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Abstract

Nonlinear integrated photonics has emerged as a key technology for ad-
vanced optical communication systems, enabling functionalities such as all-
optical signal processing, wavelength conversion, and frequency-comb gen-
eration. These capabilities depend on suitable material platforms that can
support strong optical nonlinearity and efficient integration. Among the
available material platforms, Indium Gallium Arsenide Phosphide (InGaAsP)
offers a compelling combination of strong optical nonlinearity, high-speed
optical response, and operation across the telecommunications wavelength
bands. Furthermore, its ability to support both active and passive photonic
functionalities makes it particularly suitable for monolithic photonic integra-
tion. However, optical performance in conventional C-band InGaAsP/InP
structures remains inherently limited by nonlinear losses, dominated by two-
photon absorption (TPA) and subsequent free-carrier effects (FCE).

To understand the impact of TPA and FCE-related losses in InGaAsP-based
devices, in the first thesis project, we perform the lifetime measurement of
TPA-generated free carriers prior to recombination. Pump—probe measure-
ments conducted on fabricated InGaAsP /InP waveguides yielded free-carrier
lifetimes of 0.24 ns and 0.46 ns upon exciting the fundamental TE and TM po-
larization of the waveguide, serving as a vital reference for future FC lifetime

engineering.

Building on the obtained knowledge, the next thesis project investigates a
novel InGaAsP-on-insulator (InGaAsP-Ol) platform for nonlinear integrated
photonics, focusing on its application to optical frequency-comb generation.
We performed the first comprehensive theoretical analysis of InGaAsP-OI
ring resonators while considering realistic nonlinear loss mechanisms—specifically
TPA and FCE at the 1550 nm telecom C-band wavelength. Additionally, vari-

ous strategies for tuning the free-carrier lifetime are evaluated alongside their



iv

impact on resonator performance.

We next undertake steps towards III-V semiconductors-on-insulator photonic
integration platform development. In particular, we explore two material
systems, including InGaAsP-OI and aluminum gallium arsenide (AlGaAs)-
OI, developing the steps for their fabrication. The next thesis project de-
scribes our effort in wafer bonding of a III-V semiconductor layer to SiO,-on-
silicon wafer and the consecutive III-V substrate-removal processes, outlin-

ing key technical challenges and experimental process development results.

Lastly, as a separate project, we developed a proximity-effect correction (PEC)
scheme for artificial 2D nanostructures, termed metasurfaces. By relying on
shape modification of individual structural elements of the metasurfaces and
the electron-beam lithography parameter tuning, we achieved precise agree-
ment between the target design and fabricated feature shapes and dimen-
sions with a negligible measured resonance drift. The developed proximity
effect correction method is applicable in university cleanroom facilities host-
ing low-voltage (low-kV) electron-beam lithography systems constrained by
computational capacity.
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Chapter 1

Introduction

The history of modern optical communication networks and information
processing is fundamentally a story of developing optical waveguides, light
generation, manipulation, and optical integration. Prior to the mid-twentieth
century, optical communications relied almost entirely on unguided, free-
space transmission-ranging from historical line-of-sight beacons and late eighteenth-
century optical telegraph semaphores to early wireless light transmission ex-
periments in the 1880 [1]. Although early wireless light links successfully
demonstrated speech transmission over modulated sunlight, free-space opti-
cal channels were severely constrained by atmospheric attenuation, fog scat-
tering, air turbulence, and optical diffraction. These environmental vulner-
abilities rendered unguided optical networks impractical for high-capacity,
weather-independent data transmission, highlighting the fundamental need

for guided-wave architectures.

The paradigm shift toward guided-wave photonics began with the seminal
theoretical proposal by Stewart E. Miller in 1969 [2]. Miller envisioned com-
bining discrete optical elements such as miniature dielectric waveguides, op-
tical switches, phase modulators, and photodetectors onto unified planar di-
electric substrates. To draw a direct historical parallel to the microelectronics
revolution that was transforming computing, Miller formally coined the term

"integrated optical circuit’.

During this same transformative era, low-loss silica optical fibers dramati-
cally reduced signal attenuation, while continuous-wave (CW) room-temperature

semiconductor injection lasers provided practical light sources [3], [4], [5]. As
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global data traffic expanded in subsequent decades, traditional microelec-
tronic architectures encountered severe physical bottlenecks dictated by cop-
per interconnect resistive latency, heat generation, and signal cross-talk at el-
evated clock frequencies. Moving optical channels directly onto microchips-
scaling down to inter-chip and intra-chip optical interconnects emerged as
the primary strategy to overcome these electrical bottlenecks [6]. Today,
this bandwidth demand has experienced an unprecedented surge driven by
modern Artificial Intelligence and machine learning workloads, making Pho-
tonic Integrated Circuits (PICs) critical infrastructure for Al acceleration, co-
packaged optics (CPO), and optical compute engines [7].

Initial commercial advancements in integrated photonics focused heavily
on Silicon-on-Insulator (SOI) technology due to its compatibility with es-
tablished microelectronics manufacturing infrastructure and strong optical
confinement [8]. However, elementary silicon possesses inherent physical
boundaries when pushed beyond passive light routing, as its fundamental
electronic band structure prevents efficient light generation on chip. Further-
more, under high optical power levels, silicon experiences power-dependent
losses that restrict its performance [9]. To address these physical limit - namely
inefficient light generation, extensive research has focused on integrating
compound semiconductor light sources directly onto silicon photonics plat-
forms. Recent engineering advances have demonstrated hybrid and het-
erogeneous integration architectures, where active III-V semiconductor dies
or thin films are directly bonded onto pre-patterned silicon or silicon ni-
tride (Si3Ny) wafers [10], [11]. At the same time, progress in monolithic
epitaxial growth has enabled quantum dot lasers grown directly on silicon,
where quantum dot structures provide resilience against crystallographic
lattice defects [12], [13]. Techniques such as micro-transfer printing have
also emerged to enable high-throughput placement of pre-fabricated micro-
scale light sources across silicon wafers [14]. However, despite these notable
breakthroughs in integrated silicon light sources, challenges such as thermal
dissipation across buried oxide layers, lattice defect accumulation during
direct epitaxy, on-chip optical feedback sensitivity without bulky isolators,
and transition losses at material interfaces continue to complicate large-scale
commercial yield [15], [16]. Consequently, compound semiconductor plat-

forms remain indispensably at the core of optical generation, amplification,
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and high-performance optoelectronic signal processing. [17], [18], [19], [20]

In contrast to elemental semiconductors such as Silicon and Germanium,
direct-bandgap III-V semiconductor platforms enable fully monolithically in-
tegrated photonics allowing passive waveguides, electro-optic modulators,
photodetectors, and active optical gain sources such as lasers and optical am-
plifiers to co-exist on a single substrate [21], [22]. This method of integration
significantly reduces coupling insertion losses, back-reflections, and latency
associated with multi-chip optical packaging interfaces. Furthermore, pure
III-V materials like Indium Phosphide (InP) exhibit significantly higher elec-
tron mobility than silicon, making them superior for high-speed, low-power

telecommunication, microwave-photonic, and sensing applications.

Among III-V semiconductor materials, the quaternary alloy Indium Gallium
Arsenide Phosphide (In;_,GayAs,P; ;) occupies a paramount position in
optical communications. By adjusting its material composition during epi-
taxial growth, this quaternary material can be continuously engineered to
match the lattice of native InP substrates while tuning the operating wave-
length across the primary telecommunication bands; most notably the tele-
com C-band (1530 — 1565 nm), which corresponds to the global minimum
loss spectrum of optical fibers underpinning long-haul networks and data
centers [23]. While commercial InP foundries, for example Canadian Photon-
ics Fabrication Centers (CPFC) excel in the linear optical regime for transceiver
architectures operating in the linear optical regime, native substrates suf-
fer from weak refractive index contrast between the guiding core and the
surrounding cladding. This low index contrast demands large waveguide
cross-sections and wide bending radii to prevent severe radiative bend loss,
ultimately restricting integration density and light intensity [24], [25]. To
overcome these structural boundaries, research has shifted toward III-V-on-
Insulator (III-V-OI) architectures, such as Indium Gallium Arsenide Phosphide-
on-Insulator (InGaAsP-OI) [26]. By heterogeneously bonding thin, single-
crystal III-V semiconductor films onto low-index carrier substrates followed
by selective native substrate removal, a high index contrast platform is re-
alized [27]. This strong mode confinement shrinks waveguide footprints
to sub-micron cross-sections, allowing sharp bending radii, boosting optical

tield intensities, and enabling precise control over optical dispersion.
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Crucially, InGaAsP exhibits a significantly higher Kerr nonlinear response,
which is orders of magnitude higher than silica (5iO,) or silicon nitride (SizNy)
[28], [29]. While related platforms such as Aluminum Gallium Arsenide-on-
Insulator (AlGaAs-OlI) have been widely studied for nonlinear photonics due
to wide bandgap engineering that suppresses high-power losses [30], [31], In-
GaAsP remains uniquely attractive because it offers a direct path toward co-
integrating active C-band optoelectronics with nonlinear optical processing
within an established commercial foundry platform. Incorporating nonlin-
ear optical signal processing-such as self-phase modulation, four-wave mix-
ing, and Kerr optical frequency comb generation-directly onto InGaAsP plat-
forms bridges the gap between active C-band optoelectronics and passive

nonlinear signal processing.

Despite these evident physical advantages, using InGaAsP-OlI for Kerr op-
tical frequency comb generation remains largely unexamined in the litera-
ture. Fully realizing this platform requires addressing critical physical and
nanofabrication constraints, high optical intensities induce power-dependent
absorption near telecom wavelengths and its associated free-carrier dynam-
ics. Furthermore, achieving favorable wave propagation conditions across
the C-band requires careful geometric design to counteract intrinsic material
characteristics, while dedicated wafer bonding and substrate removal work-
flows must be engineered to yield low-loss, high-quality material stacks.

This thesis systematically investigates the feasibility of the InGaAsP-OI plat-
form for nonlinear optical signal processing and Kerr frequency comb gener-
ation. To achieve this, we first experimentally quantify free-carrier recombi-
nation dynamics in fabricated InGaAsP waveguides using pump-probe tech-
nique, providing the critical dynamics required to accurately model nonlin-
ear phase accumulation. Building on these empirical dynamics, we establish
numerical models to evaluate the feasibility of Kerr frequency comb gen-
eration in InGaAsP-OI microring resonators, incorporating material disper-
sion, Kerr phase shifts, power-dependent absorption, and free-carrier effects.
Finally, we evaluate direct and adhesive wafer bonding methodologies to
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establish reliable fabrication pathways for obtaining high-confinement plat-
form stacks. Through this combined experimental, numerical, and fabrica-
tion study, this work establishes the foundation for realizing C-band non-
linear photonic devices on InGaAsP-OI platform. Future efforts must build
on this foundation by implementing active p—n junction carrier sweep-out in
microring resonators, optimizing Al,O3 and Hydrogen Silsesquioxane (HSQ)
wafer bonding to resolve substrate removal peeling, and experimentally val-

idating low-threshold Kerr comb generation.

To contextualize this work, this chapter establishes the foundational princi-
ples governing integrated waveguide optics, semiconductor material plat-
forms, light propagation in dispersive nonlinear optical media, microring
resonators, and nonlinear optical characterization method used to extract key
parameters for InGaAsP-OI devices.

1.1 Waveguide Optics

Waveguide optics describes how light is guided and confined within a high-
refractive-index region (core or guiding layer) surrounded by lower-index
materials (cladding), primarily through total internal reflection (TIR) [32].
While ray optics provides an intuitive picture of guidance via TIR, a com-
plete description requires treating light as an electromagnetic wave [33]. In
dielectric waveguides, light propagates only in the form of bound electro-
magnetic modes (guided modes) supported by the refractive index contrast
and geometry of the waveguide [32]. These guided modes represent spatial

electromagnetic field distributions
E(x,y,2,t) = E(x,y)e/ @ =F2); (1.1)

FI(x, y,z,t) = IjI(x,y)ei(“’t_ﬁz), (1.2)

that are solutions of Maxwell’s equations satisfying the continuous boundary
conditions at the material interfaces [33], [34]. Here, B is the propagation
constant of a guided mode along the propagation direction (z), defined as

B = konest, (1.3)
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where k is the vaccum wavenumber defined as
(1.4)

and 7 is the modal effective index. For a mode to remain strictly guided
and bound within the core, its effective index must satisfy the condition given
by

Ncladding < Meff < Mcore- (1.5)

If neg falls below njaqding, the field is no longer confined and escapes into the

surrounding cladding as a radiation mode [34].

The analytical solution to Maxwell’s equations is generally tractable only for
one-dimensional (1D) planar slab waveguides as shown in Figure 1.1 (a),
where the core extends infinitely in one lateral direction (d/dx = 0) and the
tields can be decoupled strictly into pure Transverse Electric (TE, E, = 0)
and Transverse Magnetic (TM, H, = 0) modes [33], [34]. In contrast, prac-
tical two-dimensional (2D) channel waveguides exhibit optical confinement
in both transverse dimensions (x and y). A schematic of cross-sectional view
of a channel waveguide is shown Figure 1.1 (b). Due to the corner bound-
ary conditions inherent to 2D cross sections, pure TE or TM modes do not
exist; instead, the guided solutions are hybrid “quasi-TE” and “quasi-TM”
modes, which must be calculated numerically using methods such as Fi-
nite Difference Eigenmode (FDE) or Finite Difference Time Domain (FDTD)
solvers [35].
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(b)

FIGURE 1.1: (a) Schematic of a slab waveguide showing light

confinement 1D (y) . The core (central layer) has refractive in-

dex n1, and the cladding layers have refractive indices 71, and

n3. (b) Cross-sectional view of a strip waveguide with a 2D

confinement in both x and y directions. The core has refractive

index 14, the lower cladding has refractive index n5, and the
upper cladding is air [32].

In 2D channel waveguides, spatial modes are classified by their polariza-
tion state and transverse nodal indices, denoted as TE,,;, and TM,,,,,, where
m and n represent the number of zero-crossings (nodes) in the field inten-
sity profile along the horizontal (x) and vertical (y) transverse axes, respec-
tively [35]. As shown in Figure 1.2 (a) the fundamental TEy mode features
a single intensity maximum with no transverse field nodes (m = 0,n = 0),
with its primary electric field vector polarized parallel to the substrate plane
(Ex > Ey). Similarly, the fundamental TMyy mode also exhibits a single in-
tensity peak with no transverse field nodes as shown in Figure 1.2 (b), but
its primary electric field vector is polarized perpendicular to the substrate
plane (E, > E,). Higher-order modes, such as TEq; or TMy;, exhibit mul-
tiple spatial lobes separated by field nodes, as shown in Figure 1.2 (c) and
(d) respectively. Depending on the physical cross-sectional dimensions and
wavelength, waveguides can support single-mode or multi-mode propaga-
tion [33]. Single-mode operation (restricting propagation strictly to TEpy and
TMy) is typically desired in integrated optics to eliminate intermodal dis-

persion and to maintain signal integrity.
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(a) TEgo

FIGURE 1.2: Representative electric field intensity distributions

for guided spatial modes in a 2D channel waveguide: (a) fun-

damental quasi-TEqy mode, (b) fundamental quasi-TMgy mode,
and (c—d) higher-order spatial modes (TEy; and TMy).

Depending on the material platform, as well as fabrication and etching ge-
ometry, channel waveguides we discussed can take several forms, includ-
ing embedded strip, strip, rib, and strip-loaded waveguides, as illustrated in
Figure 1.3 [32]. In this work, we experimentally study InGaAsP/InP waveg-
uides that have a strip-loaded geometry [32], while theoretically exploring
FCG in an InGaAsP-OI waveguide represented by a strip geometry.
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Embedded strip Strip - Rib orridge Strip loaded

FIGURE 1.3: Schematic of various optical waveguide geome-

tries including (from left to right) embedded strip, strip, rib and

strip-loaded. Darker shading indicates regions of higher refrac-
tive index [32].

While individual optical waveguides represent the fundamental building
blocks of integrated optics, a functional Photonic Integrated Circuit (PIC)
relies on the dense integration of both active and passive devices on a sin-
gle chip [36]. Active devices require electrical or optical power to generate,
modulate, or detect light, whereas passive devices route, split, or filter light
purely through their geometrical designs without any external power. Fig-
ure 1.4 presents a schematic of the basic components of a PIC and their roles
in manipulating optical signals on a single chip [36]. The red arrows indi-
cate the propagation of optical signals through the various photonic compo-
nents [36]. Light generated by a laser is coupled into the chip through an in-
put coupler, which transfers the optical signal from an optical fiber to an on-
chip optical waveguide [36]. The waveguides route light between different
components, while directional couplers split or combine optical signals and
distribute optical power throughout the circuit [36]. Depending on the ap-
plication, the guided light may interact with an optical ring resonator, where
resonant light confinement enables wavelength-selective filtering, sensing,
and nonlinear optical processes, or with an optical modulator, which en-
codes electrical information onto the optical carrier by varying its amplitude,
phase, or frequency [36].
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Input Coupler

Laser

Optical Modulator

Optical ring resonator

Photo diode Optical waveguide

Couplers

Optical fiber Photonic Crystal

FIGURE 1.4: Basic layout of a photonic integrated circuit (PIC)

showing photonic components integrated on a single substrate

[36]. The red arrows indicate the propagation of optical signals
through the various photonic components.

Following optical processing, the signal is directed to a photodiode for con-
version into an electrical signal for detection and analysis [36]. The figure also
highlights a photonic crystal — a periodic dielectric structure that offers robust
light confinement and enables key functions like filtering, slow-light propa-
gation, and enhanced light-matter interaction [36]. By integrating passive
elements (such as waveguides, microring resonators, couplers, and photonic
crystals) with active devices (including lasers, modulators, and photodiodes)
on a single substrate as illustrated in Figure 1.4, photonic integrated circuits
deliver compact, stable, and power-efficient systems capable of advanced op-
tical signal processing and communication [36]. This thesis focuses primarily
on two of the photonic components illustrated in Figure 1.4, waveguides and
ring resonators.
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1.2 Material Technologies in Integrated Photonics

TABLE 1.1: Nonlinear integrated photonics material platforms.

Material

Structure
Symmetry

Index (1) x@ /x®

NL Loss Capability &

(TPA+FCA)

Limitations

SOI 190, 1371, 138]

SizNy [39], [40]

LiNbO;[*1} [42]

InPI20], [43]

AlGaAs-OI100) [44]

InGaAsP-OI[28] [45]

Crystalline

/Centrosym-

metric

Amorphous
/Centrosym-

metric

Crystalline
/Non-
centrosym.

Crystalline
/Non-
centrosym.

Crystalline
/Non-
centrosym.

Crystalline
/Non-

centrosym.

x® only

x® only

X<2> & X(3)

X<2> & X(3)

X<2> & X 3)

X & @

High TPA + FCA

at 1550 nm

Negligible TPA

Negligible TPA

High TPA + FCA

at 1550 nm

Low TPA

High TPA + FCA

at 1550 nm

Passive routing;
high An; no na-

tive gain.

Ultra-low loss (<
0.1 dB/m); lower
An; no gain.

High )((2) ;  fast
E/O modulators;
no gain.

Monolithic inte-
gration; weak An.

high ny; high An;
no gain at 1550
nm

Monolithic inte-
gration; high An;
high n, at 1550
nm.

The selection of a material platform for Photonic Integrated Circuits (PICs) is

dictated by the targeted application, typically requiring a fundamental bal-

ance of core physical parameters-such as leveraging high second-order non-

linear susceptibility (x()) for electro — optic modulation, wide bandgap en-

ergy (Eq) for high-power passive routing, or large third-order optical non-

linearity (x®)) and high refractive index (1) for compact Kerr nonlinear de-

vices [46]. As summarized in Table 1.1, no single material system simulta-

neously optimizes optical gain, high refractive index contrast (An), and sup-

pressed nonlinear losses at telecommunication wavelengths (1530-1565 nm).

Consequently, integrated photonics has evolved into a multi-platform land-

scape governed by specific physical mechanisms and device integration re-

quirements.
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A primary structural bottleneck in native III-V semiconductor platforms, such
as InGaAsP/InP, is the low refractive index contrast (An ~ 0.2—0.3) be-
tween the waveguiding core layer (typically InGaAsP) and its cladding or
substrate [21], [47], [48]. This weak optical confinement mandates wide bend-
ing radii to prevent radiative bending loss, thereby limiting device integra-
tion density [49]. Conversely, insulator-backed architecture; pioneered by
SOI and extended to III-V-OI structures via wafer bonding; introduces a high
refractive index contrast (An > 1.8) by utilizing a low- refractive index dielec-
tric buried cladding (SiO;, n ~ 1.45) [46], [50], [51]. This strong spatial con-
finement enables sub-micron waveguide cross-sections, tight micrometer-
scale bend radii, and enhanced light-matter interaction essential for dense

photonic circuits.

For nonlinear optical applications, the operational power handling and Kerr
phase accumulation are fundamentally constrained by nonlinear losses cre-
ated by multi-photon absorption. In wide-bandgap platforms such as SizNy
(Eg =~ 5.0 eV) and high aluminum content AlGaAs (AlGaAs-OlI, x,; > 0.18),
two-photon absorption (TPA) is completely suppressed at 1550 nm because
the photon energy is below half the bandgap (2iiw < Eg) [39], [44]. In con-
trast, elemental silicon (E; ~ 1.12 eV) and narrow-gap III-V semiconductors
such as InGaAsP, experience significant TPA at telecom frequencies, generat-
ing free carriers that induce free-carrier absorption (FCA) that affects nonlin-
ear phase shift.

Despite these nonlinear loss limitations, InGaAsP-OlI retains a unique role
among III-V-OI platforms. Through stoichiometric tuning of the quaternary
alloy Iny_,GayAsyP;_ lattice-matched to InP (x = 0.47y), the bandgap can
be engineered across 0.73-1.35 eV, yielding an exceptionally high Kerr non-
linear coefficient (1, ~ 1 x 10717 m? /W at 1550 nm) alongside native optical
gain within the telecom C-band [28], [29].

The strong sub-micron modal confinement offered by the InGaAsP-OI archi-
tecture (An ~ 1.83) dictates the geometric dispersion engineering required
for phase-matched nonlinear processes. In the next section we will discuss
the physics behind the optical properties of InGaAsP.
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1.2.1 Optical Properties and Advantages of
In; ,Ga,As, ,P,

(a) E 4 (b)

FIGURE 1.5: Comparison of electronic band structures and ra-

diative transition mechanisms in (a) indirect bandgap semicon-

ductor requiring phonon assistance to conserve crystal momen-

tum, (b) direct bandgap semiconductor exhibiting momentum-

conserving vertical transitions. Dashed line represents a virtual

intermediate state. VB and CB indicate valance band and con-
duction band, respectively.

Fundamentally, the optical absorption and emission characteristics of any
semiconductor used in a photonic platform are dictated by its energy-momentum
(E-k) dispersion relation [17]. In indirect bandgap semiconductors like sili-
con or germanium, the conduction band minimum and valence band manxi-
mum occur at different crystal momentum vectors (k), as shown in Figure 1.5
(a). Consequently, optical transitions require phonon interactions (lattice vi-
brations) to conserve momentum, rendering radiative absorption and emis-

sion processes inherently inefficient. In contrast, InGaAsP is a direct bandgap
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semiconductor where the conduction band minimum and valance band max-
imum align at k = 0, as shown in Figure 1.5 (b). Because optical pho-
tons carry negligible momentum relative to electrons, transitions occur verti-
cally in E-k space without requiring phonons [52]. This enables momentum-
conserving, highly efficient optical absorption, spontaneous emission, and
stimulated amplification, making direct-bandgap semiconductors exceptional
light emitters and the foundational material choice for semiconductor lasers
and light-emitting diodes (LEDs). This direct bandgap structure gives In-
dium Phosphide (InP) integration technology a distinct advantage over sili-
con through monolithic integration. InP- based material platforms can effi-
ciently emit and amplify light while simultaneously supporting passive com-
ponents such as waveguides and splitters, allowing both active and passive
components to be integrated on the same wafer — a capability that silicon
lacks.

However, leveraging these material advantages at scale presents manufac-
turing challenges. Complementary Metal Oxide Semiconductor (CMOS) is
the dominant semiconductor manufacturing technology for electronic inte-
grated circuits and has become the foundation of modern silicon photonics
[53]. Over several decades, CMOS technology has evolved into a mature
global fabrication ecosystem characterized by highly standardized manufac-
turing processes, exceptional scalability, high production yields, and cost-
effective high-volume manufacturing through commercial foundries [8]. Its
proven ability to support continuous increases in integration density has
established an unparalleled worldwide manufacturing infrastructure, mak-
ing CMOS compatibility a key objective for scalable photonic integration
[54], [55]. However, unlike silicon, InP is not compatible with conventional
CMOS fabrication, limiting its access to these standard foundry services.
Standard CMOS manufacturing relies on repeated steps such as deposition,
photolithography, ion implantation, etching, metallization, and passivation
that are strictly optimized for silicon. The differing lattice structures, chem-
ical properties, and processing chemistries of III-V semiconductor materials
like InP prevent them from being processed in standard CMOS fabs [43].
Nevertheless, specialized III-V semiconductor foundry services, such as the
Heinrich-Hertz Institut (HHI) and SMART Photonics, have emerged to pro-
vide dedicated fabrication processes specifically for InP photonic integrated
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circuits [43].

5.6533

L Z Z L L L L L

InP GaP

FIGURE 1.6: Three-dimensional plot illustrating the lattice con-
stant a9 of In;_,GayAs; P, across the full composition range
(0 < x <10, 0 <y < 1.0). Here, x and y are the fractions of
gallium (Ga) and arsenic (As). The highlighted line in red cor-
responds to compositions that are lattice-matched to InP [23].

Within this InP ecosystem, In; _,GayAs,P;_, serves as a crucial quaternary
alloy derived from InP, GaAs, GaP, and InAs. The various possible com-
positions of this quaternary alloy by varying the Ga fraction (x) and As (y)
fraction correspond to a continuous range of lattice constants ag, as shown
in Figure 1.6. The shaded region in this figure represents all attainable com-
positions, while the highlighted line indicates compositions that are lattice-
matched to the InP substrate (a9 ~ 5.8688 A). Staying along this specific
compositional boundary allows for defect-free, strain-free epitaxial growth
using techniques such as molecular beam epitaxy (MBE) or metal-organic

chemical vapor deposition (MOCVD).
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FIGURE 1.7: Bandgap as a function of lattice constant for vari-

ous III-V semiconductors. InGaAsP that are lattice-matched to

InP substrates are positioned vertically along the dashed line
[56].

By simultaneously adjusting the x and y along this lattice-matched line, the
material’s bandgap can be continuously engineered without introducing struc-
tural strain. As illustrated in the bandgap versus lattice constant diagram in
Figure 1.7, lattice-matched InGaAsP lies vertically along the dashed line be-
tween InP and InGaAs [56]. Along this vertical line, the direct bandgap en-
ergy E¢ can be tuned from 0.73 eV to 1.35 eV, comprehensively spanning the
near-infrared spectrum as well as the standard telecommunications O- and
C-bands. This bandgap energy as a function of the compositional parameter
y (fraction of arsenic) is described empirically by

E¢(y) = 0.75+ 0.46y + 0.14y* [eV], (1.6)
where y controls the quaternary alloy composition along the lattice-matched

boundary.

This precise compositional tuning directly dictates the material’s dielectric
response. In the telecom C-band (~ 1550nm), the linear refractive index n
ranges from 3.2 (y = 0.9) to 3.6 (y = 0.1), providing strong optical field
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confinement when integrated with lower-index cladding materials such as
SiO; (n = 1.45). Beyond its linear optical response, the InGaAsP platform
exhibits a remarkably high Kerr nonlinear refractive index 7, on the order
of 1.9 x 10~ m? /W, which is considerably higher than that of silicon (5 x
10718 m2/W) [28], [57]. This strong optical nonlinearity makes InGaAsP
exceptionally well-suited for nonlinear applications at telecommunication
wavelengths, allowing for compact chips capable of highly efficient all-optical

signal processing at relatively low optical intensities.

1.2.2 III-V on Insulator Photonics

The III-V on insulator (III-V-OI) platform involves integrating a III-V semi-
conductor core layer onto a silica (5iO,) cladding as shown in Figure 1.8. This
configuration inherently provides a high refractive index contrast between
the core and the cladding, which leads to strong optical confinement [58],
[59]. As a result, light can be tightly confined within the core, enabling more
compact integrated photonic devices. For example, waveguides can support
small bending radii without incurring significant bending losses [60]. From a
fabrication standpoint, the strong mode confinement also relaxes tolerance to
sidewall roughness introduced during dry etching [61]. Because the optical
mode remains concentrated near the center of the core cross-section, its over-
lap with the etched sidewalls is reduced, thereby limiting scattering losses.
Another key advantage of the III-V-OI platform is the relative ease of dis-
persion engineering [62]. Owing to the high confinement, the geometrical
(waveguide) dispersion can dominate over the intrinsic material dispersion.
This shift allows more direct and flexible control over the total dispersion of
the device through waveguide or device design [63]. Finally, the enhanced
optical confinement significantly strengthens nonlinear light-matter inter-
actions [58]. By increasing the optical intensity within a small modal area,
the III-V-OI platform improves the efficiency of nonlinear optical processes,

making it highly attractive for advanced photonic applications [61], [64].
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(a) AlGaAs (b) InSb

Si0, Si0,

© ST © IS

Si0, Si0,

FIGURE 1.8: Schematic illustration of III-V-OI platforms, show-
ing representative III-V guiding layers (a) AlGaAs (b) InSb (c)
InGaAsP, and (d) GaAs integrated on a SiO, substrate.

III-V integration on substrates such as silicon or silica is explored in the lit-
erature primarily through two main approaches: direct growth and hetero-
geneous integration [12], [65]. Direct growth techniques, such as aspect ratio
trapping (ART), involve growing III-V materials selectively within narrow
silica trenches on silicon substrates [65]. While scalable, this method suf-
fers from crystal defects caused by lattice and thermal expansion mismatches
between III-V semiconductors and silicon or silica, and it is inherently re-
stricted in geometry [65]. In contrast, heterogeneous integration typically
involves bonding pre-fabricated III-V semiconductor laser dies onto passive
platforms such as silicon or silicon nitride (Si3Ny4). This technique avoids lat-
tice mismatch constraints by joining the materials using direct molecular, ad-
hesive, or metallic wafer bonding [66]. Although this approach successfully
combines active and passive functionality on one chip, it introduces signif-
icant fabrication complexity, requiring sub-micron die-alignment precision,
intricate mode-coupling tapers between layers, and complex heat dissipation

management [66].

Wafer bonding prior to any device patterning offers a compelling alterna-
tive to avoid die-level alignment challenges [30], [44]. By first bonding the
full III-V semiconductor layer onto the silica-clad host substrate and remov-
ing the growth substrate, the resulting stack functions effectively as a mono-
lithic wafer. Consequently, complete photonic circuits—including waveg-
uides, microringresonators, and active elements—can be defined and etched
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across the chip in a single lithographic patterning step. This eliminates the
need for individual die positioning and multi-layer optical coupling, provid-
ing a streamlined, single-step fabrication route for high-confinement nonlin-
ear photonics. This blanket wafer bonding strategy is adopted in this work
for the realization of the III-V-OI platforms, and the detailed fabrication pro-
cess flow is discussed in upcoming sections of this thesis.

Current research efforts on III-V-OI platforms development worldwide in-
vestigate various III-V semiconductor material systems as guiding layers
and their applications in photonic devices, as illustrated in Figure 1.8. For in-
stance, AlGaAs on insulator (AlGaAs-OlI) has been mostly demonstrated for
waveguide devices and high-Q ring resonators [58]. Indium antimonide on
insulator (InSb-OI) has been explored theoretically for metasurface designs
with potential bioimaging applications [67]. InGaAsP-OlI platform has been
demonstrated for waveguide-based devices used in variable optical attenua-
tion of optical signals [26]. Similarly, GaAs on insulator (GaAs-Ol) structures
have been used for second harmonic generation [68]. While these advance-
ments highlight the versatility of III-V-OI platforms, this thesis specifically fo-
cuses on expanding the capabilities of the InGaAsP-OI platform for nonlinear
photonic applications. We investigate optical frequency comb generation in
InGaAsP-OI microring resonators, alongside the foundational nanofabrica-
tion techniques—specifically wafer bonding for InGaAsP-OI and substrate re-
moval for AlGaAs-Ol-while addressing key technical challenges and propos-
ing viable mitigation strategies.

1.3 Light Propagation in Optical Waveguides

Following the analysis of guided optical modes and spatial field confinement
in channel waveguides, it is essential to examine how the phase and veloc-
ity of guided light vary across its constituent optical frequencies [69]. In in-
tegrated optical waveguides, chromatic dispersion governs this frequency
dependence and arises from two distinct physical mechanisms: material dis-

persion and waveguide dispersion [33].

At the atomic level, material dispersion (Dmat) originates from the intrinsic

dielectric response of the material. Bound electrons act as damped harmonic
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oscillators that respond to the electric field of propagating light. Because
optical frequencies lie near electronic bandgap resonances (such as the inter-
band transitions in semiconductor layers like InGaAsP), the material’s bulk
refractive index n(w) inherently varies with wavelength of the propagating
light [23].

In contrast, waveguide dispersion (Dywg) is a structural phenomenon deter-
mined by spatial boundary conditions and light confinement in high-index
contrast geometries [33]. Longer-wavelength (lower-frequency) components
exhibit broader spatial mode profiles that extend further into the cladding
material, whereas shorter-wavelength components remain tightly confined
within the high-index core. Consequently, the guided mode experiences a
frequency-dependent effective refractive index nq¢(w) that can differ signif-
icantly from the bulk index of either constituent material.

The total chromatic dispersion experienced by light in a waveguide is the

direct superposition of these two physical contributions [33]:

Diota1(A) = Dmat(A) + Dwg()\)- (1.7)

In semiconductor platforms such as InGaAsP-OI operating in the C-band, the
bulk material dispersion is strongly normal (Dmat < 0) [23]. To enable ultra-
fast pulse propagation, Kerr frequency comb generation, or phase-matched
nonlinear optical interactions, controlling this total dispersion is critical. By
tailoring the waveguide cross-sectional dimensions (width, height, and side-
wall angle), geometric waveguide dispersion (Dyg) can be engineered to be
strongly anomalous, thereby overcoming the intrinsic normal material dis-
persion to yield a net anomalous total dispersion (Dyqa > 0) [70].

To mathematically model light propagation under these combined disper-
sion mechanisms, the spatial phase evolution of a monochromatic guided
wave along the z-axis is described by the mode propagation constant (or ef-
fective wavenumber) B(w) [69]

Blw) = %neff(w) = konegr(w), (1.8)

where c is the speed of light in vacuum, neg(w) is the effective refractive
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index calculated from the waveguide cross-section, and kg is the vacuum

wavenumber.

For an optical pulse or multi-frequency interaction centered at a carrier fre-
quency wy, the propagation constant 3(w) is expanded in a Taylor series
around wy [69]

B(w) = Bo + B1(w — wo) + %ﬁz(w —wp)* + %ﬁs(w —wo)’+..., (19

where the expansion coefficients correspond to the m-th order derivatives

evaluated at w

d"p
= — =0,12,...). 1.1

le dew™ =y (m 0/ J ) ( 0)

The primary expansion terms carry physical significance regarding pulse

propagation and phase velocity matching. The zeroth-order term By = B(wy)

represents the phase shift per unit length, defining the phase velocity v, [69]

- wo C
P By meg(wp)’

(1.11)

The first-order term B; defines the group velocity vy, which specifies the
speed at which the temporal envelope travels through the waveguide [69]:

_ 4

Pr= 3, = —. (1.12)

Ug

wW=wyq

The second-order term 3, represents the group velocity dispersion (GVD) pa-

rameter, related to the total dispersion parameter Dy, by D = — 2)% B2 [69]:
d?p
2= > (1.13)
d(l.)z wWw=wy

From a wave-dynamics perspective, dispersion regimes are categorized by
how the group velocity changes with optical frequency (dvg/dw). In the
normal dispersion regime (8, > 0, D < 0), group velocity decreases with fre-

quency (dvg/dw < 0), causing lower frequencies to travel faster than higher
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frequencies [69]. Conversely, in the anomalous dispersion regime (B, < 0,
D > 0), group velocity increases with frequency (dve/dw > 0), allow-
ing higher frequencies to travel faster than lower frequencies [69]. Higher-
order terms (B2, B3, ...) induce a wave-vector offset across interacting opti-
cal frequencies, generating the linear phase mismatch term (Akgispersion) [69]-
Achieving precise control over dispersion is essential for compensating tem-
poral pulse broadening, achieving nonlinear phase-matching, and maintain-
ing stable microresonator comb states in integrated photonic devices [69],
[70].

1.4 Nonlinear Optics

Nonlinear optics is the study of changes in the optical properties of a material
induced by the presence of intense light [71]. The electric field associated
with such light exerts a force on the electron cloud surrounding the atoms of

the medium, causing it to deform and become polarized.

Optical nonlinearity originates from the non-proportional relationship be-
tween the polarization of a material and the applied electromagnetic field
strength. When an electromagnetic wave interacts with a medium, it in-
duces a dipole moment per unit volume, known as the electric polarization
P. This total polarization can be expanded as a power series in the electric
tield strength E [71]:

P =¢ (X(l)E +X(2)E2 +X(3)E3 + .. > =PV 1 p? 4 PO 4 |
where ¢ is the permittivity of free space, and the coefficients )((1), X(z)’ and

MO

terms following accordingly.

represent the n-th order optical susceptibility tensors, with higher-order

These susceptibility terms serve as fundamental material response parame-
ters that quantify the magnitude, polarizability, and spatial symmetry depen-
dence of the medium’s bound charges under an applied optical field [71].
Under weak optical illumination, the polarization response of a dielectric
medium is governed predominantly by the linear susceptibility x(!). This
parameter dictates the linear polarizability of atomic bound charges in the
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harmonic regime, directly defining intrinsic linear optical properties such as
the linear refractive index n and the optical absorption coefficient [71].

As the applied optical field strength increases, the bound electron clouds are
driven into an anharmonic displacement regime, causing higher-order non-
linear susceptibility terms to become significant [69]. The second-order non-
linear susceptibility x(? acts as a material response parameter quantifying
the leading-order quadratic anharmonicity. Because quadratic polarization
requires an asymmetric potential well, x(2) is non-zero exclusively in non-
centrosymmetric media (materials lacking structural inversion symmetry)
[71]. This term governs second-order three-wave mixing processes, includ-
ing second-harmonic generation (SHG), sum-frequency generation (SFG), and

difference-frequency generation (DFG).

In contrast, the third-order nonlinear susceptibility x(3) quantifies the cubic
anharmonic response of the bound electron displacement. Unlike )((2), the
cubic parameter x(®) is present in media regardless of crystal symmetry [69],
[71]. It serves as the primary material response parameter governing the Kerr
effect, self-phase modulation (SPM), and four-wave mixing (FWM) which are
relevant for frequency comb generation in microring resonators. This will be

discussed in the following sections.

1.4.1 Second-Harmonics Generation

(a) ONEEEEEEEE --

Nonlinear material S P 2w
¥@® —

FIGURE 1.9: (a) Schematic of principle of SHG (b) Energy-level
diagram describing SHG. Doted line represents virtual energy
states. Solid line represents atomic ground state. [71].

Second-harmonic generation (SHG) is a fundamental second-order ( X(Z)) non-
linear optical process where two photons of frequency w combine in a non-

centrosymmetric medium to generate a single photon at 2w, as depicted in
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Figure 1.9 (a) and (b). Within the electric-dipole approximation, bulk SHG is
strictly forbidden in centrosymmetric materials—such as silicon, silica (5iO,),
and alumina (Al,O3)—because their crystal structures possess spatial inver-
sion symmetry, forcing the second-order nonlinear susceptibility to vanish
(x?) = 0). In contrast, non-centrosymmetric zinc-blende III-V semiconduc-
tors—including GaAs, InP, and InGaAsP—possess strong intrinsic second-
order susceptibilities.

While the primary experimental scope of this thesis focuses on third-order
(x'®) nonlinear photonics in III-V-OI platforms, developing high-index-contrast
[MI-V-OI waveguides concurrently establishes the structural and material foun-
dation required for second-order nonlinear interactions. Combining the high
optical confinement of the III-V-OI architecture with the intrinsic material
non-centrosymmetry of III-V layers lays the groundwork for on-chip second-
harmonic generation which are outlined as future research directions in the
conclusions of this thesis.

1.4.2 Kerr Effect

The optical Kerr effect describes the intensity-dependent refractive index of
a material arising from the third-order nonlinear susceptibility x(®). In this

regime, the refractive index can be written as

n=mng+nl, (1.14)

where n( is the linear refractive index, n, is the nonlinear refractive index
coefficient, and I is the optical intensity. The nonlinear refractive index is
related to the real part of the third-order susceptibility by

~ 3Re(x®¥)

1.15
4ndec (115

Materials in which the refractive index depends on the optical intensity in
this manner are referred to as Kerr media. This Kerr nonlinearity provides
the fundamental physical basis for several nonlinear optical processes, in-
cluding self-phase modulation and four-wave mixing, which are discussed in
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the subsequent sections. In particular, in resonant structures such as micro-
ring resonators, the strong enhancement of the intracavity field significantly
amplifies Kerr interactions, enabling efficient parametric processes that ulti-
mately lead to optical frequency comb generation, as detailed in the follow-

ing section.

1.4.3 Self Phase Modulation

Self-phase modulation (SPM) is a single-beam nonlinear process where an
optical field modulates its own phase during propagation through a Kerr
medium [71]. As light travels through a medium of length L (or effective
length Leg), an optical field given by

E(t,z) = A(t,z)e!(@ot—koz) (1.16)
experiences a total intensity-dependent phase shift ¢(t,z) defined as
¢(t,z) = konz = ko(ng + n2I(t))z = ¢o(z) + Pnw(t, 2), (1.17)

where the vacuum wavenumber k is expressed as

ko = i—z, (1.18)
the linear phase shift ¢y (z) is given by
¢o(z) = konoz, (1.19)
and ¢n, represents the SPM-induced nonlinear phase shift
ONL(E z) = konaI(t)z = yP(t)z. (1.20)

Here, P(t) is the optical power profile of the pulse, and v = kona/ Aeg is the

waveguide nonlinear parameter, where A is the effective mode area.

A time-varying intensity profile I(t) leads to a time-dependent phase shift,
which induces a shift in the instantaneous optical frequency dw(t) across the
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pulse, defined as

_opaltz) Ol (1.21)

dwlt) = ot TG

This time-dependent frequency shift creates a chirp across the optical field:
on the leading edge (91/9t > 0), dw(t) < 0, resulting in a red-shift (shift to-
ward lower frequencies), whereas on the trailing edge (dI/9dt < 0), dw(t) >
0, resulting in a blue-shift (shift toward higher frequencies). Therefore,the re-
sulting optical field leaving the Kerr medium after experiencing SPM-induced

phase modulation is given in the time domain by
E(t,L) = A(t,0) exp(i [wot — ¢nL(¢, L)]) . (1.22)

To determine the processed optical spectrum S(w, L), the output field is trans-

formed into the frequency domain via a Fourier transform

: 2
S(w,1) = | F {A(t,0)e D}
o 2 (1.23)
= ‘/ A(t,O)e_i(PNL(t/L)e—i(W—wO)tdt

As the pulse propagates, it experiences a time-varying frequency chirp across
its temporal profile. Because identical instantaneous frequency shifts dw(t)
occur at two distinct points within the pulse profile—one on the leading edge
and one on the trailing edge—these two temporal components interfere ei-
ther constructively or destructively depending on their relative phase differ-

ence.

Consequently, the processed spectra in Figure 1.10 (a)—(d) display charac-
teristic multi-peaked oscillations and progressive spectral broadening as the
maximum nonlinear phase shift increases from ¢max = 0.57 to 3.57. For
lower values such as ¢max = 0.577 as shown in Figure 1.10 (a), the spectrum
broadens smoothly. As ¢max increases to 1.57t, 2.57, and 3.57t shown in Fig-
ure 1.10 (b)-(d), clear interference fringes emerge, increasing the peak count
N according to

N ~ $max. (1.24)
7T
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FIGURE 1.10: Calculated normalized power spectral density
(PSD) of a Gaussian pulse undergoing SPM for maximum non-
linear phase shifts of (a) ¢max = 0.577, (b) Pmax = 1.57, (c)
¢Pmax = 2.57, and (d) Pmax = 3.57. As Pmax increases, spec-
tral broadening and multi-peak oscillations develop due to
intensity-dependent phase modulation.

In resonant structures like microring resonators and optical fibers, this SPM-
induced spectral broadening serves as a core mechanism for all-optical switch-
ing, supercontinuum generation, and temporal soliton formation [69], [72],
[73], [74]. Specifically, for frequency comb generation in micro-rings, the
SPM-induced phase chirp must be balanced by anomalous group-velocity
dispersion (8, < 0), while the pump laser is red-detuned relative to the cav-
ity resonance. This combined balance of dispersion, Kerr nonlinearity, and
detuning compensates for cavity loss and stabilizes circulating pulses into
bright Kerr Solitons [72]. An analysis of Kerr soliton formation in InGaAsP-

OI microring resonators is presented in Chapter 3.



Chapter 1. Introduction 28

1.4.4 Four-Wave Mixing

Four-Wave Mixing (FWM) is a nonlinear process governed by the third-order
nonlinear susceptibility x(®), wherein four optical waves exchange power
through the Kerr nonlinearity of the waveguide medium [69]. Depending
on the number of distinct pump frequencies involved, parametric wave mix-
ing occurs in either a degenerate or non-degenerate regime [75] as shown in
Figure 1.11.

In degenerate FWM shown in Figure 1.11 (a), the foundational mechanism
for optical wavelength conversion and single-pump parametric amplification—
two pump photons from a single optical field at frequency w, are annihilated
to simultaneously generate a frequency-downshifted signal photon at w; and

a frequency-upshifted idler photon at w; [75]. Energy conservation for the
degenerate process requires that

2wy = ws + wj. (1.25)

In non-degenerate FWM shown in Figure 1.11 (b), the process involves two
distinct pump waves at frequencies w;; and wy. One photon from each
pump wave is annihilated (wp1 + w2) to generate a signal photon (ws) and an
idler photon (w;) [69]. Energy conservation for the non-degenerate process
dictates

wWp1 + wp2 = ws + W (1.26)

For efficient energy transfer from the pump waves to the generated side-
bands over a propagation length L, the interacting waves must maintain
phase coherence [76]. The local propagation phase mismatch Ak accounts for
both linear chromatic dispersion (APBiinear) and intensity-dependent nonlin-
ear phase shifts (Akyonlinear) [76]. For degenerate FWM, this phase mismatch
is expressed as [69]

Ak = ABiinear + Dknonlinear ~ 52(605 — wp)z + 2P, (1.27)
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FIGURE 1.11: Energy level diagram illustrating (a) degenerate

Four-Wave Mixing, where two pump photons (iw,) generate a

signal (fiws) and idler (fiw;) photon pair, and (b) non-degenerate

Four-Wave Mixing involving two distinct pump frequencies
(hwpl, hwpz).

where B, represents the group velocity dispersion (GVD) parameter evalu-
ated at the pump frequency, P, is the peak pump power, and 7 is the waveg-
uide nonlinear parameter. The parameter o quantifies the strength of non-
linear interactions per unit power and length within the waveguide cross-
section, defined as [69] )
TNy wono
T RoAw  cAet’ (128)

Here, Aeg mathematically accounts for the spatial intensity distribution of

guided transverse electromagnetic modes, such as the fundamental (TEgo,
TMjyo) or higher-order (TEg;, TMy;) spatial modes illustrated in Figure 1.2—across
the waveguide cross-section (x,y). For a complex spatial electric field profile
E(x,y), the effective mode area is formally defined via spatial self-overlap
integrals as [69]

(1 IEGey) Pdxdy)’
JIo G [EGoy)[fdxdy

This equation captures how optical power density is spatially distributed

At = (1.29)

across the high-index core and the surrounding cladding layers. Opera-
tionally, A serves as the bridge between total guided optical power P and
peak spatial intensity I(x,y) ~ P/Aeg. Smaller effective mode areas con-
centrate energy into a tighter spatial volume, resulting in higher local optical
tield intensities that directly scale the v and enhance Kerr-mediated phase

shifts. In practice, analytical calculation of Equation (1.29) is often intractable
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for complex or asymmetric dielectric waveguide profiles. This is because the
complex cross-sectional boundaries prevent closed-form mathematical solu-
tions for the electric field. Consequently, numerical mode solvers using Fi-
nite Difference Eigenmode (FDE, Ansys Lumerical Mode) algorithms or Fi-
nite Element Methods (FEM, COMSOL Multiphysics) are used to extract A
directly from the solved vector fields. In Chapter 2, these numerical tech-
niques are utilized to calculate A and quantify spatial mode confinement
in InGaAsP strip-loaded waveguides. In Chapter 3, Ao is computed for mi-

croring resonators to evaluate oy and model Four-Wave Mixing dynamics.

The term 2P, in Equation (1.27) arises directly from Self-Phase Modula-
tion (SPM) on the pump and Cross-Phase Modulation (XPM) exerted by the
pump onto the generated sidebands [69]. For non-degenerate FWM with to-
tal pump power Py, = P; + P>, the phase mismatch expands to include
mutual XPM between the two pump fields [69], [76]:

Aknon—deg ~ ,BZ(ws - wpl)(ws - pr) + 27 Potal- (1-30)

In both operational regimes, achieving exact phase matching (Ak ~ 0) re-
quires the linear dispersion term in Equation (1.27) or Equation (1.30) to
be negative to offset the positive Kerr-induced phase shift (2 P), making the
anomalous dispersion regime (8, < 0) essential for efficient parametric con-
version in Kerr media with n, > 0 [75]. In the next section, we will discuss
how FWM drives optical frequency comb generation within microring res-

onators.

1.5 Microring Resonators and Frequency Comb Gen-

eration

A microring resonator is a foundational composite building block in photonic
integrated circuits that plays a crucial role in on-chip optical signal process-
ing and data transmission [77]. As illustrated in Figure 1.12 (a), in its sim-
plest add-through configuration, a microring resonator consists of a straight
bus waveguide evanescently coupled to a closed-loop circular waveguide of

radius r and perimeter L = 277, separated by a narrow coupling gap.
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FIGURE 1.12: Schematic representation of (a) an add-through

microring resonator (b) the optical transmission spectrum of

a microring resonator. Destructive interference produces pe-

riodic resonance dips at frequencies v, and v, separated by
the Free Spectral Range (FSR).

Light from an input pump field A;, propagating along the bus waveguide
couples into the ring cavity across the directional coupling region with power
transmission coupling coefficient 6. As light circulates around the closed loop

of length L, it accumulates a round-trip optical phase shift given by

¢=pL=""CL. (1.31)

Constructive interference occurs when the round-trip phase accumulated by

the circulating field is an integer multiple of 27
¢ =2mm = mAy =negl (m € N), (1.32)

Here, m represents the azimuthal mode number, and A, denotes the cor-
responding resonance wavelength. At these resonant angular frequencies
given by

27c
-

Power builds up inside the cavity, resulting in sharp dips in the output trans-

(1.33)

Wres =

mission spectrum due to destructive interference between the uncoupled in-
put field and the cavity leakage field. As depicted in Figure 1.12 (b), the fre-
quency separation between two adjacent longitudinal cavity modes (m and

m + 1) defines the FSR. Differentiating the resonance condition with respect
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to frequency yields the round-trip time ¢tz and corresponding FSR as

Lng L
b= 8 = = (1.34)
c Ug

1 c c
FSR, = Av=v — Uy A — = — ,
v mAL T ngl — 2mrng

(1.35)

where 7, is the group refractive index accounting for waveguide and mate-
rial dispersion given by

dn
Ng = Neff + W d;ff. (1.36)

As shown in Figure 1.12 (b), the FSR directly sets the repeating spectral cav-
ity grid that governs nonlinear wave interactions inside the resonator. Build-
ing upon this resonant framework, frequency comb generation arises from
the third-order nonlinear susceptibility tensor x(®) in resonators with high
Kerr nonlinearity, providing a compact source for Wavelength Division Mul-
tiplexing (WDM) systems and energy-efficient optical interconnects [78]. As
illustrated in Figure 1.13 (a), when a material with strong Kerr nonlinearity -
such as InGaAsP or AlGaAs - is pumped by a CW laser field Aj, at angular
frequency w; tuned near the central resonant mode wp with phase detun-
ing [79]

00 = (w; — wo)tg, (1.37)

high intra-cavity power densities build up. Once the intra-cavity threshold
power is reached, degenerate FWM is initiated.
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FIGURE 1.13: Principle of frequency comb generation: (a)

pump mode overlapping with resonant mode of the ring; (b)

degenerate FWM; (c) Cascaded FWM with FSR spacing indi-
cated.

This process annihilates two pump photons to generate a pair of signal and
idler sidebands at frequencies w; and w_; symmetrically positioned around

the pump mode wy, as shown in Figure 1.13 (b). This is given by
2wy = wy + w_1. (1.38)

Because the cavity field is strongly enhanced at the underlying mode grid,
these newly generated sidebands align with adjacent cavity modes separated
by integer multiples of the resonator FSR (w; — wy ~ 27t x FSR). As intra-
cavity power grows, these primary sidebands act as secondary pumps, driv-
ing non-degenerate (cascaded) FWM processes given by

W+ w; = wy +w_q; (1.39)
Wyt w_1=w_p+ wi. (1.40)

Through this cascaded nonlinear interaction, a broad family of discrete, equally

spaced spectral lines is generated, forming an optical frequency comb where
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the comb line spacing is fundamentally dictated by the cavity FSR, as de-
picted in Figure 1.13 (c) [79].

For efficient energy transfer and coherent comb buildup across multiple round
trips, phase matching must be maintained [71], [80]. The net round-trip
phase mismatch Ak, is given by [81]

Aktotal - Akclispersion + Aknonlinear ~ 0. (1.41)

Here, Akgispersion accounts for linear group velocity dispersion through the

second-order dispersion coefficient 8, while Akpgnjinear is given by

Aknonlinear = 2’)’ | A |2' (1 '42)

Here, |A|? represents inter-cavity optical power. Consequently, Akponlinear
captures Kerr-induced phase shifts from Self-Phase Modulation (SPM) and
Cross-Phase Modulation (XPM). In positive Kerr coefficient materials (1, >
0) such as InGaAsP operating in the C-band, Ak onjinear i positive [28]. Con-
sequently, achieving Ak, ~ O requires engineered anomalous chromatic
dispersion (8, < 0) in the waveguide cross-section to provide a compensat-
ing negative phase shift, as detailed in Chapter 3.

1.6 Development of III-V-OI Platforms

The development of the III-V-OI platforms begins with wafer bonding a
III-V watfer to a Silicon wafer that has a SiO, top layer, as illustrated in Fig-
ure 1.14. After the bonding, the III-V substrate and the etch-stop layer are re-
moved from the bonded III-V wafer in order to expose the III-V guiding layer.
The following section discusses wafer bonding and layer removal techniques
including fundamental principles and the basic mechanisms involved.
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FIGURE 1.14: Steps involved in developing III-V-OI platform.

1.6.1 Wafer bonding

Bonding is a layer transfer technology that was first explored in 1986 for
semiconductors to realize the silicon-on-insulator (SOI) platform [82]. Nearly
four decades after this initial demonstration, bonding continues to be a criti-
cal technique in the fabrication of 3D integrated circuits, microelectronics, mi-
croelectromechanical systems (MEMS), and heterogeneous integration [83],
[84], [85], [86]. Two bonding methods have been extensively studied in III-V-
Ol research: direct bonding and adhesive bonding. Direct bonding involves
bringing two mirror-like, ultra-smooth wafer surfaces into close contact with-
out any intermediate layer as illustrated in Figure 1.15 (a) [87]. This prox-
imity enables the formation of chemical bonds at the interface, effectively
joining the wafers into a single unit. It is also referred to as Van der Waals
bonding, because the initial bonding arises from Van der Waals forces be-
tween surface molecules [88]. Fundamentally, these forces represent short-
range physical attractions driven by temporary or permanent dipole interac-
tions between neighboring atoms. These forces can evolve into permanent
bonds under optimized bonding conditions, which may include precise con-

trol of applied force , temperature, bonding duration, and surface activation
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via plasma or wet chemical treatments, or a combination of these techniques
[89], [90], [91], [92], [93]. For Van der Waals forces to act effectively, the dis-
tance between molecules on the two surfaces being bonded must be between
0.3nm and 0.5 nm [94]. For this reason, mirror-like, ultra-smooth surfaces are
a fundamental requirement for direct bonding. A typical workflow of direct
bonding includes wafer surface polishing, cleaning and surface preparation,
room-temperature alighment and contact of the wafers under applied force,

followed by annealing to enhance bond strength [95].

() (b)

FIGURE 1.15: Different categories of bonding methods for III-
V-OI (a) Direct wafer bonding (b) Adhesive bonding

In contrast, adhesive wafer bonding uses an intermediate adhesive layer to
join the two wafers as shown in Figure 1.15 (b). Typically, a flowable polymer
or epoxy is applied one or both of the wafer surfaces [96]. This adhesive
layer fills the microscopic valleys on the surfaces and smooths out surface
roughness. As a result, adhesive bonding can tolerate surface roughness up

to some extend compared to direct bonding [97].

Besides being tolerant to surface roughness, adhesive bonding offers several
additional advantages. It requires relatively low bonding temperatures, pro-
vides resilience against stress and mechanical vibrations, and ensures uni-
form load distribution over a large area—benefits made possible by advances
in polymer chemistry [96].

Once the wafer surfaces are brought together and aligned, pressure is ap-
plied to ensure intimate interfacial contact during adhesive bonding [98].
The polymer adhesive is then transformed from a flowable state into a solid
state, typically through heat exposure. During this curing process, the adhe-

sive must harden into a material capable of withstanding the forces required
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to keep the surfaces bonded [98]. Polymer adhesives with low viscosity and
minimal shrinkage during thermal treatment generally result in strong and
reliable bonds [94]. In the context of this work, both direct and adhesive
bonding techniques are explored to develop III-V-OI platforms. Specifically,
we investigate direct bonding between SiO, layers deposited via plasma-
enhanced chemical vapor deposition (PECVD) and thermal oxidation, as well
as adhesive bonding using an alumina (Al,O3) interlayer and Medusa in
Chapter 4.

1.6.2 Substrate thinning or removal

Substrate thinning methods for III-V-OI platforms typically begin with me-
chanical material removal from the substrate, followed by wet chemical etch-
ing or polishing when the remaining substrate thickness reaches a few tens of
microns. The initial mechanical techniques enable coarse thinning, whereas

subsequent chemical or polishing processes provide fine thinning.

(a) (b)

Substrate — Substrate ——

FIGURE 1.16: Substrate thinning process using (a) lapping (b)

grinding. The abrasive grains are are shown in gray with the

chips generated from the mechanical removal of substrate ma-
terial.

Mechanical techniques for substrate thinning include lapping and grinding,
both of which use abrasive grains for material removal [56]. A schematic
illustration of lapping and grinding is shown in Figure 1.16. During lap-
ping, the abrasive grains are free to roll between the sample surface and the
lapping wheel, as shown in Figure 1.16 (a). In this thesis, grinding is used,

where abrasive particles are embedded within a grinding wheel as shown
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in Figure 1.16 (b). Although lapping is relatively gentle on the substrate, its
material removal rate is slower than that of grinding [99]. Therefore, it is
well suited for the final stages of grinding, where surface roughness is more
critical than the rate of material removal [99], [100].

For fine thinning, polishing is typically used, employing much finer abrasive
particles with grain sizes as low as 0.12 ym, compared to the larger grain
sizes used in grinding or lapping, which can range from a few micrometers
to several tens of micrometers [101], [102]. Polishing operates on a similar
material removal principle as grinding or lapping but achieves higher surface
smoothness due to the smaller abrasive size used [103].

Another fine substrate thinning approach is wet chemical etching, where
chemical solutions are used to selectively remove or further thin the sub-
strate material. For InP removal, hydrochloric acid (HCI)-based solutions are
commonly used, while for GaAs removal, a citric acid (C¢HgO7) and hydro-
gen peroxide (HyO;) solution is widely popular [26], [58]. In this thesis, wet
chemical etching is used for fine substrate thinning to develop the III-V-OI
platform.

Overall, three critical factors determine the success of III-V-OI platform de-
velopment using these thinning methods. The first is the presence of a suit-
able etch stop layer that is chemically inert to the wet etching solution used
during substrate thinning [58]. The second is strong bonding strength be-
tween the III-V and insulator layer, which ensures mechanical stability dur-
ing grinding or lapping. Third, resistance of the bonding material to chemical
attack during wet thinning processes (in the case of adhesive bonding) [104].
To achieve the mechanical thinning of substrate in this thesis, grinding was
carried out using diamond films with embedded diamond abrasive particles.
A two-step thinning process was employed, utilizing films with grit sizes of
3 um and 1 ym to progressively thin the substrate.

1.7 Fabrication of III-V Photonic Components

Fabrication of high-performance photonic components for Photonic Integrated
Circuits (PICs) relies on nanofabrication technology. The conceptual founda-

tion of this technology was laid by Richard Feynman in 1959 in his famous
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lecture, "There’s Plenty of Room at the Bottom" [105]. In this talk, he en-
visioned the possibility of manipulating matter at the nanoscale—an idea
that has since been realized through modern semiconductor fabrication tech-
niques. Over the past six decades since Faymann’s lecture, nanofabrication
has evolved significantly in the silicon semiconductor industry while also
driving extensive research and development in III-V semiconductor nanofab-
rication [106], [107].

In photonics, a key advantage of nanofabrication is the ability to realize de-
vices with at least one characteristic dimension smaller than the wavelength
of the light under consideration. Structures engineered at this subwave-
length scale enable precise control over light propagation and light-matter
interactions, thereby enabling advanced on-chip photonic functionalities in
III-V semiconductors, such as nonlinear frequency conversion and all-optical
signal processing among others [71], [108]. In addition, nanofabrication facil-
itates the development of compact and complex photonic integrated circuits
with lower power consumption [109], [110]. In this thesis, the nanofabrica-
tion process used for the realization of III-V photonic components consists of
two main steps: patterning and etching. Pattern definition is carried out us-
ing electron-beam (e-beam) lithography, followed by plasma etching to trans-
fer the patterns into the III-V layer.

1.7.1 Electron Beam Lithography

Electron Beam Lithography (EBL) is a maskless patterning method that uses
a focused electron beam to selectively expose a radiation-sensitive polymer
layer on a substrate, thereby defining features in the polymer layer [111].

Among various nanofabrication lithography techniques—such as extreme
UV lithography, focused ion beam, plasmonic lithography, nanoimprint lithog-
raphy, and EBL—the latter stands out, offering the highest resolution, down
to just a few nanometers [112]. Such high resolution of electron beam (E-
beam) lithography arises from the extremely small wavelength of electrons

compared to that of photons. The wavelength of an electron is given by

A= ) (1.43)
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where I = 6.62 x 10734 ] - s is Planck’s constant, m is the electron mass, e is
the electron charge, and V is the acceleration voltage of the electron.

For example, in a typical low-voltage EBL system, such as a 10 kV system,
Equation (1.43) predicts a wavelength of approximately 7 pm. However, the
practically achievable minimum feature size is not at the picometer scale,
nor can the resolution be increased indefinitely by increasing the acceleration

voltage. Practical limitations arise from factors such as:
¢ Proximity effects;
¢ The finite size of resist molecules;
* Noise and instability in the beam positioning system.

These effects limit the achievable minimum feature size to the nanometer
scale, well above the theoretically possible picometer scale. The proximity
effect is discussed in detail in the following section of this chapter.

Principle of Operation

A general schematic of EBL is illustrated in Figure 1.17. It consists of an
electron gun assembly that generates high-energy electrons directed down
a column. Electron guns are categorized into two types based on how the
electrons are produced: thermionic electron guns and field emission electron
guns [113]. The condenser lenses control the beam by either expanding or
narrowing it, thereby adjusting both the beam diameter and current. De-
flection coils allow the electron beam to be scanned in both horizontal and
vertical axes across the sample surface. The objective lens serves as the final
focusing element, adjusting the focal length (or working distance) to ensure

the beam is precisely focused on the sample.

The sample is placed on a stage equipped with a mechanical drive that offers
high positional accuracy, minimal drift, and rapid movement. The stage and
deflection coils operate together within a position control system to enable

highly precise pattern writing using electron beam lithography.
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The entire system is enclosed within a vacuum chamber to ensure that the
electrons have a long mean free path. This allows them to travel in a bal-
listic regime, where their trajectories remain predictable without significant
scattering before reaching the sample [114].

Electron gun

I> i

g @ Deflection coil

[ Objective lens
RIR
1

/ { Undeflected beam
S

tage
Deflected beam

FIGURE 1.17: A schematic layout of an electron beam lithogra-
phy tool [115].

The EBL process involves several steps: surface preparation, resist coating,
e-beam exposure, and development, as illustrated in the Figure 1.18. Sur-
face preparation typically involves sonication of the substrate in acetone, iso-
propyl alcohol (IPA), and deionized (DI) water, followed by drying with a ni-
trogen (N2) blow. However, based on the chemistry of the resist, additional
steps to EBL such as adhesion layer coating prior to spin-coating of resist
and baking before and/or after spin coating may be required. After surface
preparation, an electron-beam resist is deposited onto the clean and flat sam-

ple surface. In this work, the resist layer was coated using the spin-coating
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FIGURE 1.18: Steps in E beam lithography: (a) Surface prepa-
ration; (b) Spin-coating the resist; (c) E-beam exposure, and (d)
Resist development.
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technique, as shown in Figure 1.18 (a),(b), which allows the formation of a

uniform thin film of resist on the substrate.

Next, the resist layer is exposed to the electron beam, as illustrated in Fig-

ure 1.18 (c), to write the desired pattern onto the resist. Finally, the sample

is immersed in a suitable liquid developer, where the soluble portion of the

resist is dissolved, leaving behind the patterned resist structure, as shown in

Figures 1.18 (d) and (e).

E-beam Resist

E-beam resists are polymers that are sensitive to exposure by an electron

beam. They are called “resists” because they protect selected areas of the

sample surface during later fabrication steps, such as etching.

There are two main categories of e-beam resists: positive and negative. A
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positive e-beam resist consists of long polymer chains that break when ex-
posed to the electron beam. During the development step, the exposed re-
gions become soluble in a suitable chemical developer and are removed, as
shown in Figure 1.18 (d). A good example of positive tone resist is Poly
Methyl Methacrylate (PMMA). Chapter 5 provides a detailed discussion on
EBL using PMMA resist for the fabrication of metasurfaces.

In contrast, a negative e-beam resist contains polymers that crosslink to form
longer polymer chain when exposed to the electron beam. This crosslinking
hardens the exposed regions, making them resistant to the developer. As
a result, the unexposed areas are dissolved and removed during develop-
ment, leaving the exposed polymer behind, as illustrated in Figure 1.18 (e).
Hydrogen Silsesquioxane (HSQ) is an example of a negative-tone e-beam re-
sist. Chapter 2 discusses in detail the fabrication of waveguides using HSQ
as the e-beam resist in EBL. It also discusses the bonding of the sample us-
ing Medusa—a negative e-beam resist and a variant of HSQ—as an adhesion

layer to develop the III-V-OI platform.

Proximity Effect

Proximity effect in lithography refers to how features written close to one
another influence each other’s exposure conditions. In electron beam lithog-
raphy, this occurs primarily due to electron scattering within the resist, while
in photolithography it arises from wave diffraction and the resulting inter-
ference [116].

In EBL specifically, these interactions include forward scattering within the
resist and backscattering from the underlying substrate coated with resist.
Owen, et al. provide one of the most effective schematic illustrations of this

proximity effect [117].
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FIGURE 1.19: Schematic illustration of (a) the cross-section of

the e-beam patterned sample after development, and (b) the

corresponding energy density deposited in the e-beam resist,

shown as a function of horizontal position within the resist
[117]

Figure 1.22 (a) shows a cross-section of an electron-beam lithography pat-
terned sample after development. The sample consists of a silicon substrate
with lines defined in a positive e-beam resist layer on top. Prior to expo-
sure, all lines have identical geometrical dimensions, equal spacing, and are
subjected to same exposure dose.

Figure 1.22 (b) illustrates the resulting energy density deposited in the re-
sist as a function of horizontal position in the resist. The contribution from
forward-traveling electrons is represented by the seven shaded spikes la-
beled 1-7. In contrast, the energy deposited by backscattered electrons is
shown as seven Gaussian-like curves along the horizontal axis. As seen in the
Figure 1.22 (b), the backscattered electron distributions from adjacent lines
overlap. Consequently, each written line experiences a different overall en-
ergy density distribution (indicated by thick black line). Upon development,
this leads to variations in the resist dissolution rates at the seven line posi-

tions, causing the lines to develop with different widths. This effect is known
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as the proximity effect. This situation is undesirable, as it can lead to discrep-
ancies between the designed device dimensions and the fabricated structure,
and limit the achievable resolution to tens or hundreds of nanometers—far
from the theoretically attainable picometer-scale resolution. Therefore, it is

important to perform proximity effect correction.

Proximity Effect Correction

Proximity Effect Correction (PEC) in EBL was first introduced in 1979 [118].
This first error-correction strategy involve the calculation of an adjusted ex-
posure value in different regions based on a proximity function that mod-
els electron scattering events in the resist. Following this initial dose-based
correction method, several computational models have been developed over
the years [119]. Proximity-effect correction methods can be broadly classi-
fied into four categories: dose correction, background exposure correction,

multi-layer resist usage, and modification of pattern shape [117].

Dose correction

Instead of exposing every pixel in a feature with the same dose, the dose-
modulation method calculates the exposure energy for each pixel individu-
ally and adjusts the dose accordingly. This calculation is influenced by sev-
eral factors, such as the distance between the centers of pixels that need to be
exposed [120].

Although several algorithms exist, many of them focus on calculating a point
spread function (PSF), which describes how the exposure energy from a sin-
gle electron beam spot spreads to the surrounding area [120]. Such algo-
rithms have been implemented in many modern EBL systems. However,
when the circuit to be written is large, these proximity effect correction (PEC)

methods require significant computational time and memory.

Background exposure correction

Background exposure correction is another form of dose correction used in
EBL. Tools such as GHOST and PowerProx are commonly employed for this
method [121], [122]. Though they generally rely on simplified algorithms
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that mainly address the proximity effect (PE) caused by backscattered elec-
trons from the substrate, while often neglecting forward scattering within the

resist.

In the GHOST method, the sample is exposed twice [123]. The first exposure
is the pattern exposure, which defines the intended feature geometry. The
second exposure—known as the ghost or correction exposure—writes the in-
verse of the pattern with a dose that is adjusted according to the background
energy distribution calculated from the initial pattern exposure. The goal is
to maintain a uniform total energy distribution across the pattern so that all
features develop uniformly in the developer solution after EBL, regardless
of whether the features are dense or isolated. Alternatively, PowerProx ac-
counts for background exposure in the primary dose, thereby eliminating the
need for a second exposure [122].

Multi-layer Resist usage

In this technique, an intermediate layer made of either a polymer or a metal
is introduced between the substrate and the top e-beam resist layer [124]. The
purpose of this intermediate layer is to absorb or reflect backscattered elec-
trons originating from the substrate, preventing them from reaching the top
imaging resist layer. However, this approach can complicate the fabrication
process [117]. For example, in nanofabrication processes that require multi-
layer lithography steps, fiducial marks are often used as reference points to
align the electron beam with previously written patterns. These marks are
typically detected through backscattered electrons. When a multilayer re-
sist technique is used to reduce the proximity effect, detecting these fiducial

marks becomes difficult or even impossible.

Shape Correction

In this category of PEC the shapes in the pattern layout are adjusted so that
the developed image aligns as closely as possible with the intended design
[125]. In the shape modification technique, these adjustments are typically
implemented using computational algorithms, such as Monte Carlo simula-
tions [126]. Software tools like BEAMER [127] and PYRAMID [128] apply
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these methods to resize the edges of features by calculating the energy distri-
bution resulting from electron scattering events. A similar approach is used

in Chapter 5 of this thesis for the fabrication of metasurface.

1.7.2 Plasma Etching

The etching process is a crucial step in the nanofabrication of photonic inte-
grated circuits. It is a subtractive process in which excess material surround-
ing the desired features is removed, allowing the pattern from the resist to
be transferred onto the underlying substrate. In photonic component or cir-
cuit fabrication, two primary etching approaches are commonly used. The
first is wet etching, where a liquid etchant chemically converts the unwanted
material into a soluble product that dissolves in the liquid. The second is
plasma etching, in which a gaseous etchant in a plasma converts the excess
material into a volatile product that can be removed. For nanofabrication,
plasma etching is generally preferred over wet etching because it can achieve
anisotropic etch profiles and excellent etch selectivity between the substrate
and resist —capabilities that wet etching cannot provide.

In this thesis, we focus on the plasma etching of InGaAsP/InP using a widely
adopted plasma etching system, the RIE-ICP (Reactive Ion Etch-Inductively
Coupled Plasma) etcher. Compared to other plasma etching tools, such as
RIE or Electron Cyclotron Resonance (ECR) etchers, the RIE-ICP system of-
fers greater versatility for III-V semiconductors because it can generate a sta-
ble, high-density plasma at low pressure while independently controlling ion
flux and energy—capabilities that are essential for achieving both high etch

rates and anisotropic profiles.

Plasma is essentially an ionized gas containing electrons, ions, radicals, molecules,
and photons. In an RIE-ICP etcher, a radio-frequency (RF) generator operat-
ing at 13.56 MHz excites electrons in the reaction chamber, causing collisions
with etchant molecules and atoms that produce plasma. Additionally, an ICP
coil integrated into the chamber and powered by a separate RF source gen-
erates a magnetic field that further stimulates electron collisions, increasing
the density of charged particles and radicals. This enhances plasma stability
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even at low pressures. Typical reactions in a plasma is given are the following

Ionization: e~ + XY — 2¢~ + XY
Excitation: e~ + XY —e +XY* e  + XY +hv
Dissociation: e~ + XY —e +X+Y
Attachment: e~ + XY — XY~
Dissociative recombination: e~ + XYt — X + Y*

Electron detachment: ¢~ + XY~ — 2¢ + XY

Here XY represents an arbitary etchent molecule or compound in the plasma

and XY™ or Y represents reactive radicals generated in the plasma.
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FIGURE 1.20: Schematic representation of the mechanisms in-
volved in plasma etching: (a) chemical etching, (b) Ion-assisted
chemical etching, (c) physical etching [129].

During plasma etching, three dominant mechanisms are typically observed:
chemical etching, ion-assisted chemical etching, and physical etching, as de-
picted in Figure 1.20 (a), (b) and, (c), respectively [130]. Chemical etching
occurs when reactive radicals in the plasma chemically react with the sub-
strate, producing byproducts, as shown in Figure 1.20 (a). This process is
generally isotropic, taking place uniformly in all directions. Ion-assisted
chemical etching involves ion bombardment, which helps remove reaction
byproducts-including non-volatile ones and can break covalent bonds to gen-
erate additional volatile subproducts, as depicted in Figure 1.20 (b). Physical
etching relies on energetic ions, typically argon ions, to physically sputter
the substrate by breaking bonds and amorphizing the surface, as shown in
Figure 1.20(c). The ions are accelerated vertically by the plasma sheath elec-
tric field, making physical etching highly anisotropic. Physical etching can

also assist in byproduct desorption. Optimizing the etching recipe to achieve



Chapter 1. Introduction 49

vertical sidewalls, high selectivity, and an adequate etch rate is critical for
fabricating photonic waveguides, as discussed in Chapter 2. This optimiza-
tion requires a careful balance of chemical and physical etching mechanisms,
which is achieved by adjusting RIE (bias) power, ICP power, chamber pres-
sure, gas flow rate to the chamber and, in some cases, substrate tempera-
ture. In Chapter 2, we present the RIE-ICP etching of InGaAsP/InP with a
chlorine-based plasma chemistry.

1.8 Metasurface Fabrication and PEC

Au Si0O,

FIGURE 1.21: Schematic of a plasmonic metasurface consist-

ing of cross-shaped gold (Au) meta-molecules on a SiO, sub-

strate, illustrating nonlinear frequency conversion from an in-

cident pump beam (violet) to a generated output beam (teal)
[131].

Metasurfaces represent two-dimensional arrangements of artificial structural
units, termed meta-molecules, designed to manipulate electromagnetic waves
at subwavelength scales [132]. Since the initial experimental demonstration
of a "flat antenna" over two decades ago [133], the scientific community has
made significant strides in achieving advanced electromagnetic control. A
diverse array of meta-molecule geometries has been investigated, with the
periodic array of cross-shaped gold antennas on silica (SiO,) illustrated in
Figure 1.21 serving as a representative example from the literature [131].
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Key functionalities demonstrated using these platforms include optical cloak-
ing [134], [135], beam steering [136], holography [137], and coherent-wave
down-conversion [138]. Design methodologies for metasurfaces with these
functionalities have seen rapid progress over the past few years with the in-
tegration of deep learning [139]. In contrast, experimental demonstrations
have lagged behind, largely due to the limited accessibility to high-performance
fabrication equipment, which requires high monetary investments to acquire,
maintain, and upgrade [140]. The flat antennae initially had lateral dimen-
sions of a few microns and were fabricated using conventional optical lithog-
raphy techniques [133]. However, following their initial demonstration, re-
searchers began investigating antennae with reduced lateral dimensions, on
the order of several tens of nanometers [112]. These studies revealed that
scaling down to smaller sizes offers improved control over electromagnetic

waves at desired wavelength ranges.

Building on our earlier discussion of nanofabrication techniques, EBL offers
the highest resolution among competing methods like extreme UV, focused
ion beam, plasmonic, and nanoimprint lithography, achieving features down
to a few nanometers [112]. However, one key factor that limits the reso-
lution of EBL is the proximity effect [141]. This limitation was recognized
well before the first experimental demonstration of metasurfaces but gained
renewed attention following that breakthrough [142], [143], [144], [145]. The
proximity effect is more pronounced in lower kV EBL systems because lower-
energy electrons undergo stronger forward scattering and result in a larger
beam spot size inside the resist [146]. Although lower-kV systems offer lower
resolution and higher proximity effects, they are more widely available than
higher-kV systems due to their considerably lower costs and operation and

maintenance simplicity [147].

In chapter 5 of this thesis, a shape modification method of PEC that is not
computationally intensive is discussed, making it suitable for use with low
kV e-beam system, particularly in environments where access to high-performance
computing resources is limited. Chapter 5 will present the work flow of fab-
rication of gold metasurface on glass starting from spin coating of resist, fol-
lowed by EBL, evaporation of gold and lift off of excess gold. Additionally,
the chapter outlines the full fabrication workflow for gold metasurfaces on
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glass, spanning resist spin coating, EBL patterning, evaporation, and final
metal lift-off.

1.9 InGaAsP Nonlinear Optical Characterization:

Pump-Probe Measurement

The pump-probe technique is an all-optical method that has been widely
employed in semiconductor research since the 1990s to study carrier gen-
eration, dynamics, and recombination [71], [148]. In photonic devices, it has
been extensively used to investigate a variety of phenomena, including decay
dynamics [149], sub-bandgap absorption [150], optical gain [151], [152], exci-
ton dissociation [153], and surface or interface recombination velocity [154],
[155], among others.

The operating principle of pump—probe measurements relies on a high-energy
pump pulse that excites the process of interest within the device, followed by

a time-delayed, lower-energy probe pulse that monitors its temporal evo-

lution [156]. This technique is particularly well suited for measuring the

free-carrier (FC) lifetime of carriers generated through two-photon absorp-

tion (TPA), as it enables the study of carrier dynamics over a broad range of

timescales [156].
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FIGURE 1.22: A general schematic of pump probe technique for
free carrier lifetime measurement.
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A standard experimental configuration for measuring FC lifetime using the
pump—probe technique is shown in Figure 1.22. The setup includes a pulsed
pump beam to excite the carrier dynamics in the sample and a delay line in
the probe arm to introduce a controllable temporal delay between the pump
and probe pulses. By varying this delay, the transmission or reflection of
the probe can be measured at different times following excitation, providing

insight into the temporal evolution of the carrier dynamics [157].

In this configuration, the pump and probe beams are spatially overlapped
using a beam splitter and focused onto the sample with a lens. A second
lens collects the transmitted signal, which is then passed through a filter to
remove the pump contribution before detection. With a fast and precise tun-
able delay line, this conventional arrangement enables temporal resolution
in the femtosecond to picosecond range [158].

Despite its effectiveness in FC lifetime measurement, practical implementa-
tion of the pump—probe technique shown in Figure 1.22 can be challenging,
because it requires precise optical alighment of mirrors in the delay line and
may suffer from mechanical instability due to moving components in the
delay line as we measure FC lifetime as a function of time delay (At) [56].
Depending on the required temporal resolution and signal quality, various
modifications to this basic setup can be implemented [71], [159], [160].

In Chapter 2, an alternative pump—probe configuration is used, employing
a CW probe without a delay line in the probe arm to measure the FC life-
time in an InGaAsP/InP strip waveguide. In this approach, a fast detection
system is used to achieve the temporal resolution necessary for FC lifetime
measurements in nanosecond scale.

1.10 Thesis Outline and Contributions

This thesis is organized into five interconnected chapters that systematically

address the challenges of nonlinear loss, material platform integration, and
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advanced nanofabrication for next-generation integrated photonics. Chap-
ter 1 introduces the physical principles and historical motivation for inte-
grated photonics, highlighting the key trade-offs between silicon and direct-
bandgap III-V semiconductors. It establishes the foundational material prop-
erties of the quaternary alloy InGaAsP and outlines the rationale for transi-
tioning from native InP substrates to high-confinement InGaAsP-OI architec-

tures for nonlinear optical processing.

Chapter 2 builds upon these foundational material considerations by exper-
imentally investigating free-carrier absorption (FCA) and recombination dy-
namics in InGaAsP/InP strip-loaded waveguides. It details the nanofabrica-
tion process of the measured waveguides, presents a non-degenerate pump-
probe experimental methodology used to extract the free-carrier lifetime, and
analyzes the resulting carrier dynamics. The chapter concludes by demon-
strating that InGaAsP suffers from severe two-photon absorption (TPA) fol-
lowed by persistent free-carrier effects, providing the core physical ratio-
nale for carrier lifetime management when transitioning to high-intensity
InGaAsP-OlI platforms.

Chapter 3 focuses on the numerical modeling of microring resonators on the
high-confinement InGaAsP-OlI platform, evaluating the specific influence of
nonlinear losses on optical frequency comb generation. Crucially, these sim-
ulations incorporate the empirical free-carrier lifetimes extracted from the
pump-probe experiment in Chapter 2, directly linking empirical recombina-
tion dynamics to cavity modeling. The modeling demonstrates that opti-
cal microcomb generation remains achievable despite TPA and free-carrier
effects through strategic carrier lifetime engineering. This key finding con-
tirms the feasibility of the nonlinear-loss-limited microcomb approach and
directly motivates the development of heterogeneous integration techniques
for InGaAsP-OL.

Chapter 4 addresses the material platform development, exploring adhesive
bonding, direct wafer bonding, and substrate removal methodologies em-
ployed in the realization of III-V-OI architectures. This work specifically fo-
cuses on InGaAsP-OI and AlGaAs-OlI platforms, establishing quantitative
characterizations of bonding quality, interface bond strength, and process

limitations necessary for scalable photonic integration.
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Finally, Chapter 5 presents an additional nanofabrication contribution by
detailing a shape-modification-based proximity effect correction (PEC) tech-
nique developed for metasurface fabrication using a low-kV electron-beam
lithography system. The methodology is validated through experimental
implementation on high-density sub-wavelength dielectric metasurfaces, ex-
panding the nanofabrication capabilities required for complex nanophotonic
structures.

The main original contributions of this thesis encompass both fundamen-
tal physical characterizations and practical technological developments in
integrated photonics. First, this work provides the experimental extraction
and physical analysis of free-carrier lifetimes and dynamics in InGaAsP /InP
waveguides via pump-probe spectroscopy. Second, it delivers the numerical
study on frequency comb generation in InGaAsP-OI microring resonators
operating under significant nonlinear loss. Third, it establishes the process
development, bonding quality evaluation, substrate removal protocols, and
challenges for direct and adhesive wafer bonding of InGaAsP-Ol and AlGaAs
OI material systems. Fourth, it presents a validated, shape-modification-

based proximity effect correction technique optimized for low-kV electron-

beam lithography of sub-wavelength metasurfaces.

Collectively, these contributions advance the study of nonlinear integrated
photonics and nanophotonics by clarifying the impact of TPA and FCA in
bandgap-limited, high-index-contrast III-V semiconductor platform and es-
tablishing advanced nanofabrication pathways. By unifying empirical car-
rier lifetime measurements, frequency comb modeling, wafer bonding pro-
cess evaluations, and low-kV proximity effect corrections for plasmonic meta-
surfaces, this work establishes the fundamental physical baseline and nanofab-
rication framework required for advanced photonic devices. Crucially, by
identifying the specific interface mechanisms that restrict wafer bonding yields,
this thesis establishes a clear technological roadmap for future realization of

high-confinement III-V-OI photonic integrated circuits.
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Chapter 2

Free-Carrier Lifetime Measurement
of InGaAsP/InP Waveguide

In recent past, our research group fabricated and characterized three layer
heterostructure InggsGag 14As030P0.70/InP waveguides of different geome-
tries and explored their nonlinear optical performances [28], [29]. This work
revealed strong TPA at an operating wavelength of 1550 nm, yielding a TPA
coefficient of 19 cm/GW [29]. However, while these measurements estab-
lished the magnitude of the nonlinearity, a complete understanding of the
material’s nonlinear dynamics requires investigating carrier decay in the time

domain.

This chapter reports, to the best of our knowledge, the first experimental
measurement of the free-carrier (FC) lifetime in InggsGag14As0.30P0.70/InP
at the telecommunication wavelength of 1550 nm. The FC lifetime was mea-
sured using a non-degenerate pump-probe spectroscopy technique, in which
the pump and probe operate at different wavelengths. To enable these mea-
surements, strip-loaded waveguides (see section 1.2 for the waveguide ge-
ometry description) were fabricated using hydrogen silsesquioxane (HSQ)
as the etch mask. I performed fabrication of the waveguides, data analysis
and experimental characterization. The ICP-RIE etch recipe discovery for In-
GaAsP was developed through valuable discussions with Dr. Kashif Awan,
a PhD graduate from our research group. The FC lifetime experiments were
conducted under the supervision of Dr. Gabriel Flizikowski, a postdoctoral
researcher in our research group. I would also like to acknowledge Prof.
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Nathalie Vermeulen for the valuable discussions through out the experimen-
tal and analytical stages of this work. We begin by examining the underlying
mechanisms of Two-Photon Absorption (TPA) and Free-Carrier Absorption
(FCA) in direct-bandgap semiconductors.

2.1 Two Photon Absorption and Free Carrier Ab-
sorption

Energy

Wave vector

FIGURE 2.1: An illustration of TPA and associated FCA in direct
band gap materials.

Figure 2.1 illustrates the process of TPA in a direct bandgap semiconductor.
In this process, electrons are excited from the valence band to the conduc-
tion band through the simultaneous absorption of two photons. This occurs
when the photon energy is lower than the bandgap energy but greater than
or comparable to half of the bandgap [71]. Such conditions explained before
are met in materials like InGaAsP and silicon at the 1550 nm (C-band) oper-
ating wavelength [28], [161]. The carriers generated via TPA initially occupy
states near the bottom of the conduction band, where they can subsequently
absorb photons through free-carrier absorption (FCA) as shown in Figure 2.1.
The average time that carriers remain in these states before undergoing FCA
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is defined as the free-carrier lifetime. TPA and FCA are undesirable nonlinear
effects because they introduce intensity-dependent absorption that depletes
optical power and reduces the efficiency of useful nonlinear interactions. In
the following section we will discuss experimental measurement of FC life-
time in InGaAsP.

2.2 Free-Carrier Lifetime: Significance and State
of the Art

Designing photonic integrated circuits on material platforms that exhibit TPA
at the operating wavelength, such as silicon and InGaAsP in the C-band, re-
quires careful consideration of TPA-induced FCA and free-carrier dispersion
(FCD) [62], [161]. Collectively referred to as the free-carrier (FC) effect, FCA
and FCD significantly influence the nonlinear dynamics of semiconductor
waveguides. They reduce the efficiency of FWM [162], limit the achievable
nonlinear phase shift in self-phase modulation [28], decrease parametric gain
[163], and modify the refractive index [164], thereby degrading the perfor-
mance of wavelength-sensitive nonlinear photonic devices. The influence of
the FC effect on pulse propagation and nonlinear dynamics in silicon waveg-
uides has also been investigated by Lefrancois et al [165].

A key parameter governing the FC dynamics is the free-carrier lifetime [166].
Defined as the average time that the carriers remain in the excited state after
being generated through TPA, the FC lifetime directly determines the accu-
mulation of free carriers and, consequently, the magnitude of FCA and FCD
[167]. Our previous numerical study demonstrated the critical influence of
the FC lifetime on frequency comb generation in the InGaAsP platform [62],
emphasizing the importance of experimentally determining this parameter

for accurate device modeling and optimization.

FC lifetimes reported in the literatures span several orders of magnitude
depending on the material system, device geometry, and carrier extraction
mechanism. The lifetime values as short as a few picoseconds have been re-
ported in reverse-biased p-i-n diode-integrated silicon waveguides and ring

resonators [168], [169], while lifetimes on the order of nanoseconds have been
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measured in doped InP [162] and in silicon waveguides with modified fabri-
cation processes [170], [171]. In bulk doped silicon, free-carrier lifetimes can
extend into the microsecond regime [168]. Most of these values have been
obtained directly using pump—probe spectroscopy, whereas others have been

inferred through numerical modeling.

Despite the extensive body of work on FC lifetime measurements in silicon
at telecommunications wavelengths, no corresponding measurements have
previously been reported for InGaAsP. The experimental results presented in
this chapter therefore establish the first reference values for the FC lifetime in
this material platform. These measurements provide an essential baseline for
the device modeling and lifetime engineering studies presented in Chapter
3.

2.3 Fabrication of Strip Loaded waveguides

A 600-nm-thick InggsGag 14As030Pg 70 core layer was grown on an approx-
imately 340-um-thick InP substrate, followed by the deposition of a 1 ym
thick InP cladding layer. All epitaxial layers were fabricated using metal-organic
chemical vapor deposition (MOCVD) at the Centre for Integrated Nanotech-
nologies (CINT), Sandia National Laboratories, USA, under a III-V semicon-
ductor epitaxy grant.

The 2-inch InGaAsP/InP wafer was cleaved into smaller samples of approx-
imately 1 cm x 1 cm for subsequent patterning. These samples were cleaned
using a standard solvent cleaning process involving sequential immersion
in acetone, isopropyl alcohol (IPA), and deionized (DI) water, each for 5 min-
utes with gentle sonication. Sample cleaning was conducted using an 80 kHz
dual-frequency ultrasonic bath (Fisherbrand FB11201, 2.75 L maximum tank
capacity) operated at 30 % effective power or 30 W of effective acoustic out-
put. Due to the relatively brittle nature of InP compared to other III-V semi-
conductors such as AlGaAs or GaAs, care was taken to ensure that sonication
remained mild to prevent sample damage. After cleaning, the samples were
dried using nitrogen (N2) blow-drying, followed by baking on a hotplate at
180 °C for 4 minutes to remove residual moisture.
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A negative e-beam resist consisting of 10% hydrogen silsesquioxane (HSQ,
Applied Quantum Materials Inc.) dissolved in methyl isobutyl ketone (MIBK)
was used as e-beam resist for patterning. HSQ was selected for its excel-
lent line edge roughness, high-resolution capability (down to 10 nm), and
strong resistance to O, plasma, making it well-suited for metasurface and
metawaveguide fabrication our group has been actively exploring. Addition-
ally, HSQ provides sufficient etch resistance without requiring an intermedi-
ate hard mask, unlike resists such as ZEP. This motivated an investigation
into the etch rate and selectivity of developed HSQ in BCl3/Cl,/Ar - plasma
for InGaAsP photonic device fabrication.

The resist was stored at room temperature and spin-coated at 5000 rpm with
a 1-second ramp-up and 3-second ramp-down, resulting in an HSQ film
thickness of approximately 315 nm, as measured by atomic force microscopy
(AFM). Achieving a uniform coating required careful control of the delay be-
tween resist dispensing and spin initiation to minimize solvent evaporation
and HSQ particle sedimentation. After spin coating, the sample was left in
the spinner for 5 minutes to allow partial drying. Importantly, spin coat-
ing was performed within approximately one hour prior to EBL exposure
to minimize premature crosslinking, as HSQ is highly sensitive to ambient

moisture.
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FIGURE 2.2: General chemical structure of HSQ. The labels

R and X represent terminal substituent groups bound to the

silicon-oxygen core, where R and X are Hydrogen atoms in
HSQ prior to cross linking. [172].

Compared to conventional resists such as PMMA and ZEP, HSQ has a shorter
shelf life. The reason for this lies in its chemical structure. A general structure
of HSQ is shown in Figure 2.2. As an inorganic polymer with a Si-O-Si cage
structure and reactive Si-H bonds, HSQ can undergo spontaneous crosslink-
ing over time, leading to increased viscosity and eventual solidification. This
change in viscosity was observed to affect adhesion to the InP substrate, re-
sulting in pattern loss after development. Improved adhesion was achieved
by applying an HMDS adhesion promoter prior to HSQ coating, which al-

lowed partial recovery of the patterned features.

Patterning was carried out using 30 kV EBL (Raith PIONEER system), fol-
lowed by development in aqueous tetramethylammonium hydroxide (TMAH,
MF-24A) for 75 seconds. The pattern was then transferred into the underly-
ing III-V layer using a BCl3/Cl, / Ar-based dry etching process in an ICP-RIE
system (SAMCO 110iP). The ICP-RIE etch recipe for InGaAsP/InP was ini-
tially optimized in 2022 by Dr. Kaustubh Vyas, a former PhD student in our
research group, using a 320 nm-thick PECVD-deposited silica hard mask. His
optimized process served as the starting point for the dry etching performed

in this work.
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() (b)

FIGURE 2.3: (a) InGaAsP/InP waveguides etched using the

ICP-RIE recipe optimized in 2022, showing smooth sidewalls

and good etch quality (b) InGaAsP/InP waveguides etched on

the same RIE-ICP etcher in a later year by us in our first attempt

using the same recipe, showing poor selectivity and needle-like
microstructures.

The process began with a 1-hour chamber clean using a chlorine/argon plasma,
followed by 15 minutes of chamber conditioning using the etch chemistry at
room temperature and an additional 15 minutes of conditioning at a sub-
strate temperature of 190 °C. The etching was then carried out using a gas
mixture of Clp:BClz:Ar = 1:4:4, a chamber pressure of 0.15 Pa, an ICP power
of 50 W, an RF power of 20 W, and a substrate temperature of 190 °C. Us-
ing the described parameters, Dr. Vyas accomplished etching with smooth
sidewalls, as shown Figure 2.3 (a).

Although the same ICP-RIE system was used in this work, we anticipated
that the previously optimized recipe might not produce identical results be-
cause the chamber had undergone numerous process changes over time.
In particular, the chamber had been repeatedly switched between chlorine-
and fluorine-based chemistry to accommodate the requirements of different
users. Such changes can alter the chamber wall condition and seasoning,
which are known to influence plasma characteristics and etch reproducibil-

ity.
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(b)

FIGURE 2.4: (a) Effect of increasing the chamber conditioning

time from 15 min to 30 min, reducing the density of needle-like

microstructures. (b) InGaAsP/InP waveguides fabricated with

a chamber pressure of 0.45 Pa showing improvement in etch
profile.

When the original recipe was applied under the current chamber conditions,
the etch exhibited poor mask selectivity, and numerous needle-like microstruc-
tures were observed in the regions between adjacent waveguides, as shown
in Figure 2.3 (b). To re-establish the chamber conditioning, the duration of the
conditioning step was increased from 15 minutes to 30 minutes. As shown
in Figure 2.4 (a), this significantly reduced the density of the needle-like fea-

tures between the waveguides.

To further optimize the process, additional experiments were performed by
increasing the chamber pressure. We hypothesized that excessive physical
sputtering caused by energetic ion bombardment was contributing to the
roughness and formation of microstructures in the etched regions. Increasing
the chamber pressure reduced the ion energy reaching the sample surface,
thereby improving the etch morphology. Figure 2.4 (b) shows the resulting
waveguides etched at a chamber pressure of 0.45 Pa, where a noticeable re-
duction in roughness was achieved. The optimized etch conditions were sub-
sequently used to fabricate the InGaAsP/InP devices using an HSQ mask.

Etching was performed at a chamber pressure of 0.45 Pa, bias power of 15
W, and ICP power of 50 W, with the substrate heated to 190 °C to enhance
the volatility of etch by-products [173]. Under these conditions, an InP etch
depth of 1um was achieved at an approximate etch rate of 42nms~!. The
HSQ mask etched at roughly 1.3nms ™!, yielding an etch selectivity of 3.2.
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FIGURE 2.5: SEM images of the fabricated InGaAsP/InP strip
loaded waveguide using HSQ mask.

Scanning electron microscope (SEM) images of the fabricated waveguides
are shown in Figure 2.5. Figure 2.6 presents the normalized optical mode
intensity profiles of the fabricated waveguide, illustrating both the funda-
mental transverse electric (TE) and transverse magnetic (TM) modes. The
mode profiles were simulated using Lumerical MODE Solutions (version
2024 R1) [174]. Because the waveguide has a completely symmetric cladding
structure (InP on both top and bottom) and the core dimensions are suffi-
ciently large, the fundamental mode is strongly confined within the InGaAsP
core. The boundary conditions and decay rates are identical in both top
and bottom claddings, and because the vast majority of the optical power
resides inside the uniform core, both TEgy and TMp modes adopt a centered,
quasi-Gaussian intensity profile with nearly identical spatial distributions as
shown in Figure 2.6 (a) and (b).
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FIGURE 2.6: Simulated optical mode profiles of the fabricated

waveguide with arrows showing direction of electric field vec-

tors: (a) TEp and (b) TMp mode. The x and y axes indicate the
transverse dimensions in micrometers.

2.4 Free-carrier Lifetime Measurement
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FIGURE 2.7: Schematic of the pump-probe experimental setup
used to measure free-carrier lifetime.
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The pump—probe experimental setup is schematically shown in Figure 2.7.
The experimental pump source was an optical parametric oscillator (OPO,
Coherent Inc.), pumped by an 800 nm Ti:Sapphire laser (Mira, Coherent Inc.).
The OPO generats picosecond pulses at a repetition rate of 76.6 MHz, with a
tunable wavelength range spanning 1200 nm to 1600 nm. A continuous-wave
(CW) tunable laser (Santec TSL-710) operating at 1550 nm provided the probe
signal. Polarization control for both pump and probe beams was achieved
using a polarizing beam splitter (PBS) and a half-wave plate (HWP) placed in
each optical arm. A reference photodetector (PD 1) was used to monitor the
optical power of the pump or probe beams before they were coupled into the
waveguide. The pump and probe beams were simultaneously coupled into
the fabricated waveguides using an objective lens (OB]J 1) and collected at the
output using a second objective lens (OB]J 2). For FC lifetime measurements,
the probe signal was filtered using a band-pass filter (BPF) centered at 1550
nm and detected using a high-speed InGaAs photodiode (PD 2) with a 5
GHz bandwidth and 70 ps rise time. The power meter 1 and 2 were used
only during the measurements of the average optical power at the input and
output of the waveguide respectively. The temporal evolution of the probe

signal was recorded using an 80 GHz oscilloscope connected to PD 2.

At the repetition rate we used in the experiment, successive pulses arrive
every ~ 13ns (1/76.6 x 10° ~ 13ns), corresponding to 13,000 ps, which is
approximately 4333 times longer than a 3 ps pulse duration. Based on this
separation, we initially expected that the heat deposited by each pump pulse
would dissipate before the arrival of the next pulse.
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FIGURE 2.8: Top-view image of the sample mount on the trans-

lational stage: (a) mount associated with observed thermal in-

stability in the probe signal; (b) mount providing enhanced
thermal stability of the probe signal.

Despite this expectation, we observed gradual disappearance of the expected
dip in the probe transmittance signal. Instead of a stable transient response,
the dip—anticipated from FC dynamics—vanished on a millisecond timescale,
consistent with thermal accumulation effects. This behavior suggested that
heat buildup within the chip was destabilizing the probe signal associated
with carrier dynamics. This interpretation was further supported by improv-
ing the thermal contact of the sample with the stage. As shown in Figure 2.8
(a), the initial mount design introduced thermal instability in the probe signal
from the waveguide due to reduced contact area caused by mounting holes.
In contrast, the modified mount in Figure 2.8 (b), which eliminated these
holes, improved thermal contact between the waveguides and the transla-
tional stage, thereby reducing local thermal accumulation. Following the
transition from the mount in Figure 2.8 (a) to that in Figure 2.8 (b), the probe
signal instability disappeared immediately, confirming that the observed ef-
fects were due to thermal accumulation arising from insufficient thermal con-

tact between the sample and the mount.

We further observed that, with the mount shown in Figure 2.8 (a), thermal
instability in the probe transmittance was less pronounced in silicon waveg-
uide samples, attributed to silicon’s higher thermal conductivity and con-

sequently lower effective thermal resistance, which facilitates more efficient
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heat dissipation compared to InP [175], [176]. After achieving thermal stabil-
ity, we were able to observe the probe transmittance repeating consistently
with each pulse period, as shown in Figure 2.9.

1.000M
0.995

0.985

o
©
©
o

Norm. probe signal
o
O
(o]
o

0.975

25 30 35 40 45 50 55
Time (ns)

FIGURE 2.9: Normalized probe transmission over three pump
pulse periods.
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FIGURE 2.10: Normalized probe transmittance for input pump
powers of 14 mW and pump wavelength of 1533 nm for (a) TM
and (b) TE fundamental mode

A probe power of 87 mW (detected by PD 1) was selected to achieve a suf-
ticient signal-to-noise ratio (SNR) to clearly resolve the transmission dip. At
this probe power, measurements performed without the pump showed no
measurable modulation of the probe transmission, confirming that the probe

itself did not induce any detectable effect in the measured signal. Figure 2.10
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presents the normalized probe transmittance recorded at room temperature
when the pump beam excites the waveguide’s fundamental TE mode in (a)
and TM mode in (b), respectively. Normalization is done by dividing the
measured probe transmission by its maximum value over the full recorded
trace. To determine the FC lifetime (7), the normalized probe transmission
was fitted using the standard exponential function [177]

Yy = yo + Aexp(Rox), (2.1)

where y represents the normalized transmission (T /Tj), yo is the unpumped
baseline transmission (normalized to 1), A is the modulation depth corre-
sponding to the maximum transmission decrease due to FC absorption, and
Ry is the recovery rate, yielding a FC lifetime of

1

T = _R_O

(2.2)

The fit was restricted to a time window beginning immediately after the
transmission minimum and ending just before the onset of a secondary "hump"
that appeared several nanoseconds later in every measurement period (the
nature of this feature is explained below). This fitting window was selected
to isolate the FC recovery from the subsequent thermal response.

Using this fitting procedure, a characteristic FC lifetime of 0.24 ns was ob-
tained for excitation of the fundamental TM mode, as shown in Figure 2.10
(a). Under approximately the same experimental conditions, excitation of
the fundamental TE mode yielded a FC lifetime of 0.46 ns as shown in Fig-
ure 2.10 (b). The measured FC lifetime is within the same order of magnitude
as values reported in the literature for doped InP, while remaining an order
of magnitude shorter than those reported for undoped bulk InP [178]. Ad-
ditionally, observed polarization dependence of the FC lifetime is attributed
to the splitting between the heavy-hole and light-hole bands in the valence
band of InGaAsP [179]. This splitting removes the energy overlap between
the heavy-hole and light-hole states, causing TE and TM polarizations to in-
teract with different hole species. TE-polarized light generates heavy holes
because its in-plane electric field aligns with in-plane (py, py) valence orbitals,
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whereas TM-polarized light generates light holes by coupling its perpendic-
ular field to out-of-plane (p,) orbitals of InGaAsP [180]. Because heavy and
light holes have different effective masses and energy states, they relax and
recombine at different rates. As a result, TE and TM light create carrier popu-
lations with distinct decay speeds, leading to the polarization-dependent FC

lifetimes observed in pump-probe measurements.

The secondary hump was observed for both TM- and TE-polarized pump ex-
citation and is attributed to local heating. As shown in Figure 2.11 (a) and Fig-
ure 2.11 (b), the amplitude of the hump increases approximately linearly with
pump power for both pump polarizations, allowing us to rule out the possi-
bility of significant Auger recombination [181]. Notably, the secondary hump
peaks slightly later at higher pump powers compared to lower pump pow-
ers. Because pump-excited TPA creates a highly localized central heat spike,
higher pump powers generate steeper thermal gradients. Consequently, heat
requires more time to diffuse radially outward across the waveguide core to
maximize its spatial overlap with the CW probe mode, delaying the peak
of the secondary thermal hump [182], [183]. It would be interesting to ex-
tend these measurements to waveguides with different lengths or different
heat-sinking conditions to investigate how the position and magnitude of the
thermal hump change, providing further insight into the thermal dynamics
of the device.
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FIGURE 2.11: Normalized probe transmittance at various

pump power for fixed input probe powers of 87 mW and pump

wavelength of 1533 nm for (a) TE and (b) TM fundamental
mode
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FIGURE 2.12: Free-carrier lifetime as a function of input pump
powers at fixed pump wavelength of 1533 nm for TE (blue cir-
cles) and TM (red squares) fundamental mode

Additionally, a damped oscillation is present before the signal settles into
the plateau used for the exponential fit. This oscillation is attributed to a
resonance in the detection electronics rather than to the device under test.
Its frequency (2.5 GHz) lies well within the 5 GHz bandwidth of the In-
GaAs photodiode used for detection (PD 2), in the frequency range where
high-speed photodiode packages commonly exhibit resonant peaking due to
the interplay between bond-wire inductance and junction capacitance [184],
[185]. This interpretation is supported by the observation that the oscilla-
tion frequency remained constant over the entire range of pump powers and
for both pump polarizations, while only its amplitude scaled with the sig-
nal strength. This behavior is consistent with a fixed linear resonance in the
detection electronics rather than a power-dependent phenomenon such as
carrier—photon relaxation oscillations, as illustrated in Figures 2.11 (a) and
Figures 2.11 (b).

Figure 2.12 shows FC lifetime (7) as a function of pump power for TE- and
TM-polarized pump excitation, measured using a fixed probe power of 87
mW (1550 nm probe, 1533 nm pump). The error bars represent the statistical
uncertainty (standard deviation) obtained from the single-exponential fit us-

ing Equation (2.1). The uncertainity is obtained from covariance matrix of the
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nonlinear least-square fit. The lifetime is plotted on a logarithmic scale to ac-
commodate the approximately one-order-of-magnitude variation across the
measured range. For TM- polarized pumping, the lifetime decreases sharply
from approximately 6.3 ns at 4 mW to a nearly constant plateau of approx-
imately 0.24 — 0.38 ns for pump powers above 14 mW. TE- polarized mea-
surements were performed up to approximately 14 mW to enable a direct
comparison of the FC lifetime for TE and TM pump polarizations over the

same pump-power range.

To assess the reproducibility of the pump-probe measurements performed
in this work, it is important to distinguish between measurement repeatabil-
ity and variations arising from the fabricated devices themselves. Repeated
measurements conducted under identical experimental conditions are ex-
pected to yield FC lifetimes that agree within the statistical uncertainty of the
exponential fitting procedure. However, variations between nominally iden-
tical waveguides can occur because the effective FC lifetime is governed by
the density of recombination centers, which may be affected by fabrication-
related factors such as surface damage, sidewall roughness, interface trap
density, etch-induced defects, and local material quality. In addition, the
extracted lifetime can be influenced by the device temperature, as thermal
activation of defect states can alter the recombination pathways and conse-

quently modify the measured carrier lifetime.

Nevertheless, fabrication-induced variations are generally modest unless the
material or device structure is intentionally engineered to modify the car-
rier recombination rate. For example, techniques such as ion implantation
and controlled wet chemical treatments have been used to introduce addi-
tional recombination pathways and modify the FC lifetime in semiconduc-
tor waveguides, resulting in changes on the order of several nanoseconds
in silicon and InP systems. In contrast, more aggressive lifetime engineer-
ing approaches, such as the integration of reverse-biased p—n junctions, can
significantly reduce the FC lifetime by efficiently extracting carriers, enabling

reductions from nanosecond timescales to the picosecond regime [168], [169].

Therefore, the lifetime measured in this work provides a realistic baseline
for modeling the nonlinear response of InGaAsP platform and establishes an

initial reference point for future carrier lifetime engineering approaches. The



Chapter 2. Free-Carrier Lifetime Measurement 72

influence of the FC lifetime range on the performance of InGaAsP ring res-

onators and the requirements for optimizing this parameter will be discussed

in Chapter 3.
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Chapter 3

Impact of Nonlinear losses in

InGaAsP-OlI ring resonators

This chapter presents theoretical analysis of frequency-comb generation in
InGaAsP-Ol ring resonator. We theoretically investigate the impact of non-
linear losses such as TPA and FCA on the generation of frequency combs in
ring resonators made on this platform. We demonstrate that FCA is the pri-
mary loss mechanism in an InGaAsP-Ol ring resonator at 1550 nm, hindering
the observation of frequency comb generation. This issue can be mitigated

by reducing free-carrier lifetime closer to the cavity roundtrip time.

The theoretical analysis presented in this chapter was originally performed
using the free-carrier lifetime reported for InP [178], which, at the time, was
the only available value for a closely related material system. This value
was adopted in our original study, published in the Journal of the Optical
Society of America B [62]. Subsequently, we experimentally determined the
free-carrier lifetime in Ing g¢Gag 14Asp30P0.70, as reported in Chapter 2 of this
thesis. Because this composition more closely resembles the material sys-
tem considered in our theoretical study, the experimentally measured life-
time provides a more representative parameter for refining the original anal-
ysis. Incorporating this value leads to some changes in the predicted results
and their interpretation, including certain conclusions. However, these revi-
sions do not invalidate the original theoretical analysis, which remains valid
within the assumptions adopted at the time of publication. Rather, the sub-

sequent experimental measurements provide a more accurate physical basis
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for the model, allowing us to refine and extend the previously published re-
sults. The analysis presented in this chapter thus builds upon our original
publication [62] by incorporating experimental findings that became avail-
able subsequently.

The frequency comb simulations for the InGaAsP-OI ring resonators pre-
sented in this chapter were supported by key technical contributions from
group members and collaborators. Dr. Tara Moradi and Dr. Connor Kupchak
provided the foundational script implementing the generalized Lugiato-Lefever
Equation (LLE). In collaboration with Dr. Lais Fujii dos Santos, a postdoctoral
researcher of our group, I contributed to extending this framework to include
nonlinear losses in the script. Furthermore, Dr. Lais Fujii dos Santos handled
advanced simulation scripting, numerical troubleshooting, and intermediate
data analysis while I focused on adapting the simulation framework specif-
ically for the InGaAsP-OlI ring resonator geometry, and performing the pri-
mary data analysis for the study. The following sections detail the numerical

modeling approach used to study frequency comb generation in this device.

3.1 Comb Modeling

The ring resonator under investigation is coupled to a single waveguide, as
shown in Figure 3.1 (a). The device is patterned in the InGaAsP layer, which
rests on the glass substrate (bottom cladding) and is surrounded by air (top
cladding), as illustrated in Figure 3.1 (b). This resonator is of the add-through
type: it receives a CW input at one end of the bus waveguide (known as
the add port) and produces output (e.g., frequency comb) at the other end
(through port).

As described in Chapter 1, InGaAsP has a positive nonlinear refractive in-
dex value n; > 0, therefore anomalous dispersion is necessary to counteract
the resonance’s Kerr shift and meet the phase-matching condition between
the pump mode and the generated sidebands, thereby ensuring efficient and

coherent comb formation.

Ignoring FC effects and assuming that the pumps are not depleted by nonlin-
ear energy transfer, one can derive analytical expressions for the frequency

spacing between the pump and the generated FWM lines, as well as the
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FIGURE 3.1: Schematic drawing of the ring resonator: (a) top
view, (b) cross-section.

threshold power,
n wp Aeff
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at which the nonlinear gain surpasses cavity losses [186]. Equation (3.1) acts
as a guide for efficient comb generation: reducing the refractive index of the
material 7, the pump frequency w;, and the effective mode area A leads
to a lower threshold power, while increasing the nonlinear refractive index
(Kerr coefficient, n17), FSR (first-order dispersion parameter, D;), and loaded
quality factor Q improves conversion efficiency. The loaded quality factor
Qr accounts for both internal cavity losses and external waveguide coupling.
In the case of critical coupling, Q1, = Qo/2, where the intrinsic quality factor

Qo is given by
_ 2mng

Qo

= 2
o’ (3.2)

with Ag, and «,;, representing the resonant wavelength and power propaga-
tion loss coefficient (m ™) respectively [187]. We chose w), = 27rx 193.41 THz
(telecom C band), and n/n; is limited by the material used. The other pa-
rameters can be fine-tuned by designing the geometrical features of the res-
onator. Semiconductor on-insulator platforms naturally offer high refractive
index contrast between the core and cladding, reducing the threshold power
needed for frequency comb generation by increasing light confinement and
lowering propagation losses. The refractive index contrast between the In-
GaAsP (n = 3.28) guiding layer and the SiO; cladding (n = 1.45) is An = 1.83
at a wavelength of 1550nm. This high index contrast enables better light
confinement, improves the compactness of the integrated device, facilitates
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dispersion engineering, and enhances nonlinear optical interactions in ring

resonators for more efficient frequency comb generation.

The challenge in increasing the FWM efficiency is that resonant field en-
hancement may also amplify nonlinear losses. Therefore, we simulate the
complete nonlinear problem to determine whether a lower threshold power
could allow the formation of frequency combs within a power range where

nonlinear losses are less prominent.

Two mathematical frameworks are commonly employed to model frequency
comb dynamics in microresonators. The first is the coupled mode equation
(CME) approach, in which a separate equation is written for each individual
comb line. Due to non-degenerate FWM interactions, the number of nonlin-
ear coupling terms in this formulation scales cubically with the number of
modes, rendering it computationally prohibitive for broadband comb mod-
eling [188]. As a result, the CME approach is typically restricted to describ-
ing the early stages of comb formation, where only three modes are required
to capture the primary degenerate FWM process — a process in which two
pump photons of identical frequency interact to generate a signal and idler
pair. The second framework is the LLE, a mean-field model, which describes
the full intracavity field evolution through a single partial differential equa-
tion, irrespective of the number of comb lines [189]. It is termed a mean-field
model because it averages discrete cavity effects over a full round trip in
the ring. This allows the model to describe the slow temporal evolution of
a continuous optical field envelope rather than stepping through discrete,
round-trip-by-round-trip propagation maps. By representing all FWM inter-
actions implicitly through a single nonlinear term in the time domain, the
LLE inherently circumvents the cubic scaling problem associated with the
CME, making it a computationally efficient framework for the simulation of
broadband and octave-spanning frequency combs [188], [189].
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The LLE, including contributions from TPA and FC effects, can be written as

. 2
tRa—A = VO0An+A| —a+iby+ iLp (i) +iLy|A|?

ot 2 \dT

Brra , 0oL , 7TBTPA 4
— LA — —(1+41 —— A" |.

(3.3)

where A(t, T) is the field amplitude inside the ring, normalized so that |A|?
represents the optical power. The slow time t describes the field changes
over multiple round-trips, while the fast time T corresponds to the field’s
oscillation time scale. The resonator’s round-trip time is tg, 6 is the power
transmission coefficient, Aj, is the amplitude of the pump field in the bus
waveguide, & = &;L + 6 is the total linear loss coefficient, «; is the propa-
gation loss per unit length, dy = fr(w; — wyp) is the detuning between the
laser frequency w; and the cavity resonance wy, L is the length of the cavity,
B2 is the second-order dispersion coefficient, 7y is the nonlinear coefficient,
Brra is the two-photon absorption coefficient, ¢ is the FCA coefficient, and
u is the FC dispersion parameter. The first term on the right-hand side of
the LLE indicates external input. The subsequent terms, in order, account
for linear losses, detuning, dispersion, Kerr effect, TPA losses, and the losses
due to FC effects. Before proceeding with the numerical analysis of the non-
linear optical response, using the normalized SSFT framework presented in
Appendix 8, we need to determine the values of B2, Ae, and L. In the next
section, we will design the resonator’s geometry to achieve anomalous dis-

persion.

3.2 Ring Design

In this section, we assess how variations in each of the geometrical parame-
ters—height, width, and radius, as shown in Figure 3.1 (b)—impact disper-
sion across a range of wavelengths. The wavenumber for each geometry was
computed using the COMSOL Finite Element solver (version 6.5) for wave-
lengths spanning 1400 to 1700 nm. Second-order dispersion was derived by
fitting a second-order Taylor series expansion to the propagation constant



Chapter 3. Impact of Nonlinear losses in InGaAsP-OlI ring resonators 78

around a reference wavelength within the 1450-1650 nm range. The results
are presented in Figure 3.2 (a), (b), (c), corresponding to variations in thick-
ness, width, and radius, respectively.

Figure 3.2 (a) shows the calculated dispersion for different ring thicknesses,
demonstrating that anomalous dispersion (2 < 0) can be achieved over a
wide range of thicknesses. Figure 3.2 (b) illustrates the strong dependence of
dispersion on ring width, with narrower widths shifting the zero-dispersion
wavelength. In contrast, Figure 3.2 (c) confirms that ring radius has only a
minor effect on dispersion. Although anomalous dispersion can be attained
across a broad range of thicknesses, we selected 220nm to align with the
standard for silicon-on-insulator. A width of 490 nm was chosen because it
permits single-mode operation at 1550 nm. Additionally, the selected cross-
section is resilient to fabrication-related variations in size and accounts for
constraints related to electron-beam lithography and etching in subsequent
stages [190]. The ring radius was kept sufficiently small to increase D; and
minimise the device footprint, but not so small as to cause excessive bending
losses. Finally, Figure 3.2 (d) presents the simulated group-velocity disper-
sion (GVD) for the selected geometry (490 x 220 nm cross-section, 25 pm
radius). The results show anomalous dispersion (8, < 0) over a broad wave-
length range that includes 1550 nm, confirming the suitability for telecom-
band operation.

Figure 3.3 shows the mode area difference calculated across a range of ring
widths and thicknesses. This difference indicates the deviation between the
physical ring cross-sectional area and the effective mode area of the TE mode
within the ring cross section. As observed, the mode area difference tends
to increase as the ring’s cross-sectional dimensions decrease. This trend is
particularly advantageous for reducing propagation loss, since tighter mode
confinement within the core diminishes sensitivity to surface roughness and
fabrication defects. The calculated mode area for the fundamental TE mode
and the specified cross-section is 0.09 um?. The small value results from the

high refractive index contrast between InGaAsP and the underlying layer.
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FIGURE 3.2: Dispersion as a function of wavelength for a range
of (a) ring thicknesses, (b) ring widths, (c) ring radii, and (d)
modeled GVD of the ring.
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FIGURE 3.3: The mode area difference calculated across a range
of ring widths and thicknesses

3.3 Results and Discussion

We begin our analysis assuming zero nonlinear loss in the ring resonator at
a 1550 nm operating wavelength. The lowest propagation loss reported in
InGaAsP-OlI is 4dB/cm for a nanowire waveguide [191], but more recent
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results in AlGaAs-Ol ring resonators reached propagation losses as low as
0.2dB/cm [31], leading us to believe that lower losses are attainable for mod-
ified cross-sections. Thus, we shall consider a; = 12.9 m~! (0.6dB/cm). By
performing the detuning sweep at different pump power levels, we identi-
tied the threshold for frequency comb generation to be ~1uW. Figure 3.4 (a)
shows the average output intensity across all modes as a function of normal-
ized detuning, generated at 10 uW pump power. As the detuning increases
(approaching the cavity resonance from the blue side), the intracavity energy
rises due to resonant buildup. Consequently, the device resonance undergoes
a red-shift due to the Kerr effect, which prevents the pump frequency from
aligning with the shifted cavity resonance. As a result, the input field passes
through the ring and exits via the through port. The transmitted spectrum is
predominantly influenced by the pump field, as illustrated in Figure 3.4 (b).
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FIGURE 3.4: (a) Intensity as a function of detuning at 10 pW

pump power, with the instability region highlighted. Simulated

frequency spectra of the device at a detuning (b) before the in-

stability region, (c) within the instability region, and (d) after
the instability region.

An additional increase in the normalized detuning raises the intracavity power
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beyond the FWM threshold, leading to the creation of comb lines with unsta-
ble amplitudes and phases, as shown in Figure 3.4 (c). This unstable region is
marked in yellow in Figure 3.4 (a). For larger detuning values, dp/a > 25, a
balance is established between nonlinear effects, GVD, cavity losses, and de-
tuning, resulting in a frequency comb that remains stable in both amplitude
and phase, as illustrated in Figure 3.4 (d). Consequently, a soliton microcomb
can be produced with an input power of 10 pW.

Figure 3.5 (a) provides a deeper understanding of how the field changes over
time across the three operating regimes. Initially, before reaching the instabil-
ity region, the field exhibits low intensity. This is followed by irregular and
fluctuating patterns within the instability region, indicating the start of non-
linear dynamics. Beyond a detuning of 25, the emergence of well-defined,
localized pulses signifies the formation of solitons. Figure 3.5 (b) shows how
the spectral content evolves across the three regimes. At low detuning, a
single band centred at mode number zero represents the pump mode. As
detuning increases, multiple sidebands begin to form around the pump, ulti-
mately resulting in well-defined comb lines that are evenly spaced and main-
tain steady-state intensity, which points to soliton formation. The parameters

used for the simulations in this section are listed in Table 3.1.
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FIGURE 3.5: (a) Temporal evolution of the intracavity field as
a function of normalized detuning. (b) Evolution of the fre-
quency comb spectrum with varying normalized detuning.
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TABLE 3.1: InGaAsP-OlI ring resonator parameters used in nu-
merical modelling. n, and Brpa [28], 0 and p [192], and T [178].

Pump power (uW) 10
Wavelength (nm) 1550
Waveguide area (nm?) 490 x 220
Ring radius (um) 25

o 4x1073
a; (m~1) 12.9

1y (m?/W) 19 x 10717
Brpa (W/cm) 1.9 x 10712
o (m?) 1.47 x 10~
U 7.5

Tc (ns) 3/ 0.003 / 0.46

To identify the primary nonlinear mechanism in the ring, we numerically
solved the LLE, including the nonlinear loss terms. The transmission fre-
quency spectra of the ring, both excluding and including nonlinear absorp-
tion (TPA), are shown in Figure 3.6 (a) and (b), respectively. In the presence
of TPA, the broadest frequency comb was observed at a normalized detuning
of 15, but the solitonic regime was not reached. Although fewer comb lines
are excited—indicating a higher threshold power—TPA alone cannot fully
prevent the formation of the comb.

We further included the FCA effect alongside the TPA to examine its influ-
ence on the comb generation process. When we set the free-carrier lifetime to
3ns [178] from the literature and 0.46 ns from the measurement results from
Chapter 2, the comb disappears, as shown in Figure 3.6 (c). Frequency comb
generation (FCG) was not observed in the presence of TPA and FCA even af-
ter increasing the pump power. This result differs from previous reports for
silicon [167], where TPA alone was enough to disrupt comb formation, but

three-photon absorption without free carriers still allows FCG.

It has also been demonstrated that a key parameter affecting FCA’s influence
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FIGURE 3.6: Simulated frequency spectra of the device col-
lected at the through port of the bus waveguide: (a) in the ab-
sence of nonlinear losses, (b) with TPA included, (c) with TPA
and FCA (3ns and 0.46 ns FC lifetime), (d) with TPA and FCA
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FIGURE 3.7: Simulated frequency spectra of the device with in-
creased propagation loss at input power 2.6 mW.

on comb generation is the free-carrier lifetime. When the FC lifetime is inten-
tionally reduced close to the cavity’s round-trip time (e.g., . ~ 3 ps), rapid
carrier recombination occurs between successive round trips. This prevents
the cumulative buildup of free-carrier density (N;) over multiple passes, di-
rectly suppressing FC effects [167]. As a result, the net intracavity optical
loss remains below the parametric threshold, allowing Kerr nonlinear gain
to dominate and restoring stable frequency comb generation, as shown in
Figure 3.6(d). Introducing defects through ion implantation or using a p-i-n
structure can decrease the FC lifetime to just a few picoseconds or less [168].
Previously, it has been shown that tunable control of the free-carrier lifetime
down to several picoseconds in Si ring resonators is achievable by integrat-
ing a lateral PIN diode with the ring resonator [193]. Additionally, recent
efforts to integrate a PIN diode with InGaAsP-OI waveguides have gained
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attention for their potential to create efficient, tunable optical attenuation in
Variable Optical Attenuators (VOAs) on the InGaAsP-OI platform [26]. The
fabrication techniques used show promising prospects for future integration
of PIN diodes with ring resonators on this platform [26]. In Appendix 9,
we present numerical calculations of the effective FC lifetime as a function
of reverse-bias voltage for an InGaAsP-OI waveguide integrated with a p-n
junction. An additional simulation was performed using the same core di-
mensions and material composition as the microring resonators analyzed in
this chapter. The results demonstrate that increasing the reverse bias to 5.0 V
significantly reduces the carrier extraction time down to the sub-picosecond

regime (Text < 0.2 ps).

The propagation loss of the device and, consequently, the quality factor, also
significantly influence the threshold power, as outlined by Equation (3.1).
This was validated by modelling the frequency spectra of the device with a
propagation loss of 13dB/cm reported for the InGaAsP on InP platform in
previous research [194]. As demonstrated in Figure 3.7, the simulated re-
sult indicates a threshold power of approximately 2.6 mW, which is several
orders of magnitude higher than the 10uW threshold observed in our de-
vice. Notably, considerable propagation loss reduction has been achieved in
AlGaAs-Ol integrated photonic structures. Therefore, it is anticipated that
the InGaAsP-OlI platform can exhibit lower propagation loss compared to its
InGaAsP/InP counterpart. This underscores the vital role of the InGaAsP-OI

platform in enabling ring resonators for frequency comb generation.

In conclusion, we examined the nonlinear optical performance of InGaAsP-
OI ring resonators considering TPA and FCA effects. We find that FCA is a
significant source of loss at the telecom C-band, causing disruption of FCG.
We demonstrate that reducing FC lifetime and threshold power can help
mitigate the impact of FCA effects and restore FCG in InGaAsP-Ol ring res-
onators. Additionally, we present GVD analysis for different widths, heights,
and radii of the device. This study aids in understanding the feasibility of
implementing FCG in InGaAsP at the telecom C-band, where this material
platform is used for photonic integration to support classical telecommuni-

cation systems.
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Chapter 4

Development of I1I-V-on Insulator

Photonic Integration Platforms

The results presented in Chapters 2 and 3 established the theoretical feasi-
bility of nonlinear photonic devices based on the InGaAsP-OlI platform. In
particular, the incorporation of experimentally measured free-carrier lifetime
into the analysis demonstrated that InGaAsP-OI remains a promising plat-
form for nonlinear integrated photonics and optical frequency-comb gener-
ation despite the presence of TPA and free-carrier effects when free carrier
lifetime is reduced to picosecond (ps) range.

Having established the potential of the platform, this chapter turns to its ex-
perimental realization. We investigate the fabrication processes required for
III-V semiconductor-on-insulator photonic integration, considering two ma-
terial platforms: InGaAsP-on-insulator (InGaAsP-OI) and aluminum gallium
arsenide-on-insulator (AlGaAs-OlI). Although these platforms possess differ-
ent optical properties, they share many common fabrication challenges and
process-development steps, including wafer bonding, substrate removal, and
thin-film processing. For this reason, they are considered together in this
chapter, allowing common fabrication methodologies and platform-specific

considerations to be discussed within a unified framework.

The fabrication of these platforms involves several process steps, including
epitaxial growth, wafer bonding, substrate thinning, substrate removal, and
etch-stop layer removal. However, this chapter focuses specifically on the
development and optimization of two key process steps: wafer bonding,
which is applied to all IlI-V-OI platforms and substrate removal, which is
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addressed only for the AlGaAs-OlI platform. These steps are critical for the
realization of III-V-OI platforms.

Within this scope, two direct bonding methods—SiO,-to-5i0; and Al,O3-
Al,O3—as well as an adhesive bonding approach using a positive-tone e-
beam resist Medusa, are investigated. In all cases, bonding strength was
evaluated using a half-cut dicing test performed with a dicing saw [195]. The
cross-sections of the diced samples were then examined using SEM.

Successful bonding was indicated by clean dicing without debonding of the
wafers during or after the process, along with the absence of voids at the
bonding interface in SEM images. These criteria were used to assess bond-
ing quality and to verify that the bonding strength had reached an optimal
level, sufficient to withstand subsequent substrate removal processes such as
grinding or lapping [195]. The half-cut dicing test also serves as a practical
indicator of the bond’s durability under mechanical stresses comparable to

those encountered during substrate removal [196].

While wafer bonding techniques such as direct oxide-to-oxide and polymer
adhesive bonding are established in the broader literature, their successful
implementation is highly sensitive to the specific material stack, surface mor-
phology, and post-processing chemical constraints. In this chapter, the pri-
mary novelty lies not in inventing an entirely new bonding mechanism, but
in evaluating and adapting established bonding methodologies specifically
to the InGaAsP-OI photonic platform. While prior literatures, often focuses
on final device performance, the platform-specific microfabrication constrains
during bonding and interface stability during substrate removal remain crit-
ical areas of investigation [30]. Furthermore, while adhesive bonding meth-
ods like Hydrogen Silsesquioxane (HSQ) bonding have been demonstrated
for material systems such as silicon carbide (SiC) and gallium nitride GaN-to-
silicon transfers, its application to telecom-grade III-V-OI photonic integra-
tion represents an unaddressed pairing of process and material system [197],
[198]. In this chapter, HSQ-mediated adhesive bonding is systematically
evaluated for the InGaAsP-OI platform to elucidate the underlying interface
mechanics, identify critical processing limits, and propose actionable mitiga-
tion strategies. This work systematically maps the physical limitations, sur-

face requirements, and interface failure modes across direct, PECVD-based,
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Al,O3, and adhesive bonding approaches to establish a viable fabrication
path for integrated III-V-OI photonic platforms.

The experimental work presented in this chapter was carried out in close col-
laboration with group members and external researchers. My primary contri-
bution included conducting the wafer bonding and substrate removal exper-
iments, dicing, and SEM imaging for interface characterization. The Medusa
spin-coating and Al,O3 atomic layer deposition (ALD) processes were per-
formed by Dr. Lais Fuji Dos Santos, a postdoctoral researcher in our group, at
the University of Waterloo’s nanofabrication facility, who also contributed to
the Al,O3 and HSQ bonding trials. Additionally, development of the GaAs
wet-etching recipe benefited from insightful discussions with Dr. Mathieu
De Lafontaine, formerly a post doctoral scientist and presently an Assistant
Professor at the University of Ottawa.

4.1 SiO; to SiO; direct bonding

Si

Si0,
Bonding interface —»

Si0,

Si

FIGURE 4.1: Schematic illustration of S5iO,-t0-SiO, direct bond-
ing.

We begin with the investigation of SiO,-to-SiO; direct bonding, which serves
as the baseline direct bonding approach in this work. A schematic of the
wafers to be bonded is shown in Figure 4.1. Commercially available 2-inch

Si0O,-on-silicon wafers were cleaved into four roughly equal pieces, and two
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of these pieces were used to optimize the SiO,-to-5iO, direct bonding pro-
cess. Each sample consisted of a 3 ym SiO, top layer deposited via ther-
mal oxidation on a 250 ym silicon substrate. Surface preparation began with
standard cleaning: the samples were gently sonicated at 80 kHz and 50% am-
plitude (equivalent to to 30 W of effective acoustic output) for 5 minutes in
acetone, followed by Isopropanol, and finally DI water. After sonication in
each solvent, the samples were dried using a N, blow. To remove any re-
maining moisture, the samples were placed on a hot plate at 110°C for 5 min-
utes. AFM imaging confirmed a surface roughness of 0.32 nm for a cleaned
sample. The surfaces were then treated with O, plasma in a plasma treat-
ment tool (PE-50) at 39 W RF power, 26 sccm O, flow, and 15 mTorr cham-
ber pressure for 45 seconds [98]. This step passivates the surface by increas-
ing the density of hydroxyl (Si-OH) groups, facilitating spontaneous room-
temperature bonding and removing residual organic and inorganic contami-
nants [98], [195], [199]. To assist the escape of gases produced at the bonding
interface during the bonding, the samples were briefly dipped in 0.025% HF
for 1 minute to introduce mild surface porosity [196]. After a DI water rinse,
the samples were immersed in 29% NH4OH for 10 minutes, which termi-
nated the surface with amine (-NH>) and hydroxyl (-OH) groups [95]. Upon
physical contact, the electron-rich amine groups promote hydrogen bonding
and proton transfer, forming Si-O-Si bonds and releasing NHj3 as a byproduct
[95]:

Si— NH,+Si— OH — Si— O — Si + NHs. 4.1)
Without NH4OH treatment, the reaction would instead produce water [200]:
Si—OH+ HO — Si — Si — O — Si + H0. 4.2)

Water formed at the interface, together with residual water absorbed in the
SiOy layer, can evaporate during post-bond annealing, causing local debond-
ing or void formation [95]. H; gas generated via

Si + 2H,0 — SiO, + 2H, (g) (4.3)



Chapter 4. Development of III-V-on Insulator Photonic Integration 89
Platforms

can also contribute to voids, which is why the HF-induced porosity is critical
[196]. The small Hy, molecules can diffuse through these porous surfaces
without being trapped at the bonding interface.

After NH,OH treatment, the samples were immediately brought into contact
manually in air at room temperature on the lower platen of a wafer bonder.
The chamber was then pumped down to a vacuum of 6.7 x 10~ Torr. The
platen temperature was ramped at 5 °C/min to 300 °C in vacuum while ap-
plying an initial force of 454 N (0.89 MPa), consistent with literature values
[200]. Once the platen reached 300 °C, annealing was maintained for 1 hour.
The applied force increased to 2228 N from the force applied initially due
to thermal expansion of the sample upon annealing, after which the heater
was turned off and the platen allowed to cool naturally overnight. All wafer
bonding tests were performed using a wafer aligner bonder from Applied
Microengineering Ltd. (AML). Half-cut dicing test was then carried out us-
ing a dicing saw at a cutting speed of 20 mm/minute. The test revealed
localized voids of a few hundred nanometers, indicating partial bonding as
shown in Figure 4.2.

Sample ID = EHT = 5.00 kV Gun Vacuum = 1.18e-09 mbar
< 2 pm WD = 3.5 mm System Vacuum = 2.94e-06 mbar
crRPuo —1 Mag= 546 KX Date: 9 Jul 2025 uOttawa

FIGURE 4.2: SEM image of the cross-section of partially suc-

cessful directly bonded thermally grown SiO,-to-SiO; layers on

a silicon substrate, with bonding interface highlighted in yel-
low and voids indicated in red.
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FIGURE 4.3: SEM image of the cross-section of successfully
bonded thermally grown SiO;-to-SiO; layers on a silicon sub-
strate, with the bonding interface highlighted in yellow.

To optimize the bonding recipe further, the annealing time was extended to 2
hours and the applied force reduced to 104 N (0.2 MPa) to minimize excessive
mechanical stress at elevated temperature. This modification was motivated
by the observation that the previous sample felt unusually stiff during han-
dling, possibly indicating the presence of residual stress generated during the
bonding process. Rest of the surface preparation steps and parameters were
kept unchanged. SEM imaging of the cross section of the samples revealed a
completely void-free interface, demonstrating that the optimized procedure
achieved full and successful SiO,-to-S5iO, bonding, as shown in the Figure
4.3.

In the next step, this bonding recipe was evaluated for SiO,/InGaAsP/InP
to SiO,/Si wafer bonding. The SiO;/InGaAsP/InP sample was a 2 cm x 1
cm piece cleaved from a two-inch MOCVD-grown InGaAsP-on-InP wafer,
with a PECVD-deposited SiO, layer on top. The epitaxial growth of the
InP/InGaAsP wafers was performed by the Center for Integrated Nanotech-
nologies (CINT) and Sandia National Laboratories, while the PECVD SiO,
deposition was carried out at Carleton University. The SiO,/Si sample had
similar dimensions as the SiO,/InGaAsP/InP sample and consisted of a 3

pm thick oxide layer on a 250 ym silicon substrate and showed good surface
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quality as observed previously. However, after bonding, the samples were
found to be debonded upon removal from the bonding machine, indicating
bonding failure. This was primarily attributed to the rough PECVD SiO,
surface on the InGaAsP/InP sample. Microscopic images of the PECVD de-
posited sample surface after solvent cleaning show foreign particles, tens of

nanometers in size, distributed across the surface as shown in Figure 4.4.

(a) (b)

200pm

FIGURE 4.4: Optical microscopic images of surface of PECVD-
deposited SiO, on InGaAsP after standard cleaning.

This may arise from chamber contamination or from the inherent nonhomo-
geneity of the PECVD process [201]. By nonhomogeneity, we refer to effects
such as incomplete reactant molecules becoming trapped within the SiO,
film, as well as spatial variations in the plasma or in the distribution of re-
actant species across the wafer surface [202], [203]. The roughness of SiO,
deposited by PECVD also scales with the thickness of the deposited oxide,
unlike thermal oxidation, where the roughness decreases as the SiO, thick-
ness increases [195]. Furthermore, O, plasma cleaning of the SiO, surface
prior to bonding may oxidize the underlying III-V layer, leading to increased
propagation losses in the resulting devices [204], [205]. Due to these limita-
tions, this approach was not pursued further.

Deposition of SiO; by thermal oxidation on III-V layer is also not a viable
option, as it typically requires temperatures above 900 °C, which are incom-
patible with III-V materials [206], [207]. An alternative CVD technique, Low
pressure CVD (LPCVD) can deposit high-quality, smooth silica on III-V sub-
strates; however, it generally requires temperatures exceeding 300 °C [208].

Such elevated temperatures can induce thermally driven dislocations in III-V
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semiconductors, which may degrade the optoelectronic performance of de-
vices fabricated on this platform [207].

4.2 Al,O; to Al,O3 direct bonding

To address the challenges we observed in SiO; to SiO; direct bonding, we
explored the use of an alumina (Al,O3) intermediate layer for bonding III-V
materials to SiO,. Direct bonding of Al,Os thin films—commonly deposited
using Atomic Layer Deposition (ALD)—has several advantages. ALD en-
ables the growth of sub-nanometer-thick Al,O3 films at relatively low tem-
peratures (150-200 °C) while achieving surface roughness as low as 0.3 nm
[209]. Moreover, the interface quality between III-V materials and ALD-
grown AlOjs is superior to that of III-V/SiO; interfaces [87], [210]. Al,Os
also exhibits a significantly higher hydroxyl group density ( 18 OH/nm?)
compared to silicon-based materials, along with electrical resistivity and ther-
mal conductivity comparable to silica [87], [211], [212]. The hydroxyl group
density can be further increased by exposing the Al,O3 surface to water or
water vapor prior to bonding [26], [213]. Another method for enhancing
room-temperature bonding strength involves irradiation with an argon fast
atom beam, which removes organic contaminants and native oxides, leav-
ing highly reactive surface states that promote stronger bonding [214], [215].
However, this technique has primarily been demonstrated for SiO, /Si wafer
bonding, whereas water-assisted activation has also been successfully ap-
plied to III-V semiconductor platforms [26].

During direct Al,O3-Al,O3 bonding, when both the III-V and SiO, surfaces
are coated with Al,O3, surface hydroxyl groups undergo the following con-
densation reaction [213]

Al—OH + Al—OH — Al—O—Al + H,0. (4.4)

In contrast, in Al,03-5i0; bonding, as demonstrated in AlGaAs-OI, Al,O3
is deposited only on the III-V layer and bonded onto SiO, [30]. In this case
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bonding interface reaction follows [216]

Al—OH + Si—OH — Al—O—Si + H,O. (4.5)

An additional advantage of this approach is presenting a chance to pattern
the lower bonding layer (SiO;) with vertically etched channels several mi-
crometers deep and spaced using lithography [61]. These channels can serve
as pathways for hydrogen removal—originating, for example, from ALD-
deposited Al,O3 (particularly when bonding occurs above the Al,O3 depo-
sition temperature) or from residual water vapor—thereby facilitating gas
elimination and potentially improving bond quality [58], [61].

We initially evaluated Al,O3—-Al>,O3 bonding using standard SiO, /Si wafers.
A 2-inch SiO,/Si wafer, consisting of a 3 ym thermally grown SiO, layer on
a 250 ym Si substrate, was cleaned using a standard cleaning procedure as
mentioned earlier. Subsequently, a 5 nm Al,O3 film was deposited by ALD at
150 °C at the University of Waterloo by our group’s postdoctoral researcher,
Dr. Lais Fujii dos Santos. After bringing the wafer to the University of Ot-
tawa, AFM measurements were performed to evaluate the surface roughness
of the deposited layer. AFM measurements after deposition showed a surface
roughness of around 0.3 nm, which is suitable for direct bonding. Following
AFM characterization, the wafer was cleaved into 1 cm x 1 cm pieces. These
samples were immersed in DI water for one minute, gently dried with nitro-
gen blow, and then brought into contact in air at room temperature on the
lower platen of the wafer bonder. The chamber was evacuated to ~ 107>
Torr, and the platen temperature was ramped at 5 °C/min to 200 °C —lower
than literature values—to investigate how the applied force evolves during
post-bond annealing [30]. An initial force of 247 N, slightly higher than re-
ported values, was applied [30]. Once the platen reached 200 °C, the sam-
ples were annealed for 1 hour. Due to thermal expansion, the applied force
increased from 247 N to 701 N. The system was then allowed to cool natu-
rally overnight. The final force of 701 N was relatively low compared to that
observed in SiO,-5iO; direct bonding at similar temperatures. To compare,
the process was repeated at 300 °C used in literature with an initial force of
298 N [217]. In this case, the final force approximately doubled relative to

the previous trial. However, bonding failed in both cases, as confirmed by
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inserting a blade at the interface; the samples separated easily.

FIGURE 4.5: AFM images of the cleaved sample from a 2-inch

SiO, /Si wafer after ALD deposition of Al,O3. Light red dots

visible in the dark background are attributed to the residue gen-
erated during the cleaving process.

In a subsequent experiment, the initial force was increased to 900 N, resulting
in a final force of 2868 N, which was expected to be sufficient based on prior
Si0,-5Si0; bonding trials. Despite this, the samples separated upon blade
insertion once again. In addition to this method, Dr. Lais Fujii dos Santos
and I conducted several bonding experiments comparing samples with and
without a pre-bonding DI water dip, but neither approach yielded strong
bonding. These failures were attributed to edge roughness introduced dur-
ing cleaving of the 2-inch wafer after Al,O3; deposition which we confirmed
through visual inspection.
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A comparison between our experimental outcomes and published Al,O3-
to-Al,O3 bonding reports reveals critical process dependencies that are of-
ten under-reported in the literature. While certain studies report direct alu-
mina bonding without surface plasma activation, our attempts using non-
plasma workflows yielded no adhesion [26], [218]. This discrepancy indi-
cates that non-plasma bonding inherently relies on pristine, full-wafer condi-
tions with minimal surface contamination and negligible surface roughness
(RMS < 0.5nm). In contrast, workflow involving cleaved sample require
protective measures—such as spin-coating a photoresist layer prior to cleav-
ing—to prevent the mechanical edge topography and particulate debris that
otherwise cause bonding failure in the absence of surface plasma activation.

Conversely, literature sources that advocate for plasma-assisted bonding of-
ten cite annealing times and temperature, but frequently omit key plasma
parameters—specifically the active gas chemistry, chamber pressure, and RF
power setting [30], [44]. Because different plasma species selectively gov-
ern either surface chemistry activation (hydrophilicity) or physical ion bom-
bardment (which can adversely increase surface roughness), the absence of
specified plasma recipes in prior works presents a significant barrier to pro-
cess translation. Our results demonstrate that Al,O3 direct bonding is highly
sensitive to these unstated process variables, confirming that without pre-
cisely tuned plasma activation or dedicated surface protection during sam-
ple preparation, direct alumina bonding lacks the process window needed

for reliable III-V-OI integration.

4.3 Adhesion bonding using Medusa

Another approach we investigated was adhesive bonding using HSQ. First
introduced as a negative-tone electron-beam resist by Namatsu et al. in 1998,
HSQ develops SiO;-like properties when exposed to an electron beam or
after thermal treatment [219], [220], [221]. It has primarily been studied
as an intermediate adhesive layer for bonding GaN to glass or silicon sub-
strates to enhance device functionality and performance [197], [222], [223].
When we chose to pursue this method, HSQ was not available, so we used
Medusa-84 as an alternative. Medusa is a variant of HSQ sharing similar
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chemical structure as described in Chapter 2, yet has a different casting sol-
vent compared to HSQ [224]. It offers a longer shelf life—approximately six
months when stored below 5 °C—and, when used as an electron-beam re-
sist, shows improved resistance to aging, allowing a delay of several weeks
between spin coating and exposure [224]. Medusa-84 was sourced from the
Quantum-Nano Fabrication and Characterization Facility (QNFCF) of Uni-
versity of Waterloo. Dr. Lais Fujii dos Santos spin-coated Medusa onto sev-
eral InGaAsP/InP and SiO,/Si samples, each approximately 1 cm x 1 cm
in size, achieving a film thickness of about 200 nm. One batch was cured,
while another one was left uncured to compare bonding strengths. The sam-
ples were then brought to the University of Ottawa Nanofabrication Facility,
where profilometry measurements indicated an edge bead of approximately
150 nm. Bonding was carried out by Dr. Lais Fujii dos Santos and myself
using a platen force of 258 N, consistent with literature values, at 300 °C for
2 hours. Three sets of samples were bonded in the same run: one fully cured
(150 °C for 1 minute followed by 200 °C on a hotplate, as reported in the
literature), one uncured, and one partially cured at 150 °C. This compari-
son aimed to assess how curing conditions—and thus film softness—affect

bonding.



Chapter 4. Development of III-V-on Insulator Photonic Integration 97
Platforms
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FIGURE 4.6: SEM images of the cross-section of SiO, bonded to
InGaAsP using a Medusa intermediate adhesive layer, showing
detachment of Medusa from the InGaAsP /InP wafer.

We applied the bonding conditions established during the final Al,O3-to-
Al,O3 bonding trials described in the previous section. After bonding, the
samples were diced to evaluate adhesion. The uncured and partially cured
samples debonded during dicing, whereas the fully cured sample remained
intact. However, cross-sectional analysis revealed that the Medusa layer had
detached from the InGaAsP, leaving voids at the III-V/Medusa interface, as
illustrated in Figure 4.6. In contrast, adhesion between the SiO, layers was
strong and uniform. Additional bonding trials with increased force did not
improve adhesion. Over time, the Medusa resist also exhibited degraded
surface quality, likely due to nearing its expiration. Despite these challenges,
this method remains promising for two key reasons. First, it requires mini-
mal surface preparation compared to a direct bonding method. Second, upon
annealing, Medusa converts into a glass-like SiO, layer, effectively forming
a III-V-OI structure upon bonding to a III-V wafer. Unlike polymer adhe-
sives such as Benzocyclobutene (BCB), whose thickness must be minimized
to preserve optical confinement, a converted HSQ/Medusa layer would not
significantly alter the ultimate optical device performance fabricated on III-V
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-OlI platform.

Rania Mahjoub, a PhD student in our group, and Dr. Shubhendra Kumar
Jain, a former postdoctoral researcher in our group, investigated BCB bond-
ing for InGaAsP-OI. During substrate removal using a hydrochloric acid
(HCl) and phosphoric acid (H3POy) etchant mixture, we observed delami-
nation of the BCB layer, resulting in bond failure.

Future work should explore bonding immediately after spin coating HSQ
or Medusa, as HSQ is known to cross-link upon air exposure and gradually
transform into SiO,, which may impact bonding quality. Building on this
study, the following section transitions to the AlGaAs-on-insulator platform,
focusing on GaAs substrate removal from pre-bonded samples provided by
Sandia National Laboratories.

4.4 Substrate Removal for Al1GaAs-OlI

Realizing a III-V-OI material platform requires a sequence of fabrication
steps, including epitaxial layer growth, wafer bonding, substrate thinning,
complete substrate removal, and etch-stop layer removal as discussed in sec-
tion 1.5.2 in Chapter 1. This section focuses on the substrate removal step,
which precedes the final etch-stop layer removal process. Precise substrate
removal while preserving the integrity of the III-V guiding layer is extremely
important to realize the III-V-OI platforms. After mechanical thinning of the
substrate by grinding or lapping to a few tens of micrometers, wet chemi-
cal etching—typically based on acid solutions—is used for further removal.
This etching is generally performed in two stages: a fast initial etch, with
high etch rate, followed by a slower and more controlled etch as the sub-
strate thickness approaches a few hundred nanometers. The choice of the
etch-stop layer, which is epitaxially grown on the substrate and positioned
between the substrate and the III-V guiding layer, is essential for successful
substrate removal. It must have a different composition from the substrate
while remaining lattice-matched to enable high-quality epitaxial growth. In
addition, it should be chemically resistant to the etchants used during sub-
strate removal. Its thickness must be carefully optimized to ensure both high-

quality growth and safe removal of the substrate without compromising the
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guiding layer.
Material Etch-Stop Thickness Wet Etch Substrate
Stack (nm) Removed
AlGaAs-OI  AlygGagrAs 500 diluted HF GaAs
[225] (~2.5%)
[226] AlAs ~300 diluted HF GaAs
[226] Ing 5Gag 5P ~300 HCl GaAs
[227] A10_3Ga0_7AS/ 100 / 30 HQSO4IH2021H20 GaAs
A10_85Ga0.15As (12160)
[228] AlAs 100 HF:H,0 GaAs
(1:10)
[229] AlysIngsP 500-1000 HF, HI, GaAs
H3POy,
C6H807
InGaAsP-OI Ings3Gag47As — FeCl3 InP
[230]
[26] Ing53Gag.47As 100 H;O0,:H3PO4H,O  InP

(1:1:7)

TABLE 4.1: A summary of commonly used etch-stop layers for

efficient substrate removal in III-V-OI platforms.

Table 4.1 provides an overview of commonly used etch-stop layers for sub-

strate removal in III-V-OI platforms, including their typical thicknesses, the

wet etchants used for their removal, and the associated substrate materi-

als. The next section describes a wet etching process developed for GaAs

substrate. This is essential for realizing the AlGaAS -OI material platform

that our group is interested in to develop high performance meta-waveguide

structures for the nonlinear optics applications. The process was first op-

timized in terms of etch rate and surface roughness using unbonded Al-
GaAs/GaAs samples and subsequently applied to AlGaAs/GaAs bonded
to SiO, /Si samples. The results are presented in the following section.
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4,5 GaAs slow etch

Wet etching of GaAs was carried out on an AlGaAs/GaAs sample with the
layer stack shown in the Figure 4.7 (a). The sample was prepared from a
wafer purchased for a previous project within the group. The etching process
was optimized for a slow, controlled wet etch of the 100 nm GaAs capping
layer in this structure. In addition, the experiments provided a preliminary
assessment of selectivity toward the underlying Aly;Gag3As layer, which is
one of the possible etch-stop layers in AlGaAs/GaAs heterostructures. A
separate fast-etch recipe for GaAs removal was also tested using the thick
GaAs substrate in the same stack, with a thickness of several hundred mi-
crometers. Since the target etch rate was on the order of several hundred
nanometers per minute, this substrate was the only available sample with

sufficient thickness for evaluating such fast etching.

(a) GaAs Capping 100 nm (P

GaAs substrate

Al;go,Gagoy,As 500 nm

Alo_'] Gao_3A5 (3 000 llm)

GaAs Substrate

EHT = 7.00 kv Gun Vacuum = 1.16e-09 mbar
WD = 34mm System Vacuum = 8.72¢-06 mbar

- — Mag= 11.96KX Date: 2 Sep 2025

FIGURE 4.7: (a) AlGaAs/GaAs epitaxial stack used to optimize

both fast and slow GaAs etching processes (b) Cross-sectional

SEM images of the wet-etched sample, showing complete re-

moval of the 100 nm GaAs layer beneath the underlying 300
nm-thick Aly7Gag3As layer.

For the slow-etch experiments, samples approximately 0.5 cm x 0.5 cm in
size were cleaved from the 6-inch AlGaAs/GaAs wafer. The process began
with sequential sonication in acetone, isopropanol, and DI water for 5 min-
utes each to remove organic contaminants, followed by nitrogen drying. The

main etchant solution contained C¢HgO7:H>O, in a 2:1 volume ratio. The
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etching mechanism involves an oxidation-reduction reaction at the GaAs sur-
tface, where HyO; acts as an oxidizing agent to form Ga-O and As-O bonds,
while citric acid facilitates dissolution of the resulting oxide.

To prepare the etchant solution 10 grams of citric acid crystals were dissolved
in 10 mL of DI water using magnetic stirring and/or sonication until a clear
solution was obtained. Then 5 mL of H,O, was added. Adding H,O, to
the citric acid solution helps reduce rapid peroxide decomposition, promotes
more uniform heat distribution from the exothermic reaction, and improves
safety by minimizing spattering. The solution was gently stirred and left
briefly to reach thermal equilibrium. During this time, the samples were
simultaneously immersed in a 30% NH4OH /DI water solution (1:10 volume
ratio) for 30 seconds. This step is used to remove native GaAs oxides and
surface metal contaminants from the sample surface. After this, the samples

were rinsed in DI water and dried with nitrogen.

The sample was then immersed in the etchant without agitation to ensure
consistent and reproducible etching results. After each etch duration, some
samples were quenched in DI water to stop the etch, then immediately im-
mersed in a 30% NH4OH/DI water solution (1:10 dilution) for 30-60 sec-
onds, followed by a DI water rinse and nitrogen drying. Other samples were
taken directly from the DI water rinse and dried with nitrogen without the
additional NH4OH step. The total etch time was varied between 12 and 30
minutes.

After the final N drying step, the sample was cleaved in half to measure
the remaining GaAs cap thickness and extract the etch rate. Cross-sectional
SEM confirmed complete removal of the GaAs cap layer after 20 minutes
of etching as shown in Figure 4.7 (b). The resulting etch rate was on the
same order of magnitude as values reported in literature using a comparable
citric acid to DI water chemistry [231]. AFM was used to evaluate surface
roughness. The AFM image in Figure 4.8 shows a smooth AlGaAs surface
with an RMS roughness of approximately 0.5 nm, with no observable etch

residues present.
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FIGURE 4.8: AFM images of the AlGaAs/GaAs sample follow-
ing the slow etch and subsequent NH4OH /DI water cleaning.

From the etch tests conducted under comparable conditions, samples re-
moved directly from the DI water rinse and dried with N, —without the
additional NH4OH step—exhibited etch residues on the surface during vi-
sual inspection and showed a white, cloudy appearance on the etched sur-
face. The residue could not be removed using standard cleaning with acetone
or IPA, indicating that the immediate NH,OH /DI water soak after a brief DI
rinse is a critical step for achieving a smooth surface. For all etch tests, the
etchant solution was freshly prepared since H,O, can decompose over time
(typically after 1-2 hours of storage), which may alter the etch rate and affect
reproducibility of the etch results. NH,;OH /DI water solution was prepared
in advance, stored in a glass bottle, and used when required. When the etch
duration was increased to approximately 30 minutes, SEM imaging revealed
no clear evidence of etching in the underlying AlGaAs layer, regardless of
whether the NH4OH/DI water rinse was applied after etching. This indi-
cates that the process is selective for GaAs over Aly;Gag3As.

4.6 GaAs fast etch recipe

Using the same wafer as in the slow etch experiments, the GaAs substrate

side was placed upward in the etchant. The etching solution consisted of
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NH4OH/H;0,/H,0 in a volume ratio of 5:5:133. After preparation, the so-
lution was stirred with a glass rod for 3 minutes. A 0.5 x 0.5 cm sample with
a measured thickness of 0.67 mm (verified using a vernier caliper) was used
in etch test. Following standard cleaning, the sample was immersed in the
etchant for 80 minutes. The etch was quenched by transferring the sample
into DI water, followed by a DI water rinse and nitrogen blow-drying. All
experiments were conducted at room temperature. The post-etch thickness
was measured using a vernier caliper, yielding an etch rate of 0.33 ym/min.
AFM analysis of the etched GaAs surface showed a surface roughness of ap-
proximately 10 nm, as shown in the Figure 4.9 (a).

FIGURE 4.9: AFM images of the GaAs surface after the fast etch
at (a) room temperature and (b) 32 °C.

When the etching temperature was increased to 32 °C under otherwise sim-
ilar etch conditions, the etch rate increased to 1.2 ym/min, while the sur-
face roughness increased slightly to 12 nm, as shown in the Figure 4.9 (b).
Given the target of reducing the substrate thickness to 50 ym via grinding
or lapping, we concluded that the observed etch rate and surface roughness
is a good start for a rapid chemical thinning step prior to the slower citric-
acid-based GaAs etch process for realizing the AlGaAs-OlI platform. Fur-
ther work could explore the selectivity of this etch recipe toward commonly
used etch-stop layers in AlGaAs-Ol platforms, such as AlAs, InGaP, and Al-
InP. In the next section, we discuss the application of this fast etch recipe to
AlGaAs-SiO; bonded samples, where we explore its applicability to adhe-

sion bonded structures.
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4.7 Substrate removal in AlGaAs sample bonded
to 5102

GaAs 25-35 um
0.2 um
Al;g0,GaggeAs (etch stop)
Al gy, Gagao,As (guiding layer) 0.2 um
Epoxy 5 um
Si0, 3 um

Si substrate

FIGURE 4.10: Illustration of the layer structure and individual
layer thicknesses of the sample after substrate thinning.

This test was performed on two bonded samples received from the Center for
Integrated Nanotechnologies (CINT) and Sandia National Laboratories. The
layer structure of the samples is presented in the Figure 4.10. Epoxy was used
as the adhesive to bond MOCVD-grown AlGaAs on a GaAs wafer, with an
AlGaAs etch-stop layer, to thermally grown SiO, on a Si wafer. Each sample
measured approximately 0.5 x 0.5 cm. The GaAs substrate was mechani-
cally thinned by lapping and grinding. SEM images of the first sample cross-
section revealed a variation in the remaining GaAs thickness from the edge
to the center of the sample as shown in Figure 4.11. Around the edges, the
GaAs thickness was approximately 25 pm, as shown in Figure 4.11 (a), while
near the center it increased to approximately 35 ym, as shown in Figure 4.11
(b). This edge-dominant material removal during lapping may have resulted
from sample, non-uniform pressure transfer from the mounting fixture, or
uneven slurry distribution across the sample surface. The second sample ex-
hibited significantly better thickness uniformity with approximately 42 pm of
remaining GaAs near the edges and 43 yum near the center. Despite the sub-
strate thickness variation after lapping, we proceeded with fast wet etching

because it provided an opportunity to evaluate the chemical stability of the
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epoxy used for bonding in the two received samples using the wet etching

recipe previously optimized for unbonded samples.

@ (b)

25.48 ym
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FIGURE 4.11: SEM images of the lapped sample viewed from
the side, showing the thickness of the remaining substrate near
(a) the edges and (b) the central region of the substrate.

The fast etch recipe was carried out at 32 °C for 15 minutes targeting 18 ym
etch depth. Visual inspection after etching revealed epoxy leakage from the
bonded interface in both samples. SEM analysis further confirmed slow seep-
age of epoxy from the bonding interface and epoxy delamination after wet
etching, as shown in the Figures 4.12 (a) and (b) respectively. Representative
SEM images are shown below. These results confirm that the epoxy is not
chemically stable under the fast etching conditions, and bonding strength is
weakened during wet etching. The bonding stack is therefore not compatible
with the process flow that includes the wet etch step.
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FIGURE 4.12: SEM images of the bonding region after wet etch-
ing, showing (a) epoxy seepage from the bonding region with
approximately 12 um of substrate remaining in Sample 1, and
(b) epoxy delamination within the bonding region in Sample 2.

This highlights an important finding: bonding and etching cannot be treated
as independent steps in the development of III-V-OI platforms. In adhesive
bonding approaches, the adhesive becomes an integral part of the layer stack
that is exposed to the etching environment. As a result, even if the bond
demonstrates sufficient mechanical strength, it may still fail under chemical

exposure.

This raises the question of the correct design strategy: should the adhesive
be chosen to be compatible with the etching solution, or should the etching
chemistry be adapted to the adhesive? The answer is both. However, in prac-
tice, the etch process is often constrained by material removal requirements
such as selectivity and etch rate, which limits the extent to which the etching
solution can be modified. Therefore, the primary constraint must generally
be placed on the selection of the adhesive.

In summary, the experimental exploration of bonding methodologies for the
InGaAsP platforms highlighted distinct physical and chemical trade-offs in-
herent to each technique. Standard direct SiO;-to-SiO; bonding provided
strong benchmark results on ideal surfaces, but attempting direct bonding
with PECVD-deposited SiO, failed due to stringent surface roughness con-
straints. Similarly, Al,O3 bonding was hampered by persistent residues from
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cleaving, while adhesive Medusa bonding faced processing delays and edge-
bead accumulation that degraded interface uniformity. Furthermore, chem-
ical substrate thinning experiments for AlGaAs-OlI platform revealed severe
epoxy degradation and seepage, proving that standard adhesive interfaces
are incompatible with the aggressive chemical environments required for se-
lective GaAs substrate removal. These failure modes establish clear process
window for processing III-V-OI chips and provide a strong rationale for fu-
ture development. In particular, extending HSQ-based adhesive bonding to
the InGaAsP or AlGaAs-OlI platforms—moving beyond its traditional appli-
cation in SiC and GaN systems—offers a promising approach to overcome
surface roughness limitations and establish a reliable path toward III-V-OI

integration.
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Chapter 5

Tuning Proximity Effect Correction

for Fabrication of Metasurfaces

This chapter presents a study investigating proximity error correction (PEC)
in the fabrication of plasmonic metasurfaces using electron-beam lithogra-
phy (EBL). During EBL exposure, incoming high-energy electrons undergo
scattering, resulting in short-range forward scattering within the resist and
long-range backscattering from the underlying substrate. In dense nanoscale
arrays such as plasmonic metasurfaces, forward scattering causes local beam
broadening and corner rounding of antenna, while backscattered electrons
deposit an accumulated background dose in inter-antenna gaps. To coun-
teract these localized energy deposition profiles without the computational
overhead or high-contrast dose-control demands of pixel-level dose modu-
lation, PEC is achieved in the work presented in this chapter through shape
modification of the antenna exposure pattern. Specifically, the local exposure
footprint is tuned by adjusting the size of corrective square features added
at critical points of the nano-antenna layout. The efficiency of this shape-
modification approach is confirmed by the negligible shift in resonance be-
tween the calculated and measured optical transmission spectra of the meta-

surface.

This chapter is largely based on our previously published work, "Tuning
proximity effect correction for plasmonic metasurfaces" [232]. I carried out
the device fabrication and imaging, specifically executing the spin coating,
EBL, metal evaporation, and SEM. The layout generation was a collaborative
effort developed by Dr. Lais Fujii dos Santos, Ozan William Oner, and myself.
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The numerical simulations and experimental measurements were conducted

by Sina Aghili and Mohammadreza Mohammadpour.

5.1 PEC used for metasurface fabrication

The proximity effect correction method used in this work falls under the
shape modification category, which is particularly important when pattern-
ing shapes with dimensions close to the critical dimension achievable by the
EBL system. Shape modification techniques can be implemented through
computational algorithms, such as Monte Carlo simulations, as seen in soft
ware tools such as BEAMER and PYRAMID [126], [233], [128]. However,
our approach adopts a non-computationally intensive shape modification
method, making it suitable for any e-beam system, particularly where access
to high-performance computing is limited. We follow the same approach
of adding or removing squares along the edges, depending on the concav-
ity, as shown in earlier work [234], but extend it further by varying the size
of the squares. The decision of the optimum square size is embedded in the
dose test routinely performed prior to patterning the final metasurface, and it
changes depending on both the geometry and size of the antenna compared
to the spot size of the electron beam. This geometry correction method is
well suited for simple shapes with few 90° corners that can be manually cor-
rected by the designer, and it is also shown to succeed for edges rotated with
respect to the rectangular grid of the writing system. The goal of this work
is to improve the fidelity between the designed and fabricated metasurface
antennas by tuning this practical and adaptable proximity effect correction

method, as demonstrated in this study.

5.2 Metasurface design and fabrication

The metasurface unit cell under study comprises four distinct orientations
of the same antenna. Figure 5.1 (a) illustrates the unit cell, while Figure 5.1
(b) illustrates the dimensions of a single antenna. Each unit cell is repeated
280 times in both the vertical and horizontal directions, with a 1 ym pitch.
We fabricated the metasurface using a 30 kV EBL system. The fabrication
pro cess was carried out on borosilicate glass coated with a 125 nm thick
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FIGURE 5.1: (a) Metasurface unit cell (not to scale). (b) Dimen-
sions of a single antenna.

layer of PMMA resist. After the e-beam writing process, the sample was de-
veloped in tetramethylammonium hydroxide (TMAH). Subsequently, 3 nm
of chromium and 30 nm of gold were deposited onto the sample using an
evaporator, with chromium serving to enhance the adhesion of gold to the
borosilicate glass. The lift-off process was then carried out in acetone for 5
h. A 20 nm layer of SiO; is evaporated on top of the gold metasurface. Fi-
nally, an additional 7 nm layer of gold was coated on samples destined for
imaging to improve charge dissipation during scanning electron microscopy
(SEM). Our EBL system performs a raster scan, so the total patterning time
for the metasurface is fairly large (about 6 h). With this limitation in mind,
a dose test is performed on a much smaller area before writing the complete
metasurface. Keeping the base dose fixed, each shape is repeated 20 times
with 10 variations of the dose factor, maintaining the pitch of the main pat-
tern. Although the background dose accumulated in the smaller patterned
area differs from that of the complete surface, each shape-dose pair is copied
twice to detect inter shape proximity effects and account for unevenness in
the substrate [235].

For proximity effect correction via shape modification in metasurface fab-
rication, the first step is to identify the critical regions of the nanoantenna
that are subject to underexposure or overexposure. Figure 5.2 (a) shows SEM
images of fabricated nanoantennae of different orientations without proxim-
ity effect correction. The four shapes shown in the picture were fabricated
with the same dose and are the closest in size to the design. The contour of
these shapes is approximately reproduced in Figure 5.2 (b), along with the
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FIGURE 5.2: (a) SEM images of the fabricated nanoantennae

without proximity-effect correction: (i) L-shaped, (ii) inverted

L, (iii) V-shaped, (iv) inverted V-shaped antennae. (b) Com-

parison of the fabricated shapes with the intended design. The

approximate contour of the shapes in (a) is shown in red, and
the solid shapes represent the design.

intended design. Straight edges tend to accumulate more electrons toward
the center of the line, while the convex corners are underexposed, resulting
in larger and rounder shapes [236]. The triangular shape observed in three of
the four shapes results from overexposure of the convex corner. As expected,
the fabricated V and inverted V shapes are more distorted than the L and in-
verted L shapes due to the fracturing of 45° tilted lines in a rectangular grid.
Since the distortions can be explained by intra shape proximity effects, the
pitch was sufficiently large to avoid distortions caused by the patterning of
neighboring shapes [235]. Our observations are consistent with previously
reported results in the literature [234]. The six critical points identified in
Figure 5.3 (a) are selected to perform proximity-effect correction, regardless

of the antenna’s orientation.

To correct for the proximity effects, we implemented shape modification,
based on techniques reported before, by adding or removing square elements
at these critical locations [234]. This approach is particularly well suited for
corners aligned with the rectangular grid of the EBL system. We applied
rotated square correction to the edges of the V and inverted V shapes to pre-
serve the area in which the correction is applied, despite the additional pro-
cessing overhead for fracturing them into smaller rectangles or squares [237].
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(a) (b)

FIGURE 5.3: (a) Critical points of the antennae highlighted

by black squares at the edges. Solid lines: enforce exposure.

Dashed lines: reduce exposure. (b) A metasurface unit cell with
the proximity-effect correction applied.

Figure 5.3 (b) presents an example of the e-beam lithography write pattern
programmed for a metasurface unit cell with proximity effect correction ap-

plied.

5.3 Proximity effect correction tuning

To investigate the impact of proximity effect correction tuning on achieving
antenna dimensions that closely match the design, we varied the size of the
proximity-correction squares across a range of exposure doses for each of the
shapes. Figure 5.4 shows the SEM image of the antennae for a fixed dose.
The side of the squares for proximity effect correction was varied from 5 to
35 nm across the antennae from left to right. It is important to note that the
area dose was kept constant for different proximity-effect correction values
corresponding to each antenna. The necessity for proximity effect correction
tuning is clearly demonstrated by the SEM images. As anticipated, increas-
ing the proximity-effect correction square size helps preserve the sharp edges
of the antennae as per the design. However,exceeding the optimal proximity-
effect correction values results in overexposure, causing the edges to become

rounded again.

We determined the optimal proximity-effect correction square value from
the SEM images by measuring the antenna dimensions and comparing them

with the design specifications. The chosen value for the side of the proximity
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FIGURE 5.4: SEM images of the fabricated nanoantennae: (a)

L-shaped, (b) inverted L, (c) V-shaped, (d) inverted V-shaped

antennae. The antenna with optimum PEC is highlighted by a
blue circle.

effect correction squares was 35 nm for L-shaped antennae, while V, inverted
L, and inverted-V-shaped antennae required a 30 nm square size. The dif-
ference in the proximity error correction region required for the L-shaped
antenna compared to other geometries indicates that the proximity-effect
correction is, indeed, orientation-dependent. This arises primarily from the
asymmetry between the feature layout and the cartesian writing grid of the
electron beam [238].

Figure 5.5 shows the normalized transmission spectrum of the proximity cor-
rected metasurface as a function of wavelength under linearly polarized illu-
mination, obtained from both numerical analysis and experimental measure-
ments carried out by Sina Aghili and Mohammadreza Mohammadpour. The
modeling was carried out in COMSOL Multiphysics (version 6.2) [239]. The
metasurface unit cell was excited with a y-polarized plane wave propagating
along the z-direction; coordinates are defined in Figure 5.1. Periodic bound-
ary conditions were applied along the x and y axes, while perfectly matched
layers (PMLs) were introduced along the z-axis to suppress unwanted re-
flections. The reported spectra were calculated using plane-wave excitation.
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Simulation conducted under Gaussian-beam excitation yielded similar re-
sults, with no observable differences in spectra across the tested beam pa-

rameters.

For the experimental measurements, a broadband super continuum laser was
used as the source. The y-polarized incident light was focused onto the sam-
ple, and the transmitted light was collected through a fiber coupler. The
transmitted light spectrum was analyzed using an OSA. Details of the ex-
perimental setup is presented in Appendix 7. The fidelity of the fabricated
metasurface is confirmed by the measured resonance at 932 nm, which ex-
hibits only a 1.5% shift compared to the resonance predicted by the numerical
modeling. The amplitude differences observed in the normalized transmis-
sion originate from the idealized simulation conditions, where a plane wave
excites an infinite periodic array, in contrast to the experimental case that
employs a Gaussian beam. While the Gaussian profile serves as a good ap-
proximation to a plane wave—its peak spanning multiple unit cells—it is not
perfectly equivalent. Furthermore, factors such as fiber losses and coupling
imperfections also contribute to the measured discrepancies [234], [240].
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FIGURE 5.5: (a) Transmission response of the corrected fabri-

cated (orange) and designed (blue) metasurface for incident lin-

early polarized light. (b) Simulated transmission for the uncor-
rected shapes.

As a measure of the necessity and success of the proximity effect correction
for the studied metasurface, Figure 5.5 (b) shows the simulated transmission
of the as-fabricated, uncorrected shapes outlined in Figure 5.2 (b). Notice
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that, aside from the small dip at 750 nm, no resonances can be found in the

same wavelength range as the original simulation presented in Figure 5.5 (a).

In conclusion, this chapter has presented a systematic investigation into the
optimization of PEC through shape modification during the EBL nanofabri-
cation of metasurfaces. Unlike the conventional approach that relies solely on
dose adjustment, the work presented here demonstrates that tuning the size
of the PEC elements is equally critical, alongside dose correction, in ensuring
that the fabricated metasurface accurately reproduces the intended design
geometry. Both the dose and the dimensions of the PEC elements were sys-
tematically tuned, and the corrected write patterns were validated through
numerical simulations and experimental transmission measurements, with
the close agreement between the two confirming the effectiveness of the cor-
rection strategy developed in this work. The findings further highlight that
this tuning approach is particularly indispensable for lower kV EBL sys-
tems, where proximity effects are inherently more pronounced due to in-
creased forward scattering. Importantly, the methodology presented here
is not limited to the specific metasurface geometry investigated, but can be
broadly extended to a wide range of metasurface designs, making it a practi-
cal and transferable framework for achieving accurate nanofabrication across

diverse metasurface geometries and applications.
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Chapter 6

Conclusion and Future Work

The development of III-V semiconductor-on-insulator (III-V-OI) platforms
has opened new opportunities for nonlinear integrated photonics by combin-
ing the nonlinear optical properties of III-V semiconductors with the strong
optical confinement achievable in high-refractive-index-contrast waveguides.
Among these materials, InGaAsP is of particular interest for nonlinear opti-
cal devices operating at telecommunication wavelengths, including micror-
ing resonators for optical frequency-comb generation. However, the poten-
tial advantages of this material must be considered alongside the limitations
imposed by two-photon absorption (TPA) and the associated free-carrier ef-
fects. In addition, the practical implementation of III-V-OI photonic plat-
forms remains technologically challenging, requiring the development and
optimization of reliable wafer bonding, substrate removal, and nanofabrica-
tion processes. These physical and technological challenges have motivated
the research presented in this thesis.

The initial focus of this research was the theoretical investigation of optical
frequency-comb generation in InGaAsP-on-insulator (InGaAsP-OI) micror-
ing resonators, with particular attention to the influence of TPA and free-
carrier effects. At the time of this investigation, the free-carrier parameters
required for the analysis, including carrier lifetime and free-carrier-induced
refractive-index changes, were not sufficiently characterized for the InGaAsP
composition under consideration. Consequently, the initial modeling relied
on previously reported parameters for InP [162], a related III-V semiconduc-
tor material. This approach provided a reasonable starting point for evaluat-

ing the nonlinear performance of the proposed platform, but also introduced
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uncertainty associated with the differences between the two material sys-
tems. The results of this original theoretical investigation were subsequently
published in the Journal of the Optical Society of America B [62].

To address this uncertainty, the research was extended to the experimen-
tal investigation of free-carrier dynamics in InGaAsP/InP heterostructure
waveguides. Although these structures differ from the proposed InGaAsP-
OI devices, they provide a closer material representation than InP alone.
The experimentally determined carrier lifetimes were subsequently incor-
porated into the theoretical analysis, leading to a more accurate assessment
of frequency-comb generation in InGaAsP-OI microring resonators. The re-
vised modeling indicated that frequency-comb generation may be achievable
under the investigated conditions with active carrier extraction. Additional
simulations of carrier extraction using reverse-biased p—n junctions demon-
strated a possible route toward reducing free-carrier accumulation and im-
proving nonlinear device performance. Thus, an important outcome of this
research is the refinement of the initial theoretical predictions through the
incorporation of experimentally obtained material parameters, providing a

more realistic assessment of the nonlinear potential of InGaAsP-OL

In parallel with these investigations, this thesis contributed to the ongoing
development of InGaAsP-OI and AlGaAs-Ol fabrication technologies. Since
these platforms share several processing requirements, the experimental work
addressed common challenges associated with wafer bonding, substrate re-
moval, and interface integrity. Although a complete III-V-OI device fabri-
cation process was not established, the experiments yielded useful interme-
diate results and identified processing limitations that can guide further de-
velopment. A separate component of the thesis investigated proximity-effect
correction in electron-beam lithography for the fabrication of plasmonic meta-
surfaces. This study addressed a broader nanofabrication challenge and re-
sulted in an experimentally validated approach to improving the accuracy of
nanoscale patterning. Taken together, the thesis contributions advance the
understanding of nonlinear free-carrier effects in InGaAsP devices, provide
practical insight into III-V-OI fabrication challenges, and demonstrate an ad-

ditional nanofabrication methodology relevant to photonic structures.



Chapter 6. Conclusion and Future Work 118

The experimental free-carrier characterization yielded effective recombina-
tion lifetimes of 0.24 ns and 0.46 ns for the fundamental TM and TE modes,
respectively, in InGaAsP/InP strip-loaded waveguides at 1550 nm. These
measurements provide previously unavailable information about carrier re-
combination dynamics in an InGaAsP heterostructure closely related to the

material system considered in the theoretical investigation.

Further simulations of carrier extraction under reverse bias indicate that re-
ducing the effective carrier lifetime can provide benefits by mitigating free-
carrier accumulation. Therefore, this work identifies it as a potential means
of further improving device performance and expanding the range of condi-

tions under which frequency-comb generation may be achieved.

While the experimental measurements provided more representative free-
carrier lifetimes for the theoretical analysis, the predicted nonlinear perfor-
mance of InGaAsP-OI microring resonators remains to be experimentally
validated. Neither passive InGaAsP-OI microring resonators nor devices in-
corporating reverse-biased p—n junctions were fabricated and tested in this
work. The additional numerical simulations of carrier extraction predicted
an extraction time below 0.2 ps at an applied reverse bias of 5.0 V for the
modeled junction configuration, but this result also remains to be verified
experimentally. In the fabrication studies, several bonding configurations
were successfully evaluated to varying degrees, but localized epoxy peeling
during wet-etch substrate removal prevented the completion of the III-V-OI

layer-transfer process.

Table 6.1 provides a comparative overview of the wafer-bonding approaches
investigated in this work, summarizing the experimental outcomes and the
principal processing limitations identified. The table also includes the pro-
posed HSQ-based bonding approach as a possible direction for further in-

vestigation.
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Bonding Material Stack ~ Key Process / Experimental ~ Primary Failure
Method Parameters Result Mode /
Bottleneck
Direct Oxide SiO, to SiO, Thermal oxide, Successful None (Strong
(Thermal) direct contact bond energy on
ideal surfaces)
Direct Oxide SiO; to SiO; PECVD oxide, Failed Post-deposition
(PECVD) direct contact surface
roughness
Alumina AlO3 to AlO3  ALD deposition Failed Cleaving
residues
Adhesive InGaAsP (on Spin-coated Failed Spin-to-bond
InP) to SiO, /Si Medusa delay
Adhesive InGaAsP / Spin-coated Proposed Resist aging
(Proposed) AlGaAs to SiO, HSQ resist constraints
TABLE 6.1: Summary of evaluated and proposed wafer-

bonding approaches for III-V-OI platforms, including experi-
mental outcomes and identified or anticipated processing limi-
tations.

The fabrication investigations revealed several practical challenges associ-
ated with transferring III-V semiconductor layers onto insulating substrates.
While successful direct bonding was demonstrated between thermally grown
oxide surfaces, other bonding configurations were limited by surface rough-
ness, contamination, or process-dependent constraints. In addition, the diffi-
culties encountered during substrate removal demonstrated that obtaining a
bonded interface does not necessarily ensure its integrity throughout the sub-
sequent fabrication sequence. These observations emphasize the importance
of considering surface preparation, bonding conditions, material compatibil-
ity, and substrate removal as interconnected stages of the fabrication process.
Although the experiments did not culminate in a complete III-V-OI platform,
they identified specific processing limitations and provided practical guid-
ance for improving the reproducibility and reliability of future fabrication

attempts.
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An additional contribution of this thesis concerns the optimization of proximity-
effect correction for the fabrication of plasmonic metasurfaces using electron-
beam lithography. Building upon an established shape-modification approach,
this study investigated how the dimensions of corrective features introduced
at critical locations of nanoantenna patterns influence the accuracy of the fab-
ricated structures. The method was experimentally validated by comparing
the fabricated geometries and optical transmission response with the original
design, demonstrating improved pattern fidelity without the need for com-
putationally intensive proximity-effect simulations. Although this investi-
gation was conducted independently of the III-V-OI platform development,
it addresses a broader challenge in photonic nanofabrication: achieving re-
liable reproduction of nanoscale geometries using accessible electron-beam
lithography systems.

Bridging these present findings with practical nonlinear photonic technolo-
gies requires a clear, step-by-step development roadmap. In the immedi-
ate term, nanofabrication efforts must focus on resolving interfacial bond-
ing yield across III-V platforms. HSQ-based intermediate bonding, adapted
from approaches developed for GaN and SiC processing, represents a possi-
ble alternative to the investigated adhesive bonding methods and warrants
further experimental evaluation. Similarly, additional investigations of ALD
Al,O3 direct bonding should focus on improving surface preparation and
minimizing contamination and residues introduced during sample cleaving

and subsequent processing.

Building upon the revised theoretical predictions obtained using experimen-
tally measured carrier lifetimes, an important next step is the fabrication and
experimental characterization of p-n junction integrated InGaAsP-OI micror-
ing resonators designed for frequency-comb generation. Such experiments
would allow direct validation of the predicted nonlinear device behavior and
provide further insight into the influence of TPA, free-carrier absorption, and
carrier-induced refractive-index changes on resonator performance. More-
over, The benefits of carrier extraction must be evaluated alongside possible
increases in linear optical losses resulting from doping and junction integra-

tion.

In the longer term, successful development of low-loss InGaAsP-OI photonic
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devices could enable a range of nonlinear optical applications, including
compact frequency-comb sources for wavelength-division multiplexing and
integrated optical signal processing. The results of this thesis suggest that
the nonlinear potential of this platform may be more favorable than initially
predicted, although realizing these applications will require further progress
in material characterization, fabrication, dispersion engineering, and exper-
imental device validation. The continued development of related III-V-OI
platforms, including AlGaAs-OlI, may also provide opportunities for explor-

ing other nonlinear processes and wavelength ranges.

Overall, this thesis has advanced the understanding of free-carrier effects in
InGaAsP nonlinear photonic devices by connecting theoretical predictions
with experimentally measured carrier dynamics. An important finding is
that replacing estimated material parameters with more representative ex-
perimental values can substantially change the predicted feasibility of non-
linear device operation. In parallel, the fabrication studies have identified
practical challenges and processing considerations relevant to the develop-
ment of III-V-OI photonic platforms. While several technological and ex-
perimental milestones remain to be achieved, the results presented here pro-
vide a foundation for continued research toward practical nonlinear III-V-

on-insulator photonic devices.
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Chapter 7

Metasurface Optical Transmission

Measurement Setup

e —O-C-I -5

FIGURE 7.1: Schematic of the linear experimental setup.

The schematic of the linear setup used to measure the transmission spectrum
of the metasurface is shown in Figure 7.1. A broadband supercontinuum
laser source was used to measure the transmission resonances of the sam-
ple. The diverging light from the source was first collimated using lens L1,
and then directed along the main optical axis using two mirrors. A polar-
izer was placed after the mirrors to fix the polarization state of the incident
light. Two apertures (Al and A2) were used to ensure that the beam propa-
gated precisely along a straight path. The collimated beam was then focused
onto the sample using lens L2 with a focal length of 5 cm, ensuring that the
light covered the entire sample area and provided a high signal-to-noise ra-
tio. The transmitted light was subsequently collected and collimated by a
microscope objective with a focal length of 1.7 cm. Finally, the collimated
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transmitted light was coupled into a fiber coupler and directed to an OSA to
record the transmission spectrum. We used a single-mode fiber with a nu-
merical aperture of 0.39 to direct the light to OSA. For coupling light into the
tiber, the numerical aperture of the incident beam should not exceed that of
the fiber

NApeam < NAfiper- (7.1)

The beam’s numerical aperture is defined as
NApeam = nsin6, (7.2)

where 0 is the half-angle of the beam’s convergence cone relative to the fiber
axis, and n is the refractive index of the surrounding medium. For coupling

in air, n ~ 1, yielding
f < sin"1(0.39) ~ 22.95°. (7.3)

Thus, the convergence half-angle at the fiber entrance should not exceed ap-
proximately 23°. Efficient coupling also requires matching the focused beam

to the fiber’s mode-field size and ensuring proper alignment.

Additional angular limitations can arise from the incidence angle on the meta-
surface and the optical components along the propagation path. We therefore
aligned the beam approximately normal to the sample and to the relevant
surfaces of the polarizer and lenses while centering it through the apertures.
This alignment was intended to minimize angle-dependent changes in trans-
mission. The beam’s angular spread at the sample and the acceptance angle

of the collection optics also affect the transmitted light reaching the detector.
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Chapter 8

Lugiato-Lefever Equation and

Split-Step Fourier Transform

8.1 Maxwell’s equation and Nonlinear Wave Equa-
tion

Understanding propagation of light in a microring resonator begins with
Maxwell’s equations in a non-magnetic dielectric medium given by

0B
V X E= T (8.1)
oD
t
V.-D=0, (8.3)
V-B=0, (8.4)

where Ji. is the current density generated by photo-induced free electron-
hole pairs [9]. The electric displacement field relates to the electric field via
the constitutive relation where total polarization consists of linear and non-

linear contributions given by
D =¢cE+P, (8.5)

P =Py + Pni. (8.6)
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Taking the curl of Equation (8.1) and applying vector identities under trans-
verse wave propagation yields [9]

9°D 9]
"E) — V2E = —gypo = g 2
V(V-E)-VE Hoom — Moo (8.7)
5 0%E 1 9°PnL 9 ¢
V<E — ppeper (8.8)

o2 e o2 Mo
For a centrosymmetric semiconductor medium, second-order nonlinear opti-
cal susceptibility vanishes. Considering third-order optical nonlinearity, the
nonlinear polarization is governed by the complex susceptibility tensor (%)
as [9]

Pni = eox P E?, (8.9)

where x(®) can be written as
x® =Re{x®} +iIm{x®}. (8.10)

To evaluate the nonlinear polarization, we select a real, linearly polarized

CW optical field oscillating at a single angular frequency (w) represented as
E(t) = Eg cos(wt). (8.11)

Substituting this field into Equation (8.9) gives
E3(t) = E3 cos®(wt). (8.12)

Using the trigonometric power-reduction identity cos®(8) = 3 cos(6) + § cos(36),
the cubic field expansion becomes

E3(t) = EZS [3 cos(wt) + cos(3wt)], (8.13)

3
PNL(t) = eox(3)% [3 cos(wt) + cos(3wt)] . (8.14)
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Neglecting the non-phase-matched third-harmonic component and retaining

only the fundamental frequency component yields

w 3
B\ () = Jeox VEGE(t). (8.15)

The optical intensity is defined by the time-averaged Poynting vector mag-

nitude as 1
I= EeocnoEg, (8.16)
therefore o1
E? = . 17
0= eocn (8.17)

Substituting Equation (8.17) into Equation (8.15) expresses nonlinear polar-

ization in terms of intensity as

(@) 3X(3)I
P = E.
NL = 2eng

(8.18)

Taking the second time derivative of Equation (8.18) and substituting it into

the Equation (8.8) gives

2pWw) (3)7,.,2
1 o0 Sxlery (8.19)
€oc?  ot? 2€0c3ng

Combining linear and nonlinear polarization terms on the left-hand side of

Equation (8.8) yields

3)7,,2
3)( Iw E — _‘uoa]fc.
2€0c31g ot

V2E + upege,w?E + (8.20)

Using poep = 1/c? and €, = n}(w), we group the terms under a single

intensity-dependent effective permittivity

V2E + w -
c2 2epcno(w) |~ 0ot

3)
nd(w) + L] E=—u Wt (8.21)

Defining the complex intensity-dependent refractive index n(w, I) as

X(?’)I

crem(@)’ (8.22)

(o, ) = () + 5
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Equation (8.21) becomes

2 2
2p 1 (w/I)a_E _ ach
V'E 2 o Mo

(8.23)

8.1.1 Free Carrier Dynamics and Spatial Mode Separation

The motion of photo-generated free carriers induces a macroscopic current
density J¢. = eu:N(E, consisting of electron-hole pairs (N. = AN, = ANy), e
is the elementary charge, and . is the carrier mobility.

According to Drude theory, the presence of these free carriers alters both the
FCA and the FCD of the semiconductor medium [9]

2
_ Do e“N, 1 1 .o
Afig. = A —_— = | — 4+ — —N¢. 8.24
Mfe Nfe + 12k0 27/1060(,(]’27 (m; + m;;) +12k0 c ( )

Here, N, is the volumetric free-carrier density (m~3), ¢ is the free-carrier ab-
sorption cross-section (m?), which quantifies the optical attenuation per unit
length per unit free carrier (often denoted as oy, in literature such as Lau
et al., where ag. = 0N,), and Anyg is the free-carrier dispersion perturbation
(Ang = —kNp = — ‘;T"‘ N).

The dimensionless plasma dispersion parameter y can be defined as the ratio
of FCD (phase shift) to FCA (loss) as [9]

ZkoATch ZkoAnfc Zkokc
= = = 8.25
H Mo 0N, o ( )

dn

where k., = ‘d_NC is the FCD coefficient (m?) used in literature [9]. This al-

lows the total free-carrier contribution to be written compactly as a complex

propagation shift
o .
ABi. = —5(1 +ip)Ne. (8.26)

Note that factoring out —Z N, reveals the two individual physical mecha-
nisms
—%(1 +in)N, = —%NC — ikok.N, = —% — ikoAng
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. To solve the wave equation in waveguide coordinates, we transform to the

frequency domain using a separable modal ansatz
E(x,y,z,w) = F(x,y)A(z,w — wp)elPoz=wrt), (8.27)

Decomposing the Laplacian operator into transverse and longitudinal com-
ponents yields

VZE = [sz F+F (21,60 — B3A a A)] ¢l (Poz=wpl), (8.28)

Applying the Slowly Varying Envelope Approximation (SVEA) isolates spa-
tial envelope evolution

i— 4+ (B—Bo)A =0 (8.29)

Expanding the propagation constant around the carrier frequency including
dispersion, Kerr nonlinearity, TPA, and FC effect we write [9]

= Bo + Z (w — wp) K+ ABNL + AP (8.30)
A = (7 +iPTA Y (a2 =% (8.31)
2 Ao 2

B 3wyRe{x®} Wy -~
T 2,2 = (8.32)
2e0c ngAegs CAeff

3wpIm{)((3)}

Brra = 2enc?ri? (8.33)
_ (JS |F? dxdy)®
Aeff - ff |F|4 dXdy (834)

Substituting the expanded propagation constant into Equation (8.29) yields

dA ﬁk ﬁTPA 2 o . X i
1¥+<Z k'(w wp)F +(7+12Ae )]A\ —E(l—Hy)NC—zE A=0
(8.35)
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Applying the inverse Fourier transform mapping (w — w,) — i< yields
the temporal differential equation in laboratory coordinates

QA 0A Br Brra 2
o ()£ (3) 4+ b o
_g(l +iu)NA — iEA —0 (8.36)

Rearranging terms to isolate the spatial derivative we get

EJF&E___AJF E <Z—> A+Z’)”A| A
,BTPA 2 .
2Aeff|A\ A— 2(1 +iu)NA (8.37)

To eliminate linear group delay, we transform coordinates to a co-moving
frame at group velocity vy = 1/ using fast time T. Fast time coordinate T

in a single round trip is defined as

T=t— " =t Bz (8.38)
Ug
0 0
3% = 37 (8.39)
and 3 3 3

Substituting Equations (8.39) and (8.40) into Equation (8.37) cancels the linear
delay term, yielding the internal 1D propagation equation [9]

oA — YA Z (z—) A+iy|AlPA
0z internal 2 k>2
BTPA | 4 2 .
2Aeff|A‘ A — 2(1+zy)NCA (8.41)

Equation (8.41) constitutes the generalized nonlinear Schrodinger equation
accounting for linear propagation loss («x), group-velocity dispersion (By),
Kerr nonlinearity (y), TPA (Btpa), and FC effect mediated by the free-carrier
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density N.. This equation serves as the foundational intracavity propaga-
tion model used subsequently to construct the boundary conditions for the
Lugiato-Lefever equation.

8.2 Cavity Dynamics & Formulation of the Extended
LLE

To describe intra-cavity dynamics in a micro-ring resonator of length L = 277
evanescently coupled to a bus waveguide, we model round-trip circulation
using mean-field cavity theory [241], [242], [243].

The boundary condition relating circulating field envelopes across consecu-

tive round trips m is [241]

A = VoA v 8 A" Ve, (8.42)
Ln
¢ =0 = (wp— wres)%. (8.43)

Under the mean-field approximation, the field envelope evolves gradually

over a single round trip, expanded as [242]

_ _ JdA
Aém 1)%Aém 1)+L—2

- (8.44)

internal

Substituting Equation (8.44) into the boundary condition gives:

) . (8.45)
internal

Assuming low losses in the cavity, expanding the coupling transmission and

A = VoA"Y 4 T <A§m‘1) 4L %

phase factors to first order yields
i 6 : o .
V1—0é9 ~ 1—§ (1—1—14))%1—54—14), (8.46)

24,

- (8.47)

A = oAl 4 (1 oy icp) A 4r

N

internal
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Dividing the round-trip change by round-trip travel time tg = L/v, defines
the slow-time derivative [241], [242]

(8.48)

0A o . dA
tRE = \/aAin—i— (—E +Z§0) A+L g

internal

Here, t denotes the physical slow time tracking the slow envelope dynamics
across multiple cavity round trips. Substituting the internal spatial derivative
from Equation (8.41) into Equation (8.48) yields

J0A 0+al . B (. \F
tRE = \/éAm ( 2 150) A+ L 1k>22F (Zﬁ) A
a2a BA 0, O _
+iy|AFA — S—=|A[FA — S (1 +ip)NA|. (8.49)
2 Aeff 2
. , o
Defining total cavity loss as a’ = £
aA _ / . . 5}( . a k . 2
tegp = V0An— (W —i@)A+L|i L (a—T) A+ ivlA]2A
_BteA 424 O .
oA, | APA—FA+iNA|.  (850)

Restricting dispersion operators to second-order derivative

- 9\? &

Substituting Equations (8.51) into Equation (8.50) yields

0A(t, T . BrLI*A .
tr (at ) _ VO A, — (zx’—z(SO)A—z%WJrz'yLMFA
_Prealy 2y 9L
A APA = (1 + ip)NeA. (8.52)
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Simplifying complex factors produces the explicit dimensional Lugiato—-Lefever
Equation with TPA, FCA, and FCD gives

0A oL 92
e = V0AL+A| —da' +idy —152 oqz ti iyL|AJ?
_,BTPAL 2 O'L
2 |A] > (14 ipu)N, (8.53)

The free-carrier density N, is calculated by solving the rate equation in the

fast time domain

N:(t,T)

= (8.54)

E)Nc(t, T) H,BTPA |A<t T)|4 _
oT Zhpreff ’

Here 1, is the FC lifetime [167].

Equation (8.54) must be solved together with the rapid time dependence T
of the LLE at each step in the slow time variable ¢. Since the pump is CW,
A(t, T) remains constant for all T, and the solution to Equation (8.54) is

7tBreal Al* e

N. =
¢ 2hwy A%

(8.55)

Therefore, Equation(8.53) can be expressed as

0A

t iLp,
RSt

2
— iLy|Al?
5 (8T> +iLy|Al

_ Prrea ,» 0oL : TTBTPA 4
1A 1 — 11A .
2 A AF - 2 - (1+in) 2hwy, A2 Al

= VO0AL+ A| —a+idy+ —=

(8.56)

This represents the LLE equation in diamentional form.

8.3 Normalization of the Lugiato-Lefever Equation

To obtain the normalized LLE used in the numerical simulation from Equa-
tion (8.56), the physical field is transformed into the dimensionless field ¢
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given by

p(r.8) = AL T2, 857)

where 1 is the normalized intracavity field used in the split-step Fourier sim-
ulation.
The slow time coordinate is normalized by the cavity loss rate
o
T=—t, (8.58)
tr

where one unit of normalized slow time corresponds to the evolution over

one photon lifetime of the resonator.

The fast-time coordinate is normalized according to the convention used in

the numerical implementation

E=T, /B‘;‘—L. (8.59)

Using these transformations, the dimensional parameters are converted into

normalized quantities. The normalized detuning is defined as

o
= — 8.60
A= (8.60)

and the normalized pump amplitude is

8YLEPin
F=,f 5 (8.61)

The normalized TPA coefficient used in the simulation is

Brra
= —— .62
STpA 27 A (8.62)
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The contribution of FC effect is incorporated into the normalized LLE through
the parameter FC(¢), which accounts for both FCA and FCD induced by
TPA. The normalized FC contribution is expressed as

¢
FCp) =C [ 1p(e)'ae" (8.63)

The strength of this FC contribution is determined by the normalized coeffi-

cient C, which is given by

_ ortBrpaTea(1 + ip)

(8.64)
4hAgff’)/2Leff(A)p
The resulting normalized LLE solved numerically is therefore
(T, _ . 092 )
% = |[Tlib g+ ][> — Stpal|* — FC(p) | ¢ + F,  (8.65)

where 77 represents the sign of the second-order dispersion.

8.4 Split-Step Fourier Method

The SSFM is used to numerically solve the Equation (8.65) by separating the
evolution into linear and nonlinear contributions. Each contribution is in-
dependently solved over a small normalized slow-time interval 7, and the
resulting operators are sequentially applied to obtain the intracavity field

evolution.

Therefore normalized LLE can be expressed as

81,05;’(, o) _ L+ N]y(t, &) +F, (8.66)

where the linear operator is

2
L——1—iA+ iﬂaa—gzr (8.67)
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and the nonlinear operator is

N = [(i = Stea)ll? — FC(y)] (8.68)

The linear evolution is first considered independently

o
5 = Ly. (8.69)

Applying the Fourier transform with respect to the fast-time coordinate gives

9% 2
D S G ) v
F { o } WP (8.70)
Therefore, the field evolution in the frequency domain is
P(T+ 0T, w) = P(T,w) exp [(—1 —iA+ iiyw2> (ST] . (8.71)

After inverse Fourier transformation, the linearly propagated field is

Yr(T+07,&) = F ! {exp [(—1 A+ i17w2> (5’(] f{¢(r,g)}} . (872)
The nonlinear evolution is then applied in the time domain

W — [~ swa)lyl — Few)] . 873)

For a sufficiently small slow-time step J7, the nonlinear contribution is inte-

grated analytically

YNL = YL exp [((z — Stpa)|Wr]? — FC(I[JL)> (ST} . (8.74)

The external driving field is incorporated separately following the numerical

implementation
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P(T+07,8) = YNr + FoT. (8.75)

Thus, the nonlinear propagation is treated using the exponential nonlinear
operator, while the pump contribution is introduced using a first-order ex-
plicit update.

Combining the linear propagation, nonlinear propagation, and pump injec-

tion steps gives the SSFM update implemented in the numerical solver is

¥(T+07,¢) :]-"_1{ exp [(—1 —iA+ iiywz) 5T]

x fw(r,a)}} (8.76)

X exp [((i — Srpa) |2 — FC(¢L)) (ﬂ + Fot.

Equation (8.76) represents the sequence implemented in the numerical code.
During each normalized slow-time step, the normalized field 1 first under-
goes linear propagation in the frequency domain, followed by Kerr nonlinear
phase accumulation, TPA, and FC effects in the time domain. Finally, the ex-
ternal pump field is added to account for continuous energy injection into
the resonator.

The SSFM is repeated over the normalized slow-time coordinate to simulate
the evolution of frequency comb formation in the InGaAsP-OlI ring resonator
presented in Chapter 3.
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Chapter 9

FC lifetime in p—n junction
integrated InGaAsP-OI

waveguides

This appendix details the numerical methodology and simulation workflow
used to evaluate carrier removal dynamics in a straight, p-n junction-integrated
InGaAsP-OlI ridge waveguide. Simulations were performed using Ansys
Lumerical CHARGE (Version: 2024 R1) to extract the effective carrier ex-

traction time (Text) as a function of reverse-bias voltage. The 2D transverse

B e . B
P n

Sio,

FIGURE 9.1: Schematic cross-section of the device used for
simulations, featuring a reverse-biased p-n junction integrated
with a InGaAsP-OI waveguide.

cross-section of the waveguide was implemented using Ansys Lumerical
CHARGE (Version 2024 R1) with a 6 um thick silicon substrate, a 3 ym thick
SiO; buried oxide layer, and a 490 nm x 220 nm InGaAsP waveguide core,
as illustrated in Figure 9.1. The material composition of the InGaAsP core is
Ing 86Gap.14As0 3P0.7, matching the structural dimensions and material com-
position used for the microring resonator in Chapter 3 of this thesis. Lateral
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p-n junction access was provided by 100 nm high InGaAsP side slabs extend-
ing outward from the core: a left inner P-doped slab (1000 nm wide, doped
at 1.0 x 10?* m~3) leading to an outer P -doped region (500 nm wide, doped
at 1.0 x 10> m~3), and a right inner N-doped slab (1000 nm wide, doped at
1.0 x 10%* m~3) leading to an outer N*-doped region (500 nm wide, doped
at 1.0 x 102> m~3). Ohmic electrical contacts were established using 500 nm
wide gold (Au) pads positioned on top of the outer P and N regions. To
avoid artificial density distortions from the heavily doped contact areas, data

extractions were performed strictly within the waveguide core.

®
1.50 -

= =

o N

SIS,
1 1

Text (PS)
©
\1
o

0.50 - ®

L J
0.25 - o o

® °
05 1.0 15 2.0 25 3.0 35 40 45 5.0
Reverse Bias (V)

FIGURE 9.2: Extracted effective carrier extraction time con-
stant (Text in picoseconds) across the 220 nm x 490 nm InGaAsP
waveguide core as a function of reverse bias voltage.

The net effective carrier lifetime (Te¢) governing steady-state free-carrier den-
sity in the core is modeled as a parallel combination of intrinsic material re-
combination and field-driven carrier extraction:

1 1 1

Teff T Text
where 7oy is the effective extraction time constant quantifying the drift-transit
time required to pull free-carriers out of the core volume into adjacent con-
tact regions. We can use extraction time as a reliable proxy for the average

carrier lifetime because the strong reverse-bias electric field sweeps carriers
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out much faster than they can recombine internally (Text < Tc), making ex-
traction the primary decay mechanism. Consequently, the effective lifetime
is dominated by the extraction rate.

The calculated 7. as a function of applied reverse bias voltage is illustrated
in Figure 9.2. At 0.5V reverse bias, the extraction time constant is approxi-
mately 1.6 ps. Increasing the bias voltage to 5.0 V reduces Tex; down to below
0.2 ps. This observation of carrier lifetime reduction with increasing reverse
voltage is consistent with published data on SOI waveguides integrated with

reverse-biased p-n junction [244].

Achieving sub-picosecond 7.¢ confirms that free-carrier absorption can be ef-
fectively mitigated, serving as an encouraging baseline for future frequency
comb generation in the InGaAsP-OI microring platforms explored in Chap-
ter 3.
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