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ABSTRACT

The growing demand for high-bandwidth data transmission, expanding communication
networks, and capable sensing technologies is driven by the increasing number of internet-
connected devices and the scaling of data-intensive tasks, such as artificial intelligence and
high-performance computing. This has highlighted the need for technologies capable of ef-
ficient and high-speed optical signal processing. To address this need, photonic integration
offers advantages over electronic technologies by more efficient power consumption, higher
data bandwidth, and compact form factors for data and communication systems.

Among photonic integration platforms, group III-V semiconductors offer unique ad-
vantages by integrating light generation, optical modulation, detection, and low-loss signal
routing on a single material platform. In this thesis, work carried out in collaboration
with Optiwave Systems Inc. and the National Research Council of Canada (NRC) is pre-
sented. This work focuses on the development of a novel material platform, based on a
III-V semiconductor, Indium Gallium Arsenide Phosphide (InGaAsP)-on-insulator, cho-
sen for its multi-functionality as a telecommunication range light source, fast electro-optic
modulation, and photo-detection, not seen in other platforms such as silicon or lithium nio-
bate. Here, integrated components developed for the telecommunication O and C bands
are incorporated into a library, which can later be used in a process design kit.

The component library presented includes embedded oxide strip waveguides, 90° cir-
cular waveguide bends, linear waveguide tapers, waveguide splitters for near-ideal 50/50
power splitting, and compact waveguide X-crossings. In addition, a subwavelength grating
waveguide and broadband subwavelength grating edge coupler for efficient fibre-to-chip
coupling are presented. Finally, second-harmonic generation waveguides are designed and
analytically evaluated for the conversion of infrared wavelengths of 3.1 ym and 2.62 ym to
telecommunication wavelengths of 1.55 ym and 1.31 pum, respectively.

This work provides an essential toolkit for creating application-specific photonic inte-
grated circuits not previously seen for the InGaAsP platform, as well as a streamlined
design-to-fabrication pathway compatible with Canadian fabrication infrastructure such
as the Canadian Photonics Fabrication Centre (CPFC). The results presented in this the-
sis will support the development of scalable photonic devices for optical communications,
all-optical signal processing, and sensing applications, contributing toward Canada’s semi-
conductor and photonics ecosystem.
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CHAPTER 1: INTRODUCTION



Integrated photonics is an advancing field that uses the properties of photons for in-
formation transmission, processing, communication, and optical sensing in compact in-
tegrated circuits. In recent years, advances in machine learning and artificial intelligence
have further highlighted the growing demand for integrated photonics, to accommodate in-
creasing data traffic as well as efficiently scaling data centres to meet the growing demands
of artificial intelligence (AI) from applications such as Open Al’'s ChatGPT, Anthropic’s
Claude, and Google Gemini [1-3]. This comes from reports that the demand for data
centres worldwide between 2023 and 2030 could rise by 19-22 percent annually and reach
an energy demand of 171-219 gigawatts (GW), growing from a current demand of approx-
imately 60 GW [4]. This demand for data centres is dependent on the growing number of
data-centred workloads, with a significant percentage being related to Al [4]. Innovations
from integrated photonics have the opportunity to improve power efficiency to meet this
growing demand, already seen by technologies such as co-packaged optics from Nvidia.
Their technology supplies optical network switches to route large amounts of data between
computers in data centres at high speeds, reducing the number of electrical links between
systems and thus the power consumption needed by data centres [5]. The innovations
that allow integrated photonics to be well-suited for applications in high-bandwidth data

transfer stem from advances in optical communications and integrated electrical circuits.

The recent technologies for high-bandwidth data transfer, such as co-packaged op-
tics, demonstrate the potential of integrated photonics, analogous to the historical evolu-
tion of integrated electrical circuits, which advanced computation and telecommunications

through dense electrical circuits. The beginnings of integrated electrical circuits trace back



to the core innovations of William B. Shockley, John Bardeen, and Walter H. Brattain, the
1956 Nobel laureates for the invention of the transistor, as well as Jack Kilby and Robert
Noyce, the inventors of the integrated circuit [6]. Soon after, the development of integrated

photonic technologies began from the developments in integrated optics in 1969 by Stewart

E. Miller [7].

In the decades following, advances in integrated optics and III-V semiconductors for
lasers, amplifiers, modulators, and detectors greatly enhanced long-distance optical com-
munications and data transfer [8-13]. One of the key technologies that advanced optical
communications in both passive optical networks and active signal modulation is multiplex-
ing and demultiplexing systems, where optical signals are spaced into different channels
based on their frequency, polarization, or mode category, encoding optical signals used
in data transmission and greatly improving transmission capacity [14, 15]. In commer-
cial devices, dense wavelength division multiplexing (DWDM) is common, where up to
80 channels with 50 GHz spacing are enabled by integrated optical components combined
with optical fibre communications, operating with the same principles for integrated optics
demonstrated by Miller in 1969 [7, 16]. These systems, when combined with sophisticated
non-linear optical processes, can improve data transmission in optical fibre networks, al-
lowing for incredible improvements in internet speed as demonstrated by A. A. Jgrgensen

et al. in 2022 [17].

The advantages of integrated photonics become especially apparent for all-optical sig-
nal processing, where signal routing, wavelength conversion, logic operations, and more

are performed in the optical domain [18]. For integrated photonic circuits, there is less

3



need for optical to electrical to optical (OEQO) signal conversion. In addition, the benefit
of photonic integrated circuits is that photons do not interact with each other, allowing
for signals to propagate in parallel without interfering with each other, enabling high data
transmission rates. This property of photonic circuits has been explored for applications
using optical interconnects, where information is passed to different links between systems
using light [19]. As well as for data and computational tasks, optical transceivers improve
efficiency for processors where data is stored and sent out through electrical wires before
being coupled to optical transceivers. Nvidia’s co-packaged optics makes use of this advan-
tage by integrating the optical fibres directly to the processor, creating a single package,
with a main drawback being that lasers cannot be incorporated in the same package [5].
When combined with complementary metal oxide semiconductor (CMOS) fabrication pro-
cesses, photonic chips enable extremely compact footprints with high-bandwidth capability
[20, 21]. The developments in these areas have largely been with silicon; however, 11I-V
integrated photonics is especially favourable in this area, owing to the incorporation of
semiconductor lasers, electro-optic signal modulation, and nonlinear optical performance

applicable to wavelength conversion [22-25].

A wide range of material platforms for integrated photonics have been explored, in-
cluding silicon [26], silicon nitride [27], and lithium niobate [28, 29]. Silicon photonics has
seen an immense number of developments for data-communication and sensing applica-
tions due to the ease of fabrication and CMOS compatibility, with many foundries offering
silicon wafers up to 300 mm [30, 31]. However, silicon is a material that is not capable

of second-order nonlinear processes, offers slower and less efficient electro-optic switching



than other semiconductors, and suffers from two-photon absorption, making free-carrier
absorption a significant concern for higher optical powers. Silicon nitride is also a pop-
ular choice for nonlinear photonic applications, providing high Q-factor ring resonators
capable of frequency comb generation [32]; however, it cannot perform second-order non-
linear optical interactions, and has a lower index contrast with silica and therefore has
larger device footprints. Lithium niobate is also used for integrated photonics due to its
high electro-optic coefficient, high-performance optical modulation, and compatible mode
sizes for coupling to optical fibres. Lithium niobate also exhibits high values for second-
order nonlinear susceptibility [29]. However, it cannot easily be combined with lasers on
the same chip, is less flexible for tuning material refractive index and wavelength ranges,
and has natural birefringence, making polarization-insensitive devices difficult to design.
Among these materials, III-V semiconductors provide the unique advantage of incorporat-
ing lasers, high-performance modulators, amplifiers, and detectors grown from the same
material. In addition, they are capable of a wide range of second and third-order non-
linear processes for wavelength conversion and signal modulation. Finally, their material
compositions can be adjusted to allow for wider wavelength operation regimes. In par-
ticular, InGaAsP represents the best III-V semiconductor for creating lasers at telecom
wavelengths, passive waveguides, signal modulation, and efficient detectors, all grown from
Indium Phosphide (InP). In this thesis, we present passive integrated components designs
for a high-index-contrast InGaAsP-on-insulator material platform. We also further develop
passive InGaAsP-on-insulator nonlinear devices for second-harmonic generation, convert-

ing near-infrared to telecom wavelength. These designs constitute the first demonstration



of linear and nonlinear photonic components on the InGaAsP-on-insulator platform.

The integration of III-V semiconductors into photonic integrated circuits has found
many applications as active devices in telecommunications [33] and sensing [34-36]. Semi-
conductors such as InGaAsP/InP, InGaAs/GaAs, and AlGaAs/GaAs have been used as
light sources at telecom wavelengths for high-performance transceivers (transmitter and re-
ceiver), essential components in many data centres [5, 12, 37-39]. However, the prevalence
of high-index contrast III-V materials for integrated photonics has been largely limited to
including ITI-V semiconductor lasers bonded to silicon-on-insulator materials. Other appli-
cations of III-V on insulator platforms have been for photonic crystal laser cavities on an
Si04/Si materials [40], photodetectors incorporated into Si/SiOs materials [41], and bond-
ing techniques for InP-based I1I-Vs [42]. There is currently a research gap for application-
specific photonic circuits using high-contrast III-V materials. This limitation prevents
integration of a simplified materials scheme for a broader range of photonic circuits, with
lasers, modulators, amplifiers, and detectors built on the same material platform. This
is often due to the complex fabrication process for InGaAsP/SiO, materials, where few

foundries offer design kits for I1I-V semiconductors.

The growing need for capable photonic integrated circuits with I1I-Vs has applications
for sectors that rely on high precision sensing and efficient information processing, such
as telecommunications, healthcare, and automotive sectors. Increased bandwidth and ef-
ficiency for information processing are useful for autonomous systems, data centres, and
medical diagnostics [20, 43-45]. Integrated photonic transceivers are a prime example of

a photonic technology that uses I1I-V semiconductors to combine light sources, multiplex-



ing operations, and high-speed detection for increased efficiency of data transmission [46].
Lidar (light detection and ranging) systems use I1I-V materials for coherent light sources
incorporated into devices using gratings for beam steering and detection in different envi-
ronments [45]. The different applications of III-V materials in these areas demonstrate the

increasing demand for high-speed, efficient devices across a range of applications.

ITI-V integrated photonics offers unique advantages of active device integration, in-
cluding lasers, amplifiers, modulators, and detectors on a single chip. However, there is
currently no high-index contrast III-V photonic platform developed for Canadian fabrica-
tion infrastructure, and there is not currently a component library made for passive devices
using Indium Gallium Arsenide Phosphide (InGaAsP) in integrated photonics. This thesis
contributes to addressing these gaps by developing streamlined designs for a component
library using InGaAsP-on-Insulator materials, made with a 220 nm thick guiding layer
of InGaAsP, surrounded by silicon dioxide (SiOz). Furthermore, this thesis also addresses
the need for efficient nonlinear optical processes by providing waveguide geometries, phase-
matched for second harmonic generation from infrared to telecom wavelength conversion.
The work discussed in this thesis is intended for telecom-band compatible photonic inte-
grated components, providing strong optical confinement, dispersion control, and access
to second-order nonlinear phenomena. It should also be noted that the work presented
throughout this thesis was developed in collaboration with Optiwave Systems Inc. for con-
ventional photonic components in Chapter 2, as well as with Dr. Pavel Cheben and Dr.
Jens Schmid at the National Research Council Canada (NRC) for subwavelength photonic

components in Chapter 3.



1.1. OPTICAL PROPERTIES OF SEMICONDUCTORS

1.1 OPTICAL PROPERTIES OF SEMICONDUCTORS

The optical properties of semiconductor alloys, specifically, crystal structure and band gap
energy, as well as their relation to light emission and absorption, make them ideal materials
for photonic integration. In this section, we will cover topics such as how the elemental
fractions in the alloys affect crystal lattice parameters and band gap energy, as well as how
these relate to active devices such as electro-optic modulators. These topics are presented
with particular attention to ternary and quaternary semiconductors such as indium gallium
arsenide phosphide (InGaAsP) and aluminum gallium arsenide (AlGaAs) because of their
prevalence in optical communications and integration with photonic circuits. Finally, we
draw specific attention to an Iny;_GayAs;_ Py on SiOy (InGaAsP-on-insulator) photonics
platform, to provide improvements in passive device performance, which can be coupled

together with active devices for monolithic material integration.



1.1. OPTICAL PROPERTIES OF SEMICONDUCTORS

1.1.1 LATTICE PARAMETERS OF SEMICONDUCTORS

ITI-V semiconductors are materials found in groups III and V of the periodic table, with
unique optical and electronic properties suitable for light emission, high-frequency modu-
lation, and efficient absorption. This group of materials is unique for integrated photonics
because of the versatility and tunability of different alloy compositions. Binary, ternary,
and quaternary alloys can be found in various applications from visible to mid-infrared
wavelengths. Within the visible spectrum (A = 380 nm - 750 nm), binary semiconductors
such as gallium nitride (GaN) [47] and aluminum nitride (AIN) [48] are commonly used
for light emission. It should also be noted that many ternary and quaternary semicon-
ductors, such as InGaN and AlGalnP, are also used for emission at visible wavelengths.
Furthermore, within the near infrared wavelength range (780 nm - 2500 nm), ternary
semiconductor alloys such as aluminum gallium arsenide (AlyGa;_xAs) [25], and indium
gallium arsenide, (In;_GaxAs) [49, 50] are commonly used for light-emission and detec-
tion. In addition, quaternary semiconductors such as indium gallium arsenide phosphide
(In;_xGayxAs;_Py) [39, 51] and indium gallium arsenide antimonide (In;_ GayxAs,Sb;_y)
[52] are also commonly used for light-emission and detection within the near-infrared range,
up to 2 pm. In this section, we will explore the lattice parameters and band gap energies

of III-V semiconductors, which make them beneficial platforms for integrated photonics.

The lattice constant for crystalline materials depends on the physical dimensions of the
atoms within a unit cell of its crystal structure. The atoms are arranged in specific systems

called lattice types, defined by the lattice dimensions (a, b, ¢) and angles («a, 3,7). Cubic
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lattice types, such as zinc-blende, are face-centred cubic crystal structures, with equal
dimensions (a = b = ¢) and 90° angles between its edges (90° = a = § = ). For III-V
semiconductors, the variation of the lattice constants relates to the band structure and band
gap energy, as explained by Vegard’s law, where the variation of the alloy concentrations
causes the lattice constant to change linearly with the band gap energy. Using methods
such as density functional theory (DFT) for calculating the band gap energy based on the
interatomic distances, the lattice constant, and energy gaps of alloys can be determined.
As illustrated in Fig. 1.1 [53, 54], the band gap energies are plotted as a function of
the lattice constant for binary (red dot), ternary, and quaternary alloys (solid lines). For
semiconductor alloys that have matching lattice constants, it is possible to epitaxially grow

one alloy on another with minimal defects, such as dislocations.
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Figure 1.1: Band gap energy (eV) vs lattice parameter (A) of different semiconductor alloys.
Figure taken from [54].
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The concentrations of the elements needed for lattice-matched growth of quaternary

semiconductors are described in [55], by

. Ay + Boy
O()—l-Doy,

(1.1)

Where the coefficients Ag, By, Cy, and Dy have different values for different value for

example:

0.4050 — 0.1893y

: (1.2)
0.4050 + 0.0132y

GaAs substrate : =

0.1893 — 0.1893y
0.4050 + 0.0132y "

InP substrate : x = (1.3)

Here, in Egs. (1.1) - (1.3), the coefficients needed for lattice-matched growth of InGaAsP
are calculated, for both InP and GaAs substrates. The coefficients Ay, By, Cy and Dy are

given by Egs. (1.2) and (1.3), as referenced in [55].

11
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1.1.2 BAND GAP ENERGY OF INGAASP

The band gap energy is the energy range between the highest energy state of the valence
band and the lowest energy state of the conduction band in a solid, where no electronic
states exist. The electronic states are the energy levels of the atoms to which electrons
can be promoted, or from which electrons can emit photons. Thus, to promote an electron
from the valence band to the conduction band, additional energy input is required, usually
described in units of electron volts (eV). For semiconductors, this range is typically between
0.1 and 3 eV; above this range, the material is an insulator, and below this range, it is
a metal. For semiconductors, electrons may be promoted to the conduction band with
photons (light) or phonons, discretized lattice vibrations carrying low energy but large
momentum, k. Using the coefficients from Eqs. (1.2) and (1.3), the respective band gap
energies for InGaAsP quaternaries grown on either GaAs or InP are calculated, as described

in [55],

InGaAsP/GaAs : Fy = 1.43 4+ 0.30y + 0.18y?, (1.4)

InGaAsP/InP : Ey = 0.75 + 0.46y + 0.14y°. (1.5)

Following Eqs. (1.4) and (1.5) in [55], the concentrations of the respective semiconductor
elements for InGaAsP provide different ranges of band gap energies between 0.75 - 1.35 eV
for InGaAsP/InP, and 1.43 - 1.91 eV for InGaAsP/GaAs. In this thesis, we will present

integrated photonic components designed for a unique platform of Ing14GagggAsgsPo.7,

12
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grown on an InP substrate and bonded to SiO,. This concentration allows for low propa-
gation loss at telecom wavelengths (A = 1260 nm - 1675 nm), due to photon energies below
the band gap energy. However, equally important is the high rate of two-photon absorp-
tion for InGaAsP, where two photons are absorbed to promote electrons to the conduction

band, discussed further in section 1.4.

Using Eqgs. (1.4) and (1.5), the band gap energy for the chosen InGaAsP quaternary,

Ing 14GagggAsgsPo7, grown on InP and GaAs, is calculated as,

GaAs substrate : Ey =1.728 eV = 717 nm, (1.6)

InP substrate : FEy = 1.141 eV = 1086 nm. (1.7)

This composition provides a telecom operational range further from the band gap energy
than other compositions for low propagation loss. Considering two-photon absorption, all
compositions of InGaAsP exhibit this effect, making low two-photon absorption compo-
sitions impossible; it is traditionally best to have a bandgap wavelength less than half
of the operational wavelength. For operation at A = 1.55 um, the ideal band gap wave-
length to minimize two-photon absorption should be A < 775 nm (E, > 1.6 V). High
rates of two-photon absorption exist for all compositions of InGaAsP, as demonstrated in
[56, 57], the two-photon absorption rate in InGaAsP /InP multi-layer heterostructures has
been reported as high as 60 cm/GW. Even considering this, the prevalence of InGaAsP
as a common material platform for semiconductor lasers at telecom wavelengths makes

it an attractive material for developing passive optical components and nonlinear optical

13
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processes for photonics integration.

1.1.3 AcCTIVE DEVICES

Active devices are components such as lasers, modulators, or photodetectors that require
external power to generate, modulate, or detect light in photonic circuits. The incorpora-
tion of active devices in photonic circuits is essential to making capable devices for data
and communications applications, with specific attention to electro-optic phase modulators

[58], multi-quantum well lasers [59], and avalanche photodiodes [60].

Among materials used in active devices, those with direct band gaps are especially
useful. A direct band gap is where the energy difference between the maximum energy of
the valence band states and the minimum energy of the conduction band states corresponds
to the same momentum, k, of an electron [61]. Materials with indirect band gaps, such
as silicon, require additional momentum compensation to achieve the promotion of an
electron from the maximum of the valence band to the minimum of the conduction band.
As shown in Fig. 1.2, in the case of an indirect-bandgap semiconductor, the difference in
momentum between the valence and conduction band states needs additional momentum
compensation, E, which is typically provided for by phonons, since photons do not possess
the momentum needed to achieve momentum conservation in these systems [61]. For light
emission in indirect bandgap materials, the simultaneous emission of a photon and lattice
vibration is highly unlikely, and for this reason, materials such as silicon are not used as

light emitters. In contrast, direct bandgap semiconductors such as InGaAsP and AlGaAs

14
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(for x < 0.45) are efficient light emitters. This property makes them ideal for semiconductor

lasers and detectors in integrated photonic circuits.

E &
\ /
._ \/ / Conduction bands
\ A\ /
pirat =\ _/
band gap Indirect
band gap
Valence band
k-0 R

Figure 1.2: Direct vs indirect band gap, where the highest state in the valence band and lowest
state in the conduction bands for direct and indirect band gap semiconductors are depicted with
Energy along the y axis, and momentum along the x axis. Figure from [62]

Active semiconductor components such as lasers, modulators, and detectors are based
on the work of p-n semiconductor junctions (positive-negative junctions). The p-side has
a higher concentration of mobile holes that can move freely through the crystal lattice,
and the n-side has a higher concentration of mobile electrons. The interface of these two
regions creates a carrier-free depleted region (intrinsic layer) where no current flows, and
an electric field with a barrier voltage opposing charge diffusion is formed [61]. When an
external voltage is then applied to the junction, it will create a forward bias, allowing for

current to flow and the recombination of electrons and holes for coherent light emission.
The construction of semiconductor lasers has advanced through the use of double-
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layer heterostructures, modifying the density of states in both the conduction and valence
bands. In these structures, a smaller band gap semiconductor (active layer) is sandwiched
between two higher band gap p-doped and n-doped semiconductors. Electrons and holes
in the valence and conduction bands become confined to the active layer, and injected
charge carriers can participate in the lasing action of the system [13]. When the thickness
of the active layer in the double heterostructures is reduced to a scale near the de-Broglie
wavelength, A ~ ]—ZL, where p is the momentum of an electron, discrete energy levels are
formed in the active layer, and a quantum well laser is achieved [63]. This type of structure
has a higher density of states, a larger differential gain, and a decreased temperature
sensitivity compared to larger heterostructures [64]. Multi-quantum-well lasers (MQWs)
build upon this concept by incorporating multiple quantum wells, alternating active and
barrier layers 10-20 nm in thickness. More wells improve the efficiency of the laser by
increasing the density of states, quantum confinement, and allowing for more recombination
opportunities in the active layers. Also, there are low absorption losses owing to the band
gap mismatch of the emitted photons with the surrounding barrier layers. This confined
recombination of electrons and holes in the active layer and low absorption losses give an
increased optical gain, decreased threshold current, and tunable emission wavelength from
the thickness of the quantum wells. [63-65]. An example of this process is shown in Fig.

1.3.

The invention of the semiconductor laser in 1962 by IBM, General Electric, and MIT
Lincoln Labs marked the development of GaAs p-n junctions in compact integrated active

components [13, 38, 66, 67]. From the late 1980s, compact semiconductor lasers based
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Figure 1.3: Energy diagram of charge carrier recombination in a double heterostructure for
continuous wave emission. Figure from [63].

on AlGaAs and InGaAsP were deployed in long-distance communication networks, driven
by advances in fabrication methods such as liquid phase epitaxy (LPE), molecular beam
epitaxy (MBE), and metal organic chemical vapour deposition (MOCVD) [13, 68, 69].
Improvements in AlGaAs semiconductor lasers have come from these advances in thin film
fabrication, with an emission range between 600-900 nm [13]. Further developments of
MOCVD marked improvements in the InGaAsP/InP platform, with compact InGaAsP
semiconductor lasers suited for integration with fibre optic communication systems. These

lasers have the benefits of low transmission losses and high data transmission rates in

wavelength ranges of approximately 1100 to 1600 nm, covering a wide range of frequencies.

In addition to semiconductor lasers, electro-optic modulators are especially relevant in

the design of active components using III-V semiconductors. These devices change the
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refractive index, and phase using an applied voltage and thus wave guiding properties of
devices such as optical switches [70-73]. III-Vs are especially useful for this application
due to their strong electro-optic and electro-absorption effects, providing high-speed and
low-voltage modulation. Three common modulation methods using I1I-Vs are the Pockels

effect for x(?) materials, the Kerr effect (x® effect), and free carrier absorption.

The Pockels effect linearly modulates the refractive index of non-centrosymmetric ma-
terials, such as zinc-blende semiconductors. This effect operates faster than other electro-
optic effects, typically within picosecond time scales [74]. When a static low-frequency
electric field is applied to an anisotropic material, such as an asymmetrical dielectric
waveguide, the field vector representation of the energy density, for the electric field in
the material, is an ellipsoid described by an index ellipse (indicatrix) [75]. The change in
the refractive index of the indicatrix is described by

A <%) = 1k, (1.8)

v J

where 1, is the electro-optic coefficient of the material, for materials belonging to the 43m
space group, such as InGaAsP and AlGaAs. The equivalent electro-optic tensor simplifies

elements of the electro-optic tensor, r4; = rs5s = 763, reducing the matrix complexity of the
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tensor coefficients, i, -~ _
11 Ti2 Ti13
To1 T2 Ta3
31 T32 T33
T41 T2 T43

's1 Ts2 7153

Te1r Te2 T63

This coefficient has been measured in AlGaAs and InGaAsP/InP to be approximately
—1.43 pm/V and —1.34 pm/V, for an x fraction of 0.17 in Al,Ga;_4As and a y fraction of
0.20 in In;_GayAs;_ Py, respectively [55, 76].

The Kerr effect differs from the Pockels effect in that it is a x®) effect. The effect is

characterized by the intensity-dependent refractive index,

n(l) = ng + nal, (1.10)
3x®

= : 1.11

" 4n2egc (1.11)

Here, the material refractive index changes because of the nonlinear index, ns, and intensity
of the incident wave, I. The nonlinear index, ng, is characterized by the third order

nonlinear susceptibility, ¥, and the linear refractive index, ny.

The last type of electro-optical modulation discussed in this section is free carrier
absorption. This is an important type of modulation for semiconductors, where charge

carriers can be injected or depleted in different regions to change the density of states within

19



1.1. OPTICAL PROPERTIES OF SEMICONDUCTORS

the valence and conduction bands and thus the absorption properties of the material. These
effects are described by intraband-free carrier absorption effects from the concentration of

electrons and holes, leading to a change in the refractive index [77, 78],

2)\2 N % %
An— (_) (_ ip u) | L.12)

8m2c2egn m 3 2
¢ My, + My,

where e is the charge of an electron, \ is the free space wavelength, n is the refractive index,
Mme, Mpn, My, are the electron, heavy hole, and light hole effective masses, respectively, and

N and P are the doping concentrations of charge carriers [77].

The optical properties of semiconductors give rise to unique interactions within the
band diagram, and thus, electro-optic effects, useful for making efficient lasers, modula-
tors, and photodetectors. This property contributes to the unique optical properties of
semiconductors, making them useful materials for building both active and passive devices
on the same monolithic platform [79]. Modulation techniques such as the Pockels effect,
Kerr effect, and electro-absorption modulation induce refractive index changes in waveg-
uides on the order of 1073, depending primarily on the charge carrier concentrations and
voltage. In this way, III-V semiconductors such as AlGaAs and InGaAsP are good can-
didates to incorporate high-speed modulation in compact devices|[77]. Furthermore, the
development of the on-insulator platform presented in this thesis provides the opportunity
for high-performance and tunable monolithic devices, with increased optical confinement

as demonstrated by developments in AlGaAs-on-insulator [25, 80, 81].
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1.2  WAVEGUIDE THEORY

An optical waveguide is an essential building block for any integrated photonic compo-
nent because it is responsible for routing light between different components in a circuit.
The ability to achieve low-loss propagation of light in waveguides is an important con-
sideration when designing photonic circuits. When light propagates, it experiences effects
such as self-phase modulation (SPM), group velocity dispersion (GVD), scattering, and
absorption losses, all of which distort and attenuate the optical signal. Scattering and
absorption are the main sources of loss, while GVD and SPM affect the temporal profile
or spectrum of the signal. Thus, a clear understanding of how light propagates in optical
waveguides is essential for predicting device performance. In this section, we present the
basic derivation of the electromagnetic modes seen in channel waveguide geometries such
as buried /immersed strip, embedded, ridge, rib, and strip-loaded waveguides, illustrated
in Fig. 1.4. With particular attention to a dielectric slab waveguide, illustrated in Fig.

1.5, the related effective refractive index is also used as an example for understanding light
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propagation in optical waveguides using Maxwell’s equations,

V.- E=", (1.13)
€o
V-B=0, (1.14)
. . 9B
E=" 1.15
V xB= ,LL()J + ,LL()EOE. (116)

[ E—
mm |/
Immersed strip Embedded strip Ridge Rib Strip loaded

Figure 1.4: 2D channel waveguide geometries where the darker colour indicates a higher refractive
index, going from left to right: Immersed/buried strip waveguide, Embedded strip waveguide,
Ridge waveguide, Rib waveguide, and Strip-loaded waveguide. Figure from [82], chapter 9.3.
General treatment of Eqs. (1.13) - (1.16) (Maxwell’s equations) typically requires a
full vectorial solution, found using numerical methods such as the finite difference method

implemented in finite difference eigenmode solvers (FDE solvers) or finite-difference-time-

domain solvers (FDTD solvers). Following from Egs. (1.13) - (1.16), the wave equations
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Figure 1.5: Dielectric slab waveguide. Figure from [83].

for the electric and magnetic fields can be derived as

O*E 1 a
= —V°E,
o2 oo

25 1 q
9B _ L g
ot oo

providing a basis for the analysis of dielectric waveguides in time and space.

(1.17a)

(1.17b)

For solving for the allowed modes of a simple dielectric slab waveguide, pictured in Fig.

1.5, the wave equations (Eqgs. (1.17a) and (1.17b)) for the electric and magnetic fields are

used with plane wave solutions to the electric and magnetic fields,
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E = E(z,y)e'@%), (1.18)

H = H(z,y)e“=52), (1.19)

In Egs. (1.18) and (1.19), the substitution for the magnetic field strength, H, is used,
where B = ,uolfl . The parameter S denotes the propagation constant in the transverse
z-direction and represents the accumulated change in phase per unit length for the guided

wave [83],

g = 2%711 cos(o), (1.20)
K= 277rn1 sin(¢). (1.21)

Here, ¢ is the inclination angle of light in the waveguide. This value determines part of
the propagation constant and must be less than the maximum angle determined from the
total internal reflection condition. This angle is determined by the critical angle at the

core-cladding interface described by,

Omax < sin~ 'y /nZ — n?, (1.22)

also known as the numerical aperture (NA), where ny is the refractive index of the core,

and n; is the index of the cladding. Substituting these solutions into Maxwell’s equations
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gives the following six coupled equations for the electric and magnetic field components in

Cartesian coordinates:

) . .
+ jBE, = —iwpoH,, (1.23a)
dy
0E, - -
e — jBE, = —iwpoH,, (1.23b)
OE, OE, -
a_xy_ 3y = —wpoH,, (1230)
OH, - -
+ jBH, = iwen®E,, (1.23d)
dy
oH, - -
~ —iBH, = jwen’Ey, (1.23e)
OH, OH, .
axy ~ = iwegn’ B, (1.23f)

The electromagnetic fields in the dielectric slab waveguide do not have a y-axis dependency
(OE/0y = 0, 0H/0y = 0), thus permitting two types of independent guided modes,
the transverse electric (TE) and transverse magnetic (TM) modes. The TE mode wave
equation is characterized by its electric field transverse to the direction of propagation,
such that EZ = 0.

°E

—— + (0’ = §°) B, =0. (1.24)

Similarly, for the TM mode wave equation, it is polarized transverse to the direction of
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propagation, such that B, = 0,

d (1 dH, A
-\ = 1.2
dx <n2 dx ) - ( n2) Y 0 (1.25)

Finding the allowed modes in waveguides is more commonly performed using tools
such as finite-difference eigenmode solvers, which can be used to determine the allowed
electromagnetic modes, effective index, group index, and dispersion parameters of optical

waveguides.

In contrast, for low-index contrast waveguides and simple geometries, semi-analytical
solutions using the effective index method are possible. The effective index is a dimension-
less value of the weighted average ratio of the refractive indices in a waveguide, determined
by the field distribution over the core, cladding, and substrate materials, and described by

the equation,

B
neff = k—o, (1.26)
where,
2
ko = — 1.2
0 )\ ) ( 7)

is the vacuum wavenumber. Considering the effective index, for the light to be confined to
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the core material ny, the condition,

n < Neg < No, (1.28)

must be satisfied, where the effective index of a guided mode has a value between that of
the cladding and core material. When the effective index falls below the refractive index
of the cladding, n, the field along the transverse direction is dissipated from the core as a
radiation mode [83]. More methods for studying wave propagation in optical waveguides
are discussed in [83, 84]. In later chapters, the allowed modes for an InGaAsP-on-insulator

waveguide are examined, using the effective index determined from an FDE solver.

In addition to the effective index and TE/TM mode characteristics of waveguides,
the mode operation, either single-mode or multi-mode propagation, will be crucial for
specific applications. In single-mode operation, only the fundamental mode, typically
the TEyy or TMyy mode in waveguides, will be confined to the structure; this minimizes
modal dispersion, transmission loss, and provides a higher transmission speed in optical
communication networks. Multi-mode operation allows for higher-order electromagnetic
modes to propagate within the structure and can support higher data transmission at the

cost of speed, increased transmission losses, and increased dispersion [15].

Finally, in the consideration of optical pulse propagation in waveguides, dispersion is an
important parameter that has two main contributions: material and waveguide dispersion.
Material dispersion comes from the wavelength dependence of the refractive index, while

waveguide dispersion is caused by wavelength-dependent field confinement influenced by
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waveguide geometry. In high-index contrast waveguides, such as the platform proposed
in this thesis, waveguide dispersion is typically higher at longer wavelengths and smaller
waveguide geometries that are less confined to the core material. Because of this, the
waveguide geometry is an important design parameter for integrated photonic circuits that
influences the amount of light confined to the core material and the overall dispersion

experienced by the guided modes.
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1.3  FINITE-DIFFERENCE TIME-DOMAIN SIMULATION

The design of photonic integrated circuits requires simulation tools capable of modelling
the propagation of electromagnetic (EM) waves for accurate and efficient prediction of the
device performance. The advantages of simulation allow designers to predict the perfor-
mance without needing to fabricate extensive amounts of prototypes, thus reducing cost
and physical testing, and enabling faster iterations between designs. These benefits under-
line the importance of capable simulation tools for photonic devices, where devices undergo
complex and costly fabrication processes at foundries [85]. This section will convey con-
cepts of the finite-difference time-domain (FDTD) method by including a description and
basic derivation of the FDTD algorithm one-dimensional case. Numerical methods such as
FDTD are essential because, although analytical solutions to Maxwell’s equations can be
determined for simple geometries such as slab waveguides and cylindrical optical fibres, the
designed photonic components discussed in later chapters have more complex structures

and cannot be described analytically.

The FDTD method, first called Yee’s Algorithm, was first proposed by Kane S.Yee in
1966 as a discrete finite-difference solution to Maxwell’s equations in the time and space
derivatives of the curl equations [86]. For a one-dimensional plane-wave, with an electric
field oriented in the x-direction, a magnetic field in the y-direction, and propagation in the

z-direction, the curl equations,
oL 10H,
ot e 0z

(1.29)
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o, _ 108,
ot pg 0z’

(1.30)

allow us to take central difference approximations of both the spatial and temporal deriva-
tives. In the FDTD method, Maxwell’s curl equations are discretized in a grid, one cell
of the grid being a ”Yee cell”, to update the electric and magnetic fields along different
points in time and space. For an established cell in time and space, the curl equations for
the electric field are calculated along the line edges of the unit cell, and the magnetic curl

equations are computed along the faces of the cell, depicted below in Fig. 1.6.

Figure 1.6: Yee grid cell in FDTD method. Figure from [87].

Solving these equations is done in discrete time steps where the fields are updated in
alternating half-time steps; the electric fields are calculated from the curl of the magnetic

fields, and the magnetic fields, é, are calculated from the curl of the electric field. Fre-
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quency domain information is calculated from the Fourier transform of the recorded time
domain information and at the simulation boundaries, perfectly matched layers (PML)
are commonly used to minimize the effect of reflections and evanescent waves on simula-
tion results. Using this method, light can be injected into a simulation area, and as it
evolves through the structure, the field information from the electric and magnetic fields is
recorded in time and space, and a reconstruction of the spectrum, field evolution, effective

indices, and resonant-like properties can be obtained.

To understand the alternating half-time steps in the FDTD method, the derivation of
the fields for one-dimensional propagation of a plane wave is considered. In this example,
the electric field is oriented in the x direction, the magnetic field in the y direction, and
the propagation in the z direction. Egs. (1.29) and (1.30) are used in a central difference

approximation of the temporal and spatial derivatives used in a Yee cell, [88]:

- n+i - n—1 - -
E, (k) —FE, “(k) _ _1Hp(k+3) - Hp(k—3) (1.31)
At €o Az ’ '
- n+1 -n - n+1.2 - n+1.2
At Lo Az ' '

Within Egs. (1.31)and (1.32), n indicates a time step ¢ = At % n, and k indicates a

spatial time step, z = Ax x k. Az and At are calculated using

A
At = =2

= 1.33
PN (1.33)
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in a sufficiently small step, such that the simulation produces stable results. This is further
related to the Courant—Friedrichs—Lewy condition (CFL-condition). In this condition,
a dimensionless number, deemed the Courant number C, may have a maximum value,
ensuring the spatial and temporal steps are small enough in the grid to accurately calculate
the fields,

At

0= (1.34)

Often, the maximum value chosen for the Courant number is &~ 1. For values larger than
one, the step in the grid may miss some grid cells and lead to incomplete data. Conversely,

if a value much less than 1 is used, the simulation becomes unnecessarily long [89].

Initially, the FDTD method was proposed with the condition that a perfectly con-
ducting boundary allows one to model the scattering of an EM wave from a perfectly
conducting object [86]. Since the original formulation of Yee’s Algorithm, development of
the FDTD method has seen many improvements for field discretization, perfectly matched
layers (PML) for absorbing boundaries [90], and models for dispersive, anisotropic, and
non-linear materials [91]. These improvements have seen FDTD become a standard ap-
proach used in applications for accurate modelling of complex systems in optical commu-

nications [92], bio-photonics [93], and photovoltaics [94].

In summary, the FDTD method provides an essential tool for modelling the propagation
of EM waves in photonic devices. The discretization of Maxwell’s equations in time and
space enables accurate prediction of field evolution, mode profile, and spectral response

in complex geometries, where an analytical solution is not easily derived. FDTD is the
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standard for accurate 3D simulation of devices following advances in field discretization,
boundary layers, and diverse material models. In the following chapters, tools such as
Lumerical FDTD, OptiFDTD, and Tidy3D are used for FDTD simulations to analyze

device designs for the InGaAsP-on-Insulator platform.
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1.4 NONLINEAR OPTICAL EFFECTS IN III-V SEMICONDUC-

TORS

Nonlinear optical effects are light-matter interactions in which the optical response of a
material is not linearly proportional to the incident electric field. These effects are used
in a wide range of applications such as fluorescence microscopy [56], long-distance optical
communications [95, 96], and quantum information processing [97], highlighting the central
role of nonlinear optics in modern photonic technologies [98-100]. III-V semiconductors
exhibiting strong second- and third-order nonlinear susceptibility are especially relevant for
frequency conversion in compact, integrated photonic circuits. In this section, we discuss

how the nonlinear response of a material can be characterized by its polarizability,

P =c[xVE®) + xPE2(t) + x\®E(t) + ... (1.35)

Here, higher-order contributions can be produced from the incident electric field, E (1),
and nonlinear susceptibility tensors, ¥, which describe the strength of the material re-

sponse at each nonlinear order.

When high-intensity light interacts with a nonlinear medium, there is a chance for new

frequencies to be generated, as the incident field acts as a driver for the new frequencies.
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This is described by the nonlinear wave equation,

L WPE 1 9P
2 € o NL
ViE - 2 02 ec2 o2 (1.36)

where €M) is the linear permittivity and Py, is the nonlinear polarization with contribu-
tions from higher order susceptibilities. This differs from the regular wave equation, Eq.
(1.17a), by including a nonlinear polarization term that acts as a source for new frequency

components.

The specific nonlinear response also depends on the crystal structure of the material.
ITI-V semiconductors such as InGaAsP and AlGaAs possess non-centrosymmetric zinc-
blende crystal structures, resulting in a non-zero second-order susceptibility, x?). With this
property, these materials can support second-order nonlinear effects such as sum frequency
generation, second harmonic generation, difference frequency generation, and spontaneous
parametric down-conversion. The InGaAsP-on-insulator platform presented in this work
is particularly useful for nonlinear optics due to its large nonlinear susceptibility and large
refractive index contrast between the core and cladding materials. For InGaAsP, at A =
1.55 pm, the index contrast with SiO, is approximately 3.27 —1.44 = 1.83. This high index

contrast improves optical confinement, described by

_ fcore’E2|dA

ftota1|E2‘dA

and leads to an increased electric field intensity within the nonlinear waveguide, thereby
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improving the efficiency of nonlinear optical interactions compared with a bulk crystal.

When the nonlinear interaction involves frequencies far from materials’ resonances,
where absorption and dispersion are low, Kleinman’s symmetry, a type of permutation
symmetry for the y susceptibility tensor, may be applied. Kleinmann symmetry assumes
that the nonlinear susceptibility is frequency independent, allowing the permutation of the
indices of the second-order susceptibility tensor, ¥, to reduce the number of elements
in the susceptibility tensor. An example of this symmetry for a second-order nonlinear

process is

Pyw = Wy + wm) = & Z Z 210 B (wn) Er(wim), (1.38)

jk nm
where the coefficients, d;;i, of the nonlinear susceptibility tensor x?, are denoted by the

components [75],

1
digi = X3 (1.39)

Among many nonlinear optical processes, second-order interactions are especially im-
portant. In second-harmonic generation, two photons of the same frequency, w;, will
interact in a nonlinear material to emit one photon at frequency 2w;, as illustrated in Fig.
1.7. In this thesis, in Chapter 4, novel waveguide geometries for InGaAsP-on-insulator
are designed for second-harmonic generation, converting infrared to telecom wavelengths.
Similarly, in sum frequency generation, two photons of different frequencies combine to

generate one photon at frequency ws = w; + we. Second harmonic generation and sum
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Virtual state
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Figure 1.7: Second harmonic generation energy level diagram.

frequency generation can be applied to signal conversion for easier detectability in inte-
grated devices from infrared to visible wavelengths, as well as imaging of tissues such as
collagen and certain protein structures[101, 102]. In difference frequency generation, two
photons of different frequencies interact in a nonlinear medium to produce a third pho-
ton at frequency ws = |w; — wy|. Difference frequency generation is commonly used to
generate mid-infrared and THz frequencies, which can be important for molecular sens-
ing applications [103, 104]. In spontaneous parametric down-conversion (SPDC), a single

higher-frequency photon is converted into two lower-frequency photons such that energy
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and momentum are conserved, w; = ws + w3. SPDC is commonly used in quantum infor-
mation and communication due to its ability to produce two photons that are entangled in
polarization and time with each other [75]. The efficient operation of all of these processes
is enforced through phase matching of the given wavevectors in the coupled waves, such

that momentum conservation is true, Ak = 0.

To describe the intensity-dependent refractive index change in nonlinear materials, the
nonlinear index, no, is introduced. The change in the refractive index with intensity I is
given by

n(I) =ng + nal, (1.40)

where ng is the linear refractive index. The nonlinear index, ns, is related to the third-order

susceptibility by
3x®
 4n2epc

Ny (1.41)

Here, I is the intensity of light in units of W/m?, and the nonlinear index is used to define

the nonlinear coefficient,
T2Wo
’Y =
CAeﬂ‘ ’

(1.42)

which has units of W'm™!. Here, the nonlinear coefficient, 7, is used to describe the

accumulated nonlinear phase shift, ¢, by an optical wave,

QbNL :’}/PL, (143)

where P is the optical power, and L is the propagation length. These effects give rise to
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phenomena such as self-phase modulation, where intensity-dependent phase shifts lead to

spectral broadening of an optical pulse, as illustrated in Fig. 1.8.

To describe the propagation of optical pulses in a dispersive nonlinear medium, the
nonlinear Schrodinger equation (NLSE) is used with the slowly varying envelope approxi-

mation,

OA(z,t) ifa %Az, t) |
- — ’ A%(z,1)|A(z,t) =0 1.44

20 TR i) A2 0]AG ) = 0, (141
where (5 describes the group velocity dispersion and 7 accounts for the Kerr nonlinearity
contributing to effects such as self-phase modulation. The balance between the dispersion

and the nonlinear coefficient can lead to the formation of temporal optical solitons, whose

field envelope is given by

A(z,t) = A%ech (l) e (1.45)
70
where k = —f; = v|A%?7¢, |A?| is the amplitude, and 77 is the full width half-max

(FWHM) pulse duration. Soliton formation occurs when the group velocity dispersion, (s,

and the nonlinear coefficient v have opposite signs.

Another third-order effect in nonlinear materials relevant for InGaAsP is two-photon
absorption. As illustrated in Fig. 1.9, two-photon absorption occurs when two photons
with energies approximately equal to half the band gap energy, E,/2, are absorbed simul-
taneously. This effect occurs for all compositions of the InGaAsP alloy in the telecom
wavelength range due to higher lying conduction bands present in the electronic band
structure. The total absorption coefficient for a nonlinear material can thus be expressed

as
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Figure 1.8: Self phase modulation of an optical pulse. Figure from [75].
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where «q is the linear absorption coefficient, [ is the two-photon absorption coeffi-
cient, commonly in units of cm/GW, and I is the intensity. Other third-order processes
include third-harmonic generation, four-wave mixing, and cross-phase modulation, which

are discussed in detail in [75], but are beyond the scope of this thesis.

The nonlinear processes discussed in this section are important considerations for the
design of photonic components. Efficient devices for frequency-conversion require careful
engineering of phase matching, dispersion, optical confinement, and absorption losses. In
the following chapters, these principles are applied to the design and analysis of nonlinear
devices implemented on the InGaAsP-on-insulator photonic platform, with specific mention

in Chapter 4, discussing InGaAsP-on-insulator waveguides for second-harmonic generation.
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1.5 SUBWAVELENGTH INTEGRATED PHOTONICS

The field of subwavelength integrated photonics was first realized in silicon by Dr. Pavel
Cheben and Dr Jens Schmid, our collaborators for the design of the InGaAsP-on-insulator
meta-waveguides presented in this thesis, which have currently never been realized in a
ITI-V on-insulator platform. Since it’s conception, subwavelength photonics have greatly
enhanced the field of silicon photonics having a strong influence on the development of
integrated optical components for dispersion engineering [106-110], record low-loss optical
coupling [111-120], and size reduction in the footprint of photonic components. The advan-
tages of subwavelength photonics are realized through manipulation of the refractive index
distribution at scales much smaller than the operating wavelength. Since the field’s concep-
tion, subwavelength structures have proved especially useful for applications in bio-sensing
[121-124], and data and optical communications [114, 116, 125], benefiting from compact
geometries which provide a wide operation bandwidth and low-loss. In this thesis, Chapter
3 presents the designs of a meta-waveguide in the form of a subwavelength grating (SWG)
waveguide and subwavelength grating edge coupler, based on InGaAsP-on-insulator at A
= 1.55 pm. This work was performed in collaboration with Dr. Pavel Cheben and Dr.
Jens H. Schmid at the National Research Council of Canada and demonstrates the versatil-
ity of the InGaAsP-on-insulator platform as a novel platform for designing subwavelength

structures.

Subwavelength integrated photonics owes some of its conception to previous work on
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periodic dielectric structures, which were considered early on by Yablonovitch and John
[126, 127], who explored periodic modulation of dielectric materials leading to optical ef-
fects described by photonic band-gap structure, specifically, the photonic band-gap. The
periodicity of such structures results in Bragg reflections in a specific spectral window,
where the forward propagation of light is prevented [112]. In subwavelength devices, the
core material (n;) is periodically segmented with a lower index cladding (n9) at a pitch A,
much smaller than the propagating wavelength (A < \), allowing the periodic refractive
index to be treated as a quasi-homogeneous waveguide [112, 116]. For such periodic mate-
rials, the supported modes are represented by Floquet-Bloch modes, where the periodicity
in the direction of propagation leads to a dependence of the electric field that is described

by a plane wave with a periodic function [112, 128],

E(z,y,2) = F(z,y,2)e” "™, (1.47)

where F(x,y,2) = F(z,y,z+ A) is periodic, and the exponential term, e~** describes the
phase of the Floquet-Bloch mode as it propagates along the unit cells. In the phase term,
the complex Bloch wave vector, k, has real and imaginary components, k = k, + ¢k;. In
the wavevector, k, is the real part of the complex Bloch wave vector and is related to the

effective index of the Floquet-Bloch mode by k. = (2rnp/X). With this condition, the
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Figure 1.10: Subwavelength propagation regime diagram, where the real Bloch wavevector values
are positive and to the right of the w axis and the imaginary values are negative and to the left
of the axis. Figure from [112].

propagation of the Floquet-mode falls into three different regimes:

e Lossless guided regime : k, >0, k; =0, A < \/(2np) (1.48)
e Bragg regime (Bandgap) : k. > 0, k; <0, A = \/(2nFr) (1.49)
e Radiative regime : k. > 0, k; <0, A > \/(2np) (1.50)
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To understand how light will propagate in the periodic medium, the real and imaginary
parts of the Floquet-Bloch wave vector are analyzed, as illustrated in Fig. 1.10. In all
regions k, > 0, and in the areas where k; < 0, the guided wavelength )\, will experience
either the Bragg regime, where light is gradually attenuated and reflected, or the radiative
regime, where the light leaks into the cladding and substrate. In the regime below the
band gap (A > A/(2ng)), k. > 0 and k; = 0. Here, light achieves lossless propagation,

where it propagates without the effects of diffraction, similar to a homogeneous waveguide.

These different regimes are described by the ratio of the pitch, A, and guided wave-
length, A\,. The Bragg regime, where light is reflected, occurs when A = \,/(2np), the
lossless regime below the bandgap occurs when A < A\/(2ng), and the radiative regime
occurs when A > A\/(2np); in this regime the light leaks into the cladding and substrate.
In addition, the guided and unguided regimes for light in periodic structures are also de-
scribed in relation to the lightline, k|, in Fig. 1.10. The lightline describes the dispersion
relation for radiative modes in the cladding and, in general, serves as the cutoff condition
for guided and leaky Floquet-Bloch modes, where modes below the lightline are guided,
and those above leak into the cladding. In addition, for regions far below the band gap
(A < A), the periodic waveguide can be thought of as a uniaxial homogeneous effective

medium with an equivalent permittivity tensor,

nﬁ 0 0
€
. (151)
0

0 0 n?
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where n? is the equivalent effective index of the infinite laminar medium. As well as ¢,

q
the vacuum permittivity, and nﬁ and n? are the effective indices of a plane wave polarized
in the parallel and perpendicular axes of the grating interfaces, respectively. These indices

are described by the pitch and duty cycle of the periodic waveguide,
2 @ 9 ay o A?
nf~ Sk (1_K> +0(55 ). (1.52)
o A ay. -2 o A?

In Egs. (1.52) and (1.53), a is the width of the core material with higher index, n, while

A2

A is the pitch of the periodic cell, A is the free space wavelength and O <V> is a correction

term with a static value that helps with correction closer to the band gap [129].

To understand the formation of the photonic band structure, the Bloch periodic bound-
ary conditions are applied to a periodic dielectric medium. By using the symmetry of the
unit cell, the solutions to the Floquet-Bloch modes are described by an eigenvalue prob-
lem when the boundary is restricted to the unit cell, with the fields satisfying the Bloch
periodicity of a wavevector k. For a fixed Bloch wavevector k& within the first Brillouin
zone, the eigenvalue problem will yield a discrete set of frequencies, w,(k), where n is the
band-index. As the Bloch wavevector is varied across the Brillouin zone, each frequency
traces out a specific dispersion relation w, (k), forming a photonic band. The collection of
these dispersion relations makes up the photonic band structure, describing the allowed fre-

quencies that can propagate in a periodic dielectric medium [128]. In Chapter 3, a lossless
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subwavelength grating waveguide and a high-efficiency subwavelength grating edge coupler
are designed as part of the unique and high-performance subwavelength components that

contribute to the InGaAsP-on-insulator platform.
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1.6 PROCESS DESIGN KIT CREATION

A process design kit (PDK) is a library of basic and component-level building blocks
(waveguides, couplers, and phase modulators), provided or supported by a fabrication
facility for the efficient design of integrated circuits [130, 131]. A comprehensive PDK
includes layer stack information such as refractive indices, layer thicknesses, and etching
depths, as well as design rules such as minimum feature sizes, spacings, alignment specifica-
tions, and tolerances. In addition, a PDK typically contains parameterized cells (P-cells),
compact models, and design verification tools. P-cells allow designers to customize com-
ponents within the library, while compact models contain analytical or empirical models
of component performance for circuit simulations. These models often include parameters
such as effective index, group index, propagation loss, and dispersion, and may be derived
from numerical simulations or experimental device characterization. This section addresses
the requirements for PDK development and highlights the role of component design in the
manufacturing of integrated photonic circuits. The discussion begins with the state of
Canada’s semiconductor and photonics industry in a global context, followed by the essen-
tial elements of a PDK, and how component design is important for PDK construction, as

well as the benefits of an InGaAsP /SiOy photonic platform.

The adoption of photonic technologies has improved industries such as telecommuni-
cations, medical sensing, and quantum information processing [39, 132, 133]. In Canada,

however, broad adoption is limited by the domestic design and fabrication capability of
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semiconductor-based photonic components. Currently, there are only five semiconductor
packaging facilities in Canada and only one publicly operated fabrication facility in North
America with capabilities for Indium Phosphide (InP) wafers; namely, the Canadian Pho-
tonics Fabrication Centre (CPFC) [134]. Currently, the CPFC runs at full capacity and
can address the needs of large enterprises; this leaves the research and development needs
of small and medium enterprises, as well as academic institutions, unfilled. As part of
Canada’s strategy to improve the adoption of photonics technologies, a streamlined and
accessible design-to-fabrication pathway is required that leverages existing Canadian fabri-
cation infrastructure. Such pathways would allow users to make use of multi-project wafer
runs (MPWs), where different users aggregate designs on one fabrication run, reducing the
cost barriers and dependence on large commercial foundries such as TSMC and Global
Foundries [85, 135]. Initiatives such as the Fabrication of Integrated Components for the
Internet’s Edge network (FABrIC) showcase progress in these areas [136]. The development
of capable PDKs for versatile material platforms directly supports these national efforts
and helps establish Canada as a valuable international partner in the commercialization of

photonic technologies.

Component performance in PDKs is often represented using compact models based on
scattering parameters (S-Parameters), which describe the net transmission and reflection
characteristics between ports of a component. By representing this information as an
S-matrix, a black box description for designed components in circuit simulations can be
achieved, where the fabrication centre retains access to detailed fabrication process details,

while the designer only has access to the modelled performance of the component [130].
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This is beneficial for retaining specific intellectual property in the fabrication centre.

Within the workflow of a PDK, the component library is used at both the layout and
schematic layers to perform a layout versus schematic (LVS) verification before final tape-
out. The S-parameters provide information for generating a circuit netlist, defining the
connectivity details between ports at the schematic level, which can then be imported
to circuit simulation tools such as Ansys Lumerical Interconnect or OptiSpice. At the
layout level, the components are represented using GDSII format for the mask design,
and connectivity is defined from the port definitions found by doing a design check of the
schematic netlist. From these parameters, circuit-level simulations can be performed for
both frequency-domain transmission analysis and time-domain system modelling. Once
complete, the design rule checks in place ensure the LVS verification has consistency be-
tween the layout and schematic levels, verifying that the physical implementation matches

the intended circuit design.

The work presented in this thesis helps contribute to the development of a III-V semi-
conductor PDK by providing a passive-component library for the InGaAsP on SiOy (insu-
lator) platform. Focusing on passive devices in the telecommunication O-band (1260 nm -
1360 nm) and C-band (1530 nm - 1570 nm), these contributions include: GDSII component
layouts, associated S-parameter models, and waveguide effective index, group index, and
dispersion models suitable for circuit-level simulations. The proposed component designs
are based on a 220 nm guiding layer of Ing14GagggAsy3Po7, with a 3 um SiOs substrate
and top cladding, as illustrated in Fig. 1.11. This creates a structure with strong optical

confinement and compatibility with standard single-etch fabrication processes.
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Figure 1.11: InGaAsP-on-insulator material stack.

1.7 THESIS OUTLINE

The objective of this thesis is to present component designs for a novel material platform,
InGaAsP-on-insulator, that can be used to integrate passive components capable of nonlin-
ear photonics into monolithic photonic circuits. This would combine light sources, optical
modulators, low-loss signal routing, and optical detection on the same chip. The designed
components along with their associated wavelength ranges and polarizations are listed in
Table 1.1. As a whole, the designed components in this thesis also lay the foundation
for a component library for the InGaAsP-on-insulator platform that will create a valuable
and necessary tool for building application-specific integrated photonic circuits as part of

a process design Kkit.

An advantage of the InGaAsP-on-insulator platform is that it can be combined with

active devices such as lasers, amplifiers, modulators, and detectors, which can all be grown
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on Indium Phosphide, and bonded to silica (SiO3). The versatility of having many com-
ponents grown on the same material allows for enhanced functionality in photonic circuits
that combine active and passive photonic components within a high-index contrast plat-

form.

In the sections of this thesis, in Chapter 1, information on the optical properties of semi-
conductors, waveguide theory, numerical simulation methods for electromagnetic waves,
relevant nonlinear optical effects, subwavelength integrated photonics, and process design
kit creation is covered. In Chapter 2, material models for InGaAsP and simulation results
for the designed components, developed in collaboration with Optiwave Systems Inc., are
included. In Chapter 3, the design and analysis of a subwavelength meta-waveguide and
subwavelength edge coupler, developed in collaboration with Dr. Pavel Cheben and Dr.
Jens H. Schmid at the National Research Council of Canada (NRC), are included. Finally,
in Chapter 4, designs for a nonlinear optical waveguide are presented for second harmonic
generation from infrared to telecom wavelengths. The work presented in this thesis builds
the foundation for a novel and versatile material platform, capable of nonlinear photonics
and low-loss signal routing. In addition, these designs can also be incorporated into a
process design kit for high-index contrast I1I-V materials with strong optical confinement

and dispersion control.
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Table 1.1: List of designed photonic components, wavelength ranges, and polarizations

Components wavelength polarizations

straight Waveguide 1550 nm, 1310 nm TE, TM
Bent Waveguide 1550 nm, 1310 nm TE, TM
Linear Waveguide Taper 1550 nm, 1310 nm TE, TM
Y-Branch 1550 nm TE, TM

2 x 2 MMI 1550 nm TE

2 x 2 Directional Coupler 1550 nm TE
Waveguide X-crossing 1550 nm TE, TM

Subwavelength Waveguide | 1550 nm, 1310 nm TE
Subwavelength Edge Coupler 1550 nm TE, TM
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COMPONENT DESIGN

o4



Integrated photonic circuits are important devices for the routing and processing of
optical signals used in a wide range of applications, from sensing to optical data com-
munications. These devices can be application-specific by assembling basic components
such as those listed in Table 1.1, whose performance is defined by the transmission across
different optical ports. These components are typically developed through a combination
of analytical modelling, numerical simulation, and layout-level verification, where the per-
formance is characterized using modal properties of the propagating light and scattering
parameters (S-parameters) denoted by S;;, where i is the receiving port and j is the sending
port. In this Chapter, component-level modelling and validation are presented, developed
in collaboration with Optiwave Systems Inc., with special mention to Cem Bonfil and Dr.
Scott Newman for their feedback and guidance on device design and simulation testing.
This collaboration leverages an industry-academic partnership for achieving results using
standard design and simulation tools. The overall goal of the work presented here is to
design and characterize passive photonic components for integration into a scalable process

design kit for the InGaAsP-on-insulator material platform.
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2.1 SOFTWARE AND HARDWARE SPECIFICATIONS

The components presented in chapters 2 and 3 were modelled using a combination of 2D
and 3D FDTD software, including OptiFDTD 16.0.1.2624 for preliminary 2D simulations
on a Windows 11 system with an i7-9750H CPU and 16 GB of RAM. For 3D simulations,
the Tidy3D web interface from Flexcompute was used. This is a cloud-based GPU-based
FDTD software that greatly improves simulation time for 3D simulations. In Chapter
3, the subwavelength components presented were simulated using a dedicated simulation
computer with a 13th Gen Intel(R) Core(TM) i9-13900K CPU with 32 cores and 128 GB of
RAM, using Lumerical 2024 R1 version 1.9.3633. Python and Lumerical scripts developed
with the help of generative Al tools such as ChatGPT and Claude were used to perform
analytical modelling of the results of waveguide compact models, the effective coupling
length of the 2 x 2 directional coupler, and theoretical efficiency of the second-harmonic
generation waveguides. These scripts were then verified by the author and compared with

results from numerical simulations.
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2.2 WAVEGUIDE MODELLING AND ANALYSIS

Optical waveguides are physical structures that confine and guide electromagnetic waves
along a defined path. These structures serve as the fundamental building blocks of photonic
devices, routing light on both chip-scale and fibre-based platforms. Various waveguide
structures have been explored for photonic platforms in 3-layer, 2-layer, and multi-layer
structures. As illustrated in Fig. 2.1, examples in AlGaAs include strip-loaded waveguides
in 3-layer systems, on-insulator platforms in 2-layer systems, and quantum well waveguides

in multi-layer systems [137].

: 3-layer platform !

2-layer platform

multi-layer platform

Low Al composition [l Hieh Al composition [N silica [  tettice-matched substrate [N

Figure 2.1: Waveguide material stacks in AlGaAs. Figure from [137]

Building on established waveguide architectures, this section details the steps taken for
creating compact waveguide models of a buried oxide InGaAsP-on-insulator waveguide,
where the oxide acts as a low-index cladding. This includes the material models used for

the InGaAsP, convergence testing for determining waveguide parameters, and analytical
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2.2. WAVEGUIDE MODELLING AND ANALYSIS

modelling techniques for the optical performance of the InGaAsP waveguide at telecom

wavelengths.

2.2.1 MATERIAL REFRACTIVE INDEX MODELS

For modelling the optical response of materials in photonic circuits, accurate dispersion
models are important for producing rigorous results. The design of passive photonic com-
ponents for Ing14GagggAsy3Po.r requires reliable optical response data models below the
band gap energy (£, = 1.1eV = 1127 nm). In these transparent regions, the absorption
is minimal, while the refractive index still exhibits variation with the wavelength. Com-
mon dispersion modelling approaches include methods such as polynomial fitting of the
refractive index data, Sellmeier, and Lorentz-Drude models. Sellmeier equations are often
used to describe the refractive index in the spectral regions with little linear absorption,
particularly for wavelength regions below the bandgap energy, and are therefore well suited
for modelling InGaAsP at telecom wavelengths. The Lorentz-Drude model describes the
optical and electrical response of dielectric materials through the combination of the Drude
model to describe free electrons in a material and the Lorentz model to describe the op-
tical response of bound electrons. This approach is especially useful when free-carrier or
absorption effects must be included over a broad spectral range. Polynomial fitting of
refractive index data offers flexibility in describing the refractive index through the accu-
racy of different polynomial orders, and is typically valid over certain wavelength ranges.

Examples of how these dispersion models are applied can be seen in various applications,
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2.2. WAVEGUIDE MODELLING AND ANALYSIS

such as modelling 2D thin films [138], studying the optical properties of transition metals

[91, 139], and investigating the permittivity of materials over large spectral windows [140].

The refractive index data of Ing14GaggsAsgsPor used for modelling the components
presented in this thesis is based on the approach described in [141]. In this approach, the

refractive index, n, for photon energies below the bandgap is described by an analytical

expression,
1 E, \'°
n=,A f($0)+§ (m) f(zos)| + B, (2.1)
where
fl@o) =25 (2= V1I+z0—V1—1), (2.2)
f(@os) = 2,7 (2= V14 @05 — VI — 24s) (2.3)
hw
Lo = Foa (2.4)
hw

Tos — m (25)

In Egs. (2.1) — (2.5), the coefficients A and B are obtained through linear interpolations
of experimental binary compound data. The parameter A describes the contributions
from the electronic transitions at the fundamental band gap energy, Fy, and the split-off

band transition at Ey + Ag. The parameter B describes the approximate non-dispersive
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contribution of higher energy electronic transitions to the refractive index. Furthermore, to
extend the refractive index model across a wide wavelength range for photonic simulations,
this refractive index data of Ing14GagggAsg3Por in the transparent regime is fitted to a

three-term Sellmeier model described by

A, >\2
=1 2.
T 20
with the coeflicients
0.699)\2 0.023)\2 8.455)\2
— 1+ 2.7
Z A% — (0.810) )\2 —(1.102) + A2 — (0.0525) (2.7)

where A is expressed in micrometers and the resonance coefficients C; have the units of

pm?.

Using the refractive index data for Ing 14Gag geAsg3Po7 derived from Eq. (2.1) and Eq.
(2.7), the corresponding Sellmeier equation fitting is illustrated in Fig. 2.2. This fitting
provides a compact and computationally efficient representation of the material dispersion

for use in modelling photonic components with FDTD simulations.

The Sellmeier Eq. (2.6) is identical to that produced from modelling the refractive

index in the lossless regime, I' = 0, for the Lorentz-Drude model,

M
AN
€:1+Z>\2+jFZ-)\—)\2’ (2.8)
=1 g
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Sellmeier Fit of INnGaAsP (x=0.86y = 0.7)

e Analytical Data

. 3.61 —— Fitted Sellmeier Curve
=
c
X 3.5
U
©
=
ClJ
$ 34
1
(@]
©
=
L 3.31
o
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1.0 15 20 25 30 35 40 45 5.0
Wavelength (um)
Figure 2.2: Sellmeier fit for the refractive index data of In;_GaxAs;_yPy (x=0.86,y=0.7) R? =

0.999997

where € is the relative permittivity and the refractive index is given by n = /e. The
damping term, I', is included in the Lorentz-Drude model, which describes the electron
scattering and absorption in conductive and lossy materials. Since I is assumed to be zero
below the band gap energy, in this case, the Lorentz-Drude model reduces directly to the

Sellmeier form, recovering Eq. (2.6),
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2.2. WAVEGUIDE MODELLING AND ANALYSIS

2.2.2 CONVERGENCE TESTING

Reliable numerical simulations and mode solvers require convergence testing, which ensures
physically accurate results and minimizes numerical errors arising from poor spatial and
time resolution. One approach for convergence testing is to improve the mesh resolution
in 2D simulations until the results approach a stable value. Commonly, this resolution is
chosen to be approximately one-tenth of the wavelength inside the material, A\/n, where n
is the refractive index of the waveguide core [142]. This is important because, in numerical
simulations, the correct solution is always an approximation within some numerical error

determined by factors such as spatial discretization and boundary conditions.

Convergence of Waveguide Parameters vs Resolution at A = 1550 nm
(500 nm x 220 nm InGaAsP Waveguide)

Effective Index Effective Mode Area Group Index
224 0.230
) —e— TEo —e— TEo 4.05
2.22 & 0.225
= 1S 4.00
7} = o
c e <
2.20 ¢ 0.220
< 3.95
—e— TEo
2.18 0.215
100 75 50 25 100 75 50 25 100 75 50 25
0.500
1.775 TMo TMo 3.8 TMo
0.475
1.750 - 3.6
0.450
$1.725 g )
S e <34
1.700 20425
1.675 0.400 3.2
100 75 50 25 100 75 50 25 100 75 50 25
Simulation Resolution (nm) Simulation Resolution (nm) Simulation Resolution (nm)

Figure 2.3: Convergence testing with the resolutions of 100 to 5 nm for the effective index,
effective mode area, and group index of a 500 nm x 220 nm InGaAsP waveguide.
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Figure 2.4: Linear and logarithmic scale plots of the TEgy mode field for 5 nm and 80 nm
computational resolutions, where the colour plot indicates the normalized electric field amplitude
(a.u).
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To perform a convergence test for the InGaAsP-on-Insulator waveguides, the spatial
resolution of the finite-difference eigenmode (FDE) solver was increased from 80 nm to 5
nm at a wavelength of A = 1.55 um. As shown in Fig. 2.3, the variation in the extracted
modal parameters gradually reduces as the mesh resolution is refined. Particularly, the
effective index, mode area, and group index of the TEy, mode exhibit smaller variations

as the grid size decreases, as illustrated in Fig. 2.4.

From these results, the changes of < 0.002 in the values of the effective index, group
index, and effective area are obtained for the mesh resolutions finer than approximately 20
nm, relative to the highest resolution used (5 nm). Although the convergence is not exact,
this level of variation provides an acceptable level of precision for determining parameters
such as the effective index and group index in FDE simulations and is sufficient for the

generation of reliable models.

2.2.3  WAVEGUIDE COMPACT MODELS

Compact models of the effective index are valuable for understanding waveguide behaviour
across wide wavelength ranges without requiring repetitive numerical simulations. Fitting
effective index data over a wavelength interval to a polynomial expansion allows the ef-
fective index, group index, and dispersion to be expressed analytically, enabling efficient

system-level modelling of waveguides for photonic circuit design.

Before determining polynomial fitting parameters, an appropriate waveguide width for

single-mode operation must be calculated. This is achieved by sweeping the effective index
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as a function of increasing waveguide widths at the telecom wavelength ranges, A = 1.55 ym
and A = 1.31 pum. A guided mode requires that the effective index be larger than that of
the cladding (SiO3), such that nyer > neaq. To ensure single-mode operation, higher-order
modes must become unguided (leaky) when their effective index satisfies neg < 712, which

defines the cutoff condition for higher-order modes.
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| c 0] 0.6.9
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Width of waveguide (um)
(a) (b)

Figure 2.5: Effective index variation of the InGaAsP-on-insulator waveguide as a function of
waveguide width for the first six modes, where gray is the cutoff condition, the pink colour
represents the TE modes, and cyan colour represents the TM modes: (a) at A\ = 1550 nm and
(b) at A = 1310 nm.
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As shown in Fig. 2.5, the second magenta line indicating the TE; mode reaches a
cutoff at approximately 500 nm in waveguide width for a fixed height of 220 nm at \ =
1.55 pm. At this width, the TE;y mode has an effective index near that of the cladding
and is not guided (neg & nepaq). Consequently, a waveguide width of 500 nm supports only

the fundamental TEq, and TMyy modes at (A = 1.55 pym).

However, at 1.31 um, the same 500 nm waveguide width does not fully satisfy the cutoff
condition for the TE o mode, which remains weakly guided with an effective index greater
than the cladding neg = 1.65 > Ngaq (neg &~ 1.65). Despite this, a 500 nm waveguide width
can still be considered appropriate in practice due to the strong mode confinement of the
TEg at A = 1.31 pum. In this regime, higher-order modes are only weakly bound and
therefore difficult to excite, particularly when the waveguide undergoes adiabatic tapering

to only support the single-mode excitation.

The compact effective-index model is defined by

neﬁ(A) = Al + AQ()\ — )\0) + Ag()\ — )\0)2, (29)

which corresponds to a second-order Taylor expansion of the effective index centred about
a central wavelength \q. Here, A; corresponds to the effective index at \g, Ay determines

the group index, and A3 is used to calculate the dispersion, D, in units of s/m?.

To determine the polynomial Taylor expansion coefficients, Eq. (2.9) is applied to

effective index data over a finite wavelength range centred around the reference wavelength

66



2.2. WAVEGUIDE MODELLING AND ANALYSIS

Ao, creating an analytical model of the effective index, group index, and dispersion using

Nng = Al, (210)

ng = Al - Az)\o, (211)
—2>\0A3

= —. 2.12

) (2.12)

The effective index data for the 500 x 220 nm waveguide were used to obtain polynomial
fits over the ranges 1.26 — 1.36 pm and 1.5 — 1.6 pum. As illustrated in Fig. 2.6, the
fitted curves in comparison with the simulated effective index data demonstrate good
agreement across the wavelength ranges of interest. The polynomial expansion parameters,
as illustrated in Fig. 2.6, for the fundamental TE and TM polarizations at both 1.26 —
1.36 pm and 1.5

— 1.6 pm wavelength regions are listed below in Table. 2.1.

Table 2.1: Effective Index Fitting Parameters

Coeflicient | \g = 1.55 pm TE | \g = 1.55 yum TM | g = 1.31 pm TE | Ay = 1.31 pm TM
Ay 2.234 1.672 2.532 2.012
Ag -1.163 -0.955 -1.372 -1.924
Az 0.239 1.721 0.854 2.158

Table 2.1: Polynomial expansion fitting parameters for waveguide compact models are A =
1.55 pm and A = 1.31 gm in TE and TM polarization.

The examples of how these compact-model parameters are used to extract the effective

index and group index in photonic devices, such as Mach-Zehnder interferometers and

micro-ring resonators, can be found in [143-145]. Furthermore, using the compact model

parameters, a group-velocity-dispersion (GVD) map can be calculated for a wide range of
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Figure 2.6: Polynomial fitting of the effective index for the TEg and TMgy modes at A\g = 1550
nm and 1310 nm.

waveguide geometries, providing valuable information for the application-specific design of

integrated photonic devices. The resulting colour maps of GVD, shown in Figs. 2.7a and

2.7b, provide a valuable sense of waveguide geometries with tailored dispersion properties

where the increasing wavelength is generally seen to have lower dispersion values.
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Figure 2.7: Comparison of group velocity dispersion (GVD) maps for InGaAsP-on-insulator (OI)
at A =a) 1310 nm and b) 1550 nm.

2.3 BENT WAVEGUIDES

The increasing density of photonic circuits requires low-loss components. One of the most
essential components needed to enhance integrated circuit density is the 90° waveguide
bend. Limiting the loss in waveguide bends maintains a good signal-to-noise ratio needed
for applications in quantum photonics [146-150], biological sensing [151-154], and data
and communications [21, 30, 155-157]. The loss in a waveguide bend is typically expressed
in decibels per turn (dB/turn) and is attributed to two main factors: mode mismatch be-
tween the straight and bent waveguide sections, and radiation loss due to mode leakage in
the waveguide bend [131]. In the bent section of the waveguide, the effective index inside is
changed because of a gradient formed between the propagation constant at the inside and
outside edges of the bend, causing the mode to shift towards the outside edge of the bend.

The displacement creates an asymmetric field profile, contributing to mode-mismatch loss,
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as well as an increased field overlap with the cladding material, thus contributing to ra-
diation losses in the bend. At small radii, the mode profile is further displaced, and the
loss in the bends increases rapidly, with the TM polarization typically experiencing greater

sensitivity to the curvature radius and wavelength dependence[131, 158].

The loss of single-mode waveguides has been reported for high-index contrast material
platforms such as silicon-on-insulator (SOI). For a 445 nm width and 220 nm height SOI
waveguide, a bend radius of 1 um has a reported bend-loss of 0.086 £+ 0.005 dB/ turn at
A = 1.5 pum [159]. In addition to the loss characterization in circular waveguide bends,
several approaches have been used to decrease the amount of loss using Euler bends for
smaller bend radii [160, 161], bezier curves [162, 163], lateral offset waveguides to reduce
loss by mode-matching [164], adiabatic tapered waveguide widths [161, 165], and other
bends based on unique mathematical functions [166, 167]. In this section, we present the
simulation results for 90° circular waveguide bends, with the waveguide cross-section di-
mensions of 500 nm in width and 220 nm in height, for both TE and TM modes at the
wavelengths of A = 1.31 ym and A = 1.55 ym. For determining the loss in 90° waveguide
bends, 3D FDTD simulations are performed in the OptiFDTD and Lumerical FDTD en-
vironments. The simulations in Lumerical FDTD are configured according to the methods
described in [131], where an optical mode source within a straight input waveguide is con-
nected to a circular bend of radius, R. At the output waveguide, an eigenmode expansion
monitor is included to determine the power transmitted to the fundamental mode. The
Eigenmode expansion monitor measures the power transferred to the fundamental mode

of the waveguide, accounting for the power lost from higher-order modes that will radiate
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out of the waveguide over longer distances [131]. The simulations performed in OptiFDTD

are used to examine the mode transformation in waveguide bends with small radii, as

illustrated in Fig. 2.8a and 2.8b.

Z (um)

(a) TEgp mode in a 2 um bend. (b) TMgp mode in a 2 um bend.

Figure 2.8: OptiFDTD simulation for the a) TEqgy mode with Ex mode profile in a 2 ym waveguide
bend. b) TMyy mode with E; mode profile in a 2 pm waveguide bend, where the colour plot
indicates the electric field amplitude in V/m.
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As illustrated in Figs. 2.8a and 2.8b, the field profile of the TE mode is displaced to
the outer edge of the waveguide and offset from the centre. Similarly, the TM mode is also
offset and experiences much more displacement compared to the TE mode, with the field
profile overlapping strongly with the cladding. In waveguide geometries, such as the one
here, where the width is larger than the height, the TE mode is contained more by the

sidewalls of the waveguide than the TM mode, and thus has a smaller field profile. [131].

90° bend radius (um) | Loss TE (dB/turn) | Loss TM (dB/turn)
0.5 4.2788 10.5566
1 1.8428 6.3045
2 0.3264 3.8123
3 0.1069 2.5714
4 0.0473 1.7023
5 0.0346 1.2014
6 0.0231 0.8670
10 0.0083 0.3330
20 0.0086 0.0858
30 0.0089 0.0251

Table 2.2: A = 1550nm Bend loss of the TEyy and TMgy modes in 90° bends from 0.5 gum - 30
.
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90° bend radius (um) | Loss TE (dB/turn) | Loss TM (dB/turn)
0.5 3.6982 7.4312
1 0.6431 2.2207
2 0.1215 0.7205
3 0.0549 0.1672
4 0.0350 0.1642
5 0.0215 0.0832
6 0.0183 0.0491
10 0.0099 0.0347
20 0.0036 0.0157
30 0.0033 0.0169

Table 2.3: X\ = 1310nm total Bend loss of the TEgy and TMgy mode in 90° bends from 0.5 pm -

30 pm.

Tables 2.2 and 2.3 display that the bend loss (dB/turn) is consistently lower for the TE
mode at both wavelength ranges. At small radii, this is more apparent as the TE mode has
a stronger confinement and experiences less radiative losses compared to the TM mode.
This aligns with the explanation provided of how the TE mode will suffer less loss than
the TM mode in the waveguide bend because the field profile is more contained by the

sidewalls of the waveguide core. As a result, TM waveguide bends will require larger bend

radii to achieve the same performance for this waveguide geometry.
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Figure 2.9: Bend loss of circular waveguide bends for TE and TM polarized modes at wavelengths
of 1310 nm and 1550 nm.

To determine an appropriate minimum waveguide bend radius, assumptions must be

made regarding the propagation loss of straight waveguides, and a comparison drawn be-

tween the simulated values presented in Tables 2.2 and 2.3, and other high-index con-
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trast material platforms. The simulated waveguide bend loss is often compared with the
propagation loss for straight waveguides on the same material platform to determine the
additional loss introduced by the waveguide bend. Because these data are not currently
available for this particular material platform, a comparison is made with other high-index
contrast material platforms such as SOI (1.2 - 2.4 dB/cm) [168, 169], AlGaAs-on-insulator
(0.8 - 1.5 dB/cm) [81, 170], and notably similar InGaAsP-on-insulator ridge waveguides
with an Al,O3 passivization layer (4 dB/cm) [171]. Based on this comparison, an upper
loss limit of 5 dB/cm is used to determine an appropriate minimum circular waveguide
bend radius for A = 1.55 um and A = 1.31 um. An appropriate radius will therefore have
a bend loss below approximately 5 dB/cm. As illustrated in Fig. 2.9a, at 10 pum bend
radius, for the TE mode at A = 1.55 pum, the loss is 0.0083 dB/turn (5.28 dB/cm). To
translate this value to dB/cm, we use the relation for the arc length and loss/turn of the

waveguide bend,

Oben,
QdB/em = :_Rd, (213)

2

where apenq is the loss of a single 90° bend in dB, and the arc length is 7R/2. As shown
in Figs. 2.9a - 2.9d, the propagation loss (orange line) intersects the waveguide bend data
(red points) at the minimum bend radius close to the assumed 5 dB /ecm generalization.
Because the simulated TE and TM-mode loss at a radius of 10 um slightly exceeds the 5

dB/cm limit, this value is considered an approximate design limit rather than a cutoff.

Furthermore, as illustrated in Figs. 2.9a - 2.9d, the loss experienced by the fundamental
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modes in a 90° circular waveguide bend decreases as the radius of the bend increases. The
loss for the TE mode is similar for wavelengths of A = 1.55 ym and 1.31 um due to the
confinement of the TE mode to the waveguide core. In contrast, the propagation loss
experienced for the TM mode at A = 1.55 um is greater than that experienced at 1.31
pm, due to the larger field profile that overlaps with the cladding, leading to more loss

occurring in the bend.

A=155pum | A =131 ym
Minimum radius TE (um) 10 10
Minimum radius TM (um) 30 20
Loss TE (dB/cm) 5.5 6.5
Loss TM (dB/cm) 4.9 2.3

Table 2.4: Bend loss (dB/cm) for the minimum circular bend radius for TE and TM polarizations
at A = 1.55 ym and A = 1.31 pm.

Using the upper loss limit of 5 dB/cm, from comparisons with other high-index contrast
material platforms, the minimum bend radii for 90° waveguide bends are summarized in
Table 2.4. The minimum radius for the TE mode at both A\ = 1.55 ym and A = 1.31 ym
is 10 pm. Conversely, a much larger minimum bend radius for the TM mode is obtained

at A = 1.55 pm and A = 1.31 pm; 30 pm and 20 pm, respectively.
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Further work in this area would incorporate designs for low-loss waveguide bends, such
as Euler or Bezier curves, to limit excessive mode-mismatch and radiative losses. In addi-
tion to low-loss waveguides, experimental data for the propagation loss of 500 nm x 220
nm InGaAsP-on-insulator waveguides would provide data for determining the excess loss

introduced by the waveguide bends.
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24 LINEAR WAVEGUIDE TAPERS

A linear waveguide taper is a waveguide whose width varies linearly to match the mode

size and effective index between two waveguides of different widths, as shown in Fig. 2.10.

L¢

Linear taper Wout

Figure 2.10: Linear taper with an input width of wi, and output width of wey over a taper
length L. Figure from [172].

Linear waveguide tapers are crucial for integrated photonic circuits, enabling compati-
bility between components of different sizes and leveraging the benefits of single-mode and
multi-mode waveguides, as well as spot-size and mode conversion. It is often desired to
have adiabatic transitions between waveguides, where the fundamental mode transitions
without losing power to the excitation of higher-order modes, often caused by diffraction

of the phase front [173], described by

(2.14)
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where « is a value close to 1 to correct for the Gaussian approximation made for light
propagating in a slab region, 6, is the divergence angle of the mode described by Gaussian
beam optics, neg is the effective index of the mode at the largest width, and wy is the mode

field radius.

Adiabatic transitions can occur in waveguide tapers when the local taper angle, 6, is

less than the divergence angle 6,

0 < 0, (2.15)

This condition is especially useful when transitioning from single-mode waveguides to com-
ponents with wider inputs, where mode matching improves the performance of devices over
a broad spectral range. Among the methods stemming from this condition, Eq. (2.15),
exponential and parabolic tapers change the local taper angle, 6, as a function of length
as the effective index changes along the taper for ensuring adiabatic mode evolution in

compact footprints [174-177].

In this section, we present linear waveguide tapers for both TE and TM polarizations
at A = 1.55 pym and 1.31 pum transitioning between a single-mode 500 nm width, 220 nm
height waveguide, to both a narrow-width 0.2 ym and a large-width 1.0 pm waveguides.
In addition, a taper width of 1.54 um is included for tapering to the geometry of a second
harmonic generation waveguide discussed later in Chapter 4. The waveguide widths pro-
vided include an example of the design of waveguide tapers, which can be used as spot-size

or mode converters.
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Figure 2.11: Transmission vs taper length for a linear waveguide taper with an output width of
200 nm.

Eigenmode expansion (EME) is used to determine the mode transition between the two
waveguide widths, wy, and wo,;. EME is a mode expansion method used for calculating the
total electromagnetic fields as a sum of local eigenmodes and then propagating their am-
plitudes and mode overlaps between multiple cells, maintaining field continuity between
segments. This method is well-suited for simulating devices with long propagation dis-
tances, such as tapers, that have bi-directional inputs. In the simulation environment, the
EME simulation is divided into three groups: the input width of the linear taper, the linear
transition from width 1 to width 2, and the final output width of the linear taper. Within
the second group, the cell is split into 20 sections for local eigenmode simulation. Next,
the number of modes to be expanded across the cells is set to 50 modes to ensure accurate
field evolution. Finally, the propagation length is swept from 0 - 100 pum, as shown in Fig.
2.11.
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Figure 2.12: Transmission vs wavelength for a 40 um taper length linear waveguide taper.

Once the transmission reaches a plateau, a corresponding length is then used for a
wavelength sweep in the same EME simulation from 1.5 ym to 1.6 gm and 1.26 pm to
1.36 pm for both TE and TM polarization. As shown in Fig. 2.12 for a 40 um long linear
taper transitioning from a width of 500 nm to 200 nm, a high efficiency is obtained for the

TE mode in the 1.5 - 1.6 um wavelength range.

Following the same method for the other waveguide widths, the corresponding loss for
each of the tapers is presented in Tables 2.5 and 2.6, with the loss being attributed to the

radiation and small mode-mismatch losses.

Taper width (weu) | Taper length (Ly) | loss (dB) TE | loss (dB) TM
0.2 40 0.1647 0.0283
1.0 10 0.0003 0.0002
1.54 15 0.0018 0.0021

Table 2.5: loss (dB) in linear tapers at A = 1550 nm
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Taper width (wou) | Taper length (Ly) | loss (dB) TE | loss (dB) TM
0.2 40 0.1638 0.0036
1.0 10 0.0003 0.0004

Table 2.6: loss (dB) in linear tapers at A = 1310 nm

2.5  SPLITTERS

The combining and splitting of light in integrated photonic circuits is essential for taking
full advantage of nonlinear and interference effects in quantum photonics [178, 179], data
transmission and signal processing [180, 181], and multiplexing in optical communication
systems [182]. Various methods for splitting and combining light have been explored, such
as Y-branches [183-185], directional couplers [186-188], and multi-mode interferometers
[189, 190]. The Y-branch is unique because it provides uniform power splitting in the
two output waveguide arms across the wavelength, which is partly due to the symmetric
design of the Y-branch. Various design approaches, including multi-mode tapering [191],
section optimization [192], and asymmetric waveguide tapers [193], have been explored for
creating low-loss Y-branches. In sections 2.4 - 2.6 in this work, splitters such as a Y-branch,
directional coupler, and multi-mode Interferometer are explored for even power splitting

in TE and TM polarizations for the wavelength range of 1.5 — 1.6 pm.
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2.5.1 Y-BRANCH

A Y-branch is a photonic component that evenly splits light from one input waveguide into
two output waveguides, acting as a 50/50 beam splitter. In reverse, this device can also act
as a combiner, where the two input waveguides are used to constructively interfere light
into the fundamental mode of the output waveguide. When the Y-Branches are connected
by waveguides, a Mach-Zehnder interferometer can be realized, where if one waveguide has
a 180° phase shift relative to the other, destructive interference occurs. This interference
occurs because, within the larger branching region, the two waveguide modes interfere to
excite higher-order modes, which will then radiate out of the waveguide as the waveguide
width tapers down to the single-mode output waveguide. The geometry of the Y-Branch

is illustrated in Fig. 2.13.

L_S-bend

Figure 2.13: Geometrical parameters of the designed Y-branch waveguide splitter.

Considering the intensity and electric field of the light, in a Mach-Zehnder interferom-

83



2.5. SPLITTERS

Figure 2.14: Mach Zehnder Interferometer with Y-branches used as waveguide split-
ter/recombination configuration. Figure from [194].

eter, the Y-Branch acts to split light with intensity I; = |E}|? into two output waveguides
with intensity Ir = I3 = I1/2 (Fy = E3 = El/\/§) In the two output arms, the light will
propagate a distance L, with respective propagation constants 5, = 2”% and By = 2”%
As illustrated in Fig. 2.14, the Y-branch can also be used recombine light. When the light
then meets at the second Y-Branch, the corresponding electric field at the output is given
as \/Li (Eo1 + Ey) where the electric field in each arm is represented by, E, = Ee il
and E,y = E,e 22 respectively. From the electric field at the output, the intensity in

the output waveguide of the combiner is

IO = (1 + COS(ﬂlLl - BQLQ)) . (216)

DO | &

This allows the Y-Branch to be a very versatile device, because a phase shift in one of
the waveguide paths creates a sinusoidal variation in the intensity based on wavelength
[131]. This is the principle in how Mach-Zehnder interferometers function, a fundamental
device in interferometry used in applications such as quantum optics, data transmission,

and optical sensing [70, 195-197].
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To evaluate the optical performance of the designed Y-Branch, the mode evolution
and transmission spectra of the electric field for the fundamental TE and TM modes
were analyzed using 3D FDTD simulations. For simulating the Y-branch, 2D simulations
were initially performed in OptiFDTD, before conducting 3D simulations in Tidy3D. The
resolution of the 3D simulations was performed using 30 steps per wavelength in a non-
uniform grid, with a Gaussian optical source centred at 1.55 pm within Tidy3D, providing

accurate resolution compared to uniform meshing of 15 nm [198].

The mode field profiles in Figs. 2.15a and 2.15b provide insight into power transfer
between the coupled waveguides and mode confinement, while the transmission spectra
detail the wavelength dependence of the coupling efficiency in decibels (dB). The 50/50

splitting occurs at —3.01 dB, where the transmission in decibels is calculated from

dB = 1010g10k’, (217)

where k is the transmission in %.
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Figure 2.15: TEg and TMgyy Mode evolution in the Y-Branch, with the electric field intensity

[E|?, in W/m2.
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Figure 2.16: Transmission results of 1.5 — 1.6 um in TE mode Y-branch

—3 dB Y-Branch TE reflection.

The mode evolution displayed in Figures 2.15a and 2.15b shows how the input electric
field for the TE and TM modes is evenly divided into the two output arms after propagating

through the branching region of the Y-branch. As illustrated in Fig. 2.16a, across the
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wavelength region of 1.5 —1.6 um, the TE mode shows even splitting in the two arms close
to the optimal value of —3.01 dB, where the light is even split between —3.07 and —3.13

dB, and the reflected ratio at the input is very low, between —21 and —25 dB.
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(a) —3 dB Y-Branch TM transmission. (b) —3 dB Y-Branch TM reflection

Figure 2.17: Transmission results of 1.5 — 1.6 um in TM mode Y-branch

For the TM mode, as shown in Fig. 2.15b, the Y-branch demonstrates higher loss,
stronger wavelength dependence, and higher mode coupling in the output arms compared to
the TE mode, for the same geometry. As shown in Fig. 2.17a, evaluating the performance
of the TM splitting between the two arms, even splitting between the arms, shows a
variation in transmission between —3.2 and —3.6 dB, and the reflections for the TM mode

are also low, with reflected power being between —22 and —23 dB.

Overall, across the wavelength range 1.5 — 1.6 um, the Y-branch shows good perfor-
mance for the TE mode and acceptable performance for the TM mode, providing polar-

ization versatility without modifying the geometry of the component.
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Parameter dimension (pm)

input waveguide length (Wg_L) 2
input taper length (Lt;) 1.5
MMI box length (Lymm) 1.6
linear output taper length (Lt,) 1.0
waveguide width (Wg_w) 0.5
waveguide height 0.22

S-bend length (L'S-bend) 10
S-bend vertical offset (W'S-bend) 2.5

Table 2.7: Design parameters for the Y-branch splitter, including the input taper, MMI section,
waveguide geometry, and S-bend layout.

The component parameters of the Y-branch are summarized in Table 2.7, and illustrated
in Fig. 2.13, describing the dimensions of each region along the optical propagation path
from the input to the output; The input and output waveguides have a width and height
of 500 nm and 220 nm, respectively. The input taper transitions from the single-mode
waveguide to the width of the multi-mode interference region (1.8 pm), through a concave
parabolic taper. This transition provides an adiabatic transition to minimize reflection and

excitation of higher-order modes.

From the input taper, the wider multi-mode interference region supports higher-order
modes that constructively and destructively interfere to distribute the optical power into
the two single-mode output waveguides. Beyond the multi-mode interference region (MMI),
linear output tapers focus the light into the single-mode waveguides within the S-bends,
which have a vertical offset of 2.5 ym and a horizontal length of 10 pum, laterally separated

to prevent excessive unwanted mode coupling between the two waveguides.
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The Y-branch designed in this section provides a useful component for the splitting
and recombination of light that can be used in integrated photonic devices such as Mach-
Zehnder interferometers. Further work in the development of the component can be done
for designing parameters for a target wavelength of 1.31 pm in the O-band (1.26 — 1.36
pm), as well as incorporating fabrication-aware design algorithms for small spacings, such
as the junction of the linear tapers. In the following sections, other devices such as 2 x 2
directional couplers and multi-mode interferometers for splitting and combining light are

also discussed.
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2.5.2 2 x 2 MuLTI-MODE INTERFEROMETER

A multi-mode interferometer (MMI) is a component used for splitting and combining light
predictably. In contrast to Y-branches and directional couplers, MMIs function based
on the multimode interference and self-imaging in a broad waveguide region that sup-
ports multiple guided modes. The first developments of MMIs for integrated circuits were
demonstrated for single and double self-imaging interference in multi-mode waveguides
[199]. The operating principle of an MMI is based on the self-imaging principle, where a
monochromatic plane wave incident on a periodic diffraction grating repeats its own image
at a fixed distance away [200, 201]. In self-imaging, the guided modes supported by the
multimode waveguide interfere constructively to reproduce replicas of the input mode field
at well-defined self-imaging lengths. Applied to MMIs, the input electric field will repeat

its own self-image at the beat length L, [202],

70
L;(\)=——, 2.18

N =55 (218)

where L, represents an approximate beat length for multimode interference in high-index

contrast waveguides and [3; is the respective propagation constant for the two lowest order

modes. The guided modes are supported in the broad waveguide with different propagation

constants, 3, and their relative phase accumulation produces periodic interference patterns

along the propagation direction. This is used to determine the approximate MMI length
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for N self-images to form, given by Ly = L. /N,

dn(\)W3
Lymr = w (2.19)

Here, n(\) is the effective refractive index of the multi-mode waveguide region, Wysnr
is the width of the multi-mode region, and N is the number of self-images produced.
The interference images produced in MMIs make them versatile components for photonic
circuits in applications such as optical communications [203, 204], sensing [205, 206], and
signal routing [207]. In this section, we present a 2 x 2 InGaAsP-on-insulator MMI,

illustrated in Fig 2.18, designed for 50/50 power splitting of the TEqy mode within the

wavelength range of A = 1.5 — 1.6 pm.

e, L

Figure 2.18: 2 x 2 MMI diagram

To design the MMI, the width, Wiy, is set large enough to support higher-order

mode propagation, described by a V number,

V= @\/n,%—nz > 1, (2.20)

where )\ is the wavelength, n, is the refractive index of the InGaAsP core, and n, is the

refractive index of the cladding, SiOs. Since the InGaAsP-on-insulator platform is a high-
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index contrast waveguide, the physical width of the waveguide is used as the effective width,
W, ~ W, ignoring the Goos-Hénchen shift associated with lateral mode field penetration
at the ridge boundaries of the material [208, 209]. This approximation is valid for high-
contrast waveguides and simplifies the estimation of the number of supported modes in the

multimode waveguide as:

42
V= %\/3.2772 1442 = 25.05. (2.21)

Following Eq. (2.19), the required MMI length, Ly, for a specified number of self-images
depends on the width of the MMI, Wy, 7, the effective index in the multimode region, n,,
and the number of output images N [201, 202, 208, 209].

For the designed 2 x 2 MMI, with a specified length, Ly, the calculated parameters
are as follows: the effective indices of the two lowest-order guided modes in the multi-mode
region at A = 1.55 ym are nrg,, = 2.6377 and nrg,, = 2.6165. The width of the MMI is 4.2
pm, and the number of self-images needed at the output is N = 2. Using these parameters,

the calculated imaging length is Ly = 60 pm based on Eq (2.19).
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Parameter

dimension (pm)

taper lengths (Lt) 10.0
taper widths (Wt) 2.0
gap 0.2

MMI box length (Lymm) 60
Waveguide lengths (Wgr,) 5.0
waveguide width 0.5
waveguide height 0.22

Table 2.8: 2 x 2 MMI geometry parameters

To reduce mode mismatch between the single-mode input and output waveguides and
the multi-mode interference region, as listed in Table 2.8, linear tapers with a length of 10
pm and a width of 2.0 ym are added. These tapers adiabatically transform the mode from
the single-mode waveguide to better match the field distribution in the multimode region,
thus reducing excess mode-mismatch and insertion loss at the junction of the MMI and
waveguides. The effective index of the 2.0 um taper is n, = 2.616490, and that of the TEq;
mode with two self-images in the MMI is n, = 2.618590, leading to a relative mismatch

of approximately 0.08%. Similar methods have been introduced in other MMI designs to

reduce mode mismatch and improve broadband performance [202].

93




2.5. SPLITTERS

cross section at z=0.00 (um)

10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00
X (pum)

Figure 2.19: TEqy mode evolution in a 2 x 2 MMI, with the electric field intensity |E[?, in
W /m?2.

The mode evolution of the 2 x 2 MMI is illustrated in Fig. 2.19. Light injected from the
left propagates through the input taper, where the mode expands to match the multimode
region. Within the multimode region, constructive interference produces self-images of
the input field at the designed length Lj;p;. The self-images are collected by two output
tapers of width 2 pum, separated by a 0.2 um gap, resulting in near-equal power splitting
between the two output arms. This behaviour is confirmed by the transmission spectra

shown in Fig. 2.20.
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(a) Transmission S-parameters (S3; and Syp). (b) Reflection S-parameters (S1; and Sa1).

Figure 2.20: Simulated transmission and reflection S-parameters for the 2 x 2 MMI coupler.

As illustrated in Fig. 2.20, the S;; parameter, relating to the transmission in the lower
output arm of the 2 x 2 MMI, demonstrates power splitting with a transmission range
between —3 dB and —3.8 dB (41 - 50 %) nearing an optimal value of —3.01 dB at 1.5 pm.
While the S3; parameter demonstrates splitting within —3.4 and —3.6 dB (43 -45%) over
the 1.5 - 1.6 pym wavelength range. This results in a small power imbalance in the output
amplitudes across the wavelength range A = 1.5 — 1.6 pum; however, the performance is
acceptable for near —3 dB splitting applications. The MMI can therefore be used for
splitting and combining light from single or dual inputs, providing near-even splitting and
easy fabrication with the parameters outlined in Table 2.8. Future optimizations of the
MMI length, width, and taper geometry could be employed to improve balance across the

wavelength range of interest, while future designs of the MMI will benefit from designs for

TM polarization in the wavelength range of 1.26 — 1.36 um.
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2.5.3 2 x 2 DIRECTIONAL COUPLER

A 2 x 2 directional coupler is a photonic component with two input and output ports
used to split or combine light in two closely spaced waveguides. Directional couplers are
seen in a variety of applications, including state manipulation in quantum photonics [210,
211] and tunable multiplexing in signal processing [212]. In a 2 x 2 directional coupler,
the optical power between two closely spaced waveguides is split between the two arms
via evanescent wave coupling. This coupling is wavelength dependent and is important
for enabling interference effects and power splitting in multiplexing and de-multiplexing
applications [213]. The behaviour of the 2 x 2 directional coupler is described in more
detail in [131], and a summary of the behaviour of the directional coupler will be included
in this section for the InGaAsP-on-Insulator platform. In this section, as illustrated in Fig.
2.21, we present a 2 x 2 directional coupler designed for 50/50 power splitting of the TEq
mode at A = 1.55 pum, which can be used for more intricate circuits such as Mach-Zehnder

interferometers.

In the 2 x 2 directional coupler, power is transferred between two closely spaced waveg-
uides and exits the device through either the through port or the cross port, which are

characterized by the field transmission coefficient t and the field coupling coefficient &,

respectively. The corresponding power fractions are given by [t?| and |x%|. The power
transmission in the waveguides can therefore be described by the relations:
PCT’OSS .
K = = sin?(C * L), (2.22)

PO
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Figure 2.21: Geometrical parameters of the 2 x 2 directional coupler.

Pthrough 2
t? = —p —cos (C'xL). (2.23)
0

These power fractions in each waveguide will vary sinusoidally depending on the coupling

coefficient, C, and the interaction length, L, over which the two evanescent waves couple.

The coupling strength is determined using

c="2" (2.24)

Here, An = n, — n_, is the effective index difference between the two lowest-order even,
ny, and odd, n_, modes present in the waveguides for a fixed coupling gap. In addition to
An, the coupling gap, g, is also important for determining the coupling strength, described
by the exponential function

C(g) = Bxe 9, (2.25)
where g is the gap between the waveguides, and A and B are constants dependent on
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factors such as the geometry of the waveguides and the operational wavelength. These

constants are extracted by fitting simulated coupling data to Eq. (2.25).

m 5 (- -

(a) TE real Ey - symmetric modes (b) TE real Ey - anti-symmetric modes

Figure 2.22: Magnitude of the electric field of the fundamental TEy modes of a directional
coupler, measured in the units of V/m. The plot shows (a) a symmetric and (b) an
anti-symmetric hybrid modes.

To determine the coupling coefficient C, the effective indices for the symmetric and anti-
symmetric modes must be obtained for the respective polarization. The high index contrast
of the InGaAsP-on-Insulator platform allows for strong coupling between the waveguides
due to the index difference of the symmetric and anti-symmetric modes present in the

coupling region, whose modes are illustrated in Figs. 2.22a and 2.22b.

Following the symmetric and anti-symmetric mode profiles in Figs. 2.22a and 2.22b,
respectively, the effective index data for each mode are illustrated in Fig. 2.23. The
effective index data for the even and odd modes present in the coupling region with a gap
of 0.2 pum provide a nearly constant refractive index difference An. The nearly constant
separation between these curves indicates that An varies weakly over the wavelength range

of interest, enabling predictable coupling behaviour.

The coupling dynamics of the directional coupler are governed by the cross-over length
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Figure 2.23: Polynomial fit to the effective indices of the even and odd TE modes in the coupling
region for a minimum gap of gmin = 0.2 um over the wavelength range 1.5-1.6 pm.

(beat length), L., which corresponds to the propagation distance at which complete power
transfer to the cross port occurs in an ideal, symmetric, and lossless coupler. This length

is given by

L,=——, (2.26)

where complete power transfer to the cross port occurs in an ideal symmetric lossless

coupler. This is achieved when the accumulated relative phase in the even and odd modes,
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with propagation constants 3; and [, equals m,
ﬁch — /BQLC = T. (227)

Under this condition, the argument of the sine function in Eq. (2.22) becomes 7/2, yielding

complete power transfer to the cross waveguide port:
K? = sin® (—) =1 (2.28)

Incorporating the 7 phase shift into the phase relationship between the two waveguides, the
transmission for the through and cross ports can be written more generally as a function

of the propagation distance, z, and the cross-over length, L.

PCTOSS . A :
K= P sin <¥LC) ‘ = |sin (gLiC) ' , (2.29)
P Tou A
;= thPO gh _ CcoS (%Lc) = |cos (gLic) ‘ (230)

Here, within the sin and cos arguments, 100% power coupling to the opposing waveguide
occurs when sin (%Lc) = 1, this happens when (%”LC) = 5. This normalizes the ex-
pression in terms of the power coupled as a function of the cross-over length L.. These
expressions normalize the coupling behaviour in terms of the cross-over length, L., provid-
ing a convenient framework for determining the required coupling length, z, for a desired

splitting ratio.
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Figure 2.24: Exponential fit of the cross-over length L. as a function of coupling gap for the
TEg mode at A = 1.55 pum.

As shown in Fig. 2.24, the cross-over length increases exponentially as the coupling
gap is increased from 0.1 to 1.0 um. This trend reflects the rapid decay of evanescent field
overlap with increasing separation. Fitting the data using Eq. 2.25 yields the coefficients
A = 6.86 and B = 8.27, which are used to model the coupling strength as a function of

the gap size.
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Coupling Gap (pum) | Cross over length L. (pum)
0.1 9.947
0.2 22.858
0.3 49.336
0.4 104.829
0.5 220.943
0.6 462.905
0.7 964.539
0.8 1996.601
0.9 4067.926
1.0 7882.944

Table 2.9: Cross over lengths, L., for the TEgy mode in a 50/50 2 x 2 directional coupler at
A= 1.55 pym.

Analyzing the cross-over lengths, L., for the different coupling gaps based on Eq. (2.27)

provides the cross-over lengths listed in Table 2.9.

Parameter dimension (pm)
S-bend length (L_S-bend) 10.0
S-bend offset (W_S-bend) 5.0
Coupling length (L_Coupling) 10.0
Coupling gap (Gap_C) 0.2
Waveguide width 0.5
Waveguide height 0.22

Table 2.10: Geometrical parameters for the 2 x 2 directional coupler, including the coupling
region and S-bend sections.

Because practical directional couplers include bends leading both into and out of the
coupling region, it is also important to calculate the extra effective length, Leg, introduced
by the waveguide S-bends that lead into the coupling region in the 2 x 2 directional coupler

to achieve the target splitting ratio. To account for the effective length of the waveguide
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S-bends, the shape of the bend must be taken into consideration to model the gap between

the two waveguides. For this bend, the shape is described by a cosine function,

9(2) = Gunin + Ay * (1 — cos (%)) , (2.31)

b

where g, = 0.2 pm is the minimum coupling gap, Ay is the lateral offset of the S-bend
(Ay = 5.0 um), and Ly is the length of the S-bend (L, = 10 pm). The parameters
describing the rest of the dimensions of the 2 x 2 directional coupler are listed in Table
2.10. This function can then be integrated over the length of the S-bend to determine
Leg, and to find the effective length of one bend, we can integrate the normalized coupling

strength as a function of z to obtain zy..q, the effective length of one S-bend section,

e,
Zbend—/o C(gmm)d : (2.32)

Following this integration, the effective length of the S-bend, 2jc,q, can be found as
Ly
Zbend :/ e—A*g(z)—c‘ (233)
0

From this approach, evaluating Eq. (2.33) gives an effective coupling length of Zpeng =
0.684 pum for a single S-bend section. Taking into account the two sections of the S-bend
that lead into and out of the coupling region, the two S-bends contribute 2zpeq = 1.367

pm to the coupling length of the 2 x 2 directional coupler.
Using Eq. (2.26) and the effective index data for the even and odd modes, illustrated
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Figure 2.25: Analytical transmission of the through and cross ports as a function of coupling
length for the TE polarization at A = 1.55 um, including the effective additional coupling length
introduced by the S-bends.
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Figure 2.26: Analytical transmission of the through and cross ports as a function of wavelength
for a coupling length of 10 pum, showing the wavelength dependence of the coupling strength
around the 50/50 splitting condition.
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in Fig. 2.23, the cross-over length for a coupling region with a 0.2 ym gap is calculated to
be 22.85 um at A = 1.55 pum, and for a 50/50 power splitting ratio, the required coupling
length is 11.43 pm. Subtracting the effective coupling length introduced by the input and
output S-bends, 2zpenq = 1.367 um, yields a straight coupling region of L = 10.06 pm used
in the final design, as illustrated by the transmission and coupling length in Fig. 2.25, as

well as the calculated transmission vs wavelength in Fig. 2.26.
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Figure 2.27: Electric-field intensity in units of W/m?, illustrating mode evolution in the 2 x 2
directional coupler at A = 1.55 pum.
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To validate the analytical calculations, 2D simulations were performed in OptiFDTD,
followed by 3D FDTD simulations in Tidy3D. The TEy mode was evaluated for —3 dB
splitting at A = 1.55 pym. The 3D FDTD simulation region was defined as 33 pm x 15 ym
x 4.4 pm, with PML boundary conditions with 12 layers, and the structure is extended
beyond the PML boundaries to reduce back reflections into the simulation region and
prevent diverging results.
per wavelength to maintain high accuracy close to that of a uniform mesh of 15 nm. As
illustrated in Fig. 2.27, power launched into the input waveguide transfers progressively to

the adjacent waveguide along the coupling region, demonstrating evanescent coupling and

The resolution of the simulation was performed at 30 steps

50% power exchange for a 10 ym coupling length at A = 1.55 pm.

-4

Transmission (dB)

-10

1.50

Figure 2.28: Simulated transmission spectra of the 2 x 2 directional coupler for the TEqg mode.
(a) Log-scale view highlighting the near —3 dB splitting between through and cross ports. (b) Log-
scale view showing low crosstalk and suppression of unwanted transmission outside the coupling

band.
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1.5 — 1.6 pum shows a -3 dB split at 1.55 pm, matching the calculation of Egs. (2.29)
and (2.25). The wavelength dependence observed in the analytical model closely matches
the 3D FDTD results, showing an expected linear wavelength dependence of the coupling
strength. The results of the 3D FDTD transmission spectrum match those of the calculated
wavelength dependence in Figs. 2.25 and 2.26, demonstrating the validity of analytical
expressions in predicting the performance of the directional coupler. In addition, the 3D
FDTD results in Fig. 2.28b show very low reflection and cross-talk across the —40 to —60

dB range for the S;; and S,; S-parameters, respectively.

The 2 x 2 directional coupler presented here serves as an important component needed
to split and combine light in photonic circuits. Excellent agreement is observed between
analytical predictions and full FDTD simulations when accounting for extra wave coupling
introduced by waveguide bends, consistent with the methods described in [131]. Further
improvements may be achieved through designs for uniform broadband splitting, using
methods such as phase control and asymmetric waveguides [187], and subwavelength ma-
terials [188, 214, 215]. The demonstrated approach provides a robust framework for design-
ing directional couplers with different splitting ratios. Such couplers, when cascaded, can

be implemented in wavelength division multiplexing systems for signal processing [196].
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2.6 WAVEGUIDE X-CROSSING

A waveguide X-crossing is a type of photonic component that allows for multiple optical
waveguides to intersect with minimal signal loss and minimal crosstalk between channels.
This component is essential for the routing of waveguides in photonic circuits, particularly
when chip design space is limited. An ideal waveguide x-crossing allows two waveguides to
intersect at a 90° angle while preventing optical power from coupling into the orthogonal
waveguide path, thus minimizing crosstalk. Low crosstalk between channels is important
for maintaining signal integrity, and especially important for dense routing, data transmis-

sion, and optical interconnects [216, 217].

The design of the X-crossing presented in this section uses beam shaping of two single-
mode waveguides, and an intersection region based on a shape-optimized back-to-back
parabolic tapers similar to cosine-based curves demonstrated in [218]. In this approach,
the guided mode is gradually expanded and then refocused across the intersection region,
reducing scattering and radiative loss, and suppressing coupling into the orthogonal waveg-
uides. By shaping the optical field to be focused at the centre of the crossing, the mode is
reproduced at the output waveguide with minimized loss. The controlled expansion over
the distance Lt; and focusing over the distance Lty in Fig. 2.29, forms a lens-like beam-
shaping region that reduces beam divergence across the intersection region, increases the
mode size, and tailors the beam waist to maximize overlap with the output waveguide

mode.
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Other approaches for designing compact waveguide crossings include: fish eye lenses
[219], MMI-based crossings [220], optimized-angle crossings [221], and subwavelength grat-
ing crossings [222]. While some of these designs achieve extremely low loss or crosstalk,
they often require larger footprints or increased complexity in fabrication. Beam-shaping
crossings maintain a relatively simple geometry for fabrication and offer excellent trans-
mission, low crosstalk, and a compact footprint for dense photonic integration. In this
section, a compact waveguide X-crossing using beam shaping is designed with cosine ta-
pers, achieving a compact footprint of approximately 10 ym x 10 pum, as described by the
geometrical parameters listed in Table 2.11 and illustrated in Fig. 2.29. This footprint and

design approach are comparable to newer beam-shaped crossings discussed in [218].

X-crossing Parameter dimension (pm)
parabolic taper length 1 (Lt4) 2.0
parabolic taper width 1 (Wt;) 1.4
parabolic taper length 2 (Lts) 0.7
parabolic taper width 2 (Wty) 1.0

intersection width (Wtz) 1.0
intersection length (Lt3) 1.0
waveguide width (Wgy1) 0.5
waveguide length (Wgr,) 2
Waveguide height 0.22

Table 2.11: Geometrical parameters of the waveguide X-crossing.

To evaluate the performance of the X-crossing design, 2D simulations were performed
in OptiFDTD, and 3D FDTD simulations were performed in Tidy3D. For the simulation, a
Gaussian excitation source is centred at 193.4 THz with a bandwidth spanning 1.5—1.6 ym

(=~ 12.6 THz). PML boundary conditions with 12 PML layers are used on all boundaries,
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Monitor

Mode source

i

Lt,

Figure 2.29: X-crossing parameters.

and the simulation uses a uniform resolution of 15 nm, providing sufficient accuracy over
the wavelength range of interest. The simulation domain has a size of 9 ym x 9 pm x 4.22
pm, ensuring a 2 pm cladding above and below the 220 nm InGaAsP core layer and allowing

the structure to extend partially into the PML regions, suppressing back reflections.
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Figure 2.30: Electric field intensity in units of W/m?, at A = 1.55 pm in the waveguide X-
crossing for the a) TEyy mode, b) TMyy mode.

The mode evolution of the waveguide x-crossing for both TE and TM polarizations at
A = 1.55 pm is shown in Figs. 2.30a and 2.30b. The light is launched from the left input
waveguide and propagates into the larger cosine taper, where the mode gradually expands
to the maximum width of 1.4 um over a length of 2 um. The taper then narrows to a
minimum width of 1.0 gm over an additional 0.7 pym, focusing the mode into the 1.0 ym x
1.0 pm intersection region. After propagating through the crossing, due to the symmetrical

geometry of the x-crossing, the mode is then refocused into the output waveguide.
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Figure 2.31: Simulated transmission spectra of the x-crossing at A = 1.55 pym for the (a) So;
transmission with TE polarization, showing a —0.3 dB bandwidth region, and (b) S3; crosstalk
and S4; reflection transmission response down to —50 dB.

As illustrated in Fig. 2.31a, the So; transmission for the TE mode at A = 1.5 — 1.6 um
exhibits low loss with values between —0.15 and —0.2 dB and approximately —0.17 dB at
A = 1.55 pm. Furthermore, as illustrated in Fig. 2.31b, the S3; and S4; values correspond-
ing to the waveguide crosstalk, and S;; values corresponding to the reflected power, Si1,
indicate suppression between —29 and —31 dB across the same wavelength range, demon-
strating good isolation between mode propagation in the intersecting waveguides. These

results are consistent with similar previously reported beam-shaped crossing [218].
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Figure 2.32: Simulated transmission spectra of the x-crossing at A = 1.55 pm for the (a) Sio
transmission with TM polarization, showing a —0.5 dB bandwidth region, and (b) Ss; crosstalk
and S4; reflection transmission response down to —47 dB.

For the TM polarization, higher loss is observed compared with the TE transmission
spectrum, which can be attributed to weaker mode confinement and less symmetric beam
focusing at the intersection region, as shown in Fig. 2.30b. The reduced focusing efficiency
leads to slightly higher scattering and radiation loss, resulting in the S,; transmission

spectrum shown in Fig. 2.32a.

As illustrated in Fig. 2.32a, the So; TM transmission values exhibit loss between —0.3
and —0.4 dB across the wavelength range A = 1.5 — 1.6 um, with an approximate loss of
—0.32 dB at A = 1.55 um. Furthermore, as illustrated in Fig. 2.32b, the corresponding
crosstalk levels for the TM polarization are slightly higher than for the TE case, with S3;
and Sy, values of approximately —32.5 dB and a reflection in the Si; port between —34

dB and —45 dB, reaching values of approximately —42 dB at A\ = 1.55 um, as illustrated
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in Fig. 2.32b. Despite this increase in So; transmission loss, the TM performance remains

comparable for beam-shaped X-crossing designs [218].

The 3D FDTD simulation results demonstrate that the proposed waveguide x-crossing
achieves sub —0.5 dB insertion loss and low crosstalk for both TE and TM polarizations
with a compact 10 pm x 10 pum footprint. These results are consistent with similar previous
beam-shaping x-crossing devices reported in [218]. The demonstrated performance high-
lights the beam-shaped x-crossings for dense waveguide routing in InGaAsP-on-insulator
photonic integrated circuits, where a compact footprint, low loss, and polarization-tolerant

operation are important.
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3.1 SUBWAVELENGTH GRATING (SWG) WAVEGUIDE

Following the discussion of subwavelength photonics in Section 1.5, the overview of the
theory of subwavelength structures provides context for the designed subwavelength com-
ponents discussed here in Chapter 3. In this section, a subwavelength grating (SWG)
waveguide is designed for the TE polarization at A = 1.55 pm and A = 1.31 pm. TE polar-
ization is chosen over TM polarization for its better confinement of light in the waveguides,
allowing for easier manipulation, which is important for optical communications, as well
as compatibility with other components in the InGaAsP-on-insulator platform. The SWG
waveguide is modelled as a periodic waveguide in four steps, first by calculating the pho-
tonic band structure within the region below the bandgap for the specific SWG waveguide
geometry. Second, verifying the Floquet-Bloch mode for a target frequency in a single 3D
FDTD simulation. Third, extracting the effective index and dispersion characteristics for
the desired frequency from the photonic band diagram. Finally, injecting the Floquet-Bloch

mode into a longer 3D FDTD simulation to ensure lossless propagation [223].

The periodic waveguide structure is depicted in Fig. 3.1. The Floquet-Bloch mode,
F(z,y, z)e"™*= of the periodic structure is calculated using 3D FDTD simulations in Lumer-
ical FDTD. In the 3D structure, Bloch boundary conditions are placed on the transverse
propagation axis, the x-direction, while PML boundary conditions are placed on the y and
z axes, ensuring the Floquet-Bloch condition in the direction of propagation, and mini-

mizing reflections in other directions. For the InGaAsP SWG waveguide presented, the
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Figure 3.1: Unit cell of the SWG grating waveguide with the pitch A = 0.2 and a duty cycle

f = 0.6, with a waveguide width of 0.4 pm and height of 0.22 ym. The Bloch boundary conditions

are placed on the x-axis with time monitors (yellow stars) placed randomly around the unit cell,

a frequency time monitor placed in the middle of the unit cell, and a TE dipole source placed at
= 0 near the unit cell boundary.

unit cell and waveguide grating dimensions are (0.2, 4, 4) pm and (0.12, 0.4, 0.22) um in

(z, y, z), respectively. For the SWG waveguide, the pitch and duty cycle are A = 0.2 and
f=0.6.

The photonic band structure is initially calculated by using several broadband dipole
sources placed randomly around the unit cell to ensure all the possible guided modes within
the periodic structure are excited. Time monitors, from the bandstructure analysis group
found within Lumerical FDTD, are then placed randomly around the unit cell with an
appropriate apodization (200 fs) to exclude effects at the start and end of the simulation
[224]. The wavevectors are then swept across the first Brillouin zone. In one dimension,
the first Brillouin zone contains wavevectors from -2 < k< ~. However, because of the

mirror symmetry of the unit cell, only wavevectors within the first Brillouin zone from
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0 < k < I are taken into account. After normalizing the k vectors (k = k,A/27), they are
swept in a range from k, = 0, the centre of the first Brillouin zone, to the boundary edge,
k = 0.5. The resulting photonic band diagram in the lossless regime for the TE-like SWG

waveguide is shown below in Fig. 3.2.
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Figure 3.2: Photonic band structure of the TE mode in the subwavelength grating (SWQG)
waveguide for frequencies between 180-240 THz and Bloch-wavevectors, k., between 0.19 — 0.28,
the colour plot indicates the resonant peaks of the band structure in arbitrary units.

After the calculation of the photonic bandstructure is complete, the Floquet-Bloch
mode at the desired frequencies, 193.414 THz and 228.849 THz (1.55 pym and 1.31 pm), is
simulated. The wavevectors corresponding to these frequencies (k, = 0.2, k, = 0.263) are
extracted for a single simulation to determine w, (k). To determine the field profile of the

Floquet-Bloch mode, a single simulation with the respective wavevector is performed with
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a dipole source placed symmetrically across the unit cell to excite the fundamental TE-like
mode, and a frequency-time monitor is placed in the centre of the unit cell spanning the
simulation domain. This monitor records the Floquet-Bloch mode profile across the centre

of the unit cell in the middle of the waveguide grating as shown below in Fig. 3.3.
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Figure 3.3: TE-mode field distributions (V/m) at (a) 1550 nm and (b) 1310 nm in the subwave-
length InGaAsP-on-insulator waveguide.

To verify both Floquet-Bloch modes propagate without diffraction or loss, the mode
profile from the frequency-time monitor is injected into a fixed length, 20 pm, SWG waveg-
uide at the same relative point within the unit cell at the desired carrier frequencies, 193.414
THz (1.55 pm) and 228.849 THz (1.31 pm). A frequency-time monitor is then placed at
the output, also within the same relative point in the unit cell. The SWG waveguide is

also extended into the PML boundaries to eliminate reflections re-entering the simulation
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Figure 3.4: Propagation of the TE Floquet-Bloch mode field (V/m) at (a) 1550 nm and (b)
1310 nm, in a 20 pm InGaAsP-on-insulator SWG waveguide.
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As shown in Fig. 3.4, lossless transmission is observed when the mode profile remains
continuous in its propagation, and the power output matches the input, within some per-
centage due to numerical errors and differences in resolution between the calculated field
profile and simulation domain. The simulation domain is defined as (20, 4, 4) pm with a
high meshing order of 4 in Lumerical FDTD and a time stability factor of 0.3, resulting in

an appropriate time step of 0.0124538 fs.

To obtain the effective index, group index, and group velocity dispersion (ps?/km), a
third-order polynomial fitting was used to fit the w, (k) data to the photonic band diagram.

As illustrated in Fig. 3.5, the polynomial fitting of the angular frequency over the propaga-
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Figure 3.5: Polynomial fit of the wavevector k, for the TE-like mode as a function of wavelength.

tion constant, w/(, matches the dispersion relation for the guided TE-like Floquet Bloch

modes below the lightline. This dispersion relation is then used to find the parameters
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Property A = 1.550 pm 1.310 pm
ks 0.201 0.263
Effective Index 1.56113 1.72455
Group Index 2.25988 2.99797
Group Velocity Dispersion | 9520 (ps*/km) | 11387 (ps?/km)

Table 3.1: Optical mode characteristics of the fundamental TE mode in the InGaAsP waveguide
at 1.550 pm and 1.310 pm. The table lists the wavevector &, effective index neg, group index ng,
and group velocity dispersion (GVD).

listed in Table. 3.2, where

Nefr (W) = c,@(jw)’ (3.1)
ng(w) = c%, (3.2)
Balw) = 28 (33)
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The neg and n, listed in Table. 3.2 are consistent with simulated values reported for
other SWG waveguides in silicon-on-insulator, a similar high-index contrast platform [108].

The fitted curves and extracted parameters are summarized in Table. 3.2 and Fig. 3.6.
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Figure 3.6: TE-mode dispersion characteristics: (a) k-vectors, (b) effective index (neg), (c) group
index ng, (d) GVD parameter [s.
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Some cases for modelling more complex subwavelength structures benefit from approx-
imation in the deep-subwavelength regime (A < \) as homogeneous waveguides using
effective medium theory for compact model development [112; 125]. The SWG presented
can be treated as an anisotropic homogeneous medium characterized by parallel and per-
pendicular effective refractive indices n) and n, [112]. For the present geometry, at a
wavelength of A = 1.55 pum, the refractive index of InGaAsP is 3.277 and that of SiOs is
1.444. The duty cycle (f = 0.6) and pitch (A = 0.2) results in an effective n) and n, with

the values,

12 12 2
n|a:[%E5(327ﬂ)+-(1—-%E5)(1444%} ~ 2.698, (3.4)
0.12 0.12 2

This gives an equivalent permittivity tensor for the effective homogeneous material,

—=ng,=| 0 7217 0 |- (3.6)
0 0  4.037

In this section, the methods and results for designing an InGaAsP-on-insulator SWG
waveguide were presented for target wavelengths of 1.55 ym and 1.31 pm. The simu-

lated results presented show a guided Floquet-Bloch mode that can propagate below the
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photonic band gap and below the lightline cutoff, in the lossless regime of the photonic
band diagram. The effective index, group index, and group velocity dispersion are useful
for modelling SWG devices that can be incorporated into more complex circuits for efficient
light propagation and manipulation. Further work in this area will benefit from designs
for TM polarization at the mentioned wavelengths, as well as mode-converting structures

for transitioning from conventional waveguides to meta-waveguides.
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3.2 SUBWAVELENGTH EDGE COUPLER

The performance of Integrated photonic circuits is largely limited by optical loss associated
with components such as waveguides and couplers. Input and output (I/O) couplers, such
as edge couplers and surface grating couplers, are especially important for coupling light
into and out of photonic circuits. The performance of these components is measured
directly by their coupling loss, which describes the power efficiency when coupling light,
often from an optical fibre into the chip. Various approaches have been explored for
reducing the coupling loss for both fibre and free space coupling, including inverse tapers

[225], V-grooved coupling stages [226], and micro lenses [227].

Among approaches for fibre coupling light into photonic circuits, the edge coupler is
a popular choice for maintaining low coupling loss and broadband performance compared
to surface grating couplers, which achieve best coupling efficiencies of approximately —3.8
dB [113]. However, the distinction of edge couplers from surface grating couplers is that
the edge couplers require the wafer to be diced to expose the chip facet and precise align-
ment of optical fibres, which increases fabrication complexity. In addition, edge couplers
traditionally have lengths which can exceed 300 pm, thus making dense integration diffi-
cult [228]. To address this limitation, subwavelength grating (SWG) edge couplers offer
compact footprints while maintaining high coupling efficiency. Examples of these couplers
have been realized in silicon, with device lengths below 70 ym and coupling loss as low as

—0.32 dB [117]. In this section, we present a high-performance subwavelength edge coupler
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Figure 3.7: Geometry of a subwavelength edge coupler, where section A denotes the grating
width at the end of the taper from the tip of the edge coupler, B denotes the starting grating
width of the following taper section, and C denotes the starting width of the solid core waveguide
taper which couples the mode to a single-mode waveguide. Figure from [117].

for the InGaAsP-on-insulator platform. The proposed device has a total length of 45 um

and simulated coupling loss near —0.5 dB at A = 1.55 um, following design strategies such

as those described in [117], for an edge coupler such as the one illustrated in Fig. 3.7.

To couple light efficiently from an optical fibre, two different sections of the edge coupler,
illustrated in Figs. 3.8 - 3.12, must be carefully designed: i) the taper tip, illustrated in
Fig. 3.8, which will face the edge of the chip and interface directly with light from the
optical fibre, and ii) the subwavelength and solid linear taper sections, which gradually
transform the optical mode into the single-mode waveguide of dimensions 500 nm x 220
nm, illustrated in Fig. 3.11. The junction of these two sections, illustrated in Fig. 3.10,

should also be carefully designed.
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Figure 3.8: Subwavelength grating (SWG) edge coupler tip geometry.
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Figure 3.9: Subwavelength grating (SWG) edge coupler taper geometry.
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Figure 3.10: Subwavelength grating (SWG) edge coupler taper junction, showing the transition
from the grating region to the linear taper and grating section.

In this work, a polarization-maintaining anti-reflective tapered lensed fibre from Oz

Optics Ltd. (TPMJ-X-1550-8/125-0.4-10-2.5-14-1-AR) is assumed to be the input source.
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Figure 3.11: Second taper section of the subwavelength grating (SWG) edge coupler.
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Figure 3.12: Transition of the second taper section of the subwavelength grating (SWG) edge
coupler leading into a straight waveguide.

The optical fibre coupling is assumed to have a Gaussian field intensity for an ideal mode
field diameter of 2.5 0.5 um (MFD, at 1/e? intensity) at A = 1.55 um, illustrated in Fig.
3.13a. To ensure maximum coupling efficiency, the guided mode at the coupler tip must

overlap strongly with the Gaussian mode from the optical fibre.

To evaluate this mode overlap, the SWG section at the tip of the edge coupler is
modelled as a homogeneous waveguide in Lumerical FDE, and the mode overlap between
the Gaussian mode and guided TE mode is calculated [229]. The mode fields are illustrated
in Fig. 3.13, providing a maximum overlap of 0.938 for the TE mode of a 190 nm wide
and 220 nm tall waveguide and an overlap of 0.910 for the TM mode, indicating a strong

spatial match between the fibre and on-chip modes.

As illustrated in Fig. 3.13b, the small waveguide width of 190 nm lowers the effective
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(a) Gaussian input mode field profile used for
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dius wp = 1.25 pm. the 190 nm-wide InGaAsP waveguide.

Figure 3.13: Comparison of the normalized electric field amplitude of a Gaussian fibre mode and
the guided TEyy mode at the 190 nm-wide SWG edge coupler tip, illustrating mode matching for
efficient fibre-to-chip coupling.

index of the waveguide and expands the optical mode into the cladding, providing stronger
field overlap with the Gaussian beam, and minimizing scattering and radiation loss be-
tween the fibre-chip interface. To determine the alignment tolerance, the mode overlap is

calculated as a function of the lateral fibre misalignment, as illustrated in Fig. 3.14. Here,

a coupling efficiency above 80% is maintained for lateral misalignment of less than 0.7 ym.

However, in realistic packaging of integrated circuits, the chip edge commonly contains
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Coupling Efficiency
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Figure 3.14: mode overlap alignment tolerance for a 190 nm waveguide width of the tip of the
SWG edge coupler.

a small cladding region before the waveguide tip, particularly in non-polished chip facets.
Because of this, the full three-dimensional FDTD simulation incorporates a 0.5 pm cladding
separation to the edge coupler tip that causes the field profile to change slightly, shifting
the optimal tip width to 220 nm. This new ideal mode overlap can be seen in the coupled
mode at the tip of the edge coupler in Fig. 3.15. The change from the ideal overlap analysis

in realistic coupler constraints highlights how full-vectorial simulation can account for these

conditions.
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Figure 3.15: Simulated electric-field profiles (V/m) at the tip of the subwavelength grating edge
coupler after coupling from a Gaussian input beam for (a) TE and (b) TM polarizations.

To couple the mode present at the tip of the edge coupler, illustrated in Fig. 3.15, the

grating pitch near the coupler tip is chosen to be sufficiently away from the bandgap pitch,
described by

ﬁ ~ 1.55 pm
Neft n 1.47

ABrage = = 1.05 pum, (3.7)

where 1.47 is the effective index of the TE-like Floquet Bloch mode present at the tip of
the edge coupler. From this point, the mode effective index is gradually transformed from

that near the cladding, ng = 1.445, to that of the straight waveguide, ny, = 2.24 (TE
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mode), using pitch and duty cycle variation. A pitch of 0.4 ym and duty cycle of 0.8 is
chosen near the tip, based on parameter sweeps for maximizing transmission through a 20

pm taper length (Lt;) to a wider waveguide grating width (ws) of 400 nm.

Following the tip interface with the Gaussian field profile, the optical mode is adiabat-
ically transformed through the first taper, Lt;, using a chirped SWG taper, as illustrated
in Fig. 3.9. In this section of the coupler, the pitch and duty cycle of the subwavelength
taper will vary from 0.4 to 0.35 um and 0.8 to 0.6, respectively, while increasing the grating
width from 0.22 pgm at the tip to 0.4 pm over a distance Lt;. The grating pitch, duty cycle,

and grating width over this distance are varied smoothly using a cosine function,

F@) = a+ (b— a)yi= COSQ(”/ L (3.8)

where a is the starting position of the gratings, b is the end position of the gratings,
and L is the tapering length over which the gratings’ width will change. This function
is chosen for an adiabatic transition to ensure that the mode evolution starts and ends
with zero slope, ideal for minimizing scattering between the different tapering sections of
the coupler and not exciting higher-order modes. At the junction of the SWG region and
the linear taper, illustrated in Fig. 3.10, the volume fraction of the high-index InGaAsP
material and low-index cladding material (SiO3) is matched approximately, and refined
in 3D FDTD simulations, following design methods described in [117]. This approximate
volume fraction matching between the gratings and the solid-core linear taper at the taper

junction minimizes mode mismatch between the two taper sections and aids in a low-loss
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Parameter dimension (um)

beam radius (wyg) 1.25

chip edge distance (L) 0.5

Width 1 (w;) 0.22

waveguide height (h) 0.22

tip section pitch 1 (A4) 0.4
tip section duty cycle 1 f; 0.8
Tip section taper length (L) 20

tip section pitch 2 (Ag) 0.35
tip section duty cycle 2 (f3) 0.6
Width 2 (wy) 0.4

Width 3 (ws) 0.36

taper section pitch 1 (A3) 0.35
taper section duty cycle 1 (f3) 0.6
linear taper width 1 (wps) 0.1
taper section length 2 (Lto) 20
linear taper length 2 (Lts) 20
taper section pitch 2 (Ay4) 0.3

taper section duty cycle 2 (f) 0.7
straight waveguide width (wy) 0.5
straight waveguide length (L) 5

Table 3.2: Geometrical parameters of the InGaAsP-on-insulator subwavelength edge coupler

transition between the grating and the solid-core waveguide. From this point, the pitch,
A3, duty cycle, f3, and width ws, of the gratings will vary linearly over 20 pum (Lts), to
be a pitch Ay, duty cycle, f4, and width wy, adiabatically coupling the TE-like mode into
the 500 nm width, 220 nm height single-mode waveguide, illustrated in Figs. 3.11 and
3.12. Throughout the edge coupler, the grating pitch and duty cycle are chirped to reduce
the potential for Bragg resonances, as listed in Table 3.2 with the full parameters of the

subwavelength edge coupler.
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The simulation for the edge coupler was performed using three-dimensional FDTD
simulations in Ansys Lumerical FDTD using a mesh refinement level of 4 and a stability
factor of 0.3, corresponding to a time step of 0.0183 fs, yielding accurate results and
reasonable simulation times. The simulation domain, illustrated in Fig. 3.16, was 45 X
9.5 X 6.22 ym in (x, y, 2), and included an 8-layer PML boundary on all sides to
reduce reflections from entering back into the simulation domain. To simulate the TE and
TM-polarized coupling, the polarization angle of the Gaussian mode is set to 0 and 90°,
respectively, as illustrated in the mode coupled into the waveguide tip in Figs. 3.15a and
3.15b. The Gaussian beam source was placed 0.5 um from the tip of the edge coupler,
modelling realistic fibre-to-chip coupler constraints, where the facet of the chip has a small

amount of cladding material before the tip of the coupler.
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Figure 3.16: Mode evolution of the electric field (V/m) of the coupled TE Gaussian mode to the
straight waveguide in the subwavelength edge coupler.

The simulated transmission spectrum, shown in Figs. 3.17a and 3.17b, indicate coupling
loss of approximately —0.58 dB at A\ = 1.55 um for TE-polarized light, and as low as
—0.4 dB for TM-polarized light at the same wavelength. The TM polarization exhibits a
smoother transmission spectrum profile across the 1.5 — 1.6 um wavelength range, with
sub —1 dB coupling loss maintained across the entire bandwidth. This improved TM
performance could be due to the reduced interaction with the waveguide sidewalls compared
to the TE mode, reducing the scattering and mode-mismatch losses during propagation
through the grating and taper sections. In addition, the square geometry of the waveguide
tip minimizes asymmetry in the TE and TM mode coupling, thus reducing polarization-

dependent loss and enabling high-performance for coupling the TE and TM modes into
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the waveguide.

Overall, the remaining loss seen can likely be attributed to mode-mismatch loss at the
chip facet, as well as small radiation loss and scattering loss at interfaces between grating
sections and the taper junction. Despite the residual loss, the compact 45 pm footprint for
the subwavelength edge coupler presented here achieves good simulated coupling efficiency,

in both TE and TM polarizations, comparable to the performance of other designs for edge

couplers reported in [228, 230].
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(a) TE-polarized transmission of the SWG  (b) TM-polarized transmission of the SWG
edge coupler. edge coupler.

Figure 3.17: Simulated transmission spectrum of the subwavelength grating (SWG) edge coupler
for (a) TE and (b) TM polarizations over the wavelength range 1500 — 1600 nm.
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Further improvements may be achieved by optimizing the tip geometry of the edge
coupler to reduce end-face mode mismatch between the taper tip and the Gaussian field
profile, as well as increasing alignment tolerance. Increased alignment tolerance can be
achieved by incorporating other subwavelength designs such as trident couplers and multi-
layer systems for increased size of supported mode, improving compatibility with standard
SMF-28 optical fibres, which have a larger mode diameter of approximately 10.5 pym. Ad-
ditionally, smaller minimum feature sizes below 60 nm in fabrication could allow for a
smaller pitch and further reduction of the overall device length needed for adiabatic cou-
pling. Overall, the subwavelength edge coupler presented here demonstrates advantages for
creating compact, low-loss, and broadband I/O couplers well-suited for dense integration

in the InGaAsP-on-insulator platform.
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4.1 SECOND HARMONIC (GENERATION

In this chapter, we present a design of an InGaAsP-on-insulator waveguide suitable for
phase-matched second-harmonic generation (SHG) via modal phase-matching. Further-
more, we derive the second-harmonic generation conversion efficiency, which is then ap-
plied to dielectric waveguides for analytical efficiency calculations, in units of % /W, for a
designed 2 mm-long InGaAsP-on-insulator waveguide. The purpose of developing compo-
nents for second-harmonic generation is to enable on-chip wavelength conversion applicable
for sensing and data transmission, as well as demonstrate a general modelling framework
for second-order nonlinear processes. The methods proposed in this section can then be
extended to processes such as sum-frequency generation (SFG), difference-frequency gen-
eration (DFG), and spontaneous parametric down conversion (SPDC) for applications in

environmental sensing, quantum information processing, and more.

To begin, we derive the equations used to calculate SHG efficiency using the procedures
for coupled wave equations in sum-frequency generation outlined in [75]. Recalling the
nonlinear wave equation from Eq. (1.36), to determine the solution to a field generated in

a nonlinear material, defined as

Eg(Z, t) = A3ei(k3z7W3t) + c.c, (41)

where Aj is the slowly varying complex amplitude of the generated field and k3 = (nsws)/c

is the wavenumber.
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The derivation of this equation begins from the nonlinear polarization source term for

the generated electric field, Es(z,t), described by:

Ps(z,t) = Pse™™ 4 c.c, (4.2)

where P is given by

P3 = 4€0deﬁ'E1E2. (43)

Here, d.g is the effective second-order nonlinear coefficient, related to the second-order
susceptibility by di; = x® /2, and has units of pm/V. The permittivity of free space is €,

(60 = 8.85 x 1072 F/m), and F; and E, are the applied electric fields, denoted by

Ei(z,t) = Eje ™t + c.c, (4.4)

where

Here, A; is the slowly varying field envelope, and the exponential term with the complex

phase factor, e?**, describing the propagation phase.

Combining Eqgs. (4.2) — (4.5) into the nonlinear wave, equation Eq. (1.36), gives the
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expression for the generated field for sum-frequency generation, as described in [75]:

dAg N Zideffw;’,

Ay Ageilirria=h) 46
dz nsc 14426 ’ (4.6)

where nj is the effective refractive index at the frequency of the generated wave.

This derivation assumes the slowly varying envelope approximation,

d2A3 dAs
g2 Sk

, (4.7)

where the second-order spatial derivatives of the envelope in Eq. (1.36) can be neglected.

The coupling between the waves in Eq. (4.6) is largely determined by the exponential

phase term,

Ak - kl + kz - kg, (48)

known as the wavevector (phase) mismatch. For SHG, this reduces to Ak = 2k, — ko,
since the two input fields have the same frequency. Following a similar procedure, the

coupled amplitude equations for the fundamental fields, A; and A,, are found to be

dAl Qideffw1 —_iAk

= Az Ale™ 4.
dz ne 0 2° ’ (4.9)
dAQ QideﬂrWQ _iAE

= Az Are 2, 4.1
dz NoC 34k ¢ (4.10)

To determine the efficiency of the nonlinear process, we integrate the field over a propaga-
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tion length L,

Ay(L) = 2idersws iz /L itk _ 2ideggusAiAy (O —1 (411)
3 fiac 0 nsc iNk ) ‘

The intensity of an electric field is described by
]7; = 27’1,0600 |141|2 5 (412)

where ng is the linear refractive index, and A; is the amplitude of the given field. Incor-
porating Eq. (4.12) into Eq. (4.11), the intensity of the generated field in sum-frequency
generation is described as

2221 I AkL
I = 2ol o 2 <—) , (4.13)

niNanz€eC> 2

where simplifications are made for the modulus squared of the integrated complex phase
factor. The effective indices of the respective fields are denoted by ni,ns, and ns, respec-
tively. Applying this expression to second harmonic generation, where the input fields, A;
and As are identical, we obtain the expression

2?2, T2 L2 AkL
[(2w, L) = =2 Celloo™ 2 (T) , (4.14)

No,n2c3€g

where n(w) and n(2w) are the effective refractive indices at the fundamental frequency and

second-harmonic, and the intensity of the input field is given by 1,,.
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The efficiency of the nonlinear process is strongly influenced by the effective nonlinear
coefficient, dog. For InGaAsP, the d4; tensor component is used, under approximations
from Kleinmann symmetry, valid for wavelength ranges far from material resonances. This

effective nonlinear susceptibility is calculated using the linear electro-optic coefficient [76]:
1 2 s
dy (w,w,0) = 14 (W)ri (W) (4.15)

As illustrated in Fig. 4.1, the low-dispersion regime is used to estimate the effective

nonlinear susceptibility value of 40 pm/V for Ing14GaggeAso3Po.7,

deﬂ‘ = d41 =40 pm/V (416)

using Eqs. (4.14) and (4.15), the SHG efficiency for a dielectric waveguide can be

expressed as

Py 872 2d%, AL
[=— = L [%sinc® ( — ). 4.17

P eoening\? Acg SHme 2 (4.17)
Here, ( is the nonlinear spatial modal overlap between the fundamental and second har-

monic wavelengths, for the face of a waveguide in the x, z plane, described as

o (B} Ey.drdz
C: fX( )( 1 ) 2 7 (418)

2 5 2 5
'fx@) El‘ Eydrdz fx(z) EQ‘ Eidxdz
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Figure 4.1: calculated optical rectification coefficients, d41(w,w,0), of Inj_xGayAs;_Py lattice
matched to InP as a function of the y concentration. Figure taken from [76].

and A.g is the effective mode area,

A = (A24,)7 | (4.19)
where A; (i=1,2), is described by:
L2
(L ’EZ dxdz)?
A; = — - (4.20)

and fa” calculates the field over all space, and fx(z) calculated the field within the area of
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the nonlinear y? waveguide. This formulation creates a framework for calculating SHG

efficiencies in dielectric waveguides.

Commonly, the process for modal phase-matching in waveguides utilizes the funda-
mental TEqy or TMy, mode and higher order modes such as TEgy or TMg; at the second-
harmonic [231]. As illustrated in Fig. 4.2, modal phase-matching allows for matching the
fundamental mode to higher-order modes which have lower effective indices. The benefit
of this approach is that phase-matching becomes achievable at a wider range of waveg-
uide geometries; however, the overall conversion efficiency is reduced due to the low modal

overlap caused by the difference in mode shapes.

Figure 4.2: field profiles of a modal phase-matched silicon nitride waveguide for the TMgy and
TMp2 modes. Figure from [231].

To address this disadvantage, in this chapter, we design asymmetric InGaAsP-on-
insulator waveguides to phase-match orthogonal polarizations of the fundamental TEg

mode to the second-harmonic TMy, mode, enhancing the modal overlap within the non-
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(a) 3.1 pm to 1.55 pum. (b) 2.62 pm to 1.31 pm.
Figure 4.3: Schematic layouts of InGaAsP-on-insulator waveguides designed for modal phase-
matched second-harmonic generation at a) 3.1 um to 1.55 pym, and b) 2.62 pym to 1.31 pm.
linear waveguide. Such methods have also been seen to efficiently produce the second-
harmonic mode in AlGaAs-on-insulator [232]. The designed waveguides in this chapter are
illustrated in Fig. 4.3a and 4.3b, with dimensions of 1.54 x 0.22 pm for conversion of 3.1

pm to 1.55 pm, and 2.1 x 0.2 pgm for conversion of 2.62 ym to 1.31 pm.
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4.1.1 RESULTS AND DISCUSSION

The results of the SHG performance of InGaAsP-on-insulator waveguides are discussed in
this section. Analytical efficiency calculations are performed using Eq. (4.17), and the
resulting SHG efficiencies are illustrated in Figs. 4.9a and 4.9b. In this approach, the SHG
efficiency is calculated in units of % / W for two wavelength ranges in 2 mm long InGaAsP-
on-Insulator waveguides, neglecting loss, pump-depletion, and free-carrier effects. These
assumptions correspond to the undepleted-pump, continuous-wave (CW) regime and serve

as an upper bound on the achievable conversion efficiency.

The analytical approach used here follows similar coupled-mode derivations applied
to dielectric waveguides consistent with methods presented in [75, 233, 234], and gives
comparable efficiencies and mode confinements to those found in literature for similar
waveguide geometries and effective nonlinear coefficients in Lithium Niobate and AlGaAs

233, 235, 236].

The SHG waveguides are designed to convert the fundamental infrared wavelengths of
approximately 3.10 ym and 2.62 um into telecom wavelengths of 1.55 ym and 1.31 pm,
respectively. This wavelength conversion is beneficial for environmental sensing applica-
tions, as molecules such as sulphur dioxide (SOs), ethanol (CoH5;OH), and several chlo-
rofluorocarbons exhibit strong absorption features in the mid-infrared spectral region [104,
237, 238]. Furthermore, demonstrating efficient second-order nonlinearity in InGaAsP-on-
insulator waveguides highlights the potential for further study of nonlinear processes such

as difference frequency generation for reaching the mid-infrared and THz frequencies, and
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sum-frequency generation for efficient wavelength conversion.

The waveguides considered in this section are assumed to operate in the continuous-
wave (CW) regime, and effects associated with optical pulse propagation, such as group
velocity dispersion, are not considered in the efficiency calculations. To evaluate the phase-
matching between the frequencies, the effective indices for the TEy0 and TMy0 modes
are calculated across the fundamental wavelength ranges of A = 3.05 — 3.15 pym and
A =260 — 2.65 um, as well as the corresponding second harmonic wavelength ranges
A=15 — 1.6 pmand A = 1.3 — 1.325 um. These results are illustrated in Figs. 4.4a
and 4.4b.

The effective indices are computed using an FDE solver with PML boundary conditions
in a large simulation domain of 8 pumx 8 pum, and a spatial resolution of 10 nm. This large
simulation domain ensures that the modal fields decay to approximately -10 dB at the
simulation boundaries, minimizing numerical error and ensuring the entire mode is cap-
tured within the simulation domain. The calculated effective indices of the fundamental
TE mode and second-harmonic TM mode intersect at the target wavelength pairs, indi-
cating near-zero wavevector mismatch (Ak = 0). At these points, modal phase matching
is achieved for a finite wavelength range, implying a limited phase-matching bandwidth,

related to the spectral width of the SHG response shown in Figs. 4.9a and 4.9b.

Following the determination of the effective indices, the nonlinear spatial mode overlap,
¢, and effective mode area, A.s¢, are calculated using the simulated mode profiles illustrated

in Figs. 4.5 - 4.8. For SHG from 3.1 pm to 1.55 ym, the waveguide core dimensions are 1.54
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Figure 4.4: Comparison of the effective indices for the fundamental and second-harmonic modes
of two wavelength pairs.

pm width and 0.22 um height, and for the conversion of 2.62 pym to 1.31 um, the waveguide
has a core dimension of 2.10 pum x 0.20 pm. These asymmetric waveguide geometries

enhance the mode overlap between the fundamental and second-harmonic modes.
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(a) A = 1.55 pm linear scale. (b) A = 1.55 um log scale.
Figure 4.5: Normalized electric field mode profiles on a linear and logarithmic scale for the TMq
mode at A = 1.55 pm.

The calculated values of the effective mode area, A.g, and nonlinear spatial mode
overlap, (, are summarized in Table 4.1. The nonlinear spatial mode overlap has values
between 0.63 and 0.68 for both wavelength ranges, indicating a strong spatial overlap within
the waveguide core for wavelength conversion. The effective mode area is relatively small,
with values of approximately 9.2 um? and 4.7 um?, reflective of high optical confinement
enhanced by the large refractive index contrast of the InGaAsP-on-insulator platform.
Both of these factors are important for high conversion efficiency as the efficiency scales

quadratically for ¢ and inversely with Aeg.

Using the parameters listed in Table 4.1, and the effective indices in Fig. 4.4, the

SHG efficiency is calculated for a fixed waveguide length of L = 2 mm. The resulting
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Figure 4.6: Normalized electric field mode profiles on a linear and logarithmic scale for the TEqg
mode at A = 3.1 pum.

efficiencies, illustrated in Figs. 4.9a and 4.9b, achieve a conversion efficiency near 12.5% /W
for conversion of 3.1 ym to 1.55 um and 30.5%/W for conversion of 2.62 pym to 1.31 pm.
The higher efficiency seen in the 2.62 ym to 1.31 pum wavelength conversion is due to
the smaller effective mode area and slightly higher nonlinear spatial mode overlap. This
aligns with the expectations of the smaller wavelength having stronger confinement to the

waveguide. The comparison of the two waveguides further highlights the sensitivity of SHG

wavelength conversion | Az (um)? ¢
31 pm — 1.55 um 9228 | 0.631876
2.62 pm — 1.31 pm 4.773 0.681604

Table 4.1: nonlinear spatial mode overlap and effective area for second harmonic generation from
approximately 3.1 ym to 1.55 ym and 2.62 ym to 1.31 um
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Figure 4.7: Normalized electric field mode profiles on a linear and logarithmic scale for the TMq
mode at A = 1.31 pm.

efficiency to waveguide geometry.

Although the losses due to scattering and absorption, and pump depletion are neglected
in the analytical derivation of the SHG efficiency, the results provide valuable insight into
the upper bound on the nonlinear performance of the InGaAsP-on-insulator platform. For
practical devices, linear propagation loss, and absorption at the second-harmonic, as well as
free-carrier effects at higher input powers are expected to reduce the conversion efficiency.
Despite these factors, not taken into account here, the efficiencies compare well with the
efficiencies for other materials with similar waveguide geometries and effective nonlinear

coefficients, highlighting the promise of an InGaAsP-on-insulator material platform for

compact, chip-scale wavelength conversion.
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Figure 4.8: Normalized electric field mode profiles on a linear and logarithmic scale for the TEqq
mode at A = 2.62 pm.
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Figure 4.9: Comparison of simulated SHG efficiencies for 2 mm length InGaAsP-on-insulator
waveguides at different fundamental wavelengths.

Further work in this area can extend the analysis by incorporating linear and nonlinear

losses, and pump depletion, as well as phase-matching bandwidth and fabrication toler-
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ance. In addition, studying other nonlinear effects such as four-wave mixing in InGaAsP
waveguides could allow for optical frequency comb generation, which is especially useful for
wavelength division multiplexing in data and communication applications. Investigating
temporal soliton formation through the balance of group-velocity dispersion and self-phase
modulation, as described in section 1.4, could expand the nonlinear capabilities supported
by the platform. Finally, exploring other waveguide geometries with increased core height
or engineered dispersion profiles could improve confinement of the TM mode in phase
matching, reduce the effective mode area, and improve the nonlinear spatial mode overlap,

thus increasing the efficiency of nonlinear processes further.
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5.1 CONCLUSIONS

The growing need for integrated photonic technologies to support the increasing number of
devices connected to the internet, for information processing, communications, and optical
sensing, has highlighted the relevance of scalable integrated photonic platforms. Monolithic
photonic platforms based on III-V semiconductors such as InGaAsP are well positioned
to address this need, as they can integrate light generation, optical modulation, detection,
and low-loss passive optical signal routing on a single chip. In Canada, the domestic
capability for semiconductor and photonic research in this area remains limited due to a

lack of standard design and fabrication pathways for III-V materials.

In this thesis, we present designs for high-index contrast InGaAsP-on-insulator passive
photonic components operating in the telecommunication O and C bands. The main
purpose of this work is to provide a streamlined design pathway for rapid fabrication of
[II-V photonic circuits by developing a passive component library that can be incorporated
into a nonlinear optical process design kit. This addresses a major limitation in the current
fabrication cycle of InP-based platforms, namely, the lack of a standardized component

library that includes analytical models and simulated component performance.

In Chapter 1, the basics of optical properties of semiconductors, waveguide theory,
numerical simulation methods, and the fundamentals of process design kit development are
presented. This background provides the necessary context for the InGaAsP-on-insulator

components presented in Chapters 2 through 4.
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In Chapter 2, passive optical components developed in collaboration with Optiwave
Systems Ltd. are presented. These include compact waveguide models, waveguide bends,
linear tapers, waveguide splitters, and waveguide X-crossings. Minimum bend radii are
determined based on propagation-loss criteria, yielding minimum values of 10 ym for the
TE polarization at both A = 1.55 and A = 1.31 um, and 30 and 20 pym for TM polarization

at A = 1.55 and A = 1.31 um, respectively.

Linear waveguide tapers are also presented in Chapter 2, for spot size conversion be-
tween a 500 x 220 nm single-mode waveguide and narrower or wider waveguides. Specifi-
cally, tapering to a 0.2 X 0.22 pum waveguide over a 40 um length gives a simulated insertion
loss of —0.01683 dB and —0.0036 dB for TE and TM polarizations, respectively. Similarly,
tapering to a 1.0 x 0.22 ym waveguide over a 10 um length gives a loss of —0.0003 dB and
—0.0004 dB for TE and TM polarizations.

Next, in chapter 2, waveguide splitters including a Y-Branch, a 2 x 2 multi-mode
interferometer (MMI), and a 2 x 2 directional coupler are discussed. These devices all
achieve near-ideal 50/50 splitting ratios, with even power splitting achieved for the Y-
Branch, wavelength-dependent response in the 2 x 2 directional coupler, and wavelength-
dependent and near —3 dB splitting in the 2 x 2 MMI. Finally, in Chapter 2, a waveguide
x-crossing based on a shape optimized cosine curves is presented, demonstrating minimal
insertion losses of —0.17 dB and —0.32 dB for the TE and TM polarizations, respectively,

at A = 1.55 pm.

In Chapter 3, subwavelength photonic components, including a subwavelength grating

158



5.1. CONCLUSIONS

(SWG) waveguide and a subwavelength grating edge coupler, are presented, developed in
collaboration with National Research Council Canada (NRC). The chapter introduces pe-
riodic waveguide theory, describing how the pitch and duty cycle of a periodic waveguide
affect the effective refractive index of a Floquet-Bloch mode and can cause light to prop-
agate as though it were a homogeneous waveguide in the subwavelength regime. In this
section, the different regimes for propagation of light in periodic media are covered, includ-
ing the radiative, Bragg reflection, and lossless regimes. The SWG waveguide is designed
to propagate the TE-like Floquet Bloch mode in the lossless regime at A = 1.55 ym and
1.31 pm, achieving simulated lossless propagation across a 20 pum SWG waveguide with a

pitch of 0.2 and duty cycle of 0.6.

For the subwavelength edge coupler, simulated coupling from a tapered lensed fibre
with an ideal beam diameter of 2.5 ym (MFD 1/e?) is presented for coupling the TE and
TM modes to a single-mode waveguide. The compact edge coupler is 45 pm in length and
achieves low simulated coupling loss for both TE and TM polarization of approximately
—0.56 dB and —0.4 dB, respectively, with sub —1 dB loss maintained across the wavelength
range of 1.5 - 1.6 um, and lateral alignment tolerance of 0.7 pum for achieving coupling

transmission less than —1 dB.

Finally, in Chapter 4, an InGaAsP-on-insulator second harmonic generation waveguide
is designed and analyzed. The waveguide uses modal phase matching between the lowest-
order fundamental TEy, and second-harmonic TMy, modes for the conversion from 3.1
pm to 1.55 pm and 2.62 pm to 1.31 pm. An analytical derivation of the second-harmonic

generation efficiency is used, based on the relations of the linear electro-optic coefficients
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derived from experimental measurements of binary III-V alloys, allowing estimation of the
effective nonlinear coefficient, d.g, associated with the dy; tensor element of the second-

order susceptibility, x%.

The resulting analytical SHG efficiencies for a proposed 2 mm long InGaAsP waveguide
are approximately 12.5 % /W for the conversion from 3.1 gm to 1.55 pm, and approximately
30 %/W for the conversion from 2.62 pm to 1.31 pm. These efficiencies are produced
from highly asymmetric waveguides to enhance the nonlinear spatial mode overlap, with
waveguide dimensions of 1.54 x 0.22 ym and 2.1 x 0.2 pum for the respective wavelength
pairs. These results highlight the potential of InGaAsP-on-insulator waveguides for infrared
conversion to telecom wavelength conversion, applicable for integrated gas sensors, and

wavelength conversion in nonlinear signal processing.

The components presented in this thesis present a benchmark for parameterizable I1I-V
semiconductor photonic component libraries. Specifically, they can be adapted for multi-
layer heterostructures and other I1I-V-on-insulator integrated photonics platforms. In fur-
ther work, uncertainties in device performance can be obtained by incorporating fabrication
tolerances and corner analysis. Throughout this thesis, the passive components developed
are integrated into a component library for an InGaAsP-on-insulator PDK, creating a
streamlined design-to-fabrication pathway for integrated photonic devices capable of non-
linear optical processes. Future improvements to the performance of the components may
be realized using fabrication-aware optimization algorithms and experimental characteriza-
tion of insertion loss, propagation loss, and nonlinear absorption to better refine associated

compact models of components. The implications of the work presented here can enable
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application-specific circuit design and are a foundation for a wide range of integrated pho-
tonic applications in optical, signal processing, and sensing technologies using monolithic

semiconductor platforms.
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A.1. SYSTEM OF UNITS

A.1 SYSTEM OF UNITS

quantity unit symbol base dimension
length meter m

mass kilogram kg

time second s

temperature kelvin K

current ampere A

frequency hertz Hz

force newton N kgm /s?
pressure pascal pa N/m?
energy joule J Nm
power watt W Nm/s
charge coulomb C As
electric potential volt \Y% Nm/As
conductance siemens S A%s/Nm
resistance ohm 0 Nm/A?s
capacitance farad F A%s% /Nm
magnetic flux density tesla T N/Am
inductance henry H Nm/A?

164



A.2. PHYSICAL CONSTANTS

A.2 PHYSICAL CONSTANTS

symbol quantity value units

kp Boltzmann’s constant 1.381 x 107 J/K
8.617 x 1075 eV/K

e charge of the electron —1.602 x 107 C

Me mass of electron 9.109 x 1073¢ kg

my mass of proton 1.673 x 107*" kg

€0 permeability of free space (magnetic constant) 4m x 1077 H/m

m permittivity of free space (electric constant) 8.854 x 1072 F/m

h Planck’s constant 6.626 x 10734 Js

h Planck’s reduced constant 1.055 x 10734 Js

no refractive index in vacuum 1 -

c speed of light in vacuum 2.998 x 108 m/s?

R universal gas constant 8.314 J/molK
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