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Abstract

The first demonstration of subwavelength grating (SWG) waveguides on the
silicon-on-insulator (SOI) platform has led to the emergence of several SWG
devices in silicon photonics. These devices, which include waveguides, couplers,
sensors, and ring resonators to name a few, leverage the refractive index and dis-
persion engineering inherent to SWG waveguides to enhance their performance.
Despite the demonstrated success of SWG waveguides in silicon photonics, these
engineering techniques have yet to be widely used in combination with III-V
semiconductors which are already extensively used for laser sources and non-
linear applications. Thus, the focus of this study is using aluminum gallium
arsenide on insulator (AlGaAs-QOl) to design subwavelength grating devices.

In this thesis, I present the design and computational simulation of sub-
wavelength grating photonic components utilizing the Al 13Gag g, As-OlI plat-
form, while also reporting on nonlinear optical experiments conducted with
novel Huygens’ meta-waveguide SOI resonators. The effective medium the-
ory, Finite-Difference Eigenmode (FDE), and Finite-Difference Time-Domain
(FDTD) methods were used for calculating the photonic band-structure and
dispersion characteristics of the SWG unit-cells. Using these methods, low-
loss SWG waveguides were optimized for different core heights and cladding
materials, achieving Floquet-Bloch mode propagation with minimal to no back-
scattering. Building upon these waveguides, and by exploiting the refractive
index engineering inherent to SWG structures, an ultra-compact 30 pm-long
fiber-to-chip AlGaAs-OI SWG edge coupler was designed with a peak coupling
efficiency of 90.2% (—0.45 dB loss) at 1550 nm for quasi-TE modes. Furthermore,
AlGaAs-OI SWG microring resonators were investigated, demonstrating that
a hybrid SWG-bus/solid-core ring geometry can leverage mode delocalization
to relax coupling gaps while maintaining sufficient coupling and a high quality
factor (Q > 75,000) at 1550 nm. Finally, I report the first physical observation
of stimulated four-wave mixing (FWM) in a prefabricated SOI Huygens’ meta-
waveguide microring resonator. This work highlights the potential of AlIGaAs-OI
subwavelength engineered structures as promising building blocks for mono-
lithically integrated, low-loss, and highly efficient linear and nonlinear photonic
integrated circuits.
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Chapter 1

Introduction

1.1 Motivation

In the current digital age, almost all aspects of human life rely on the transmis-
sion of information and the Internet. In the past decades, we have seen the
great impact of using optical communication systems in the telecommunications
industry, giving us access to faster Internet speeds and larger bandwidths [1].
However, with the increasing use of cloud computing, artificial intelligence, and
high-definition video transmission, our need for higher bandwidths is constantly
increasing [2]. The current optical communication networks make use of both
optics and electronics as most of the signal processing is still done in the electrical
domain, which means many optical-to-electrical-and-back-to-optical (OEO) con-
verters are required in the system. This also means the transmission speed and
bandwidth of our optical communication system are limited by the bandwidth of
the electronics that do our signal processing. As such, one major area of research
in the integrated photonics industry is the development of photonic integrated
circuits (PICs) and devices that can perform signal processing in the optical
domain, and thus eliminate the need for OEO converters and other intermediary
electronics by using all-optical signal processing [3].

Signal processing operations commonly require the conversion of frequencies,
which means the integrated photonics devices used for signal manipulation
should have a strong nonlinear optical response. One of the very first materials
researched extensively for integrated photonics was silicon [4], [5]. Since this
semiconductor is commonly used in the technology industry for transistors
and integrated chips, it has the advantage of a low-cost and well-established
fabrication method, and easier integration with electronic components on the
same circuit. However, a major disadvantage of silicon is its indirect bandgap,
which makes it difficult to use as a material for laser sources. This means that
silicon-based photonic circuits would require the integration of other materials

which have a direct bandgap, such as III-V semiconductors. This makes the
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photonic integrated circuits more complicated and costly, and gives rise to
compatibility issues; it is therefore more desirable to use a material which can
be used for any optical component required in an all-optical signal processing
circuit.

II-V semiconductors are one such group of materials currently being re-
searched for this purpose [6]. One promising compound within this family is
aluminum gallium arsenide (AlGaAs), which has both strong second-order and
third-order optical nonlinearity while boasting negligible two-photon absorption
(TPA) in the telecommunication C-band [7], [8]. To be a good candidate for an
all-optical signal processing circuit, the material should perform well in both
the linear and nonlinear optical regimes while also having flexibility regarding
optical response parameters, such as the refractive index. One method of ma-
nipulating the refractive index without a change of material platform is through
subwavelength engineering [9].

Miniaturization is yet another important feature when designing PICs used
for several applications, such as telecommunication, because it reduces the
amount of required space and material. Subwavelength meta-material engineer-
ing is a technique that has been extensively used for silicon photonics in the
past years and has proven itself to be advantageous for both device compact-
ness and efficiency [9]. One emerging area in this field is the creation of highly
transmissive Huygens’ meta-waveguides, which are achieved by engineering
Mie-resonant modes using periodically structured waveguides [9].

In this thesis, I design several essential photonic components such as waveg-
uides, couplers, and micro-ring resonators using subwavelength grating (SWG)
structures and the AlGaAs-on-insulator platform. These designs are verified
through simulations and computational analysis. The motivation of this master’s
project is to combine the benefits and dispersion engineering of subwavelength
grating structures with the advantages of AlGaAs to design fundamental build-
ing blocks for integrated photonic circuits. The refractive index engineering
inherent to subwavelength structures and III-V compounds can be leveraged for
the pursuit of monolithically integrated circuits where the active components,
passive devices, and nonlinear processes can all be realized with the same mate-
rial platform. This work also aims to fill a research gap regarding the use of III-V
material for SWG devices.

In addition to the computational work on AlGaAs-O], this thesis also includes
physical nonlinear experiments demonstrating four-wave mixing (FWM) in pre-
fabricated silicon-on-insulator (SOI) Huygens’ meta-waveguide ring resonators.
Since the fabrication of III-V devices is currently a more involved process that
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requires in-house fabrication reliant on university cleanroom availabilities, this
thesis only includes experimental demonstrations for prefabricated SOI devices.

The remaining sections of this introductory chapter provide a brief theoretical
background on the related concepts, such as a general overview of nonlinear
optics and waveguiding principles, followed by the working principles of fun-
damental photonic components used in this study. The fundamental theory
behind periodic waveguides and subwavelength engineering is also concisely
explained. I argue for my choice of material platform, AlGaAs-on-insulator, by
explaining its advantages and comparing it with other popular materials used in
photonics. Some demonstrated applications of III-V semiconductors for optical
signal processing applications are also provided as further motivation for my

material choice.

1.2 Nonlinear Optics in a Nutshell

One major reason for the use of III-V semiconductors in this project is their
attractive nonlinear optical properties which make them compatible with all-
optical signal processing applications. Signal processing in communication
systems encompasses many tasks and functions, and several of them involve
wavelength conversion. Due to the need for wavelength manipulation, optical
signal processing will inherently rely on nonlinear optics. A beam of light cannot
gain any new frequency components by going through a medium operating in
the linear optical regime. Its spectrum will either remain unchanged, or it will
actually lose frequency components if the material has absorption losses due to
atomic excitations [10].

The main difference between linear and nonlinear optics is in the intensity
of light that is being used. At low optical intensities, the interacting medium’s
induced polarization, P, is related to the incident beam’s electric field, E, in a
linear fashion:

P = egxE, (1.1)

where x is the material’s linear electric susceptibility and ey is the dielectric
permittivity of vacuum. At high optical intensities, the nonlinear terms in the
material response can no longer be neglected and the induced polarization is

expanded with respect to the electric field according to

P = eo)((l)E + eoX(Z)Ez + eox(3)E3 + ..., (1.2)
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where x(?) is the second-order susceptibility and x(®) is the third-order suscepti-
bility of the material [10]. These coefficients describe the nonlinear properties of
the material and how strong or weak their responses are for second-order and

third-order nonlinear processes.

Non-Degenerate FWM Degenerate FWM
T AT
mﬂ mB
wpz ____________ Lllp ____________
______________ AT
A ) )
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Figure 1.1: Energy level diagrams for (a) non-degenerate and (b)
degenerate four-wave mixing. Simplified illustration of (c) non-
degenerate and (d) degenerate four-wave mixing processes.

One important third-order nonlinear process that can be useful for optical
signal processing (when done purposefully) is four-wave mixing (FWM). This
nonlinear optical process is depicted in Fig. 1.1. During FWM, three input beams
with distinct frequencies traveling within a nonlinear medium interact with one
another and generate a fourth beam. The generated output beam is called the

"idler" and its frequency is determined by energy conservation [11]:
hwp1 + hwpy — hws = hw;, (1.3)

where 71 is the reduced Planck’s constant, w1 and wy; are the "pump" frequen-
cies which make up two of the input beams, wj is the frequency of the "signal"
which is the third input beam, and wj is the idler frequency. The pump pulses
are generally more powerful than the other beams, and their power is used for
both amplifying the signal beam and generating the idler frequency. FWM is
one of several nonlinear processes that can be used for all-optical frequency con-
version [6]. FWM is also possible with only two distinct frequency components
present at the input of the medium. In this scenario, the pump photons have the
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Example Frequency Comb
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Figure 1.2: Frequency combs have equally spaced spectral compo-
nents, but the magnitude of each spectral component can be very
different.

same frequency and Eq. 1.3 simplifies to
2hwy — hws = hw;. (1.4)

The situation where there is only one pump beam is referred to as degenerate
FWM, and it is shown in Fig. 1.1b and d, whereas the non-degenerate case is
shown in Fig. 1.1a and c.

FWM in nonlinear optical media can also be used to produce what is known
as an optical frequency comb. In optics, a frequency comb is an optical spectrum
which consists of a set of discrete equidistant spectral lines [12]. In essence, it is a
specialized laser (a stabilized mode-locked laser to be precise) which can also be
thought of as an optical ruler useful for making precise frequency measurements.
A simple illustration of a frequency comb’s spectrum is shown in Fig. 1.2.

FWM and many other third-order processes originate from Kerr nonlinearity,
also known as the optical Kerr effect. Light that propagates through a Kerr non-
linear medium induces an approximately instantaneous change in the refractive
index of the optical medium. This change in refractive index is larger for higher
intensities of the incident beam [10]:

n=n+nsl, (1.5)

where 71 is the total refractive index of the medium, 7 is the linear refractive index,
ny is the nonlinear refractive index (also called the nonlinear Kerr coefficient),

and [ is the intensity of the incident light. The nonlinear refractive index is
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proportional to the third-order nonlinear susceptibility through [10]:
ny = 3)((3)/(4n2eoc), (1.6)

where c is the speed of light in vacuum. One application of FWM is the creation of
optical frequency combs. These frequency combs can act as optical clock signals
(analogous to the electrical clock signal) used for optical signal processing and
switching applications [12].

et Conduction Band
A
.:':;'
(o] Valence Band

Figure 1.3: Schematic energy level diagram of two-photon absorp-
tion.

Another phenomenon that is possible in a material with Kerr nonlinearity is
the simultaneous absorption of two photons by an electron moving to an excited
state as shown in Fig. 1.3. This is called two-photon absorption (TPA), and it is
considered a nonlinear absorption loss when its presence is undesired. The TPA
coefficient is generally denoted by a5 in the literature, and it is proportional to
the imaginary part of )((3) [10]. For the degenerate case where both photons have
the same frequency, the TPA coefficient is given by

3w (3)

m (17)

Ky = m

To prevent TPA in a semiconductor material, the bandgap energy must be
larger than twice the photon energy corresponding to the operating wavelength.
This translates to a bandgap larger than 1.6 eV for a wave operating at the
central wavelength of the optical communication C-band (1550 nm). When a
semiconductor undergoes TPA, the conduction band gets more populated with
electrons that are free to move to higher energy levels by absorbing more photons.
This effect is known as free-carrier absorption (FCA), and it is another nonlinear
loss that can occur due to TPA.

Second-order nonlinear phenomena related to x(?) can also be used for signal

processing purposes [13]. The most common x(?) processes are second-harmonic
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F 3 2w

(@) (®) (©)

Figure 1.4: Energy level diagram for (a) SHG, (b) SFG, and (c) DFG.

generation (SHG), sum-frequency generation (SFG), and difference-frequency
generation (DFG), as illustrated in Fig. 1.4. In addition to being methods for
wavelength conversion, these processes can be cascaded to emulate x(3) phe-
nomena. In this way, materials with a strong x(?) can be used for some of the
same applications that require a Kerr medium. Notably, (%) is zero for materials
that are centrosymmetric and have inversion symmetry. Such materials will not
be able to produce any second-order nonlinear process.

It is important to note that the efficiency of a nonlinear process depends on
the phase-matching between its interacting waves. Phase-matching is a direct
consequence of momentum conservation, and if the phase-matching conditions
are not satisfied, the nonlinear process will have a very low efficiency [11]. For
degenerate forward FWM, where both pump beams have the same frequency
and direction of propagation, this condition can be expressed as:

2k(wp) — k(ws) = k(ewy), 18)

where k denotes a wave vector. One method of creating devices that are phase-
matched over a broad range of frequencies for a certain nonlinear process is
through careful dispersion engineering. This is because the source of phase-
mismatch is the fact that light at different frequencies experiences different
refractive indices [10]. For example, in Chapter 5 of this thesis, FWM is experi-
mentally conducted and reported in meta-waveguide structures which achieve

near-zero dispersion in the operating range of wavelengths.



Chapter 1 8

1.3 Waveguide Optics

This thesis revolves around the design and simulation of optical components
required in photonic integrated circuits and the most basic fundamental building
block of such circuits is waveguides. This subsection introduces the basic theory
of waveguide optics.

As the name suggests, waveguides are devices that guide light and control its
direction of propagation; they are the "wires" of photonic circuits, and a familiar
example is the fiber optic cable. Waveguides operate on the principle of total
internal reflection (TIR) and rely on the refractive index contrast between the
guiding layer, commonly referred to as the core, and the surrounding material
which is usually denoted as the cladding. As illustrated in Fig. 1.5, the guided
wave propagates in the core which has a higher refractive index compared to the
cladding layer. The refractive index is defined as the ratio of the speed of light in

vacuum to that in the medium, thus a higher refractive index means light travels

‘ g Nejad V
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Figure 1.5: A simple planar dielectric waveguide illustrating wave
propagation through total internal reflection (#1core > 7clad)-

slower [14].

For an incoming wave to be guided, it must undergo TIR at the core-cladding
interface which requires incidence angles, 0;, that are larger than the critical
angle 6. = arcsin(n¢,q/Mcore). This means there is more than one possible an-
gle of propagation for guided light within a waveguide. In ray optics this can
be interpreted as a continuous range of allowed propagation angles, but in a
full wave description of light only a discrete set of electric field distributions
satisfy the boundary conditions and form the solutions to Maxwell’s equations
for the waveguide structure. These solutions are referred to as the waveg-
uide "modes" [14]. A waveguide mode is an electric field distribution with an
unchanging profile in the transverse dimension as it propagates through the
medium. They are essentially the eigenfunctions to Maxwell’s equations in the
waveguide.

In real life, waveguides are finite structures in all three spatial dimensions and
their possible electric field profiles of propagating modes cannot be determined

through close-formed analytical equations and require numerical mathematical
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methods. Thus, the first step to understanding waveguide propagation and
modes is to analyze an idealized structure portrayed in Fig. 1.6 where the light
is only confined in one transverse direction (x-axis) and the other transverse
direction is assumed to be infinite with an unchanging refractive index. This

idealization is commonly referred to as the 1D planar or slab waveguide. The

Figure 1.6: 1D planar dielectric waveguide where the core di-
mension along x is finite while it expands infinitely in the y and z
directions.

optical confinement in a dielectric waveguide is via the refractive index difference
that occurs at the material interfaces; for the case of the 1D waveguide shown in
Fig. 1.6 this boundary occurs at |x| = d/2, with the refractive index being equal
to More for |x| < d/2 and ngaq for x| > d/2.

The behaviour of the electric and magnetic fields of an electromagnetic wave
propagating through a medium can be described using Maxwell’s equations.
For a linear, homogeneous, and isotropic dielectric that has no free charges or
currents, these equations become [14]:

V.cE=0, (1.9)
V. uH =0, (1.10)
oH
oE
VxH=c, (1.12)

where E and H are the electric and magnetic field vectors and y and € are the
magnetic permeability and electric permittivity of the material. These material
parameters can be written as 4 = pop, and € = €pe;, where y, and €, are the
relative permeability and permittivity, respectively. Since the dielectric medium
is assumed to be nonmagnetic, the magnetic permeability is simply equal to the
vacuum value (y = pp). Taking the curl of Eq. (1.11) and using the vector identity
V x (V x E) = V(V - E) — V2E along with Eq. (1.9) and Eq. (1.12) yields
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0%E
V2E — e—z =0, (1.13)

effectively reducing Maxwell’s equations to an electric field wave equation.
Assuming a harmonic time dependence, the electric field can be written as
E = E(x,y,z)e !, where the spatial and temporal dependence of the field are

separate. Substituting this expression into Eq. (1.13) and using ¢ = \/ﬁ leads

us to the Helmholtz equation:

V2E(x,v,z) + k3n’E(x,y,2) =0, (1.14)

where kg = ¢ = 27” is the free-space wave number and n = ,/u€; is the

refractive index. To find the modes of the planar waveguide we need to solve this
equation for the spatial electric field. Modes where the electric field is transverse
to the direction of propagation (E, = 0) are called transverse-electric (TE) and
modes where the magnetic field is transverse to the propagation direction (H, =
0) are called transverse-magnetic (TM) [14].

For the 1D slab waveguide, the field is only confined along the x-axis and
undergoes no refractive index variation along the y-axis, thus the transverse
tield profile is only dependent on x (3—5 = 0), and the spatial dependence of the

electric and magnetic fields can be written as
E(x,z) = E(x)eP%; H(x,z) = H(x)e'?, (1.15)

where f is the propagation constant. Due to the symmetry and boundary condi-
tion for TE modes in a 1D slab waveguide, the only nonzero field components
are Ey, Hy and H,,. Similarly, for TM modes, the nonzero field components are
Ey, E; and Hy,. Thus, the main scalar wave equations for the TE and TM modes

are given by:

9’E

any + (k¥ — B*)E, =0 TE modes, (1.16)
PHy 0
=7 + (k* — B°)Ex =0 TM modes, (1.17)

where k = kon is the wave-number within the material. The type of eigenmode
for the wave equations depends on the sign of (k* — f?). Within the core layer
we want oscillatory behaviour and light propagation, which is only achieved
if B < koneore- On the other hand, we do not want the light to propagate in the
cladding layers, so in these regions we require f > kon,q for the guided modes,
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which indicates an exponentially decaying solution to the wave equation and
corresponds to the evanescent tails of the guided light in the cladding. Thus,
the propagation constant for a stable guided mode travelling in the 1D slab
waveguide must satisfy kornaqg < B < kotcore [14].

To find the TE eigenmodes of Eq. (1.16), let * = k3n? . — p* within the core
and > = B? — k%n?_4 in the upper and lower cladding. Then solving for each

cla
section gives the following general solutions:

E, = Acoskx + Bsinxx for x| < d/2, (1.18)
Ey=Ce™ " forx >d/2, (1.19)
E, = De"™ forx < —d/2, (1.20)

where A, B, C, and D are arbitrary coefficients. The general solution for the

\m=01
AN
T HN=
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Figure 1.7: 1D planar dielectric waveguide even and odd modes.
Adapted from [14].

e

NN

electric field within the core is a superposition of even (cosine-like) and odd
(sine-like) eigenmodes which are visualized in Fig. 1.7. At the core-cladding
interface (x = £d/2), the tangential electric field and magnetic field components,
Ey and H;, must be continuous and consequently the derivative of the electric
field, %, must also be continuous at the boundaries. Applying these boundary
conditions to Eq. (1.18) - (1.20) while separating the odd and even eigenmodes

results in the following dispersion relations for the eigenvalues of TE modes in a
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1D slab waveguide:

tan (xd/2) = % Even TE modes, (1.21)

tan (xd/2) = —g Odd TE modes. (1.22)

These transcendental dispersion relations govern the allowed propagation con-
stants with each corresponding to one guided mode in the waveguide. The
boundary conditions effectively quantize the valid values for B instead of al-
lowing a continuous range within korn.,q < B < koticore. These equations are
referred to as dispersion relations because they describe a relationship between
the wave number or propagation constant of the wave with its frequency. The
term dispersion stems from the fact that light waves at different frequencies
experience different propagation constants and refractive indices within the
medium and thus travel at different speeds resulting in a dispersed light pulse.

Even though the simple 1D slab waveguide has closed-form analytical so-
lutions for the spatial electromagnetic field profile of its guided modes, the
propagation constants of these modes must be solved through numerical or
graphical methods. The same process can be applied to Eq. (1.17) for finding the
TM eigenmodes and eigenvalues. For TM modes at the core-cladding interface,
the tangential electric field and magnetic field components, E; and H,, must
be continuous and consequently the term %% must also be continuous at the
boundaries. The dispersion relations for the TM modes of the 1D slab waveguide

are thus given by:

2
tan (xd/2) = %I Even TM modes, (1.23)
Mad ¥
2
n
tan (kd/2) = — %E Odd TM modes. (1.24)

core

In reality, the light confinement in a waveguide occurs over both transverse
dimensions while light travels in only one direction, as shown in Fig. 1.8; this
realistic dielectric structure that confines light in two dimensions is commonly
referred to as a channel waveguide. The principles of operation of channel
waveguides are the same as the idealized 1D case, but the mathematics is more
involved and it does not possess a closed-form analytical solution. The wave
equation for a 2D waveguide essentially becomes a 2D eigenvalue problem.
Two approximations that can be used for simple geometries are the effective
index method which essentially reduces the problem to two sequential 1D wave
equations, or the separation of variables method which solves for the x and y
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Figure 1.8: Example of a channel waveguide where the guided light
is confined in the transverse (x and y) dimensions, surrounded by a
lower index bottom cladding and air, while it can freely propagate
in the z direction. The light is effectively "channeled" through the
core layer of the dielectric medium.

dimensions separately by assuming weak coupling between the two transverse
dimensions and separable refractive index profiles. However, these approxi-
mations are not valid for all waveguide geometries and require more lengthy
calculations compared to the 1D case. In practice, the mode solutions for waveg-
uides and photonic devices are usually determined through computational
simulations that implement numerical methods such as the finite-difference
time-domain (FDTD) method. In FDTD, the simulation domain is discretized by
a mesh and during the simulation Maxwell’s equations are solved numerically
at each mesh cell, with the electromagnetic fields advanced iteratively in time.
Spatial discretization enables the representation of complex geometries, while
temporal discretization captures the evolution of the electromagnetic fields.

Unlike the 1D slab waveguide that supports pure TE (E, = 0) and TM (H, =
0) modes, real waveguides have refractive index variations in both transverse
dimensions and thus have coupled wave equations for both dimensions; thus,
no exact TE/TM separation exists in true 2D waveguides. The guided modes of
channel waveguides are hybrid solutions of Maxwell’s equations with nonzero
longitudinal field components; nevertheless, they are commonly classified as
TE-like or TM-like based on the relative dominance of their transverse field
components. Some example modes for the ideal 1D planar waveguide and a 2D
channel waveguide are illustrated in Fig. 1.9.

Waveguide modes have fundamental parameters that are used to describe
and compare their behaviour. One of these is the effective refractive index

defined as: 5
Neff = ko’ (1.25)

where B is the specific propagation constant corresponding to a certain mode.

Each propagating mode of a waveguide experiences a different refractive index
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Figure 1.9: Transverse electric field mode profiles for the 1D slab

waveguide ((a), (c), (e), (g)) and 2D channel waveguide ((b), (d), (f),
(h)) calculated using the Lumerical FDE solver.

as it travels through the core and a different phase velocity, v, = ﬁ The phase
velocity of a wave is the speed that its wavefronts (surfaces of constant phase)
travel. The actual meaningful speed of an electromagnetic wave is the speed
that its envelope or wave-packet travels as that corresponds to the speed of the
transmitted energy/information. The speed of energy transport for each mode

is governed by the effective group index

dn ff
ng = Neff — /\ﬁ, (1.26)
and the group velocity
c c
Ug = — = —dl/leff. (127)

Mg Mg + w32

Therefore, simultaneously exciting several modes within a waveguide means
they reach the end of the device at different times. This form of dispersion
is called modal dispersion and it can cause issues in multi-mode waveguides
used in optical communication systems where several modes need to be sup-
ported within a waveguide and each mode carries a different portion of the
same message signal to be transmitted. The effective index is therefore an ex-
tremely important property when designing optical devices. Note that for a
non-dispersive medium (i.e., no frequency dependence for the refractive index)
the effective index and group index are equal and the phase velocity and group
velocity are the same.

As shown in the derivation for the 1D slab waveguide, the guided modes
have evanescent tails, which means the light is not completely confined to the
guiding region (the core) and permeates into the cladding [14]. This can be
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problematic for the waveguide performance, and one way of addressing this
issue is by increasing the difference in refractive index between the core and
cladding in order to obtain tighter confinement of the wave and reduce the
leakage in the cladding. This is mathematically observed through the fact that
the decay constant in the cladding regions, v, is reduced when the index contrast
is increased. Tighter mode confinement in the core layer results in a smaller
effective mode area, Aeg. This parameter is used to quantify the effective area
covered by the mode in the transverse dimension of the medium. It is called
the effective area because the cross-sectional area that the guided mode covers
as it propagates through the medium does not have a clear-cut boundary. The

effective mode area is mathematically defined as [15]

_ (JJ|EPdxdy)?
Aeff - ff ]E]‘de dy ’ (128)

where E is the electric field of the wave propagating in the medium and the
xy-plane forms the cross-sectional area. At a given optical power, decreasing the
effective mode area increases the optical intensity. This means a smaller effective
mode area gives us a lower power threshold where we start to observe nonlinear
effects in the waveguide. Thus, it is highly important to optimize A.¢ when
designing nonlinear photonic devices.

Another important parameter when dealing with photonic components is
the group velocity dispersion (GVD) denoted by . GVD can be mathematically
defined as the derivative of the inverse group velocity with respect to angular
frequency. It can also be defined as the second derivative of the propagation

constant, B, with respect to frequency.

01 9B

By = %@ =55 (1.29)

The GVD parameter quantifies the frequency dependence of the group velocity
and gives valuable insight into the dispersion behaviour of a device; it is thus
highly important when designing integrated photonic devices.

In general, the dispersion experienced by light traversing in a waveguide
can be separated into material dispersion and waveguide dispersion. Material
dispersion results from the bulk optical media, such as III-V semiconductors or
silicon, that are used in the device. The bandstructure and optical properties
of the bulk material which dictate how they interact with light are the driving
force behind material dispersion. The only way to change this type of disper-

sion is by changing the chemical composition of the material or performing
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manipulations such as doping. The geometry of the waveguide also results in
different behaviour for different wavelengths of light and this geometry-derived
dispersion is denoted as waveguide dispersion. This type of dispersion can
be manipulated during the process of optical component design and is what
dispersion engineering refers to. For example, in this thesis I discuss the effects
of changing the different dimensions of a subwavelength periodic grating on
the photonic bandstructure of the waveguide, and in essence this is dispersion

engineering.

1.4 Fundamental Photonic Components

This section provides a brief overview and explanation of different waveguide
geometries and the operating principles of the photonic devices that were studied
in the thesis project.

1.4.1 Waveguide Geometries

Several geometries exist for optical waveguides, and each of them has its advan-
tages and drawbacks. Fig. 1.10 shows some common configurations used for

dielectric waveguides in integrated photonics.
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Figure 1.10: Common waveguide geometries: (a) strip, (b) embed-
ded strip, (c) buried, (d) rib/ridge, (e) strip-loaded.

A strip or channel waveguide consists of a high-index core placed on a lower-
index cladding and surrounded by air on three sides. This geometry provides
the strongest optical confinement in both transverse directions, enabling very
compact waveguide bends and dense integration on a circuit. However, the
strong confinement also leads to increased sensitivity to sidewall roughness, re-
sulting in higher scattering losses and lower tolerance for fabrication errors. This
geometry also typically exhibits strong polarization dependence. In contrast, an
embedded strip waveguide retains the same core but is completely surrounded
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by cladding material on three sides except for the very top that is exposed to
air. This reduces environmental sensitivity and sidewall scattering compared to
the more air-clad strips while maintaining high confinement, making it a more
stable low-loss geometry commonly used in silicon photonics.

In a buried waveguide the guiding core is entirely surrounded by a lower-
index cladding material. This results in weaker confinement and larger mode
areas compared to the strip waveguide which is mostly surrounded by air. On the
other hand, the buried waveguide geometry undergoes less side-wall roughness
sensitivity and lower propagation losses compared to the two strip waveguides.
As a result, buried waveguides are typically used in applications prioritizing
ultra-low loss. The symmetrical cladding of the buried waveguide also results in
a more circular mode shape, which is useful for coupling to optical fibers.

Rib/ridge waveguides are structures where a partially etched high-index core
sits on a remaining slab. This configuration allows part of the optical mode to
extend into the slab, reducing interaction with the etched sidewalls and thereby
lowering scattering loss compared to strip waveguides. However, they require
careful control of slab thickness and generally occupy more area due to weaker
mode confinement.

Finally, a strip-loaded waveguide modifies a slab waveguide by adding an
additional high-index overlay or “load” layer on top, which adjusts the effective
index and mode profile without necessarily changing the core geometry. These
waveguides look similar to the rib/ridge geometry, but they use two different
high-index materials. This approach is often used for tuning devices such as
phase shifters or modulators, where controlled perturbation of the optical mode
is more important than tight confinement.

The chosen waveguide geometries for this project were the buried and strip
geometries (depending on the upper cladding being air or silica). These are the
most commonly used geometries for SWG waveguides in silicon photonics and

they are more easily fabricated compared to the others.

1.4.2 Optical Couplers

Optical couplers are an essential building block for circuits. They are integrated
photonic devices that enable optical power transfer from one waveguide to
another within the same circuit, or between two different optical systems such
as a fiber and photonic chip. The operation of optical couplers is fundamentally
based on the interaction and interference of light waves when waveguides are
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structurally joined or brought into close physical proximity with each other. The

specific principle of operation depends on the type of coupler.

Directional couplers

Conventional directional couplers usually refer to co-directional couplers (il-
lustrated in Fig. 1.11) where the wave that gets coupled into the secondary
waveguide travels in the same direction as the input wave in the first waveguide.
This is in contrast to contra-directional couplers where the input and output
waves travel in opposite directions. Directional couplers rely on the evanescent
tield coupling that occurs when two waveguides are brought close together. As
mentioned in Section 1.3, the optical modes are not purely confined to the core
layer of the waveguide and have decaying tails that extend into the cladding
regions. This is actually a useful phenomenon for couplers, since a stronger
evanescent field means the coupled waveguides can be positioned further apart
and still obtain efficient coupling.

I

Figure 1.11: A simple co-directional coupler.

The behaviour of a directional coupler is governed by the coupled mode
theory and the ratio of power that gets coupled from one waveguide to another
relative to the input power is given by [16]:

g2 = Feross _ 0 (CL), (1.30)
Py

where Peross is the optical power coupled across the directional coupler, Py is
the input power, C is the coupling coefficient and L is the coupler length. For
a lossless directional coupler, the light can either pass through the original

waveguide or get coupled across, so the following conservation relation holds:

K4+ =1, (1.31)

where t is the fraction of the power left inside of the initial waveguide. Therefore,
a lossless directional coupler passes the light waves back and forth between the

two waveguides along the entire coupler length. To ensure that the light stays in
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the second waveguide after getting coupled, the coupler length should be equal
to the cross-over length:
A

L. = — An=n4 — 1.32
x = g An=n—ny, (1.32)

where An is the effective index difference for the first two eigenmodes of the
coupled waveguide structure.

When two waveguides are brought close together, their individual isolated
eigenmodes interact and split into two different supermodes with even and odd
symmetry known as the anti-symmetric and symmetric supermodes, respec-
tively. In the case of the symmetric mode, the electromagnetic waves in both
waveguides are fully in-phase, thus resulting in constructive interference and an
intense field in the gap between the two waveguide cores. For the anti-symmetric
mode of the coupled system, the electromagnetic fields in the waveguides are
completely out of phase, resulting in a node in the middle of the coupled system
where the field intensity is zero due to destructive interference. The optical mode
is effectively pushed outwards towards the outer bounds of the two coupled
waveguides. This phenomenon is illustrated in Fig. 1.12.
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Figure 1.12: Example of the transverse electric field profile of
(a) symmetric and (b) anti-symmetric supermodes of a coupled-
waveguide system.

Edge couplers

An important category of optical couplers are those involved with coupling
light from fiber optical cables into much smaller integrated photonic chips.

One such device is the fiber-to-chip edge coupler. An edge coupler does not
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operate based on evanescent coupling. It works by directly coupling the light
from a fiber into a smaller integrated waveguide on a chip through spatial
mode-matching at the coupler tip to match the larger fiber mode. This larger
input mode is then transformed in the coupler’s mode conversion region into
a smaller mode area that matches the mode size on the chip. This process of
mode conversion can occur in several ways in an edge coupler, and one common
way is through the inverse taper method showcased in Fig. 1.13. By tapering
and slowly reducing the width of the edge coupler towards the fiber, we can
decrease the modal confinement and thus increase the beam size. This decrease
in modal confinement is directly related to the spatial cut-off condition of the
waveguide modes. As an optical mode approaches its cut-off condition with a
reduction in waveguide width, it becomes less tightly confined and its electric
tield expands. Edge coupler tapers take advantage of this effect while remaining
far enough from cut-off where the light is no longer confined and a guided mode
no longer exists. The efficiency of an edge coupler is determined by the fraction
of the input power from the fiber that reaches the end of the coupler and enters

the photonic chip.

Figure 1.13: A simple edge coupler realized through an inverse
taper.

1.4.3 Ring Resonators

Another essential building block for photonic circuits is an optical ring resonator.
These versatile devices consist of a ring waveguide coupled to either one or two
straight bus waveguides (a simple illustration is shown in Fig. 1.19(a)). Ring res-
onators operate on the principle of total internal reflection and interference [14].
The geometry of the ring resonator determines which frequencies are allowed
to resonate (i.e. undergo constructive interference) and which frequencies get
filtered (i.e. undergo destructive interference) within the ring cavity. The trans-
mission spectrum of a ring resonator indicates which frequency components
can resonate inside, and it can look similar to Fig. 1.19(b) where the transmitted
frequencies are equally separated by a value referred to as the free spectral range
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(FSR) and denoted by vr [14]. The FSR is given by:

A5

VF = ,
ngL

(1.33)
where Ag is the resonance wavelength, ng is the group index that the light
experiences in the ring medium, and L is the circumference of the ring. The FSR
of a ring resonator is technically not constant because it changes over a broad

wavelength range due to dispersion. But over a narrow bandwidth it is generally
considered constant.

(a)

Transmission Spectrum

Power Spectral Density (normalized)

Frequency

(b)

Figure 1.14: (a) Simple ring resonator with two bus waveguides. (b)
[lustration of a ring resonator transmission spectrum with equally
spaced frequency components.

The coupling region between the bus waveguides and ring are essentially
directional couplers and they can be explained using the coupled-mode theory
equations described above [16]. When a wave enters and propagates through
a bus waveguide its mode is initially isolated to that single medium, but as
the light approaches the bent ring section it experiences a modified refractive
index as the evanescent tails of the wave can interact with the ring resonator

and couple some or all of the light into the ring. The coupling efficiency is
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highly dependent on the distance between the ring resonator and waveguide
in addition to the coupling length, which is defined as the effective length in
the resonator where the coupling interaction happens [14]. After entering the
ring structure the light propagates for as many round-trips as possible before
it either decays from internal losses in the ring or gets coupled back into a bus
waveguide. The ability of an optical ring cavity to sustain light is quantified
using the quality factor (Q-factor), which is a measure of how many round-trips
the wave survives in the ring. The Q-factor can be mathematically defined as

1%
Q=+ (1.34)

where v is the operating frequency and év is the full-width-at-half-maximum
(FWHM) of the frequency components in the transmission spectrum. Thus, the
Q-factor relates the resonance frequency to the line-width of the transmission
spectrum peaks. Ring resonators have two main configurations which depend
on the number of straight bus waveguides coupled to the ring. The all-pass
configuration consists of a ring coupled to a single bus waveguide, while the
add-drop configuration includes a separate input and output bus waveguide
coupled to either side of the ring. As previously mentioned, the gap between the
ring and bus waveguides determines the strength of coupling.

Ring resonators can operate under three different coupling regimes which
are governed by the relation between the internal losses of the optical cavity and
the coupling strength from the bus waveguide to the ring. The critical coupling
regime is when the internal losses in the optical cavity are equal to the amount
of light that couples into the ring from the input bus waveguide. This regime
has the highest extinction ratio, where the transmission spectrum of the through
path goes to zero at the resonance wavelengths, because the light that stays
behind in the bus waveguide is completely destructively interfered by the light
getting coupled back out of the ring. This type of coupling is ideal for filtering
applications where the resonance peaks are fully removed from the input bus
waveguide and transmitted through the drop port of the output waveguide.
Under-coupling happens when the cavity losses in the ring are higher than the
coupling strength, while over-coupling means the opposite.

The transmission spectrum for over-coupled light is much more broadband
with wider resonances compared to the under-coupled situation. This is due
to the difference in photon lifetime in both situations. Due to strong coupling
the light easily enters the ring, but this strong coupling just as easily couples the
light back out into the bus waveguide, thus the photons do not spend much time
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circulating in the ring resonator. With very weak coupling the light enters the
ring with difficulty so not much couples into the ring, but the portion that does
enter the ring also cannot leave easily by coupling out, therefore the photons
become trapped and circulate for much longer within the ring resonator leading
to a higher Q-factor and stronger internal electric field strength.

The transmission spectrum at the output port is actually the result of inter-
ference between the light that stays within the bus waveguide and the light
that enters the ring, circulates, and then leaks back out by coupling to the bus
waveguide. Broadband peaks/dips mean a lower Q-factor. Thus, over-coupled
rings have lower Q-factors and wider frequency dips compared to the critically
coupled and under-coupled versions. Under-coupled rings have high Q-factors
so they can be useful for sensing applications and nonlinear optics. Critically
coupled rings are generally useful for filtering applications, but when paired
with a high Q-factor they become suitable for efficient nonlinear processes with
low input threshold powers.

In Chapter 4 of this thesis, I showcase example designs of ring resonators
in each coupling regime using the AlGaAs-OlI platform and SWG structures.
The nonlinear behaviour of ring resonators with Huygens” meta-waveguide

structures is experimentally explored in Chapter 5 for an SOI photonic chip.

1.5 III-V Semiconductors

III-V semiconductors are compounds created from the combination of elements
from group IIl and group V of the periodic table. This family of semiconductors
possesses many attractive electronic and optical properties [6]. Many materials
belonging to this group, such as Al,Gaj_,As with x < 0.45, have direct energy
bandgap compositions; this means the minimum energy of the conduction band
and highest energy level of the valence band are aligned at the same exact crystal
momentum, which results in energy-momentum curves similar to Fig. 1.15. This
makes the inter-band electronic transitions easier as the electrons can move to
the conduction band by absorbing photons without the need for phonon-assisted
momentum conservation. The same is true for electronic transitions from a
higher energy level in the conduction band to a lower level in the valence band.
Direct-bandgap semiconductors can thus act as efficient laser sources due to
efficient radiative recombination between electron-hole pairs [17]. This facilitates
the integration of active devices and passive components on the same photonic

chip since they can all be made using the same material platform.
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Figure 1.15: Energy-momentum band diagrams of (a) direct and
(b) indirect semiconductors.

Another beneficial property of many III-V semiconductor compounds is
their adjustable refractive index, which can be tuned by changing the material
composition. For ternary compounds composed of three elements, this usually
means changing the ratio of the alloy mixture. For example, Al,Gaj_,As is
an alloy between GaAs and AlAs, which means the fraction of Ga versus Al
is what controls the optical properties of this compound. AlGaAs is only a
direct bandgap semiconductor for aluminum concentrations below 45%, and
its refractive index can be modified in a relatively broad range (2.9 - 3.4) in the
telecom C-band by changing the aluminum fraction between 0 < x < 1 [7].
This is useful because it permits flexibility when constructing integrated optical
devices using a single III-V semiconductor material. Having control over the
refractive index is essential for compatible integration since different devices in
a PIC have varying refractive index needs.

Many III-V semiconductor compounds exhibit strong x? and x®) nonlin-
earity while maintaining low nonlinear absorption losses when the operating
wavelength lies outside their TPA range [6]. Thus, not only is this family of
materials suitable for passive and active components, but they are also suitable
for both linear and nonlinear functions. This makes them attractive candidates
for all-optical signal processing and integrated photonics on a chip [7]. Among
III-V semiconductors, AlGaAs is especially useful for nonlinear processes in the
telecommunication C-band (1530 - 1565 nm) since its energy bandgap can be
made much higher than the photon energies at most of these wavelengths [7].
The Alj18Gap g2As composition was specifically chosen for this project as it is
transparent to TPA at the wavelengths commonly used for optical communica-

tion systems, making it very efficient for conducting nonlinear processes in this
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spectral range [7], [8]. The bandgap energy must be larger than 1.6 eV for no TPA
to occur at 1550 nm, and the Alj13Gagpg2As compound has a bandgap energy
of 1.65 eV. Another benefit of this AlGaAs composition is its high refractive
index (3.28), resulting in tighter mode confinement, especially when paired with
an insulator substrate material. Additionally, its Kerr nonlinearity is 3 times
stronger than that of silicon at 1550 nm [7].

Table 1.1: Comparison of popular nonlinear photonic integrated

platforms
Material | Bandgap Energy [eV] | ny [10718m2 /W] | ap [em/GW] )((2) [pm/V] | Ref.
Silicon 1.12 4.5 0.79 0 [7]
AlGaAs 1.42-216eV 15 0.05 10-200 [7]
InGaAsP 0.75-1.35eV 19 19 [7]
LiNbOj3 37-40eV 2.5 0 50-54 [18]
SizNy 45-53eV 0.24 0 0 [19]

To argue for the use of III-V compounds, they should be compared with
silicon, which is currently the most commonly used semiconductor in optical
communications systems. Table 1.1 summarizes this comparison, and all the
values correspond to a wavelength of 1550 nm. Aside from the well-known
drawback of being an indirect bandgap semiconductor, silicon is also a cen-
trosymmetric crystal. This means silicon cannot be used for SHG, DFG, or
SFG processes. Furthermore, electro-optic modulators commonly use the Pock-
els effect, which is a second-order nonlinear phenomenon [10]. Thus, a lack
of second-order nonlinearity also prevents silicon from being easily used for
electro-optic modulators. Inversion symmetry limits the nonlinear operations
that can be done when silicon is the material platform for an all-optical signal
processing circuit.

Even though silicon showcases strong x(3) nonlinearity, the value of n, for
AlGaAs is more than three times larger. Another important drawback of silicon in
the telecommunication C-band is the presence of TPA. Silicon’s energy bandgap
is not high enough to prevent nonlinear absorption effects. In comparison,
AlGaAs can have TPA coefficients that are almost sixteen times smaller than
silicon (refer to Table 1.1). Therefore, in terms of nonlinear optical effects, AlGaAs
has the upper hand. AlGaAs also has a major advantage over its cousin InGaAsP.
Although InGaAsP has a slightly higher Kerr nonlinear coefficient, its large TPA
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losses at 1550 nm make it difficult to achieve efficient nonlinear phenomena in
the telecom C-band wavelength range.

Other popular material platforms being currently explored for integrated
photonics and nonlinear applications are lithium niobate (LiNbO3) and silicon
nitride (Si3Ny4). Both of these materials have extremely large bandgap energies
and transparency windows; thus, their two-photon absorption at 1550 nm is
essentially null. Even though LiNbOj3 is a highly nonlinear material with large
second and third-order nonlinearity, it is still less nonlinear compared to AlGaAs
at 1550 nm. Furthermore, LiNbO3 does not exhibit light emitting properties, so it
cannot be used for active devices. SizNy is used as a low-loss alternative to silicon
as it allows ultra-low-loss propagation and is also considered a highly nonlinear
medium even though its nonlinear coefficient is the smallest in Table 1.1. Its
high nonlinearity stems from its low optical loss and tight modal confinement.
However, Si3Ny suffers the same drawbacks as silicon, notably the absence of
second-order nonlinearity and the inability to emit light.

Thus, this thesis focuses on combining AlGaAs, termed "the silicon of non-
linear optics" [20], with subwavelength grating structures to create designs of
fundamental photonic components that can be used for any integrated pho-
tonic circuit based entirely on III-V semiconductors for optical communication

applications.

1.6 Meta-waveguide Structures

1.6.1 Background Theory

Meta-waveguides are waveguides where the guiding layer is a periodic arrange-
ment alternating between high- and low-refractive-index materials. They are
called subwavelength structures when the grating period, A, is much smaller
than the wavelength, A, of the propagating light. A simple periodic waveguide
is shown in Figure 1.16. The waveguide core is composed of periodic dielectric
segments of length a with a refractive index of nyg, and the cladding that fills
up the spaces in between with an index of n.,4. The waveguide sits on top of
a substrate layer with an index of refraction ngy,. The duty cycle, or fill factor,
is defined as a/ A; this is the portion of the unit cell filled with the higher index
material.

An electromagnetic wave traveling through such a periodic array can be

treated with the same methods used for electrons traveling in a periodic potential,
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Figure 1.16: Structure of a simple periodic waveguide in 2D. The
hashed filling indicates the cladding layer.

and can thus be described by Floquet-Bloch modes [21]. If we assume single-
mode propagation in the positive z direction, according to Floquet-Bloch theory,

the electric field of the propagating light is given by

E(x,y,2) = e u(x,y,2), (1.35)
where uy is the periodic function that represents the Floquet-Bloch profile and
is defined such that ug(x,y,z + A) = ug(x,y, z). The familiar exponential term
for travelling waves contains the propagation constant, k, which is assumed
to be a complex number that can be decomposed into its real and imaginary
parts: k = k, 4 ik;. The real part of the complex wave vector describes the
propagation properties while the imaginary component describes the losses or
gains experienced by the wave.

The guided wavelength of this periodic structure is determined by the
effective refractive index seen by the Floquet-Bloch mode as it propagates:
Ay = A/nrpp. Thus, the real part of the wave vector can be written as

ke =27/ Ag = 27ngg/ A, (1.36)

Since the imaginary part of the wave vector determines the attenuation or am-
plification experienced by the electromagnetic wave, for a passive waveguide it
can either be zero (lossless) or negative (lossy).

The operation regime of this periodic waveguide depends on the ratio be-
tween the grating period and the guided wavelength. These regions of operation
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are illustrated in Figure 1.17, where the vertical axis shows radial frequency and
the horizontal axis shows the wave vector values. The positive and negative
sides of the horizontal axis are used for representing the real and imaginary parts
of the wave vector, respectively.
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/A
Figure 1.17: Waveguide dispersion relations in different regions of

operation. Adapted with permission from [9] © Optical Society of
America.

.k,

The operation of the periodic waveguide can be divided into three main
regimes [9]:

Bragg Regime

The Bragg regime, also called the photonic bandgap regime, occurs when the
grating period is equal to half the wavelength of the guided light,

A = (1/2)Ag = A/2ngs, (1.37)

which makes k, = 7t/ A for all frequencies. The photonic bandgap of a device
or material refers to the range of frequencies where light cannot propagate in
the forward direction; this is due to destructive interference effects that arise
from a periodicity of high and low refractive indices that make up the struc-
ture [22]. Bragg reflection gratings exploit this phenomenon and often use back
reflection as a filtering effect. The attenuation that the forward-propagating light
experiences in this regime is showcased in Figure 1.17 with a highly negative k; .
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Radiation Regime

For a grating period of A > (1/2)Ag, some of the electromagnetic wave travers-
ing the waveguide structure gets radiated into the substrate and cladding. This
region is thus called the leakage or radiation regime and it is characterized by
a negative k; due to attenuation. However, as shown in Figure 1.17, there is a
region above the bandgap frequencies which demonstrates lossless propagation
(ki = 0), and this is only possible under certain conditions. One of the possible
conditions that allows for lossless propagation above the bandgap is carefully
designed resonances that result in the creation of Huygens’ meta-waveguides [9].
The potential Huygens’ regime is right above the photonic bandgap. Unlike the
subwavelength regime, Huygens’ meta-waveguides are resonant waveguides
that are formed of dielectric nano-antennas that achieve pure lossless forward
propagation via the Kerker condition [23]. The forward Kerker condition is
satisfied when the Mie-resonant electric and magnetic dipole moments of the
nano-antennas are spectrally overlapped for both amplitude and phase. The
near-field coupling between the adjacent resonant nano-antennas enables the
lossless forward propagation and zero backscattering in theory. The Huygens’
band can also be useful due to the nature of its band-structure. As seen in
Figure 1.17, this region is characterized by an inverse frequency-wavevector
dispersion relationship which results in a negative group index across the entire
band. The Huygens’ regime was experimentally explored in this thesis for the
SOI platform as outlined in Chapter 5.

Subwavelength Regime

Subwavelength engineering refers to design techniques that involve creating
structures with dimensions smaller than the wavelength of electromagnetic
waves. Even though subwavelength structures have been used for controlling
the propagation and properties of electromagnetic waves as early as the 19th
century (Heinrich Hertz’s wire grid polarizer for radio waves), the use of such
structures for waveguides was first demonstrated in 2006 by Cheben et al. [24].
The subwavelength regime occurs when the grating period of the waveguide
is less than half the guided wavelength (A < (1/2)Ag). This is the operating
regime for SWG waveguides. In this regime, there are no diffraction losses, no
photonic bandgap effects, and no resonant modes. For an ideal SWG waveguide,
the attenuation is zero (k; = 0) for all frequencies below the bandgap. Even
though the waveguide core is still periodic, the incident electromagnetic wave

propagates as if it were traveling within a homogeneous medium, because the
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wavelength of the wave is much larger than the grating period. The optical
properties of the waveguide are determined by the geometry of the subwave-
length grating and the specific material that is used. The mathematical model
for this regime can be derived using homogenization methods that transform
the periodic waveguide core into a solid-core waveguide with an equivalent
refractive index (as shown in Chapter 2). In these models, the periodic grating
layer is modeled as a uniform anisotropic material similar to a uniaxial crystal.
Different equations and algorithms have been developed to obtain the effective
refractive index and dispersion relations of such structures [25].

One of the key advantages of an SWG waveguide is the customizability of
its optical properties. Having control over the effective refractive index and
dispersion characteristics of the waveguide enables higher control of the propa-
gating light. Refractive indices have great importance when designing optical
devices. In general, the higher the refractive index difference between the core
and cladding material, the higher the confinement that can be achieved within
the guiding layer. Thus, the effective mode area and confinement of the light,
which affects the efficiency of different optical processes, is directly impacted.
The ability to adjust the refractive index also allows for using the same material
for different applications, because we can change the effective refractive index
without the need to look for a completely different material platform. This is
useful for compatible device integration in photonic circuits since it is much
easier to combine devices based on the same material onto a single chip rather
than trying to integrate several devices with completely different material.

SWG waveguide structures are not limited to simple planar waveguides; in
fact, these periodic gratings have been implemented in many different optical
devices used in silicon photonics as shown below [9].

1.6.2 Enhancements in Silicon Photonics

In this section, the results of a few research papers are summarized to highlight
the impact of SWG engineering in the field of silicon photonics for telecommuni-

cation purposes.

SWG Couplers

In optical communication systems, a coupler refers to an optical device that
transfers light signals from one device to another [14]. Off-chip couplers are
important components for efficiently transferring light between fiber optical
cables and photonic circuits, especially since the beam radius and size of the
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waveguide core is much larger in standard SMF-28 fiber optic cables compared
to integrated photonic circuits. This difference in beam size means the optical
coupler needs to transmit light from a tight effective mode area to a larger
effective mode area (and vice versa) while minimizing leakage losses.

SWG couplers can have different configurations, but the main idea is to
increase the spot size of the propagating mode by enlarging its effective mode
area before it is sent into the optical fiber. This is essentially done by gradually
decreasing the effective refractive index that the propagating mode experiences
by adjusting the duty cycle of the subwavelength grating. The waveguide mode
is thus expanded until it matches the fiber spot size.

Y
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Figure 1.18: (a) SEM image of SWG coupler. (b) Low-confinement
section. (c) High-confinement section. (d) Intermediate section.
Reprinted with permission from [26] © Optical Society of America.

The first fiber-chip edge coupler that used SWG structures was demonstrated
in 2006 by Pavel Cheben et al. on the silicon-on-insulator (SOI) platform [24].
This coupler exhibited a coupling loss as low as 0.9 dB. Another SWG fiber-chip
coupler, shown in Figure 1.18, was showcased in 2010 and displayed similar
coupling losses, but with a broad wavelength bandwidth of 170 nm [26].

It has been reported in the literature that SWG fiber-chip couplers are more
forgiving to fabrication tolerances compared to solid-core couplers [27]. This
is a counter-intuitive result since one would expect the complexity of adding
subwavelength grating structures in the fabrication process to make them less
forgiving. Another major advantage for SWG couplers is the compactness that
such designs can provide along with high coupling efficiencies [9]. For exam-
ple, a research paper funded by IBM [27] has demonstrated a fiber-chip edge
coupler with a loss of —0.7 dB (TE polarization) and —1.4 dB (TM polariza-
tion) from a standard SMF-28 optical fiber to a silicon wire waveguide at the
telecommunication O-band.

Chapter 3 of this thesis outlines the design methodology and simulation
results for an AlGaAs-OI SWG edge coupler. The device couples light from fiber
to a channel waveguide at 1550 nm with a loss of —0.45 dB (TE polarization) and
—0.56 dB (TM polarization). The proposed design exploits the refractive index
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engineering enabled by subwavelength waveguides to achieve a high coupling

and mode conversion efficiency over a total length of 30 um.

SWG Ring-resonators

Another optical device that can benefit from SWG structures is a ring resonator.
Ring resonators operate on the basic principles of total internal reflection (TIR)
and interference [14]. The geometry of the ring resonator determines the wave-
lengths that are allowed to resonate and those which get filtered through de-
structive interference. Due to their wavelength-selective nature, ring resonators

are useful in signal processing applications that require filtering. A ring res-

Coupling length

Figure 1.19: Schematic illustration of SWG ring resonator. Adapted
with permission from [9] © Optical Society of America.

onator is generally composed of a looped waveguide along with one or two
straight waveguides on the sides. The straight waveguides get coupled to the
ring through the evanescent field of the light. When a wave enters and travels
through one of the straight waveguides, the evanescent field of the wave can
interact with the ring resonator and transfer some or all of the light into the
ring. This interaction region is referred to as the coupling length. The coupling
efficiency of a ring resonator depends on the distance between the looped and
straight waveguides in addition to the coupling length [14].

Ring resonators can be made more compact using SWG structures. One
reason for higher compactness is that the minimum coupling length is reduced,
so the device can shrink in size without reducing coupling efficiency [9]. This is
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because the inherent field de-localization that is a characteristic of SWG waveg-
uides allows for shorter coupling lengths and larger spacing between the ring
and straight waveguide sections. Figure 1.19 shows a schematic illustration of
ring resonators that incorporate SWG structures. The subwavelength grating can
be implemented in many ways; the entirety of the looped and straight waveg-
uides can be segmented into SWG structures, or the periodic grating can be
limited to a small portion of the device such as the coupling regions.

The first use of SWG structures for ring resonators was done by J. Wang et
al. [28]. They were able to realize SWG ring resonators with Q-factors as high as
2 x 10°, which is comparable to conventional SOI ring resonators, while using
a ring radius as small as 10 pm. SWG micro-ring resonators have also been
demonstrated with a Q-factor of 11,500 and a 5 um radius [29].

Implementing SWG microring resonators with AlGaAs can potentially lead
to highly efficient FWM in integrated circuits for optical signal processing. Micro-
ring resonators with high quality factors have already been reported with Al-
GaAs using conventional designs [30], so subwavelength engineering can be
used to build upon this progress. As such, Chapter 4 of this thesis is dedicated
to the design and simulation of AlIGaAs-OI SWG ring resonators. Additionally,
nonlinear FWM experiments were conducted in Huygens” SOI ring resonators

with the results and process reported in Chapter 5.

SWG Beam Splitters

Beam splitters have also been demonstrated using SWG structures. One key
enhancement that subwavelength engineering offers for beam splitters is the
large bandwidth of operation that can be achieved. Broadband optical devices are
highly useful for optical communication networks, particularly for wavelength
division multiplexing (WDM) systems.

Integrated beam splitters are commonly implemented using multi-mode
interference (MMI) couplers. Applying subwavelength engineering to MMI
couplers led to the first realization of an SWG slotted MMI which reduced the
device footprint by a factor of two compared to conventional MMI couplers,
without affecting the device performance [31]. Another paper demonstrates an
ultra-broadband SWG beam splitter that has a 500 nm bandwidth that covers all
the possible optical communication wavelengths [32]. The authors also claim
that their device is three times smaller than the conventional counterpart at the
time. The ultra-broadband beam splitter in this study was achieved by exploiting
the inherent anisotropy of subwavelength grating structures. The fabricated
device is displayed in Figure 1.20.
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Figure 1.20: SEM image of a fabricated ultra-broadband SWG MMI.
Source: [32]

Due to their inherent anisotropic properties, subwavelength gratings act as
birefringent material. This property has been exploited for the creation of many
devices, such as polarizers, polarization beam splitters, and even polarization-
independent devices [9].

1.7 Application of III-V Semiconductors in Optical
Signal Processing

There are many processes that need to be realized optically in order to have a
fully functional and complete optical signal processing PIC. This section goes
over some of the most important of such devices along with examples of how
they can be implemented using III-V semiconductors.

1.7.1 Nonlinear Ring Resonators

Ring resonators are arguably one of the most important and versatile optical
devices for conducting signal processing in the optical domain. When ring res-
onators are engineered to have zero or anomalous GVD and are created from
nonlinear material, such as AlGaAs and InP, they can be used for frequency
comb generation; when a laser source with a single frequency component enters
a nonlinear ring resonator made from a x®) material (as illustrated in Fig. 1.21),
FWM happens and as a result we can obtain a broad spectrum of equidistant
frequency components at our output which is called a frequency comb [7]. Fre-
quency comb generation is useful for optical signal processing in many ways.
For example, it can be used as a source for wavelength-division-multiplexing
(WDM) systems [33], and it can also be used as an optical clock or an optical
ruler for precise frequency measurements [7].

AlGaAs-on-insulator microring resonators have demonstrated highly effi-

cient frequency comb generation at record-low threshold powers [30]. The
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Figure 1.21: Schematic illustration for frequency comb generation
in a microring resonator.
Source: [7]

microring resonators realized quality factors up to 3.52 x 10° and finesses as high
as 1.4 x 10* when the ring radius was 143 pm. A ring radius of 28 pum resulted
in a Q-factor of 3.14 x 10°. In general, the AlGaAs-on-insulator platform’s non-
linear performance has been shown to outperform other AlGaAs platforms that
have been studied thus far [7]. As a comparison, there is a recent study [34] of
silicon-on-insulator (SOI) microring resonators with bend radii around 50 um
that reports a quality factor of approximately 2 x 10® and a finesse around 1100,
which is claimed to be the highest value ever reported for the SOI platform in
the telecommunication band.

Aside from ring resonators, frequency comb generation can also occur in
nanowaveguides with high modal confinement and small effective mode areas.
A single highly nonlinear AlGaAs-on-insulator nanowaveguide has been used
to achieve parallel data transmission using a single input laser source [35]. The
frequency comb, which acts as a collection of SDM/WDM channels, carries a
total of 661 Tb/s over 2,400 parallel channels. Using such a frequency comb
as a source of WDM systems can reduce the need for multiple laser sources at
different frequencies to a single pump laser [35]. Furthermore, the generated
frequency combs are inherently phase coherent, which is an advantage for use
in coherent transmission systems [33]. Also, such a system could be easily
integrated on a photonic chip based on III-V material which would make the
WDM source a part of a compact optical module with several functionalities in
one.

In general, nonlinear microring resonators can be used as building blocks
for several other optical signal processing modules, such as optical switches,
multiplexers, modulators, and optical logic gates. They are also useful for
integrated circuits due to their compact size. Their small dimensions and small
effective mode area also significantly reduce the threshold power required for
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efficient nonlinear processes, making it sometimes as low as a few milliwatts
(mW) [36].

1.7.2 Wavelength Conversion and Amplification

Wavelength converters are essential for realizing signal processing because they
allow the up-conversion and down-conversion of the operating frequency of our
information-carrying beams of light. This is a critical function for WDM systems
because they need to be able to manipulate the carrier frequency of optical
signals throughout the communication network. As mentioned in Section 1.2,
we can manipulate the wavelength of light using several nonlinear processes
such as FWM, SHG, SFG, and DFG. For example, the first demonstration of all-
optical wavelength conversion for 256-QAM (quadrature amplitude modulation)
signals was done using AlGaAs-on-insulator waveguides [37]. In this study,
the researchers were able to achieve wavelength conversions of the 256-QAM
signal over the entire optical C-band with high efficiency and at 10 Gb/s data
rates. This illustrates that high-capacity modulation formats are compatible with
optical wavelength conversions using III-V semiconductors.

Signal amplification is another essential operation for any optical signal
processing PIC. A popular nonlinear device that is used for optical amplification
is called an optical parametric amplifier (OPA). Optical parametric amplification
can occur using either second-order nonlinearities or third-order nonlinearities
of a material [10]. FWM is actually one way that third-order nonlinearities can
lead to optical parametric amplification. In the case of FWM, a signal photon
(refer to Fig. 1.1) is generated for every two pump photons that are input into
the system. The signal (which carries information) and pump beams are both
present at the input of the device, but one gets attenuated while the other is
amplified in the nonlinear medium. The presence of the signal photons from the
beginning of the FWM process is what guarantees the generation of more signal
photons (i.e. amplification) through the mechanism of stimulated emission [10].

In the last two decades, III-V compounds have shown excellent results when
used for optical amplifiers and are a popular choice of semiconductor optical
amplifiers (SOAs). For example, a recent study [38] reports optical parametric
amplification using x(?) nonlinearities in AlGaAs waveguides with more than 18
dBs of gain for both TE and TM modes. This polarization-insensitive gain was
reported for wavelengths around 1550 nm. Nonlinear media that can be used for
x® phenomena have a power consumption advantage over those whose lowest

possible nonlinearity is x(%); this is because the second-order nonlinear effects
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require a lower intensity threshold compared to third-order processes [10]. Thus,
AlGaAs has a great advantage over semiconductors that have no x(%) coefficient
(like silicon).

1.7.3 Optical Modulation

Signal modulation is another functionality that needs to be performed optically
in order to realize fully functional optical signal processing modules. Different
types of optical modulation techniques exist, but two of the most important ones
are electro-optic modulators (EOM) and all-optical modulators [39].

EOM can be achieved in a material using either the Pockels effect or the Kerr
effect [39]. The two processes are similar, but one depends on )((2) while the
other is related to x(%). In both situations, the modulation happens by applying
an external electric field to the material which induces a change in the refractive
index [39]. This modulation of the medium’s refractive index is what modulates
the incident light. In practice, EOM is usually done using the Pockels effect since
it requires smaller electric field strengths for the same level of response [39]. This
means EOMs usually require materials with strong second-order nonlinearity,
such as AlGaAs.

EOMs inherently modulate the phase of light waves that propagate through
the medium and not the amplitude; however, placing the EOM medium in
an interferometric configuration, like a Mach—Zehnder interferometer (MZI),
can also modulate the amplitude of the input beam. This is simply done by
controlling the phase difference between the two arms of the interferometer and
thus the interference pattern at the output [39].

As their name suggests, all-optical modulators can modulate an input beam
(usually called the signal) using a control beam (usually referred to as a pump),
and thereby bypass the need for electro-optic conversions in the medium [39].
This makes the modulation faster and reduces power consumption.

I1I-V semiconductors have been used extensively for both optical modulation
and switching functions due to their inherent high nonlinearities, direct bandgap,
and high carrier mobility which can lead to faster modulation speeds [39], [40],
[41]. However, a lot of research in all-optical modulation is currently being
focused on using lithium niobate (LiNbO3) [42] or creating hybrid structures
with silicon and III-V compounds or 2D material [39], [43].

III-V materials have been successfully used for optical modulation in many
device configurations. For example, InP-based PICs have been used to construct
ring-assisted Mach-Zehnder interferometer (RAMZI) modulators, where the
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generated frequency comb is used as the laser source. The devices under study
were able to either modulate all frequency combs with the same modulation
signal or to modulate each comb separately. Such devices show the potential of
frequency combs to be used as sources for WDM systems. These modulators
are also useful for directly modulating radio frequency (RF) signals onto optical
waves [40].

To take advantage of the CMOS-compatible manufacturing process of silicon
photonics, some researchers integrate III-V material with silicon in an attempt
to gain the benefits of both materials [39]. One example of such an approach
is the heterogeneous integration of InP electro-absorption modulators (EAM)
with silicon waveguides [41]. The active modulation region of the device con-
sists of an InP-based ridge waveguide that contains multi-quantum-well layers.
These layers are connected to electrodes which can control the modulation by
manipulating the absorption properties of the InP waveguide. The integrated
EAM modulators under study were able to demonstrate high data transmission
rates, with the ability to modulate signals for both return-to-zero On-Off Keying
(RZ-OOK) and pulse-amplitude modulation (PAM). The demonstrated modula-
tions include 256 Gb/s OOK, 340 Gb/s PAM4, 360 Gb/s PAMS, and 375 Gb/s
PAMS [41].

Furthermore, optical switching based on InP photonic-crystal nanocavities is
showing progress in ultrafast switching and has already been demonstrated for
all-optical modulation of a 10 Gb/s RZ-OOK data signal [44].

1.7.4 Logic Gates

Optical logic gates are an integral building block for optical computing and
signal processing. Many different nonlinear effects and configurations have been
used to demonstrate different logic functions thus far, but a popular technique is
the use of FWM in microring resonators [45].

Pump 1 f;\ f;\ 0 0
Pump 2 ﬂ\ 0 /1-\ i}
Idler ﬁ\ 0 0 0

Figure 1.22: Basic principle of an optical logical AND gate.

The working principle behind optical AND gates realized through FWM
inside microring resonators is quite simple. As shown in Fig. 1.22, the two pump
beams acting as our logical "1” input states interact in the ring resonator through
FWM and generate the idler beams which are the logical 1" output state. The
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Table 1.2: Data Rates for Signal Processing Devices

Device Function Bit Rate [Gb/s] | Ref.

DSP (assuming state-of-the-art) all signal processing 800 - 1600 [46]
AlGaAs-on-insulator nanowaveguide WDM source 661000 [35]
AlGaAs-on-insulator waveguide wavelength conversion 10 [37]
InP EAM modulation 256 - 375 [41]
InGaAsP/InP microring resonator AND logic gate 160 [47]

strength of the idler beams in FWM is proportional to the product of the input
pump intensities. Thus, when one or both of the pump beams are weak or turned
off, the idler beams will be either very weak or non-existent, which corresponds
to a logical ‘0" at the output of the FWM device [45]. FWM optical AND gates
have been implemented in devices based on III-V material, such as InGaAsP/InP
microring resonators, demonstrating an operating bit rate of 160 Gb/s for the
RZ modulation format [47].

In general, the implementation of different optical logic gates using III-V
semiconductors can be accomplished in a variety of ways using different optical
and electrical properties that this family of materials possesses. SOAs fabricated
with III-V material can be used in interferometric architectures such as MZIs and
Ultrafast Nonlinear Interferometers (UNIs) to implement logic gates through
nonlinear effects like cross-gain-modulation and cross-phase modulation [48].
For example, XOR gates with operating speeds as high as 40 Gb/s and parity
generators operating up to 160 Gb/s have been demonstrated using SOA-MZI
structures [48]. Numerical studies from the same research suggest that an optical
XOR gate based on quantum-dot SOA-MZI structures and optical pumping
could achieve operating bit rates up to 4.1 Tb/s.

Another method for implementing optical logic functions is based on using
carrier injection in microring resonators made from materials like GaAs and InP
to realize logic operations such as OR, AND, NAND, and NOR gates [49]. This
has been done by applying a bias to p-i-n diode structures embedded in the ring,
which changes the refractive index of the resonator and alters the amount of
free-carrier absorption (FCA).

Table 1.2 summarizes some of the optical signal processing devices that were
mentioned along with their maximum achievable data rates. The transmission
speed for a state-of-the-art digital signal processing (DSP) module used in high-
speed optical communication networks is also provided as a reference.
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Thus far, this introductory chapter has established the theoretical background
and motivation for the research presented in the remainder of the thesis. To
summarize, the fundamental principles of nonlinear optics, waveguiding theory,
and meta-waveguide engineering were discussed, and the advantages of using
III-V semiconductors such as AlGaAs were highlighted. The choice of III-V
material was further motivated by the preceding discussion of its applications in
optical signal processing. The next subsection provides the outline for the rest of
the thesis.

1.8 Thesis Outline

The following thesis chapters focus on a specific category of photonic device
designed for this project. Chapter 2 focuses on my proposed SWG waveguide
designs for the chosen material platform along with their simulation results.
This chapter also explains the design methodology used for creating the struc-
tures which includes the effective medium theory and unit cell bandstructure
calculations. In Chapter 3, I present my design and simulation results for a
tiber-to-chip AlGaAs-OI SWG edge coupler, while Chapter 4 is dedicated to the
design of different SWG micro-ring resonators. As the physical experimental
side of the project, in Chapter 5 I discuss the laboratory method and physical
results derived from a prefabricated SOI meta-waveguide micro-ring resonator
received from the NRC. To the best of my knowledge, these experiments are
the first demonstration of FWM in Huygens’ ring resonators. Finally, Chapter 6
provides a summary and conclusion of the work done in this thesis in addition

to the future work that can be done by continuing this project.
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Chapter 2

AlGaAs-OI Subwavelength Grating

Waveguides

Building upon the theoretical foundations established in the introductory chapter,
this section focuses on the design and computational analysis of AlGaAs-OI
SWG waveguides. This thesis relies heavily on computational modeling and
simulations through commercial software that employ numerical methods for
solving Maxwell’s equations. Therefore, I begin this chapter by providing a
detailed overview of the general simulation methodology, including the relevant
computational methods and important simulation settings. I then conclude with
a summary of the design and simulation results for four distinct AlGaAs-OI
SWG waveguide geometries, categorized by their core heights and cladding
materials. One of the primary purposes of this chapter is to establish a systematic
design methodology for SWG devices, and to have a set of functional waveguide
designs for optical routing in integrated photonic circuits. These SWG waveguide
designs can also serve as the building blocks for the more complex optical devices

explored in subsequent chapters.

2.1 Methodology

2.1.1 Software and Hardware Resources

The numerical methods used for simulating the optical devices in this thesis
were mainly the FDTD and finite-difference eigenmode (FDE) methods. While
FDTD solves for Maxwell’s equations in the time domain, FDE is a frequency-
domain method used for calculating the possible electric and magnetic spatial
profiles (the eigenmodes) in a device at specified frequencies. This is done by
taking a cross section of the waveguide, thus FDE is inherently a 2D method and
assumes the structure does not change locally along the propagation direction.

For this project, the computational simulations were mostly conducted using
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the Lumerical FDTD and Lumerical MODE solvers from the Ansys Lumerical
version 2024 R1, and were run on a Windows 11 Enterprise desktop computer
with 64 GB of RAM and a 13th Gen Intel(R) i9 CPU with 24 cores.

Material Fit

An important aspect of optical device simulations is the modeling of the struc-
ture’s physical material, especially in the core waveguiding regions. The chosen
semiconductor medium for the devices in this study is Aly13GaggrAs. Ansys
Lumerical does not provide AlGaAs in the default material database, but they do
provide a script and graphical user interface for adding ternary and quaternary
III-V semiconductors to the database with the option of choosing among a few
available theoretical models [50]. However, only the Adachi [51] and the more
simplified model by Mustafa Giiden and Joachim Piprek [52] are available for
AlGaAs in this toolbox. Thus, instead of using this Lumerical function I use our
own Lumerical material database file created in our group with an analytical
expression for Aly13GapgpAs based on the semi-empirical model derived by
Gehrsitz [53]. This model results in more accurate refractive index values for
Alp18Gag grAs in the telecommunication C-band.

The predefined analytical material model is not what the FDTD and FDE
solvers actually use for running the simulation. In reality, these solvers actually
perform a multi-coefficient fit to the data given in the material database (which
could be either physical experimental data or analytical sample points like our
case). This multi-coefficient fit is necessary for the solvers to properly calculate
dispersion curves and for accurate time-domain simulations. This fitting ensures
that the mathematical model is smooth and physically causal by obeying the
Kramers-Kronig relations. However, this causality condition can actually result
in a very small imaginary refractive index value in the material fit, even though
the material data assumed zero absorption far away from the bandgap and thus
a purely real refractive index. Fig. 2.1 shows the Lumerical FDTD solver’s multi-
coefficient fit for Aly13Gagg2As in the telecommunication C-band range when
the fit tolerance is 0.01 or 0.1. One can try to get a better material fit by decreasing
the tolerance and increasing the number of coefficients until a reasonable fitting
is achieved, or by increasing the simulation bandwidth, but the latter may result
in much larger simulation times. The default fit tolerance used in most of
my simulations is actually 0.1, since it results in a zero imaginary part for the
dielectric constant, thereby preventing nonphysical optical gain in the FDTD
simulations. The trade-off is that the refractive index of the FDTD model becomes

constant over this wavelength range and is only truly accurate around 1550 nm.
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Since 1550 nm is often the wavelength point of interest for my simulations, this
is a valid approximation. Preventing this artificial gain is especially important
when simulating resonators, since it can result in a diverging simulation. Some
simulations, such as the photonic band-structure calculations later described in
this chapter, require highly accurate refractive index models; for those instances
the simulation bandwidth was increased and an accurate fit to the refractive

index is used as shown in Fig. 2.1e.
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Figure 2.1: Multi-coefficient model fit to our analytical
Al 18GapgrAs data in Ansys Lumerical.

Boundary Conditions

Unlike a physical laboratory setup where we need not worry about boundary
conditions and simply observe how the light waves behave in the medium, an
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optical simulation relies heavily on the defined boundaries. Choosing the correct
simulation environment is paramount for photonic simulations since they have
drastic impacts on the outputs of Maxwell’s equations. The most commonly used
boundary conditions are the perfectly-matched layer (PML), perfect electrical
conductor (PEC), periodic, and periodic Bloch boundary conditions. The PML
boundary is a highly absorbent layer that is almost always the chosen boundary
condition when simulating full optical components, because it can mimic an
infinitely large free space where radiating and scattered waves move away from
the device instead of getting reflected back into the simulation domain and
interfering with the guided modes or sources. It is similar to performing an
experiment on a free-space optical table in a laboratory. On the other hand,
the PEC boundary enforces a zero tangential electric field and fully reflects
all incident electromagnetic waves. It is commonly used for simulating ideal
metallic surfaces. The two periodic boundary conditions are both used for
devices that have periodic structures, but the periodic Bloch boundary condition
makes sure that the complex phase of the wavefunction is not constantly repeated
as it propagates through the device and actually gains a complex phase factor.
Getting the boundary condition settings correct is one of the most important
things for making sure the simulated results actually make physical sense.

Convergence Testing

Convergence testing is another important part of computational simulations
and is one major difference between conducting experiments in the physical
world versus a computer. We must have tests and procedures in place that can
differentiate simulation artifacts from solutions that correspond to reality. Con-
vergence testing is the act of making simulation setting parameters more accurate
at the cost of being more computationally expensive until the final simulation
results converge and no longer significantly change with added accuracy [54].
Making the simulation mesh finer until the decrease in step size no longer makes
a significant difference in output is one such example of convergence testing.
The convergence testing for the AlGaAs-OI meta-waveguides is showcased for
several important simulation settings such as the mesh size, as shown in Fig. 2.2.
The convergence testing of the number of PML layers in Lumerical FDTD and
mesh accuracy setting are given in Fig. 2.3 and Fig. 2.4, respectively. The SWG
waveguide simulations always finished with an auto-shutoff status, meaning
they automatically terminated when the electromagnetic energy in the simula-

tion domain reached the threshold value that indicates no more light was present
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in the simulation. Thus, no convergence testing was deemed necessary for the

time duration of these simulations.
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Figure 2.2: The effect of increasing cross-sectional mesh size on
(a) mode effective index and (b) group index at 1550 nm using the
FDE Lumerical solver.
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Figure 2.3: The effect of increasing number of PML layers in FDTD
simulation for AlGaAs SWG waveguides.

2.1.2 2D Modal Analysis

The first step for designing the SWG waveguides was performing preliminary
parameter sweeps using the Lumerical FDE solver to obtain a range of optimal

dimensions. Since this solver only considers a 2D cross-section of the device, the
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Figure 2.4: The effect of increasing mesh accuracy in FDTD simula-
tion settings for the AlGaAs SWG waveguides.

grating feature of the waveguide must be approximated by an analogous con-
tinuous medium. This was achieved by using the effective medium theory [55],
where the refractive index of the periodic waveguide core is approximated by:

n? = (a/ M) njiGans + (1= a/ A)Gaq = z1Gans + (1= 0)1g, (2.1)

where ¢ is the duty cycle of the SWG waveguide. Thus, by fixing the duty cycle
of the grating I can approximate the refractive index of the SWG waveguide as

long as the pitch is small enough to be in the deep subwavelength regime for
1550 nm light.

t
hwg ' clad

2um

S5um
Figure 2.5: Schematic 2D cross-section of the SWG waveguide
When designing integrated photonic devices both the fabrication limitations

and desired performance should be considered for determining the design crite-

ria. One design constraint for these waveguides was their height, /. The height
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of the AlGaAs waveguide core was limited to either 200 nm or 500 nm based
on the samples that will be procured by the group in the future and used for
device fabrication. Thus, the parameter sweeps were limited to the width of the
waveguide core, Weore, and the thickness of the upper cladding, .4, in addition
to the duty cycle. The duty cycle was varied from 20% to 100% (corresponding to
a continuous waveguide), and for each duty cycle the wcore and fj,q were swept
from 0.1 -0.5 pm and hyg — 1.2 um, respectively. Another degree of freedom was
the choice of either silica or air as the upper cladding, so the parameter sweeps
were done for each case separately. For each simulation, the Lumerical FDE
solver calculates the full modal properties of the waveguide, such as the mode
effective index, 7., the group index, ng, and the effective mode area, A¢¢. The

following figures are example results from the conducted parameter sweeps.
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Figure 2.6: The parameter sweep results for the group effective index, mode
effective index and the effective mode area when the duty cycle is 70% and 80%.

The waveguide height for these simulations is 200 nm and the upper cladding
is silica.

The parameters that were used in the final designs were chosen such that the
mode effective index is larger than the cladding index of 1.44, while also being
larger than 1.55 in order to reduce substrate leakage losses [56]. For example,
for the case of 200 nm height and silica cladding used in Fig. 2.6, the waveguide
widths were kept above 0.3 um to reduce potential losses.
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2.1.3 Photonic Band-structure Calculation

The next step after the 2D approximation and modal analysis is to analyze
the SWG structure more accurately with its full features. Thus, the photonic
band-structure of the SWG waveguide designs were calculated using full 3D
FDTD simulations of the unit cell, where only a single period of the waveguide
is simulated as shown in Fig. 2.7. It is important to note that the boundary
conditions for these simulations must be the Bloch-periodic boundary conditions

in the propagation direction.

0.2 0.3 0.4 0.5

(@) (b)

Figure 2.7: The (a) unit cell of an SWG waveguide and (b) its
simulated photonic band-structure.

In the pursuit of an optimal value for the SWG pitch size, several band-
structure simulations were conducted. The desired behaviour of the band-
structure depends on the application at hand. For the SWG waveguides that
are meant for regular linear transmission the goal is low transmission loss and
no back-scattering or reflection of light, so I need a band-structure where the
operating wavelength range is placed within the subwavelength regime and
far away from the photonic bandgap. The subwavelength regime corresponds
to the linear region of the first-order band in the band-diagrams illustrated in
Fig. 2.8. For meta-waveguides optimized for nonlinear phenomena, regions of
anomalous dispersion are desired, which makes the Huygens’ regime ideal. The
Huygens’ band corresponds to the guided modes right on top of the photonic
bandgap. For slow light applications, the operating wavelength range should fall
within the flat region right below the bandgap in the dispersion band-diagram.

The effect of solely varying the pitch or duty cycle of the unit cell is illustrated
with a few examples in Fig. 2.8. Increasing the pitch results in the band diagram
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curves shifting downwards. This is because the higher frequency (smaller wave-
length) waves are no longer sufficiently larger than the waveguide structure
and are not experiencing a “continuous” medium; thus, they experience heavy
dissipation and no longer have guided modes below the bandgap. It is also to
be expected that increasing the duty cycle reduces the gap in the band-structure
as the structure approaches a more continuous medium. Based on these tests a
pitch size of 0.2 um was chosen for the waveguides in this study.

a)A=0.1um b)A = 0.2 um

f [THZ]

f [THz]

00 01 02 03 04 0500 01 02 03 04 05 00 01 02 03 04 05 0.0 01 02 03 04 05

2 2 21 2
k=] k=] k=] k=]
Figure 2.8: The effect of varying either the a)-d) pitch or e)-h) duty cycle

After obtaining a reasonable band-structure for the unit cell where our oper-
ating wavelength is properly within the subwavelength regime, the next step
is extracting the excited Bloch mode at 1550 nm. This is done by pinpointing
the k-vector that corresponds to the desired Bloch mode in the band-structure
and using this value as the source k-vector in the Lumerical FDTD settings. The
mode profile extracted from the cross-section of the unit cell (shown in Fig. 2.9) is
then used as a custom Bloch mode source which will get injected in the complete

SWG waveguide and should propagate with low loss.

2.2 Design and Simulation Results

The aforementioned design process was used for four separate groups of waveg-
uides differentiated by their combination of AlGaAs height and cladding mate-
rial. These categories were decided based on the future AlGaAs samples that

will be available to the group for device fabrication and testing. The dimensions
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Figure 2.9: The mode profile of the excited Bloch mode at 1550 nm at the centre
of the unit cell shown in Fig. 2.7. The colourbar represents the electric field
magnitude in arbitrary units.

and measured performance of an example design from each category are pro-
vided in Table 2.1 and Fig. 2.10. All the waveguide simulations were conducted
with a mesh accuracy level of 2, a maximum mesh step size of 0.0214 pm in all
three dimensions (using mesh override), and a time step of 0.0403573 fs. The
transmission efficiencies reported in Table 2.1 are over a span of 40 um. The duty
cycle required for reducing substrate leakage is larger for the waveguide with no
upper cladding because the core is now comprised of AlGaAs and a much lower
refractive index medium (air). Despite the larger duty cycle the air cladding
designs still demonstrate lower transmission efficiency for their fundamental
Bloch mode at the output of the device. The asymmetry in the vertical dimension
of the waveguide resulting from two different cladding materials makes the
Bloch mode asymmetrical as well, as seen in Fig. 2.10; the electric field profile is
more intense near the substrate boundary due to the higher refractive index of
silica compared to air and this itself results in more losses due to light leaking
into the substrate material.

Despite the differences in measured transmission efficiencies, all of the sim-
ulations illustrate the proper operation of the SWG waveguide designs in the
subwavelength regime. As seen in Fig. 2.10, the Bloch modes propagate with
minimal to no back-reflections from the grating structures, and the light treats the
periodic waveguide as a continuous medium. Thus, this chapter demonstrates
the successful design of AlGaAs-OI SWG waveguides for various core heights
and cladding configurations.
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Figure 2.10: Bloch mode propagation in four different SWG waveg-
uide designs.
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Table 2.1: Summary of the AlGaAs-on-insulator SWG Waveguide designs

hwg[nm] | Upper clad. | Weore[wm] | teaa[um] | & | Alum] | Transmission Efficiency [%]
200 silica 0.35 1.2 0.7 0.2 96.5
200 air 0.45 NA 0.85 0.2 89.9
500 silica 0.5 1.2 0.5 0.2 91.8
500 air 0.4 NA 0.65 0.2 83.1

A principal feature of SWG waveguides established from the methodology
outlined in this chapter is the use of the grating pitch and duty cycle as extra
tuning knobs for manipulating the effective refractive index. This is in contrast
to conventional waveguides where the width and height are the primary means
of altering the refractive index. Furthermore, the results demonstrate that sym-
metric index profiles, such as those using a silica upper and lower cladding,
significantly reduce substrate leakage for SWG waveguides and yield higher
transmission efficiencies.

To conclude, waveguides are the most fundamental component of photonic
circuits, and the parameters established here form the core building blocks for the
more complex devices explored in this thesis. Specifically, the SWG parameter
sweeps of suitable SWG dimensions and the design methodology derived in
this chapter are directly used and expanded upon in the design of the efficient
tiber-to-chip edge coupler presented in Chapter 3, and the microring resonators

discussed in Chapter 4.
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Chapter 3

AlGaAs-OI Subwavelength Grating
Edge Coupler

Figure 3.1: A simplified illustration of an SWG edge coupler and
input fiber.

Having established the design and fundamental characteristics of AlGaAs-
OI SWG waveguides in the previous chapter, which are used for routing light
on-chip, the focus now shifts to using SWG structures for efficient light coupling.
A crucial component for any integrated photonic circuit is the coupler used for
coupling light from optical fibers into the chip. A circuit is not truly functional
without an efficient method for light input and output. The most common types
of couplers used for this purpose are edge couplers and surface-grating couplers,
with each having its own advantages and drawbacks. As their name suggests,
edge couplers are placed at the very edge of a chip and convert the much larger
optical mode diameter of a fiber to the smaller mode of an on-chip waveguide.
This mode conversion can be done in many ways, but incorporating an inverse-
tapered waveguide is a popular choice. No matter the chosen method, all edge
couplers tend to be more sensitive to fiber alignment because we are coupling

into an integrated waveguide with sub-micron cross-sectional dimensions.
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An alternative to the in-plane edge coupler is to use an out-of-plane coupling
strategy such as a surface-grating coupler. These devices work by vertically shin-
ing the light on a Bragg diffraction grating surface in the chip which then couples
and redirects it to an integrated waveguide. The surface-grating coupling mech-
anism is less susceptible to alignment sensitivities because instead of aligning
the fiber to a waveguide facet, the fiber mode is incident from above the chip
and has more coupling surface to couple into. However, edge couplers are much
more broadband, while grating couplers suffer from having a smaller range of
wavelengths that they can efficiently couple since their optimal radiation angle
is wavelength-dependent. Thus, the edge coupler geometry was chosen for the
tiber-to-chip coupler designed in this project. SWG edge couplers have already
been successfully demonstrated for silicon photonics [24], [26], [27], with the
best coupler achieving coupling efficiencies over 92% and a loss as low as —0.32
dB at 1550 nm [57]. To my knowledge, there has yet to be an edge coupler design
for AlGaAs or AlGaAs-Ol using SWG structures reported in the literature; hence,
this topic is explored in this chapter of the thesis project.

The general strategy for designing an SWG edge coupler is to progressively
decrease the mode effective index and increase the effective mode area along the
coupler via an SWG taper to expand the waveguide mode until it matches the
spot size of the optical fiber near the chip edge. To design the AlGaAs-OI SWG
edge coupler, the device was divided into two sections, illustrated in Fig. 3.2, and
a methodology based on the process described in [57] was utilized for achieving
the adiabatic mode conversion between the fiber and rectangular integrated
waveguide. The first section is the coupler tip, which is in direct contact with
the optical fiber at the chip edge, and the second portion is the transition region
where the mode is converted to match the continuous AlGaAs-OI waveguide
in the chip. The objective was to achieve efficient coupling from an optical fiber
with a mode field diameter (MFD) of 3.2 um to a rectangular slab waveguide
with a 200 nm height and 450 nm width. A standard single-mode fiber was not
chosen because such fibers have an MFD around 9 — 10 um and that results in
extreme substrate leakage in devices where a 200 nm layer of AlGaAs is sitting
on a 2 — 3 um silica substrate. Thus, a more specialty fiber such as the Coherent
UHNAY single-mode fiber with a much smaller MFD of 3.2 £ 0.3 um at 1550 nm
was chosen as the input.

To successfully couple the incoming light into the chip, the boundary between
the fiber and chip needs to be designed properly. The first interface of the fiber
is the coupler tip; thus, ensuring mode-matching at this point is crucial for
edge coupler performance. The mode overlap is achieved at the tip of the edge



Chapter 3 56

mode converter

Figure 3.2: The fiber-to-chip edge coupler can be designed in two
parts: one dedicated to the taper region at the tip and one for
the taper section that fully transitions the inputted mode into the
integrated waveguide at the coupler output.

coupler by using the Lumerical FDE solver to calculate the fundamental TE
and TM modes of the optical fiber. The fundamental guided mode at the edge
coupler tip is simulated using the FDE solver and the effective medium theory
approximation described in Chapter 2, where the value of the duty cycle is used
for estimating the effective refractive index of the waveguide as if it were a
continuous slab and not a grating. To find the optimal duty cycle and width for
the coupler-tip, parameter sweeps were conducted in Lumerical MODE, and the
results are shown in Fig. 3.3. The modal overlap is calculated at every sweep
step using Lumerical’s built-in mode overlap function which determines how
much of the optical power from the input mode can be coupled into the modes
of the output waveguide.

As seen in Fig. 3.3, the extra degree of freedom provided by having a duty
cycle makes it possible to have a broader range of tip widths available for optimal
coupling. Without the subwavelength gratings, with alternating low and high
refractive indices, the taper would require a smaller width in order to achieve
the same large effective mode area to match the fiber mode. This is because the
smaller effective refractive index at the tip is achieved through more of the mode
leaking into the cladding layers and thus experiencing a lower refractive index.
In the SWG case, light is already experiencing a lower refractive index in the
core layer itself, and requires less leakage into the upper and lower cladding to
achieve an effective index matching that of the fiber. There are several optimal
points shown in Fig. 3.3, and for this device an initial duty cycle of 0.8 and
accompanying tip width of 226 nm were chosen, resulting in an overlap of about
92.5% between the incoming fiber mode and the guided modes of the coupler tip.
The actual duty cycle used at the beginning of the edge coupler tip was decided
through more thorough 3D simulation sweeps in Lumerical FDTD.

To check the tolerance of the edge coupler to fiber alignment, a sensitivity
test was conducted in Lumerical FDE by shifting the fiber mode in the y and
z dimensions (propagation is along x) and calculating the subsequent modal
overlap between the tip of the coupler and input fiber. From the results, shown
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Figure 3.3: The fiber to coupler tip mode overlap calculated using
Lumerical FDE and the effective medium theory approximation.
The duty cycles are represented by different coloured curves.

in Fig. 3.4, it is clear that retaining high coupling efficiency is dependent on
the fiber being exactly aligned to the chip edge within a sub-micron degree of
tolerance.

Assuming a width of 226 nm at the coupler tip and a length of 10 um for the
taper that forms the tip section, a parameter sweep was conducted to determine
the optimal duty cycle fraction of 0.8 and grating pitch of 400 nm to achieve the
highest coupling efficiency at the end of the first taper. This optimization process
was done assuming a pitch of 300 nm and duty cycle of 0.7 is adiabatically
reached at the end of the first taper through linear chirping. This is a requirement
for keeping the coupled light guided as the effective refractive index is varied to
match the solid-core AlGaAs-OI wire at the end of the edge coupler.

The next section that requires careful design is the junction between the two
coupler tapers. In order to minimize back-scattering and radiation losses that
occur due to sudden changes in the effective refractive index of the guided
modes, this junction is designed such that the volume ratio of AlGaAs to silica is
the same both before and after the interface of the two tapers. This is done by
adding an AlGaAs bridge waveguide between the gratings in the coupler’s mode
size conversion region. This waveguide bridge starts from a width of 75 nm and
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Figure 3.4: The calculated modal overlap between the fiber and
edge coupler tip for both TE and TM modes as a function of fiber
misalighment.

Figure 3.5: Schematic showing the parameters used in the different
segments of the edge coupler design.

is increased until 450 nm as it transitions into the AlGaAs wire waveguide. The
second taper of this edge coupler starts with a pitch of 300 nm and gradually
reduces it to 200 nm while the duty cycle is increased from a value of 0.6 to 1
right before the solid-core waveguide is reached. The taper width in this mode-
converter region is also gradually increased from 300 nm to 450 nm where it
seamlessly merges into the dimensions of the AlGaAs waveguide at the output.
The edge coupler design parameters are summarized in Fig. 3.5 and Table 3.1.
The simulations for this AlIGaAs-OI SWG edge coupler were conducted using
Lumerical 3D FDTD with a mesh accuracy setting of 3, simulation time of 2000
fs, and time step stability factor (i.e. Courant factor) of 0.99 which translates to a
time step of 0.0403515 fs. The full simulation domain was 50 x 8 x 6 ym and the
boundary conditions were 8-layer stretched coordinate PML on all sides. This
domain includes the input fiber, the edge coupler, and the conventional inte-
grated waveguide at the output. The simulation was automatically terminated
early using an auto-shutoff value of 1 x 1075, meaning the total electromagnetic
energy in the simulation region had dropped to below 0.001% of the peak energy
that was injected into the system. The propagation of the quasi-TE mode from
the fiber-to-chip edge coupler is demonstrated in Fig. 3.6a, and the coupling
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Table 3.1: Summary of the AlGaAs-OI SWG edge coupler design parameters

Coupler tip length 10 um
Mode converter length | 20 pum
W1 226 nm
Wo 320 nm
W3 300 nm
Wy 450 nm
A 400 nm
N> 300 nm
Aj 200 nm
& 0.8
& 0.7
&3 0.6
Oy 1
Wh1 75 nm
Wh2 450 nm

efficiency as a function of wavelength for this mode is given in Fig. 3.6b. The
edge coupler was also tested for the fiber’s fundamental quasi-TM mode, and
the corresponding results are shown in Fig. 3.7. This AlGaAs-OI SWG edge
coupler achieves a coupling efficiency as high as 90.2% (—0.45 dB loss) at 1550
nm for TE modes, and the mode conversion is fully achieved over a length as
small as 30 um. This is a significantly smaller footprint compared to the common
conventional edge coupler lengths that exceed 100 um. Furthermore, the SWG
edge coupler retains a coupling efficiency above 85% for the fiber fundamental
TE mode over a broad bandwidth of 200 nm centered around 1550 nm. For the
fundamental TM mode, the SWG coupler undergoes —0.56 dB of loss at 1550
nm, and achieves a peak coupling efficiency of 89.4% around 1483 nm. Although
the edge coupler was specifically designed for coupling TE polarization, the
relatively similar dimensions for the cross-section of the coupler tip (226 nm x
200 nm) help reduce the polarization sensitivity of the device and consequently
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Figure 3.6: The final results for the a) forward field propagation
simulation for the fundamental TE mode of the fiber entering the
nanowaveguide via the edge coupler at 1550 nm and b) the coupler
efficiency as a function of wavelength.
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Figure 3.7: The results for the a) forward field propagation of the
fiber’s fundamental TM mode entering the nanowaveguide via the
edge coupler at 1550 nm and b) the coupler efficiency as a function
of wavelength.

the TM modes are also adequately coupled within ~0.1 dB of the TE case.

In summary, I have successfully demonstrated the potential of combining
SWG structures with the AlGaAs-OlI platform for realizing couplers that achieve
high efficiencies while taking up extremely small real-estate in a photonic circuit.
This was achieved by linearly chirping the grating pitch, duty cycle, and width
to design an SWG taper that enables adiabatic mode expansion. With efficient
tiber-to-chip coupling covered, the next chapter will explore the design of more
complex integrated photonic components, specifically microring resonators,
using SWG structures.
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Chapter 4

AlGaAs-OI Subwavelength Grating

Ring Resonators

Building on the waveguide and coupler designs presented in the preceding chap-
ters, this chapter showcases microring resonators designed using the AlGaAs-Ol
platform and subwavelength engineering techniques. As previously mentioned
in Chapter 1, ring resonators are a highly versatile component in PICs and have
applications in both nonlinear and linear optics. In general, there are two areas
where the subwavelength components can be incorporated: the bus waveguides
and the ring. The choice of making only the bus or the ring SWG or the full
structure being SWG depends on the application and performance that we are

trying to achieve. Two possible design choices are shown in Fig. 4.1.

\\1L//>
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Figure 4.1: Simple illustration of two possible scenarios for SWG
ring resonator designs where (a) only the bus waveguides are SWG
or (b) the full device uses SWG structures.
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Figure 4.2: Diagram of a ring resonator. Source: Adapted from [16]

4.1 Design Methodology

If we keep the waveguide dimensions constant, the physical geometry of a
ring resonator can be simply parameterized in terms of its radius (r), coupling
length (L.), and gap size, as shown in Fig. 4.2. The simulations and calculations
outlined in this section all assume an AlGaAs waveguide width of 400 nm and
height of 200 nm in both the bus and ring regions sandwiched between two silica
cladding layers. The region where coupling occurs between the ring and bus
waveguide is essentially a directional coupler, and its behaviour can be explained
using coupled-mode theory, as described in Section 1.4.2. The cross-coupling
coefficient, x, and the self-coupling coefficient, t, represent the portion of light
that is transferred between the coupled waveguides as opposed to staying in the
bus waveguide. In the ideal case where there are no external losses and all of the
light either transmits through the bus or successfully couples into the ring, the

coupling coefficient is given by

k? = sin? (nAn%) , 4.1)
where A is the free-space wavelength and An = n; — n; is the effective refractive
index difference of the very first two eigenmodes of the coupled-waveguide
system between the ring and bus.

The values of n; and n, can be determined through FDE simulations in
Lumerical MODE by placing two straight waveguides that represent the direc-
tional coupler region where the bus and ring are closest to each other in the
2D simulation region and calculating the first two fundamental coupled modes
which represent the symmetric and anti-symmetric supermodes of the system.
As always, the effective medium theory is used for approximating the refractive
index of the waveguide core as a function of the duty cycle of the SWG structure.
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Figs. 4.3c and 4.3d show these coupled supermodes for a ring resonator which
is fully SWG and has a duty cycle of 0.8, a period of 200 nm, and a gap size
of 350 nm. If the waveguides are too far apart, no coupling occurs, and the
tirst two modes are simply isolated modes in either waveguide. The allowed
gap before the coupling strength is fully diminished is directly related to the
refractive index of the two waveguide cores that form the directional coupler,
and since the duty cycle can directly tune the refractive index, it has a drastic
effect on the coupling strength. For example, using a duty cycle of 1 (i.e. a
solid-core AlGaAs waveguide) results in weaker coupling for a 350 nm gap size,
as seen in Figs. 4.3e and 4.3f. Lowering the duty cycle ratio results in a lower
core refractive index and thus a more delocalized mode with a larger effective
mode area that can undergo easier evanescent coupling for the same gap. By
varying the gap between the waveguides, the field coupling coefficient can be
calculated as a function of gap size, as shown in Fig. 4.4. Even though the ring
resonator in question uses point coupling, the calculations assume a coupling
length of approximately four SWG unit cells, as visualized in Fig. 4.3a.

One important factor in designing a ring resonator is the losses that occur
within the ring due to waveguide bending. Hence, one of the first steps of
designing the SWG ring resonators was the calculation of bend losses for different
radii and SWG parameters. This was done in Lumerical MODE using the
FDE solver and the results are shown in Fig. 4.5. As previously described in
Section 2.1.2, the effective medium theory was used for the 2D simulations of
SWG structures.

The bend loss calculations are used for determining the minimum radius
that can be used for SWG rings without leading to high scattering and radiation
losses. The bend losses were calculated based on both radiative losses for the
fundamental mode propagating through the bend and the mode mismatch that
occurs when the light goes from a straight waveguide portion into a bent section.
One issue with using a bent grating instead of a continuous material is the lower
refractive index, so there is a limit to how low the duty cycle can be before we
end up with zero guided modes.

A duty cycle of 80% with a radius of 10 pum results in a loss of about -0.02
dB per 90 degree bend. This translates to —0.08 dB loss for a full ring, and it
means that approximately 97% of the light survives after one cycle through the
ring. This theoretical calculation does not take into account the propagation
losses due to material absorption since the material is modeled with a purely
real refractive index in the simulations; however, these material losses can be
assumed negligible since 1550 nm is in the transparent regime for AlGaAs and
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Figure 4.3: The coupling region in the (a) FDE and (b) FDTD sim-
ulation environments. The (c) symmetric and (d) anti-symmetric
supermodes of the coupled system with a SWG duty cycle of 0.8
showcases stronger coupling at a gap of 350 nm compared to the (e)
symmetric and (f) anti-symmetric modes of the solid-core system.
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Figure 4.4: The theoretical cross-coupling coefficient for a ring and
bus waveguide that are both SWG with a 0.8 duty cycle ratio and
200 nm period for a wavelength of 1550 nm.

AlGaAs-OlI can have a propagation loss as low as 0.4 dB/cm even with the
presence of scattering losses from sidewall roughness. Based on these 2D FDE
calculations, and in order to minimize losses in the ring, a minimum radius
of 10 pm was decided for the SWG ring resonator designs. As explained in
Section 1.4.3, critical coupling is when the optical power that couples into the

ring exactly equals the amount of power lost in one round-trip:
Kk=1+V1-a2 (4.2)

where 7 is the round-trip transmission coefficient for the ring. At resonance,
this perfect balance results in complete destructive interference in the through
port of the input waveguide, dropping the transmitted power to exactly zero.
As mentioned above, the portion of transmitted light after one round-trip is
theoretically about 97% for a ring resonator with a width of 400 nm and height
of 200 nm where both the bus and ring are SWG structures with a period of 200
nm and fill factor of 0.8. With a = 0.97, the critical coupling for this resonant
structure theoretically occurs when « ~ 0.243, which corresponds to a gap size
around 188 nm according to the curve in Fig. 4.4. Note however that these
calculations all assume an ideal solid-core ring with no external losses, and they
do not take into full consideration the delocalized field effects inherent to SWG

structures which enable stronger coupling at larger distances. This is why the
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Figure 4.5: (a) Total bend loss calculations from 2D MODE simula-
tions. The total loss is calculated from adding the mode mismatch
losses from entering and exiting the bent waveguide with the radia-
tive losses from propagating in the bend. Each curve corresponds
to a different duty cycle. (b) Bend losses for an 80% duty cycle.

critical coupling observed in the next section occurs at larger gaps.

Other design parameters that affect the exact ring geometry are the desired
FSR and resonance wavelengths. These parameters are already explained in
Section 1.4.3; however, one nuance when designing ring resonators where the
ring incorporates subwavelength structures is that the radius must be chosen
such that a discrete number of SWG unit cells can properly fit in the ring circum-
ference. Proper care should also be given to ensure that the SWG unit cells in
the directional coupler are aligned to ensure proper mode overlap and coupling.
The radii for the ring resonator designs provided in this chapter were calculated
using the following equations.

)\2
L=—2 N
n
ngfSR- o Ao M8 ez (4.3)
[ m)\o FSR Neff
Netf
L .
K =mn € Z (for SWGring), 4.4)

where L is the ring circumference, . is the effective refractive index experienced
in the ring at the resonance wavelength, Ay, and 7 is the group index in the ring
at resonance.

Lastly, simulating ring resonators and obtaining physically sound results

requires careful management of the simulation settings and environment. For
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example, the distance between the simulation domain’s PML boundaries and the
resonator cavity can lead to significant errors. If the PML boundaries are too close
to the structure, the electromagnetic fields can get absorbed and prematurely
leave the ring, or there could be parasitic reflections that re-enter the ring from the
PML boundaries. Thus, care must be taken to sufficiently increase the distance
between the PML boundaries and the ring resonator until the outputted spectra
and calculated Q-factors converge and stabilize. The minimum distance to use
as a starting point should be no smaller than half the largest wavelength used in
the simulation. Another important thing to note is that the SWG bus waveguides
should be fully extended through the PML layer and not abruptly terminated.
This ensures that no artificial back-reflections occur at the output boundary of

the simulation.

4.2 Design and Simulation Results

4.2.1 Observing Different Coupling Regimes

Every coupling regime for a ring resonator has its uses. Filtering applications
require higher extinction ratios and thus benefit from a critically coupled system,
while nonlinear optical applications need high Q-factors to enhance the optical
power in the ring cavity and lower the threshold power for observing nonlinear
phenomena. Controlling the operating regime of the device is mostly dependent
on the gap between the straight waveguide and the ring. Thus, several different
SWG AlGaAs-OlI ring resonators that differ only in gap size were simulated
based on the theoretical loss and coupling calculations outlined above with a
target FSR of 10 nm and resonances centered at 1550 nm. These SWG rings all
have a radius of 12.7 pm, and SWG unit cells with a period of 200 nm and a fill
factor of 0.8. They have a 1.2 um thick silica upper cladding and 3 pm lower
cladding. These ring resonators were simulated using Lumerical FDTD with a
mesh accuracy setting of 3, a simulation duration of 20000 fs, and a Courant factor
of 0.9, which translates to a time step of 0.05608 fs. The simulated transmission
spectra at the through port of all five devices are presented in Fig. 4.6, and their
calculated performance measures are given in Table 4.1. Even though 1550 nm
was used as a target resonance for all of the devices, the simulated spectra are
evidently not aligned, and the smaller gaps result in resonances further away
from target. This is because the required ring circumference was calculated
based on the effective index within the ring’s guiding layer according to the

resonance condition 27tLngg/A = 27tm. However, this refractive index does not
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take the loading effects of the bus waveguide into account. As the gap is reduced
and the bus is brought closer to the ring cavity, the refractive index experienced
by the guided modes in the ring becomes more affected due to stronger mode
coupling. Additionally, this interaction results in a phase shift every time the
light goes through the coupling points and the resonances in the ring are now
more accurately governed by 27tLnegr/ A + Peoupler = 271m, where Peoupler is the
phase that is accrued when passing through the directional coupler portion of

the ring cavity [16], [58].

Table 4.1: Performance of simulated AlGaAs-OI microring res-

onators with different gap sizes around 1550 nm

Gap [nm] | Coupling Regime | FSR [nm] Q-factor Extinction Ratio [dB] | Resonance Wavelength [nm] | Finesse
100 Under-coupled ~11.06 1917.25 £0.17 —7.79 1552.07 13.66
200 Near critical coupling | ~10.82 273.31 +75.20 —26.55 1554.52 1.90
300 Near critical coupling | ~10.82 | 343.03 & 70.22 —27.86 1548.49 2.40
400 Under-coupled ~11.03 706.24 £+ 1.32 —22.29 1549.89 5.03
600 Under-coupled ~11.04 | 2979.34 & 13.58 —10.33 1550.33 21.22

Table 4.2: Results for the small gap size simulated with finer mesh
settings

Gap [nm] Mesh setting FSR [nm] Q-factor Extinction Ratio [dB] | Resonance Wavelength [nm] | Finesse
100 mesh accuracy of 4 | ~11.24 | 1819.53 & 2.05 —8.69 1550.51 13.19
100 mesh accuracy of 5| ~11.17 | 1955.88 & 8.19 —8.80 1552.06 14.08
100 mesh override ~11.13 | 2011.21 £2.74 —7.4 1549.87 14.44
150 mesh override ~10.96 | 568.17 £ 65.55 —20.87 1550.55 4.02
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Figure 4.6: The transmission spectrum as observed at the through
port of the SWG ring resonators with varying coupling gaps.

The light and dark blue spectra in Fig. 4.6, which correspond to a gap size of
300 nm and 200 nm, portray the deepest resonance dips out of all five devices.
For resonances near 1550 nm, their extinction ratios are —27.86 dB and —26.55
dB, respectively. The extinction ratios below —25 dB around 1550 nm indicate
the presence of a critically coupled system for both rings. The 400 nm and 600
nm gaps both result in under-coupled systems, but the yellow transmission
spectrum exhibits sharper dips due to the light getting trapped in the ring cavity
for a longer duration and not being able to escape due to weak coupling. As
expected, the device with the largest gap size has the highest Q-factor around
1550 nm. The FSR in the simulated spectra are all above the targeted 10 nm;
this discrepancy arises from using the effective medium approximation when
calculating the refractive indices used for determining the required ring radius
for a target FSR.

For a gap of 100 nm, illustrated in red, the ring resonator exhibits a larger
Q-factor and narrower line-width compared to most of the other rings. This
behaviour is the opposite of what was initially expected; a smaller gap usually
translates to stronger coupling and entering the over-coupled regime, where the
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line-width broadens from a short photon lifetime in the resonator. The observed
shallow dip and higher Q-factor would imply that the SWG ring resonator is
actually in the under-coupled regime. This weak coupling could potentially be
attributed to near-field effects that occur when the periodic grating structures
are brought closer together such that the proximity is reduced below the grating
period. When the gap is reduced to such extents, perhaps the coupling interaction
is less "smooth" due to the grating segments actually interacting with other
individual unit cells and undergoing interference effects that are not present for
the solid-core case. This could make the relation between the gap size and « less
monotonic. Another possible reason is the presence of a very slight mismatch
in the alignment of the unit cells at the coupling point, which can potentially
reduce the coupling efficiency due to being out of phase. However, the five
devices were created in the simulation domain in an identical manner and they
only differ in gap size, so such a mismatch should have an effect on all rings.

Another different possibility would be that the simulation requires a much
smaller mesh size compared to the other rings. On that note, significantly longer
simulations with a finer mesh resolution were performed for a coupling gap
of 100 nm and 150 nm to investigate this matter, and the results are shown in
Table 4.2. One method used for enhancing the mesh resolution was increasing
the mesh accuracy level in the Lumerical FDTD settings, while another method
was to use a mesh override region with a maximum step size of 0.0214 um in all
three dimensions. The tabulated results provide further confirmation for the 100
nm coupling gap being truly in the under-coupled regime. Nevertheless, a more
comprehensive study should still be conducted to ascertain the exact behaviour
of such rings for gaps below their grating pitch before fabrication.

All of the Q-factors reported in this chapter were calculated using the Q-
analysis group template provided by Lumerical. This analysis group uses several
time-domain monitors placed at different locations within the ring cavity to keep
track of all the resonating fields in the structure. A post-processing script then
computes the Q-factors by calculating the slope of the time-domain electric
tield envelope for each resonance as it decays. This tool is especially useful for
high-Q ring resonators, as it is neither feasible nor computationally efficient
to run FDTD simulations until the optical fields fully decay. Because these
high-Q simulations often do not reach the auto-shutoff threshold, the frequency
spectrum generated at the simulation output is artificially broadened, since it
is the Fourier transform of a prematurely truncated time-domain signal. Even
the ring resonator simulations that do successfully terminate via auto-shutoff
can suffer from this artificial broadening because the shutoff value is not exactly
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zero, meaning some signal truncation still occurs.

Also note that the Q-factors reported in the tables are not the highest calcu-
lated Q-factors for each ring; they are simply the value corresponding to the
closest resonance around 1550 nm. The smaller resonant wavelengths achieve
much higher Q-factors (assuming they still fall safely in the subwavelength
regime of the band-structure), because their modes are more confined and thus
more weakly coupled, but also because they are at a higher frequency. The
Q-factor of a ring resonator actually increases with the operating frequency and
is dependent on the choice of resonance, so a less biased performance measure is
the finesse, F, which is defined as

VF Q
F=—=vr=, 4.5
50 =V, (4.5)
where vr is the FSR, v is the resonance frequency, and év is the FWHM linewidth
of the transmission spectrum peak. The finesse was calculated using the mea-
sured Q-factor and FSR values and is included in both Tables 4.1 and 4.2. As
expected, it follows the same trend outlined for the Q-factor since the device

comparison is being performed around a single resonance frequency.

4.2.2 High-Q SWG AlGaAs-OI Ring Resonator

With a high quality factor in mind, a ring resonator with a solid-core AlGaAs-
OI ring and SWG bus waveguides was designed and simulated. This was a
conscious choice to benefit from the easier evanescent coupling due to the SWG
structures in the bus waveguide while reducing the scattering and bend losses
that become worse when the ring cavity is segmented. This way the ring can
retain a high quality factor owing to the tight mode confinement of AlGaAs-OI
while achieving enough coupling at larger gap sizes compared to conventional
solid-core AlGaAs-OlI devices.

The ring resonator, shown in Fig. 4.7, has a radius of 10.2 um for a target FSR
of 10 nm and resonances centered around 1550 nm. The coupling gap of 600 nm
makes the resonator operate in the under-coupled regime. The SWG parameters
of the bus are the same as the devices from the previous section. The calculated
Q-factor is approximately 75,822 at a resonance wavelength of 1550.69 nm, the
FSR is 10 nm, and the corresponding finesse is approximately 488.96, as seen in
Fig. 4.7b.

In summary, SWG structures can benefit AlGaAs-OlI ring resonators by pro-
viding extra degrees of freedom for changing the refractive index of the guiding
layers and thus controlling the coupling interactions between the resonator and
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input/output waveguides. The use of these periodic gratings in the ring itself
poses extra losses that lower the inherent Q-factor of the device, but incorpo-
rating these gratings in the directional couplers enables more relaxed gap sizes
that are more fabrication friendly. This is why the hybrid design with the solid-
core ring and SWG bus waveguide achieves the highest Q-factor and finesse
among all of the simulated devices. In general, the under-coupled resonators
always had the highest Q-factors while the critically coupled devices exhibited
the largest extinction ratios. Another observation from these simulations is the
peculiar behaviour for the coupling gap much smaller than the SWG pitch, which
showcased an under-coupled system. This behaviour is unexpected because
the coupling strength usually increases with a reduction in the gap between the
bus and ring. However, this theory is based on conventional solid-core devices,
so the encountered deviation might be attributed to near-field effects that can
no longer be ignored when the distance between the grating structures of the
bus and ring is significantly reduced below the SWG period. The behaviour
persisted even as the simulation mesh was refined, but the topic still deserves
further investigation. While this chapter was focused on the theoretical design
and computational simulation of different AlGaAs-OI SWG ring resonators, the
next chapter shifts toward physical nonlinear experiments that investigate FWM

in prefabricated SOI Huygens’ ring resonators.
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Figure 4.7: The (a) structure of the high-Q AlGaAs-OI SWG ring
resonator and (b) its transmission spectrum observed at the through
port.
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Chapter 5

Four-Wave Mixing in Silicon-OlI

Huygens’ Microring Resonators

While the AlGaAs-OI SWG microring resonators presented in the previous
chapter offer promising simulated performance, physical experimentation is
required for validating the potential of subwavelength-engineered structures
in nonlinear applications. As previously mentioned, this thesis project was
a predominantly simulation-based endeavor due to the nontrivial and slow
fabrication process for custom AlGaAs-OI devices. Since the SWG AlGaAs-OI
components that have been presented so far have yet to be fabricated, their
physical experimentation and verification is currently impossible. However, as
part of a broader collaboration between our group and researchers at the National
Research Council (NRC) of Canada, we are in possession of a prefabricated SOI
photonic chip containing several meta-waveguide devices. These components
were designed at the NRC, and the results of their linear characterization have
already been published [23].

The devices of interest for this study were the microring resonators. The
goal was to achieve four-wave mixing and frequency comb generation in the
rings and to see the effect of engineered meta-waveguide structures on these
nonlinear processes. It is well known that silicon suffers from high nonlinear
absorption losses around 1550 nm such as TPA and FCA [59]. These losses make
it difficult to observe nonlinear phenomena such as frequency comb generation
in the telecommunication C-band, with many opting for silicon nitride as a
low-loss alternative for nonlinear applications. Despite these inherent losses, we
believed that a ring resonator created with an alternating pattern of silicon and
insulator would exhibit reduced nonlinear losses due to the reduced amount
of silicon material in which absorption could occur. Additionally, in the case
of a Huygens’ ring resonator, the unique photonic band-structure of the device
lends itself to a steady negative group index and thus near-zero GVD. This
engineered dispersion enables a flat FSR for the device in the central range of
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the band diagram and makes it easier to achieve phase-matching conditions for
FWM. Near the band-edge and as we approach the photonic band gap the group
velocity rapidly changes leading to strong anomalous dispersion [23].

5.1 Devices Under Study

All of the photonic components mentioned in this chapter consist of a silicon
core layer with a standard height of 220 nm and an upper and lower cladding
of silicon dioxide. The specific devices on the chip that were of interest for this
thesis were the SWG, Huygens’, and solid-core microring resonators which were
each coupled to a single bus waveguide serving as both the input and through
ports. Each category included a variety of devices with the same radius of about
10 pm but different gap sizes. Specifically, the Huygens’ ring resonator coupling
gaps range from 99 — 399 nm, the SWG devices range from 223 — 323 nm and
the solid-core rings have gaps in the range of 100 — 300 nm. A sample fabricated
device from each category is schematically shown in Fig. 5.1. The Huygens’
and SWG structures used for these devices are shown in Fig. 5.2. The Huygens’
nano-antenna structures used in these ring resonators are identical to the ones
mentioned in a previous study by Bin-Alam et al. [23]. However, the coupling
gap distances and radii are different for these devices.

The first step before performing nonlinear measurements is to characterize the
linear behaviour of the rings. The linear characterization data for all of the ring
resonators under study was previously obtained by our postdoctoral researcher
at NRC. The resulting transmission spectra from all of the ring resonators is
showcased in Fig. 5.3. In order to have efficient FWM within the ring, it is
important to choose a pump wavelength that corresponds to a deep resonance
close to critical coupling and with a high Q-factor. This ensures that most of the
pump power actually enters the ring resonator cavity and is able to get enhanced
and lead to the generation of the idler frequency. The next important factor is
choosing a signal wavelength that corresponds to an adjacent resonance in the
transmission spectrum to benefit from the cavity enhancement while reducing
dispersion effects that hinder phase-matching conditions. Lastly, the targeted
idler wavelength should also be on resonance to ensure that it can survive and
exit from the resonator cavity as an output.

Looking at Fig. 5.3a, it is evident that the solid-core devices with gaps of
200 nm and 300 nm both have deeper resonances and higher extinction ratios.
The orange spectrum has an extinction ratio of ~1.658 dB at 1560.25 nm and the
yellow spectrum undergoes an extinction ratio of ~1.545 dB at 1587.4 nm. Either
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Figure 5.1: Example layout files for the fabricated ring resonators
under study.
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Figure 5.2: The geometry of the Huygens” and SWG structures used
in the ring resonators under study.
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device could be an ideal candidate for FWM depending on the chosen operating
wavelengths. For the SWG ring resonators, shown in Fig. 5.3b, the best candidate
for FWM would be the device with a gap of 323 nm, which demonstrates the
deepest resonances compared to the rest. For this device the pump and signal
wavelengths should be adjacent values chosen from the resonances between
1460 — 1511 nm. Lastly, Fig. 5.3a shows the transmission spectra for Huygens’
ring resonators with seven different coupling gaps. The output power for these
rings falls drastically after 1560 nm due to approaching the photonic bandgap of
the structure. For the Huygens case the choice of which device is most suitable
for the FWM experiments depends on being able to find three adjacent resonance
peaks that are all deep enough, are equidistant from each other (flat FSR), and
correspond to wavelengths that are accessible by our bench-top lasers in the lab.

Due to the reasons outlined above in addition to the laboratory constraints
mentioned in the next section, only two ring resonators were chosen among the
ones showcased here for FWM measurements. The chosen devices are the solid-
core ring with a 200 nm gap and the Huygens’ ring with a 399 nm gap. Their
linear transmission and FSR is shown in Fig. 5.4. None of the SWG rings were
chosen because their good resonances lie outside of the EDFA (Erbium-Doped
Fiber Amplifier) wavelength range that we use as a pump laser.

5.2 Experimental Setup and Results

The main goal of this chapter is to verify our assumption regarding the possibility
of frequency comb generation in SOI ring resonators that have been dispersion-
engineered with Huygens” meta-waveguide structures. Or at least, to witness an
increase in the efficiency of the FWM process compared to the solid conventional
silicon ring. This was investigated by performing stimulated FWM in both
devices and comparing their results.

A simplified schematic of the experimental setup is given in Fig. 5.5. Both the
signal and pump beams are continuous-wave (CW) lasers. The pump source is
the Santec TSL-710 CW laser that is fed into an EDFA with an optimal amplifi-
cation range of 1540 — 1565 nm. For my signal beam I use the Optilab TLS-C-B,
a bench-top laser with 96 discrete channels from 1530 nm to 1560 nm with a
wavelength spacing of 0.4 nm. The signal beam also goes through an EDFA. The
discreteness of channels for the signal and the accessible amplification range
both limit the resonance wavelengths that I can target in each device, and are the
main constraint that has resulted in only two of the devices on the chip being

measured and presented herein.
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Figure 5.3: Transmission Spectra at the through port of ring res-
onators with different coupling gap sizes.

The pump and signal beams are combined in an optical fiber coupler junction
before being sent into free-space propagation. Most of the transmission is done
in free space to simplify the setup. Additionally, good lossless fiber optic cables
were limited in the lab. The optical path includes a HWP and linear polarizer
used for added power control. Right before entering the coupling stage of
the photonic chip, the input beam goes through a 50:50 beam splitter and the
resultant reference beam is used for monitoring the input power through a
photodetector. Before conducting the nonlinear experiment the chip has to
be properly aligned so that I am fully coupled into the device that I wish to
study. I use a Luminos PIC alignment stage for controlling the three axes and
microscope objectives are placed at the input and output of the chip for optimal
light coupling. The output of the stage is monitored via a photodetector while
alignment is in progress. After the desired device has been excited, the combined
pump and signal beams are sent through the bus waveguide, and the resulting
output is measured with an optical spectrum analyzer (OSA).

For the solid-core silicon ring resonator measurements, the signal wavelength
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Figure 5.4: Transmission Spectra of the two devices used for FWM
measurements.
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Figure 5.5: A simplified illustration of the experimental setup used
for the FWM measurements.

was kept constant at 1551.445 nm, while the pump laser was tuned from 1560.4
— 1560.51 nm. The power of the signal and pump, as measured through the
identical reference beam, were kept constant at 1 mW and 3.8 mW, respectively.
As seen in Fig. 5.6a, the maximum idler power of —47.39 dBm appears around
1542.52 nm when the pump beam has a wavelength of 1560.444 nm. A second
idler is also generated at 1569.575 nm. Both idler peaks disappear at pump
wavelengths of 1560.5 nm and above.

For the Huygens’ ring resonator FWM measurements, the signal wavelength
was always 1554.975 nm, while the pump laser was varied from 1543.9 — 1546.9
nm. The signal and pump powers were 1 mW and 15 mW, respectively. Fig. 5.6b
shows the FWM results when the pump is varied from 1543.9 — 1544.148 nm.
This subset of measurements includes the optimal results, shown separately in
Fig. 5.6¢, that were obtained for this device at a pump wavelength of 1544.148
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nm and with a —46.36 dBm idler generated at 1533.51 nm. There is only one
idler because the other symmetric resonance falls in the photonic bandgap of the
device, so the wavelength does not survive as a guided mode in the Huygens’
structure. It should be noted that even though the wavelength sweep for the
pump laser was set for 1543.9 — 1546.9 nm, the laser itself mode-hopped when it
reached certain wavelengths and this led to not having data for ranges such as
1544.148 — 1544.553 and 1545.6 — 1546.2 nm. This mode-hopping phenomenon
was, unfortunately, not a one-time occurrence and happened even when we tried
to manually set the wavelength range. It is thus possible that another pump
wavelength could be the true optimal point for the Huygens’ ring, with a slightly
higher generated idler power.

The data presented in this chapter is the result of many measurements that
were conducted in order to successfully witness the FWM process in both devices.
The initial target values for the pump and signal wavelengths were always
chosen based on the transmission spectrum data seen in Fig. 5.4, however setting
these values for the input beams never generated an idler. This is because the
optical power in the ring was intense enough to cause thermal shifting in the
resonance peaks. This red-shifts the resonances so the actual pump and signal
wavelengths that resulted in successful FWM differ from the resonance peaks
of the linear transmission spectra. This shifting becomes even worse when we
are near a resonance because more power is confined within the ring. Thus, to
find the correct resonance targets for the input beams in order to generate an
idler, the signal and pump laser sources were tuned from a wavelength below
the target resonance and very slowly increased until an idler was observed. The
power levels were also changed to find the minimum pump power that results in
a clear generated idler at the output. After the initial manual tuning, the pump
laser was then varied through a computer-controlled wavelength sweep, and
the OSA readings were recorded.

The efficiency of the FWM process is determined by the ratio of the inci-
dent pump power to the generated idler power. If we take the pump power
recorded before the PIC coupling stage as the incident power, then the maximum
FWM efficiency becomes 0.00048% for the solid-core ring and 0.00015% for the
Huygens’ ring for their respective optimal scenarios. We can already tell by
looking at Fig. 5.6 that the solid-core silicon ring resonator has a better nonlinear
performance compared to the Huygens’ silicon ring. Even though the pump
power before the coupling stage is almost four times higher in the Huygens’
experiments, the generated idler is still stronger and more clear in the solid-core
device. Since both rings are made of silicon, the TPA and FCA losses affect both
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Figure 5.6: FWM measurement results.

of them, with the solid-core ring theoretically being affected more due to having
more silicon for the light to propagate through. However, the radiative and
scattering bend losses in the ring are worse for the Huygens’ structure which
can affect the efficiency of nonlinear phenomena. Another possible detrimental
factor for the Huygens’ device is the fact that we are operating a bit close to the
band edge where the FSR is no longer flat, and we enter the regime of anomalous
dispersion. This can impact the phase-matching between the three beams and
thus reduce the FWM efficiency.

Furthermore, the proportion of incident pump power that actually reaches
each ring is not the same. The Huygens’ meta-waveguide that forms the bus
waveguide has higher losses compared to the solid-core bus. The linear loss coef-
ticients for both straight waveguides has been previously measured in the group
for other devices on the chip over a range of wavelengths. At its optimal pump
wavelength the linear loss coefficient for the solid strip silicon ring resonator’s
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bus waveguide is 1.2 dB/cm. On the other hand, the Huygens’ meta-waveguide
has a loss coefficient of about 4 dB/cm for the operating range of wavelengths.
Additionally, all of the devices on this PIC use the same edge coupler design
at the input and output of the devices. This edge coupler is designed for the
solid strip silicon waveguides, so when used for the Huygens’ meta-waveguide
it includes both a 4.24 mm long strip of solid-core silicon followed by a mode-
converter before entering the actual Huygens’ section. This is schematically
illustrated in Fig. 5.7. The measured efficiencies for the edge coupler and mode-
converter are about 27% and 40% around 1550 nm, which are both quite low.
The low efficiency of the edge coupler affects both devices the same way, but
only the Huygens’ ring has the mode converters, thus it has an extra loss both at
the input and at the output of the bus waveguide which can affect the measured
FWM efficiency.

EC | Solid strip | MC HMW MC | Solid strip| EC

Figure 5.7: Both edges of the chip have edge couplers (EC) that
couple into or out of a solid silicon waveguide section. The solid-
core waveguides are connected to the Huygens’ meta-waveguide
(HMW) through mode-converters (MC).

To conduct a more fair assessment of the performance of the two rings, we
should consider the power that truly reaches the input of the ring for calculating
the efficiencies. In that case, the approximate pump power reaching the Huygens’
ring resonator is actually (0.27)x(0.4) X (15 mW) = 1.62 mW, and the idler power
leaving the device right before the output mode converter is approximately
(0.27)7! x (0.4)71x(23.121 nW) = 214.1 nW. This gives a FWM efficiency of
~0.013% for the Huygens’ ring resonator. Similarly, the pump power reaching
the solid-core SOI ring is approximately (0.27) % (3.8 mW) = 1.026 mW and
the generated idler is (0.27)~!x(23.121 nW) = 85.63 nW, resulting in a FWM
efficiency of ~0.0083%. This means FWM in the Huygens” meta-waveguide
microring resonator is almost twice as efficient compared to the solid-core SOI
ring. By considering the input/output coupling loss factors, one can see that the
Huygens’ ring structure is actually not inherently more lossy. To perform a more
proper comparison, the devices should be redesigned and fabricated such that

they both achieve similar coupling efficiencies at their input and output.
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In summary, while the SOI Huygens’ ring resonator was not able to gener-
ate a frequency comb, stimulated four-wave mixing (FWM) was successfully
observed leading to the generation of an idler at 1533.51 nm. At first glance
the strength of the generated idlers seems to favor the solid-core device, but
when the insertion and mode-conversion losses are accounted for, the Huygens’
ring resonator achieves an internal FWM efficiency (~0.013%) that outperforms
the conventional solid-core SOI ring (~0.0083%). As previously discussed in
Chapter 1, the AlGaAs-Ol platform has already shown success in the literature
for efficient frequency comb generation. Therefore, it is reasonable to believe
that a Huygens’ microring resonator designed and fabricated with AlGaAs-OI
instead of SOI could have more promising results by avoiding the inherent TPA
and FCA losses present in silicon. To my knowledge, this is the first instance
of FWM being reported in Huygens” microring resonators. These experimental
findings, combined with the theoretical designs and simulation results from the
preceding chapters, provide a strong justification for the continued exploration
of subwavelength-engineered photonic components based on the AlGaAs-OI

platform.
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Chapter 6
Conclusions and Future Work

With the ever-increasing demand for higher bandwidths and greater data speeds
in communication systems, the appeal of transitioning signal processing to the
optical domain increases. Such an endeavor requires a material platform with
high optical nonlinearity and low losses in the telecommunication band, and it
would also benefit from a database of ready-to-use component designs that can
be used for forming the required optical circuits for different signal processing
applications. To this end, the primary objective of this master’s project was to
explore the design and simulation of fundamental photonic components that
combine the high-contrast AlGaAs-OI platform with subwavelength grating
structures for potential applications in the telecommunication C-band.

The combination of efficient light emitting properties, high second- and third-
order nonlinearities, and negligible two-photon absorption in the C-band already
make AlGaAs a great candidate for monolithic integrated circuits that are specif-
ically designed for signal manipulation applications. Furthermore, applying the
same subwavelength engineering techniques that have garnered great success in
silicon photonics to III-V compounds can further facilitate monolithic integration
by adding extra degrees of freedom to the design and enabling dispersion engi-
neering without the need to change the chemical composition of the material or
the height of the structure.

The main contributions of this thesis are structured progressively from the
most fundamental and basic component, waveguides, to the more complex
devices such as microring resonators. First, AlGaAs-Ol subwavelength grating
waveguides were designed and simulated for different heights (200 nm and
500 nm) and upper cladding materials (silica or air) based on what can be later
fabricated in our group. The waveguide optimization was done through SWG
unit-cell band-structure calculations, and full 3D FDTD simulations confirmed
the propagation of Floquet-Bloch modes in the subwavelength regime with
minimal-to-no back-scattering. These AlGaAs-OI SWG waveguides can be used
as a starting point for designing other photonic components, or for use in optical
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routing on a photonic integrated chip.

To overcome the coupling bottleneck between optical fibers and sub-micron
integrated waveguides, a compact fiber-to-chip AlGaAs-OI SWG edge coupler
was designed. By linearly chirping the grating pitch and duty cycle while
varying the width, adiabatic mode expansion matching a fiber with an MFD of
3.2 um was achieved over a total length of only 30 pm. The simulated coupler
demonstrated a low coupling loss of —0.45 dB for the fiber’s fundamental quasi-
TE mode and —0.56 dB for the quasi-TM mode at 1550 nm, maintaining high
transmission (> 85%) over a 200 nm bandwidth for TE polarization.

For AlGaAs-OI SWG microring resonators, I analyzed fully SWG resonators
in various coupling regimes by varying the gap size between the ring and bus
waveguides. Designs and simulation results were provided for both critically
coupled and under-coupled rings, which can be potentially used for filtering and
sensing applications, respectively. While fully SWG rings exhibited higher radia-
tion and scattering losses in their waveguide bends, a hybrid design featuring
an SWG bus waveguide paired with a solid-core AlGaAs-Ol ring leveraged the
modal delocalization inherent to SWG structures to relax coupling gaps, while
reducing the scattering and bend losses in the ring. An under-coupled hybrid
SWG ring resonator with a 10.2 um radius and a 600 nm gap achieved a quality
factor of Q ~ 75,822 at 1550.69 nm with a 10 nm FSR.

Finally, in collaboration with the National Research Council (NRC) of Canada,
nonlinear experiments were conducted on fabricated silicon-on-insulator (SOI)
microring resonators incorporating Huygens” meta-waveguides with the goal
of observing frequency comb generation. Stimulated four-wave mixing (FWM)
was successfully observed in a Huygens’ ring, yielding a generated idler at
1533.51 nm with an internal conversion efficiency of ~ 0.013%; however, fre-
quency comb generation was not observed. To my knowledge, this represents the
first reported experimental demonstration of FWM in Huygens’ meta-waveguide
microring resonators.

Building upon the findings of this thesis, several avenues for future research
are identified. First, fabrication of the proposed AlGaAs-Ol SWG waveguides,
edge coupler, and microring resonators should be carried out to validate the
numerical simulation models against physical laboratory measurements. Fu-
ture work can also build upon the reported designs and methodology to create
components with optimal nonlinear performance for specific all-optical signal
processing applications, which is most relevant for the ring resonator designs.
Furthermore, frequency comb generation should be explored in AlGaAs-OI Huy-
gens’ ring resonators. While TPA and FCA losses in silicon inhibited frequency
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comb generation in the tested SOI Huygens’ ring, AlGaAs-OlI possesses a larger
bandgap (1.65 eV) with negligible TPA at 1550 nm. Designing and fabricating
Huygens’” microring resonators on AlGaAs-OI offers a promising pathway to-
ward low-threshold frequency comb generation. Lastly, the experimental setup
for the SOI Huygens’ ring could be improved. Future nonlinear experiments
with the SOI devices would benefit from continuously tunable pump lasers with
tine wavelength resolution to reduce thermal resonance shifts. The SOI photonic
chip could also benefit from a re-design, where the Huygens’ meta-waveguide
devices are given their very own custom high-efficiency edge couplers and mode
converters to minimize input/output insertion losses.

In conclusion, this work demonstrates the potential of combining subwave-
length grating structures with III-V semiconductor platforms like AlGaAs-OI
to provide a versatile toolkit for index contrast, dispersion engineering, and
compactness in integrated photonics, paving the way for monolithic circuits
for all-optical signal processing and other telecommunication applications.
This thesis serves as groundwork for further exploration and development
of subwavelength-engineered devices for the AlGaAs-OlI platform.
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