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Silicon photonics is a revolutionary technology that enables the control of light
inside a silicon chip and holds promise to impact many applications from data
center optical interconnects to optical sensing and even quantum optics. The
tight confinement of light inside these chips greatly enhances light-matter interactions, making this an ideal platform for nonlinear photonics. Recently,
microresonator-based Kerr frequency comb generation has become a prevalent
emerging field, enabling the generation of a broadband optical pulse train by
inputting a low-power continuous-wave laser into a low-loss chip-scale microcavity. These chip-scale combs have a wide variety of applications, including
optical clocks, optical spectroscopy, and data communications. Several important applications in biological, chemical and atmospheric areas require combs
generated in the visible and mid-infrared wavelength ranges, where there has
been far less research and development compared with the near-infrared. Additionally, most platforms widely for combs are passive, limiting the ability to
control and optimize the frequency combs.
In this dissertation, we set out to address these shortcomings and introduce
new tunability as well as wavelength flexibility in order to enable new applications for microresonator frequency combs. The silicon nitride platform for
near-infrared combs is generally a passive platform with limited tuning capabilities. We overcome dispersion limitations in the visible range by leveraging the

second-order nonlinearity of silicon nitride and demonstrate visible comb lines.
We then further investigate the second-order nonlinearity of silicon nitride by
measuring the linear electro-optic effect, a potential tuning mechanism. Finally,
we introduce thermal tuning onto the silicon nitride platform and demonstrate
tuning of the resonance extinction and dispersion of a micro-cavity using a coupled cavity design. We also address the silicon mid-infrared frequency comb
platform. The transparency range of the traditional silicon platform prohibits
operation beyond 4 µm wavelength. Here we show that a silicon photonics
platform can be leveraged for broadband mid-infrared operation without introducing complexity in fabrication. Both an air-clad and fully suspended silicon
platform can enable broadband, low-loss propagation and comb generation as
high as 6 µm. We demonstrate a high quality factor resonator near 4 µm wavelength, more than an order of magnitude higher than the traditional platform.
Finally, we discuss future avenues of research building on the work presented
here.
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CHAPTER 1
INTRODUCTION

1.1

Integrated Silicon Photonics

The field of integrated photonics has enabled unprecedented control of the flow
and properties of light at the chip scale. Throughout much of the last two
decades, micro and nanofabrication technologies have fueled the enormous
growth of this field. Many basic functionalities of integrated photonics stem
from free-space optics, which has been developed over the course of several
centuries. However, owing to the small length scales that are unique to such
devices, there have been many exciting new functionalities that could not have
been achieved without developments on an integrated scale. Much of the recent expansion in capabilities have been driven by the prospect of silicon-based,
Complementary Metal Oxide Semiconductor (CMOS)-compatible photonics for
meeting the demand for high-bandwidth, low-power integrated optical data interconnection for high-performance computing and data centers. Silicon-based
photonics takes full advantage of the extensive semiconductor manufacturing
infrastructure, enabling the prospect of low-cost chip-scale photonics systems.
Particularly throughout the last decade, advancements in photonics for telecommunications and data-communications have led to an expansion into a wide
variety of application fields, including chemical and biological sensing, spectroscopy, biomedical imaging, nonlinear optics, quantum optics, opto-genetics,
lidar, and display technologies. There is now an extensive and versatile set of
building-block components, devices, and materials available as a ”photonics
toolbox” that are actively used for these applications. As such, the field has
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progressed to the point at which industries have taken up the development of
silicon photonics beyond the laboratory to real products. This began in the telecom and datacom industries, and took nearly a decade or more of development
before products were ready or near-ready for primetime. We are now at an interesting time in which photonics technologies in other application areas will
continue to mature beyond the photonics laboratory into biology and chemistry
labs, medical clinics, quantum computers, virtual/augmented reality devices,
robotics, and self-driving cars.

1.2

Nonlinear Optics

Nonlinear optics is the study of nonlinear light-matter interactions and the resulting phenomena, including the generation of new frequencies (colors) of
light, ultra-short pulses and photon-photon interactions, among others. In the
majority of light-matter interactions that occur in our daily lives, light transmits
through, diffracts, scatters, reflects off, or is absorbed by objects in a linear fashion. These interactions can affect amplitude, phase, propagation direction, and
polarization of light, but frequency (wavelength, color) is not affected. Thus,
red light that passes through a window doesn’t come out blue on the other side.
However, under the right conditions, with the right piece of glass, this can actually occur via a nonlinear optical process. All nonlinear optical processes require
several necessary conditions, first of which is a high optical intensity. The invention of the laser was therefore a critical point for the field of nonlinear optics, as
lasers provide a high intensity, coherent beam of light at a single frequency, contrasting the incoherent broadband emission from thermal light sources. Pulsed
lasers provide even higher peak intensities than continuous wave lasers, and
2

are thus ubiquitous in the field. Optical intensity is equal to the power per
unit area of a beam, so technologies such as optical fibers and integrated optics
that tightly confine light are valuable tools that have enabled demonstrations of
many new phenomena. In general, high powered, pulsed lasers require expensive technologies, which somewhat limits the scope of research and applications
of nonlinear optics. However, fiber and integrated photonics can enable nonlinear optics using low-power, continuous wave lasers, thus allowing for more
fundamental research as well as development of real-world applications.
One such development will be the focus of this dissertation: microresonator
optical frequency combs. This research area has enabled a way of generating
a frequency comb spectrum, corresponding to short pulses in time, by using a
relatively low power continuous wave laser source and a photonic micro-chip.
The development of these devices has great potential for applications in optical
frequency metrology, optical clocks, optical spectroscopy, arbitrary waveform
generation, astronomical calibration, as well as telecommunications. Both the
understanding of physical dynamics as well as functionality and experimental
quality of these frequency combs have progressed significantly in the past several years. Further research is needed to expand the wavelength span as well as
wavelength range of these frequency combs for applications of octave spanning
frequency combs in the visible, near-IR, and mid-IR range.

1.3

Organization

This dissertation focuses on the advancement of microresonator frequency
combs both in wavelength range and functionality, enabling a wider array of
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applications as well as more versatile capabilities. Chapters 2 and 3 present a
background context for the following work, and offer intuitive explanations of
many concepts to enable a deeper understanding. In Chapter 2, we introduce
the fundamental principles of integrated photonics. We introduce the concepts
of propagating waveguide modes as well as resonators. An overview of the
characteristics of relevant materials and wavelength regimes is also explored for
broader context. The basic fabrication methods for devices described in subsequent Chapters are also outlined. We conclude with the idea that integrated optics is an ideal platform for nonlinear optics. Thus, Chapter 3 offers an overview
of nonlinear optics in the context of waveguide optics. Nonlinear refraction and
wave mixing are explored, leading to the generation of Kerr frequency combs.
In Chapter 4, we introduce microresonator frequency comb generation at visible
wavelengths via a simultaneous second-order nonlinear process in silicon nitride waveguides. We further explore the second-order nonlinear electro-optic
properties of silicon nitride in Chapter 5. We then introduce tunability to the
silicon nitride frequency comb generation platform based on coupled microring
resonators and integrated thermal tuning in Chapter 6. Finally, we explore two
ways to extend the traditional silicon-on-insulator platform for broadband midinfrared frequency comb generation. In Chapter 7, we demonstrate a low-loss
air-clad silicon microresonator, and in Chapter 8 we explore a fully suspended
silicon waveguide platform. We conclude with a summary in Chapter 9, and address several future research directions that can build upon the work presented
in this dissertation.
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CHAPTER 2
INTEGRATED PHOTONICS

2.1

2.1.1

Waveguides

High Index Contrast Waveguides

Silicon photonics is based on high-index contrast waveguides, as in Fig. 2.1(a),
in which a high refractive index dielectric core material (e.g. silicon) is surrounded by a low refractive index dielectric cladding material (e.g. silicon dioxide, SiO2 ). In a ray-optics picture, the structure in Fig 2.1(b). acts as a waveguide
because as light travels from a high-index to a low-index medium at a sufficiently shallow incidence angle, total internal reflection occurs, such that light
reflects at the interface and remains confined within the high-index medium.
As long as the angle remains below the critical angle, θcr = arcsin(n2 /n1 ), the
high-index medium acts to guide the light. This is the basic principle behind
optical fibers as well as integrated photonic waveguides; however, fibers have
an index contrast much less than 1, whereas silicon waveguides exhibit a high
index contrast of nearly 3 : 1.
Such a waveguide can also be understood from a mode picture, which remains a common theme throughout this text. One can solve the wave equation
given the standard boundary conditions of the core/cladding refractive indices.
A set of solutions arise having distinct eigenvalues, commonly referred to as
”modes,” each exhibiting their own effective refractive index, neff . The neff falls
between the core and cladding indices, and can be thought of as an indicator

5

(a)

(c)

n1

TE

TM

n2
n2 > n 1
(b)

cladding

n1

core

n2
 >cr

n1

cladding

Figure 2.1: (a) Cross-section of a high index contrast waveguide, in which
light is confined within a high-index core embedded within a
low-index cladding material. (b) Ray-optics picture of a 2D slab
waveguide. Light rays experience total internal reflection at the
core-cladding boundary if their angle exceeds the critical angle,
θcr . (c) Fundamental and first two higher-order modes for both
TE and TM polarizations.

of the degree of light confinement. The fundamental and first few higher-order
modes for transverse-electric (TE) and transverse-magnetic (TM) polarizations
are shown in Fig. 2.1(c) from a finite-element method (FEM) simulation using
COMSOL Multiphysics Software. The fundamental mode consists of a peak intensity in the center of the waveguide, a discontinuity at two interfaces (due
to the discontinuous electric field boundary condition for a field normal to an
interface), and an evanescent tail that exponentially decays beyond the waveguide core. Higher order modes are similar, but exhibit different numbers of
peak intensity lobes within the core. The fundamental mode has the highest degree of confinement and thus exhibits the highest neff , which decreases for each
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successive higher-order mode.
Several distinct properties arise from having a high index contrast. First,
the higher the index contrast, the more tightly confined the light is inside the
waveguide; this means the waveguide size can decrease somewhat below the
wavelength of the light while still maintaining light confinement, which allows
integrated waveguides to shrink down from the size of fibers (tens to hundreds
of µm) down to the chip-scale (hundreds of nanometers). Tight confinement
also creates a higher light intensity in the waveguide (since intensity is optical power per unit cross-sectional area), as well as decreases the strength of the
evanescent tail, and allows for tighter waveguide bend radii without light leaking out. Second, high index contrast waveguides can exhibit a strong change
in refractive index across different wavelengths, enabling dispersion engineering, which will be discussed in Chapter 3.8. Third, high index contrast means
the neff of higher order modes are very well separated apart compared to fibers,
enabling multi-mode waveguides to be used for many applications. Unfortunately, waveguide scattering loss due to sidewall roughness increases with high
index contrast because the high-contrast roughness acts as a stronger perturbation to the waveguide mode than low-contrast roughness. Overall, high-index
contrast is one of the most important fundamental properties of silicon photonics which enables the operation of almost all silicon photonic devices.

2.1.2

Waveguide Propagation

Light propagates through a high index contrast waveguide as a transverse
wave. Modes exist with primarily TE as well as primarily TM fields, however,
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particularly for high index contrast waveguides, a ”TE” mode has small components of Ey and Ez fields as well as the primary E x field. These modes propagate
with phase velocity, vp given by:
vp =

c
,
neff

(2.1)

in which c is the speed of light in a vacuum, and group velocity, vg given by:
vg =

c
,
ng

(2.2)

in which ng is the group index:
ng = n + ω

dn
dn
=n−λ .
dω
dλ

(2.3)

Most materials are dispersive, such that the refractive index changes across
wavelength, leading to changes in phase and group velocities across wavelength spectrum. The waveguide geometry also induces its own dispersion
affecting the light propagation. This is of significant importance for nonlinear
optical processes, and is further discussed in Chapter 3.7.

2.1.3

Modes and Mode Coupling

Mode coupling is a fundamental tool in integrated photonics, and it is instructive to further understand modes in some detail. A forward-propagating
mode inside an isolated waveguide is orthogonal to all other waveguide modes,
meaning it has zero mode overlap with other modes and cannot interact with
other modes without some external mediation. If, however, a small perturbation is introduced, orthogonality can be broken and coupling can occur. For
8

a propagating waveguide mode, this perturbation could be any change in refractive index, such as a small notch in the side of the waveguide, or even another waveguide introduced some lateral distance away which overlaps with its
evanescent tail. When orthogonality is broken and coupling occurs, energy is
transferred between these modes. These coupled modes are no longer orthogonal; however, a different set of orthogonal mode solutions exist, commonly
referred to as superposition modes, or supermodes, which will be discussed below.
If we consider waves propagating with propagation constants βa and βb in
the absence of coupling, they satisfy the equations:
dAa
= − jβa Aa
dz
dAb
= − jβb Ab ,
dz

(2.4)

which simply describe each wave, Ai , propagating in the +z direction accumulating phase with their respective propagation constants. If a mutual coupling
mechanism is introduced between these modes, the equations become:
dAa
= − jβa Aa + κab Ab
dz
dAb
= − jβb Ab + κba Aa ,
dz

(2.5)

such that wave Aa is weakly affected by wave Ab and vice versa through mutual
coupling strength κab (κba ). A determinant solution to these equations yields the
following expression [1]:
βa + βb
β± =
±
2

s

 β − β 2
a
b
− κ2
2

(2.6)

in which β± are the orthogonal superposition modes (supermodes) of the original coupled modes βa and βb . These modes, plotted in Fig. 2.2(a), show a char9

acteristic anti-crossing shape. Each individual waveguide mode is shown as
dotted lines, which cross each other. However, their mutual coupling creates
an avoided crossing (anti-crossing) as the modes couple and hybridize with
each other. One supermode is a phase-symmetric superposition [Fig. 2.2(b)]
while the other is a phase-anti-symmetric superposition [Fig. 2.2(c)].The coupling strength determines the mode splitting at the center of the anti-crossing.

Propaga on Constant

(a)

(b)

1

a
+
0

(c)

b

1

-

-1

Wavelength
Figure 2.2: Mode Coupling. (a) Anti-crossing behavior of two coupled
mode, βa and βb . At the center of the anti-crossing, the modes
hybridize to form superposition modes (supermodes). These
modes are phase symmetric (b) and phase anti-symmetric (c)
waveguide modes. Far from the anti-crossing, the hybrid
modes behave like individual isolated modes.
Degenerate mode coupling is a common case to consider. If βa = βb = β (i.e.
two parallel identical waveguides), and we examine the evolution of a wave
beginning in waveguide 1, we see a sinusoidal transfer of energy between the
two waveguides:
A2 = A1 sin2 (κL).

(2.7)

This energy transfer is periodic along the propagation direction (Fig. 2.3). If we
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examine the orthogonal eigenmodes of this coupled waveguide system, we see
that Eq. 2.6 reduces to the following:
β± = β s,as = β ± κ

1

(2.8)

wg1
wg2

0

Coupling Length
Figure 2.3: Two identical waveguides evanescently coupled to each other
exhibit degenerate mode coupling, such that the eigenmodes
are the symmetric and antisymmetric supermodes. Light
launched into only one waveguide is not the system eigenmode, so light couples back and forth between the two waveguides in a sinusoidal manner

These two modes represent the phase-symmetric and phase-anti-symmetric superpositions of these two degenerate coupled waveguides [Fig. 2.2(b)-(c)]. The

11

propagation constants of these two supermodes have split, much like the splitting between bonding and anti-bonding energy levels of a hydrogen molecule
that is formed by the mutual coupling of two identical hydrogen atoms. This
type of coupling is the fundamental principle behind waveguide directional
couplers, waveguide interferometers as well as microring resonator coupling.
Intuitively, when we launch light into only waveguide 1 in 2.3, this is not the
eigenmode of the coupled system, and so there is an exchange of light back and
forth between the coupled waveguides. This is the principle behind waveguide
directional couplers.

2.2

2.2.1

Resonators

Ring Resonator

The microring resonator is a versatile component of the ”photonics toolbox” that
is the focus of the devices and studies described in this work. A ring resonator
consists of a waveguide wrapped around itself to form a circular traveling-wave
ring resonator cavity. A bus waveguide is positioned close to the microring such
that light evanescently couples into and out of the cavity (Fig. 2.4a). When continuous wave (CW) laser light from the bus waveguide evanescently couples
into the ring, the light that makes the round-trip in the cavity interferes with
the input bus-waveguide light. Destructive interference occurs when an integer
number of wavelengths fit precisely inside the optical path length of the cavity, in which the cavity is said to be ”on resonance.” Mathematically, this occurs
when the condition 2πneff L = mλ is met, in which L is the length of the cav-
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ity, λ is the resonance wavelength, and m is an integer. Here, the interference
causes a dip in bus-waveguide transmission and traps the light inside the ring
for several round-trips. This transmission dip is shown in Fig. 2.4b, and forms
a characteristic Lorentzian function in the frequency/wavelength domain:
(a)

a0

a1

κ

(b)

FSR

1

b0

b1

e

0

+iθ

0

Figure 2.4: (a) General form of a microring resonator coupled to a bus
waveguide. (b) Transmission spectrum of microring resonator,
showing linewidth, resonance freqeuency, and free spectral
range (FSR).

T =1−

(ω − ω0

)2

1
,
+ (∆ω/2)2

(2.9)

in which ω0 is the resonance frequency and ∆ω is the full-width at half maximum (FWHM) resonance linewidth. A series of resonances occur at neighboring wavelengths for consecutive m-number resonant modes. The spacing
between consecutive resonances is called the free-spectral range (FSR), and is
equal to:

FSRω =

2πc
,
ng L

(2.10)

in which L is the cavity length. The width of the Lorentzian lineshape is a measure of the cavity decay rate, which is inverse to the cavity lifetime, τ. The
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quality (Q) factor is an important figure-of-merit indicating how much energy
is stored in the resonator, and is given by:
Q=

ω
= ωτ.
∆ω

(2.11)

The cavity Q is directly proportional to the cavity lifetime. The finesse is another
important figure-of-merit, measuring the number of round trips light takes inside the cavity, and is given by the ratio of the FSR to the linewidth:
F=

FSRω
.
∆ω

(2.12)

The finesse can also be represented simply in terms of the round-trip loss in the
cavity:
F=

2π
αL

(2.13)

in which α is the waveguide propagation loss, and thus αL represents the cavity
round-trip loss. The value of finesse, Q, and resonance extinction are determined by the balance between the rate of input/output coupling and the intrinsic cavity loss rate. The total cavity loss rate can be expressed as:
γtotal =

1
1
1
= + ,
τtot τi τc

(2.14)

in which τtot is the total cavity lifetime, τi is the intrinsic cavity lifetime due to
propagation losses, and τc is the cavity lifetime due to coupling. By dividing
each term in this equation by the resonance angular frequency, ω, we can express this statement in terms of quality factor:
1
1
1
=
+
,
Ql Qi Qc

(2.15)

in which Ql is the total, or ”loaded” Q, Qi is intrinsinc Q, and Qc is the coupling
Q. Loaded Q is a directly measurable quantity, whereas intrinsic Q is a derived
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quantity which is a measure of the propagation loss inside the cavity. Their
relation is given by:
Qi =

2πng
,
αλ

(2.16)

in which α is the propagation loss per unit length [2].
There are three basic coupling regimes for a cavity to exhibit: under-coupled,
critically-coupled, and over-coupled. A cavity is under-coupled if the coupling
rate is slower than its intrinsic loss rate (when Qc > Qi ). Here, loaded Q is
dominated by the intrinsic losses, and minimal additional loss is introduced
by the coupling mechanism. An under-coupled resonance thus has low extinction and sharp linewidth. A cavity is critically-coupled when the coupling rate
matches the intrinsic loss rate of the cavity. Here, the intrinsic Q is twice that
of the loaded Q. On resonance, complete destructive interference occurs, such
that the extinction is maximum, and all light is lost inside the ring. A cavity is
over-coupled when the coupling rate exceeds the intrinsic loss rate of the cavity. Here, the loaded Q is dominated by coupling. An over-coupled resonance
has low extinction and has a much broader linewidth compared with an undercoupled resonance with the same propagation loss. Experimentally, the intrinsic
Q can be calculated from a measured resonance by fitting a Lorentzian function
and using the relation:
Qi =

2Ql
√ ,
1± T

(2.17)

in which T is the transmission on resonance (T = 0 for critical coupling). The
+ sign is used in the denominator for under-coupling, and the − sign is used
for over-coupling. Since the intrinsic Q is a measure of propagation loss, it is
a critical figure-of-merit when working to achieve low-loss waveguide fabrication. The coupling Q can easily be modified in design by changing the gap
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between the bus waveguide and ring, or alternatively introducing a longer coupling length.

Transfer Matrix Approach

The ring resonator can be understood using a transfer matrix approach. A directional coupler with amplitude coupling coefficient, κ, and amplitude transmission coefficient, t, can be represented by a 2 × 2 matrix:



 t iκ 


M = 

 iκ t 

(2.18)

For satisfying conservation of energy, the total power coupling and transmission
must total unity:
κ2 + t2 = 1,

(2.19)

in which κ2 is the power coupling coefficient and t2 is the power transmission
coefficient. This transfer matrix holds under the assumptions of reciprocity
and time-reversal symmetry. The inputs and outputs of the directional coupler,
shown in Fig. 2.4(a), can be obtained by solving the matrix equation:




 a 
 a
 1 
 0

 = M 
 b 
 b
1
0







(2.20)

The input b0 can be expressed in terms of the output b1 by introducing a phase
and amplitude change from propagation around the ring, such that:
b0 = b1 e−αL+iθ
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(2.21)

in which θ is the phase accumulated during one round-trip. Solving Eq. 2.20
analytically for |a1 |2 (transmission power) we obtain:
|a1 |2 =

a2 + |t|2 − 2a|t| cos(θ)
,
1 + a2 |t|2 − 2a|t| cos(θ)

(2.22)

in which a is the power remaining after one round trip, given by:

a = e−αL

(2.23)

The intracavity power (|b1 |2 ) can also be obtained:
|b1 |2 =

a2 (1 − |t|2 )
.
1 + a2 |t|2 − 2a|t| cos(θ)

(2.24)

On resonance, the power transmission is:

|b1 |2 =

(a − |t|)2
.
(1 − a|t|)2

(2.25)

Critical coupling occurs when a = |t|, in which transmission reaches zero on
resonance.

2.2.2

Coupled Ring Resonators

Several interesting functionalities arise from coupling multiple microrings to
each other. A significant amount of research has gone into coupled rings. A
long chain of coupled rings, called a coupled ring optical waveguide (CROW),
was first proposed by Yariv in [3]. Such a chain can be used as a higher-order
filter to achieve a steep filter roll-off [4]; this is directly analogous to a higherorder analog electronic filter. Additionally, the resonant nature of the coupled
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ring chain can cause light to travel at a low group velocity, commonly known as
slow light [5]. The same formalism of coupled microrings can also be applied to
coupled defect cavities in photonic crystals [3]. Shorter chains of coupled rings
have also been studied for different applications, including demonstrations of
”photonic molecule” which consists of two coupled rings.
A double-ring structure exhibits characteristics from coupled mode theory,
similar to those discussed for two coupled waveguides in Chapter 2.1.3. However, the coupled modes of each microring are resonant modes having a characteristic resonance frequency in addition to spatial modes having a characteristic
propagation constant. Therefore, we can analyze this structure in the frequency
domain rather than the spatial domain, and observe energy-level mode splitting
in the frequency spectrum as opposed to splitting of the k-vector, as discussed
above in Chapter 2.1.3. A detailed study of a coupled microring device is discussed in Chapter 6.
A transfer matrix analysis offers significant insights into the functionalities
of a double-ring structure. The parameters are defined in Fig. 2.5(a). For this
analysis, it is useful to invert the matrices in Eq. 2.20 as follows:




 a 
 c
 0 
 0

 = MθM 
 a 
 c
1
1




 .


(2.26)

in which,




M = 


it
κ

−i
κ

i
κ

−it
κ
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(2.27)

(a)

a0

κ1

(b)

a1
1

FSR

1
b1

b0

e

+iθ

κω

κ2 , t2

0
c0

c1

e

iθ

Figure 2.5: (a) General form of a double microring resonator coupled to a
bus waveguide. (b) Transmission spectrum of microring resonator, in which the doublet resonance splitting, κω is proportional to the coupling rate between the two microrings (∝ κ2 ).

and,


 0
eα+iθ

θ = 
 e−α−iθ
0







(2.28)

Solving Eq. 2.26, we can solve for transmission power, |a1 |2 , as well as intracavity power in ring 1, |b1 |2 , and ring 2, |c1 |2 . The transmission power is plotted
vs. wavelength in Fig 2.5(b), showing a split resonance peak at each FSR corresponding to the supermodes of the coupled-resonator system. A detailed exploration of the functionalities enabled by this coupled ring system for nonlinear
optics applications is presented in Chapter 6.
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2.3

Materials

Integrated photonics has been developed using many material systems, each exhibiting unique properties useful for many applications. Optical properties including refractive index and absorption, light emission, electro-optic effect, and
free-carrier generation are key factors for material choice. Fabrication considerations are also crucial, including process compatibility and material quality.
Insulators and semiconductors below their bandgap are optically transparent
to varying degrees, and can be leveraged for waveguiding.
Group III-V materials, such as gallium arsenide (GaAs) or indium phosphide
(InP), are direct-bandgap semiconductors, meaning they are useful for making
lasers and amplifiers. They also exhibit a strong electro-optic effect, in which an
applied electrical voltage results in a change in material refractive index. They
can therefore be used for high-speed optical switches and modulators. Additionally, operation above the bandgap can enable high speed photodetectors.
These materials are epitaxially grown and expensive, and yet are vital to nearly
all integrated photonics systems. Nonetheless, they are generally incompatible
or have been difficult to integrate along with silicon-based CMOS-compatible
materials.
Several additional prominent photonics materials warrant some discussion.
Silica is used for integrated photonics as well as ultra-high quality factor microresonators [6–8], and exhibits a transparency from visible through the nearIR. Due to its low index, silica devices are necessarily larger than other materials. Germanium is commonly used for near-IR photodetectors due to its
smaller bandgap and compatibility with silicon. Germanium is transparent
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from 1700 nm all the way to 15 µm wavelength, making it attractive for midIR applications, which have been plagued thus far by material quality issues
[9]. Diamond [10], aluminum nitride (AlN) [11], silicon carbide (SiC) [12], and
lithium niobate (LiNbO3 ) [13] are other interesting photonics materials with
unique electro-optic, nonlinear, mechanical, and quantum properties that enable novel integrated devices and phenomena. In recent years, 2D materials
such as graphene [14], molybdenum disulfide (MoS2 ) [15], and boron nitride
(BN) [16] have emerged as interesting photonic materials in addition to their
well-studied electrical properties. This work focuses on CMOS-compatible material platforms, including silicon and silicon nitride.

2.3.1

Silicon

Silicon is an indirect-bandgap semiconductor (1.1 eV) featuring a high refractive index (n = 3.47 at 1550 nm), a high third-order nonlinear coefficient (n2 ∼
10−18 ) and a high thermo-optic coefficient (TOC = 1 × 10−4 ). Its transparency
window extends from 1 µm to nearly 8 µm wavelength. In the telecom range,
it is widely used for high-speed optical modulators via the free-carrier plasma
dispersion effect, in which free carriers controlled by an integrated diode cause
a refractive index change. In this range, silicon suffers from detrimental nonlinear effects such as two-photon absorption and self-phase modulation, as well
as significant temperature sensitivity. Silicon waveguides have reached propagation losses below 1 dB/cm, and microring quality factors above 106 using
etchless fabrication techniques (detailed in Chapter 2.5.2) [17, 18]. In the visible,
silicon is widely used as a photodetector and image sensor. In the mid-IR, silicon is a promising material platform which is discussed in depth in Chapters
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7 and 8. Owing to the CMOS industry as well as to its high abundance in the
earth’s crust, silicon is widely available in extremely high-purity, single crystal
wafer form as well as in thin-film silicon on insulator (SOI). SOI is the standard
silicon photonic platform, and consists of a thin film of single crystal silicon on
top of a thin SiO2 cladding, which sits on a bulk silicon substrate.

2.3.2

Silicon Nitride

Silicon nitride is a passive dielectric material featuring a relatively high refractive index (2.01 at 1550 nm), high third-order nonlinear coefficient (n2 =
2 × 10−19 m2 /W) [19], high mechanical stiffness, and moderate thermo-optic coefficient (TOC = 4 × 10−5 ). Its broad transparency window extends from ∼250
nm wavelength through the visible, near-IR, and into the mid-IR wavelengths
∼6 µm. Silicon nitride has been able to achieve ultra-low losses below 1 dB/m,
enabling microring quality factors of nearly 108 . These high Q’s have enabled
significant advances in near-IR microresonator frequency combs, as discussed
in Chapter 3.9. Additionally, its wide transparency makes it useful for visible
applications. Silicon nitride is a deposited material, and can therefore be integrated with other materials, but exhibits a high degree of film stress, which
must be addressed in fabrication (discussed in Chapter 2.5).

2.4

Wavelength Regimes

Development of integrated photonics generally began in the near-IR and has
later spread outward into both shorter and longer wavelengths to access inter-
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esting properties and applications in various wavelength regimes. Generally,
the availability of laser sources is the primary fuel for photonics development
and application areas.

2.4.1

Near Infrared

Telecom applications for optical interconnectivity fueled the development of extremely low-loss optical fibers and reliable, inexpensive lasers in the near-IR
range near 1550 nm, which in turn has driven innovation in integrated photonics. Additionally, microresonator frequency combs were first developed in
the near-IR [20]. Other applications include quantum optics [21], biomedical
imaging (OCT) [22], and chemical sensing [23].

2.4.2

Mid Infrared

Quantum cascade lasers (QCLs) were invented two decades ago and have fueled developments in integrated mid-IR photonics [24]. The mid-IR is home to
a set of optical absorption signatures from the rotational-vibrational energy levels of most common small molecules. These absorption features are unique to
each molecule, and are used in many types of mid-IR spectroscopy techniques
to optically identify compounds. Many materials begin absorbing strongly in
the mid-IR, including SiO2 , so material platforms including crystalline fluorides [25, 26], sapphire [27–35], and chalcogenides [36–40] are commonly implemented.

23

2.4.3

Visible

The visible range has several unique applications in quantum optics and biology. Highly sensitive single-photon detectors are available at visible wavelengths, making this range ideal for quantum applications. Water has its maximum transparency in the visible range, which is vital to many biological
imaging applications. Additionally, opto-genetics involves optical excitation of
tagged neurons, which are excited using blue light. One outstanding challenge
is that waveguide scattering increases significantly at shorter wavelengths (due
to Rayleigh scattering), causing losses to become significant.

2.5

2.5.1

Fabrication

High-Q Silicon Nitride

The fabrication of high-Q silicon nitride devices has been a result of significant
developments outlined in [41] and more recently [42]. The process begins with
growing a 3-4 µm thermal oxide layer on a virgin silicon wafer to serve as the
buried oxide (BOX) under-cladding for the waveguide. Next, a 350 nm layer of
stoichiometric silicon nitride is deposited at 800 ◦ C in a low-pressure chemical
vapor deposition (LPCVD) furnace. The LPCVD nitride film has a low level
of impurities due to its high temperature deposition, but has significant tensile
stress, which limits the thickness one can deposit at once before the film cracks.
In order to optimize the film quality, a 3 hour nitrogen anneal at 1200 ◦ C is done
to diffuse out the trapped hydrogen inside the nitride film. After annealing,
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more LPCVD nitride is deposited to the final desired thickness, such as ∼700
nm for the devices described in Chapters 4 and 6. The usual nitride thickness
limitation was overcome in [42] by scribing trenches before deposition to release
the stress and avoid propagation of cracks. Once the film is deposited, we prime
the surface with hot piranha acid (3 : 1 H2 SO4 :H2 O2 ) followed by Surpass 3000
adhesion promoter, and ma-N 2405 e-beam resist. We pattern waveguides in the
ma-N using an electron beam lithography tool and develop using MIF-300 (or
MIF-726) developer. We then etch the waveguides in an inductively-coupled
plasma reactive ion etcher (ICP-RIE) using a fluorine-based CHF3 /O2 etching
recipe. We then strip the resist and anneal the nitride once more, allowing for
hydrogen diffusion from the top half of the deposited film. The anneal is done
mid-way as well as at the end in order to improve this out-gassing process;
silicon nitride is commonly used as a good diffusion barrier, so outgassing of
hydrogen through thinner films yields better results. After anneal, several hundred nanometers of high-temperature silicon dioxide (HTO) are deposited in an
LPCVD furnace, followed by more than one micron of plasma-enhanced chemical vapor deposition (PECVD) silicon dioxide to complete the cladding layer.
The base of the top-cladding is in direct contact with the optical mode, so a
higher-quality HTO is used here. Following this step, metals may be added for
active thermal tuning (see Chapter 2.5.3). Additionally, the etched-facet step
is done. This process was previously developed and outlined in [43]. Using
a thick photoresist (SPR 220-7.0), we pattern the outline of the chip and etch
the full depth of the cladding oxide in an ICP etcher, creating a cleanly-defined
edge-facet, enabling efficient coupling into the waveguide tapers. To finish the
facet and enable fiber-coupling, we etch 100 µm into the silicon substrate using
a Bosch etching process [43]. The radius of the optical fiber cladding is 62.5 µm,
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so this allows us to dice the chip some distance away from the facet (avoiding
roughening/chipping), while still allowing the fiber to freely access the facet.

2.5.2

High-Q Silicon

The etchless silicon waveguide process has been developed by several groups
since 2010 [17, 44]. The fundamental limitation for low loss in traditional silicon
waveguides is the scattering due to etching-induced sidewall roughness. Rectangular cross-section waveguides are normally defined by anisotropic reactive
ion etching. The etching process is inherently rough and can leave behind polymer residue adding to sidewall roughness. In order to eliminate this roughness,
the silicon waveguide can be defined via masked thermal oxidation. The thermal oxidation process is atomically smooth, and the rate of thermal oxidation
can be controlled by introducing a diffusion barrier to slow down oxygen diffusion. The first demonstration created a very thin low-confinement waveguide
by using silicon dioxide as a mask, but later demonstrations made use of silicon nitride, which is a more effective diffusion barrier [17, 18]. This enabled
larger cross-section, high-confinement etchless silicon waveguides with quality
factors >106 [18]. In this process, 200 nm of silicon nitride is deposited on an SOI
wafer, and then the silicon nitride is patterned and etched down to the silicon
layer defining the shape of the waveguides. This wafer is then thermally oxidized at 1200◦ C, defining a silicon waveguide with a curved sidewall. This can
be cladded with more silicon dioxide, or can be further processed for an air-clad
or suspended geometry, detailed in Chapter 8.
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2.5.3

Integrated Thermal Tuning

Silicon nitride has a thermo-optic coefficient of 4×10−5 RIU/K, which is somewhat less than that of silicon (1 × 10−4 ). Due to a lack of free carriers, thermal
tuning is the only efficient way to actively tune the index of silicon nitride, without the addition of other materials such as graphene. Thermal tuning is comparatively slow compared with free-carrier-based index tuning, but nonetheless
can introduce versatility to the silicon nitride platform, which will be discussed
in detail in Chapter 6.
Microheaters are a common component in integrated photonics, consisting
of a simple section of resistive metal positioned above a cladded waveguide
(Fig. 2.6), which delivers heat to the waveguide when current is passed through
it. The cladding must be thick enough to minimize loss from the metal overlap with the evanescent tail of the waveguide, while remaining thin enough to
efficiently induce a temperature change at the waveguide. For single mode silicon waveguides this distance is 1 µm, whereas for the high-Q silicon nitride
waveguides described above, a larger distance of ∼2 µm is necessary.
Ideally we would be able to induce enough index change to tune a microring
resonance across one or more FSRs. For a typical microring radius (∼100 µm),
we may require several hundred mW of electrical power. Nichrome has been
a metal commonly used by our group for integrated microheaters along with
nickel, tungsten, and chrome. However, these materials exhibit heater failure
at a low threshold power. At this point, current flow causes electrons to transfer momentum and transport material, a process called electromigration. This
limits these heaters to several tens of milliwatts of electrical power before they
break.
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Air

Pt heater

SiO2

Figure 2.6: Integrated microheater cross-section. Platinum heater is fabricated above the cladded silicon nitride waveguide. Contour
lines show temperature profile given a 100◦ C heater temperature.
In order to achieve higher heater powers, we developed a fabrication process for sputtered platinum microheaters. Platinum is a comparatively robust
material, and sputtering as opposed to evaporation can yield denser, more pure
thin films, enabling a higher failure power. We choose to do a lift-off process
for these heaters. Once the cladding is deposited on top of the waveguide, we
spin on 300 nm of lift-off resist (LOR 3A), and then photoresist (SPR 220-3.0). We
pattern the heaters using contact photolithography. The LOR undercuts slightly
to enable the lift-off process to occur. Evaporation is traditionally used for liftoff because of its directionality, whereas sputtering is slightly more conformal.
Therefore, we develop slightly longer to achieve a larger undercut, ensuring
that the lift-off etchant will be able to reach underneath the resist and lift-off the
film. We sputter 10 nm of titanium as an adhesion layer, and 100 nm of platinum
at a low pressure (3 mTorr) to achieve a minimal amount of film stress. We then
lift-off in 1165 solvent. These heaters are very robust and can be easily operated
upwards of 1 W or more of electrical power, enabling more than one FSR tuning
for common microrings. The thermal response time of these heater are 20 µs.
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2.6

Integrated Nonlinear Optics

Integrated photonics is an ideal platform for nonlinear optics, allowing the ability to perform nonlinear processes using low-power continuous wave (CW)
lasers. As we will discuss in Chapter 3.3, third-order nonlinear optical phenomena are dependent on the intensity of light inside a nonlinear optical medium
as well as the degree of nonlinearity of the medium itself. In free space, a
diffraction-limited Gaussian beam can be focused inside a nonlinear medium.
The most common way of increasing the light intensity to observe significant
nonlinear effects is to use a pulsed laser, which can have a very high peak power
lasting for picoseconds or even femtoseconds. The repetition rate of such a laser
is only in the MHz range, such that the laser has a reasonable average power
level while having peak powers in hundreds or even thousands of Watts. These
lasers can be complex, sensitive, and expensive, potentially limiting the scope
of applications for nonlinear optics technologies. At the chip-scale, high index
waveguides can tightly confine light into a small cross-sectional area, increasing
the optical intensity beyond that of a free-space beam. Additionally, a high-Q,
high-finesse cavity introduces a cavity enhancement of the circulating power
level inside the cavity. Integrated silicon and silicon nitride microresonator cavities commonly have a finesse upwards of 103 -104 . Therefore, CW lasers can be
used at milliwatt power levels, and large, expensive pulsed lasers are no longer
required to observe significant nonlinear effects. This is revolutionary, and can
pave the way for broader applications of nonlinear optics.
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CHAPTER 3
NONLINEAR OPTICS

3.1

Introduction

When light interacts with matter in a purely linear manner, the material refractive index and absorption characteristics determine the phase and amplitude
changes experienced by the light. This linear interaction is commonly modeled
using the Drude model of an oscillating electron in a parabolic potential [45].
This model is a fairly accurate representation of an electron in a dielectric or
semiconductor medium well below its bandgap, for moderate intensities of
light. However, the parabolic approximation of the electron potential in a real
material is not perfect, and breaks down particularly at higher light intensities.
The parabolic potential can deviate in both even- or odd-parity higher-order
terms, as a result of the environment surrounding the electron in a crystal lattice or amorphous material. All materials exhibit even-parity higher-order nonlinearities. However, only a specific set of materials exhibit odd-parity nonlinearities, called non-centrosymmetric materials. These materials contain atoms
of multiple elements with different atomic weight making up a crystalline lattice, such that the spatial symmetry of the electron potential is broken. This is
true for materials such as Group III-V semiconductors (GaAs, InP, etc...), but
absent from other crystalline materials such as silicon, due to the presence of
only one element in the lattice. The presence of nonlinearities in the electron
potential lead to nonlinear behavior of light propagating through such a material, including frequency mixing, generation of new wavelengths of light, as
well as electro-optic interactions.
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3.2

Nonlinear Susceptibility

The dielectric polarization of a material is defined via a proportionality called
the electrical susceptibility, χ, which is a measure of the material response to an
electric field. The polarization is given by:
P = ε0 χE,

(3.1)

in which ε0 is the permittivity of free space. The electrical susceptibility is related to the relative permittivity, εr , and refractive index, n, by:
χ = εr − 1 = n2 − 1.

(3.2)

We examine the nonlinear optical properties of a material by performing a Taylor expansion of P at optical frequency, ω:
P(ω) = ε0 χ(1) (ωi )Ei + ε0 χ(2) (ωi ± ω j , ωi , ω j )Ei E j +

(3.3)

ε0 χ (ωi ± ω j ± ωk , ωi , ωk )Ei E j Ek + ...),
(3)

in which χ(1) is the linear susceptibility, χ(2) is the second-order nonlinear susceptibility and χ(3) is the third-order nonlinear susceptibility. The nonlinear susceptibilities are intrinsic material properties and vary slightly with wavelength
(they generally increase near band edges). A non-zero second-order nonlinearity is present in only non-centrosymmetric materials, whereas all materials
exhibit a third-order nonlinearity. One can see that for non-zero χ(2) materials
(e.g. GaAs), the susceptibility, and thus the refractive index, is linearly proportional to an applied electric field. This is called the linear electro-optic effect, or
Pockels effect. For materials with χ(2) = 0, the refractive index is quadratically
proportional to an applied electric field, known as the Kerr effect. These phenomena involve interaction of light with a DC or low-frequency electric field.
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However, these nonlinearities also give rise to many interesting multi-photon
interactions between multiple light waves.

3.3

Nonlinear Refraction

Unless special effort is taken, frequency conversion processes are generally inefficient in most systems. The most common nonlinearity comes from nonlinear refraction, which is an intensity-dependent refractive index. This originates
from the third-order nonlinear coefficient in this form:
n(I) = n + n2 I,

(3.4)

in which I is the optical intensity, which is proportional to |E|2 , and n2 is the
nonlinear refractive index coefficient, which is related to χ(3) by:
n2 =

3 (3)
χ ,
8n0

(3.5)

This nonlinear refraction leads to two main phenomena: self-phase modulation
(SPM) and cross-phase modulation (XPM). SPM is a nonlinear phase-shift that
an optical field experiences when it propagates in a material due to its own
intensity. The nonlinear phase shift is given by:
φNL = γPL,

(3.6)

in which P is the optical power, L is propagation length, and γ is the nonlinear
parameter:
γ=

n2 ω
,
cAeff
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(3.7)

in which Aeff is the effective area of the nonlinear interaction. If another optical
field is present, there is an additional phase-shift induced by the its presence,
which is called XPM. In this case, the total phase-shift induced due to SPM and
XPM is:
φNL = γL(P1 + 2P2 ).

(3.8)

It is important to note that the nonlinear phase-shift contribution from another
field (XPM) is twice that from the field itself (SPM).

3.4

Three Wave Mixing

For materials with non-zero χ(2) , under the right conditions, two co-propagating
optical fields can interact with each other and form a third optical field at a
different frequency. This type of process is broadly referred to as three-wave
mixing, and is constrained by both energy conservation and momentum conservation. Given two fields at frequencies ω1 and ω2 , the generated field at ω3
could be generated at ω1 + ω2 through sum-frequency generation (SFG) or at
ω1 − ω2 through difference frequency generation (DFG). Additionally, if ω1 = ω2 ,
a field at 2ω1 can be generated through a second harmonic generation (SHG)
process. Momentum conservation requires that k3 = k1 + k2 . This constraint determines which generation process is efficient and dominates. Here, the optical
nonlinearity allows photon energy to be transferred to frequencies a large frequency difference away. However, due to material dispersion, special care must
be taken for momentum conservation to occur, allowing efficient three-wave
mixing.
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3.5

Four Wave Mixing

For materials in which χ(2) = 0, three-wave mixing cannot properly satisfy
energy conservation. Instead, χ(3) processes require three optical fields to be
present in order to generate a fourth field, in a process called four-wave mixing
(FWM). There are several common forms of FWM, but here we will focus on
FWM involving two pump photons, a signal photon, and a fourth generated
photon commonly known as the idler photon. These optical fields satisfy energy conservation such that ωp1 + ωp2 = ωs + ωi , and momentum conservation
such that kp1 + kp2 = ks + ki . In particular, we will focus on the case of degenerate
FWM, in which the two pump photons are identical and come from the same
optical field (wp1 = wp2 = wp and kp1 = kp2 = kp ). In this case, the signal and
idler frequencies are symmetric with respect to the pump. In addition to generation of an idler photon, the signal and idler photons experience nonlinear, or
parametric, gain as a result of energy transferred from the two pump photons.
Another common FWM process is third-harmonic generation, in which three
photons mix to produce a photon at triple their frequency: ω4 = ω1 + ω2 + ω3 .

3.6

Parametric Gain

Parametric gain involves transfer of energy from an optical field at a different
frequency strictly obeying conservation of energy without the involvement of
material gain via stimulated emission. The efficiency of the FWM process depends on several factors. Considering the nonlinear parameter, γ (Eq. 3.7), for
highest nonlinear effects we see that a high n2 and a small Aeff are desirable. The
combination of the pump power level with this nonlinear parameter as well as
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the phase-matching condition give rise to parametric gain, g, defined as:
g=

p
4γ2 P1 P2 − (κ/2)2 ,

(3.9)

in which P1 , P2 are pump powers, and κ is the total phase mismatch considering dispersion and nonlinear phase-shift. If the phase-mismatch is too large,
the argument of Eq. 3.9 will be negative, making the gain an imaginary value
(equivalent to loss).

3.7

Phase Matching

Phase-matching is necessary for ensuring efficient nonlinear processes involving light at multiple wavelengths. Most materials are dispersive, such that their
refractive index varies across the wavelength spectrum. Light at different wavelengths will therefore travel with different phase and group velocities. Nonlinear wave mixing of multiple wavelengths of light thus involves photons potentially traveling at different velocities. However, for efficient nonlinear wavelength conversion, Eq. 3.9 imposes a constraint on these interactions, such that
total phase mismatch, κ, is small; otherwise, the argument of Eq. 3.9 becomes
negative, and the parametric gain becomes imaginary. Therefore, the total phase
of all interacting photons must sufficiently satisfy momentum conservation, and
any leftover phase mismatch tends to decrease the total gain and/or bandwidth
of the nonlinear process. Phase-matching is thus a crucial part of design of nonlinear photonic devices.
Here we outline the phase-matching condition for degenerate four-wave
mixing. Conservation of momentum states that the sum of the propagation
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constants for all input photons must equal that of the output photons:
βp1 + βp2 = βs + βi ,

(3.10)

in which βp1,p2 = βp are the degenerate pump photons, βs is the signal photon
and βi is the idler photon. We perform a Taylor expansion on the signal and
idler surrounding the pump frequency, yielding:
nωp
+ β1 (ωp )δ +
c
nωp
βi (ω − δ) =
− β1 (ωp )δ +
c

βs (ω + δ) =

1
β2 (ωp )δ2
2
1
β2 (ωp )δ2
2

(3.11)

in which δ is the angular frequency offset from the pump frequency, ωp , β1 =
dβ
dω

= 1/vg is the first-order dispersion, and β2 =

d2 β
dω2

is the second-order disper-

sion, also known as the group-velocity dispersion (GVD). The resulting phase
mismatch, ∆β, is:
∆β = β2 (ωp )δ2 + φNL

(3.12)

We see that the first order dispersion terms cancel, along with all odd-order
terms (β3 , β5 , etc). This leaves us with a phase mismatch primarily determined
by the GVD, along with the even higher-order terms (β4 , β6 , etc) as well as
the nonlinear phase-shift. Therefore, GVD is the primary design parameter for
achieving FWM gain and frequency comb generation. To achieve a zero phasemismatch, the phase shift induced by the GVD must serve to compensate the
nonlinear phase-shift, and therefore requires a negative value. This is referred to
as anomalous group-velocity dispersion, in which shorter wavelengths of light
travel faster than longer wavelengths of light. Normal dispersion (GVD > 0) is
the reverse. Generally, normal dispersion results in a lack of phase matching,
yielding very narrowband nonlinear gain only closely adjacent to the pump
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frequency. However, several studies have introduced applications of normal
dispersion frequency comb generation [46, 47].

3.8

Dispersion Engineering

Light traveling through a waveguide is affected by material dispersion of the
core and cladding media, but is also affected by dispersion induced by the
waveguide geometry. This is because light at different wavelengths experiences a different effective waveguide mode index. This waveguide dispersion
is the result of an interplay between waveguide width and height, refractive index contrast, polarization, as well as sidewall angle and bending radius. The
total dispersion of a waveguide is a combination of both material and waveguide dispersion characteristics. Intuitively, a waveguide mode whose crosssection is much larger than the wavelength will be highly confined and experience primarily core material dispersion characteristics [Fig. 3.1(a)], whereas
a waveguide mode for a very small waveguide will be delocalized and experience mostly cladding material dispersion [Fig. 3.1(b)]. Between these extremes,
waveguide dispersion can dominate the overall dispersion characteristics [Fig.
3.1(c)]. Thus, the design of the waveguide cross-section can be used as a powerful tool to engineer the dispersion. High index contrast provides strong light
confinement and enables a high degree of control for dispersion engineering.
Dispersion control of high index contrast waveguides has led to significant developments in integrated nonlinear optics, including Kerr frequency comb generation.
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(a)

(b)

(c)

Figure 3.1: Wavguide dispersion engineering is primarily controlled by
cross-sectional geometry, which affects mode confinement.
This is particularly effective for high index contrast waveguides, which have dramatically different mode profiles for (a)
small, (b) medium, and (c) larger cross-sections.

3.9

Kerr Frequency Comb Generation

A frequency comb is a set of discrete, equally-spaced optical frequency lines,
forming the teeth of a comb-like shape in the frequency domain (Fig. 3.2). This
frequency comb corresponds to a pulse train in the time domain, based on the
Fourier transform relation between the two. All spectral lines are precisely
spaced apart by the repetition rate of the pulses, frep . By repeatedly subtracting frep from a comb line frequency, one arrives at the frequency offset between
the lowest order comb line and zero-frequency (DC), which we call the carrierenvelope offset, or fCEO . This frequency translates to the phase-offset of the envelope of the pulse train. The absolute frequency of any single comb line can
thus be described simply by these two values:

fcomb = m frep + fCEO ,

(3.13)

where m is an integer. If frep and fCEO are experimentally measured and stabi-
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Figure 3.2: General spectrum of a frequency comb, with a discrete
comblines separated by precise spacing frep and carrier envelope offset fCEO

lized, the absolute frequency of each comb line can be known to a very high
precision. Frequency combs can thus be seen as a frequency ”ruler,” and have
important applications in frequency metrology, optical clocks, and astronomical
calibrations [48–50]. Additional applications of frequency combs include optical
spectroscopy, arbitrary waveform generation, and telecommunications [51–53].
The 2005 Nobel Prize in Physics was awarded to Hall and Hansch in part for
the development of frequency combs and their spectroscopy applications [54].
Traditionally, Ti-sapphire or other mode-locked lasers are the most
commonly-used frequency combs. However, during the last decade, a new type
of frequency comb generation has been developed: microresonator-based Kerr
frequency comb generation. This leverages the third-order (Kerr) nonlinearity
of dielectric or semiconductor materials inside an optical microcavity through
a process called optical parametric oscillation. An optical parametric oscillator (OPO) consists of a nonlinear medium inducing parametric gain inside of
a cavity. The dynamics of OPO Kerr comb generation can be described mathe39

matically by a form of the nonlinear Schroedinger Equation called the LugiatoLefever Equation. Several rigorous studies are available in the literature [55–57];
here, I present an intuitive explanation of the process to act as a companion to
such detailed investigations for gaining a deeper understanding. When a continuous wave pump beam enters the OPO cavity, the level of the FWM gain
increases with cavity circulating power. At low powers, round-trip loss exceeds FWM gain, so only spontaneous FWM sidebands are transiently generated at the single-photon levels. This is similar to a laser cavity below threshold, in which round-trip loss exceeds material gain, such that only spontaneous
emission exists in the cavity. To increase circulating power, the pump laser frequency is tuned into a resonance toward the cavity resonance frequency, which
increases the circulating power. The laser is detuned from the blue (shorter
wavelength) side of the resonance in order to maintain thermal stability, commonly referred to as the soft-thermal lock [58]. At the point where the roundtrip gain exceeds the round-trip loss, the OPO threshold is reached, and a selfsustained oscillation is produced, generating FWM sidebands on either side of
the pump frequency (Fig. 3.2). These sidebands are generated at an integer
number of FSRs away from the pump, depending on the dispersion characteristics. As the pump circulating power increases, additional oscillation sidebands
are generated through mutual interactions between lines, to the point where
each cavity FSR contains a frequency comb line. At this point, the comb lines
generally have random or uncorrelated phases with respect to each other, and
in some cases one cavity FSR may contain more than one comb line separated
by a very small frequency offset. When incident on a photodetector, these comb
lines generate low frequency beat-notes and high phase-noise when monitored
by a radio frequency (RF) spectrum analyzer. This lack of phase coherence be-
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tween all the lines creates a high CW background level in the time domain and
prevents pulses from forming. As the pump detunes farther into the resonance,
the comb enters a chaotic-like state, in which nonlinear interactions between all
the comb lines create a high phase noise level and large amplitude fluctuations
throughout the comb. After further detuning, the nonlinear interactions form a
phase-locked state, in which all low-frequency RF noise disappears, indicating
a degree of phase-coherence between lines throughout the comb. This state is
referred to as a multi-soliton state. A soliton is a precisely-defined mathematical solution of a nonlinear wave equation, which corresponds to a pulse which
propagates while maintaining its shape due to a balance between nonlinear and
dispersive effects. The solution to the Lugiato-Lefever Equation, which is the
final state of the Kerr frequency comb, is a single soliton pulse that is circulating
in the OPO cavity. Prior to this state, several multi-soliton states exist, in which
multiple soliton pulses circulate in the cavity. These states transition by successively shedding solitons, until only a single soliton is left. It has been shown that
these states actually exist on the red-detuned side of the resonance, which maintains thermal stability due to a nonlinear distortion of the resonance shape [58].
They exhibit the hyperbolic secant squared envelope in the frequency domain
that is characteristic of a single soliton. The span of the comb is determined by
the characteristics of the even-order dispersion parameters (β2 , β4 , etc). Depending on the dispersion properties, a dispersive wave can be generated, which is a
peak in the comb envelope toward the edge of the comb [56]. At this point, the
CW pump laser generates a pulsed output whose repetition rate matches the
FSR of the cavity, and whose linewidth corresponds to the comb bandwidth.
These frequency combs have been developed in a wide variety of integrated
photonic platforms, including silica microtoroids, silica wedge resonators, crys-
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talline fluoride whispering-gallery mode resonators, as well as microring resonators made of silicon nitride, silicon, diamond, aluminum nitride, high index
glass, and AlGaAs [10,11,20,52,53,59–72]. The radius of these microresonators is
anywhere between several tens of microns to several millimeters, creating repetition rates from tens to hundreds of gigahertz. Typically, these cavities exhibit
high quality factors between 106 and 109 . The small size and high finesse of these
cavities enable frequency comb generation with several milliwatts of CW pump
power. These characteristics are in great contrast to traditional frequency combs
which require table-top-sized pulsed mode-locked lasers as a pump rather than
a CW laser.
Microresonator frequency combs were first developed in the near-IR telecom range (1550 nm), but have since spread to both the visible [73] as well as
mid-IR wavelengths [59]. This spread is fueled by unique applications, such as
biological imaging in the visible and optical spectroscopy in the mid-IR. Several
challenges have slowed the progress of frequency combs at these wavelengths.
In the visible range, most dielectric materials exhibit a strong normal dispersion,
making it difficult to achieve anomalous dispersion and FWM gain. In the midIR, most common materials have strong absorption in the mid-IR, such as silicon
dioxide, thus preventing high-Q resonators and comb generation. Additionally,
a greater degree of control over the comb generation process through active tuning is desirable for many applications, including those at near-IR wavelengths.
The work presented in the following chapters aims to directly address these
outstanding problems in order to expand the scope and versatility of microresonator frequency comb generation and the field of integrated nonlinear optics.
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CHAPTER 4
FREQUENCY COMB GENERATION AT VISIBLE WAVELENGTHS

4.1

Introduction

Microresonator-based optical frequency combs at visible wavelengths enable
various applications including precise optical clocks, frequency metrology, and
biomedical imaging [22,48,53]. However, visible comb generation has been limited by strong material dispersion and scattering losses at short wavelengths.
Frequency comb lines generated near visible wavelengths would enable locking
of combs to atomic transitions, which is critical for metrology. Several atomic
transitions commonly used for stabilization of optical clocks, including rubidium and cesium, are located in the near-visible to visible range [74–76]. Additionally, comb lines in the visible range are of particular interest for biological
applications. The red to near-infrared (near-IR) wavelength range is a target region for biological imaging, falling between the increased absorption of water
at longer wavelengths and the increased Rayleigh scattering in tissue at shorter
wavelengths. The availability of multiple comb line sources in this range could
enhance the resolution in biological tissue imaging using optical coherence tomography (OCT) [22, 77].1
One of the main challenges in achieving comb generation at visible wavelengths is the strong normal material dispersion that is characteristic of the
dielectric materials used in microresonator devices (silica, silicon nitride, calcium fluoride, etc) as well as the high degree of scattering in this spectral range.
For microresonator-based comb generation, low anomalous group-velocity dis1

Portions of this chapter are reproduced with permission from [78]
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persion (GVD) is necessary for phase-matching and efficient four-wave mixing
(FWM) and parametric oscillation [79]. At near-IR wavelengths, the normal
material dispersion is compensated by waveguide dispersion, which is dependent on the waveguide dimensions, to allow for the requisite dispersion profile for efficient comb generation [64, 79]. However, at shorter wavelengths approaching the band gap of the dielectric material, the material dispersion becomes too strong to be compensated by waveguide dispersion, which results in
poor phase matching conditions. Additionally, Rayleigh scattering at the waveguide sidewalls increases inversely as λ4 , which inherently lowers the Q factor
of resonators at shorter wavelengths. This decreases the cavity enhancement of
the pump and further reduces the efficiency of nonlinear processes required for
comb generation.
Previous demonstrations of broadband combs pumped in the near-infrared
have not been able to extend into the visible range, and only narrowband
comb generation has been achieved below 800 nm. Octave-spanning combs
pumped at 1.55 µm have generated lines beyond 2 µm wavelength on the
long-wavelength side but fail to extend beyond 900 nm at shorter wavelengths
[80, 81]. Microring resonators have also been pumped closer to the visible range
at 1064 nm, resulting in broad combs with lines extending below 1 µm [63] and
as low as 830 nm [82]. There has been one demonstration to date of frequency
comb lines below 800 nm, which employed a higher-order whispering gallery
mode in a crystalline calcium fluoride resonator, but was able to generate only
a 2 nm wide comb at 794 nm [83].
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4.2

Second-Order Nonlinearity in Silicon Nitride

We circumvent the traditional challenges in achieving microcombs in the visible range and instead simultaneously employ the second- and third-order
nonlinearity of silicon nitride (Si3 N4 ) to generate frequency comb lines at visible wavelengths. Silicon-based materials have traditionally been limited to
third-order (χ(3) ) nonlinear interactions as they are inherently centrosymmetric in either crystalline (c-Si) or amorphous (a-Si or SiN x ) forms. Second-order
nonlinear optical processes require breaking the symmetry of the material.
The recent demonstrations of both Si3 N4 and silicon as second-order nonlinear (χ(2) ) materials [84–92] has expanded the range of possible applications for
this CMOS-compatible platform. The symmetry-breaking in these otherwisecentrosymmetric materials has been attributed to 1) high levels of strain in
the waveguide material [84], 2) surface effects from waveguide-cladding interfaces, which removes the bulk symmetry of the amorphous film [86–89], and
3) embedded silicon defects or nanoclusters [90, 91]. The χ(2) coefficient has
been estimated to be as high as 5.9 pm/V in Si3 N4 [91], and 190 pm/V in silicon [92]. Second-order nonlinear processes such as second-harmonic or sumfrequency generation inherently involve wide, octave-spanning frequency conversion away from the pump frequency, as opposed to third-order processes
such as FWM, which typically involve narrow conversion near the pump frequency. Here we use this wide-band attribute of χ(2) nonlinearity to achieve
wide frequency conversion from near-IR into visible wavelengths.
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4.3

Device Design

We generate a parametric frequency comb in the near-IR using χ(3) and
frequency- translate it into the visible range (Fig. 4.1(a)) using χ(2) in an integrated ring resonator cavity. A single-frequency, continuous-wave (CW) pump
laser in the near-IR is coupled into a high-Q Si3 N4 ring resonator [41, 42], which
acts to enhance the pump power and serves as the nonlinear medium. The
pump laser first undergoes χ(2) second-harmonic generation (SHG), producing
one line in the visible range. As the cavity circulating power increases, the
pump undergoes χ(3) FWM optical parametric oscillation, which produces a frequency comb in the near-IR range (Fig. 4.1(b)). The comb lines then mix with
the strong near-IR pump through a χ(2) sum-frequency generation (SFG) process (Fig. 4.1(c)), which produces a set of comb lines in the visible range that
are generated simultaneously with the near-IR comb. The generated comb lines
therefore simultaneously address two widely different wavelength bands. Additionally, all processes are achieved in a single integrated device using a single
CW laser source.
We engineer the waveguide dispersion to simultaneously phase-match
near-IR frequency comb generation, second-harmonic generation, and sumfrequency generation. The high finesse of the Si3 N4 cavity enhances the efficiency of nonlinear processes. The use of high-index contrast waveguides provides the ability to readily control the waveguide dispersion, and using Si3 N4
eliminates the negative effects of free carriers and two photon absorption at the
operating wavelengths [93]. Through dispersion engineering, we simultaneously satisfy the phase-matching conditions for each nonlinear process. For efficient SHG, the effective indices of the fundamental and second harmonic (SH)
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Figure 4.1: (a) A single near-IR pump is coupled into a microring cavity and undergoes second-harmonic generation, near-IR frequency comb generation, and sum-frequency generation to
generate simultaneous near-IR and visible wavelength frequency comb lines. (b) Nonlinear photon interaction energy conservation for degenerate four-wave mixing optical
parametric oscillation taking place in the near-IR. (c) Nonlinear photon interaction energy conservation for sum-frequency
generation between one pump photon and one comb line photon generating a comb line in the visible. This process is identical for corresponding comb lines colored red in (a).

modes must match. This phase-matching is achieved by using a higher-order
waveguide mode for the SH light, as in [86]. The third-order TE mode at twice
the fundamental frequency is designed to have the same effective mode index
as the fundamental TE mode of the pump. We use a finite-element mode solver
to calculate effective indices of each mode by taking into consideration material
dispersion, a 4◦ sidewall angle introduced during fabrication, and the waveguide bending radius of 104 µm. As shown in Fig. 4.2(a), this phase-matching
condition is satisfied at a fundamental wavelength of 1540 nm for a waveguide
with dimensions 700-nm tall by 1400-nm wide. This waveguide dimension is
also chosen to optimize optical parametric oscillation. The phase-matching condition for optical parametric oscillation is largely dependent on group-velocity
dispersion (GVD). The optimal condition for oscillation is a low level of anomalous GVD at the pump frequency [64]. This dispersion is then compensated
by the χ(3) nonlinear phase shift in order to achieve the proper phase-matching
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for degenerate FWM. As shown in Fig. 4.2(b), the waveguide dimensions that
satisfy SHG phase-matching also exhibit a sufficiently low level of anomalous
GVD for efficient parametric oscillation.
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Figure 4.2: (a) The effective mode index dispersion of the fundamental TE
mode in near IR spectral range and the third-order TE mode in
the visible spectral range. One can see that around the pump
wavelength of 1540 nm (red X), phase-matching occurs. (b)
The group velocity dispersion (GVD) of the fundamental TE
mode shown in (a). The low level of anomalous GVD at the
pump wavelength of 1540 nm allows for efficient frequency
comb generation. (c) Conversion efficiency vs. wavelength for
χ(2) SHG and SFG processes, estimated using Eq. (1). Phasematching bandwidth for SFG is wider than for SHG, allowing
for multiple comb lines to be converted into the visible range.

Once phase-matching is ensured for both FWM and SHG processes, the final
SFG process is automatically phase-matched, resulting in simultaneous phasematching for all desired processes. The phase-matching of the SFG process involves one photon from a comb line mixing with one photon from the strong
pump. The phase-mismatch ∆k is given by: ∆k = n1 ω1 /c + n2 ω2 /c - n3 ω3 /c,
where ni are the effective mode indices of the pump, comb line, and sumfrequency line, respectively. The corresponding photon angular frequencies,
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ωi , satisfy energy conservation (ω1 + ω2 = ω3 ). For a waveguide of equivalent
length, in the limit of low single-pass conversion, the converted power for SFG
in a cavity is given by:
!
2
2 deff
ω23 C1 P1C2 P2 A3
2 ∆k Leff
2
P3 =
f1,2,3 Leff sinc
,
n1 n2 n3 0 c3 A1 A2 C3
2

(4.1)

where deff = χ(2) /2, Ci Pi is the cavity circulating power, where Ci is the cavity
enhancement factor, Ai is the effective mode area, and Leff is the effective cavity
length [94]. The effective cavity length Leff is equal to the product of the group
velocity and the cavity lifetime of the mode τi where τi = Qi /ωi . The overlap
between the spatial modes of the interacting spectral lines is taken into account
by the function f1,2,3 [86]. Figure 4.2(c) shows normalized conversion efficiency
versus wavelength for SFG and SHG, in which the latter follows the same conversion efficiency as SFG but with two photons allocated for the pump. The
phase-matching requirement for SFG is less stringent than that of SHG, which
provides the opportunity to convert a wider bandwidth of near-IR comb lines
into the visible range. Intuitively, this property arises from keeping the pump
stationary as the comb line varies in the SFG process, which reduces the phasemismatch compared to SHG, in which both source photons contribute to the
phase- mismatch. This bandwidth is determined primarily by the slope of the
phase-mismatch ∆k with respect to wavelength, which in turn is determined by
the group index mismatch of the fundamental and higher-order modes. The
choice of a different higher-order mode with a group index closer to that of the
fundamental mode could further increase the conversion bandwidth. Overall,
these three nonlinear processes are simultaneously phase-matched and are able
to occur together in the same cavity structure.
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Figure 4.3: (a) Near-IR CW pump laser and frequency comb generation.
Several different states of the frequency comb are shown. (b)
Visible second-harmonic generation and frequency comb lines
for corresponding spectra in (a). The vertical scales have been
offset for clarity. Comb spacing is preserved by the SFG process
for all states of the frequency comb shown. Inset micrograph
shows the visible light generated by the device. These wavelengths fall just outside the normal range of the CCD camera,
so the red color that is seen by the naked eye is distorted. A
microheater was fabricated on this device for thermal tuning
but was not used in this experiment.

4.4

Experimental Results

We measure up to 17 comb lines frequency-translated from near-IR into visible
wavelengths extending from 765-775 nm. We use a Si3 N4 ring resonator with
radius 104 µm, waveguide dimensions 700 nm × 1400 nm and a coupling gap
of 560 nm. The fabrication methods are the same as those outlined in previous
work [41]. The resonator has a Q = 1.5×106 . All nonlinear processes occur inside
the resonator cavity, and are enhanced by this high Q. The pump is produced
by a single-frequency tunable diode laser amplified with an erbium-doped fiber
amplifier (EDFA). The amplified spontaneous emission (ASE) noise from the
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EDFA is filtered using a 1-nm tunable bandpass filter, and a polarization controller is used to couple to the fundamental quasi-TE mode of the waveguide
using a single-mode lensed fiber. The pump is tuned into a cavity resonance
near 1540 nm (Fig. 4.3(a), black curve), with approximately 700mW in the bus
waveguide. At low circulating power in the cavity, the second-harmonic is generated at the expected wavelength of 770.3 nm, as shown in the black curve of
Fig. 4.3(b). The maximum second harmonic conversion efficiency we measure
is -29 dB, in which ∼1 mW of the second harmonic has been generated. As the
pump is tuned into the resonance, the circulating power in the cavity builds up,
which leads to the onset of near-IR frequency comb generation as well as frequency conversion of the comb lines into the visible range. A micrograph inset
shows the generated visible light. Several states [62, 95] of the generated comb
are shown, with comb lines generated every 5, 3, and 1 free-spectral ranges
(FSR’s). In the filled-in comb state (red), we observe a visible comb bandwidth
of nearly 10 nm, covering 17 FSR’s. There is equal frequency spacing of 217
GHz among the near-IR comb lines and the visible comb lines. The SFG conversion efficiency is approximately -20 dB. We believe this conversion efficiency
is higher than the SHG conversion of the pump due to a lack of precise pump
phase-matching for this resonator. This is evident in the blue curve in Fig. 4.3(b)
where we see that the converted comb line five FSR’s away has a higher power
than the second-harmonic of the pump. We also observe significant variations
across different comb lines, which we attribute to higher-order group index mismatch, resulting in a detuning of the generated light from the cavity resonances.
We perform a seeded SFG experiment in order to characterize and confirm
this conversion process. Nonlinear frequency conversion processes can be characterized by the conversion efficiency with varying pump powers. For SFG, the
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Figure 4.4: Seeded SFG experiment. (a) Near-IR pump and signal lasers
are coupled into the ring resonator. An additional line is seen
symmetric about the pump, resulting from FWM. (b) The visible spectrum shows SHG of the pump wavelength and SFG of
pump wavelength mixing with both the signal and FWM idler
lines. (c) Conversion efficiency vs. pump power for SFGsignal ,
showing conversion proportional to the pump power. (d) Conversion efficiency vs. pump power for SFGidler , showing conversion proportional to pump power.

nonlinear process involves one pump photon, so the converted power is proportional to the pump power. For a χ(3) process such as degenerate FWM, the
nonlinear process involves two pump photons, so the converted power is proportional to the square of the pump power. Therefore, in a plot of conversion
versus pump power, the slope reflects the nature of the nonlinear process. In
this experiment, we use a fiber wavelength-division multiplexing (WDM) coupler in order to combine the near-IR pump laser with another near-IR tunable
diode laser to send into the resonator cavity. This second tunable laser allows
us to have experimental control of the signal being converted into the visible
range rather than for the case above, in which the generated comb lines are being converted. For this experiment, we use a ring resonator cavity with the same
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cross-sectional dimensions as above but with lower Q, yielding a higher parametric oscillation threshold. This ensures that there are no near-IR comb lines
that can be converted into the visible range. We begin by tuning the pump laser
far enough into resonance to generate a second harmonic line while remaining
below the oscillation threshold. This ensures that we are operating at the proper
phase-matching position for the SFG process, consistent with the above results.
Next, the signal laser is tuned into a neighboring resonance. We observe seeded
FWM surrounding the pump (Fig. 4.4(a)), which is not desired but is unavoidable in this situation as this process is well phase-matched. Additionally, we
observe the desired conversion into the visible range for both lines surrounding the pump (Fig. 4.4(b)). We measure the conversion efficiency versus pump
power, as shown in Figs. 4.4(c) and 4.4(d). Our conversion here is low because
we are using lower power values to ensure we remain below the parametric
oscillation threshold. Some small error in the slope for the signal conversion is
due to instabilities in the measurement setup. As shown, we observe a slope of
approximately 1, confirming that this is indeed a χ(2) SFG process.

4.5

Discussion

We analyze the phase-matching conditions for several nonlinear interactions
and confirm that the nonlinear process translating the comb into visible wavelengths is the SFG process. The presence of lines at all FSR resonances rules
out SHG as the overall dominant process. If the entire near-IR comb were to
undergo SHG, the frequency spacing of the visible comb would be doubled, resulting in a comb line at every-other FSR resonance. We also consider other χ(3)
processes as an alternative comb generation mechanism. FWM optical paramet53

ric oscillation of the second-harmonic frequency would generate a visible comb
with lines at every FSR. However, according to [10], the parametric oscillation
threshold is given by,
Pth ≈ 1.54

π Q
n2eff V
C
,
2 2 QL n2 λ0 Q2L

(4.2)

where neff is the linear mode index, V is the resonator mode volume, n2 = 2×10−19
m2 /W is the nonlinear refractive index, λ0 is the pump wavelength, QC and QL
are coupling and loaded quality factors of the resonator mode, respectively, and,
1
1
1
=
+
,
QL Qi QC

(4.3)

where Qi is the intrinsic quality factor [10]. At visible frequencies, Pth increases
due to increase of scattering losses from Rayleigh scattering (decreasing Qi ) and
due to the frequency dependence of the waveguide-ring coupling condition (decreasing QC ). We estimate that Qi at visible wavelengths is less than 105 and
the ratio QC /QL is at least 10, yielding an under-coupled resonance condition.
Thus, assuming a mode volume of 400 µm3 , Pth ≥ 10 W, which is at least four
orders of magnitude above the ∼1 mW of power in our second-harmonic line.
Finally, we also rule out non-degenerate FWM for generating the visible comb
lines. Non-degenerate FWM would involve the near-IR pump mixing with the
second-harmonic and the near-IR comb lines to generate the visible comb lines.
The phase-matching requirements for this process stipulate that the group velocities (vg ) of the near-IR light and the visible light must match. As shown
in Fig. 4.2(a), the slope of the effective index curve for each mode is different,
and this slope determines the vg of the circulating light. While the nonlinear
phase shift due to cross-phase modulation can be used to compensate for this
vg mismatch, this phase shift would require ∼2 W of pump power to minimize
the phase mismatch for lines even only one FSR away. Here, we only supply
700 mW in the bus waveguide and generate ten FSR’s away from the pump, so
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this non-degenerate FWM process is not suitably phase-matched. As outlined
above, χ(2) SFG is phase-matched and takes advantage of direct interaction with
the strong pump, and thus it is left as the most plausible process for generating
these comb lines.
We envision this result as a potential platform for an on-chip optical atomic
clock and the creation of a coherent link between visible and near-IR wavelengths. We predict that phase correlations will be preserved in the SFG process
in the presence of comb mode-locking, so the visible comb lines would be correlated with the near-IR comb as well. Additionally, the ability to produce SHG
on-chip could also be applied to f-2f self-referencing by frequency-doubling
the long wavelength edge of an octave-spanning comb. Off-chip χ(2) crystals
used for f-2f self-referencing of octave spanning combs are not always available for the desired wavelength ranges and are not integrated, but by tailoring
phase-matching conditions, this self-referencing could potentially be integrated
on-chip. Additionally, by integrating the on-chip microresonator devices with
atomic vapor systems [96, 97], this process can enable a compact platform for
microresonator-based frequency comb stabilization, leading to applications in
biomedical imaging, frequency metrology, and on-chip optical clocks.
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CHAPTER 5
ELECTRO-OPTIC EFFECT IN SILICON NITRIDE

5.1

Introduction

Studies have demonstrated silicon nitride to have χ(2) properties, demonstrated
via second harmonic generation (SHG) [85, 87, 89, 91]. The linear electro-optic
(EO), or Pockels, effect, is also related to the χ(2) nonlinearity, and is of significant
interest for lossless high speed phase modulation beyond 100 GHz, currently
only available in platforms such as aluminum nitride and lithium niobate [13,
98].1
The origin of χ(2) properties in silicon nitride have remained somewhat unclear to date. Several studies have investigated interface effects [87, 89] and embedded silicon nanocrystals [91] as the possible origins of the χ(2) of silicon nitride. Studies have also spanned different deposition methods, including sputtering [91], PECVD [89], and LPCVD, in which the highest χ(2) coefficient of
5.9 pm/V was reported for sputtered silicon nitride. Second harmonic waves
generated at interfaces have been used to monitor surface properties [100]. The
interface locally breaks the bulk symmetry of the material, allowing χ(2) effects
to occur.
1

Portions of this chapter are reproduced with permission from [99]
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5.2

Device Design

We present the first demonstration of the Pockels effect in silicon nitride by
enhancing the χ(2) effect due to interfaces in the waveguide using a horizontal multi-slot cross-section [Fig. 5.1(a)]. For the transverse-electric (TE) polarization, the electric field is continuous and parallel across the interfaces [Fig.
5.1(b)], and for transverse-magnetic (TM) polarization, the electric field is perpendicular to the interfaces and forms a series of slot modes [Fig. 5.1(c)]. The
slot effect creates a large discontinuity at each interface, and concentrates light
in the low index slot. A similar structure was investigated in [6], in which SHG
was observed. In order to probe the χ(2) nonlinearity, we measure the Pockels
effect, which is a linear change in refractive index due to an applied electric
field.

Figure 5.1: (a) Cross section of device, showing horizontal multi-slot
waveguide stack and electrode configuration, with fundamental TE (b) and TM (c) modes. Field profile for TM mode shows
field enhancement at interfaces due to the slot effect. Electrodes
surrounding the waveguide to generate (b) vertical and (c) horizontal electric fields across the waveguide. Voltage configuration (GSG and GS) is shown in the color map.

By fabricating an alternating multi-slot waveguide cross-section, we increase
the mode interaction with the interfaces in order to enhance the EO coefficient.
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We fabricate a high Q microring resonator with an 850 nm × 2 µm cross-section
[Fig 5.1(a)]. In an LPCVD furnace, we deposit alternating layers of low loss
silicon nitride and high temperature SiO2 oxide (HTO) with thickness 100nm
and 50nm, respectively, totaling 6 layers each. We then follow the same fabrication procedures as outlined in [42]. After cladding, we etch trenches on
either side of the waveguide down through the buried oxide (BOX) and sputter
platinum electrodes on top of the waveguide and aluminum electrodes into the
trenches [Fig. 5.1(a)]. With this electrode configuration, we can create a horizontal [Fig.5.1(d)] or vertical [Fig. 5.1(e)] electric field in order to probe multiple
components of the EO tensor, ri j .

5.3

Experimental Results

We measure the maximum EO coefficient of silicon nitride to be 8.31 ± 5.6 fm/V
in the r31 and r32 directions, and demonstrate EO modulation with an RC-limited
bandwidth of 500 MHz. A modulation peak at 1 GHz is shown in [Fig. 5.2(a)].
We measure the bandwidth of our EO modulation to be approximately 500
MHz, which is RC-limited [Fig. 5.2(b)]. The modulation response exhibits a
linear relationship vs. driving power. The slope of one confirms that the modulation is due to the linear EO effect. For the EO effect, refractive index change is
proportional to the applied voltage. Modulation due to thermal effects, which
are proportional to the square of voltage, would have a slope of two. The response was taken at both 3 MHz and a 1 GHz [Fig. 5.2(c)] to further rule out
thermal effects, which decrease beyond 100 kHz.
We are able to measure four components of the EO tensor of the multi-slot
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Figure 5.2: (a) Electro-optic modulation peak at 1 GHz. (b) Measured
bandwidth of EO modulation is RC-limited with an approximate 3-dB bandwidth of 500 MHz. (c). Linear EO modulation
of silicon nitride, in which the modulation peak is linearly proportional to the modulation driving power. This response was
measured at both 3 MHz and 1 GHz modulation frequency.

silicon nitride waveguide. The change in refractive index due to an applied
electric field is given by:
! X
1
ri j E j
∆ 2 =
n
j

(5.1)

in which E x and Ey are horizontal components of applied electric field and Ez
is the vertical component. We assume silicon nitride and SiO2 to be isotropic
materials, so that the bottom half of the EO tensor is zero. We measure ri j to be:
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(5.2)

The tensor components are labeled for the optical field polarization and the applied electric field direction orientation. For a circular electrode geometry, the
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horizontal applied field traverses both in-plane directions, and thus we are only
able to identify the average effect across these TE and TM tensor components
(marked separately with * and **, respectively). The strongest EO coefficient
that we measure is for the TM polarization with an in-plane applied electric
field, which indicates the expected enhancement due to interface interactions.
This improvement opens an opportunity to further investigate interfaces as well
as in-plane stress engineering as possible routes to further increasing the EO effect of Si3 N4 . With an improved second-order nonlinear response, Si3 N4 can
become an ideal deposited photonics platform to be used in many high speed
and low-loss applications.

60

CHAPTER 6
TUNABLE FREQUENCY COMB GENERATION BASED ON DUAL
MICRORING RESONATORS

6.1

Introduction

In order to achieve efficient and versatile microresonator-based comb generation, active tuning of the cavity coupling condition as well as the cavity dispersion is necessary. Currently, the pump power and cavity detuning are variable
parameters used to control the nonlinear interaction, whereas other parameters
such as the dispersion, Q factor, and cavity coupling condition are static and
are fixed during fabrication. The coupling ratio controls the intensity of the
pump and generated comb modes propagating in the resonator and the intensity coupled out of the cavity. Furthermore, it also determines the efficiency
of the overall comb generation process [101]. The dispersion has a key role in
phase-matching the four-wave mixing (FWM) process, and thus determines the
bandwidth of the generated comb. Coupling and dispersion are both designed
based on waveguide geometry, so they are generally both immovable. Inherent fabrication variation of dimensions and loss rate also leads to a significant
uncertainty of resonance extinction for any designed structure. Post-fabrication
extinction control would enable full optimization of device efficiency and increase total device yield. Such a tunable device would be versatile enough to
generate a comb of arbitrary bandwidth and optimized efficiency.1
Tuning the coupling between the bus waveguide and resonator is challenging since in standard passive monolithically-integrated structures, the coupling
1

Portions of this chapter are reproduced with permission from [102]
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gap is fixed by design and cannot be changed after fabrication. Demonstrations of tunable comb generation have included resonance frequency tunability,
which enables control over the operating wavelength. Such tuning has been
achieved during comb generation via both thermal and electro-optic means
[11, 80, 103]. Coupling gap tunability enables greater control over the comb
generation process, allowing for optimization of comb efficiency [101]. Coupling tunability has been demonstrated in integrated silicon devices using a
Mach-Zehnder interferometer (MZI) coupler [104–106]. However, the coupling
produced by this MZI structure inherently has a sinusoidal wavelength dependence, which can be detrimental to broadband comb generation. Coupling gap
tunability can occur in suspended microtoroid and wedge resonator structures,
since the devices are operated using suspended tapered fibers [20]; however,
this approach requires highly stable fiber positioning with accuracy on the scale
of tens of nanometers in order to achieve controllable tuning.

6.2

Device Design

Here, we show a dual-cavity coupled microresonator structure in which tuning one microring resonance frequency induces a change in the overall cavity coupling condition, as evident in the transmission extinction ratio. Our
structure consists of two identical microring resonators evanescently coupled
to each other, with one ring coupled to a bus waveguide [Fig. 6.1(a)]. Due to
the evanescent coupling, the two resonant cavity modes hybridize to form a
coupled eigenmode system, in which two superposition eigenmodes (“supermodes”) are formed: a symmetric (s) and an anti-symmetric (as) mode. These
two new eigenmodes exhibit modified resonant frequencies, according to:
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Figure 6.1: (a) Schematic of dual-cavity coupled microring resonator with
integrated microheaters. (b) Simulated mode anti-crossing
curve as a function of effective mode index detuning between
the two microrings. Ring #2 is tuned while ring #1 is kept
constant. The modes exhibit an avoided crossing at zero detuning due to the inter-ring coupling. Insets above are simulated transmission spectra showing varying extinction across
the anti-crossing.

r
ωs, as = ωavg ±

∆ω2
+ κω2
4

(6.1)

in which ωavg is the average of the individual cavity resonance frequencies, ∆ω
is the difference between the individual cavity resonances (cavity detuning),
and κω is the inter-ring temporal coupling rate. If the cavities are degenerate
(∆ω = 0), the supermode resonances are split apart from the isolated cavity
resonance frequency by ±κω . When the inter-ring coupling rate exceeds the individual cavity decay rate, distinct doublet resonances form at each cavity free
spectral range (FSR). As the detuning between the two cavities is varied, a characteristic anti-crossing shape is formed, as in Fig. 6.1(b). At zero detuning, light
resonantly couples between the two rings, resulting in an equal distribution of
light in both cavities [Fig. 6.1(b), middle inset], and thus equal extinction in both
doublet resonances. However, as the cavity detuning increases, the distribution
of light becomes unequal as the resonant coupling between cavities becomes
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less efficient. Far from zero detuning, the modes are less hybridized, and most
of the light in each of the doublet resonances is concentrated in only one ring or
the other [Fig. 6.1(b), left/right insets]. The change in detuning also causes the
effective cavity length to change, which alters the balance between the roundtrip loss and the bus-waveguide coupling. This modifies the loaded-Q. The
intrinsic-Q remains unchanged, as long as both cavities have the same loss rate.
Figure 6.1(b) shows the simulated doublet resonance shape for three detuning
positions along the anti-crossing curve, showing the strong asymmetry in extinction away from zero-detuning. During preparation of this manuscipt, the
authors became aware of related work by Xue, et al., which also implements the
dual-ring geometry for frequency comb applications [47].
We engineer the ring coupling conditions in order to enable highly efficient, wide extinction tunability. Using a transfer matrix approach, we simulate this structure for high-Q silicon nitride (Si3 N4 ) cavities. Along the mode
anti-crossing [Fig. 6.1(b)], the varying mode interaction causes the resonance
extinction to change significantly; this provides our desired tunability. The device consists of two coupling regions that control the mode interactions: the
ring-to-bus coupling region and the inter-ring coupling region. The ring-to-bus
coupling controls the range of accessible extinctions, and the inter-ring coupling
controls the efficiency of the tuning. We plot the resonance extinction along the
anti-crossing for various ring-to-bus coupling conditions, shown in Figs. 6.2(a)–
6.2(c). For all three cases, the extinction approaches a constant value at large
detunings when the rings are essentially decoupled, and goes through a steep
transition near zero detuning. The shorter- and longer-wavelength resonances
exhibit opposite trends about zero detuning. The maximum overall couplingcondition for the dual cavity occurs at large detunings, when light is localized
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entirely in the first cavity, with minimum perturbation from the second cavity.
As the second cavity couples more strongly with the first (at smaller detunings),
light becomes distributed throughout both rings, effectively decreasing the coupling to the bus waveguide. With heaters to independently tune the cavity resonance frequencies, we can therefore tune the extinction simply by applying
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electrical power to the device. In Figs. 6.2(d)–6.2(f), we show that the tuning
efficiency, i.e. the slope of the extinction response with ∆n, can be tailored by
engineering the inter-ring coupling rate. By decreasing the coupling rate, the
anti-crossing response becomes sharper, which improves the tuning efficiency.
The upper bound on efficiency occurs when the inter-ring coupling is on the
order of the cavity decay rate. Therefore, a higher Q enables higher-efficiency
tuning. For example, a cavity with a Q-factor of 2 × 106 can tune the extinction
from a 1 dB under-coupled resonance to 11 dB with a refractive index shift of
1.4 × 10−5 . For a Si3 N4 structure (exhibiting a thermo-optic coefficient of 4 × 10−5
RIU/K) with heaters as described below, this tuning would require a low power
budget of approximately 1 mW of heater power.
Our fabricated devices consist of coupled high-Q Si3 N4 microresonators with
tunable extinction ratio via integrated microheaters. We fabricate a dual coupled microresonator in Si3 N4 with cross-sectional dimensions 950 × 1400 nm.
The structures are fabricated using a process similar to the one described in [42].
Our fabricated devices have an intrinsic Q-factor of approximately 2 × 106 , and
radii of 115 µm as well as 75 µm, yielding devices with FSR’s of 200 GHz and
500 GHz, respectively. This cross-section yields anomalous group-velocity dispersion (GVD) (β2 = -180 ps2 /km) at our pump wavelength of 1560 nm critical
to ensure phase matching for parametric comb generation [79]. We do not observe a decrease in intrinsic-Q compared to equivalent single-ring devices; this
can enable equivalent comb performance in the dual-ring device. Above the
waveguide cladding, we fabricate integrated microheaters by sputtering platinum and using a lift-off approach, yielding a cross-section of 100 nm tall by 6
µm wide. We position the heaters 1.9 µm above the waveguide to ensure negligible optical loss while maintaining close proximity for efficient heat delivery.

66

These heaters yield an efficiency of 1.35 × 10−5 RIU/mW. We can control the
heater power to within 7 µW, resulting in a resonance wavelength accuracy of 7
MHz, which is well below the cavity linewidth. A micrograph of the 200 GHz
FSR device is shown in Fig. 6.3(a).

6.3

6.3.1

Device Characterization

Tunable Extinction

The fabricated devices demonstrate good agreement with the simulated extinction tuning. Using the integrated microheaters, we first tune ring #2 while keeping ring #1 constant. In order to achieve blue detuning (∆n < 0), we bias heater
#1 above room temperature. The blue data points in Fig. 6.3(b) are measured
resonance positions as the heater on ring #2 is tuned. The red line in Fig. 6.3(b)
is a curve fit based on Eq. (6.1), with an additional parameter included to account for thermal cross-talk between the two rings. There is good agreement
between theory and experiment. In Figs. 6.3(c) and 6.3(d), we plot the measured extinction as a function of detuning for a critically-coupled device and an
over-coupled device, respectively. We see an experimental trend that matches
the theoretical curves very closely in Fig. 6.2(b) and Fig. 6.2(a), respectively.
Figure 6.3(e) shows our ability to compensate for the overall wavelength shift
as the extinction is thermally tuned. By tuning both heaters independently for
each ring, we are able to compensate for this wavelength shift, and demonstrate
13.3 dB of tuning of the resonance extinction, from 0.7 dB to 14 dB. Since we can
keep the resonance in place as the extinction is tuned, this device is useful for
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Figure 6.3: (a) Micrograph of fabricated dual-cavity device with integrated
platinum microheaters. (b) Measured (blue points) mode anticrossing curves with theoretical curve fit (red line). Ring #2 is
tuned while ring #1 is kept constant. The inset infrared micrographs show spatial light distribution among the two rings
for 3 different positions along anti-crossing. Only the lowerwavelength resonance is shown here. A small thermal crosstalk is present between the two rings resulting in an observed
tilt in the anti-crossing shape. (c) Experimental measurement
of extinction vs. detuning for a critically-coupled device and
(d) for an over-coupled device. Ring #2 is detuned while ring
#1 is kept constant. Extinction response matches theoretical
trend in Fig. 6.2(a)-(b). (e) Experimental measurement of extinction tuning at a fixed wavelength by using heater #1 for
compensation. As heater #2 is increased, heater #1 is decreased
in order to keep the resonance wavelength fixed.

6.3.2

Tunable Modal Dispersion

We show that the dispersion introduced by the coupled cavity geometry is
highly tunable, and present a new method for dispersion engineering using
modal dispersion. In general, the dispersion of the inter-ring coupling region
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is more than one order-of-magnitude smaller than the magnitude of the waveguide dispersion, and thus has a very small effect on the total dispersion. Here,
however, we harness the anti-crossing effect to create a much higher dispersion,
which is also tunable. Dispersion due to higher-order mode-crossings has been
investigated recently in Liu, et al [46]. Here, we realize this dispersion tunability
using a Vernier structure, by ensuring that one ring has a different round-trip
optical path length than the other [107–110]. Having different FSR’s, these cavity resonances operate at different ring detuning values across the spectrum,
and thus the resonance splitting becomes wavelength dependent. The supermode resonance position can be represented in terms of the difference in FSR
between the two cavities, ∆FS R , and the cavity mode number, m. We rewrite Eq.
(6.1) in this form:

ωs, as

∆FS R (m − m0 )
= ω1 +
±
2

s

∆2FS R (m − m0 )2
+ κω2 ,
4

(6.2)

where ω1 is the resonance frequency of the first cavity,κω is the inter-ring temporal coupling rate, and m0 = nω1 R/c is the mode number where the two cavity
resonance frequencies overlap, in which n is the effective mode index, R is the
radius of the first ring, and c is the speed of light. The Vernier effect [107–110]
causes the resonance frequencies to overlap again multiple FSR’s away, making this function periodic. Here, we analyze the effect over one period, which
can be repeated for adjacent periods. The spectral dependence of supermodes
frequency splitting can be expressed as the derivative of the frequency splitting
with respect to cavity mode number, m:
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1 2
∆FS R (m − m0 )
dωsplitting
= q 2
.
dm
2
2
2
∆FS R (m − m0 ) /4 + κω

(6.3)

This expression is a continuous function in m, but the cavity modes only exist
for integer values of m, so the function is sampled at each integer cavity mode.
For now, we have neglected the dispersion due to the waveguide geometry and
material, which cause a spectral dependence of the FSR. The GVD, β2 , can be
expressed in terms of the second derivative of ω with respect to m, i.e. the difference between two adjacent FSR’s surrounding mode m [111]:

n
d2 ω
β2 = −
,
2πc FS R2ω dm2

(6.4)

where FS Rω is the free spectral range in units of angular frequency, ω. Using
(6.2) and (6.4), we derive an expression for the modal GVD of the two supermodes:

β2,s, as

n
=∓
2πc FS R2ω h∆2

1 2
∆ κ2
4 FS R ω

2
2
FS R (m − m0 ) /4 + κω

i3/2 ,

(6.5)

where FS Rω here represents the average FSR of the two rings. The peak modal
dispersion value is expressed as:

β2, max

∆FS R
n
=∓
8πcκω FS Rω

!2
,

(6.6)

and the full width at half maximum (FWHM) bandwidth of the modal dispersion, expressed in units of cavity mode number, m, is:
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FWHMm =

4κω √ 2/3
2 − 1.
∆FS R

(6.7)

There is a trade-off between strength of the modal dispersion [Eq. (6.6)], and the
bandwidth [Eq. (6.7)], which are both a function of ∆FS R and κω . It is straightforward to incorporate the waveguide and material dispersion with this modal
dispersion in the above equations by accounting for derivative terms of the FSR,
omitted here for simplicity. The properties of the modal dispersion can be tailored via the inter-ring coupling and the FSR mismatch, both of which are primarily fixed after fabrication. Additionally, integrated thermal control of the
cavity resonance frequencies also allows us to tune the cavity frequency offset,
enabling dynamic tunability of the strength of the modal dispersion. Using a
fabricated device consisting of rings with slightly different FSR’s, we measure
the transmission spectrum across 100 nm of wavelength (1520-1620 nm) for multiple values of ring detuning and measure the resonance splitting. The spectral
dependence of the resonance splitting across the spectrum, given by Eq. (6.3),
is plotted in Fig. 6.4(a) for multiple ring detuning values. Heater #1 is kept at
constant power while heater #2 is tuned. The red line is a theoretical fit based
on Eq. (6.3) using experimental parameters estimated independently. The experimental data follows the theory well. Two sample spectra corresponding to
data points in Fig. 6.4(a) are shown in Figs. 6.4(b) and 6.4(c). For this theoretical fit, we also plot the corresponding modal GVD, based on Eq. (6.5), in Fig.
6.4(d). We see a maximum modal dispersion of ±4.5 ps2 /km. As per Eq. (6.5),
the symmetric and anti-symmetric modes acquire opposite dispersion values.
The magnitude of this value is small compared to our total waveguide dispersion (β2 = -180 ps2 /km), which is simply due to a small FSR mismatch for this
particular device. For larger FSR mismatch, this modal dispersion value can
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Figure 6.4: (a) Spectral dependence of supermode resonance splitting for
multiple ring detuning values. The red line is a theoretical fit
based on Eq. (6.3) with experimental parameters estimated independently. Data was obtained by heating ring #1 with a constant 100 mW and sweeping heater #2. Each point represents
the slope of the splitting value across 100 nm resonance spectra that were collected. A portion of two of these spectra are
shown in (b) and (c). (d) Theoretical modal GVD curves for
symmetric and antisymmetric supermodes based on curve fit
in (a) using Eq. (6.5).

easily reach upwards of ±1000 ps2 /km or more. Since this large dispersion is
also highly tunable, this modal dispersion can be implemented as a powerful
tool for dispersion engineering. This modal dispersion provides a critical knob
for engineering the GVD of the system for phase-matching nonlinear optical
processes.
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Figure 6.5: (a) Transmission measurement of 500 GHz FSR dual-coupled
microring resonator. Measured FSR is shown for (b) lower
wavelength resonance and (c) higher wavelength resonance.
The corresponding loaded Q is shown for (d) lower and (e)
higher wavelength resonance. The generated comb is pumped
at (f) 1560 nm on a left resonance and (g) 1540 nm on a right
resonance, indicated by solid black vertical lines. The shaded
region indicates locations of mode-crossings that cause degradation of the comb line power. Nonetheless, stable, low-noise
comb generation is possible by ensuring that the spectral position of these mod crossings is far detuned from the pump.

6.4

Mode-Crossing Characterization

The wide tunability of our device allows us to overcome mode-crossings resulting from strong coupling between different transverse spatial modes – a
major challenge for comb generation. Microresonator combs have been generated in multimode structures that can suffer from higher-order mode-crossings
throughout the spectrum, originating from the coupling region as well as waveguide bends and the presence of slightly-angled sidewalls [112–114]. Even in
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single-mode structures, where no higher-order modes exist, strong polarization
mode-crossings can occur. Such mode-crossings can strongly affect the comb
generation process due to the localized changes in dispersion, which can prevent soliton formation [115] and distort the amplitude of the generated spectrum [116]. Several studies have taken steps to reduce the presence of higherorder mode coupling [117, 118]. When mode-crossings occur, one expects the
FSR to deviate strongly from the expected value, accompanied by a reduction in
the Q caused by the significantly enhanced losses of the higher-order modes. In
order to characterize the mode-crossings in the dual-cavity structure, we measure the FSR and loaded Q of both supermodes of a 500 GHz FSR dual-cavity
device. The transmission measurement of the dual-coupled microring is shown
in Fig. 6.5(a) and the measured FSR and the loaded Q factor are shown in Figs.
6.5(b)–6.5(e). The resonance wavelengths are precisely determined using a laserbased precision measurement of the wavelength-dependent FSR, which allows
for measurement of the FSR with a relative precision of 10−4 [119]. The measurement indicates that the presence of mode-crossings severely disrupts the
resonance frequency position. For the left resonances, we observe large higherorder mode-crossings at 1570 nm, 1585 nm, and 1610 nm, which result in significant deviations in the FSR and additional small mode-crossings at 1520 nm
and 1545 nm. For the right resonances, we observe large higher-order modecrossings at 1560 nm and 1585 nm and a small mode-crossing at 1525 nm. These
regions are indicated by gray sections in Figs. 6.5(b)–6.5(g). The corresponding
loaded Q characterization shows that the large mode-crossings are accompanied by a significant reduction in the Q caused by the significantly enhanced
losses of the higher-order modes. As a result, pumping at these wavelengths
hinders the generation of a stable comb due to insufficient power enhancement
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in the cavity. However, as shown in Fig. 6.5(f) and 6.5(g), by ensuring that the
spectral position of these mode crossings is far detuned from the pump at 1560
nm and 1540 nm for the left resonances and right resonances, respectively, we
are able to generate a stable, low- comb with 1.5 W of pump power. The generated spectra show some asymmetry, largely due to the presence of the large
mode-crossings. In addition to altering the spectral position of the resonance,
these mode-crossings reduce the cavity enhancement and subsequently restrict
the comb bandwidth.
We demonstrate that this device can be used to avoid mode-crossings by dynamically tuning the position of a mode-crossing. The ability to dynamically
control the position of mode-crossings is vital particularly for many applications that cannot rely on the tuning of the pump source. Beginning with an
as-fabricated 200 GHz FSR dual-cavity device with 100 mW of heating on ring
#1 [Fig. 6.6, blue curve], we observe a mode-crossing at 1548 nm, indicated by
a local decrease in extinction for a single FSR resonance. When we sweep the
resonance of ring #2 by 0.4 nm (heater power from 0 to 40 mW), we observe that
the mode-crossing shifts across the spectrum by over 3 nm (2 FSR’s), which is
almost an order of magnitude larger than the ring resonance shift. Therefore, we
can tune the mode-crossing with high-efficiency. This high tuning efficiency is
due to the anti-crossing behavior of the dual cavity structure. This novel degree
of freedom can be used for comb generation optimization.
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Figure 6.6: Demonstration of mode-crossing tunability using a 200 GHz
FSR dual-cavity device. Ring #1 is heated with 100 mW and
ring #2 is swept with heater power indicated in the legend.
A mode-crossing (circled) is tuned across two FSR’s while the
overall position of the desired resonances shifts only 0.4 nm.

6.5

Experimental Results

We harness the ability to tune the resonance extinction to optimize frequency
comb generation efficiency and show a 110-fold improvement in the comb efficiency. We generate frequency combs in this structure at different ring detuning
values and monitor the resonance extinction [Fig. 6.7(a)–6.7(c)] as well as the
spatial distribution of light [Fig. 6.7(d)–6.7(f)]. Here we use a 200 GHz FSR
dual-cavity device and pump using a single-frequency tunable diode laser amplified by an erbium doped amplifier. We couple into the chip using a lensed
fiber, and measure approximately 5 dB coupling loss, yielding a pump power
of approximately 600mW in the bus waveguide. We monitor the output of the
comb on an optical spectrum analyzer (OSA). We observe different distributions
of light across both rings according to their resonance detuning. In Figs. 6.7(e)
and 6.7(f), the pump is tuned into a resonance that lies on opposing sides of the
coupling anti-crossing position, where the light is primarily localized in ring #1
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or in ring #2, respectively. We are able to tune the comb generation efficiency
from degraded efficiency up to optimal performance [Fig. 6.7(g)–6.7(i)]. We define our generation efficiency as the ratio of the total power in the comb lines
divided by the pump power dropped into the ring. We measure this by taking
the input laser power, subtracting the facet coupling loss, and subtracting the
power measured in the OSA, which is the left-over pump that was not dropped
into the cavity. We see a 40-fold improvement in efficiency from the comb in
Fig. 6.7(g) (blue) to the comb in Fig. 6.7(h) (red), with efficiency increasing from
0.018% to 0.7% efficiency, respectively. Further, we are able to achieve a 110-fold
improvement from the comb in Fig. 6.7(g) (blue) to the comb in Fig. 6.7(i) (violet), with efficiency increasing from 0.018% to 2% efficiency, respectively. We
note that, as shown in Bao, et al., an increase in coupling condition (indicated
by the increase in extinction from Fig. 6.7(a) to (c)) yields an improvement in
overall comb efficiency [101]. For all three combs, all other experimental conditions, particularly pump power, were kept unchanged. This device can replace
conventional single-ring comb devices, not because it can achieve a higher efficiency than a single-ring device, but because of its post-fabrication tunability.
This eliminates the problem of fundamental fabrication variations, allowing for
optimized device yield and high efficiency performance across all devices.
We demonstrate open eye diagrams using the comb lines as a wavelengthdivision multiplexing (WDM) channel. For WDM applications [120–122], power
consumption is a critical factor, and the comb bandwidth should be confined to
the operational wavelength range of the WDM system with high conversion to
the comb lines. Furthermore, for the generated comb to be used as a multiple
wavelength WDM source, low RF amplitude noise is required. We investigate
the comb generation dynamics and the properties, in particular, to determine
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Figure 6.7: (a)-(c) Spectrum showing extinction tuning using left heater
(H1 ) and right heater (H2 ). (d)-(f) IR camera photos showing
spatial distribution of light during comb generation. (g)-(i)
Comb generation with extinction tuning, with (i) as the maximum efficiency comb achieved of 2%.

the stability of a comb line. We pump the resonator at 1560 nm for comb generation. To monitor the comb generation dynamics, we measure the optical and
RF spectra, as well as the eye diagram through modulation of a single comb
line. For the eye diagram, we use a 1 nm tunable filter to pick-off a single comb
line which is modulated with a 231 −1 non-return-to-zero pseudo-random bit sequence (NRZ PRBS) at 10 Gb/s and sent to a high-speed sampling oscilloscope
for characterization. Figure 6.8 (a)–6.8(c) shows the measured optical spectra,
RF spectra, and the eye diagram, respectively, as the pump wavelength is tuned
into resonance (top to bottom). While the optical spectra show no significant
changes, the RF spectra show that the comb undergoes a transition to a low RF
amplitude noise state, similar to behavior observed previously [123]. Furthermore, the eye diagram illustrates the behavior of the comb at a single resonance.
In the high-noise state (top, middle), the eye shows poor signal-to-noise and
significant distortion, which can be attributed to the fast intensity fluctuations
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Figure 6.8: Comb generation dynamics for 500 GHz FSR microresonator as
pump wavelength is tuned into resonance (top to bottom). Plot
shows (a) optical spectra (b) RF spectra, and (c) eye diagram of
single comb line that is filtered and modulated with a 10 Gb/s
PRBS.
of multiple comb lines within the single resonance through various FWM processes. As the pump is tuned further, the signal-to-noise further degrades to the
point where the eye is completely closed, which corresponds to comb instability from chaotic-like behavior [57]. Once the comb transitions to the low phase
noise state, the eye diagram shows good signal-to-noise. Our results indicate
that, even with mode-crossings in close proximity in wavelength, it is possible
to generate a stable, low-noise comb suitable as a multiple wavelength source
for WDM applications.
Our design can be used for active optimization of comb efficiency, stabilization, and can be potentially useful for active control of mode-locking behavior. Our observation of the strong dispersion tunability of this device holds
promise for creating tunable bandwidth combs as well as fundamentally extending beyond conventional dispersion engineering to enable novel comb generation regimes, such as at visible wavelengths. Further, active feedback on microresonator combs using integrated thermal tuning can provide the versatility
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and robustness needed to allow chip-based frequency combs to operate in realworld sensing, optical clock, and frequency metrology applications.
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CHAPTER 7
LOW-LOSS SILICON PLATFORM FOR BROADBAND MID-INFRARED
PHOTONICS

7.1

Introduction

In order to further extend the wavelength range of microresonator frequency
combs to longer wavelengths, we now use silicon as our waveguide material. Silicon photonics has revolutionized optics in the near IR spectral range
but has had limited impact on optics in the mid-IR range, primarily because
of the platform’s intrinsic material absorption. Within the mid-IR wavelength
range, many common molecules relevant to real-world sensing applications
have strong absorption signatures, forming the so-called ”molecular fingerprint” spectral region [124]. Numerous forms of optical spectroscopy have
been developed for biological, chemical, environmental, and industrial applications, with an increasing need for compact and inexpensive sensors enabled
by integrated photonics [124]. The advancement of quantum cascade lasers
has paved the way for growth of compact, chip-scale mid-IR photonic applications [24, 125, 126]. Concurrently, silicon photonics has transformed near-IR
telecommunications technologies while leveraging the immense silicon fabrication infrastructure of the electronics industry [127, 128]. Despite their development in tandem, silicon photonics has long been considered unsuitable for
mid-IR applications due to its lack of broad transparency beyond the near-IR
range. The transparency window of the silicon waveguide core extends to 68 µm wavelength [129, 130], whereas the silicon dioxide (SiO2 ) cladding material begins absorbing strongly around 3.5 µm [131]. Therefore, few demon-
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strations of silicon-on-insulator (SOI) waveguides have operated past 2.5 µm
[132–138]. While mid-IR platforms based on crystalline fluorides [25, 26], germanium [9, 139–144], chalcogenide materials [36–40] have been demonstrated
with low loss, integrated photonics structures on a silicon chip in this spectral
range have yet to be demonstrated.
Recently, efforts have been made to develop mid-IR photonics on a silicon
platform based suspended structures and sapphire substrates; however, to date
these have not been able to yield low loss optical structures. The challenge
of incorporating alternative cladding materials for silicon-based mid-IR photonics lies in achieving broadband transparency while ensuring low propagation loss with minimal fabrication complexity. Removing the oxide cladding to
form either a pedestal or fully suspended SOI waveguide can greatly reduce
or eliminate the absorption loss, extending the platform’s transparency window [145–152]. However, this approach can introduce fabrication complexity
as well as challenges for the device’s thermal stability and low scattering losses.
To increase robustness, the under-cladding can instead be replaced by a more
transparent material, such as sapphire (transparent out to 4.5 µm). Silicon-onsapphire is commercially available and has been extensively studied [27–35];
however, it is a hard material that is difficult to etch, leading to scattering losses.
Additionally, Chen et al. have recently demonstrated a platform based on silicon on calcium fluoride (CaF2 ), which extends the transparency window even
further [153]. However, this platform introduces significant complexity, requiring completely custom fabrication processing techniques.
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7.2

Low Loss Platform

Here, we demonstrate the ability to leverage silicon photonics to achieve broadband low propagation losses below 1 dB/cm in the mid-IR (comparable with
the losses achievable in the near-IR spectral range) by tailoring the waveguide
cross-sectional geometry. The primary source of loss for mid-IR silicon waveguides comes from absorption of the mode that overlaps partially with the oxide
cladding, which surrounds the waveguide core on all sides. The degree of mode
overlap with the cladding, particularly for high-index contrast waveguides, can
be tailored by varying cross-sectional geometry as well as index contrast, wavelength, and polarization. Here, in order to minimize these losses, we engineer
the mode to minimize propagation loss. Fig. 1 shows the simulated absorption
losses for different waveguide geometries, including a traditional silicon photonic waveguide for this wavelength with cross-sectional dimensions 500 nm
× 1400 nm (as in [59]), using finite element method (FEM) simulations of optical modes in COMSOL Multiphysics software. We account for the cladding
oxide absorption, adapted from literature [131], which we plot in Fig. 7.1 (blue
curve). The losses are extracted from the imaginary component of the simulated mode effective refractive index, k, from which we calculate propagation
power loss, α = 4πk/λ. One can see that the loss increases significantly at mid-IR
wavelengths as the mode grows larger into the cladding, exceeding 10 dB/cm,
which is prohibitive for most waveguiding applications. If we remove the top
cladding, we see a modest improvement in loss, limited still by the large remaining overlap with the under-cladding, as seen in the inset mode picture. By using
an unconventional air-clad waveguide geometry with 2300 nm × 4000 nm crosssection, we are able to significantly decrease the loss at higher wavelengths by
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Figure 7.1: Simulated absorption losses for different waveguide crosssectional geometries, including a traditional silicon photonic
waveguide for this wavelength with cross-sectional dimensions 500 nm × 1400 nm (as in [59]) as well as our air-clad waveguide with cross-sectional dimensions 2300 nm × 4000 nm.
The cladding oxide absorption, adapted from literature [131],
is plotted in the blue curve. One can see that the air-clad geometry shows a two order-of-magnitude loss improvement compared to the oxide-clad geometry

more than two order-of-magnitude loss improvement over the oxide-clad waveguide. As evident in the inset mode pictures, the optical mode for this geometry
overlaps minimally with the oxide under-cladding compared to the traditional
cross-section. For this geometry, the propagation loss remains below 1 dB/cm
up to a wavelength of 6 µm (corresponding to a Q factor > 105 ) and below 0.1
dB/cm up to nearly 5 µm (Q > 106 ). This broadband silicon photonics transparency window requires no additional fabrication complexity.
We fabricate an integrated air-clad silicon microring resonator and waveguide, using conventional silicon fabrication processing followed by a chem84

ical treatment of the surfaces to ensure low propagation losses. For our substrate, we use a commercially available SOI wafer from Ultrasil Corporation
with a 2.3 µm top silicon film thickness, and 3 µm buried oxide thickness. The
top silicon film is high resistivity Float-Zone silicon, with a resistivity >4,000
Ωcm, corresponding to an intrinsic doping concentration of < 1×1013 cm−3 . This
high resistivity is advantageous for mid-IR wavelengths to minimize losses due
to multi-photon absorption. The process involves fabricating unclad photonic
structures, integrated with oxide-clad inverse tapers. The oxide-clad inverse
tapers guarantee the taper mode to be delocalized for mode-matching to our input laser beam while remaining above the cutoff condition for the propagating
waveguide mode. The taper, which is 200 nm wide at the tip, yields a mode
that is designed to overlap with our free-space mid-IR laser beam with a beam
width 5 µm. Note that with an under-cladding thickness of 3 µm, we can ensure that there is no leakage into the substrate at the input facet by removing
the substrate (30-40 µm) near the edge using xenon difluoride (XeF2 ), while using photoresist as an etch mask. We pattern the waveguides via electron-beam
lithography using ma-N 2410 electron-beam resist, and fully etch the silicon using an inductively-coupled plasma (ICP) dry etching process with a C4 F8 /SF6
gas mixture. We then deposit 3 µm of plasma-enhanced chemical vapor deposition (PECVD) silicon dioxide for cladding. In order to remove the cladding
above the waveguides and resonators, we pattern a large area (of a few mm)
above the waveguides and resonators, dry etch the PECVD oxide, leaving 200
nm, and finally remove the remaining cladding oxide in dilute hydrofluoric acid
(6:1 H2 O:HF) wet etch. In order to clean and smooth the surface, we perform a
chemical oxidation surface treatment with piranha acid (3:1 H2 SO4 :H2 O2 ) and
dilute HF, as outlined in [154]. In order to ensure low coupling losses, we then
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pattern and etch trenches to define the edge facets of the chip [43], and finally
dice the wafer into individual chips. Microscope and SEM images of the fabricated waveguide and microring resonator are shown in Fig. 7.2.

Figure 7.2: (a) Optical microscope image of air-clad SOI microring resonator. (b) SEM image of air-clad waveguides near the resonator coupling region.

7.3

High-Q Microresonator

We measure an intrinsic quality factor greater than 106 between a wavelength of
3.5 µm and 3.8 µm, which is the highest Q demonstrated to date in an integrated
mid-IR platform. In order to measure the fabricated optical structures, we use
as an input mid-IR laser source (Argos Model 2400 CW optical parametric oscillator) that is tunable from 3.2 to 3.8 µm and has a 100 kHz linewidth. After
sending the beam through a variable attenuator and a polarization controller,
we couple light into the chip through an aspheric lens. We measure an input
coupling loss of 8 dB for TE polarization, likely due to an offset between the designed and fabricated dimensions. We collect light from the chip using another
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aspheric lens, send it through a polarization filter, and detect using PbSe detector along with a lock-in amplifier and an optical chopper. To measure the Q
factor, we modulate the laser wavelength using a triangular wave applied to an
internal piezo actuator. We measure a resonance at 3790 nm wavelength (2639
cm−1 ) and we fit to a lorentzian function. To find the intrinsic Q, we use Eq.
2.17. Assuming an under-coupled cavity condition, we find an intrinsic quality
factor of (1.1 ± 0.08) × 106 , shown in Fig. 7.3(a). The laser calibration is detailed
below. The output polarization of this resonance is rotated away from TE, indicating some polarization rotation occurring inside the chip, likely from the
transition into and out of the air-clad region. We measure intrinsic Q at several
wavelengths from 3.5 µm to 3.8 µm using devices with varying coupling gaps.
Measured results are shown in Fig. 7.3(b) as plotted circles. For comparison,
we also measure the intrinsic Q of the oxide-clad resonators used in [59], with a
cross-section of 500 nm x 1400 nm,.

7.4

Laser Calibration

For the Argos CW OPO, the piezo actuator acts to tune the pump laser wavelength (centered around 1064 nm) while the signal is held constant, thereby tuning the idler beam at mid-IR wavelengths. We measure the pump wavelength
using a wavelength meter to an accuracy of 50 MHz and plot as a function of
voltage applied to the piezo element. Performing a linear curve fit given this
wavelength error, we extract the fitting error from the covariance matrix, yielding a standard deviation of 500 kHz/V on the slope, which is well within the
measurement error.
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Figure 7.3: (a) Transmission spectrum of the air-clad microring resonator
at 3.8 µm wavelength showing an intrinsic Q ∼ 106 . (b) Measured (circles) and simulated (solid lines) intrinsic Q as a function of wavelength for our air-clad waveguide geometry (2300
nm × 4000 nm), and for standard oxide-clad geometry (500 nm
× 1400 nm). There is good agreement between the trends for
simulated and measured Q. One can see that the intrinsic Q
depends weakly on wavelength between 3 and 4 µm, in contrast to the standard oxide-clad waveguide geometries.

7.5

Transparency Window

For the geometry used here, we show that both the theoretical and measured
intrinsic quality factor depends weakly on wavelength between 3.5 and 4.5 µm,
in contrast to the standard oxide-clad waveguide geometries. The theoretical wavelength-dependence of intrinsic quality factor is plotted along with the
measured data in Fig 7.3(b). We evaluate the intrinsic quality factor vs. wavelength by extracting the wavelength-dependent absorption from the FEM simulations and the wavelength-dependent scattering using the well-known theoretical model for waveguide scattering loss introduced by Payne and Lacey [155].
We assume loss due to absorption in the cladding and loss due to sidewall scattering to be the major contributions to the total loss. Therefore, given a repre-
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sentative measured total loss at 3.8 µm and the relation between Q and loss rate
given in Eq 2.16, scattering loss at 3.8 µm can be estimated to be 0.2 dB/cm. Using the Payne-Lacey model with our geometry, we can extract the approximate
wavelength dependence of the scattering loss to be λ−2 . Thus, quality factor due
to scattering loss scales proportional to the wavelength, λ. In Fig 7.3(b), plotted with the measured points are the theoretical wavelength dependent quality factor for both measured devices, considering both absorption and scattering, and see a good agreement between the trends for simulated and measured
quality factor. The oxide-clad geometry is clearly absorption-limited, whereas
our air-clad geometry remains flat across the spectrum, following closely to the
theoretically scattering-limited regime. It is evident that our air-clad geometry
achieves a high Q independent of the oxide absorption up to an order of magnitude higher than the traditional oxide-clad geometry, which exhibits a strong
decrease in Q with increasing wavelength.
We show that the waveguide geometry used here extends the transparency
window to a wavelength of 6 µm. In Fig. 7.4, we plot the wavelength-dependent
Q due to absorption, scattering, and total loss for our air-clad geometry from
2 µm to 6 µm. There is a clear transition from the scattering-limited regime
to the absorption-limited regime near 5 µm wavelength, while for the traditional oxide-clad geometry this transition occurs near 3 µm wavelength, illustrating a substantial extension of this silicon photonics platform. One can see
that throughout the entire spectral region out to 6 µm, the total intrinsic Q remains above 105 (loss ≤ 1 dB/cm), and above 106 (loss ≤ 0.1 dB/cm) out to 5
µm, which is well suited for low-loss nonlinear applications. Furthermore, the
scattering-limited Q is not fundamental, and can be increased through further
optimization of side-wall roughness.
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Figure 7.4: Wavelength dependence of microresonator Q (red), due to absorption loss (blue), scattering loss (green) for air-clad 2300
nm × 4000 nm waveguide. The intrinsic Q remains above
105 throughout the whole spectral range between 2 and 6 µm.
Around 5 µm wavelength, the total intrinsic Q transitions from
being scattering-limited to absorption-limited.

The waveguide geometry used here is highly confined, but maintains the
ability to perform dispersion engineering necessary for nonlinear optics applications such as frequency comb generation. Parametric frequency comb
generation has been extensively studied in a plethora of integrated platforms,
both in the normal dispersion as well as the anomalous dispersion regime
[10, 11, 20, 59, 60, 64–66, 69, 72]. Broadband frequency combs, which are advantageous for mid-IR sensing applications, require anomalous dispersion around
the pump wavelength for proper phase-matching [61, 80, 156]. This is usually
achieved via waveguide dispersion engineering, which requires certain waveguide confinement and dimensions [79]. If the waveguide is too small or too
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large, the mode resides mostly in the cladding or the core, respectively, and
exhibits mostly material dispersion properties that cannot be effectively engineered. Here we show that despite our modified geometry to minimize the
waveguide loss, we retain the anomalous dispersion critical for comb generation. Figure 7.5 shows the dispersion for our air-clad waveguide geometry,
which exhibits anomalous dispersion near a pump wavelength of 4 µm (2500
cm−1 wavenumber). This is equidistant in frequency between 3 µm (3333 cm−1 )
and 6 µm (1667 cm−1 ), which corresponds to an optimal pump wavelength for
broadband comb generation spanning this wavelength range [95].
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Figure 7.5: (a) Group velocity dispersion for the waveguide geometry
used here (air-clad 2300 nm x 4000 nm). (b) Optical parametric
oscillation (OPO) threshold measurement, indicating a 5.2 mW
oscillation threshold. Inset shows the OPO sidebands generated just above threshold.

7.6

Frequency Comb Threshold Power

We demonstrate a low optical parametric oscillation threshold of 5.2 ± 0.5 mW
using the proposed geometry, which is well within the operating power range
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of currently available QCLs, enabling future chip-scale applications [126]. The
parametric oscillation threshold is quadratically dependent on the loaded Q factor, making it a critical parameter for frequency comb generation [70, 157, 158].
In order to measure the threshold power of our microresonator, we use the same
experimental setup outlined above, and use a Fourier-transform infrared spectrometer (FTIR) to monitor the mid-IR spectrum. We tune the laser wavelength
into a high-Q resonance at 3.7 µm and observe parametric oscillation sidebands
generated 10 free-spectral ranges (FSRs) away from the pump wavelength [Fig.
7.5 (b), inset]. In order to estimate the optical power in the bus waveguide, we
assume that the measured output power level is approximately equal to the bus
waveguide power inside the chip by collecting the output beam with a lens.
We measure an oscillation threshold of 5.2 ± 0.5 mW [Fig. 7.5(b)]. By turning
up the pump power to >50 mW, we generate a narrow band set of comb lines
surrounding the pump (Fig. 7.6). The narrow comb span is due to the strong
anomalous GVD value of the waveguide. The jagged envelope indicates possible mode coupling within the waveguide.

92




3RZHUG%P








        
:DYHOHQJWKQP
Figure 7.6: Frequency comb lines generated using air-clad geometry (2300
nm x 4000 nm). Narrow comb span is due to strong anomalous GVD value and jagged envelope indicates possible mode
coupling within the waveguide.
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CHAPTER 8
LOW-LOSS AIR-CLAD SUSPENDED SILICON PLATFORM FOR
MID-INFRARED PHOTONICS

8.1

Introduction

In order to operate beyond 6 µm wavelength, we must turn to a fully-suspended
silicon platform. Several suspended silicon devices have been demonstrated in
which some or all cladding material is removed [147–149, 152]; however, minimizing high optical losses remains challenging. This is because the high refractive index contrast with air increases the effect of sidewall roughness on
propagation loss compared to oxide-clad devices. For nonlinear applications,
low losses and high optical quality resonators are needed. In the mid-IR, this is
even more crucial than in the near-infrared since the optical structures are larger
and therefore the threshold for nonlinear effects such as parametric oscillation
is higher. High Q resonators also improve sensitivity for sensing applications.

8.2

1

Device Design

To minimize the optical losses in our suspended platform we employ a low-loss
air-clad suspended silicon mid-IR photonics platform using etchless processing.
The etchless waveguide fabrication process has been previously used to demonstrate high confinement, high Q devices [18]. Instead of plasma etching, which
introduces considerable side-wall roughness, we use thermal oxidation to de1

Portions of this chapter are reproduced with permission from [159]
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fine the waveguides, which leads to ultra smooth sidewalls, reducing scattering losses. When defining the waveguide we leave a thin slab surrounding the
waveguide, which serves to support the suspended waveguides and resonator.
To release the under-cladding, we etch holes into the slab running alongside the
waveguide. A representation of the released cross-section is shown in Fig. 1(a).

Figure 8.1: (a) Schematic of suspended etchless silicon waveguide platform with release holes. (b) Scanning electron microscope
(SEM) image of suspended silicon microring resonator. (c) SEM
image of suspended silicon nanotaper with support spokes.
Etched substrate is visible below.

To ensure broadband input coupling, we use suspended inverse nanotapers
supported by spokes designed to induce minimal losses. The challenge in this
scheme is to remove the cladding via isotropic etching of multiple structures of
very different dimensions that all etch at the same rate. This means the 400 nm
wide nanotaper releases sooner than the microns-wide waveguide structures,
but both must remain fully suspended. This suspended waveguide has strong
air interaction, ideal for sensing as well as nonlinear applications requiring low
loss.
We fabricate a fully air-clad high Q suspended silicon microring resonator
and a suspended inverse nanotaper. The etchless process involves using ther-
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mal oxidation to define the silicon waveguides after patterning a silicon nitride
oxidation mask above a 500 nm thick high resistivity Float Zone SOI wafer. We
perform sufficient thermal oxidation to leave a 200 nm silicon slab around 1.9
µm wide waveguides, and subsequently etch a series of holes following along
either side of the waveguides for the release step. In order to define the nanotapers, we etch away the silicon slab surrounding the taper region where the
taper will be suspended, as well as along all outer edges of the chip. We fabricate tapers both with and without support spokes. Finally we pattern the facet
of the chip close to the taper with a small oxide gap and etch away the oxide
down to the substrate. In order to efficiently couple light into the nanotaper,
the substrate must not interact with the mode size at the end of the taper. Here,
our largest mode size is approximately 8 m, whereas our buried oxide is only
2 m thick. Therefore, after dicing the chips, we use a xenon difluoride (XeF2 )
isotropic silicon etch to laterally remove the substrate ∼50 µm from the end of
the taper to where the mode is well confined in the waveguide. The thermal
oxidation process leaves an oxide cladding which protects the waveguides and
slab from the XeF2 etch. We then etch for 10 minutes in 49% liquid hydrofluoric
acid (HF) to remove both the top thermal oxide as well as the buried oxide below the waveguide via the release holes. The silicon nitride etchless mask is also
removed by the HF. Finally we dry using a standard critical point drying (CPD)
process. The fully released suspended microring resonator and suspended nanotaper is shown in Fig. 1(b)-(c).
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8.3

Experimental Results

Once released, we measure the suspended microring resonator to have an intrinsic Q of 83,000 at 3.79 µm wavelength. Our source is an Argos Model 2400
CW optical parametric oscillator which is tunable from 3.2 to 3.8 µm and has
a 100 kHz linewidth. We use a lens to couple light into the suspended silicon nanotaper, exhibiting a coupling loss of 6-7 dB with no spokes and ∼16 dB
with spokes. We believe further design consideration can improve the spoke
efficiency. After interacting with the ring resonator, we collect light from the
chip using another lens and detect using a PbSe detector. To measure the Q,
we modulate the laser wavelength using piezo modulation, and detect using a
lock-in amplifier and an optical chopper in order to get a low-noise signal. We
measure an intrinsic Q of 83,000 at 3.79 µm wavelength, shown in Fig. 2. This
is an order of magnitude higher than previous demonstrations, representing a
significant step toward enabling various low-loss mid-IR applications [148,149].
Even higher Q’s can be achieved through optimized fabrication techniques, preventing issues such as sagging, coupling into the substrate, as well as complete
removal of the silicon nitride oxidation mask.
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Figure 8.2: Transmission spectrum of suspended silicon microring resonator at 3.79 µm wavelength. Intrinsic Q factor measures
83,000.
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CHAPTER 9
CONCLUSION

Microresonator frequency combs are an emerging technology that has the potential to influence many fields from optical clocks and astronomical calibration
to spectroscopy and biomedical imaging. These combs began as a scientific curiosity but are now close to achieving real-world applications. In this work, we
have taken steps toward broadening the wavelength range and expanding our
electrical control over these combs in order to enable new and exciting applications. There are several avenues of future work that can continue the ongoing
efforts beyond what we have accomplished in this thesis.
Despite our observations of second-order nonlinearities in silicon nitride, the
community has yet to come to a consensus as to what is the true origin of these
effects. Recently, a paper by Khurgin, et al. claims that stress in silicon nitride
may have led silicon-nitrogen bonds to partially align, thereby giving amorphous silicon nitride some preferential dipole direction, yielding a non-zero χ(2)
coefficient [160]. Given this claim, it would be interesting to attempt to ”pole”
silicon nitride, or essentially to freeze the bonds in a preferential direction. One
could imagine this being done either during deposition or a post anneal stage
in which high temperatures allow the bonds to reorganize themselves in the
presence of an orienting applied electric field. An enhanced χ(2) from a poling
process could be a game-changing discovery for integrated photonics.
Frequency combs truly in the visible range have remained somewhat elusive
to date. Recently, several studies have found that strongly coupled microrings,
either in a concentric or a double-layer stacked configuration, could lead to not
only local modifications in dispersion but broadband dispersion shifts [161,162].
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This ability is quite promising for broadband visible comb generation. However, the challenge of scattering remains, which limits high quality factors. Additionally, this strategy for dispersion engineering is particularly sensitive to
geometry, which could hinder the repeatability and usefulness of such a device.
In the mid-IR, silicon itself is transparent to ∼8 µm wavelength. Beyond this,
however, there are several applications for sensing important molecules, including ammonia, ozone, glucose, as well as other large biochemical molecules. For
these applications, germanium is a very attractive material platform, which is
transparent out to 14 µm wavelength [9]. Germanium has an even higher refractive index and a higher nonlinear index than silicon, making it ideal for
dispersion engineering and comb generation. There are commercially available Ge films epitaxially-grown on a silicon wafer which would be useful as a
broadband waveguide, either as an airclad or suspended platform. Currently,
material quality is a challenge preventing Ge films from achieving low losses.
This will be an exciting broadband platform in the future.
Overall, this dissertation represents a significant step toward expanding the
scope of microresonator frequency combs. Pushing toward new wavelength
ranges and greater flexibility and control enables new applications previously
unavailable. It is my hope that this work will lead to development of these
chip-scale combs in real-world devices and systems for the environment, human health, communications, and fundamental physics.
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