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Abstract

Recently, microresonator-based dissipative Kerr soliton frequency combs (“soliton micro-
comb”) have emerged as miniaturized optical frequency combs. So far, soliton microcombs
have been realized in many CMOS-compatible material platforms including silicon nitride
(SisNy) that is widely used in CMOS fabrication of microelectronic circuits. For SisN4 photonic
integrated circuits (PIC), the optical losses are critical for building soliton microcomb devices
with high power efficiency, low power budgets and compact form factors .

This PhD thesis addresses several key topics in the development of ultralow-loss waveguides
and microresonators based on SizNy PIC, critical to integrated soliton microcomb technol-
ogy. Through careful design and simulations of Si3N,4 PIC, systematic development of Si3Ny
wafer-scale fabrication process, and comprehensive characterization of the final SigsN4 de-
vices, a novel SizN4 fabrication technology featuring ultralow loss, engineered dispersion
and wafer-level yield has been realized. Currently, integrated SisN4 microresonators of Q
factors exceeding 30 x 10% (corresponding to a linear optical loss of 1 dB/m) have been rou-
tinely achieved. Meanwhile, thermal characterization using a microresonator modulation
response measurement which is self-calibrated via the Kerr nonlinearity reveals that, the in-
trinsic absorption-limited Q factor exceeds 10°. Using these SisN, devices, integrated soliton
microcombs with unprecedentedly low power budgets and repetition rates down to 10 GHz
have been demonstrated, which allow highly compact soliton microcomb modules via hybrid
integration with III-V lasers and new applications such as low-noise microwave synthesis. Fur-
thermore, via monolithic integration with aluminium nitride, on-chip piezoelectric actuation
of soliton microcombs with megahertz bandwidth has been realized, which can facilitate the
realization of soliton-based massively parallel coherent LiDAR. Further beyond the domain of
soliton microcombs, this thesis also contributes to other research topics such as the backward
stimulated Brillouin scattering in SisN4 and supercontinuum generation for mid-infrared
dual-comb spectroscopy. Transferring this SisN4 photonics technology developed during
this PhD thesis to standard commercial foundries, and merging it with silicon photonics
using heterogeneous integration technology, could significantly expand the scope of today’s
integrated photonics and seed new applications.

Keywords: silicon nitride, photonic integrated circuit, frequency comb, nonlinear optics,
dissipative Kerr soliton, MEMS, micro-nano-fabrication.



Résumé

Récemment, les peignes de fréquences de type Kerr basés sur des microrésonateurs ("mi-
crocomb") ont émergés comme des solutions miniaturisées pour générer des microcombs
alarge enveloppe de spectre et composantes fréquentielles dans les domaines du gigahertz
et terahertz. Jusqu'a présent, les solitons microcombs ont été réalisés dans de nombreux
matériaux, y compris le nitrure de silicium (Si3N,4), matériau couramment utilisé dans la
fabrication CMOS de circuits microélectroniques. Dans les circuits photoniques SizN, intégrés
(PIC), la réduction des pertes optiques est critique.

Ce doctorat adresse plusieurs sujets clés dans le développement de guides d’ondes a pertes
optiques ultra-basses et des microrésonateurs basés sur les circuits photonics intégrés (PIC)
en SizNy, qui sont les éléments clés de la technologie des solitons microcombs intégrés. A
travers le design et la simulation consciencieuse de PIC Si3Ny, le développement systématique
du procédé de fabrication a I’échelle du wafer, et la charactérisation étendue des appareils
finaux, une nouvelle technologie de fabrication de PIC SisN, a été réalisée, offrant de basses
pertes optiques, a dispersion variable, et avec un rendement maximal a I’échelle du wafer.
Actuellement, des facteurs Q excédant 30 x 10® (correspondant 4 une perte optique linéaire de
1 dB/m) sont couramment atteints. En utilisant cette technologie, des solitons microcombs
intégrés avec un budget énergétique sans précédent ont été obtenus, et des espacements
fréquentiels de 10 GHz seulement, ce qui permet 'intégration hybride de modules de solitons
microcombs compactes avec des lasers III-V, ou de nouvelles applications tels que la synthése
de micro-ondes a bas niveau de bruit. En outre, par intégration monolithique avec le nitrure
d’aluminium, 'actuation piézoélectrique on-chip de solitons microcombs a été démontrée, ce
qui peut faciliter la réalisation de LiDAR cohérent massivement parallele basé sur des solitons.
Au-dela du domaine des solitons microcombs, cette thése a aussi contribué a d’autres sujets
de recherches, tels que la stimulation inversée de diffusion de Brillouin dans le Si3N, et la
génération de super-continuum pour la spectroscopie dans I'infrarouge moyen a peignes
binaires. Le transfert des technologies développées durant cette these vers des fonderies
de semi-conducteurs commerciaux standards, et la fusion avec la photonique sur silicium
par intégration hétérogene, pourrait étendre la portée de la photonique intégrée actuelle de
maniere significative et semer les graines pour de nouvelles applications.

Mots-clés : nitrure de silicium, circuits photoniques intégrés, peignes de fréquences, optique
non-linéaire, solitons Kerr dissipatifs, MEMS, micro-nano-fabrication.
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ESA: electrical spectrum analyzer

EOM: electro-optic modulator

ER: etch rate

FSR: free spectral range

FMW: four-wave mixing

FDTD: finite-difference time-domain

FWHM: full-width-at-half-maximum

FMCW: frequency-modulated continuous-wave
GVD: group-velocity dispersion

HDPCVD: high-density-plasma chemical vapour deposition
HTO: high temperature oxide

HWAR: height-to-width aspect ratio

HBAR: high-overtone bulk acoustic wave resonances
HVA: high-voltage amplifier

LLE: Lugiato-Lefever Equation
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LER: line edge roughness

LPCVD: low-pressure chemical vapour deposition
LTO: low temperature oxide

NLSE: nonlinear Schrédinger equation
OSA: optical spectrum analyzer

OEO: optoelectronic oscillators

PIC: photonic integrated circuit
PECVD: plasma-enhanced chemical vapour deposition
PVD: physical vapour deposition

PML: perfectly matched layer

PC: polarization controller

PNA: phase noise analyzer

PID: proportional-integral-derivative
PDF: Pound-Drever-Hall

PSD: power spectrum density

RF: radio-frequency

RIE: reactive ion etcher

RBW: resolution bandwidth

RIN: relative intensity noise

SPM: self-phase modulation

SEM: scanning electron micrography
SNR: signal-to-noise ratio

SSB: single-sideband

SBS: stimulated Brillouin scattering
SRS: stimulated Raman scattering

TE: transverse electric

TM: transverse magnetic

TEM: transmission electron micrography
TRN: thermo-refractive noise

VNA: vector network analyser

VCO: voltage-controlled oscillator
WGM: whispering gallery mode

WDM: wavelength-division multiplexer
XPM: cross-phase modulation
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|§ Introduction

This thesis starts with an introduction to optical frequency combs. First, the principle of optical
frequency combs will be illustrated. Conventionally, optical frequency combs are generated
with mode-locked lasers. Demonstrated at the beginning of the 21st century, several milestone
applications of mode-locked-laser-based optical frequency combs will be briefly reviewed.
Shortly after John L. Hall and Theodor W. Hansch won one half of the Nobel Prize in Physics for
their fundamental contributions to optical frequency combs and spectroscopic applications, it
was discovered in 2007 that frequency combs can also be generated in optical microresonators
driven by continuous-wave (CW) lasers via Kerr nonlinear parametric processes. This type of
frequency combs is commonly referred as “microresonator-based Kerr frequency combs” or
“microcombs”. The generation scheme of microcombs will be explained, followed by a review
of several key works on theoretical description and experimental characterization of the comb
formation dynamics in nonlinear microresonators. An overview of the materials platforms
and demonstrated system-level applications using microcombs will be provided at the end of
this chapter.

1.1 Optical frequency comb

Optical frequency combs [1, 2, 3] have revolutionized timekeeping and metrology over the past
decades, and have found a wide variety of applications [4, 5]. In 2005, one half of the Nobel
Prize in Physics was awarded to John L. Hall and Theodor W. Hansch, “for their contributions
to the development of laser-based precision spectroscopy, including the optical frequency comb
technique” 6, 7]. An optical frequency comb is an ultrashort pulse laser source emitting an
optical pulse stream with a constant repetition rate frep. Figure 1.1 illustrates the representa-
tion of a frequency comb in the frequency and time domain. In the frequency domain, the
optical spectrum of an optical pulse stream has many Fourier frequency components that
are equally spaced by fiep. Each line can be considered as a CW laser. Therefore, an optical
frequency comb can be viewed as a group of CW lasers whose frequencies are equally spaced
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to each other. The optical frequency of the N-th frequency component can be express as

fN:Nxfrep‘*'fceo (1.1)

where frep is the “repetition rate” describing the mode spacing (1/ frep being the pulse interval
time), and 0 < feeo < frep is called the “carrier-envelope offset frequency” describing the
frequency offset from the zero. The integer number N is typically around 10-10° depending
on the ration of fy/ frep, thus it bridges an RF or a microwave frequency (100 MHz — 10
GHz) to an optical frequency (100 THz — 1 PHz). Equation 1.1 is important since with N
being a large value, it allows frequency conversion from the microwave domain to the optical
domain (“optical frequency synthesis” [8]), or vice versa (“optical frequency division” [9]).
In addition to the fact that all the frequency components are harmonically equidistant, the
forming of ultrashort optical pulses requires that all these components are phase coherent
and share a common phase evolution.

To fully characterize a frequency comb, two parameters in Eq. 1.1 need to be measured, i.e.

(@) Time domain (b) Frequency domain

Optical pulse ceo ' ceo re o Optical mode

N2 N-TON O N#T N$2

A
| 7
A A oL .

IR ;

v | i : ‘

-

i
\%

f f f f f (©)
N2 N N N+t N+2
Zvnrvn:f(eu
éﬁ
f(eu :
R + + + + + K >
v =nf_+f v, =2nf _ +f v
et o =2 et

Frequency componets

Figure 1.1 - Optical spectrum of an optical frequency comb and the self-referencing scheme to
fully stabilize the frequency comb. (a) Representation of a frequency comb in the time domain.
(b) Representation of a frequency comb in the frequency domain. In the frequency domain, the
frequency comb consists of many frequency lines equidistantly spaced by f;. Each frequency
line manifests itself as a c.w. laser. All the c.w. lasers add up to an ultrashort pulse stream,
with the pulse repetition rate precisely equal to the line spacing f; in the frequency domain.
In addition to f;, the entire comb spectrum has an offset frequency fy. This offset frequency
describes the time evolution of the pulse’s carrier-envelope phase. (c) Detection scheme of fj
using self-referencing. The repetition rate f; is directly measurable by photodetection of the
pulse repetition rate using a fast photodiode and analyzing the output microwave spectrum.
The detection of f; requires the implementation of self-referencing. Upon frequency doubling
a frequency line (frequency is vN = N frep + fo) to 2vN = 2N frep + 2 fo and comparing the
doubled frequency to the line of frequency van = 2N frep + fo, the beat signal detected by the
photodetector outputs a microwave signal whose carrier frequency is fp.
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Jrep and fceo. To measure frep, the simplest method is to perform a heterodyne measurement
by launching the optical pulse stream to a fast photodetector. The output voltage signal from
the photodetector presents an amplitude modulation at a frequency corresponding to the
optical frequency beatnote, which is frep — the frequency difference between two adjacent
Fourier frequency components. However, measuring f;e, is challenging. The origin of fico
comes from the fact that the optical pulse has a group velocity different from the phase velocity
within a laser cavity [10]. Therefore, revealed in the time domain, there is a pulse-to-pulse
phase slippage between the carrier phase and the pulse envelope [11]. The fi., is defined as
the time derivative of the carrier-envelope phase ¢¢eo, as

1 deeo

fceoz_

1.2
2n dt (1.2)

There have been multiple techniques proposed and implemented to measure fceo [10]. Nowa-
days, the most widely used technique is based on f-2 f self-referencing [12, 13]. Figure 1.1(c)
shows the principle of f-2 f self-referencing that requires the frequency comb to have an op-
tical bandwidth exceeding one octave. Octave-spanning bandwidth can be directly achieved
using Ti:sapphire lasers [14, 15], but requires external spectrum broadening via supercontin-
uum generation [16] for other types of lasers (e.g. Er-doped fibre lasers). One comb line (N-th)
at the lower frequency side (longer wavelength) is frequency-doubled via a second harmonic
generation (SHG). This SHG process multiplies the initial frequency (v = N frep + fceo) tO its
double (2vN = 2N frep + 2 fceo). The doubled frequency 2vy is then compared to the 2N-th
comb line at the higher frequency side whose frequency is van = 2N frep + feeo- By combining
these two frequencies and measuring the optical beat signal between these two frequencies
using a fast photodetector, the output frequency of the microwave carrier from the photodetec-
tor represents the value of fceo. Therefore, by locking the frep and fceo to microwave standards,
the entire frequency comb is fully stabilized, and the precise frequency of each comb line can
be ambiguously calculated using the known microwave frequency values of frep and fceo.

To fully stabilize the frequency comb, i.e. the two key comb parameters frep and fceo, typically
two actuators within the laser cavity are needed, which allow to control of frep and fceo. The
standard way is to use piezo-mounted cavity mirror to actuate fep (i.e. changing the physical
length of the laser cavity), and intracavity power modulation to actuate feo (i.e. via nonlinear
light-matter interaction) [11]. Ideally, the control of one parameter should be independent
to the control of the other, i.e. the actuation on fiep, is orthogonal to the actuation on fceo.
However this is usually not the case.

When using a fully stabilized frequency comb to measure an optical frequency fop, the
common strategy is to beat this optical frequency with a fully-referenced frequency comb, and
measure the beatnote frequency A fye4¢- The optical frequency can thus be calculated as

fopt =Nx frep + feeo + A foeat (1.3)

Since the frequency comb is fully stabilized (i.e. frep and fceo are known), the only unknown



Chapter 1. Introduction

parameter here to determine fop; is N. The value of N can be predetermined by directly
measuring fopt using a wavelength metre. For example, typically the frequency comb has
a frep > 200 MHz, and a good wavelength metre can offer resolution better than 100 MHz
(below frep/2). Therefore, the value of N is estimated as the integer part of fopt/ frep. With
the knowledge of frep, feeo, N and the measured A fyeq, the optical frequency fope can be
ambiguously determined [17].

Originally, frequency combs are built on mode-locked lasers. Yet, not all mode-locked lasers
are qualified as frequency combs. Specifically, only the mode-locked lasers fully stabilized
can be called as frequency combs. As shown in Eq. 1.1, the full stabilization of a mode-locked
laser requires the measurement and control of two comb parameters frep and fceo. This is the
reason why, despite that the first mode-locked laser was demonstrated back to 1960’s [18],
the use of “frequency comb” only appears after more than 40 years. Since 2000, frequency
comb technology has been rapidly developed and leads to a vast of applications [11], such as
optical clocks, spectroscopy, exoplanet searches, low-noise microwave synthesis, and distance
measurements. Some representative applications will be illustrated with more details later.

So far, frequency combs have been demonstrated using various kinds of mode-locked lasers
which output an average pulse power more than 100 mW, even up to a Watt. These mode-
locked lasers can be solid-state lasers (e.g. Ti:sapphire [13], the first studied laser for frequency
combs), fibre lasers (e.g. Er- or Yi-doped [19, 20], these are currently the most widely employed
lasers for frequency combs), quantum cascade lasers (key for mid-infrared gas sensing and
spectroscopy [21]), and others. The center wavelengths of the generated frequency combs
range from ultraviolet (via high-harmonic generation of the pump [22], key for ultrafast
physics), visible (around 800 nm, key for atomic clocks), near-infrared (around 1.0 yum and
1.55 pm, key for microwave synthesis and metrology), to mid-infrared (above 2 ym, key for
spectroscopy). The typical repetition rates vary from slightly below 100 MHz, to more than
10 GHz. Smaller comb repetition rates (few hundreds of megahertz or even below 100 MHz)
are intrinsically beneficial for spectroscopy in order to resolve fine structures of atomic or
molecular transitions. Larger repetition rates (above 1 GHz to tens of gigahertz) are key for
microwave synthesis and astrophysical spectrometer calibration. Intuitively, it is believed that
higher repetition rates indicate fewer lines to cover an octave bandwidth, or higher average
power per comb line with a constant pulse power. However, the pulse energy is inversely
proportional to the repetition rate, thus nonlinear spectral broadening to achieve an octave
bandwidth is less efficient for higher repetition rate in the gigahertz domain.

1.2 Application of Frequency Combs

Optical clocks [23, 24, 25]: Time has always had a special position in physics because of its
fundamental role in specifying the regularities of nature. It has an extraordinary precision
with which it can be measured [25] so far. Atoms and ions are ideal to build clock references.
The electromagnetic field bonding the electrons and the atomic nucleus forces the electrons
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to circulate around the static nucleus, and is orders of magnitude larger than the possible
environmental perturbation. Therefore, atomic transitions between different stable states in
isolated systems are sufficiently stable to be a clock reference. In fact, the “second”, the unit
of time, has been defined since 1967 as the duration that a Cs atom oscillates 9,192,631,770
times between its two hyperfine ground states. Using an inherent atomic transition to define
time enables the accuracy of event counting as well as the long-term stability of the clock.
Today, the Cs atomic transition in the microwave domain serves as the most accurate time
standard with a fractional frequency uncertainty at the level of 1071°. It is expected that the
fractional frequency uncertainty and instability can be significantly lower when using atomic
transition at optical frequency (e.g. a ground state to an excited state). Though direct counting
optical cycles in the optical frequency (~500 THz) is impossible, this can be realized by using
an optical frequency comb which divides the optical frequency into countable microwave
frequencies. Thus here the frequency comb serves as an optical-to-microwave link.

In the work reported by S. A. Diddams et al. [23], an optical clock has been demonstrated
using a '99Hg" cold ion, a stable CW laser locked to the '%Hg" atomic transition, and a self-
referenced Ti:sapphire frequency comb. The CW laser of 563 nm wavelength was locked to a
narrow (2 Hz linewidth), two-photon, electric-quadrupole transition at 283 nm (fop¢ = 1.064
PHz) of a laser-cooled and trapped **Hg" ion. This stabilized CW laser served as the reference
optical-frequency oscillator and had a short-term (1 to 10 s) fractional frequency instability
below 5 x 10716, Meanwhile, the Ti:sapphire frequency comb of Jrep ~ 1 GHz repetition rate
was self-referenced. Both the fiep and feeo were detected, and feeo, was locked to frep via a
phase-lock loop such that fceo = Bfrep (6 <1). The m-th comb line close to the reference CW
optical frequency was locked to this CW oscillator, and their beat frequency f;, was detected
and locked to frep via another phase-lock loop such that fj, = a frep (@ < 1). The photodetected
comb repetition rate can thus be calculated as frep = fopt/ (m + a £ (). Therefore, the comb
repetition rate frep was ambiguously referenced to the optical transition of the 19Hg* jon at
283 nm, such that this optical frequency was coherently divided down to the 1 GHz microwave
frequency as the electronic output from the photodetector. The microwave frequency thus
inherits the fractional frequency uncertainty from the optical oscillator, which was measured
as 7x 1071% in 1 second of averaging, about an order of magnitude better than the value
reported in the Cs microwave standard.

Later, in the work reported by T. Rosenband et al. [25], two optical clocks based on '%Hg*
and ?’Al* respectively were compared and their relative frequency ratio was measured. Two
sub-hertz-linewidth lasers were stabilized respectively to the trapped 1% Hg" and 2’Al* ions
via their four-order harmonics. The respective systematic fractional frequency uncertainty
was 1.9 x 10717 for the 99Hg" clock, and 2.3 x 10717 for the 2’Al* clock, after great effort spent
on reducing the atomic transition frequency uncertainty induced by micromotion and secular
motion of the trapped ions in Paul trap (time dilation), Doppler effect, and quadratic Zeeman
effect etc. The two clock laser frequencies were then compared to a common, octave-spanning,
self-referenced Ti:Sapphire femtosecond comb. The comparison was implemented by phase-
locking the comb to one clock laser, and measuring the heterodyne beatnote signal of the other
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clock laser with the nearest comb tooth. The frequency ratio of the two optical clocks was
measured as vp)/vhg = 1.052871833148990438(55), corresponds to a fractional uncertainty of
5.2x 10717,

In parallel, in the work reported by A. D. Ludlow et al. [24], a Sr lattice clock at JILA was
remotely compared to a Ca optical clock at NIST Boulder lab via a 4-km phase-noise-cancelled
optical fibre link. A self-referenced, octave-spanning optical frequency comb at JILA was
phase-locked to the Sr lattice clock laser operating at 698 nm. A CW Nd:YAG laser at 1064 nm
was phase-locked to the same frequency comb, transferred to NIST, and frequency-counted
against another self-referenced, octave-spanning frequency comb at NIST which was phase-
stabilized to the Ca optical clock operating at 657 nm. The Sr lattice clock, built on neutral
atoms instead of a single trapped ion, presented a systematic fractional frequency uncertainty

0—16

evaluation of 1 x 1 , surpassing the best evaluations of Cs fountain primary standards

To evaluate the possible limit of fractional frequency uncertainty of optical clock standards,
the comparison of two optical frequency combs and measurement of their mutual errors or
systematic offsets in the optical frequency combs allow to calculate of the technical limitation
for the clock frequency stability. In the work reported by L.-S. Ma et al. [26], a rigorous
comparison of four frequency comb synthesizers was performed in order to reveal and evaluate
the potential limitations of frequency instability in femtosecond mode-locked-laser-based
frequency comb synthesizers. The authors demonstrated that optical frequency synthesizers
based on femtosecond mode-locked laser combs can operate with a fractional frequency
uncertainty of 10~!%, which essentially have no fundamental limitations imposed by physics.
The key technical limitations identified in their work were the noises induced by the thermal
and mechanical fluctuations of their experimental setups, and total integration time.

Low-noise microwave synthesis [9, 27]: Frequency combs can serve as frequency down-
converters of an optical frequency to a microwave frequency. This “frequency division”
technique using optical frequency combs is the basis for photonic generation of low-noise
microwave signals. In this case, a self-reference frequency comb with its carrier-envelope
frequency fceo detected and locked to a microwave reference. Meanwhile, one comb line f;, is
phase-locked to an optical frequency reference, which is a c.w. laser frequency-stabilized to an
ultra-stable, high-finesse optical cavity [28]. Note that this scheme is similar to the previously
described optical clocks where a c.w. laser is phase-locked to an atomic optical transition.
Via locking fceo and f},, the comb repetition rate can thus be derived as frep = (fi — feeo) /1.
The optical reference c.w. laser can achieve a fractional frequency instability at the order of
10716 for averaging times of 1-10 s. As the microwave signal is derived from the division of the
optical frequency, this level of fractional frequency instability is preserved. Thus the absolute
phase fluctuation is reduced by a scaling factor determined by the optical and microwave
frequency (e.g. the division factor n = 500 THz / 10 GHz = 5 x 10%). The phase-noise power
spectral density (PSD) is intrinsically reduced by n?. Photodetection of the comb repetition
rate generates microwave carriers whose frequencies are the comb repetition rate and its
harmonics. Using this method, in the work reported by T. M. Fortier et al. [9], a 10 GHz
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microwave signal with fractional frequency instability below 8 x 1076 at 1 s was demonstrated.
A self-referenced Ti:sapphire femtosecond laser with 1 GHz repetition rate was used, and
the 10 GHz microwave is the 10-th harmonic of the photodetected 1 GHz microwave carrier.
Since the expected phase noise level is comparable or even lower than the best microwave
oscillators operated at cryogenic temperatures, they built two independent systems, mixed
the 10 GHz microwave carriers from each system, and characterized the phase noise of the
mixer output.

Recently, in the work reported by X. Xie et al. [27], a microwave signal with improved stability
was demonstrated via high-fidelity transfer of the frequency stability and the use of cutting-
edge photodetection techniques. An ultrastable c.w. laser at 1542 nm was used to stabilize a
self-referenced fibre-based frequency comb. A specially designed high-linearity photodiode
with flicker phase noise below —140f~! dBc / Hz (with f being the Fourier offset frequency)
was used to detect the pulse repetition rate and to generate the microwave carrier. To increase
the signal-to-noise ratio, four fibre-based optical-pulse repetition-rate multipliers were used
to redistribute the photocurrent to the harmonic of interest at 12 GHz carrier frequency
(comb repetition rate was 250 MHz), and to output a microwave power above 2.5 mW for a
d.c. photocurrent of 8 mA. The generated microwave signal featured a fractional frequency
uncertainty below 6.5 x 10716 at 1 s and a timing noise floor below 41 zs Hz~!/2 (phase noise
below -173 dBc / Hz for a 12 GHz carrier), the purest microwave signal reported up to date.

Frequency comb spectroscopy [29, 30, 31]: The frequency comb can be used as a broadband
light source to directly probe or interrogate a sample exhibiting photon absorption. The
photon absorption or nonlinear response of the sample under investigation, due to rotational
or rovibrational transitions in atoms and molecules, can be directly characterized with a
frequency comb spectrometer. Nowadays, frequency comb spectrometers cover operation
spectral range from near-infrared to mid-infrared, using mode-locked lasers or quantum
cascade lasers [32] depending on the wavelength. Extending the spectrum down to ultraviolet
is currently ongoing, which is realized on nonlinear spectral broadening based on supercon-
tinuum generation or high harmonic generation [22] seeded at near-infrared wavelength. To
implement frequency comb spectroscopy, the linear spectroscopy is performed with a single
comb line resonant with a transition and all the other lines detuned from resonances. However
this scheme suffers from several effects limiting the spectrometer resolution, e.g. the Doppler
effect. The Doppler effect can be removed by using the two-photon excitation spectroscopy,
which has better spectral resolution and higher spectra efficiency as many pairs of comb lines
of the same sum frequency all contribute to the excitation.

Dual-comb spectroscopy [33, 34]: Dual-comb spectroscopy utilizes a pair of frequency combs,
and enables mapping of the optical spectra to the radio-frequency domain. This approach
enables fast detection, scanning without moving parts, and high spectral resolution. It has
today seen significant advances [35], and has also been successfully applied to an increasing
portion of the mid-infrared spectroscopy. For a dual-comb spectrometer, the mutual coher-
ence between the two frequency combs critically determines the resolution. Key techniques to
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improve the coherence include sophisticated servo controls, detection and active correction
of the relative timing or phase fluctuations, or generating two combs in the same laser cavity
such that the two combs experience the same system drift.
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1.3 Miniaturized frequency combs using optical microresonators

In addition to mode-locked lasers, in the last decade optical frequency comb generation in Kerr
nonlinear microresonators driven by c.w. lasers [36, 37] has emerged as a promising approach
to access comb repetition rates exceeding 10 GHz. As mentioned, currently achieving higher
than 10 GHz repetition rate with bulk lasers is only possible in Ti:sapphire lasers [38], in which a
small laser cavity is built and employed. Alternatively, semiconductor mode-locked lasers can
have repetition rates from 10 GHz to 100 GHz. The microresonator-based optical frequency
comb, where a low-loss, nonlinear, whispering-gallery-mode microresonator [39, 40] is used,
is intrinsically beneficial to access the comb repetition rates in the gigahertz to the terahertz
domain that are the key frequency ranges for microwave synthesis. This type of frequency
comb is nowadays widely referred as "microcomb".

The generation scheme of frequency combs in optical microresonators is entirely different
from the scheme using mode-locked lasers that rely on the intracavity saturation absorber
offering Kerr-lens mode-locking. In an optical microresonator, it is the Kerr nonlinearity
that triggers the parametric oscillation for frequency sideband generation [41] from a single-
frequency c.w. pump laser. The whispering-gallery-mode (WGM) microresonator confines the
light by total internal reflection (TIF) at the interface, thus allows intracavity power build-up.
The power enhancement factor, described by the quality factor Q or finesse %, depends on
the optical loss of the microresonator, i.e. linewidth x of the optical resonance. With the
resonance frequency w and free spectral range (FSR, D;/27) of the microresonator, the quality
factor is defined as Q = w/x, and the finesse is defined as &% = D;/x. An intracavity power
enhancement factor exceeding 10° can be achieved in ultrahigh-Q microresonators (Q > 10%)
made of materials exhibiting Kerr nonlinearity, triggering nonlinear parametric process in the
microresonator with only sub-milliwatt power coupled from the feed bus waveguide. Figure
1.2(a) illustrate the frequency conversion process induced by the Kerr nonlinearity. When the
pump laser’s frequency is tuned into a resonance of frequency vy, the pump light is coupled
into the microresonator. Initially, the degenerate four-wave mixing (FWM) process annihilates
two photons at the pump mode and creates a new pair of photons (signal and idler), whose
frequencies are v and v; respectively. The energy conservation must be satisfied here, thus
2vp = vs +vj. Within the microresonator, the generated signal and idler photons coincide with
other resonances, and their frequencies are spaced to the pump mode with equal frequency
difference (but opposite sign). The momentum conservation, also called “phase matching
condition", requires 2hvpny/c = hvsns/ c + hvini/ c — 2vpnyp = vsns + vini, where np, ns and
n; are the effective refractive indices of the pump, signal and idler photons. The difference
in these refractive indices accounts the microresonator chromatic dispersion. However, in
reality, not only the dispersion but also the nonlinear phase shift should be considered in the
phase matching conditions. The nonlinear phase shift comes from the self-phase modulation
(SPM) and cross-phase modulation (XPM). When including the nonlinear phase shift, it is
found that the phase matching conditions can be satisfied only in microresonator featuring
anomalous group-velocity dispersion [42].
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If the nonlinear gains for the signal and idlers exceed their respective losses, parametric
amplification takes over and generates more sidebands. The threshold input power to the
microresonator for parametric amplification scales with 1/Q?, thus it can be extremely low
for ultrahigh-Q microresonators [41]. Further increasing the input power in the pump mode
increases the power of the sidebands and broadens the spectral bandwidth spanned over all
frequency lines. The degenerate FWM can induce sidebands in any combination of resonances
as long as they are equally spaced with respect to the pump, but all the generated sidebands
from the pump are not necessarily equidistant due to the microresonator dispersion. In
addition, the non-degenerate FWM can dominate the degenerate FMW and take the leading
role for cascaded sideband generation and spectral broadening. The non-degenerate FWM
involves four modes with different frequencies, and can happen for any four modes as long as
the phase matching condition is fulfilled. Therefore, the FWM processes, degenerate and non-
degenerate, can result in a vast array of new sidebands, but also makes precise description and
prediction of the entire comb formation dynamics complicated [43]. As each non-degenerate
FWM process takes place individually, these new sidebands do not necessarily exhibit precisely
equidistant frequency spacing and constant phase difference. In this sense, the intracavity
waveform is not necessarily a pulse stream. The formation of “dissipative Kerr solitons” [44, 45],
which are ultrashort pulses circulating inside the microresonator, will be discussed later.

The cascaded FWM process finally stops when the comb spectrum bandwidth exceeds a
certain value, determined by the microresonator anomalous GVD. Though the frequency
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Figure 1.2 — Generation scheme of frequency combs in high-Q microresonators via Kerr nonlin-
earity. (a) The microresonator is driven by a c.w. pump laser. Degenerate and non-degenerate
FMW processes generate frequency sidebands. The final output spectrum constitutes equidis-
tant grid of frequency lines, i.e. a frequency comb. (b) Comparison of the equidistant frequency
lines with non-equidistant microresonator resonances (due to anomalous GVD). The spec-
trum bandwidth of the frequency comb is finally limited by the walk-off between the frequency
sideband and the resonance, determined by the microresonator GVD.
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1.3. Miniaturized frequency combs using optical microresonators

comb lines are equidistant, the microresonator GVD causes the variation of FSR with respect
to the resonance frequency / wavelength. Therefore, as shown in Fig.1.2(b), at the wings of the
frequency combs, the frequency line and the resonance are not commensurate. This walk-off
reduces the FWM efficiency and finally limits the comb bandwidth. In reality, more precise
description and prediction of the comb bandwidth require also to include the nonlinear phase
shift. However, this does not change the fact that the final comb’s spectral bandwidth is limited
by the microresonator GVD.

The parametric oscillation induced by Kerr nonlinearity in microresonators was first reported
in 2004 by T. J. Kippenberg et al. [41]. Signal and idler photons are generated symmetrically
spaced to the pump, when the Kerr parametric gain exceeds the intrinsic photon loss rate in
the cavity. Therefore, low-loss (i.e. high Q factor) microresonators can exhibit high parametric
gain or ultralow parametric threshold power, in comparison to the case using fibre loop
cavities. In the initial work, an ultrahigh-Q silica microtoroid [46] of an intrinsic Q factor
of 50 million was used. The microtoroid was coupled with a taper fibre [47] which was
designed to have high coupling ideality [48] (i.e. elimination of any coupling-induced parasitic
loss). When the light is coupled into the microtoroid, by controlling the laser detuning to the
resonance, the light can experience higher Kerr parametric gain than the Raman scattering
gain. It was also found and studied in that work, that the geometry of the microtoroid affects
whether Kerr parametric oscillation dominates Raman scattering, or verse versa. Though
the microresonator dispersion was not shown in that work, it is nowadays known that the
Kerr parametric oscillation requires anomalous GVD, which is affected by the microresonator
geometry and optical confinement. In addition, a key information in that work is the analysis
of the coupling point of minimum parametric threshold power as a function of the detuning
frequency and taper-microtoroid coupling strength. It is found that the minimum threshold
power occurs with the laser detuning 6w = 3k and k¢ = 0.5x¢ (kg in the intrinsic loss of
the microresonator and k¢ is the taper-microtoroid coupling strength). In short words,
the minimum threshold power is found with small laser detuning in the under-coupling
regime (Indeed, in Chapter 4 of this thesis, most of the soliton spectra with lowest input power
have been achieved in the under-coupling regime). T. J. Kippenberg et al. experimentally
demonstrated 339 uW threshold optical power for parametric oscillator, and 170 uW power in
another microtoroid with optimized geometry or Q factor. This value represents a factor of
200 lower than the value found in photonic crystal fibres. This work lays the foundation of
later Kerr microcombs. However, interestingly it did not mention frequency combs, and the
main motivation was put on ultralow-threshold-power parametric oscillators.

A few years later, in 2007, the first microcomb was reported by P. Del'Haye et al. [36]. The
threshold power of parametric oscillation was observed with an input c.w. optical power
as low as 50 uW, in a silica microtoroid of Q > 108 and 75 pm diameter (~ 900 GHz FSR).
The microcomb spectrum spans more than 300 nm and has a power conversion efficiency
exceeding 20%. To verify that the microcomb indeed contains equidistant frequency lines,
the microcomb is compared with a reference comb that is based on a fibre laser and has a
repetition rate of 100 MHz. The beatnote signal between the microcomb and the reference
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comb was photodetected and analyzed in the RF domain. The observed microwave beatnote
signal contains also equidistant frequency tones within 5 kHz uncertainty, showing that the
microcomb lines are indeed equidistant. Further, three comb lines, fy, f1 and f,, were selected,
and their frequency differences were measured. If the microcomb is equidistant, the ratio of
frequency difference should correspond to a ration of two integers, i.e. (f1—fo)/(f2—fo) = M/N,
with M and N being the known relative mode indices relative to the mode of frequency fy. The
fitted standard deviation value of the mean frequency is of several millihertz level, confirming
that the microcomb spectrum is indeed equidistant. This value represents a uniformity of the
comb spacing to a level of 7.3 x 10718,

1.4 Dissipative Kerr solitons

After the first demonstration of microcomb in 2007, many groups have joined this emerging
research fields. Since then, efforts have been made on mainly three directions:

¢ Understanding the comb formation dynamics, and pursuing the approaches to realize
phase-coherent microcombs (i.e. formation of coherent ultrashort pulses).

¢ Exploring new material platforms to build low-loss nonlinear microresonators. Particu-
larly, integrated platforms such as silicon, silicon nitride, aluminium nitride, lithium
niobate and aluminium gallium arsenide, have been used for microcomb generation,
targeting to realize chip-based microcomb devices fabricated using CMOS technology.

* Using microcombs for applications in which microcombs have advantages over mode-
locked-laser-based frequency combs.

In the following, an introduction to each direction will be given. I will first briefly review
several key works in understanding the comb formation dynamics, particularly the soliton
formation and tuning. The most significant achievement of microcombs in the past decade
is the demonstration of the “dissipative Kerr soliton” (DKS) formation in optical microres-
onators, reported by T. Herr et al. [44]. These solitons are circulating pulses in the optical
microresonators, and are fully coherent. An anomalous GVD is the prerequisite for soliton
formation. The integrated microresonator dispersion Djy, including GVD and higher-order
dispersion terms, can be expressed as:

Dint(p) = wy —wo— D1

) 3 (1.4)
= Dg,u /2+D3H /16+...

where w, /27 is the frequency of the p-th resonance relative to the pump resonance wg /27,
D, /27 corresponds to the FSR, D, /2r is the GVD and D3/2x is the third-order dispersion.
Note that D, is related to the GVD parameter 3, as

Dy=—c-By-D?-ny! (1.5)
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with ng being the effective refractive index of the optical mode and c being the speed of light in
vacuum. A positive D, means anomalous GVD. In addition, in microresonators made from the
same material, having the same cross-section but different radii (i.e. FSR), it is important to
notice that the D, and D; are related as Dy & D%. The integrated dispersion Djy; describes the
frequency deviation of the resonance grid from an equidistant frequency grid. Its dependence
on the frequency or wavelength provides information on the phase matching condition, thus
determines the final comb spectral bandwidth.

When the laser is tuned into the resonance from the blue-detuned side to the red-detuned
side, the first pair of sidebands emerge around the mode indices +i relative to the pump (the
pump mode index is 0), i.e.

i= | X (1.6)
D,

where /27 = (k¢ + Kex) /27 is the loaded resonance linewidth (with /27 being the intrinsic
loss and k¢ /27 being the external coupling rate from the bus waveguide). The first pair of
sidebands appear around the mode indices +i where the dispersion Dy, nonlinear phase shifts
(via SPM and XPM) and pump laser detuning balance each other, such that the parametric
gain is maximum [49]. If the closest non-zero integer value to i is 1, the first pair of sidebands
emerge in the resonances directly next to the pump mode. Therefore, the subsequent cascade
FWM processes preserve a single-frequency spacing, and generate fully coherent frequency
lines. This type of comb formation process is called as “natively spaced comb” (NMS) [43].
Since Dy D%, this natively spaced comb is the typical formation process in large-FSR (i.e.
large D, which leads to large D,), high-Q (i.e. small ) devices. For example, the first comb
generation in ref. [36] in 2007 belongs to this case. Later in this thesis, the combs generated in
1-THz-FSR SisN4 microresonators also belong to this case.

Commonly, in microresonators with relatively lower Q (such as integrated platforms) or weak
anomalous GVD (such as low-FSR microresonators), one has v/x/D; > 1, and the first pair
of sidebands appear in the resonance modes of multiple FSR from the pump mode. In this
scenario, the comb formation process represents “multiple mode-spaced” (MMS) [43]. The
first pair of comb lines are generated symmetrically to the pump mode of frequency wy (mode
index i = 0) by the degenerate FWM process. These two comb lines are generated in the
modes of +i = +1/x/D, > 1, and the frequency differences are approximately +A = +i- D1 /27.
Cascaded FWM to higher-order sidebands preserves this initial frequency spacing A as a
result of energy conservation. The sidebands generated in this scheme are called “primary
comb lines” [43]. Further increase the pump power leads to the “secondary comb lines”
generated around the primary comb lines via degenerate or non-degenerate FWM processes,
and eventually these secondary lines centred around two adjacent primary lines can merge
and form a gap-free continuous spectrum. Generally, the entire comb spectrum does not
consist of equidistant lines featuring a single frequency spacing. The complex comb formation
process has been studied in detail in ref. [43].
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The microcombs formed with NMS and MMS types of processes exhibit strikingly different
time-domain behaviours, observed and verified in the previous report on line-by-line pulse
shaping of microcomb [50]. For microcombs formed in the NMS process, the output micro-
comb waveform can be shaped to nearly bandwidth-limited pulses, which indicates that this
type of microcombs exhibits high coherence properties over the entire the spectral range.
Microcombs formed in the MMS process have only partial coherence revealed from their
time-domain waveform characterization.

Despite the complex comb formation process, theory [51] has predicted the generation of
“temporal dissipative cavity solitons" [52, 53] in the Kerr-nonlinear, anomalous-GVD microres-
onators driven by a c.w. laser. This soliton is a travelling pulse with a c.w. background
circulating inside the microresonator, and emits a pulse stream via the external coupling
to the coupled waveguide. To theoretically describe this damped nonlinear driven system,
the “Lugiato-Lefever equation” (LLE) [51] is widely used, which is a nonlinear Schrodinger
equation considering the interplay between Kerr nonlinearity, anomalous GVD, the intrinsic
optical loss of the microresonator, and the parametric gain from the c.w. pump. The existence
of the soliton solution requires the double balances between: 1. the Kerr nonlinearity and
anomalous GVD; 2. the intrinsic microresonator loss and the parametric gain from the external
c.w. pump. More details of LLE will be given in the later section.

The dissipative cavity soliton, also called “dissipative Kerr soliton" (DKS) as the Kerr nonlin-
earity plays the key role, was first demonstrated in fibre cavities in 2010 by E Leo et al. [52]. In
2014, the demonstration of DKS formation in MgF, microresonators was reported by T. Herr
et al. [44]. As mentioned already, the common microcomb formation via the FWM processes
does not yield single line spacing and defined phase relation for each comb line. Therefore,
the intracavity waveform is chaotic and does not form an ultrashort pulse stream in the time
domain with a well-defined waveform envelope. To form an ultrashort pulse stream, it is
required that the comb formation process, not only has a single frequency spacing, but also a
defined phase relation such that all the comb lines coherently add up to a pulse waveform.
In Herr’s work, it has been shown that the coherent soliton state can be accessed by tuning
the pump laser from the effectively blue-detuned side of the resonance to the red-detuned
side, and the soliton is formed spontaneously in the effectively red-detuned regime. During
the tuning, the slow thermal-optic effect and the fast Kerr nonlinearity of the microresonator
shift the cavity resonance and lock the pump laser to the resonance. In this case, since the
nonlinear microresonator is driven strongly by the c.w. pump, the high intracavity power shifts
the resonances towards the lower frequency side. This resonance shift results from two effects:
the nonlinear phase shift due to the Kerr nonlinearity, and the microresonator thermal-optic
effect that increases the refractive index and the mode volume. These two effects occur with
different time constants: the Kerr effect is instantaneous, while the thermal-optic effect has
a time constant of tens of microseconds [54] which corresponds to few kilohertz frequency
bandwidth. In sum, these two effects shift the resonance and result in two stable solutions:
one solution with higher intracavity power at the effectively blue-detuned side of the “hot”
resonance, and the other solution with lower intracavity power at the effectively red-detuned
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side of the “cold” resonance. For a given detuning value, in the effective red-detuned side of
the “cold” resonance, the entire system is bistable, i.e. both solutions can coexist.

When the c.w. pump (laser linewidth much smaller than the resonance linewidth) scans with
decreasing optical frequency from the blue-detuned side of the resonance to the red-detuned
side, step-like features are observed in the microresonator transmission spectrum, in addition
to the expected thermal triangle shape [55]. A low-noise, narrow RF beatnote is observed at
the end of the laser scan, coinciding with the step features in the microresonator transmission
spectrum. This narrow RF beatnote signifies the formation of soliton pulses periodically
emitted from the microresonator under c.w. driving. The formation of soliton pulses requires
particular detuning values, typically around few tens of the resonance linewidth, in the red-
detuned side.

A transmission spectrum can exhibit multiple steps, indicating different soliton states. Experi-
mentally, by scanning the laser frequency quickly through the resonance, it is not deterministic
which soliton state will be excited. These soliton states, though having different spectral en-
velopes corresponding to different numbers of solitons circulating inside the microresonator,
do have the same narrow beatnote frequency which corresponds to the soliton repetition rate,
demonstrating that these spectra are indeed coherent soliton spectra. The most important
case is that the soliton spectrum fit is a perfect sech® function. This is the single soliton state.
In this case, there is only one soliton circulating in the microresonator. Other soliton spectra
are multi-solitons where the interference pattern of the spectral envelope is determined by
the relative positions of each soliton in the microresonator. A specific case is that there are N
solitons equidistantly spaced in the microresonator, and the soliton spectrum has a comb line
spacing increased by a factor of N compared to the case of single soliton, which is equivalent
the single soliton spectrum in a microresonator of N-times FSR. This case is referred to as
“soliton crystal” [56, 57].

Since only the single soliton spectrum exhibits a smooth sech? envelope, it is often desired in
applications. However, tuning the laser into the solitons state is stochastic, thus which soliton
state is accessed in the end is not pre-determined. Particularly, experimental observation and
simulations show that, the soliton step length decreases with decreasing soliton number N,
and N increases with increasing pump power. The transmission trace typically consists of
one soliton step corresponding to a high- N multi-soliton state. In sum, these observations
indicate that the single soliton state is not readily accessible. Therefore, a scheme allowing to
tune the multi-soliton states to the single soliton state deterministically is needed.

The first work aiming to achieve deterministic single soliton generation was reported in ref.[58].
H. Guo et al. have reported a soliton switching scheme via “backward tuning”, which provides
a way to reliably access the single-soliton state starting from an arbitrary multi-soliton state.
This is in contrast to the previously described method used in ref. [44], where the single
soliton is accessed by tuning the c.w. pump laser from the effectively blue-detuned side to
the red-detuned side over the resonance via “forward tuning”. Once a multi-soliton state is
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reached via the forward tuning, the pump frequency is increased slowly (i.e. reducing the
pump detuning to the resonance). The backward tuning needs to be adiabatic (i.e. tuning
speed slower than the thermal relaxation speed), such that the intracavity thermal equilibrium
is maintained during the tuning. This backward tuning allows the number of solitons in the
microresonator to be reduced progressively, and thereby to reliably reach the single soliton
state.

In the soliton state, the transfer function of the system presents a unique feature that can
be experimentally characterized. Once the soliton state is accessed, thermal effect locks the
laser frequency at the red-detuned side of the resonance. The detuning value J, is typically
around tens of the resonance linewidth «, i.e. §, ~ 20x. In this soliton regime, as shown in Fig.
1.3(a), one can use an electro-optic modulator (EOM) and a vector network analyzer (VNA) to
study the frequency response of the system, and unambiguously measure the soliton detuning
value, as illustrated in ref. [58]. The pump laser is modulated by the EOM and VNA, such that
the sidebands are also coupled into the microresonator, and the photodetected signal after
the microresonator is sent back to the VNA. The principle is based on measuring the transfer
function of a weakly phase-modulated pump to amplitude modulation on the comb power, as
shown in Fig.1.3(b). The phase modulation of the pump generates a pair of sidebands of =
phase difference. When sweeping the VNA frequency on the EOM, these sidebands move. If
one sideband is coupled into the resonator, it is effectively attenuated or rotated, creating an
amplitude modulation between the pump and the unbalanced sidebands. In sum, the entire
system response presents two resonances on the VNA: the C-resonance corresponds to the
resonance and the S-resonance corresponds to the soliton state in the red-detuned side of the
resonance. Physically, the double-resonance feature originates from the fundamental cavity
bistability in the presence of the Kerr nonlinearity. The Kerr nonlinearity is responsible for the
soliton-induced nonlinear phase shift which produces the S-resonance in the system transfer
function. Therefore, the double-resonance feature is a unique signature of the soliton state. In
addition, the frequency difference between the S- and C-resonance, measured by the VNA,
represents the effective soliton detuning.
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Figure 1.3 — General microcomb formation process. (a) Experimental setup to control the
soliton states and characterize the system response. (b) Microresonator frequency response
when operated in the soliton regime, which shows the S-resonance and the C-resonance.
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1.4.1 Soliton tuning methods

The previously described soliton tuning method using forward and backward tuning repre-
sents the simplest case. The prerequisite for this method to work is that the soliton step is
sufficiently long such that a (multi-)soliton state can be accessed via the forward tuning, which,
however is not always the case. Particularly for integrated material platforms such as SizNy, the
strong thermal effect due to the inherent thermal absorption and the small mode volume of
the microresonator cause short soliton step which can be directly land on. Therefore, forward
tuning is likely incapable to access any kind of soliton states. To overcome the strong thermal
effect, multiple complex soliton tuning techniques have been demonstrated, listed below:

* Using a single-sideband modulator [59]: The c.w. pump laser is sent through a single-
sideband suppressed-carrier (SSB-SC) frequency shifter composed of a dual-parallel
lithium niobate waveguide Mach-Zehnder intensity modulator driven by a wideband
voltage-controlled oscillator (VCO). This allows rapid frequency scan of the sideband
across the resonance and the access to the soliton state, with a scanning rate of 100 GHz /
us for 4 GHz frequency excursion. Such frequency scan is so fast that the transition from
chaotic combs state to the soliton state, though has drastic intracavity power reduction,
does not cause significant temperature change, as the frequency scan time less than
100 ns [60] is much smaller than the characteristic thermal relaxation time ~ 30us [54].
Further optimizing the frequency scan rate and excursion to better balance the thermal
resonance drift enables (single) soliton generation.

* Using a slowly intensity-modulated pump laser [61]: A slow modulation of less than 1
GHz rate is applied on the c.w. pump such that a pair of sidebands are generated with
an offset optical frequency. In the case without these sidebands, when the pump laser
is tuned across the resonance, the transition from chaotic combs state to the soliton
state leads to an intracavity power reduction, which results in a thermal shift of the
resonance. In the presence of sideband, if the modulation rate is chosen properly based
on the loaded resonance linewidth, one sideband is tuned into the same resonance
simultaneously to the pump tuning across the resonance. Therefore, the intracavity
power drop due to the pump laser during the transition from chaotic combs state to
the soliton state can be effectively compensated by the sideband tunned into the same
resonance. An optimized combination of the modulation rate and depth could enable
arbitrarily slow pump tuning to access the soliton state, with significantly extended
soliton step length.

* Using two pump lasers [62, 63]: Two lasers coupled to two different resonances are
used, the pump laser and the auxiliary laser. First, the auxiliary laser is tuned into a
resonance and stopped with small frequency detuning at the effectively blue-detuned
side of the resonance. Then the pump laser is tuned into the resonance (can be the
same resonance or a different one) from the blue-detuned side. Due to the coupling
of the pump laser into the microresonator and the heating, the resonances are pushed
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to longer wavelengths, which increase the frequency detuning of auxiliary laser and
reduces its intracavity power contribution. In return, the microresonator is cooled,
and the resonance thermal shift is reduced. The counteraction between the pump and
auxiliary lasers, with optimized power and detuning respectively, allows an equilibrium
of the microresonator temperature which is insensitive to the pump laser frequency
scan. As such, the soliton step length can be significantly extended. This scheme using
two lasers is similar to the previous scheme using a slowly intensity-modulated pump
laser.

“Power kicking” [64]: This scheme uses only one laser which is power-modulated using
an acousto-optic modulator (AOM) in the pump path. The laser frequency scan and
AOM are timed, such that the AOM lowers the pump power before the laser tunes into
the resonance and the AOM increases the pump power when the pump laser is accessing
the soliton regime. The increase of the pump power counteracts the intracavity power
reduction during the transition from the chaotic comb state to the soliton state. By
optimizing the scan speed, power modulation level, and the timing sequence, the soliton
state can be reliably accessed.

Employing photorefractive effect [65]: This method only applies for materials having
photorefractivity, such as lithium niobate (LiNbO3) and lithium tantalate (LiTaO3) etc.
The photorefractivity comes from the impurity in the material which causes light ab-
sorption and generates electron-hole pairs. The electron diffusion leads to local charge
field, and changes the refractive index via electro-optic effect. This effect of refractive
index change caused by the light absorption is called “photorefraction”. Photorefraction
results in a decrease of the refractive index at the order of 10~4. In the WGM microres-
onator, this leads to the resonance grid shift towards higher optical frequency (shorter
wavelength) [66]. The photorefractivity poses the maximum operation power or the
lifetime of the device (e.g. LiNbO3 modulator).

In the work reported by Y. He et al., a self-starting soliton formation was observed in
integrated LiNbO3 microresonator of 200 GHz FSR and loaded Q of 2 x 10°. Note that the
resonance shift caused by thermal effect (towards longer wavelength) is opposite to the
shift caused by the LiNbO3 photorefraction (towards shorter wavelength). Therefore, by
optimizing the laser frequency scan and pump power, soliton formation is self-starting.
Interestingly, the presence of photorefraction also allows soliton state switching to
higher-number multi-soliton state, which has not been observed in other platforms
such as fluoride crystals, SiO», Si3sN4 and AIN.

The photorefractivity is also related to the stoichiometry of the material. For LiNbO3,
the photorefractivity comes from the fact that the conventional Czochralski method
to grow LiNbOjs introduces extra Nb (i.e. the LiNbOs3 is Nb-rich). One way to reduce
the photorefractivity in Nb-rich LiNbOs is to increase the operation temperature of the
device, such that when electron-hole pairs are generated due to photon absorption,
electrons and holes can recombine more quickly with higher temperature. The more
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standard method is to add magnesium oxide (MgO) or zinc oxide (ZnO) dopant [67].
Typical dopant concentration is at few mole percent depending on the operation wave-
length. With the MgO or ZnO dopant, the refractive index change can be reduced to
below 107° [68]. However the introduced dopant can cause extra optical losses.

* Turkey soliton generation via injection locking [69, 70]: This scheme relies on soliton
self-injection locking, which has a feedback speed on the laser much faster than the
thermal relaxation speed. If the system is optimized with proper parameters for soliton
self-injection locking, soliton states are immediately accessed upon turn-on of the
laser, without any need of laser frequency tuning. This effect as well as the soliton
self-injection locking will be illustrated with more details in the later chapter. Part of the
results within this PhD thesis has contributed this work.

Besides the soliton tuning method mentioned above, recently, E. Obrzud et al. reported
soliton formation driven by optical pulses [71] instead of a c.w. pump used in the conventional
case. The microresonator is driven by periodic picosecond optical pulses of a repetition rate
matching the microresonator FSR (the expected repetition rate of the generated single soliton).
The standard method for electro-optic frequency comb generation [72], which requires the
phase and intensity modulation of a c.w. pump, as well as chirp and dispersion management,
in order to generate a picosecond pulse stream output via a c.w. input. In the frequency
domain, this picosecond pulse stream corresponds to an EO comb spectrum of equidistant
frequency grid. By tuning the c.w. carrier and the microwave frequency applied on the
modulators, the EO comb spectrum can be frequency-translated and the line spacing can
be altered, such that all the EO comb lines can coincide with the microresonator resonance
grid which allows the picosecond pulse stream to be coupled into the microresonator. The
driving pulse is resonantly enhanced inside the microresonator, and thus can generation
solitons co-propagating with the pulse. The synchronization, where the pulse repetition
rate fexc equals the soliton repetition rate fy, is critical such that the soliton keeps tracking
the pulse which provides the parametric gain to the soliton. Therefore, changing fexc can
alter the generated soliton state. For example, if the microresonator is sub-harmonically
driven (i.e. fext = fso1/ N with N being an integer), only single soliton is forced to form; if the
microresonator is multi-harmonically driven (i.e. fext = N fso) with N being an integer), a
soliton crystal [56, 57] can form.

The pulse-driving soliton formation has several advantages over the conventional c.w.-driving

case:

* A single soliton can be generated deterministically.

* The required power for soliton generation scales inversely with the temporal overlap
between the soliton pulse and the driving background (c.w. or pulse). Therefore, the
pulse-driving scheme offers drastically increased pump-to-soliton power conversion
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efficiency which is more than ten-times higher than the value in the case with a c.w.
pump.

* Higher power conversion efficiency also enables lower required power for soliton forma-
tion in the pulse-driving case. In addition, the lower required power also reduces the
thermal effect and allows to generate a soliton state more easily.

¢ Since the soliton tracks the pulse, the soliton repetition rate is stabilized to the repetition
rate of the driving pulses. Meanwhile, the soliton locked to the driving pulses remains
stable without requiring any active feedback. This increases the long term stability of
the soliton state.

¢ A certain mismatch between the driving pulse’s repetition rate fey and the soliton
repetition rate fs,/ N is allowed without losing the soliton state. For example, for
resonance linewidth of few megahertz or tens of megahertz, this mismatch | fext — fso1l is
less than 100 kHz [71]. Therefore, in combination with the frequency tuning of the pulse
carrier and repetition rate, the spectrum of the generated soliton microcomb can be
frequency-translated, which manifests as the tuning of the carrier envelope frequency
of the frequency comb.

This soliton control via synchronization to external driving has also been demonstrated in
soliton synchronization [73] and spectral purification of soliton phase noise [74]. Pulse-
driving soliton formation has also been used in demonstration of broadband single soliton of
detectable 28 GHz repetition rate in Si3gN, microresonators [75] (part of the results within this
PhD thesis has contributed this work). This scheme is currently pursued in order to achieve
octave-spanning soliton microcomb with electronically detectable repetition rate and tunable
carrier envelope frequency.

1.4.2 Theoretical model

The formation of Kerr microcombs in optical microresonators arises from the interaction
between the pump laser, the dissipated optical cavity, the inherent cavity chromatic dispersion
and Kerr nonlinearity [36]. To describe the formation dynamics of microcombs, the first
complete theoretical model was proposed by Y. K. Chembo and N. Yu [76] based on the
coupled mode equations (CME) approach. This model treats each frequency comb line as
an individual electric field component, and all the comb lines (fields) couple to each other
via the FWM under Kerr nonlinearity. The CME model has been employed to well describe
the primary comb generation where only few comb lines need to be taken into account
[43]. However, for microcomb states in chaos modulation instability or the DKS regime that
contain a large number of comb lines, the CME model becomes inefficient and requires huge
computation resource. An alternative numerical model based on the Lugiato-Lefever Equation
(LLE) [51] has been proposed and widely used to simulate the intracavity electric field in the
time domain rather than the frequency domain as the case of the CME model[77]. The LLE
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1.4. Dissipative Kerr solitons

model is based on a mean field description and is adopted from the early work in ref. [51]
for the spatial dissipative optical system referred to the externally driven damped nonlinear
Schrédinger equation (NLSE).

Coupled Mode Equations (CME): The CME model simulates the temporal evaluations of the
electrical field for each cavity mode in the same mode family. The optical microresonator is
driven by an external c.w. laser with the frequency w,. The electrical field of an individual
cavity mode is denoted as A, and p is the relative mode number of the cavity mode referred
to the pumped mode u = 0. The rate equation of u-th cavity mode with frequency w,, can be
described as [76]:

dA,

K — 0 am (0 —
o= AuIE Y A A ApgeT O OO 6 Rexsine T (1LD)
©l,u2,u3 ~ -

~
- - external drive
Kerr nonlinearity

where p is the frequency of the pumped mode, « is the total cavity decay (loss) rate, k¢ is the
external coupling rate, and s, is the pump field amplitude. The Kronecker symbol § indicates
that the external drive is only applied on the pump mode u = 0. The sum term represents
the FWM processes resulted from the Kerr nonlinearity. It is only valid when the phase
matching condition (momentum conservation) ul + u2 = u3 + ¢ and energy conservation
Wy + w2 = w3 + 0, are simultaneously fulfilled. The normalized Kerr nonlinear coefficient
(i.e. Kerr shift per photon) g can be written as

~ hwicny

(1.8)
13 Vef

where 7, is the second-order nonlinear index and V¢ is the effective mode volume.

To remove the time-dependences of the Kerr nonlinearity term in Eq. (1.7), the transformation
ay = Aye"@n=@p=tDIl jg applied, where D /27 is the microresonator FSR. This transforma-
tion also regulates the frequency grid with a constant spacing of D;/2x. Considering cavity
dispersion limited by only the second-order term D, /27, the u-th mode frequency w, can be
expressed as wy, = wo + D1+ % u2. As a result, the CME can be rewritten as

day
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The CME can be numerically simulated to well reproduce the Kerr microcomb formation
that has been observed in experiments. Under a simplified condition, this model can also be
analytical solved to derive the parametric oscillation threshold power value. In this case, the
CME only consider three comb line: the pumped line (¢ = 0) and the first pair of sidebands
(= +vk/D>). Introducing the parametric gain lobes to the CME model, the parametric
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oscillation threshold can be calculated as [43]

K2 nz Veff
th= "7
4wocny

(1.10)
Lugiato-Lefever Equation (LLE): The above-mentioned CME model is built in the coordinate
of propagation time (“slow” time) t and the cavity mode number p, and describes the Kerr
microcomb formation in the frequency domain. Each comb line has an individual equation
to simulate its own optical amplitude. To simplify the numerical model and to shorten the
simulation time, an alternative approach is to describe the entire system in the spatial or time
domain. In optical microresonators, a nature spatial coordinate is the intracavity position in

azimuthal angle ¢. The slowly-varying envelope of the intracavity electric field A(¢, t) can be
expressed as

Alp, ) =Y ay(t)e  @nopHing (1.11)
u

The azimuthal position ¢ can also be transformed into the time domain as ¢ =277/Tg = D17,
where T is the round-trip time and 7 is the “fast” time coordinate [77]. By substituting Eq.
1.11 into Eq. 1.9, the LLE is derived as:
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(1.12)

On the right hand side of the equation, there are five terms: loss, detuning, cavity dispersion,
Kerr nonlinearity and external drive. This equation together with the boundary condition
Ao, 1) = A(¢ + 2, t) is equivalent to the CME, and can well describe the dynamic of Kerr
microcomb formation. Furthermore, Eq .1.12 can be normalized by taking following transfor-
mations:
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1.5. Integrated materials platforms for microcombs

As aresult, the Eq. 1.12 can be rewritten in a dimensionless form as

op0,1) , i*y®O,1) . 2
Fra (1+z()w(9,r)+2 302 +ilyO0,D)|°yp@0,7)+ f (1.14)

This is the standard LLE [51] and has an approximate steady-state soliton solution for the case
of anomalous GVD (D > 0):

Vsoliton (0) = o + Be'? sech(BO) (1.15)

where v is the c.w. background, ¢, is the phase shift of the cavity soliton respect to the
external pump, and B = 1/2( determines the soliton amplitude and bandwidth.

Next, an example is given to show the LLE simulation for the soliton generation in SizNy
microresonators. This example is based on the experimental work of ref. [78]. The simulation
parameters obtained from the experiments are: D;/27m = 19.6 GHz, D, /271 = 63.3kHz, xex /27 =
16 MHz, x¢/27 = 11 MHz, wo /27 = 192.25 THz, pump power Pj, = siznhwo/ 27 =100 mW. Figure
1.4 shows the simulation results. When the pump laser scans from the blue-detuned side to
the red-detuned side of a microresonator resonance, the intracavity waveform experiences five
different states, including the primary comb, Turing pattern, modulation instability, breather
soliton state and multi-soliton state. The corresponding intracavity waveforms and optical
spectra are shown in Fig. 1.4(c).

1.5 Integrated materials platforms for microcombs

So far, microcombs have been demonstrated in a wide range of material platforms. In addition
to bulk polished ultra-pure crystals such as MaF, and CaF, [37, 44, 81], and thermal silicon
dioxide (SiO») grown on silicon wafers [46, 36, 82, 83, 84], integrated platforms, which allow
fabrication of waveguide-based microresonators using CMOS foundry processes, have been
widely explored for integrated microcomb generation. These integrated platforms include
silicon nitride (SisNy4) [85, 86, 87, 88, 89, 90, 91, 78, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101],
aluminium nitride (AIN) [102, 103, 104], lithium niobate (LiNbO3) [105, 106, 107, 65], alu-
minium gallium arsenide (AlGaAs) [108, 80], gallium phosphide (GaP) [79], high-refractive
index (“Hydex”) [109, 110], tantalum pentoxide (Ta;Os) [111], silicon (Si) [112], and diamond
[113]. Interestingly, single solitons have been achieved in nearly all of these platforms (ex-
cept diamond and GaP), despite the fact that some materials require complex soliton tuning
techniques due to the thermal effects.

Table 1.1 compares these materials in terms of their key optical parameters, such as the refrac-
tive index, the Kerr nonlinear index n, and the cutoff wavelength for two photon absorption
(TPA) (equivalent to the bandgap of the material). Meanwhile, the optical loss (i.e. microres-
onator Q factor) is also critical to microcomb generation. The optical loss not only depends
on the material property such as the intrinsic photon absorption loss, but also depends on the
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fabrication technology.

Despite the fact that currently, the Q of all integrated platforms remains several orders of
magnitude lower than the values obtained in bulk fluoride crystals and suspended SiO» mi-
crodisks / microtoroids, main technological effort has been paid on these integrated platforms
in order to reduce the optical losses and increase the microresonator Q factors. In addition,
new material platforms are still emerging. The key advantages of integrated platforms over
the fluoride crystals and SiO, microdisks are:
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Figure 1.4 — LLE simulation for the Kerr microcomb generation in Si3N, microresonator.
(a) The intracavity waveform evolution. (b) The total intracavity power evolution versus the
pump laser detuning. The frequency generation shows five different regimes: primary comb
(blue), Turing pattern (yellow), modulation instability comb (red), breathers (purple), soliton
comb (green). (C) The intracavity waveforms (top row) and optical spectra (bottom row) of
three typical frequency comb states: 1. Turing pattern, 2. modulation instability comb, and 3.
multi-soliton state.
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1.5. Integrated materials platforms for microcombs

* Fabrication of microresonators can employ the CMOS technology to fabricate electronic
circuits. The CMOS fabrication allow scalable manufacturing of integrated devices,
while for fluoride crystals requires manual polishing in a one-by-one basis.

* Both the microresonator and the bus waveguide can be directly fabricated together on
the same chip, thus the coupling between them is much more robust as compared to
the tapered fibre coupling used for fluoride crystalline microresonators and suspended
SiO, microdisks, which is sensitive to mechanical vibrations. In addition, the coupling
strength between the microresonator and the bus waveguide is lithographically con-
trollable, i.e. the precise gap distance between them is well defined in the lithography
process with typical precision better than 20 nm.

* The integrated microresonator does not need to be perfect circular shapes, as long
as the waveguide is close. For example, for microresonators of small FSRs, they can
be designed in racetracks [114] or finger shapes [98]. This design freedom allows to
significantly reduce the device’s footprint and densely pack multiple devices on a single
chip.

* These integrated materials all have high refractive indices (n > 2). The microresonator of
large FSR (small diameter) can be fabricated thanks to the lithography technology. This
capability allows the access to terahertz FSR for high-repetition-rate, octave-spanning
soliton microcomb generation [89, 99, 60]. This is very challenging for fluoride crys-
talline microresonators and SiO, microdisks, as their low refractive indices can cause
significant bending loss due to the small radii. In addition, manual polishing small

Table 1.1 — Key optical parameters of materials studied for microcomb generation. n, is the
Kerr nonlinear index. Atpa is the TPA cutoff wavelength. The table combines the tables shown
in ref. [79] and [80].

Material RI 7, 107 m?W™1)  Appa (nm) highest Q (10%)

SiO, 1.45 0.22 280 270
Hydex 1.7 1.2 280 1.7
SigNy 2.0 2.5 460 37

AIN 2.1 2.3 440 0.9

LiNbO3 2.2 1.8 - 2.2
AlGaAs 3.3 260 1520 1.5

GaP 3.1 110 1100 0.2

Ta, 05 2.05 6.2 - 3.2
Si 3.5 50 2250 0.6
Diamond 24 0.82 450 1
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Chapter 1. Introduction

fluoride crystalline microresonators is challenging.

¢ The fully cladded, planar waveguides allow other functions to be integrated on the
microresonators, such as thermal heaters [54, 97] and piezoelectric actuators [115, 116].

¢ The waveguide geometry can be fully controlled. The waveguide width is lithographi-
cally controlled, and the waveguide height is controlled by film growth. This full freedom
of geometry control allows geometry dispersion engineering and tailor the anomalous
GVD [49, 117]. This capability is critical for microcomb generation. For example, differ-
ent from fluoride crystals and SiO, which have anomalous GVD in the telecommuni-
cation wavelength range around 1550 nm, Si3gN4 and other integrated platforms have
normal GVD in this wavelength range. In addition, all these materials have strong
normal GVD close to the visible wavelength range due to the light absorption at ultravi-
olet. Therefore, achieving anomalous geometry dispersion to compensate the normal
material dispersion is key to achieve a net, anomalous GVD.

All these features and advantages highlight the potential of integrated platforms, and out-
line the trend to microcomb chip devices with the mature CMOS technology in scalable
manufacturing at foundry levels.

1.5.1 Dispersion engineering

Among all the key features of integrated platforms, dispersion engineering endows unprece-
dented capability to engineer the frequency comb spectrum and bandwidth, leading to the
direct access to octave comb bandwidth without external spectrum broadening. Here a more
detailed discussion on dispersion engineering is given.

Optical mode < 2T N
P c = core index
= ()
) <
- :
- ©
© £ o
= o | cladding index
g =]
£ normal anomalous £ anomalous normal
Wavelength A Wavelength A

Figure 1.5 — Integrated materials can exhibit different GVD at different wavelength range,
depending on the wavelengths of their absorption features. For FWM process and microcomb
generation, anomalous GVD is required. In order to compensate the normal material dis-
persion, geometry dispersion engineering is used to achieve a net anomalous GVD. This is
realized by controlling the mode field distribution in the waveguide core and cladding, as the
waveguide core size is comparable to the optical wavelength. Typically, to reach anomalous
GVD, the optical confinement needs to be strong, i.e. the main of the optical field is confined
in the waveguide core. This figure is adapted from ref. [88].
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1.5. Integrated materials platforms for microcombs

The effective refractive index n(w) of the waveguide and the linear susceptibility yV (w) are

both frequency-dependent. They are related by n(w) = 1/1+ yV(w) (w/27 is the optical fre-
quency). This relation is called “ chromatic dispersion” [42]. In materials exhibiting chromatic
dispersion, light has two characteristic velocities, the phase velocity v, and the group velocity
Vg, defined as:

_w_ ¢
P7 kT nw)
dw (1.16)
Ug:d_ﬁ

where f is the propagation constant. For optical pulses such as travelling solitons, the phase
velocity v, is the speed of the carrier frequency and the group velocity vg is the speed of the
carrier envelope, as

E(x, 1) = A(t -zl vg)explio(t — z/ vp)] (1.17)

It is evident that the phase velocity depends on the frequency through the effective refractive
index n(w). This dependence is known as “phase velocity dispersion” (PVD), described by
the parameter dn(w)/dw. If dn(w)/dw > 0, it means that the frequency component of higher
optical frequency travels slower than the component of lower frequency. This case is referred
as “‘normal PVD”. The opposite case is dn(w)/dw < 0 which is called “anomalous PVD”.

The group velocity also depends on the frequency, known as “group velocity dispersion (GVD)”
[118]. The propagation constant (w) can be express in a Taylor series around wy, as

1 1
Bw) = n(a))% = o+ 1w —wo) + E/32(w—a)0)2 + Eﬁg(w—wo)s F... (1.18)

h
where B, = (A" B/dw™)y=w, is m" -order term. The 1° -order term B is related to the group
velocity vg via

dn(w)
dw

) (1.19)

d . . . .
The 2" -order term B is related with the dispersion parameter D, as
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The dimension of D, is [ps][nm]~! [km]~!. If B, > 0 (D, < 0), it is called “positive GVD” and
the optical pulse has frequency up-chirp. If 2 <0 (D, > 0), it is called “negative GVD” and the
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pulse has frequency down-chirp. In the community of integrated photonics and microcombs,
people often speak of “normal GVD” and “anomalous GVD” instead of positive GVD and
negative GVD. It might be confusing here because replacing “positive” and “negative” by
"normal” and “anomalous” could encourage the erroneous belief that PVD nearly parallels to
GVD [42], while in fact there is no necessary connection between them. Nevertheless, in this
thesis, it is stipulated that positive GVD and normal GVD are equivalent, and negative GVD
and anomalous GVD are equivalent.

In the context of microresonators, dispersion describes the variation of the FSR over frequency.
It can be expressed in a Taylor series in analogue to Eq. 1.18 as

1 2,1 3, 1 4
Wy =wo+ D1+ EDZH +€D3u +ﬂD4u +... (1.21)

Here p is the mode index relative to the reference resonance wy (the pump mode in the case of
microcomb). D;/2n corresponds to the FSR. D, /27 is the microresonator GVD, and D3 and D,
are higher-order dispersion term. Specifically, D, and D3 are related to the GVD parameters
B2 and B3 via

c

D2=—;D%,52

2 (1.22)
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A non-zero D, leads to a parabolic deviation from an equidistant D, -spaced resonance grid.
The positive D, corresponds to the anomalous GVD, while the negative D, corresponds to the
normal GVD. However, such parabolic deviation due to D, can be modified by the higher-order
dispersion such as D3 and Dy4. To include the total deviation given by D, and all higher-order
dispersion terms, the integrated dispersion Dy is defined as

Dint=wy—wo— D1
_lD 2+1D 3. lD - (1.23)
=5 2H 6 3H 21 7Y LA

The microresonator dispersion can be simulated numerically with finite-element method
(FEM) using COMSOL Multiphysics, by considering both the material dispersion and geomet-
rical dispersion. For example, for Si3sN4 waveguide fully cladded in SiO,, the SisN4 material has
normal GVD in the wavelength range of telecommunication bands. if the waveguide core size
is comparable to the wavelength, a part of the optical mode leaks into the SiO; cladding in the
form of evanescent field. This part of the mode sees the SiO, cladding index rather than the
SigN4 core index. Therefore the effective refractive index n.¢ is between the SigN4 index and
SiO, index, as shown in Fig.1.5. The actual value of n.¢r is determined by the waveguide shape
and the optical wavelength, thus can be controlled during waveguide fabrication process.
Engineering the effective index neg of the optical mode and subsequently tailoring the GVD
via waveguide geometry control is called “geometry dispersion engineering”. Fig.1.7 shows an
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1.5. Integrated materials platforms for microcombs

example for a Si3sN4 microresonator with 1 THz FSR and a fixed waveguide height of 870 nm.
As not only the D, but also the D3 and D4 terms change with the varying waveguide width,
the broadband Djy profile can be lithographically controlled.

In the presence of higher-order dispersion, the spectrum and the pulse shape of the soliton
can change, leading to the dispersive wave emission in the normal dispersion window [120,
121, 86]. The coherence is fully maintained with the dispersive wave. Figure 1.6, cited from
ref. [86], shows that the dispersive wave generation enables the extension of the soliton
spectrum bandwidth to 2/3 octave and power enhancement at the dispersive wave mode,
both of which facilitate the 2f-3f self-referencing [122]. Figure 1.6(c) shows the measured
microresonator dispersion using the frequency-comb-assisted spectroscopy using cascaded
diode laser [119], a method developed in this thesis and will be illustrated later. Based on the
frequency measurement of each microresonator resonance, the fitted dispersion parameters
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Figure 1.6 — Spectrum of the single soliton state featuring a dispersive wave generated in a
dispersion-engineered, integrated Si3N, microresonator of 200 GHz FSR. (a) Schematic show-
ing the dispersive wave generation in the spectral position where the integrated dispersion
Dint(upw) = 0. The main soliton envelope may experience a frequency shift (soliton recoil)
due to the dispersive wave generation. (b) Single soliton spectrum featuring a dispersive wave
and 2/3-octave spectral bandwidth, in an integrated SizN4 microresonator of 200 GHz FSR.
(c) Measured microresonator dispersion using the frequency-comb-assisted spectroscopy
using cascaded diode laser, illustrated in ref. [119]. Panel (a, b) are taken from ref. [86].
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are D, /2m =2.55 MHz, D3/2m = 22.6 kHz, and D4/2n = —173 Hz. Via extending the dispersion
profile using the fitted dispersion parameter, a spectrum position where Djy; = 0 is found,
in agreement with the soliton spectrum. Via engineering the higher-order dispersion of
integrated microresonators, it is possible to generate two zero dispersion points on the Djy¢
profiles (with a negative D,), thus a soliton spectrum featuring two dispersive waves. The
generation of dispersive waves can efficiently extend the soliton spectrum bandwidth to an
octave [99, 89, 60, 123], which could allow the implementation of self-referencing to fully
stabilize the soliton microcomb [124, 125, 126, 122].

In a broad sense, dispersion engineering can also be realized by combining different cladding
materials [85, 127]. In addition, in microresonator of large FSR (i.e. small radii), ring shape is
often used, which form the standard WGM microresonator. The strong waveguide bending
not only causes bending loss, but also builds a WGM potential which introduces normal GVD.
This normal GVD comes from the fact that the mode of higher optical frequency is pushed
more towards to the outer boundary of the microresonator. This leads to the result that the
higher-frequency mode propagates slower than low-frequencies, manifesting an effective
normal GVD. The smaller the WGM radius is, the stronger the normal GVD is.
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Figure 1.7 — An example showing that the engineering of the dispersion Djy; profile by varying
the waveguide width.
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1.6 Application of soliton microcombs

So far, soliton microcombs have already been used in several system-level demonstrations,
such as coherent telecommunications [128], ultrafast ranging [129, 130], astronomical spectro-
graph calibration [131, 132], photonic microwave synthesis [81, 78], dual-comb spectroscopy
[133, 134, 135, 136], coherent LiDAR [137], optical frequency synthesizers [138], miniaturized
atomic clocks [139, 140], pulse shaping [50] and optical coherent tomography [141, 142]. Some
results achieved within this PhD thesis have contributed directly or indirectly to several appli-
cations, as shown in Fig.1.8. In the following, a brief introduction on few selected applications
is given. The photonic microwave synthesis using soliton microcomb will be illustrated in
more details in Chapter 6.

Coherent telecommunication [144, 128, 145]: Typical telecommunication channels are spaced
by more than 10 GHz. For high capacity telecommunication, these repetition rates are ideally
multiplies of 12.5 GHz, such as 25, 50 and 100 GHz. Therefore, due to the inherent large repeti-
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Figure 1.8 — Selected system-level demonstrations using soliton microcombs, which some
results within this PhD thesis have contributed directly or indirectly to. Panel images are
taken from: ref. [78] (photonic microwave synthesis), ref. [131] (astronomical spectrograph
calibration), ref. [142] (optical coherence tomography), ref. [137] (coherent LiDAR), ref. [143]
(dual-comb spectroscopy), ref. [138] (optical frequency synthesizers).
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tion rates, soliton microcombs could be a useful element of massively parallel wavelength-
division multiplexing (WDM). The soliton scheme only employs a single c.w. pump laser to
generate simultaneously hundreds of well-defined narrowband optical channels for massively
parallel WDM, while in the conventional scheme this requires equal number of individual
lasers. Thus the soliton scheme overcomes the scalability limitations, and can be employed
at both the transmitter and the receiver ends. Compared with the chaotic microcombs [144],
higher transmission rates can be achieved with coherent soliton combs due to the lower
carrier noise levels and the more uniform comb powers over a broadband spectral range. In
the work reported by P Marin-Palomo et al. [128], ninety-four carriers spanning over the entire
telecommunication C and L bands from a Si3N, soliton microcomb of 100 GHz line spacing
were used to transmit data. Using 16-state quadrature amplitude modulation (16QAM) to
encode data on each line at a symbol rate of 40 GBaud, an aggregate line rate of 30.1 Tbit per
second was achieved. By interleaving two soliton microcombs from two different devices,
the number of usable carriers was further doubled, and enabled the data transmission with a
total of 179 carriers and an aggregate line rate of 55.0 Tbit per second over a 75 km span of
fibres. Moreover, the soliton comb also allows coherent detection as a multi-wavelength local
oscillator (LO) at the receiver end. The LO comb is coarsely synchronized to the transmitter
comb, and digital signal processing is used to account for remaining frequency differences.
These works show the potential of solitons microcombs that might replace the arrays of c.w.
lasers currently used in high-speed telecommunication systems.

For telecommunication systems, the spectral efficiency is a key figure of merit. As the amplifier
bandwidths of EDFA is finite, making full use of this limited bandwidth to maximize the spec-
tral efficiency becomes a key concern. In the work by P. Marin-Palomo et al., the transmission
capacity is restricted by the large comb line spacing (100 GHz), leading to exploited bands
between neighbouring channels and thus a low spectral efficiency (2.8 bit s™! Hz™1). The
interleaving of two (nearly) identical soliton microcombs is to reduce the comb line spacing
by a factor of 2, thus to increase the spectral efficiency. A simpler scheme is to use a soliton
microcomb with a smaller line spacing. In the work reported by M. Mazur et al. [145], a soliton
microcomb of 22.1 GHz line spacing based on a fully packaged SiO» microdisk

Astronomical spectrograph calibration [131, 132]: The universe is expanding and planets
are moving. This movement causes Doppler frequency shifts in the light emitted from the
studied planet to our earth. Therefore, analyzing the Doppler shifts in stellar spectra enables
the discovery of planets, and possibly the elements of their atmosphere. To calibrate the
astronomical spectrograph, a frequency combs of line spacing much larger than the frequency
resolution of the spectrograph is needed. The typical comb line spacing ideal for this pur-
pose lies in 10-30 GHz range, such that these comb lines are resolvable by the astronomical
spectrometer. While generating frequency combs with such large spacing using mode-locked
lasers is possible but challenging (by filtering some comb lines to increase the line spacing)
[146, 147], microcomb has the unique advantage due to the inherent large microresonator
FSR. In addition, the comb generation can be achieved with only one c.w. laser and the comb
spectrum shape can be engineered by carefully designing the microresonator. Thus the entire
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scheme using a microcomb is much simpler than using a mode-locked laser.

In the work reported by E. Obrzud et al. [131], a Si3N4 soliton microcomb of 23.7 GHz repetition
rate was used to calibrate the GIANO-B high-resolution near-infrared spectrometer at the
Telecopio Nazionale Galileo (TNG) on La Palma, Spain. GIANO-B is a cross dispersing echelle-
type spectrometer which projects the near-infrared spectrum from 0.9-2.4 ym onto a 2D
detector array of 2048x2048 pixels. The Si3N4 microresonator was driven by a picosecond
coherent optical pulse [71] with the repetition rate (11.85 GHz) as the half of the generated
soliton’s (23.7 GHz). This sub-harmonic synchronization driving forces the deterministic
generation of the single soliton state. The soliton is stabilized as the repetition rate of the
driving pulse is stabilized to a microwave reference, and the c.w. pump is stabilized to an
optical frequency standard. The wavelength calibration is to provide an accurate and precise
pixel-to-wavelength mapping of the GIANO-B spectrometer. The calibration of the echelle
spectrum reveals a global spectrometer drift of 3.24 +0.23 MHz, corresponding to a radial
velocity equivalent precision of 25 cm s™!, significantly exceeding the precision and accuracy
of using conventional calibration using hollow cathode lamps such as uranium-neon (U-Ne).
(Note: part of the results within this PhD thesis has contributed to this work.)

In a parallel work, M.-G. Suh et al. [132] reported in situ astronomical spectrometer calibration
using a SiO» soliton microcomb of 22.1 GHz repetition rate, in order to measure the periodic
Doppler shift induced by the radial velocity shift of orbiting planet.

Dual-comb spectroscopy [133, 134, 135, 136]: Soliton microcombs can also be used for dual-
comb spectroscopy built on two solitons microcombs of slightly different repetition rates
which are generated in two different microresonators by two different lasers which are mu-
tually phase-locked to each other. Upon photodetection of the periodically time-varying
interferogram created by these two soliton streams, the slight difference in repetition rates
maps the comb line grid in the optical domain to the RF line grid in microwave domain,
facilitating the acquisition and processing the optical absorption features electronically. In the
work reported by M.-G. Suh et al. [133], two SiO; soliton microcombs with 2.6 MHz difference
in their repetition rates (22 GHz) were used. By combining the two soliton pulse streams
and separating the signal into two branches, one can use the measurement branch to detect
the molecular absorption features and the reference branch to calibrate the measurement
branch, to extract the spectroscopy information from the RF spectrum. Such microresonator-
based dual comb spectroscopy can also be applied in the mid-infrared regime, provided by
the silicon microresonators used, as reported in ref. [134, 135]. In addition, the scheme of
microresonator-based dual comb spectroscopy can also be simplified to use only one microres-
onator, which allows the coexistence and mutual locking of counter-propagation solitons
(148, 149, 136]. This scheme has a unique advantage that, as the two combs are generated in
the same microresonator and experience the same system drift and fluctuation, the mutual
coherence between the two combs are significantly extended, enabling higher spectrum reso-
lution. Moreover, by exploiting the multi-mode nature of optical microresonators, solitons in
several spatial modes can be co-generated using the spatial multiplexing scheme [150].
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Optical frequency synthesizer [138]: As mentioned early, for a frequency comb, once the two
comb parameters frep and fceo are locked to microwave standards, the optical frequency of
each comb line is unambiguously known. This microwave-to-optical link, i.e. translate the
known frequency and frequency stability of microwave standards into the optical domain, is
optical frequency synthesis. Though optical frequency synthesizers based on mode-locked
laser have been demonstrated [151], microcomb-based frequency synthesizers have not been
demonstrated. The key challenging here is to fully stabilize the microcomb to microwave
standards, which requires: (1) detectable soliton repetition rate frep, €.g. below 30 GHz, and
(2) octave spanning bandwidth to allow the detection of fie, (feceo Should be also detectable).
In the work reported by D. T. Spencer et al., an optical synthesizer was demonstrated using
a III-V/Si laser and two soliton microcombs. One is a SiO, microcomb of a detectable 22
GHz repetition rate, the other is a Si3sN4 microcomb of 1 THz repetition rate which is benefi-
cial to achieve an octave-spanning bandwidth. Two constrained must be considered in the
design of the Si3N4 microresonator dispersion [99, 89]: (1) Via engineering the higher-order
dispersion terms D3 and D4, two dispersive waves need to be generated around 1 ym and
2 um wavelengths, which mark the octave-spanning bandwidth. The higher power of the
dispersive wave modes than other normal comb lines are beneficial to implement frequency
doubling and self-referencing. (2) The expected detected fceo via self-referencing must below
20 GHz such that it is electronically detectable with fast photodiode. Once these two design
constraints are fulfilled, the Si3sN, microcomb still cannot be stabilized as its repetition rate of
1 THz cannot be electronically detected. Therefore, a SiO, microcomb of a detectable 22 GHz
repetition rate [83] was used to stabilize the repetition rate of the SizN4 microcomb, through
an interlocking scheme [60]. The 22 GHz repetition rate of the SiO, microcomb was detected
and stabilized to the microwave standard (clock). Then, two adjacent comb lines of the SizgNy
microcomb were selected, and their beating signals with two SiO, comb lines closest to them
were measured and stabilized. These two SiO, comb lines spanned over 46 repetition rate
frequency, as 22 GHz x46 = 1.012 THz, i.e. the repetition rate of the Si3N4 microcomb was
stabilized to 46 multiplies of the SiO, microcomb. In this way, the 1 THz repetition rate of the
SizN4 microcomb was stabilized. As long as the SisN4 microcomb was fully stabilized, the SiO»
microcomb was also stabilized through the microcomb interlocking.

A tunable, narrow linewidth ring-resonator laser consisting of InGaAsP multiple-quantum-
well epitaxial material wafer-bonded onto a lithographically patterned silicon-on-insulator
wafer was locked to the stabilized SiO, microcomb. Via controlling and stabilizing the beat
frequency between the tunable laser and the nearby comb line of the SiO, microcomb, the
laser output frequency was unambiguously determined. An out-of-loop characterization
using a self-referenced, fully stabilized erbium-fibre laser frequency comb was implemented
to explore the coherence and stability of the optical frequency synthesizer. The measured
frequency synthesis uncertainty is 7.7 x 1071,

The current work of D. T. Spencer et al. has used other non-integrated components such
as multiple fibre lasers, fibre amplifiers and bulk modulators. For further full integration
on a single chip, targeted improvements should be made to increase microresonator Q for
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lower-power operation, to improve the intensity of dispersive waves in the Si3N4, microcomb
for self-referencing, and to improve the efficiency of chip-based second-harmonic generation.

Miniaturized atomic clock [139, 152, 140]: In a similar concept to the optical frequency
synthesizer, the combination of integrated laser and interlocking soliton microcombs has also
been employed to demonstrate an architecture of integrated optical atomic clocks. Previous
report by S. Papp et al. [139] demonstrated a soliton-microcomb-based frequency division
linking an optical frequency reference to a microwave output. A SiO, microcomb of 33 GHz
line spacing centred in the 1550 nm telecommunication band was generated, amplified and
spectrally broadened. Two selected comb lines spanning over 108 modes were locked to
rubidium (Rb) frequency references (780 nm and 795 nm) separated by 3.5 THz, via two-
photon atomic transition. The output optical clock is a 33 GHz microwave signal which
inherits the optical frequency uncertainty of the Rb transitions but by a reduction factor of
108. Self-referencing and fully stabilizing the microcomb can further enhance the frequency
stability.

When witnessing the fast development of chip-scale frequency combs, one should not overlook
the rising of chip-scale atomic devices [153] as the other half of an optical clock. Combining
both, building atomic references for timing and metrology on chip becomes feasible. Nowa-
days, the most widely used, portable frequency reference is the temperature-compensated
quartz-crystal oscillators, which consume tens of milliwatts of power and have a fractional
frequency uncertainty of 107 to 1077 at 1 s integration time. Their long-term instability
and performance degradation make them inadequate for applications such as global posi-
tioning systems (GPS), where atomic clocks with much better stability play the key role (for
example, hydrogen maser has a fractional frequency uncertainty of 1 x 107'2//7, where /7
is the integration time). A main goal is to vastly reduce the size and power consumption of
an atomic clock such that portable, battery-driven atomic clocks become possible. In the
early work reported by S. Knappe et al. [154], a chip-scale atomic frequency standard based
on the microwave transitions between the hyperfine ground-states of Cs atoms was demon-
strated using MEMS microfabrication techniques (silicon micromachining) that may allow
large-scale manufacturing at foundry levels. The Cs vapour cell [155] was fabricated using
anodic bonding of borosilicate glass and silicon. With heating and electric field, oxide atoms
diffuse into silicon and form Si/SiO, interface. Metallic Cs and buffer gases were sealed in
the cell by reacting a mixture of BaNg and CsCl. Heating the cell can increase the Cs vapour
density. Conventional microwave excitation of these alkaline atoms poses a size limitation
to few centimetre scale due to the fact that the microwave cavity cannot be smaller than
the microwave wavelength used. To further reduce the size of alkaline vapour cell down to
millimetre scale, optical excitation is preferred. A vertical-cavity surface emitting laser (VCSEL)
was used and its current was modulated with 4.6 GHz RF signal. Therefore the two generated
sidebands have 9.2 GHz frequency difference, equal to the Cs hyperfine ground-state splitting.
These two sidebands were used to implement coherent population trapping [156] with the
two hyperfine ground-states and the excited state for Cs D, transition at 852 nm. When the
modulation frequency was tuned to the value precisely corresponding to the ground-state’s
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hyperfine splitting, a dark line resonance (i.e. the “dark state”) was observed due to CPT as the
Cs vapour became transparent to the laser light. This dark resonance can be used to lock the
laser to the CPT optical transition and the modulation frequency to ground-state’s hyperfine
splitting. Also, the VCSEL laser only consumed 5 mW power to implement CPT.

Integrating this vapour cell on photonic integrated waveguides allows to directly stabilize
chip-scale lasers to the atomic reference via optical transition. In the work reported by M. T.
Hummon et al. [152], a photonic chip device interfacing fibre input / output, fully cladded
single-mode SizN, waveguides and atomic vapour cell was demonstrated, and an external
laser locked to the Rb atomic optical transition via precision spectroscopy was implemented.
The chip device containing the Si3N, waveguides and atomic vapour cell was only 27 mm? in
volume. A distributed Bragg reflector (DBR) laser with the emission wavelength of 780 nm and
a fibre output was used. Light coupled into the Si3N4 waveguides on chip was expanded and
coupled to a free space mode of 120 yum mode diameter using an extreme mode-converting
apodized grating structure [157]. Optical heating of the Rb dispenser generated Rb vapour in
the cell chamber. When the DBR laser was stabilized to the vapour cell, the laser fluctuation is
reduced to less than 10 kHz at an integration time longer than 1 s. The fractional frequency
uncertainty at 780 nm was measured as 10~ !! with the integration time from 10 to 10* s.

In a similar manner of using photonic chip devices and microfabricated atomic vapour cell, in
the parallel work reported by Z. L. Newman et al. [140], the interlocking, fully referenced mi-
crocombs were used to synthesize microwave signals via optical frequency division. When the
interlocking microcomb system is self-referenced, it lacks the frequency tunability. Therefore
the key here is to link the interlocking microcomb system to the Rb optical transition. This was
realized by using a helping c.w. laser of 778 nm output, which was locked to a two-photon Rb
transition (5812 (F = 2) to 5Ds5,2 (F = 4)) of a microfabricated Rb vapour cell [154]. The pumps
and selected modes of the interlocking microcomb systems, after amplification and frequency
doubling, were further locked to this helping laser. Via this helping laser, the interlocking
microcombs were phase-stabilized to the Rb two-photon atomic transition. In the end, the 22
GHz microwave output via optical frequency division shows a fractional frequency uncertainty
of 10713,

Massively Parallel coherent LiDAR [137]: Coherent ranging, also known as “frequency-modulated
continuous-wave (FMCW) laser-based light detection and ranging (LiDAR)”, has seen ad-
vances particularly in the development of autonomous driving. Different from the time-of-
flight LIDAR which measures the relative distance based on the time delay of the light reflected
from the object, FMCW LiDAR employing linearly chirped c.w. laser allows simultaneous
measurement of the relative distance and velocity from the reflected light via the delayed ho-
modyne detection. The beatnote signal between the output light and reflected light provides
the distance information of the moving object via the signal delay, and the velocity information
based on the Doppler frequency shift. To increase the data acquisition speed and ranging
precision, using multiple c.w. lasers to enable parallel FMCW LiDAR is a feasible scheme.
In this case, frequency comb can be useful to realize massively parallel FMCW LiDAR, with
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each comb line serving as a c.w. channel. Large mode line spacing (e.g. more than 50 GHz) is
desired as: (1) Each comb line can be separated by WDM and spatially dispersed. (2) Several
gigahertz frequency excursion of each comb line can be implemented without introducing
intra-channel cross-talk. (3) The RF spectrum generated by WDM and dispersed over the
delayed homodyne detection shows only the beatnote signal in the same channel. Parallel
FMCW LiDAR has been reported by N. Kuse et al. [158] using electro-optic (EO) frequency
combs. In this work, coherently stitched of all comb channel was implemented to create an
equivalent large frequency scan range which is proportional to the number of the stitched
comb modes (three in that work). In a parallel work, J. Riemensberger et al. [137] reported
a massively parallel FMCW LiDAR using a Si3N4 soliton microcomb. By chirping the pump
laser’s frequency within the soliton existence range, all the comb lines inherit the frequency
chirping synchronously. The frequency excursion range of few gigahertz is determined by
the soliton existence range, within which the modulating of the pump frequency does not
annihilate the soliton state. However, the frequency chirping transduced from the pump mode
to other comb lines has compromised chirp linearity due to change in the soliton repetition
rate. This change is caused by the Raman self-frequency shift [87, 159] which is detuning-
dependent. Nevertheless, with the soliton microcomb, 30 distinct channels with nearly 2 GHz
frequency excursion range have been used to successfully demonstrate both parallel distance
and velocity measurements. (Note: part of the results within this PhD thesis has contributed
this work.)

Pulse shaping [50, 160, 161]: The objective of pulse shaping, or “optical arbitrary waveform
generation” (OWAG) [160], is to modulate multiple comb lines of a frequency comb in parallel.
Each comb line is applied with a specific phase and amplitude, in order to generate a particular
optical waveform with both controllable ultrafast time structure and long-term coherence.
Frequency combs based on mode-locked lasers typically have comb line spacing less than
1 GHz, which poses challenges to spectrally resolve these comb lines by the programmable
pulse shaper based on spatial light modulators [162]. Therefore, for line-by-line shaping, a
comb repetition rate of several gigahertz or higher is required.

In the work reported by Z. Jiang et al. [160], programmable line-by-line shaping of more
than 100 spectral lines was demonstrated with an EO comb in order to achieve 5 GHz line
spacing. Microcombs with inherently large line spacing are intrinsically beneficial for this
purpose. In addition, dispersion-engineered microcombs can have broad bandwidth, thus
are highly desirable as more comb lines provide more degrees of freedom for OWAG. In the
work reported later by E Ferdous et al. [50], line-by-line pulse shaping was demonstrated
using a SizN4 microcomb of ~ 600 GHz FSR. The line-by-line pulse shaping and the time-
domain characterization of the microcomb optical waveform revealed distinct coherence
properties resulted from the comb formation dynamics [43]. This technique allows to generate
particular pulse shapes other than sech? shape for bright solitons, for example, “odd pulse”
that is asymmetric in time [163].
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¥4 Fabrication of Ultralow-Loss Si;N,
Integrated Waveguides

This chapter focuses on the technological advancements of Si3N,4 photonic integrated circuits
featuring ultralow optical loss, tight optical confinement, and anomalous GVD, with the main
focus on the fabrication process. High-Q microring resonators using this Si3N, waveguides
are the central element for integrated soliton microcomb generation. The ultralow waveguide
losses and high microresonator Q factors greatly facilitate the soliton formation, with an
ultralow power level that can be met by state-of-art integrated III-V/Si lasers.

This chapter starts with a brief review of the past and current key works on integrated soliton
microcombs built with SizNy integrated waveguides. Then, a brief introduction of Si3Ny
photonic integrated circuits will be given, highlighting the optical properties of Si3N4 and
its applications in integrated photonics other than nonlinear optics. Afterwards, the readers
can find a detailed description of our nano-fabrication process of SisN4 photonic integrated
circuits featuring ultralow optical loss, tight optical confinement, and anomalous GVD. This
fabrication process, the “photonic Damascene process”, has been developed at EPFL since
2015 and yielded a number of results in terms of soliton generation and applications. However
only very recently, within the framework of this PhD thesis, the Damascene process has
achieved ultralow propagation loss near 1 dB/m, enabling soliton microcomb generation with
a power level affordable by III-V/Si lasers, which offers the prospect to build fully integrated
soliton microcomb devices with all-integrated components and technology. In fact, the
main achievements of this PhD thesis are based on the development and optimization of the
photonic Damascene process. Several person have contributed to this process development,
including Rui Ning Wang, Michael Zervas, Tiago Morais and Bahareh Ghadiani. Many SizNy
samples used in this thesis were fabricated with the assistance from Rui Ning Wang.

While silicon is the leading material for integrated photonics, SigN4, with a wide transparency
window from visible to mid-infrared, has drawn increasing attention as a promising platform
for low-loss integrated photonics. Silicon nitride has a large bandgap of 5 eV, which makes it
free from two-photon absorption in the telecommunication wavelength band (~ 1550 nm). It
has a refractive index of n = 2 at 1550 nm, thus allows to build photonic waveguides of strong
optical confinement using SiO, as cladding material. Silicon nitride is also space-compatible
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[164], thus is suitable for space applications on satellites. Meanwhile, amorphous SizN4 has
a nonlinear refractive index of 7, = 2.5 x 1071 m?W™!, nearly an order of magnitude higher
than value of SiO,. Though Pockels nonlinearity is largely absent in SisN, due to the symmetry,
the waveguide interface exhibiting symmetry breaking and non-isotropic distribution of the
dipoles inside the amorphous matrix endows small Pockels nonlinearity to SizN4, which allows
second-order nonlinear effects such as second-harmonic generation (SHG). The presence of
coherent photogalvanic effect [165, 166] can further enhance the SHG generation efficiency in
all-optical control manner. Recently, the stimulated Brillouin scattering (SBS) gain of Si3N4
has been measured, which is almost 1000 times smaller than the gain value in standard single-
mode fibre [167]. As SBS usually limits the maximum optical power in waveguides, the ultralow
SBS gain of Si3sN4 endows excellent handling capability of high optical power and intensity. All
these features outline that Si3Ny is an excellent waveguide material not only for linear optics,
but more importantly for nonlinear optics.

A Si3N4 photonic integrated circuit has been used for on-chip nonlinear parametric oscillation
since its first report on 2009 by J. S Levy ef al [93]. Parametric FWM processes were demon-
strated, and a microcomb spectrum was observed. These demonstrations were not possible
prior to this work for two main reasons: (1) Silicon nitride film of 725 nm thickness was suc-
cessfully grown such offers the freedom to tailor the dispersion property in the anomalous
GVD regime. Such a thick SizNy4 film can not be grown previously due to the intrinsic high
tensile stress introduced during the film growing process using low-temperature chemical
vapour deposition (LPCVD). This issue was overcome by A. Gondarenko et al using a thermal
cycling treatment during the film growth [94]. (2) Via improving the fabrication process, the
microresonator Q reached a value of 0.5 x 10 which enables the threshold power of parametric
oscillation below 100 mW in the microresonator of 403 GHz FSR.

In a parallel work at the same time, L. Razzari et al reported on-chip nonlinear parametric
oscillation in a different integrated material — “Hydex"™”. Hydex is high-index doped silica-
glass, which can be grown via standard chemical vapour deposition process of SiO». It is
to me not clear what the dopant is, but similar process has been demonstrated to grow
silicon oxynitride(SiON) [168] in which nitrogen atom serves as the dopant to increase the
material refractive index. Hydex has a refractive index of n = 1.7, therefore waveguides made
of Hydex can also use SiO» as the cladding. In fact, the relatively lower refractive index contrast
compared to the case of Si3N4 reduces the light scattering losses caused by the roughness at
the waveguide surface. Meanwhile, the nonlinear refractive index of Hydex is np = 1.15 x 1079
m?W1, about five times larger than that of SiO,. As a result, a microresonator Q of 1.2 x 10°
has been achieved by L. Razzari et al, a remarkable value at that time. A microcomb spectrum
of 200 GHz line spacing was demonstrated, with a threshold as low as 54 mW.

These two works have made integrated materials, particularly Si3gNy, as promising platforms
for miniaturized optical frequency combs. Since then, many research groups have joined to
study microcomb generation using integrated materials and technology, which have resulted
in a number of reports and demonstrations on the microcomb formation process and appli-
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cations [85, 86, 88, 89, 90, 91, 78, 78, 93, 94, 95, 96, 98, 99, 100, 101]. In the meantime, parallel
work were still ongoing in bulk fluoride crystals and silica microdisks. Nevertheless, Si3gNy
is the most mature integrated platform for microcomb generation. Particularly; it is the first
platform on which single soliton state has been demonstrated, as reported in V. Brasch et al
[86]. In this work, a c.w.-driven, dispersion-engineered, integrated Si3zN4 microresonator of
Q ~ 1 x 10% and 200 GHz FSR was used to generated dissipative Kerr solitons. The “power
kicking” technique [64] was used to access to the single soliton state. In addition, as the
microresonator has an engineered dispersion which exhibits a strong third-order dispersion
term Dj3, a dispersive wave [121, 120] was generated in the longer wavelength side via the
soliton-induced Cherenkov radiation, significantly extending the entire soliton spectrum
bandwidth. In the presence of a strong D3 and a weak D,, the dispersive wave is generated in
the spectral position where the linear phase matching condition is satisfied, corresponding
to the integrated dispersion Djn(upw) = 0. Due to the dispersive wave generation, the main
soliton envelope may experience a frequency shift [87], also called as “soliton recoil”, due
to the dispersive wave generation. In the presence of a negative Dy, two dispersive waves
can be generated at both sides of the soliton spectrum, demonstrated recently in [60, 123].
The coherence is fully maintained with the dispersive wave. The power enhancement at the
dispersive wave modes facilitates the f-2f [60] or 2f-3f self-referencing [122].

As integrated waveguides typically have cross-sections comparable to the optical wavelength,
the effective mode volume V¢ is inherently small, enabling tight optical confinement and
enhanced optical intensity. As outlined in the previous chapter, the threshold power Py, for
soliton formation scales with the microresonator Q factor as Py, x Veg/ Q?. Therefore, the
microresonator Q factor is absolutely critical for achieving lower Py,. Great efforts have been
invested into the optimization of the fabrication processes including lithography, etching, and
film growth. Nowadays, integrated Si3N, microresonators with Q factor near 10 x 10° have
been routinely achieved. In small Si3sN, microresonators (FSR exceeding 100 GHz), the soliton
formation threshold power has now been reduced to only few milliwatts or even lower. In
a recent work reported by B. Stern et al [101], a single soliton state was achieved in a fully
integrated III-V/SisN,4 chip device. A III-V gain chip based on reflective semiconductor optical
amplifier (RSOA) [169] was directly butt-coupled to the Si3N4 chip containing a microresonator
of Q ~ 8 x 10° and 194 GHz FSR. With two microring Vernier filters built on the SisN4 chip
as the laser cavity, lasing in the III-V gain chip was observed, and the laser wavelength was
actively controlled via thermal tuning the Vernier filters. An electric power of 98 mW was used
to drive the III-V chip laser. Remarkably, B. Stern et al demonstrated the operation of this
compact III-V/Si3Ny chip device in the single soliton regime powered by AAA batteries. Later,
multi-mode laser diodes and DFB lasers have also been used to demonstrate compact soliton
microcomb modules via hybrid integration [170, 69, 70].

In the future, the trend might shift towards the fabrication of ultralow-loss SisN4 photonic
circuits directly with I1I-V/Si laser [171, 172, 173, 174], using the mature heterogeneous inte-
gration [175, 176] and wafer-bonding technologies [177]. In fact, exploring the possibility to
integrated SisN4 photonic circuits with other materials platforms is also a main topic of this
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PhD thesis. Via photonic integration, it is possible to build ultracompact microcomb modules,
or to realize integrated modulation of microcombs. Figure 2.1 shows several selected works
on photonic integration with SisN4 which have been achieved or are still ongoing within the
scope of this PhD thesis. The hybrid integration with III-V lasers will be described in Chapter
5. The monolithic integration with aluminium nitride for integrated piezoelectric modulation
of soliton microcombs will be illustrated in details in Chapter 7.

2.1 Silicon nitride photonic integrated circuits

Date back to 1980s, silicon-on-insulator (SOI) wafers which had been used to fabricate elec-
tronic circuits were proposed to be also used for integrated photonic circuits. Shortly after-
wards, silicon ridge waveguides of single mode, low loss and absence of birefringence were
demonstrated, together with a series of demonstrations of integrated optical components
built on SOI wafers, which made the start of commercializing silicon photonics in the early
1990s [180]. The prospect created by silicon photonics, as the optical analogue of silicon
microelectronics, is inspiring [181] — it is a technology combining integration and photonics,
offering the capability to process high-data-rate optical signals on small chips that can be
manufactured in high volume with low cost.

Since then, with almost three decade effort from both the academic units and industrial
players, silicon photonics has evolved into a mature technology with mature solutions for
lasers, modulators, photodetectors, wavelength multiplexers and demultiplexers, and filters.
Nowadays, silicon photonics has a broader meaning — new materials, which can be grown on
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Figure 2.1 — Selected works on photonic integration with Si3N,4 that have been achieved or
are still ongoing within the scope of this PhD thesis. Panel images are taken from: ref. [178]
(aluminium nitride), ref. [170] (III-V laser), ref. [179] (lithium niobate), ref. [174] (silicon).
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silicon wafers and processed with the techniques to process silicon (more broadly, compatible
with CMOS production), are emerging and evolving together. It is however not surprising —
note that the Pockels nonlinearity required for high-speed modulators is absent in silicon, and
the indirect bandgap of silicon limits the capability to create light source. New materials have
been already added into silicon photonics technology, for example, germanium (Ge) is widely
used to make Si-Ge photodetector [182], and III-V materials such as indium phosphide (InP)
is used to make III-V/Si laser [171]. Therefore, “combining integration and photonics" is no
longer the unique feature owned by silicon. Integrated photonics, almost the synonym for
silicon photonics today, is advancing and creating new possibilities that were not possible
before with silicon.

Today, integrated photonics has evolved into a mature technology enabling the synthesis,
processing and detection of optical signals on-chip. Currently developed PIC has enabled
nearly all needed functionalities via heterogeneous or hybrid integration of different material
platforms [183, 184, 185, 176], and is now utilized at a commercial level for telecommunica-
tions and datacentres. A second wave is currently under way in which the nonlinearity of
PICs becomes relevant for applications, i.e. integrated nonlinear photonics. The Kerr, Pockels
and Brillouin nonlinearities inherent in these waveguides enable new capability for nonlinear
optical signal generation and processing [185, 186, 187, 188].
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Figure 2.2 — A conceptual chip design of the low-loss SizNy4 platform for on-chip tunable filters,
true-time optical delay lines, and high-Q nonlinear micro-ring microresonators. Depending
on the Si3N, waveguide geometry, the nonlinear processes (mainly Kerr, Pockels and Brillouin
nonlinearity) can be harnessed.
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Among all materials studied and employed in integrated photonics today, silicon, InP and
SizNy are the three leading platforms. Compared with silicon and InP which are widely used
to build active components such as lasers, photodetectors and modulators, SigN4 has limited
capability due to its insulator nature. Nevertheless, SizNy is (most) excellent in optical losses —
it has alow linear optical loss due the high film quality grown via chemical vapor deposition
(CVD), and a low nonlinear loss as Si3N4 has 5 eV bandgap which makes it immune from
two-photon absorption (TPA) in the widely used telecommunication wavelength around 1550
nm. The exceptional low losses in SizNy are currently not achievable in any other materials in-
cluding silicon and InP. In addition, the refractive index of SisNy (n(Si3Ny) = 2.0) is lower than
the refractive indices of silicon and InP (n(Si) = 3.5, n(InP) = 3.1). The lower refractive index
exhibits lower optical confinement as a con, but it meanwhile reduces the mode mismatch
to an optical fibre mode and can facilitate the fibre-chip interface coupling. Yet, SizNy is all
passive, however few active function can still be realized on SizN, in combination of other
materials, thanks to the maturity and versatility of integrated photonics. For example, modula-
tors can be realized on SizN4 with integrated 2D-materials (such as graphene) [189, 190, 191],
ferroelectric lead-zirconate-titanate (PZT)[192, 193, 194] and piezoelectric aluminium nitride
[115, 116, 178]. Multiple Interface and coupling schemes have been proposed and demon-
strated to connect Si3N,4 photonic circuits with I1I-V/Si laser [171, 172, 173, 174, 195]

Today, Si3sN4 has emerged as a leading material for integrated linear [196] and nonlinear [197]
photonics due to its low loss and superior power handling capability [167]. Figure 2.2 shows
several examples of integrated photonic elements relying on low waveguides losses, including
tunable filters, true-time optical delay lines, and high-Q nonlinear micro-ring microresonators.
To date, among all integrated platforms [198], optical losses below 1 dB/m have only been
demonstrated in two categories of Si3zN4 waveguides of different height (%): the thin-core
(h <100 nm) [199, 200, 201], and the thick-core (k& > 700 nm) [98, 100, 91, 202, 203]. While at
first glance, this distinction seems minor, the waveguide height essentially determines the
technical area of applications. The thin-core waveguides feature low optical confinement and
low Kerr nonlinearity, ideal for linear photonics, while the thick-core waveguides feature high
optical confinement and anomalous group velocity dispersion (GVD), targeted for nonlinear
photonics. Figure 2.3(a) highlights the lowest-loss nonlinear (ref. [98, 100] and this work)
and linear [199, 200] Si3sN4 waveguides in terms of their optical losses and effective area of
the fundamental optical mode, in comparison with the state-of-the-art, lowest-loss silicon
[204, 184], InP [205, 183] and AlGaAs [80] waveguides. The optical losses below 1 dB/m has
been achieved in linear and nonlinear Si3N, waveguides respectively, however is still more
than three orders of magnitude higher than the loss in optical fibres (~ 0.2 dB/m). Meanwhile,
the difference in optical confinement leads to dramatic difference in device sizes, as outlined
in Fig. 2.3(b). The bending loss determined by the optical confinement poses a constraint
on the minimum device size, as key parameter when considering photonic integration. As
shown by the simulated dispersion parameter D, and bending loss in Fig. 2.3(c, d), increasing
the waveguide height reduces the bending loss and enables the access to the anomalous GVD
region (h > 700 nm), thus transforming linear SizN4 waveguides to nonlinear waveguides that
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2.1. Silicon nitride photonic integrated circuits

require low loss, high optical confinement and anomalous GVD. The nonlinear waveguides
featuring low loss, high optical confinement and anomalous GVD are the foundation of
microcomb generation in integrated chip devices.

2.1.1 Refractive index of SigNy

As mentioned earlier, engineering the refractive index of SigNy is key for nonlinear four-wave
mixing and microcomb formation. To precisely tailor the dispersion property of SizNy, it
requires the precise knowledge of the material refractive index, and the precise control of
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Figure 2.3 — Comparison of ultralow-loss linear and nonlinear SisN4 platforms with single-
mode fibres and state-of-the-art silicon, InP and AlGaAs platforms. (a) Comparison of optical
losses and effective mode areas (in the telecommunication band of 1550 nm) in state-of-the-
art, low-loss waveguides, including nonlinear (ref. [98, 100] and this work) and linear (ref. [199,
200]) SisN4 waveguides, 220 nm silicon-on-insulator (SOI) waveguides [204], 1000 nm InP rib
waveguides [205], nonlinear AlGaAs waveguides [80]. The insets show the waveguide geometry
and optical mode profile of the SizN4 waveguides. (b) Comparison in device size for linear and
nonlinear Si3sN, waveguides and single-mode fibres. (c) Simulated GVD parameter D, as a
function of the waveguide height, with a fixed waveguide width of w =2.1 ym. Anomalous
GVD region is brown-shaded, which is accessed with heigh / > 700 nm. (c) Simulated bending
loss as a function of the waveguide height, with a fixed bending radius of d/2 = 25 ym and
waveguide width of w = 2.1 ym. The brown-shaded region indicates the anomalous GVD
region. The wavelength studied here is 1550 nm.
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waveguide geometry for geometry dispersion. Here, a brief description on the method to
characterize the refractive index of SigNy is given, as well as the actual refractive index profile
of our Si3N, grown at EPFL. The geometry control is mostly related to waveguide fabrication
process which will be illustrated later in this chapter.

The refractive index of a thin film can be measured by an ellipsometry, which illuminates the
wafer with thin films with a broadband, linearly polarized light, and simultaneously measures
the reflected light from the thin film which contains the optical response. In comparison
to the incident light, the reflected light contains the information of the dielectric properties
of the thin films which changes the polarization and phase of the incident light. To extract
this information, the material stack in case of multiple films of different materials must be
provided. If the refractive indices of each film is known, fitting the measured optical response
to the theoretical model containing the material stack allows extraction of the thickness of
each film with an accuracy down to sub-nanometre. Vice versa, if the film thickness is known
(in the case of only one film), fitting the measured optical response allows extraction of the
refractive index of the thin film.

The complex refractive index 7i of a material consists of the real part n and the imaginary part
k, as

n=n+ik 2.1)

The real part n describes the reduction of the speed of light in the medium compared to the
value in vacuum, due to the induced polarization of medium caused by the light field. The
imaginary part k describes the attenuation of light in the medium, caused by the material
absorption, e.g. molecular rotational or rovibrational transitions in the near-IR or mid-IR, and
electronic state excitation in UV. The real and imaginary optical constants are not independent
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Figure 2.4 — Schematic and principle of the ellipsometry to measure the optical properties and
thickness of a thin film. Figure source: https://www.jawoollam.com.
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—they are mathematically coupled through the Kramers-Kronig relation.

When the light is incident to a thin film with an incident angle, the reflected and refracted light
follows the Snell’s law at the film boundaries (in the case of only one film on silicon substrate,
there are only air-film and film-silicon boundaries). In fact, light can experience multiple
reflection and refraction between the film boundaries, as illustrated in Fig. 2.4. The total
reflected light power is thus determined by multiple beam interference which depends on the
refractive indices of the thin film and silicon, wavelength, the thickness of the thin films, and
the light incident angle. Therefore, when a broadband or wavelength-sweeping light source is
used, a pattern of interference fringes is detected in the reflected light. It is important that
the thin film is transparent within the wavelength range. By fitting the interference fringes,
the film thickness with a precision to nanometre can be obtained. In addition, as thicker film
causes denser interference fringes, there is a maximum measurable film thickness determined
by the spectral resolution of the detector, which is typically up to few micrometer.

If the incident light is linearly polarized, i.e. the polarization can be decomposed into s- and p-
polarizations in the directions normal to the light incident direction, the reflected light will be
polarized differently from the incident linear polarization. An ellipsometry measures primarily
the amplitude and phase change of s- and p-polarization components of the reflected light
from the thin film. Normally, the light interaction with the medium results in an elliptical
polarization of the reflected light, in comparison to the linear polarization of the incident light.
This is why ellipsometry gets its name.

As a broadband light source is used, the optical response of the thin film is wavelength-
dependent. If a good knowledge of the film thickness is provided (unnecessary to be very
accurate) and the optical spectrum of the light source is well calibrated, the complex refractive
index at each measured wavelength point can be extrapolated. Figure 2.5 shows the complex
refractive index of Si3N,4 from UV (250 nm) to the mid-IR (30 ym), measured via a commercial
service provided by J. A. Woollam Co.. In fact, such a measurement over a broad spectrum
range requires to use multiple ellipsometries operating at different wavelength ranges. In
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Figure 2.5 — The complex refractive index of SisN4 from UV (250 nm) to the mid-IR (30 pm).
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addition, to get the highest precision and accuracy, multiple measurements at the same
wavelength are performed, and post-processing of the measurement data and statistical
analysis are implemented. This also requires to calibrate the substrate (usually Si) response
with the employed ellipsometries for background reference.

With all the measured refractive indices, it is possible to fit the discrete data to obtain a
continuous Sellmeier equation of the refractive index 72(1) = n(A) + i k(1) of the thin film as a
function of the wavelength A. This Sellmeier equation typically has the form as:

BiA?

201y =
n(A)_1+ZA2_Ci

(2.2)

The Sellmeier equation distinguishes itself from the Cauchy equation by conforming to the
Kramers-Kronig relation with the presence of optical absorption peak. For our Si3sN, measured
by J. A. Woollam Co., the fitted Sellmeier equation within the spectral range from 250 nm to 6
pm is shown in Fig. 2.6, expressed as

/12
n® (A1) =1+1.750893106708352
(A2 -0.1593334260515592)
/12
+1.222742709909494 (2.3)
(A2 —-0.0547658132331562)
/12

+2.584602943737831

(A2 —11.6006611205645062)

2.2 Fabrication process overview

The ability to achieve ultralow optical losses in photonic waveguides is the foundation of
modern telecommunication networks. The most representative example is the success
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Figure 2.6 — Fitted Sellmeier equation of our Si3N, with respect to the measured data within
the spectral range from 250 nm to 6 um.
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of optical fibres used in global communications, which has so-far the lowest optical loss
of only 0.2 dB/km. With the rise of photonic integrated circuits, effort has been made to
achieve ultralow loss on-chip. It is needed indeed, as ultralow-loss integrated resonant micro-
structures have already enabled new applications, ranging from narrow-linewidth lasers
[206, 174], microwave photonics [185, 186] and nonlinear optics [187, 45] to quantum optics
[207, 208]. To date, ultralow-loss optical microresonators are primarily fabricated from silica
[82, 209] and crystalline fluoride materials [210, 81]. To translate this technology into applica-
tions [211], the capability to achieve similar loss performance with established wafer-scale
foundry manufacturing processes [196, 212] is critical. For this purpose, Si3gN, is the most
mature platform to achieve low loss. Figure 2.7 plots the development of high-Q (low-loss)
SizN4 microresonators since 2009, with the continuous efforts from multiple research groups
(85, 86, 88, 89, 91, 78, 93, 94, 95, 98, 100, 101, 202]. Today, Si3sN4 microresonators of Q fac-
tors exceeding 10 x 10% has been routinely achieved, and soliton microcombs and Brillouin
lasers have been demonstrated at ultralow initiation power [101, 91, 200] with these high-Q
microresonators, showing the maturity of Si3sN,4 platforms compared with other integrated
platforms.

2.2.1 Fabrication challenges

Currently, the main technological focus is to develop a high-yield, highly reproducible fabri-
cation process of SigN4 photonic integrated circuits. To achieve ultralow optical loss, while
simultaneously accessing the anomalous GVD by using thick Si3sNs waveguides (height more
than 600 nm), there are three outstanding fabrication challenges:

Crack prevention: For nonlinear photonics such as microcomb and supercontinuum gener-
ation, anomalous GVD is required. However, Si3sN4 has as-material normal GVD. Therefore,
geometry dispersion engineering to achieve a net anomalous GVD is needed, which typically
requires SizN4 waveguide thickness exceeding 600 nm [95, 117]. However, the widely used
SigNy of superior film quality is deposited from low-pressure chemical vapour deposition
(LPCVD) based on SiH,Cl, and NH3. The LPCVD Si3Ny film shows high tensile stress, typically
between 1.0 GPa to 1.3 GPa, therefore often generates crack when depositing the film over
500 nm thickness, resulting in low fabrication yield. This tensile stress of LPCVD SizN, film
comes from two processes. The first process is the thermal-chemical kinetics of SiH,Cl, and
NH3 reaction on the substrate surface. The Si-N bonds are generated by combining Si-H and
N-H bonds and eliminating H, and are much stronger than Si-H and N-H bonds, resulting in
strained Si-N bond and a tensile Si3N4 film globally. This process creates an as-grown internal
stress. The second process is the cooling process from the deposition temperature (> 750°C)
to the room temperature, while the difference in thermal expansion coefficients between the
SigNy film and SiO; substrate / cladding creates the thermal-expansion-induced stress.

Reducing the light propagation loss in SizN, waveguides: Integrated optical microresonators
built on SizN4 waveguides can significantly benefit from their low losses, in order to achieve
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high optical Q factor for nonlinear parametric processes. The optical losses in Si3sN, waveg-
uides come from two main parts: The waveguide sidewall roughness causing Rayleigh scat-
tering losses [213, 214], and the hydrogen absorption losses due to the residual Si-H and
N-H bonds in SigNy [215, 216, 217, 201]. The hydrogen absorption losses can be efficiently
eliminated via multiple cycles Si3sN4 deposition and thermal annealing [218], which has been
experimentally verified in ref. [91]. Therefore, extensive study have been focus on describing
waveguide sidewall roughness [219, 220, 221], and reducing roughness via optimized dry
etching [100, 222, 223, 224], wet etching [225], waveguide preform reflow [226], and etchless
process [227, 228]. Note that, TPA is not considered here as it is absent in stoichiometric SigNy.
However, local stoichiometry variation can still generate silicon nano-crystals after thermal
annealing [229, 230, 231]. Though not reported so far in stoichiometric Si3Ny, this effect may
be revealed in the future in ultrahigh-Q SisN4 microresonators.
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Figure 2.7 — The development of high-Q (low-loss) SizN4 microresonators with the continuous
efforts from the entire SisN4 community. Here, for the limited space, I only select several works
reported by Columbia University (groups of M. Lipson and A. L. Gaeta) [93, 94, 95, 100, 101],
Purdue University (groups of M. Qi and A. M. Weiner) [98], Chalmers University of Technology
(group of V. Torres-Company) [202], and EPFL (group of T. J. Kippenberg) [85, 86, 88, 89, 91, 78].
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Precise waveguide geometry control for dispersion engineering over octave bandwidth: In-
tegrated waveguides are the ideal platform to generate broadband optical sources, such as
octave-spanning soliton microcombs and supercontinuum. The octave-spanning bandwidth
allows full stabilization of these optical sources [13, 2] for metrology, spectroscopy and mi-
crowave frequency synthesis. In the case of soliton microcombs, the octave-spanning spectral
bandwidth can be enabled by soliton-induced Cherenkov radiation, commonly referred as
“dispersive waves” [232, 121, 120, 77, 86]. Dispersive waves are generated near the spectral
positions where the integrated dispersion is zero, which can be designed and controlled with
precise engineering of higher-order dispersion profile [89, 99]. For integrated waveguides in
the simple rectangular or trapezoidal shapes, such a dispersion engineering requires con-
trolling waveguide geometry, i.e. width and height, with a precision typically better than 20
nm. While the waveguide width can be precisely controlled via lithography with a resolution
better than 10 nm, controlling the waveguide height is challenging, as the Si3N, film deposited
using CVD typically has a non-uniformity of +3%. This film thickness non-uniformity is
presented on a single wafer, wafer-to-wafer in a single run, and run-to-run in a batch, and
can give a thickness variation of +24 nm for 800 nm film thickness. Nevertheless, for those
proof-of-concept experiments, yield is so far not the key concern.

Currently there are two main processes to fabricate Si3sN, waveguides: the standard subtrac-
tive process [94, 98, 100, 202, 203] and the recently developed photonic Damascene process
(88, 226]. In the following I will briefly describe the subtractive process, and then focus mainly
on the Damascene process.

2.2.2 The subtractive process

The subtractive process is widely used to fabricate photonic integrated circuits based on a
wide range of material platforms. The process flow is shown in Fig. 2.8(a). Silicon nitride thin
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Figure 2.8 — Comparison of the process flows of the subtractive process (a) and the photonic
Damascene process (b).
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film is deposited on a clean silicon substrate with a thick SiO, bottom cladding. The waveguide
pattern is written via electron beam lithography (EBL) or photolithography, which one to use
depends on the required minimum critical dimension. The waveguide pattern is dry-etched
into SizNy4 to form waveguides using CHF3. The EBL resist or photoresist (PR) work as the etch
mask, while the required resist thickness depends on the etching selectivity, non-uniformity,
and etching sidewall angle. Hardmask may be required if the available resist thickness or
the etch selectivity is insufficient. For superior etch quality and smooth waveguide sidewall,
oxygen is usually added, in order to remove CF polymers as etch by-product [100]. Then top
SiO, cladding is deposited on the wafer, which usually require high-temperature annealing to
drive out the residual hydrogen content.

The advantages of subtractive process is the simplicity. The flat wafer top surface allows any
CVD and physical vapour deposition (PVD) film deposition, as well as wafer bonding if the
substrate is selected properly. However, the disadvantages of subtractive process are equally
outstanding: 1. Depending on the waveguide material, the dry etching process needs to be
specifically developed, including the selection of the etchant gases and the etch mask, which
affects the waveguide sidewall verticality and roughness through the effects of mask damage,
erosion, tapering and sidewall passivation. All these effects, in combination, determine the
light propagation loss in the waveguide due to surface Rayleigh scattering, which is currently
a central problem preventing waveguide loss reduction. For example, chloride-based etchants
are used to etch e.g. AIN and GaP, and the serious mask damage introduces extra roughness
in addition to the lithography-related roughness, which significantly increases the optical
losses. 2. For waveguides of large height and made of film with tensile stress, cracks can occur
which reduces the fabrication yield. For example, fabricating waveguides of LPCVD Si3N4 with
height exceeding 500 nm remains challenging, regardless of the use of multi-step deposition
/ thermal treatment [218, 100]. 3. The wafer top surface with waveguides, with and without
top cladding deposition, is not flat, which poses challenges for bonding and integration with
other materials.

2.2.3 The photonic Damascene process

The recently developed photonic Damascene process [88, 226] is an additive process. The
Damascene process was firstly used for copper interconnects, but recently also for SizN4
integrated waveguides. The Damascene process flow is shown in Fig. 2.8(b). The lithography
directly patterns the waveguides on the SiO, substrate. The pattern is then dry-etched to
the SiO, substrate to make the waveguide preform. A preform reflow step [226] follows, in
which the substrate is annealed at 1250°C, and can further reduce the sidewall roughness
of waveguide preform to nanometre level, leading to reduce Rayleigh scattering losses [90].
Thick LPCVD Si3N, film is then deposited on the pattered preform, filling the trenches and
forming the waveguides. Chemical-mechanical polishing (CMP) [233, 234] is used to remove
the excess SizN, and planarize the wafer top surface. Finally, top SiO» cladding is deposited
on the wafer followed by high-temperature annealing.
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The Damascene process has several unique advantages over the subtractive process: 1. The
stress-release filler pattern [90] can be written simultaneously with the waveguide pattern
during the lithography step. These filler pattern can significantly release the high tensile
stress of thick LPCVD Si3N, film [235, 95, 88], resulting in crack-free as-deposited film. 2. It
allows the waveguide height of several micrometers, utilizing the deposition conformality of
LPCVD SizN, process based on SiCl,H, and NHj [236]. Large cross-section Si3sN4 waveguides
is required for dispersion engineering at Mid-IR wavelength range, e.g. for supercontinuum
generation. 3. The flat, smooth wafer top surface after CMP facilitates hybrid or heterogeneous
integration of SizN, with other materials, via wafer bonding [237] or transfer technique. 4.
The dry etching process to define waveguide patterns only needs to be optimized for SiOo,
regardless of the material forming the waveguide core. In addition, the preform reflow can
further reduce the waveguide roughness. Therefore, Damascene process is ideal for low-
loss waveguides made of materials requiring aggressive echants such as Cl-based gases that
simultaneously create serious etch profile roughness. 5. The preform etch, showing inherent
aspect-ratio dependent etch (ARDE) [238], provides extra freedom to engineer the waveguide
geometry, particularly the formation of two-dimensional structure variation, which is useful
for e.g. double inverse nanotapers for fibre-chip coupling [239].

Recently, the photonic Damascene process has achieved several advancements, including: 1.
Thick SisN4 waveguides of ultralow optical losses ~ 1 dB/m, which have enabled high-Q SizN4
microresonators for reliable soliton microcomb generation with milliwatt power [91], and
repetition rate below 10 GHz [78]. 2. Precise waveguide geometry control which allows the
engineering of GVD, critical for e.g. octave-spanning soliton microcomb generation featuring
two dispersive waves [89], and broadband supercontinuum generation [240]. More details on
several key fabrication steps will be given in the following sections.
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2.3 Deep-UV stepper lithography

It is well known that the waveguide roughness can significantly affect the light propagation loss.
To reduce optical losses, the lithography and dry etching need to be optimized. Concerning
the lithography process, both electron beam lithography (EBL) and deep-ultraviolet (DUV)
photolithography have been used to pattern waveguides. Which one is more suitable depends
mainly on the minimum critical dimension (CD), e.g. the inverse nanotapers [241, 239] used
for light input coupling from fibres or free-space to the integrated waveguides. In both lithogra-
phy processes, line edge roughness (LER) is usually associated with beam size, beam stability,
pattern fracture, aliasing, stitching errors, resist used and approach of resist development
etc. While the combination of different parameters can perform significantly differently, in
general, minimum LER can be achieved with large beam size and multipass writing [242]. For
high-optical-confinement, nonlinear SisN, waveguides, the typical waveguide width ranges
from 1 ym to 2.5 pum, comparable to the operation optical wavelength that dispersion en-
gineering can perform effectively. This waveguide width CD is fully compatible with DUV
stepper lithography. In addition, the minimum CD resolution of DUV stepper lithography
(e.g. 193 nm or 248 nm) is below 180 nm, sufficiently small for efficient fibre coupling of
light at telecommunication wavelength bands into the Si3N, waveguides using inverse tapers.
Therefore, though EBL is widely used to pattern PIC, in this thesis, a main research topic is
on the development of DUV stepper lithography technique to fabricate ultralow-loss SizN4
waveguides.

Deep-UV stepper is a photolithography equipment used to manufacture integrated circuits
(ICs). It uses a DUV light source to expose DUV-sensitive photoresists through a mask, gen-
erally referred as the “reticle”. The typical wavelengths employed are 248 nm using krypton
fluoride (KrF) lasers and 193 nm using argon fluoride (ArF) lasers. The ArF 193 nm is much
more widely used for industrial manufacture, as smaller wavelength can enable higher lithog-
raphy resolution. The lithography resolution is described by Abbe criterion:

CD=k A 2.4

NA
where CD is the minimum critical dimension to be resolved, A is the wavelength of the light
source used, and NA is the numerical aperture. k; is the technical factor and depends on the
features to be imaged, illumination geometry, photoresist, processing conditions and other
details. This equation represents the first Rayleigh criterion of optical projection lithography.

Stepper lithography tools use projection systems consisting of mirrors and lenses to create a
de-magnified image of the mask on the photoresist. The de-magnification factor is usually
x4 or x5 reduction. This is in opposition to contact lithography, where the reticle is placed in
contact or in close proximity to the wafer and the pattern is printed on the wafer in 1:1 ratio.
One exposure shot through the reticle will expose only one small part of the wafer, called a
“field”. Consequently, to pattern the entire wafer, the stage will accurately move step by step
such that different positions on the wafer is placed under the exposure area. The stepping
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continues until the entire wafer is exposed.

While an ASML PAS 5500/350C was recently installed at EPFL CMi, the DUV stepper used in
this work is a refurbished Canon FPA-3000 EX4 installed at DTU Danchip.. This tool was first
produced in 1998. Figure 2.9(a) shows a typical DUV stepper (source: DTU Danchip). Table
2.1 lists the key specifications of the tool. As time passed, more cutting-edge technologies
have been introduced (scanners, immersion lithography, EUV lithography) to further push
the resolution towards the nm range. DUV steppers are slowly being replaced in fabs, and
are being refurbished by the original manufacturers for companies of the "More than Moore"
market as well as microfabrication centers!

Besides DUV stepper lithography, electron-beam lithography (EBL) is also widely used to
pattern photonic integrated waveguides. The advantages of DUV stepper lithography over
EBL, besides the higher yield and lower cost, are: 1. The stitching errors on the wafer are 4 or 5
times smaller than the ones on the reticle used in the industrial standard 4 or 5 demagnification
lens systems; 2. The reticle writing using standard photolithography (~ 1 hour) is much faster
than the wafer writing using EBL (> 10 hours), thus the field-to-field (or stripe-to-stripe) time
delay is significantly shorter with DUV than with EBL, leading to smaller stitching errors caused
by the beam drift; 3. The field (or stripe) size of photolithography for reticle writing is much
larger than the field size of EBL for wafer writing, leading to fewer stitching errors; 4. Multipass
for reticle writing can be easily adapted with reasonable cost increases. Consequently, DUV
stepper lithography can provide superior lithography quality, and has been used in recently
demonstrated integrated Brillouin laser[200] based on low-confinement Si3N,4 waveguides of
optical propagation loss below 1 dB/m[201, 199].

To complete the DUV exposure job, key steps include: 1. Reticle fabrication; 2. Wafer cleaning
and photoresist coating; 3. Exposure; 4. Photoresist development. Each step will be illustrated
in more details in the following.

Table 2.1 — Specification of Canon FPA-3000 EX4

De-magnification x5 +0.5 ppm
Resolution 180 nm
Wavelength 248 nm
Numerical aperture 0.4-0.6
Maximum field size 22 mm x 26 mm
Reticle Size 6-inch square, 0.25-inch thickness
Maximum wafer size 6-inch
Stage Repeatability <35nm
Alignment precision <50 nm
Throughput (6-inch wafer) 100 wafers per hour

55



Chapter 2. Fabrication of Ultralow-Loss Si; N, Integrated Waveguides

2.3.1 Reticle

Lithographic photomasks are typically transparent fused silica or quartz blanks covered with
a pattern defined with a chrome metal-absorbing film. In photolithography for the mass
production of integrated circuit devices, the more correct term is usually “photoreticle” or
simply “reticle”. In this sense, when discussing photolithography, “photomask” and “reticle”

are synonyms.
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Figure 2.9 — Images of a DUV stepper lithography tool, a reticle and a reticle layout.
(a) The Canon DUV stepper installed in DTU Danchip. Image source: DTU-Danchip,
https://www.nanolab.dtu.dk/english. (b) A quartz reticle with a pellicle used in standard
DUV stepper. (c) All alignment markers used in the lithography with alignment. The chip
release maker is used to align the chip release layout in CMi. The TVPA and AGA alignment
markers are used for stepper lithography alignment in Danchip stepper tool. All the alignment
markers must be included in the design of field layout (on reticle).
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On the reticle, there is a proportional ratio between the reticle pattern and the wafer pattern.
In conventional contact photolithography, this ratio is 1:1. In modern stepper lithography (as
the tool used in this thesis), the ratio is 5:1, i.e. the pattern on the reticle is 5-times smaller
than the pattern on the wafer. Therefore, to write the pattern covering the entire wafer area,
the wafer is repeatedly "stepped"” from one position to to another under the optical column
until full exposure is achieved.

Figure 2.9(b) shows the photo of a reticle manufactured by Compugraphics. The reticle
contains mainly two parts: the quartz blank which contains the patterns to be written on
the wafer, and the pellicle. The pellicle is a thin transparent film stretched over a frame that
is glued over one side of the reticle, to prevent dust and particles falling on the reticle. The
pellicle is far enough away from the mask patterns so that moderate-to-small sized particles
that land on the pellicle will be too far out of focus to print. Although they are designed to
keep particles away, pellicles become a part of the imaging system and their optical properties
need to be taken into account. Pellicles material are Nitrocellulose and made for various
transmission wavelengths.

The reticle is typically manufactured in the following way: Direct laser writing or electron-
beam lithography are used to write the design pattern on the reticle blank covered by chrome
and coated with resist. After the exposure, the resist is developed and the pattern is revealed.
This resist acts as a mask for etching the pattern into the chrome layer. The etching process
can be performed via either wet etching or dry etching. Afterwards, the resist layer is removed.
The finished reticle is further examined by the manufacturer, in order to ensure the quality.
The pattern is inspected for any defects that may affect device functionality, which are repaired
if necessary. Once the reticle meets the quality level, the reticle is cleaned, and a protective
pellicle is installed.

Figure 2.9(c) shows the pattern layout on the reticle. The part covering the large central area
in the reticle is the waveguide pattern that needs to be written on the wafer. Our current
DUV stepper lithography tool can resolve features with sizes down to 180 nm (i.e. 900 nm
size on the reticle, if with x5 demagnification factor). Smaller features will require phase-
shifting to enhance the image quality to acceptable values, and can be achieve in modern
high-performance stepper tool, not the one used here.

There are also other features. Key features include: P-marks and MA-marks are used for precise
alignment of the reticle in the stepper tool, i.e. the reticle should be positioned properly under
the optical field without rotation and tilting. Orientation mark, barcode and human readable
code (HRC) are for identification of the reticle orientation and IDs and can be clearly seen
with human eyes.

Figure 2.10(a) shows the amplified design layout on the reticle, with zoom-in details of the
waveguide and ring patterns. My design rule is to place 4 x 4 chip designs on the reticle, which
form the field layout. Each shot of exposure writes the field layout on the certain position on
a wafer. For 4-inch wafers, 21 exposure shots are needed in order to uniformly write the field
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layout on the entire wafer. Each chip on the wafer is 4960x4960 mm? in size, with 100 um

distance between adjacent chips (i.e. the periodicity is 5060 ym). On the chip layout, multiple
rings are densely packed. The rings are coupled by straight or meander bus waveguides.

One reticle only contains one layer of design. Therefore to write multiple layers, same number
of reticles are needed, and exposure between each of them requires optical alignment of layers.
For this purpose, In addition to the main waveguide structure, alignment markers are also
needed if a second exposure is needed on top of the first exposure. Therefore, the alignment for
the second exposure needs to be written during the first exposure. Currently, four alignment
markers are used in one each reticle: TVPA markers are used to roughly overlay the second
exposure on top of the first exposure. AGA x- and y-axis markers are for fine alignment and to
remove the error due to slight rotation TVPA and AGA markers are needed for DUV stepper
lithography tool for alignment. The chip release marker is for separating the wafer into chips,
and is only needed for other photolithography tool used in the end of the process.

(a) wafer layout Field layout Chip layout Sample layout
. /’/ ]
\\ ( \\ (\
% ;
| (\\\“”/ -
1. Chip release marker 3. AGA-y marker

2. TVPA marker

4. AGA-x marker

Figure 2.10 — Wafer and reticle layout. (a) Schematic of design layouts. (b) All alignment
markers used in the lithography with alignment. The chip release maker is used to align
the chip release layout in CMi. The TVPA and AGA alignment markers are used for stepper
lithography alignment in Danchip stepper tool. All the alignment markers must be included
in the design of field layout (on reticle)
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2.3.2 BARC and photoresist coating

Once the reticle is finished, the wafer are ready for exposure. Before the exposure, the wafer
needs to be coated with DUV-sensitive photoresist. In my process, the wafer is coated with 65
nm BARC and 350 nm M230Y.

Bottom anti-reflective coatings (BARC) is spin-coated on the wafer, before the DUV photore-
sist is coated. The BARC used in the current process is from Brewer Science. It used at the
interface between the wafer substrate and the photoresist to reduce the bottom reflectivity,
and to provide better linewidth control with minimal loss of resist performance. The reflected
light can cause processing problems due to the formation of standing waves. Figure 2.11 shows
the SEM image of photoresist after exposure and development, without proper control of back
reflection. In this case, standing waves are formed and cause roughness of the resist edge.
When using BARC with a proper thickness, the reflectivity is reduced by either attenuating
light that passes through the BARC, or by matching the refractive indices of BARC to the resist
and the substrate. However, the application of BARCs increases the complexity of the process.
The etch performance of the BARC and its compatibility with the resist and the substrate have
to be considered in the process design.

After the spin-coating of BARC, DUV photoresist of 350 nm JSR M230Y is spin-coated on top
of the BARC. M230Y is based on positive-tone chemically amplified resist (CAR), which works
at exposure wavelength below 300 nm. The the wafer is ready to be exposed with DUV stepper
tool.

Figure 2.11 — The SEM image of photoresist after exposure and development, without proper
control of back reflection. Figuer source: http://www.lithoguru.com

59



Chapter 2. Fabrication of Ultralow-Loss Si; N, Integrated Waveguides

2.3.3 Exposure

To exposure the pattern from the reticle to the wafer properly, the parameters for DUV exposure
need to be input to the tool. The two key parameters are dose and focus. Dose is the light
intensity illuminated on wafer. Sufficient dose is needed in order to trigger photo-chemical
reaction in the photoresist. Focus is where the light spot is within the photoresist. Since the
light wavelength is smaller than the photoresist thickness, the focus can significantly impact
the resist profile after development, as well as the feature’s critical dimension (CD).

Though the optimal parameters of dose and focus can be found via a series of experimental
tests, these values can be predetermined via photolithography simulation, such as using the
software ProLith. For given input of the wafer and resist information, Bossung curves, i.e.
curves showing CD values versus dose and focus, is plotted by Prolith, as shown in Fig. 2.12.
Flat Bossung curves indicate a low sensitivity of the process to the focus. The distance between
the individual curves in dose direction is a measure of the dose sensitivity of the resist.
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Figure 2.12 — Simulation of photolithography exposure using Prolith. (a) Simulated Bossung
curves. (b) Simulated process window in the gray area. (c, d) Simulated resist cross-section
profiles.
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The dependency of CD versus dose and focus can be also plotted in an alternative way. Figure
2.12(b) represents the process window (the gray area) The two blue curves are the dose values
are required to generate features with 90% of the target CD (upper curve), and 110% of the
target CD (lower curve). All combinations of dose and defocus between the upper and lower
curve produce the target with an accuracy of +10%. The rectangular gray area is the process
window. According to Fig. 2.12(a), for target CD of 220 nm, the required dose is 14 m]/ cm?,
and the focus is 0. Figure 2.12(c, d) shows the simulated resist cross-section profiles. Standing
waves are observed due to the reflection, as explained earlier.

The wafer is then exposed with given dose and focus from the simulation. After post-exposure
bake (PEB) which causes diffusion of chemical species inside the resist and can modify the
solubility of the exposed photoresist, the photoresist is developed and the waveguide pattern
is revealed on the wafer. In fact, the experimental results agree well with the simulation. After
the final SRD cleaning of the wafer, the entire lithography job is finished.
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2.4 Dryetching

After the DUV lithography and resist development, the waveguide pattern is created on the
DUV photoresist mask. The next step is to transfer the pattern into the SiO, substrate and
to create waveguide preforms. This pattern transfer is realized via etching, typically with
anisotropic dry etching using reactive ions, to maintain the critical dimension (CD) of the
waveguide pattern. Wet etching using liquid etchants has been used to make microdisks
with device undercut, however is not suitable for fabrication of PIC due to the incapability to
maintain the CD and create sub-micrometre structures.

Dry etching is performed by using gas-phase etchants (“dry”, as opposed to “wet” etching
using liquid etchants) at low pressure (typically 0.1 - 100 mbar) and plasma environment.
On the substrate, a mask is needed which opens the area where patterns need to be created,
and covers the rest area. The etchants become reactive only when plasma dissociates neutral
molecules into radicals and ions. A RF current of 13.56 MHz frequency is used to drive the RF
coils and to induces the plasma concentrated on top of the substrate within a skin depth of few
centimetre. The RF drive induces macroscopic oscillation, such that the initially generated
electrons and ions causes more collisions with neutral molecules under the RF oscillation,
which finally ignite plasma.

Carbon fluorides C,F, are often used to etch dielectric materials such as silicon, Si3sN4 and
SiO;. These CyF), (CF4, C4Fg etc) molecules are stable, and only the fluorine radicals F gener-
ated by dissociating CF, under plasma etch the dielectric materials chemically and isotrop-
ically. The by-products CyF,_; can be adsorbed by the substrate and form fluorocarbon
polymer as passivation masks (i.e. protect the substrate from etch). In short words, when
choosing the carbon fluorides C,F, the ratio x/y needs to be considered as it determines
the strength between passivation and etch (more passivation with more carbon C, and more
etch with more fluoride F). Therefore, by choose a proper value of x/y, the etch anisotropy
can be controlled, and an anisotropic etch can be achieved (i.e. etching the substrate only
happens in the vertical direction, but not in the horizontal direction which increase the CD),
which is a result of sidewall passivation. Normally, this case corresponds to x/y = 0.4, and
its precise value can vary depending on other gases such as O, (consume C and form CO,)
or H, (consume F and form HF). Adding O, and H; also changes the etch rates due to that
each gases change the passivation or etch (note, do not add O, and H; simultaneously as this
mixture is highly explosive).

It should be noted that, not only the substrate is etched, but also the mask. Depending on
the material of the mask, the etch selectivity, defined as the ratio of etch rates between the
substrate material and mask, can be different. For example, if the mask is photoresist and the
substrate is SiO», adding O, into C4Fg increases both the etch rates for SiO, (as C is consumed
by O3, and less fluorocarbon polymer passivation layer is formed) and mask (the photoresist is
organic and can react with O,). Overall the selectivity is lower with higher concentration of O,.

One phenomenon which presents universally and can be prominently observed during dry
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etching is the “aspect ratio dependent etching (ARDE)” effect [238]. The ARDE describes a
phenomenon that the etch rate varies depending on the pattern CD value. The trench of
smaller CD is etched more slowly than the trench of larger CD. Above a certain CD value, the
etch rate is constant. Figure 2.13(a) shows an SEM revealing the CD-dependent etch rate
variation for multiple etched trenches on a SiO, substrate with amorphous silicon as the etch
mask (green shaded). Figure 2.13(b) shows the measurement data and fit of the etch rate as
a function of the CD value of the trench pattern. When CD reaches the threshold value of
~1 um, the ER reaches a stable value of ~0.29 ym/min and becomes nearly independent of
CD. From 0 to 0.5 um CD, ER increases nearly linearly. The ARDE curve can be fitted with
ER = a-exp(—CD/b) + ¢, with a = —0.444 ym/min, b = 0.195 ym, ¢ = 0.286 um/min.

The ARDE effect has been given other names such as “RIE lag” and "microloading”. It should
be noted that these effects can be very different things from each other. For example, ARDE is
also observed in inductively coupled plasma (ICP) etcher and electron cyclotron resonance
(ECR) etcher, not only reactive ion etcher (RIE); also, ARDE is a global effect on the wafers and

can be independent on the local pattern density, opposite to microloading which is affected
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Figure 2.13 — Characterization of the ARDE effect. (a) Scanning electron micrography showing
the ARDE effect on a SiO; substrate with amorphous silicon as the etch mask (green shaded).
The trench width values by design, from left to right, are 300 nm (x2), 400 nm (x4), 500 nm
(x4), 600 nm (x4), and 1000 nm (x 1), respectively. (b) Measurement and fit of the etch rate as a
function of the CD value of the trench pattern. The fitted ARDE curve is ER = a-exp(—CD/b) +c,
with a = —0.444 ym/min, b = 0.195 pm, ¢ = 0.286 ym/min.
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largely due to the local environment. The only proper synonym for ARDE is the “aperture
effect”, which is self-explained. Note that the etchant radicals impinging the substrate are not
directed perfectly vertically — these radicals have a diverging angle. The pattern with small CD
works as a spatial aperture that limits the incident etchant radicals to reach the bottom of the
trench and prevent the extraction of etch by-products from the trench. In combination, less
etchant radicals are allowed to etch the trench, thus the etch rate is reduced. In this sense, the
aperture effect, or ARDE, essentially limits the aspect ratio of the trench (i.e. ratio of width
to depth). This effect needs to be considered in design, and may also be utilized to created
tapered structures (for example, see “double inverse tapers” in Chapter 3).

The waveguide pattern transfer from the DUV photoresist mask to the SiO; substrate via dry
etching often causes extra LER and reduces the surface quality. This etch-induced roughness
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Figure 2.14 — Comparison and SEM showing the difference in sidewall roughness using three
kind of etch masks, DUV-photoresist (a), amorphous silicon (b), and SigNy (c).
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is affected by the selection and combination of etchant gases, reactor configuration such as
temperature, RF power, and can be mitigated. However, it should be noted that, the selection
of etchant gases depends also on the etch mask. In the current Damascene process in which
SiO, is etched, C4Hg and O, are used. The main etchant is C4Hg, and the addition of O,
is to eliminate the fluorocarbon monomer and polymer deposition during the etch [100].
Figure 2.14 shows the SEMs of the etch sidewall roughness on the SiO, substrate, using the
similar dry etching recipe but with different etch masks (photo resist, amorphous silicon, and
SigNy). For the case using the photoresist mask, O, is removed as it reduces the etch selectivity
significantly (photoresist reacts with O»). The striation and roughness are found small on the
top, and large in the bottom, due to the fluorocarbon polymer deposition which aggregate
during etch. For the cases using the amorphous silicon and SizN4 masks, where the pattern
is transferred from the photoresist mask, the etch recipes are the same. The striation and
roughness are still observed in the case of the amorphous silicon mask, but are found large on
the top and small in the bottom, which is due to the the corrosion of the amorphous silicon
mask (the conner of the mask attracts radicals due to the silicon charging effect). The best etch
quality is observed in the case using the Si3sN, mask, which is used in the current Damascene
process .

2.5 Preform reflow

After the dry etching, the sidewall bottom angle a is 90° < a < 92°, as shown in Fig. 2.15 (left).
As mentioned, the SiO, dry etching process has been continuously developed, which currently
reaches a balanced trade between the etch verticality and surface roughness. Before the SizNy
deposition on the patterned substrate, a novel “preform reflow” step is performed to further
reduce the waveguide sidewall roughness (root mean square) to sub-nanometre level [90].
The entire substrate is annealed at 1250°C such that the substrate is heated slightly above the
melting temperature of thermal wet SiO,, which is ~ 1200°C [243]. It should be noted that,
pure SiO, has a melting temperature above ~ 1700°C. The much lower melting temperature
of ~ 1200°C in thermal wet SiO; is due to the extra dopants of phosphide (P) and boron (B).
Similarly, heavily doped SiO, such as borophosphosilicate glass (BPSG) can have a melting
temperature even below 900°C (however, the P and B dopants significantly reduce the SiO»
quality in terms of the density and porosity). It should be also noted that, standard LPCVD
tubes or atmosphere-pressure CVD (APCVD) tubes use quartz as the tube wall which has
a melting temperature below 1200°C. Therefore, quartz tube cannot be used for the reflow
process. For the reflow process, silicon carbide (SiC) is used to build the tube and wafer table.

When heating the substrate above the melting temperature of thermal wet SiO,, the surface
tension can remove short-range (high spatial frequency) roughness introduced during etching
as well as lithography. The preform reflow was firstly came up by M. H. P. Pfeiffer, and initially
performed in O, atmosphere for 24 hours. The long reflow in O, atmosphere leads to the
growth of extra SiO, due to the oxygen diffusion and dry oxidation of the silicon substrate.
Later, during this PhD thesis, the preform reflow has been optimized. The O, atmosphere
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has been changed to N, atmosphere, in order to avoid the extra growth of SiO,. The reflow
time was also reduced to 12 hours, as the new dry etching process already offers superior
waveguide sidewall roughness quality which does not require long reflow healing. Importantly,
after these major changes, the new reflow process does not lead to prominent deformation
of the waveguide preform which is a serious issue in the old precess, shown in ref. [90]. The
measured sidewall bottom angle after the current reflow is a = 93°, as shown in Fig. 2.15
(right).

Before reflow

Figure 2.15 — Transmission electron micrographs (TEM) image of the waveguide cross-section,
before (left) and after (right) the preform reflow. The waveguide sidewall bottom angle is
a = 92° before reflow, and is &« = 93° after reflow.
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2.6 Chemical vapour deposition

Chemical vapour deposition (CVD) is a deposition technique used to produce high-quality,
high-purity solid materials in controlled environment. As its name, the material deposition is
based on chemical reaction of reactant gases, activated and driven by energy from chemical,
thermal or plasma. The process is widely used in the semiconductor industry to produce thin
films, as well as optical fibre industry to produce pure SiO.

In a CVD tool, the wafer is placed in a vacuum chamber filled with several kind of flowing
gases, including volatile precursors whose reaction with each other produces solid thin film
deposited on the substrate, and buffer gas such as N, to maintain the environment with
constant pressure, temperature and flow rate. The mixing gases are activated and dissociated
by heat or plasma. The reactive radicals or ions are adsorbed on the substrate surface, where
chemical reaction takes place and a solid film is formed. The gases are flowing constantly in
the chamber, as reaction by-products are often generated and need to be exhausted in time.
The reaction by-products must be also volatile, key issue to be considered when choosing
the chemical reaction, as only one high-purity solid product is wanted at a time. It must be
noticed that, the thin film is deposited not only on the wafer but also on the CVD reactor
walls (if hot). Therefore, the reactor needs to be constantly cleaned, otherwise flakes falling
on the substrate from the reactor wall can happen (causing particle contamination), and the
equilibrium of the chamber condition can be affected. In addition, most of the precursors
used in CVD are extremely toxic, thus safety issue is of paramount importance.

The CVD technique is excellent in producing thin film of dielectric and metallic materials,
with nanometre or even sub-nanometre thickness precision, high conformality, Today, for
CVD of thin films for semiconductor manufacturing of electronic and photonics circuits, there
are several widely used CVD techniques and tools, including:

* Low-pressure chemical vapour deposition (LPCVD) works in quarts tube reactor at a
low atmospheric pressures (0.1 to 1 mbar) and high temperature (to thermally drive
the chemical reaction). LPCVD allows processing of a batch of wafers at a time, and
therefore has high throughput despite that the entire process is slow (due to the low
deposition rate and the time needed for temperature raise and descent). System design
and construction to achieve good balance between the temperature gradient and the
depletion of reactant gases are needed to achieve deposition uniformity on each wafer
and wafer to wafer in the same batch.

The LPCVD process is often used for reactions which are fast and could be explosive,
such as the mixture of SiH4 and O,. The reduced pressure reduces the reaction rates
(thus to avoid gas-phase reactions), and promotes the gas diffusion (to improve film
uniformity across the wafer). In order to dissociate the precursors, in the absence of
plasma, high temperature is needed. For example, Si3zN4 and SiO, deposition processes
using SiH»Cl, are usually operated at a temperature above 700°C. Compared with other
CVD processes, the thin films produced by LPCVD process are typically of the highest
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quality in terms of uniform, density, number of defects, and step coverage. The key
disadvantage of LPCVD is the use of high temperature, making this process incompatible
for substrates having metallic structures or layers.

Plasma-enhanced chemical vapour deposition (PECVD) utilizes plasma to enhance
chemical reaction rates of the precursors, allowing CVD process operated at low temper-
atures (below 350°) compatible with electronic circuits. An RF power at 400 kHz or 13.56
MHz is used to dissociate the neutral precursors, and to generate plasma (i.e. a partially
ionized gas mixture) containing ions, electrons and radicals. The presence of plasma
effectively reduces the activation energy to allow chemical reactions to happen at a
much lower temperature compared with the temperature used in the LPCVD process for
the same material (however, higher temperature is still advantageous to further enhance
film quality). The deposition rate can thus be increased or controlled by changing the
driving RF power and controlling the plasma conditions.

The amorphous films such deposited via PECVD are typically more porous, rougher and
less dense, which are affected by the gas-phase reaction. Applying a high bias voltage on
the substrate can induce ion bombardment on the substrate, which may cause plasma
damage to the device such as film delamination and crater formation. In addition, the
interface poisoning can happen as the results of implantation of deposition by-products
in the film, and the embedded impurities such as H, Cl, and F are extremely harmful
for microelectronic devices (to cause current leakage and low threshold breakdown
voltage threshold). However, if configured and controlled well, the ion bombardment
can effectively treat the film as physical etch and can increase the film quality. Higher
RF power results in higher film density and more compressive stress. The physical
etch caused by higher-energy ion bombardment is further exemplified in High-density-
plasma chemical vapour deposition (HDPCVD) The HDP-CVD is an upgraded form of
PECVD with an inductively coupled plasma (ICP) source to significantly increase the
generated plasma density, comparing to the normal parallel-plate PECVD configuration.
In this sense, the HDP-CVD configuration is very similar to an ICP dry etcher, where
system works in the reverse regime. The higher plasma density can further reduces
the deposition temperature, increase the film quality and significantly improve the
deposition uniformity and step coverage (prevent void formation). The step coverage,
or gap filling, is a result of the ion bombardment, when the HDP-CVD physically etched
the deposited film in situ. The sharp edge has higher etch rate due to the edge charging
effect in dielectric materials. As a result, the non-uniform etch rate results in a deposited
film surface much flatter than the pre-patterned structure. The difference between
PECVD and HDP-CVD is highlighted in Fig. 8.1. This gap filling capability is critical
for SiO, and SisNy films, which are normally used as cladding and encapsulation for
electronic circuits as well as photonic waveguides. Figure 2.17 shows examples of void
formation in SiO» in the case that the SiO, lacks sufficient deposition conformality.

Atomic layer deposition (ALD) is based on the sequential use of two precursors A and B
to form thin composite layers. The two precursors react with the surface of the substrate
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individually, such that one precursor is applied on the substrate at a time, and form
atomically thin coating. The mixture of two precursors on the substrates triggers the
chemical reaction, and form the composite film. The application of the precursors
is sequential (i.e. one molecular monolayer deposition at a time), and the chemical
reaction is self-limited (i.e. the process stops once all reactive sites on the surface of
the wafer are occupied). Through the repeated step to expose the substrate to each
precursor, a highly conformal, atomically specified, very thin film is slowly formed. An
example is the formation of Al, O3 dielectric films using Al(CH3)s and H,O precursors.

Metal-organic chemical vapour deposition (MOCVD) is based on metal-organic pre-
cursors. The molecules of these precursors are heavy, thus the precursors at room
temperature are often liquid but have high vapor pressure. Bubbler systems are used
for MOCVD processes, which transport the volatile precursor molecules by a carrier
gas (often N») into the reactor chamber. Surface reaction of metal-organic compounds
(liquid precursors) and hydrides (gaseous precursors) allows deposition of compound
semiconductors, e.g. GaAs or InP, at a temperature ranging from 300°C to 500°C. The
MOCVD process is not used in our current process illustrated in this PhD thesis.

Besides CVD, there are alternative methods to grow thin film:

Thermal oxidation is widely used to grow the highest-quality SiO; on the silicon substrates.

As a batch process, thermal oxidation can process large number of wafers (>100) at a time, thus

has a high throughput. In thermal oxidation, O, is the main reactant that transforms silicon

into SiOy, at a high temperature above 900° which facilitates the diffusion of oxide atoms into
the silicon substrate. Depending on whether O, or HyO (formed by H, and O5) is used, the
thermal oxidation is classified as dry oxidation or wet oxidation. Their chemical reactions,

respectively, are Si + O, — SiO» and Si + 2H,0 — SiO2*,H,. Both thermal oxidation

Parallel-plate PECVD

Ll e TR

Ar plasma

HDP-CVD

e e D

Figure 2.16 — Difference in the topography of deposited films using PECVD and HDP-CVD. The
gap filling capability of the HDP-CVD is highlighted.
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processes are slow compared with the SiO, CVD processes. The SiO, thermal-growth rate is
described by the Deal-Grove diffusion model. Initially, the SiO, thickness d is proportional to
the time  as d o t. Later, due to the increased diffusion length, d o< v/7, thus thick SiO; layer
(d > 2 um) as the substrate cladding typically requires more than a day. Dry oxidation is much
slower than wet oxidation and is only used for thin SiO; (d < 0.5 ym).

Physical vapour deposition (PVD) is used for depositing conductor and metallic thin films
that cannot be achieved by CVD. PVD can also deposit dielectric thin films, however the film
quality is much worse than that from CVD processes. The most common PVD processes are
sputtering and evaporation.

The stoichiometric silicon nitride SigNy is a transparent, hard, chemically inert, solid insulator
and has high-melting temperature. Its importance to modern semiconductor technologies lies
in its impermeability to most impurities, which qualifies its primary use as a passivation layer,
especially as a diffusion barrier to moisture and sodium, or as a selective oxidation mask to
prevent oxygen from penetration into the silicon beneath. Silicon nitride is a good candidate
for the capacitor dielectric as well as gate dielectric to reduce device geometry, due to its high
dielectric constant. In addition, silicon nitride is also used as etch hardmasks or etch stop
layers.

Stoichiometric SizNy films for electronic and structural applications in semiconductor manu-
facture are formed typically using chemical CVD, including:

¢ LPCVD process works at high temperature of 750 - 850 °C and pressure of 150 - 250 mbar
in tube furnaces. The chemical reaction is 3SiCloH, + 4NH3 — SigN4 + 6 HCI + 6 H».

e PECVD process which works at relatively low temperature of ~ 350°C in vacuum cham-
bers. The chemical reaction is
3SiHy + 2N, — SigNy + 6H,, or 3SiH4 + 4NH3 — SigNy + 12H,. The latter one is
more common.
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Figure 2.17 — Examples of void formation in SiO; cladding. The red circles mark the void.
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The Si3N, formed using CVD is amorphous not crystalline. The key advantages of PECVD
SigNy are:

* The process temperature ~ 350°C is compatible with most of the metal process, thus
PECVD Si3Ny is widely used with integrated electronic circuits, and can be applied after
the electronics process.

* The film stress, compressive or tensile, can be controlled and engineered by varying the
process parameters such as temperature, RF power, chamber pressure, and gas ratio.

The disadvantages of PECVD Si3Ny are:

 The film quality such as density and uniformity is worse compared with LPCVD Si3Nj.

* The film contains a high content of hydrogen, due the SiH4 and NH3 used in the process
and the insufficient chemical dissociation under plasma.

As the material density and uniformity affect the light scattering in Si3zN,4, and hydrogen
content affects the light absorption, LPCVD SizNjy is generally preferred to make low-loss
photonic integrated circuits, unless the process temperature poses issues. In this thesis, only
LPCVD Si3Ny is used to build ultralow-loss waveguides and high-Q microresonators.

2.6.1 LPCVD Si3N, film stress and crack prevention

The LPCVD Si3N,4 process based on SiCl,H, and NH3 yields high-quality film with stoichio-
metric Si:N ratio, minimal hydrogen impurities, and low etch rate e.g. for buffer hydrofluoric
acid (BHF). In addition, due to the fact that the SiH,Cl, and NHj reaction is driven by surface
chemical thermodynamics, the deposition process shows excellent step coverage, i.e. the
deposition is conformal, as shown in Fig. 2.18. The deposition conformality is critical in the
cases of using Si3N, as passivation or capping layer, or in our photonic Damascene process,
filling the patterned trenches with SigNjy.

Symbol Description Value
nm Refractive index 2.0
1y Kerr nonlinear index 2.5 x 1079 m?/W
Eg Bandgap 5eV
P Density 3100 kg/m?3
E Young’s modulus 280 GPa
v Poisson’s Ratio 0.23-0.27

Table 2.2 — Main parameters of optical and mechanical properties of SigNy.
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However, the surface thermodynamics also results in low deposition rate (1 - 2 nm/min), and
more importantly, highly tensile stress of 1.1 - 1.3 GPa which can cause significant film cracks.
The Si-N bonds are generated by combining Si-H and N-H bonds and eliminating H, and are
much stronger than Si-H and N-H bonds, resulting in strained Si-N bond and a tensile SigNy
film globally. This process creates an as-grown internal stress. In addition, the cooling process
from the deposition temperature (> 750°C) to the room temperature, while the difference in
thermal expansion coefficients between the Si3N, film and SiO; or silicon substrate creates
the thermal-expansion-induced stress. Generally, it is suggested to use deposit LPCVD SizNy
film with thickness below 300 nm. Film with thickness exceeding 500 nm can show significant
cracking.

For nonlinear integrated photonics, such as soliton microcomb and supercontinuum gener-
ation that are studied in this thesis, Si3N4 film with thickness exceeding 600 nm is needed.
As will be illustrated later, parametric process based on Kerr nonlinearity requires anoma-
lous group velocity dispersion (GVD), while the bulk Si3N4 shows as-material normal GVD at
telecommunication wavelength of 1550 nm. Therefore, the only way to achieve anomalous
GVD is to tailoring the waveguide geometry [49], such that the geometry dispersion can com-
pensate the material dispersion. In this wave, waveguides with proper geometry can exhibit
anomalous GVD. The geometry dispersion comes from the fact that, when the waveguide
cross-section size is smaller than the light wavelength, the refractive index of the optical mode
is wavelength-dependent not only due to the chromatic dispersion of the material but also
(mainly) due to the spatial confinement of the optical mode in the waveguide. Part of the
optical mode is in the waveguide core, while a significant portion is in the cladding. The
effective refractive index of the optical mode is an integral result of the mode distribution in
the waveguide core and cladding.

Figure 2.18 — SEM image showing the deposition conformality of LPCVD Si3N, in patterned
trenches on a SiO, substrate. The SizNy is blue-shaded.

72



2.6. Chemical vapour deposition

While the geometry dispersion depends on the waveguide width and height, it is typically
required to have waveguide height (i.e. Si3Ny film thickness) exceeding 600 nm [95, 117], such
that anomalous GVD is accessible. Therefore, film cracking issue when depositing LPCVD
SizN4 more than 600 nm needs particular caution and approach to avoid.

Several fabrication techniques can be used to relax the film stress and to avoid LPCVD Si3Ny
film cracks. The first method, employed in our Damascene process, is to pre-structure the
substrate surface [95, 235, 226] with filler patterns, such that the film stress is not accumulated
in the wafer plane. Tensile stress accumulates in continuous thin film, and can yield a strong
force which ultimately causes cracks. The key idea here is to avoid stress and breaking force
accumulation via periodically interrupting the film continuity, realized by adding filler patterns
which define boundaries and enclose individual local areas with manageable stress. Figure
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Figure 2.19 — Crack formation and propagation in tensile LPCVD SizN, film with different filler
patterns. (@, b, ¢) Crack formation dominant in the vertical direction as a result of accumulated
stress in the horizontal direction. The densely patterned horizontal bars, which break the film
continuity in the vertical direction, relax the stress in the vertical direction and prevent crack
formation in this direction. (c, d) The currently employed “#” filler patterns, which equal bar
density in the horizontal and vertical direction, to prevent crack formation for high yield. This
figure is adapted from ref. [226].
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2.19 shows different filler pattern around the main waveguide structures, and crack formation
and propagation in with these filler patterns. It is observed that, for example, the horizontal
bars, which break the film continuity in the vertical direction, relax the stress in the vertical
direction. Therefore, only vertical cracks are formed as a result of accumulate stress in the
horizontal direction. It is thus optimal to place equal density of horizontal and vertical bars,
which form a unit cell of “#” as shown in Fig. 2.19(d, e), to relax the stress in both directions
and prevent crack formations. In addition, the filler patterns are uniformly distributed on the
entire substrate, not only for crack formation but also needed for etching and planarization
(will be explained later) uniformity.

The second method is to deposit SisN4 in multiple cycles. In each cycle, thin SisNy film is
deposited, followed by wafer cooling to room temperature to relax the stress [94, 244, 245].
However this method still has difficulty to achieve SizNy film thickness exceeding 800 nm, and
is time-consuming.

Engineering Si3N, film properties can also change the film stress. Silicon nitride from PECVD
[246, 247, 248, 249, 250] can be used for this purpose, and the film stress can be altered from
tensile to compressive stress by controlling the ion bombardment intensity via plasma RF
power. Alternatively, “low-stress nitride” [251, 202, 252, 253], can be used from both the
LPCVD and PECVD processes, which is silicon-rich nitride (not stoichiometric Si:N ratio of
3:4) by changing SiH,Cl, to NHj3 gas flow ratio and process parameters. Besides much lower
stress, silicon-rich nitride also has larger refractive index (~ 2.07) and higher Kerr nonlinearity
(n2 = (9+3) x 10715 cm?/W), while is still free from TPA. However, both nitrides have not
shown so far ultralow waveguide loss below 5 dB/m, likely caused by the compromised film
quality such as impurity and density.

Finally, anomalous GVD can also be achieved with thin SizN4 film using coupled waveguide
structures [240, 254, 255, 256], in which optical modes are highly hybridized.

The detailed process flow and parameters for reflow and LPCVD SisN, deposition are shown
in Table 2.3.

Table 2.3 — Reflow and LPCVD Si3N, process

Operation Machine Recipe Parameters
RCA cleaning ~ RCA wet bench 300 sec SC1, 10 sec DHE 300 sec SC2
Reflow Diffusion tube JLIU 1250°C, N, atmosphere
DHF cleaning =~ RCA wet bench 10 sec DHF

SizsN4 deposition  Nitride tube ~ N-Nit-NX  In two steps, e.g. 500x2=1000 nm
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2.7 Planarization

Integrated waveguides are ideal for nonlinear photonics due to the high flexibility to engineer
the waveguide dispersion properties via geometry variation. Such dispersion engineering
is critical for generating broadband optical sources, such as octave-spanning soliton micro-
combs and supercontinuum. However, stringent waveguide dimension control, usually at
a precision better than 20 nm, is required in order to obtain wide bandwidth via high-order
dispersion engineering [89, 99]. While the waveguide width can be lithographically controlled
at nanometre precision, the waveguide height is difficult to control in the Damascene process
due to the planarization process.

So far the Damascene process still has non-ideal fabrication yield, mainly limited by the CMP
step which remove the excess SisN4 and planarize the wafer top surface. Previous works
using only chemical-mechanical planarization (CMP) have achieved microcombs of octave
spanning bandwidth [89, 257]. However, challenges remains in controlling the polishing
rate and uniformity, which are: 1. Despite the fact that the stress-release patterns can result
in thick, crack-free as-deposited SizNy film, the wafer is highly bowed when the backside
LPCVD Si3N, film is removed. CMP for highly bowed wafer requires high back pressure to
overcome the wafer bow, thus to achieve an ideal polishing uniformity. However, the high
back pressure, and the friction during the CMP, can lead to film crack, particularly common
for thick Si3N, film. Thus the cracks due to CMP reduces the fabrication yield. 2. CMP to
remove thick SizNy film of ~ 1 um thickness presents large polishing non-uniformity, typically
exceeding 10%, particularly in the exclusion zoom. In addition, due to the fact that the film
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Figure 2.20 — The process flow of etch-back planarization, and the final Si3sN, waveguide height
map. (a) Etchback process flow. (b) SEM images of the wafer cross-section / tilted top view
at different step. (c) The final Si3sN; waveguide height measured at different positions on a
4-inch wafer. The height map is plotted in such a way that the height difference from the mean
height is shown.
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stress is released during CMP, the wafer bow changes accordingly, making the uniformity
control very challenging. 3. Common CMP tool does not allow end point detection (EPD) for
SigNy / SiO, which is realized based on slurry temperature / friction monitor. Over-polishing
can happen, which leads to entire wafer failure. Consequently, the planarization using CMP
requires frequent calibration of polishing rate and uniformity, thus is time consuming, and
can lead to complete wafer failure in the case of over polishing.

To overcome the aforementioned CMP operation challenges, in this section I will present
anovel planarization technique which allows crack-free, risk-free, highly uniform, fast and
cheap wafer polishing with reliable EPD and sub-10-nm waveguide height control precision.

2.7.1 Etchback

The etch-back planarization process combines dry etching and CMP, as the process flow
is shown in Fig. 2.20(a), and the SEM images of each step is shown in Fig. 2.20(b). After
LPCVD Si3N, deposition, the wafer is coated with common photoresist (PR). Depending on
PR viscosity, spin-coating speed and waveguide pattern feature size, a proper PR thickness
is needed for sufficient coating conformality. In our case, 600 nm PR is coated on the wafer,
followed by PR reflow, to achieve a flat wafer top surface. Then an dry etching process with
etch selectivity of SigsNy4 : PR: SiO =1: 1: 1 is used, to uniformly removing the excess SizNy
together with the PR. Note that, adding O, increases the PR etch rate, while SigNy4 etch rate
is largely unaffected. Figure 2.21(a) shows the etch rates of SizN, and PR as a function of the
O, flow. Therefore by changing the O,-to-CHFj ratio, independent etch rate control for PR
and Si3Ny can be achieved. Different from the common CMP process where the end point
detection (EPD) is difficult to implement, prominent EDPs can be observed on the dry etcher,
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Figure 2.21 — Etchback etch rate control, and comparison of wafer images using different
planarization processes. (a) When increasing the O, flow, the etch rate (ER) is nearly un-
changed for SizNy etch, while the ER increases linearly for PR etch. It is found that, when the
0O, flowis ~ 2.5 SCCM (Standard Cubic Centimetres per Minute), the ERs for Si3sN, and PR etch
are nearly equal (~157 nm/min). (b) Comparison of the wafer images using only CMP and
CMP combined with etchback. The visible color patterns are due to nature light interference,
caused by the SiO; thickness variation on the wafer.
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Table 2.4 — Etchback process.

Operation Machine Recipe Parameters
PR coating & reflow ACS No. 2114
Dry etching SPTS JL-EB-1:1 Etch rate ~160 nm/min
PR removal Tepla High-Strip-10min

Backside SigN4 removal SPTS ZZ-backside-Nit

during the transitions from PR to SizN4, and from SisN, to SiO,. Therefore the etch-back can
be critically stop when all recess SizNy is removed.

After etchback, the wafer top surface, though flat, is not sufficiently smooth. A short CMP step
less than 30 second, is used to reduce the roughness of the wafer top surface (sub-nm RMS
roughness after CMP, measured using AFM as demonstrated in Ref. [90]), together removing
a thin layer of SizNy less than 50 nm. While dry etcher is usually stable, CMP tool can drift
significantly due to the usage by multi-user for multi-materials. For example, > 20% CMP
removal rate drift is frequently observed. However, since the CMP process here is only to
remove < 50 nm film, thus the removal rate drift does not significantly over-polish the wafer
in the worst case, e.g. 10 nm over-polishing for targeted 50 nm removed film. Meanwhile, as
the wafer does not suffer from SizN, stress and the wafer bow is small, the CMP polishing
rate and uniformity can be easily calibrated and represent run-to-run stability. In addition,
the final CMP step can serve as a fine control to reach precisely the target waveguide height,
which finally allows precise waveguide height control over the full wafer scale. Figure 2.20(c)
shows the measured SizN4 waveguide height at different place over a full 4-inch wafer, using
Nanospec reflectometer. The measured waveguide height map shows + 30 nm variation,
corresponding to +3.1% of 950 nm waveguide height, a value comparable to typical LPCVD
SizN4 deposition uniformity.

Figure 2.21(b) compares the wafer images using only CMP and CMP combined with etchback.
The visible color patterns are due to nature light interference, caused by the SiO, thickness
variation on the wafer. It is clear that, using CMP with etchback, the final wafer is much flatter
than the case of using only CMP, leading to a better SiO, thickness uniformity. Table 2.4 lists
the tools and recipes used for etchback process.

2.7.2 Chemical-mechanical polishing

To implement chemical-mechanical polishing, the CMP tool STEAG MECAPOL 460 is used.
The operation flow is below.

e Slurry preparation: Water / 30H50 = 2/1 for SiO; and Si3N4 polishing. Water / 30N50 =
2/1 for AIN polishing. Dilution with wafer is to change not only the particle density (for
mechanical polishing), but also the PH value (for chemical polishing).
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Table 2.5 — CMP parameters.

Step Headspeed Padspeed Pressure Back pressure Time

#1 50 30 0.67 - 10s
#2 - - - - -

#3 55 67 0.7 0.43 3 min +x
#4 95 100 0.2 - 20s

¢ Parameter setup: For the CMP parameters of each step, see Table 2.5. Check if all the
following function are enabled: head and pad rotation in the clockwise direction, slurry
speed at level 2, Step #1 and #3 use turbo No. 2, step #2 is skipped, back pressure in step
#3 is enabled, wafer rinse is enabled in step #4.

e Priming: 39 s conditioning — 3 min polishing with a blank oxide wafer — 19 s condi-
tioning — 3 min polishing with the blank oxide wafer — 19 s conditioning — 3 min
polishing with the blank oxide wafer — 19 s conditioning.

* Polishing of project wafers: Using the parameters listed in Tab. 2.5. The polishing rate
is 70 nm per 40 second.

* Post-CMP cleaning: full rinse in deionized water — 30 s in BHE shaking — full SRD
rinse. The post-CMP cleaning is critical to remove the contamination of CMP slurry
particles from the SizsN, waveguides. A comparison with and without post-CMP cleaning
is outlined in Fig. 2.22.

See detailed process flow and process parameters of CMP step in Table 2.5.

(b) After clearning

Before clearning, with slurry particles

Figure 2.22 — SEM images showing the CMP slurry particles attached on the Si3sN, waveguides.
(a) After CMP, before BHF cleaning, significant amount of CMP slurry particles are observed
which only attach to the SisN4 waveguides. (b) These slurry particles can be removed by BHF
clean.
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2.7.3 CMP dishing effect

It should be note that the dishing effect, outlined in Fig. 2.23, is commonly presented if the
CMP polishing rates for the waveguide material and cladding are different. In our case, it is
observed that, using the CMP slurry containing SiO, nano-particles, the polishing rate of Si3Ny4
is lower than that of thermal wet SiO,, which facilitated dishing effect to occur. Therefore,
the current process is only optimized for waveguide width (i.e. critical dimension) below 3
pm. Above this value, the dishing effect leads to significant roughness on the waveguide top
surface which compromises the waveguide loss. A further optimization to reduce the dishing
effect requires to use a different CMP slurry providing higher polish rate for SiO, than that of
SigNy, or an optimized etchback process.

SiO2 SiO2

Rough polishing (dishing)

Figure 2.23 — SEM images showing the CMP dishing effects observed. (a) Smooth surface is
achieved with CMP for waveguides with smaller critical dimension (below 3 ym). (b) Rough
surface is resulted due to the CMP dishing effect for waveguides with larger critical dimension
(above 3 um).

79



Chapter 2. Fabrication of Ultralow-Loss Si; N, Integrated Waveguides

2.8 Thermal annealing and SiO; cladding deposition

After the CMP, the wafer is thermal-annealed to drive out the residual hydrogen impurities
in Si3Ny4, which are introduced during LPCVD SizN,4 deposition using SiCl,H, and NHs as
precursors. There are two kinds of hydrogen contents, Si-H and N-H bonds. At telecommuni-
cation wavelength, the absorption peaks of Si-H bonds lies around 1540 nm and the peaks of
N-H bonds around 1520 nm [201, 216, 217]. The N-H bonds have higher bonding energy than
the Si-H bonds, as well as the absorption cross-section. To thermally drive out the residual
hydrogen contents, and to break Si-H and N-H bonds, the thermal annealing temperature
needs to exceed 1100° [229]. In addition, the diffusion distance Lg;f is typically proportional
to the square root of the diffusion time tgj, i.€. Lqifr o< +/Zqifr- Therefore, depending on the
thickness of the Si3N, film, the thermal annealing time needs to be varied accordingly. Usually
the duration is more than 3 hours. In addition, Si3sN4 deposition - Si3sN4 annealing - Si3Ny
deposition - Si3sNy annealing cycles [218] can efficiently reduce the required annealing time
for thick SizNy film.

Figure 2.24 shows the linewidth (loss) characterization data of a partially annealed SizNy4
sample [91]. The intrinsic loss (blue circle) data show larger loss in the wavelength range from
1500 - 1560 nm, which corresponds to Si-H and N-H absorption bands. Samples with longer
annealing time do not show this phenomena.

After the SizN, thermal annealing, top SiO» cladding is deposited on the wafer, to prevent
direct contact of SisN, waveguide to the dust and moisture in the air. The thick SiO, top
cladding composed of TEOS and LTO, both of which uses LPCVD processes.

* The TEOS process is based on tetraethyl orthosilicate Si(OC,Hs)4), a colorless liquid at
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Figure 2.24 — Hydrogen absorption loss characterization of a partially annealed SizN4 sample.
The intrinsic loss (blue circle) data show larger loss in the wavelength range from 1500 to 1560
nm, which corresponds to Si-H and N-H absorption bands.
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room temperature. The LPCVD TEOS process is based on the dissociation of TEOS at
temperature exceeding 600°C:

Si(OCyHs5)4 — SiO2 + 2CyHy + H2 0

This process is known to show great step coverage and uniformity of SiO, deposition, as
the chemical reaction is driven by surface thermodynamics, similar to the LPCVD SizNy
process. While the process temperature above 600°C is not compatible with electronic
circuits, the TEOS process temperature can be dramatically reduced by adding ozone
(O3) in a PECVD tool.

* The low temperature oxide (LTO) based on SiH, and O is the most commonly used
SiO, process both from LPCVD and PECVD:
SiH4 + 02 _— SiOz + 2H2
The LTO process can be conducted at temperature of 350°, thus it is compatible with
electronic circuits. However, LTO SiO» film is low-quality and has rich hydrogen content
introduced with SiH4. The deposition uniformity is also poor as the process is driven
by gas-phase thermodynamics and the reaction rate is critically depending on the
temperature. Thus the deposition uniformity is a result of the temperature gradient in
the tube furnace.

* Though not used in this thesis, high temperature oxide (HTO) based on SiCl,H, and
N, O is also a good choice for high-quality, low-hydrogen-impurity SiO,. The chemical
process is conducted at elevated temperature of 850 - 950° in a tube furnace
SiCleg + 2N20 — SIOZ + 2N2 + 2HCI
The SiO; film deposited using LPCVD HTO process is very similar to the LPCVD SigNy
film, and the film stress is also high tensile.

After TEOS and LTO deposition, the entire SiO» cladding is thermally annealed to drive out
the residual hydrogen contents. The detailed process flow and process parameters of thermal
annealing and top cladding deposition are shown in Table 2.6.

Table 2.6 — Annealing and top SiO; cladding deposition

Operation Machine Recipe Parameters
RCA cleaning ~ RCA wet bench 300 sec SC1, 10 sec DHE 300 sec SC2
SisN4 annealing  Diffusion tube diff-CMi 1200°C, N, atmosphere, 3h
TEOS deposition TEOS tube TEOS-CMi 1000 nm
LTO deposition LTO tube LTO-CMi 2000 nm
LTO annealing Diffusion tube diff-CMi 1200°C, N, atmosphere, 3h
Si3N,4 deposition Nitride tube N-Nit 50 nm
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2.9 Heaters module

After the top SiO, cladding deposition and annealing, the wafer is ready to be separated into
chips. At this moment, it is also possible to fabricate integrated heaters [97, 54] on top of the
SisN4 waveguides, in order to thermally tune the microresonators in the future. Note that,
heaters based on metallic thin film are absorptive at telecommunication wavelength, therefore
thick SiO» cladding needs to be placed between the SizN, waveguides and the metallic heaters,
such that the optical mode in the Si3N4 waveguides does not extend to the heaters. In our
case, the SiO; top cladding thickness is more than 2.5 ym.

The metallic materials for heaters can be aluminium (Al), gold (Au), titanium (Ti) or chromium
(Cr) etc. All of these materials can be patterned via a lift-off process. In addition, Al can also be
patterned via a dry etching process based on BCl; and Cl,. Compared with lift-off process,
dry etching of Al can provide better lithography resolution, useful to make thinner metallic
wires. However, lift-off is the only approach in cases where direct dry etching of metals is not
possible. For example, there is no dry etching process to etch Au, as Au is chemically inert to
most of the aggressive etchants. In this section, only the Au lift-off process used in the current
fabrication process is presented.

Before the lift-off process, the wafer needs to be shortly polished using CMB, in order to achieve
smooth wafer top surface. Then the wafer is thoroughly cleaned using RCA cleaning process.
Afterwards, 50 nm LPCVD Si3N, and 70 nm TiN (via sputter) are deposited on the wafer. The
LPCVD Si3Ny layer is to prevent Au diffusion into the substrate. The TiN layer also serves as a
diffusion barrier to prevent Au diffusion, but more importantly it is the adhesion layer for the
Au layer to grow on the wafer.

The lift-off process is a method to pattern structures on the wafer using a sacrificial material
such as photoresist. It is an additive method as opposed to etching which is subtractive. The

1. PR coating

5. PR lift-off

2. Lithography

6. Cladding deposition

3. PR development

7. Lithography

4. Metal deposition

8. Local opening

| Resist i sisne [ESOZNN si T

Figure 2.25 - Simplified process flow of heater deposition and patterning using lift-off process.
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process flow is shown in Fig. 2.25. First, the pattern is written on the sacrificial photoresist
mask coated on the wafer. The photoresist in the area where the metal wires should sit is
locally removed via photolithography and resist development. A cleaning step with O, plasma
is applied to further clean the locally opened area where photoresist is removed but residual
may stay. The metal thin film is deposited over the entire wafer via sputter or evaporator. The
deposited metal only reaches the wafer surface in the open area, while other part of metal
sits on top of the photoresist mask. Then the sacrificial photoresist mask is removed in a
photoresist solvent. Therefore, only the metal sitting directly on the wafer in the open area
stays, while other part is lift-off.

In order to protect the heaters, SiO, capping layer can be deposited on the wafer and to
cover the Au heater pattern. However, in order to preserve the Au pattern, only PECVD SiO»
operated at the deposition temperature of 350°C is employed. No SiO, thermal annealing
can be applied. A second lithography is implemented to locally open the SiO, cladding, such
that the Au contact pads are accessible. Electric probes can directly contact these open pads
with Au, to deliver current for heating. Figure 2.7 shows the microscope image of a fabricated
sample with Au heaters and wires (the bright parts which are reflective), as well as the open
pad for electric contact. The detailed process flow and parameters for the deposition and
patterning of heaters are shown in Table 2.7.

Table 2.7 — Metalic heater deposition and patterning

Operation Machine Recipe Parameters
Polishing CMP 30s
RCA cleaning RCA wet bench
SigN, deposition Nitride tube N-Nit-NX 50 nm
TiN deposition SPIDER 600 TIN 70 nm
Lift-off PR coating EVG No EBR 700 nm LOR+1600 nm AZ1512
Pattern exposure MILA dose 105 mJ/cm?, focus 0
PR development ACS AZ15120nLOR.0um82
Descum Tepla Strip high 30s
Au deposition LABH600 Au 100 nm
Lift-off Lift-off bench overnight
IPA rinse
SiO; cladding PECVD 1000 nm
Pad opening
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Figure 2.26 — The microscope image of a fabricated sample with Au heaters and wires (the
bright parts which are reflective), as well as the open pad for electric contact.
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2.10. Chip release

2.10 Chiprelease

After the top cladding deposition and thermal annealing, the full wafer needs to be separated
and released into chips in 5 x 5 mm? for experiments. The schematic of simplified process
flow for chip release is shown in Fig. 2.27. Key idea here is to use deep RIE to etch the wafer
frontside, which defines the chip facet, and then use backside grinding to separate the chips.
Note that, dicing can also be used for chip release and separation. The advantage of deep RIE
used here is to achieve much smoother chip facet compared with the facts achieved by dicing.
In addition, the deep RIE can work with chip separation distance less than 10 um, while dicing
requires the distance larger than 100 um. Thus chips can be placed more tightly on the wafer.

Figure 2.28 shows the SEM image of the chip facet with superior quality, using deep RIE to
define the facet. Such high-quality, smooth facet is critical for laser self-injection locking
[170, 69, 70], where the SizN, chip is directly butt-coupled to a laser diode. In this case, the
smooth facet of the Si3Ny4 chips enables seamless contact with the laser diode, thus high optical
power coupling efficiency from the laser to the Si3N4 chip. More details on laser self-injection
locking will be illustrated in the following chapter.

In the following in this section, detailed illustration of the process steps and parameters are
provided.

2.10.1 Photolithography

The lithography step is to define the chip boundaries and facets. The lithography can be
implemented using either direct laser writer (Heidelberg MLA 150 Maskless Aligner), or
contact mask aligner (Siiss MA3Gen3 Mask Aligner). Both lithography tools use UV light
source e.g. from mercury i-line, and require alignment as the chip release layer needs to be
superimposed on the waveguide pattern with reasonable overlap precision. Both processes

1. PR coating 2. Lithography 3. PR development 4. Deep SiO2 etching

5. Deep Si etching 6. Backside SiO2 etching 7. PR removal & cleaning 8. Backside grinding
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Figure 2.27 — Simplified process flow of chip separation steps.
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can reach minimum feature size of 1 ym (determined by the UV wavelength, photoresist
thickness, and exposure parameters). To reach the optimal lithography quality, optimal
parameter sets of dose and focus are needed, and can be found via a series of test. Both
methods require alignment markers for lithography alignment.

The advantages of using direct laser writer include:

* Quick writing a test or unqualified design, without the need to prepare a separate mask.
¢ Modification of the same design from run to run is easy and quick.
* Alignment accuracy better than 500 nm.
The main disadvantage is that, each exposure job takes ~ 30 min. Thus if the same design
needs to be written on many wafers, directly laser writing is not economical.
The advantages of using contact mask aligner include:

* Each exposure is less than 1 min, thus if the same design needs to be written on many
wafers, this method is economical.

* Flood exposure can be easily implemented.

Figure 2.28 — SEM image showing the chip facet with superior quality, using deep RIE to define
the facet.
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The main disadvantages are:

* A separate chrome mask needs to be prepared separately. The chrome mask can be
written by direct laser writer, e.g. Heidelberg VPG 200 Laser Writer. However, every
new design requires a different chrome mask, so this method is not economical for
quick prototype,

* The edge bead removal (EBR) after photoresist coating on the wafer is absolutely critical
and can significantly impact the lithography quality.

Figure 2.29 shows the design layout to separate a 4-inch wafer into chips, with four alignment
markers (cross) used to align the chip release layer to the waveguide pattern.

iy

0w

Figure 2.29 — Design layout to separate a 4-inch wafer into chips. Four alignment markers
(cross) are used to align the chip release layer to the waveguide pattern.
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2.10.2 Photoresist

As deep RIE follows, the photoresist needs to be thick enough, and the deep RIE needs to have
a modestly high SiO,-to-resist and Si-to-resist selectivity. In addition, deep RIE requires long
etch time, thus the wafer backside needs to be thoroughly clean such that resist burning must
not happen. With several concerns and limitations, currently there are two photoresists used
in the chip release lithography: AZ9260 and AZ15nXT.

AZ9260 is a positive photoresist with high viscosity, thus it can form thick resist layer from 5
pm to 20 um. Making thinner resist layer requires dilution of AZ9260. It is UV-sensitive to,
thus can be exposed by, mercury i-line and h-line from 310 to 410 nm wavelength.

In the chip release process, 8 um thick AZ9260 is coated on the wafer, after an HMDS layer is
applied in the gas phase as an adhesion promoter for AZ9260 on the heated wafer substrate.
Both HMDS and AZ9260 are applied in Siiss ACS200 Coater.

After the resist coating, the wafer is placed in humid environment for 20 min, in order to
rehydrate AZ9260. As AZ9260 is based on DNQ, and the photo-chemical reaction of DNQ
consumes water and release nitrogen, the resist rehydration, particularly for thick resist like 8
pm AZ9260, is required in order to achieve complete photo-chemical reaction, and removal of
exposed resist after resist development.

After the resist rehydration, the wafer is exposed with UV lithography described above. After
the exposure, the resist is developed with Siiss ACS200 Developer. An examination of expo-
sure / development results with an optical microscope is needed. Figure 2.30 compares the
microscope images of chip boundaries after photoresist development. The bad lithography
quality can result from insufficient exposure (usually due to insufficient dose), insufficient
development, or EBR issues.

Before the deep RIE, two steps need to be performed: 1. As mentioned earlier, the photo-
chemical reaction of DNQ consumes water and release nitrogen. RIE generates plasma and
can emit UV light, which will expose the unexposed AZ9260 resist. The release of nitrogen

Table 2.8 - AZ9260 lithography process

Operation Machine Recipe Parameters
PR coating ACS No. 350 HMDS, 8 um AZ9260, EBR
PR rehydrate 20 min in moisture environment
Exposure MA3Gen3 JL.tsa.ma i-line, 1200 mJ/cm?, alignment
PR development ACS No. 950
Flood exposure  MA3Gen3 JL.ma.flood.line 3000 mJ/cm?
Cleaning SRD program 1 full cleaning
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2.10. Chip release

can swell the resist, leading to CD drift and rough resist surface. Thus, to prevent the resist
exposure by the UV light during deep RIE, a flood exposure with sufficient dose, e.g. 3000
mJ/cm?, is needed. 2. The wafer needs a thorough SRD cleaning, in order to remove backside
contamination during resist development, which frequently happens due to the dirty chuck of
the photoresist developer. Once the chip release pattern is well defined on the resist, the wafer
can proceed with the deep RIE.

The detailed process flow and parameters of lithography with 15NXT are shown in Table 2.8.

During the process development, it is found regularly that, AZ9260 can easily get burned in
the deep RIE of SiO; etch, especially when the wafer backside is contaminated due to the

(a) (b)

Figure 2.30 — Microscope images of chip boundaries after photoresist development, comparing
good (a) and bad (b) lithography quality.

EHT= 100KV Signal A=SE2  Date :30 Aug 20

" 050K 1pm EHT= 100K/ Signal A=SE2  Date :30 Aug 2018 Lom " 261k 1pm S
= 1000Kf—o - = 281K -
9 WD=55mm StageatT= 350° :wrme:mmgcn_rm_grul; 9 WD=d48mm StageatT= 350° :wnme:mmgcn_rm_gﬂ;

Figure 2.31 — (a) AZ15NXT photoresist staying in the zoom where it should be clear. The
fish-scale shape is the typical topography of photoresist. (b) If the etch zoom is covered with
resist, and dry etching process will lead to extremely rough etch.
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photoresist development, or other reasons. Therefore, when using AZ9260, particular caution
needs to be paid on the wafer backside, and the helium leakage pressure in SPTS during SiO»
RIE (helium leakage pressure exceeding 200 mTorr will surely burn AZ9260). If the AZ9260 gets
burned during dry etching, the chip facet will be extremely rough, leading to very low edge
coupling efficiency, typically < 5%.

To solve this issue, AZ15nXT process has been developed and used. AZ15nXT is a cross-linking
negative photoresist based on chemical amplified resist (CAR), and can form thick resist layer
of 10 um. It is UV-sensitive to mercury i-line. More importantly, it has much better thermal
resistance and thus less chance of resist burning than AZ9260. As the photo-chemical reaction
is based on CAR, resist rehydration and flood exposure are not needed for AZ15nXT.

The exposure of AZ15nXT is usually done with MA3Gen3 mask aligner, with contact lithogra-
phy. As AZ15nXT is negative tone, and the contact lithography is used, the EBR is particularly
important. Bad contact of the coated wafer with the chrome mask, due to the problematic
EBR during coating, will ruin the lithography, leaving considerable amount of photoresist in
the place where it should be clear, after the photoresist development. For example, the trench
between the chips should be clear, thus it is the zoom where dry etching targets. However due
to the EBR issue, this zoom can be slightly exposed during contact lithography, thus resist
development still leaves some resist in the trench, as shown in Fig. 2.31. Without removing the
residual resist, the dry etching only makes the topography worse.

The detailed process flow and parameters of lithography with 15NXT are shown in Table 2.9.

2.10.3 Deep RIE

For the deep RIE of SiO,, the ideal process needs to be: 1. Fast, i. e. high etch rate; 2. High
selectivity of SiO; to photoresist; 3. Vertical; 4. Smooth. Including all factors together and their
balance, the chosen process recipe for SiO» etch is “SiO, PR3:1” on SPTS APS. The etch rate is
around 340 nm/min, and the SiO,-to-resist selectivity is around 4. Typically, for 7 um SiO,, 25
min etch is needed; for 9 um SiO», 30 min etch is needed. These times ensure the complete
removal of SiO».

Afterwards, deep RIE of Si follows. The chosen process recipe for Si etch is “SOI_Accu_++++"

Table 2.9 — AZ15NXT lithography process

Operation Machine Recipe Parameters
PR coating ACS No. 2021 15 pm 15NXT, EBR
Exposure MA3Gen3 JL.tsama i-line, 350 mJ/cm?, alignment
PR development ACS No. 2014
Cleaning SRD program 1 full cleaning
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on Alcatel AMS200. This process is based on the Bosch process, and has an etch rate of Si
around 5 ym/min, and the Si-to-resist selectivity exceeding 75. Typically 45 min process time
removes >250 um Si depth using the Bosch process.

The detailed process flow and parameters of deep RIE and wafer cleaning are shown in Table
2.10.

2.10.4 Grinding

The last step is grinding of the wafer backside. The wafer backside is Si, so the grinder should
be configured for Si grinding. The process is for Si grinding (recipe number 25, with P2 cut
=10 pm and P3 cut = 50 ym). The finial sample thickness is 250 pm (chip thickness) + 140
pm (tape thickness) = 390 pum. The thickness control needs to be reasonable precise, so the
polishing rate needs to be calibrated in the first run (e.g. to a thickness value around 500 ym).

The wafer needs to be taped 24 hours before the grinding, for good adhesion with the tape
during grinding, in order to avoid wafer detaching from the tape. To tape the wafer, first, install
wheel frame which should be magnetically attached to the tape setup. Second, place the wafer
on the stage for 4-inch wafer, and activate the vacuum. Third, use the roll stick to check if the
wafer is slightly higher than the wheel frame, and lift up the stage if not. Fourth, cover the
wafer and wheel frame with the tape, and facilitate the tape attach with the roll stick, such that
no bubble is presented. Last, cut the tape, deactivate the vacuum for the wafer, and remove
the wheel frame together with the wafer. If the wafer attaching to the tape is not good, do not
detach it by force. Use the UV lamp to cure the tape with three full passes, and afterwards the
wafer can be easily detached from the tape.

To start the grinding, first of all, make sure that the adequate wheel is installed on the tool
(check empty storage box). Run a first grinding with a target thickness of 500 ym (360 ym
wafer thickness +140 um tape thickness). Check the final thickness and adjust it with the offset
parameter on the tool. Also, confirm that the spindle current does not exceed 6.7 A. If the
spindle current exceeds this value at any moment during the process, check the roughness of

Table 2.10 — Deep RIE process

Operation Machine Recipe Parameters
SiO, etch SPTS SiO2-PR-3:1 Etch time 30 min
Si etch AMS SOI-accu-++++ Etch time 45 min
backside SiO, etch SPTS zz-oxide-etch Etch time 30 min
PR removal Tepla High-Strip-15min
DHF clean Plade Oxide DHEF 30 sec
Dry Plade Oxide Manual Ny gun blow
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the work piece and dress the wheel for at least 50 ym.

All subsequent wafers can be ground in one step to the final thickness of 390 ym (250 ym
wafer thickness +140 um tape thickness). The final steps should be run at a lower in-feed (P2
cut =10 pym at 0.5 pm/sec removal rate, and P3 cut = 50 ym at 0.3 pm/sec removal rate). After
the grinding is complete, the tape needs to be fully cured (two or three passes under the UV
lamp), before being cut and stored in a box for collection.
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8] Design and simulation of Integrated
Photonic Circuits

This chapter will describe the design and simulation of photonic circuits. The main waveguide
structures, consisting of polygons with any number of vertices are created using the Python
programming language with the package Gdspy. The generated photonic circuit layout can be
directly imported into simulation software of light propagation in integrated circuits. In this
chapter, the simulation of chip input coupling (i.e. from an input fibre to the bus waveguide on
the chip) and the bus-waveguide-to-microresonator will be presented in details. Experimental
characterization data will be shown, which agree with and validate the simulations.

3.1 Photonic circuit design using Python’s Gdspy package

The photonic circuit design file is usually in the GDSII format. The GDS format is widely used
as industry standard format for data exchange of integrated circuit layout. It shows the planar
geometry of integrated circuit layout in a hierarchical order. Shapes belong to the same group
are placed in the layer (level). The data in each layer or combined layer are used to create
photomask for lithography fabrication, or input in software to simulate the device behaviour.
Figure 3.1 shows the design layout of our Si3sN4 photonic circuits. Since our design is quite
simple, and only contains Si3N4 photonic circuit in one plane, therefore all the data structures,
including ring resonators, waveguides, tapers, text labels, stress-release filler pattern, and
lithography alignment markers, are in the same layer.

The Python package Gdspy used for photonic integrated circuit design is an open source to
create GDSII stream files. The module provides a scripting environment for adding geometries
on each layer and eventually exporting them into GDSII format. Here, the code structure for
circuit design and the core methods involved in the coding are shown. The design scripts can
be separated into two parts: defining a class for the chip based on target geometries, and a
main function that generates GDSII file using this specific class. The entire code flow chart is
shown in Fig. 3.2. Each of these steps implemented in coding is illustrated in the following.

* A class for the chip design should create an object including all the tunable parameters
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defining this design, and a method to draw the geometries or polygons using these
parameters. Notably all geometries / polygons must be added in a cell object, which is
created in the main function. To define the cell, the code should have the structure as:

def _init__(self,cell):
self.parameterl = DefaultValuel

defdraw(self,cell):

Inside the draw method, each of the geometries / polygons is added to designate the
positions and layers of each components. The generated geometry is then placed in the
cell with:

cell.add(Geometry)

Three types of geometries can be created: polygons, paths and texts.

- As an example for polygons, the following code draws a box:

gdspy.Rectangle(lowerleftCorner,

upperrightCorner,layer = layer Number)
And for the rings:

gdspy.Round(center,OuterRadius, InnerRadius,
number_of_points=3000, max_points = 1000,

layer = layer Number)

Note that, the curvatures and holes are approximated by polygons with a large
number of vertices. Therefore, it is important to estimate how many vertices
are needed in order to create a smooth ring or circle. In the Round method, the

Wafer layout Field layout Chip layout Sample layout

Figure 3.1 — Schematic of the wafer and reticle layout showing in the GDS format.

94



3.1. Photonic circuit design using Python’s Gdspy package

number_of_points determines the vertices in the polygon. When this number is
larger than max_points, the ring is constructed using multiple polygons satisfying
the vertices limitation. It is also possible to transform the polygons with Gdspy
methods.

- Besides polygons, Gdspy can also create paths, which are also stored as polygons
or combination of multiple polygons. This is usually how waveguides are drawn. A

Main function Class for chip design

Create cell object
(with gdspy method)

v

Create chip object
(from chip class)

Y

Initialization of
the chip object

Y

Setting parameters

v

Call draw method
(from chip class)

YES

Drawing completed?

Create geometry object
(with gdspy method)

v

Add geometry object
to cell object
(with gdspy method)

[

Y
Optional: View layout
(with gdspy method)

v

Export GDSII file
(with gdspy method)

Figure 3.2 — Chart showing the code flow to generate integrated circuits in the GDSII format,
using Python’s Gdspy package.
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path is created with:

waveguidePath = Path(width = Initial_width,

initial_point = (x,y))
After setting the start point, the path is extended with:

waveguidePath.segment(Length,final_width=Finalwidth,

layer = layer Number)
— In addition, ASCII annotations can be generated with:

gdspy.Text(text =' Text',size= TextSize,

position=(x,y),layer = layer Number)

* In the main function, the script calls the method in the chip class and generates the
GDSII file. First, a cell object needs to be created as the input:

cell = gdspy.Cell(cellname)chip = ChipClass(cell)

The parameters can be changed using the returned chip object:

chip.parameterl = NewValuel

After initialization, use the defined draw method and create the layout:

chip.draw(cell)
gdspy.LayoutViewer()
gdspy.write_gds(FileName.gds')

Table 3.1 shows the key components that need to be defined in the circuit design using
Gdspy.

3.2 Finite-difference time-domain method

The finite-difference time-domain (FDTD) [258, 259] method is a numerical analysis tech-
nique used for modelling computational electrodynamics. It solves Maxwell’s equations in the
time domain using finite-difference approximations. Being a time-domain method, FDTD
can cover a wide frequency range with a single simulation run and treat nonlinear material
properties in a natural way. It works by creating a “movie” of the fields flowing through a
device, thus is more intuitive than other finite-element techniques.

The FDTD method belongs to the general class of grid-based differential numerical modelling
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methods (finite difference methods). The time-dependent Maxwell’s equations in the partial
differential form, i.e. Ampere’s and Faraday’s laws, are discretized using central-difference
approximations to the spatial and temporal derivatives. As firstly proposed by Kane Yee in 1966,
the FDTD algorithm employs the second-order central differences, and it can be summarized
as follows:

1. All the derivatives in Ampere’s and Faraday’s laws are replaced with finite differences.
The space and the time are discretized such that the electric and magnetic fields are
staggered in both the space and the time domains.

» 2. The resulting difference equations are solved to obtain the “update equation” that
express the (unknown) future fields in terms of the (known) past fields.

* 3. The magnetic fields one time-step into the future is evaluated so they are now known
(effectively they become past fields). Such evaluation relies on the electric field one
time-step before.

* 4. The electric fields one time-step into the future is evaluated so they are now known
(effectively they become past fields). Such evaluation relies on the magnetic field one
time-step before.

* 5. The previous two steps are repeated until the desired transient or steady-state electro-
magnetic field behaviour is fully evolved.

As shown in the step 3 and 4, the magnetic field is advanced in time, and then the electric
field is advanced. A method in which one field is advanced and then the other, and then the
process is repeated, is known as a leap-frog method.

Table 3.1 - Key components defined in the photonic integrated circuit design.

Layer Function
1 Lithography alignment markers
Straight waveguide only in the perfect horizontal or vertical directions
Straight waveguides which does not belong to Layer 2, and curved waveguides
Label and text
Exclusion zoom covering all the main structures
Chip size frame, typically 5 x 5 mm?
Chip release frame, typically 4.96 x 4.96 mm?
Ring resonators
Pulley coupler waveguides
Dummy waveguide next to the main waveguide structures
Stress release filler pattern which uniformly covers
the entire design area except the exclusion zoom (Layer 5)
Frame defining the unit cell of filler pattern

X[ ||| W|DN

—
—

\S]
—

o
—

97



Chapter 3. Design and simulation of Integrated Photonic Circuits

In FDTD simulations there are restrictions on how large a temporal step A; can be. If it is too
large, the algorithm produces unstable results quickly extending to the infinity. To prevent the
numerical divergence, it must be satisfied that cA¢ < Ax, where Ax is the minimum meshed
space cell and c is the speed of light. This is because in the FDTD algorithm each node
only affects its nearest neighbours and the effect should not extend further than the light
propagation distance. It turns out that the optimum ratio, defined as Courant number S, is
the maximum ratio as

_ CAt

= A, (3.1

Se

Treating time as an additional dimension adds more complication. Therefore in most situa-
tions, it is more convenient to treat only space grid while time grid only makes the electric and
magnetic fields a half spatial step offset from each other.

Defining the boundary of the the simulation zone is also important. Contrary to the metal
boundary condition which reflects all incident waves, the perfectly matched layer (PML)
[260] is generally considered to eliminate the boundary reflection. Involving with time, the
most used PML formulation today is the convolutional-PML (CPML).

FDTD has several computational advantages, as it is intuitive for learning, excellent for large-
scale simulations, excellent for broadband and transient simulations, and it naturally handles
linear and nonlinear behaviour with dielectric and magnetic materials. FDTD also have several
drawbacks. Since FDTD requires meshing the entire computational domain with the grid spa-
tial discretization sufficiently fine to resolve both the smallest electromagnetic wavelength and
the smallest geometrical feature in the model, it generates very large computational domains
and requires a very long simulation time. Employing the symmetries of the certain structures
to be simulated, artificial boundary conditions inside the simulation zone such as "symmet-
ric" or "anti-symmetric" depending on the field polarization across it can be employed such
that simulation volume and time are reduced by 1/2, 1/4 or 1/8. Other drawbacks include
tedious to incorporate dispersion, curved surface not efficiently represented by structured
grids, slow for small devices, difficult to models with long and thin features such as wires as
well as far-field extensions, very inefficient for highly resonant devices etc.

In this PhD thesis, Lumerical FDTD Solutions is used to model the FDTD simulation. Lumer-
ical FDTD is a high-performance 3D FDTD Maxwell solver for the design, analysis and opti-
mization of nanophotonic devices, processes and materials. It is widely used for photonic
integrated circuits design by industry.
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3.3 Inverse taper coupler: simulations

Central to nonlinear photonic applications is the ability to couple light to photonic chip
devices with low loss over a broad optical bandwidth. Widely employed grating couplers
[261] are not well suited for this purpose due to their restricted bandwidth. In contrast,
inverse nanotapers [241], possessing simultaneously high coupling efficiency, broad operation
bandwidth and the use of standard CMOS-compatible fabrication process, are widely used in
integrated photonic devices and particularly well suited for nonlinear integrated photonics.
An inverse taper works as a mode transformer which adiabatically transforms an incident
fibre or free-space optical mode (of several micron mode diameter) to a waveguide mode (of
sub-micron mode diameter). The taper mode at the device facet matches the incident fibre or
free-space mode, due to the small taper waveguide size and thus the strong evanescent field.

Here, only the case of coupling light from a lens fibre to a Si3sN4 waveguide via an inverse taper
is considered, as shown in Fig. 3.3. The lens fibre and the inverse taper together form a mode
transformer which transforms the fibre mode to the waveguide mode.

Alens fibre is a fibre whose one side is a common optical fibre and the other side is a micro-
lens, connected by a tapered fibre. There are two types of lens fibres [262]. The tapered-
cladding lens fibre has a uniform core with a tapered cladding, fabricated by etching, fire
polishing and melting [263]. The tapered-core lens fibre has a tapered core and a tapered
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Figure 3.3 — (a) Schematic of the mode transformer composed of a lens fibre and a taper
coupler to transform the fibre mode to the waveguide mode. (b) A photo showing the lens
fibre and the taper coupler under the microscope.
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cladding, fabricated by fibre pulling and melting. The lens fibre can transform the fibre mode
into a tightly focused Gaussian beam spot in free space. Depending on the fabrication and the
geometry of the lens fibre, the Gaussian mode diameter varies and can be reduced to below 2
pm. A simple way to measure the Gaussian mode diameter is to measure the Gaussian beam
divergence, and the diameter is calculated by the Gaussian beam formula 6 = A/ (mwy) [264].
Note that the mode radius is a near-field property and the divergence is far-field property.
Measuring the Gaussian mode radius at near-field is inevitably introduced averaging, thus
the measurement is not precise. Measuring the beam divergence at far-field suffers less from
the averaging issue, thus should be more precise. As the lens fibre transforms the fibre mode
into a free-space Gaussian beam mode, the coupling model is reduced to the case of coupling
light from a free-space Gaussian mode to the waveguide mode. For the lens fibre used in
this thesis, the calculated Gaussian mode radius varies from 2 ym to 3 ym.

A taper coupler is a tapered waveguide that transforms the Gaussian mode in free space into
the bus waveguide mode. There are two types of taper couplers. The funnel-type taper coupler
[262, 265] has a large input cross-section size and the waveguide is gradually tapered down to
the normal bus waveguide size. The inverse-type taper coupler [241, 266] has a small input
cross-section size and the waveguide is gradually expanded up to the normal bus waveguide
size. Both types of taper couplers are shown in Fig. 3.4.

Each type of the taper couplers are used in different situations. In this thesis, the inverse taper
is often used, thus this type of tapers is the main focus. The funnel-type can be used to couple
light of 780 nm wavelength where the photolithography resolution is insufficient to pattern
small inverse taper with sub-100-nm critical dimension.

The coupling efficiency between the free-space Gaussian mode and the inverse taper mode is
determined by the mode mismatch, including:

* Effective index mismatch is due to the reflection at the interface of air to the waveguide,

Air space Silica cladding Air space Silica cladding
Wp Wi Wo
Beam SiN Beam SiN
——p —
L L

Figure 3.4 — (a) The funnel-type taper coupler which has a large input cross-section size w,
and the waveguide is gradually tapered down to the normal bus waveguide size wy. (b) The
inverse-type taper coupler which has a small input cross-section size w; and the waveguide is
gradually expanded up to the normal bus waveguide size wy. L is the length of the taper.
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described by the Snell’s law as

4nyny

" (i + mp)? o

where T is the transmission coefficient at the interface and n;, n, are the respective
(effective) refractive indices at both sides of the interface. For example for the light of
1550 nm wavelength, at the air-silica interface, n; =1, n, = 1.44, and T = 0.9674 (4% loss
per interface); for the air-SisNy interface, n; =1, ny =1.98, and T = 0.8904 (11% loss per
interface, indicating a strong intra-chip Fabry-Pérot interference, will be shown later).

* Mode size mismatch is described by how different the waveguide mode is from the fibre
/ free-space mode. Frequently it is the primary mismatch factor that limits the high
coupling efficiency. The coupling efficiency between two modes is determined by the
modal overlap integral [267] as:

n- | [ [T Ey(x,y) - Ej (x, y)dxdy|? (33)
L2 [T E(x,y) - Ef (x, y)dxdy- [* [*2 Ey(x,y) - Ej (x, y)dxdy

1 < 1 can be proved via Couchy-Schwarz inequity. Equation 3.3 indicates that: 1. n=1
for two identical modes with precise overlap and n < 1 for two different modes; 2.
By making both modes more identical to each other, 1 can be increased. Therefore,
reducing the mode size mismatch by accommodating one mode to the other is critical.

* Optical misalignment is described by how well the optical fibre is aligned with the
waveguide as shown in Fig. 3.5. The misalignment can lead to the deviation of the
propagation path of the input mode from the waveguide path, or reduce the mode
overlap integral Eq.3.3 by separating the modes. Usually the misalignment is not a
severe limitation, as human eyes can easily distinguish misaligned angle below 2° and
the high-precision position stages allows to finely tune the relative position between the
lens fibre and the chip.

The coupling also shows mode selectivity, as for the same input Gaussian mode, different
waveguides modes have different coupling efficiencies. In most of the cases, coupling to the
fundamental mode of the waveguide is of interest.

(a) (b) (c)

== | —l e, 3

Figure 3.5 — Schematic to show the alignment issues. A. An example of the perfect alignment.
B & C. Examples of the bad alignment.
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For example, for a SizN, bus waveguide of 2 x 0.82 um? cross-section, its fundamental mode
has a mode radius of approximately 1 ym, smaller than the input Gaussian mode radius =1.3
pm. Thus to reduce the mode size mismatch, the waveguide mode should be expanded.
This can be achieved by using the taper couplers. It is straightforward to understand that
the funnel-type taper coupler can expand the mode size, as the larger waveguide has larger
fundamental mode. However, to understand why the inverse-type taper coupler can also
expand the mode size, examining the the fundamental mode size of different taper geometries
is necessary.

The fundamental waveguide mode as well as other higher-order eigenmodes can be simulated
using finite-element method (FEM). The wavelength in the simulation is 1550 nm. Consider
an example of the inverse-type taper. The tip has a 0.4 x 0.82 um? cross-section and its
eigenmodes are shown in Fig. 3.6. The bus waveguide side has a 2 x 0.82 um? cross-section
and its eigenmodes at 1550 nm are shown in Fig. 3.7. (Quasi-) TE mode is defined as the
mode polarizing parallel to the width direction. (Quasi-) TM mode is defined as the mode
polarizing perpendicular to the width direction (parallel to the height direction). These modes
are designated as TE,;;;,/TM,;,, with m and n being the horizontal and vertical orders of the
pattern. TEgy/TMyg is the TE/TM fundamental mode of the waveguide.

Figure 3.8 plots the TEgy modes of the both sides of the taper in comparison with the input
Gaussian mode. It shows: 1. The TEy; modes of both sides are smaller than the Gaussian
mode, thus larger TE(o mode is desired for higher coupling efficiency; 2. The TEyy mode of the
tip side shows a larger mode size than the TEyy mode of the bus waveguide side, especially
prominent in the logarithmic scale. This is because, when the waveguide size is smaller than
the wavelength, the mode (e.g. the TEgg mode) is no longer confined well inside the waveguide.
The mode becomes delocalized and leaks into the cladding, leading to a strong evanescent
field. Smaller waveguide has a weaker mode confinement and lower effective refractive index,

(a) (b)

refractive index TMg, , N=1.594 TEy, n=1.541

w,=0.4 um
>_<V

h=0.82 n

y (um)

E field ’ E field
polarization polarization

>

SiN, n=1.984

silica, n=1.44

X (um) X (um) X (um)

Figure 3.6 — A. The refractive index map of the tip side. B & C. The eigenmodes (only the
fundamental modes TEyy and TMyy) of the tip side. Color bar is the field intensity |E |2 in the
linear scale.
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thus leading to an effectively larger mode.

As seen from the above eigenmode simulations, the inverse taper can expand the size of the
waveguide mode to accommodate the Gaussian mode from the lens fibre. As a result, the
mode size mismatch is reduced and the coupling efficiency is improved. So far, this discussion

is still qualitative. Next, SisN4 samples with different taper geometries are experimentally
characterized and benchmarked to FDTD simulations.

TMy , n=1.807

> W0=2 UM &

h=0.82 w

y (um)

E field ) E field
polarization polarization

silica, n=1.44

y (um)

y (um)

X (um) x (um) X (um)

Figure 3.7 — A. The refractive index map of the bus waveguide side. B, C, D, E, E, G, H & I. The
eigenmodes of the bus waveguide side. Color bar is the field intensity | E|? in the linear scale.
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3.3.1 FDTD model to simulate inverse taper coupling

Here, the coupling of the Gaussian mode in free space to the waveguide through the inverse
taper is simulated with Lumerical FDTD software. At first the waveguide with a rectangular
cross-section is considered. In fact due to fabrications, the real waveguide has a non-90 degree
base angle, thus appearing as a trapezoid rather than a rectangle. However, as the rectangle
has two symmetrical axes, a FDTD simulation of the 1/4 volume is able to give the result of
the full volume, but only needs 1/4 of the full simulation time; while the trapezoid has one
symmetrical axis, a FDTD simulation of 1/2 volume is able to give the result of the full volume
with 1/2 of the full simulation time, as shown in Fig. 3.9. At the first step I am interested to
examine whether the taper with a smaller tip side has a higher coupling efficiency, simulations
of the rectangular cross-section is more economical and faster.

To reduce the simulation volume, the symmetrical axes are treated as artificial boundaries in
the model. The axes (boundary condition) are set correspondingly as symmetrical when the
polarization is parallel to the axes or anti-symmetrical when the polarization is perpendicular

(a) (c) (e)

TE,, in the linear scale TE in the linear scale

Gaussian mode
in the linear scale

w,=0.4 um
> < |

(u) h=0.82 um

y (um)

. ussian mode TE in the logarithmic scale
the logarithmic scale

y (um)

X (um) X (um) X (um)

Figure 3.8 — Comparison of the mode sizes of the Gaussian mode and the TEqy modes of the
both sides of the taper. A & B. The Gaussian mode in the linear and the logarithmic scales. C &
D. The TEyy mode of the tip side of the taper in the linear (C) and the logarithmic (D) scale. E
& E The TEy; mode of the bus waveguide side of the taper in the linear (E) and the logarithmic
(F) scale. The fact that the tip side has a lager TEy, mode size than the bus waveguide side is
observed. Color bar is the field intensity |E 2.
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to the axes. The real boundary is set as a PML boundary.

The FDTD simulation model to simulate the coupling of the Gaussian mode in free space
to the waveguide through the inverse taper is shown in Fig. 3.10. A Gaussian mode with
the radius of 2.85 um and the normalized power Pj, = 1 is launched from the air side to the
waveguide. A monitor is set at Ly = 500 um distance from the Gaussian mode and it records
the transmitted power Pqy,;. The normalized transmission is defined as Poyt/ Pin = Pout (as
Pj, = 1), which is the coupling efficiency of interest. The taper’s tip width w; and the taper
length L; are continuously varied in each simulation, in order to examine the transmission’s
dependence on w; and L;. In addition, linear and exponential taper shapes are taken into
account.

The power coupled to the TEy, mode can be calculated from the total coupled power Pgy;.
Mathematically, the waveguide supports a set of eigenmodes v, = (E;;, Hy,), and any mixed

TE polariza\tion TE polarizationTM polarization TM polarization

Figure 3.9 — Schematic to show how to reduce the simulation volumes by treating the sym-
metrical axes of the simulation models as artificial boundary conditions, for the investigated
mode with different polarizations. Blue dotted line is the "symmetrical boundary condition",
and red dotted line is the "anti-symmetrical boundary condition".

air silica height h=0.82 um

taper length L,= 300 um

<

total length L,= 500 um

Figure 3.10 - The FDTD simulation model to simulate the coupling of the Gaussian mode in
free space to the waveguide through the inverse taper. The Gaussian mode with the radius of
2.85 um and the normalized power Pj, = 1 is launched at the air side. Its beam waist coincides
with the air-silica interface. The waveguide has a refractive index of 1.98 corresponding to the
SiN’s refractive index. A monitor is set at Ly = 500 um distance from the Gaussian mode and it
records the transmitted power Poy.

105



Chapter 3. Design and simulation of Integrated Photonic Circuits

waveguide mode ®;, = (Ein, Hin) can be expanded using these eigenmodes as basis, as

;) = Z(amwﬁ(r)lrward + bmwl,):ckward) (3.4)
where a,, and b, are the complex coefficients of the forward and backward propagating waves
respectively. Since the eigenmodes are orthogonal as basis, the coefficients can be determined
from the overlap integrals, as:

JdS Finx Hy' | [dS Ep’ x Hn,

am, = 0.25(
" N N
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where N, is the power of the m-th eigenmode propagating in the waveguide, and Py, is the
total power summing all the waveguide modes.

The Mode Expansion function of the Lumerical FDTD software can realize the above math-
ematics. If the mode conversion is sufficiently adiabatic, the power in the TEy; mode is
approximately equal to the total coupled power.

3.4 Inverse taper coupler: experiments

In this section, Si3gN, samples with different taper geometries are experimentally characterized
and benchmarked to their FDTD simulations. Particularly, a novel, double inverse tapers
(“2D-tapers") for efficient light coupling from lensed fibres to Si3N4 waveguides is presented.
In comparison with the regular inverse tapers (“1D-tapers") which have only the reduced
waveguide width to match the incident mode (as shown in Fig. 3.11(a)), 2D-tapers have both
the reduced waveguide height as well as the width (as shown in Fig. 3.12(b)). First, the simula-
tion of light coupling from a lensed fibre to SisN4 bus waveguides via 1D-tapers using 3D FDTD
simulation is presented. The 1D-tapers of 820 nm height but different widths are fabricated,
and their coupling efficiencies at 1550 nm wavelength is experimentally characterized. It
is demonstrated that >45% coupling efficiency for the transverse electric (TE) polarization
can only be achieved in a taper of 80 nm width. Such small feature can only be achieved
with electron beam lithography (EBL). It is also revealed that the coupling efficiency for the
transverse magnetic (TM) polarization is lower than the TE polarization due to the taper’s
large height-to-width aspect ratio (HWAR). To relax the stringent lithography requirement to
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fabricate tapers of 80 nm width and to further improve the coupling for the TM polarization,
the 2D-tapers are fabricated using the novel photonic Damascene process. Due to the inherent
aspect-ratio-dependent etch (ARDE), the 2D-tapers have increasing height over taper length,
therefore enabling further reduction of the taper size. Coupling efficiency more than 45% at
1550 nm wavelength is achieved for both the TE and TM polarizations in 2D-tapers of >300
nm width, which can be easily achieved with DUV lithography, significantly relaxing the lithog-
raphy requirement. Furthermore, by comparing the coupling performance of several groups
of 2D-tapers, the flexibility to engineer the 2D-taper’s shape is demonstrated, enabling >45%
coupling efficiency with ~500 nm taper width. Therefore these 2D-tapers are promising for
light coupling at short wavelength range e.g. 1064 nm or 780 nm, which is usually challenging
as EBL is required to pattern very small taper size for optimized coupling.

The main result of this section has been published in ref. [239], ]. Liu et al, “Double inverse
nanotapers for efficient light coupling to integrated photonic devices", Opt. Lett. 43, 3200
(2018). I developed the FDTD simulation method, performed the FDTD simulations, fabri-
cated the SizNy devices, and led the experimental characterization of samples. Arslan S. Raja
has contributed to sample testing. Michael Zervas has contributed to sample fabrication.

3.4.1 Standard inverse tapers

Silicon nitride waveguides fully buried in SiO» cladding, as shown in Fig. 3.11(a), are experi-
mentally studied. The 1D-tapers are fabricated using a subtractive process [94, 98], a standard
CMOS-compatible fabrication process widely used for integrated photonic devices. In this
process, patterns e.g. tapers and bus waveguides, are defined by EBL and transferred to SizgNy
film via dry etching (CHF3/05). All the patterns, including tapers and bus waveguides, have
the uniform height as the SizN, film thickness. As shown in Fig. 3.11(a), tapers fabricated
using this process have increasing width but constant height over the taper length.

The light coupling from a lensed fibre to Si3sN4 bus waveguides via 1D-tapers of different taper
widths at a chip facet is simulated using FDTD method. Due to the SisNy4 dry etching process,
the 1D-tapers as well as the bus waveguides have a sidewall bottom angle of ~80°. Here, the
“taper width" is defined as the top side width of the taper’s trapezoidal cross-section (see Fig.
3.11(a) inset), which is defined by EBL. Other taper parameters used in the simulation are
shown in Fig. 3.11(c), (d). A free-space Gaussian mode of 2.5 um waist diameter is used to
represent the incident mode from the lensed fibre, according to the lensed fibre’s specification.
The normalized transmitted power through the bus waveguide, i.e. coupling efficiency per
chip facet T, can be calculated in the simulation. Thus the full device coupling efficiency
including two facets is defined as T, = le.

The parameter T, at the wavelength 1550 nm is calculated based on the simulations, for both
the TE and TM polarizations of the incident Gaussian mode. The simulated T» as function
of taper width from 50 to 300 nm is shown in Fig. 3.11(b), together with the experimentally
measured data which, will be discussed later.
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The simulation results present two prominent trends: First, a smaller taper has better coupling,
due to the weaker light confinement (lower effective refractive index) which improves the
mode match to the incident Gaussian mode. Second, the TE mode has better coupling than
the TM mode. As shown in Fig. 3.11(c), due to the taper’s high height-to-width aspect ratio
(HWAR), the TE mode has a larger size than the TM mode, leading to a better match to the
incident Gaussian mode. Figure 3.11(d) show the simulated mode propagation profile of the
case of ~80% coupling efficiency, illustrating that a small taper providing improved mode
match can well guide the incident Gaussian mode to the bus waveguide.

Alarge number of 1D-taper chips of ~820 nm bus waveguide height (as the Si3N, film thick-
ness) are fabricated, and their coupling efficiencies at 1550 nm wavelength are experimentally
characterized using a setup similar to the one described in Ref. [89]. The measured cou-
pling efficiency of each sample, plotted in Fig. 3.11(b), agrees well with the simulated results,
supporting the two aforementioned claims: A smaller taper has better coupling, and the TE
mode has better coupling than the TM mode. The deviation between the measured data
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Figure 3.11 — Schematic, simulation and characterization of the regular 1D inverse tapers. (a)
Schematic of a 1D inverse taper of increasing width and constant height over the taper length.
Inset: SEM image of the taper cross-section (Si3Ny is blue shaded), 80 nm in width and 820
nm in height, at the chip facet, buried in SiO, cladding. The taper width is defined as the
trapezoid’s top side width. (b) Simulated coupling efficiency (including two chip facets) versus
different taper widths for both the TE and TM polarizations (green), in comparison with the
experimentally measured data (red). Blue shaded data points are studied with more details in
(d), (e). (c) Simulated mode profiles of the incident Gaussian mode, 0.1-um-width taper’s TE
and TM modes, and 2-um-width bus waveguide’s TE and TM fundamental modes, to illustrate
the taper’s working mechanism as a mode transformer, to bridge the incident Gaussian mode
and the bus waveguide mode. ngg: effective refractive index. (d) Simulated mode coupling
profile in the case of ~80% coupling efficiency marked in (b). (e) Characterized coupling
efficiency from 1500 to 1630 nm, of the taper marked in (b). Two Fabry-Pérot interference
patterns are observed. The ~15 GHz one is due to the reflection between two chip facets (5
mm cavity length), and the ~50 MHz one is likely due to the reflection between the input chip
facet and the laser (2 m cavity length).
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and the simulated results is likely due to the fact that the lensed fibre we use has non-unity
transmission, due to the fact that the lensed fibre does not have anti-reflection coating. Higher
coupling efficiency can be achieved by replacing the lensed fibre by a free-space objective of
high numerical aperture, as demonstrated in several references e.g. Ref. [248].

The coupling from 1500 to 1630 nm bandwidth is also characterized using a tunable laser. A
weak trend of decreasing coupling efficiency with increasing wavelength is observed, as shown
in Fig. 3.11(e). However this trend is more likely caused by the broadband response of e.g.
the 50-50 fibre couplers used in the setup rather than the taper itself, as the opposite trend,
increasing coupling efficiency with increasing wavelength, is observed when the 50-50 fibre
coupler’s two output branches are interchanged. Nevertheless, the coupling efficiency remains
>30% over the 130 nm range. In addition, ~15 GHz and ~50 MHz Fabry-Pérot interference
patterns are observed. The stronger ~15 GHz interference corresponds to the reflection
between two chip facets (5 mm cavity length) and the weaker ~50 MHz interference is likely
due to the reflection between the input chip facet and the laser (2 m cavity length), which
might be removed by using a light isolator.

3.4.2 Double inverse tapers

As mentioned above, 1D-tapers show polarization-dependent coupling, i.e. the TM polar-
ization has lower coupling efficiency than the TE polarization, due to the 1D-taper’s large
HWAR. However, many photonic devices are specifically operated with TM mode, to couple
vertically between different components, such as the coupling between photonic dielectric
and plasmonic waveguides [268, 269]. Therefore for these devices, efficient TM coupling is
important and needs to be optimized.

Further improving the TM coupling requires reducing the taper size. However reducing the
taper width further is challenging due to the lithography resolution and quality. In addition,
thin but tall tapers of high HWAR tend to collapse which reduces fabrication yield. Therefore,
reducing the taper height is a feasible solution, however simultaneously the height of other
components, e.g. bus waveguides, should remain unchanged in order to operate the device
in the same situation. As a result, tapers of both increasing width and height, manifesting as
“double inverse tapers" or “2D-tapers", are desired.

In the subtractive process all the patterns have the uniform height determined by the SigNy
film thickness, thus achieving 2D-tapers, particularly tapering the waveguide height, is chal-
lenging. Multi-stage spot-size mode converters [270, 271] have been proposed and fabricated,
which however requires complex fabrication process including multi-steps of lithography with
precise alignment and dry etching. Alternatively, fabrication using gray-scale mask lithography
has achieved tapering waveguide height efficiently [272], however this process requires using
high-energy beam-sensitive glass which need to be specifically designed, engineered and
patterned by EBL.

109



Chapter 3. Design and simulation of Integrated Photonic Circuits

The photonic Damascene process allows to fabrication 2D-tapers. In this process, the patterns
are defined by lithography and transferred to a SiO» substrate via dry etching. The SizNy film
is then deposited on the SiO, substrate and fill the defined pattern trenches, followed by a
chemical mechanical planarization (CMP) which removes the excess Si3sN4 and planarizes
the wafer top surface. As the dry etching process has inherently aspect-ratio-dependent etch
(ARDE) rate [238], the pattern trench depth increases with increasing pattern size. For pattern
sizes exceeding a certain threshold value, the ARDE effect becomes negligible, thus the trench
depths can be considered as uniform. As a consequence, a taper of increasing width has
increasing height, manifesting a 2D-taper. Other components, e.g. bus waveguides, have
uniform height on the wafer.
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Figure 3.12 — Schematic and the characterization of the novel 2D double inverse tapers. (a)
SEM image of the ARDE effect on a SiO, substrate with Si etch mask (green shaded). (b)
Schematic of the 2D-taper. SEM images of the taper cross-sections (SizNy is blue shaded)
at the taper beginning (chip facet side), middle, and end (bus waveguide side) are shown.
(c) Characterized ARDE effect. SiO; is etched for 3 mins with a 400 nm Si etch mask. The
blue circles are measured data via SEM and the red curve is the ARDE fit curve. CD: critical
dimension of the trench width. ER: etch rate. (d) Measured height-to-width aspect ratios
(HWAR) of 2D-tapers. A, B, C stand for 2D-taper chips 2D-A (red), 2D-B (blue) and 2D-C
(green). (e) Measured coupling efficiency at 1550 nm wavelength (through two chip facets) of
2D-taper Chips A (red), B (blue), C (green), for both the TE (dash) and TM (solid) polarizations.
By controlling the ARDE effect, the taper width at the optimum coupling can be shifted.
Optimum coupling with >500 nm taper width can be achieved, enabling the use of normal UV
lithography for the taper fabrication.
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Figure 3.12(a) shows the ARDE effect on a SiO, substrate, after SiO» dry etching (C4Fg/He)
with a 400 nm thick amorphous Si etch mask. The ARDE effect creates non-uniform, pattern-
dependent trench depths, and is characterized by measuring the mean etch rate (ER) as
function of trench width (critical dimension, CD), as shown in Fig. 3.12(c). When CD reaches
the threshold value of ~1 um, the ER reaches a stable value of ~0.29 ym/min and becomes
nearly independent of CD. From 0 to 0.5 ym CD, ER increases nearly linearly. The ARDE curve
can be fitted with ER = a - exp(-CD/b) + ¢, with a = —0.444 ym/min, b = 0.195 pym, ¢ = 0.286
pum/min. Figure 3.12(b) shows the SEM images of taper cross-sections at taper beginning
(chip facet side), middle, and end (bus waveguide side), revealing the double inverse shape
with increasing width and height.

Three groups of 2D-taper chips (2D-A, B, C) were fabricated. The bus waveguides’ heights
are measured with SEM (+2% tool measurement uncertainty), and are listed in Tab. 3.2, in
comparison with the 1D-taper chip. These tapers’ HWARs and coupling efficiencies for both
the TE and TM polarizations are experimentally characterized, as shown in Fig. 3.12(d), (e)
and (f). Again, the taper width is defined as the taper’s top side width. Compared with the
1D-taper chip shown in Fig. 3.11(b), Chip 2D-A achieves >45% TM coupling, while >45%
TE coupling is maintained. Different from the 1D-tapers in which the smaller taper width
shows better coupling, in Chip 2D-A, there is an optimum coupling point which is achieved
with >300 nm taper width, due to the ARDE and the reverse trapezoidal shape (bottom angle
96°). This optimum coupling requires weak waveguide confinement for large taper mode of
improved mode match, but simultaneously the waveguide confinement needs to be sufficient
to overcome the Gaussian beam’s divergence. Such >300 nm taper width for optimum coupling
can be easily achieved with deep-UV photolithography instead of EBL, significantly relaxing
the stringent requirement of lithography resolution. Moreover, optimized coupling for shorter
wavelengths, e.g. 1064 nm and 780 nm, requires very small tapers, which is challenging to
fabricate with 1D-tapers due to the waveguide height. Therefore 2D-tapers are more useful to
work in these wavelengths.

The ARDE and the taper shape can be engineered simply by changing the etch mask thickness.
A thicker etch mask gives a stronger ARDE effect. To demonstrate this scheme, Chips 2D-B
and 2D-C were fabricated. Chip 2D-C was fabricated with a 750 nm thick deep-UV photoresist
mask with a stronger ARDE. Chip 2D-B was fabricated using the same process as Chip 2D-A
but the bus waveguide height was made to 650 nm via more CMP time, in order to directly
compare to Chip 2D-C. Both chips have the similar bus waveguide height, but their taper
HWARSs are significantly different due to their different ARDEs, as shown in Fig. 3.12(d). As
shown in Fig. 3.12(e) and (f), compared with Chip 2D-A, the coupling of Chip 2D-B is not

Table 3.2 — 2D-taper chips’ specifications.

Chips 1D 2D-A 2D-B 2D-C
Mask thickness (nm) ~400 ~400 ~750
Bus waveguide height (nm) ~820 ~820 ~650 ~670
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prominently different, because, as long as the taper’s HWAR exceeds unity (>1), the mode size
is more constrained by the taper width rather than the taper height. However, the stronger
ARDE (HWAR <1) of Chip 2D-C shifts the optimum coupling to >500 nm taper width. In this
case the required lithography precision is further reduced, enabling the use of common UV
photolithography.

The coupling for all 2D-taper chips is further simulated using the measured waveguide geome-
tries. The simulated coupling efficiencies are shown in Fig. 3.12(g) and (h), which agree well
with the measured data, supporting the two claims: 2D-tapers show polarization-independent
coupling, and the optimum coupling is shifted to larger taper width via engineering the ARDE.

In summary, a comprehensive study of inverse (1D-) and double inverse (2D-) tapers for
efficient light coupling from a lensed fibre to Si3N4 waveguides is presented. The coupling
performances of 1D- and 2D-tapers are experimentally compared, illustrating the main mech-
anisms in the fabrication processes which lead to the performance difference. The advantages
of 2D-tapers include: First, better coupling of the TM polarization. Second, larger taper width
at optimum coupling, enabling the use photolithography instead of EBL. Third, flexibility to
change the taper shapes via engineering the ARDE effect. The data presented in this study
is from several chip devices, but is highly reproducible in many other chips that we have
experimentally characterized. Our results demonstrate the advantages of 2D-tapers over
1D-tapers, particularly promising for light coupling at near-IR or visible wavelengths.
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3.5 Bus-waveguide-to-microresonator coupling

Microresonator devices are ubiquitously used in integrated photonic circuits. While most
microresonator devices in integrated photonics are formed by single-mode waveguides [273,
274], many recent photonic integrated circuits rely on multi-mode waveguides due to their
lower losses [275, 201], higher data capacity [276], and tailored dispersion properties e.g. to
attain anomalous group velocity dispersion required for parametric frequency conversion
[41, 49, 277]. In contrast to the well-established approach of the input-output formalism of
a damped quantum system [278] which considers a well-defined, single input and output
channel, the presence of higher-order modes as output channels requires extra consideration.

Early research on bulk ultrahigh-Q microresonators led to the development of several ad-
justable evanescent coupling techniques based on prisms and tapered optical fibres [279,
280, 281, 47, 48]. To quantitatively describe the performance of these couplers with multiple
output channels, “coupling ideality” was defined for tapered fibre coupling to microspheres,
as the ratio of the power coupled from the resonator to the fundamental fibre mode divided
by the total power coupled to all guided and non-guided fibre modes [48]. A high coupling
ideality enables to operate the resonator in the strongly overcoupled regime, where the output
losses are dominated by the coupling to the single, targeted output channel. This regime is
in particular relevant for quantum optics e.g. to preserve quantum correlations of generated
intracavity photon pairs [282] and squeezed states of light [283]. It is thus important to avoid
degradation of coupling ideality in the presence of multiple output channels.

In the context of integrated planar microresonator devices, design rules [284, 285] and opti-
mized coupler geometries [199, 286] have been reported. However, comparatively little atten-
tion has been paid to their coupler performance, especially with regard to the multi-mode
nature of the waveguides used. Only few reports of coupler-induced excess losses [287, 288]
have been published. Most integrated microresonator devices, single- or multi-mode, still
rely on the coupler design consisting of a simple side-coupled straight bus waveguide with a
cross-section identical to the resonator waveguide.

In this section, a comprehensive study of integrated planar high-Q Si3N4 microresonator
devices with several different coupler designs is presented. Experimental resonance character-
ization with sufficiently large statistics and full 3D FDTD simulations allow to unambiguously
reveal the detrimental effect of non-ideal coupler designs, even in the presence of statistical
fluctuations of resonator properties due to fabrication variations. The commonly employed
coupler design using the bus waveguide of the same cross-section as the resonator is found
to exhibit parasitic losses due to the modal coupling to higher-order bus waveguide modes,
which can severely limit the device performance. In contrast, in the design of the multi-mode
resonator coupled to a single-mode bus waveguide, nearly ideal coupler performance is ob-
served. Finally, the simulations show that coupling between different resonator modes can
originate from the coupler. This provides a novel insight into the origin of modal coupling in
microresonators observed in the previous work [86, 289], which leads to distortion of resonator
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dispersion properties.

The main result of this section has been published in ref. [290], M. H. Pfeiffer, J. Liu et
al, “Coupling ideality of integrated planar high-Q microresonators", Phys. Rev. Applied 7,
024026 (2017). I developed the theoretical model and FDTD simulation method, performed
the FDTD simulations and participated in the experimental characterization. Martin H. P.
Pfeiffer fabricated all the Si3sN4 samples used in this work and led the experimental data
collection.

3.5.1 Input-output formalism and coupling ideality

The simplest mode to describe the bus waveguide to a ring resonator coupling is the classical
input-output formalism (IOF) [48, 291, 292, 207]. The schematic of the coupling is shown in Fig.
3.13. A waveguide mode (assuming the fundamental mode) with the field amplitude s and the
frequency wy, close to a resonance frequency wc of the resonator excites the resonator mode
(assume the fundamental mode) through the the evanescent field coupling. The coupling
strength is xex. The excited resonator mode has the field amplitude a and experiences an
intrinsic loss x¢. Both the k¢x and the x are normalized to the light circulating time (1/FSR)
and have the unit of Hz. Therefore the external power coupling strength and the intrinsic loss
per round trip are xex/FSR and x¢/FSR. The equation of motion describing the coupling is
written as:

da . 1 —iwpt
rin iwca-— E(KO +Kex) A+ /Kexse 'L (3.6)

Figure 3.13 — The schematic of the ideal waveguide-ring resonator coupling described by the
IOE The input waveguide mode (fundamental mode) with the field amplitude s is coupled to
the resonator mode (fundamental mode) with the coupling strength k¢x. The resonator mode
has the field amplitude a and experiences the intrinsic loss k¢ during the circulation. It then
out-couples to the waveguide. The transmitted waveguide mode has the field amplitude #,.
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Transform into a rotating frame with the driving laser frequency wy and use the approximation
of slowly varying amplitude, Eq. 3.6 becomes

da . 1
EIIAG—E(K()-FKex)d-F KexS 3.7

where A = wp —wc is the detuning of the driving laser frequency from the resonance frequency.

In the steady state da/dt(a = ag) =0, Eq. 3.7 becomes

VKexS

ap=y———— (3.8)
E(KO + Kex) —iA
The field power of the resonator mode is Py = laol?, as
2
KexS
Py = ex (3.9

-1
7 (Ko + Kex)? + A2

The transmitted field through the waveguide consists of the partially transmitted input field
and the out-coupled field from the resonator, as

Ip =S — VKexg (3.10)

The “extinction (T)", defined as the waveguide transmitted power normalized to the waveg-
uide input power, is

T =|to/s|?

=|1- \/Kexao/sl2

Kex |2
1 .
5 (Ko +Kex) — IA

(3.11)

1 .
=|§(Kex_7<0)_lA P

1 .
5 (Kex +K0) — IA

Note: There are few versions of equation of motion as Eq. 3.6, different by the phase of the last
term (driving term) /Kexs. Note that the transmitted field Eq. 3.10 will change correspondingly
as shown in Table 3.3. it should be noted that, Eq. 3.6 and Eq. 3.10 are used together and lead
to the same final expression of Eq. 3.11.)

In the resonant case where A =0, Eq. 3.11 is simplified to

Kex — Ko |2
Kex + Ko

T= (3.12)

Equation 3.12 defines three coupling regimes:
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e If kg = kex, T = 0. This is the condition for critical coupling. In this case, the intrinsic
loss and the external coupling with the bus waveguide (driving) are balanced to each
other.

e If kg << kex, T = 1. This is the condition for overcoupling. In this case, the external
coupling dominates the intrinsic loss.

e If kg >> Kex, T = 1. This is the condition for undercoupling. In this case, the intrinsic
loss dominates the external coupling.

Figure 3.14 plots Eq. 3.12 of the extinction T as a function of the linewidth (kex +%¢) /27, assum-
ing an intrinsic loss of k¢/2m = 100 MHz. This curve has been experimentally characterized in
ref. [47]. It should be noted that, the IOF derived above accounts only two loss factors, i.e. the
intrinsic loss k¢ and the external coupling kex. If other loss factors such as any parasitic loss
K are presented, Eq. 3.12 will have a different form thus the extinction-linewidth dependence
is different from the one shown in Fig.3.14. One possible parasitic loss is introduced if the
resonator mode out-couples to a higher-order mode of the bus waveguide other than the
initial input fundamental mode of the bus waveguide.

Figure 3.15 shows the situation where parasitic losses are presented. For example, the funda-

driving term transmitted field
KexS t=s—\/Kexagp (292, 207]
—/Kex$S =S+ /Kexg
iv/KexS t=5+1\Kexap [293, 48]
—iy/KexS I=8—1yKexo

Table 3.3 - Different versions of the driving term and the transmitted field.

o) ' ' ' " 0.C.

0.8

0.6

y
T=1-h1/h2
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linewidth (k_ +k,)/2x (GHz)

Figure 3.14 — Plot of the extinction T as a function of the linewidth (xex + ko) /27 with an
assumed intrinsic loss x¢/2m = 0.1 GHz. Under-coupling and over-coupling regimes are color
shaded. O.C.: over-coupling; C.C. : critical-coupling; U.C. : under-coupling. Inset: The
extinction T is defined as the power extinction ratio of the resonance.
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Figure 3.15 — Schematic of the non-ideal waveguide-ring resonator coupling. The input
waveguide fundamental mode excites the resonator fundamental mode as well as other
higher order resonator modes. Only the resonator fundamental mode is of interest. Such a
fundamental mode circulates inside the resonator and experiences the intrinsic loss xg. It
then out-couples to several waveguide modes with individual external coupling strength e ;.

The taper in the waveguide-fibre out-coupling port filters out the waveguide higher order
modes, creating a parasitic loss x .

mental mode of the bus waveguide can in principle excite several resonator modes. However,
one must note that, the current coupling situation is different from a co-directional coupler,
as a close ring resonator is used here. Therefore, which resonator mode is actually excited
depends on which mode is resonant at this optical frequency. Often only the fundamental
mode of the resonator is of interest. Once excited, this mode circulates and out-couples to the
bus waveguide after a round trip. Due to the fact that the bus waveguide is multi-mode, the
fundamental mode of the resonator can couple to higher-order modes of the bus waveguide,
as well as the fundamental mode. Note that, this coupling situation is same as a co-directional
coupler. The inverse taper placed at the chip’s out-coupling facet only allows the fundamental
waveguide mode to pass and to be collected by the lensed fibre. Equivalently, this leads to the
filtering of all the high-order modes of the bus waveguide. Consequently, a parasitic loss due
to the loss of all the higher-order modes is introduced. This is an example how parasitic losses
can present due to the design.

The IOF derived in Eq. 3.12 is only valid for ideal couplers working in the single-mode to
single-mode coupling regime. Only two loss factors are included, i.e. the intrinsic loss k¢ and
the loss due to the external coupling k¢x. If the bus waveguide is multi-mode, the IOF needs to
be revised in order to capture this effect, with the introduction of “coupling ideality”.

The concept of the coupling ideality was first introduced in ref. [48]. It is defined as the ratio
of the power coupled to the bus waveguide’s fundamental mode to the total out-coupled
power from the resonator. In the ideal case of single-mode to single-mode coupling regime,
the coupling ideality is always unity. If the bus waveguide is multi-mode, several waveguide
modes as well as the radiation mode are coupled to the resonator mode, thus the coupling
ideality is likely non-unity.
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Consider the resonance case A = 0, the modified equation of motion [48] based on the Eq. 3.7
is

da 1 Z

— = ——(Z Kex,i T Krad T K0) @+ /Kex,0S (3.13)
where the k¢ 0, Kex,; and kraq are the coupling strengths to the waveguide fundamental mode,

the i-th waveguide mode and the radiation mode. In the steady state da/dt(a = ay) =0, Eq.
3.13 becomes

2\/Kex,08
o= — ex0 (3.14)
2i—oKex,i t Krad + Ko
The coupling ideality I is defined as
K
7= ex,0 (3.15)

n
Zi:O Kex,i + Krad

The total loss thus includes the intrinsic loss kg, the external coupling to the waveguide
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Figure 3.16 — Plot of the the extinction T and the normalized intra-resonator field power P as a
function of the linewidth « for different coupling ideality values I. ko /27 = 0.1 GHz is assumed.
The higher coupling ideality shows the higher maximum intra-resonator field power.
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fundamental mode k.o and the parasitic loss x p as

K =Ko+ Kex,0t+tKp

1 (3.16)
Kp= Z Kex,i T Krad
i=1
The intracavity power is expressed as
4K px.05° 4K px.05°
2 ex,0 ex,0
Po=laol” = =5 5= 5 (3.17)
(Zi:OKex,i + Krad + Ko) (Ko +Kex,0/1)
The extinction T is
T=11- \/Kex,oa/s|2
_ |7<ex,0 —Ko— Z?Zl Kex,i —Krad »
Z?:()Kex,i *+ Krad T Ko (3.18)

2- I_I)Kex,O —Ko o

Kexy()/I + Ko

For I =1, Eq. 3.18 becomes Eq. 3.9.

Figure 3.16 plots the extinctions T and the normalized intra-resonator field powers P as
functions of the linewidth /2 for different ideality values. It shows: 1. The coupling ideality
for a certain coupling geometry can be characterized by measuring the extinction as a function
of the linewidth; 2. With the same intrinsic loss xo/27, the larger ideality value has the
higher maximum intra-resonator field power. Therefore, the coupling ideality is an important
parameter directly showing the intra-resonator power enhancement, in analogue to the Q
factor. For the investigation of nonlinear processes, e.g. the FWM process, the intra-resonator
field power as high as possible is desired, therefore achieving a good coupling ideality is
necessary.

3.5.2 Analytical description of a multi-mode coupling section

Typically the evanescent coupling of light to a microresonator is described using coupled-
mode theory as a power transfer to a resonator mode at the rate xex o [281, 47, 292]. Treating
the resonator in a lumped model [294, 295], the coupling rate xex o is typically estimated using
the model of coupling between two co-propagating modes in adjacent waveguides [296].
In contrast to the power coupling ratios of conventional directional couplers, the high-Q
microresonator’s low internal loss rate x( requires only minute power transfer to achieve
critical coupling (i.e. kex,0 = ko) for which the intracavity power build-up is maximal. Thus
the coupled modes in both the resonator and the bus waveguides can be essentially treated
as independent, and x¢x o depends on the mutual modal overlap and propagation constant
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Figure 3.17 — (a) Schematic representation of the coupling rates in an integrated microres-
onator with multi-mode waveguides. The parasitic coupling processes of a fundamental
resonator mode to higher-order bus waveguide modes are illustrated. x( represents the
resonator’s internal loss rate and xexo represents the coupling rate to the fundamental bus
waveguide mode. kexHoM represents the coupling rate to the higher-order bus waveguide
modes, which are later filtered out by the inverse taper mode converter. kg , represents the
coupling rate to other resonator modes, while k,4 represents the coupling rate to free-space
modes. (b) Plot of the transmission T (blue) and the intra-cavity power Py (red) as function
of the total linewidth x/2x for the ideal (I = 1, dashed lines) and non-ideal (I = 0.67, solid
lines) case.

mismatch A (i.e. phase mismatch) [281, 296, 297]. This model is widely applied as it provides
a qualitative insight for most cases where coupling between only two modes is considered,
neglecting the coupling to other modes.

In practice for high-Q microresonators, a commonly employed coupler design consists of a
side-coupled, straight bus waveguide whose cross-section is identical to that of the resonator
waveguide. The cross-section is chosen in order to match the propagation constants of e.g.
the fundamental resonator and bus waveguide modes. However in the case of multi-mode
waveguides, as found for tapered fibre coupled to high-Q microspheres [48], coupling between
different modes has to be considered as depicted in Fig. 3.17(a). Moreover, the coupler can
scatter light into free-space modes and recently was also identified to couple the counter-
propagating, clockwise (CW) and counter-clockwise (CCW), waveguide modes [288]. As
a result, the corresponding equations of motion for the resonator modal amplitude ay of
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frequency wy in the rotating frame of the driving laser w; is extended to

—ag = iAan -

(KO + Kex,0 + Kp
dat

i .
5 ) ap + /Kex,0Sin + > > Ko,nane™" (3.19)

n#0

Here Ap = w; —wp and A, = wp — w, are the frequency detunings between the driving laser
with amplitude sj, and the resonator modes ay and a,,. The intracavity field decays due to the
internal loss rate k¢ and the external coupling rate xex o to the fundamental bus waveguide
mode. The radiation into free-space modes with the rate x;,q and to higher-order bus waveg-
uide modes with the rate xex,HoM = X 470 Kex,q are considered as parasitic coupling losses, and
thus form the parasitic coupling rate xp, = kyaq + Kex Hom, Which accelerates the intra-cavity
field decay.

In addition, the modal coupling term % > n#0Xo, aane'®ntis introduced to account for the fact
that the resonator mode ay can couple to other modes with the rate x ,. Such modal coupling
is usually considered to arise from surface roughness and bulk defect, but is later found to
originate also from the coupler. This term is only relevant if the coupled modes are simulta-
neously resonant. Such modal coupling causes deviations of the resonance frequencies, so
called “avoided modal crossings”, that locally distort the resonator dispersion. At such modal
crossing points the coupling to another resonator mode a,, (with total loss ;) effectively
adds an extra contribution to the parasitic loss x ,. However, away from the modal crossing
point where only the resonator mode ay is resonant, the added parasitic loss is negligible.
The coupling ideality I of the resonator mode ay, describing the relative strength of parasitic

coupling rates, is defined according to Ref. [48] as:

Kex,0
I —

- (3.20)
Kex,0 + Kp

In the following the effects of coupling ideality on device performance are considered. While
the light scattering into free-space modes directly represents a power loss, power coupled to
higher-order modes of the bus waveguide is not necessarily lost. In most cases however, the
higher-order bus waveguide modes are filtered out e.g. by inverse tapers placed at the chip
facets [241, 239] (as described in the previous section of this chapter). Thus the measured
power at the device facets only consists of the power of the bus waveguide’s fundamental mode,
and therefore the input-output relation soyut = Sin — /Kex,040 holds and xex oM represents a
parasitic loss which increases the resonance linewidth. On resonance (4 = 0), the device
power transmission T and intra-cavity power P as function of the coupling ideality I and
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coupling parameter K=key o/ are expressed as:

1? (3.21)

D, 4
Pres = —

. P; 3.22
27 Kexo(K-1+1712° 1" (3-22)

Assuming an input power Py, =|siy|> = 1 and a constant Dy, Fig. 3.17(b) plots both the trans-
mission T and intra-cavity power Py as function of the total linewidth x /27 = (kg +xex 0/ 1) /27
for the ideal (I = 1) and non-ideal (I < 1) case, with a constant ko and varying xex 0. The effects
of the non-ideal coupling become apparent: In the case of the ideal coupling (dashed lines),
the point of the full power extinction (i.e. T = 0, the critical coupling point) coincides with
the point of the maximum intracavity power. This is different for the non-ideal case (solid
lines), in which the parasitic losses increase linearly with the coupling rate xp = 0.5k ex o in a
first order approximation. More importantly, the value of the maximum intra-cavity power is
reduced compared to the ideal case. Due to the parasitic losses, critical coupling and over-
coupling are only achieved at larger total resonance linewidth, or can not be achieved at all
if kp > Kex 0. Itis therefore evident that in applications exploiting the resonator’s intracavity
power enhancement, e.g. for nonlinear photonics, device performance will improve with
higher coupling ideality. Likewise, the analysis shows that linewidth measurements carried
out at the critical coupling point include possible parasitic loss channels, preventing faithful
measurements of the intrinsic microresonator quality factor.

3.5.3 Experimental study of coupling ideality

We experimentally study the coupling ideality for integrated Si3sN4 microresonators. For
microresonator platforms with adjustable couplers e.g. tapered fibres and prism couplers,
changing the evanescent coupling rates allows to measure the transmission-linewidth depen-
dence of a single resonance and to retrieve the coupling ideality via Eq. 3.21. In contrast, here
we study photonic chips with several microresonator devices that consist of resonators and bus
waveguides, as well as inverse tapers placed at the chip facets [241, 239]. The microresonator
devices on each chip are identical but have varying gap distances between the resonator and
the bus waveguide, providing varying external coupling rates. In this case, coupling ideality is
evaluated by analyzing the transmission-linewidth dependence of many resonances acquired
for each microresonator device. By measuring several resonators with varying gap distances,
the variations in quality factor Q inherent to the fabrication process itself can be revealed.

All measured SIsN, samples were fabricated on the same wafer using the photonic Damascene
process [226]. Light is coupled efficiently (loss< 3dB per facet) into a single fundamental mode
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Figure 3.18 — Characterization of coupling ideality for the fundamental TMp oo mode family
of 1 THz FSR (Panels a, ¢c) and 100 GHz FSR (Panels b, d) microresonator devices. Dots of the
same color correspond to resonances of the same resonator with the color bar indicating their
mutual resonator-bus distance trend. The red dashed lines indicate the trend expected for
ideal coupling to resonators with the internal loss rates of x¢/2m = 100 MHz (c) and x¢/27 = 50
MHz (b, d). For (a), (b) and (d) the bus waveguide has the same cross section as the resonator
waveguide. Panels (b) and (d) show improved ideality and achieved overcoupling through the
use of a single-mode bus waveguide (b) and a pulley-style coupler (d).

of the bus waveguide via lensed fibres and inverse tapers. Calibrated transmission traces are
acquired for all devices on the chip from 1500 nm to 1630 nm using frequency-comb-assisted
diode laser spectroscopy [298, 119]. A polarization controller is used to select and maintain a
stable input polarization over the full measurement bandwidth. Resonances in each recorded
device transmission trace are automatically identified and fitted using a model of a split
Lorentzian lineshape [214].

Figure 3.18 compares the measured transmission-linewidth dependence of the resonator’s
transverse magnetic fundamental mode families (TMp, o) for two 1 THz FSR (Panels a, ¢) and
two 100 GHz FSR (Panels b, d) microresonator device chips. Each chip consists of multiple,
identical microresonator coupled to bus waveguides but with vary gap distance, thus allowing
to plot the transmission-linewidth dependence. The cross-section of the resonator waveguide
is 0.87 pm height, and 2 pm (100 GHz FSR) and 1.5 pym (1 THz FSR) width, respectively. Each
point represents a measured resonance, and the points with the same color are from the
same microresonator device. Different colors denote microresonator devices with different
resonator-bus distances on the same chip. The red dashed line traces out the transmission-
linewidth dependence for the ideal coupling of unity ideality with a fixed internal loss «.

Figure 3.18(a) shows an example of low coupling ideality. A small radius (r =23 yum), 1 THz FSR
resonator coupled to a multi-mode bus waveguide of the same cross section. The measured
resonances of the fundamental TMp o9 mode family have GHz linewidth and low extinction
(i.e. high transmission), and their measured transmission-linewidth dependence does not
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follow the expected trend of high coupling ideality as shown in Fig. 3.17(b). Due to the
identical cross-sections of the resonator and the bus waveguides, this coupler design was
naively assumed to provide good propagation constant match between the resonator and
bus waveguide TM fundamental modes, i.e. TMp oo and TMp o9. However due to the small
ring radius r = 23 um, the propagation constants of the TMp oo and TMp oo modes are strongly
mismatched, despite the identical waveguide cross sections. Therefore, the coupling ideality
is compromised due to the mode mismatch between the two coupled modes.

As shown in Fig. 3.18(b), also a 100 GHz FSR resonator, with a ten times larger radius (r =
230pum), can have limited coupling ideality when interfaced with a straight waveguide of the
same cross section. Although featuring resonance linewidths below «¢/27 = 30 MHz and an
average linewidth of xy /27 = 50 MHz, the microresonator can not be strongly overcoupled,
indicating the presence of parasitic losses.

Figure 3.18(c) and (d) present two possible coupler designs that improve coupling ideality.
First, as shown in Fig. 3.18(c), almost unity ideality and strong overcoupling are achieved for a
1 THz FSR microresonator coupled to a single-mode bus waveguide. The bus waveguide has a
cross section of 0.6 um height and 0.4 ym width due to the aspect-ratio-dependent etch rate
during the preform etch [238, 239]. It can thus be concluded that the main source of parasitic
losses leading to the low ideality in Fig. 3.18(a) originates from the coupling to higher-order
bus waveguide modes. Therefore using a single-mode bus waveguide can essentially avoid this
kind of parasitic losses and significantly improve coupling ideality to near unity. As a result,
strong overcoupling can be achieved with an external coupling rate k¢ o almost a magnitude
larger than the internal losses, with a coupling parameter K=xex o/ko = k/kg—1>9.

However in most cases when using a single-mode bus waveguide, though coupling ideality is
improved, the propagation constants of bus and resonator fundamental modes (e.g. TMg, o0
and TMp ¢¢) are strongly mismatched, which limits the maximum value of the coupling rate
Kex,0- Thus a narrow gap is needed to achieve sufficient modal overlap to increase the coupling
rate Kex0 and to achieve overcoupling. For the 1 THz FSR resonator, a coupling rate Kex,o
sufficient for overcoupling is achieved due to its small mode volume and low internal loss
per round-trip (x x¢/D;). However for smaller FSR resonators with larger mode volumes
e.g. 100 GHz FSR, overcoupling might not be achieved in the case of strong propagation
constant mismatch, as fabrication processes pose limitations on the smallest resonator-bus
gap distance. One alternative solution for smaller FSR, larger radius resonators to achieve
efficient overcoupling is to use a pulley-style coupler [285]. Figure 3.18(d) shows the measure-
ment results for a 100 GHz FSR microresonators coupled with a multi-mode bus waveguide
of the same cross-section as the resonator but in a pulley-style configuration. The compar-
ison between the two 100 GHz FSR resonators in Fig. 3.18(b) and Fig. 3.18(d) reveals an
improved coupling ideality for the pulley-style coupler. The improved coupling ideality of
the pulley-style coupler is not as high as in the case of the 1 THz FSR resonator coupled to
a single-mode bus waveguide in Fig 3.18(c). However such a comparison neglects the large
difference in resonator mode volume. In fact the fundamental TMg oo mode of the present 100
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Figure 3.19 - FDTD simulations of waveguide coupling for 100 GHz, 400 GHz and 1 THz FSR
resonators. (a) Schematic representation of the simulation model. The boundary condition
(thick black lines) enclosing the simulation region is set as PML. The resonator fundamental
TMg,00 mode is launched into the resonator waveguide and the monitors M0, M1 and M2
record the field distributions in their individual planes. (b, ¢, d) The field distributions recorded
by M0 and M1 for the 100 GHz, 400 GHz and 1 THz FSR resonators. The TMp oo mode is
coupled not only to the bus waveguide’s fundamental TMp oo mode but also to its higher-order
TMp,10 mode. The propagation constant difference of both bus waveguide modes causes
the interference pattern visible along their propagation direction. This indicates degraded
coupling ideality, which is more prominent in the case of 1 THz EFSR. The color bar denotes
the field intensity in logarithmic scale.

GHz FSR resonator can not be overcoupled using a single-mode bus waveguide, as the strong
propagation constant mismatch limits the maximum achievable coupling rates.

3.5.4 Simulations of coupling ideality

In order to verify the dominant origin of parasitic losses and the observed strong design-
dependence of coupling ideality, a full 3D finite-difference time-domain (FDTD) simulations

125



Chapter 3. Design and simulation of Integrated Photonic Circuits

[299] (Lumerical FDTD Solutions) is implemented. This allows to study numerically the light
propagation through the coupler by solving Maxwell’s equations in the time domain. The
simulation model is shown in Fig. 3.19(a). Considering the designs of the microresonator
devices experimentally characterized in the previous section, the resonator and the bus
waveguide have the same cross sections, which is 1.5 x 0.87 umz (widthxheight) for the 1 THz
FSR resonator and 2.0 x 0.87 um? for the 100 GHz FSR resonator. The sidewall angle is a = 90°
and the resonator-bus gap distance is set as 0.5 um. A graded mesh of rectangular cells with
the maximum cell volume of (22 nm)? is applied to the simulation region. The boundary
condition enclosing the full simulation region is set as perfectly matched layer (PML) [260], to
absorb the incident light to the boundary and thus to prevent back-reflection.

The resonator fundamental TMp, oo mode at the center wavelength of 1550 nm is launched with
unity power and the light field propagates until the field distribution reaches the stationary
state in the full simulation region. Monitors M0, M1 and M2 record the field distributions in
their individual monitor planes. Figure 3.19(b) and (c) show the field distributions recorded by
MO0 and M1 for the resonators of 100 GHz, 400 GHz and 1 THz FSR, respectively. An interference
pattern in the field distribution along the bus waveguide is observed in all cases, and is more
prominent in the case of 1 THz FSR. The field distributions recorded by M1 show that: In the
case of 100 GHz FSR, the field propagates predominantly in the bus waveguide fundamental
TMp,00 mode, which indicates a limited, non-unity coupling ideality; While in the case of 1
THz FSR, a significant portion of power is coupled to the higher-order TMp ;9 mode that beats
with the TMp oo mode along the propagation in the bus waveguide, which indicates a lower
coupling ideality. The case of 400 GHz lies in the middle of the 100 GHz and 1 THz FSR cases.
These qualitative conclusions from Fig. 3.19 agree well with the experimental observation that
the 1 THz FSR resonator in Fig. 3.18(a) shows higher parasitic losses thus a lower coupling
ideality compared to the 100 GHz FSR resonator in Fig. 3.18(b).

Further analysis to quantify the degradation of coupling ideality in the 1 THz FSR resonators
is performed. The total power P(total) coupled into the bus waveguide can be obtained
by calculating the Poynting vector normal to the monitor plane of M1. In addition, using
the "Mode Expansion Function" (MEF) of Lumerical FDTD Solutions, the field distribution
recorded by M1 can be projected on each waveguide eigenmode and their individual power
(> 107'?) can be calculated. All powers are normalized as they derive from the resonator
fundamental TMp oo mode that is launched with unity power. The respective coupling rates
Kex,; follow by relating the coupled power to the resonator FSR (D;/27) by kex ; = D1 x P(i). The
fundamental bus waveguide mode’s power P(TMp () can be obtained and the coupling ideality
can thus be approximately estimated as I = P(TMg oo)/ P(total), assuming that the coupling to
the higher-order bus waveguide modes (kexom) is the dominant origin of parasitic losses.
In addition, in order to investigate how the resonator mode is affected by the coupler, also
the field distribution recorded by M2 in the resonator waveguide after the coupling section is
decomposed into individual modes.

Table 3.20 compiles the simulation results of different coupler designs (No. 1-7) with varying
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geometrical parameters, including the resonator FSR, the cross-sections of the resonator and
the bus waveguides, the gap distance, and the waveguide sidewall angle a. This angle a takes
into account the fact that the fabricated waveguides have slanted sidewalls (a = 80°). For each
design we calculate the individual power of the selected eigenmodes in the resonator (TMg 19
and transverse electric fundamental resonator mode TEp 9) and the bus waveguide (TMg o,
TMp,10 and TEg g9), and numerically compute the coupling ideality 1.

First, Table 3.20 shows that the commonly employed coupler design of a straight bus waveguide
coupling to a resonator waveguide of the same cross-section, has a higher coupling ideality
for the 100 GHz FSR resonators (No. 7, I = 0.968) than for the 1 THz FSR resonators (No.
2, I = 0.163). This agrees well with the previously discussed observations in Fig. 3.18 and
Fig. 3.19. The degraded ideality in the case of 1 THz FSR resonators illustrates the limited
applicability of this coupler design. The fact that the resonator radius strongly affects coupling
ideality is more directly seen by comparing the cases No. 2 and 6, as both cases have exactly
the same geometrical parameters except for the resonator FSR.

In addition, the coupling ideality of 100 GHz FSR resonators (No. 6 and No. 7) depends also
on the waveguide width when coupled to a bus waveguide of the same cross section. The
degradation of coupling ideality in the case No. 7 is due to more power coupled to the higher-
order bus waveguide mode (TMp,19) which can be explained with the smaller propagation
constant mismatch between the fundamental resonator mode (TMg o) and the higher-order
bus waveguide mode (TMg 10). Additionally the wider waveguide cross-section reduces the
mutual modal overlap between the fundamental TMp g9 and TMp oo modes and thus their
mutual power transfer P(TMg o). Furthermore, our simulations verify the experimentally
observed improvement of coupling ideality for the 1 THz FSR resonator coupled to a single-
mode bus waveguide (No. 5, I = 1.00). However this is achieved at the expense of reducing
power transfer to the bus waveguide P(TMg oo) by nearly one order of magnitude, which is
due to the propagation constant mismatch between the TMp oo and TMg oo modes.

Second, though only the fundamental TMp oo mode is launched in the resonator, a non-zero
power in a higher-order mode (P(TMpg 10)) is recorded by M2. In addition, it is observed
by comparing the uncoupled (No. 1) and coupled cases (No. 2, 3) that this power in the
higher-order resonator mode power P(TMp 10) increases with decreasing gap distance. In the
case of the uncoupled resonator (No. 1), the appearance of P(TMg 19) = 1.28 x 10~ is mainly
attributed to the mesh which acts as a (22 nm)? surface roughness at the material interface.
Such surface roughness is well known to lead to modal coupling e.g. the coupling between the
resonator modes TMp oo and TMp 1. In addition, compared with the 100 GHz FSR resonator
(No. 6, 7), this effect is more prominent in the 1 THz FSR resonator (No. 1). Nevertheless
for the coupled resonators (No. 2, 3), the enhancement of P(TMp 10) with decreasing gap
distance unambiguously reveals the existence of a coupler-induced modal coupling. This is an
important finding revealing a novel origin of modal coupling [289] in microresonators, which
causes distortion of microresonator dispersion properties.
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Third, the coupling of the launched TMp, oo mode to the modes with the orthogonal polariza-
tion, i.e. TER oo in the resonator and TEg o9 in the bus waveguide, is observed in the case of
slanted waveguide sidewalls (No. 4). Such a cross-polarization coupling occurs if the modal
field distribution is asymmetric with respect to its center [300, 301] and its strength depends
on the degree of this asymmetry. In the simulated case, the asymmetry is introduced by the
ring bending and the a = 80° sidewall angle. However by comparing the cases No. 2 and 4, the
sidewall angle @ = 80° only enhances significantly the power P(TEp o), while the powers of
other modes as well as the coupling ideality remain almost the same.

In summary, coupling ideality of monolithically integrated high-Q Si3sN, microresonator
devices is presented in this section. For the commonly employed coupler design where both
the resonator and the bus waveguides have the same cross-sections, the presence of parasitic
losses due to the coupling to higher-order bus waveguide modes is revealed. This degrades
coupling ideality which is shown both through systematic experimental characterization of
resonances and full 3D FDTD simulations. Consequently, an optimized coupler design using
a single-mode bus waveguide with efficiently mitigated parasitic losses (ideality I = 1) and
achieved strong overcoupling (K > 9) was demonstrated. Moreover, it is discovered that the
coupler waveguide can induce modal coupling between different resonator modes which is
frequently observed in high-Q microresonators. For microresonator devices based on multi-
mode waveguides, coupling ideality is non-trivial to analyze and strongly depends on coupler
designs and target mode families. State-of-the-art microresonator devices for applications
typically operate around the critical coupling point or the overcoupled regime, thus high device
performance requires optimized coupler designs with low parasitic losses and high coupling
ideality. This study of coupling ideality in integrated photonic circuits demonstrates the
importance of anticipating coupling ideality in device design and the significant improvements
it can unlock. The ability to strongly overcouple planar integrated photonic resonators will in
particular benefit quantum optical and nonlinear photonic experiments.
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Figure 3.20 - Table of simulated coupled powers for different coupler designs. The resonator
fundamental TMp g9 mode is launched with unity power. The individual modal powers in the
resonator and the bus waveguides after the coupling section are listed. P(total) is the total
power recorded in the bus waveguide after the coupling section and I is the coupling ideality
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Chip Characterization and Waveguide
Loss Analysis

In this chapter, I will present the method to characterize the microresonator dispersion and
resonance linewidths (i.e. to extract microresonator Q). A large number of microresonators
are measured, and all the measured resonances can be statistically analyzed to find the most
probable value, which is representative for microresonator Q. In the end of this chapter, a
linear microresonator response measurement is performed to quantitatively measure the
thermal absorption losses, which in our high-Q devices, are only 0.2 MHz.

4.1 Characterization of microresonator dispersion and Q

There are several methods to measure the microresonator GVD parameter D,. Among these
methods, frequency-comb-assisted diode laser spectroscopy [298], enabling broadband
spectral characterization with fast measurement speed (> 1 THz/s) and simple implementa-
tion, has been successfully applied for distance measurement [302, 303], dynamic waveform
detection [304], plasma diagnostics [305] and molecular spectroscopy [306, 307]. One appli-
cation benefiting from the advantages is the dispersion characterization of high-Q optical
microresonators [85, 44, 308, 309, 88], while alternative methods using direct frequency comb
[310, 311], white light source [37] or sideband spectroscopy [312] have several limitations
including system complexity, low data acquisition speed, narrow bandwidth and inability to
measure microresonators with large free spectral ranges exceeding 100 GHz. In this section,
the dispersion characterization of microresonators using frequency-comb-assisted diode
laser spectroscopy is presented. The main result has been published in ref. [119], J. Liu et al,
“Frequency-comb-assisted broadband precision spectroscopy with cascaded diode lasers",
Opt. Lett. 41,3134 (2016).

4.1.1 Dispersion Characterization with One Diode Laser

Figure4.1 shows the schematic of the experimental setup for characterization of microres-
onator dispersion and resonance linewidth, using frequency-comb-assisted diode laser spec-
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troscopy. The laser from a widely tunable, mode-hop-free, external cavity diode laser (ECDL)
working in the wavelength range of 1500 — 1630 nm (Santec TSL-510) is split into three branches.
The polarization of the input light is tuned by a polarization controller (PC). A fully-stabilized,
spectrally-broadened, erbium-fiber-laser-based frequency comb (MenloSystems FC1500) ex-
tending from 1050 nm to 2100 nm is used, whose repetition rate fre, ~ 250.14424 MHz and
carrier-envelope offset frequency fi.o = 20 MHz are both locked to a reference microwave
clock. The first branch from the ECDLSs output is sent to beat with the fiber frequency comb.

When ECDL scans, the ECDL beats with the frequency comb and “running” beat notes were
generated in the frequency domain. The beat notes between the ECDL and its two nearest
comb lines at frequencies fyear and frep — foear are of particular interest. The optical beat signal
is detected by a photodiode (PD 1) which outputs the electrical beat signal. The electrical
beat signal is split by a 50/50 RF splitter, followed by two band-pass filters (BP 1 and BP 2,
bandwidth I'/27x =2 MHz). BP 1 has the center frequency of fgp; = 35.13 MHz and BP 2 has the
center frequency fgp2 = 69.80 MHz. Due to the presence of BP 1 and BP 2, when the running
beat notes fall in the band-pass ranges, a “calibration marker” is generated. Therefore, the
ECDL scan generates four calibration markers per frep interval when the frequency distance to
its nearest comb line is + fgp or + fgp2. Two markers center symmetrically to the comb line
which generates them with distance of 35.13MHz x 2 = 70.26 MHz (“inner marker”), and two
markers center symmetrically to the comb line with distance of 69.80MHz x 2 = 139.60 MHz
(“outer marker”). The calibration markers are recorded by the oscilloscope in the "peak-detect"
sampling mode, as shown in Fig.4.2. The polarization of the frequency comb is controlled by a
PC to improve the calibration markers’ signal-to-noise ratio (SNR).

The second branch from the ECDLs output is sent to the SigN4 chip. The transmission spec-
trum through the Si3N4 microresonator is detected by PD 2 and also recorded by the oscillo-
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Figure 4.1 — Schematic of the setup for the dispersion characterization using frequency comb
assisted diode laser spectroscopy. BP: band-pass filter. OSA: optical spectrum analyzer.
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scope. A PC is used to change the polarization of the input light such that both TE and TM
mode resonance can be recorded individually.

The third branch from the ECDL’s output is sent to beat with a stable reference laser (Koheras
BASIK) whose wavelength is 1548.7 nm. With a low-pass filter (BP 3), a “reference marker” is
generated when the ECDL scans through the reference laser. Such reference marker is used
for the absolute frequency calibration. Also, a PC is used to change the polarization of the
reference laser to improve the reference marker’s SNR.

During the ECDL scan, the transmission spectrum through the SisN, microresonator is
recorded by the oscilloscope in the time domain. To project the time domain to the fre-
quency domain (to know the resonance frequency instead of when the resonance occurs),
it requires frequency calibration with respect to the reference laser based on frep, fgp1 and
fp2. As shown in Fig.4.2, each time a group of four calibration markers is generated in the
time domain, the laser scans over one fiep in the frequency domain. As the precise frequency
difference between any two adjacent calibration markers is known, assuming that the ECDLs
scan uniformly in each fiep interval, the instantaneous (relative) frequency of any data point
can be interpolated based on fiep, fgp1 and fgp2. The reference laser sets the frequency refer-
ence for the absolute frequency calibration. Figure 4.3 shows all the recorded data including
the transmission spectrum, the calibration markers and the reference marker, with different
scales (x20 and x500) showing the data details.

The precision of the frequency calibration is limited by two factors: a 2.2 MHz/point error
due to the oscilloscope’s maximum 10 million data points per trace over 22 THz (1355 — 1505
nm) scan range and the error due to I'/27 = 2 MHz bandwidths of BPs. Error in reading the
Jrep leads to a systematic error in the relative frequency calibration, however fep, is read very
precisely with precision better than 1 Hz and the systematic error is negligible compared
with the other two errors. Therefore the total error is estimated as 4.2 MHz/point. However
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Figure 4.2 — Signals recorded by the oscilloscope in each laser scan. The calibration markers
(blue, red) and the reference markers (green) are denoted. Two BPs are used in order to
generate double calibration markers for better frequency determination. Each group of
calibration markers is indexed by the comb line that generates it (black dashed lines).
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such error will not be prominent for resonances with >100 MHz linewidth, as the resonant
frequency is usually obtained by line profile fitting whose precision is then limited by the
signal quality, background fluctuation, fitting function used, resonance splitting etc.

The reference laser’s frequency fier is read either from an optical spectrum analyzer (OSA)
which has an imprecision of few gigahertz or from a wavelength-meter which has an impre-
cision of few hundred MHz. Such imprecision will introduce a global offset to the absolute
frequency calibration, but will not affect the continuity of the trace combination and the
relative frequency calibration with respect to fi.r. The global offset (i.e. an absolute frequency
measurement) is much less important for certain measurements such as the dispersion mea-
surement of microresonators where the entire frequency scan needs to exhibit a precise
relative frequency calibration, but not necessarily an absolute frequency calibration.
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Figure 4.3 — Data traces showing all the recorded data including the transmission spectrum,
the calibration markers and the reference marker. The representation at different scales (x20
and x500) shows the data details.
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4.1.2 Dispersion Characterization with Cascaded Diode Lasers

The method based on frequency-comb-assisted diode laser spectroscopy is able to measure
the dispersion parameter D, of microresonators. However, to measure the higher order
dispersion such as D3 and Dy, frequency-comb-assisted diode laser spectroscopy has the
bandwidth limitation, as the effect from higher-order dispersion becomes strong only for
resonances with large index u. Therefore, increasing the measurement bandwidth is required
to measure higher order dispersion.

The measurement bandwidth is determined by two factors: the wavelength tuning range of the
used laser and the range of the frequency comb. Usually the second one can be satisfied easily,
as a spectrally broadened frequency comb can cover hundreds of nanometres range, e.g. the
Menlo frequency comb that we use covers one octave from 1050 nm to 2100 nm. Therefore the
main limitation becomes the wavelength tuning range of the used laser. One solution is to use
more than one laser to cover different ranges, and combine the individual data into a single
one. In this section a method to extend the measurement bandwidth by cascading two widely
tunable lasers covering the wavelength range from 1355 nm to 1630 nm is demonstrated.
The validity of our method is examined by molecular absorption spectroscopy. Subsequently
this method is used to characterize the dispersion of a Si3N4 microresonator whose FSR is
approximately 1 THz, as an example.

The setup is shown in Fig.4.4. Compared to the setup shown in the previous section, ECDL
2 working in the range of 1355 — 1505 nm is added. Thus the full bandwidth becomes 1355 —
1630 nm (184 - 221 THz). In addition, a 1310 nm/1550 nm wavelength-division multiplexer
(WDM) splits the frequency comb into two branches. Two optical switches are synchronized,
such that ECDL 1 beats with the 1310 nm branch, and successively ECDL 2 beats with the

[ECDL1,1355-1505nm)

( )

[ECDL2,1500-1630nm)

( N

(_ Fiber Laser Comb )

-
\ PD 3
D
J @ @ @ BP
I wave FPC 3
meter
Figure 4.4 — Schematic of the setup used for cascaded frequency comb assisted diode laser

spectroscopy. OS: optical switch; WDM: wavelength-division multiplexer; ESA: electrical
spectrum analyzer.
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1550 nm branch. The purpose of using the WDM and synchronizing the optical switches is
to suppress the comb lines which do not contribute to the beat signals, thus to prevent the
photodiode saturation and to improve the signal-to-noise ratio of the beat signals especially
for the 1310 branch.

The two ECDLs scan one after the other with a scan speed of 10 nm/s. By using the band-
pass filters labeled as BP 1 and BP 2 (center frequencies fgp1 and fgp2), the scanning ECDL
generates four “calibration markers” per fie, interval when the frequency distance to its
nearest comb line is + fgp or *+ fgp2 [298]. The key problem is the combination of the two
individual traces generated by the two ECDL scans into a single continuous trace which covers
the full measurement range. This is solved by using an auxiliary reference laser (New Focus
Velocity) whose wavelength A, is set in the 1500 — 1505 nm range where both ECDLs overlap
spectrally. With a low-pass filter (BP 3), in each trace a “reference marker” is recorded when the
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Figure 4.5 — Procedure to combine two ECDL scan traces using the reference laser. (a) The
calibration markers (blue, red, cyan and purple) and the reference markers (green) are denoted
in both traces. Two BPs are used in order to generate double calibration markers for better
frequency determination. Each group of calibration markers is indexed by the comb line that
generates it (black dashed lines). The combined trace is formed by combining the data in the
yellow shaded zones of both traces. (b) Measurement of the reference laser’s drift within 1
hour by beating it with the frequency comb and observing the beat note’s drift on an ESA. The
peak at 250 MHz is the frequency comb’s repetition rate beat fep. Two peaks symmetrical to
125 MHz are due to the reference laser beating with its two nearest comb lines. Accumulated
drift is recorded by using the “maximum hold” function of the ESA.
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ECDL scans over the reference laser. The reference laser is set initially frep/2 from its nearest
comb line, and its long-term drift is measured as <20 MHz/h as shown in Fig.4.5(b). As long
as the reference laser drifts less than frep/2 from its initial position within the measurement
time (=60 s), which can be monitored by an electrical spectrum analyzer (ESA), it can be
unambiguously assumed that the calibration markers adjacent to the reference marker are
generated by the same comb line in both traces. Therefore, using the reference marker, the
indices of the calibration markers in both traces can be matched. As shown in Fig.4.5(a), by
combining the data before the reference marker in trace 1 with the data after the reference
marker in trace 2, a complete continuous trace from 1355 nm to 1630 nm is formed.

4.1.3 Molecular Spectroscopy

In order to examine the validity of this method, e.g. the continuity of the combined trace
and the relative frequency calibration, a molecular absorption spectroscopy of a gas cell
composed of water (H,0), carbon monoxide (CO) and acetylene (C,H>) is implemented and
compared with the absorption line data from HITRANonline [313] (www.hitran.org). The
normalized transmission spectrum is shown in Fig.4.6(a), and the absorption lines for each
kind of molecule are marked. As the spectroscopy is not Doppler-free, Doppler broadening
dominates the linewidth given by the Gaussian profile as

a | Mc? Mc? (f - fo)?
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The full-width-at-half-maximum (FWHM) of Doppler linewidth is A f =2 fy(2kTIn2/ M A2,
The fitted linewidth distribution is shown in Fig.4.6(b). A clear trend of linewidth increase is
seen from CO (28 g/mol) to H,O (18 g/mol), as CO moves slower thus has smaller Doppler
broadening effect.

The fitted line-center frequencies fg; are then compared with the known frequencies fijr from
HITRANonline, and a global offset fy¢ = —98 MHz is observed due to the reason mentioned
above. Such an offset fy = —98 MHz is introduced due to the imprecision of the wavelength-
meter as mentioned above and the pressure-induced line shift [314, 315]. Subtracting the
global offset, the frequency deviations defined by 6 = fq¢ — fint — fotr are plotted in Fig.4.6(c).
All the frequency deviations are distributed in a +100 MHz range around 0 MHz, showing the
continuity of the combined trace and a good global accuracy of the relative frequency calibra-
tion. As the CO lines suffer the least Doppler broadening effect due to the largest molecular
mass of CO, their frequencies are more precisely fitted with smaller deviations. Therefore to
examine the precision of the relative frequency calibration, the deviation distribution of CO
lines is fitted with a Gaussian distribution and a 13.6 MHz standard deviation is shown. It
should be emphasized that the 13.6 MHz standard deviation is not due to the method itself,
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but mainly due to the fitting error in determining the line-center frequencies with the GHz
linewidths and the pressure-induced line shifts [314, 315]. To eliminate the Doppler broaden-
ing and to demonstrate better precision, a Doppler-free spectroscopy could be built [306, 307],
which requires free space optics and high laser output power.

4.1.4 Dispersion Characterization

The method is applied to characterize the dispersion of a SisN4 microresonator with 1 THz
FSR. By design, the microresonator has 0.87 x 1.4 y m? cross-section and is coupled by a
straight single-mode bus waveguide with approximate 0.87 x 0.5 u m?, as shown in Fig.4.7(a).
If TM/TE mode is launched in the bus waveguide, both TMy/TEgo and TM;¢/TE;¢ modes of

—_
1

o
(@)
1

norm. transm.

2 1 1 2

linewidth (GHz) & norm. transmission &
o

e CH, frequency (GHz)
( 3 T T T T T T 1)
T '.3'" Qi-
24| . S ., ‘_
e CH, A o o % s
14 S . 1
0 1 1 1 1 1 1 1 1
(C) 100 1 T T T T T T PY Py T
~ . H,O 40 °
T 504 . co » et e o T
= . CH, S 20, { ¢80 ,;..
c 0 o e? R & %
F ol a\ |
3 i -40 20 0 20 40 ]
5_50 deviation (MHz) : . ¢ y
© o0
-100 T T T

185 190 195 200 205 210 215 220
frequency (THz)

Figure 4.6 — Broadband characterization of a molecular absorption spectroscopy. (a) Normal-
ized transmission spectrum of the gas cell. Each kind of molecule is marked according to the
data from HITRANonline. Inset: one CO line and fit with Gaussian profile. (b) Linewidths
of each absorption line fitted with Gaussian profiles. (c) Deviations of the fitted line-center
frequencies from the values on HITRANonline. Inset: histogram of the deviations of CO
lines from six repeated measurements and fit with a Gaussian distribution (red curve) with a
standard deviation of 13.6 MHz.
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4.1. Characterization of microresonator dispersion and Q

the microresonator are excited. TMgo/TEqp and TM1¢/TE;¢p modes can be distinguished from
their different linewidths referred to the FDTD simulations as shown in Fig.4.7(b), or from
their different FSRs referred to the FEM simulation. Fig.4.7(c) plots the transmission spectrum
for the TM mode. Each resonance is fitted with the model derived in ref. [214] as Eq.4.2:

~ 83— 62+ f? — Aw* + i260Aw
T (804602 + P2 — Aw? + i2Aw (5 +5,)

8 (4.2)
The amplitude transmittance coefficient T describes the waveguide-ring resonator coupling;
8o describes the internal loss; . = T?/21 is the decrement the coupler device, with 7 is the
circulation time; dw is frequency detuning from unperturbed resonance.

The center frequency and the linewidth are extracted from the fit with Eq.4.2. Both a 3" order
and a 4™ order weighted polynomial are used to fit the Dj,¢/27, while the reference resonance
wo/2m is chosen at 193.12 THz (1553.5 nm). The fit is performed by weighting each resonance
according to the inverse of its linewidth, as the center frequencies of broader resonances are
less precisely fitted. By observing whether the 4™ order weighted polynomial has significantly
better fit than the 3" order one, one can find if there is a necessity to consider the fourth order
dispersion parameter D; in the fit.

Figure 4.8(b) plots the fitted linewidths of the TMyy, mode, compared with the simulated
linewidths x/27. x /27 has two components (Kex + ko) /27, Kex/27 is due to the wavelength-
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Figure 4.7 — Broadband dispersion characterization of a Si3zN4 photonic chip-based microres-
onator with FSR=1 THz. (a) SEM image of the used microresonator geometry. (b) Linewidth
difference between TMyy and TM;y modes. (c) Normalized transmission spectrum of the TM
mode through the microresonator.
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Chapter 4. Chip Characterization and Waveguide Loss Analysis

dependent waveguide-resonator external coupling strength [47] whose value is extracted from
a FDTD simulation, and x(/2x is due to the intrinsic loss whose value is extracted from the
linewidth fit and is assumed as a constant 110 MHz. In addition, an avoided modal crossing
[44, 309] is identified around 213 THz where both modes have approximately the same local
resonance frequency. At such a modal crossing point, the resonances deviate from the fitted
dispersion curve and a local linewidth broadening is observed. Figure 4.8(c, d) plots the
D¢ /27 and the fitted linewidths of the TM ;o mode. Figure 4.9 plots the Dj,¢/27 and the fitted
linewidths of TEyp and TE;¢ modes. The dispersion parameters extracted from the

weighted polynomial fit are shown in Table. 4.1.
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Table 4.1 - Fitted dispersion parameters.

Parameter TMg, mode TM;pmode TEy mode TE;omode
D, /2n 980.2 GHz 958.9 GHz 991.1 GHz 962.1 GHz
Dy /271 -26.08 MHz -559.5MHz 51.95MHz -674.0 MHz
Ds/2n 5.62 MHz 46.3 MHz 1.12 MHz 44.0 MHz
Dy/27m -0.200MHz -2.03MHz -0.117MHz -1.31 MHz
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Figure 4.8 — Plot of the TM mode dispersion. (a) Plot of Dj, /27 of the TMyp mode. Red points
are the measured data, green solid curve is the 3" order weighted fitting polynomial, blue
solid curve is the 4™ order weighted fitting polynomial. Different optical fiber communication
bands are highlighted by different color shaded zones. (b) Plot of the fitted linewidths of the
TMgo mode and comparison to the simulated linewidths. (c) Plot of Dj,/27 of the TM;p mode.
(d) Plot of the fitted linewidths of the TM;3 mode.
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Figure 4.9 — Plot of the TE mode dispersion. (a) Plot of Dj, /2 of the TEgg mode. (b) Plot of
the fitted linewidths of the TEyy mode. (c) Plot of Dj,¢/27 of TE;y mode. (d) Plot of the fitted
linewidths of the TE;o mode.
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4.2. Statistical analysis of microresonator Q factors

4.2 Statistical analysis of microresonator Q factors

In this section, a systematic study of Si3N, microresonators Q factors (i.e. optical losses) is pre-
sented. The main result has been published in ref. [92], “High-yield wafer-scale fabrication
of ultralow-loss, dispersion-engineered silicon nitride photonic circuits”, arXiv 2005.13949
(2020). I developed the fabrication process, designed the chip devices, fabricated the SizNy
samples and led the experimental characterization of samples. Jijun He has contributed
significantly to the sample characterization. Guanhao Huang has led the experiment and
simulation of microresonator linear response measurement. Rui Ning Wang has contributed
to the sample fabrication.

The microresonators studied here were all fabricated using the current photonic Damascene
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Figure 4.10 — Comparison of ko /2m histograms of different resonator waveguide widths and
in different modes. (a) Waveguide width is 2200 nm, histogram of 10197 TE, resonances
from twenty-six resonators of 40.6 GHz FSR shows the most probable value of xo/27 ~ 6.5
MHz (i.e. Qy ~ 30 x 10°). (b) Waveguide width is 1700 nm, histogram of 7079 TE, resonances
from nine resonators of 19.6 GHz FSR shows the most probable value of x¢/27w ~ 8.5 MHz
(i.e. Qo ~ 23 x 109). (¢ Waveguide width is 1500 nm, histogram of 1450 TE(, resonances
from eight resonators of 98.9 GHz FSR shows the most probable value xo/27 ~ 13.5 MHz
(i.e. Qo ~ 15x 109). (d) Waveguide width is 2200 nm, histogram of 3544 TM, resonances
from nine resonators of 40.6 GHz FSR shows the most probable value of x¢/27 ~ 9.5 MHz
(i.e. Qg ~ 20 x 109). (e, f) The resonance measured at 193.47 THz using the frequency-comb-
assisted diode laser spectroscopy (e), and the sideband modulation technique (f). The fitted
values in (e) are x/2m ~ 7.75 MHz and xy/27n ~ 5.87 MHz, and in (f) are x/2m ~ 7.95 MHz and
Ko/2m ~ 6.05 MHz. Both methods agree with each other, and show Qg > 32 x 108, a.u.: arbitrary
unit.
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Chapter 4. Chip Characterization and Waveguide Loss Analysis

process and characterized using the frequency-comb-assisted diode laser spectroscopy, as
illustrated previously. The total (loaded) linewidth /27 = (k¢ + K ex) /27, the intrinsic linewidth
(i.e. intrinsic loss) xo/27 and the coupling strength x4 /27 are extracted from each resonance
fit [214, 316]. While the coupling strength x¢x/27 depends on the bus-waveguide-to-resonator
gap distance, the microresonator intrinsic loss x(/27 is mainly affected by the fabrication
process. Therefore, here the study is focused on the statistical performance of the intrinsic loss
Ko/2mn. The xo/2n of all measured resonances, from many samples, are put into a histogram.
The most probable value of the /27 histogram should properly represent the intrinsic Q
factor (Qg = w/xg) of microresonators, and the quality of our fabrication process.

Here, only the fundamental transverse electric (TEyp) and magnetic (TMyy) modes are studied.
Figure 4.10(a, b, c) compare the histogram of xo/27 in the TEy mode, for three waveguide
widths, 2200 nm, 1700 nm and 1500 nm, while the waveguide heights are above 850 nm and
nearly identical. The lowest x( /27 is achieved at 6.5 MHz in the waveguide of 2200 nm width,
from 10197 resonances measured from twenty-six 40-GHz-FSR microresonators. The xo/2m ~
6.5 MHz corresponds to Qp > 30 x 10°. A waveguide-width-dependent k) is revealed, i.e. a
larger waveguide width results in a lower k¢ (thus a higher Qp). For the Damascene process,
the waveguide top surface is planarized via CMP and features sub-nanometre roughness
[90, 100]. The waveguide bottom surface has superior quality determined by SiO, growth
using thermal wet oxidation on single-crystal silicon wafers. Therefore, likely the waveguide
sidewall roughness is the main reason for scattering losses. The comparison in Fig. 4.10
supports that, as a waveguide of a larger width has a weaker optical mode interaction with
the waveguide sidewall, the resulted scattering losses are less and the Qy is higher. It also
suggest that, in order to compare different fabrication processes for attaining lower losses, the
geometry dependence needs to be included. Reports on large-aspect-ratio SisN4 waveguides
[201, 199, 100], with waveguide widths exceeding 10umn, have shown exceptionally low loss
(a/2m < 0.1 dB/m) and high microresonator Q (Qg ~ 81 x 10%). These SizN, waveguides are
ideal for passive elements such as delay lines and optical packet routers [196], but not suitable
for soliton microcomb and supercontinuum generation due to the normal GVD and large
mode area, resulting from the large waveguide width.

Figure 4.10(d) shows the histogram of x¢/27 in the TMp mode, for 2200 nm waveguide width,
in comparison with the TEgy mode shown in Fig. 4.10(a). This comparison shows that the
TEgp mode has lower k¢ (higher Qp) than the TMyo mode. This is likely due to the fact that the
waveguide aspect ratio, width / height = 2200/900, results in a larger mode area for the TMg
mode than for the TEg) mode. Therefore the TMyy mode has stronger interaction with the
waveguide sidewall, and consequently, higher losses.

In addition to frequency-comb-assisted diode laser spectroscopy, sideband modulation tech-
nique [312] is also used to measure the resonance linewidth x /27 and to fit the intrinsic loss
Ko/27m. Two sidebands, each separated from the carrier by 150 MHz, are used to calibrate the
resonance linewidth. Figure 4.10(e, f) compare the measured /2 and fitted /27 of the
same resonance, using the frequency-comb-assisted diode laser spectroscopy (x /27w ~7.75
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4.2. Statistical analysis of microresonator Q factors

MHz and x/27 ~ 5.87 MHz) and the sideband modulation technique (x/2x ~ 7.95 MHz and
Ko/27 ~ 6.05 MHz). Both methods agree well with each other, and show Qg > 32 x 10°.

4.2.1 Ringdown measurement

Furthermore, a cavity ring-down measurement to validate the measured linewidth is also
performed, using an experimental setup shown in Fig. 4.11(a). An intensity modulator (IM) is
used to rapidly switch on and off the pump field. The ring-down signal of the transmitted light
is recorded by a 1-GHz-bandwidth low-noise photodetector. A 50-kHz square wave electrical
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Figure 4.11 — Resonance linewidth measurement using cavity ring-down technique. (a) The
experimental setup utilizing an intensity modulator (IM) to switch on and off the pump field.
(b) Recorded cavity ring-down shown in log scale. The ringdown was averaged 1000 times. The
exponential fit give T = 37.8 ns, corresponding to a loaded linewidth of 8.4 MHz. a.u.: arbitrary

unit.
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Figure 4.12 — Systematic study of k¢ /2n histograms using multiple samples over the entire
4-inch wafer. DUV stepper lithography exposure layout, and the measured TEqg’s x¢/27 value
of 40-GHz-FSR chips at different wafer positions. The reticle design containing sixteen chips
of 5 x 5 mm? size, is uniformly exposed in each field over a 4-inch wafer. For the particular
chip C7 containing multiple 40-GHz-FSR microresonators, the most probable value ko /27
is extracted from the x(/27 histogram and listed in each exposure field. NA: not applicable,
due to visible photoresist coating defects or the design missing in particular fields close to the
wafer edge.
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drive signal is generated using a fast arbitrary waveform generator, ensuring that the light is
switched off significantly faster than the resonance linewidth. The upper and lower voltage
levels of the square wave are adjusted to match the maximum and minimum transmission
voltage of the IM, such that the electrical overshoot and undershoot of the square wave signal
do not twist the ring-down slope. A representative ring-down measurement data is shown in
Fig. 4.11(b). Due to the finite extinction ratio of the IM, the residual pump field beats with the
leakage of the intracavity field, producing a field ring-down signal which is affected by the
detuning of the laser from the cavity mode resonances [317]. At small detunings (A << k), the
effective ring-down rate is increased by the laser’s detuning from cavity resonance, and thus
the directly inferred quality factor is less accurate than the sideband fitting result. As most high
Q resonances suffer from a certain amount of mode splitting, an effective detuning presents
from the split resonances, and the ring-down results can therefore only serve as a lower bound
of the loaded Q factor of the measured resonances. However, when the detuning is taken into
account in the analysis, the corrected loaded linewidth x /27 ~ 8.4 MHz is in agreement with
the sideband fitting results, showing consistency between the three characterization methods
used here.

4.2.2 Wafer-scale distribution of Q

Next, in order to prove that the current fabrication process is high-yield and reproducible,
the most probable values of ko /27 histograms of the 40-GHz-FSR microresonator samples at
different positions on the same 4-inch wafer are studied. Figure 4.12 shows the DUV stepper
lithography exposure layout on the wafer, as well as the reticle layout. There are 4 x 4 chip

2

designs on the reticle. Each chip is in 5 x 5 mm*~ size, and contains multiple 40-GHz-FSR
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Figure 4.13 — The k¢ /2 histograms of multiple 40-GHz-FSR chips.
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microresonators. The DUV stepper exposes the reticle pattern (with x5 demagnification)
uniformly over the full 4-inch wafer scale in discreet fields. The chip design containing 40-
GHz-FSR microresonators is C7. The most probable value of xo/27 histograms of this C7 chip
is measured and plotted in each exposure field. The individual value of the x( /27 histograms
of the C7 chip in each stepper exposure field is shown in Fig.4.13. Despite the fields at the wafer
edge, which can have compromised quality due to laser focusing and photoresist coating, the
most probable k¢ /27 of C7 remains constant (6.5 MHz) in all fields.

In addition to the wafer-scale Q study of 40-GHz-FSR chips, below it shows that a high Q is
also obtained reproducibly over the full 4-inch wafer scale with 10-GHz-FSR chips. Figure
4.14(c) shows our mask layout constituting 4 x 4 chip designs on the DUV stepper reticle. Each
chip contains only one 10-GHz-FSR microresonator Figure 4.14(a) shows that the DUV stepper
exposes uniformly the reticle pattern over the full 4-inch wafer scale in discreet fields. The
calibration chip studied here is the C15 chip. The most probable value of (/27 histograms of
this C15 chip is measured and plotted in each exposure field, as shown in Fig. 4.14(b). In most
fields, xo/2m < 9.5 MHz is found. These high-Q, 10-GHz-FSR chips have been recently used to
demonstrate soliton-based X-band microwave generation [78].

The wafer-scale Q study here demonstrates that our current fabrication can achieve high
reproducibility and yield, i.e. all chips are crack-free and feature equally good Q factor. Further,
taking advantages of the current semiconductor technology, the process can be easily applied
on 8- and 12-inch wafers, thus can enable large-scale manufacture and production with low
cost in the future.

(®) Wafer layout

c) Field layout

Figure 4.14 — Q distribution on a 4-inch wafer of 10-GHz-FSR chips. (a) Photo of the 4-inch
wafer containing only chips of 10 GHz FSR. (b) DUV stepper lithography exposure layout, and
the most probable value x( /27 of the C15 chips at different exposure field and wafer positions.
(c) The reticle design contains sixteen chips and is uniformly exposed in discrete field over
a 4-inch wafer. NA: not applicable, due to visible photoresist coating defects or the design
missing in particular fields close to the wafer edge.
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4.2.3 Reflow’s impact

The SiO, preform reflow is a unique step in the Damascene process, due to the fact that the
thermal wet SiO, has a glass transition temperature below 1250 °C, which can be achieved
in our atmosphere-pressure chemical vapor deposition (APCVD) tube. Our previous work
[90] shows that, in the case of lower microresonator Q (below 4 x 109), the preform reflow
can lead to a Q improvement by a factor of 2, accompanied however by a waveguide cross-
section deformation. Now using the new Damascene process and with the high-Q SizN4
microresonator samples, it is needed to investigate and quantify the impact of the preform
reflow on microresonator Q factor.

Figure 4.15(a, b) compare the histogram of x( /27 in the TEyy mode, in samples of 1500 nm
waveguide width and 850 nm height, with and without the preform reflow. Without reflow, the
most probable value of xo/27 ~ 15.5 MHz is only marginally larger than the value xo/27 ~ 14.5
MHz with reflow. This comparison indicates that the efficacy of reflow is reduced in the
current Damascene process, as the use of DUV stepper lithography and optimized dry etching
result in less sidewall roughness and scattering losses, compared with the previously reported
Damascene process [90]. Therefore, as the sidewall quality before reflow is already good, in
the current Damascene process for high-Q Si3sN4 microresonators, the preform reflow is not
indispensable for higher Q. Indeed, subtractive processes using optimized lithography and
dry etching have also achieved high microresonator Q > 10 x 10° recently [98, 100, 318], where
SiO, or SizNy reflow is absent.

Despite the fact that the reflow can impact Q and losses, it also deforms the waveguide cross-
section. Previous report [90] shows a change in waveguide sidewall angle from 90° to 98°,
after 24 hours reflow at 1250°. This waveguide deformation can cause difficulty in critical
dimension control, thus is typically undesired. In the current Damascene process, by reducing
the reflow time to only 3 hours, the sidewall slant effect can be significantly reduced. Figure
4.15(c, d) compare the waveguide cross-sections with and without reflow. While the sidewall
angle is ~ 90° without reflow, it becomes 93° (3° difference) after 3 hours reflow. Therefore, in
the current Damascene process, the impact on waveguide deformation caused by the reflow is
significantly reduced.

4.3 Probing the ultimate microresonator Q limited by absorption
loss

The optical losses in the telecommunication band in SizN4 waveguides have two main con-
tributions: the Rayleigh scattering loss [213, 214] caused mainly by the waveguide sidewall
roughness, and the hydrogen absorption loss due to the residual nitrogen-hydrogen (N-H)
and silicon-hydrogen (Si-H) bonds [217, 201]. While the hydrogen absorption loss can be effi-
ciently eliminated via thermal annealing of Si3sN, at high temperature ~ 1200°C [218], efforts
on loss reduction have mainly focused on reducing waveguide roughness via optimized dry
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etching [223, 100], wet etching [225], and etchless process [227, 319]. In addition, small-core
waveguides [201, 199] featuring large mode areas and reduced optical mode interaction with
waveguide sidewalls have also been developed.

This section presents a quantitative study to analyze how much the absorption loss contributes
in the total intrinsic loss of x¢/27 = 6.5 MHz, and to provide an estimation of the optical loss
limit of our Si3N4 waveguides. For this purpose, a modulation response measurement [79, 311]
is used. The experimental setup is shown in Fig. 4.16(a). Two lasers, pump and probe, are used
in the experiment. The pump laser is tuned to the m-th optical resonance whose resonance
frequency is f;; and the thermal absorption loss x4 at this frequency is to be characterized.
Meanwhile, the pump laser is intensity-modulated at frequency w. The probe field is weakly
locked (i.e. low-bandwidth locking) to the m'-th optical resonance whose resonance frequency
is f;,. The principle of linear microresonator response measurement is to characterize the
resonance frequency shift 6 f;,y = y(w)d npy of the probe mode f;,,y induced by the intensity
modulation of the pump mode f;,,. The intensity modulation of the pump laser causes
intracavity power modulation (i.e. photon number modulation ph), which modulates the
resonance frequency shift of the probe mode f;,y. The pump power is maintained sufficiently
low, such that the steady-state frequency shift of the probe mode is small compared to the
optical linewidth « of the m'-th resonance, i.e. § f;,y < k. In the linear regime, the frequency
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Figure 4.15 — Comparison of /27 histograms and waveguide cross-section deformation in
the cases with and without reflow. (a, b) The histograms of x /27 with and without the preform
reflow. Without reflow, the most probable value of xo/27 ~ 15.5 MHz (b) is only marginally
larger than the value x¢/27 ~ 14.5 MHz with reflow (a). xo/27 ~ 15.5 MHz corresponds to
Qo ~ 13 x 108. (c, d) SEM images showing waveguide cross-sections with 90° sidewall bottom
angle before reflow (c), and 93.5° angle after 3 hours (d).
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response d fy, to the modulated pump power d Ny, at modulation frequency w is given by

m

dNpp

¥ ()= = Xtherm (@) + YKerr(w) 4.3)

The total response y (w) consists of two parts: the Kerr response ykerr(w) with infinite band-
width, and the thermal response ¥ herm (@) which has bandwidth up to few kilohertz. Therefore,
by calibrating the response dependence on the modulation frequency w, ¥ therm (@) and yxgerr (W)
can be individually identified. In the DC modulation regime (w — 0), the Kerr response term
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Figure 4.16 — Linear microresonator response measurement. (a) Experiment setup. ECDL:
external-cavity diode lasers. IM: intensity modulator. VNA: vector network analyzer. PBS:
polarization beam splitter. (b) Thermal simulation of the temperature distribution in the
waveguide structures (c, d) Measured frequency response y(w) normalized to ykerr, of two
representative resonances at 1515 nm and 1598 nm. The fitted thermal cutoff frequency
Wiherm /27 and cavity cutoff frequency x /47 are, Werm /27 = 14.2 kHz and x /47 = 6.2 MHz in
(c), and Wherm /27 = 14.9 kHz and x /47 = 6.5 MHz in (d). (e) Calculated absorption loss KZ{)S
of different resonances from different samples. The black solid circles correspond to the data
shown in (c, d). (f) Comparison of loss characterization results using both the linear microres-
onator response measurement and the frequency-comb-assisted diode laser spectroscopy, on
a partially annealed sample. This particular samples features prominent hydrogen absorption
losses. The green-shaded zoom marks a wavelength-independent scattering loss of 20 MHz.
The results from both methods are consistent.
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4.3. Probing the ultimate microresonator Q limited by absorption loss

Yxkerr(0) is calculated[79] as

YKerr(0) = ———

. I’lé Vet (4.4)

where h is the Planck constant, x /27 is the loaded resonance linewidth, Q = 27x f;,,/x is the
loaded resonance Q, ng = 2.1 is the group index, 77 = k¢, /x is the normalized coupling strength
and n = 1/2 for the case of critical coupling. The factor of 2 comes from the cross-phase-
modulation, as the pump and probe modes are two distinct resonances in our experiment (i.e.

m#m' and fi, # fr).
The Thermal response term y,(0) is calculated as

d fm,th
Xtherm 0) = M

fm dT  dnmat (4-5)

- nmat . deh ‘ dT
_ Kabshfr%z dT dnma
Nmat dPaps dT

where we use d i,/ fin = d nmat/ Nimat and d Paps = Kapsh firnd Npn. The material refractive index
of Si3gN4 at 1550 nm is ny,e = 2.0, and its temperature dependence [320] is dnmat/dT =
2.5x107°/K.

Using the values of yiherm (@) and ykerr (@) at DC (w = 0), the absorption rate is calculated as

2CNmat N2 Xtherm (0)

2 dT _ dnma 0
ng Vett AP dT XKerr (0)

Kabs = (4.6)

where Vg is the effective optical mode volume, ny = 2.4 x 10~¥m?2/W is the nonlinear index of
Si3Ny, ng = 2.1is the group index, nmae = 2.0 is the material index and d nma /d T = 2.5 107°/K
is the thermo-optic coefficient [320], and P, is the absorbed power.

The frequency response 0 f;, to the pump modulation is transduced into the probe laser’s
phase modulation. The phase response is measured using a balanced homodyne detection,
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Chapter 4. Chip Characterization and Waveguide Loss Analysis

with the pump laser being filtered out before detection. In order to extract the actual microres-
onator response y (w) from the experimentally photodetected y'(w), the frequency response
X det (@) of the entire experiment setup and detection chain needs to be calibrated first. This is
realized by direct detection of the pump power modulation § P(w) ox Y get(w) in the absence
of the probe laser and the pump filter. The measured response y’(w) is normalized to the
setup response y4et(w), and thus the actual microresonator response y(w) = y'(w)/ ¥ det (@) is
retrieved, with an uncertain constant factor. This constant factor is removed when retrieving
X therm (0)/ Yxerr (0) from the two pole fitting of y (w) using a fitting function

XKerr (0) Xtherm (0) 1
(w) = -1+ - )
v V1+ (Cw/x)? Akerr(0) 1+ i(w/Wiherm)”

with wiherm /27 and x /47 being the thermal and cavity cutoff frequencies, y being the pa-

4.7)

rameter accounting for the material inhomogeneity (that is, the SisN, waveguide has a finite
dimension and is surrounded by SiO, cladding).

To evaluate the absorption rate «,ps, the factor yinerm (0)/ Yxerr(0) is retrieved by a two-pole
fitting of the measured response y(w), which presents a thermal cut-off frequency werm
and a cavity cut-off frequency x/2. The fitting exploits the fact that the thermal response
Y therm (@) dominates at frequency below 10 kHz and has a cutoff frequency werm /27 < 20
kHz. At higher frequency, the Kerr response yxerr(w) dominates. Figure 4.16(c, d) present two
examples of measured and fitted y(w). Note that, only the normalized response y(w)/ yxerr(0)
is shown, with the uncertain constant factor removed.

To calculate the coefficients Ve and d T/ d P, COMSOL simulations of optical mode profiles
and bulk absorption heating are used, based on the actual geometry of the Si3N4 samples
used. COMSOL Multiphysics is used to simulate the thermal response due to bulk absorption
heating of our Si3N, samples. The main material property coefficients of interest used in the
current simulation are identical to the ones used in Ref.[173] for simulating the SizN4 thermal
refractive noise. First, the waveguide optical mode profile (TEy mode) is simulated, from
which the effective mode volume Vg is calculated. Bulk absorption heating is introduced
which power distribution is proportional to the intensity distribution of the optical mode f;,.
From the stationary study of the sample heating, the dependence of temperature change on
absorbed power, d T'/d Pyps, is retrieved from an absorption power sweep. Figure 4.16(b) shows
the temperature profile from the thermal simulation. The combined value of Veg- d T/ d Paps
is calculated as 2.09 x 10~'2K- m3/W in the case of full SiO, cladding for samples used in Fig.
4.16(c, d, e), and is 3.84 x 10712K- m3/W in the case of missing top SiO, cladding for samples
used in Fig. 4.16(f).

Figure 4.16(e) shows the calculated absorption rates « 4,5 of different resonances from four
40-GHz-FSR Si3N, samples featuring Qg > 30 x 108, in comparison with 10- and 100-GHz-FSR
samples fabricated using the same Damascene process but from different wafers. All samples
show similar trends, and present two conclusions. First, the average k,ps of our ultralow-
loss SigN4 samples is xaps/27 = 0.2 MHz. Therefore, the optical loss of our Si3sN, samples is
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4.4. Metre-long spiral waveguides

currently dominated by the non-absorptive, scattering loss. Second, ka,s/27 is higher (= 0.4
MHz) around 1520 nm wavelength, compared to the value at e.g. 1600 nm (< 0.2 MHz). Such
absorption loss is caused by the residual N-H and Si-H bonds in our thermally annealed Si3Ny.
Note that, only standard LPCVD Si3N, / SiO» films and thermal annealing are used in our
fabrication to achieve such low absorption losses.

To validate these findings, the linear microresonator response measurement is further bench-
marked by characterizing a partially annealed SizN4 sample whose resonance linewidth data
has been published in Ref. [91]. This particular sample is re-characterized, using both the
linear microresonator response measurement and the frequency-comb-assisted diode laser
spectroscopy, and compare the results using both methods in Fig. 4.16(f). Assuming a univer-
sal wavelength-independent scattering loss of 20 MHz, the measured hydrogen absorption
loss using the response measurement agrees with the total loss measured using the frequency-
comb-assisted diode laser spectroscopy.

Here, it is revealed that our waveguide loss is dominated by scattering losses. The potential
microresonator Q is calculated to exceed 107, in the ideal cases limited only by thermal
absorption losses. Thus, the optical losses could be further reduced by further reducing
the scattering losses, e.g. via optimizing lithography and etching. The optimized photonic
Damascene process has shown its unique advantages in terms of the PIC performance and
fabrication maturity. Transferring this fabrication technology to 8- or 12-inch wafer process,
our Damascene process could be readily adopted at CMOS foundry levels.
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Figure 4.17 — Ultralow-loss, metre-long SizNy4 spiral waveguides. (a) Photograph showing SizgNy
chips containing two 1.0-metre-long and one 1.4-metre-long spiral waveguides. (b) Optical
microscope image of the densely packed SizN, waveguides in Archimedean spirals, with yellow
light camera (top) and IR camera (bottom). When 1550 nm laser light is coupled into the
waveguide, light-scattering defects are observed under the IR camera (highlighted with a red
circle). (c) Measured and calibrated light propagation losses in 0.5 m, 1.0 m and 1.4 m long
spiral waveguides.
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Chapter 4. Chip Characterization and Waveguide Loss Analysis

4.4 Metre-long spiral waveguides

In addition to the characterization of the optical losses in microresonators, here the study of
the optical loss in metre-long spiral waveguides is presented. These long spiral waveguides
are a key element to build photonic true-time delay lines, which find applications in feed-
forward buffers in optical packet routers [321], beamforming [322] and integrated optical
gyroscopes [323]. Unlike other methods to realize optical delay using resonant structures or
nonlinear effects, delay lines based on physically extended spiral waveguides have infinite
bandwidth and lower insertion loss. Silica wedge waveguides [209] and small-core (weak
optical confinement) Si3sN4 waveguides [201] have been studied to build delay lines with loss
values below 0.1 dB/m. However, for integrated SizgN4 platform, similar loss performance
has not yet been achieved in metre-long waveguides of tight optical confinement. Our SizNy
waveguides combine ultralow loss and tight optical confinement, and offer negligible bending
losses, smaller footprint, and enhanced optical nonlinearity. Therefore, these waveguides can
find key applications in nonlinear photonics [187] and optical coherence tomography (OCT)
[324].

Figure 4.17(a) shows a photograph of photonic chips containing Si3sN4 waveguides longer
than 1 m. Figure 4.17(b) top shows the spiral layout under microscope. The waveguides are

densely packed in Archimedean spirals. Three lengths are studied here: a 0.5-metre-long

spiral contains 50 coils and covers 3.1 mm?

2

area; a 1.0-metre-long spiral contains 106 coils

area; a 1.4-metre-long spiral contains 130 coils and covers 20.2 mm? area.

and covers 6.6 mm
Light scattering defects are found with an infrared (IR) camera, as shown in Fig. 4.17(b). By
counting the number of defects in high-loss spirals, each defect is estimated to cause 1-2 dB
extra loss. Figure 4.17(c) shows the measured losses in multiples samples. The propagation
loss is calibrated using the adjacent 5-millimetre-long waveguide, which has a fiber-chip-fiber
through coupling efficiency of 33% (4.8 dB for two chip facets). The lowest loss values found
are 1.7 dB/m for 0.5 m length, 2.4 dB/m for 1.0 m length, and 4.1 dB/m for 1.4 m length.
These loss values are significantly higher that the value extrapolated from microresonator
Q characterization (1 dB/m). In addition, an overall trend showing higher losses in longer
waveguides is observed. Both observations are attributed to the extra light-scattering defects
as shown in the bottom panel of Fig. 4.17(b). The probability of defects depends on the
waveguide area. These defects are likely caused by particle contamination on the wafer, as we
have verified that these defects are not on the DUV reticle which otherwise would generate
the same defects in the same position in each exposure field.
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Soliton Generation with Ultralow
Power Threshold

In this section, I will present the soliton generation experiment and results using the high-
Q Si3N4 devices. The generated solitons feature repetition rates from 1 THz down to 40
GHz. Most the soliton generation results were achieved without using an EDFA. The main
result of this chapter has been published in ref. [91], ]J. Liu et al, “Ultralow-power chip-based
soliton frequency combs for photonic integration”, Optica 5, 884 (2018). I designed and
fabricated the SizN4 samples, and led the experimental characterization of samples and soliton
generation. Arslan S. Raja has contributed significantly to the experimental characterization
of samples and data collection for soliton generation.

5.1 Ultralow-power single soliton

Although the soliton microcomb has been directly generated with a diode laser in a silica
microresonator coupled to a tapered optical fibre recently [325], this has not been possible for
integrated devices including SizNj. Yet, there are remaining challenges in soliton formation
in SizNy4 microresonators, related to: (i) The comparatively low quality (Q) factor which
increases the threshold power of soliton formation, compared to e.g. crystalline and silica
microresonators. (ii) Optical coupling losses from the laser to the chip device, resulting from
the optical mode mismatch at chip facets. (iii) Stable access to soliton states may require the
use of complex excitation techniques such as “power kicking” [64], single-sideband modulators
[59] or multiple lasers [62]. The first two challenges are particularly problematic for future
photonic integration, as they necessitate the use of high-power lasers. So far, for integrated
Si3N4 microresonator devices, soliton formation with device input power of several hundreds
of milliwatts has only been achieved in microresonators of 1 THz free spectral range (FSR)
[89, 99, 138, 60]. Yet in these experiments input coupling loss still necessitated the use of
additional amplifiers to reach the required power levels of several tens of milliwatts on the
chip. Meanwhile, low microcomb initiation power at milliwatt or even sub-milliwatt level has
been demonstrated in SisN4 microresonators of Q exceeding 107 [98, 100], but solitons have
not been observed due to the insufficient anomalous GVD. Consequently, soliton formation
has been limited to wavelength regions where optical amplifiers are available. It is only very
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Chapter 5. Soliton Generation with Ultralow Power Threshold

recently that soliton generation in high-Q SizN4 microresonators of anomalous GVD pumped
by an integrated laser was reported in Ref. [101]. However in that case, the repetition rate is
200 GHz, which is not electronically detectable, resulting in limited application potentials.

In this section, I will show that the photonic Damascene reflow process illustrated in the
previous chapter can overcome the outlined challenges and significantly reduce the required
input power for soliton formation in Si3N4 microresonators. Single soliton formation in SizNy
microresonators of Qy > 8.2 x 10° at 88 GHz is demonstrated, which is electronically detectable,
with 48.6 mW power at the chip input facet (30.3 mW in the bus waveguide). In addition, by
further improving the microresonator Q factors to Qg > 15 x 108, single soliton formation of
99 GHz repetition rate with a record-low input power of 9.8 mW (6.2 mW in the waveguide)
is demonstrated. Using only a tunable diode laser without an optical amplifier, the single
soliton states are accessed in eleven consecutive resonances in the telecom L-band and five in
the telecom C-band, via simple laser piezo tuning. Such low-power soliton microcombs of
sub-100-GHz repetition rate can significantly simplify the recently demonstrated dual-comb
ultrafast distance measurements [129] and optical coherent communication [128], which
required EDFA to amplify the input power to above 1 Watt. In addition, the soliton microcombs
demonstrated here have shown great potential for future photonic integrated microwave
generators, and chip-based frequency synthesizers [138] via integration of on-chip lasers,
semiconductor optical amplifiers and nonlinear microresonators. Soliton microcombs formed
in wavelength regions where amplifiers are not available could unlock new applications such as
optical coherent tomography (OCT) at 1.3 um [326] and sensing of toxic gases and greenhouse
gases e.g. methane at 1.6 um [327].

5.1.1 Solitons of repetition rates below 100 GHz

In the first part, the single soliton formation in 88-GHz-FSR microresonators, with the fun-
damental TE mode (TEy), is presented. Figure 5.1(a) shows the microscope image of the
88-GHz-FSR microresonators. The microresonator samples described in this section have no
SiO; top cladding, as shown in Fig. 5.1(a) inset. Meander bus waveguides are used to densely
pack a large number of devices on one chip. The SizN4 microresonator has a cross-section,
width xheight, of 1.58 x 0.75 um?, and is coupled to a multi-mode bus waveguide of the same
cross-section for high coupling ideality [290]. The polarization of the incident light to the chip
is controlled by fibre polarization controllers, and the polarization state is measured using
linear polarizers. The microresonator transmission trace is obtained from 1500 to 1630 nm
using frequency-comb-assisted diode laser spectroscopy [298, 119]. The precise frequency
of each data point is calibrated using a commercial femtosecond optical frequency comb
with 250 MHz repetition rate. For the TEy, mode family, the FSR of the microresonator and
the anomalous GVD are extracted from the calibrated transmission trace by identifying the
precise frequency of each resonance. The total (loaded) linewidth /27 = (x¢ + kex) /27, the
intrinsic linewidth (intrinsic loss) xo/2m and the coupling strength x¢x/27 are extracted from
each resonance fit [214, 316].

156



5.1. Ultralow-power single soliton

The measured linewidths of each TEg, resonance are shown in Fig. 5.1(d). These resonances
are all undercoupled. Larger linewidths are found in the wavelength region from 1500 to 1550
nm, due the absorption by the nitrogen-hydrogen (N-H) and silicon-hydrogen (Si-H) bonds in
LPCVD Si3N,4 material [217, 201]. These bonds are introduced during standard LPCVD SizNy
process based on SiH,Cl, and NH3 precursors [216], and can be partially removed by thermal
annealing. Figure 5.1(b) shows the resonance at A = 1558.0 nm. The resonance fit shows a
loaded linewidth of x /2w = 30.3 MHz, and the estimated intrinsic loss based on the resonance
fitis xo/2m ~ 23.3 MHz, corresponding to the intrinsic Qp > 8.2 x 10°. Figure 5.1(c) shows the
resonance at A = 1620.0 nm, with a loaded linewidth of x /27 = 28.7 MHz, and the estimated
intrinsic loss is k¢ /27 ~ 17.3 MHz, corresponding to the intrinsic Qg > 10.7 x 10°. Figure 5.1(e)
shows the measured microresonator integrated GVD, defined as Din(u) = 0y —wo — D1j =
Dop?/2 + D3u®/6 + ... Here w, /27 is the frequency of the u-th resonance relative to the
reference resonance wo/2m = 192.6 THz (1 = 1558.0 nm, as shown in Fig.5.1(b)). The fit values
obtained from the dispersion measurement are D,/2n ~ 88.63 GHz, D,/2nx ~1.10 MHz and
D3/271 ~©6(1) kHz.

When the pump laser scans over the resonance from the blue-detuned side to the red-detuned
side, a step in the transmission trace can be observed, indicating to the soliton formation
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Figure 5.1 — Dispersion and resonance linewidth characterization of an 88-GHz-FSR microres-
onator. (a) Microscope image of densely packed 88-GHz-FSR microresonators, using meander
bus waveguides. These samples have no SiO» top cladding. Inset: SEM image of the cross-
section of a SisN4 waveguide without SiO, top cladding. The SizN4 waveguide is blue shaded,
the SiO; bottom cladding is red shaded, the air is not color shaded. (b) The pump resonance at
A =1558.0 nm and its fit, with the loaded linewidth of x /27 = 30.3 MHz and fitted intrinsic loss
of x¢/27m ~ 23.2 MHz, corresponding to Qg > 8.2 x 10%. (c) The resonance at A = 1620.0 nm and
its fit, with the loaded linewidth of x /27 = 28.7 MHz and fitted intrinsic loss of /27 ~ 17.3
MHz, corresponding to Qg > 10.7 x 108. (d) Loaded linewidth, intrinsic loss and coupling
strength of each TE(y resonance. Larger intrinsic losses are found in the wavelength region
from 1500 to 1550 nm (red shaded area), due to the absorption by the N-H and Si-H bonds in
LPCVD Si3Ny. (e) Measured GVD of the TEyy mode family. Several avoided mode crossings are
observed, where resonance linewidth increases.
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Chapter 5. Soliton Generation with Ultralow Power Threshold

[44]. Fibre-chip-fibre transmission of 40% (coupling efficiency of 63% per device facet) is
achieved via double-inverse nanotapers on the chip facets [239]. The input power (Pj,) is
defined as the power measured before the input lensed fibre which couples light into the chip
device. Thus the optical power in the bus waveguide (Py) on the chip, which directly pumps
the microresonator, is calculated as Py, = 0.63Pj;.

In our setup, the output power of the diode laser can go as high as 23 mW, with few milliwatt
power variation depending on the wavelength. An EDFA is used to slightly amplify the optical
power to Pj, = 48.6 mW (P, = 30.6 mW). To access the single soliton state, a single-sideband
modulator [59] is used, and a single soliton spectrum is observed as shown in Fig. 5.2(b),
verified by the system response measurement using vector network analyzer (VNA) [58]. The
observed double resonance response shown in Fig. 5.2(b) inset corresponds to the cavity
resonance of the continuous wave (" C-resonance"), and the soliton-induced resonance ("S-
resonance"). These two resonances can be distinguished by increasing the detuning of the
soliton state [58]. Figure 5.2(a) shows the simulation of soliton formation based on Lugiato-
Lefever equation [51, 77] using the measured microresonator parameters. The simulated
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Figure 5.2 — Ultralow-power single soliton formation in the 88-GHz-FSR microresonator. (a)
Simulated single soliton spectrum based on the measured microresonator’s parameters, in the
TEgo mode. Py, = 30.6 mW corresponds to Py, = 48.6 mW. (b) Single soliton spectrum pumped
at Ap = 1558.0 nm in the TEy mode, with a pump power of Py, = 48.6 mW (P, = 30.6 mW).
Inset: cavity response measurement using the VNA, verifying that the spectrum is a single
soliton state. (c) Single soliton spectrum pumped at A, = 1558.0 nm in the TMoy mode, with
the pump power Py, = 80.0 mW (Py, = 50.4 mW).
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5.1. Ultralow-power single soliton

soliton spectrum is nearly identical to the measured one. A single soliton in the TMy, mode
is also generated (D, /27 ~ 86.35 GHz, D»/2m ~0.967 MHz, D3/2n ~ 5.4 kHz) pumped at the
wavelength A, = 1558.0 nm, with the input power Py, = 80.0 mW (P, = 50.6 mW), as shown
in Fig. 5.2(c). This soliton spectrum is broader than the one in the TEgy mode shown in Fig.
5.2(b), likely due to the lower D, value and higher power. The estimated power conversion
efficiency from the CW pump to the soliton pulse is around 1.5%, with the power per comb
line around 20 pW in the 3 dB bandwidth. Compared to prior works shown in Ref. [128, 129]
which use solitons of repetition rate less than 100 GHz with input power exceeding 1 Watt, the
current result shown here represents a significant power reduction, while the power per comb
line of 20 uW still can achieve the same goals.

5.1.2 99 GHz soliton generation without EDFA

In this subsection, single soliton formation in 99-GHz-FSR microresonators without using
EDFA is presented. Figure 5.1(d) shows that hydrogen absorption is the main loss reason
which prevents the generation of 88 GHz soliton with lower power. Note that, the hydrogen is
likely introduced due to the incomplete thermal annealing, or moisture in the air which forms
a thin water film on the sample surface, or a combination of both two. Therefore in a new
wafer fabrication run, the LPCVD Si3zNy, is annealed via deposition - annealing - deposition -
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Figure 5.3 — Dispersion and resonance linewidth characterization of a 99-GHz-FSR microres-
onator. (a) The critically coupled resonance at A = 1621.8 nm and its fit, with the loaded
linewidth of /27 = 27.9 MHz and fitted intrinsic loss of ko /27 ~ 13.7 MHz. (b) SEM image of
the cross-section of a SizN4 waveguide with full SiO, cladding. The Si3N4 waveguide is blue
shaded, the SiO; claddingis not color shaded. (c) Loaded linewidth, intrinsic loss and coupling
strength of each TE(, resonance. No prominent hydrogen absorption loss is observed in the
wavelength region from 1500 to 1550 nm. (d) Measured GVD of the TEyg mode family. Several
avoided mode crossings are observed, where resonance linewidth increases. A strong mode
crossing is found at 1577 nm, with -5.9 GHz resonance frequency deviation. (e) Histogram
of intrinsic loss from the measurement of eight under-coupled samples. The most probable
value of the histogram is around 13 - 14 MHz, which represents the Q factor of Qy > 15 x 106.
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annealing cycles, as described in Ref. [218]. To prevent water film formation on the wafer, a
thick SiO» top cladding composed of TEOS and low temperature oxide (LTO) was deposited via
LPCVD on the SisN, waveguides (SEM image of the waveguide cross-section is shown in Fig.
5.3(b)), followed by thermal annealing. Figure 5.3(c) shows the loaded linewidth, intrinsic loss
and coupling strength of each TE(y resonance of a Si3N4 microresonator whose cross-section,
widthxheight, is 1.58 x 0.81 um?. The microresonator FSR is D1 /27 ~ 98.9 GHz. Compared
with Fig. 5.1(d), Fig. 5.3(c) shows significant reduction of intrinsic loss in the wavelength range
from 1500 to 1550 nm, demonstrating the successful removal of hydrogen in LPCVD SizNj.
Some resonances with large linewidth are caused by avoided mode crossings, in accordance
with the observed avoided mode crossings in the dispersion measurement shown in Fig. 5.3(d).
The measured GVD is D»/2m ~ 1.23 MHz, with respect to wq/27w = 188.0 THz (19 = 1596.1 nm
as the pump resonance in Fig. 5.4). Figure 5.3(e) shows the histogram of intrinsic loss from the
measurement of eight under-coupled samples. These samples have the same waveguide cross-
section but different bus-waveguide-to-microresonator gap distance. The most probable
value of the histogram is around 13 - 14 MHz, which represents the Q factor of Qy > 15 x 10°.
Figure 5.3(a) shows the resonance at A = 1621.8 nm and its fit, with the loaded linewidth of
/271 = 27.9 MHz and fitted intrinsic loss of /27w ~ 13.7 MHz.

Silicon nitride microresonators of anomalous GVD and Q factor exceeding 10 x 10® have been
reported [98, 100], however single soliton generation has not been demonstrated. In those
works, large waveguide width (= 2.5 um) was used. Despite the fact that the large waveguide
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Figure 5.4 — Single soliton formation in a 99-GHz-FSR microresonator without EDFA. (a)
Experimental setup. ECDL: external-cavity diode laser. OSC: oscilloscope. OSA: optical
spectrum analyzer. ESA: electrical spectrum analyzer. FPC: fibre polarization controller. PD:
photodiode. (b) Single soliton spectra pumped at A, = 1596.1 nm in the TEgy mode, with
the input pump powers of Py, = 9.8 mW (P, = 6.2 mW, red) and Pj, = 20.1 mW (P, = 12.6
mW, blue). (c) A representative soliton step of several hundred of microsecond, sufficiently
long for accessing the single soliton state via simple laser piezo tuning. (d) Low-frequency RF
spectrum of the optical spectrum with Pj, = 9.8 mW (red), demonstrating the soliton nature
of the spectrum.
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5.1. Ultralow-power single soliton

width reduces optical mode interaction with the sidewall roughness, and thus reduces the
scattering loss caused by the sidewall roughness, the resulted weak anomalous GVD due to
the large waveguide width is insufficient for single soliton generation with low power. Here,
with the high Q and strong anomalous GVD (D, /2n ~ 1.23 MHz), a single soliton of 99 GHz
repetition rate is generated with 9.8 mW input power (6.2 mW power in the bus waveguide),
directly from the diode laser, without EDFA. The experimental setup is shown in Fig. 5.4(a),
and the single soliton spectra are shown in Fig. 5.4(b). Parametric oscillation which generates
frequency sidebands is observed around 1.7 mW input power. When the diode laser scans
over the resonance, the observed soliton step varies from several hundred of microsecond to a
millisecond (a representative soliton step in the transmission trace is shown in Fig. 5.4(c)),
which is sufficiently long for accessing the single soliton state via simple laser piezo tuning
[44]. Increasing power to the maximum laser output (around 20.1 mW) increases the soliton
bandwidth. The estimated power conversion efficiency from the CW pump to the soliton pulse
is around 1.7%. To identify the soliton nature of the spectrum, in this case a VNA measurement
is difficult to implement due to the large EOM insertion loss and the limited diode laser output
power. Instead, the soliton nature is revealed by the low-frequency radio frequency (RF)
spectrum, as shown in Fig. 5.4(d), which can be well distinguished from the recorded noisy
comb spectrum (modulation instability, not shown here). it is observed that, the single soliton
generation with less than 10 mW input power is highly reproducible in resonances close to
avoided mode crossings. In our case, without the EDFA and its gain bandwidth limitation,
the diode laser frequency is tuned to a resonance which is close to a mode crossing, and
investigate the minimum power for single soliton generation. Several samples have been
experimentally measured. It is observed that such sub-10-mW-power single soliton generation
is highly reproducible in these resonances, all of which feature long soliton steps (similar to
the one shown in Fig. 5.4(c)). It appears that the mode crossings can facilitate single soliton
formation with lower power, compared with normal resonances far from mode crossings. This
phenomenon is likely due to single soliton generation assisted by spatial mode-interactions
[328].

The single soliton formation over the full tuning range of the diode laser is further investigated.
Figure 5.5(a, b) show the measured resonance linewidth and microresonator dispersion of a
different 99-GHz-FSR microresonator (Dy/27 ~ 98.9 GHz, D, /27 ~1.19 MHz, D3/2m ~ —1.1
kHz). Figure 5.5(c) shows the single soliton spectra pumped at twenty selected resonances,
eleven of which are consecutive in the telecom L-band, and five of which are consecutive in
the telecom C-band. These spectra are generated with laser output power around 22 mW,
and all accessed via simple laser piezo tuning. The complete hydrogen removal facilitates
the soliton generation in the hydrogen absorption band. The minimum power to generate
soliton in these resonances is not investigated. Single or few-soliton states in other resonances
in the same sample are also generated, in addition to the ones shown in Fig. 5.5(c). The
single soliton generation in a broad range of resonances demonstrates the reliability of the
fabrication process, and offers extra flexibility to investigate spectrally localized effects, such
as avoided mode crossings, which can enable the formation of dark pulses in the normal GVD
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Chapter 5. Soliton Generation with Ultralow Power Threshold

region [329, 96], and breathing solitons [330].

5.1.3 Sub-milliwatt-power soliton generation

In addition to the microresonators of sub-100-GHz FSR, the last part presents results from 1-
THz-FSR microresonators, with the fundamental TE mode (TEyg). The SisN4 microresonators
have a cross-section, widthxheight, of 1.545 x 0.75 um?. The microresonator is critically
coupled to a single-mode bus waveguide, for high coupling ideality [290]. Figure 5.6(b) shows
the measured resonance linewidth versus wavelength. Figure 5.6(c) shows the measured
resonance at 1564.8 nm and the linewidth fit [214, 316], which is pumped to generate soliton
microcomb. This critically coupled resonance shows a total linewidth of /27 = 61.3 MHz, cor-
responding to an intrinsic loss xo/27 ~ 30.7 MHz and an intrinsic Qy > 6.2 x 108, Figure 5.6(d)
shows the measured microresonator integrated GVD. The fit values based on the measurement
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Figure 5.5 — Characterization of a different 99-GHz-FSR microresonator, and single soliton
formation in multiple resonances. (a) Loaded linewidth, intrinsic loss and coupling strength
of each TEg resonance. (b) Measured GVD of the TEy, mode family. Several avoided mode
crossings are observed, where resonance linewidth increases. (c) Single soliton formation in
twenty selected resonances, eleven of which are consecutive in the telecom L-band, and five of
which are consecutive in the telecom C-band. A, is the wavelength of the pumped resonance.
Single or few soliton states are generated also in other resonances, which are not shown here.
The complete hydrogen removal facilitates the soliton generation in the hydrogen absorption
band.
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5.1. Ultralow-power single soliton

are Dq/2m ~ 1024 GHz, D5 /27 ~ 123 MHz and D3/27 ~ 4.0 kHz.

To generate and characterize soliton states, the setup used is shown in Fig.5.7(a). Note that
no EDFA is used here. The soliton spectra with varying optical input power Pj, is studied. As
shown in Fig. 5.7(b), comb initiation is observed when Pj, (P},) reaches 800 (500) uW. Due to
the high GVD (D, /27 ~ 123 MHz) and the low linewidth (x/27 = 61.3 MHz), corresponding to
VxID, < 1, the first sidebands start oscillating in the resonance modes adjacent to the pump
at A, = 1564.8 nm. As the soliton step length is longer than 1 ms, the single soliton state can be
accessed with the simple forward laser piezo tuning method [44]. A single soliton spectrum is
observed, when Pj, (Py) reaches 6.6 (4.1) mW. The spectrum is further broadened with higher
laser power, until the maximum power of the laser is reached at around 23 mW. At Py, (Py,)
of 23.3 (14.6) mW, the single soliton shows a spectral bandwidth exceeding 300 nm, with a
prominent Raman-induced soliton self-frequency shift [87]. The estimated power conversion
efficiency from the CW pump to the soliton pulse is around 40%. Fig. 5.7(c) and (d) show
that, the two spectra with Pj, = 6.6 mW and Pj, = 23.3 mW are indeed single soliton states, as
verified by the system response measurement using vector network analyzer (VNA) [58]. The
C-resonance and the S-resonance can be clearly distinguished by increasing the detuning of
the soliton state [58].
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Figure 5.6 — Device design and characterization of the 1-THz-FSR microresonators. (a) Left:
Scanning electron microscope (SEM) image of the sample’s cross-section. SisN4 waveguide
is blue shaded. SiO, bottom cladding is red shaded. Unshaded area is air. Right: SEM image
of the tilted view of the sample. Si3sN, waveguide is blue shaded. (b) Measured linewidth
versus wavelength of each resonance of the 1-THz-FSR microresonator’s TEyy mode family.
(c) The resonance at A, = 1564.8 nm and its fit, which is marked as a green solid circle in
(b) and (d) and is the pump resonance for DKS formation in Fig. 5.7. This critically coupled
resonance shows a total linewidth of 61.3 MHz, corresponding to an intrinsic loss xo/2m ~ 30.7
MHz and an intrinsic Qg > 6.2 x 10°. (d) Measured dispersion properties of the 1-THz-FSR
microresonator’s TEgg mode family. A strong mode crossing is observed around 1530 nm. (e)
A soliton step longer than 1 ms is observed when the laser scans over the resonance from the
blue-detuned side to the red-detuned side.
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Chapter 5. Soliton Generation with Ultralow Power Threshold

5.1.4 40 GHz soliton generation without EDFA

Here, we demonstrate soliton microcomb generation at 40.6 GHz repetition rate, with only
10.2 mW optical power on chip (16 mW input power in the fibre), without using EDFA. Such a
soliton repetition rate at microwave K, and Q bands can be detected by fast photodetectors
and be electronically processed. The microresonator features intrinsic Qg ~ 30 x 105, and
is critically coupled with loaded Q ~ 15 x 108, Figure 5.8(a) shows the intrinsic loss k¢ /27,
coupling strength k¢« /27, and loaded linewidth x /27 of each TEy, resonance, measured from
1500 nm to 1630 nm using frequency-comb-assisted diode laser spectroscopy. The sample
shows an estimated xo/27 ~ 6.5 MHz. Figure 5.8(b) shows the measured microresonator
integrated dispersion. The FSR is D;/2nx ~ 40.6 GHz, and the GVD is D, /2n ~ 224 kHz,
obtained from fitting the measured dispersion profile. Using only a diode laser without an
EDFA, the single soliton is generated with 10.2 mW power on the chip (input pump powers of
Pj, = 16.0 mW), as shown in Fig. 5.8(c). The single soliton state is accessed via only laser piezo
frequency tuning, and does not require complex soliton tuning methods.
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Figure 5.7 — Ultralow-power comb initiation and single soliton formation in the 1-THz-FSR
microresonator. (a) Experimental setup. ECDL: external-cavity diode laser. VNA: vector
network analyzer. OSC: oscilloscope. OSA: optical spectrum analyzer. AFG: arbitrary function
generator. FPC: fibre polarization controller. EOM: electro-optic modulator. PD: photodiode.
Note the lack of an EDFA. (b) Ultralow-power comb initiation spectrum (green), single soliton
spectrum with low laser power (red), and single soliton spectrum with high laser power (blue),
pumped at A, = 1564.8 nm. The blue circle marks the maximum of the soliton spectral
envelope, showing the Raman-induced soliton self-frequency shift. (c, d) Cavity response
measurement using, verifying that the two spectra shown in (b), red and blue, are both in a
single soliton state. The evolution of the characteristic C- and S-resonances is shown for each
state with increasing pump-cavity detuning.
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Figure 5.8 — Direct generation of single soliton of 40 GHz repetition rate using only diode laser,
without optical amplifier. (a) Loaded linewidth, intrinsic loss, and coupling strength of each
TEg resonance from 1500 nm to 1550 nm. This sample has an estimated xo/27 ~ 6.5 MHz. (b)
Measured GVD of the TEyp mode family. Avoided mode crossings of MHz resonance frequency
deviation are observed. (c) Single-soliton spectra pumped at A, = 1559.0 nm in the TEgp mode,
with the input pump powers of Pi, = 16.0 mW to the chip (P, = 10.2 mW on the chip), using
only a diode laser, without an optical amplifier.
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5.2 Soliton formation via laser self-injection locking

Laser self-injection locking is a phenomenon that the laser dynamics is impacted by external
feedback light in the case without an optical isolator [331]. For example, in the case of laser
self-injection locking of a DFB laser chip is to a high-Q microresonator, the back-reflected
light from the microresonator due to the bulk Rayleigh scattering, impacts the laser dynamics
and can significantly reduce the laser frequency noise in the presence of this passive optical
feedback. This scheme, when using crystalline microresonators, has been used to demonstrate
an ultra-narrow linewidth laser [332]. In addition, thanks to the high microresonator Q, once
the laser power exceeds a certain threshold, nonlinear parametric oscillator and soliton
formation can occur in the presence of laser self-injection locking [81, 333]. This scheme has
been used to demonstrate an ultralow-noise microwave oscillator based on the photodetection
of the generated soliton repetition rate [81].

Employing laser self-injection locking for soliton generation in Si3N, chip device has a key
advantage that, since the optical isolator is not required, the entire microcomb modulate
can be compact, consisting of only a DFB laser chip or a laser diode, with a high-Q SizN4
chip. In this section, the first work showing soliton formation via laser self-injection locking
in integrated SizN4 chip devices is presented. In fact, so far, only SizN4 has been used to
demonstrate this novel soliton generation scheme, due to the high microresonator Q exceeding
10 x 10° compared with other integrated platforms. By directly butt-coupling a multi-mode
laser diode to a SigNy chip, solitons are generated via laser self-injection locking with sufficient
on-chip power. it is observed that the current tuning of the laser diode can induce transitions
from the chaotic microcomb state to breather solitons, and finally to stable multiple and single
soliton solitons. The entire device of a compact form, consisting of only a laser diode and a
SigNy4 chip, consumes less than 1 Watt electrical power for soliton microcombs with repetition
rates below 150 GHz.

The main result has been published in ref. [170], A. S. Raja et al, “Electrically pumped pho-
tonic integrated soliton microcomb”, Nature Communications 10, 680 (2019). The experi-
mental and theoretical works were performed mainly by Arslan S. Raja, Andrey Voloshin and
Hairun Guo. I designed and fabricated all the Si3N4 chip devices used in this work and led the
sample characterization.

5.2.1 Schematic with alaser diode

Figure 5.9(a) presents the photo showing a SizN4 chip butt-coupled to a multi-mode laser
diode chip. The overall butt coupling loss is 3.6 dB. Figure 5.9(b) shows the schematic of
soliton generation via laser self-injection locking. by tuning the frequency of the light emitted
from the laser diode to a high-Q resonance of the Si3sN, microresonator, light is coupled into
the microresonator. The bulk and surface Rayleigh scattering in the microresonator injects
a fraction of light back into the laser diode, which triggers the laser self-injection locking.
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Figure 5.9 — Principle of laser self-injection locking using a laser diode chip and a SigNy
chip. (a) Photo of the laser diode chip butt-coupled to a Si3sN4 photonic chip, which contains
several microresonators. (b) Schematic representation of the laser-injection-locked soliton
microcomb formation. (c) An optical image of the InP laser diode chip.

Such back-reflection provides a frequency-selective optical feedback to the laser, leading to
single-frequency operation and a significant reduction of the laser linewidth.

Initially, the free-running laser diode has multi-frequency light emission spectrum and a
maximum optical output power of ~ 100 mW. The measured linewidth is ~ 60 MHz and
an estimated short-time linewidth of ~ 2 MHz. By tuning the laser frequency via diode
current tuning, the initial multi-frequency emission spectrum switches to a single-frequency
emission, indicative of laser self-injection locking. It is observed that, most resonances
enabling laser self-injection locking feature visible mode splitting as a result of backscattering.
The experimentally measured and fitted laser linewidth with self-injection locking has a
Gaussian contribution of 186 kHz and Lorentzian contribution is 0.7 kHz. Since the self-
injection locking leads to a reduction of the white noise of the laser diode [331], the reduction
in the Lorentzian contribution in the Voigt profile corresponds to a more than 1000-fold
reduction in the linewidth.

Theoretically, the presence of backscattering leads to an amplitude reflection coefficient r
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from the passive microresonator on resonance to the laser diode, as:

2nT

ST o1

where 1 = xex/x characterizes the coupling efficiency (x = x + xex, wWith 7 = 1/2 being the
critical coupling), and I" = v/« is the normalized mode-coupling parameter that describes the
visibility of the resonance split. According to Ref. [331], this reflection can initiate self-injection
locking, and induce laser linewidth narrowing, as:

QGp 1
Q? 16r2(1+a2)’

0w =~ dWiree (5.2)

where Q = w/x is the microresonator quality factor, Qyp is the quality factor of the laser diode,
w/2m is the laser frequency, dwsee /27 is the linewidth of the free-running laser. The phase-
amplitude coupling factor a; is the linewidth enhancement factor, given by the ratio of the
variation of the real refractive index to the imaginary refractive index of the laser diode active
region, in response to a carrier density fluctuation [334]. The factor a, takes typical values
from 1.6 to 7. The InGaAsP/InP multiple-quantum-well laser diode has ag = 2.5.

In the presence of self-injection locking, the “injection pulling" allows a frequency detuning
between the laser frequency and microresonator resonance. This frequency detuning, enabled
by injection pulling, is imperative for soliton generation. The injection pulling is a result of
slight phase difference between the emitted laser frequency from the diode and its feedback
from the microresonator, leading to partial locking [331]. The locking range Awjock is defined
as the frequency range over which laser self-injection locks happens, and has the follows
expression [331]:

)
Awigek = 1/ 1+ a2 —. (5.3)
8 Qup

The laser output power reduces from the free-running state to the self-injection-locked state,
due to the single-longitudinal-mode operation. Since our SizN4 devices allow soliton gener-
ation threshold power at few milliwatt power, solitons can be generated concurrent to the
laser self-injection locking with tens of milliwatt on-chip power. Figure 5.10(a) shows the
self-injection-locked microcomb generation in a microresonator with an FSR of 149 GHz.
Concurrent to laser self-injection locking, via current tuning, a chaotic comb is observed as
shown in Fig. 5.10(a). Increasing the laser current slightly by & (mA) that changes the laser
detuning by injection pulling, the chaotic comb is switched to an intermediate oscillatory state,
as shown in Fig. 5.10(b). This oscillatory state is identified as a breather soliton [335], where
the soliton exhibits periodic oscillations. Further increasing the laser current, a transition to a
low-noise comb state is observed, signalling the formation of stable soliton as shown in Fig.
5.10(c). The spectral envelope exhibits a secant-squared profile, corresponding to a single
soliton. This transition is realized by only laser diode current tuning.
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Figure 5.10 — Lase-injection-locked soliton switching (a) Chaotic comb (modulation instabil-
ity). (b) Breathing soliton (c) Single soliton. The spectrum is fitted with a hyperbolic secant
envelope (green-solid line). Each inset shows the low-frequency RF spectrum.

In a follow up work, a highly-compact soliton microcomb module with 30 GHz soliton rep-
etition rate is presented. This module is based on a DFB laser chip self-injection-locked a
SisN4 microresonator chip of 30 GHz FSR. It is revealed theoretically and experimentally, that
soliton states can be accessed using both the forward and backward laser frequency tuning
[44, 58] while in the laser self-injection locking regime. The self-injection locking regime is
experimentally characterized, and different soliton states are observed, depending on the laser
frequency detuning locking phase. To corroborate the experimental observation, a theoretical
model of nonlinear laser self-injection locking, i.e. laser self-injection-locked to a high-Q mi-
croresonator where the intracavity power is sufficiently high to induce parametric oscillation
and comb formation via Kerr nonlinearity. It is shown that, in the locked state, attainable
effective laser detuning values might not cover the full soliton existence range. Meanwhile, the
maximum attainable effective laser detuning for soliton generation depends on the direction
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of the laser frequency scan. Compared to the case where a multi-mode laser diode is used,
the DFB laser chip avoids mode competition effects and offers higher laser output power
above 100 mW. The main result has been published in “Dynamics of laser self-injection
locked soliton microcombs in integrated microresonators”, arXiv: 1912.11303 (2019). The
experimental and theoretical works were performed at RQC by Andrey Voloshin and Nikita
Kondratiev The SizNy4 chip devices were fabricated by myself.
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Generation and Application of
Microwave-Repetition-Rate Solitons

The synthesis, distribution and processing of radio and microwave signals is ubiquitous in
our information society for radars, wireless networks, and satellite communications. With the
looming bandwidth bottleneck in telecommunications [336] (due to e.g. future requirements
of 5G and the Internet of Things), the tendency is to use carriers in higher frequency bands. As
it becomes progressively difficult to generate and digitize electronic signals with increasing
carrier frequency, using photonics to process ultra-wideband signals has been extensively
explored, commonly referred to “microwave photonics” [337]. Microwave photonic technolo-
gies [337, 185], which up-shift the carrier into the optical domain to facilitate the generation
and processing of ultra-wideband electronic signals at vastly reduced fractional bandwidths,
have the potential to achieve superior performance compared to conventional electronics
for targeted functions. Landmark demonstrations of microwave photonics, such as radar
[338], analogue-to-digital converter [339], radio-over-fibre [340], and waveform generation
[341] have achieved bandwidth not attainable using conventional electronics. For microwave
photonic applications such as filters [342], coherent radars [338], subnoise detection [343],
optical communications [344] and low-noise microwave generation [27], frequency combs
are key building blocks. Similarly, the synthesis of low-noise microwave signals, paramount in
a large variety of modern applications such as time-frequency metrology [345] and wireless
broadband communications [346], have attained unrivalled performance in terms of spectral
purity (i.e. noise) [27, 347, 81], by using optical synthesis approaches based on frequency
combs. However, the future deployment of these technologies critically depends on achieving
such performance enhancements with photonic integrated components [185]. In this con-
text, soliton microcomb could be key building blocks as sources of multiple coherent optical
carriers for microwaves synthesis, and as sources to implement microwave photonic function-
alities which require multiple coherent carriers [348, 349, 350]. Silicon nitride based soliton
microcombs have given rise to photonic integrated microcombs operating with low power
and can be integrated with compact lasers [101, 170], thus allowing further optical or electrical
functionalities [97, 116]. However, the unfavourable scaling of the soliton threshold power,
which increases for low quality factors and low repetition rates, has prevented the repetition
rates frep of integrated microcombs from being reduced below ~ 100 GHz in microwave bands
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that can easily be processed by regular optoelectronic components.

So far, soliton microcombs of repetition rates in the microwave K- and X-band (frep < 20 GHz)
have been demonstrated only on low-refractive-index materials such as silica and bulk-
polished crystalline microresonators [84, 81]. These microresonators can only operate with
air cladding, thus exhibit limited capability of scalable manufacture using CMOS-compatible
foundry process, and are sensitive to contamination and challenging to integrate with ac-
tive tuning components such as piezoelectric actuators and metallic heaters [97, 116]. On
fully integrated platforms such as SizNy, the main challenges hindering soliton generation at
microwave repetition rates are related to the comparatively low quality (Q) factor and ther-
mal effects. Laser power up to several Watts is required to obtain microwave-repetition-rate
solitons, not only due to the decreasing resonator finesse, but also the decreasing Q caused
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Figure 6.1 — Principle of nanophotonic microwave synthesizers based on integrated soliton
microcombs, and characteristics of SisN4 microresonators. (a) Concept of the photonic
microwave synthesizer based on an integrated Si3sN, soliton microcomb driven by a c.w.
laser. The microscope image of the Si3sN4 photonic chip highlights the bus-waveguide-to-ring-
resonator coupling, and stress-release patterns for SizNy4 film crack prevention. (b) Photograph
of Si3N4 photonic chips which are 5 x 5 mm? in size, in comparison with a 1-cent Euro coin.
The chip color is due to the light interference caused by the SiO, cladding. (c) Histogram of
the intrinsic loss x¢/27 of 21123 resonances. The most probable value is x¢/27 = 8.5 MHz,
corresponding to Qy > 22 x 10°. (e) Top: Fitted microresonator dispersion Dj, /27, with
Dy /27 ~19.6 GHz and D, /27 ~ 63.3 kHz, referred to A, = 1559.4 nm. Bottom: Resonance
frequency deviation from a D,-dominant parabolic profile, defined as (Djn¢ — D2 uzl 2)/2m, in
order to outline mode crossings and D3/27w ~ —15 Hz. Mode crossings well below 50 MHz are
revealed due the high resonance Q (loaded linewidth x /27 ~ 18 MHz).
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by fabrication-related defects such as lithography stitching errors. Stitching errors tend to
accumulate in larger pattern areas, resulting in serious device failure and low fabrication
yield for long waveguides or large rings. Complex resonator shapes have been utilized to
avoid stitching errors [114, 98], and 20 GHz FSR resonators with Q exceeding 10 x 108 have
been demonstrated [98]. However, the significantly enhanced mode crossings in these mi-
croresonators, caused by the spatial mode coupling in the waveguide bending sections, likely
prohibited single soliton formation [114, 98]. In addition, thermal effects in Si3N4 lead to short
“soliton steps” [99], which make more difficulty to access the (single) soliton state via simple
laser frequency tuning. Complex techniques [59] can be used to overcome this challenge, at
the expense of requiring additional electronic and optical components.

In this chapter, integrated SizN4 soliton microcombs operating in the microwave X- and K-
band are presented and their phase noise performances are experimentally characterized. This
result has been published in ref. [78], ]J. Liu et al, “Photonic microwave generation in the X-
and K-band using integrated soliton microcombs”, Nature Photonics (2020). I designed and
fabricated all the SizN4 chip devices used in this work, and led the sample characterization and
soliton generation. Multiple people have contributed significantly to this result, particularly
Erwan Lucas who lead the characterization and analysis of the phase noise of soliton repetition
rates.

6.1 Principle and sample description

The principle of microwave oscillators based on integrated soliton microcombs is depicted
in Fig. 6.1(a). A photonic integrated microresonator is driven by a near-infrared c.w. laser
to produce an optical pulse stream, which upon photodetection generates a microwave
signal, whose frequency depends on the microresonator FSR. As the soliton generation power
increases with decreasing FSR, the key challenge here is to use nanofabrication process to
make macroscopic resonators of centimetre-scale dimensions, and simultaneously generate
soliton pulses, ideally with power levels compatible with integrated lasers [351, 206]. This
challenge is overcome by using the photonic Damascene reflow process, which allows scalable
manufacture of high-Q integrated microresonators based on ultralow-loss Si3sN4 waveguides
(linear propagation loss a = 1.4 dB/m) with high fabrication yield and reproducibility. Such
low loss and high yield are achieved by using several key fabrication techniques, including
DUV stepper lithography based on KrF at 248 nm to pattern the waveguides with reduced
stitching errors and superior quality, and stress-release patterns to prevent crack formation in
the thick Si3N, film required to obtain a strong anomalous geometric GVD. The advantages of
DUV stepper lithography over electron beam lithography (EBL), besides the higher yield and
lower cost, are: 1. The stitching errors on the wafer are 4 or 5 times smaller than the ones on
the reticle used in the industrial standard 4 or 5 demagnification lens systems; 2. The reticle
writing using standard photolithography (~ 1 hour) is much faster than the wafer writing using
EBL (> 10 hours), thus the field-to-field (or stripe-to-stripe) time delay is significantly shorter
with DUV than with EBL, leading to smaller stitching errors caused by the beam drift; 3. The
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field (or stripe) size of photolithography for reticle writing is much larger than the field size of
EBL for wafer writing, leading to fewer stitching errors; 4. Multipass for reticle writing can be
easily adapted with reasonable cost increases. Consequently, DUV stepper lithography can
provide superior lithography quality, and has been used in recently demonstrated integrated
Brillouin laser[200] based on low-confinement SizN4 waveguides of optical propagation loss
below 1 dB/mJ[201, 199].

In addition, in order to minimize the spatial mode coupling between the soliton mode and
other waveguide modes, the microresonators are designed in a perfectly circular shape, whose
diameters are 2.30 (4.60) mm for ~ 20 (10) GHz FSR. The microresonator is coupled to a
multi-mode bus waveguide of the same cross-section for high coupling ideality [290]. Both
the straight and pulley bus waveguides are studied in this work, however no prominent
performance difference is observed, likely due to the high Q. Figure 6.1(b) shows a photo of
the final SizN, photonic chips in 5 x 5 mm?
each resonance, the loaded linewidth x /27 = (x¢ + Kex) /27, intrinsic loss xo/27, and coupling

size, in comparison with a 1-cent Euro coin. For

strength xex/27 are extracted from each resonance fit. Figure 6.1(c) shows the histogram
of xo/2m of 21123 fitted resonances, from 14 characterized 10-GHz-FSR samples. The most
probable value is x¢/27 = 8.5 MHz, corresponding to a statistical intrinsic quality factor
Qo > 22 x10°. Figure 6.1(d) shows the measured Dj,:/27 and outlines the resonance frequency
deviation from a D»-dominant parabolic profile, defined as (Dj¢ — D> ,uz/ 2)/2m, in order to
reveal mode crossings and the D3 term. As evidenced by Fig. 6.1(d), our fabrication and design
yield an ideal anomalous GVD with significantly reduced mode crossings compared with
previous work [114, 98].

Using the Damascene reflow process, microresonators with FSRs in the microwave K- and
X-band are fabricated. Light is coupled into and out of the chip device via double-inverse
nanotapers [239]. The coupling loss is ~ 3 dB per facet, corresponding to ~ 25% fibre-chip-
fibre coupling efficiency. More than 20 samples are tested and single solitons are generated in
every sample. Only four selected samples (A, B, C and D) are shown here. Samples A and B are
used to generate 19.6-GHz-repetition-rate solitons. Sample A is undercoupled, with a loaded
linewidth x /27w ~ 18 MHz and a coupling coefficient 1 = k¢x/x ~ 1/3. Sample B is overcoupled,
with x/2n ~27 MHz and 1 ~ 2/3, and the soliton generated in this chip is used later for the
K-band soliton phase noise characterization. Samples C and D are used to generate 9.78-GHz-
repetition-rate soliton. Sample C is undercoupled, with x /27 ~ 14 MHz and n ~ 2/5, and the
soliton generated in this chip is used later for the X-band soliton phase noise characterization.
Sample D is overcoupled, with /27 ~ 22 MHz and 17 ~ 2/3. The waveguide cross-sections,
width x height, are 1700 x 950 nm? for samples A and B, and 2100 x 950 nm? for sample C and
D, respectively.
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6.2 K- and X-band soliton generation

Using the setup shown in Fig. 6.2(a), single solitons are generated using simple laser piezo
frequency tuning [44, 58] in all tested samples. As shown in Fig. 6.2(b), in sample A (red), the
single soliton is generated with 38 mW power in the bus waveguide on the chip (76 mW power
in the input lensed fibre), while parametric oscillation is observed with 7 mW power. The single
soliton spectrum fit shows a 3-dB-bandwidth of 11.0 nm, corresponding to a pulse duration of
232 fs. Not only is it the first single soliton of a K-band repetition rate among all integrated

(a)
BPF
EDFA : _L|:
(b) T T T T T T
= |__ PinPb=420/210mw > 19.6 GHz
5 Ap =1557.7 nm B i « >
< L =
£ __ Pin/Pb=76/38 mW S
fos} Ap = 1559.4 nm o
° oL
S [--- single solton fit 0
~ 1 [l 1 I
— ik li H
g L i, 0.1 nm / div
) b
o
©
Q
2
o
(@)
(c) .
= ___ Pin/Pb =680/340 mW >
35 p = 1556.7 nm S
| PPo=98/56mw £
o Ap = 1559.3 nm 3
| [Te)
o - - - Single soliton fit
z
o) L 0.1 nm/ div
8
[oR
©
S T ]
2
o
(@)
1

1480 1500 1520 1540 1560 1580 1600 1620 1640
Wavelength (nm)

Figure 6.2 — Single solitons of microwave K- and X-band repetition rates. (a) Experimental
setup to generate single solitons and to characterize the soliton phase noise. EDFA: erbium-
doped fibre amplifier. AFG: arbitrary function generator. BPF: band-pass filter. FBG: fibre
Bragg grating. OSA: optical spectrum analyzer. OSC: oscilloscope. PD: photodiode. ESA /
PNA: electrical spectrum analyzer / phase noise analyzer. (b) Single soliton spectra of 19.6
GHz repetition rate with 38 mW power in sample A (red), and with 210 mW power in sample
B (blue), and their spectrum fit (green). Arrows mark the 3-dB-bandwidths. Inset: Spectrum
zoom-in showing the 19.6 GHz mode spacing. (c) Single soliton spectra of 9.78 GHz repetition
rate with 56 mW power in sample C (red=), and with 340 mW power in sample D (blue=),
and their spectrum fit (green). Arrows mark the 3-dB-bandwidths. Inset: Spectrum zoom-in
showing the 9.78 GHz mode spacing. Note: for soliton spectra in (b) and (c), a BPF is used to
filter out the EDFA's amplified spontaneous emission (ASE) noise in the pump laser, and an
FBG is used to filter out the pump laser in the soliton spectra.
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waveguide platforms, but it also represents an extremely low threshold power for soliton
formation, on par with the power values in silica and crystalline microresonators [81, 84].
This power level is compatible with state-of-art integrated lasers [351, 206], which enables
realistic prospects for fully integrated microwave photonic systems, especially in conjunction
with resonator actuators (such as piezoelectric actuator [116] and metallic heaters [97]) to
tune or stabilize the operation frequency. In sample B, the single soliton is generated with
210 mW power, and features 170 comb lines within the 3-dB-bandwidth of 26.9 nm (94.6 fs
pulse duration), ideal for creating dense wavelength-division multiplexing (WDM) channels
for coherent communications [145]. Single solitons at 9.78 GHz repetition rate in the X-band
is also generated, as shown in Fig. 6.2(c), with a power of 56 mW in sample C (red) and
340 mW in sample D (blue). The 3-dB-bandwidths are 12.5 nm (red, 158 comb lines, 203 fs
pulse duration) and 25.8 nm (blue, 327 comb lines, 98.6 fs pulse duration), respectively. The
Raman self-frequency-shift [87, 352] is observed of ~ 4.9 nm in sample B and of ~ 4.4 nm in
sample D. The c.w.-to-single-soliton power conversion efficiency is approximately 0.4% in
sample A and 0.2% in sample C. For K-band single soliton generation, further power budget
reduction to below 100 mW input requires a higher microresonator Q factor, and may also be
achieved by increasing the anomalous GVD (D») via e.g. coupled resonators exhibiting mode
hybridization [256], which increases the soliton pulse duration and c.w.-to-soliton power
conversion efficiency.

Besides the single solitons, multi-solitons of K- and X-band microwave repetition rates with
lower laser power are also generated. Figure 6.3 shows the multi-soliton spectra of 19.6 GHz
repetition rate with 48 mW input power (24 mW on the chip) in sample A, and 9.78 GHz
repetition rate with 56 mW input power (32 mW on the chip) in sample C.
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Figure 6.3 — Multi-soliton spectrum of K- and X-band repetition rate. Top: 19.6 GHz multi-
soliton with 48 mW input power (24 mW on the chip). Bottom: 9.78 GHz multi-soliton with 56
mW input power (32 mW on the chip).
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6.3 Phase noise characterization

Next, the phase fluctuations of the soliton-based K- and X-band microwave carriers is system-
atically analyzed. The measurement setup is shown in Fig. 6.2(a): the soliton pulse stream is
driven by a c.w. ECDL (Toptica CTL). After the resonator, the excess c.w. pump light is rejected
using a narrow-band optical notch filter, before the photodetection of the soliton repetition
rate on a fast InGaAs photodiode (Discovery Semi. DSC40) whose output electrical signal is
fed to a phase noise analyzer (PNA, Rohde & Schwarz FSW43). The soliton repetition rates
around 9.78 GHz are characterized in the free-running state, i.e. neither the laser frequency
and power nor the resonator are stabilized. A slow frequency modulation at ~ 5 Hz rate is ob-
served (see Fig. 6.5(c)), which is likely caused by the unstable chip coupling using suspended
lensed fibres, susceptible to vibrations. To increase the coupling stability, ultrahigh-numerical
aperture fibres are glued to the chip using a photonic packaging technique [353], as shown in
Fig. 6.4(a). The comparison of the relative Allan deviation before and after packaging the same
9.78-GHz-FSR chip, shown in Fig. 6.4(c), proves that the chip packaging largely improves the
soliton stability.

Figure 6.4(b) shows the measured free-running phase noise of the 9.78 GHz soliton repetition
rate before and after packaging the same chip, in comparison with the phase noise of a K-
band soliton in an unpackaged 19.6-GHz-FSR chip. Note that in the case of unpackaged
19.6 GHz soliton, though lensed fibres are used to couple light into and out of the chip, the
power transmitted through the chip is stabilized, which is to imitate the case of packaged chip
with stable fibre-chip coupling. This is realized by using two auxiliary soliton stabilization
techniques: the first one is to stabilize the transmitted power through the chip using an
acousto-optic modulator (AOM), which varies the pump power. A power servo based on a
proportional-integral-derivative (PID) controller is used to keep constant the power at the chip
output. The second method is to actively stabilize the cavity-pump detuning using an offset
sideband Pound-Drever-Hall (PDH) lock [59] with feedback applied to the pump laser power,
which can effectively compensate the cavity resonance jitter induced by coupling fluctuations.
Two cases are investigated in Fig. 6.4(d): In case A, with the power-stabilization, the soliton is
driven by a diode laser (Toptica) and the PNA used is the FSW43; In case B, with the detuning-
stabilization, the soliton is driven by a fibre laser (Koheras AdjustiK), and, besides the FSW43,
an additional PNA (Rohde & Schwarz FSUP, with cross-correlations) is used only for measuring
the 10 kHz — 1 MHz offset frequency range. Note that, due to the fact that the current soliton
phase noise is mainly limited by the laser used (laser phase noise or relative intensity noise),
using these soliton stabilization techniques do not necessarily result in prominent soliton
phase noise reduction. The full experimental setup with auxiliary components for soliton
stabilization is shown in Fig 6.5(a). First, the drift of the photodetected soliton repetition rate
around 19.67 GHz is characterized in the free-running state. An oscillation at low frequency ~ 5
Hzis observed, as shown in Fig. 6.5(b) left, which is likely caused by the unstable chip coupling
using suspended lensed fibres, susceptible to vibrations. Several experimental technique
can be used to mitigate this effect, including stabilizing the transmitted power through the
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chip using an AOM with a power servo based on a PID controller, or stabilizing the cavity-
pump detuning using an offset sideband PDH lock [59] with feedback applied to the pump
laser power. Both methods can significantly improve the soliton stability, as the observed
low-frequency oscillation in the free-running situation is significantly reduced, as shown in
Fig. 6.5(b).

Thanks to the chip packaging, the soliton phase noise at low offset frequency < 30 Hz is
reduced. However, no prominent phase noise reduction at higher offset frequencies is ob-
served before and after chip packaging. Furthermore, no prominent phase noise difference
is observed between the unpackaged 19.6 and 9.78 GHz solitons in that frequency range. To
further investigate the source of the phase noise limitation, the following study only focuses
on unpackaged 19.6 GHz soliton.

To investigate the role of laser noises in the generated microwave signal, the laser phase noise
is measured and correlated with the soliton repetition rate noise, and the conversion of optical
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Figure 6.4 — Phase noise characterization of the soliton repetition rate. (a) Photo of a packaged
SigNy4 chip for X-band soliton generation, with input and output fibres glued to the chip.
(b) Comparison of free-running soliton phase noises using packaged and unpackaged X-band
soliton chips, and an unpackaged K-band soliton chip. (c) Measured relative Allan deviation
of the X-band soliton repetition rate before and after packaging the same chip, revealing
the stability improvement. (d) SSB phase noise measured with the stabilized cavity-pump
detuning at dw /2w ~ 400 MHz, using different lasers and PNAs (PNA noise floors are indicated).
The estimated shot noise floors are —140 dBc/Hz with Toptica laser (red), and =135 dBc/Hz
with Koheras laser (blue).
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to microwave noise is estimated as —55 dB. This is measured by comparing the laser phase
noise (obtained by beating it against an ultra-stable laser) and the phase noise of soliton
repetition rate, which enables the estimation of the optical to microwave phase transduction
(PM2PM). In particular, the Toptica CTL diode laser features a typical noise bump around
3 kHz. Under usual condition, i.e. out of “quiet point” regime [159], the measured PM2PM
coefficient is approximately —55 dB, as shown in Fig. 6.6(a). This conversion factor arises
from the conversion of detuning fluctuations to repetition rate fluctuations, which we mainly
attribute to the Raman self-frequency shift [352, 87].

In addition, the conversion of laser relative intensity noise (RIN) to the phase noise of soliton
repetition rate is also experimentally measured. A calibrated pure power-modulation of
the pump laser is applied using a 0"'-order AOM at frequencies ranging from 10° to 10°
Hz. The resulting phase modulation strength of the soliton repetition rate is measured by
integrating the corresponding peak of the phase noise power spectrum density (PSD). The
result of the AM2PM transfer function measurement is shown in Fig. 6.6(b). From this
measurement, it appears that the AM2PM conversion mostly follows a 1/ f2 slope (red line in
Fig. 6.6(b)), meaning that, in fact the amplitude modulation leads to frequency modulation of
the repetition rate as:

8 frep = €8Py ©.1)

conversion coefficient is estimated as a = 79 Hz/mW to match the measurement (the power is
defined as the input power in the lensed fibre, before coupled into the chip). This conversion
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Figure 6.5 — Experimental setup for soliton stabilization, and spectrogram of the soliton
repetition rate. (a) The experimental setup with auxiliary components for chip transmission
stabilization. AOM: acousto-optic modulator. EDFA: erbium-doped fibre amplifier. AFG:
arbitrary function generator. BPF: band-pass filter. FBG: fibre Bragg grating. OSA: optical
spectrum analyzer. OSC: oscilloscope. PD: photodiode. ESA / PNA: electrical spectrum
analyzer / phase noise analyzer. (b) Experimental setup with auxiliary components for offset
PDH detuning stabilization. EOM: electro-optic modulator. (c) Spectrogram of the soliton
repetition rate in the free-running state, with transmitted power stabilization, and with cavity-
pump detuning stabilization. RBW: resolution bandwidth.
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coefficient is on the same order of magnitude as the transduction expected from the conversion
of intensity fluctuations to frequency fluctuation via the Kerr effect [354].

When the soliton is driven by the Toptica laser, as shown in the red curves in Fig. 6.4(b, d),
the noise feature within 100 Hz — 10 kHz offset frequency is caused by the Toptica laser phase
noise, while the step-like feature within 20 kHz — 1 MHz is caused by the FSW43 noise floor.
In a different case, when the soliton is driven by a fibre laser (Koheras AdjustiK) featuring
a lower phase noise level, the soliton phase noise is reduced as shown in the blue curve
in Fig. 6.4(d). An additional PNA (Rohde & Schwarz FSUP, with cross-correlations) is used
here, in order to overcome the FSW43 device limitation, which however results in the phase
noise within 200 kHz — 10 MHz being marginally below the shot noise floor, likely caused
by parasitic anti-correlation effects in FSUP[355]. The absolute single-sideband (SSB) phase
noise power spectral density of the microwave carrier reaches ~ —80 dBc/Hz at 1 kHz offset
Fourier frequency, ~ —110 dBc/Hz at 10 kHz and ~ —130 dBc/Hz at 100 kHz. Analysis shows
that, when using the fibre laser, the main phase noise limitation is the laser RIN for offset
frequencies < 1 MHz, with a contribution from the impact of the thermo-refractive noise
(TRN) [173] in SizN4 on the detuning within 10 — 100 kHz offset frequencies.

Laser technical noises: From the previous conversion estimations, the origins of the main
noise limitations of the measured soliton repetition rate can be analyzed below. In the case
with the Toptica diode laser, as shown in Fig. 6.7(a), the conversions of the laser phase noise
and RIN show that the main limiting factor is the laser phase noise, using the previously
determined coefficients. Furthermore, FSW43 without cross-correlations is used in this mea-
surement, which limits the measurement precision of phase noise within 30 kHz — 1 MHz
range. At high Fourier frequencies, the shot noise defines the white noise floor.
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Figure 6.6 — Analysis of laser noise transduction. (a) Transduction of the laser phase noise to
the microwave phase noise of the soliton repetition rate. The correlation between the optical
phase noise of the Toptica laser (red) and the microwave phase noise of the soliton repetition
rate (blue) yields an estimation for the PM2PM coefficient of —55 dB. (b) Transduction of the
laser RIN into the phase noise of soliton repetition rate. Measured conversion of the pump
relative intensity modulation to soliton phase modulation (dots). The red line shows the
model (()L/f)2 where a =79 Hz/mW.
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The same analysis with Koheras fibre laser shows that the situation is reversed. As shown
in Fig. 6.7(b), the Koheras laser RIN is the main source of phase noise limitation. This is to
be expected as fibre lasers typically have lower phase noise than diode lasers. Furthermore,
in this measurement, FSUP with cross-correlations is employed to measure the phase noise
in the offset frequency range within 30 kHz - 1 MHz (10° cross-correlations applied), which
alleviates the limitation of the PNA floor. However, this cross-correlation measurement also
shows a noise floor that is below the expected shot noise level. This artefact is attributed to a
potential correlation between amplitude and phase quadrature of the microwave noise which
are known to produce artificially low results [355]. At high offset frequency with FSW43, our
measurement verifies that the signal follows the white shot noise floor.

Microresonator thermo-refractive noise: Besides the laser technical noises, it is also impor-
tant to consider the impact of the microresonator thermo-refractive noise (TRN) on the soliton
phase noise. The fundamental thermal fluctuations within the optical mode volume of the
microresonators lead to a refractive index fluctuation. This fluctuation leads to the fluctuation
of the microresonator FSR [356, 173, 357], and thereby the resonance jitter (magnified by the
mode index m ~ 10%). The simulated resonance jitter plotted in the unit of dBc / Hz is shown
in Fig. 6.8, using a simulation method described in ref. [173]. Here, two schemes leading
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Figure 6.7 — Technical limitations of the soliton phase noise with the Toptica diode laser and
the Koheras fibre laser. (a) The main source of phase noise limitation is the Toptica laser phase
noise. The Toptica laser RIN is shown in the bottom panel and its transduction to soliton
phase noise is plotted in the top panel (green). The Toptica RIN shows a modulation peak
at 10 kHz, which is used to measure the transfer function in Fig. 6.6(b). The black dashed
line shows the expected shot noise floor. (b) The main source of phase noise limitation is the
Koheras laser RIN, as shown in the bottom panel. Its transduction to soliton phase noise is
also plotted in the top panel (green), in comparison with the Koheras laser phase noise (red).
The black dashed line shows the expected shot noise floor.
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to two limits on soliton phase noise, caused by TRN, are discussed. The first scheme is the
resonance jitter caused by TRN, which affects the soliton phase noise in a manner similar to
the laser phase noise (i.e. fluctuation of the soliton detuning). As mentioned earlier, there is
a transduction of ~ -55 dB from optical detuning phase noise to the microwave phase noise
of soliton repetition rate, to account for the PM2PM conversion. Note that the impact of this
optical noise can be mitigated by operating at a quiet point (reduction of the PM2PM coeffi-
cient). The second scheme, which is fundamental, is the noise transduction limit given by the
optical-to-microwave division. The division factor is calculated as n = 193THz/19.6GHz = 104,
thus the phase noise reduction due to the optical-to-microwave division is n? = 102 (80 dB).
The FSR fluctuations via the optical-to-microwave division set a fundamental limit to the
soliton phase noise. For a microresonator of 20 GHz FSR, the resonance jitter induced by
TRN, the TRN translated by -55 dB, and the TRN translated by — 80 dB, are compared in Fig.
6.8, together with the case of a microresonator of 12 GHz FSR. Based on the estimated noise
for a 20-GHz-FSR microresonator, the estimated impact of TRN is shown in Fig. 6.9 together
with the measured soliton phase noise. The fundamental fluctuation are much lower than
the currently measured phase noise level that appear to be limited by the laser RIN at low
frequencies and by the optical short noise at higher frequencies. Therefore, we believe that
current soliton phase noise performance is mainly limited by the lasers used.

Quiet point operation: In addition, another solution to reduce the phase noise is to operate
the soliton at a “quiet point”. The phase noise measurements with different cavity-pump
detunings are performed with stabilized transmitted power through the chip, as shown in
Fig. 6.10. The detuning is measured using a vector network analyser (VNA) to probe the
resonance frequency relative to the laser [58]. A “quiet point” [159], caused by mode crossings,
is observed at the detuning of 6w/2m ~ 439 MHz, and provides the best phase noise perfor-
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Figure 6.8 — Simulated resonance jitter induced by TRN, and the estimated impact of TRN
on soliton phase noise. Here two microresonator FSRs are compared, i.e. 20 GHz (a) and 12
GHz (b). The estimated TRN limit on the soliton detuning (with -55 dB transduction) and the
fundamental limit due to the optical-to-microwave division (with —-80 dB transduction) are
added. The TRN simulation method is presented in ref. [173].
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6.3. Phase noise characterization

mance compared with other detuning values. To evidence the phase noise reduction at the
quiet point, the repetition rate shift and the phase noise value at 3.691 kHz Fourier offset
frequency, where the laser phase noise exhibits a characteristic feature, are measured with
different detunings, as shown in Fig. 6.10.

However, note that the quiet point may not be found in every (multi-)soliton state. Theoreti-
cally the presence of quiet points could be engineered. At the quiet point with the detuning
dw/2m ~ 439 MHz, the Raman self-frequency-shift [87, 352], which is the soliton center fre-
quency shift according to Qraman = —SZDfT rOW?/15x D, (T is the Raman shock term), is
compensated by the recoil Qgecoii caused by a mode-crossing-induced dispersive wave [358],
such that Q(0w) = Qraman (6®) + QRecoil (W) = 0. The quiet point is reflected on the repetition
rate stability since 27 frep = D1 + D2Q(6w)/ D;. This point gives the best phase noise perfor-
mance compared with other detuning values. However, we emphasize that a quiet point can
be engineered via the third-order dispersion D3 that skews the soliton spectrum and leads to
arepetition rate shift with detuning [359], such that

Q )
Zﬂﬁep = Dl + D2 —Ramgrll( w)
D5 (Q Sw)\> 1D
+ 23 (—Raman( w)) +- 5w 6.2)
3 D, 3Dy

Thus the dependence of the repetition rate fep on the detuning dw could be mitigated over a
broader bandwidth based on a more reliable effect (via D3) than mode crossings.

Envisioned methods to reduce the soliton phase noise: In sum. there are several envisioned
methods to reduce the soliton phase noise: 1. Operating the soliton at a quiet point, as dis-
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Figure 6.9 — Comparison of the TRN limit with the measured soliton phase noise of 20 GHz
repetition rate.
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cussed above, will reduce the optical-to-microwave phase noise transduction. 2. Using a fast
actuator to tightly lock the resonance to the laser or vice versa, in order to eliminate the soliton
detuning fluctuations. 3. A very nonlinear microresonator (i.e. high Kerr index and strong
light confinement) yields a strong intensity-to-phase-noise transduction. Microresonators
made of low-nonlinearity materials such as Hydex [197], or with large mode area such as
concentric resonators [256], can be employed in order to reduce the effective nonlinearity,
thus to reduce the transduction to soliton phase noise from laser RIN. In addition, large mode
area can also reduce the photon-thermal noise. However, the lower nonlinearity also increases
the threshold power for soliton generation, so here reaching high microresonator Q is of
utmost importance. 4. The ultimate limit of soliton phase noise is posed by the TRN of the
microresonator, which can be reduced by using microresonators made of athermal material.
Note that an intrinsically athermal material might be difficult to find, however some material
properties, such as photorefraction, can counteract thermal-optic effect, thus rendering the
material effectively athermal. This effect has been recently employed to generate self-starting
solitons in lithium niobate [65].

6.4 Soliton injection-locking

The low soliton repetition rate allows soliton injection-locking to an external microwave
source [74], which can discipline the soliton repetition rate and improve the long-term soliton
stability, which is key for applications requiring a stable and referenced comb line spacing. The
modified experimental setup is shown in Fig. 6.11(a). A phase modulation is applied on the c.w.
pump laser, with a swept frequency finj around 19.678 GHz, while the microwave spectrum
evolution is recorded as shown in Fig. 6.4(b). The soliton injection-locking, i.e. synchronization
of the soliton repetition rate fep to the modulation frequency fij, is observed when | frep —
finjl <40 kHz. This injection-locking range is more than a 100-fold increase compared to
that measured in MgF, resonators (~ 300 Hz in ref. [74]), likely caused by the lower Q in
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Figure 6.10 — Phase noise measured at the quiet point. (a) SSB phase noise at 3.691 kHz offset
Fourier frequency and measured repetition rate shift with different cavity-pump detunings.
(b) SSB phase noise measured at different cavity-pump detunings with power stabilization. A
quiet point is observed at the detuning of ~ 439 MHz.
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SizN4. The phase noise spectra of the injection-locked soliton (blue), the microwave source
used (black), and the soliton with a stabilized cavity-pump detuning (red), are compared
in Fig. 6.4(c). The phase noise of the injection-locked soliton closely follows the microwave
source’s phase noise at offset frequency below 10 kHz, apart from a residual bump at 1 kHz
which originates from the pump laser. For offset Fourier frequencies above 10 kHz, the soliton-
induced spectral purification effect is revealed, as the soliton phase noise departs from the
injected microwave phase noise, and becomes similar to the case with only active cavity-pump
detuning stabilization.

6.5 Comparison of microwave oscillators

The demonstrated soliton microcombs above are promising building blocks for microwave
photonic applications, such as low-noise microwave oscillators. Figure 6.12 compares our
soliton-based microwave oscillators to other compact photonics-based microwave oscillators
[360, 361, 362, 363, 200, 81] and a commercial dielectric resonator oscillator (DRO) based on
GaN [364], as well as the limit imposed by TRN in SizN4. The measured phase noise in our
work is still 30 dB higher than the fundamental limit, revealing the considerable potential
for further phase noise reduction, which can be accessed by using lasers with suppressed
phase noise and RIN, and microresonators of higher Q. It is worth to mention that, compared
with commercial DROs, soliton-based microwave oscillators already show competitive phase
noise performance. In addition, though DRO is currently a mature technology for low-noise
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Figure 6.11 — Soliton injection-locking to an external microwave source. (a) Experimental
setup for soliton injection-locking. EOM: electro-optic modulator. (b) Microwave spectrum
evolution showing the injection locking of the soliton repetition rate fiep, with the modulation
frequency finj on the c.w. pump, when | frep — finjl < 40 kHz. (c) SSB phase noise spectrum
comparison of the injection-locked soliton, the microwave source used to discipline the soli-
ton, and the soliton with a stabilized cavity-pump detuning. The soliton spectral purification
effect is revealed above 10 kHz offset Fourier frequency.
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microwave synthesis up to 40 GHz, which is challenging to achieve using other integrated
electronics-based technology such as surface and bulk acoustic wave resonators that typically
work at few GHz frequency, it is well known that the quality factor of the DRO decreases with
higher operation frequency, resulting in compromised phase noise performance. On the con-
trary, soliton-based microwave oscillators have more advantages working at higher microwave
frequency (i.e. repetition rate), and could achieve better phase noise performance than DROs.
Moreover, soliton combs are coherent multi-carrier optical sources, where the microwave
signal is naturally encoded into optical carriers, thus allow distributing the microwave signal
directly via optical fibres. Therefore, integrated soliton microcombs with microwave repetition
rates represent a critical step towards fully integrated soliton-based low-noise microwave
oscillators for future architectures of radars and information processing networks, fostering
wide deployment of these technologies in our information society.

—e— 28 GHz Hybrid OEO —e— 22 GHz SBS (SiO2)
9 GHz Integrated OEO —eo— 22 GHz SBS (SisN4/SiO2)
40 GHz SBS (As2S3) —e— 10 GHz Microcomb (MgFz2)
18.2 GHz Si-based OEO  —— 20 GHz Microcomb (Si3N4)
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Figure 6.12 — Comparison of demonstrated compact photonics-based microwave oscilla-
tors. 28 GHz hybrid optoelectronic oscillators (OEO) (OEwaves HI-Q™ Nano-OEO), 9 GHz
integrated OEO [360], 40 GHz OEO using stimulated Brillouin scattering (SBS) in As,S3 chalco-
genide [361], 18.2 GHz silicon-based OEO [362], 22 GHz DRO (Microwave Dynamics DRO-
1500), 22 GHz SBS in SiO, [363], 22 GHz SBS in SizN, / SiO» [200], 10 GHz microcomb in MgF,
[81], and 20 GHz microcomb in SizN, (this work). The region below the fundamental limit
imposed by TRN in SizN, [173] (dashed black) is grey-shaded.
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6.6 Fully packaged device: DARPA DODOS deliverable

The microwave-repetition-rate Si3N, soliton microcomb chip devices described above have
been used in DARPA DODOS project, a joint effort together with Caltech, UCSB and EPFL, aim-
ing to build fully packaged soliton microcomb modules. The main result has been published
in ref. [69], B. Shen, L. Chang, J. Liu et al, “Integrated turnkey soliton microcombs”, Nature
(2020). I designed and fabricated all the SizN4 chip devices used in this work, and led the
Si3N,4 sample characterization, with the assistance from Rui Ning Wang, Jijun He and Tianyi
Liu. UCSB team led the device packaging and project coordination. Caltech team performed
the experiment and developed the theoretical model. This joint collaboration work will be
described in this section.

A packaged module contains a SigN, chip, a DFB laser chip, and a butterfly package with a
fibre output and a temperature / mechanics stabilization mount. The SizNy chips, fabricated
using the photonic Damascene process at EPFL by me and Rui Ning Wang, have Q factors
above 15 x 10% and FSRs of 15, 20, and 40 GHz. The DFB laser chip, fabricated by Freedom
Photonics, has high-reflection coatings at the backside facet and anti-reflection coatings at
the front side facet, and a total output power of 120 mW. The DFB laser chip was re-packaged
and assembled at UCSB. The DFB laser chip is butt-coupled to the Si3N,4 chip, with an overall
coupling loss of 6 dB (i.e. 30 mW pump power in Si3N4 waveguide). Both chips are mounted
in the butterfly package, thus the entire device is very compact, as shown in Fig. 6.13.

The soliton generation experiment was performed at Caltech. The soliton generation employs
laser self-injection locking, described in the previous chapter. Thanks to the lases self-injection
locking and high Q of SisN, microresonators, it is observed that the laser frequency noise is
reduced by ~ 30 dB compared with that of a free-running DFB laser. Moreover, the entire
soliton microcomb package allows turnkey operation, i.e. deterministic soliton formation by
simple power-on of the pump laser. Once generated, the soliton maintains for hours without
any active feedback control. Simulations of the injection locking dynamics suggest that the
feedback phase (i.e. the phase difference between the laser emission light and the reflected
light from the microresonator) and the pump laser power (above a certain threshold) are the
two most critical parameters which determine if the entire system enables turnkey operation.
The effective pump laser power can be increased by improving the mode match between the
DFB output mode and the SizNy inverse taper coupler mode. The feedback phase can be varied
by changing the gap distance between the DFB laser chip and the SizNy4 chip, or including a
phase shifter (e.g. metallic heaters) on the waveguide between the butt-coupled facet and the
SizN4 microresonator which allows to finely tune the optical path length. This new regime of
turnkey soliton generation via laser self-injection locking significantly simplifies the soliton
generation complexity, and also reduces the frequency noise of the pump laser which could in
turn reduce the phase noise of the soliton repetition rate, critical for soliton-based microwave
synthesis.
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Figure 6.13 — Fully packaged soliton microcomb module containing a Si3zN, chip and a DFB
laser chip in a butterfly package with a fibre output. (a) Photo of the packaged module.
(b) Magnified photo image showing the butt-coupling between the Si3sN, chip and the DFB
laser chip. This figure is taken from ref. [69].
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rd Monolithic Piezoelectric Control of
Soliton Microcombs

For many metrology applications of laser frequency combs, the capability to achieve high-
speed actuation of comb teeth, as well as the repetition rate, is critical [2]. For example, locking
combs to microwave standards is key in optical frequency synthesis [365]. Phase-locking of
combs to stable reference cavities is also central for low-noise microwave generation via optical
frequency division [9]. Optical clocks require frequency combs to be locked to atomic transi-
tions [366], and higher-bandwidth actuators are needed to keep pace with the improvement
in clock fractional frequency uncertainty [5]. Frequency combs based on mode-locked lasers
have established elaborate techniques for wideband frequency actuation, typically realized
using bulk phase or amplitude modulators within the laser cavity. In contrast, measurement-
based high-speed feedback stabilization of chip-based microcombs is currently only achieved
with off-chip bulk modulators that actuate on the pump laser. Therefore, high-speed ac-
tuators on-chip are highly desirable for integrated soliton microcombs. While integrated
piezoelectric modulators on SizN4 waveguides have been demonstrated [115], they have not
yet been used to initiate or control microcombs. Other modulators integrated with SizNy,
e.g. based on the electro-absorption of graphene [189, 190, 367, 368] and ferroelectric lead-
zirconate-titanate (PZT) [192, 193, 194], have not yet demonstrated compatibility with soliton
generation which requires maintaining ultralow optical losses in Si3N4 waveguides. As a result,
current integrated actuation techniques for soliton microcombs rely primarily on metallic
heaters [97, 54], which have limited actuation bandwidth up to 10 kHz. In addition, heaters
exhibit uni-directional tuning, and typically consume electrical power exceeding 30 mW [101],
higher than the threshold optical power for soliton formation in state-of-the-art integrated
devices [101, 170], and are not compatible with cryogenic operation [369, 115]. Alternatively,
the direct generation of solitons in Pockels materials such as AIN [370, 371, 104, 103] and
LiNbOs [107, 65, 106] would allow high-speed actuation, however these platforms are not yet
as mature as SigNy.

In this chapter, integrated piezoelectric modulators to actuate soliton microcombs are demon-
strated, which overcome these limitations. These piezoelectric modulators are based on
aluminium nitride (AIN), a commercial micro-electro-mechanical-systems (MEMS) technique
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to build microwave filters in modern cellular phone technology [372]. It is shown that the
piezoelectric control employing the stress-optic effect [373] allows deterministic soliton initia-
tion, switching, tuning, long-term stabilization, and phase locking with 0.6 MHz bandwidth.
These integrated piezoelectric actuators that are linear, fast, non-absorptive, bi-directional,
and consume ultralow electric power endow integrated soliton microcombs with novel ca-
pability in power-critical applications e.g. in space, data centres and portable atomic clocks,
in extreme environment such as cryogenic temperatures, or in emerging applications for
coherent LiDAR [158, 137], frequency synthesizers [138] and RF photonics [348, 349].

The main result of this chapter has been published in ref. [178], ]. Liu et al, “Monolithic piezo-
electric control of soliton microcombs”, Nature (2020). Multiple people have contributed
significantly to this result, particularly Hao Tian and Sunil A. Bhave who developed and per-
formed the AIN process; Erwan Lucas, Arslan S. Raja and Grigory Lihachev who lead the
experiments on soliton locking and LiDAR.
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Figure 7.1 — Process flow of hybrid SizN4-AIN photonic circuits and actuators.
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7.1 Integrated Aluminium Nitride Actuators on Silicon Nitride Cir-
cuits

Reliable and fast resonance tuning of Si3N, microresonators is an important asset and re-
quirement for multiple applications in integrated photonics. However, due to the lack of
Pockels nonlinearity in Si3zN4 (which is amorphous), electro-optic modulation of the refractive
index of Si3Ny is challenging. In contrast to silicon, Si3N,4 requires heterogeneous or hybrid
integration with other materials to achieve active tuning or modulation. Metallic heaters
employing thermo-optic effect is widely used to realize SizN4 microresonator tuning [97, 54],
which however presents low tuning speed (< 10 kHz), high power consumption (> 10 mW),
and thermal cross-talk. Other methods using materials e.g. graphene [189, 190, 367, 368]
and PZT [192, 193, 194] are still facing challenges related to CMOS-compatibility, fabrication
complexity, and optical losses. To fully utilize the maturity and advantages of ultralow-loss
SizNy photonics, new tuning mechanisms which retain the original optical properties are
needed.

The stress-optical effect, discovered over a hundred years ago, has recently gained attention
for its role in the modulation of Si3sN, waveguides and microring resonators both theoretically
[374, 373] and experimentally [192, 194], thanks to the advances in micro-electro-mechanical-
systems (MEMS) [375]. Here, by integrating AIN piezoelectric actuators on top of Si3Ny
photonic circuits, integrated acousto-optic modulation of SisN4 microresonators is presented
Aluminium nitride [376], a commercial MEMS technology to build microwave filters in mod-
ern cellular phone technology [372] and aeroacoustic microphones [377], forms the main
piezoelectric material to realize such acousto-optic modulation. Driving the AIN actuator
harmonically at a microwave frequency, fast and efficient acousto-optic modulation is realized
by exciting high-overtone bulk acoustic wave resonances (HBAR) in the substrate stack. The
AIN actuators feature linear and bi-directional tuning, free from hysteresis, and operated at
ultralow electrical power. Therefore, this novel capability is important for tuning and stabi-
lization of soliton microcombs, and may allow soliton injection locking for stabilization and
microwave synthesis [71, 74].

Figure 7.1 shows the fabrication process flow of hybrid SizN4-AIN photonic circuits and actua-
tors. The AIN actuators are monolithically integrated on ultralow-loss SizN, waveguides. In
order to preserve the ultralow waveguide loss, thick SiO, top cladding is deposited on the SisNy4
waveguides, before the piezoelectric actuators are deposited and patterned. The piezoelectric
actuators are made from polycrystalline AIN as the main piezoelectric material, molybdenum
(Mo) as the bottom electrode (ground) and the substrate to grow polycrystalline AIN, and
aluminium (Al) as the top electrode. The polycrystalline AIN has a piezoelectric coefficient
[378] C33 ~ 1.55 C/m?, and Mo is chosen in order to minimize the acoustic impedance with
AIN [379] compared to gold or titanium. Using physical vapour deposition (PVD), 100 nm Mo
and 1 um polycrystalline AIN films are sputtered on the substrate through foundry services
(commercial service via OEM Group). To pattern the actuators, this process is performed at
Birck Nanotechnology Center at Purdue University by Hao Tian. The AIN actuator is patterned
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by AZ1518 photoresist, and dry etched using Cl, and BCl; in a Panasonic E620 Etcher. The
dry etching of the bottom electrode (Mo) is performed using Cl, in the same Panasonic E620
Etcher. Finally, the top 100 nm Al is evaporated by a PVD electron-beam evaporator, and
patterned using a standard lift-off process. Afterwards, the entire wafer is diced into individual
chips using the standard chip release process.

When a vertical electric field is applied, i.e. voltage applied between Al and Mo electrode,
the piezoelectric AIN is deformed and generate stress beneath the AIN, where the SizNy
waveguide sits. As shown in Fig. 7.2(a, b), a disk-shaped actuator is placed on top of the Si3N,
microresonator. The AIN actuator is slightly larger than the Si3sN4 microresonator. The SisNy
waveguide is positioned 3 um to the inner edge of the AIN disk actuator. The bus-waveguide-
to-microresonator coupling region is opened, in order to prevent any actuation-induced
perturbation of light coupling (however, the impact might be very negligible). Figure 7.2(b)
shows the microscope image of the fabricated 3N, microresonator covered by an AIN disk
actuator. Figure 7.2(c) shows the SEM image of the sample cross-section, including the optical
mode in the Si3N, waveguide.

7.1.1 Stress-optic tuning

The stress-optic tuning [374] of the microresonator resonances in the fundamental transverse-
electric mode (TEq) is characterized first. The experimental setup to characterize the reso-

Figure 7.2 — Design and fabrication of integrated Si3sN, microresonators with AIN actuators.
(a) Schematic of using the piezoelectric AIN to actuate the light (or soliton microcomb), via
either stress-optic effect or HBAR modes. (b) Microscope image of the sample with a disk-
shape AIN actuator. (c) False-coloured SEM image of the sample cross-section, including the
optical mode in the Si3sN, waveguide. Inset: Schematic of the materials and layers shown in
the SEM image.
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nance frequency tuning versus voltage applied on the AIN actuator is shown in Fig. 7.3(d).
A tunable laser (Toptica CTL) is locked to a S3N, microresonator resonance, via a PDH lock
loop using an EOM. When the resonance is tuned by varying the applied voltage, the laser
frequency follows the resonance shift. The beat signal between the laser locked to the reso-
nance and a reference laser (another Toptica CTL) is measured using a fast photodiode and
an electrical spectrum analyzer (ESA). A programmable DC power supply (Keithley 2400) is
used to apply the voltage on the AIN actuator. A ramp signal is applied on the power supply
in order to output the voltage between +140 V with a voltage increment / decrement of 2.8 V.
The interval time between two subsequent measurements is 200 ms. The change in the two
lasers’ beatnote signal recorded by the ESA corresponds to the resonance frequency shift, as
one laser is locked to the resonance and the other is frequency-fixed. These measurements
are repeated continuously for multiple (3 to 5) scans between +140 V in order to confirm the
tuning hysteresis.

Figure 7.3(a) shows the low-speed (DC) tuning curve, i.e. resonance frequency shift versus
the applied voltage up to +£140V, of a TEyo resonance at 1556 nm. The average linear tuning
coefficient at DC is 6v/§V = 15.7 MHz/V. Note that, this resonance tuning is bi-directional, in
contrast to the uni-direction thermal tuning using heaters. A weak hysteresis is observed when
cycling the voltage between +140 V. While crystalline AIN is non-ferroelectric, such hysteresis
is commonly caused by the trapped charges accumulated at AIN interfaces or combined with
bulk defects [380]. Since the AIN actuator is capacitive, the operation current at high voltage
is measured to be less than 2 nA, corresponding to less than 300 nW power consumption at
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Figure 7.3 — Characterization of stress-optic tuning. (a) Resonance shift versus applied voltage.
The linear tuning coefficient at DC is §v/6V = 15.7 MHz/V. A weak hysteresis is observed.
(b) Resonance shift for all TEy, resonances in the wavelength range from 1500 nm to 1630 nm,
when the applied voltage changes from —100 V to +150 V. The wavelength-dependent tuning
results from ~ 5 MHz change of microresonator FSR. (c) Comparison of loaded linewidths
with different applied voltages. No voltage-dependent linewidth change is observed. (d) Ex-
perimental setup to characterize the resonance tuning versus voltage applied.
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150 V voltage. The calculated capacity based on the device geometry is 3.3 pE corresponding
to stored energy of 37 nJ at 150 V voltage. Therefore, the main power consumption comes from
the leakage current, likely caused by the defects and free charge carriers in polycrystalline AIN.

Figure 7.3(b) shows the frequency tuning for all TEyy resonances in the wavelength range from
1500 nm to 1630 nm, calibrated using frequency-comb-assisted diode laser spectroscopy. The
wavelength-dependent tuning rate results from a change of the microresonator FSR (~ 5 MHz
of 191 GHz FSR). Figure 7.3(c) compares the measured loaded linewidths with different applied
voltages. The resonances remain critically coupled, and no linewidth change is observed when
varying the voltage. The estimated intrinsic quality factor, Qp > 15 x 10°, with integrated
AIN actuators is identical to bare microresonators without AIN [91], demonstrating that the
monolithically integrated AIN actuators are compatible with ultralow-loss SisN4 waveguide
platform (linear optical loss of ~ 1 dB/m).

7.1.2 High-overtone bulk acoustic wave resonances

When the AIN actuator is driven harmonically, vibration of the actuator launches acoustic
waves vertically into the substrate, as shown in Fig. 7.2(a). Since the bottom (backside) surface
of the substrate (i.e. the interface between Si and air) is smooth and flat, the acoustic wave is
reflected and subsequently bounce back and forth between the top and bottom device surfaces
(frontside and backside). Therefore, the entire substrate works as an acoustic Fabry-Pérot
(FP) cavity, and can lead to the formation of standing-wave acoustic waves if the acoustic
cavity length (i.e. the substrate thickness) is an integer number of the acoustic wavelength.
In this case, the acoustic energy is coherently built up inside the acoustic FP cavity. These
bulk acoustic standing waves, also called as “high-overtone bulk acoustic resonator (HBAR)
mode”, further enhance the stress field around the Si3sN4 waveguides, and allows to modulate
the effective refractive index through stress-optical effect.

The following experimental characterization of HBAR modes was performed by Hao Tian in the
group of Sunil A. Bhave at Purdue University. The electromechanical reflection parameter Sy,
describing the conversion from the electrical signal to acoustic waves is shown in Fig. 7.4(a). A
series of resonance dips is evenly distributed over multiple octaves in the microwave domain.
A spectrum zoom-in is illustrated in Fig. 7.4(d), highlighting the mechanical resonance
shape, linewidth of ~3 MHz, and acoustic FSR of around 17.5 MHz. The narrow linewidth
demonstrates a mechanical Q of ~1000, which is mainly limited by the intrinsic acoustic
loss in the substrate and phonon scattering at material interfaces. Meanwhile, the envelope
of these sharp resonances varies slowly and smoothly with a period of ~ 490 MHz. This is
caused by the resonances inside the 5.4-um-thick SiO; cladding, which form from the acoustic
wave reflection at the Si-SiO, interface due to the acoustic impedance mismatch. The SiO,
resonances are located at the node of the envelope, whereas the anti-resonances are located
at the anti-node. At the frequency of anti-resonances of the SiO; layer, the SiO»-Si interface
works as an acoustic anti-reflection coating, such that the acoustic power transmission into
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the Si substrate is maximum. This situation corresponds to the maximum acoustic impedance,
and thus maximum electromechanical power conversion. When the acoustic wave’s half
wavelength matches the 1 ym AIN thickness, the fundamental acoustic resonance mode of the
AlN layer is excited. In this case, acoustic waves of 4 — 4.3 GHz frequency is efficiently excited.
Note that, by varying the AIN and SiO» thickness, the resonances of these two acoustic cavities
can be misaligned to engineer the acoustic wave excitation.

The S»; measurement describes the acousto-optic modulation (transduction). By setting
the input laser frequency at the slope of the optical resonance, the output laser intensity is
modulated. The S; measurement is performed for both the TE and TM fundamental mode
resonance, as shown in Fig. 7.4(b, c). Again, periodic peaks in S,; are observed, corresponding
to each HBAR mode.

An simulated bulk acoustic mode is shown in Fig. 7.4(h). The acoustic standing wave dis-
tributes uniformly over the entire substrate, revealing that the Si3sN, photonic circuits can
be buried deeply inside the SiO, cladding. This enables the photonic circuits to be free from
the trade-off between the actuation efficiency and the absorption losses caused by the metal
above. Meanwhile, with microwave frequencies, the acoustic wavelength comparable to the
optical wavelength and the waveguide cross-section size is achieved in macroscopic actuators.
It can be seen from Fig. 7.4(h) that the acoustic mode is mainly confined beneath the actuator
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Figure 7.4 — Electro-mechanical-optic transduction in the microwave domain. (a) Electrome-
chanical S;; spectrum from 1 to 6 GHz. The inset schematic illustrates the acoustic wave
reflection at material interfaces. (b, c) Optomechanical Sy; responses of TE and TM modes.
Due to the different optical mode profiles (insets) and thus the acousto-optic mode overlap,
TE and TM modes show different S,; spectra. (d) The zoom-in of S;; () The zoom in of TE
mode’s Sp; within the green-shaded area in (b) around 2 GHz. (f) The zoom-in of TM mode’s
S»1 within the green-shaded area in (c) around 4 GHz. The resonances distribute evenly with
an FSR of 17.5 MHz in (a-f). (h) Numerical simulation of vertical stress o, distribution for one
typical acoustic resonant mode at 2.041 GHz under 1 V driving voltage. Note: This figure is
adapted from ref. [116].
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which reduces electromechanical cross-talk between adjacent devices.
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7.2 Monolithic piezoelectric control of soliton microcombs

For many applications of frequency combs, such as optical frequency synthesis [13], fre-
quency division [9], and dual-comb spectroscopy [381], the capability to achieve megahertz-
bandwidth actuation of comb teeth, as well as the repetition rate, is critical. In contrast to
femtosecond laser frequency combs which have developed a wide range of fast actuators
within the laser cavity, measurement-based feedback stabilization of photonic chip-based
microcombs still relies on off-chip, bulk acousto-optic modulators (AOM) or electro-optic mod-
ulators (EOM) that actuate on the pump laser. Therefore, high-speed actuators integrated on
chip are highly desirable for microcombs. While integrated modulators on Si3zN4 waveguides
have been demonstrated, e.g. based on the electro-absorption of graphene [189, 190, 368]
and ferroelectric lead-zirconate-titanate (PZT) [192, 193, 194], these methods are not well
suited for integrated microcomb applications. Graphene-based actuators are not compatible
with wafer-scale manufacture using foundry process, and ferroelectric PZT actuators exhibit
tuning hysteresis which poses challenges for soliton initiation and switching. Importantly,
these methods have not yet demonstrated compatibility with soliton generation, which re-
quires maintaining ultralow optical losses in Si3zN, waveguides. Therefore, current integrated
actuation techniques for soliton microcombs rely primarily on metallic heaters [97, 54], which
have only kilohertz actuation bandwidth, limited by the thermal relaxation time. In addition,
heaters exhibit uni-directional tuning, and typically consume electrical power exceeding
30 mW [101], higher than the threshold optical power for soliton formation in state-of-art
integrated devices [101, 170, 69] and not compatible with cryogenic operation [369, 115].

The integrated AIN piezoelectric actuators described in the previous section can overcome
these limitations. In this section, the piezoelectric control employing the stress-optic ef-
fect [374, 373] is presented, which allows deterministic soliton initiation, switching, tuning,
long-term stabilization, and phase locking with ~ 0.6 MHz bandwidth. Such integrated piezo-
electric actuators that are linear, fast, non-absorptive, bi-directional, and consume ultralow
electric power endow integrated SizN, soliton microcombs with novel capability.

7.2.1 Voltage-controlled soliton microcombs

A c.w. laser is coupled into the microresonator, and soliton is initiated by strain-tuning the
resonance to the laser [97] via varying the voltage, using the setup shown in Fig. 7.5(a). The
laser is initially set blue-detuned by 1 GHz from a microresonator resonance, and launches
15 mW power into the waveguide (60% coupling efficiency per chip facet). A typical soliton
step of millisecond duration is shown in Fig. 7.5(b). Though not required for soliton initiation,
the resonance-laser detuning is monitored using an EOM and a vector network analyser (VNA)
[58]. As shown in Fig. 7.5(c), the resonance is initially tuned to the laser (0 V—71 V), and
subsequently generates modulation instability (MI, 81 V) and a multi-soliton state (MS, 85
V). Next, the AIN voltage is reduced such that the backward tuning enables switching [58] to
the single soliton state (SS, 79 V). The voltage is increased again (90 V) to increase the soliton
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bandwidth. Figure 7.5(d) shows different soliton states with different applied voltages.

The voltage-controlled AIN actuator can be used to implement feedback and eliminate detun-
ing fluctuations over a long term. The experimental setup to stabilize the soliton microcomb
over 5 hours is shown in Fig. 7.5(f). A feedback loop is applied in order to fix the soliton
detuning at 317 MHz and eliminate the detuning fluctuation over a long term. The VNA is
used only to monitor the soliton detuning over a long term. The final soliton loss after 5 hours
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Figure 7.5 - Experimental demonstration of soliton control via AIN actuation. (a) Experimental
setup. OSC: oscilloscope. FBG: Fibre Bragg grating. Inset: the soliton initiation employed
here is to tune the resonance from the red detuning to the blue detuning of the fixed laser
frequency. (b) A typical soliton step featuring millisecond length. (c) Soliton detuning control
via AIN actuation. Left: Initially the resonance is 1 GHz blue-detuned from the laser (0 V).
The resonance is tuned to the laser, and generate modulation instability (MI, 81 V) and a
multi-soliton state (MS, 85 V). Right: Once the multi-soliton is generated (85 V), the voltage
is reduced to switch to a single soliton state (SS, 79 V). The soliton detuning, as well as the
bandwidth, is further increased via increasing the voltage (90 V). S-res.: Soliton resonance.
C-res.: Cavity resonance. (d) Different soliton states with different applied voltage. (e) Soliton
stabilization over 5 hour, realized by locking the resonance to the laser and maintaining the
soliton detuning. (f) Experimental setup for long-term stabilization of the soliton microcomb.
HVA: high voltage amplifier. BPF: bandpass filter.
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is caused by the drift of the fibre-chip coupling using suspended lensed fibres, and can be
mitigated via gluing the fibres to the chip [353]. Figure 7.5(e) shows the evolution of three
soliton comb lines over 5 hours.

As seen from the previous section, the resonance tuning via stress-optic effect achieves 1
GHz range with more than 60 V applied voltage. Assuming that initially the laser and the
resonance have the same frequency, for soliton initiation, soliton detuning of ~ 20x /27 is
needed to access the soliton regime. This means that, the resonance linewidth x,7 must
be below 50 MHz in the case of critical coupling, i.e. the intrinsic loss /27w must be below
25 MHz. Therefore, it is worth to emphasize that, the key reason why the piezoelectric AIN
actuator can be used to initiate solitons with our SizN, integrated photonics is due to the
ultralow loss (i.e. high microresonator Q) of our Si3gN, waveguides.

7.2.2 Fast soliton actuation and locking

Next, fast modulation of the microresonator using the AIN actuation is shown. Such an
actuation can be utilized to stabilize the soliton repetition rate. Figure 7.6(a) shows the
experimental setup to characterize the frequency transduction S,; (w) from the electrical
to the optical domain. As shown in Fig. 7.6(d), the measured S»;(w) has multiple peaks
extending from 200 kHz, which correspond to different mechanical modes of the photonic
chip, excited by the AIN actuator. The mechanical modes with frequency from 246 kHz to
~ 17 MHz are contour modes [382] of the entire chip. Figure 7.6(b) shows the simulated
contour modes around 246 kHz, using finite element modelling based on the actual chip size
of 4.96 x 4.96 mm?. These contour modes only exist with free boundary conditions. The broad
peak at ~ 17 MHz is the fundamental HBAR mode, confined vertically over the chip thickness
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Figure 7.6 — High-speed piezoelectric actuation for on-chip PDH error signal generation.
(a) Experimental setup to measure S»; (w). The laser frequency is set on the resonance slope.
(b) Simulated contour modes of the photonic chip starting from 220 kHz. The color represents
the displacement amplitude. (c) Generated PDH error signals when modulating the AIN at
91.71 and 82.44 MHz, marked with stars in (d). (d) Electrical to optical signal transduction
S21(w) of the AIN actuator. Arrows mark the contour mode at 246 kHz and the fundamental
HBAR mode at ~ 17 MHz.
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and material stack (8.4 um SiO, and 213 um Si). The resonances at multiple of ~ 17 MHz are
higher-order HBAR modes.

Though narrowband, the HBAR modes provide novel functionality such as for error signal gen-
eration using the Pound-Drever-Hall (PDH) technique. Figure 7.7(a) shows the experimental
setup to generate PDH error signals using HBAR modes induced by the AIN actuation. Fig-
ure 7.6(c) compares the generated PDH error signals, when applying 82.44 MHz and 91.71 MHz
modulation frequency directly on the AIN actuator. The error signal with 91.71 MHz frequency
is x10 stronger than the one of 82.44 MHz frequency, since only the 91.71 MHz corresponds
to an HBAR frequency, marked in Fig. 7.6(d). In addition, the measured S»; (w) response
of the AIN actuation, up to 400 MHz, is plotted in the linear frequency scale in Fig. 7.7(b),
showing both cases when the laser is on- and off-resonance. Different modulation frequencies
corresponding to different HBAR modes are investigated, which are marked with stars in Fig.
7.7(b). The PDH error signals modulated at these HBAR frequencies are shown in Fig. 7.7(c),
as well as the studied microresonator resonance. A microwave source providing ~ 8 dBm RF
power is used to modulate the Si3sN4 microresonator via AIN actuation. The same RF power
is used for modulation at all the HBAR frequencies. The decrease in error signal contrast at
higher HBAR frequency is likely caused by the lower acousto-optic transduction Sp;.

The relatively flat S») (w) response up to ~ 800 kHz allows soliton repetition rate stabilization
via AIN actuation. As the soliton repetition rate, viep = 191 GHz, is not directly measurable,
an electro-optic frequency comb (EO comb) of 14.6974 GHz line spacing is utilized, and the
beat signal between the —1° line of the microcomb and the —13*" line of the EO comb is
measured, as illustrated in Fig. 7.8(a). Figure 7.8(d) shows the experimental setup to stabilize
the soliton repetition rate referenced to an EO comb. The EO comb is generated using a
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Figure 7.7 — On-chip generation of PDH error signals using the HBAR modes induced by the
AIN actuation. (a) Experimental setup. LPF: low-pass filter. Amp.: RF power amplifier. (b) The
measured S»; (w) response of the AIN actuator in the linear frequency scale. Both cases, when
the laser is on- and off-resonance, are measured. (c) The PDH error signals modulated at the
HBAR frequencies marked with stars in (b).
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scheme described in Ref. [71, 75], and has a comb line spacing of 14.6974 GHz. The EO comb
and soliton microcomb are pumped by the same laser (Toptica CTL). The measure the beat
signal between the —1°! line of the microcomb and the —13" line of the EO comb, is further
compared to a reference signal of 60.0 MHz. The error signal is applied directly on the AIN
actuator, such that the actuation on the microresonator stabilizes the soliton repetition rate
to the EO comb line spacing. Figure 7.8(b, c) compare the measured beat signal between the
—15! line of the microcomb and the —13" line of the EO comb, and the phase noise of the beat
signal in the cases of free-running and locked states, in comparison with the phase noise of
the 60.0 MHz reference microwave. The locking bandwidth, determined by the merging point
of two phase noise curves, is 0.6 MHz. Note that 0.6 MHz is a large bandwidth for piezoelectric
optical frequency actuators, compared to conventional lasers where the piezo response is
typically limited to few kilohertz, similar to integrated heaters.

To measure the out-of-loop beat signal and its phase noise, a modified setup is used as shown
in Fig. 7.9(a). The pump laser’s frequency to generate the soliton microcomb is shifted by
77.0 MHz via a fibre-coupled acousto-optic modulator (AOM). The reason to shift the micro-
comb’s pump frequency is to cancel out the drift and noise caused by the imbalanced paths in
delayed self-homodyne measurement, by detecting the beatnote (77.0 MHz shift) between the
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Figure 7.8 — High-speed piezoelectric actuation for soliton repetition rate stabilization using
an EO comb. (a) Schematic of soliton repetition rate stabilization using an EO comb with
14.6974 GHz line spacing. The —1°/ line of the microcomb and the —13" line of the EO comb
are locked, referenced to a 60.0 MHz microwave signal. (b) Measured beatnote signal of
the —1° line of the microcomb and the —13‘" line of the EO comb, in the cases of locked
and unlocked (free-running) states. Resolution bandwidth (RBW) is 1 kHz. (c) Measured
phase noise of the beat signal, in comparison to the 60.0 MHz microwave signal. The locking
bandwidth of the AIN actuator is 0.6 MHz. (d) Experimental setup to characterize the in-loop
phase noise of the beat signal between the —1°' line of the microcomb and the —13'" line of
the EO comb.
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pump lines of the microcomb and the EO comb. By down-mixing the 77.0 MHz heterodyne
beatnote signal using the same microwave source that drives the AOM, the feedback signal is
applied to the laser current such that the pump laser’s frequency is stabilized and the noise in
the delayed self-homodyne measurement is removed.

Then, the beatnote between the +1°! line of the microcomb and +13" line of the EO comb is
detected and referenced to a 20.0 MHz microwave signal, in order to stabilize the microcomb
repetition rate. The entire schematic of referencing the microcomb to the EO comb is shown
in Fig. 7.9(b). Figure 7.9(c) compares the single-sideband (SSB) phase noise of the beat signals,
for:

 Dashed red: The free-running phase noise of the beat signal between the +1°' line of
the microcomb and the +13'" line of the EO comb while the pump laser’s frequency is
locked.

 Dashed blue: The free-running phase noise of the beat signal between the —1°’ line of
the microcomb and the —13" line of the EO comb while the pump laser’s frequency is

locked.
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Figure 7.9 — Out-of-loop beat signal characterization using a modified setup. (a) Modified
experimental setup to characterize the out-of-loop phase noise of the beat signal between the
—1% line of the microcomb and the +13" line of the EO comb. (b) Schematic of referencing the
microcomb to the EO comb. The beatnote (in-loop) between the +1°¢ line of the microcomb
and +13"" line of the EO comb is detected and referenced to a 20.0 MHz microwave signal.
The beatnote (out-of-loop) between the —1°/ line of the microcomb and —13" line of the EO
comb is characterized. (c) Comparison of SSB phase noises measured in different cases.
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* Solid green: When the pump laser’s frequency is locked, the phase noise between the
EO comb’s pump and the microcomb’s pump (shifted by 77 MHz).

* Solid red: The in-loop, locked phase noise of the beat signal between the +1°7 line of the
microcomb and the +13" line of the EO comb.

* Solid blue: The out-of-loop phase noise of the beat signal between the —1°’ line of the
microcomb and the —13'" line of the EO comb, when the +1°¢ line of the microcomb
and the +13" line of the EO comb are locked.

In the out-of-loop phase noise of the beat signal between the —1°' line of the microcomb and
the —13!" line of the EO comb, a reduction in phase noise is observed with the AIN actuation.
The locking bandwidth in this case is > 300 kHz.

To further evaluate the long-term stability of the locked system, frequency counting mea-
surements of the relative Allan deviations are performed, as shown in Fig. 7.10. The 77 MHz
microwave source (used to lock the pump laser’s frequency) is referenced to the 20 MHz
microwave oscillator (used to down-mix the in-loop beat signal to derive the error signal).
Similarly, the microwave source driving the EOMs (14.6974 GHz) for EO comb generation is
also referenced to the same 20 MHz microwave oscillator. The relative Allan deviation of the
beat signals between the free-running microcomb and EO comb are not converging, while the
beat signal between the locked pump lines of the microcomb and EO comb show 1072 at 1 s
averaging time. After locking the soliton repetition rate to the EO comb by actuating on AlN,
the in-loop and the out-of-loop beat signals show similar frequency stability.
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Figure 7.10 — Comparison of measured relative Allan deviation for the microcomb and EO
comb beat signals in different cases, to evaluate the long-term stability of the locked system.
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7.2.3 Soliton-based parallel LiDAR engine

The AIN actuator can be a key component for a soliton-based, parallel, frequency-modulated
continuous-wave (FMCW) LiDAR [137]. Figure 7.11 outlines the operation principle of an
FMCW LiDAR. A continuous-wave laser sends a frequency-chirped signal to a moving object,
and receives the reflected signal from the object. The heterodyne beatnote between the
emitted signal and the received signal provides two key parameters, f;, and f;, which allow
to recover the profile of the received signal. Compared with the emitted signal, the received
signal has a time-delay At and a frequency-shift A fp. The time-delay At is due to the photon’s
time of flight, which allows to calculate the distance between the laser emitter and the moving
object. The frequency-shift A fp is caused by the Doppler effect, which allows to calculate the
moving speed and direction of the object. Therefore, the FMCW LiDAR can perform both the
distance and speed measurement at the same time.

The scheme of a soliton-based FMCW LiDAR relies on scanning the pump laser’s frequency
vy, over the soliton existence range [335] Avg = v, — vy, i.e. Vo — Vi € [v1, V2], with v being
the resonance frequency, v; and v, being the boundary of soliton existence detuning range.
This results in transferring the pump frequency chirp to all soliton comb teeth, as shown
in Fig. 7.12(a). Combined with diffractive optics that disperses multiple frequency lines,
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Figure 7.11 — Operation principle of an FMCW LiDAR. This figure is took from Ref. [137].
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this approach to FMCW LiDAR allows high-speed parallel acquisition of both velocity and
position in each pixel. However, the varying soliton detuning has several limitations. First,
the varying soliton detuning v, — vy, leads to variations in soliton spectrum bandwidth and
power, which limits the number of usable optical channels. Second, the Raman self-frequency
shift [87, 159] causes a varying soliton repetition rate (i.e. comb line spacing). Third, GHz
frequency excursion of the pump laser (Avy) requires GHz-wide soliton existence range (Avs),
necessitating to elevate the pump power to several Watts.

These limitations can be overcome using the AIN actuation on the microresonator, such
that the microresonator resonance v is modulated synchronously to the pump frequency vy,
in order to maintain a constant soliton detuning v, — v. Both schemes are experimentally
investigated, i.e. (a) scanning the pump laser within the soliton existence range, and (b)
synchronously modulating the pump laser and the microresonator resonance (“feed-forward”).
For the feed-forward scheme, a triangular signal of frequency fi,04 is applied on both the
pump laser and the AIN actuator. A phase shifter, an attenuator and a high-voltage amplifier
(HVA) are used to modify the triangular signals in order to synchronize the resonance tuning to
the laser tuning and to achieve the same frequency excursions of the laser and the resonance.
Figure 7.12 shows the experimental setup to synchronously scan the microresonator and the
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Figure 7.12 — Schematic and experimental setup of hybrid AIN-SizN4 soliton LiDAR en-
gine. (a) Schematic of soliton-based parallel FMCW LiDAR. A chirped pump transduces
synchronous modulation to other comb lines, with the same modulation rate and frequency
excursion. (b) Experimental setup for synchronous scan of the laser frequency and the mi-
croresonator resonance, using the feed-forward scheme. VCO: voltage-controlled oscillator.
AFG: arbitrary waveform generator. QPSK: quadrature phase shift keying. DSO: digital storage
oscilloscope.
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pump laser (i.e. the feed-forward scheme. A single-sideband modulator driven by a voltage-
controlled oscillator (VCO) is used to fast scan the laser frequency, instead of directly scanning
the laser piezo due to the limited piezo scan speed of our laser (~ 200 Hz). A voltage ramp
signal from the same dual-channel arbitrary waveform generator (AWG) is applied on the
VCO and on the AIN actuator. The ramp signal sent to the AIN actuator is further amplified by
the HVA with x50 voltage amplification and 3-dB bandwidth of ~ 5 MHz. The synchronous
scan of the laser frequency and the microresonator resonance is performed by adjusting the
amplitude and the phase of the ramp signal applied on the VCO. A PDH lock can further
improve the synchronization by locking the resonance to the laser with a constant frequency
difference [59]. Initially, a ramp signal from the AWG with a peak-to-peak voltage Vpp, of 3
V (HVA amplifies to 150 V) and 10 kHz scanning rate is applied on the AIN. The amplitude
Vpp and the phase of the ramp signal driving the VCO is adjusted until stable C-resonance
is observed on VNA. The tuning into soliton states is realized either by changing the laser
frequency via laser piezo tuning, or by turning on and off the VCO which allows fast tuning of
the laser to the effectively red-detuned side of the resonance. A reference laser is used to probe
the chirp of different comb lines (the pump line, +10*” comb lines etc). A fast oscilloscope of
2 GHz bandwidth and 5 GSamples/s is used to capture the heterodyne beatnote detected on
the fast photodiode, for further off-line data processing such as fast Fourier transform and
fitting triangular signal.

Figure 7.13(a) compares the soliton spectra using both schemes, i.e. (a) scanning the pump
laser within the soliton existence range, and (b) feed-forward scheme. Figure 7.13(a, b, c)
illustrate the differences in soliton spectrum, soliton detuning and integrated soliton pulse
power using both schemes, and highlight the advantages of the feed-forward scheme using
the AIN actuator. First, the pump frequency chirp Avy, can be significantly larger than the
soliton existence range Avg, while simultaneously allows operating the soliton with tens of
milliwatt power, compatible with state-of-art integrated laser [351, 206, 383]. Second, the
soliton spectrum and the repetition rate are nearly constant and not affected by the pump
frequency chirp.

Figure 7.13(d) compares the frequency excursions of different soliton comb line. The scheme
of soliton detuning scan, at frequency fi,oq = 10 kHz (blue), shows a frequency excursion
dependence on the comb line number, resulted from the soliton repetition rate change Avyep =
17.4 MHz per 0.383 GHz pump frequency excursion. Using feed-forward scheme with modu-
lation frequency fmoq = 10 kHz and 100 kHz (red, solid lines), frequency excursion of ~ 2 GHz
is achieved, which is more than x5 larger than the soliton existence range (Avg = 400 MHz).
Moreover, the soliton repetition rate change is reduced to A frep = 0.066 MHz per 2.04 GHz
pump frequency excursion with fi,,q = 10 kHz. Figure 7.13(e) shows the time-frequency
diagram of different comb lines chirping at 10 kHz modulation frequency, with frequency
excursion of 2.04 GHz. More importantly, the HBAR and contour mechanical modes of our
device enable modulation with higher frequency and efficiency (red, dashed lines). By apply-
ing modulation with f;,,0q4 = 18.308 MHz, coinciding with the fundamental HBAR mode and a
contour mode, pump frequency excursion of 1.6 GHz is imparted without using the HVA, i.e.
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7.2. Monolithic piezoelectric control of soliton microcombs

the voltage applied on the AIN is only 7.48 V, a CMOS-compatible voltage. In addition, this
modulation corresponds to an equivalent tuning speed of 58.6 PHz/s. The corresponding reso-
nance tuning coefficient is 6v/6V = 219 MHz/V, which is x14 larger than the DC tuning value
of 6v/6V =15.7 MHz/V. Applying modulation with f,,q = 18.322 MHz, while still coinciding
the fundamental HBAR mode but not a contour mode, the tuning coefficient is reduced to
6v/6V =133 MHz/V.

The integrated AIN piezoelectric actuators allow tuning and control of soliton microcombs.
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Figure 7.13 - Results of hybrid AIN-Si3N, soliton LiDAR engine. (a) Comparison of two schemes
for soliton-based FMCW LiDAR. Left: The scheme employing soliton detuning scan, with a
fixed microresonator resonance v, and a pump centered at vy, chirping within the soliton
existence range (green shaded). By varying the soliton detuning Av, the soliton spectrum
varies correspondingly, as shown in the bottom. Right: Feed-forward scheme employing
synchronous modulation of the pump frequency vi and the resonance v, such that the
soliton detuning Av is constant, resulting in also a constant soliton spectrum shown in the
bottom. Note that in this scheme, the pump frequency excursion can be significantly larger
than the soliton existence range (green shaded) (b) Comparison of both schemes for the
soliton response on VNA [58]. The soliton detuning scan shows a varying C-resonance, while
the feed-forward scheme shows a fixed C-resonance. (c) Comparison of both schemes for the
integrated soliton pulse power. The soliton detuning scan shows a varying soliton pulse power,
while the feed-forward scheme shows a constant power. (d) Comparison of the frequency
excursions of different soliton comb lines, using different approaches. (e) Time-frequency
diagram of different comb lines chirping at 10 kHz modulation frequency, with frequency
excursion of 2.04 GHz.
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Chapter 7. Monolithic Piezoelectric Control of Soliton Microcombs

This novel capability not only benefits existing applications, but also allows synchronous
scanning of the pump laser and photonic microresonator, as required for massively parallel
FMCW LiDAR. While polycrystalline AIN is used in our current work, the operation voltage can
be reduced by more than x2 using scandium-doped AIN [384, 385]. By future co-integration
of CMOS electronic circuitry on a closeby die, compactly packaged soliton microcombs with
rapid electronic actuation is attainable.
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Conclusion and Outlook

In my perspective, the most important result of this PhD thesis is the development and
optimization of the photonic Damascene fabrication process of ultralow-loss, dispersion-
engineered SizN4 photonic integrated circuits. The ultralow loss and the high microresonator
Q, together with the extremely low thermal absorption loss, are the key reasons for the success
of the soliton generation with ultralow power and microwave repetition rates, the soliton
generation via laser self-injection locking, and the piezoelectric control of solitons. While
certainly more applications using soliton microcombs can be envisaged in the near future,
further reduction of the optical losses in integrated waveguides via improving the fabrication
process and developing new techniques will still be the central topics of SizN4 integrated
photonics. In addition, the current SisN, photonic Damascene process has used LPCVD
SizN,4 and high temperature thermal annealing of Si3sN4 and SiO», thus this process is only
compatible to other CMOS processes if the Damascene process is performed in the front-end
(e.g. different materials processed on the planarized SizN4 Damascene substrate. Therefore, a
SigNy process fully operated at a CMOS temperature (i.e. below 450°C) can be very helpful
for photonic integration of Si3sN, and other materials. In this case, low-loss SizN, photonic
integrated circuits can also be used as a back-end process.

For the two abovementioned reasons, based on my understanding and knowledge of Si3Ny4
photonics developed in this PhD thesis, I outline one future topic that can be key for a wider
use of low-loss Si3N4 photonic integrated circuits in the future.

8.1 Novel SizN, and SiO, CVD processes using silicon tetrachloride

A key reason enabling ultralow loss of our SizN, integrated waveguides is the LPCVD tech-
nology which is used to grow SizN,4 and SiO,, followed by thorough thermal annealing at
a temperature above 1200°C. This combined process enables not only high-quality Si3Ny4
and SiO» (high density, low porosity, excellent stoichiometry etc), but more importantly the
ultralow thermal absorption losses below 0.2 MHz presented in Chapter 4. However, the
LPCVD Si3N,4 deposition temperature and the thermal annealing temperature of Si3sN, and
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SiO; are both too high to be compatible with CMOS electronic circuits. If PECVD SisN4 and
SiO, are used (at a process temperature below 450°C), without thermal annealing, the optical
loss will be dominated by hydrogen absorption losses. Therefore, an important future topic
is to develop hydrogen-free SizN4 and SiO, CVD processes that are operated at a process
temperature below 450°C.

Recently, there are few reports on PECVD Si3N, and SiO; processes using deuterated silane
(SiDy), in contrast to the commonly used silane (SiH,) precursor for SisN4 and SiO, PECVD
process. The Si-D and N-D bonds have absorption peaks out of the telecommunication bands
around 1550 nm, where the absorption peaks of Si-H and N-H are. In ref. [248], J. Chiles et
alreported a SisN4 PECVD process using SiD4 and NHs. In ref. [386], W. Jin et al reported a
SiO, PECVD process using SiD4 and O,. Both processes are operated at a temperature around
350°C.

Within this PhD thesis, though still ongoing and not conclusive yet, I have also participated and
lead the development of novel PECVD SizN, and SiO, processes using silicon tetrachloride
(SiCly) precursor. The chemical reactions are: 3SiCly + 2Ny — SisNy + 6Cl,, and SiCly +
0, — Si0y + 2Cly. As immediately seen, both processes result in materials hydrogen-free. In
addition, the deposition by-product Cl, could remove any metal impurities introduced due to
the precursors or contaminations. As Si-Cl bond has higher bonding energy than Si-H (as a
proof, at room temperature SiH, is gas but SiCly is liquid), the absorption peak is also removed
from the telecommunication wavelength. It is worth to note that, SiCly is a key chemicals
not only for semiconductor products but also for optical fibers. For example, the precursor
SiCl,H, used for LPCVD SizNy4 process is synthesized from SiCly. High-quality glass used for
optical fibers are generated via the hydrolysis of SiCly, as SiCly + 2H,O — SiO, + 4HCI. More
details of the flame hydrolysis process will be given in the next section.

Parallel-plate PECVD

Ll e T

Ar plasma

HDP-CVD

e e D

Figure 8.1 — Difference in the topography of deposited films using PECVD and HDP-CVD. The
gap filling capability of the HDP-CVD is highlighted.
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8.1. Novel SisN, and SiO, CVD processes using silicon tetrachloride

As the Si-Cl bonds has a high bonding energy, common high-temperature process used in
LPCVD cannot break the SiCl, molecules. Therefore, to realize the film deposition, plasma
driven by high power is needed. For this purpose, a high-density-plasma chemical vapour
deposition (HDP-CVD) tool is used. As mentioned briefly in Chapter 2, an HDP-CVD tool
performs deposition and etching in the dual-mode, and offers the following advantages:

* The precursors used, SiCly, N2, and O, are inherently hydrogen-free.

* Better dissociation of SiCly precursors and radical reaction due to the high-density
plasma.

* The deposition by-product Cl, could remove any metal impurities introduced due to
the precursors or contaminations.

e The in-situ ion bombardment due to the plasma bias increases the film density.

* The gap-filling capability offered by HDP-CVD, which is absent in standard PECVD
process. This feature is detailed below.

Gap filling: The conformal deposition of thin films is critical. Voids can form if the deposition
process does not have sufficient conformality, as shown in Chapter 2, which can compromise
the device performance. For our Damascene process, the conformality of LPCVD SigNy, as
aresult of surface thermo-dynamics, is critical to fill the preform trenches. For the standard
subtractive process, conformality of SiO, is required to fill the gap between the bus waveguide
and the ring resonator, to achieve the minimum perturbation of the optical mode in the SizNy4
waveguide core. If gas-phase nucleation dominates surface thermo-dynamics, voids can often
form in the SiO, cladding if the wafer has patterned structures. Therefore, the HDP-CVD
process is intrinsically beneficial as compared to the standard PECVD process where film
material is mainly formed directly in the gas phase. In fact, the “void filling” is one of the main
motivations for the invention of HDP-CVD for microelectronic circuit manufacturing. The
high-density plasma not only offers high deposition rate, but also offer in-situ physical etching
(i.e. sputter). Figure 2.17 illustrates the principle of gap filling using an HDP-CVD. If a void
is about to form, the sharp edge attracts more impinging ions due to the edge charge effects,
thus has a higher etch rate. The net effect of deposition and etching creates an excellent
performance on gap filling and deposition conformality. A side-effect which can be also

Parameter SigNy SiO,
Refractive index 1.976 £0.001 1.464 £0.001
Stress Compressive  Compressive or tensile
Deposition rate <20 nm / min -
Deposition uniformity 4.09% 4.75%
BHF etch rate - 420 nm/min

Table 8.1 - Film parameters of Si3sN,4 and SiO, deposited with SiCl, precursor.
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Figure 8.2 — SEM images of SisN4 deposited with SiCly precursor. (a) SEM top view of SizNy
waveguide after CMP. (b) SEM side view of dry-etched SisN, waveguide.

beneficial is that the sputter further densifies the film and alter the film stress. By optimizing
the sputter strength, it is possible to make the dielectric film compressive, while the chemical
reaction and temperature cooling down usually make the film tensile.

During my PhD thesis, with my colleague Michael Zervas, we have started investigating this
novel SiCly-based CVD processes using an HDP-CVD tool. So far, we can obtain stable Si3Ny
and SiO; films. Table 8.1 lists the measured film parameters of Si3sN4 and SiO». Except the
density (reflected from the BHF etch rate), the SiO, process with SiCly precursor is nearly
accomplished.

However the SizNy4 film has more problems. Figure 8.2 shows the SEM image of Si3sN, waveg-
uides after CMP and dry etching. Two things are observed: 1. The SisN, film shows multi-layer
structures like the “Italian Lasagna”, which is due to the unoptimized alternating deposition-
sputter cycles. 2. The film density is low and cannot sustain CMP. Both problems limit us to
further process the wafers and measure the optical losses of this SiCl,-based SizN4 dielectric
film. This work will be continued after this PhD thesis.

One should note that, these two SiCls-based CVD processes can be useful, not only to achieve
lower loss in SizNy but also offer hydrogen-free, annealing-free dielectric films for other
integrated materials. For the subtractive processes of LiNbO3, AlGaAs, GaP, TapOs5 and crys-
talline AIN, the SiO» process can be useful due to the gap filling capability and requiring no
high-temperature thermal annealing to remove hydrogen. Therefore, this SiCl4-based, low-
temperature SizN, fabrication technology can foster a wider use of low-loss Si3sN4 photonic
circuits integrated with other materials in the future.

8.2 Ultra-pure SiO, deposition via flame hydrolysis

The flame hydrolysis deposition (FHD) is a CVD technique to deposit ultra-pure SiO, on
silicon wafer substrates [387, 388]. This process features fast deposition rate (thus ideal to
grow SiO» films of thickness up to 50 ym), and flexibility of doping SiO, with germanium,
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8.2. Ultra-pure SiO, deposition via flame hydrolysis

Figure 8.3 — Photo showing the FHD of SiO; on a rotating plate that contains six 6-inch wafers.
The flame looks green due to the presence of boron. This photo is taken from Zepler Institute
(https:/ /www.zeplerinstitute.ac.uk/facilities/thd).

phosphorous and boron. These dopants can allow modification of the optical (e.g. refractive
index and UV photo-sensitivity) and mechanical (e.g. stress and density) properties of the
SiO; film. Particularly, the high photo-sensitivity for direct UV laser writing is advantageous
to fabricate SiO, photonic integrated waveguides for applications e.g. chip-based quantum
computing [389].

The FHD process shares the same physical and chemical principles as vapour axial deposition
which has been widely used in industrial production of optical fibers. The chemical reaction is
slightly different from the one used in the ICP-CVD shown in the previous section, as here, Hy is
also involved. Equivalently, the SiCl, precursor reacts with H,O, as SiCly + 2H, + O, — SiO» +
4HCI, at the reaction temperature of 1200°C. That is why this process gets the name “flame
hydrolysis”. The dopants of germanium, phosphorous and boron are introduced by adding
BCls / BBr3, PCl3 / POCls and GeCly. All these chloride precursors have low saturated vapour
pressure, and are liquid at room temperature (except BCls). Therefore, bubbler systems are
often used, in which flowing N, gas is used to bring precursors to the reaction chamber. Figure
22 shows the photo of ongoing SiO» FHD on a rotating plate that contains six 6-inch wafers.
The flame looks green due to the presence of boron. During FHD, SiO; soot is produced on
the wafer. To consolidate / density the SiO» soot, high temperature annealing (above 1200°C)
for hours is needed.

During the development of ICP-CVD SiCly processes, we also performed FHD SiO, deposition
as the top SiO, cladding on our Damascene wafers. This process was performed in the
University of Southampton, with the courtesy of Dr. James Gates, Dr. Matthew Posner, and
Prof. Peter Smith. After the FHD top SiO, deposition, the wafers were sent back to EPFL.
Following steps for wafer release were performed. The final chips were also measured. Figure
8.4(a) shows a representative data of the resonance linewidth (loss) characterization. The
intrinsic loss is k¢ /27 = 400 MHz, significantly larger than our normal linewidth value (below
20 MHz), meaning that this FHD process is currently not compatible with our Damascene
ultralow-loss SigN, process. To understand the reason for loss increase, a chip was cleaved
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Figure 8.4 — Characterization of Damascene process using FHD SiO, as the top cladding. (a)
Resonance linewidth (loss) characterization of the final chip. The intrinsic loss is k¢ /27 = 400
MHz. (b) SEM image of the sample cross-section showing the generated bubbles in the FHD
SiO; cladding. (c) SEM image of the sample cross-section showing the material diffusion (red)
from the Si3N4, waveguides (blue).

and the cross-section was examined. Figure 8.4(c, d) shows the sample cross-section. Bubbles
were found in the FHD SiO, cladding. Meanwhile, material diffusion (maybe nitrogen atoms)
from the Si3sN4 waveguide cores was also observed. These two issues need to be resolved
before using the FHD process for our Damascene process.

8.3 Beyond lithography limit - patterning nano structures with pho-
tolithography

Besides the waveguide loss, another type of losses which can be further reduced is the fiber-to-
chip coupling loss using inverse nanotapers. Double inverse nanotapers have already been
illustrated in Chapter 3 as well as Ref. [239]. Polarization-insensitive coupling with a coupling
loss down to 1.7 dB per facet at 1550 nm wavelength has been demonstrated. However, the
taper design and fabrication could still be improved, for lower losses or coupling at shorter
wavelengths (e.g. 1064 nm and 780 nm, for applications of e.g. optical atomic clocks).

The key factor limiting the fiber-to-chip coupling is the mode match between the fiber mode
and the taper mode. As detailed in Chapter 3, typically the fiber mode is larger than the taper
mode. Therefore, making the taper smaller increases the size of the taper mode, and improves
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! Current process

WOX preform SisN4 deposition Planarization

' New process

WOX preform SiOz2 deposition SisN4 deposition Planarization

Figure 8.5 - Comparison of the current (standard) process to fabricate the inverse nanotapers
for edge coupling with fibers, and the new process. The new process has a taper of a reduced
size, using conformal deposition of SiO, on thermal wet SiO, preform before LPCVD SigNy
deposition.

the mode match to the fiber mode. For this purpose, the key point here is to further reduce
the taper size.

A feasible solution through modified fabrication is shown in Fig. 8.5. The key idea here is to
deposit conformal SiO, before the LPCVD Si3N,4 deposition. The conformal deposition of SiO»
on the thermal wet SiO, preform narrows the etched trench and reduces its size. For example,
for a trench of width w and depth h, the SiO, deposition of thickness ¢t makes the trench of
width w -2t and depth h. The conformal SiO, deposition makes the trench narrower, and
increases the aspect ratio (depth / width). Here, the conformality of SiO» deposition is key,
thus the ideal process could be LPCVD TEOS or HTO process (see Chapter 2 on LPCVD).

The SEM image of the fabricated taper using the conformal LPCVD TEOS deposition before
the LPCVD Si3N, deposition is shown in Fig. 8.6. The top CD is 280 nm (merely resolvable
with our DUV stepper), and the bottom CD is 108 nm (unresolvable with our DUV stepper).
Yet, interestingly, the maximum measured fiber-chip-fiber coupling efficiency, at 1550 nm,
using the tapers fabricated via this process, is still below 50%, not significantly higher than
what has been achieved in Chapter 3 and Ref. [239]. Therefore, to better see the improvement
of coupling using this type of tapers, it would be ideal to experiment at 1064 nm or 780 nm,
where normal tapers will fail due to the large sizes.
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Figure 8.6 — SEM image showing the taper with a reduced size using the conformal LPCVD
TEOS deposition before the LPCVD Si3N,4 deposition. The SigNy4 taper is blue-shaded.
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