brief discussion is given while introducing all necessary equations

followed by the derivation of the nonlinear wave equation.

2.1.1 The Nonlinear Polarization

Nonlinear optical processes originate from the interactions of an intense optical field with
electrons and phonons. To establish an understanding of this we can look at how a material-
induced dipole moment per unit volume (polarization), depends upon an incident optical
field [71]. For simplicity, if we assume an instantaneous response in a lossless and non-

dispersive medium, the induced polarization can be expressed as a power series expansion:

P(6) = eo(x' " E() + x* - E*(O) + x* - E*(8) + -+, ey
where E(t) is the electric field, € is the permittivity of free space and y" is n™ order
susceptibility. Also, the fields E(#) and P(¢) are assumed to be scalar, otherwise treating
them as vectors will make the susceptibility terms tensors of rank (n + 1). The susceptibility
parameters (y"), determine how the medium responds to the incident optical field. The

response can involve inducing a phase shift, absorption or amplification of the incident
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field, and generation of new frequencies. All such possibilities can be understood by

examining each susceptibility term independently.

x' response: In most cases the response of the material to incident light is linear, and y' is
the dominant response. It is a complex parameter where its real part is related to the linear

refractive index (n) and the imaginary part relates to the linear absorption (a).

x? response: The second term (y?) gives rise to what are referred to as second order
nonlinearities and it is only nonzero for materials without molecular symmetry. Since most
amorphous and crystalline optical materials such as bulk SizNs and silicon are
centrosymmetric, displaying inversion symmetry, the x*> term vanishes. However,
experiments have shown that an effective y> can be induced by symmetry breaking [73].
An example of the most common second-order nonlinearity is second harmonic generation.
SHG is a very useful frequency doubling nonlinear process in which two incident photons
at frequency w; generate a photon at higher frequency 2wi. In particular, frequency
doubling is commonly applied in the f-2f interferometer technique to measure the carrier
envelop offset (CEO) frequency, an important parameter in application areas such as

frequency metrology [74].

2 response: The third term (°) leads to the third-order nonlinearities that commonly occur
in both centrosymmetric and noncentrosymmetric media. Since the higher-order
susceptibility terms are several orders of magnitude smaller and have no noticeable
presence in most applications, j° is the lowest-order nonlinearity for most optical materials.
The nonlinear processes resulting from y° can be demonstrated by considering an electric

field E comprising three frequency components (wx):

3 3
1 .
E(r,t) = Z E, = EZ Eg, (T, wy) et®kt + ¢ c, (2)
k=1 k=1
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where c.c. is the complex conjugate of E, and » and ¢ are displacement and time,
respectively. Substituting the electric field equation (2) into equation (1) and expanding the
frequency components of the third-order nonlinear polarization term, i.e. P3 = x3 - E3(t),

leads to several new terms comprising several possible nonlinear processes:

p3 = %sox?’ [|Ew1|2E1+.-.] SPM
42 0 [ (1B, |+ o B+ XPM
+ 2o (B3, 050t 4 e o)) THG
+%Eoﬁ[(%l%zei(zwl—wz)t +c.0)+-] FWM

6 .
+2 X3 (Ew,Eo, Ep e @1t9z=03)t ¢ o)+ FWM

6 .
+Zeox3[(EleszwBel(wﬁw#ws)f +c.c)+-] FWM

where - stands for all possible frequency permutations that are not shown, for simplicity.
Each of the acronyms on the right-hand side of equation (3) stands for a specific nonlinear
phenomenon where SPM is self-phase modulation, XPM is cross-phase modulation, THG
is a third-harmonic generation, and FWM is four-wave mixing. Energy level diagrams with
visualization of the transitions involved for each process are shown in Fig. 2.1. The dipole
transitions induced correspond to virtual but not actual bound eigenstates of the atom, hence
they are followed by instantaneous relaxation releasing the fourth photon. In this case,
initial quantum states are maintained, and the processes are referred to as parametric
processes. Therefore, both energy and momentum conservation are required for an efficient
excitation. This requirement is known as phase-matching and is examined further in later

sections.

22



Ph.D. Thesis — Hamidu M. Mbonde; McMaster University — Engineering Physics

THG FWM SRS
P v e Pt
ey hw, | hw, hw,
_____ N S hwp
- @-- y—
hwl thHG ﬁw3 PEA | hQR
hw,
_._.,‘
hw,
o v

Figure 2.1. Illustration of possible energy levels resulting from third-order nonlinear dipole excitations

[2].

SPM: The first term in equation (3) represents a phenomenon called self-phase modulation
which means an optical field modifies its own phase. SPM leads to an intensity-depend
refractive index (n2), which consequently modifies the spectral components of the incident
field that caused it leading to spectral broadening. Under high intensity, for example a case
of short and narrow-band optical pulses, SPM can lead to an extreme spectral broadening
covering more than an octave, a process referred to as supercontinuum generation. SCG is
an important subject in this thesis and it is explained further later in this chapter. Adding
the intensity dependence term to a regular refractive index leads to an overall intensity-

depend refractive index represented by equation (4):

n =ngy+ n,l 4)
where no is the regular linear refractive index and s is the nonlinear refractive index
resulting from SPM. The n2 parameter is also referred to as the Kerr index. The excitation
leading to SPM can also excite an electron to higher bound states, for example, can excite
electrons from valance to the conduction band leading to the creation of free carriers. An
example of such a process is two-photon absorption (TPA) where two photons are

subsequently absorbed. TPA is an absorptive non-parametric process that leads to an
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intensity-dependent contribution to the linear absorption term (ao). Accounting for this,

equation (4) can be modified into (5):

A
n=ny+n,l — iE(aO + a,l), (5

where / is the intensity, no and ao are the linear refractive index and absorption related to
the real and imaginary parts of ', and n, and @ are the nonlinear refractive index and
absorption related to the real and imaginary parts of y°. The relations of 7> and ax to j° are
given by equations (6) and (7) and can be derived from the nonlinear wave equation [72]
that is presented in the next section. In the case of only TPA, the nonlinear absorption a; is

also represented by the TPA coefficient, frpa [15].

n; = : ERe()(g) (6)
cnie, 4

@ = 5 a2 Im(r%) ™
c?nieg 2

For the materials listed in Table 1.1, in the previous chapter, TPA is strongly present in Si,
SiGe, and various compositions of SRN. TPA is a detrimental effect for nonlinear silicon
photonics as it creates free carriers that significantly reduce the efficiency of other useful
nonlinear processes. However, for amorphous materials with higher band gaps, TPA is
absent within telecommunication wavelengths. As previously shown in Chapter 1, Table
1.1, to date, there are no reports of TPA observation in stoichiometric Si3N4, Ta,Os, silica,

TeO3, and this thesis’s hybrid TeO»-Si3N4 platform.

XPM: The second term in equation (3) corresponds to a phenomenon called cross-phase
modulation, which is similar to SPM, but signals at two different frequencies are involved.
The signal at w1 modifies the phase of another signal at w> leading to an intensity-dependent

refractive index similar to SPM, but twice in magnitude.
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THG: The third term in equation (3) leads to what is called third-harmonic generation, in
which three photons of identical frequency w1, generate a photon at a triplet frequency,
3wi. THG is an important process that can be applied in the generation of light in
wavelengths where sources are not readily available. For example, one can use an
abundantly available ~1500 nm laser source to generate visible light around 500 nm.
Results of THG in the hybrid TeO»-Si3Ns waveguides is presented in chapter 5 of this

thesis.

FWM: The fourth to the seventh terms of equation (3) represent a process called four-wave
mixing, in which three incident photons generate a fourth photon at the idler frequency ().
However, the incident photons are allowed to be degenerate with multiple possible
combinations, some of which are shown in equation 3. The most common case of
degenerate FWM is the one in which a strong pump photon at frequency w,, generates two
other photons at an idler frequency (w;) and signal frequency (ws), with energy, conserved
such that 2w, = wi + ws. The interplay of dispersion and waveguide nonlinearities has a
significant influence on the efficiency of the process since each introduces a frequency-
dependent phase shift in the process. Therefore, for an efficient FWM process, very precise
control of waveguide parameters is required to insure phase matching. In the case of strong
pump intensity and efficient phase matching, the FWM process can be cascaded where each
of the new frequencies generates another pair of signal-idler frequencies and so on. Such a
process is employed in the development of optical frequency combs in micro-ring
resonators. The concept of OFC generation and experimental results in the TeO>-SizNy

platform is presented in Chapter 4.

Interactions involving phonons: The third-order nonlinearities deduced from equation (3)
so far involve only electronic excitation. Another class of third-order nonlinearities
involves the excitation of both photons and phonons and is related to the imaginary part of

2. Such processes include the inelastic effects of Raman and Brillouin scattering. Raman
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scattering occurs as a result of the interaction of photons with vibrational modes of a
material in which a strong pump wave (wp) transfers its energy to either lower energy
photons called Stokes (ws) or a higher energy photon called anti-Stokes (wa). However, the
latter process is relatively weaker while the former is more common and can be represented
as ws = wp — g, where OQr is called the Raman shift and 7Ok is the energy of a phonon
excitation in the medium (7 is the reduced Planck’s constant). The Raman process can occur
spontaneously or by being stimulated. The latter is referred to as stimulated Raman
scattering (SRS) and is widely applied to make optical amplifiers. Raman amplification
through SRS is further examined later in this chapter. Brillouin scattering is a process in
which an incident photon is converted into a lower-energy photon and an acoustic phonon.
Similar to Raman scattering it can occur spontaneously or be stimulated which is referred
to as stimulated Brillouin scattering (SBS). SBS can be applied in photonics for making
ultra-narrow linewidth lasers, amplifiers, and filters, and it is an enabling technology in the
rising field of integrated microwave photonics. Review articles by B.J. Eggleton et al. [75],
and D. Marpaung et al. [76] are highly recommended for the account of recent
advancements in Brillouin integrated photonics and integrated microwave photonics
respectively. For the TeO-Si3Ny platform, Brillouin SBS is currently being explored but

1ts discussion is reserved for the future.

2.1.2 The Nonlinear Wave Equation
The wave equation that describes the propagation of an electromagnetic field in a dielectric
medium can be derived by considering Maxwell’s equations that have been developed for

macroscopic cases, unifying electricity and magnetism:

= Faraday’s law VXE= —2—? ()
= Ampere’s law (with Maxwell’s D

. VXH=]+— 9)
correction) dt
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* Gauss’ law (for electric field) V-D=p (10)

» Gauss’ law (for magnetic field) V-B=0 (11)

where E is the electric field, H is the magnetic field, D is the electric flux density, B is the
magnetic flux density, J is the current density, and p is the charge density. We also

consider the constitutive (materials) equations given as:

D=€cE=¢,E+P (12)

B =uH = poH + pyoM (13)
where € is the permittivity of a medium and eo is the permittivity of free space, u is the
permeability of a medium and wo is the permeability of free space, P is the electric
polarizability and M is the magnetic polarizability. The values of €o and u are 8.854x10 2
F/s and 4nx1077 H/m, respectively. P and M represent the material responses to an incident
optical field. For the nonmagnetic dielectric materials considered in this thesis, M is zero,
and hence B = uyH. Also, we consider source-free dielectric media and therefore there are
no free charges or current, so J and p each become zero, and Maxwell’s and the constitutive

relations are reduced to the form below:

9B
VXE=—— (14)
vxH=2] (15)
V-D=0 (16)
V-B=0 (17)
D=¢E+P (18)
B =y H (19)

The equations above can be solved for the two cases of a linear and nonlinear optical
medium. First, we consider a general, nonlinear case that includes the polarization term for

both linear and nonlinear responses. However, we assume the medium to be homogeneous
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and i1sotropic such that the permittivity € is constant. The wave equation can be derived by

the following steps:

I.  Apply the curl operator to equation (14)
II.  Replace D and H in equation (15) with equations (18) and (19)
III.  Eliminate (V X B) using modified equation (15)
IV. Lastly, apply the vector identity V x (VX E) = V(V-E) — V?E and use the

approximation V - E = 0 using equation (16)
The result is the wave equation shown below.

V2E 0°E _ K
Ho€o 9tz Ho 92

(20)
It is often advantageous to separate the polarization term into linear and nonlinear parts
such that P = P + Pni. In this case, equation (20) is modified to:

92E  92P, 0Py,

VZE—M060F=H0F+M0W 1)

Now, we can write the linear polarization part in terms of the linear susceptibility term

given in equation (1) as P, = €,xE and substitute it into equation (21).

0%E 0°E 0Py
VZE_MOEOF = Ho€oXx" 3¢z + Uo 512 (22)
We can group the electric filed terms into:
0%E 0%PyL
2 1 —

VE—#060(1+X)W—#0W (23)

we recall and rewrite the constitutive equation (12) for only linear polarization as:
D = €E = ¢,E + P, = €4E + € x'E = €(E(1 + ') = €,€'E (24)

and define a new parameter € = 1 + y?, as the relative permittivity which is related to the

permittivity of a medium by € = €l¢,. Equation (23) now becomes:
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92E  3%Py,

- L) 25
oz M0 g2 23)

V2E — pyepet
Looking at equation (22), we can realize that in absence of a medium the right-hand side is

zero, hence we can define the speed of light in a vacuum, ¢ = 1/,/pp€, = 2.998%x10% m/s.

We then deduce that in a medium, light will propagate slower with a speed v = \/% = %,

where we call the new parameter » the refractive index of a medium. It relates directly to
the linear susceptibility as pointed out in the previous section by n? = €l =1+ y1. We
can now write equation (25) as:

nz azE 1 aZPNL

VZE__ — 26
c? 0t? eyc? Ot? (26)

Equation (26) is one form of the nonlinear wave equation that can be solved to describe
different nonlinear phenomena in optical waveguides. For example, with the slowly-
varying envelope approximation, one can derive the equation that describes the propagation
of short optical pulses commonly known as the nonlinear Schrodinger equation (NLSE).
The time-varying polarization term in equation (26) acts as a source term leading to the
generation of new frequencies. If we ignore the nonlinear polarization term, the equation
satisfies a monochromatic plane wave solution propagating with a speed of ¢/n. In this case,
one can derive a familiar frequency dependent wave equation of the form:
w? 0°E

2oz

where the electric field is given by E(r) = Eqe/X", Ey is a scalar electric field amplitude

V2E(r) — n?%(w) (27)

and k is the wave vector. The wave vector k is related to the refractive index and

wavelength of the propagating field by:

k| = n(@) === (28)
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2.2 The Nonlinear Optical Response in Waveguides

The equations given in the previous section only describe light behavior in vacuum or bulk
media, however for useful applications it is desired to confine light in a manner that it can
be well controlled and manipulated. Therefore, optical waveguides have been designed to
direct and confine light similar to metallic strips in electronics. In this section, a qualitative
introduction to light propagation in waveguides is given. More importantly, the focus is on

defining basic terms related to optical waveguide theory that are used throughout this thesis.

2.2.1 Optical Waveguides and Waveguide Modes

A waveguide is the most basic component in photonic integrated circuits. In a very basic
form light can be guided by a high-index dielectric medium surrounded by a low-index
medium such as a glass rod suspended in the air. A simple example of a dielectric
waveguide is shown in Fig 2.2(a), a slab consisting of two distinct materials of refractive
index n, and n, such that n,>ny. In this case, light can be confined in a higher index material
called a core by total internal reflection at the interface with the low index material called
a cladding. Typically, the dimensions of the core on the x and y axis (shown in the figure)
are within the length scale of the order of the wavelength of light, and then light is confined
in the two dimensions and propagates in the z-direction. In waveguides, the confinement of
light can be conserved over a considerably long distance contrary to free space propagation
where diffraction occurs. Figure 2.2(b) is a simplified representation of the waveguide in
(a) that demonstrates how light is confined under total internal reflection. The ray optic

approximation is governed by Snell’s law of refraction and the law of reflection:

ngsinf, = n,sind, (29)

6, =0, (30)
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where 6., 6;, and 6, are the angles of incidence, reflection, and refraction. From Fig. 2 (b)
there exists an angle of incidence for which the angle of refraction is 90° and no light will
be refracted into the lower index material. This phenomenon is called total internal

reflection and the corresponding incident angle is called the critical angle. We can derive
the formula for the critical angle from Snell’s law to be: 8, = sin"l(na/nb). For any other

angle of incidence equal to or above the critical angle, the light will be confined to the
higher index medium (core). This ray optic description is given to establish a very basic
understanding of light confinement in waveguides. The ray optic description implies that
any light at incident angle greater than the critical angle will be guided. However, due to a
phase shifts for example at the interfaces of core with both upper and lower-clad, the phase
matching condition has to be satisfied for constructive interference to occur, and therefore
only specific modes of the incident optical field can be allowed to propagate in a particular

waveguide.

(@) (b)

Figure 2.2. (a) Illustration of a slab waveguide, (b) a two-dimensional simplification of the slab

waveguide treated with geometric optics.

As defined in [77], a mode is a spatial distribution of optical energy in one or more

dimensions that remains constant in time. The waveguide modes are found by solving for
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eigen-solutions of the wave equation under the boundary conditions given by the
waveguide properties. For example, in Fig 2.2(a) if we assume light propagates in the z-
direction and the slab has an infinite length along the y-direction, the light will be confined
in the slab only when n,>ny. If we assume the electric field is polarized in the y-direction,
the modes calculated are called transverse electric field (TE) modes. The y-component of

the electric field is given by:

E,(x,z) = EgE,(x)e~F* (31)
where S is the z component of the wave vector known as the propagation constant. The

wave equation (27) is modified into a form shown below.

2

E
dxzy + [ko’n?(x) — BX]E, = 0 (32)

where ko=w/c is the free space-wave vector and »; is the refractive index where i=a,b.

Equation (32) needs to be solved for the three regions; the core with refractive indices 7,
upper and lower- clad each with refractive index n,. We can simplify equation (32) by
letting k2 = ko n2 — B2 and k% = ko n2 — 2 and write two equations one for the core

region and one for the upper and lower-clad as:

d?E
5 +ka’Ey =0 (33)
d?E
5+ kp'Ey =0 (34)

which are solved for the three regions; core, upper-clad, and lower-clad. The solution is

shown in equation 35 below:
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d
Cexp(—kpx) forx > 5
d d
E(x) = { Asin(k,x) + Bcos(k,x) for — S <x<s (35)
d
L Bexp(—kpx) forx < -3

where A, B, and C are constants. The boundary conditions require that the tangential
component of the electric field, Ey, and its derivatives be continuous at x = d/2 and x =

—d /2 that leads to the eigenvalue equation below, which is to be satisfied.

kod  (kydy  kpd
_ ¢ 36
2 tan( 2 ) 2 (36)

Since tan (k‘;—d) = tan (k‘;—d + mn), allowable values of f must satisfy the eigenvalue

equation for m=0,1,2..., and each solution of f corresponds to the allowed modes. We have
established a basic understanding of optical waveguides and demonstrated the formation of
waveguide modes, shortly we will define terms that are related to confined modes in
waveguides. However, first, we have to point out that to show the actual distribution of the
electric field (E) and magnetic field (H) of the confined modes, known as the mode profile,
one has to solve the full version of equation (32) for all directions and both the E and H
fields. While there are analytical methods to approximate the optical modes such as the
Marcatili method [78], more often numerical methods such as the finite element method
(FEM) are used. In this thesis, a commercially developed FEM mode solver (Synopsis
RSoft FemSIM) is used to calculate optical modes and the related parameters, which are
briefly described below.

The effective index (neff): The effective index is the modified refractive index term that
accounts for the distribution of the electric or magnetic field confined in a waveguide. It
can be shown from the solution of the full version of the wave equation (32) that nesr is a
weighted average of the core and cladding refractive indices with the mode field

distribution as a weighting factor. Therefore, nesr is higher for modes that are more confined
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to the waveguide than the modes that have a larger fraction of the E or H fields in the
cladding. The nefr relates to the propagation constant, S by nerr= /2.

The effective mode area (Aefr): The effective mode area is the measure of the area that the
waveguide mode covers in transverse dimensions. While by definition it appears to be
straightforward, the mathematical definition of At is subtle. The definition varies

depending on the waveguide type. In this work, we use Aeff equation defined in [72].

Mode confinement factor (/): The confinement factor is a value that represents the
fraction of power that is confined within the waveguide core. In a general case, this will be
a fraction of the total power of the transverse E or H fields confined in the waveguide.
However, for a waveguide with multiple cores and claddings the mode confinement factor
for each section/material can be given separately as the fraction of partial power confined

in a particular section.

The effective mode area and confinement factor are particularly important parameters when
designing a waveguide for nonlinear applications. It is an essential requirement to reduce
the mode area and increase the confinement factor for higher light intensities to be
achieved. Therefore, depending on the material platform, nonlinear waveguides take
varying geometries that are optimized for high confinements and small mode areas. Figure
2.3 shows 3D drawings of typical waveguide structures used in nonlinear silicon photonics.
Two of the most common structures shown in Fig. 2.3(a) and (b) which are the strip/ridge
and the rib waveguides. We make note that the strip/ridge waveguide is referred to as the
strip waveguide throughout this thesis. In most cases, for example in standard CMOS SOI
strip (also referred to as wire) waveguide the top clad is a thermal oxide similar to the
underclad. However, in some cases, the top cladding can be a PECVD (plasma-enhance
chemical vapor deposition) oxide with a slightly higher index than the underclad thermal
oxide or can be even other low-index material than oxide. Hybrid waveguide designs are

also very common in nonlinear silicon photonics for several reasons. Most of these reasons
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stem from the desire to complement the main core material with certain features that it lacks
such as anomalous dispersion, higher nonlinearities, or compatibility with certain materials
for applications such as biosensing. Figures 2.3(c) and (d) show examples of such hybrid
designs. The hybrid design 2 in (d) is what is being studied in this thesis and is explained

further in later sections.

(b)

(©) ()

Hybrid 1 Hybrid 2

Figure 2.3. D drawings of typical waveguide structures used in nonlinear silicon photonics: (a) and (b)
show the two standard waveguide structures commonly referred to as strip/ridge and rib waveguides
respectively, (c) is one example of a hybrid design in which a window is opened and a highly-nonlinear
material is filled in to enhance waveguide nonlinearities or other optical properties, and (d) shows
another example of the hybrid design in which a high-index material is coated on top of a regular strip

waveguide forming a multi-core/clad waveguide structure.
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2.2.2 The Nonlinear Parameter of a Waveguide
The nonlinear refractive index defined in equation (6) is a purely material property.
However, to express the strength of 7> in an optical waveguide it is useful to define a new

parameter, called the nonlinear parameter (y):

Nny.w

V= (37)

Aefr- C
The nonlinear parameter depends on the material property (72), light property (w), and the
waveguide property (A4etr). For the derivation and complete account of y readers are referred
to reference [72]. To maximize the impact of nonlinearities in the waveguide it is desirable
to have the highest value of y. The easiest way to achieve that is to use a material with the
highest n,. At a particular operating frequency, the n, of a material will be fixed and then y
is optimized through Aefr. In this case, Aesr is tuned by adjusting the waveguide geometry.
However, this is not straightforward since as the waveguide core size is decreased beyond
a certain point, the mode begins to expand and the confinement decreases. The study of
finding optimal waveguide dimensions for maximum nonlinear interactions through y is
well presented in [79] and is presented in Chapter 3 of this work for the case of the TeO»-

Si3Ny platform.

2.2.3 Group Velocity Dispersion (GVD)

In its very basic definition, dispersion is the property of refractive index dependence on
wavelength. As an outcome, in a waveguide, the effective index will also have this
wavelength dependence, and so do the propagation constant, group index, and ultimately
the group velocity. We can develop an understanding and derive the formula for group

velocity dispersion by defining some of the preceding terms.

As previously noted, each component of a wave propagates in a bulk medium with velocity
given by the speed of light in free space divided by the refractive index. This value is called

the phase velocity and is defined as:
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_C_(U 38
vp_n_k ( )

However, for light propagating in a waveguide, the phase velocity is modified to account

for the waveguide property into:

Pulse envelope

Figure 2.4. Pulse envelope showing the distinction between phase and group velocity.

c %
v = = —’
P neg P (39)

in which the wavenumber is substituted by the propagation constant. Owing to the

frequency dependence of the propagation constant, the phase velocity changes as well for
different wavelengths. Therefore, for example in the case of an optical pulse consisting of
multiple frequencies, it is useful to define a new term called group velocity, which is the
speed at which the pulse envelope (energy) travels. The image in Fig. 2.4 shows how the
phase velocity is distinguished from the group velocity.
_ 0w
Vg = ﬁ

A more comprehensive account of the waveguide dispersion effect can be expressed by

(40)

expanding the mode-propagation constant f in a Taylor series expansion about the center

frequency of the pulse wo.
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1
B@) = n(@) T = o+ i@ —w)) +3h@=w) +, (D)

) . . . am
where B is the m™ order of dispersion given by B, = (dw—ﬁ) (m=0,1,2...). The
wW=wq
various dispersion orders have different impacts on light propagating in waveguides.
However, in general situations, only the first two orders are of significant impact, whereas
the higher order terms play a more important part when it comes to short pulse propagation.
The first two terms relate to the effective index and the previously defined group velocity

by the following relations:

1 1 aneff Tlg
b= = (ren) + 0 520 =2 “2)
d?f 0By 1(_Ones 0% Nege
Be= 027 90 T e\% 30 T9 902 (43)

where ng is a new parameter called the group index which is equivalent to the effective
index with a small addition that accounts for the effective index change with frequency.
Therefore, the group velocity can now be computed directly from the group index as v =
c/ng. The parameter S, represents the change of group velocity with frequency/wavelength,
which is dispersion, and therefore it is commonly referred to as the group velocity
dispersion (GVD). Sometimes the GVD is represented by the dispersion parameter (D)

which is calculated by the equation below:

2
_OB _ _Zme, _ _Ad e (44)
PV c dr

The value of f> can take a negative or positive sign and vice versa for the D parameter. For

D

most optical materials such as silicon and Si3Na, it is positive (£>>0, D<0) at common
operating wavelengths, and therefore it is usually referred to as normal. On the other hand,
the case of a negative dispersion ($2<0, D>0) is referred to as anomalous dispersion. The

sign of dispersion has significant importance, for example, it can determine whether a pulse
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experiences an up-chirp or a down-chirp. The former happens in normal dispersion
situations where the longer wavelength components of the pulse possess higher v, than the

shorter wavelength and vice versa for the latter.

2.2.4 Phase Matching and GVD Engineering

The various third-order nonlinear processes presented in section 2.11 involve the
generation of new frequencies, and therefore phase matching is a requirement to ensure
constructive interference. To get a clear insight into this concept we take a look at one of
the »° processes, FWM. To be precise, a degenerate case of FWM is considered in which a
strong pump of frequency (2wp) acts as two waves and generates a pair of waves of higher
frequency called the signal (ws) and lower frequency called the idler (w;). First, the process

involves energy conservation for the four waves involved:

2hw, — hws — hw; = 0, (45)
where f is the reduced Plank’s constant. As a result of energy conservation, the spacing
between the three waves is always the same, wp — wi = ws — wp. In addition, for an efficient
conversion process phase matching must be satisfied such that the effective wavenumber

mismatch (x) is equal to zero:

K=2Bp—PBs—pBi +yP=0, (46)
In the equation above, f,, fs, and fi are the propagation constants for the pump, signal, and
idler waves, and yP is the phase shift due to the Kerr effect where y is the nonlinear
parameter and P is the pump power. For example, if we consider a situation where the
pump, signal, and idler wave are all traveling in the same mode, let’s say the fundamental
TE mode, the nonlinear phase shift is positive for most silicon photonics platforms.
Therefore, in such a situation phase matching can be attained if the waveguide exhibits
anomalous dispersion. Also, alternative phase matching techniques can be employed such

as exploiting higher-order modes [80] or using the birefringent property [81]. Nevertheless,
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for silicon photonics waveguides, phase matching through anomalous dispersion is the

most applied approach.

Dispersion engineering is a subject that involves employing different techniques and
waveguide designs to ensure that the desired dispersion profile, more often anomalous
dispersion, is obtained to enhance the efficiency of various nonlinear optical processes.
GVD engineering techniques include modification of the waveguide geometry (height-to-
width ratio), implementation of multicore/cladding waveguide designs, and spatial mode
coupling. A detailed account of GVD engineering in silicon photonic platforms and the

hybrid TeO>-Si3N4 waveguides used in this work is presented in the next chapter.

2.2.5 The Nonlinear Schrodinger Equation

To appropriately model the propagation of a high-intensity optical field in a waveguide
such as that involving short pulses, one must account for all linear and nonlinear effects.
This means solving the nonlinear wave equation (26) including linear losses, all dispersion
terms, and all nonlinear terms including the relevant inelastic scattering effects. The
equation that accounts for all these effects and is widely used in the nonlinear photonics
community is referred to as the generalized nonlinear Schrodinger equation (GNLSE). The
most common form of the GNLSE and the one that is relevant in this work is given by
equation 47 below. For a derivation and a more detailed account of each term in the

equation, it is recommended to refer to the work by Agrawal et al. [72] [15].

B Ly Y

m=2 . (47)
+ iy (1 + it %) (A(z, t) f R(t")|A(zt — t’)|2dt’>

In the equation above A is the electric field with the slowly varying envelope approximation
applied. Also, it is assumed that the electric field is unidirectional and maintains its

polarization along the propagation distance, hence a scalar approximation is valid. The first
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two terms on the right-hand side of the equation represent linear propagation, where a is
the attenuation coefficient and B is the m™ order dispersion coming from the Taylor series
expansion of the propagation constant f(®) about wo given in equation (41). The third term
on the right-hand side models third-order nonlinear effects such as SPM, XPM, FWM, and
Raman scattering. The derivative term accounts for the wavelength dependence of (y)
known as the shock term. It is usually associated with effects such as self-steepening and
is characterized by a timescale 7s=t0=1/wo. R(¥) is the Raman response function representing
Raman effects and modeled as R(t) = (1 — fr)d(t) + frhr(t), where hg is the Raman
response function and fg is the fractional contribution of the delayed Raman response to

the instantaneous electronic response of the material.

Due to the nonlinear term, it is not possible to solve the GNLSE analytically. However, it
can be solved with different numerical approaches and give a fairly accurate approximate
solution. Examples of widely used methods are the Runge-Kutta scheme or the split-step

Fourier method (SSFM) [72].
2.3 Microring Resonators

This section briefly introduces microring resonators and their features and related

parameters that are used throughout this thesis

2.3.1 Basic Theory

A ring resonator is one of the basic waveguide shapes that is commonly used in integrated
photonics. In a simple definition, it is a bent waveguide that goes around and connects back
to itself to form a closed loop. Most often the closed loop is in a form of a circle, however,
in a general sense, any waveguide loop that forms a closed path is a ring resonator. Figure
2.5(a) shows example drawing of a simple microring resonator and its related parameters.
Light can be evanescently coupled in and out of the ring by a straight waveguide (also

referred to as a bus waveguide) in close proximity. Depending on the design features, such
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Figure 2.5. (a) and (b) [llustrations of a ring resonator and coupling bus waveguide indicating key design
parameters and energy flow when light is coupled in, respectively, and (c) Typical ring resonator’s

transmission spectrum with main parameters.

as the ring dimensions and its proximity to the bus waveguide, light of specific wavelengths
that satisfies the resonance condition (i.e. constructive interference) can be trapped into the
ring, circulate and build up its intensity. Such high-intensity build-up can be exploited for

various applications, particularly using intensity-dependent nonlinear processes. Besides
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that, microring resonators have many other applications as laser cavities, optical modulators

and filters, and biosensors.

Recalling equation (31), the phase of light is given by multiplying its propagation constant
as a function of wavelength with the distance traveled as f(})z. For the circular-shaped ring
resonator of radius R shown in Fig. 2.5(a), the total phase accumulated after a round-trip is
given by ¢(4) = f(4) 2nR. For constructive interference to occur the round-trip phase
shift must be zero. Therefore, from Fig. 2.5(b) we can define the resonance condition as
when the phase of B is equal to the phase of B>. Hence, for a particular mode family (m),

the resonance condition is satisfied when ¢ is an integer multiple of 2x such that:

2
m(Ae) = BAR = ness(Ao) /1_70TR (48)

where m=1,2,3..., is the resonant mode number, and Ao is the resonance wavelength. Figure
2.5(b) shows what happens when the light of power A is coupled into a bus waveguide. A
fraction of A; will be transmitted to the output end of the bus (A2) and some will be
evanescently coupled into the ring (B2). The light with power B> will circulate through the
ring into B1, which similarly to A will be partly transmitted (continue its path) through the
ring and partly coupled into the bus waveguide (Az). If we assume that there is no loss in
the coupling region, the electric fields can be described by the transfer matrix [82]:
wl =[]l ] )

where ¢ and k are the transmission and coupling coefficients. Since optical power relates to
the square of the electric field, the coefficients ¢ and k are related by |t|? + |k|? = 1. The
electric field circulating in the ring cavity will experience losses from coupling out to the
bus waveguide and from internal propagation loss. Therefore, we can define the cavity
decay rate by k = a + k, which includes the internal loss (@) and the external coupling loss

(k). The internal loss includes the contribution of various loss mechanisms such as bulk
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material absorption, surface roughness, scattering, and bending losses. Here the loss term
a is in units of m! which relates to the commonly used loss in dB/cm as a = e~*™R_ If we

consider the case of normalized input power such that |4 |? =

1, and define the circulating
power B in terms of coupled power Bz as B; = ae/®™ B, we can express the transmitted

power (Py) and circulating power (Pin) in the ring using equations (50) and (51) as :

Az 2 _a®+t? —2atcos(¢(1))

() = Al T 14 a2 - 2atcos(¢p (1)) (50)
_|B1 z B a’k?

Pin(4) = Al T 1+ a?t? — 2atcos(p(R)) 1)

The maximum circulating power (Pin) is attained at a particular resonant wavelength when
the resonance condition in equation (48) is satisfied. In this case, the transmitted power

equation is reduced to:

Azz_ (a—1t)?
Al ~ (1-at)?

P:(4) =
= [
From equation (52) a complete extinction of the input field will be attained when the

(52)

transmission coefficient is equal to the round-trip loss (i.e. a = ¢). This condition is referred
to as critical coupling and it is important in the design of ring resonators for Kerr

nonlinearities. Under critical coupling, the power circulating in the ring is maximized as:

2

(1-a?)

Equation (53) tells us that in a lossless ring resonator where a = 0, the circulating power

max|Piy (Ao)]| = (53)

goes to infinity, and therefore the lower the round-trip losses the higher the trapped optical

power, an important criterion in microring resonator design for nonlinear applications.

Quality factor: It is often the case that the power of an optical field circulating in a ring

resonator is expressed in terms of the quality (Q) factor. As defined in [83], the Q-factor
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represents the number of oscillations of the field before the circulating energy is depleted

to 1/e of the initial energy. It is given by the equation:
Ao

FWHM

where 4 and FWHM are the resonance wavelength and the resonance full width at half

Q= (54)

maximum as shown in Fig. 2.5(c). In terms of matrix formalism, the Q-factor formula can

be derived as:

Vkalmng
Q=
(1 =ka)A,
where L=27R is the cavity length. The Q defined by equations (54) and (55) is also referred

(55)

to as the loaded Q-factor (Q:). This is because it takes account of both intrinsic resonator
losses and extrinsic losses due to output coupling. If we assume there is no output coupling,

we can define an intrinsic quality factor that depends only on round-trip cavity losses (a).

B ValLmn, _2mn,

Q= (1-a)4, - Ao (56)

From equation (56), it can be seen that under critical coupling Q; is twice Q.. In practice,
it is useful to couple some of the energy out of the resonator and hence we define a coupling

QO-factor (Qc) such that:

r_t. 1
Q. Q Q.

From the relationships between coupling strength and quality factor, we can define three

(57)

resonator coupling regimes as critically coupled, undercoupled, and overcoupled.

1. Critically coupled. As defined earlier, critical coupling occurs when the cavity
round-trip loss is equal to the output coupling and therefore O; = Q.. The resonance

dip will show the highest extinction and the cavity will have the highest power
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enhancement. This, in most cases, is the desired operating condition for intensity-
dependent nonlinear processes.

II.  Overcoupled. This happens when the intrinsic cavity losses are lower than the
output coupling and hence Qi > Qc. The output coupling dominates and therefore
shallow resonance dips or smaller extinction ratios are observed.

III.  Undercoupled. This is the case when the intrinsic losses in the ring cavity are higher

than the output coupling hence Qi < Q..

In microring designs and experimental characterizations, the ring coupling behavior can be
determined by looking at the transmission spectrum versus the coupling gaps for different
wavelengths. Generally, the coupling strength decreases with gap size and increases with
wavelength. For example, Fig. 2.6 shows the transmission spectrum of a typical SizN4
microresonator for gaps of (a) 0.75 um, (b) 0.85 um, and (c) 0.95 pm. Zoomed-in relative
transmissions at approximately 1550 nm for the three gaps are shown in Fig. 2.6 (d) along
with the Lorentzian fit, and the corresponding calculated intrinsic and coupling QOs all at a
wavelength near 1550 nm. It can be seen that the extinction ratio increases while increasing
the gap from 0.75 um to 0.85 um and also decreases with a further increase of the coupling
gap from 0.85 um to 0.95 pum. From this trend, we can deduce that the critical coupling is
near the 0.85 um gap, and decreasing the gap moves the coupling to the overcoupled regime
while increasing the gap moves it to the undercoupled regime. Also, it is evident from the
calculated Qs that Qi > Q. for the 0.75 um gap (overcoupled) and Qi < Q. for the 0.95 pm
gap (undercoupled). However, O; # Q. as discussed above indicating that the ring is not

exactly at critical coupling for the 0.85 um gap as well.
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Figure 2.6. (2), (b) & (c) Microring characterization measurements results showing transmissions for

three different gaps. (d) Lorentzian fit of the resonances with calculated Q factors for each gap at

wavelengths near 1550 nm

Free spectral range: The resonance condition derived in equation (48) is a wavelength-
dependent term and therefore the same mode family will be resonant at intervals for
different wavelengths as shown in Fig. 2.5(c). The spacing between adjacent resonances of

the same mode family is called the free spectra range (FSR). It is given by equation (58)

below.
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A

FSR = ——,
27R - ng

(58)

where 7, is the group index defined in equation (42) in terms of the effective index taking

account the waveguide dispersion:

dnegr
dAa

We note that from equation (58) knowing the FSR from ring measurements one can

(39)

Ng = Nefr — Ao

calculate the group index accordingly. The variations of ring FSR with wavelength can be

used to estimate waveguide dispersion, a concept that is explained shortly.

Cavity finesse (F): Finesse is another quantity that is commonly used to describe the power
circulating in a ring cavity. It is given as the ratio of the cavity FSR and linewidth (or

FWHM).

_ FSR
" FWHM

The finesse relates the pump power in the bus waveguide (Pous) to the power circulating in

(60)

the resonator. Under critical coupling condition, it can be shown that the circulating power
) ) F .
in the cavity relates to the finesse by: Py, = ;Pbus. Therefore, the higher the finesse the

more power circulates in the resonator.

2.3.2 Microring Dispersion

The dynamics of various nonlinear phenomena in integrated waveguides highly dependent
on the dispersion parameter. Therefore, dispersion measurement is one of the important
characterization processes in integrated nonlinear photonics. As pointed out earlier, one can
extract dispersion by measuring the variations of ring resonator FSR with wavelength. A
particular mode family can have quite a high resonance mode number of up to the order of
m~10? to 10* excited by any external CW laser. Thus, we first represent the absolute mode

number (m) in terms of a relative mode number u such that 4 = 0 for the externally pumped
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mode. The microresonator dispersion includes the combined effects of material and
geometrical dispersion. The former comes from the usual frequency dependence of the
refractive index (7o) while the latter comes from the contribution of the optical mode profile
after a roundtrip and the reduced refractive index of the evanescent component of the mode
outside the resonator material. The total dispersion is the deviation of the resonances from
equidistance Ay(u). If we approximate the pump frequency as w, = wo we can write each

of the resonance frequencies in terms of wo and dispersion as:

1 1 1
wy :(1)0+D1M+ED2M2+gD3M3+ﬁD4M4+"', (61)
wy = Wo + D1t + Diyy, (62)

where D1/2n is the equidistant microresonator FSR at the expansion frequency, D»/2m is the
second-order dispersion related to the f> parameter defined in equation (43), and D3/2m,
Dy4/2m..., are higher order dispersion terms in units of Hz. From equation (62) Diy is given
as the deviation of the resonance frequency from D1/2x including all dispersion effects as
illustrated in Fig 2.7. From ring transmission measurements one can extract the values of
Din for different resonant modes. Then, appropriate fitting is applied to extract individual
values of the dispersion parameters. Of particular interest, the second-order dispersion (f2)

can be calculated from measured D by the equation (63) below.

L c
D, = —D3 = —ZDfﬂz (63)

2
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Figure 2.7. Resonance frequencies accounting for dispersion and showing the mismatch between
equidistant reference comb lines (black) and the resonance modes (orange) corresponding to

microresonator dispersion.

While it appears as a straightforward measurement process, it is challenging to characterize
dispersion from microring resonator spectral properties. This is due to thermal instabilities
that lead to drifting of the mode spectra. Also, for measurements to be accurate a wide scan
range is important. Therefore, different techniques have been developed for microresonator
dispersion characterization that involve wide-range scanning, referencing, and stabilization
of the microring resonances using an external stable self-referenced comb. Such techniques
include frequency comb-assisted diode laser spectroscopy [84,85], (fiber-loop) cavity
calibrated diode laser spectroscopy [86], and RF-sideband laser spectroscopy [87]. Figure
2.7 gives a conceptual illustration of dispersion measurements from the frequency-
dependent variations of a microresonators’ resonant mode spacing. Dispersion
measurement results for the TeO»-Si3Ns waveguide platform is presented in Chapter 4 of

this thesis.
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2.3.3 Microresonators and Waveguide Loss Characterization

Equation (56) shows that the intrinsic quality factor of a microring resonator depends on
its group index and intrinsic losses. Using equation (60), by measuring the ring FSR near
the pump wavelength it is possible to estimate the propagation loss a. However, in this
case, the loss comprises absorption from a resonator bulk material, scattering due to
material surface roughness and material imperfections, coupling to higher order modes, and
bending losses. Therefore, the loss value extracted from ring measurements might be
different from the propagation loss experienced in a straight non-resonant waveguide.
Nevertheless, for a ring resonator with sufficiently large bend radius and single mode

excitation, the loss will be approximately equal to that in a straight waveguide.

In microresonator design, we usually consider a bending radius at which the radiation losses
due to bending are negligible. In this case, the intrinsic resonator losses will be close to the
waveguide propagation loss. We can find the minimum bend radius by considering only

the radiation-limited quality factor (QOr) given by the equation:

Op = Neffr
R — )
ATt Negr

(64)

where nefr, and nerr; are the real and imaginary effective indices, respectively. A rule of
thumb is that a minimum bend radius must have a Og>10° corresponding to radiation loss
0r<0.001dB/cm. From equation (64), neft,- and nefr; can be calculated directly from a mode
solver software. Figure 2.8(a) shows a simulation result of Qg versus bend radius for a
TeO:-Si3N4 waveguide with 400 nm thick TeO> coating and Si3Ny strip width of 1.6 pm.
Following insight from Fig. 2.8(a) and other design criteria, ring resonators of radii 500 um
were fabricated and coated with 424 nm of TeO». The transmission spectrum of the ring for
a 0.6 um gap is shown in Fig. 2.8(b). To calculate Q-factors the resonance centered around

1550 nm was fitted to a Lorentzian model [88] as shown in Fig. 2.8(c) with the calculated
intrinsic quality factor, FSR, and group index. The resulting loss of 0.62 dB/cm is also
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shown in the figure. We compared this value to the loss measured using the cut-back
method (explained below) with results shown in Fig. 2.8(d). The loss from the two methods
differs by 0.07 dB/cm which can be attributed to the uncertainty of the two methods and

the slight variations of properties of the different waveguides used in each case.

Cut back method. Another way of characterizing waveguide loss is the cut-back method.
In this method, the total optical loss of a waveguide is measured by comparing the optical
power (or intensity) of multiple waveguides of different lengths. Mathematically, if the
optical power in a waveguide after propagating through a distance z is given by P(z) =
P(0)exp(—az) where P(0) is the input power and a is the attenuation coefficient, by taking
the ratios of powers from two waveguides of different lengths it can be shown that the
attenuation coefficient is given by the equation below:

P
loge PEZ% (65)

Z =2y
where zi1, z> are the propagation/waveguide lengths such that z>>z1.The cutback method

uses this simple linear equation to determine propagation loss in optical waveguides. It
requires that the input conditions remain constant while optical power is measured from
one waveguide of a certain length then the same waveguide is cut into a shorter length and
power is measured again keeping everything else constant, eventually, the loss is calculated
by the equation above taking the average for several lengths. While bending losses are
typically the main source of errors in Q-based loss measurement, for the cut-back method
the main source of errors comes from difficulties in maintaining the same coupling

efficiency for each waveguide being measured

52



Ph.D. Thesis — Hamidu M. Mbonde:; McMaster University — Engineering Physics

(@) (b)
14

—~ o X10 R

Y 8 20
< : ‘
= N 1l

S 6 = Hutt) W ; ““H il

9 v_ |
£ =2 1 1A Y
£ 4 % |
— =20

E g

= £ -30 [

o0 2 £ 1 { ,
g -
= -30

= 1550 1550.5 1551
2 0 35

100 120 140 160 180 200 1520 1540 1560 1580 1600 1620
Bend radius (zm) Wavelength (nm)

(©) ()

a -20

Z X L=10cm
= . L=15cm
2 E -25 : X L=20cm
2 -2 ) ——Linear fit
8 s

< = -30 x

£ 0,= 6x10° z

= ;= 0% e

=-0.69 dB/

2 6l n=2.128 &35 @ o

= X

= a=10.62 dB/cm )

& g -40

=20 -10 0 10 20 0 5 10 15 20 25
Wavelength detune (pm) Waveguide length (cm)

Figure 2.8. (a) Plot of the simulated bending quality factor for the TeO»-coated 1.6 pm wide and 0.4
pum high SizsN4 waveguide. (b) Measured transmission in a 500 pm radius ring with inset showing fine
transmission from 1550 nm to 1551 nm. (c) Lorentzian fit of the ring transmission at 0.6 um gap and
1550 nm wavelength. (d) Plot of measured optical power and a linear fit for 3 waveguide of different

lengths used to calculate propagation loss by the cut-back technique.
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2.4 Nonlinear Integrated Photonic Devices and Applications

2.4.1 Optical Frequency Combs

Optical frequency comb (OFC) generation is one of the widely studied nonlinear effects in
integrated silicon photonics. An optical frequency comb is a spectrum of equidistant spaced
and mutually coherent optical frequencies. It can be visualized as an ordinary ruler where
equidistance spaced lines are used to measure distance. Similar to a ruler OFC can be used
as a reference to precisely measure optical frequencies, the difference between optical
frequencies, and many more applications. Fig 2.9(a) demonstrates this analogy where frep
is the frequency spacing and fceo is the carrier envelope offset frequency. Unlike a rule
which has length units starting from zero, OFC usually starts at a non-zero offset frequency
which is referred to as the fceo. The discovery of OFCs has revolutionized the field of
frequency metrology and optical spectroscopy, and in 2005 the Nobel Prize in physics was
half-awarded to J. L. Hall and T. W. Hénsch for their work on precision spectroscopy
including the invention of the frequency comb technique. OFCs can be generated through
the two commonly known processes of supercontinuum generation or Kerr comb
generation (KCQG), as illustrated in Fig. 2.9(b) and described below. A thorough analysis,

distinction, and review of the two processes is presented by Gaeta et al. in [89].
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Figure 2.9. (a) A demonstration of the analogy of an optical frequency comb to an ordinary measuring

ruler, (b) an illustration of the distinction between OFC generation from SCG and KCG processes.

SCG: Comb generation through SCG is achieved by pumping a nonlinear waveguide with
a mode-locked laser (MLL) source which leads to the generation of new frequencies by a
combinations of processes such as cascaded FWM, SPM, dispersive wave (DW)
generation, and soliton fission. Figure 2.9(b) shows a mode-locked laser (MLL) source that

can be used to generate SC by pumping a dispersion-engineered non-resonant waveguide.
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Before its demonstration in integrated platforms, SCG has extensively been studied and
revolutionized OFC generation in photonic crystal fibers. OFCs spanning beyond an octave
have been demonstrated with a high degree of coherence, self-reference, and stabilization.
The advancement of OFC generation in photonic crystal fiber has enabled the advancement
of comb-based frequency metrology and opened several new applications, and also
importantly it has allowed for theoretical studies and an accurate understanding of the
dynamics of laser pulses in the SCG process. The dynamics of a laser pulse in the SCG
process can be well understood by using the GNLSE equation (47). The review article by
Dudley et al. [90] is a recommended reference for SCG in photonic crystal fibers while for
waveguide platforms recommended references are [89,91,92]. The first SCG in Si3Ns was
demonstrated in [93] with the SC spanning over an octave. This showed the attractive
features of Si3N4 and thereafter it has grown to become a leading platform for on-chip SCG.

The SCG subject is revisited further in detail in Chapter 5.

KCG: OFCs can also be generated by continuous wave (CW) light in an optical
microresonator. An optical resonator can confine and trap light to very high intensities and
if the resonator is made up of a third-order (Kerr) nonlinear medium, parametric processes
such as FWM can be enhanced leading to OFC generation. This OFC generation technique
is also referred to as Kerr comb generation. There are two classes of micro-resonators that
are commonly used which are whispering gallery mode (WGM) resonators, such as micro-
disks, microspheres, and micro-toroids, and micro-ring resonators (MRRs). Although
WGM resonators were the first to be studied for KCG and eventually applied in the first
reported on-chip demonstration in 2007 [94], due to a number of features that distinguish
the two, MRRs have become more dominant in recent years. Issues such as the device
footprint and efficient coupling of light into the resonator motivated the drive for a more
robust solution and hence the monolithic chip-based MRRs. Consequently, 3 years later

KCGs were reported in SisN4 [95] and Hydex glass [96]. The basic driving process in KCG
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is FWM such that if the signal and idler pair satisfy the resonator’s resonance conditions
the parametric process is enhanced and sidebands start to form around the pump frequency.
The energy is conserved as usual for a FWM process, whereas the phase-matching
condition is automatically satisfied for equally spaced modes. Under the right conditions,
the process can be further enhanced such that each of the generated sidebands grows in
intensity and generates its own sidebands, and so on. The process continues until dispersion
perturbs the cavity resonance spacing, at which point the spectrum stops growing or can
only be further expanded by another process such as the formation of dispersive waves
under the right dispersion conditions. Through proper tuning of a pump frequency and/or
amplitude dissipative Kerr solitons can be excited to facilitate the generation of ultra-
broadband and highly coherent OFCs. A characteristic of KCG combs is that their
frequency spacing is equivalent to the spacing of the resonator’s resonances, unlike SCG-
based combs which inherit their spacing from the source MLL. The dynamics of KCG in a
microresonator can be described by the Lugiato-Lefever equation [97]. For a theoretical
view of the process, readers are referred to references [98—101]. The discussion on the
design and generation of Kerr combs in the hybrid TeO2-SizN4 platform is presented in

Chapter 4.

2.4.2 Raman Amplification

In optical waveguides, the Raman process can occur easily under stimulated conditions
rather than spontaneously. In such a situation, a small seed signal and pump are coupled
into a waveguide and the process results in the amplification of the signal wave. This
process is known as stimulated Raman scattering and has been studied extensively to make
broadband optical amplifiers. Compared to other optical amplification techniques, such as
those based on rare-earth atomic transitions, Raman amplification has advantages in terms
of versatility and performance. First, SRS can be used to amplify a signal of any wavelength

as long as the difference between the signal and pump corresponds to the Raman shift of
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the material used. Second, if a waveguide is made up of a Raman material eliminate the
need for any sort of doping and an entire length act as an amplifier providing what is known
as distributed amplification. Furthermore, some Raman materials have very broad Raman
emission bandwidth allowing for broadband amplification. While the detailed account of
Raman amplification in silicon photonics platforms and a numerical study for the TeO»-
Si3N4 platform is presented in Chapter 6, here we present the basic equations for Raman

amplification.

Inverse tapers

\ MMI combiner

Figure 2.10. A conceptual drawing of an integrated Raman waveguide amplifier showing a narrow band

pump used to amplify a broadband signal at longer wavelengths separated by the Raman shift (Qr).

In optical waveguides, the Raman effect is usually represented by a parameter called the
Raman gain coefficient, yr which depends on the imaginary part of y* [72]. The Raman
gain coefficient describes the relationship between the intensities of the pump and Stokes
signal light, namely how much the pump transfers power to the Stokes wave through the
SRS process. If we consider the simple case of CW pumping, this relation can be

represented by the equation below:
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o0l
= =y (AL, (66)

where z is the propagation distance, /s and I, are the Stokes and pump intensities, and Aw
is the Raman shift given as w,— ws. The Raman gain coefficient is a polarization dependent
parameter — it highly depends on the polarization relation between the pump and Stokes
signal. The gain is maximum when the two waves are co-polarized and minimum when
they are orthogonally polarized. The Raman gain coefficient parameter is sometimes
expressed by dividing it by the effective mode area (A4.fr) of a waveguide giving a new term
referred to as Raman gain efficiency, gr = yr /Aetr. In this case, the previous equation is

modified to:

2~ grGw)RE, (67)
where Ps and P, are the Stokes and pump powers in the waveguide. To model the evolution
of pump and Stokes power along the waveguide under CW/quasi-CW pumping, equation
(49) is modified to include the attenuation of both pump and Stokes waves and pump
depletion due to its energy transfer to the Stokes wave. After these modifications the

evolution of pump and Stokes power can be represented by a set of two coupled equations:

aP,
a—ZS = —a P, + ggP,P,, (68)
¢ iad P~ pp (69)
— = —apP — = gr PP,
0z LI

where /s and 4, are the signal and pump wavelengths, and a5 and «,, are the attenuations at
the signal and pump wavelengths respectively. The symbol { in equation (69) can take
values of +1 or —1 representing different pumping schemes, where +1 means a pump signal
is launched in a forward direction whereas —1 means a pump is applied in the backward
direction. The solution of the coupled amplifier equations can be estimated using numerical

methods such as the finite element method (FEM) with good accuracy. Alternatively, one
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can assume that with very high pump power of a few orders of magnitude greater than the
signal, the pump depletion term (second term on the right-hand side of equation (69) is

negligible and we arrive at an analytical solution with very good accuracy.

The CW model presented above has been developed under the assumption of no other
nonlinear effects present in the waveguide. This assumption may hold, practically for low-
power CW pumping and non-resonant structures such as fibers or straight waveguides
However, the same case cannot be applied for pulsed laser pumping or in resonant
structures such as high-Q MRRs where high intensity can build up. In such situations,
combinations of various nonlinear effects are bound to happen, and therefore efficiently
modeling the propagation of pump and Stokes pulses requires full consideration of the
GNLSE presented earlier. In this case, the electric filed envelope is modified to include

@pt where ws, wp are the

both pump and signal waves and becomes: 4 = A;e~ st + Aye”
signal and pump frequencies respectively. However, to make things easier, it is reasonable
to separate the GNLSE into separate equations for the signal and pump. With a few

assumptions and simplifications [72], the resulting equations are as follows:

04; « 9%A
S+—SAS+i@ °
0z | 2 2 01?2 70)
. 2 9r 2
= iy [JAs2 + 2 = 4| | As + 54, [ A
04, « 94 924
I 94 P04y
9z 2 aT 2 aT? an
; 2 9rw
=iy [[4p]" + @~ f)lAsI2] 4, ==L 1424,
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The first term on the right side of equation (70) accounts for the nonlinear effects of FWM
and SPM, where fr is a Raman contribution factor. The second term on the right side of the
equation accounts for the contribution of Raman gain from the pump to signal. Similarly,

the first term on the right side of equation (71) accounts for FWM and SPM while the
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second term accounts for the pump depletion due to its energy transfer to the signal wave.
The newly added third term on the left side of equation (71) accounts for the group velocity
mismatch between pump and signal, d = B, — f15. Also, only the second-order dispersion
term is included in the equations. For more details on the derivation and theoretical origin
of Raman amplification in waveguides, readers are encouraged to refer to reference [15].
Similar to the GNLSE, the coupled amplifier equations above can only be solved by
numerical techniques such as the commonly used SSFM. The study of Raman amplification

in waveguides is presented in Chapter 6 of this thesis.

2.4.3 Applications of Nonlinear Optical Processes

Since the emergence of silicon-based nonlinear optics, it has been an enabling technology
for broad applications underpinning the technological potential of silicon photonics.
Particularly, nonlinear devices have excelled in areas where traditional (i.e., linear) silicon
photonic components have failed to perform adequately, such as applications requiring
broadband light, or frequency multiplying, and photon sources for quantum applications.
In a very broad view applications of silicon photonics can be categorized into several areas,
and in one way or another nonlinear silicon photonic devices have found applications in
each of these areas. The leading application area and a major driving force for silicon
photonics is communications, closely followed by computing and signal processing. There
is a significant interest in medical applications driven by photonic biosensors and
diagnostic equipment such as optical coherence tomography (OCT). Metrology is another
important area where in particular Kerr combs are employed for distance-ranging and ultra-
precise timekeeping. Furthermore, silicon photonics has found applications in various
forms of defense and security systems and the recently emerging solid-state LIDAR
technology which falls into the general area of sensing. Figure 2.11 shows a pictorial

summary of all the application areas.
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This thesis work, aims at improving the conversion efficiency of nonlinear processes
applied in KCG and SCG leading to utilization of these devices in the applications
highlighted above an unlock even further applications in the future. Also, there is a study
of Raman amplification which could help pave the way for on-chip broadband and high-
power amplifiers and lasers in a monolithic platform, opening a whole new window of
applications. Table 2.1 gives a summary of the different applications of the nonlinear

silicon photonics devices that have been demonstrated in the literature.

Communication

WDM
Broadband sources
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Figure 2.11. Broad view of potential applications of integrated nonlinear silicon photonics.
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Table 2.1 Applications of the nonlinear optical phenomena

Nonlinear device

Applications/References

Spectroscopy and imaging [92,102—104], optical coherence

*SCG tomography (OCT) [105,106], Lidar [107-109], telecom, WDM
[110-112]
Spectral measurements [113,114], telecommunications [115—
*KCG 117], distance measurement [118,119], ultra-precise timekeeping

and clocks [120], frequency sources [121], RF/microwave
sources and devices [122]

*Raman amplifiers/lasers

Broadband sources [123,124], telecom, WDM [125,126],
environmental monitoring and sensing [127—-129]

THG microscopy [130,131], label-free biosensors [132], visible

"THG light sources [133,134], f-3finterferometry [135,136]

SFWM Single photon sources [137,138], coherent anti-Stokes Raman
spectroscopy [139,140], nonlinear phase conjugation [141]

*SPM & GVD engineering | Pulse compression [142—144], nonlinear phase conjugation [141]

S:;?Si;;i?ggg;c Broadband light sources [145—-147] and amplifiers [96,148—151]

SHG & parametric down-
conversion

f-2f interferometry, single photon sources [137,138], visible light
sources [133]

Brillouin scattering,
amplifiers/lasers

Ultra-narrow-linewidth light sources [152,153], Microwave
photonic filters [ 154—156] , RF & Microwave sources and
devices [75]

*Indicates the specific phenomena that are directly or indirectly under study in this thesis

2.5 The Hybrid TeO2-Si3N4 Platform

This section introduces the proposed hybrid TeO»-Si3N4 nonlinear integrated photonics
platform. First, a brief overview of the stoichiometric Si3zN4 platform which forms an
integral part of the hybrid platform is given. In particular, the discussion focuses on the
development of the thick Si3N4 (>400 nm) that is typically needed for nonlinear devices.

Next, a general overview of the motivation and development of the integrated TeO»
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platform is given. This is then followed by an overview and a generic discussion of the

hybrid waveguide structure designed and used in this thesis.

2.5.1 The Stoichiometric SizN4 Platform

Si3N4 is considered the third integrated photonics platform that is compatible with foundry-
scale processes and it is complementary in characteristics and performance to the SOI and
group III-V photonics platforms [157]. The first study on Si3N4 for photonics applications
was reported in 1977 [158] where Si3N4 films were fabricated on a SiO> buffer on silicon
wafers for 632-nm red light propagation. Although the research on the new platform
continued, it highly intensified after ~2005 when significant process development and
demonstration of applications in the NIR were reported [159,160]. The SizN4 platform then
received full attention and developed as a complementary material in application areas
where SOI and III-V semiconductors such as InP are not suitable. It has now evolved into
a mature technology surpassing SOI and InP in some application areas such as integrated
nonlinear photonics. For a historical summary of the development of this platform, an
invited article by Munoz et al is recommended [161]. Also, for recent reviews on the state-

of-the-art of Si3N4 photonics readers are directed to the references [157,162—165].

The Si3Ny4 platform has numerous unique features that distinguish it from the other two
leading integrated photonics platforms. It has wider transparency spanning from visible to
MIR with low attenuation across its transparency. The losses in Si3N4 waveguides are as
low as <1 dB/m, which is more than two orders of magnitude below those of the state-of-
the-art SOI and InP platforms [157]. Also, it has a moderately high nonlinear refractive
index but with negligible TPA, a feature that has made it an attractive platform for
integrated nonlinear photonics. While the early phase of research on the Si3N4 platform
focused heavily in reducing losses in which ultra-low loss waveguides were eventually
achieved, more recently the focus shifted to increasing integration density and exploiting

various nonlinear optical phenomena. In the fabrication studies, it was well established that
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the main causes of loss are impurities, surface roughness, and mode confinement at the
operation wavelength. The first two issues were mitigated by for example high temperature
annealing and chemical-mechanical polishing (CMP) techniques. The third factor was
addressed for linear applications by using low confinement waveguides that allowed the
mode to propagate mainly in the SiO; cladding layer. Depending on the mode confinement,
Si3Ns waveguides can be categorized into three groups which are low confinement,
moderate confinement, and high confinement waveguides. Low confinement waveguides
have a typical height of ~100 nm and a reported loss of down to 0.045 dB/m at 1580 nm
[166]. Moderate confinement waveguides have heights between 150 — 400 nm and have
reported propagation losses of 0.11 to 1.45 dB/cm at 1550 nm [161]. More important and
relevant to the subject of integrated nonlinear photonics is the high confinement regime
where waveguide heights range from 700 nm to 2500 nm. As pointed out in the previous
paragraph, there has been more interest in developing SizN4 waveguides that can provide
small footprints with tighter bends and be exploited for nonlinear integrated photonic
applications. While the waveguides in the moderate confinement region can ideally provide
low-loss guiding and tighter bends, they are still inapplicable for nonlinear photonics
devices, an area where Si3N4 stands out in performance. This limitation is imposed by the
dispersion requirement where due to the high normal material dispersion only Si3zNa
waveguide with heights >700 nm can have the anomalous GVD that is critical for phase
matching of the nonlinear processes. This explains the jump from 400 nm to 700 nm
thickness in the high confinement regime. Figure 2.12 summarizes this discussion, where
Fig. 2.12(a) shows a plot of mode confinement versus Si3N4 core height and Fig. 2.12(b)
shows how the dispersion profile changes for 400 and 700 nm core heights at a fixed width
of 1600 nm. As shown by the dispersion plot in Fig 2.12(b) a waveguide of at least 700 nm
thickness is needed for anomalous dispersion. However, the challenge is in the fabrication
process, where it quickly became evident that it is difficult to fabricate such thick films

with a low loss under the conventional CMOS deposition and etching techniques. This is
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due to cracks caused by stress in the film introduced during the low-pressure chemical
vapor deposition (LPCVD) process. Typically, tensile stress of > 800 MPa which are highly
prone to cracks have been observed [167]. The challenge was addressed by exceptional
efforts from photonic researchers worldwide and various techniques have been developed
to overcome it, such as the photonic damascene reflow [167], stress release patterning
[168], crack barrier [169], thermal cycling [95], twist-and grow [170], and dicing trench
techniques [171]. Table 2.2 gives a summary of thick SisN4 demonstrations by different

groups and the nonlinear processes thereof.
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Figure 2.12. (a) Simulation of the waveguide confinement and mode area for the fundamental TE mode
at 1550 nm in SiO»-cladded Si3Ny strip waveguides, showing the three operating regimes. (b) Dispersion
profile of the fundamental TE mode for the two thicknesses of 400 and 700 nm, corresponding to the
moderate and high confinement regimes, respectively (the low confinement regime is omitted from the
figure for clear visualization because it has strong normal dispersion significantly below the 400 nm
profile). In both figures a constant width of 1600 nm is used but it is important to note that for different

widths the effective mode area and dispersion parameters change accordingly.
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Table 2.2 Thick SizN4 waveguides for nonlinear photonics demonstrated by various research groups

Group/ Width | Thickness Propagation loss Nonlinear
Technique (nm) (nm) (dB/cm) demonstrations
Cornell & Columbia 1800 910 0.04 @ 1550 nm SCG [18], KCG
-Mechanical trenches isolating 2700 950 [169] [172], OPO [95]
devices from propagating cracks 0.6 @ 2600 nm
[172]
LioniX/Twente 700— 800/1000/12 | 0.37 @ 1550 nm SCG [174,175],
-Etching and filling trenches 900 00 0.45 @ 1550 nm SHG [176,177]
1.37 @ 1550 nm comb-laser [178]
[173]
Ligentec/EPFL 2000 800 Not reported [167] SCG[116,121],
-Etching and filling trenches KCG [179,180],
(Damascene) frequency
synthesizer [181]
CEA-LETI 1400 730 0.3 @ 1550 nm FWM [182], SCG
-Stepwise deposition while [170] [170], KCG
rotating the wafer (twist-and [183,184]
grow)
Twente 1500 800 ~0.35 @ 1550 SCG [185], OPO
-Crack barriers [171] [186]

Despite the successful development of thick SizN4 fabrication processes and subsequent
achievements of well-performing nonlinear devices, it is still of great interest to develop
nonlinear photonics devices in the moderate confinement regime. In particular, the 400 nm
height which is now becoming a standard offered by various CMOS foundries across the
globe. The 400-nm thickness offers advantages is several aspects, one is avoiding the extra-
customized fabrication steps allowing fabrication with conventional deposition and etching
techniques which ultimately lead to high yield volume manufacturing. Another advantage
is that the thickness is ideal for single mode TE and TM waveguides with reasonable bend
radii suitable for linear photonic functionalities in the same chip; also as will see potential
for active functionality in hybrid waveguides for linear-nonlinear-active circuits. For such
reasons, the 400-nm nitride platform is currently attracting growing interest and is offered

in MPW or custom runs by several major photonic CMOS foundries such as LioniX
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International [187], Interuniversity Microelectronics Centre (IMEC) [188], Advanced
Micro Foundries (AMF) [189], and Applied Nanotools (ANT) [190].

2.5.2 TeOz2 Integrated Photonics

Tellurite glasses containing TeO> as the main component have very attractive linear and
nonlinear optical properties among other oxide glasses. The properties have long been
identified and extensively explored in fibers for applications including rare-earth doped
amplifiers, broadband Raman amplification, and SCG. The Springer Series in Material
Science 254, “Technological Advances in Tellurite Glasses” has a well-detailed account of
the exploits of tellurite glass, especially in fibers [191]. With the growing interest in moving
from bulky, bench-top systems into compact and scalable integrated platforms, TeO: has
recently been considered as a potential material for integrated photonics. TeO> glass has a
wide transparency spanning from the visible to 6 um in the MIR with a high refractive
index of about 2.08 at 1550 nm. The high refractive index allows for the fabrication of tight
and compact photonic devices in a small footprint while the wider transparency permits
broad coverage of many wavelengths of interest for diverse applications. It also has
remarkable nonlinear optical properties, with a reported nz of 1.3 x10'® m?/W at 1900 nm
[192] which is also experimentally verified by SCG measurements in Chapter 5, Brillouin
gain coefficient of 3x10'> m/W [152], and Raman gain coefficient of more than 30 times
that of silica[193]. The reported Raman gain coefficient varies with glass composition for
which a summary and discussion are given in Chapter 6. Importantly, until the time of
writing this thesis, there is no evidence reported of TPA in TeO; glass at NIR wavelengths,
indicating that it can be an ideal candidate for efficient integrated nonlinear photonic

applications.

Despite all the interesting optical properties and some recent significant demonstrations,
the implementation of a standalone TeO> platform in integrated photonics is relatively

much less mature than SizNs. One of the main challenges lies in its chemical properties that
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do not permit easy and efficient etching of its films into high-index contrast, low-loss, and
compact waveguides [194]. Over the past two decades, several waveguide fabrication
techniques have been employed. The proposed approaches include using UV direct writing
[195], femtosecond laser direct-writing [196-198], ion exchange [199-201], ion
implantation [202], sputter etching [203], and reactive ion etching [204]. State-of-the-art
results were achieved in the work of S. J. Madden and K. T. Vu, showing low loss of down
to ~0.05 dB/cm in most of the NIR spectrum and ~0.10 dB/cm at 1550 nm [204]. Through
these exceptional efforts, high-performing devices have been demonstrated in the TeO>
platform that motivated the research in this work. Such demonstrations include erbium-
doped waveguide amplifiers and lasers [198,205,206] and nonlinear spectra broadening
[204]. This work for the first time showed the potential for integrated nonlinear TeO>
devices and motivated new directions of exploration for this promising material. First, for
nonlinear optics, the waveguide cross-section in [204] was relatively large (1.6 x 4 um?)
compared to Si3N4 and SOI. Maintaining high confinement and low-losses while reducing
the effective area in more compact waveguides might enhance nonlinear phenomena.
Second, further development of TeO, as its own platform would require enormous
investments in research and development and infrastructure. As another approach,
implementation of TeO> on traditional PIC platforms might exploit their mature, low-cost
and high volume manufacturing while adding the material benefits of TeO2 in densely-

integrated PICs for a variety of applications.

Recently, our group developed methods to exploit the rich optical properties of TeO> by
designing a hybrid platform that consists of a foundry stoichiometric SizN4 coated with a
TeO; film [207]. The TeO: film is coated at low temperature by a single post-processing
reactive sputtering step, making it fully compatible with CMOS fabrication methods [207].
This approach offers two main advantages which are eliminating the need for etching the

film and allowing for direct integration of the devices with the mature low-loss SizNy
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platform. This thesis work was preceded by the demonstration of high-Q microring
resonators [208], erbium and thulium-doped waveguide amplifiers and lasers [209-211],
and eventually the very first demonstration of nonlinear processes in form of SCG [212]
and FWM [213] in the TeO>-Si3N4 platform. All of those works focused on 200-nm-thick
Si3N4, which was selected as an effective thickness for linear and active devices [207].
Following a similar approach, this thesis presents the hybrid TeO>-Si3N4 platform as a
candidate for efficient nonlinear photonics in a thin, crack-free, and moderate confinement

400-nm foundry Si3Nj.

2.5.3 Hybrid TeO:2-Si3sN4 Waveguides

In this thesis, we investigate hybrid TeO»-Si3Ns waveguides which make use of a moderate
confinement 400 nm-thick foundry Si3N4 platform. Besides the two key advantages of
being etch-less and taking advantage of the mature low-loss Si3N4 platform, there are a
number of other factors that motivate the work in this thesis. First, the 400 nm SizN4
platform offers moderate confinement that allows for tight bends and small footprint
devices. Also, in combination with the added TeO: film, the waveguide dispersion can be
precisely engineered between the normal and anomalous regimes. Furthermore, the added
highly-nonlinear TeO, enhances the waveguide nonlinearity and allows for potentially
lower threshold nonlinear devices. In addition, it gives access to other nonlinear phenomena

that are usually lacking or less efficient in stoichiometric Si3N4 such as SRS and SBS.

Material properties: Table 3 summarizes the important optical properties of the materials
used in the design of the hybrid TeO2-Si3N4 waveguides in this thesis. It includes the linear
and nonlinear refractive indices and the Raman gain coefficient. The respective dispersion
relations in form of Sellmeier equations are also given. The Sellmeier equations of SiO»
and Si3N4 are taken from literature with references given in the table. While these equations
are widely used by the research community, the author acknowledges that there might be

slight variations in experimentally measured parameters caused by possible variations in
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parameters used from the literature. Also, for the case of TeO, both the nonlinear refractive
index and the Raman gain coefficient have shown significant variations depending on glass
compositions. These variations and compositions are given and discussed in Chapter 3 and
Chapter 6 for the nonlinear index and the Raman gain coefficient, respectively. The
dispersion relation for TeO given is an example and was obtained by experimentally fitting
ellipsometric measurement based on a Sellmeier mode. Depending on the TeO» thickness
and deposition conditions, the Sellmeier coefficients vary slightly and in each case

throughout this thesis, the respective measured dispersion is given.

Table 2.3. Optical properties of the materials used in the design and simulation of the hybrid waveguide

platform.
Material | Refractive | Nonlinear Raman Dispersion relation
index at refractive gain
1550 nm index coefficient
(m*/'W) (W!m™)
SiO, 1.444 2.2x10720 1x10713 5 0.69616622
[214] [215] [216] n"-1= 12 — 0.06840432
N 0.40794262
A2 —0.11624142
N 0.89747942
A% —9.89616612
Si3Ny 1.996 2.4x107Y Negligible 21 3.024922 N 4031472
[172] [217] m T T A2 013534062 ' 22 — 1239.842?
TeO; 2.080 [this | 1.3x107'8 40x10713 5 2.893912
work] [192] [193] - = T30672

The waveguide structure: The structure of the hybrid waveguide is simple consisting of
a foundry Si3Ny strip waveguide on insulator (SiO2) and a silicon substrate, that is coated
with the TeO: film to form a high index cladding or a multi-core structure as shown in Fig.
1.13. It shows 3D images of the separate material layers and the combined structure and a

2D cross-section view with labels indicating the dimensions of each layer. Also, sometimes
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the waveguide is covered by a low-index (n = 1.336 at 1550 nm) protective fluoropolymer

(CYTOP) top-cladding layer, not shown in the drawing for clarity.

Simulated waveguide properties: Specific simulated waveguide properties relevant for
each of the nonlinear phenomena are presented in the respective chapters throughout this
thesis. However, to establish an overview and understanding of some basic properties of
hybrid TeO2-Si3Ns waveguides, some general simulation results are shown here. Figure
1.13(b) shows the mode profiles of a 1.6 um wide waveguide without the TeO: coating,
and 400 nm TeO: coating for the fundamental TE and TM modes, respectively. In addition,
Fig. 1.13(c) shows a comparison of the resulting effective index and single mode cut-off
widths for the uncoated and TeO> coated waveguides, respectively. It can be seen that the
addition of the TeO; layer lowers the single mode cut-off width from 1.5 pm to 1 pm which
is a direct consequence of increased overall waveguide height. We also simulate the
waveguide confinement and effective mode areas comparing the two cases of the coated
and uncoated waveguide and the results are plotted in Fig 1.13(d). From this figure, it can
be seen that the TeO> overlap increases as the SizNs width decreases. The total mode
overlap increases for the coated waveguide as shown in Fig. 1.13(d) due to the increased
core size and higher index of the TeO layer. However, the increase in the mode overlap
comes at the expense of an increase in the effective mode area. Therefore, depending on
the intended nonlinear application in each specific design, various factors are important to
consider to reach optimal parameters, particularly the SizN4 strip width and the TeO»

coating thickness.
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Figure 2.13. (a) Hybrid TeO,-Si3N4 waveguide structure showing a 3D visualization of individual layers
and a cross-section view with parameters. (b) Simulated mode profiles for uncoated and 0.4-pm TeO»-
coated, 0.4-um-high by 1.6-pm-wide SisNs waveguides. (c) and (d) Simulation results of supported
modes for the two waveguides cases indicating single mode cut-off widths (dotted gray lines). (e¢) and
(f) Confinement and effective mode area versus Si3N4 width for the two waveguide cases.
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2.6. Summary

In summary, this chapter has presented an overall theory and background of all subjects
that are studied in this thesis. First, the origin of nonlinear response in bulk media was given
followed by a summary of various nonlinear processes resulting from the such response.
The nonlinear wave equation was then derived from Maxwell’s equation. The nonlinear
response in waveguide was examined alongside the definition of important terms such as
the nonlinear and dispersion parameter that is to be used throughout this thesis. Microring
resonators form an essential part of the study in this thesis and therefore their theoretical
background was given here, and also their important applications in dispersion and loss
measurements were discussed. Furthermore, different nonlinear devices that are being
studied in this thesis were discussed in terms of their basic operating principles and
potential applications. Lastly, the hybrid TeO:-SisN4 platform under study was also
introduced in this chapter. The introduction includes motivation for choosing this platform,
literature on previous studies, and simulation results showing an overview of some of its

basic properties such as effective refractive indices, mode areas, and mode overlap.
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Chapter 3

Enhanced Nonlinearity and Engineered
Anomalous Dispersion in TeO:-coated

Si3N4 Waveguides

Reprinted in part with open access permission from H. M. Mbonde, H. C. Frankis, and J.
D. B. Bradley, “Enhanced nonlinearity and engineered anomalous dispersion in TeO»-

coated Si3N4 Waveguides,” IEEE Photonics J. 12(2), 2200210 (2020).

DOI: 10.1109/JPHOT.2020.2973297

This chapter includes results published in a manuscript on the analytical and numerical
study of how the TeO: coating can be used to enhance the S3N4 waveguide’s effective
nonlinearity and engineer the dispersion to anomalous. The study was the first step in the
examination of the hybrid platform as a candidate for integrated nonlinear photonics.
Therefore, it aimed to explore and optimize the waveguide geometry to enable the
engineering of dispersion to the anomalous regime and enhance the effective nonlinearity
by reducing mode areas and increasing overlap with the TeO> film. The results showed that
the waveguide nonlinearity is enhanced up to three times that of a standalone stoichiometric
S3N4 and anomalous dispersion can be obtained using a 400-nm thick SizNs and TeO:
coating of about 500 nm. It is also shown that the nonlinearity can be improved even further

by doping the TeO itself with other metal oxides. All sections in this chapter were directly
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copied from the published manuscript and the only changes made are the adjustment of

formatting and reference numbering to match the rest of the thesis.

ABSTRACT: We propose designs of silicon nitride (Si3N4) waveguides with enhanced
nonlinear parameter and engineered anomalous group velocity dispersion (GVD) by the
addition of tellurium oxide (TeO,) top-coating layers of various thicknesses. The proposed
waveguides have calculated nonlinear parameters of up to three times that of stoichiometric
Si3Ns4 and exhibit anomalous GVD at near-infrared wavelengths. The GVD of such
waveguides can be tuned between the normal and anomalous regimes with different zero
dispersion wavelengths by adjusting the thickness of the TeO» coating. These designs offer
the promise of higher-performance nonlinear devices on a standard low-loss Si3N4 platform
with the possibility of integration of active functionalities owing to the higher solubility of

rare earth dopants in tellurium oxide.

3.1 Introduction

Over the last several years nonlinear optical devices have shown great progress and promise
for a wide range of applications in integrated photonics, including in areas such as all-
optical signal processing, ultra-low power all-optical switching, and quantum photonics
[218]. Silicon nitride (Si3Ns) in particular has become a leading platform for the
development of various on-chip integrated nonlinear devices. The Si3N4 platform offers the
advantage of compatibility with mature CMOS processing through which highly compact
and low-loss waveguides can be fabricated [219], [220]. In addition, Si3N4 has negligible
two-photon absorption (TPA) hence lower nonlinear losses making it an ideal candidate for
on-chip nonlinear photonics [221], [222]. Different nonlinear devices have been
demonstrated on an integrated Si3N4 platform mainly for supercontinuum generation [223]-
[224] and ultra-broadband frequency comb generation [225]-[38], all based on the third-

order Kerr optical nonlinearity.
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Although stoichiometric SizN4 has proven to be an excellent candidate for on-chip
nonlinear photonics, its nonlinear refractive index is lower compared to other materials of
interest such as silicon-on-insulator (SOI) or silicon-rich silicon nitrides [222]. Having a
lower nonlinear index raises the need for tight confinement of light within the waveguide
to enhance the optical intensity and ultimately increase the nonlinear coefficient which
determines the extent of nonlinear interactions. Additionally, the efficiency of frequency
conversion resulting from those interactions is also highly dependent on the phase-
matching condition. It has been shown that the simplest way to achieve phase matching is
through the engineering of the group velocity dispersion (GVD) of the waveguide, such
that the phase shift resulting from dispersion balances with that arising from nonlinear
interactions [226]. The requirement is to have anomalous and low GVD parameters over a
wide range of wavelengths. However, the overall GVD is dependent not only on waveguide
geometry but also on material dispersion. Therefore, the choice of material limits the
overall GVD parameter. For stoichiometric Si3N4 the typical waveguide GVD is normal
over most parts of telecommunication bands unless thicker waveguides of at least 720 nm
are employed [15]. Fabricating such thicker low-loss waveguides through low-pressure-
(LP-) or plasma-enhanced (PE-) chemical vapor deposition (CVD) is challenging due to
cracks in the Si3N4 film induced by stress. Different fabrication techniques have been
proposed to overcome this problem such as the damascene reflow process [227], [45] and
the twist-and-grow scheme where SizN4 deposition is carried out in steps while rotating the
wafer (45°) midway [228]. Although these processes have proven to be effective in meeting
the end goal, they also introduce undesired complexities into the fabrication process.
Furthermore, the resulting SisN4 waveguides have large core cross-sections, thus are highly
multi-mode, which may be detrimental to implementing various linear or active optical

functionalities on the same platform.
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Tellurium oxide (TeO») has recently received quite some attention as the material of interest
for active functionalities monolithically integrated into silicon photonics devices[229]-
[230]. TeO: has a slightly higher linear refractive index () than that of Si3N4 enabling the
fabrication of highly compact waveguides. It has a significantly higher nonlinear refractive
index (n2) and higher Raman gain coefficient than that of stoichiometric Si3N4[229]. TeO-
has a wide transparent window spanning from visible through the near-infrared (NIR) and
into the mid-infrared. Similar to Si3N4, TeO> also has negligible two-photon absorption.
Furthermore, TeO> has proven to be an excellent host of rare earth ions, exhibiting higher
solubility with minimal quenching [231]. We have recently demonstrated a TeO> on Si3N4
waveguide platform with low losses and which exploits the advantages of both materials,
and shown amplification in both erbium- and thulium-doped TeO»-coated Si3zNa

waveguides [231]-[68].

In this work we propose designs of SizN4 waveguides coated with TeO, layers of varying
thicknesses that enhance the nonlinear coefficient and offer a straightforward approach to
engineering GVD in thinner Si3Ns waveguides, hence potentially avoiding the complex
fabrication processes aforementioned. Our numerical results show that by varying the
thickness of the TeO» coating we can tune the GVD parameter of Si3N4 strip waveguides
(with as low as 300 nm thickness) between the normal and anomalous regime and achieve
anomalous dispersion that may cover up to a 0.8 ym wavelengths span. We calculate a
nonlinear parameter in TeOx-coated Si3N4 waveguides that is up to three times higher than

that of typical stoichiometric Si3N4 waveguides.
3.2 Material Properties and Waveguide Design

Our basic waveguide structure is shown in Fig. 3.1(a), where hg;,x,, and wg;,n, are height
and width of the Si3Na strip and /.o, is the TeO> coating thickness. By varying /reo, from

zero, the proposed waveguide can be tuned from single to multi-mode. Such a waveguide
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can be fabricated by obtaining low-thickness Si3Ns waveguides from a standard CMOS
foundry and then depositing a TeO» coating through a single step back end process [23].
The deposition is carried out using a radio frequency (RF) sputtering process, as described
in [68]. The process is straightforward and low-cost and yields near stoichiometry TeO>
layers which insures low propagation losses. Relevant to nonlinear optical devices, the
TeO; coating can provide the additional height necessary to achieve anomalous GVD hence
overcoming the need for thicker Si3sNs4 waveguides. Further insight regarding
measurements and calculations of both insertion and propagation losses can be gained by
referring to our previous works on waveguide structures of similar design [22], [23].
However, in the referred papers we reported waveguides of lower height than what we are
proposing here. The differences in heights might lead to different levels of sidewall
roughness and hence variations in losses. Minimizing the fiber-chip coupling and linear
propagation loss while obtaining anomalous GVD will ultimately be critical in optimizing

the nonlinear optical device performance for this design.

Figure 3.1(b) shows the material dispersion plot measured for bulk SiO> glass and Si3N4
and TeO» thin films. The material dispersion values were calculated using both Sellmeier’s
and Cauchy’s equations. Sellmeier coefficients for SiO; in (1) were obtained from reference
[26], and Si3Ny4 in (2) from reference [232] whereas Cauchy coefficients of TeO2 in (3)
were experimentally determined using ellipsometry.

0.69616632 0.40794262 0.89747942 (1)

2
= + + ,
72-0.06840432 © 22-0.11624142 ' 12-9.8961612

ne-

3.0249)2 403142
2)

Z1= + )
A2-0.13534062 ~ 12-1239.8422

n

0.02323 0.002
2
n —2.057+T+T, (3)
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Figures 3.1(c) and (d) show simulated mode profiles for a waveguide with Si3N4 strip
dimensions of 1 ym x 0.4 ym and a 0.5-pm-thick TeO- coating, for transverse-electric (TE)

and transverse-magnetic (TM) polarized modes respectively.

Table 3.1 shows a summary of measured nonlinear refractive indices for tellurite glasses
with different compositions obtained from the literature. It should be noted that for some
values in Table 3.1 only the third-order nonlinear susceptibility had been measured by the
respective reference source and we calculated its corresponding nonlinear refractive index
according to the formula given in [71]. The values of n: reported in Table 3.1 vary
depending on the glass composition. The highest reported value is 3.21 x 107¥ m*W for
90% TeO> and 10% VO..s compositions while the lowest value reported is 3.53 x 107"
m?/W for 70% TeO2, 20% ZnO, 5% Na,O and 5% Nb,Os compositions. These are all larger
than the nonlinear refractive index of stoichiometric SizN4 of 2.4 x 1071 m?»/W as reported
in [233]. It can be deduced from these values that we can expect n. for tellurite glass thin
films of various compositions at a minimum of one and half times that of stoichiometric
Si3N4. With the right selection and concentration of metal oxide dopants the 7> value of
TeO; might be increased up to 13 times that of Si3N4 or more. In our work we chose to use
a (i) value that has been experimentally determined for pure TeO> using the third harmonic
generation (THG) method [234], then we calculated 7> using the formula given in [71], to
be 1.3 x 1078 m%/W.
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Figure 3.1. (a) 3D illustration of the proposed TeO,-coated Si3N4 waveguide structure; (b) material
dispersion for SizN4 and TeO> thin films and bulk SiO; glass; (¢) TE and (d) TM mode (electric field)

profiles for waveguides with Si3Njy strip dimensions of 1 um x 0.4 pym and a 0.5-p-thickTeO; coating.
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Table 3.1. Nonlinear refractive indices of different tellurite glasses

Medium Glass n(4) n2 (m*W) Measurement = Reference
Composition Method
Bulk glass Pure TeO» 2.121 (1900nm) 1.30e-18 Third Harmonic [234]
Generation
(THG)

Bulk glass 95Te0; - 5Nb,0s 2.23 (840nm) 2.10e-18 Interferometry [235]

Bulk glass | 30 NbO;5.70 TeO, | 2.192 (1900nm) 1.39e-18 THG [236]

Bulk glass 10V025.90 TeO, = 2.106 (1900nm) 3.21e-18 THG [236]

Bulk glass 70Te0,—-10ZnO—- | 2.0885(1900nm) 2.04e-18 THG [237]

10Nb205 710MOO3
Bulk glass 70Te0,-20Zn0O- unavailable 3.53e-19 Z-Scan [238]
5NayO- 5Nb,Os (1 =800nm)
Bulk glass 80TeO;, — unavailable 1.89¢-19 Z-San [239]
10GeO>—10Li,O A =1064nm

Bulk glass 85Te0,-10Na,O- | 2.0212(1064nm) 5.89¢e-19 Z-Scan [240]
5MgO

Bulk glass 10PbO- 10TiO; - 2.20 (633nm) 2.29¢e-18 THG [241]
70T602

Bulk glass 85Te0,-15WO03 2.17 (800nm) 7.6e—19 unavailable [242]

Fiber! 75Te0, -20ZnO- 5.0e-19 - [243]
5NaZO

Waveguide® Pure TeO» 6.5e-19 - [229]

'The n; value was calculated from the measured linear refractive index using the BGO formula.
’The n; value was extracted mathematically from the nonlinear experiment.

3.3. GVD Engineering

Nonlinear processes such as four-wave mixing (FWM) involve the generation of new
frequencies with phase shifts introduced by both the third-order nonlinear susceptibility
and group velocity dispersion. For an effective generation of new frequencies phase
matching through anomalous GVD is required. Unfortunately for most optical materials,
the GVD parameter is normal at telecommunication wavelengths. For this reason, different
techniques have been proposed to engineer GVD between the anomalous and normal

regime for silicon-based photonic waveguide platforms including Si3N4, SIO, and silicon-
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rich nitrides. Such techniques involve modification of the waveguide geometry (height to
width ratio) [244], implementing multicore/cladding waveguide designs [224], or through
spatial mode coupling [245]. Here we study numerically how we can engineer the GVD of
our waveguides between normal and anomalous for TE and TM modes accounting for both
the material and waveguide dispersion. We employ both techniques of geometric
manipulations as well as a multicore waveguide structure. Adjusting the TeO» coating
thickness modifies both the waveguide geometry and the effective refractive index.

Therefore, the GVD parameter can be controlled by tuning the TeO> coating thickness.

The dispersion parameter (D) of a waveguide is calculated by (4);

ﬂdzneff
D=—cmaw ®

where Ais the wavelength, ¢ is the speed of light in vacuum and nefr is the effective
refractive index. The effective refractive index is obtained by calculating the mode solution
of a given waveguide. In this work, we used a finite element method (FEM) eigen mode
solver to find the mode profiles and effective refractive indices of different waveguide
designs at a wavelength from 1 ym to 2.2 ym. While solving the modes and effective
indices we incorporated the contribution of the material dispersion in the refractive indices

of each material.

Numerical simulations were carried out to determine the GVD parameter for different
waveguide geometries and the corresponding results are shown in Fig. 3.2 and 3.3. In Fig.
3.2, Si3Ny strip waveguides with a fixed width of 1 um and heights of 0.3 um,0.4 um, and
0.5 um were simulated for waveguide dispersion. In all cases, the thickness of TeO» coating
was varied from 0 to 0.5 pm in 0.1 pm steps. In Figs. 3.2(a) and (b) the trend shows that
increasing TeO: coating thickness shifts the GVD towards positive (anomalous) values. A
similar trend can be observed in Figs. 3.2(c) and (d). Anomalous dispersion is shown for

the TE mode for TeO: coating thickness of 0.1 pm and a Si3N4 layer thickness of only 0.4
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um with the latter considered to be the maximum thickness for crack-free LPCVD Si3N4
layers [246], [43]. However, after reaching a certain height further increase of the TeO>
coating thickness does not make GVD more positive but rather shifts the zero-dispersion
point toward higher NIR wavelengths. This trend is significant since many nonlinear
applications involve pump and signals at these wavelengths. Figures 3.2(e) and (f) show
that for a 0.5-um-thick uncoated Si3N4 strip waveguide it is possible to obtain anomalous
GVD, however, the values are centered at wavelengths of 1.2 pm and 0.9 pm for the TE
and TM modes, respectively, which are typically wavelengths of less interest. The
significance of the TeO, coating as shown here is that it shifts the GVD toward
telecommunication wavelengths as the coating thickness increases. Working with the
crack-free Si3Ny thickness of 0.4 um, in Fig. 3.3 we show dispersion profiles for various
Si3Ny strip widths and fixed 0.5 pm TeO: coating thickness, for TE (a) and TM mode (b).
In both cases, it can be observed that increasing widths make the GVD parameter more
positive as well as covering a much broader wavelength span. However, wider waveguides

result in a lower calculated nonlinear parameter, as shown in the next section.
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Figure 3.2. Calculated GVD parameter for a TeO,-coated 1- pum -wide Si3Ny4 strip waveguide with
varying Si3N4 heights of (a and b) 0.3 um, (c and d) 0.4 um and (e and ) 0.5 pm (for TE and TM modes,

respectively). The TeO; coating thickness is varied from 0 to 0.5 um in steps of 0.1 pm, shown in the

legends.
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Figure 3.3. Calculated GVD parameter for a 0.4-pm-high Si3Ny strip waveguide and 0.5 pm TeO,
coating thickness with varying Si3N4 widths of 0.6 pm, 0.8 um, 1.0 um, 1.2 pym and 1.4 pm for (a) TE

and (b) TM modes.). The inset in (a) shows a zoomed anomalous dispersion region.

3.4. Optimization of Nonlinear Parameter

The origin of the nonlinear refractive index of optical materials is the third-order
susceptibility (y°) term of induced polarization as described in [72], [45]. Its effects in
optical waveguides are usually represented by the nonlinear parameter (y), defined as [44],

[45];

nz'(l)

y:

' )

where w is frequency, c is the speed of light in free space, 4esr is effective mode area and

Aeff C

n21is the nonlinear refractive index of a material. The nonlinear parameter depends on the
wavelength of the incident light, the effective mode area (A4efr) of a waveguide, and the
nonlinear refractive index. In this work, we demonstrate numerical optimization of the
nonlinear parameter by increasing the effective nonlinear index of a waveguide and

manipulating waveguide geometry for optimal core size. The former was achieved by
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ensuring a large portion of the propagating light is confined within the TeO» coating since
it has higher n> and the latter was achieved by tuning the ratio of waveguide width and
height to optimal values. Intuitively, decreasing waveguide dimensions should increase the
nonlinear parameter, however that trend only continues up to a certain optimal point and
not continuously as pointed out in [247]. As the core size becomes smaller, eventually a
larger percentage of the power propagates in the evanescent field increasing A.fr and
ultimately reducing y. There should be a balance between core size and light confinement,
and for a given material there are optimal core dimensions that give a maximum value of
y. In our numerical study, we investigated various waveguide geometries for maximizing
nonlinear interactions and the results are shown in Fig. 3.4, and 3.5. Through numerical
simulations, we obtained the effective mode areas and overlap fractions of light with each
material within the optical mode. Then we carried out numerical calculations to determine
the nonlinear parameter by solving the overlap integral given in [46]. The calculated
nonlinear parameter for a waveguide with 1 um Si3Ns strip width with varying heights of
Si3N4 as well as coating thickness of TeO> is shown in Figs. 3.4(a) and (b). The plots show
that for each combination of waveguide dimensions there is an optimal point at which y is
maximum. In both plots, the bottommost (solid dark-gray) curve shows a y value for
stoichiometric Si3N4 which agrees with previous values reported in the literature [5]. The
significance of the TeO> coating is shown in the plots where for each case of additional
TeO; coating greater y is obtained. Overall, the nonlinear parameter is increased up to three
times that of stoichiometric Si3N4. For example, a Si3N4 strip waveguide with dimensions
1 um by 0.4 um gives y of 1 W m™' and normal GVD of —820 ps/nm/km without a TeO,
coating whereas adding a 0.5-um-thick TeO» coating gives a y of 2.8 W' m™! and
anomalous GVD of 4.5 ps/nm/km both at 1.55 pm and for the fundamental TE mode.
Similarly, for the TM mode, a Si3N4 strip waveguide with the same dimensions gives a y
of 0.25 W' m™ and normal GVD of —5120 ps/nm/km without a TeO> coating whereas
adding a 0.5-um-thick TeO> coating gives a y of 2.6 W' m™! and anomalous GVD of 155
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ps/nm/km both at 1.55 um. We also carried out similar calculations for a fixed 0.4 um
height of the Si3N4 strip while varying widths and the TeO, coating thickness, results are
shown in Fig 3.4(c) for TE mode and 3.4(d) for TM mode. The slope, in this case, is less
steep showing that changing width for a fixed Si3N4 strip height and TeO; coating decreases
the nonlinear parameter at a lower rate which gives us flexibility in choosing waveguide

width for dispersion engineering.
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Figure 3.4. Nonlinear parameter (y) for (a and b) 1-um-wide SizNy strip waveguides with varying height
and (c and d) 0.4-pm-high SizN4 strip waveguides with varying width, in both cases the TeO, coating
thickness varied from 0 to 0.5 pm in steps of 0.1 pm for (a and ¢) TE and (b and d) TM polarization
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Our numerical investigation reveals that there is a trade-off between the wavelength span
of anomalous dispersion and the nonlinear parameter calculated in relation to waveguide
dimensions. Whereas wider waveguides result in a much broader anomalous dispersion
region, the nonlinear parameter tends to decrease with an increase in widths. Also according
to Kerr index values of tellurite glasses listed in Table 3.1, the nonlinear parameter may
vary significantly depending on what value (glass composition) is chosen. These two points
are both summarized in Figs. 3.5(a) for TE mode and (b) for TM mode. In both figures, we
plotted values of y versus n; picked from Table 3.1 (respective references are indicated in
each plot) for three different waveguides of varying width with fixed Si3Njy strip height of
0.4 um and TeO; coating thickness of 0.5 pm. Although we have stated the enhancement
of y up to three times that of stoichiometric Si3Ny, Fig. 3.5 shows that it might be increased

further with tellurite glasses of different compositions.
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Figure 3.5. Nonlinear parameter (y) for different n, values from Table 3.1 (respective references are
indicated in square brackets) for waveguide dimensions indicated in legends, for (a) TE mode and (b)

TM mode.
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3.5 Conclusions

Silicon nitride is a very attractive and well-developed material for nonlinear applications
in silicon photonics. Yet challenges related to the complexity of the fabrication of SizN4
waveguides based on the requirement for thicker Si3Ny layers for nonlinear optical devices
persist. In this work, we have presented numerical results that complement stoichiometric
Si3N4 by offering improvement in nonlinear parameters and a simple way of tailoring GVD
in thinner Si3Ny strip waveguides by the addition of the TeO> top coating layer. The results
show a higher nonlinear parameter compared to that obtained in stoichiometric SizNa
waveguides. Although the values obtained are lower compared to those obtained in silicon-
rich nitrides or SOI [222] our designs offer the distinct advantages of lower linear losses
[231], [68] and negligible nonlinear TPA losses in both Si3N4 and TeO,. Our expectations
are that the presented designs will offer improved performance in nonlinear devices by
having higher nonlinear coefficients, lower nonlinear losses, and anomalous GVD which
altogether reduce the threshold power and improve the efficiency of nonlinear interactions
for applications such as supercontinuum generation and broadband frequency comb
generation. Furthermore, due to the high solubility of rare earth dopants in TeO2, we expect
that proposed waveguides will offer the possibility of integrating active rare-earth doped
devices such as amplifiers and lasers with nonlinear optical devices in a single low-loss

CMOS compatible Si3N4 platform.
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Chapter 4

Linear, Nonlinear, and Active Photonics

on a TeO,-Coated SizN4 Platform

This chapter presents an experimental study of the TeO:-coated 400-nm-thick Si3zNy
platform as a viable candidate for linear, nonlinear, and active integrated photonics. The
chapter covers the design, characterization, and experimental results of linear passive
devices such as microring resonators, nonlinear devices showing Kerr combs,
supercontinuum and third-harmonic generation, and active devices such as waveguide

amplifiers and lasers.

The first section briefly introduces the platform, emphasizing the motivation for a thin
wafer scale SizNs layer suitable for linear, nonlinear, and active photonics. Also, it
highlights particular features that provide advantages and thus motive for using TeO; in the

hybrid platform.

The second section discusses details about the device design, layout for fabrication, and
characterization. Several devices were designed to test the platform such as waveguides of
different dimensions, long spirals, micro disks, and microring resonators. Important linear
measurement results for some of these devices is given in this section, especially loss
characterization using microring resonances and the cut-back method on the spiral

waveguides.
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Dispersion is an important parameter in integrated nonlinear photonics and has always been
one of the main deciding factors on the waveguide structure and overall choice of a suitable
nonlinear platform. The third section of this chapter gives experimental results on

dispersion measurements, verifying the designs presented in chapter 3.

The fourth and fifth sections present some experimental nonlinear and active device results.
First, results of the main thesis subject of nonlinear photonics are presented starting with
microresonator Kerr frequency combs generation, followed by SCG and THG results.
Then, demonstrations of active performance are given including a microdisk laser and a

waveguide amplifier. The last section is for the summary and conclusion.

4.1 Introduction

The silicon photonics field has reached a maturity stage where early prototypes have hit the
commercial market and research is moving from component to circuit and systems levels.
One of the desired criteria is to make integrated silicon photonics chips on a monolithic
platform fabricated on a wafer scale and in a commercial CMOS foundry. However,
despite the growth and maturity, monolithic integration of some functionalities is still
proving to be a challenge to date. In particular, the integration of nonlinear functionalities
with sources and other linear optical devices is a work in progress. This challenge is mainly
due to the significant variations in properties and fabrication methods of the materials and
waveguides that are typically employed for integrated nonlinear photonics [157,161,162].
For example, the need for anomalous dispersion place stringent requirements on
waveguides geometries leading to dimensions that are less standardized. In particular, for
Si3N4, which is a leading nonlinear silicon photonic platform, the need for thick SizN4
waveguides to engineer waveguide dispersion has led to varieties of fabrication techniques
to avoid high stress in thick films leading to cracks and low device yield [167,169,170]. On

the other hand, thinner Si3N4 layers (< 400 nm) which fall in the normal dispersion regime
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are highly standardized for linear photonic devices and provided in several commercial
foundry services such as IMEC [189] and AMF [188]. Also, monolithic integration of 400-
nm thick Si3Ns waveguides with other functionalities on the SOI platform has been
demonstrated [248,249].

Light generation and amplification particularly are key functionalities that are highly
desired to be monolithically integrated with nonlinear devices in PICs. However, there are
only a few platforms that have demonstrated the capabilities of both functionalities. Notable
examples are lithium niobate on insulator (LNOI) [250-252] and Si3Ns [253]. Despite
exciting nonlinear and electro-optic properties, the application of LNOI in high-yield and
scalable PICs is limited by its incompatibility with the CMOS process. Recently, high gain
in the nonlinear thick Si3Ns4 has been demonstrated in [253]. However, the fabrication
process involved custom non-standard fabrication methods as well as thermal annealing of
up to 1000°C which is beyond the thermal budget in the CMOS process. TeO: is another
promising material that has been proposed for linear, nonlinear and active functionality
[204]. The potential for these functions on one chip was shown in [204,206] and for
integration on a silicon-compatible platform in [209,212,213]. In this work, the rare-earth
solubility of the TeO, is exploited to show amplification and lasing in a dispersion-

engineered platform that also shows promising nonlinear performances.

This chapter presents the hybrid TeO»-Si3N4 platform based on a foundry 400 nm thick
silicon nitride as a candidate for monolithic linear, nonlinear, and active silicon photonic
circuits. The platform is characterized by the coating of the highly nonlinear TeO> that
enhances the waveguide nonlinearities and provides a way to engineer waveguide

dispersion to anomalous as presented in the previous chapter.

Experimental results are presented showing that the normal dispersion of 400 nm-thick
Si3N4 waveguides can be precisely tuned to anomalous by adding the TeO»> film. For a 1.6

um wide, 500 pum bend radius ring resonator with a 424 nm thick TeO; coating, dispersion
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values of ~25 and ~78 ps/nm-km was measured at 1552 nm for the TE and TM-modes,
respectively. Also, microring resonators with Q factors of up to 6x10° at 1550 nm were
characterized and showed the promising onset of a Kerr comb. An octave-spanning
supercontinuum covering an entire telecommunication band for a low pump power centered
at 1550 nm is also be presented. Furthermore, by exploiting the rare-earth solubility of the
TeO; film and depositing an Er-doped TeO> coating, a microdisk laser was observed as

well as 2.8 dB small signal amplification in a 6.7 cm long waveguide.
4.2 Device Design & Linear Characterization

This section discusses the designs and characterization of devices that were fabricated to

study the platform.

4.2.1 Simulated Waveguide Properties

A comprehensive analytical and numerical study was carried out by simulation of basic
waveguide properties get the guidelines of minimum design limits before generating layout
for fabrication. Among the main factors to consider are the waveguide single-mode cut-off
widths, minimum bed radii, effective mode areas, confinement factors, dispersion, and
waveguide effective nonlinearity. The optimization of dispersion and waveguide
nonlinearity was presented in the previous chapter and therefore is not covered in this
section. Also, it should be noted that all simulation results that are presented in this and

other coming sections, use the material properties listed in Chapter 2, Table 2.3.

A 3D drawing and a 2D cross-section view of the designed waveguide are shown in Fig.
4.1(a). It consists of a 400-nm thick Si3Nj4 strip on an insulator (Si0>) to be fabricated on a
silicon wafer. The strip is conformally coated with the TeO> film of varying thicknesses
followed by spin-coating of a protective fluoropolymer (Cytop) top-cladding layer. Sample
mode profiles are shown in Fig. 4.1(b) for uncoated, 200, 400, and 600-nm TeO»-coated

waveguides for the TE and TM polarization. The effective mode area and confinement
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factor are particularly important parameters for designs tailored for nonlinear applications.
Because of the intensity-dependent nature of y® nonlinearities studied in this thesis,
maximizing the intensity by reducing the effective mode area is required while keeping the
mode overlap reasonably high. It also desired to maximize the mode overlap with the TeO»
to achieve enhanced waveguide nonlinearities as explained in Chapter 3. Figures 4.1(c) and
(d) are plotted to show the simulation results for the effective area (Aefr) and the mode
overlap (I") with the TeO», respectively, for the fundamental TE modes. In Fig. 4.1 (¢) it is
shown that the overlap with the TeO: increases as the coating thickness increases while in
Fig. 4.3 (d) Aefr increases with the increase in waveguide dimensions. A plot for TM
polarization is not shown here due to the complexity of carrying out a parameter sweep in
the simulation tool used. Except for the fundamental TE mode, the fundamental TM mode
and different higher-order TE and TM start to mix up as the TeO: coating is increased for
different SizN4 strip widths which presents a challenge in isolating individual modes.
However, TM simulation results for selected individual TeO; thicknesses showed similar

trends to Figs. 4.1 (¢) and (d).
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Figure 4.1. (a) A 3D drawing and 2D cross-section view of the designed hybrid waveguide. (b)
Simulated mode profiles for the uncoated, and 400-nm TeO; coated waveguides at 1550 nm and for TE
and TM polarization. Simulation results showing (c) the variation of the effective mode area, and (d) the
optical intensity overlap with the TeO; layer for various SizNjy strip widths and TeO- film thicknesses
for TE polarization. It should be noted that specifically for this chapter, the Si3Nj strip thickness is kept

constant at 400 nm unless otherwise stated.
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In most applications, it is advantageous to have a single-mode operation as it reduces loss
of power through coupling to higher order modes and ensures single mode emission in
applications for example laser cavity designs. The TeO»-coated 400-nm Si3Ns platform
offer the flexibility of both single-mode and multi-mode operation at reasonable widths that
permit tight and low-loss bend radii for small-footprint devices. However, the choice
between large bends and single-mode operation, or small bends and multi-mode operation
depends on specific applications and there is always a trade-off. Table 4.1 gives a summary
of the minimum bend requirements and properties of single-mode width devices for TE and
TM polarization. Table 4.2, and 4.3 give similar summary of the minimum bend
requirements and properties of waveguide of varying widths that fall into both single-mode

and multi-mode regimes for TE and TM modes respectively.

Table 4.1. Simulated parameters for single-mode TeO»-SisN4 waveguides at 1550 nm

TE polarization

Hreo, Single mode cutoff Minimum bend | Ig;,n, I'reo, At
(um) width (um) radius (um) (%) (%) (um?)
0 1.30 80 68 0 0.751
0.3 0.90 135 42 44 0.961
0.4 0.95 240 34 56 1.162
0.5 1.10 300 27 66 1.426
0.6 1.15 420 20 73 1.715
TM polarization

0 1.60 115 70 0 0.847
0.3 1.45 90 56 33 1.215
0.4 1.70 125 47 46 1.477
0.5 2.00 170 38 57 1.877
0.6 2.30 215 30 66 2.813
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Table 4.2. Simulated parameters for the fundamental mode for TeO,-Si3N4 waveguides at 1550 nm and

TE polarization

Hreo, Wian, Minimum bend | Ig; N, I'teo, Aett
(nm) (nm) radius (nm) (%) (%) (nm?)
1.2 85 67 0 0.727
0 1.6 75 70 0 0.847
2.0 65 70 0 0.996
1.2 160 45 43 1.051
0.3 1.6 120 47 42 1.221
2.0 110 48 41 1.406
1.2 185 36 55 1.229
0.4 1.6 165 38 54 1.395
2.0 155 39 53 1.598
1.2 290 27 65 1.881
0.5 1.6 260 30 64 1.884
2.0 230 31 63 1.888
1.2 395 25 70 1.627
0.6 1.6 350 27 68 1.800
2.0 315 28 67 1.999
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Table 4.3. Simulated parameters for the fundamental mode for TeO»-Si3N4 waveguides at 1550 nm and

TM polarization
Hyeo, Wiizn, Minimum LN, I'teo, Aest
(um) (nm) bend radius (%) (%) (um?)
(pm)
1.2 145 52 0 1.364
0 1.6 120 55 0 1.585
2.0 110 57 0 1.851
1.2 100 54 34 1.084
0.3 1.6 90 57 32 1.308
2.0 85 55 33 1.771
1.2 145 44 48 1.184
0.4 1.6 130 46 46 1.408
2.0 120 47 46 1.779
1.2 210 35 60 1.328
0.5 1.6 185 37 58 1.560
2.0 170 38 57 1.877
1.2 285 27 69 1.516
0.6 1.6 255 29 67 1.749
2.0 230 30 66 2.040

The simulation results on mode overlap and effective area in Fig. 4.1, specific simulations
in Tables 4.1,4.2, and 4.3, and dispersion and nonlinearity enhancement results in the
previous chapter were all considered to select the designs to be fabricated. In terms of
waveguide width, wider waveguides with relaxed minimum bend requirements are
preferred especially for microring resonator designs. It has been shown in the previous
nitride studies that rings with wider widths have higher Q-factors and perform better in
nonlinear experiments than single-mode rings [86]. Therefore, for this study multimode
(TE) waveguides of width 1.2, 1.6, and 2.0 um were used for designed devices. In terms of
the TeOz coating, it was shown in the previous chapter that at least 400 nm of TeO: coating

is needed to achieve the anomalous dispersion required for nonlinear devices
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4.2.2 Chip Layout and Fabrication

Following simulation and theoretical considerations, device layouts were drawn using a
commercial CAD tool (Luceda IPKISS) and submitted to the silicon nitride foundry
(LioniX International) for stepper lithography mask and chip fabrication. Figure 4.2 shows
a top-view image of the layout with chip dimensions and blocks relevant to this work
indicated by numbers 1 to 4. The first block consists of straight waveguides of 2.2 cm in
length and varying widths, and paperclip-shaped waveguides of 6.7 cm length and varying
widths with a minimum bending radius of 500 pm. These devices were intended to study
supercontinuum generation and optical amplification on the platform. The second block
consists of microring resonators aimed at exploring Kerr comb generation. The rings were
designed for two bend radii of 500 um and 250 pm, each with widths of 0.8 um and 1.6
um and varying coupling gaps of 0.6, 0.8, 1.0, 1.2, 1.4, 1.8, and 2.2 um. Block 3 consists
of spirals of 10, 15, and 20 cm lengths repeated in two widths of 1.6 pm and 2 um. These
spirals were designed for high-gain on-chip amplifiers and are also useful for loss
characterization using the cut-back method. Lastly, block 4 includes pulley and point-
coupled microdisks resonators intended for Kerr comb experiments and as rare-earth doped

laser cavities.

The Si3N4 strip waveguides were fabricated at LioniX International using standard low-
pressure chemical vapor deposition (LPCVD) and reactive ion etching (RIE) processes
[207]. A 400-nm thick SizN4 film was deposited via LPCVD onto 4 100-mm diameter
silicon wafers with an 8-pum-thick wet thermal SiO> layer. The film was patterned by
stepper lithography followed by RIE. The wafers were then annealed at high temperature
in N2 to drive out hydrogen from the Si3Ns4s waveguides and reduce absorption at
wavelengths around 1.5 pm. The wafers were then laser diced [254] into 22 x 22 mm? chips
and each chip into three chiplets as shown in Fig. 4.2. Laser dicing enabled smooth

waveguide facets for efficient and repeatable fiber-chip light coupling. Afterwards, the
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Figure 4.2. Silicon nitride chip GDS layout.

chips were shipped back to McMaster University where they were solvent cleaned and
deposited with TeO; films of varying thicknesses. The TeO deposition is carried out using
reactive radio frequency (RF) magnetron sputtering process in McMaster’s Centre for
Emerging Device Technologies (CEDT) cleanroom. The deposition parameters varied
slightly from run to run to optimize the Te-O ratio and included a tellurium target sputtering
power of 145 W, chamber pressure of 2.7 mTorr, argon flow of 12 sccm, oxygen flow of
10 scem, and substrate temperature of 150 °C. More comprehensive accounts of both the

Si3Ny fabrication and the TeO> coating process are given in [207,208]. Figure 4.3 shows

101



Ph.D. Thesis — Hamidu M. Mbonde:; McMaster University — Engineering Physics

SEM images of the devices after TeO> deposition. Figure 4.3(a) shows the end facets of
1.2, 1.6, and 2 pm wide waveguides with a zoomed-in image of the 1.6 um wide waveguide
facet. Figure 4.3(b) shows fabricated ring resonators with two radii of 500 pm (left) and
250 pum (right) with a zoomed-in image of the coupling gap in between the bus waveguide

and ring.

Figure 4.3. SEM images of the fabricated waveguide, including (a) end facets for 1.2, 1.6, and 2 pum
wide waveguides (left), and zoomed-in facet for the 1.6 um wide waveguide (right), and (b) ring top

views for each of the 500 and 250 um bend radii and a zoomed-in ring to bus waveguide coupling gap.

4.2.3 Ring Resonator Characterization and Loss Measurements
Microring resonators are important devices in nonlinear photonics research, especially for
Kerr comb generation, as described in Chapter 2, section 2.3.1. They are also important for

waveguide loss measurements as discussed in Chapter 2, section 2.5.3. To investigate the
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linear properties of the platform, three different fabricated Si3Ns microring chips were
coated with TeO> layers of 424, 500, and 592 nm thickness. The three sets of rings were
characterized for both TE and TM polarizations. From the ring theory presented in Chapter
2, all important characteristics of a microring resonator such as the FSR, Q-factors, and
group index can be found by measuring the ring transmission spectrum. The transmission
spectra of the three rings at the smallest gap of 0.6 um were measured by sweeping the
tunable laser source from 1520 to 1620 nm. The results are shown in Figs. 4.4(a) and (b)
for TE and TM polarizations, respectively, with an inset in each figure showing a zoomed-
in fine spectrum at around 1550 nm. Weak resonances were observed in all rings for the

0.8 um gap and none for gaps bigger than that.

The resonances near 1550 nm from the fine spectra were used to fit the transmissions to a
Lorentzian model and the results are shown in Figs 4.4(c) and (d) for the fundamental TE
and TM modes respectively. The measured ring parameters were then used to calculate the
waveguide propagation losses for each case. Also, cut-back measurements were carried out
on the 424 nm coated rings for the TE mode to compare the losses obtained in the two
methods. Figure 4.4(e) plots the results of cutback measurements and Table 4.4 summarizes

the results of all measurements.

From these results it can be seen that first the loss obtained from cutback is comparable to
that from ring fitting, 0.62 dB/cm and 0.69 dB/cm for the 424 nm thick TeO> coated
waveguide, which verifies the techniques and indicates that there is minimal loss
contribution from waveguide bends. Therefore, the chosen bend radius of 500 pum is
confirmed to be quite safe. The coupling loss for all devices were measured to an averaged
value of 3 0.5 dB/facet for both TE and TM polarizations showing minimal polarization
sensitivity similar to propagation loss as shown in Table 4.4. Also, from Table 4.4, it is
shown that the coupling quality factor is relatively higher for most of the rings indicating

they are operating in an undercoupled regime. The 0.6 pm gap used in these measurements
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is the smallest gap designed for all these rings and therefore for future designs it is important
to note that smaller gap sizes should be considered for achieving the critical coupling

condition.
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Figure 4.4. Ring measurements results showing (a & b) transmission spectra and (¢ & d) sample fitted
resonances to obtain the quality factor at 1550 nm for TE and TM polarization, respectively, and (e)

cutback measurements results for the spirals of 10, 15, and 20 cm lengths (TE-polarization only).
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Table 4.4. Summary of rings and loss characterization results

TE polarization (1o = 1550 nm, gap = 0.6 pm)

TeO, thickness | Qi (x10°) | O (x10%) | OL(x10%) | FSR (nm) | Extinction g Loss
(nm) ratio (dB) (dB/cm)
424 6.0 19 4.6 0.3641 6.0 2.101 0.62
500 7.5 13 4.8 0.3571 10.9 2.142 0.50
592 52 15 3.9 0.3540 6.5 2.161 0.73
TM polarization (1o = 1550 nm, gap = 0.6 pm)

424 6.2 10 3.8 0.3555 12.5 2.152 0.61
500 52 6.9 3 0.3496 12.5 2.188 0.56
592 3.7 1 0.8 0.3500 4.1 2.185 1.05

4.3 Dispersion Measurements

A precise understanding of dispersion is required to design and describe the behavior of
nonlinear photonic devices. One can determine the waveguide dispersion profile using
known material dispersion relations (i.e., Sellmeier or Cauchy equations) and a mode solver
to account for the geometrical effects. Then, the dispersion parameter is calculated using
equation (44) given in Chapter 2. However, due to imperfections and slight material and
dimensional variations in fabrication, the actual dispersion values vary slightly from that
calculated using the mode solver. In this case, the actual dispersion needs to be measured
for individual devices using an appropriately sensitive method. One way of measuring
dispersion at a specific wavelength is to exploit the variations of a microring resonator’s
FSR with wavelength as described in Chapter 2, section 2.3.2. In particular, this approach
can tell with high confidence if the sign of the dispersion parameter (D) is negative (normal)

or positive (anomalous).

In this work, the dispersion profiles of the fabricated waveguides are calculated numerically
using the material equations and a mode solver following the approach used in Chapter 3,

then verified experimentally using microring resonators. For the former, the Sellmeier
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equations given in Chapter 2, Table 2.1 were used to calculate the dispersion profile over a
broad wavelength span. The dispersion of the microrings were then measured using the
frequency comb-assisted diode laser spectroscopy technique described in [84,255]. A
simplified schematic showing the dispersion measurement setup is shown in Fig 4.5. The
setup consists of a tunable laser for resonance scanning, a polarization controller (PC), a
coupling stage, band-pass filters (BPF1 and BPF2), photodetectors (PD1 and PD2), a beam
splitter (BS) and a referencing ultra-stable mode-locked fiber laser. Microring resonances
from the tunable laser were recorded by the oscilloscope with each resonant frequency

precisely calibrated and marked using a fiber mode-locked laser comb.

Chip
>
D)oo
Coupling stage
—
I BPF2

Mode-locked w
fiber laser

BS S
| It BPF1

Optical fiber Electrical cable Free space beam

Figure 4.5. Dispersion measurements setup consisting of a tunable laser, a polarization controller (PC),
a coupling stage, band-pass filters (BPF1 and BPF2), photodetectors (PD1 and PD2), a beam splitter
(BS) and a mode-locked fiber laser.

The results of both measurements and simulation are shown in Fig. 4.6. Figures 4.6 (a), (b),
and (c) show the integrated dispersion data at a wavelength near 1552 nm for different

mode families and the resulting polynomial fit as given by equation (61) in Chapter 2. In
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these figures the upward bending indicates anomalous dispersion while the downward
bending indicates a normal dispersion. The resulting dispersion parameters Di/2n, Dy/2m,
and Ds/2m are shown inside each plot. The respective second-order dispersion or the group
velocity dispersion (GVD) parameter (D) is calculated according to equation (63) given in
Chapter 2. Figures 4.6(d) and (e) show the calculated dispersion profiles with the dots
indicating the measured dispersion parameters at 1552 nm for the fundamental TE and TM
modes, respectively. A quantitative summary of the measure and calculated D values is
given in Table 4.5. The discrepancy between measured and simulated dispersion values is
mainly attributed to the errors in either approaches. From Fig 4.3(a), the SEM image shows
that there’s a small angle in a vertical elevation of the Si3Njy strip that is not accounted for
in simulations as shown by the mode profiles in Fig. 4.1(b), thus may account for some
errors in calculations. Overall, these measurement results confirm the theoretical prediction
of the dispersion engineering study presented in Chapter 3. In addition, the changes in
dispersion profiles for different TeO> coating show high flexibility and controllability in

dispersion engineering for both TE and TM modes.

Table 4.5. Summary of measured and calculated dispersion (D) values

D (ps/nm-km) - TE D (ps/mm-km) - TM
TeO: coating Measured Calculated Measured Calculated
325 -27.7908 83.5505 -15.0188 142.8171
424 24.7835 119.7565 77.7914 281.5930
500 -16.5195 142.4772 97.2873 371.7212
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Figure 4.6. (a, b & c¢) Dispersion measurements results and (d) simulation results for the 325, 424, and

500 nm thick TeO,-coated rings and TE and TM polarization (left and right), respectively.
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4.4 Nonlinear Demonstrations

This section presents experimental results showing promising and well-performing
nonlinear devices. The main nonlinear applications investigated include FWM, KCG, SCG,
and THG. It is demonstrated that the platform shows promising signs of comb generation,

well-performing octave-spanning supercontinuum, and strong third harmonic generation.

4.4.1 Nonlinear Optical Demonstrations on Normal Dispersion Waveguides

The work presented in this chapter is an outcome of an optimization study in the previous
chapter, and earlier experimental results on similar hybrid waveguides but with normal
dispersion. Before fabrication of the dispersion-engineered 400-nm thick Si3N4-based
waveguides, nonlinear experiments were carried out on normal dispersion, 200-nm thick
Si3N4-based hybrid waveguides. The 200-nm thickness was selected for suitable geometry
for exploring linear and active devices [207]. As a result, high-Q microring resonators
[208], erbium-doped [209], and thulium-doped [210] waveguide amplifiers were
demonstrated. Regardless of having normal dispersion, experiments were carried out to
explore the possibilities of nonlinear phenomena. The results are shown in Fig 4.7 where
FWM in microring resonators [213], SCG, and THG in a 7 mm waveguide [212] were

demonstrated.

The FWM experiment was carried out by pumping uncoated, 260-nm, and 380-nm TeO»-
coated microring resonators. The rings had bend radii of 600 um and waveguide widths
identical to that of the coupling bus waveguide width of 1.2 um. Figure 4.7 (a) shows the
details of the designed waveguides where (I) shows a 2D cross-sectional view, (II) shows
an SEM image of the coated waveguide, and (III) and IV show the electric field profiles of
the fundamental TE mode for the uncoated and the 380-nm TeO»-coated waveguides,
respectively. The rings were characterized to have internal Q-factors of 1x10°, 8.9x10° and

6x10° for the uncoated, 260-nm, and 380-nm coated rings respectively at 1590 nm and a
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coupling gap of 1.8 um. They were pumped with a CW laser and coupled power of ~65
mW at 1590 nm. The results are plotted in Fig 4.7(b) where FWM is observed only for the
TeOz-coated rings due to the enhanced nonlinearity from the highly nonlinear TeO», as

predicted in the optimization study in the previous chapter.

Supercontinuum and third harmonic generation were also observed by pumping a 7 mm
long waveguide with a pulsed laser source. The waveguide had a width of 1.2 ym and a
TeOz-coating of 370 nm thickness. It was pumped by an optical parametric oscillator
(OPO) laser with 200 fs pulses centered at 1550 nm, and a repetition rate of 80 MHz. The
coupled peak power was estimated to be 600 W. The resulting SC is shown in Fig. 4.7(c)
taking a characteristic form of SPM-based SC generation spectrum covering over 500 nm
at a =30 dB level. THG was also observed at a wavelength around 517 nm for different
coupled peak powers as shown in Fig. 4.7(d). Also, the right-hand side of Fig. 4.7(d) shows
glowing images of the chip for THG at different wavelengths as the pump wavelength is
varied between 1600 nm, 1550 nm, and 1460 nm. In summary, promising nonlinear
performances were first observed in a normal dispersion hybrid platform based on the 200-
nm thick Si3Ns. These results paved the way for the further investigation leading to the
numerical optimization work in the previous chapter and eventually the experimentally
demonstrated anomalous dispersion platform based on 400-nm thick Si3N4 presented in this

chapter.
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Figure 4.7. Nonlinear demonstrations on normal dispersion waveguides with 200-nm-thick Si3Nj strips
showing: (a) the waveguide cross-section (1), an SEM image (II) and TE mode profiles for the uncoated
and 380-nm TeO, coated waveguides (III and IV); (b) FWM results for rings pumped with —65 mW
power for the uncoated and 260-nm and 380-nm TeO; coated waveguides; (c) SCG and THG spectra
with an image of the THG along the length of the waveguide (inset) and a simulated spectrum (dashed
curve) shifted down for clarity; (d) zoomed-in THG spectra at different pump powers (left) and images

of the chip showing changing THG color for pump wavelengths of 1600, 1550, and 1460 nm (right).
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4.4.2 Kerr Comb Generation

Building on the FWM results in a normal dispersion, 200-nm thick S3N4 coated with 260
nm and 380 nm TeO; [213], FWM and eventually, KCG was investigated on the proposed
dispersion-engineered 400-nm thick Si3Ns-based hybrid platform. KCG is a process that in
the early stage is mainly dominated by FWM where sidebands form on each side of the
pump, as the pump power increases the sidebands grow into a full comb. However, to reach
a full soliton and dissipative comb with anomalous dispersion, high intra-cavity power,
enabled by high Q and near critical coupling, and careful cavity resonance detuning are
required. In this work an early FWM-sideband comb is achieved, several performance
features and technical limitations are investigated and appropriate recommendations for

future work are given.

To investigate KCG, the microresonators were pumped with a CW laser. The experimental
setup is shown in Fig. 4.8(a). A tunable CW laser source with wavelengths ranging from
1520 to 1620 was used. The laser has a wavelength tuning resolution of 0.1 pm allowing
for accurately aligning the pump wavelength to the microresonator resonances. The tunable
laser was amplified by a high-power L-band erbium-ytterbium co-doped fiber amplifier
(EYDFA). The pump light was then coupled into a mechanical polarization controller and
to the chip by a lensed fiber on a mechanical tri-axis coupling stage. The polarization of
the pump was adjusted between TE and TM using a reference sample that has waveguides
designed to support only the fundamental TE mode. Hence by looking at insertion losses
one can adjust the polarization paddles to the desired polarization accordingly. The output
from the chip was first observed in a power meter to tune the pump onto resonance and
then connected to the optical spectrum analyzer. To ensure the stability of the ring
resonances a thermoelectric cooler (TEC) was mounted on the chip holder on the tri-axis
stage and maintained at a constant temperature of 23 °C. While on resonance, the pump

power was increased slowly until sidebands and eventually, a comb was observed. Also to
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ensure the stability of ring resonances a thermal locking technique was used. In thermal
locking, a pump laser is first tuned at a frequency slightly higher than the microresonator
resonant frequency. When the pump power is increased the resonance shifts to a higher

frequency hence sliding and locking itself onto the pump frequency.
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Figure 4.8. (a) Experimental setup for comb experiment consisting of a tunable laser, EYDFA,
polarization controller (PC), a tri-axis coupling stage, power meter, optical spectrum analyzer (OSA),
and a temperature controller (TEC). Results of observed Kerr combs for (b) 424 nm (TE) and (c) 413
nm (TM) thick TeO; coated ring resonators, pumped at 1586.4564 nm and 1585.2247 nm, respectively,

and with approximately equal power in the bus waveguide of 251 mW.

Microring resonators with properties listed in Table 4.4 were pumped and investigated for
KGC. Each of the rings was pumped at varying wavelengths from 1575 nm to 1610 nm and
a 0.6 um coupling gap for TE and TM polarization. The pumping wavelength was dictated
by the amplification window of the high-power EYDFA used in the experiment. The results
showed at least a few FWM sidebands similar to and/or slightly better than what was

initially reported in [213] and discussed in the previous section. Among the rings from
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Table 4.4, the 424-nm coated ring and another ring of 413-nm coating (not shown in Table
4.4) had the most promising results, and are shown in Figs. 4.8(b) and (c) respectively. In
Fig. 4.8(b) the ring was pumped with TE polarized light and had an internal quality factor
of 6x10° resulting in a propagation loss of 0.62 dB/cm. Using this loss value and measured
transmission through a bus waveguide with no coupling to the ring (wider gap) the coupling
loss was estimated to be ~3 dB/facet. The pump power was measured to be 27 dBm before
the chip, subtracting the coupling loss resulted in a power of ~24 dBm (251 mW) in the bus
waveguide. For Fig. 4.8(c) the ring was pumped with TM polarized light. Similarly, the
internal quality factor, propagation loss, and coupling loss were measured to be 5.7x10°,
0.66 dB/cm, and ~3 dB/facet, respectively. Also, the pump power was measured to be 27
dBm before the chip which resulted in a power of ~24 dBm (251 mW) in the bus
waveguide. Because of the insufficient proximity of the bus waveguide to the cavity, even
at the smallest gap, the coupling strength was found to be highest and most suitable for
pumping at longer wavelengths. However, due to a decrease in the dispersion value, it was
found that at the longer wavelengths the sidebands generated were farther apart than at the
shorter wavelength reducing the possibility of them growing into a full comb. Therefore,
careful and fine scanning showed that stronger and more closely spaced sidebands were
obtained at wavelengths between 1580 to 1590 nm. The comb results in Figs. 4.8(b) and
(c) were obtained at resonant wavelengths of 1586.4564 nm and 1585.2247 nm,
respectively. To analyze these results, the ring properties at these wavelengths were
considered. In particular, an analytical calculation was carried out to estimate the threshold
power required to start the parametric process. The equation for threshold power in the bus

waveguide (Pw) is given in [256] as:

p. = 1+ (Qi/QC))gﬂ_znéRAeff
TQi/Q0) 2 nyA0QF’ M
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where Q;/Q. = k is the coupling coefficient. The parameters and calculated results are
given in Table 4.6. From Table 4.6, the resulting threshold is similar for the two resonators
at 30 mW and 32 mW for the 424-nm and 413-nm coated waveguides respectively. In the
experimental results given in Fig. 4.8, up to eight times the threshold power is coupled
while the emerging sidebands started to appear at a power of ~21 dBm (126 mW). During
the experiment, it was observed that the OSA saturated at a power of 13 dBm (20 mW),
and while in saturation the noise level increases by almost 20 dB, perhaps preventing some
early sidebands from being observed. Another possible reason explaining the mismatch
between theoretical and experimental threshold values is that the threshold calculations are
done with cold resonance properties. However, in practice, there is a shift of resonance
frequency at higher power due to heating and nonlinear phase shift. Nevertheless, the
threshold equation provides useful guidance in resonator designs for future improvements.
Example of possible improvements includes a reduction of the resonator sizes, a reduction

of background losses to increase (i, and an improvement in coupling to optimize the ratio

Oi/ Q.

Table 4.6. Summary of microring resonator parameters and results of parametric oscillation threshold

calculations
Parameter 20 (nm) Oi O Fign, | Treo, M2 ng Aett P
(x10%) | (x10%) | (%) | (%) | (x10) (um?) | (mW)
424 nm (TE) | 1585.4564 | 5.6 17 40 52 7.72 2.1724 | 1.39 30
413 nm (TM) | 1585.2247 | 5.7 7.4 45 48 7.32 2.1648 | 1.47 32

4.4.3 Supercontinuum and Third Harmonic Generation

In previous work SCG was observed in a normal dispersion, 200 nm thick S3N4 coated with
370 nm TeO; [212], presented in section 4.4.1. In this thesis work, SCG was extensively
studied in the dispersion-engineered 400-nm thick SizNs-based hybrid platform. The
paperclip waveguides of 6.7 cm length shown in Fig 4.2, block 1 were pumped by a
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femtosecond mode-locked fiber laser. The experimental details and an overall discussion
of SCG in silicon-based photonic platforms are given in Chapter 5. However, to be
consistent with the motivation of this chapter in giving an overview presentation of linear
and nonlinear performances of the platform, some of the SCG results are given here in the

context of the waveguide dispersion engineering.

The 424-nm TeO> coated paperclips with measured anomalous dispersion near 1550 nm
shown in Fig 4.5(b) for the TE mode, were pumped to investigate SCG. The pump laser
had 100 fs pulses, a 200 MHz repetition rate, centered at 1565 nm, and the coupled peak
power was 485 W. The results are shown in Fig. 4.9(a) for waveguides with 4 different
widths of 0.8, 1.2, 1.6, and 2.0 um. Strong THG is also observed for 1.2 pm wide
waveguides covering a 50 nm wavelength range from 450 to 500 nm. As explained in
Chapter 2, SCG under anomalous dispersion is characterized by soliton fission and
dispersive wave formation. To illustrate and confirm this theoretical explanation, the
dispersion profiles of the four waveguides are plotted in Fig. 4.9(b). Looking at the two
figures it can be seen that the narrowest anomalous dispersion span corresponds to the

narrow SC span characterized by less dispersive wave formation.
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Figure 4.9. (a) SCG in 6.7-cm-long paperclip waveguides of various widths and (b) their corresponding

calculated dispersion profiles.
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4.5 Rare-Earth Lasers and Amplifiers

One of the most exciting properties of tellurite glass and a great motivation for this work is
the solubility of the rare-earth dopants. The ability of the hybrid TeO»-Si3N4 platform to
host rare-earth dopants such as erbium, ytterbium, and thulium offers a prospect of
delivering chip-level light emission and amplification. In combination with the excellent
nonlinear and linear properties discussed in previous sections, the platform is in a unique
position for attaining monolithic functionalities in a single chip. In this section, preliminary
demonstrations of light emission and amplification is presented in waveguides with similar

properties to those that showed nonlinear performance in previous sections.

4.5.1 Microdisk Laser

Microdisks are useful resonant structures similar to microrings, but instead of propagating
in a waveguide structure the light in the cavity is guided at the edge of a fully-filled circular
plate in a whispering gallery mode. Microdisks have several advantages for applications
such as laser cavities over microrings, including relaxation in the minimum bend radius,
higher Q factors, and stable resonant behavior. Microdisk lasing in Tm-doped TeO> was
previously demonstrated in a TeO2-SOI platform [257]. In this work, 250 pum bend radius
TeO»-Si3N4 microdisks were designed and investigated for Kerr comb and rare-earth doped

laser applications, and the results for the latter are presented here.

The disk structure and simulated TE mode profiles are shown in Fig. 4.10. Figures 4.10(a)
shows a 3D drawing of the disk and coupling bus waveguide while 4.10(b) shows a 2D
cross-section view of the disk with the dimensions indicated. The simulated electric field
profiles for the fundamental TE modes are shown in Figs. 4.10(c) and (d) for a pump
wavelength of 1480 nm and a signal wavelength of 1550 nm respectively. The resulting

material overlaps, effective indices, and effective areas are summarized in Table 4.7.
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Figure 4.10. Microdisks properties, (a) 3D drawing, (b) 2D cross-sectional view with dimensions of each
layer, (c¢) and (d) simulated TE mode profiles for the disk and bus waveguide at the pump (1480 nm) and

signal (1550 nm) wavelengths respectively.
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Table 4.7. Summary of calculated microdisk properties for the fundamental TE mode

Z (nm) Isi;n, (Y0) Ireo, (%) Heft Aeft (um?)
Microdisk 1480 30 37 1.8931 2.35

1550 30 37 1.8846 2.49
Bus 1480 43 46 1.8457 0.97
waveguide 1550 43 47 1.8317 1.01

The fabricated microdisks are shown in block 4 of the GDS layout image in Fig. 4.2. After
being received from the foundry a chiplet with microdisks was cleaned and coated with a
360 nm TeO:Er*" film by RF reactive co-sputtering deposition process in the CEDT
cleanroom. The deposition used the recipe presented in [88]. The film was characterized to

have loss of 3.7 dB/cm at 638 nm and dopant concentration of approximate 1.5x10%%/cm?.

Similar to microring resonators, passive characterization of microdisks involves measuring
the transmission spectrum and fitting resonance dips to a Lorentzian model. The results of
these characterizations are shown in Fig. 4.11. Fig. 4.11(a) shows a broadband transmission
spectrum from 1450 to 1650 nm. The dip in the transmission indicates the erbium
absorption region. Figure 4.11(b) shows a fine transmission spectrum for a 3 nm
wavelength span with a zoomed-in Lorentzian fit of the fundamental TE resonance mode.
The resonance of the fundamental TE mode was fitted at a wavelength of 1645 nm where
erbium absorption is assumed to be negligible. An internal quality factor of 7x10° was
obtained which corresponds to a propagation loss of 0.5 dB/cm in the microdisk cavity.
Also, internal Q factors of 2.7x10° and 2.1x10°> were obtained for the signal and pump
wavelengths of 1550 nm and 1480 nm which correspond to cavity losses of 2.4 dB/cm and
2.9 dB/cm respectively. While the losses at 1645 nm are mainly dominated by material
absorption and scattering, the losses at 1550 and 1480 nm also include the absorption by
erbium ions. Using the measured loss value at the pump wavelength and measured
transmission for a disk with a 1.8 pm gap to the waveguide (where no coupling to the cavity

was observed), the coupling loss was estimated to be ~3.2 dB/facet.
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Figure 4.11. Microdisk resonance characterizations: (a) coarse transmission spectrum and (b) fine

transmission spectrum with a zoomed-in resonance fit at 1645 nm.

The experimental setup for laser characterization is shown in Fig. 4.12(a) consisting of a
tunable broadband laser source coupled to an S-band high-power amplifier, polarization
controller (PC), a coupling stage, WDM, OSA, and a power meter. In the laser experiment,
first, low power pump was tuned onto the disk resonance by observing the drop in output
power level at the power meter. Also, a disk in resonance can be easily seen by the bright
green glow due to erbium emission from upper states, as shown in Fig. 4.12(b). Once the
pump was on resonance, the power was gradually increased until laser emission started to
appear on the OSA. Figure 4.12(c) shows a microscope image of the microdisk taken during
the laser experiment. Figures 4.12(d) and (e) show examples of laser emission spectra
observed in the microdisk for pump powers of 26 mW and 63 mW before the chip, which
correspond to ~12 mW and ~30 mW coupled into the bus waveguide respectively. It was

observed that for lower pump powers, only one or a few lasing modes are observed as
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shown in Fig. 4.12(d). Upon increasing the pump power more modes start to appear as

shown in Fig. 4.12(e) resembling the resonance plot in Fig 4.11(b).
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Figure 4.12. (a) Schematic view of the experimental setup used for the microdisk laser experiment. (b)
Top view image of the chip showing light coupled into the disk and green emission from erbium upper
state transitions. (c) Image of the fabricated microdisk taken by a camera through the light microscope
using on the coupling setup. (d & e) Microdisk laser emission at 26 mW (~12 mW coupled) and 63 mW

(~30 mW coupled) pump power measured out of the fiber and incident on the chip facet, respectively.
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4.5.2 Optical Amplification

The absence of monolithic and efficient optical amplification is one of the biggest
challenges in silicon photonics to date. The problem stems from the fundamental limitation
of silicon as a light emitter due to its indirect band gap. Tellurite as a host material for rare-
earth dopants such as erbium and thulium is in a good position to offer an alternate route to
light emission in silicon-based platforms. It has been demonstrated in two approaches, one
as a standalone waveguide fabricated on a silicon wafer [205,206], and another in
similarTeO2-Si3N4 hybrid waveguides [209,210]. However, previous hybrid TeO»-based
works particularly in integration with Si3N4 were on the thin 200-nm nitride platform which
inhibits the exploitation of rich nonlinearities in the platform due to normal dispersion.
Thus, in this work, using the 400 nm thick nitride with proven anomalous dispersion,

optical amplification can be attained alongside nonlinear functionalities such as SCG and

KCG.

In a preliminary study, a chiplet with paperclips waveguides, block 1 in Fig. 4.2, was
deposited with a 352 nm thick TeOx:Er*" film. The deposition followed a similar procedure
and recipe to that developed in [88]. The film was characterized to have loss of 3.6 dB/cm
at 638 nm and dopant concentration of approximate 2.4x10?%/cm?®.The waveguides in the
chip were then characterized for gain measurements. Figure 4.13(a) shows a schematic
diagram of the setup used in gain characterization with a glowing image of the chip from
erbium upper states excitation. In the experiment, a 6.7 cm long paperclip waveguide was
pumped with a 1480 nm pump at varying powers. A small signal of ~1 uW at 1550 nm was
also launched into the waveguide to observe the signal enhancement. First, the signal was
coupled into the waveguide under test without the pump and the transmitted spectrum was
recorded by the OSA. Then, the pump was turned on and again the transmitted and emitted
signal spectrum was recorded by the OSA. Signal enhancement is defined as the difference

in dB between the measured signal power when the pump is off and when it is on. From
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the measured enhancement, the gain is calculated by subtracting the total waveguide
background loss and erbium absorption loss. Figure 4.13(b) shows the measured signal
enhancement at 1550 nm. A signal enhancement of 18 dB was measured. The combined
background loss and erbium absorption loss were measured together using the cutback
method on 3 spiral waveguides of length 10, 15, and 20 cm. The results of the cutback
measurements are plotted in Fig. 4.13(c) from which a total loss of 2.27 dB/cm is obtained.
Multiplying this loss by the waveguide length (6.7 cm), and assuming similar propagation
loss in the paperclip waveguide, and subtracting it from the measured 18 dB signal

enhancement leads to a net gain of 2.8 dB.

The net gain obtained here is almost half of what was previously measured in the same
length waveguide on a 200-nm thick Si3Ns coated with a 340-nm TeO»:Er*" film [209].
Several reasons can explain the inferior performance one being the poor overlap of the

signal mode with the gain layer of 48% compared to the previous 60%.
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Figure 4.13. (a) Experimental setup for gain measurements with an image of the chip showing green
emission from erbium upper levels transitions, (b) Cut-back measurements result on spirals of length 10,
15 and 20 cm respectively, and (c) Image of OSA screen showing the output spectra of the un-pumped

and pumped signal and signal enhancement of 18 dB.
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4.6 Summary

In summary, this chapter has provided a broad overview of the hybrid TeO> on 400-nm-
thick Si3N4 platform as a candidate for monolithic photonic circuits. Various simulated
waveguide properties were presented, for example investigation of minimum bend radii
that show possible tight bends for compact and small-footprint devices. Measurements
confirming anomalous dispersion were presented which also show high flexibility in
dispersion on the platform. Experimental results on the key nonlinear processes of SCG
and KCG generation were also presented. While the former showed performance on par
with other well-developed platforms and provided motivation for the detailed study
presented in the next chapter, the latter shows promising results that serve as a good starting
point for future work. Furthermore, both lasing and optical amplification were also
demonstrated in waveguides with similar properties to those showing nonlinear
functionalities. With the combination of design flexibility, dispersion tunability, high
nonlinearity, and rare-earth solubility, this platform offers a promising future for monolithic

integrated silicon photonic circuits for linear, nonlinear and active functionalities.
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Chapter 5

Octave-spanning Supercontinuum
Generation in a Thin SizNs Waveguide

Coated with Highly Nonlinear TeO>

This chapter presents experimental results on supercontinuum generation in hybrid TeO»-
Si3N4 waveguides. It was highlighted in Chapter 3 that one of the aims of adding the TeO»
coating is to enhance the overall waveguide nonlinearity owing to the higher nonlinear
refractive index of the TeO,. Consequently, one should expect the hybrid waveguides to
perform better than the standalone stoichiometric Si3Ns waveguides, particularly in terms
of threshold powers and efficiency of the nonlinear processes. The experimental results
presented in this chapter align well with this proposition where highly efficient octave-
spanning supercontinuum is generated at a relatively lower power than what is typically
needed in stoichiometric Si3Ns waveguides. Also, the waveguide nonlinearity is extracted
from the experimental data showing a similar value to what was initially estimated in the
numerical study in Chapter 3. These results represent a manuscript that is to be submitted
for publication and is included here to provide further experimental evidence of the high
potential of the hybrid TeO»-Si3sNs waveguides for photonic chip-based nonlinear

applications.

ABSTRACT: We report on efficient octave-spanning supercontinuum generation in a 400-

nm-thick silicon nitride waveguide coated with tellurite glass. The 400-nm Si3N4 has
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reduced film stress and cracking offering a versatile integrated photonics platform
compatible with both the front and the back end of a line CMOS process. The normal
dispersion of a thin Si3N4 waveguide is engineered to be anomalous by depositing a TeO>
coating of similar thickness, which also enhances the effective nonlinearity. The TeO»-
coating is deposited at low temperatures also compatible with the CMOS process. An
octave-spanning supercontinuum is achieved at a low peak power of 258 W using a 100-fs
laser centered at 1565 nm. We measure an average output power of | mW across the
spectrum for an input power of 10.94 mW giving a conversion efficiency of 9.14 %. Our
numerical simulations agree well with the experimental results giving a nonlinear
parameter (y) of 2.5 £ 0.5 m "W ! which is approximately three times that of standalone
Si3N4. This platform paves the way for efficient nonlinear photonics in thin Si3N4 that can
also be integrated monolithically with linear and active functionalities for photonic

integrated circuits.
5.1 Introduction

Supercontinuum generation (SCG) involves the spectral broadening of short and narrow-
band optical pulses that can expand to cover an octave or multiple octaves, leading to
broadband light sources for a tremendous variety of applications in communications,
frequency metrology, spectroscopy, and imaging [92]. In the early years, SCG was
extensively studied in fibers [90], but recent research has intensively focused on generating
supercontinuum (SC) in integrated photonic chips that can offer high performance at more

compact form factors.

In particular, significant efforts have been directed towards complementary metal oxide
semiconductor (CMOS) compatible platforms, which promise cost-effective and compact
devices that can be mass-produced and co-integrated with electronic circuits. In addition,

it is also desired to generate over an octave of SC and at near-infrared (NIR) wavelengths.
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The formal is important for the self-stabilization of optical frequency combs using f-2f
interferometry enabling precise measurement of absolute optical frequencies [258]. The
latter allows the use of readily available laser sources (erbium-emission window) and

applications in telecommunication wavelengths.

Over the last two decades, on-chip SCG with results covering at least an octave at NIR have
been demonstrated in CMOS platforms such as silica, silicon-on-insulator (SOI), tantalum
pentoxide (TaxOs), silicon nitride (Si3N4), and silicon-rich nitride (SRN). For silica-based
waveguides, an octave SCG was first demonstrated in [259], however, the platform suffers
from small index contrast and weak nonlinearity leading to large-footprint devices. Silicon
has higher nonlinearity with a nonlinear index (n2) of 2 orders of magnitude higher than
that of silica [260]. However, due to its small band gap, SOI devices experience strong
nonlinear losses in form of two-photon absorption (TPA) when pumped at a wavelength
below 2 um [91], limiting its application in the NIR. Nevertheless, using a ridge waveguide
geometry an octave-spanning SC was demonstrated at NIR in [261]. Tantalum pentoxide
(Ta20:s), referred to as tantala is one of the novel silicon photonic platforms that has recently
been explored for on-chip nonlinear photonics. SCG generation in this platform has been
reported in [262—264] whereas an octave within the NIR is reported in [262]. Notably, SRN
is a hybrid platform that has been developed to take advantage of silicon and Si3N4 bringing
about higher nonlinearity, ultra-low loss, and minimal TPA. Despite showing promising
performances with octave-spanning SC [265], the platform has not taken full advantage of
the ultra-low loss feature of SizN4 as expected and hence higher waveguide propagation

loss remains a major concern.

With the consideration of CMOS compatibility, octave-spanning in the NIR, transparency,
and negligible TPA, Si3N4 is the most attractive platform. In the last decade, over-octave
and coherent SCs have been demonstrated by various research groups

[93,135,174,179,266-271]. Despite extensive demonstrations of SCG in Si3N4, the
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conversion efficiency in terms of the input power per nanometer of wavelength span has
been relatively low [185], a constraint imposed by its relatively lower n>. Another constraint
arises from the difficulties of fabricating low-loss thick Si3N4 waveguides, which are
required for anomalous dispersion to enable phase-matching and efficient SCG, using
conventional thin film deposition and etching methods. This is due to cracks caused by
tensile stress in the film introduced during low-pressure chemical vapor (LPCVD)
deposition, which has necessitated the development of custom processes to achieve
exceptional performance such as the photonic damascene [167], stress release patterns

[168], or the dicing trenches techniques [171].

Tellurium dioxide (TeO2) is one of the oxide glasses with very attractive linear and
nonlinear optical properties. It has been widely studied in fibers for rare-earth doped
amplifiers and lasers, broadband Raman amplification, and SCG [191]. Recently, TeO» has
also been explored for integrated planar waveguide applications. The TeO> glass has wide
transparency spanning from visible to MIR and a high refractive index allowing the
fabrication of compact waveguides. It is a highly nonlinear medium with » of up to 20x
that of silica and reported the highest Raman gain coefficient among all oxide glasses [30].
Furthermore, TeO has proven to be an excellent host of rare earth ions where integrated
rare earth doped amplifiers and lasers have been demonstrated in a standalone TeO>
[205,206], and the TeO>-coated Si3N4 and SOI waveguides [209,210,257]. SCG in TeO:
waveguide was first studied by S. J. Madden and K. T. Vu [204] showing ~50 nm spectral
broadening in a 4 pm wide waveguide. However, they reported no observation of TPA and
extracted n2 of 0.65 x 102°m?W . Later on, we demonstrated an improved result with an
SC spectrum expanding ten times more, covering an entire telecom band [212]. The SC
was generated in a normal dispersion regime with a waveguide of 200-nm thick Si3Njy strip

coated with a 370 nm TeOs.
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In this work, we present observation of an octave-spanning SCG in a CMOS-compatible,
crack-free 400-nm-thick SisNs waveguide coated with highly nonlinear TeO>. The
observed SC reaches an octave for a pulse peak power of just 258 W which to the best of
our knowledge is the lowest power for an octave SC in a commercial SizN4 platform
pumped at telecom wavelengths. The 400 nm Si3Ny is a standard thickness fabricated in
wafer-scale silicon nitride and silicon photonics platforms and offered by commercial
foundries such as AMF [189] and IMEC [188]. It is an attractive platform that has been
proven can be monolithically integrated into 3D photonic circuits and devices for example
in silicon at high-temperature front-end-of-line (FEOL) or low-temperature back-end-of-
line (BEOL) [248]. The added TeO- serves the role of engineering the dispersion of the
thin Si3N4 into the anomalous regime while also enhancing the nonlinearity owing to its
higher 7 [30]. Also, TeO: is an excellent host of rare-earth dopants for on-chip optical
amplifiers and lasers [205,206,209,210,257]. Therefore, this platform has the potential of
providing an easy route to compact photonic circuits consisting of nonlinear, passive, and

active functionalities in one chip.
5.2 Waveguide Design

The designed hybrid TeO»-Si3N4 waveguide has a simple geometry consisting of a Si3Ny
strip coated with TeO» film as shown in Fig. 5.1 (a). The Si3Ns strip was fabricated in the
LioniX foundry using standard LPCVD and etching followed by in-house reactive sputter
deposition of the TeO> at ambient temperature, which is fully compatible with a back-end
of the line CMOS process. More details on the fabrication process are given in our previous
work [29]. It should be noted that the Si3N4 fabrication involves high-temperature LPCVD
deposition and annealing making it incompatible with foundry BEOL. However, the use of
thin crack-free thickness allows compatibility with FEOL and large-scale monolithic

integration with other platforms such as SOI [248]. Also, the results demonstrated here can
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be obtained on Si3zNy4 fabricated by the low-temperature plasma-enhanced chemical vapor
deposition (PECVD) at a slightly higher loss but full compatibility with the CMOS BEOL
[272]. Figure 5.1(a-c) shows a cross-section, SEM image, and a transverse electric (TE)
field profile of the designed waveguide respectively consisting of a 1.6 pm x 0.4 pm Si3Ny4
strip coated with a 0.424 um thick TeO; film. The waveguide propagation loss is 0.6 dB/cm,
measured by Q fitting a 500 pm-diameter ring resonator in the same chip and with the same

waveguide dimension at a resonance wavelength of around 1550 nm [209].
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Figure 5.1. (a) Cross-section, (b) SEM image, (c¢) TE mode profile of the TeO»-coated SizsN4 waveguide,

and (d) calculated TE-mode dispersion profile for the uncoated and 400-nm TeO2-coated waveguides.

We calculated waveguide dispersion accounting for both material and geometrical
contributions. There are three materials in our waveguides which are SiO2 lower cladding,

Si3N4 core, and the TeO» coating. For the TeO», we measured the refractive indices of the
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film using the ellipsometry technique and then fitted it to a Sellmeier model for
wavelengths from 400 nm to 1750 nm (data given in Table 2.1). For SiO2 and Si3N4 we
used Sellmeier equations previously used in [30]. Figure 1(d) shows the calculated
dispersion profile of the fundamental TE mode for the 400-nm uncoated Si3Ns strip and
424-nm TeO; coated. It can be seen, as shown in [30], by adding a TeO, coating layer to a
normal dispersion thin Si3zN4, anomalous dispersion can be achieved for our waveguide

structure
5.3 Supercontinuum Generation Experiment and Results

For SCG experiments, a 6.7-cm-long waveguide was pumped by a 1565 nm-centered laser
source with 100 fs pulses, 200 MHz repetition rate, and 76 mW average power. Figure 5.2
(a) shows the experimental setup consisting of a femtosecond fiber laser free-space coupled
to a waveguide through mirrors (M1, M2), a half-wave plate (HWP), a quarter-wave plate
(QWP), and a focusing lens (L). The lens is characterized to have a coupling to chip loss
of 8 dB. We measured the lens-to-chip coupling loss by first characterizing loss per facet
using identical lens fibers and then replacing one of the lens fibers with a free-space
focusing lens and recording the increase in coupling loss. The output is collected by a butt-
coupled fluoride multimode fiber which is fed to two optical spectrum analyzers (OSA).
The first OSA span from 350 nm to 1750 nm and the second is from 1200 nm to 2400 nm.
Figure 5.2(b) shows the experimental results of the generated SC with the inset showing an
image of the chip and strong third harmonic generation (THG) across the visible
wavelengths. The maximum coupled average power was 10.94 mW, corresponding to a
peak power of 482 W, for which the generated spectrum (solid red) spans from 0.89 um to
2.11 um at -20 dB level.
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Figure 5.2. (a) Experimental setup, (b) generated SC (red), pump (black), and an image of the chip
showing THG.

We varied the input power and plot the generated SC versus coupled peak power in Fig
5.3(a). The coupled power is varied using a broadband optical attenuator from 48.5, 153,
258 to 482 W. For an input power of 258 W, an octave-spanning SC is observed. This
power corresponds to an average power of just about 5.86 mW and 29.3 pJ pulse energy
which to the best of our knowledge is the lowest power for an octave-spanning SC in Si3Ns-

based platform pumped at telecom wavelengths.
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Furthermore, we carried out a numerical simulation of the supercontinuum based on a well-
known generalized nonlinear Schrodinger equation [90]. Simulation results are shown in
Fig. 5.3(b and ¢). In Fig. 5.3(b) we plot the output SC spectra for varying power similar to
experimental results in Fig. 5.3(a). To obtain this figure we initially used a calculated
nonlinear parameter (y) of 2.28 W'm™! using equations in [30]. We then varied this value
from 1 to 3 W'mand found the simulated SCG matches the experiment for a y value of
about 2.5 W-'m™!, and further scanning showed this value can have an error of up to £0.5
W-m™ possibly contributed by the errors in power measurement and input pulse properties.
We used y to estimate the 72 of the TeO2 and obtained a value of 1.443 x 107'8 m?/W. This

value is approximately 6 times higher than that of a stoichiometric Si3N4[217]

The spectral evolution of the supercontinuum along the waveguide length for the highest
input power of 482 W is plotted in Fig. 5.3(c). It can be seen from Fig. 5.3(c) that soliton
fission starts to take place at a relatively shorter length of only 0.6 cm. Hence, a much
shorter waveguide could have been used to achieve similar results with much higher output
power. For the current results, we measured an output average power of about 1 mW across
the spectrum for maximum input average power of 10.94 mW giving a 9.14% conversion
efficiency. Since the input power was measured before the chip, the output power and hence
this conversion efficiency is limited by the output coupling. From the waveguide length,
we estimate a loss reduction of up to 3 dB with a shorter waveguide of < 2cm. Therefore,
using a shorter waveguide and improving output coupling would see improved conversion
efficiency with a much higher power across the spectrum to a level that the SCG can be

potentially useful for example as a broadband white light source for chip-scale applications.

The observed THG is replotted in a zoomed-in spectra shown in Fig. 5.3(d). The spectra
are similar to but much stronger than what we previously reported [212]. THG is a

nonlinear process involving three photons and requires phase matching [273]. The faded
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gray line in Fig. 5.3(d) indicates the FWHM level covering 12 nm bandwidth from 469 nm
to 481 nm. Also, the peak of the spectrum is at -20 dB level of the entire SC. The average
power is estimated to be 232 nW from the 10.94 mW input power. We notice that the
spectrum is missing most of the observed visible colors. While we see colors from green,
and yellow to red (400 nm to 700 nm) in the chip image in Fig. 5.2(b), the collected
spectrum only covers the blue bandwidth (450 nm to 500 nm). This is likely due to higher
propagation losses at shorter wavelengths and hence most of the generated third harmonic

signal is lost along the way.
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Figure 5.3. (a) The experimental and (b) simulated SC spectra at different pump powers, (c)

spectrogram, and (d) zoomed-in third harmonic spectra for different powers.
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5.4 Discussion and Conclusion

5.4.1 Discussion

Table 5.1 shows a summary of demonstrated SCs in various CMOS platforms with spectral
coverage within the NIR wavelengths. In this comparison, our results fair well with most
of the previous demonstrations. In particular, the TeO2-Si3N4 platform performs well in
terms of peak power requirement showing higher or comparable powers to only 4 out of 15
references shown in the table. Also, in our experiment we have shown that a useful octave-
spanning SC can be generated at peak power as low as 258 W, the lowest compared to all
other stoichiometric SizNs. Furthermore, in our SCG, a used waveguide length appears to
be relatively longer than most of the other results in Table 1, but we have shown in Fig.
5.3(c) that the same bandwidth and potentially higher output power can be achieved with a
waveguide as short as 0.6 cm. Lastly, among a few others, we report strong THG. THG is
of significant interest for example as a source in a visible wavelength where pulsed lasers

are not readily available [274].
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Table 5.1. Visible to NIR SCG in silicon photonics platforms

Ref/ Length Loss Pulse duration | Peak Power | Bandwidth (nm)
Platform (cm) (dB/cm) | (fs), Ao (nm) (kW) @ dB level
* TeOr-Si3sNg 6.7 0.6 100, 1565 0.258 0.94 - 1.93@-30
0.482 0.89-2.11 @-20
[261]/SO1 0.5 1.5 >50, 1900 0.159 1.1-2.4 @ -20
*[268]/Si3N4 2 0.6 200, 1510 ~0.31 0.8-1.7
[265]/USRN 0.3 3 500, 1555 0.34 1.06 —2.24 @ -40
[266]/Si3N4 0.8 0.7 92, 1000 ~0.346 0.67 - 1.944 @ -40
[93]/Si3Ny 43 0.8 200, 1300 0.704 0.665 —-2.025 @ -30
[275]/Silica 45 0.06 100, 1550 1.7 14-1.7 @-20
[270]/Si3N4 5.5 - 78,2100 3.84 1.2-29
*[269]/Deuterated 0.5 0.5 74, 1560 5.7 04-25@-45
SiN
[135]/Si3N4 20 0.0209 50, 1560 6.56 1.01-2.02 @ -20
[179]/Si3N4 0.5 <6 <90, 1550 ~6.7 04-4.5
[262]/Ta,0s 0.5 0.1 80, 1560 ~9.9 0.7-2.4 @-20
[259]/Silica 350 0.00037 | 180, 1330 ~10.6 0.936 - 1.888 @ -5
*[267]/Si3N4 1 - 80, 1550 11.7 0.5-3
[174]/Si3N4 0.6 0.5 120, 1560 11.67 0.5-2.6 @-30
[271]/Si3N4 0.5 - 100, 3200 90 0.5-4.44

*Results where THG is also reported

5.4.2 Conclusion

In summary, we have demonstrated octave-spanning SCG in a Si3Ns waveguide coated with
a highly nonlinear TeO; film using a CMOS-compatible process. We showed that an
octave-spanning SC covering an entire telecom band can be obtained at low peak power of
258 W. For the maximum input average power of 10.94 mW, we measured an output
average power of ImW. We have estimated a nonlinear refractive index of the TeO»> to be
at least 6 times that of stoichiometric LPCVD Si3Ns. The TeO: can be used to enhance the
nonlinearity, offers a route to easy dispersion engineering in thin SizNs, and act as a host
of rare-earth dopants for waveguide amplifiers and lasers. The 400-nm Si3N4 is commonly
incorporated in volume wafer-scale integrated photonic chips and offers versatility in terms

of fabrication and is flexible for various applications. Hence, the TeO2-Si3N4 platform
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offers not only an alternate route to nonlinear photonics in thinner Si3N4 but also a path to
monolithic integration of waveguide amplifiers and lasers, and linear and nonlinear

functionalities on a single silicon photonic chip.
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Chapter 6

Numerical Study of Stimulated Raman
Amplification in CMOS-Compatible
Integrated Tellurite Glass Waveguides

This chapter presents an analytical and numerical investigation of Raman amplification in
hybrid TeO»-Si3N4 waveguides. From a literature study, it was found that the TeO>-based
glasses have the highest Raman gain coefficient among all other oxide glasses. Thus, it has
been studied extensively for Raman amplification in fiber and showed high gain and
broadband amplification capabilities. In this work, a literature summary of several materials
that have been studied for Raman amplification is given. Then, a comprehensive study on
the TeO: glass is presented through analytical calculations and numerical modeling. The
design of optimum waveguide dimensions for Raman amplification in the TeO2-Si3Ny
platform is presented. Raman amplification equations are solved and the potential for on-
chip net gain is demonstrated. These results represent a manuscript that has been submitted
for publication and are included here for completeness highlighting the rich nonlinearities

that the TeO> can offer in the hybrid platform under study.

ABSTRACT: We numerically investigate tellurite glass (TeO2) coated silicon nitride
(Si3N4) waveguides as a prospective platform for on-chip Raman amplifiers. Tellurite glass
has one of the highest Raman gain coefficients among oxide glasses and negligible two-

photon absorption at telecommunications wavelengths, while Si3N4 offers mature silicon-
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compatible processing, high-resolution feature definition for compact waveguides, and the
ultra-low waveguide losses required for Raman gain. Using a model based on coupled
equations describing the pump and signal evolution, we show that losses of < 0.1 dB/cm
are required for net Raman gain in TeO:-Si3N4 waveguides for practical launched pump
powers of < 1 W. Such waveguide losses are slightly smaller than the lowest loss yet
demonstrated in TeO»-Si3N4 waveguides of 0.25 dB/cm, but larger than the lowest loss
reported in standalone TeO, and SizNs waveguides of 0.05 and < 0.001 dB/cm,
respectively, thus indicating that a roadmap exists towards achieving Raman gain. Our
results show the possibility of an integrated Raman amplifier with an expected gain of up
to 10 dB for a propagation loss of 0.01 dB/cm and 1 W pump power in a 1.3-m-long TeO»-

coated Si3N4 spiral waveguide.

6.1. Introduction

Over the last three decades, silicon photonics has emerged as a leading technology for
photonic integrated circuits (PICs) applicable in telecommunications and data
interconnects [1],[276]. Silicon photonics offers advantages including low losses, high
speed, and large bandwidth, and it leverages the low cost and volume production offered
by the pre-existing complementary metal oxide semiconductor (CMOS) technology. In
recent years applications of photonic devices and circuits have expanded beyond traditional
areas, spanning into other fields like biomedical sensing [11], detection and ranging [12],
space [277], and defense and security [278]. Despite such growth, the absence of
monolithic optical amplifiers and lasers has been a major challenge toward full integration
in silicon photonics. Particularly, on-chip optical amplifiers have grown to be increasingly
important owing to the increased scale and complexity of PICs. Due to its indirect bandgap,
silicon itself is an unsuitable gain material. Several alternatives have been adopted to

achieve monolithic light amplification in silicon photonic chips including epitaxial growth
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of III/IV materials onto silicon [37],[279] and rare-earth doping of dielectric thin films on
silicon or silicon nitride waveguides [280][281]. However, the former method suffers from
high materials and fabrication costs and the latter approach has the drawback of the gain
being limited to specific bands within the emission range of rare-earth dopants. An
alternative is to generate/manipulate light through nonlinear optical phenomena in
waveguides. This includes third-order (Kerr) nonlinearities such as self-phase modulation
(SPM), cross-phase modulation (XPM), four-wave mixing (FWM), and the inelastic
scattering processes of stimulated Raman scattering (SRS), and stimulated Brillouin
scattering (SBS). Through nonlinear processes, widely tunable light emission can be
achieved as well as broadband wavelength sources through supercontinuum generation
(SCG) and chip-based optical frequency combs (OFCs). In this approach, silicon has
proven to be inefficient around telecommunications wavelengths due to high nonlinear
losses in form of two-photon absorption (TPA) [15]. Nevertheless, using silicon-on-
insulator (SOI) or other CMOS-compatible materials with minimal/negligible nonlinear
losses such as the stoichiometric Si3N4 and silicon-rich SizNa, various high-performance
nonlinear devices have been demonstrated, from broadband frequency combs to

supercontinuum sources and optical parametric amplifiers (OPOs) [38]—[282].

Raman amplification through SRS offers quite an interesting alternative approach to
monolithic waveguide amplifiers. By stimulated Raman scattering, any wavelength can be
amplified with the right pump wavelength, allowing for widely tunable gain. Furthermore,
an entire section of a waveguide can act as an amplifier providing distributed amplification,
and allowing for low noise performance [283]. In addition, multiple pump schemes can be
adopted where respective pump intensities are adjusted to provide not only broadband gain
but flat gain bandwidth in amorphous materials [284]. For silicon photonics applications,
Raman amplification has been studied extensively in SOI waveguides. Waveguide

amplifiers have been demonstrated under continuous wave (CW) pumping [285-287] and
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pulsed laser pumping [288—290]. Recently, other waveguide platforms have been explored
for on-chip Raman amplification and lasing such as doped silica microresonators [291,292],
aluminum nitride [293], diamond [294, 295], and lithium niobate [296]. While higher TPA
and narrow gain bandwidth are the main limitations of silicon-based Raman devices, silica
devices would require a relatively long gain length and large footprint due to the weak
Raman gain coefficient and large cross-sectional area, low index contrast waveguides. On
the other hand, crystalline materials such as aluminum nitride, lithium niobate, or diamond

are less attractive due to their relatively narrow Raman gain spectra [297-299].

Tellurite is an oxide glass with a relatively high Raman gain coefficient and wide gain
bandwidth, making it a promising alternative material for on-chip Raman amplification. It
can be integrated into CMOS-compatible circuits, including low-loss hybrid waveguides
on SOI and Si3N4 platforms [29,67]. TeO: is a highly nonlinear material with a reported
nonlinear refractive index (n2) of more than 20 times that of silica and a Raman gain
coefficient of up to 60 times that of silica [30,66]. It also has a wide transparency window
and high linear refractive index (n) which allow for the fabrication of low-loss and highly
compact waveguides. In addition, TeO> has proven to be an excellent host of rare earth ions
with minimal quenching where integrated rare earth doped amplifiers and lasers have been
demonstrated in TeO> [205,206], and TeO»-coated SizN4 waveguides [209—211]. Tellurite
glass Raman fiber amplifiers have been extensively studied in the past showing relatively
high gain at shorter lengths and broader bandwidth compared to silica-based Raman fiber
amplifiers [300,301]. However, Raman amplification in integrated tellurite glass

waveguides has yet to be explored.

Despite having low loss and high refractive index, the demonstrated waveguides based on
only stoichiometric TeO> have relatively large cross-sections [69], where smaller cross-
sections are desirable for high intensities and efficient Raman gain. Recently, our group

has reported a hybrid platform based on low-loss, CMOS-compatible Si3N4 coated with
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TeO, films that omit the need for etching TeO» films [29]. This platform is particularly
promising because of the potential for Si3Ns ultra-low loss waveguide [302] and small
mode areas [29], both requirements for efficient Raman gain, and fabrication of long

waveguide structures in a compact form factor and with high yield [303].

In this work, we present a numerical study of stimulated Raman amplification in an
integrated CMOS-compatible TeO2 waveguide platform. The organization of this work is
as follows. In section 2 we present a thorough literature review of several optical materials
that have the potential for on-chip Raman amplification. We also present a brief
introduction to the hybrid TeO»-coated Si3N4 waveguide platform. Section 3 begins with
numerical calculations of the prospective waveguide parameters to be used in the amplifier
model. We then present the equations for the CW Raman amplifier model followed by the
amplifier simulation results. The last section includes a brief discussion of the outcomes of
this work, the next steps, and conclusions. Our results show that TeO>-Si3N4 waveguides

have the potential for compact on-chip Raman amplifiers.
6.2. Material Properties

6.2.1 Materials for On-Chip Raman Amplification

A variety of different oxide glasses have been explored for Raman fiber amplifiers. To
show how tellurite, stands out compared to other oxide glasses, we compiled a collection
of the most common oxides that have been explored for Raman fiber amplification. Figure
6.1 presents a summary of the Raman gain coefficients for common glasses used in fibers.
It should be noted also we added silicon for reference, aluminum nitride, diamond, and
lithium niobate owing to the recent demonstrations of integrated Raman lasers in these
platforms [293-296]. Also, a color-coded bar chart showing full width half maximum
(FWHM)bandwidth at the highest reported gain peak for the five oxides is included as an

inset. The figure clearly shows how the tellurite glass stands out with the highest peak gain

145



Ph.D. Thesis — Hamidu M. Mbonde; McMaster University — Engineering Physics

and a broad FWHM bandwidth of ~225 cm™! nearing that of silica glass (~240 cm™).
Furthermore, tellurite offers a possibility of adjusting the gain coefficient by doping it with
other metal oxides where it has been shown that the gain coefficient can be increased
beyond 2 orders of magnitude of that of silica, 170x107"* m/W for the composition 65%
TeO—15%P205—15%Na,0-5% ZnO [54]. There have been some variations on the
measured Raman gain coefficient from different research groups and glass compositions
where 90x10713 m/W is reported in [304], 58 X 107"* m/W in [305], 40 X 107> m/W in
[306,307] for a similar glass composition of 85% TeO: + 15% WOs;. Nevertheless, the
reasons for such variations have been thoroughly studied and explained in [307], which
point to the value of 40 X 10713 m/W as justifiably most accurate for the given composition.
This value is for bulk glass with the composition of 85% TeO2+ 15% WO3 which has been
extensively studied in the literature. Therefore, the rest of this work assumes a Raman gain

coefficient for TeOs of 40 X 10> m/W unless otherwise stated.
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Figure 6.1. Peak Raman gain coefficients of different waveguide materials; the inset is a color-coded

bar chart showing FWHM Raman gain bandwidth of the five oxides glasses

6.2.2 TeO2-Coated SizN4 Waveguide Platform

In this work, we explore TeO»-Si3Ns waveguides for Raman gain, which exhibit low losses
and have been applied in linear, rare-earth-doped light-emitting, and nonlinear optical
devices [209—212]. Details on the waveguide design can be found in reference [29], while
here we provide a brief overview of the properties relevant to this work. Figure 6.2(a) shows
a cross-section of the TeOz-coated Si3Ns waveguide structure. It consists of a standard

foundry Si3Nj4 strip waveguide of ~ 200 nm height with a post-processing coating layer of
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TeO; and a top-cladding spin-on fluoropolymer layer (Cytop). The TeO: film is deposited
through a single-step low-temperature back-end-of-line process by reactive sputtering with

further details of the experiment given in [29].

Dsian, * Hreo, Cytop cladding
* —
I si:N, strip
e .
Vo, [ $i0, BOX

I N it

(b) 1

! !
(_

Figure 6.2. 3D structure of TeO»-coated Si3Ns4 waveguide depicting materials layers and essential

fabrication steps: (a) waveguide cross-section and parameters, (b) fabrication steps including 1. LPCVD
deposition and RIE etching of SizN4, 2. reactive sputter deposition of the terullite film, and 3. spin
coating of protective polymer (Cytop) top-cladding.
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6.3 Amplifier Modeling

6.3.1 Waveguide Parameters

In this section, we provide a brief justification and summary of the waveguide parameters
that have been selected and are to be investigated in the amplifier model. Stimulated Raman
scattering is an intensity-dependent nonlinear process [11], and thus it is desirable to
maximize the light intensity in the waveguide by increasing the optical confinement () and
reducing the effective mode area (4efr). Where r is calculated as a fractional partial power
in the respective waveguide segment. At the same time due to the negligible Raman gain
coefficient of Si3N4 [60], we need to ensure the waveguide mode has maximum interaction
with the tellurite. However, this is challenging because the two materials have close
refractive indices. While reducing the waveguide dimensions would lower the Aesr to a
certain limit, the effect is opposite for confinement of the mode with TeO2 (7reo,).
Therefore, simulations were carried out to find optimal combinations of waveguide
dimensions that improve rreo, while ensuring optimal A is attained as well. The SizN4
strip height was varied from 50 nm, 100 nm to 200 nm, which are typical waveguide heights
applied in low-loss Si3N4 waveguides fabricated by LPCVD deposition and reactive ion
etching and offered in the multi-project wafer (MPW) runs [187]. While ultrathin Si3Ns
strips are ideal for low-loss waveguides [287], a thicker strip provides stronger lateral
confinement and is good for tighter waveguide bends. For the three Si3Nj strip heights we
varied the width and the TeO> coating thickness to optimize the two aforementioned
parameters. The simulation results are shown in Fig. 6.3. Figure 6.3(a) shows electric field
profiles of optimal waveguide cross-sections and TeO> film thickness for the three SizN4
strip heights, I (50 nm), II (100 nm), and III (200 nm) respectively. Figure 6.3(b) shows
Treo, While Fig. 6.3(c) shows the Aefr both as functions of changing waveguide width and
TeO; coating thickness. It can be seen in Fig. 6.3(b), due to a slightly higher refractive index
of TeO; relative to SizN4, changing the Si3Ny strip height or width does not result in any
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Figure 6.3. Waveguide optimization study for the SisN4 heights 0.05, 0.1 and 0.2 um. (a)Finite element

mode solver calculations of the properties of the fundamental TE modes for the optimal waveguide

dimensions (b) partial power confinement in the TeO: (rrco,) and (c) effective mode area (Aetr) versus

Si3Ny strip width and TeO> film thickness.
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significant change in rreo,. Figure 6.3(c) shows that a thicker nitride strip is generally
desirable for a smaller effective mode area. Therefore, design III is for the rest of this work

as it shows the best parameters out of the three considered.

6.3.2 Amplifier Model

A numerical model of Raman amplification in a waveguide under CW pumping was
applied in this study. Stimulated Raman Scattering occurs when a strong pump transfers a
fraction of its power to a lower-frequency wave called a Stokes-shifted wave or a higher-
frequency wave called an anti-Stokes wave. For simplicity, only the stokes wave is
considered in this study since the emission of the anti-stokes wave is relatively weaker [11].
Signal amplification by SRS under a CW pump can be modeled by a set of coupled
equations, [15] 1 and 2.

dP.

—— = —asP + grRh,, M
daPp. A

& = ~Wh ~ T 9rPR. @)

whereP;, Py, A, Ay, a5, a, are power, wavelengths, and attenuations for signal and pump,
respectively, z is propagation length, g is the Raman gain efficiency term given by yr /Aess
where y is the Raman gain coefficient and A is the effective mode area. The symbol &
in equation (2) takes a value of 1 or —1 depending on the pumping directionality, where +1
is for pumping in the forward direction and —1 for backward pumping. In this work, only

forward pumping is considered and ¢ is kept constant at +1 unless otherwise stated.

Equations 1 and 2 can be solved using numerical techniques such as the finite element

method (FEM). However, in the case of significantly higher pump powers relative to the
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signal, an assumption can be made where the pump depletion (third) term of equation 2 is
ignored, in which case an analytical solution can easily be reached. In this work, we solved
the equations both numerically and analytically, and in both cases, the solutions have shown

very close agreement.

It should be noted that under the presence of TPA, the coupled equations 1 and 2 should
include additional terms representing nonlinear losses through a TPA coefficient and free
carrier absorption [15]. Here, these terms are neglected. In addition, these equations are
only valid for the case of CW pumping without the presence of other nonlinear effects such
as FWM. The case of high-intensity pulsed laser pumping would require full consideration

of the Nonlinear Schrodinger equation and we reserve that for future studies.

All the parameters to be used in the simulation are listed in Table 6.1. The waveguide
parameters were extracted from Fig. 6.3, in combination with consideration for minimum
bend radii simulations. Table 6.1 also lists other simulation parameters including the
Raman gain coefficient, pump and signal wavelengths, and variable pump and signal losses.
The losses are chosen starting from the lowest value that has currently been measured in
this platform, 0.25 dB/cm [209], and lowered to 0.1, 0.05, and 0.01 dB/cm within the range
of what is the lowest loss reported in standalone TeO> (<0.05 dB/cm) [66] and in Si3Ny4
waveguides (<0.001 dB/cm) [302].

Table 6.1. TeO-Si3sN4 waveguide parameters to be used in amplifier simulations

Parameter Value

Si3Nj strip dimensions W n, X Hgi,n, (1m?) 1.2 x 0.2 (Design III)
TeO: coating thickness, Hreg,(Lm) 0.4

Effective mode area, Aerr (um?) 1.2

TeO: intensity overlap, req, (%) 70

TeO, Raman gain coefficient, yr (x10713 m/W) 40

Pump wavelength, 4, (nm) 1400
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Signal wavelength, s (nm) 1550

Signal loss, as (dB/cm) 0.25/0.1/0.05/0.01
Pump loss, a, (dB/cm) 0.25/0.1/0.05/0.01
Amplifier length (cm) (up to) 150

6.3.3 Simulation Results

Using the model in the previous section, we investigated the small signal Raman gain for
varying background loss, pump power, and waveguide length. In all cases, the launched
signal power was kept constant at I uW. However, before applying the amplifier model to
the waveguides we estimated an optimal waveguide length for simulation. Due to the
intensity dependency of SRS, the pump intensity needs to remain relatively high along the
full propagation length. Hence, a maximum length is defined that accounts for propagation
loss and within which the pump intensity remains strong enough to incite the nonlinear

response. This length is referred to as the effective length (Lefr), which is always less than

the total waveguide length and is given by Legr = —1_6)2:(“7””.
p

Figure 6.4(a) shows the plot of Ler versus op for different waveguide lengths. It can be
observed that for higher propagation losses the effective lengths are much closer for the
four waveguide lengths, but the case is different when the losses are < 0.2 dB/cm. Once a
certain propagation loss threshold is achieved (e.g., < 0.1 dB/cm for typically 10’s of cm
long integrated spiral waveguides), it is advantageous to use as long a waveguide as
possible, and it is shown in that situation that the amplifier gains increases approximately
linearly with increasing waveguide length and/or pump powers. Figure 6.4(b) shows a
conceptual drawing of the high gain spiral with input and output multi-mode
interferometers combiner and splitter. Also, a table above it shows the calculated spiral
footprint for different lengths at fixed minimum bend radii (Rmin). The parameter Rmin is the

minimum bend radius at the center of the spiral calculated based on the radiation-limited
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quality factor defined in chapter 2, section 2.3.3 whereas Rmax is the length from the center

to the outermost waveguide for a given spiral length.

We then investigated the amplifier gain for varying propagation loss. In Fig. 6.4(c) we plot
amplifier gain versus waveguide length and pump power for propagation losses of 0.25,
0.1, 0.05, and 0.01 dB/cm, respectively. In Fig. 6.4(c), (I) it can be seen that within the
simulation range of up to 2 W pump power and 150 cm length there is no net gain. As the
loss is reduced by a factor of 2 a small signal gain is observed as shown in (II). Decreasing
the losses further down to 0.05 dB/cm and 0.01 dB/cm in Fig. 6.4(c) IIl and IV shows a
significant increase of the net gain and it is almost linearly dependent on waveguide length
at 0.01 dB/cm loss. Results in Fig. 6.4(c) to a great extent agree with the effective length
concept depicted in Fig. 6.4(a) whereas at lower losses it is beneficial to use longer
waveguide length and vice versa at higher losses. For the loss of 0.01 dB/cm, it is shown
that a 10 dB level or higher amplifier gain can be achieved with 1 W of pump power and a

waveguide length of at least 130 cm.
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Figure 6.4. (a) Effective length for Raman amplification versus propagation loss for various waveguide
lengths. (b) Conceptual drawing of the high gain spiral consisting of MMI combine and splitters at the
input and output, and a table showing an estimated footprint for various gain lengths (c)Gain versus
waveguide lengths and pump powers; (I) for the lowest propagation losses as measured in our current

waveguides; and for the minimum projected losses of 0.1 (II), 0.05 (III), and 0.01 (IV) dB/cm

respectively, using 0.2um Si3Nj strip parameters in Table 6.1.
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Furthermore, we show the amplifier gain and loss vs. length for a pump power of 1 W in
Fig. 6.5(a) which it clearly shows how waveguide attenuation impacts the net gain along
the waveguide length. In Fig 6.5 (b) we plot amplifier gain versus pump power for a
theoretically lowest loss of about 0.01 dB/cm showing the highest potential gain for this
waveguide platform. We also vary the Raman gain coefficient and show how the gain can
be optimized by employing different TeO> compositions. The compositions of each of the
Raman gain coefficients used in Fig. 6.5(b) are shown in Table 6.2. It is shown that the
amplifier gain can be tuned from 11 dB to 53 dB at W pump power for a 150 cm long

waveguide.

Table 6.2. TeO,-Si3sN4 waveguide parameters to be used in amplifier simulations

Composition PR (10713 m/W) Reference
85% TeO, - 15% WO, 40 [312]

60% Te0,-20%P_0, - 20%Na,0 52 [311312]
50% TeO, - 50% TIO, ,

70% TeO-15%P10s - 15%Nay0 70 [311]

65% TeO,-15%P;,0s - 15%NaxO- 5% ZnO 170 [311]
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Figure 6.5. (a)The plot of gain versus TeO,-coated SizN4 waveguide length shows the progression of
losses, Raman signal enhancement, and the net gain along the waveguide for a pump power of 1 W, and
propagation losses of 0.1 dB/cm and 0.01 dB/cm. (b)Gain versus pump power for a 150 cm-long
waveguide, 0.01 dB/cm propagation loss, and various values of the Raman gain coefficient (x 1072

W/m).

6.4 Conclusion

In summary, we have presented a literature and numerical study showing the possibility of
on-chip Raman amplification in TeOz-based waveguides. The hybrid TeO>-coated Si3N4
waveguide design has promising properties for Raman gain, including a high Raman gain
coefficient, high material stability for high pump power handling, small effective mode
area for high intensities, and small waveguide bend radius for compact spiral footprints.
For a realistic pump power of 1 W, the total gain is highly dependent on propagation losses
and waveguide length. By employing optimized fabrication steps that can scale down
propagation losses and using the small bend radius of TeO>-Si3N4 waveguides to design

compact and sufficiently long spiral waveguides, the proposed amplifiers devices may offer
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a promising source of very broadband on-chip optical amplification for silicon-based

photonic integrated circuits.
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Chapter 7

Discussion and Conclusion

7.1 Summary and Discussion

This thesis work aimed at exploring and developing the hybrid TeO>-Si3Ny4 platform as a
candidate for integrated nonlinear photonics based on highly nonlinear TeO> and utilizing
a thin Si3Ny layer that is compatible with conventional fabrication processes and offered in

commercial CMOS foundries.

In the first two chapters, the goals, motivation, and the underlying theoretical background
of the main concepts were given. In chapter one, the motivation for this work was
highlighted by looking at different materials platforms that have been explored for
integrated nonlinear photonics focusing on silicon-based materials that are CMOS
compatible. The features, strengths, and weaknesses of each material were summarized in
which Si3N4 was shown to stand out as the most suitable material platform. It was also
highlighted how this work aims to complement the state-of-the-art SizN4 technology by
mitigating some of its shortcomings including challenges in fabricating low-loss dispersion
engineered waveguides by introducing the hybrid TeO>-Si3N4 platform. In Chapter 2, a
brief theoretical introduction was given emphasizing key design terms and parameters that

were then used to describe the features of the hybrid platform.

In Chapter 3, the optimization of waveguide nonlinearity and dispersion engineering were
explored in a comprehensive numerical study. It was shown that the effective nonlinearity

of a 400 nm stoichiometric Si3N4 is enhanced up to 3 times with the added 500 nm TeO>
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film and also anomalous dispersion can be achieved for both TE and TM polarization.
These results were both verified experimentally in Chapters 4 and 5. The nonlinearity
enhancement was confirmed in an SCG experiment where a TeO2 nonlinear refractive
index of 1.443 x 1078 m?/W was extracted, which is similar to that obtained from literature
and used in simulations (1.3 x 10"'® m?/W). The dispersion was experimentally measured
in microring resonators confirming anomalous dispersion with 424 nm thick TeO coatings.
The results showed anomalous dispersion for a 400 nm thick, 1.6 um wide Si3N4 strip
coated with a 424 nm TeO: film with values of ~25 and ~78 ps/nm-km at 1552 nm for the
TE and TM-modes respectively. In addition, these results were verified by the generated
SC spectra characterized by typical features observed in anomalous dispersion waveguides

such as dispersive waves and soliton fission.

Optical frequency comb generation through the KCG process in microring resonators was
also demonstrated. Ring resonators with up to half a million internal Q factors were
measured and pumped with a CW laser at around 1585 nm. For a pump power of 251 mW
coupled into the bus waveguides a comb with up to 8 comb lines was observed covering
up to 1000 nm wavelength span. The comb lines were far apart separated by multiple FSR
indicating that upon increasing pump powers there is a possibility of more lines forming in
between. However, the pump power could not be increased further due to the saturation of
the OSA used to observe the output. A narrowband notch filter is required to attenuate the
pump at the output to resolve this issue. A family of tunable fiber Bragg gratings (FBG)
can potentially be used to attenuate the pump accordingly. At the time of writing this thesis,
efforts were made to acquire the FBG but significantly longer lead times prohibited the

author from using them in the experimental results presented in this thesis.

Supercontinuum generation is another nonlinear phenomenon studied and successfully
demonstrated in this work. An octave-spanning SC was demonstrated at a low peak power

of just 258 W covering wavelengths from 940 to 1930 nm and pumped at a telecom
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wavelength, of 1565 nm. The generated continuum showed a fair comparison with similar
work in other silicon photonic platforms. Particularly, in comparison to results in
stoichiometric Si3Ny, it shows the lowest power required for an octave coverage to the best

of the author’s knowledge.

A higher Raman gain coefficient is another attractive feature of tellurite compared to other
oxide glasses. A comprehensive analytical and numerical study of Raman amplification in
the hybrid TeO2-SizNs platform was presented in chapter 6. The results showed the
possibility of an integrated Raman amplifier with an expected gain of up to 10 dB for a
propagation loss of 0.01 dB/cm and 1 W pump power in a 1.3-m-long TeO»>-coated SizN4
spiral waveguide. While the current loss figures prohibited practical demonstration of
Raman amplification, the simulation work in chapter three provides a roadmap toward
practical realization. In addition, these results open a window of opportunity for the

investigation of other nonlinear phenomena such as the Brillouin scattering.

Lastly, light generation and optical amplification were investigated, and the results were
presented. Multimode lasing and a net gain of 2.8 dB was observed in an Er-doped TeO»-
coated SizN4 microdisk resonator and a 6.7 cm long paperclip waveguide, respectively.
These are preliminary results that can be improved with further investigation. For example,
the Er-doped TeO> coatings were about 360 nm thick, permitting only 48% overlap of the
signal mode with gain media, whereas more overlap and higher gain can be achieved with
a thicker film. Also, the author notes that a few months before the writing of this thesis, the
deposition system in the CEDT required repairs and was indisposed until the end of
finalizing this thesis, preventing detailed investigation and optimization of the Er-doped
TeO; coating layer. Overall, these results help in establishing a foundation for further
exploration of this platform for light generation, amplification, and eventually their

monolithic integration with nonlinear and other linear functionalities.
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7.2 Future Work

This thesis work serves as a framework and the very first study of TeO» as a complementary
material for integrated nonlinear photonics on the mature Si3N4 platform. Therefore, there
is a lot to improve upon from what has been presented in the immediate future and several
new avenues to explore in the long term future. The next paragraphs give brief details of
what can be improved and further explored in the near and far future for each of the results

presented in this thesis.

First, in the dispersion measurements results, there was something very interesting that
needs further exploration. The measured dispersion was normal for thinner TeO» coatings
and increased to anomalous with an increase in film thickness continuously for TM
polarization but only up to a certain point for the TE mode. This means there is a range of
film thicknesses at which the dispersion is normal for TE and anomalous for TM. This is
something that needs to be explored further, particularly for SCG. Having an on-chip SC
source with tunability from normal to anomalous is useful since the generation mechanisms
and eventual spectral profiles for the two differ. Anomalous dispersion SC spectra are
usually very broad and useful in applications such as spectroscopy, whereas they are noisy
and highly incoherent limiting their applications in telecom. On the other hand, normal
dispersion SC spectra are less broad but can be free of noise and highly coherent. In
addition, the dispersion profile appears shifting to the longer wavelengths with the increase
of the Si3Ny strip width and the TeO> coating. This need further investigation for potentially
extending the platform to Mid-IR applications as both materials used are transparent toward

that wavelength range.

The demonstrated KCG in this work still lacks characteristics of the state-of-the-art
frequency combs developed in stoichiometric Si3Ns. The first step to get to the desired

soliton combs is to improve the resonator’s design. This includes enhancing the Q factor
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by reducing waveguide losses, investigating a better range of coupling gaps that will allow
sufficient coupling of the pump into the cavity, and reducing the resonator’s size. Also in
the future, it will be interesting to pump rare-earth doped resonators, for example, erbium-
doped devices pumped at 1480 nm which can lead to comb generation and lasing around
the 1550 nm telecommunication window for application as an on-chip multi-wavelength-

source.

Another idea that is worth exploring in the future is amplified supercontinuum generation.
One of the main limitations of utilizing chip-based SC as a broadband source is the low
output power resulting from the low conversion efficiency of the nonlinear media used.
Even though this work demonstrated improved efficiency and hence above average output
power of the generated spectra still the power levels are too low for practical applications.
Typically, an average output power of I mW is considered high for many on-chip generated
SCs, however that power translates to only a few nanowatts for an individual comb line.
Combining the efficient SCG demonstrated and potential high gain amplification it could
be possible to have amplified SCG. It can be implemented separately such that a short
undoped waveguide is used to generate the SC and it is coupled to a longer doped
waveguide for amplification, or the same doped waveguide can be co-pumped for SCG and
amplification. The latter approach is simpler but not very feasible as the erbium might
absorb most of the pump (for SCG) before reaching enough length for the SC to be

generated.

The promising results on active functionalities also open further avenues to explore.
Starting with the microdisk laser, one proposition for future designs is to reduce the disk
sizes such that the FSR and consequently modes separation is increased so that individual
lasing modes can be excited to obtain a single-mode laser. If this is achieved micro heaters
can then be incorporated to tune between resonances. The next step for amplifier design is

to improve the gain by optimizing the erbium concentration and using thicker films for
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more overlap of the mode with the gain medium. In addition, several other dopants such as

thulium and praseodymium can be explored for emission in other wavelengths.

Last, an important and ultimate theme to explore is to combine all functionalities and
capabilities demonstrated in this platform into a single monolithic photonic chip, followed
by further integration with other well-developed platforms such as SOI By then, the
ultimate and long-term objective of this work will be achieved which is developing a linear,
nonlinear and active photonic platform that is compatible with standard wafer scale
processing and conventional fabrication processes and can be integrated into larger scale

PICs based on mature and well-developed CMOS platforms.
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