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for nonlinear optics
Zhichao Ye

Photonics Laboratory
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Abstract

The field of nonlinear optics relies on the interaction between high-intensity
optical waves and nonlinear media. An integrated waveguide with large re-
fractive index contrast allows to highly confine optical waves in a sub-pm?
area, thus enhancing the optical intensity. However, such a high optical
confinement increases the susceptibility to scattering losses induced from
nanometer-level inhomogeneities.

Silicon nitride is a dielectric material featuring a relatively large nonlinear-
index coefficient and a broadband transparency window, from ultraviolet to
mid-infrared. Its refractive index contrast to silica allows high confinement
and controlling the dispersion with the waveguide geometry. This material
platform has emerged in the past years as a workhorse for nonlinear optics
applications that rely on the Kerr effect, from microcomb generation to para-
metric amplification. In this thesis work, we focused on the development
of advanced manufacturing techniques for the realization of ultralow-loss
silicon nitride waveguides. Meter long high-confinement waveguides with
record low losses in the order of 1.4 dB/m and dispersion-engineered mi-
croresonators with quality factors of 19 million are reported. Based on this
technology, we demonstrated octave-spanning coherent microcombs and mi-
crocombs with photodetectable repetition rates occupying a device area less
than 1 mm?, i.e., one order of magnitude smaller than state of the art. The
high yield and ultralow-loss Si3N4 waveguides also allowed us to achieve,
for the first time, continuous-wave parametric amplification in an integrated
waveguide, with a demonstrated gain of 9.5 dB and noise figure of 1.2 dB
when operated in phase-sensitive mode.

Keywords: silicon nitride, ultralow loss, integrated waveguide, Kerr nonlinear op-
tics, DKS microcombs, parametric amplifiers
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Abbreviations

BSS Beam step size

CMOS Complementary metal-oxide-semiconductor
CVD Chemical vapor deposition

CW Continuous-wave

DCS Dichlorosilane

DFB Distributed feedback

DKS Dissipative Kerr soliton

DUYV Deep ultraviolet

EBL Electron beam lithography

FCA Free carrier absorption

FSR Free spectral range

FWM Four-wave mixing

ICP RIE Inductively-coupled-plasma reactive-ion etching
LPCVD Low pressure chemical vapor deposition
NF Noise figure

OFDR Optical frequency-domain reflectometry
OPA Optical parametric amplification

PECVD Plasma-enhanced chemical vapor deposition
PIC Photonic integrated circuit

RMS Root mean square

SCG Supercontinuum generation

SEM Scanning electron microscopy

SiRN Silicon-rich silicon nitride

TEOS Tetraethyl orthosilicate

TPA Two-photon absorption



VLSI Very large scale integration
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Chapter 1

Introduction

1.1 Historical overview

Before the 18th century, the limited industrial power and transportation engine relied
on animal and human muscle, wind and river. Long-haul traveling and communi-
cation were limited, and continents were quite isolated. Since the first and second
industrial revolution, the unprecedented boost of machine engine enabled fast and
convenient traveling between countries and continents, and new ideas spread quickly.
Later on, thanks to the invention of telephone and the success of optical fiber commu-
nication, people from all over the world became fully connected. The globe turned
into a small village.

A similar evolution happened in electrical circuits. The first transistor was invented
by J. Bardeen, W. Brattain and W. Shockley at Bell labs, and they shared the 1956 No-
bel Prize in Physics for their achievement. The early transistors were large, and long
wires were needed to connect different components. For a computer with complex
microelectric circuits, these wires can significantly slow the computer. The invention
of the integrated circuit by J. Kilby and R. Noyce solved this problem by integrating
all the functional components on a single-crystal Si wafer. It is worth mentioning
that Jack Kilby also got the Nobel Prize in Physics in 2000 for this achievement. The
past 50 years have witnessed a steady development of integrated circuits following
Moore’s law. It is remarkable that the increasing number of transistors in a densely
integrated circuit is encompassed with a significant reduction in computer volume:
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from the size of an entire room to a light and portable device.

The techniques that have been developed for the manufacturing of microelectronic
circuitry (e.g. lithography, etching, film deposition) can be used to manufacture
photonic integrated circuits. PICs have a dominant application in the field of high-
bandwidth communications [1], but new applications are continuously emerging that
could leverage the ability to mass-produce photonic systems on chip.

Silicon photonics

Nowadays, there are two major paths for the monolithic integration of PICs: InP
and silicon photonics. InP features a direct bandgap and and has a relatively large
electro-optic (Pockels) coefficient, and thus is suitable for the realization of lasers,
photodetectors and modulators. However, photonic integration based on InP is typi-
cally more expensive compared with Si photonics due to the scarcity of In, the small
size of wafers and the poor native oxide [2]. Moreover, InP is not compatible with
CMOS manufacture, thus can’t get the benefit from the high-volume low-cost pro-
cessing in existing CMOS fabrication.

The first optical waveguide in Si was demonstrated in 1986 [3], showing its com-
patibility with the fabrication environment of Si microelectronic industries. Thanks
to its full CMOS-compatibility, photonics integration based on Si photonics features
high volume, low cost, high yield and high reproducibility. Although Si lacks the
Pockels effect, Si based modulators can be achieved by modifying the charge den-
sity by e.g. carrier injection, depletion and accumulation [4]. Regarding waveguide
losses, the high index contrast between the Si core and the SiO; cladding results in
extremely high susceptibility to scattering losses introduced from nanometer-level
interfacial inhomogeneities of the sidewalls. Even though substantial efforts from
both academia and industry were paid to reduce waveguide loss, high-confinement
Si waveguides still display losses in the order of 1 dB/cm [5-7]. Due to the rela-
tively small bandgap (1.1 eV), Si waveguides feature two-photon absorption and free
carrier absorption in the near infrared and telecommunication band, which limit the
launched optical power. The main challenge of Si photonics is the lack of a native
laser due to the indirect bandgap of Si. In spite of tremendous efforts, a Si-based
laser source as efficient as a III-V based laser remains elusive [8, 9].
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1.1. Historical overview

Expanding the library of building blocks in Si photonics

Due to the lack of a native laser on Si, it’s clear that heterogeneous integration is
needed to complement the building blocks in Si photonics [10]. Regarding the build-
ing blocks of lasers and optical amplifiers, substantial efforts are being paid on bond-
ing III-V material on a Si wafer [11-15]. In fact, narrow-linewidth efficient electri-
cally pumped laser has recently been achieved through III-V/Si/Si3 N4 heterogeneous
integration [16]. Optical modulator is one of the key components for high speed
optical transmitters. Recently in 2018, thanks to the breakthrough of LiNbO3 nano-
fabrication technique [17], modulators simultaneously featuring CMOS-compatible
Vi, low phase-shifter loss and large bandwidth (80 GHz) were achieved in LiNbO3
platform [18]. Moreover, high-performance modulator was also achieved through
heterogeneous integration of LiNbO3 and Si [19]. Ultralow-loss waveguides, being
the most fundamental component of photonic integration, find their applications in
phase shifters, delay lines and ultrahigh-Q microresonators. Ultralow-loss waveg-
uides are realized using a dielectric material with lower refractive index than sil-
icon as core. The lowest loss have been recently reported using SizNy in a low-
confinement geometry [20]. Additionally, a low-linewidth III-V DFB laser (1.2 Hz)
has been achieved through injection locking to a ultrahigh-Q (220 million) SizNy
microresonator [21]. In order to bridging above mentioned platforms, 3D integration
with low loss is needed. Recent demonstration in [22] proved that less than 0.15 dB
interlayer (silicon to silicon nitride) taper transition loss can be achieved for broad
wavelength range from 1480 nm to 1620 nm.

The race to ultralow-loss high-confinement SisN4 waveguides

Apart from Si, integrated waveguides based on numerous materials, including Hy-
dex, SizNy, TapOs, AIN, chalcogenide and AlGaAs [23-32], have been widely in-
vestigated in the past decades. Among these materials, Si3Ny is one of the most
outstanding materials. Its CMOS-compatibility allows for high-volume and low-
cost fabrication. High quality Si3N4 films (with estimated material loss <0.03 dB/m
in [33]) can be acquired from LPCVD, where a massive number of wafers can be
loaded simultaneously into the furnace. The transparency window of Si3Ny4 ranges
from ultraviolet (UV) wavelength to 5 um, thus making it suitable for broadband
applications. The large bandgap indicates that nonlinear losses are negligible in the

3



Chapter 1. Introduction

near-infrared. Its modest refractive index simultaneously allows high confinement
and relaxes the requirements in nanofabrication in order to attain ultralow propa-
gation loss. The modest Kerr nonlinearity of Si3sN4 makes it suitable for nonlinear
optics.

In fact, ultralow-loss Si3N4 waveguides with propagation losses down to 0.045 dB/m
were achieved as early as 2011 [34]. In this work, a low confinement geometry was
adopted to significantly reduce the susceptibility to scattering losses induced from
sidewall roughness. However, these waveguides require bending radii larger than 5
mm to cope undesired bending loss. The required large bending radii dramatically in-
crease the footprint of photonic integration. Moreover, due to the large effective area
of the mode, the nonlinear parameter of the waveguides is quite small and the disper-
sion cannot be engineered to be anomalous, making it an impractical geometry for
many applications in nonlinear optics. Nevertheless, ultralow-loss low-confinement
waveguides found their applications in ultralow-loss delay lines [35], and, strictly
speaking, the low loss is used to fabricate external cavities for low linewidth lasers
[21].

For nonlinear optics, high-confinement Si3sN4 waveguides with small effective area
are needed to achieve high optical intensity. Compared with low confinement waveg-
uides, the tightly confined Si3N4 waveguides become extremely susceptible to the
scattering losses introduced from nanometer level interfacial inhomogeneities of the
waveguides [36]. This issue must be overcome by advanced nano-fabrication tech-
niques.

One critical outstanding issue towards achieving high-confinement SizN4 waveg-
uides starts already with the deposition of thick films. Before 2009, the height of
Si3N4 waveguides was limited below 300 nm due to the crack formation originated
from the tensile stress of thick Si3Ny film [37]. In 2009, Gondarenko et al. imple-
mented a thermal cycling process to successfully deposit Si3Ny film with thickness
up to 744 nm [38]. The achieved thickness allowed to engineer the dispersion of
the waveguide to be anomalous in the near-infrared. In the same year, microres-
onator frequency comb generation [39] was achieved in a Si3zN4 microring for the
first time [25]. This was a hallmark in the field and sparked an ever growing in-
terest towards the realization of chip-scale frequency combs using silicon photonics
technology. Later on, in 2013, Luke et al. combined both thermal cycling and me-
chanical trenches [40] to achieve crack-free SizNy films with thickness up to 910
nm [41]. Besides implementing thermal cycling and mechanical trenches to obtain
crack-free thick SizNy films, Epping et al. introduced an alternative process, consist-
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Figure 1.1: The progress of Q factors of SizN4 microresonators and equivalent
Q factors of SisN4 spiral waveguides since 2010. Results from several groups,
including UCSB [20, 21, 34, 47], Columbia university [25, 41, 48-50], EPFL [33,
43, 51-54], Purdue university [55], Chalmers university of technology [56][Paper
B, D, E], NIST [57, 58], University of Twente [42], HKUST [59] and CEA-LETI
[60] are presented

ing on depositing a Si3Ny film on a preformed SiO; substrate, followed by a chemical
mechanical polishing step [42]. SizN4 waveguides 900 nm thick and without cracks
were successfully generated. This process was further optimized in the so-called
Damascene process by Marin et al [43]. The progress of increased film thickness
enabled the flexibility of dispersion engineering. As a consequence, octave-spanning
dissipative Kerr soliton (DKS) microcombs, which enable f-2f self-referencing, were
achieved in Si3N4 microrings [44, 45]. Dispersive wave engineered supercontinuum
generation (SCG) with an overall bandwidth spanning up to three octaves was also
realized in a Si3N4 waveguide [46].

Besides the firmly increased SizNg4 film thickness, the race of attaining ultralow-
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Chapter 1. Introduction

loss Si3Ny started simultaneously. The progress of equivalent Q factors of high-
confinement Si3N4 microring resonators and spiral waveguides is shown in Fig. 1.1,
including the results from Columbia university [25, 41, 48-50], EPFL [33, 43, 51—
54], Purdue university [55], Chalmers university of technology [56][Paper B, D, E],
NIST [57, 58], university of Twente [42], HKUST [59] and CEA-LETI [60]. The
colors of the markers indicate the effective area of the waveguides, and small ef-
fective area enabling large nonlinear parameter is desired for nonlinear optics. As
can be seen in Fig. 1.1, Columbia group (originally from Cornell university) is the
pioneer using Si3Ns waveguides for nonlinear optics, and steadily pushed Q fac-
tors to 31x10° using a subtractive processing method. The achieved high-Q Si3Ny
waveguides feature a relatively large effective area (~1.25 um?) due to increased
waveguide width. EPFL fabricated SizN4 waveguides using photonics damascene
process, and firmly improved the Q factors to 30x 10°. The waveguide geometry
also features a relatively large effective area (~1.37 um?) due to a relatively large
core height. We started to work on silicon nitride relatively late, and focused the
efforts on SiRN because it can be directly deposited without crack formation [61],
thus easing the need to fabricate trenches for stress release. Substantial efforts were
paid on SiRN since 2015, but Q factors were limited below 1 x 10°. More recently,
we shifted the interest towards SizNy4. Thanks to significantly improved fabrication
techniques, we obtained waveguides with losses of 1.4 dB/m (equivalent Q factor of
26x10%).

The decrease in losses of high-confinement silicon nitride waveguides has enabled
multiple applications in nonlinear optics. The first DKS microcomb in Si3N4 was
achieved in 2016, allowing subsequently realization of high-speed coherent optical
communications [62-64], optical frequency synthesis [65], light detection and rang-
ing [66, 67], microwave generation [54] and spectroscopy [68]. More recently, DKS
microcombs have been co-integrated with lasers [49], and turnkey soliton micro-
combs were demonstrated [69]. Apart from microresonaotrs, the low-loss and broad
transparency can also be capitalized in a straight waveguide geometry for e.g. super-
continuum generation [46] and dual-comb spectroscopy [70].

1.2 This thesis

This thesis focuses on the realization of ultralow-loss high-confinement silicon ni-
tride waveguides and corresponding applications in nonlinear optics. In order to

6



1.2. This thesis

achieve high yield fabrication, we started with SiRN with an optimized stoichiome-
try, i.e., the minimum gas ratio between SiH,Cl, and NHj3 to achieve crack-free SiRN
film with thickness ~700nm, which is needed for dispersion engineering. High Q
~ 0.8 x 10® microresonators and low noise microcombs were achieved in this plat-
form [Paper A]. Later on, low-noise octave-spanning SCG was obtained in an all-
normal dispersion waveguide [Paer C]. It’s the first octave-spanning supercontinuum
generation in an all-normal-dispersion nanophotonic waveguide.

Even though substantial efforts were further paid to optimize material growth, EBL
and dry etching, Q factors of SiRN microrings were limited below 1 x 10°. We sus-
pected that the Q factors were limited by scattering losses and absorption losses in
the films, and decided to move toward silicon nitride in its stoichiometric form. Us-
ing a similar etching recipe, the Q factor increased dramatically to 11x10°, and both
dark and bright soliton microcombs with 100 GHz [71] as well as octave-spanning
bright soliton microcombs [Paper F] were achieved. With a further optimized pro-
cess and design, DKS microcomb with repetition rate down to 14 GHz was achieved
for the first time in a compact (< 1mm? footprint) snail-shaped microresonator with
statistical Qs of 19 x 10° [Paper E].

With respect to long spiral waveguides, we overcame the challenges of EBL and re-
quired high yield for long waveguides. A CW-pumped OPA was firstly realized in
an integrated Kerr nonlinear waveguide [Paper D].

Thesis outline

Chapter 2 introduces the basic characteristics of optical waveguides, and emphasizes
the requirements for precise dispersion engineering. In chapter 3, some of the most
prominent sources of losses are discussed, including bending loss, design imperfec-
tions, interfacial inhomogeneities and material loss, are discussed. The pros and cons
of three different characterization methods for waveguide losses used in this thesis
work are also provided. Chapter 4 shows why ultralow-loss SizN4 waveguides are
important for high performance parametric amplifiers and DKS microcombs. Chap-
ter 5 presents the overview of the fabrication flow of ultralow-loss silicon nitride
waveguides. The photonics yield parameter is discussed, and few key fabrication
steps which significantly contribute to ultralow-loss waveguide are described in de-
tail. In the end, chapter 6 provides a summary and future outlook.



Chapter 1. Introduction




Chapter 2

Optical waveguide
characteristics

In contrast to traditional optical fibers, integrated waveguides can highly confine light
in a sub-um? area thanks to the large index contrast between the core and cladding
materials. The optical confinement and dispersion can be dramatically modified by
precisely engineering the width and height of the core. This chapter introduces the
concepts of optical confinement and dispersion engineering.

2.1 Optical confinement

Typically, an optical waveguide needs a core with refractive index larger than its
surrounding cladding layers. The optical guiding in a waveguide can be understood
by total internal reflection at the interface between the core and cladding materials.
The precise mode field of a waveguide can be solved from Maxwell’s equations. In
integrated platforms, the commonly used waveguide geometries include slab waveg-
uides, rib waveguides and strip waveguides. An analytical solution of the mode field
can be acquired for slab waveguides, while numerical simulations are needed for rib
waveguides and strip waveguides. The waveguides used in this thesis are strip waveg-
uides. Nowadays, the mode field of a waveguide can be simulated by commercially
available softwares, e.g., COMSOL Multiphysics. It uses finite element methods to
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Chapter 2. Optical waveguide characteristics

Figure 2.1: Simulation results of a SisN4 waveguide with height 660 nm and
width 1600 nm based on COMSOL. The sidewall angle of the waveguide is 87°.
The modes profiles of the Poynting vector in z direction for fundamental TE mode
(a) and second-order TE mode (b) are presented.

solve the modified Helmholtz equation. The FEM solver outputs the eigenvectors
(modes) and corresponding eigenvalues (propagation constant of the modes). The
propagation constant 3 accounts for the phase delay accumulated per unit length for
light of a certain wavelength propagating along the direction of invariance symmetry.
From the propagation constant, the effective index (n.¢) of the mode can be defined
as

Neff = kﬁo’ 2.1

where ko is the wavenumber in vacuum, ko = 27/A9. Ag is the wavelength in vac-
uum. An example of the simulated mode field of a waveguide (Si3N4 core and SiO,
cladding) with height 660 nm and width 1600 nm at the wavelength of 1550 nm
is shown in Fig. 2.1. For TE polarization, the waveguide supports two transverse
modes, i.e., fundamental TE mode and second-order TE mode. The effective index
is 1.79 for fundamental TE mode, and is 1.64 for second-order TE mode.

The effective area, A.g, is introduced in order to quantitatively evaluate the area
that the mode of a waveguide effectively covers in the transverse dimension, and has
expression as [72]
|fE><ﬁ*-2dA |2
f|ExFI*-2|2dA’

Acfr = (2.2)

where E and H are electric field and magnetic field, respectively. The integral should

be taken over the entire cross section. The effective area of a waveguide can be
dramatically modified by engineering the waveguide geometry. The mode profile
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2.2. Dispersion engineering

of a Si3sN; waveguide (660nmx 1600nm) has an A less than 1 um? whereas a
SizNy waveguide with core cross-section dimension 150nmx 1000nm results in an
Acgr larger than 5 um?, see Fig. 2.2a and b. The effective area of the fundamental TE
mode with respect to different waveguide geometries is shown in Fig. 2.2c.

A waveguide with small effective area indicates high optical intensity can be achieved
with reasonable optical power assuming the light source can efficiently excite the cor-
responding mode, which is essential for nonlinear optics. The smallest effective area
for a SizNy waveguide is 0.75 um? and is achieved by a height of 500 nm and a width
of 1000 nm. However, it features normal dispersion (described in next section). In
order to achieve anomalous dispersion, the Si3N4 waveguides need to be thick and
wide enough, as illustrated in Fig. 2.2c. Strip Si3sNs waveguides designed to attain
anomalous dispersion in the telecommunication region are multimode.

Moreover, a waveguide with small effective area also dictates the possibility to achieve
small bending radius, which is beneficial for dense photonic integration. While
a small effective area is beneficial for nonlinear optics and compact integration, a
waveguide with large effective area is commonly used to match the optical mode
field between a waveguide and an optical fiber to reduce coupling losses [73]. More-
over, typically, weakly confined waveguides have much lower propagation losses
than high confinement waveguides, and find their applications in ultralow-loss delay
lines [35] and ultra-narrow linewidth lasers [74, 75].

2.2 Dispersion engineering

The propagation constant is in reality wavelength (frequency) dependent, and can be
expanded in Taylor series. The Taylor expansion of 3 around an angular frequency
Wy is
Bl@) = Bo(on) + Bilo—an)+ Y. P (- oy, 23
n=2"""

where f; is related to the group velocity by v, = 1/f;. B, is n"-order dispersion at
angular frequency @y
_d"B

dot’

Bn 2.4

Here, f3, (group velocity dispersion parameter, and it’s later referred to dispersion.)
describes the pulse broadening along propagation. A waveguide has normal disper-
sion when 3, > 0, while has anomalous dispersion when 8, < 0. The dispersion
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Figure 2.2: Mode profiles of fundamental TE mode of Si3sN4 waveguides with
geometries 660nm x1600nm (a) and 150nmx1000nm (b). (c) Effective area of
fundamental TE mode of the waveguides with different geometries. The green
contour lines show the number of modes that the waveguide supports in TE po-
larization. The red contour lines show the dispersion of the fundamental TE mode
of the waveguides at the wavelength 1550 nm.

of the modes has two contributions, from the material and the waveguide geome-
try. The material dispersion of Si3N4 and SiRN (used in [Paper A]) is shown in Fig.
2.3a. Due to the absorption resonance at the ultraviolet wavelength, the material dis-
persion is normal at short wavelengths (< 1650 nm). The dispersion originated from
the confinement of a waveguide can be simulated by setting the refractive indices of
core and cladding material constant at all frequencies. Here, the refractive indices of
SizNy4, SiRN (used in [Paper A]) and SiO; are set to 1.99, 2.07 and 1.443, respec-
tively. The simulation results can be seen in Fig. 2.3b. The dispersion originated
from the confinement of a waveguide is anomalous at short wavelengths and normal
at long wavelengths, i.e., opposite to the material dispersion. The SiRN waveguide
features stronger anomalous dispersion than Si3Ny, due to its higher index contrast to
the cladding layer. By properly selecting waveguide materials and geometries, a va-
riety of dispersion profiles can be acquired. It needs to be pointed out that the overall
dispersion of a waveguide can’t be simply calculated by adding material dispersion
to the dispersion originated from the confinement of a waveguide. The simulations
of the waveguide modes should be carried out considering the frequency dependent
refractive index of both core and cladding materials.
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Figure 2.3: a) Dispersion of bulk SizNs and SiRN materials. b) Dispersion
originated from the confinement of Si;N4 and SiRN waveguides. The waveguide
geometry is 800 nm x 1600 nm.

It’s worthwhile to see how sensitive the waveguide dispersion is to small varia-
tions of the waveguide geometry or the refractive indices of the materials. Fig. 2.4a
shows the dispersion of the fundamental TE mode of a Si3N4 waveguide (660 nm
x 1600 nm) and two waveguides with slightly modified height (+ 10nm) and width
(+ 100nm). As can be seen, with 100 nm difference of waveguide width, the slope
of B, is slightly changed, i.e., B3 is changed. With an increased height of 10 nm,
the waveguide dispersion is down shifted by ~10 ps®/km. In practice, although the
waveguide width can be precisely controlled by lithography with an accuracy < 10
nm, it’s difficult to avoid ~ 2% variation of waveguide height across a wafer due to
LPCVD Si3N4 deposition (see section 5.2). Additional to the variations of waveg-
uide geometries, the dispersion changes due to small variations of material refractive
index are shown in Fig. 2.4b. Here, the refractive index of Si3Ny is offset by +0.005
on purpose. It’s obvious that, by offsetting the refractive index by +0.005, the waveg-
uide dispersion dispersion is up/down shifted by ~ 7 ps>/km. Note, only refractive
index offset is considered here, and more dispersion variation can be observed if the
wavelength dependent refractive index is taken into account. This indicates that the
refractive index of the materials should be precisely measured prior to the fabrication
of waveguides. The above analysis conveys that the variation of dispersion should be
carefully taken into account when precise dispersion engineering is needed, e.g., for
dispersive wave engineering [76] and octave-spanning DKS microcomb [45, 65, 77].
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Figure 2.4: Sensitivity of group velocity dispersion parameter to waveguide pa-
rameters. (a) SisN4 waveguides with small variations of height or width. (b)
Waveguides with small variations of the refractive index of the core material.
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Chapter 3

Waveguide losses

The optical waveguide is the most fundamental element of any photonic integrated
component. Undesired waveguide losses can result in significant power attenuation
and crosstalk, thus undermining the possibility to create complex PICs. Waveguide
losses include scattering losses and absorptive losses. This chapter introduces the
origins of waveguide losses including design imperfections, bending losses, waveg-
uide imperfections and material losses. The characterization methods for waveguide
loss used in this Thesis are also introduced.

3.1 Origin of waveguide losses

3.1.1 Bending losses

In complex PICs, it’s unavoidable to introduce bent waveguides to modify the propa-
gation direction of the light. When a waveguide is dramatically bent, the phase front
of the optical mode at the outside of the bend needs to travel faster than the inner
side of the bend, and couples to radiation modes when it tends to travel faster than the
speed of light in the cladding layer [78]. Therefore, bending loss should be taken into
account for bent waveguides. Typically, the bending radius of a waveguide should
be maintained large enough so that the bending loss is negligible compared with
waveguide losses introduced from fabrication imperfections. This bending radius is
referred to as minimum bending radius. The minimum bending radius is related to
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Figure 3.1: Simulated bending loss of a SisN; waveguide with Ag;=0.85 um?
(blue circles), and a SisN4 waveguide with Ag=2.39 um? (orange circles).

the effective area of the waveguide mode. The simulated bending losses of a SizNy
waveguide (660 nm x 1600 nm) with A.=0.85 um2 and a Si3Ny4 wavguide (200 nm
X 1500 nm) with A¢=2.39 /.Lm2 at wavelength of 1550 nm are shown in Fig. 3.1.
Both results are based on the fundamental TE mode of the waveguides. A minimum
bending radius of 16 um is sufficient for the high confinement Si3N4 waveguide
in order to achieve bending loss less than 0.1 dB/m. Such small bending radii are
critical for DKS microcombs with repetition rates of ~1 THz, which are described
in [Paper B, F]. However, a minimum bending radius of 100 ym is needed for the
low confinement Si3N4 waveguide to achieve bending loss less than 0.1 dB/m. Due
to the increased minimum bending radii, low confinement waveguides significantly
increase the footprint of PICs.

3.1.2 Design imperfections

Design imperfections include (but not limited to) the improper design of both GDSII
files and curves used to connect different bends.
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3.1. Origin of waveguide losses

Squaring the circles

GDHSII files containing the patterns of waveguides are used to guide EBL for waveg-
uide fabrication. If a GDSII file with a coarse grid is used, the waveguide patterns
can be significantly distorted. The distorted patterns can be translated into the fabri-
cated waveguides through EBL and, consequently, introduce scattering losses. Apart
from the required fine grid for GDSII files, sufficient polygons should be used for
the patterns of bent waveguides so that the aliasing resulting from a finite number
of polygons is much smaller than the waveguide roughness introduced during nano-
fabrication [79]. A guideline for the required number of polygons for creating a

circle is
2nR
R—4{/R2—(=—)2 3.1
VR -5 <o, 3.1

where R is the radius of a circle, o is the RMS roughness of the fabricated waveg-
uides and N is the number of polygons for a circle. In this thesis work, 4000 polygons
are used for a circle with radius of 220 um. This means the aliasing resulting from
squaring the circle is 0.06 nm, which is much smaller than the RMS roughness (1
nm) reported in [Paper B]. Although squaring the circles can be a severe imperfec-
tion in EBL, this problem is less significant in DUV stepper lithography due to the
demagnification factor.

Matching modes in bends

In PICs, bent waveguides are commonly used for 90°/180° turns and connections
between clockwise and counter-clockwise spiral waveguides. The mode mismatch
between waveguides with different curvatures can significantly introduce radiation
loss and coupling between different transverse modes. Therefore, Euler bend [80]
and modified versions [81, 82] were proposed to keep the curvature of the waveg-
uide continuous along propagation. Even though the solutions based on Euler bends
work well for connections between straight waveguides, it’s difficult to apply them
on two arbitrary bends as the solution is based on the symmetry of the structure. In
fact, a more general design algorithm was proposed earlier in [83] to minimize the
variation of the curvature [84], which in turn minimizes the coupling from the funda-
mental mode to other transverse modes [83]. The proposed solution to the problem

17



Chapter 3. Waveguide losses

a) b) 0.6
[0]8
0.4
-20} 0.2
T E
= 0|
3 [
s -40 ag))
@ -0.2
-60}
0.4}
5 20 60 80 100 08 50 100 150 200
X[um] Arc length [um]
©) 0025 1509) &
£
=1
0.02} S 6}
— X,
£ 100=
= 0015 £ £ 4|
=%
< ER-
g oo1 T 32
5 50 ¥ 5
o [
0.005 2 0}
©
2
. . . o 9 . . ;
% 50 100 150 200 ) 50 100 150 200
Arc length [um] Arc length [um]

Figure 3.2: The physical position, the tangent, the curvature and the change of
the curvature with respect to the arc length s are presented in (a), (b), (c) and (d),
respectively. The bend is used to connect the clockwise and counter-clockwise
Archimedean spirals.
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3.1. Origin of waveguide losses

of minimization of the variation of the curvature is [85]
K(s) =ag+ais+ars’* +azs>, 3.2)

where & (with unit um™") is the curvature with respect to arc length s from the start
point of the bend. Coefficients ag,a;,az,a3 need to be solved using the physical
position, the tangent of the bend, the curvature and the change of the curvature at the
start and end points as boundary conditions. The physical position, the tangent, the
curvature and the change of the curvature at the end of the curve are

X1 =Re{ /0 " explif(s)]ds}, (3.3)

yi = Im{/os1 explif(s)]ds}, 3.4

0, =6y —|—/0S1 ap —|—a1s—|—a2s2 +a3s3ds, 3.5
Ki = ap+ais —|—a2s%+a3s%, 3.6)

K = d';ff) " (3.7)

where 6 is the tangent of the bend at the start point. Here, Eqs. 3.3 and 3.4 do not
have analytical solutions. The equations can be solved numerically as described in
appendix-A. This bend design was used in [Paper D, E] to minimize the coupling
between different transverse modes. To exemplify this bend, the physical position,
tangent of the bend, the curvature and the change of the curvature of the bend are
shown in Fig. 3.2. The bend is used to connect the clockwise and counter-clockwise
Archimedean spirals (r=R+A¢, where R=100 um and A=10/7). The star symbols in
Fig. 3.2 indicate the corresponding values at the start point of the Archimedean spi-
ral, which should match that of the end point of the bend. Optical microscopy images
of a fabricated Archimedean spiral waveguide and a snail-shaped microresonator are
shown in Fig. 3.3.

3.1.3 Mode coupling due to interfacial inhomogeneities

The interfacial inhomogeneities of a waveguide typically include surface roughness
and sidewall roughness. Surface roughness mainly comes from material deposition,
while sidewall roughness is mainly introduced during lithography and dry etching,
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Chapter 3. Waveguide losses

Figure 3.3: Optical microscopy images of an Archimedean spiral waveguide (a)
and a snail-shaped microresonator (b)

see more details in Chapter 5. The interfacial inhomogeneities of the waveguide
introduce a dielectric perturbation, which breaks the orthogonality relation between
the modes, thus allowing coupling from the intended guiding mode to other modes
including different transverse modes and radiation modes [78]. The coupling only
happens in the perturbation regime, and the coupling constant is determined by the
overlap of the coupled modes.

Although similar interfacial inhomogeneities can be achieved in waveguides with dif-
ferent geometries and refractive index contrast, their impact on the scattering losses
can be different. In order to qualitatively evaluate how sensitive the different waveg-
uide geometries are to the scattering loss induced from interfacial inhomogeneities,
we can simply evaluate the propagation loss by [36]

Onefy . Onefr

% ~AlG

I, (3.8)

where w and / is the width and height of the waveguides, respectively. A is a scaling
factor which takes into account both the RMS roughness and correlation length of in-
terfacial inhomogeneities, while A is independent on the waveguide geometry. This
equation can be understood by the ’sensitivity’ of the effective index of the mode to
the variations of width and height produced by the sidewall roughness and surface
roughness, respectively. Since the sidewall roughness and surface roughness of the
waveguide typically differs significantly from each other, we calculate dne/dw and
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Figure 3.4: The fundamental TE mode of (@) dnes/dw and (b) dnegr/dh with
respect to different waveguide geometry.

Onegr/dh separately. Fig. 3.4a and b illustrates the variation of the effective index of
the mode with the waveguide geometry for SizN4 waveguides at the wavelength 1550
nm. Since dnegr/dw represents the “sensitivity” to sidewall roughness, Fig. 3.4a in-
dicates that thin and wide waveguides are less sensitive to the scattering loss induced
from sidewall roughness. However, this type of waveguides are unsuitable for non-
linear optics based on the analysis in Chapter 2. In fact, we need sufficient thick
waveguides in order to achieve anomalous dispersion, and to be relatively narrow to
maintain small effective area. Hence the waveguide with this type of design is very
susceptible to the sidewall roughness. It’s clear that advanced nanofabrication tech-
niques are required to attain Si3zN4 waveguides with sidewalls as smooth as possible.
Fig. 3.4b indicates that thicker waveguides are less sensitive to surface roughness,
and this is in line with the requirement of Si3N4 waveguide designs for nonlinear
optics.

In order to accurately and quantitatively model the waveguide radiation loss due
to sidewall roughness, three-dimensional models of waveguide scattering loss are
needed [86, 87]. In [86], the model is based on the volume current method, where
variations of dielectric constant on waveguide sidewalls are considered as equivalent
current densities. In [87], radiated light due to waveguide roughness is considered
to be coupled to radiation modes. Both [86] and [87] constructed three-dimensional
radiation modes taking the high refractive index of the core material into account.
However, unfortunately, these two references draw conclusions that are opposite to
each other. Ref [87] concludes that 2D model [88] underestimate the waveguide loss
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compared with 3D model, while [86] concludes the opposite.

Notwithstanding, according to the models from both [86—88], waveguide scattering
loss is linearly proportional to squared RMS roughness 2, indicating that ultra-
smooth surfaces are required to reach ultralow-loss scattering losses in high con-
finement waveguides. At the start point of this thesis work, the RMS roughness of
waveguide sidewalls was ~ 5 nm [56]. But, at the late stage of this PhD, this value
has been reduce to less than 1 nm [Paper B]. This corresponds to more than 25 times
reduction of scattering loss due to sidewall roughness. The SEM images showing
the evolution of the fabricated Si3sN4 waveguides are shown in Chapter 5, Fig. 5.5.
The RMS roughness of the top and bottom surfaces of the waveguides is ~ 0.5 nm
for SiRN [56][Paper A], while it’s less than 0.2 nm for SizN4 waveguides. This cor-
responds to more than 4 times reduction in scattering loss originating from surface
roughness.

It has to be remarked again that all the Si3sN4 waveguides used in this thesis are multi-
mode waveguides due to required anomalous dispersion. The fundamental mode of
a waveguide can be coupled to higher-order modes due to sidewall roughness. This
can be modeled by modified coupled-power theory based on [87, 89]. Here, coupled-
power theory is only valid for weak coupling between different transverse modes,
i.e., a complete exchange of power between two modes requires a distance much
larger than the wavelength. Since we are considering the weak coupling due to weak
sidewall roughness, this approximated theory is valid. Considering all the power is
carried at the fundamental mode (ut) at the initial point of a waveguide, the coupled
power equation due to one waveguide sidewall can be written as [89]

dpP,

N
& = ot Y )P, (39)
z v=1

where P, is the power carried by the fundamental mode , 2@, is the propagation
loss of mode u, and v indicates all the other guided modes that carry power apart
from g mode. hyy are the coupling coefficients between modes i and Vv, and are
described as

huy =| Ruv 1> (| F(Bu— Bv) %), (3.10)

Here, the spectral density of waveguide roughness (| F (B, — Bv) |*) is

202 1
(| F(Bu—Bv) |2>:Tc(ﬁrﬁv)2+l/Lz’ (3.11)
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3.1. Origin of waveguide losses

where L, is the correlation length. | Ky, |*=| I%;f‘), 1+ | 1%,&"3 . IQ‘(R, and I%L(f‘; account
for the coupling between mode u and v, due to the field at the internal and external
sides of waveguide edge, respectively. They are described as [87]

S()  [0& d L =

=3 =nd) [ (Bl Eulinops (3.12)
o) _ 108 0 oy [ 3.13
W= p (n; —ny) L vl ut” vz]x=w+c/2’ (3.13)

where P is the total power of the guided mode, & is permittivity in vacuum, n; and 7,
are the refractive index of the core and clad materials, respectively. E“, and EV, are
transverse parts of electrical field of mode u and v, respectively. Waveguide width
is 2w, and height is 2d. A SizN4 waveguide with height 700 nm and width 2000
nm is used as an example for coupling loss calculation at wavelength of 1550 nm.
The waveguide supports 3 transverse modes in TE polarization (TEy, TE; and TE,)
and 3 transverse modes in TM polarization (TMy, TM| and TM;). The mode field
of different transverse modes at wavelength 1550 nm are simulated using Lumeri-
cal Mode, and the coupling coefficients 24, (considering coupling due to sidewall
roughness from both sidewalls of the waveguide) for both TE and TM polarization
with respect to different correlation lengths are calculated and shown in Fig. 3.5. The
coupling is undesirably maximized when correlation length is 1/ | B, — By |. Since
attaining correlation length larger than 1.5 ym seems to be difficult [52, 90][Paper
B], it’s beneficial to have small correlation length. The coupling from TE to TE; is
overall much stronger than that to TE; since the electric field of TE; at the waveg-
uide edge is much larger than that of TE;. With 6=1nm and L.=500 nm reported in
[Paper B], the loss due to coupling from TE to TE; is 0.34 dB/m, and is 0.77 dB/m
from TE to TE,. The total propagation loss of the waveguides was measured to be
~ 3 dB/m.

In addition to the coupling between different transverse modes, which only hap-
pens in multi-mode waveguides, sidewall roughness of a waveguide can introduce
coupling from the forward-propagating mode to the backward-propagating mode.
In fact, since back-scattering coefficient scales with (dneg/dw)? [91], this effect is
more significant for high confinement single-mode waveguides, seeing Fig. 2.2 and
3.4. The power of back scattered light increases exponentially due to periodic side-
wall roughness, which can be regarded as Bragg scattering, whereas the power of the
back scattered light increases linearly due to random sidewall roughness [89]. This
provides a guideline for the nano-fabrication of waveguides. In this thesis work, we
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Figure 3.5: Coupling from the fundamental mode to higher-order modes due to
sidewall roughness from both sidewalls. The SisN4 waveguide geometry is height
700 nm and width 2000 nm. a) TE polarization. b) TM polarization. The coupling
loss is normalized to squared RMS roughness in squared nanometers.

observed a relatively weak resonance splitting in microresonators due to the coupling
between clockwise- and counter-clockwise propagating modes. This effect will be
described in section 3.2.2.

3.1.4 Material losses

Material losses can include absorptive and scattering losses. The absorptive losses
include intrinsic absorption due to electronic transitions and vibrational transitions
[78], as well as extrinsic absorption due to contaminants introduced during material
deposition and any post-processes. Electronic transitions refer to electrons getting
energy from photons and raising from the valence band to the conduction band. This
effect is almost negligible in both Si3N4 and SiO; at the telecommunication band,
due to their large bandgap > 4 eV. Absorption due to vibrational transitions results
from molecule vibrational modes, e.g., bending and stretching modes. In contrast
to electronic transitions in ultraviolet wavelength, vibrational transitions typically
result in absorption in the infrared region. SizNy films deposited from precursors
SiH,Cl, and NHj3 have undesired N-H bonds, which result in vibrational transition
in wavelength near 1510 nm [92]. Even though high temperature (>1100 °C) is im-
plemented to outgas hydrogen [93-95], the residual of N-H bonds can still result
in non-negligible absorption near 1510 nm in ultra-high Q SizN4 microresonators
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[75]. Apart from intrinsic absorption, extrinsic absorption can be introduced during
material depositions and high temperature processes. It was pointed out in [52] that
ppm-level metal impurity concentration introduced from LPCVD can result in sig-
nificant absorptive loss.

Rayleigh scattering can arise in materials with volumetric inhomogeneities of re-
fractive index. Regarding silicon nitride thin films deposited by LPCVD, Si nano-
particles can be introduced by the pyrolysis of DCS gas, and this effect is more sig-
nificant for SiRN [96]. Moreover, it’s observed that Si-clusters are further increased
after annealing at high temperature (> 1100°C) in SiRN thin films [97]. These Si
nano-particles and clusters introduce large refractive index inhomogeneities, and can
dramatically introduce losses due to Rayleigh scattering. In [Paper A], relatively
small gases ratio DCS:NH3=3.9 is used to deposit SiRN films without crack forma-
tion, and the ratio is below the threshold to avoid increased Si cluster during anneal-
ing process at 1100 °C [97]. However, non-negligible material loss was observed
compared with Si3Ny in [Paper B]. Apart from Si nano-particles which introduce
significant inhomogeneities of refractive index, non-uniformity of refractive index of
Si3Ny thin films can also originate from unstable flows of precursor gases and unsta-
ble temperature during deposition and, more fundamentally, is introduced when the
material is solidified from melting state to amorphous solid state [78].

3.2 Waveguide loss characterization methods

Under different scenarios, different methods are needed to characterize waveguide
losses. Three methods used in this thesis work are described, including their pros
and cons.

3.2.1 Cut-back method

The cut-back method for characterization of waveguide loss relies on measuring the
transmission losses of several waveguides with different lengths. The transmission
loss of a waveguide includes coupling losses between the optical fiber and the waveg-
uide, and propagation loss of the waveguide. The measurement typically follows a
procedure, 1) measure the transmission loss of a waveguide with length L1; 2) cleave
the waveguide into two parts with lengths L, and L3 (L, #L3), and measure the trans-
mission losses of cleaved waveguides; 3) apply a first-order polynomial fitting on
three transmission losses with respect to their waveguide lengths. The fitted slope
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Figure 3.6: The schematic of a microring resonator coupled with a bus waveg-
uide.

corresponds to propagation loss of the waveguide, and the intercept represents the
total coupling loss from both coupling facets.

This method is destructive, meaning that a waveguide needs to be cleaved into sev-
eral parts. It can be extended to measure several waveguides with different lengths.
On the bright side, the method is convenient since it only relies on an isolated waveg-
uide and doesn’t rely heavily on the precision of the tunable laser. Since the method
does not strictly distinguish propagation from coupling losses, multiple pieces of the
waveguide should be used to decrease the uncertainty. In paper A, this method was
used to measure the waveguide losses.

3.2.2 Microring resonator

Microring resonators have been widely used to characterize waveguide loss [98].
This method is very convenient when the waveguide losses go below 1 dB/m. The
schematic of a microring resonator is shown in Fig. 3.6. The equivalent propaga-
tion loss is acquired from the intrinsic linewidth or intrinsic Q factor of the micror-
ing resonator. As discussed in section 3.1.3, mode coupling between forward- and
backward-propagating modes can be introduced due to interfacial inhomogeneities
of a waveguide. The resonance profile have a Lorentzian shape when the coupling
is negligible and feature a split doublet when coupling between counterpropagating
modes is apparent [99]. During this thesis work, it was observed that some res-
onances were affected by this coupling effect. An example is given in Fig. 3.7.
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Figure 3.7: A measured resonance with fitting of Lorentzian model (a), and
resonance split model (b).

Although no visible splitting feature was observed from the raw measurement data,
the Lorentzian model (Fig. 3.7a) leads to an improper fitting, whereas the resonance
split model (Fig. 3.7b) results in a better fit. Remarkably, almost a factor of two
difference is obtained in the retrieved value of the intrinsic loss.

When the coupling between forward- and backward-propagating modes are in-
cluded, the set of coupled-mode equations describing the principle of microring res-
onator are [99]

dA K K.
di; = —(%+%+iAw)~A++iA7~?°+iA,~n-\/1<ex, (3.14)
dA- Ko | Kex | . K
7——(2 +7+1Aw)-A_+zA+~? (3.15)
Aout :Ain""i\/ Kex'A+7 (316)

Here A} and A_ are the amplitude of the electric fields normalized to energy in the
counter clockwise and clockwise directions, respectively, in the microring. A;, and
Ay are the amplitude of the electric fields normalized to power at the input and
output of the bus waveguide, respectively. The intrinsic loss rate (intrinsic linewidth)

1S
oc

= b
27n,

Ko (3.17)

where o is propagation loss, ¢ is speed of light in vacuum and #n, is group index of
the microring waveguide. Here, the propagation loss of the waveguide includes both
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Figure 3.8: Two examples of measured resonance split. Blue circles are mea-
surement data, and red curves are fitting results.

scattering losses and absorptive losses. K,y is the external coupling rate (extrinsic
linewidth), depending on the coupling strength between bus and ring waveguides.
Aw is the frequency detuning with respect to the frequency of an unperturbed reso-
nance. k. is the internal coupling between counter-clockwise and clockwise modes,
which is originated from interfacial inhomogeneities [99]. When k. # 0, resonance
split can be observed. The transmission response can be described as

2
, (3.18)

‘ Aour
Ain

2_’ (K0/2)2 — (Ko /2)? — A2 + iA0Ky + (K. /2)?
] (K0/2+ Ker/2)? + (Ko /2)? — A®? +iAD(K) + Kex)

The split resonance is symmetric when K, is a real number, while asymmetric reso-
nance split is observed when k. is a complex number. Practically, two fittings with
as a real number and a complex number are applied on the measurement data. The
better fitting is adopted. The asymmetry of the resonance split can be interpreted
by imperfections of the coupler [100] and indirect (dissipative) scattering between
counter-clockwise and clockwise modes [52, 101].
Two split resonances acquired from a microring resonator with ring waveguide 750
nm X 2000 nm are shown in Fig. 3.8. The intrinsic linewidth are 8.4 MHz and 6.8
MHz, corresponding to equivalent propagation loss (calculated by ot = 27n ko /c) of
1.6 dB/m and 1.3 dB/m, respectively.

When coupling between two counter-propagating modes is negligible (k. = 0),
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Lorentzian resonances can be obtained

2
, (3.19)

’ Aout

2
B ' Kex
Ain

B Ko/2 + Kex /2 +iA0

Here, additional information is needed to distinguish kp from &, for example mea-
suring several microring resonators with different gaps or measuring phase response
of transmission scan. The microring resonator is over-coupled when x,, > kjp, while
is under-coupled when K, < Kp.

Waveguide loss characterization based on microring resonator is fast and convenient
since it does not require waveguide to be sufficiently long. However, a few cautions
should be paid on this method. Firstly, microring resonator is a good way to evalu-
ate the imperfections of waveguides and material losses, but it omits the fabrication
yield since only a short waveguide is needed, see more detailed analysis in section
5.1. Secondly, the bus waveguide should be carefully designed to maintain high cou-
pling ideality (the fundamental mode of the ring waveguide should be coupled to the
fundamental mode of the bus waveguide) [102, 103], especially in the high-Q regime.
Last but not least, the gap between bus and ring waveguides should be perfectly filled
by cladding material. Otherwise, the strong back-scattering in the coupling region
could lead to an incorrect determination of waveguide propagation loss.

3.2.3 Optical frequency-domain reflectometry

Optical frequency-domain reflectometry (OFDR) is used for the analysis of reflec-
tion characteristics of optical components. The light source can be a pulse, then a
spectrometer is needed to simultaneously attain all spectral information. For simplic-
ity, in this thesis, the light source is a swept-wavelength laser, and the spectrometer
is replaced by a photodetector [104]. The schematic of the OFDR used in this thesis
is shown in Fig. 3.9. The reference arm is indicated by a red arrow. The device arm,
which is used for measuring a spiral waveguide, is indicated by a green arrow. The
reflected signal originates from scattering of the measured waveguide. The complex
transfer function of the waveguide can be written as H(®). We can consider the
waveguide as a multi-layer medium, then H(®) becomes

H(w) = er(co)exp(—ia)’rj), (3.20)
J

29



Chapter 3. Waveguide losses

Figure 3.9: Schematic of OFDR. The reference arm and measurement arm are
labeled by red and green color, respectively. BPD, balanced photodetector.

where r;(®) is the transfer function of the waveguide to location j, and 7; is its delay
with respect to the reference arm. The measured power by the photodetector is [105]

P(0) < Y |E(@)][1+ Iri(@)|* + rj(@)exp(—ioT;) +c.c, 3.21)

where |E()|? is the power spectrum of the swept-wavelength laser source. By ap-
plying inverse-Fourier transform to P(®), reflected power with respect to delay 7 can
be obtained. In the other word, the reflected power with respect to waveguide posi-
tion is retrieved. Assuming the reflectivity of the waveguide is similar at different
positions, the waveguide propagation loss can be acquired by applying a first-order
polynomial fit on the inverse-Fourier transformed P(®). OFDR is a high-sensitivity
and non-destructive technique [106], and small defects in the waveguide can be iden-
tified precisely. The only drawback is that the laser tuning must be calibrated care-
fully. In this thesis, this is done with the aid of a self-referenced frequency comb,
similar to [107].
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Chapter 4

Effect of linear losses in Kerr
nonlinear optics

As mentioned in Chapter 2, an integrated waveguide can highly confine light in a
sub-pm? effective area. With such a small effective area, high optical intensity > 100
MW/cm? can be obtained by efficiently coupling 1 W of optical power. For non-
linear optics, light with such high optical intensity can interact with the waveguide
by modifying the refractive index of the materials. The nonlinear Kerr effect highly
relies on the nonlinear phase shift (®y; = YPLcgr) which is accumulated along the
propagation in a nonlinear waveguide. Therefore, the propagation loss of the waveg-
uide is one of the key factors in nonlinear optics. This chapter introduces the effects
of propagation loss in Kerr nonlinear optics, especially in parametric amplifiers and
Kerr microcombs.

4.1 Kerr effect

Nonlinear opitcal phenomena arise from the nonlinear relation between the induced
polarization of a material subject to a strong electric field. The electric flux density
relates to the electric field through the constitutive relation

= =

D=£0E+P, 4.1
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Chapter 4. Effect of linear losses in Kerr nonlinear optics

where P is the induced polarization, and D is electrical flux density. Since this thesis
focuses on amorphous Si3Ny and SiO», the medium can be considered to be isotropic
and homogeneous. Therefore, P is parallel to E and can be written as [108]

P—ey(x V- B+ 2@ : BB+ EEE+..), “2)

where () is i-th order susceptibility. x(!) is for linear optics, based on which the
refractive index can be defined as ng = \/1+ (). The term ¥ is responsible
for second-harmonic generation and sum frequency generation, and it only appears
in materials lacking inversion symmetry, and is negligible in Si3sN4 and SiO,. The
third-order susceptibility x) exists in all materials, and is responsible for third-
harmonic generation and four-wave mixing (FWM). This thesis focuses on third-
order nonlinearity. For x(3) media, the refractive index can be written as

n=no+n |E|?, 4.3)

where n; is the nonlinear-index coefficient. Considering E is linearly polarized in x
direction, n, is related to 95(3) as
n = %ORe(x,@x). (4.4)
The Kerr effect indicates that the variation of refractive index is linearly propor-
tional to the intensity of the light. In an integrated waveguide, the core and clad
materials can have significantly different n, values. For example n, value for SizNy
(2.4 x 10~ 5em? /W [109]) is 10 times larger than that for SiO; (2.2 x 10~'%cm? /W
[110]). Moreover, as described in Chapter 2, the optical mode of a waveguide can be
dramatically changed by engineering the waveguide geometry. Therefore, an aver-
aged nonlinear-index coefficient 71, is introduced as [72]
4 2
e T R[E] + ]2 laa

4.5)

N N 2
Ho 3[‘(E><H*)-2| dA

Here, the spatial distribution of ng, n, and mode fields are taken into account. Com-
pared with [108], the full vectorial nature of the propagating mode is considered. The
nonlinear parameter Y is introduced [72]
. 2Ty
"= R’
where Ag is described in Eq. 2.2. It’s obvious that a large 71, and small Ag are
desired for attaining a large nonlinear parameter.

(4.6)
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4.2. Effect of loss on parametric amplifiers

4.2 Effect of loss on parametric amplifiers

Optical parametric amplification (OPA) based on the Kerr effect is a FWM process,
where the input signal wave is amplified by the pump wave along the propagation in
a nonlinear waveguide, and an idler wave is generated. This thesis focuses on para-
metric amplifiers based on a degenerated FWM process, where two pump photons
with same angular frequency @, are converted into one signal photon (@) and one
idler photon (), and 20, = @, + ®;. The schematic of an OPA based on a degener-
ated FWM process is depicted in Fig. 4.1, and the definitions of gain and conversion
efficiency are given. In contrast to amplifiers based on transitions between energy
levels, the operation wavelength of OPAs is flexible and relies on the dispersion en-
gineering of a nonlinear waveguide. By precisely maintaining the phase matching
among the pump, signal and idler waves, ultra-broadband operation can be achieved
[31]. In contrast to conventional amplifier with quantum limited 3 dB noise figure
(NF) [111], an OPA working in a phase-sensitive mode can ideally achieve a NF of
0 dB [112]. In order to amplify a continuous stream of data, the pump wave should
be CW. CW-pumped OPAs were only achieved in bulky optical fibers [113, 114] due
to their ultralow loss. Substantial efforts were paid aiming for CW-pumped OPAs on
different integrated Kerr nonlinear waveguide platforms [30, 31, 115-119], but the
results have been limited by both linear and nonlinear losses. This thesis reports the
first CW-pumped OPA in an integrated Kerr waveguide. It’s achieved thanks to the
ultra-low propagation losses and absence of nonlinear losses in the near-infrared of
the silicon nitride waveguides presented in [paper D].

When the loss of the nonlinear medium is ignored, the analytical solution of the
parametric gain coefficient g can be acquired [113, 120], and g is described as

g =/ (1B, — (vP, — AB/2)2, “.7)

where P, is the pump power, and A = 2, — B, — Bi. Bp, Bs and J; are the prop-
agation constant of the pump, signal and idler waves. It’s obvious that maximum
parametric gain coefficient is obtained when perfect phase matching A /2 = yP, is
achieved. When the power of amplified signal wave is much weaker than that of
pump, i.e., the depletion of the pump wave is negligible, the signal gain (G) can be
written as

G=1+ [%Dpsinh(gL)]z. (4.8)
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Figure 4.1: The schematic of an OPA based on a degenerated FWM process.
The pump wave and the signal wave are launched into a nonlinear waveguide.
At the output of the waveguide, the signal wave is amplified, and an idler wave is
generated. Gain (G) is defined as the ratio of the power of the signal wave at the
output to that at the input. Conversion efficiency (CE) is defined as the ratio of
the idler wave at output to the power of the signal wave at the input.

When perfect phase matching is maintained along the propagation, an exponential G
can be obtained, and is written as

1
G@P) ~ Zexp(zyp,,L). 4.9)

When the loss of the linear medium are considered, it’s typical to replace the length
of the Kerr nonlinear medium with the effective length Leg = H’%(*al‘). However,
this approximation is not valid for lossy waveguides as the above expression only
accounts for the limited nonlinear phase shift accumulated by the pump and ignores
the attenuation experienced by the signal and idler waves.

As a result, in order to precisely model OPA in a waveguide with linear loss, the
nonlinear Schrodinger equation (NLSE) is needed [108]

= iy|APA—- 222 — ZA, (4.10)

where A is the slowly varying electric field envelope. The three terms on the right
hand side of NLSE are responsible for the Kerr nonlinear effect, dispersion and prop-
agation loss, respectively. For simplicity, only second-order dispersion is considered,
i.e., a Taylor expansion up to second order in Eq. 2.3.

Few simulations are carried out based on a 3 meter Si3sN4 waveguide with height
660 nm and width 1600 nm. The yis 1.13 m~'"W~!, B,=-3.5 ps*/km at 1560 nm,
the wavelength of the pump wave is 1560 nm and the pump power is 34 dBm. The
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Figure 4.2: Simulation result of OPAs. (a) Signal gain along the propagation
in a 3 meter Si3N4 waveguide with height 660nm and width 1600nm. The signal
wavelength is located at the peak of the gain spectrum at the output of the waveg-
uide. Four different waveguide losses are included. (b) Gain spectra of 3 meter
SisN4 waveguides with slightly different height. The losses of both waveguides
are 1 dB/m.
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simulation results based on different waveguide losses are shown in Fig. 4.2a. The
wavelength of the signal wave is located at the peak of the gain spectrum at the out-
put port. As can be seen in Fig. 4.2a, the gain of the signal wave can be as large as
43 dB in a 3 meter SizN4 waveguide with propagation loss of 1 dB/m. It’s obvious
that, with a propagation loss of 1.4 dB/m, the waveguide length of 1.42 meter is not
the optimal length in [Paper D]. However, the length of the waveguide in [Paper D]
was chosen as a compromise of the writing time in EBL and fabrication yield (see
Chapter 5 for a detailed analysis). The gain of the signal wave degrades dramatically
with increased waveguide loss from 1 dB/m to 3dB/m. In a SizN4 waveguide with
loss of 5 dB/m, only a maximum of 3 dB gain can be obtained by a 1.2-meter-long
waveguide. From this analysis, it is obvious that both meter-scale Si3sN4 waveguides
and ultralow-losses are the key to attain CW-pumped OPAs, as demonstrated in [Pa-
per D]. The corresponding gain spectrum of a 3 meter Si3N4 waveguide with loss of
1 dB/m is shown in the red curve in Fig. 4.2b. As can be seen, the bandwidth of OPA
with gain larger than 10 dB exceeds 130 nm, which can cover both C- and L-bands.
However, practically, the variation of waveguide dispersion should be taken into ac-
count. As discussed in section 2.2, the variation of the thickness of Si3Ny thin film
across the wafer can be more than 10 nm. Therefore, a simulation based on a Si3Ny
waveguide with slightly increased height (670 nm) is carried out and illustrated in
blue curve in Fig. 4.2(b). By increasing the waveguide height from 660 nm to 670
nm, the dispersion value at 1560 nm is modified from -3.5 ps*/km to -15 ps>/km.
Consequently, the bandwidth of OPA with gain greater than 10 dB is reduced from
130 nm to 60 nm. Furthermore, if the dispersion variation along the waveguide is
considered, the impact can be even worse than reduced bandwidth. Since the phase
matching condition (A /2 = yP,) along the propagation can not be perfectly met, the
gain of OPA can be degraded. Based on this analysis, the layout of 1.42 meter long
Si3N4 waveguides in [Paper D] is not optimal. Ideally, the long waveguide should be
packed in a squared device area so that the impact of the variation of film thickness
is minimized. In fact, since the waveguide loss is non-negligible, the right hand side
of the phase matching equation is reducing along the propagation. This means the
perfect phase matching is not met, and is more severe for more lossy waveguides. In
order to compensate this effect, waveguide tapering design [121] should be adopted
to keep perfect phase matching, which in turn increases the gain. However, this can
further increases the requirement of rigid dispersion engineering.

The increased total propagation loss of a waveguide also degrades the NF of OPA.
In fact, the noise figure of an amplifier is as important as its gain. The analysis of
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the NF of lossy phase-sensitive amplifiers is presented for the first time in [Paper D].
The analysis presented in the supplementary of [Paper D] clearly indicates that, for
the same length of the waveguide, even though higher pump power can be used to
overcome the larger loss of the waveguide to achieve same parametric gain, the NF
of an OPA is degraded due to the larger waveguide loss. It should be marked that,
with same parametric gain, the NF of an OPA is determined by the total loss of the
waveguide.

4.3 Effect of loss on Kerr microcombs

The generation of optical microcombs in high-Q microresonators relying on the Kerr
effect was firstly reported in [39] using a SiO, microtoroid. The operational prin-
ciple is similar to an optical parametric oscillator, relying on the intensity build up
facilitated by the high-Q microresonator. Due to the strong optical field confine-
ment and resonant power buildup [122], parametric amplification can be attained
with extremely low power levels at the bus waveguide. When parametric gain is
large enough to overcome the propagation loss in a microresonator, new comb lines
are generated through FWM processes. The threshold power to reach parametric
oscillation is estimated by

T Q. n*v

Py = 1.54%

—_— 4.11
2 2QL nle? ( )

where V is the mode volume of the microresonator, Q. and Q; are coupled quality
factor and loaded quality factor, respectively. The intrinsic quality factor Q; is re-
lated to the intrinsic linewidth xp by Q; = @/27ky, and is related with Q. and Qy, by
1/Qr=1/Q;+1/Q,. According to Eq. 4.11, it’s clearly that Py, scales with ~ 1/Q?.
Moreover, for cavities with small FSR, where the volume is increased, much higher
Q; is needed to overcome the increase in power threshold. Fig. 4.3 illustrates the
dependence of Py on Q;, including Si3N4 microresonators with FSR of 1 THz, 100
GHz and 20 GHz. The parameters used for the calculation are Ag=1 umz, A=1550
nm, Q.=Q; and 1,=2.4x10"'° m*/W. As can be seen in Fig. 4.3, when working
with a microresonator with FSR of 1 THz [Paper F], only a few milliwatts of optical
power are needed to compensate the low Q; ~ 1 x 10°. However, when working with
a microresonator with FSR of 20 GHz or even 14 GHz in [Paper E], high Q; > 107 is
required to bring down the operational power to milliwatts level. To be more precise,
the DKS state requires to operate with a CW pump power a few times higher than
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Figure 4.3: Dependence of Py on Q;. SisN4 microresonators with FSR of 1 THz,
100 GHz and 20 GHz are included.

the parametric oscillation threshold [123]. In [Paper B, E], much higher pump power
than Py, for parametric oscillation was chosen so that the soliton existence range is
large and the corresponding soliton steps are relatively long [123, 124], as this re-
duces significantly the complexity of the experiments.

DKS microcombs exist in both normal and anomalous dispersion regimes [123,
125-128]. In the normal dispersion regime, the temporal waveform of a DKS mi-
crocomb is a dark pulse, where locally reduced optical power shows up in a CW
background with high power [129]. One outstanding feature of DKS microcombs in
normal dispersion regime is that its power conversion efficiency (calculated by the
converted power excluding the pump line normalized to the power of input pump)
can reach > 30% [130]. In the anomalous dispersion regime, the temporal waveform
of a DKS microcomb is a bright soliton with a typical temporal shape of squared hy-
perbolic secant (sech?). A single (multi-) soliton microcomb refers to single (more
than one) soliton pulse circulating in a microresonator. The power conversion ef-
ficiency of single soliton microcombs in anomalous dispersion regime is typically
only a few percentages due to large effective detuning between the pump wavelength
and the cavity resonance [130].

The dynamics of microcombs are typically modeled by the Ikeda map [131] or the
Lugiato-Lefever equation [124, 132]. Here, we use the Ikeda map to analyze the
effect of Q; on the power of the weakest comb line within a certain bandwidth. This
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Figure 4.4: (a) Intracavity temporal waveform of a dark pulse comb when Q; = .
(b) Spectrum of the dark pulse microcomb at the output port. The red circle
highlights the weakest comb line. (c) and (d) are similar to (a) and (b), but for a
bright soliton comb. (e) Dependence of the power of the weakest comb lines in
C-band with respect to intrinsic Q. The dashed line corresponds to the maximum
achievable power of the weakest line in a lossless microresonator.

metric is relevant in the context of optical communications, as microcombs tend to
be equalized to this comb line before transmission in a fiber link [133, 134]. In the
following simulations, the pump wavelength is located at 1550 nm. The comb lines
from 1535 nm to 1565 nm are taken into account. The parameters used for simu-
lations are close to Si3N, microresonators: pump power is 20 mW, y=1 m~'W~1,
FSR=100 GHz, coupling strength between bus and ring waveguides is 0.005. The
dispersion for dark pulse microcombs is 100 ps?/km, while the dispersion for bright
soliton microcombs is -100 ps?>/km. The detuning between the pump wavelength and
cavity resonance is optimized to maximize Pp;, for both bright soliton microcombs
and dark pulse microcombs. The simulation results are shown in Fig. 4.4. As can be
seen, Py of both types of microcomb are improved with increased Q;. While bright
soliton microcomb with Q; > 7 x 10° is sufficient to attain Py, approaching the ideal
case, a dark pulse microcomb requires Q; > 10 x 10° to achieve high performance.
When Q; of dark pulse microcomb is smaller than 10 x 10°, the Ppin drops more
dramatically compared with bright soliton microcomb. Therefore, normal dispersion
microcombs are more demanding in terms of Q;. In [Paper B], a high performance
dark pulse microcomb with repetition rate of 100 GHz was firstly achieved in a mi-
croresonator with Q; > 10 x 10°. This comb source was later used in [135] to reach
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the highest data rate ever from a chip-scale comb source. It needs to be remarked that
more careful engineering of dispersion and coupling strength [136] are required to
optimize Pp,;, in aforementioned scenario. Here, only the impact of Q; is analyzed.
The above analysis proved that high-Q microresonators are needed to reduce the
pump power and improve the achievable comb line power. As discussed in the
previous chapter, lossy waveguides result from imperfections that can also induce
coupling between transverse modes. In microresonators, this coupling results in so-
called avoided mode crossings [137]. Such avoided mode crossings, not only distort
the spectra of DKS microcombs, but also potentially prohibit the generation of bright
soliton microcomb [137]. In [Paper E], the statistical Q; of the microresonator is im-
proved to 19 x 10°, and racetrack-shaped microresonators were properly designed
to minimize the coupling between transverse modes. Therefore, low-repetition rate
(down to 14 GHz) DKS microcombs were achieved for the first time in a compact
microresonator with a footprint < 1 mm?. Apart from scattering losses, absorption
losses in materials can result in increased thermal effects, which can make it even
more challenging to access bright soliton microcombs [57]. During this PhD work,
we observed that, when initializing soliton microcomb, the resonance shift due to
thermal effect in SiRN [Paper A] was much stronger than that of Si3N4 [Paper B,
E]. Considering similar thermo-optic coefficients of Si3N4 and SiRN [138], the en-
hanced resonance shift in SiRN indirectly indicates that the material loss (especially
absorptive loss) in SiRN is much larger than that of Si3Ny4. This observation is con-
sistent with few factors discussed in section 3.1.4.
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Chapter 5

Fabrication techniques of
ultra-low-loss silicon nitride
waveguides

As described in Chapter 2, any imperfections in optical waveguides can lead to scat-
tering losses, including scattering to radiation modes and transverse modes, and ab-
sorptive losses. The effects of losses on OPA and Kerr microcomb are discussed in
chapter 4. It’s obvious that ultralow-loss waveguides are needed for both paramet-
ric amplifiers and DKS microcombs. Here, we give an overview of the fabrication
flow of silicon nitride waveguides. The few key fabrication techniques that lead to
ultralow-losses are discussed in detail. The fabrication yield for photonics devices
are discussed in the end.

5.1 Overview of fabrication process

In order to achieve ultralow-loss SizN4 waveguides, necessary cautions should be
paid on almost every fabrication step. The schematic of fabrication flow is shown
in Fig. 5.1. The whole process is divided into five parts highlighted in frames with
different colors, including fabrication of crack barriers, silicon nitride deposition,
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Figure 5.1: Schematic of fabrication flow of ultralow-loss Si3N4 waveguides with
microheaters. The red, orange, green, blue and purple dashed frames indicate
the processes for fabrication of crack barriers, silicon nitride deposition, waveg-
uide patterning, top cladding deposition and microheater evaporation, respec-
tively.
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waveguide patterning, top cladding deposition and fabrication of microheater. Each
part will be described briefly in this section, and few key steps that significantly con-
tribute to attaining ultralow-losses will be described in following sections.

The fabrication process starts with a thermally oxidized 3-inch Si wafer with 3 um
Si0;. The patterns of crack barriers are defined by UV lithography, and are trans-
lated into thick SiO, layer by buffered-HF etching. The created trench structures are
used to overcome the crack formations [41] in SizNy films due to tensile stress [37].
In [Paper A], the crack barriers are not needed for SiRN due to its lower stress than
SizNy [61]. After fabrication of crack barriers, SizNy films with different thickness
are deposited utilizing a thermal cycling process to reduce the stress [38]. The pat-
terns of waveguides are defined by EBL since EBL can enable small features down
to 8 nm and provide relatively good line edge roughness. DUV stepper lithography
can also enable ultralow-loss SizN4 waveguide [54, 139] while providing high-speed
production. However, it’s not available in the cleanroom at Chalmers. The patterns of
waveguides are transferred into silicon nitride layer by inductively-coupled-plasma
reactive-ion etching (ICP RIE) using etchant of CHF3; and O,. An RCA clean is ap-
plied on the wafer to remove the residual of resist and polymers introduced from ICP
RIE. Then, the wafer is annealed at 1200 °C under Ar ambient for 3 hours to outgas
hydrogen. After the annealing process, a combination of LPCVD and PECVD SiO;
(with total thickness of ~ 2.5 um) is used due to the trade off between the quality of
Si0O; films and deposition rate. In the end, microheaters based on Pt are evaporated
and patterned on SiO; surface through a lift-off process. The microheaters are made
by 5 nm Ti and 200 nm Pt. Thin Ti layer is used to provide a good adhesion layer
between SiO, and Pt. Microheaters are commonly used for thermo-opitc tuning of
refractive index [109, 140]. In [Paper B, E], microheaters were used to initialize
DKS microcomb [141]. The typical bandwidth of microheater is around 6-10 kHz
depending on the spacing between the microheater and the silicon nitride waveguide.

5.2 Silicon nitride thin film deposition

Silicon nitride typically can be deposited by sputtering, PECVD and LPCVD pro-
cesses. In this thesis, only LPCVD silicon nitride is used because of its superb quality
compared with sputtered and PECVD Si3Ny [142]. Precursor gases dichlorosilane
(SiH,Cly) and ammonia (NHj3) are used to form amorphous SizN4 with chemical
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reaction as
3SiH,;Cl, +4NH3z —— SizsN4 +6HCI+ 6H, . 5.1

LPCVD Si3Ny process involves the following steps: 1) precursor gases SiH,Cl, and
NH; diffuse from the main gas stream to the wafer surface; 2) precursor gases are
adsorbed on the wafer surface; 3) precursor gases migrate and react on the wafer
surface; 4) byproducts HCl, and H; are desorbed from the wafer surface, and are
transported away from the wafer. We deposited LPCVD Si3N4 at 770 °C under pres-
sure of 250 mTorr. The high temperature results in a higher surface reaction rate and
more migration in step 3. The enhanced migration on the wafer surface leads to a
uniform and conformal deposition [142]. The low pressure during LPCVD process
increases the mean free path of the gases and significantly increases the diffusion to
the wafer surface compared with atmospheric pressure CVD. These two effects con-
tribute to high uniformity of film thickness across the wafer and conformal coverage.
During LPCVD Si3Ny depositions, Si nano-particles can be introduced due to the
pyrolysis of DCS gas under high temperature

SiH,Cl, — Si+2HCIL. (5.2)

Therefore, sufficient NH3z gases are needed to assure that the NH3 molecules are
the predominant adsorbing species on the wafer surface [143], and, consequently,
reduce the possibility of the pyrolysis of DCS gas. However, the increased gas
flow of NHj3 can result in enhanced N-H bonds [94], which result in absorption near
the wavelength of 1510 nm [92]. Even though high temperature annealing at 1200
°C is commonly used to outgas hydrogen, the residual of N-H bonds are still not
negligible[20, 75]. Si3Ny films deposited by LPCVD typically have high stress (~
1 GPa) [144], which results in crack formations when the thickness of SizNy film is
thicker than 300 nm. The crack formations can easily degrade the yield to a very low
level (see section 5.6). One way to overcome this challenge is using SiRN, which
featues much lower stress than Si3N4 [37]. In [Paper A], the minimum gases ratio
DCS:NH3 was adopted to deposit 700 nm SiRN without cracks. The thickness of
700 nm was selected for the flexibility of dispersion engineering for both normal
and anomalous regime. However, we noticed enhanced waveguide losses, includ-
ing enhanced absorptive loss, compared with [Paper B]. This can be explained by
increased Si clusters [96, 97] originated from pyrolysis of DCS gas [143]. The un-
desired Si clusters can result in Rayleigh scattering loss and two-photon absorption
at wavelength of 1550 nm. Nevertheless, SiRN can still be useful for applications,
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which don’t need ultralow-loss silicon nitride waveguide. In [Paper C], an octave-
spanning SCG was achieved in all-normal-dispersion SiRN waveguide, even though
the waveguide loss was ~40 dB/m.

In order to overcome the crack formation in SizN4 thin films, trenches of crack bar-
riers are pre-defined on thermally oxidized Si wafers to arrest cracks [40, 41], which
originate from the edge of the wafers. Instead of scribing the wafer surface to cre-
ate mechanical trenches [41], we use UV lithography to carefully define the patterns
of crack barriers. We noticed that the shape of crack barriers highly determines the
ability to arrest the cracks, similar to what is discussed in [145].

5.3 Electron beam lithography

EBL relies on scanning a focused electron beam on a wafer covered with resist to
create the desired patterns. It is convenient to change the designs of devices since
EBL is a maskless lithography. EBL exposes the resist shot by shot, therefore the
writing time of EBL is linearly proportional to the area of the devices. The writing
time (¢,,,) of EBL can be estimated by

Adevice
fon = —device (5.3)
. leess'Rwed

where Lpgs is the beam step size (BSS) which is defined by the distance between
adjacent shots, and Ryp.q is the writing speed ( ~ 100 MHz in this work, using
the Raith 5200 available at Chalmers). The BSS of EBL determines how accurate
the e-beam shots are placed and, consequently, determines how accurate the device
patterns are exposed. The BSS can be smaller than 1 nm, but the reduced BSS dra-
matically increases the writing time. According to [146], small BSS and fast writing
provide lower waveguide loss. Therefore, once the BSS is determined, the maximum
allowed current of EBL should be chosen to meet the maximum Ry.q. In [Paper A,
B, EJ, the BSS used for EBL is 2 nm, which provides a good balance between the loss
performance of the microresonators and the writing time. In [Paper D], the writing
time for a 1.42-meter waveguide is ~ 60 min, even though the BSS was increased to
4 nm. This also explains why 3-meter waveguide design was not chosen. Since EBL
precisely exposes the patterns of the devices shot by shot, cautions should be paid on
almost every step of EBL. The following discussions will be divided into two parts,
1) strategies within a writing field (WF); 2) strategies for inter-WFs.
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5.3.1 Within a writing field

The WF of EBL means the maximum field that the electron beam can deflect and
expose the resist without moving the sample. The WF can vary from 160 um x 160
um to 1040 um x 1040 pum, depending on the resolution of the WF. The size of
microresonators used in [Paper A, B, E] is smaller than the maximum WF, therefore
the stitching errors (which will be described in next section) located at the interface
of adjacent WFs can be safely avoided. Within a WEF, the device pattern should be
fractured into trapezoids so that each trapezoid is smaller than the size of a subfield
(4.5 um x 4.5 um). The fracturing of a device pattern is illustrated in Fig. 5.2. The
pattern of a microresonator (waveguide width 2um) is shown in Fig. 5.2a, and it
needs to be fractured into trapezoids as illustrated in Fig. 5.2b. However, since large
trapezoids with width ranging from 300 nm to 1000 nm are introduced, the problem
of ’squaring the circle’ (described in section 3.1.2) raises again and introduces ex-
cess propagation loss. Fig. 5.2c shows the equivalent loss of SiRN microresonators
with different radii, at early stage of this thesis work. Due to undesired fracturing in
EBL, much larger losses were observed from the microresonators with smaller radii.
Therefore, we need to fracture the pattern of devices (especially curved waveguides)
into small trapezoids with width of ~ 100 nm, as depicted in Fig. 5.2d. With im-
proved fracturing method, we observed similar losses from microresonators with dif-
ferent radii. Microresonators with ~THz FSR still feature lower Q; compared with
the microresonators with FSR of 220 GHz or 100 GHz, but it’s mainly as a result of
the modified waveguide mode due to small bending radius. It needs to be pointed
out that simply fracturing the pattern into small trapezoids is still not enough. Any
imperfect fracturing can dramatically degrade the intrinsic Q of the microresonators.
An example is shown in Fig. 5.2e. Although the width of the trapezoids are as small
as ~100 nm, a small imperfection shows up between trapezoids. We observed that
these small imperfections in EBL can significantly degrade Q;s of microresonators
from 12x10° to 5% 10°.

Once the patterns are perfectly fractured into trapezoids, the shots of electron beam
need to be nicely arranged. The illustration of the arrangement of shots is shown in
Fig. 5.3. Each circle in Fig. 5.3b represents a shot of electron beam, and the distance
between adjacent shots is 2 nm. As can be seen, the shots are not well arranged es-
pecially at the edge of the pattern. The improperly arranged shots can increase the
line edge roughness of the resist, which will be transferred into SizN4 waveguides
and result in undesired sidewall roughness. In order to solve this issue, the "high
resolution mode’ function embedded in the so-called Beamer software (GenlISys) for
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Figure 5.2: lllustration of fracturing a microresonator into trapezoids. (a) the
pattern of a microresonator. (b) an example of improperly fractured pattern. The
trapezoids are too large and result in aliasing. (c) the equivalent loss of SiRN
microresonators with different radii. Much larger loss was observed for microres-
onators with smaller radius, due to improperly fractured pattern. (d) fracturing the
pattern into small trapezoids. (e€) a small defect in fracturing.

the Raith 5200 was used to improve the arrangement of shots, shown in Fig. 5.3c.
As can be seen, a much better arrangement of the shots is achieved at the edge of
the pattern. Further improvement of the arrangement of the shots can be achieved
by implementing single line edge smoothing strategy [147]. However, this strategy
embedded in Beamer software is currently not available for the Raith system.

The above mentioned factors are fundamental and universal in EBL. On the other
hand, the EBL system itself can have some imperfections. This includes the noise
from the system and environmental sources, the imperfect arrangement of subfields
and instability of electron beam [146]. These undesired effects can be reduced by im-
plementing a multipass strategy, where the resist is exposed multiple times to reduce
the line edge roughness [146]. In [Paper D], by implementing multipass (2 times)
method, the waveguide loss was successfully reduced from 3.4 dB/m to 1.4 dB/m.
In [Paper E], we observed an enhanced Q; from 12x 10° to 19x10°, by using this
method.
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Figure 5.3: lllustration of the arrangement of the shots. (a) a fractured pattern.
(b) improperly arranged shots. (c) the arrangement of shots using ’high resolution
mode’

5.3.2 Between writing fields

If the pattern of a device is larger than the size of a WF, multiple WFs must be con-
catenated to expose the pattern. Stitching errors can show up at the interface between
adjacent WFs. The stitching errors are not mainly resulted from the movement of the
stage which holds the samples, since the stage position is precisely controlled by a
laser interferometer. The stitching errors mainly originate from the imperfect de-
flection of the electron beam [148]. The origin of stitching error is depicted in Fig.
5.4a. Importantly, this effect is deterministic and repeatable, and therefore can be
properly accounted for. In principle, if the deflection of the electron beam was per-
fectly calibrated, i.e., the calibration of the WF is perfect, then there would not be
stitching error as described by the blue solid frames in Fig.5.4a. However, if there
was a shrinkage of the WF as illustrated by the red dashed frames, stitching errors
with an offset in x direction will be observed. Similarly, as depicted by the green
dashed frames, an improperly calibrated rotation of the WF can result in an offset
in y direction. The stitching errors that originate from imperfect calibration of the
WF are systematic, i.e., the stitching errors are identical at boundaries of all WFs.
Apart from systematic errors, stochastic stitching errors are resulted from thermal
effect, charging effect and precision of the laser interferometer. In [Paper D], we no-
ticed that the stitching errors are almost identical at boundaries of all WFs, indicating
that the stitching errors of our EBL system are dominated by the imperfection of the
WEF calibration. The representative stitching error is shown in Fig.5.4b. An offset
of 50 nm is shown in y direction, and an offset of 14 nm is observed in x direction.
These stitching errors are relatively large, and can result in scattering losses. There-
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Figure 5.4: (a) lllustration of origin of stitching errors. Blue solid frames indicate
perfect WFs. The dashed red and green frames indicate shrinkage and rotation
of WFs, respectively. (b) SEM image of the resist without stitching error compen-
sation. (c) SEM image of the resist with stitching error compensation.

fore, a stitching error compensation process was implemented. The specific values
of stitching errors are pre-measured under SEM based on a test sample, then, when
fabricating the devices, the adjacent WFs are precisely shifted according to the pre-
measured stitching error. The SEM images of the exposed resist with and without
stitching error compensation are shown in Fig. 5.4b and c. The resist with stitch-
ing error compensation has negligible stitching error. The success of stitching error
compensation process was further proved by the OFDR measurement in [Paper D].
This process can be generally applied on EBL when the pattern size is larger than the
WE.

5.4 Inductively-coupled-plasma reactive-ion etching

Inductively-coupled-plasma reactive-ion etching (ICP RIE) is a dry etching process,
which is commonly used to transfer the pattern from the developed resist into the
underneath thin films. ICP RIE is typically more anisotropic compared with wet
etching. In ICP RIE system, the etchant gases are injected from the top of the etch-
ing chamber, and the plasma are generated by applying radio frequency (RF) power
on inductive coils. The created plasma includes reactive species ranging from elec-
trons to ions and to radicals [142]. The high RF power applied on inductive coils
leads to high density plasma which is chemically reactive with the target material.
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These reactions are typically isotropic. The plasma enters the etching chamber, and
is accelerated by the DC bias generated by the RF power applied on top and bottom
electrodes. The accelerated plasma provides energetic ion bombardment, which is
more anisotropic etching.

Si based materials (Si, SiO; and Si3N4) are commonly etched by fluorine-based gases
(CHF3, CF4 and NF3). In this thesis work, CHF3 and O, gases are used to etch SizNy.
CHF; plasma produces a variety of reactive ions and radicals, e.g., CHFI, F, CHF;
and F~ [149]. The negative ions typically don’t contribute to the etching process due
to the DC bias between the top and bottom electrodes. The reactive ion CHF;r can
react with Si3N4 with the highest etch yield shown as [150]

2Si3N4-ﬁ-6CHF2+ —— 6SiF, +6CN+ N> +3H,. 5.4

Here, the reaction product SiF, and CN are radicals [151], and are volatile com-
pounds which will be exhausted from the chamber. The radical F can react with
SizNy as [152]

SisNy + 12F — 3SiFy +2N,. (5.5)

Compared with radical SiF,, SiF, is more stable, and doesn’t decompose to Si for-
mation. Typically, CHF; plasma can form C-F polymer layers on the substrate, resist
and sidewall of waveguide [153]. These polymer formations not only retard the etch-
ing but also introduce nanometer-scale roughness. Therefore, sufficient O, is needed
to remove polymer formations. Moreover, O, and CHF3 mixture forms more volatile
compounds (CO and CO,), and, simultaneously, generate more F radicals which re-
act with Si3sN4. However, introducing O, dramatically reduces the selectivity (the
ratio of the etch rate of SizNy to that of resist) between SizN4 and resist. There-
fore, optimizing dry etching recipe of SizNy typically means finding a good balance
among sidewall roughness, sidewall angle and selectivity.

Fig. 5.5 shows the SEM images of fabricated SizN4 waveguides at beginning (a),
middle (b) and late (c) of this PhD work. As can be seen, the sidewall roughness of
Si3N4 waveguides were improved steadily. Fig. 5.5¢ is the waveguide used in [Paper
B]. The SEM images of waveguides in [Paper D, E] look similar to Fig. 5.5c. The
main improvement are from implementing multipass in EBL and annealing at 1200
°C under Ar ambient.
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(a)

Figure 5.5: (a) SEM image of fabricated Si;N4 waveguides at the beginning of
this PhD work. (b) SEM image of the fabricated SiRN waveguide used in [Paper
A]. (c) SEM image of the Si3Ny4 in [Paper B].

5.5 SiO, cladding deposition

In our fabrication of ultralow-loss SizN4 waveguides, three different types of SiO;
cladding are used. The bottom cladding is based on thermal oxidization of Si. This
process relies on inward diffusion of oxygen into the Si wafer, with reaction shown
as

Si(s) +2Ha(g) + 02 (g) — SiOy(s) +2Ha(g). (5.6)

It’s also called wet oxidation. The wet oxidization of Si is faster than dry oxidization
due to the present of H,. However, since both dry and wet oxidization rely on the
diffusion process, the growth rate of SiO, slows down dramatically once SiO, barrier
layer is formed on the surface of Si wafers. The growth rate of thermal oxidization
follows the Deal-Grove model [154]. At a temperature of 1070 °C, it takes ~20
hours to grow 3 um thermally oxidized SiO,. The cost of thermally oxidized Si
wafers are commonly leveraged by loading tens of wafers simultaneously into the
oxidization furnace. Thermally oxidized SiO; has extremely high quality, and, very
recently, greater than 10° Q; (corresponding to propagation loss of 0.025 dB/m) was
achieved in SiO, wedge microresonators [155]. Considering the state of the art of
high-confinement SizN4 waveguide loss (1 dB/m), the material loss of thermally
oxidized SiO; can be safely neglected for high-confinement SizN4 waveguides.

As depicted in step XII in Fig. 5.1, a layer of LPCVD SiO, is deposited on SizNg
waveguides. Here, LPCVD SiO, relies on the pyrolysis of tetraethyl orthosilicate
(TEOS) at elevated temperature (> 600°C), with reaction shown as

Si(OCyHs)4 — SiO; +2(C2Hs),0. (5.7)
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Air void

I um

Figure 5.6: (a) SEM image of the cross section of the coupling region of a
microresonator after FIB milling. The top SiO, cladding is deposited by LPCVD.
(b) idem to (a), but the top cladding is deposited by PECVD. (c) SEM image of
the cleaved chip facet. SisN4 and LPCVD SiO; are highlighted by blue and green
colors, respectively.

In this thesis work, LPCVD SiO; was deposited at 710 °C under pressure of 250
mTorr. Here, the effect of low pressure and high temperature lead to conformal de-
position, which is described in section (5.2). The conformal deposition contributes to
nicely filled gap between bus and ring waveguides. This is extremely important for
microresonators since imperfections in the coupling region could result in undesired
scattering loss. An focused-ion beam (FIB) milling was applied on the coupling re-
gion of a microresonator clad by LPCVD SiO», and its SEM image is shown in Fig.
5.6a. The Si3N4 waveguides are highlighted in blue. The height of the waveguide is
730 nm, and the gap between bus and ring waveguide is 350 nm. As can be seen, no
air void is observed thanks to the conformal deposition of LPCVD SiO,. We anneal
the wafer after depositing LPCVD SiO; on Si3N4 waveguides. According to our
comparative studies, by annealing LPCVD SiO,, the Q; of Si3sN4 microresonators
can be enhanced from 7x10° to 11x10°, compared with the control wafer. This
huge improvement can be explained by two factors. Firstly, the as-deposit LPCVD
Si0O; films are a bit porous, and need to be densified by annealing at temperatures be-
tween 1000 and 1150 °C [156]. This is consistent with our observations that annealed
LPCVD SiO; thin films feature a reduced thickness ~10% and increased refractive
index approaching that of thermally oxidized SiO;. Secondly, by annealing LPCVD
Si0,, a gradient refractive index is created at the interface between Si3Ny4 and SiO;
through interdiffusion [34]. The gradient refractive index could reduce the index
contrast at the interface, which in turn reduces the scattering loss due to sidewall
roughness [86, 87]. The quality of LPCVD SiO, based on TEOS rivals the quality of
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thermally oxidized SiO; [156]. Recently, ultra-high Q microresonators, approaching
422 million (equivalent loss of ~0.06 dB/m) [20, 21], were achieved in low con-
finement SizN4 waveguides. For these devices, thick LPCVD SiO; layers are used.
Considering low confinement nature of these Si3zN4 waveguides, it indirectly indi-
cates that LPCVD SiO» has very low material loss. The deposition rate of LPCVD
SiO; is typically around 8 nm/min. Therefore, it’s time consuming and expensive
to deposit thick LPCVD SiO;. In this thesis work, since high-confinement SizNy
waveguides are used, only ~500 nm LPCVD SiO, is deposited on Si3Ns waveg-
uides. PECVD SiO; is used to reach the target thickness of top cladding layer.
PECVD SiO;, is deposited at much lower temperature (300 °C) compared to LPCVD
Si0;. Therefore, it adds less restrictions on the materials that a wafer contains. Typ-
ically, the precursor gases SiHs and N, O are used to deposit SiO,. The reaction is
elevated by the highly reactive chemical species created by the inductively coupled
plasma, and the deposition rate of PECVD is much higher than that of LPCVD. How-
ever, due to the relatively high pressure (550 mTorr) and relatively low temperature
compared to LPCVD, the ability of step coverage is much poorer than LPCVD. An
FIB milling was applied to the coupling region of a microresonator clad by PECVD
Si0;. Its SEM image is shown in Fig.5.6b. The height of the waveguide is 700 nm,
and the gap between bus and ring waveguide is 350 nm. A clear air void was ob-
served at the coupling region due to poor step coverage. In fact, when the sidewall
angle of the waveguide is close to 90°, PECVD SiO; is not even good to clad an
isolated waveguide. An SEM of cleaved chip facet is shown in Fig. 5.6¢. The SizNy
waveguide and the LPCVD SiO; layer are highlighted in blue and green colors, re-
spectively. As can be seen, the LPCVD SiO, deposition is very conformal, while
PECVD SiO; cannot cover an isolated waveguide nicely. Air voids are observed at
both left and right sides of the waveguide. At the input and the output of devices, the
mode size of the waveguides are commonly designed [73] to match the spot size of
the lensed fiber, e.g., diameter of 2.5 um. At this regime, the undesired air voids can
not only scatter light, but also modify the mode size of the waveguides which is ide-
ally designed for specific coupling fiber. This issue should be solved by planarizing
the wafer surface by chemical mechanical polishing (CMP) prior to PECVD SiO;
deposition. Of course, simply depositing thicker LPCVD SiO, could also solve this
problem.
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5.6 Analysis of fabrication yield

While high-Q microresonators were reported in high-confinement SizN4 microres-
onators [41, 48, 157], it’s common that a single isolated resonance with highest Q; is
shown and reported. Only very recently, high Q, based on more statistical analysis of
all measured resonances from multiple microresonators, are reported in [50, 54, 139]
[Paper B, E]. The statistical analysis is beneficial to avoid undesired errors from
measurements and data fitting. However, it’s still insufficient to evaluate the yield
of nano-fabrications since microresonators typically only occupy small device areas.
For example, a Si3sN4 microresonator (waveguide width 2 um) with FSR of 100 GHz
(with a radius of ~227 um) only has a device area of 0.003 mm?. In fact, devices
with large device area are more suitable for yield analysis. In [Paper D], we reported
60% yield of 1.42-meter-long defect-free Si3sN4 waveguides (waveguide width 2 pum,
device area is 2.84 mm? for each waveguide). We measured 20 SizN,; waveguides
with lengths of 1.42 meter, among which 12 waveguides are defect-free according
to OFDR measurements. The mean propagation loss of defect-free waveguides is
1.7 dB/m. In fact, for photonic integration, it’s irrational to simply report yield by
calculating the ratio of the number of working devices to total number of devices.
There are two reasons. Firstly, the device area of photonics devices can vary from
tens of um? to few mm?. A device with larger area typically results in lower yield.
Secondly, it’s challenging to assemble different devices after a completed fabrication
process, i.e., it’s difficult to firstly fabricate 20 pieces of 10 cm waveguides, then
pick and assemble 10 pieces of perfect 10 cm waveguides to obtain a 1-meter-long
waveguide. Based on these two factors, it’s clear that we need to define a photonics
yield parameter that is normalized to a unit area of the device. Here, R, is defined
as the photonics yield parameter for unit mm? device area. Then, the yield can be
calculated by

) 2
Y = Rﬁlzzrc;vzce/(lmm >’ (58)

where Y is yield, and A, is the area of a device. To exemplify Eq. 5.8, the values
from from [Paper D] (Y=0.6, A gevice=2.84 mm?) are used. Then, R,,, is calculated to
be 0.84. With calculated R,,,,,, we can calculate the yield for aforementioned SizNy
microresonator (waveguide width 2 pm) with FSR of 100 GHz. The yield is as high
as 99.98%! Even for microresonators with FSR as low as 1 GHz, the calculated yield
is still as high as 97.54%. This means hundreds of 1 GHz microresonators need to be
evaluated in order to rigidly report R,,,, approaching 0.8. With the above analysis, it
is clear that microresonators are unsuitable for analyzing fabrication yield, especially
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when R,,;, is relatively high. Nevertheless, characterization based on microresonators
is still a good method to evaluate equivalent waveguide loss, which gives insight into
the fabrication techniques.

In section 4.2, according to the simulation result, a SizN4 waveguide (with loss 1.4
dB/m) with length longer than 3 meter should be used for an OPA. However, only
1.42-meter waveguides were used in [Paper D]. One reason is the fabrication yield.
Based on R,,,,=0.84, the yield of 3-meter waveguides would be further reduced to
36%. In our fabrication process, the main yield killers are in process step II, IIT and
VIII described in Fig. 5.1. In step II, due to small defects of photoresist, some surface
may not be fully covered by photoresist. Then, in step III, HF can penetrate through
these defects and etch the SiO, layer creating small holes. Large propagation loss
can be observed as long as the waveguide pass through a single hole. In order to
solve this, thicker photoresist or hard mask should be used in step II. In step VIII,
the imperfection of the resist can also result in large propagation loss in waveguides.
Moreover, we have had a serious issue with nano-particle contamination in the MaN-
2405 resist provided by the supplier since 2019.
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Chapter 5. Fabrication techniques of ultra-low-loss silicon nitride
waveguides
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Chapter 6

Summary and future outlook

This thesis work presents a steadily reduced loss in high confinement SizN4 waveg-
uides owing to optimization of fabrication flow, lithography and dry etching. The
properly designed ultralow-loss Si3sN4 waveguides enabled generation of DKS mi-
crocombs with repetition rates ranging from 1 THz to 14 GHz, while limiting the
footprint of the devices within 1 mm?. The high yield of the fabrication allows us
to attain high confinement meter-long Si3sN4 waveguides with a record-low loss of
1.4 dB/m. Thanks to these ultralow-loss Si3sN4 waveguides, a CW-pumped optical
parametric amplifier is achieved in a Kerr nonlinear waveguide for the first time.
However, similar as steadily boosted density of transistors in integrated circuits,
urges to attain better performance of integrated photonics devices never stop. Op-
tical waveguide, the most fundamental component of photonic integration, deserves
endless efforts. Further improvements are envisioned.

In [Paper E], a multipass EBL significantly enhanced the Q; from 12x 10 to 19 x 10°.
This indicates the current lithography is still far from perfect. Additionally, since the
waveguide loss is approaching 1 dB/m, the scattering loss induced from the surface
roughness of Si3;N4 becomes non-negligible [48]. Therefore, a CMP process should
be applied on the deposited film to further reduce the surface roughness.
Improvements in scattering losses also call for a refinement in the diagnostic tools.
In this thesis, the sidewall roughness of waveguides are qualitatively inspected by
SEM, and the quantitative evaluation based on image signal processing is reaching
its limitation. More refined approaches based on AFM would be required.
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Chapter 6. Summary and future outlook

Last but not least, improving the coupling loss is important. For an OPA, the cou-
pling loss directly degrades the achievable NF. Dry etching or facet polishing should
be used to attain smooth chip facets. The air voids due to poor coverage of PECVD
Si0; need to be solved by applying CMP prior to PECVD deposition. Moreover, by
implementing three dimensional integration of thin Si3Ny [22, 158], ultralow cou-
pling loss between a waveguide and a single mode fiber can be achieved [159]. In
addition to improving coupling losses, this 3D integration approach would allow for
the realization of heterogeneous integration with active optical components.
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Chapter 7

Summary of papers

Paper A

"Low-loss high-Q silicon-rich silicon nitride microresonators for Kerr nonlin-
ear optics'', Opt. Lett. vol. 44, no. 13, pp. 3326-3329 (2019).

In this paper, we used the minimum ratio between precursor gases DCS:NHj3 to
deposit crack-free SiRN thin films with thickness of 700 nm, which allow flexible
dispersion engineering. We successfully outgas hydrogen from the SiRN film, and
achieved low loss ( ~ 40 dB/m) in SiRN platform. Low-noise microcombs with rep-
etition rate of 220 GHz and 1THz were achieved in SiRN platform for the first time.

My contributions: I developed the fabrication recipe, designed and fabricated the
devices. I characterized the devices and did microcomb experiments with support
from the co-authors. I wrote the paper with support from the co-authors, and pre-
sented the results at CLEO in San Jose, USA in 2018.
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Paper B

""High-Q Siz N4 microresonators based on a subtractive processing for Kerr non-
linear optics'',Opt. Express vol. 27, no. 24, pp. 35719-35727 (2019).

In this paper, mean intrinsic Q > 11x10° was achieved in dispersion-engineered
Si3Ny4 microresonators. Such high-Qs allowed us to generate 100 GHz soliton mi-
crocomb for the first time in Si3N4 microresonators fabricated using a subtractive
processing method. High performance mode-locked dark-pulse microcomb was gen-
erated in a Si3N4 microresonator with intrinsic Q > 107 for the first time.

My contributions: I developed the fabrication recipe, designed and fabricated the
devices. I characterized the devices with support from the co-authors. I did micro-
comb experiments. I wrote the paper with support from the co-authors, and presented
part of the results at CLEO 2020.

Paper C

""Octave-spanning frequency comb generation in all-normal-dispersion silicon-
rich silicon nitride waveguide", in Conference on Lasers and Electro-Optics (CLEO),
San jose, USA, paper. STu3H.7, May 2020.

In this work, we used an all-normal-dispersion SiRN waveguide to achieve coher-
ent octave-spanning supercontinuum. It’s the first octave-spanning supercontinuum
generation in an all-normal-dispersion nanophotonic waveguide.

My contributions: I assisted with device design, supercontinuum generation exper-
iment and paper writing. I fabricated the devices.
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Paper D

""Low-noise continuous-wave-pumped parametric amplifier using a silicon-nitride
waveguide'', Manuscript submitted 2021.

In this paper, we achieved 1.42-meter-long high confinement Si3sN4 waveguides with
record-low loss of 1.4 dB/m. Active stitching error compensation was implemented
in EBL. Based on these ultralow-loss Si3N4 waveguides, we achieved CW-pumped
optical parametric amplifiers, for the first time, in an integrated Kerr nonlinear waveg-
uide. We developed the theory of NF for lossy phase-sensitive amplifier.

My contributions: I developed the fabrication recipe, designed and fabricated the
devices. I characterized the devices, performed parametric amplification experiments
and wrote the manuscript with co-authors.

Paper E

Integrated, ultra-compact high-Q silicon nitride microresonators for low-repetition-
rate soliton microcombs'', Manuscript submitted 2021.

In this paper, we achieved soliton microcomb with repetition rate down to 14 GHz
for the first time in Si3N4 microresonators fabricated using a subtractive process-
ing method. The optimized designs of finger- and snail-shaped microresonators not
only allowed us to attain low-repetition-rate soliton microcombs, but also reduced
the footprint of the devices by an order of magnitude to ~1 mm?. The statistical
intrinsic Q reaches 19x 10°, allowing us to overcome the challenge of dealing with
increased cavity volumes.

My contributions: I designed, fabricated and characterized the devices. I did micro-
comb generation and locking experiments with co-authors. I wrote the manuscript
with co-authors, and I presented the preliminary results at CLEO 2020.
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Chapter 7. Summary of papers

Paper F

""Optical Dual-Comb Vernier Division of an Octave-Spanning Kerr Microcomb",
To be presented in CLEO 2021.

In this work, two soliton microcombs with repetition rate of ~900 GHz are generated
in two Si3N4 microresonator with same pump laser. The repetition rate of two soliton
microcombs are offset by ~20 GHz. Vernier dual-comb frequency division is used
to measure the repetition rate of two soliton microcombs.

My contributions: I fabricated the devices. I assisted with the device design and
soliton microcomb generation.
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Appendices

Appendix A- Adiabatic bend solver

The adiabatic bend using the algorithm of minimization of the variation of the curva-
ture [83] needs to be solved numerically since Eq. 3.3 and 3.4 do not have analytical
expressions. Here, solving S bend for an Archimedean spiral (In polar coordinate,
r=R+A-¢, where R is the radius at start point, ¢ is angle.) is taken as an example.
Firstly, the expressions of the position, the tangent, the curvature and the change of
the curvature of an Archimedean spiral are,respectively, as following

(x,iy) = (R+A¢) -cos,i- (R+ Ag) - sing) 7.1
_ A-sing + (R+Ag¢)cos¢
tan(e) - A'COS¢ _ (R+A¢) K Sin¢ (72)
~ 2A24+R2+A29% +2RAY
K#)= (AZ+R2+A2¢92 +2RAQ)!S (7.3)
dx(9) _ —(A’¢ +AR)- (A’ +2AR¢ +4A” +R?) 7.4
ds o (R2+A2+A2¢2+2RA¢)3 ( . )

The position (x1,iy;), the tangent (6), the curvature (k) and the change of the cur-
vature (K{ ) at the start point of the spiral (¢=0) need to be used as boundary condition
for the adiabatic bend.

Then we can start to solve the adiabatic bend & (s) = ag + a1 + a»s> + azs>. The
unknown parameters are the start position (Xg,iyo), Op(the tangent of the curve at the
start point), ag, aj, az, a3 and s; (the total length of the bend). The start point of
the adiabatic bend is the center of the S bend. Since the S bend features rotational
symmetry, we only need to solve half of the S bend. The start position can be set to
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Figure 7.1: (a) Flow chart of the bend solver. (b) The error array (10x10) for the
initial ranges of s; and 6. (c) The error array after narrowing down one time the
range of s; and 6,

(0,0). The curvature of the bend at the start position should be zero (ap=0) since it’s
connecting two rotational symmetric curve. Therefore, the unknowns are 6y, a;, as,
az and s;. They can be solved based on five equations Eq. 3.3-3.7. Since the only
challenging equations are Eq. 3.3 and 3.4. We can solve the equations by sweeping
two parameters, for example s; and 6y. We need to initially guess the ranges for s;
and 6y, and we create a N by N array. Then we can solve the equations following
the flow chart as shown in Fig. 7.1 Typically, the requirement for the error between
(x1,iy1) and (x{.iy}) is smaller than 0.1 nm, and it takes less than 10 loops to accu-
rately solve the equations.
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Figure 7.2: The setup of soliton microcomb experiment with PDH locking. EOM,
electro-optic modulator; BPF, optical bandpass filter; FBG, fiber Bragg grating;
OSA, optical spectrum analyzer; PD, photodiode.

Appendix B- Tips for high power coupling

When coupling a high optical power into a waveguide, the lensed fiber can be bent
due to thermal effect. The coupling between the lensed fiber and the waveguide can
be very unstable. Few tips are provided to stabilize the coupling.

1. The lensed fiber should be firmly attached on the translation arm by a clamp or
glue.

2. The free hanging part of the lensed fiber should be as short as possible.

3. Optimizing the yaw and the pitch of the lensed fiber not only reduces the coupling
loss, but also enhances the stability of the lensed fiber.

4. Fix everything firmly, including the 3-axis stages and the chip.

With all above tips, it’s possible to have stable coupling that only varies within 0.1
dB in 30 min.

Appendix C- Initialization of soliton microcombs
The setup used for soliton microcombs experiment with PDH locking is shown in

Fig. 7.2. The soliton microcomb is initialized by the microheater on chip. The flow
chart of initializing soliton microcomb is shown in Fig. 7.3.
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Figure 7.3: Flow chart of bright soliton microcomb initialization. PC, polarization controller.
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