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The development of a spectroscopy device on a chip that could realize real-
time, label-free and high-throughput detection of trace molecules presents one
of the biggest challenges in sensing. This is particularly challenging in the mid-
infrared (mid-IR) domain where strong and characteristic molecular absorption
occurs but optical sources are still in full development. In the past decade, there
has been a remarkable development of a miniaturized optical frequency comb
source using parametric nonlinear interactions in microresonators. Such inte-
grated devices present as unique tools for direct generation of broadband mid-
IR light and ultrafast acquisition speed of molecular absorption information.

In this thesis, we address the microresonator technology for the generation
of a broadband modelocked frequency comb in the mid-IR. The properties of
such microcombs can be precisely controlled, tuned, and characterized. We
show that microresonator-based combs is not only an ideal testbed for studying
a variety of nonlinear dynamics but, more importantly, can be used to realize
a silicon-based platform for vibrational spectroscopy. We demonstrate two dif-
ferent types of mid-IR microcomb-based spectroscopy, dual-comb spectroscopy,
and scanning comb spectroscopy which are suitable for condensed phase study

and trace gas sensing, respectively.
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CHAPTER 1
INTRODUCTION

1.1 Nonlinear photonics

Nonlinear optics studies the phenomena where the optical properties of the ma-
terial are modified in the presence of strong light field [1]. The optical response

can be expressed by the polarization P(¢) as a function of the field strength E(7)
P(t) = & Y VE@®) + xPE (1) + xVE () + -] (1.1)

where y® and y® are known as the second order and third order nonlinear sus-
ceptibilities. While y® exists in all materials, y'* only occurs in noncentrosym-

metric media such as lithium niobate or gallium arsenide.

For decades, developing efficient nonlinear optical devices at low optical
power has been one of the ultimate goals actively pursued by researchers. Sili-
con nanophotonics has emerged as a highly promising platform for such devices
and for enabling massively parallel, monolithically integrated optoelectronic
devices on a single chip. The key features of silicon photonics for nonlinear
process are: first, there has been tremendous progress in fabricating ultra-low
loss silicon-based waveguides and high Q-factor cavities over the past decade.
Table 1.1 lists the propagation loss and Q-factor of some silicon-based plat-
forms demonstrated for chip-based nonlinear interactions. Linear loss of a SizN,
waveguide is 1 dB/m in the near-infrared (near-IR) and that of a silicon waveg-

uide is 0.2 - 1 dB/cm in the mid-infrared (mid-IR) regime. Such low loss silicon-



Table 1.1: Linear loss parameters of silicon-based platforms.

Platfrom Dimension (nm) | Linear loss Quality factor

[width X height] | (dB/cm) [cavity]
Silicon-on-insulator | 2300 x 4000* [2] | 0.2 @ 3.8 um 1x10°
(SOI) 500 x 1400 [3,4] | 0.7 @2.6 um; 1.3 @3 um | 6 x 10°; 2.5 x10°
Silicon-on-sapphire | 480 x 2400 [5] 1.0 @4 ym not applicable
(SOS, air-cald) 812 x 1500 [6] 0.7 @4.5 ym 28 x10°

730 x 2500 [7] 0.01 @1.55 um 3.7 x 10’
Silicon nitride 730 x 10000 [7] 0.006 @ 1.55 ym 6.7 x 10’
(oxide-clad) 600 x 3000 [8] 0.02@1.55 ym 1.7 x 107

950 x 2700 [9] 02@2.6um 1x10°

*air-clad

based nanowaveguides would allow for nonlinear process at sub-milliwatts op-

tical power at near-IR and at tens of milliwatts at mid-IR.

Second, the Kerr nonlinearity of silicon or silicon nitride is orders of magni-
tude larger than that of glass. A change of refractive index that is proportional
to the optical intensity is called optical Kerr effect, which can be expressed as
An = n, X I where An is the refractive index change, n, is nonlinear index and / is
optical intensity. n, is an optical constant that characterized the strength of the
optical nonlinearity. It can be expressed based on the third order nonlinear sus-
ceptibility, n, = 3y /4nleyc where ny, & and ¢ denote the linear refractive index,
the electrical permittivity and the speed of light. Table 1.2 lists the nonlinear
index n, of different materials that has been used to demonstrate the Kerr effect
in an integrated platform. Glass (silica) which is often used for the optical fiber

is listed as a comparison. As shown in Table 1.2, Si (or SizN4) has 100 times (or



Table 1.2: Material properties

Material Linear refractive | Nonlinear index | Transparency window
index [n] [1,] (m3/W) (um)
Silica 1.45 3x107% 02-4
Si 3.47 50x 107" 12-8
SizNy 2.0 25%x107" 04-46
CaF, 1.4 1.9 x 10720 0.12-10
MgF, 1.4 1.0x 107 013-7.7
AN, 212 23 %1077 0.2-13.6
Diamond | 2.38 0.8 x 107" 0.23->50
AlGaAs |33 26x107" 0.7-17
GaP 3.05 6.0 x 1078 0.54-10.5
LiNbO; | 2.21 1.8 x 107" 0.35-5.2
Ge* 4.04 44 x 107" 1.8-15
SiC 2.6 8.6 x 107" 04-56

AL3Ny, AlGaAs, GaP and LiNbO; have y® nonlinearity; Parameters for 1.5 um

except for *, * at 3 ym

10 times) larger nonlinear index than glass.

Third, tight confinement of light in the waveguide core further reduces the
threshold power and enables tuning of the dispersion. Group-velocity disper-
sion (GVD) is an important parameter for achieving the phase-matching con-

ditions for parametric nonlinear optical processes such as four wave mixing

(FWM).
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Figure 1.1: The scheme of degenerate four wave mixing process

1.1.1 Four wave mixing

FWM is one example of a y'* process. Figure 1.1 shows the scheme for degener-
ate FWM where two degenerate pump photons (w,) are annihilated to generate
one signal photon (w;) and one idler photon (w;) . The amplification of the light
at signal/idler frequencies is called parametric gain which can be achieved if
both energy conservation and momentum conservation are satisfied. The en-
ergy conservation is 2w, = w, + w;, and momentum conservation requires wave

vector matching (phase matching): 2k, = k + k;.

Ak = 2k, — ky — k; (1.2)
— ﬁ" n
=2 _ZZ; Q' = 2yP

where v is the nonlinear parameter, Q is the sideband detuning (jw, — w;|), P is

the pump power and g3, corresponds to the n''-order dispersion coefficients of



the Taylor expansion of the propagation constant.

Typically Q is small, so all the higher order dispersion terms },,_4.. %Q” is
negligible compared to 2Q. In order to achieve the phase-matching condition

(Ak = 0), anomalous GVD (8, < 0) is required for the degenerate FWM process.

1.1.2 Dispersion engineering

Dispersion engineering is a powerful technique in silicon photonics. The effec-
tive refractive index is very sensitive to small changes in the waveguide dimen-
sions due to the tight confinement of light. Therefore, it is possible to engineer
the waveguide dispersion to compensate/modify the intrinsic material disper-
sion by simply changing the cross-section of the waveguide. Figure 1.2 plots the
GVD of oxide-cladded Si and SisN4 waveguide with 3 different cross-sections.
Dispersion engineering allows for achieving anomalous GVD at a wide range of
operating wavelength from the visible to mid-IR regime even when the GVD of
bulk material is strongly normal. It offers great flexibility of pump wavelengths

for which parametric oscillations could happen.

1.1.3 Microresonator-based frequency comb

An optical frequency comb (OFC) [10,11] is a broad optical spectrum consist-
ing of evenly spaced, spectrally narrow lines. The frequency of each comb line
can be written as f,, = f., + mAf, where f,,, is the carrier-envelope offset fre-
quency and Af is the comb line spacing (Fig. 1.3). It provides a coherent link

between the radio-frequency and optical domains and offers a precise and ac-
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Figure 1.2: (a) Oxide-cladded Si/Si3Ns waveguide. The high index con-
trast between the core (3.5/2) and the cladding (1.5) results in
the tight confinement of light in the waveguide. The waveg-
uide dimension is height x width. (b) Dispersion engineering
via changing the waveguide dimension.

curate means of counting the optical cycle (10~%s) used as optical clocks. With

its broadband spectrum which consists of a large number of precise and con-

trollable frequency components, OFC has enabled a wide range of applications

including optical communication, precision metrology, LIDAR, astronomical

spectrograph calibration, remote sensing, and low-noise microwave generation.

OFC technology has become mature and even commercialized since its discov-
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Figure 1.3: Optical frequency comb. The comb-line frequencies can be ex-
pressed using f,, = f..o + mAf, where f,,, is the carrier-envelope
offset frequency and Af is the comb line spacing.

ery two decades ago based on modelocked femtosecond lasers (e.g. Ti sapphire
laser, Er-doped and Yb-doped fiber laser). Such OFC usually has relatively low
line spacing (~ MHz range), limited operating wavelength and bandwidth de-

termined by the gain medium, and large footprints.

The past decade has witnessed the emergence of chip-scale OFC sources
based on a high-Q microresonator pumped with a continuous-wave (CW) laser
(Fig. 1.4). Compared to the conventional OFC technology, microresonators of-
ter full wafer-scale integration and enable octave-spanning OFC’s at low optical
power level through parametric frequency conversion [12,13] and dispersion
engineering that enables operation over different spectral windows [14]. Such
miniature OFC’s have been demonstrated in a wide range of microresonator
platforms from the visible [15], near-IR [12-14, 16-30], and mid-IR [3,9, 31, 32].
Recently, applications based on microresonators have been unlocked beyond
fundamental laboratory studies, including microwave generation [33], dual-

comb spectroscopy [34-37], light detection and ranging [38, 39], optical fre-



Microresonator

Figure 1.4: Microresonator-based frequency comb is generated through
parametric oscillations by detuning a single-frequency pump
laser into a cavity resonance.

quency synthesizer [40], terabit coherent communications [41], and astrocomb

for exo-planet searches [42,43].

1.1.4 Modelling: Lugiato-Levefer equation

The dynamics of microresonator-based OFC generation can be modeled with
the modified Lugiato-Levefer equation (LLE) [44—49] shown in eq. 1.3. Besides
the term of linear round-trip loss a, pump-cavity detuning é,, and dispersion 3,
the generation process goes through nontrivial nonlinear interactions, includ-
ing the effect of free-carrier dispersion (FCD) and absorption (FCA), FWM, self-
phase modulation, cross-phase modulation, self-steeping, Raman, and multi-

photon absorption.
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where Ty is the round-trip time; E(z,7) is the field in the microresonator; t, 7
correspond to the slow and fast time variables; L is the cavity length; u and
o are the FCD parameter and FCA cross section; N, is the FC density; v is the
nonlinear parameter; R(¢) is the Raman response; f3,p4 is the n-photon absorption
coefficients; A, is the effective area of the waveguide mode; « is the power
transmission coefficient of the bus-waveguide-microresonator coupling region;

E,, is the input field.

The most well-known solution of Eq. 1.3 is called temporal cavity soli-
ton (CS’s), which is self-localized pulses of light that can be excited in non-
linear optical resonators. Temporal CS’s were first studied experimentally
in fibre cavities [50-53] and subsequently reported in optical microresonators
[12,16,20-22,32]. Mathematically, temporal CS’s are a steady-state localized
solution of the LLE [44] which has been extensively used to model driven non-
linear optical resonators [47,49-51, 54-60]. Figure 1.5 shows a single-soliton
modelocking state which corresponds to a single pulse circulating per roundtrip
with a sech? spectral profile. This state is a coherent, low-noise state where fea-
tures narrow comb linewidth and phase-locked comb lines and is crucial for
comb applications which require high frequency precision, accuracy, and stabil-

ity. Over the past few years, soliton-modelocking has been achieved in various
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Figure 1.5: The frequency and temporal domain of temporal cavity soliton
in a continuous-wave laser-driven nonlinear cavity.

platforms including fluoride, silica, SisNy4, and silicon. Achieving the single-
soliton state is often challenging and not straight forward. Since the pump is
effectively red detuned and the soliton is effectively blue detuned from the res-
onance, large thermal shift of the cavity resonance has to be overcome to reach
the soliton state via pump-power modulation [22] or thermal kick [21]. Sev-
eral other deterministic way to single-soliton state have recently demonstrated
by using phase modulation [61], pulse pump laser [62], and mode-crossing ef-
fects [63]. In addition, several interesting platforms which has a y'* nonlinearity,
such as LiNdOs;, Al3Ny4, and GaP, have shown parametric oscillations [18,28,64],
which can combine electrical tuning and switching with OFC source and enable
second-harmonic generation and electric-optic comb generation [64]. There has
been also a very recent breakthrough in integrating the entire comb source on
chip using a semiconductor optical amplifier chip coupled into an 8M Q-factor
Si3N4 microresonator, which has enabled a battery-powered miniaturized comb

source [65].
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1.2 Mid-infrared frequency comb

Mid-IR spectral regime is a gold mine for vibrational spectroscopy where molec-
ular absorption is typically 10 to 1,000 times greater than those in the visible or
near-IR offering the potential to identify the presence of substances with high
sensitivity and selectivity. Development of mid-IR optical sources is primar-
ily motivated by spectroscopic applications. This is a vivid and dynamic field
which also includes combination with instrumental techniques such as attenu-
ated total reflectance, microfluidic devices, microscopy, etc., and it addresses a
wide range of applications in chemistry, bio-medicine, material science, envi-

ronmental monitoring, industrial process control, etc..

However, optical sources in the mid-IR are still in full development, along
with high-speed photodetector, low-cost detector arrays and other optical com-
ponents. Compared to tunable lasers, OFC’s that spans over a broad spectrum
can enable massive and parallel detection of multiple molecular species. How-
ever, extension of OFC’s into the mid-IR has proven to be challenging. Nonlin-
ear optical processes, such as difference frequency generation [66—69] and op-
tical parametric oscillation [70-73], are often used to convert an OFC from the
near-IR to the mid-IR with additional system complexities. Recently, there has
been significant progress and development of modelocked lasers in the mid-
IR [74,75]. The techniques above often suffer from limited conversion efficiency
and bandwidth, complex and large footprints, or the limited operating wave-

length determined by the available gain medium.

Microresonator-based OFC has emerged as a promising platform for direct

generation of broadband mid-IR light in a much more compact device. Mid-
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IR silicon photonics can potentially enable on-chip spectroscopy and sensing
with broad bandwidth, low power consumption, massive scalability, and mono-
lithical integration with CMOS electronics. Moreover, it holds great potential,
through combining with a quantum cascade laser, to realize a spectroscopy de-
vice on a chip that could realize real-time fingerprinting with label-free and
high-throughput detection of trace molecules. As such, microresonator-based
OFC’s represents a novel direction for vibrational spectroscopy, in applications

where traditional combs based on e.g. mode-locked laser systems are not suited.

1.2.1 Material property and loss mechanism

The first rule of material selection is the material transparency window. Most
of the material listed in table 1.2 can transmit light into the mid-IR besides glass
(5i0,). SiO; is often used as the standard cladding material for SOI or SizNy4
waveguides. Pumping beyond 3 ym in such waveguides suffers significant lin-
ear losses due to the optical mode overlapping with the cladding, thus increas-
ing the threshold power. It also limits the overall bandwidth of OFC’s beyond
4 ym. An alternative solution to extend the bandwidth beyond 4 ym will be
to use different cladding materials, suspended structures, or large cross-section
SOI (air-clad on top) to minimize the overlap with the substrate. In addition,
the presence of water (or O-H band) during the fabrication process results in
additional linear losses that correspond to the water absorption features, such
as 1.9 um and 2.7 yum. High temperature annealing may be needed if pumping
nearby. Secondly, the nonlinear loss, such as multi-photon absorption (MPA)
and FCA, needs to be taken into account. Si3N, has a bandgap of 5 eV (250 nm),

thus MPA is negligible when pumping in the mid-IR (> 2.5 ym). Silicon has
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Figure 1.6: Molecule fingerprinting. The comb spectrum is sent through
sample molecules. The unique absorption features will be im-
printed on the transmission comb spectrum. A large spec-
tral bandwidth will enable identification of multiple molecular
species.

a bandgap of 1.1 eV (1.1 um), suffering from two-photon absorption between
1.1 and 2.2 um, and three-photon absorption between 2.2 and 3.3 um [76]. At
the same time, free carriers generated by the absorbed photons result in higher
losses at longer wavelengths due to intra-band absorption. Thirdly, higher in-
dex contrast between the core and the cladding offers more flexibility to engi-
neer the waveguide dispersion. Also, the higher the refractive index, the higher
the nonlinearity, and the lower the threshold power. At last, factors e.g. fabrica-
tion process/quality, the damage threshold, thermal conductivity, and material
structure (crystalline or amorphous) should be considered in terms of power

budget, operating procedures, and device design.

1.3 Comb spectroscopy

A broadband comb spectroscopy system allows for accurate detection of
molecule species in a complex environment [77]. As shown in fig. 1.6, the

transmission of the comb spectrum is measured to obtain the molecular absorp-
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tion information. A complete system involves an OFC source, the absorption
cell, and detection techniques. The basic performance metrics will be operating
wavelength regime, spectral bandwidth, frequency resolution, accuracy, acqui-
sition rate, signal-to-nose ratio, and the compactness of the system. One of the
challenges of comb spectroscopy is to find an ideal combination of the comb
source and the detection technique so that the frequency accuracy and resolu-
tion provided by either the OFC or the detection instruments will not be wasted.
Developing a spectroscopy technique suitable for the target application requires
trade-off among performance metrics. In terms of comb source, important pa-
rameters are the comb linewidth, the bandwidth, the line spacing, and the comb
line power. Detection techniques include grating-based spectrometer, virtually
imaged phase arrays (VIPA), Michelson-based Fourier transform spectrometer
(FTIR), and dual-comb spectrometer. A grating-based spectrometer is equipped
with a mechanically scanning grating with a photodetector which typically has
0.01 - 5 nm spectral resolution in the near-IR. VIPA spectroscopy has demon-
strated a spectral resolution as low as 1 GHz in the visible range but requires
a focal plane array of detectors for acquisition. An FTIR measures the Fourier
transform of the interferogram by varying the optical delay and uses a single
detector and is versatile in spectral coverage. The typical resolution range of
an FTIR is 0.1 - 30 GHz where a higher resolution requires a longer mechanical
delay arm and thus a larger footprint. A dual-comb spectrometer takes advan-
tages of heterodyning two slightly different OFC’s to achieve rapid acquisition
rates, overcoming the limitation of a long optical path in an FTIR [78]. Also,
absorption material could be in gas, liquid, or solid state phase. Typically the
absorption of the liquid/condensed-phase has much broader linewidth (~100

GHz range) than it of the gas-phase (~100 MHz range). For direct comb spec-
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troscopy in general, it is advantageous that the comb line spacing is of the same

order of magnitude (or slightly smaller) as the desired spectral resolution.

1.4 Organization

This dissertation focuses on the development and applications of microresonator-
based frequency combs in the mid-IR regime. Chapter 2 presents the generation
of a mid-IR modelocked optical frequency comb in a silicon microresonator.
We explore two ways towards soliton modelocking via pump-laser tuning and
free-carrier dispersion. Chapter 3 presents part of the rich nonlinear dynamics
in soliton microcombs, breather solitons, which exhibits temporally oscillatory
behavior. Chapter 4 and 5 introduces two ways of microcomb spectroscopy:
dual-comb spectroscopy which enable rapid acquisition of molecule absorption
spectrum in the liquid/condensed phase, and tunable modelocked microcomb
spectroscopy which boosts the spectral resolution to the comb linewidth suit-
able for trace gas sensing. Chapter 6 proposes a novel and robust approach for
microcomb gas-phase spectroscopy without using an external pump laser. We
conclude with a summary in Chapter 7 and point out some exciting future di-
rections based on the mid-IR microresonator-based comb. Appendix explores
the influence of Raman scattering on comb generation in crystalline microres-

onators.
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CHAPTER 2
SOLITON MODELOCKED MID-INFRARED FREQUENCY COMBS

2.1 Introduction

Optical frequency comb generation using four-wave mixing (FWM) parametric
oscillation in microresonators has attracted significant interest [12,13, 16,19, 23,
24,79-84]. Progress in fabrication techniques for low-loss nonlinear devices has
lead to significant development of comb generation in the mid-infrared (mid-
IR) regime [3,4, 6,9, 31, 85], which is a highly attractive spectral region for ap-
plications in molecular spectroscopy and chemical and biological sensing [86].
For example, broadband mid-IR sources, especially from 3 to 4 um, are useful
for breath analysis, since many different species are exhaled, such as carbonyl
sulfide, ethane, ethylene and formaldehyde, which are important biomarkers
for various diseases. Mid-IR parametric oscillation and frequency comb gen-
eration have been demonstrated in silicon nitride (Si;Ny) [9], silicon [3, 4] mi-
croresonators, and crystalline calcium fluoride and magnesium fluoride res-
onators [31,85]. Various spectroscopic techniques could be enabled by broad-
band coherent comb sources, including multi-heterodyne and dual-comb spec-

troscopy that yield high sensitivity and fast acquisition speeds [87-89].

A critical feature of microresonator-based combs is that they can be mode-
locked, which results in the comb spacing to be highly uniform across the en-
tire comb. Recently, there have been several demonstrations of such modelock-
ing in the near-infrared regime [12,16,20,22,90-92]. To achieve modelocking,
the microresonators are pumped in the anomalous group-velocity dispersion

(GVD) regime, and soliton formation is controlled via pump frequency detun-
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ing with respect to the cavity resonance. Several additional tuning methods
have been demonstrated, including pump power modulation [12], electro-optic
tuning based on the Pockels effect [18], and thermal tuning of the cavity reso-
nance [21], which allow for stable, systematic generation of single-soliton states.
Soliton formation techniques not involving pump frequency tuning are par-
ticularly attractive, since it would allow for the use of ultra-narrow linewidth
frequency-stabilized single-frequency pump sources for comb generation and
enable simultaneous generation of frequency combs in multiple rings using a
single pump source, which would facilitate applications such as chip-scale dual-

comb spectroscopy [93].

In this paper, we present the first demonstration of coherent mid-IR fre-
quency comb generation via soliton modelocking in silicon microresonators.
The evolution towards temporal cavity soliton formation and modelocking is
numerically simulated including effects of multiphoton absorption (MPA), free-
carrier dispersion (FCD), and free-carrier absorption (FCA). Experimentally, the
dynamics are carefully characterized by comb transmission and three-photon
absorption (3PA)-induced photocurrent measurements. Modelocking is found
to be reproducible at different pump wavelengths and in multiple silicon de-
vices and is repeatedly achievable by appropriate tuning of the pump laser fre-
quency. A 40 % power conversion from the pump to the modelocked comb
is achieved. Furthermore, we demonstrate full control of the modelocking dy-
namics through electrical tuning of the free-carrier (FC) lifetime, allowing for
tixed-pump-frequency operation. Our results show that the distinct features of
silicon, which are high nonlinearity, high thermal conductivity, MPA and the
FC-induced effect, can be suitably exploited for modelocked broadband mid-IR

frequency comb generation.
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2.2 Device design

For comb generation in the mid-IR, we use a silicon microresonator with an
integrated PIN diode. We fabricate our devices using an etchless process that
uses thermal oxidation instead of reactive-ion etching to form the waveguide
core [3,94]. The microresonator has a free spectral range (FSR) of 127 GHz and
is dispersion engineered to have anomalous GVD beyond 3 pum for the funda-
mental TE mode, which enables comb generation [Fig. 2.1(c)]. We characterize
an overcoupled resonance of a silicon microresonator at 3.1 pm wavelength and
measure a loaded quality factor of 60,000, corresponding to an intrinsic qual-
ity factor of 250,000 [Fig. 2.1(d)]. Silicon suffers from 3PA in the 2.2 to 3.3 um
wavelength regime, and the generated photocarriers can cause significant FCA
for long carrier lifetimes. To mitigate this, the silicon microresonators are em-
bedded in an integrated PIN diode to enable extraction of the generated free
carriers [95,96], which is critical for mid-IR frequency comb generation in sili-
con [3,97] . When a reverse-bias voltage is applied to the PIN junction, carriers
are swept out of the diode depletion region. The electrical contacts for the PIN

diode are spaced 4.4 pm apart, with the etchless waveguide in the center.

2.3 Modelocking via Pump Detuning

2.3.1 Numerical Simulations

We carry out numerical simulations on the nonlinear dynamics of comb gen-

eration in silicon microresonators using a modified Lugiato-Lefever model
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Figure 2.1: (a) Optical microscope image of a ring resonator and metal
contacts fabricated using the etchless process (top). False
coloured cross-sectional SEM image (bottom) of silicon waveg-
uide, doped regions and metal contacts. (b) The image of the
silicon chip (with a carbon-fiber-tip tweezer) which consists of
20 silicon microresonator devices. (c) The simulated dispersion
parameter of the etchless waveguide. The zero group-velocity
dispersion wavelength is depicted with a dashed red line. (d)
We characterize an overcoupled microresonator at 3.1 um with
a loaded quality factor of 60,000. The resonance is confirmed
to be overcoupled by using the PIN diode to inject carriers into
the resonance, and observing an increase in the resonance ex-
tinction. This equates to an intrinsic Q factor of 250,000.
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Figure 2.2: Numerical simulation of soliton formation via pump laser de-
tuning in a silicon microresonator. a) Transmission and effec-
tive pump-cavity detuning when scanning a pump laser over
a cavity resonance. Effective pump-cavity detuning subtracts
the resonance shift due to the Kerr effect and free-carrier dis-
persion from pump detuning. A series of abrupt transmis-
sion steps occur in the effective red-detuning regime. b) Op-
tical spectra and intracavity temporal behavior at different po-
sitions (i-vi) in the scan. The plots associated with (i-iii) are
in the effective blue-detuning regime while plots (iv-vi) are in
the effective red-detuning regime. The transition to modelock-
ing and soliton formation occurs between (iii) and (iv), as the
pump frequency is tuned across the zero effective pump de-
tuning point. As the laser is tuned, (i) primary sidebands are
generated through modulation instability and cascaded FWM,
(ii) mini-combs are generated around each primary sideband,
(iii) with further intracavity power building up, different sets
of mini-combs overlap producing high-noise temporal behav-
ior, (iv) a multiple (6) soliton state occurs with a complex, struc-
tured optical spectrum, (v) a 2-soliton state is produced, and
(vi) the single soliton state with a smooth optical spectrum is
reached. States with a different number of solitons correspond
to the transmission steps shown in (a).

[44-49,97,98]. Based on the device structure of the silicon microresonator de-
scribed in [3], the simulated GVD is anomalous (-102 ps®*/km) for a funda-

mental TE mode at a pump wavelength of 3.1 pm. Higher-order dispersion,
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self-steepening, 3PA, and the FC effect (FC lifetime 7,=100-ps) are included
in the model. Figure 2.2(a) shows the optical transmission and the effective
pump-cavity detuning as functions of pump detuning from the cold cavity
resonance. The effective pump-cavity detuning is calculated by subtracting
self-phase modulation, cross-phase modulation and the FC-induced phase shift
from the pump detuning from a cold-cavity resonance. For our simulations,
we operate in the undercoupled regime. The evolution of the optical spectra
and temporal behavior [Fig. 2.2(b)] indicates that the soliton state occurs after a
transition from a high-noise state and results in high peak power pulses at red
effective pump detunings, which coincides with the transmission steps and is

consistent with previous observations in other platforms [16,21,22].

Our simulations indicate that the soliton states are achieved at high optical
transmission, corresponding to values close to the off-resonance transmission.
This condition is attributed to high pump power and low pump-to-comb con-
version efficiency, which is defined as the soliton power divided by the mini-
mum pump power for soliton formation. In practice, this results in a significant
change in the intracavity power when the comb undergoes a transition to the
soliton state, resulting in a sudden resonance shift due to thermal effects which
is not included in this model. This thermal shift can affect the allowable range of
pump detunings for stable soliton operation, especially in silicon due to its high
thermal conductivity and short heat dissipation time. This issue can be over-
come, for a given Q factor and FSR by operating in the over-coupled regime
of the resonator with low pump power, which allows for high pump efficiency
and minimal change in the intracavity power when transitioning to the soli-
ton state [22]. In addition, operation in the over-coupled regime alleviates the

requirements of some complex techniques used in Si3N4, MgF,, and silica mi-
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Figure 2.3: Experimental setup for generation and characterization of mid-
IR frequency comb in silicon microresonators. We pump a sil-
icon microresonator using a cw optical parametric oscillator
(OPO). The output is collected using an FTIR. We monitor the
RF noise using a conventional photodiode and a PIN diode.

croresonators to overcome the transient instability of the states, such as two-step

protocol [12] or searching for an ideal tuning speed of the pump laser [16].

2.3.2 Experimental Demonstration

The experimental setup is shown in Fig. 2.3, similar to [4], in which we pump
the silicon microresonator with a continuous wave (cw) optical parametric oscil-
lator (Argos Model 2400). The optical spectrum and both the DC and RF compo-
nents of the extracted 3PA-induced current are monitored simultaneously using
an FTIR, a Keithley Sourcemeter, and an RF spectrum analyzer, respectively.
A unique property of silicon microresonator frequency combs is that the intra-
cavity dynamics can be characterized by the RF modulation in the PIN junc-
tion arising directly from 3PA-induced photocurrent [4]. Any RF modulation of

the optical field is imprinted on the FC density and thus on the photocurrent.
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Figure 2.4: The evolution towards modelocking via pump frequency de-
tuning from the cavity resonance. (a) Left: Optical spectrum.
Right: RF spectrum of the 3PA-induced current. (b) Transmis-
sion (blue solid curve) and 3PA-induced current (red dashed
curve) as the pump frequency is scanned. Arrows correspond
to four states (i-iv) in (a). (c) Optical spectrum of soliton mid-IR
frequency comb pumped at 3.07 pm.

Therefore, we are able to examine the comb dynamics using the PIN diode, sim-
ilar to using a conventional photodiode. The design of this PIN-based detector
achieves a high bandwidth as compared with conventional photodiodes due to
the short FC lifetime. For example, 7,=12 ps is achievable when at a reverse-
bias voltage of -15 V, which yields a bandwidth of 13 GHz for this PIN-based

detector.

The measured loaded Q factor of the silicon microresonator is 245,000 at 2.8
um. The device is overcoupled at 2.8 um, which we verify by measuring a re-
duced extinction factor when a reverse-bias voltage is applied on the PIN junc-
tion and observing a decreased nonlinear loss due to FCA inside the cavity. We

generate frequency combs by tuning the cw pump laser at 2.8 um into resonance
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at a reverse-bias voltage of -20 V. The measured threshold power for parametric
oscillation is 8 mW, which is consistent with the predicted value based on the Q
factor [99], and the off-resonance pump power in the bus waveguide for soliton
modelocking is 35 mW. The comb generation dynamics as the pump power is
increased are shown in Fig. 2.4(a). In Fig. 2.4(a)(i)-(iii), the pump power builds
up inside the microresonator, resulting in an increase in DC current. During
this process, primary sidebands are formed through modulation instability and
cascaded FWM. With further power buildup, mini-comb formation occurs near
each of the primary sidebands and results in a loss of spectral coherence creat-
ing multiple broad RF beat notes and high RF amplitude noise [Fig. 2.4(a)(i-iii)].
Finally, the frequency comb state abruptly transitions to a low-noise state with a
more structured optical spectrum [Fig. 2.4(a)(iv)]. More importantly, the transi-
tion coincides with an abrupt increase in the DC current from 0.676 mA to 0.939
mA, which is a strong indication of pulse formation inside the cavity, since the
3PA-induced current is proportional to the cube of temporal peak power. In
addition, we slowly scan the pump frequency at a 0.1 Hz rate across the reso-
nance while monitoring the transmission using an amplified PbSe detector, as
shown in Fig. 2.4(b). The transmission shows a clear step, which deviates from
the expected triangular resonance shape, due to the large Kerr shift induced by
intracavity soliton formation [16] and is well predicted by our simulations (Fig.
2.2). Moreover, the position of the transmission step corresponds to the abrupt
change in current. The fact that the current increases despite the decrease in

intracavity average power, is another strong indication of soliton formation.

As discussed previously for other platforms [12,16], the excitation of stable
soliton states is often complicated by the thermal nonlinearity of the resonator.

Silicon has a large thermal-optic effect in the mid-IR and a large thermal diffu-
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sivity (10 times larger than Si;N,), which makes the thermal instability in the
microresonator more detrimental than in other platforms. Despite the thermal
effect, the final multi-soliton state can be reached with a slow scanning speed
and can be repeatedly achieved by manually tuning the pump laser. This is
attributed to operating in the overcoupled regime with a relatively low pump
power, where soliton formation can still be achieved due to the large nonlin-
earity of silicon. Further optimization of the parameters to reduce the transient
thermal instability may allow for the observation of multiple soliton steps. In
our case, the number of observable steps is limited by the response of the lock-in

detection and the scanning speed of the pump laser.

Next, we obtain a modelocked mid-IR frequency comb with near-octave
spanning spectrum spanning 2.4 - 4.3 um by pumping at 3.07 pm with 80 mW
in the bus waveguide [Fig. 2.4(c)]. In the frequency domain, the comb spans
from 70 THz to 121 THz, which corresponds to more than 400 modes evenly
spaced by 127 GHz. The high wavelength side of the frequency comb is capped
at 4.3 um, which is due to the intrinsic loss in the silica cladding and air ab-
sorption (primarily due to CO,). A higher pump power to achieve soliton for-
mation is required, largely due to the slightly lower Q factor at 3.07 pm. Un-
like previously measured soliton spectra, we observe a significantly depleted
pump mode, which we attribute to operating in the highly overcoupled mi-
croresonator. The output comb power excluding the pump mode is 32 mW
and comprises 80% of the total output power of 40 mW, which indicates a 40%
pump-to-comb efficiency. To our knowledge, it represents the broadest mode-

locked frequency comb demonstrated in microresonators.
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2.4 Modelocking via Electrical Tuning

Using pump laser detuning to achieve, control, and stabilize solitons is limiting
since tunable lasers typically suffer from frequency jitter, mode hopping, and
limited tuning speed. Therefore, in order to enable an ultralow noise frequency
comb with long-term stability, an alternative tuning method combined with a
fixed frequency pump laser is beneficial. For example, it will allow for inter-
facing with quantum cascaded lasers (QCL), which would be a significant step
towards fully integrated operation and for achieving comb generation in multi-
ple microresonators with a single pump. Thermal tuning of a cavity resonance
with an integrated heater has recently been achieved [100], and Joshi, et al. [21]
have demonstrated modelocking with this technique. Our approach here is to
achieve a modelocked mid-IR frequency comb in silicon by controlling the FC
lifetime. This novel approach takes advantage of the negative FCD coefficient
and introduces a blue-shifted cavity resonance during comb generation. In our
devices, the FC lifetime can be controlled by changing the applied reverse-bias
voltage on the PIN junction, which has been previously reported in [96] show-
ing a tuning capability from 3 ns to 12.2 ps for reverse-bias values ranging from
0 to -15 V in a similar PIN junction structure. In addition, since the FC lifetime
determines the bandwidth of this tuning method, the tuning speed can be much

faster than with thermal tuning.

2.4.1 Numerical Simulation

We use the modified Lugiato-Lefever model using our silicon device parameters

to numerically simulate FC lifetime tuning for modelocking. The 3PA coefficient
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is 2x107%" m?/W?, and FCA cross section and FCD parameter are 5.88x1072' m?
and 3.75, respectively, as defined in [97]. The range of FC lifetimes used in
our model is within the experimental capability based on the range of appli-
cable reverse-bias voltages. In our simulations, since FC’s due to 3PA plays a
role above a certain intracavity pump power, the frequency combs are first gen-
erated via regular linear pump frequency detuning at 7,=100 ps [Fig. 2.5(i)],
which is followed by an increase in FC lifetime to 300 ps while pump detun-
ing is kept fixed [Fig. 2.5(ii)]. This results in a change in pump detuning from
effective blue-detuned to red-detuned, along with the evidence of multiple soli-
ton formation. Further increases in FC lifetime from 300 ps to 500 ps, 1 ns and
eventually 2 ns reduces the number of solitons in the cavity [Fig. 2.5(iii-v)], and
the single soliton state with a smooth optical spectrum is achieved at 74.=2.5 ns
[Fig. 2.5(vi)]. In addition, our simulations indicate that soliton formation can
be achieved at larger pump detuning values for 7,=100 ps, which is equivalent
to the conventional method of pump laser detuning and is due to the fact that
such electrical tuning introduces an additional nonlinear cavity detuning via
FCD. Also, since FCD relies on the 3PA process, it depends on the dynamical
behavior of intracavity power and changes the FCA-induced nonlinear cavity

loss at the same time.

2.4.2 Experimental Demonstration

We first investigate the transmission across a cavity resonance by scanning the
pump laser frequency for different reverse-bias voltages of -35 V, -20 V, -14 V,
and -7 V, as shown in Fig. 2.6(a). We see the cavity resonance blue-shifts with

decreasing voltage, indicating that we are in the regime where FCD dominates
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Figure 2.5: Numerical simulations of soliton formation via free-carrier
(FC) lifetime tuning in a silicon microresonator. Starting with
a high-noise state frequency comb, the evolution of the opti-
cal spectra (left) and temporal behavior (right) is shown by in-
creasing the FC lifetime from 100 ps to 2.5 ns. The full time axis
represents one round trip of the microresonator.

and that, more importantly, tuning the reverse-bias voltage changes the pump
detuning from the cavity resonance. Characteristic soliton steps are observed
within this voltage range, but not below -6 V due to increased FCA. To achieve
modelocking, we follow the tuning direction, as shown in Fig. 2.6(a), from -20
V to -7 V which corresponds to increasing the FC lifetime. Starting from a high-

noise state at -20 V, the frequency comb is modelocked at -7 V, corresponding to
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Figure 2.6: Electrical tuning of FC lifetime towards modelocking. (a) Opti-
cal transmission while scanning the pump frequency over one
cavity resonance at different reverse-bias voltages. Orange ar-
row indicates the voltage tuning path to achieve soliton mod-
elocking, corresponding to the generation dynamics in (c). (b)
3PA-induced current following the tuning path in (a). (c¢) Comb
generation dynamics via electrical tuning. Right: optical spec-
trum; left: RF spectrum. (i-iv) correspond to various reverse-
bias values indicated in (b).

the position of the soliton step in the transmission. This transition also coincides
with an abrupt increase of the 3PA-induced current even at a decreased reverse-
bias voltage, which is indicative of intracavity pulse formation [Fig. 2.6(b)].
The corresponding evolution with both optical and RF spectra are recorded in
Fig. 2.6(c). The final multi-soliton state occurs with a modulated optical spec-
trum and low RF amplitude noise. There exists multiple voltage tuning paths to
achieve modelocking. For example, seen from Fig. 2.6(a), if the initial reverse-
bias voltage is -35 V, the final reverse-bias voltage for modelocking can range
from -6 V (the minimum reverse-bias voltage at which modelocking still exists)

up to -35 V, depending on the initial pump detuning.
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Figure 2.7: Electrical measurement and control of the soliton state. (a) DC
component of 3PA-induced current measured with a specific
reverse-bias voltage tuning path. (b) Optical spectra and RF
noise spectra of the soliton state at three reverse-bias voltages
corresponding to the blue arrow in (a).

2.4.3 Stability of Soliton States

Once soliton formation is achieved, we explore the robustness of the soliton
state by varying the reverse-bias voltage. Once a particular soliton state is
reached, the range over which the reverse-bias voltage can be decreased cor-
responds to the detuning range of the given soliton step, which, in our case, is
from -7 V to -6 V. However, soliton states can be quite robust to increases in the
reverse-bias voltage. In our experiment, we abruptly increase the reverse-bias
voltage from -6 V to -20 V, and observe that the structured optical spectra, the
low noise RF signal, and high DC current are all maintained (Fig. 2.7), indicating
that the soliton state is preserved. Increasing the reverse-bias voltage is equiv-
alent to reducing the effective red-detuning of the pump, which corresponds
to lower soliton peak powers [16] and causes the 3PA-induced DC current to
decrease from 0.74 mA to 0.627 mA. As the reverse-bias voltage is gradually de-
creased from -20 V to -10 V, we observe an increase in current due to the same

reasoning [Fig. 2.7(b)]. More interestingly, we observe a hysteresis effect in the
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measured current, indicating that different cavity detunings are possible even
for the same reverse-bias voltage. This is due to the strong dependence of FC
density on dynamical intracavity power, which also makes it distinct from the

thermal tuning technique.

Another feature of electrical tuning is that the DC current is directly linked to
the soliton peak power. Since the soliton peak power is determined by the pump
cavity detuning and the resonator properties, we can potentially frequency sta-
bilize the pump cavity detuning by stabilizing the DC current to a fixed value
using the reverse-bias voltage. The response time of electrical tuning can be
very fast due to the short FC lifetime and could be four orders of magnitude

smaller than thermal tuning response time in SizNy4 [101].

2.5 Summary

In summary, we demonstrate a modelocked silicon microresonator-based fre-
quency comb with near-octave spanning bandwidth and low pump power re-
quirement. We achieve a high pump-to-comb conversion efficiency where the
output comb power excluding the pump mode is 40% of the total input pump
power in the bus waveguide. Modelocking can be achieved without complex
laser tuning techniques to overcome transient thermal instability. The electrical
measurement and control of FC’s in a silicon chip significantly simplifies the
system design for the generation of a highly coherent and stable mid-IR fre-
quency comb. The PIN structure enables monitoring the intracavity dynamics
and tuning of the FC lifetime to produce soliton modelocking and to control

and stabilize the soliton state with high bandwidth. Our approach removes the
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constraints of pump frequency tuning and provides a path towards a fully inte-
grated mid-IR comb source via combining silicon microresonators with mid-IR

QCL’s and chip scale dual-comb spectroscopy.
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CHAPTER 3
BREATHER SOLITON DYNAMICS IN MICRORESONATORS

3.1 Introduction

The generation of temporal cavity solitons in microresonators results in coher-
ent low-noise optical frequency combs which are critical for applications in
spectroscopy, astronomy, navigation or telecommunications. Breather solitons
also form an important part of many different classes of nonlinear wave sys-
tems, manifesting themselves as a localized temporal structure that exhibits os-
cillatory behavior. To date, the dynamics of breather solitons in microresonators
remains largely unexplored, and its experimental characterization is challeng-
ing. Here, we demonstrate the excitation of breather solitons in two different
microresonator platforms based on silicon nitride and on silicon. We investi-
gate the dependence of the breathing frequency on pump detuning and observe
the transition from period-1 to period-2 oscillation. Our study constitutes a sig-
nificant contribution to understanding the soliton dynamics within the larger

context of nonlinear science.

Temporal cavity solitons (CS’s) are self-localized pulses of light that can be
excited in nonlinear optical resonators [12, 16, 22, 46, 50, 54, 102, 103] and have
recently attracted significant research interest in the context of microresonator-
based frequency comb generation [3,4,12,13,16,19,20,22,23,46,81,103-106]. In
contrast, a breather soliton is a nonlinear wave in which energy is localized in
space but oscillates in time, or vice versa [51,55-59,106], and is found in various
subfields of natural science, such as solid-state physics, fluid dynamics, plasma

physics, chemistry, molecular biology, and nonlinear optics [107]. Breather soli-
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tons have been recently reported in an optical fibre cavity [51].

Here, we present a theoretical and experimental study of breather CS’s
[51, 55-57] excited in microresonators. This work provides experimental ob-
servation and characterization of such dynamic instabilities in optical microres-
onators [51,56-59,106], which constitute a significant contribution toward un-
derstanding the universal dynamics of frequency combs based on driven pas-
sive resonators and is relevant to a large variety of physical systems for both
fundamental and applied interests. We demonstrate the universal nature of
such breather solitons in two different material platforms, silicon nitride (Si;N4)
[13,20,81,104] and silicon (Si) [3,4]. Our results establish a direct link between
the breathing frequency and the pump-cavity detuning which is used to excite

temporal CS’s in microresonators.

3.2 Numerical simulation of breather solitons

The LLE allows for modeling of rich cavity dynamics, including a variety of
instabilities and in particular, predicts the existence of persistent breathing CS’s

in optical resonators pumped by a continuous-wave (cw) laser [51,56,108,109].

The LLE is expressed as
OE(t, T o , AN
IR ((9t ) =|-a—idy + lyL|E|2+lLkZ>2:% (lg) E(t,7)+ VOE,, (3.1)

Here E(t,7) is the slowly varying intracavity field envelope, ¢ is the slow
evolution time on the order of the cavity roundtrip time #;, while 7 is a fast

time related to the group velocity of light inside the resonator. « is a fraction
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corresponding to half the total percentage power loss per roundtrip, and L is
the cavity length. y is the nonlinear parameter, and S is the kth order disper-
sion coefficient. Finally, 6 is the input coupling coefficient, E;, is the pump field
strength, and ¢, is the phase detuning of the pump with respect to the nearest

cavity resonance.

To ensure broader applicability of our study, we employ the following di-

mensionless form of the LLE [50]

k
 2EED [—1 — il + IIFP+i ) dy (iai) F(t,7)+S (3-2)
.

ot k>2

. . ; 2a
Here we have used the normalization convention r — -, T T m,
2

L Lo
F = E / 7—, S = Ein+/ 7/—3, A= %0, with the additional expression for the nor-
a a

malized dispersion coefficients d; = %(szTL)k/ 2, such that the 2nd order dis-
persion coefficient d, represents the sign of the group-velocity dispersion (d, =
-1 in our case). The optical frequency f and RF frequency used in Fig. 1 & 4
correspond to the dimensionless fast time 7 and slow time ¢, respectively, and
hence are also dimensionless. Note that S (equivalently, X = |S|*) and A are
the normalized pump field strength (pump power) and detuning, respectively,
and are the only control parameters of the current system under consideration,
thus simplifying our investigation. For specificity, however, we use parameters
similar to our 200 GHz free-spectral-range (FSR) Si;N, resonator with 950x1500
nm cross-section, i.e. rg = FSR™' =5 ps, @ = 0.0018, # = 0.0005, y = 0.9 W'm™!, L
=0.63 mm, $; = -202 ps’km™!, B3 = 0.034 ps’km™!, B, = 7.7 x 10™* ps*km™!, and
|E;,|* = 170 mW. Depending on the simulation, we vary &, from -0.00522 rad to
0.0216 rad. These parameters correspond to |[S|* =X =8.7and A=-29t0 12, d,

35



=-1,d; =0.003, and ds =9 x 10°°. Although we include higher-order (3rd and
4th) dispersion coefficients for completeness, their effects are negligible and do

not invalidate the applicability of the past theoretical studies to our case.

In Fig. 3.1(a) and (b), we simulate the temporal evolution of a breathing CS
and its peak power evolution, respectively, in a microresonator using a normal-
ized version of the LLE (for all details on numerical simulation, see Methods).
Here we fix the dimensionless pump power X = 8.7 and the cavity detuning A
= 4.5 and use the approximate analytic solution [54] of a CS as the initial seed.
It can be seen in Fig. 3.1(a) that as the CS evolves from bottom to top, it un-
dergoes a periodic oscillation in time, which is accompanied by the associated
breathing of the CS spectral envelope with the same period [57]. Furthermore,
we present the evolution of the optical spectrum and the cavity transmission
in Fig. 3.1(c) and (d), respectively, as A is ramped up from -2.9 to 12, this time
seeding the simulation with a noise corresponding to one photon per frequency
mode. Such a detuning ramp is consistent with the typical experimental tech-
nique where the pump laser frequency is tuned across the resonance starting
from the effectively blue-detuned regime (with respect to the thermally-shifted
hot resonance) [16,53]. We observe that the intracavity field initially develops
into a low-noise primary comb state (State 1), destabilizes to an unstable modu-
lation instability (MI) state (State 2), and eventually settles into the soliton state
(State 4). This transition into the soliton state coincides with the pump fre-
quency crossing the effective zero detuning and is accompanied by an abrupt
change in the cavity transmission [16] as demonstrated in Fig. 3.1(d). More
importantly, the breather soliton state (State 3) is identified by observing a peri-
odic oscillation in time similar to Fig. 3.1(a) and (b), and is located in the region

of detunings between the unstable MI state and the stable CS regime, which is
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consistent with previous theoretical studies [51,56-59].
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Figure 3.1: Numerical simulation of breather solitons. (a) The tempo-
ral evolution of a breathing temporal cavity soliton (CS). The
period of the breathing cycle is 1.34 normalized slow time
units. (b) The corresponding temporal evolution of the CS
peak power. (c) Simulated density plot of instantaneous op-
tical spectra as a function of the normalized absolute pump de-
tuning A (from -2.9 to 12) and (d) the corresponding resonator
transmission. The vertical dashed lines in (c) and (d) indicate
the four different regions which correspond to (i) the primary
comb state, (ii) unstable MI state, (iii) breather soliton state, and
(iv) stable soliton state. All the values are dimensionless.

3.3 Experimental observation of breather solitonss

In our experiment, we observe breather solitons in Si;N4 microresonators in

the telecommunication wavelength range and in Si microresonators in the mid-
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Figure 3.2: Observation of breather solitons in Si3N, microresonators. (a) —
(d) Optical and RF spectral evolutions where the state (c) shows
breather solitons in Si3Ny. (e) The pump power transmission as
the laser frequency is scanned across the resonance. The scan-
ning window corresponds to an absolute pump detuning range
of 17 GHz. The arrows correspond to the four regions (a)—(d).
The transmission step is indicative of soliton formation. (f) The
recorded time trace of the comb output power at the breather
soliton state (c).
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infrared (mid-IR) range. In a Si;N4 microresonator, the spectral evolution to-
wards soliton formation in both the optical and RF domains is plotted in Fig.
3.2(a-d), as the pump laser is tuned into resonance. These four pairs of plots,
from top to bottom, correspond to the generation of primary comb lines, unsta-
ble MI state, breather solitons, and stable solitons, as demonstrated numerically
in Fig. 3.1. Soliton formation is confirmed by low RF noise [Fig. 3.2(d)] and
the abrupt cavity transmission step [Fig. 3.2(c) & (d)] in Fig. 3.2(e). The time
evolution of the comb output power for the breather soliton state is recorded in
Fig. 3.2(f), which shows the temporal oscillatory behaviour with a time period
of 6.3 ns, which corresponds to four times the cavity photon lifetime and the
RF beat note of 155 MHz in Fig. 3.2(c). We attribute this sharp RF beat note to
the occurrence of breather solitons, as will be further demonstrated in the next
Section. Note that while such an RF peak has been observed previously in MgF,
resonators4 and Si;N, microresonators [13], it was not linked to the presence of

breather solitons.

In our Si microresonators, we monitor and analyze different states of the
generated frequency combs by measuring the three-photon-absorption- (3PA-)
induced photocurrent extracted from the integrated PIN junction, which is an
effective way to probe the temporal behavior inside a cavity [4]. Figures 3.3(a)-
(d) show the evolution of the generated optical and RF spectra as the pump laser
is tuned into resonance in the same direction as in Si;IN, microresonators. Ini-
tially, from Fig. 3.3(a) to Fig. 3.3(b), the DC component of the 3PA-induced cur-
rent gradually increases due to intracavity power build-up. These spectra cor-
respond to the unstable MI regime in which multiple independent mini-combs
grow from the primary sidebands and spectrally overlap with each other lead-

ing to strong and broad RF beat notes [81]. Next, we observe a transition to
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(d) stable soliton states.
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a state [Fig. 3.3(c)] with a more structured optical spectrum and an abrupt in-
crease in the measured DC current from 1.199 mA to 1.683 mA. The correspond-
ing RF spectrum shows a sharp peak at 336 MHz with a low noise background.
Tuning the pump frequency further leads to a low-noise RF spectrum without
any peaks [Fig. 3.3(d)]. The variation in the DC current with pump detuning
is shown in Fig. 3.3(f). The sudden increase in the DC current from Fig. 3.3(b)
to Fig. 3.3(c) indicates the formation of solitons with a high peak power. We
further confirm this by observing the concurrence between the abrupt current
increase and a cavity transmission step [12,16] in Fig. 3.3(e). Thus, the state
with the observed sharp RF peak [Fig. 3.3(c)] corresponds to a breather soli-
ton state that exists beyond the unstable MI state but before the stable soliton
state, which is consistent with our Si;N, results, and agrees with our simula-
tions and past theoretical studies [51,56]. Here, the soliton breathes at a rate of
336 MHz, which corresponds to a period of 372 cavity roundtrips and 10 times
the cavity photon lifetime. The narrow-linewidth RF beat note corresponding
to the breather soliton state can be distinguished from the sharp RF beat notes
observed at the onset of the unstable MI state [81] since each one occurs at a
different stage of comb evolution. The two states have drastically different tem-
poral behavior (e.g. temporally localized pulse formation in the breather soliton
state but not in the unstable MI state), which is easily detected by our technique

here by measuring the 3PA-induced photocurrent.

The excitation of breather solitons in both platforms requires a certain range
of pump power. For example, we observe an evolution towards a stable soliton
state without a breather soliton state at a relatively low pump power and more
complex dynamics at a higher pump power. In addition, it can be achieved by

tuning the pump frequency into resonance without changing the pump power
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[109].

3.4 Characterization of breather soliton dynamics

Another important aspect of breather soliton dynamics is that during the transi-
tion into the breather soliton state, the broad RF beat note corresponding to the
unstable MI state becomes significantly narrower while maintaining the same
centre frequency, as shown in Fig. 3.2(b) & (c). Such evolution is also observed
in some Si microresonators for which the higher order harmonics of the 3PA-
induced current noise do not obscure this feature. This sudden narrowing of
the RF beat note is also well predicted by our numerical simulations of the RF
spectra of the comb transmission at different comb states corresponding to Fig.
3.1(c) and (d). Our modeling indicates that the breathing CS manifests itself
through low-frequency (relative to the comb spacing) modulation sidebands in
the RF domain [106], as shown in Fig. 3.4 (green curve) at the pump detuning
corresponding to State 3 in Fig. 3.1(c). In addition, the simulated RF spectra at
two other pump detunings [State 2 & 4 in Fig. 3.1(c)] are plotted in Fig. 4 for
comparison. It can be seen that at the detuning A = 3.9, [State 2; blue curve]
the system is initially in an unstable MI state characterized by a broad primary
noise peak. In the time and spectral domains, the intracavity field fluctuates
significantly from one roundtrip to another, analogous to spatiotemporal chaos
originally discussed in the context of plasma physics [108]. In contrast, as the
detuning is increased past a threshold value, the RF noise peak abruptly sharp-
ens while maintaining its central frequency [State 3: A = 4.5; green curve]. Note
that the simulated breathing period is 2.7 times the cavity photon lifetime. For

comparison, on the same plot, we also show the loaded Lorentzian resonance
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curve of the resonator under consideration on the same axes (right axis; red
curve). The sharpening of the RF beat note can be mathematically explained
as follows. Just before the system crosses the boundary from the unstable MI
regime to the breather state, the eigenmode associated with the breather state
corresponds to the complex eigenvalue with the largest positive real part (i.e.
the most unstable). As the system enters the breather state, this eigenmode
dominates the cavity dynamics while other unstable modes become stable and
dampen out over time. As a result, the beat note frequencies of the two distinct
states are expected to coincide. The sideband eventually drops to a negligible
level with an increased detuning [State 4: A = 8; black curve] which signifies the

stabilization of the temporal CS, where the pulse reaches a time-stationary state.

Next, we investigate the factors which influence the breathing frequency.
We find that the breathing frequency can be continuously tuned by changing
the effective pump-cavity laser detuning. By tuning the pump to shorter wave-
length while the soliton state is maintained, the effective pump detuning de-
creases, and we observe a linear increase in oscillation frequency as well as a
decrease in modulation depth in both platforms. In other words, the breathing
frequency decreases linearly with an increasing effective pump-cavity detuning
as shown in Fig. 3.5 for Si microresonators. For comparison, we run a series of
numerical simulations based on the normalized LLE and present the detuning
dependence of the breathing frequency for 3 different pump power levels: just
above the breather threshold, slightly below the period-2 oscillation threshold,
and within the period-2 oscillation regime. For each pump power, we start from
the lower detuning boundary of the breather regime, seed the simulation with
an approximate analytic solution2 of the stable temporal cavity soliton (CS) and

numerically propagate the intracavity field over 10 normalized time units (20
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the plot also shows the loaded Lorentzian resonance curve (red
curve; right axis). Note that the RF frequency corresponds to
the normalized slow time in Fig. 3.1(a) and (b) and is dimen-

sionless.

cavity photon lifetimes). Then we regularly sample the roundtrip-averaged in-

tracavity power over the subsequent 190 time units (380 cavity photon lifetimes)

in order to obtain the RF spectrum. The breather frequency can be extracted

from the resulting RF spectrum. We repeat this process for each detuning as the

detuning is slowly ramped up with a step size of 0.2.

The results are summarized in Fig. 3.6. Overall, as consistent with the past

theoretical studies, the breather regime shifts to higher detunings with an in-

creasing pump power. Several other trends can also be seen. As the detuning
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increases, the breathing frequency initially does not change significantly (low
power; green triangles), or even decrease linearly (higher powers; red squares
and blue circles). Toward the higher detuning, the trend reverses and can be
approximated by a straight line with a positive slope for each power. Our ex-
periments are conducted by tuning the pump frequency in the increasing direc-
tion of A across the transition point from the unstable modulation instability to
the breather states, and agree qualitatively with the trend observed at the lower
detuning range. However, the positive linear trend toward the higher detuning

range has not been observed in our experiment despite the fact that it occurs

45



over a larger detuning range. This may hint that we are operating at relatively
high pump powers. In addition, our numerical simulations reveal that in the
higher detuning range, a linear increase in the breathing frequency is expected
with increasing detuning. However, this trend is not currently observed in our

experiments and is under further investigation.
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Figure 3.6: Simulation of the breathing frequency as a function of the nor-
malized detuning (A) for 3 different pump power levels: just
above the breather threshold (green triangles), slightly below
the period-2 oscillation threshold (red squares), and within the
period-2 oscillation regime (blue circles). Breathing frequency
is normalized with respect to 0.5 * photon lifetime™'. Detuning
is normalized with respect to the cavity roundtrip loss.

Microresonators allow access to larger detuning values in the cw regime (cf.
quasi-cw synchronous pumping [109]) due to their high finesse. At higher val-
ues of the detuning and pump power, more complicated dynamical regimes
can be found in the LLE, such as period-2 oscillations, period-N oscillations,

and temporal chaos [51,109]. In the Si3N, microresonator, using a higher pump
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power than that in Fig. 3.2, we observe a transition from the period-1 oscilla-
tion to the period-2 oscillation [Fig. 3.7(a) —(b)], and the field finally stabilizes
into stable CS’s [Fig. 3.7(c)] as the pump detuning is increased. Unlike the the-
oretical prediction of Ref. [51], we do not observe the system returning to the
period-1 breather state beyond the period-2 regime. A possible explanation is
that the thermal effect acts as an additional source of instability that hinders
our observation of the expected behaviour, especially across the boundaries of
different regimes. Nevertheless, this is the first time an oscillatory temporal CS

with higher periodicity has been observed experimentally.
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Figure 3.7: Temporal cavity soliton of higher oscillatory periodicity in a
Si3N4 microresonator. At a higher pump power, as the pump
detuning increases, the period-1 oscillation (a) transitions to a
period-2 oscillation (b), and the cavity soliton finally stabilizes
(c). The dashed line indicates that the first RF beat note in state
(a) aligns with the second RF beat note in state (b) at the transi-
tion point.
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3.5 Conclusions

We show the universality of the dynamics of the breather CS formation in mi-
croresonators, attributing the formation of narrow low-frequency RF modula-
tion sidebands in the modelocked CS regime to time-oscillating behaviour of
CS’s. The universal nature of breather soliton formation is indicated by our ob-
servation in two distinct platforms that have different material characteristics,
device geometries and operating conditions. Our results present experimental
confirmation of the pioneering theoretical studies of a breather soliton solution
in a cw-pumped high-finesse microresonator and provide experimental tech-
niques for their observation, which agrees well with our numerical results. Our
work also indicates that the breathing frequency is dependent on the pump-
cavity conditions, and reveals that microresonators can be an ideal test bed for
fundamental theories of nonlinear wave dynamics that are relevant to a large

variety of physical systems.
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CHAPTER 4
MID-INFRARED DUAL-COMB SPECTROSCOPY

4.1 Introduction

Dual-comb spectroscopy (DCS) [35,37,66,78,86,88,93,110-122] is a non-intrusive
absorption spectroscopy technique that measures the time-domain interference
between two frequency combs of slightly different line spacing. This allows the
absorption spectrum to be converted from the optical to the radio-frequency
(RF) domain which can be detected rapidly using a single detector. This is
particularly critical in the mid-infrared (mid-IR) domain in which sensitive,
fast detector arrays remain elusive. The potential of DCS is clear for gas-
phase studies in the near-infrared spectral region where DCS shows higher
measurement speed, resolution and accuracy than state-of-the-art Michelson-
based Fourier transform spectrometers [78]. In recent years, microresonator-
based frequency combs have emerged as an attractive compact and broadband
source emitting equidistant phase-coherent lines with a large line spacing using
a single continuous-wave (CW) pump laser [3, 4,9, 16, 20, 21, 31, 32, 35, 37, 79].
Microresonator-comb systems could be attractive for spectroscopy in the mid-
IR, where sources remain under development [66,93,110,111,114,115,117,118,
121,122]. In the mid-IR region, the absorption strengths of molecular transi-
tions are typically 10 to 1,000 times greater than those in the visible or near-IR,
offering the potential to identify the presence of substances with extremely high
sensitivity and selectivity. As pointed out by Ideguchi, T. et al. [112], frequency
combs of large line spacing (about 100 GHz) and very broad span (approaching

an octave or even broader) are required for efficient dual-comb spectroscopy
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Figure 4.1: Schematic for dual-comb absorption spectroscopy. Experimen-
tal setup for our dual-comb source. A continuous-wave opti-
cal parametric oscillator pumps two separate silicon microres-
onators, which generate two modelocked combs. The output
is combined and sent to a photodiode for RF characterization.
Inset: Schematic for single-pump operation and mapping from
optical to RF domain. Af; and Af, are the repetition frequen-
cies of two optical frequency combs. Af,.., = Af, — Af; is the
difference in repetition frequencies. PD, photodiode; Si uRES,
silicon microresonator; OPO, optical parametric oscillator.

in the liquid or solid-state phases. As such, microresonator-combs represent
unique tools for exploring the potential of new approaches to vibrational spec-
troscopy, in applications where traditional combs based e.g. on modelocked
laser systems are not suited. Recently, Suh, et al. [35], demonstrated a dual-
comb in the telecommunication region covering 60-nm (6-THz) bandwidth in
silica whispering-gallery devices. However, the silica platform cannot be trans-
lated into the mid-IR due to inherently high material losses, and the system

relies on the use of two separate pump lasers.

In this work, we present a CMOS-compatible silicon-based, chip-scale mid-
IR dual-comb spectrometer that meets the requirements for vibrational DCS and

mid-IR molecular fingerprinting in the condensed phase. Two mutually coher-
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ent modelocked frequency combs are generated using a single CW laser span-
ning from 2.6 um to 4.1 um. Thermal control and free-carrier injection allow for
independent modelocking of each comb and for tuning of the dual-comb pa-
rameters. The large line spacing of the combs (127 GHz) and its precise tuning
over tens of MHz, which are unique features of chip-scale comb generators, are
exploited for a proof-of-principle experiment of vibrational absorption DCS of
acetone. This work represents a critical advance for chip-based linear DCS for
liquid/condensed matter phase studies, which would find a wide range of ap-
plications in chemistry, bio-medicine, material science, and industrial process
control. With further development, it holds promise for real-time and time-

resolved spectral acquisition on nanosecond time scales.

4.2 Results

4.2.1 Generation of the dual-comb source

The experimental setup is shown in Fig. 4.1. We use two silicon microresonators
that have 100-um radii and are dispersion engineered to have anomalous group-
velocity dispersion beyond 3 pm for the fundamental TE mode, similar to Grif-
tith, et al. [4]. A CW optical parametric oscillator (100-kHz linewidth) emitting
at 3 um simultaneously pumps two microresonators with slightly different line
spacings. The two generated combs are combined at a beamsplitter and sent
to a photodetector (bandwidth of 250 MHz) connected to an RF spectrum ana-
lyzer. Integrated PIN diodes, located around the resonators, are operated at a

reverse-bias voltage of -15 V to sweep out the free carriers (FC) generated from
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three-photon absorption (3PA) [3]. We generate a modelocked mid-IR frequency
comb in both microresonators simultaneously by tuning the pump laser into the
cavity resonances. A thermoelectric cooler (TEC) is used to control the temper-
ature of each silicon device independently in order to compensate the initial
frequency difference between the two pump resonances, and for coarse tuning
of the difference in repetition frequencies between the two combs Af,,, to lie
within our detector bandwidth. Future implementations could allow for fully
integrated microheaters [21], which would achieve even more precise control of
the line spacing of each of the microresonators while drawing little power. The
mutual coherence between the two combs is established by sharing the same
pump laser and from the inherent modelocking mechanism of microresonator-
based combs. The RF beatnotes of the dual-comb output appear at frequen-
cies fy = N * Af,.,, where N is an integer. Figure 4.1 (inset) shows the map-
ping of the optical spectrum to the RF dual-comb spectrum where the shorter
and longer wavelength sides of the pump are mapped to the same RF domain,
which means appropriate long-pass/short-pass filters are needed to access ei-
ther side of the optical spectrum relative to the pump frequency. Shifting the
pump frequency of one of the microresonators, e.g., with an acousto-optic mod-
ulator, would avoid such aliasing, as already demonstrated with electro-optic-

modulator-based dual-comb spectroscopy [116,119-121].

Figure 4.2a shows the generated spectrum of one of the combs measured by
a Michelson-based Fourier transform infrared spectrometer (M-FT). The spec-
trum consists of 305 comb lines with a spacing f,., = 127 GHz and spans 2.6
— 4.1 um, which is the region of the fundamental CH, NH and OH stretching
modes in molecules. The pump powers for each microresonator are 80 and 50

mW, and the pump-to-comb conversion efficiencies are each > 30 %. The power
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Figure 4.2: Silicon microresonator-based dual-comb source. (a) A spec-
trum of one of the generated combs measured using a
Michelson-based Fourier transform infrared spectrometer (M-
FT). The spectral range is from 2.6 pm to 4.1 pum. The resolution
is 7 GHz (0.25 cm™). (b) RF-noise characterization of the gen-
erated comb. The plot shows the reduction in RF amplitude
noise corresponding to modelocking.

of each comb line varies from 2.5 yW to 2 mW in the range of 2.8 — 3.2 um
and the power variation is due to the modulation in the optical spectrum from
multiple solitons generated within one cavity roundtrip [21,32]. Since the cavity
linewidth (105 Q-factor) is broader than the detector bandwidth, the sharp comb
linewidth when in the modelocked state is crucial for resolving the RF beatnotes
of the two combs. The transition to the modelocked state is determined by the
observation of a step in the optical transmission [16], an abrupt increase in the
3PA-induced FC current [32], and the transition to a low RF noise state as shown

in Fig. 4.2b [20].

While the M-FT spectra of the two individual and combined modelocked
frequency combs are shown in Fig. 4.3a, the RF dual-comb spectrum is plotted
in Fig. 2?b where the intensity profile agrees well with the product of the ampli-
tudes of the electric fields of two optical frequency combs within the detection
range. The achieved difference between the line spacings Af,., is 12.8 MHz, cor-

responding to a frequency compression factor from the optical to RF domain of
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Figure 4.3: Characterization of dual-comb source. (a) Top: M-FT spectra
for each modelocked comb. Bottom: Combined M-FT spec-
trum. (b) RF spectrum from the dual-comb interferometer. Plot
shows RF spectra for dual-comb (blue), each separate mode-
locked comb (black and red), and detector noise background
(dark cyan). Inset: Characterization of the 25th RF beatnote in

(b).

frep/ Afrep (~10,000). The minimum time required to resolve the RF comb lines is
1/Af, (~78 ns), indicating the potential for a rapid single-shot measurement.
The measured linewidth of the 25th RF comb line [Fig. 4.3b inset] is < 100 kHz at
a RF resolution bandwidth of 40 kHz, which corresponds to a mutual coherence
time between the two combs of >10 us. The frequency jittering of the optical
frequency combs is dominated by the pump laser [21]. Therefore, the coherence
between the two generated combs is drastically improved because the effect of
the pump noise is expected to be significantly minimized by sharing the same

pump with the two microresonators.
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Figure 4.4: Repetition rate tuning of the dual-comb source. The frequency
spacing of the dual-comb source is dictated by the spacing of
each of the modelocked combs. The plot shows a 14 MHz spac-
ing (left) and a 26 MHz spacing. The spacing is tuned by ad-
justing the TECs to change the resonance position of the mi-
croresonators.

4.2.2 Tunability of the dual-comb source

While the spectral window of 2.6 — 4.1 um (73 — 115 THz) can be mapped into
an RF window of 2.5 GHz with Af,., = 12.8 MHz, our measurement spectral
range is currently 3 - 3.12 um, which is largely limited by our detector band-
width of 250 MHz. Our detection range can be extended to cover the entire
spectral window by using a faster detector or by controlling the repetition rate
of the two combs to achieve a smaller Af,,, (e.g., 1 MHz). Coarse tuning of the
Afp can be achieved by thermally tuning the resonances of one microresonator
by one or more (free spectral ranges (FSR’s). In our case, we found that the
Afep is changed by ~ 126 MHz by moving to the next resonance in one of the
microresonators, which is about 1/1000 of the FSR. Additionally, we achieve
fine tuning of the repetition rate of our dual-comb system (Af,.,) shown in Fig.
4.4. We observe that Af,,, can be finely tuned by >10 MHz by simply changing

the pump-cavity detuning while maintaining modelocking in both microres-
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Figure 4.5: Experimental interferogram and spectrum. (a) Time-domain
interferogram over a measurement time of 2 ps. The waveform
repeats with a period of 25.6 ns, which is the inverse of the
difference in comb line spacing (39 MHz). The waveform of
one period is shaded and demonstrates good reproducibility.
The multiple bursts within one period indicate that multiple
solitons are generated in each microresonator within one cav-
ity roundtrip. (b) Fourier-transformed spectrum of the time-
domain interferogram in (a), on a logarithmic scale with 24 re-
solved lines and an average signal-to-noise ratio of 13.8 dB (=
24). Modulation in the spectrum is also due to both comb op-
erating in multiple soliton regime. The missing RF beat note
at 0.64 GHz is due to the absence of a comb line, which is at-
tributed to a mode crossing effect within the microresonator.

onators. Moreover, Af,., is dependent on both the FC dispersion effect and on
the thermo-optic effect. By individually controlling the reverse-bias-voltage ap-
plied on the PIN junctions, the line spacings of the microresonators can be finely
controlled independently such that smaller Af,,, (~ 1 MHz) can be achieved in
the near future. This tuning technique of the RF line spacing (Af,.,) provides
flexibility in achieving an optimal refresh rate of the measurement over a desir-

able spectral range and in further compressing the needed RF window.
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4.2.3 Time-domain interferogram

For our spectroscopy experiments, the spectra are obtained by taking the
Fourier transform of the time-domain interference signal, which is measured
using a photodetector and a fast real-time oscilloscope with a sampling rate of
80 Gbps. The difference in the line spacing between the two 127-GHz combs is
tuned to be 39 MHz. A time-domain interferogram with a measurement time of
2 ps is shown in Fig. 4.5a which displays a periodic waveform that repeats ev-
ery 25.6 ns, which corresponds to the inverse of the difference in RF comb line
spacing. The waveform shows good reproducibility and has multiple peaks
within one period due to the interference of multiple solitons generated in both
microresonators within a cavity roundtrip. The Fourier-transform of the inter-
ferogram reveals a RF spectrum (Fig. 4.5b) where 24 comb lines are resolved
with a line spacing of 39 MHz. The observed comb linewidth is 0.5 MHz, lim-
ited by the recording time of 2 us. We define the signal-to-noise ratio (SNR)
based on the intensity of the comb line divided by the standard deviation of the
noise baseline between two comb lines. We observe an RF beat note at 0.64 GHz
with a SNR lower than the noise floor due to the absence of an optical comb line,
which is attributed to mode-crossing effects in the microresonator. This point is
excluded for our calculation. The average SNR is about 24, and the variation of
the SNR over the comb teeth is due to multiple soliton formation. The average
SNR per unit of time exceeds 1.6 X 10* s7!/?, and its product with the number
of spectral elements exceeds 10° s™'/2, which is comparable to the previously

reported value of 10° s7!/? for a mid-IR dual comb measurement [111].
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4.2.4 Proof-of-principle spectroscopy measurement

We illustrate the potential of our dual-comb spectrometer for broadband vibra-
tional spectroscopy of liquid samples with a proof-of-principle absorption mea-
surement. We insert a 100-pum thick cuvette filled with neat acetone in the com-
bined arm of the dual-comb interferometer. The sample of acetone is chosen
due to its absorption feature centered around 2925 nm. Here, we utilize two dif-
ferent bandpass filters to access each side of the optical spectrum with respect
to the pump wavelength. The absorption spectra for each side of the pump are
measured with an acquisition time of 2 us using two faster photodetectors of
1-GHz bandwidth, corresponding to a spectral window of 2900 — 3100 nm. The
dual-comb absorbance and transmittance spectra are shown in Fig. 4.6 at a spec-
tral resolution of 127-GHz (4.2-cm™') resolution, which is extracted from fitting
the M-FT data. The transmittance is calculated as the ratio between the spec-
trum with and without the cuvette using balanced detection. The absorbance
is the logarithm of the transmittance. We compare the results to the absorption
spectrum we measured using a Fourier transform spectrometer (Bruker Vertex
70) equipped with a globar, a CaF, beam-splitter and a InSb detector. The in-
strumental resolution is 0.5 cm™! (16 GHz), which is much narrower than the
spectral bands of the liquid molecular sample. The two spectra are in reasonable
agreement. However, we observe a large deviation in our absorption measure-
ment close to the pump (shaded region in Fig. 4.6a), which could be due to low
SNR of corresponding beat notes and imperfect spectral response of the band-
pass filters. The standard deviation of the measured transmittance is 4.1% as
shown in Fig. 4.6b, which is primarily limited by the average SNR in the dual-
comb spectrum. The short temporal separation between individual solitons in a

multiple soliton state could also contribute to deviations in the absorption mea-
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surement due to the free induction time of the molecules. Additional deviations
may arise from the cross-talk of the two bandpass filters and averaging over
multiple acquisitions can reduce the root-mean-square deviation but at a cost of

a longer acquisition time.

4.3 Discussion

Our dual-comb spectrometer using silicon-microresonator-based frequency
combs will readily achieve spans from 2600 to 4100 nm by reduction of the
difference in repetition frequencies. A difference Af,., = 3.3 MHz would map
the 305 comb lines within the 1-GHz bandwidth of our fastest detector. Spectra
of 42-THz bandwidth at 127-GHz resolution will then be acquired at a refresh
time of 0.3 ps. For comparison, the fastest M-FT interferometer [123] measures
interferograms at a resolution of 270 GHz (9 cm™") with a refresh rate of 80 kHz
(refresh time: 13 ps). Moreover, our refresh rate is fundamentally limited by
the Nyquist limit to 200 MHz. As losses in the silicon nanowaveguides con-
tinue to decrease, we expect that microresonators with smaller FSR’s will be
achievable which will allow for higher spectral resolution. Real-time averaging
with field-programmable gate arrays may boost the sensitivity to weak absorp-
tions of trace molecules. With future developments to our CMOS-compatible
platform, such as implementation of quantum cascade lasers as pump sources,
broader spans and access to other ranges of the molecular fingerprint region can
also be envisioned. With continued progress to instrumentation such as mid-IR
detectors and digitizers, we believe this system will evolve into a spectroscopy
laboratory on a chip for real-time vibrational sensing on the nanosecond time

scale.

59



0.7 T T T T T T
0.6
0.5
0.4
0.3
0.2
0.1

0
0.1 | | I I ®, I | | I ]
2900 2920 2940 2960 2980 3000 3020 3040 3060 3080 3100
Wavelength (nm)

Absorbance

° 4
°
o o%e0® ° ee o -

1

o]

0.8 4

o
000 090 %o [P

0.6

0.4

Transmittance

0.2

0

0.1

0.05f_
0

-0.05

-0.1 1 L 1 L 1 i . . L
2900 2920 2940 2960 2980 3000 3020 3040 3060 3080 3100

Wavelength (nm)

Residual

Figure 4.6: Absorption spectroscopy over a short measurement time. Two
different bandpass filters are used to access the two sides of
the dual-comb spectrum that are symmetric with respect to the
pump wavelength of 2992 nm. The measurement time is 2 ps
for each side of the dual-comb spectrum. The transmittance is
calculated as the ratio between the spectrum with the cuvette
and the spectrum without the cuvette. (a) The absorbance is the
logarithm of the transmittance. The results are compared to the
absorption measurement using a M-FT spectrometer equipped
with a globar. The shaded region near the pump frequency
(dashed line) shows large variations, which we attribute to the
low SNR of the corresponding RF beat notes (< 10 dB) and the
imperfect spectral response of the two bandpass filters. Two
points (grey) at 2927 and 3055 nm are due to missing RF beat
notes shown in Fig. 4.5b and therefore not plotted in the trans-
mittance curve (b). (b) Transmittance and its residual. Five
points in grey are not used for the residual. The standard de-
viation of the residual is 4.1%, which is largely limited by the
averaged SNR of 24 in the dual-comb spectrum.
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CHAPTER 5
HIGH-RESOLUTION GAS-PHASE SPECTROSCOPY

5.1 Introduction

Mid-infrared (Mid-IR) frequency combs [86] can enable broadband gas-phase
spectroscopy [77,124] with unprecedented measurement capabilities and new
applications in medical diagnostics, astrochemistry, atmospheric monitoring,
remote sensing and industrial process control. Compared to tunable lasers,
such broadband combs enable an accurate measurement of a large number of
molecular absorption lines and species simultaneously in a complex environ-
ment [125]. The most widely used OFC is generated by a modelocked fem-
tosecond laser [10, 126] and has been previously utilized for high-resolution
spectroscopy [127,128]. In order to resolve narrow absorption features, spec-
trometers with high instrumental resolution are often required to resolve in-
dividual comb lines of a low repetition rate OFC. Comb-resolved molecular
spectroscopy has been achieved using modelocked lasers in dual-comb systems
[111,121,129,130], high-resolution Fourier transform spectrometers (FTIR) [131],
VIPA-based spectrographs [128], Venier spectroscopy [132-134] and fiber comb
spectrometers [135]. Tuning the frequencies of the OFC and interleaving the
spectra has been first demonstrated to further improve the spectral resolution
by [136] and then applied to Doppler-free Fourier transform spectroscopy [137].
The possibility of surpassing the resolution of FTIR and VIPA technique has
been demonstrated by scanning the repetition rate of the OFC [128,131,138]. In
the mid-IR, where laser sources and high quality photodetectors (or arrays) re-

main in development, significant challenges exist for developing newer mid-IR
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Figure 5.1: (a) Scheme for scanning comb spectroscopy. (b) Experimental
setup for microresonator-based scanning comb spectroscopy.
CW OPO: continuous-wave optical parametric oscillator, FTIR:
Fourier transform infrared spectrometer.
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OFC-based spectrometers with higher sensitivity and higher resolution in more

compact systems.

Recently, mid-IR OFC’s using quantum cascade lasers (QCL) [115,139] and
microresonators [34] have shown great promise as a new generation of highly
compact spectrometers. Over the past decade, microresonator-based OFC’s
[3,13,17,18,21,24,31,32,34,35,37,82,100,140] have attracted tremendous inter-
ests since the platform enables highly compact devices and powerful dispersion
engineering which allows for broad optical bandwidths with moderate pump
consumption [14]. Several demonstrations of direct-comb spectroscopy have
been reported in the near-IR in silica [35], silicon nitride [36, 37] and fluoride
microresonators [31] and recently achieved in the mid-IR region using silicon
microresonators [3]. However, OFC’s in such miniature devices inherently have
large repetition rates typically from 10 to 1000 GHz, which precludes their use

for high-spectral-resolution molecular spectroscopy.
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Here we report the first demonstration of a microresonator-based scanning
OFC spectrometer suitable for gas-phase spectroscopy. We demonstrate mode-
hop-free tuning of the frequency of a modelocked mid-IR frequency comb in
a silicon microreresonator over 0.53 cm™ (16 GHz) via simultaneous tuning of
temperature and pump laser frequency. The modelocked comb spans 2520 —
4125 cm™' (2.425 - 3.970 um) with a comb line spacing of 4.23 cm™' (127 GHz).
The absorption spectrum of acetylene in the gas phase is measured in the v; and
vy + (g + vs)! bands at a frequency sampling step of 80 MHz despite using a
low-resolution FTIR (15 GHz). This technique overcomes the resolution limita-
tion induced by the ultra-small physical size of the integrated device and the

instrumental lineshape of the FTIR.

5.2 Experimental results

(a) (b)
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Figure 5.2: (a) The optical spectrum of a modelocked mid-IR frequency
comb in a silicon microresonator. The full spectrum is collected
using multiple bandpass filters before the FTIR. The modulated
spectrum is indicative of a multiple-soliton state. (b) The radio-
frequency spectrum of the extracted free-carrier current indi-
cates generation of a low-noise frequency comb.

Our approach is shown schematically in Fig. 5.1a. In a microresonator, the

pump line is one mode of the OFC and has a fixed phase relationship with the

63



Power (uW)
N

A “RI\R LN t‘\JL,ql'

O "
3180 3200 3220 3240 3260 3280 3300 3320+ 3340 ‘3360 3380

Wavenumber (cm)

1.5+

Figure 5.3:

rest of the generated comb lines. By joint frequency tuning of both the pump
laser and its corresponding cavity resonance by one comb line spacing, the OFC
can be scanned to cover any spectral point within the comb bandwidth without
any gaps. In our case, the pump laser frequency is tuned via piezo control and
the cavity resonance is controlled via the thermo-optic effect [13,17,18,21,100].
The setup is shown in Fig. 5.1b. A high-Q silicon microresonator with a 100-um
radius is dispersion engineered to have anomalous group-velocity dispersion
beyond 3 um for the fundamental TE mode, similar to Yu, ef al. [32]. The mi-

croresonator is pumped by a free-running continuous-wave (CW) OPO at 3508

3312 3314 3316 3318 3320 3322 3324
Wavenumber (cm-')

VN
2

3308 3310

FTIR spectra of acetylene absorption measurement. The OFC
spectra is recorded at each 80 MHz of the pump shift with a
low resolution of 15 GHz in the acetylene fingerprinting region
(zoom-in: from 3185 to 3378 cm™! ). The variation of the comb
line power is largely attributed to the multiple soliton genera-
tion within the microresonator. The total measurement time is
about 3 mins. Bottom: The zoom-in plot shows the 2, 3", and
4™ comb lines that overlap with the absorption features of the
R(13), R(15) and R(17) lines of the v, + (v4 + vs)? band, respec-
tively.
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cm™! (2.850 um) (Argos Model 2400, <100-kHz linewidth at an integration time
of 30 ms). The free carriers (FC) generated from three-photon absorption (3PA)
are extracted with an integrated PIN junction and used to monitor the intracav-
ity dynamics [32]. A thermoelectric cooler (TEC) is used to control the tempera-
ture of the silicon device with an estimated thermal response time of <0.1s. The
output spectrum is measured using a commercial FTIR. As the CW pump laser
is swept across the effective zero pump-cavity detuning, soliton modelocking
is achieved as indicated by observation of the soliton steps [16], which results
in an OFC with narrow lines and low noise. In our experiment, a modelocked
mid-IR OFC is generated at a pump power of 45 mW, and the spectrum consists
of 378 comb lines with a line spacing f, = 4.23 cm™' and spanning 2520 — 4125
cm ™' as shown in Fig. 5.2. The DC component of the 3PA-induced-FC current is
used to monitor the intracavity power and is especially sensitive to the soliton
peak power and soliton numbers [32]. At the transition to modelocking, we ob-
served a FC current jump from 0.8 mA to 1.2 mA indicative of soliton formation.
We then manually tune simultaneously both the pump frequency and the TEC
current, which tunes the cavity resonance. During the tuning process, the DC
component of the FC current is kept at 1.245 mA + 0.001 mA in order to main-
tain the modelocked state with the same soliton number and peak power. In our
case, a multiple-soliton state is generated which results in the variation of the
power of the comb lines. The mode-hop-free tuning range of the frequency of
the OFC is 0.53 cm™' which is 12.5% of f,. It corresponds to a 100-mA change in
the TEC current, which is about a temperature change of 25 °C . Ideally, a tuning
range of one free-spectral-range (FSR) will enable continuous coverage over the
entire spectral range. Currently, our tuning range is limited by the pump power

variations over the larger bandwidth.
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We apply the scanning comb for an absorption measurement of the v; and

Uy + (U4 + US)?_

an FTIR after

lene and 415 Torr of nitrogen. Using this method, scanning OFC spectroscopy

can break the

ing. The instrumental line-shape of the FTIR is negligible due to a large comb

line spacing. In our case, the FTIR is operated with a low resolution of 15 GHz,
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(a) Measured transmittance spectrum (red circles) of the v; and
vy + (vs + vs)) bands of acetylene is shown and compared to
the computed transmittance profile (solid black line) using the
HITRAN database. The transmittance is calculated as the ratio
of the spectral powers with and without the gas cell. Trans-
mittance (zoom-in) of five measured absorption features that
correspond to (b) the R(23) line of the v; band, (c) the R(27) line
of the v, + (v4 + v5)? band (left) and the R(21) line of the v; band
(right), (d) the R(25) line of the v, + (v4 + v5) band (left) and the
R(19) line of the v; band (right), (e) the R(17) line of the v; band
and the R(23) line of the v, + (v4 + v5)° band, (f) the R(13) line of
the v; band (left) and the R(19) line of the v, + (v4 + v5)? band
(right).

bands of acetylene in the gas-phase. The output is recorded with

a 2-cm-long single-pass cell, which is filled with 40 Torr of acety-

resolution limitation of the microresonator-based comb line spac-
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(red dots) of the P(6) line of the v, + (v4 + v5)? band. A full-
width at half maximum of 0.21 cm™' is measured centered at
3267.65 cm™!. The standard deviation of the residuals (purple)
is 4 x 1073

which enables fast acquisition. By monitoring the beat-note between the pump
laser and a femtosecond laser (Oria”” IR OPO), the pump frequency is tuned at
80-MHz steps. Figure 5.3a shows the recorded FTIR spectra. A bandpass filter
with a center frequency of 3077 cm™' (3.250 um) and a bandwidth of 470 cm™!
(0.5 um) is used before the FTIR. The spectra of selected four comb lines are
shown in Fig. 5.3b. The measurement time of each spectrum is approximately
1 second, and the total measurement time is roughly 3 minutes. The frequency
accuracy of the measurement is limited by the long-term stability of the pump

laser, which is estimated to be < 2 MHz over 1 second and < 10 MHz over 3

minutes. Since the comb spacing is dependent on the chip temperature, the fre-
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quency shift of the pump mode is slightly different from that of the rest of the

comb lines. Assuming the pump frequency f, = f., + mf,, the index change

m#c

as the pump is tuned by 6/, is 6n = — 7775 7

* 0 f, where c and L are the speed of
light in vacuum and the cavity length, respectively. The change in the repeti-
tion rate can be expressed as df, = —%’)2 % On = m]féz * 0f,; thus, of, = of,/m.
For the comb line (n = N), 6f,-y = (1 + %)6 f», where the pump mode corre-
spond to n = 0 and the higher frequency comb mode has n > 0. In our case,
m = 825 and f, changes from 127.23 GHz to 127.25 GHz over the 16-GHz tuning
range of the pump. Each comb line undergoes a different frequency shift, which
equals to the product of its scaling factor and the pump shift. It must be taken
into account for the frequency calibration through the scanning process. Figure
5.4 shows the calculated transmittance of acetylene in the v; and v, + (v + v5)?
bands. Figure 5.4b shows that our transmittance measurement successfully cap-
tures different absorption lineshapes. The transmittance plot is compared to the
computed transmittance profile using the HITRAN database with Lorentzian
lineshapes based on the condition of the gas cell. Figure 5.5a plots the absorp-
tion of P(6) line of the v, + (v4 + vs)? band fitted with a Lorentzian profile. The
full-width-half-maximum (FWHM) linewidth is measured to be 0.213 cm™! (6.4
GHz) centered at 3267.65 cm™'. The fit residuals are shown in Fig. 5.5b and have
a standard deviation of 4 x 107. The signal-to-noise ratio (SNR) of the comb line
is 23 dB measured by the FTIR, which limits the sensitivity of the measurement.
The extracted line intensity is 6.87x107% cm/molecule. From the HITRAN data,
the line intensity is 6.61 X 1072 cm/molecule and the FWHM is 0.197 ecm™' (5.9
GHz) based on the self-broadening and nitrogen-broadening effect. Therefore,

the deviation of the line intensity is 4% and of the FWHM is 8%. The deviations

can be attributed to the beat-note jitter between the CW pump laser and the fem-
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tosecond laser system (both free running) at each sampling point. Stabilization
of both the pump laser and the reference laser would improve the precision of
the sampling step. The frequency accuracy could be further improved through
use of a stabilized OFC [24, 82,140], for example, by self-referencing [140] or by
locking to an atomic transition [24,82]. The SNR of the system could be fur-
ther improved by averaging over multiple optical spectra, using the FTIR at a
higher sensitivity mode and reduction of the pump power noise. As a proof-
of-principle demonstration, the scanning technique allows for finer frequency

measurements as compared to the typical microresonator-based comb-line spac-
ing.

In summary, we demonstrate a promising approach for a high-spectral-
resolution spectroscopy using a scanning microresonator-based OFC with a
comb line spacing of over 100 GHz. Rapid thermal tuning of the cavity reso-
nance via an integrated heater (sub-ms level) [21] with a fully automatic scan-
ning procedure would significantly improve the scanning rate. Integrating the
heaters on such silicon microresonators with PIN structures could be challeng-
ing and has not been demonstrated yet. A flatter pump power would allow
for a complete scan over one FSR to access the entire optical spectral range. A
silicon microresonator with a larger radius will benefit from the current scan-
ning range. In the mid-IR, commercial QCL’s have shown a broadband tun-

ing flexibility over 60 cm™

(1.8 THz) and the potential to pump the microres-
onators. Recently there has been progress on integration of QCL’s on a silicon
platform [141]. We believe that with continued development of QCL’s, our tech-

nique would provide a compact spectrometer in the mid-IR with high sensitiv-

ity and high resolution for on-chip gas-phase spectroscopy.
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CHAPTER 6
DUAL-CAVITY-BASED COMB SPECTROSCOPY

6.1 Introduction

A major application of chip-scale OFC’s is as a broadband optical source for
massively parallel measurements of diverse molecules (Fig. 6.1). While fiber-
based combs are a mature technology, the fine comb line spacing (100 MHz)
requires a high-resolution spectrometer to directly resolve individual lines. In
contrast, microresonator-base OFC’s have a much larger spacing (from a few
GHz to 1 THz) which enables comb-resolved detection using only a coarse-
resolution spectrometer. This offers a significantly faster acquisition rate and
potential for combining with an on-chip spectrometer [142]. While comb spac-
ings of 2-10 GHz have been demonstrated [22, 35, 143], most microresonator
platforms have inherently large comb line spacings which makes them unsuit-
able for most gas-phase spectroscopy that requires MHz-level resolution [77].
In addition, precise control of both the pump laser frequency and the cav-
ity resonance is needed for comb generation, modelocking, and stabilization

[16,17,144].

In this paper, we address both challenges using a fiber-microresonator dual-
cavity scheme and a spectrometer with a coarse spectral resolution of 60 GHz.
In our dual-cavity scanning comb (DCSC), the CW pump laser is replaced by
a gain medium in a cavity that contains the Si;N, microresonator [145-147].
We scan the entire comb spectrum over one free spectral range (FSR, 195 GHz)
by simply tuning the microresonator cavity resonance via an integrated heater,

which removes the complexity of synchronization of pump laser tuning and
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Pt y-heater

Si,N, y-resonator

Figure 6.1: Microresonator-based molecular spectroscopy. A SizN4 mi-
croresonator (with bus waveguide) is drawn with an integrated
heater on top. The waveguides are cladded with silicon diox-
ide of 2.5 ym thickness (not shown), above which the inte-
grated heater is fabricated.

cavity tuning [100, 144]. Interleaving all the spectra [128,131,136,138] as the mi-
croresonator is tuned improves the spectral resolution to < 250 MHz. We show
that this system can be used for relatively high-spectral-resolution absorption
measurements of acetylene gas at 400 Torr and 6 Torr. Such DCSC offers the
potential for a turn-key, on-chip broadband spectrometer with fast acquisition

speed suitable for trace gas sensing.
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Figure 6.2: Experimental setup for dual-cavity scanning comb. The first
cavity (in gray region) is the Si;N, microresonator for optical
parametric oscillation. The second cavity is the external loop
formed by the bus waveguide, polarization components, EDFA
and an optical isolator. 10% of the power in the external cavity
is coupled out via a 90/10 coupler. We use two optical spec-
trum analyzers, one for measuring the acetylene absorption
spectrum and the other for calibration. FPC: fiber polarization
controller, EDFA: erbium-doped fiber amplifier.

6.2 Results and discussion

6.2.1 Experimental setup

Our experimental setup is shown in Fig. 6.2. We use an oxide-cladded Si;N,
microresonator with a radius of 120 um and a loaded Q of 1 million as the Kerr

comb platform. The microresonator is engineered to have anomalous group-
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velocity-dispersion for the fundamental transverse electric modes with a cross
section of 730 x 2200 nm. An integrated platinum resistive heater [21,100] is fab-
ricated on top of the oxide cladding to locally change the temperature near the
microresonator with a resistance of 260 Q (Fig. 6.1). The bus waveguide forms
part of the external cavity and couples to the Si;N, microresonator, similar to the
scheme reported by Johnson ef. al. [145]. The external cavity also includes an
erbium-doped fiber amplifier (EDFA), polarization components, and an optical
isolator. The generated optical spectrum is measured with an optical spectrum
analyzer (OSA) after a 90/10 coupler. By setting the polarization to quasi-TE
and increasing the EDFA gain, an OFC spectrum spanning 1450 - 1700 nm is
achieved [Fig. 6.3(a)] at an EDFA power of 200 mW. The optical power in the
bus waveguide is 40 mW due to a 7-dB coupling loss into the chip. Due to the
large Purcell factor of the microresonator, the EDFA preferentially amplifies the
oscillating modes that lie within a microresonator resonance, and the resulting
lasing mode serves as the pump for the parametric oscillation in the microres-
onator [145]. In contrast to the conventional CW pump laser, comb generation
is self-starting once the EDFA reaches the threshold power, without the need
to sweep the laser into resonance [16]. Moreover, it does not suffer from the
disruption of comb generation due to the drifts of the relative pump-cavity de-
tuning. Most importantly, this dual-cavity configuration is ideal for tuning the
comb spectrum since only the position of the microresonator resonance needs

to be tuned and the “pump” mode follows accordingly.
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Figure 6.3: Characterization of the comb tuning. (a) The recorded fre-

quency comb spectra at different heater voltages. The spec-
trum spans from 1450 to 1700 nm at an EDFA output power
of 200 mW. Multiple mode crossings cause the spectral dips
and affect the bandwidth. The absorption of acetylene resides
between the grey dashed lines which spans about 40 nm. (b)
Zoom-in spectra of (a), which shows the comb line is tuned
over one full free spectral range of 195 GHz. (c) The radio-
frequency spectrum of the comb. The line spacing is 5.2 MHz,
which corresponds to an external cavity length of 39.5 meters.
The detector bandwidth is 10 GHz. (d) The tuning frequency
as a function of heater power consumption. The efficiency is
0.9 GHz/mW.

6.2.2 Characterization

In our experiment, we control the voltage (power) of the integrated heater to

shift the cavity resonance via the thermal-optic effect once we generate the

comb. The relationship between the heater power and the tuning frequency is

characterized by a high resolution OSA (1.25 GHz) and is used for programming

the scanning process. The frequency accuracy is also limited by the calibration
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of the initial spectrum. We tune the entire comb spectrum over one full FSR
(195 GHz) via tuning the integrated heater, and the process is fully driven by a
computer algorithm. The heater voltage is initially set at 3V to offset the cavity
temperature. Figure 6.3(a) shows 11 different optical spectra over the scanning
range at an OSA resolution of 25 GHz. The zoom-in spectra [Fig. 6.3(b)] shows
a smooth power flatness of one comb line over the entire scanning range. The
appearance of several spectral dips in Fig. 6.3(a) result from the localized dis-
persion perturbation due to mode crossings [148], which causes low signal to
noise ratio (SNR) of the comb lines nearby. In the radio-frequency spectrum of
the output [Fig. 6.3(c)], the beat notes separated by 5.2 MHz correspond to the
external fiber cavity length of 39.5 meters and the 250-MHz bandwidth corre-
sponds to the microresonator linewidth. This also indicates the OFC is not oper-
ating in a modelocked state and has a spectral coherence up to theon resonance
linewidth of the microresonator (250 MHz), which is the fundamental limit of
the spectral resolution of our system for spectroscopy. However, the resolution
could be improved to several MHz level using a Si3N4 microresonator with a
much higher Q recently reported by Xuan et. al. [8] and Ji et. al. [7]. Using a low
gain EDFA to reduce the fiber cavity length could also improve the coherence of
the OFC [146]. Lastly, the heater efficiency is characterized to be 0.9 GHz/mW,
as shown in Fig. 6.1(e), corresponding to about 2.2 mW/°C. Thus, we require
only 220 mW of electrical power to shift the comb by 195 GHz (one full FSR),
which corresponds to a temperature change of 100 °C. The power consumption

is orders of magnitude lower than that of a fiber-based comb.
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Figure 6.4: Spectral measurements of acetylene. The gas cell is 400-Torr

pure acetylene with a length of 5.5 cm. (a) The absorption
spectrum is calculated by interleaving 800 spectra at 250 MHz
[black curve]. 22 comb lines of the entire optical spectrum
is overlapped with molecular absorption. The 1-FSR tuning
range of each comb line are shaded in different colors. The grey
area (no data points) is due to a missing comb line. The HiTran
data is calculated using the gas cell condition and plotted for
comparsion [inverted red curve]. (b) The comb line transmis-
sion measured by the 8th and 19th comb lines according to (a).
(c) The measured transmittance of the R(9e) line of the v; + v;
band as compared to HiTran. The standard deviation of the
residuals is 1.4 x 1072.
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6.3 Spectroscopy

As a proof-of-principle, we utilize the DCSC for measuring the absorption spec-
trum of the P and R branches of gas-phase acetylene in the v; + v; band, which
spans over part of the comb spectrum (1508 - 1543 nm) in the near-IR. As shown
in Fig. 6.2, we split the output into the reference and sample arms, each of which
is sent to an OSA with a low resolution of 60 GHz. The reference arm is used
for calibration of the spectrum. We use a 5.5-cm-long acetylene cell at 400 Torr
in the sample arm. The scanning process is programmed to be 250 MHz per
step. We acquire 800 spectra with a speed of 0.5 s per acquisition, which is lim-
ited by the slow readout time from the OSA. The absorption is calculated based
on the spectral measurement in the reference and sample arms. Figure 6.4(a)
shows the measured absorption spectrum of acetylene [black curve], which is
recorded by interleaving 800 spectra taken with 250-MHz steps. The repetition
rate change with the temperature is taken into account to improve the frequency
accuracy [144]. We compare the measured spectrum to that [inverted red curve]
based on the HiTran database, which is in good agreement. A total of 22 (la-
belled) out of 150 comb lines is used for the absorption measurement in the
P and R branches, each of which is shaded in different colors in the Fig. 6.4(a).
The small grey area between 7th comb line and 8th comb line is due to a missing
comb line, which is attributed to a mode crossing effect, therefore the 7th comb
line is tuned slightly more to cover its area. Figure 6.4(b) shows the measured
transmission of the 8th and 19th comb lines that are each tuned over one FSR
range. Several absorption features with different depth and width are clearly
captured. Figure 6.4(c) shows one measurement of the R(9e) line of the v, + v;

band as compared to HiTran. A standard deviation of the residual is 1.4 x 1072,
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Figure 6.5: Measurement of a low-pressure cell of acetylene at 6 Torr. The
effective cell length is 11 cm. (a) Absorption spectrum by inter-
leaving 800 spectra at a 250-MHz step, similar to fig. 6.4(a). (b)
Transmittance of the P(7e) line measured at different scanning
steps of 10, 20, 50, 100 and 250 MHz.

which is largely limited by the SNR of the corresponding comb line. A drop port
device for outputting the OFC spectrum should improve the coupling efficiency

and the SNR’s.

We also apply this technique for measuring an acetylene cell at a lower pres-
sure of 6 Torr with an effective length of 11 cm. Figure 6.5(a) shows the mea-
sured absorption spectrum [red curve], and we compare this to a model spec-
trum [inverted black curve] based on a convolution of the microresonator line-
shape and the absorption spectrum from HiTran database, and good agreement
is observed. Due to the fact that the comb linewidth is comparable to the ab-
sorption linewidth at this pressure, the measured absorption feature becomes
weaker which causes some weak absorption peaks to be smeared as seen from
Fig. 6.5(a), which could be addressed by using a higher Q-factor microresonator.
In addition, the scanning step can be easily tuned in order to optimize for dif-
tferent gas-cell conditions. For example, Fig. 6.5(b) shows the measurement of
the P(7e) line of the v, + v; band at different scanning steps of 10, 20, 50, 100
and 250 MHz. We measure a 380-MHz half-width-half-maximum width of the
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Figure 6.6: Measurement of the P(7e) line at different scanning speeds
(single-shot). The corresponding comb line is filtered out us-
ing a 1-nm bandpass filter after the acetylene cell and then sent
to a fast photodetector. The heater is programmed to sweep a
range of 5 GHz at 1 Hz, 10 Hz, 100 Hz, and 200 Hz, which cor-
responds to a tuning speed of 10 GHz/s, 100 GHz/s, 1 THz/s
and 2 THz/s. The absolute timing of recording time traces is
random.

absorption line which also agrees well with the HiTran data.

Due to a fast response time of integrated heaters (about 10 us), the scan can
be performed significantly faster than the piezo-tuning speed of CW lasers (> 1
ms). While the acquisition speed is currently limited by the slow readout time of
the OSA, by using a low-resolution grating along with an InGaAs camera (< 100
us per image), the data-acquisition rate can be significantly increased to enable
real-time output. As a proof-of-principle, we filtered out the comb line near the
P(7e) line using a 1-nm bandpass filter and sent it to a photodetector (Thorlabs
PDA10CS, bandwidth 17 MHz). We sweep the frequency by 5 GHz by sending
a periodic triangular voltage function to the heater at rates of 1 Hz, 10 Hz, 100
Hz and 200 Hz. The recorded single-shot oscilloscope traces are shown in Fig.
6.6 with time normalized to one period, corresponding to a tuning speed of 10
GHz/s, 100 GHz/s, 1 THz/s and 2 THz/s. At 1 THz/s, the absorption fea-

tures start to show distortion, which indicates that our scheme can potentially
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achieve a total acquisition time of < 2 s to complete the current 200-GHz tun-
ing if combined with a grating and a line camera. While microresonator-based
dual-comb spectroscopy [34, 35,37] can achieve much faster acquisition speed
(2 us [34]), it requires delicate control of two modelocked frequency combs with
external pump lasers, and its spectral resolution suffers from the large optical
line spacing (10 - 200 GHz) which is more suitable for condensed phase stud-
ies. Our DCSC approach offers a much simpler and more robust approach for

gas-phase spectroscopy with a reasonably fast acquisition rate.

6.4 Conclusion

In summary, we demonstrate a new approach to gas-phase spectroscopy us-
ing microresonator-based OFC technology. We program an integrated heater to
tune the comb spectrum over one full FSR in a dual-cavity scheme and measure
the molecular fingerprint of acetylene in the v; + v; band. Parallel detection of
multiple trace gases can benefit from the broadband comb generated from mi-
croresonators since only 15% of the spectrum was used here for the acetylene
measurements. Integrated heaters offer a high tuning efficiency at low electrical
power consumption, a rapid tuning speed, and the capability of full integration
with microresonators. Moreover, our DCSC can be extended to the important
mid-IR regime, where molecules have fundamental vibrational transitions, by
replacing EDFA with a quantum cascade amplifier. Combining with the silicon
microresonator [32], a quantum or interband cascade amplifier with a minimum
power of 35 mW (at 2.8 um) or 80 mW (at 3 um) could potentially be applied
for gas sensing in the mid-IR using our configuration. With a higher Q-factor

microresonator [7, 8], a chip-scale gain medium [65,149] and an on-chip spec-
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trometer [142], we envision a lab-on-chip system with real-time output and high
spectral resolution suitable for gas sensing over a wavelength range far larger

than what could be achieved with a tunable laser.
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CHAPTER 7
OUTLOOK

This work represents a significant advance to the fields of microresonator
combs and mid-infrared spectroscopy. We present the first demonstration of a
soliton modelocked frequency comb and dual-comb spectroscopy in the mid-
IR regime. It points out new opportunities for microresonator-comb systems
towards vibrational spectroscopy in the mid-IR, where sources still remain un-
der development. We believe our work specifically addresses the potential of
linear dual-comb spectroscopy for liquid/condensed matter phase studies with
potential applications and prospects that are truly interdisciplinary and repre-
sents a novel direction for research. In addition, our technique of scanning comb
overcomes the resolution limit of integrated photonic devices and opens up new
applications of trace gas sensing. With continued progress of quantum cascade
laser (QCL) and mid-IR instrumentation such as detectors and digitizers, we
envision a spectroscopy laboratory on a chip that could realize real-time fin-
gerprinting with label-free and high-throughput detection of trace molecules.
There are several highly impactful directions based on what has been achieved

in this thesis.

The first goal is to pump a silicon microresonator using a QCL for real-
ization of an on-chip, compact and octave spanning mid-IR frequency combs
which spans over 3 - 6 um. QCL’s utilize intersubband transitions to access
the mid-infrared spectral region through engineering of multiple quantum well
heterostructure. QCL’s offers great mid-IR spectral coverage from 3 - 25 um, sin-
gle frequency operation using an external cavity configuration and high power

output. There are several main challenges: the silicon microresonator exhibits
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significant higher loss due to the oxide cladding absorption beyond 3 um, and
the QCL’s still have relatively large spectral linewidth and limited mode-hop-
free tunability. A novel design of silicon devices with new cladding materials
should be developed along with continued efforts on increasing the Q-factor
of microresonators. Additional tuning method of cavity resonance should be
utilized to overcome the thermal shift for comb generation, e.g. integrated
heaters. Moreover, using a quantum cascade amplifier coupled to a microres-
onator could be an alternative solution. Interband cascade laser and interband

cascade amplifier could also serve as possible pump sources.

Another exciting application will be to combine dual-comb technique with
microfluidic technology for label-free analyte detection for synthetic biology
and chemistry. Microfluidic device as a continuous-flow platform for cell-
sorting or chemical synthesis has become popular because it allows for safe
and rapid microreactions using picoliter reagent volumes with high selectiv-
ity over a small footprint. It produces a large amount of information in real
time about reaction kinetics, reaction intermediates, catalytic activities and se-
lection. Integrating the microfludic reactor with an in-line monitoring tool at a
kHz or higher sampling rate is necessary for real-time analysis of biomolecules
or chemical production. Typically in-line analysis tool is based on Raman
and UV/Visible spectroscopy both of which has limited spectral acquisition
speed or fluorescence spectroscopy which requires labeling the target molecule
group. Therefore, microresonator-based dual-comb spectroscopy, which is a
rapid, non-destructive, label-free, and sensitive technique, becomes a promis-
ing tool for such applications where real-time data series is desired. Benefit
from the large line spacing of microcombs, dual-comb spectroscopy could en-

able extracting spectral information on sub-us scale and contribute to microflu-
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idic applications such as point-of-care and dial-a-molecule.
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APPENDIX A
RAMAN SCATTERING EFFECT

A.1 Coherent mid-IR combs in presence of Raman scattering

We investigate the comb generation dynamics in the silicon microresonator for
the case in which the pump wavelength is set to 3.07 um and the reverse-bias
voltage on the PIN structure is set to -12 V. As the pump wavelength is tuned
into a cavity resonance, we characterize the optical spectrum and the PIN-based
RF spectrum as shown in Fig. A.l(a). As the pump is tuned further [Fig.
A.1(a)(i) — A.1(a)(iii)], an abrupt transition in the optical spectrum occurs along
with a reduction of the RF amplitude noise [Fig. A.1(a)(iv)]. Additionally, we
observe an abrupt increase in DC current from 0.945 to 1.17 mA [Fig. A.1(b)],
which is suggestive of modelocking and pulse formation since the 3PA-induced

DC current is very sensitive to temporal peak power in the cavity.

Figure A.2 shows the low-noise comb spectrum in the frequency domain.
We achieve a nearly-octave-spanning frequency comb spanning 70 — 122 THz,
which corresponds to 2460 — 4278 nm in wavelength. Interestingly, the tran-
sition to the low-noise state coincides with the emergence of multiple Raman
oscillations, implying that the low-noise state is strongly influenced by simu-
lated Raman scattering (SRS), The Raman effect has been previously observed
and characterized in silicon nanowaveguides with a Raman frequency shift of
15.6 THz [150, 151] and a narrow linewidth of 105 GHz. Previous theoretical
investigations have indicated that comb generation based on the Raman effect
is possible with the comb spacing defined by the Raman shift [98]. In our ex-

periment, we observe distinct Stokes and anti-Stokes peaks separated by 15.52
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Figure A.1: Comb generation dynamics in a silicon microresonator. (a)
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THz with respect to the pump frequency (indicated with green arrows in Fig.
A.2). Furthermore, other strong comb lines are separated by the Raman shift,
and we observe cascaded Raman Stokes lines with respect to the primary comb
line (indicated with blue arrows in Fig. A.2). Generation of higher-order Raman
lines is limited by the high optical losses due to the silica cladding beyond 4.3
um. Another indication of the SRS process is the significantly depleted pump
frequency line with power lower than the primary FWM sideband. The fact
that the frequency shift of the observed Raman peaks is lower than the value
of 15.6 THz at room temperature could be attributed to: 1) the spectral overlap
between the cavity resonance and the Raman gain profile 2) and the decreased
Raman shift in silicon with higher temperatures [152], which is due to absorp-
tion and 3PA-induced thermal effects in the silicon microresonator. The large
FSR of our device (127 GHz), along with the large Raman shift and narrow Ra-
man gain bandwidth, makes the generation of Raman-FWM frequency comb
much more sensitive to the pump laser detuning and the pump power. Another
feature of this Raman-FWM comb is that, in contrast to Hansson, et al. [98], our
generated comb shows discrete high power comb lines with a spacing of 1.7
THz, which corresponds to 13 FSR’s and 1/9 of the Raman frequency shift. The
spacing is defined by the interplay of FWM and SRS when pumping at anoma-
lous GVD. The high power comb lines that emerge in this final state dominates
the phase locking and pulse formation. Our results indicate that, in contrast to
conventional FWM-induced phase-locked frequency combs, phase-locking in
our system occurs as a result of a combination of coherent generation of Stokes
and anti-Stokes frequencies from SRS [153], and FWM interactions between the
different Stokes and anti-Stokes pairs, enabling broadband coherent frequency

comb generation.
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A.2 Competition between Raman and Kerr effects in crys-

talline microresonators

A.2.1 Introduction

The effects of Raman scattering on parametric oscillation and comb generation
have been explored [4,154-161]. For example, self-frequency shifts have been
observed in amorphous materials such as silica and silicon nitride [162, 163],
where the presence of a red-shifted Kerr soliton has been attributed to the Ra-
man effect. Furthermore, Raman lasing and Raman-FWM interactions have
been observed in crystalline structures such as magnesium fluoride, silicon, dia-
mond, and aluminum nitride [4,156-158,160], resulting in non-trivial nonlinear

interactions in the microresonator and the disruption of soliton formation.

We theoretically investigate the combined effects of Raman and parametric
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Figure A.4: (a) Simulated spectrum for comb generation in diamond mi-
croresonators pumping at 790 nm for FSR’s of 787 GHz (top)
and 658 GHz (bottom). (b) Simulated spectrum a 1560 nm
pump for FSR’s of 500 GHz (top) and 417 GHz (bottom). The
insets show the corresponding temporal profile. The red cir-
cles indicate the Raman frequency shift.

gain on Kerr comb generation in diamond and silicon microresonators. Dia-
mond is an ideal platform for Kerr combs since it has a large Kerr nonlinearity
(n, = 1.3 x 107" m?/W), enables broadband parametric gain with dispersion
engineering of the waveguides, and has a wide optical transparency window
covering the UV to the mid-infrared (mid-IR) [45]. It also has a strong Raman
gain (ggr = 26 cm/GW at 800 nm) with a narrow linewidth (I'z/27 = 60 GHz). Sil-
icon is a well established photonics platform and offers promise for frequency
comb applications in the mid-IR [3,32,34]. It has an even larger nonlinearity
than diamond (n, = 3 x 107! m?/W at 3100 nm) [76] and we estimate a Raman
gain gg = 3 cm/GW for a Stokes field at 3700 nm [164, 165], with a linewidth
I'k/2m = 105 GHz. Since the Raman gain is large and inherent in these crys-
talline materials, it can play an integral part in the nonlinear dynamics in the
microresonator. We show that it is possible to minimize the strength of the Ra-
man effect by designing the device geometry. Our analytic and numerical stud-
ies show that tuning the free-spectral range (FSR) of the microresonator can be

used to achieve a Kerr comb state or a Raman oscillation state. For Kerr comb
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generation, the FSR must be chosen such that the peak of the Raman gain is
far detuned from any cavity resonance in order to suppress the Raman gain as
compared to the parametric gain. This condition posts a maximum limit of the
microresonator’s dimension (or round-trip path length), especially for diamond
microresonators operating in the visible regime where the Raman gain is typ-
ically much larger. In addition, we investigate the competing effects near the
FSR limit in silicon microresonators. Our analysis offers a novel route to achiev-
ing Kerr comb generation in the presence of strong Raman effects and can be
generalized to other nonlinear crystalline materials with a narrow Raman gain

feature.

First, we analyze competing Raman and Kerr effects in crystalline microres-
onators. The parametric gain can be expressed as Gy, = gxPL/A, where the
parametric gain coefficient is gx = 4nn,/A where A is the pump wavelength, n,
is the nonlinear index coefficient, P is the pump power, and A is the effective
optical mode area. Similarly, the Raman gain can be written as Gy = ggPL/A.
In order to achieve parametric oscillation and Kerr comb formation in a crys-
talline microresonator, the Raman gain must then be suppressed by more than
the ratiogg/gx between the two gain coefficients. By assuming that the Raman
spectral gain profile can be expressed as a Lorentizan gg(5) = gr/(1 +46%/ Ffe) and
choosing the FSR such that the peak Raman gain is centered between two cavity
modes (see Fig. A.3), the effective gain at the nearest Stokes cavity mode will

VEr/ 8k

be suppressed by more than gr/gk if 6/I'r > ->5->=. Thus positioning the peak
Raman gain between two cavity resonances (Fig. A.3) is critical for pure Kerr

comb generation.
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A.2.2 Diamond microresonator

In diamond, for a pump wavelength of 800 nm, the Kerr and Raman gain coef-
ticients are gx = 0.2 cm/GW and gz = 26 cm/GW [166]. To achieve pure comb
formation, the Raman gain must then be suppressed by more than 130x. This
corresponds to 6/2n = 342 GHz for diamond, indicating that an FSR > 684 GHz
is required. Similarly, we calculate the gain coefficient at telecommunications
wavelengths, taking into account the wavelength dependence of both the Kerr
and Raman gain [158,166,167]. At a pump wavelength of 1560 nm, the gain
coefficients are gx = 0.1 cm/GW and gz = 6 cm/GW, which requires an FSR >
464 GHz to suppress Raman gain. The FSR threshold is lower at 1560 nm since
the Raman gain coefficient decreases more rapidly with increasing wavelength

as compared to the Kerr gain coefficient [166].

We confirm this analysis by performing simulations of the comb generation
dynamics using the modified Lugiato-Lefever equation [44-49], including ef-
fects of higher-order dispersion, self-steepening, and the Raman effect. Here,
we assume he pump and the Stokes fields are co-polarized. The equation can

be written as

ECT | B[O
Tr prail 6o + iL 2471 (lf)T (A1)
+ z)/L(l + Lﬁ) f R(t’)lE(t—t’,T)|2dt’]E(t,T)+ VKE;,
wo 0 0

where T is the round-trip time, E(z, 7) is the field in the microresonator, « is the
round-trip loss, d is the pump-cavity detuning, 3, is the nth order dispersion co-

efficient, y is the nonlinear parameter, R(¢) is the Raman response, « is the power
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transmission coefficient of the bus-waveguide-microresonator coupling region,
and E;, is the input field. We simulate the dispersion of the waveguide using
a finite-element mode solver. The waveguide cross section of the diamond mi-
croresonator is 300400 nm which allows for anomalous GVD at 790 nm. Figure
A.4(a) shows the simulated spectra for two different FSR’s, 787 GHz and 658
GHz, respectively. The dispersion, propagation loss (0.5 dB/cm), and pump
power (300 mW) are the same for the two FSR’s. The spacings of the red circles
in the spectral plots correspond to the Raman frequency shift. Depending on the
FSR, we observe two different final states, corresponding to Kerr comb forma-
tion [Fig. A.4(a) top] and Raman oscillation [Fig. A.4(a) top]. Our simulations
agree well with the calculated FSR required for pure Kerr comb generation. The
larger FSR microresonator allows for suppression of the Raman gain enabling
Kerr combs and soliton formation [Fig. A.4(a) inset], whereas the smaller FSR
microresonator does not suppress the Raman gain, resulting in Raman oscil-
lation becoming dominant and destabilizing the modelocking process of Kerr
frequency combs. We also observe comb lines between the Raman peaks, which
we attribute to Raman-assisted FWM. We observe this threshold behavior for
Kerr comb formation for other waveguide cross sections provided that the GVD
is anomalous and is largely dependent on the microresonator FSR. In addition,
we simulate the dynamics for 1560-nm pump using a waveguide cross section
of 700x800 nm which allows for anomalous GVD at the pump. Figure A.4(b)
shows the simulated spectra for two different FSR’s, 500 GHz and 417 GHz, re-
spectively. Our simulations show that, similar to the 790 nm pump case, a Kerr
comb is generated for the 500 GHz FSR, but Raman oscillation dominates for 417
GHz, which agrees well with our threshold calculation. Figure A.5 shows ex-

perimental results showing the two different regimes below and above the FSR
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Figure A.5: Experimental spectrum for comb generation in diamond mi-
croresonators pumping at 1575 nm for two different FSR’s of
200 GHz and 900 GHz.

threshold (200 GHz and 900 GHz) pumping at 1575 nm. The waveguide cross
section is 700x800 nm. Raman oscillation is observed 200-GHz FSR, and Kerr
comb formation is observed without Raman effects for 900-GHz FSR [23, 158].
We conclude that choosing a large FSR is critical for Raman suppression and
generation of a pure Kerr comb, particularly at lower wavelengths near visible
where the Raman gain is large. The FSR threshold of 684 GHz at 800 nm corre-
sponds to a microring radius of 26 um. For such small device dimensions, the
contribution from bending losses could increase, leading to lower quality fac-
tor devices, and the large FSR can be detrimental to various applications that

require smaller comb spacings.

A.2.3 Silicon microresonator

We perform a similar analysis for silicon microresonators operating in the mid-
IR. For a 3100 nm pump wavelength, the Kerr and Raman gain coefficients
are gx = 1.21 cm/GW and gg = 3.05 cm/GW, respectively. The smaller Ra-

man gain coefficient results in a smaller ratio between the two gain coefficients
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Figure A.6: Simulated spectrum (left) and temporal profile (right) for
comb generation in silicon microresonators pumping at 3100
nm for FSR’s of 176 GHz (top) and 70.7 GHz (bottom).

gr/gk. Thus, the suppression of Raman for pure Kerr comb formation requires
an FSR > 167 GHz. We consider an etchless microresonator with a cross section
of 500x1400 nm which allows for anomalous GVD at the pump wavelength of
3100 nm. Similar to our diamond analysis, we fix the dispersion, propagation
loss (0.5 dB/cm), and pump power (100 mW) for each FSR we investigate. Fig-
ure A.6 shows the simulated spectra and corresponding temporal profiles for
two different FSR’s of 176 GHz and 70.7 GHz. We observe pure Kerr comb for-
mation with minimal Raman effects for the large FSR which again agrees with
the threshold calculation. For 70.7 GHz, the Raman effect dominates and we
only see Raman oscillation for this pump power. For FSR’s between 176 GHz
and 70.7 GHz, we observe Raman and Kerr oscillation in the same device for
different pump-cavity detunings. We believe this behavior can be explained by
the Raman-assisted FWM effect which enables parametric oscillation and Kerr

comb formation to occur.
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We experimentally investigate comb generation in a silicon microresonator
with a waveguide cross section of 500x1400 nm [3, 32] and an FSR of 128 GHz,
which is chosen here to allow for the Raman gain peak to lie between two cavity
resonances which minimizes the Raman effect. Figure A.6 shows the two dif-
ferent realizations of combs generated in the same microresonator for 80 mW
of pump power in the bus waveguide. By choosing a different frequency de-
tuning between the pump and the cavity resonance, we generate a comb state
with strong Raman oscillation [Fig. A.7 (a)] and a comb state absent of strong
Raman effects [Fig. A.7(b)] in the same microresonator. The strong comb lines
in Fig. A.7(a) correspond to 1/9" of the Raman frequency shift. In contrast, the
strong comb lines in Fig. A.7(b) do not match with the Raman shift and is a
result of multiple-soliton formation [32]. Our experimental results indicate that
in the intermediate regime between the FSR’s of 70.7 and 176 GHz there exists
competition between Raman and Kerr effects resulting in the existence of two

different states.

We numerically investigate this intermediate regime in silicon where com-
petition between Raman and Kerr gain occurs. Figure A.8 shows the comb gen-
eration dynamics for a 129 GHz FSR silicon microresonator as the pump-cavity
detuning is increased. In Fig. A.8(a) we see that, as the pump power builds
up, Raman oscillation first occurs. As the detuning is increased, Kerr oscillation
occurs as well [Fig. A.8(b)]. Furthermore, we observe non-degenerate FWM
driven by the pump and Stokes fields. With further detuning, the Raman lines
diminish and multi-soliton formation occurs [Fig. A.8(c)]. Figure A.8(d) shows
the final detuning step where single soliton formation occurs and the Raman
effect is absent. Thus, with sufficient pump powers, Kerr comb formation is still

possible in silicon. In this intermediate regime, the Raman effect diminishes and
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Figure A.7: Experimental spectra for comb generation in a silicon mi-
croresonator pumping at 3100 nm (a) with Raman oscillation
and (b) without Raman effects. The FSR is 128 GHz, which
positions the Raman gain peak between the two cavity reso-
nances of the microresonator.

Kerr oscillation dominates for higher FSR’s, and the Raman effect dominates for
lower FSR’s. This intermediate regime in silicon exists due to the fact that the
Raman and Kerr gain are comparable. However, in diamond, this intermediate

range is minimal, as the Raman gain is much larger compared to the Kerr gain.

A.24 Conclusion

In conclusion, due to the large Raman effect in silicon and diamond, relatively
large FSR microresonators are required for mode-locked Kerr comb generation.
While silicon offers some flexibility as the Raman and Kerr gain are comparable,
the microresonator cavity length must be carefully chosen in diamond due to the
high Raman gain, especially at shorter pump wavelengths. Our current inves-

tigation considers only one polarization mode for the optical field and does not
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take into account the polarization/crystal-orientation dependence of the Raman
process in crystalline materials. For example, in diamond, for certain waveg-
uide propagation directions the Kerr and Raman effects can be segregated into
two orthogonal polarizations [167]. Our results indicate that such approaches
utilizing the tensorial nature of the Raman process must be employed in order to
realize lower FSR combs that are needed for applications such as astronomical

spectroscopy and optical clocks.
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