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Abstract

This thesis investigates the design and measurement of Gires-Tournois Interferometers
integrated into silicon photonic circuits. Sidewall-corrugated Bragg gratings are used to
make the interferometers and the number of periods is varied to control the reflectances.
Additionally, low-reflectance gratings are demonstrated using offset sidewall corrugations
to reduce the coupling coefficient of the Bragg gratings. We demonstrate that it is possible
to reduce the extinction ratio of our integrated Gires-Tournois Interferometers to ~2 dB by
altering the number of grating periods and the sidewall-offset using a configuration that
is integratable into silicon photonic circuits. As such, we also demonstrate integration of
our devices into a Michelson-Gires-Tournois Interferometer for WDM channel interleaving
applications. Our Interleaver devices are designed and measured to operate with 50-to-
100 GHz and 100-to-200 GHz channel spacings. Although there are some limitations
to using gratings for the interferometer structures, we demonstrate interleavers with
extinction ratios up to 15 dB and the desired box-like passbands. Furthermore, by using
Bragg gratings, the devices are compact and there is more flexibility in future designs by

taking advantage of non-uniform grating profiles.



Sommaire

Ce mémoire étudie la conception et I’évaluation d’interféromeétres de Gires-Tournois in-
tégrés en circuits photoniques sur silicium. Les interférométres sont fabriqués en réseaux
de Bragg ondulés sur les parois latérales, et le nombre de périodes est varié pour con-
troler les réflectances. En plus, des réseaux a faible réflectance sont démontrés & ’aide
d’ondulations latérales décalées afin de réduire le coefficient de couplage des réseaux
Bragg. Nous démontrons qu’il est possible de réduire le taux d’extinction des inter-
féromeétres de Gires-Tournois a ~2 dB en modifiant le nombre de périodes des réseaux et
le décalage des parois latérales en utilisant une configuration qui est intégrable en circuits
photoniques sur silicium. En tant que tel, nous démontrons également l'intégration de
nos appareils dans un interférométre de Michelson-Gires-Tournois pour des applications
d’entrelacement de canaux WDM (multiplexage en longueur d’onde). Nos dispositifs
entrelaceurs sont congus et mesurés pour fonctionner & un espacement de canaux de 50
a 100 GHz et 100 a 200 GHz. Bien qu’il existe des limites a l'utilisation des réseaux de
Bragg pour les structures de l'interféromeétre, nous démontrons des entrelaceurs ayant des
taux d’extinction jusqu’a 15 dB et les bandes passantes quasi-rectangulaires souhaitées.
En outre, en utilisant des réseaux de Bragg, les dispositifs sont compacts et il y a une
flexibilité de design accrue pour des dispositifs futurs en profitant des profils de réseau

non-uniforme.
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Chapter 1

Introduction

1.1 Motivations for Silicon Photonics

Photonic technologies are critical to many systems and devices that permeate count-
less aspects of our daily lives, including entertainment, medicine, manufacturing, and
telecommunications. The latter has had significant impact in shaping our interconnected
world, by enabling transmission of massive quantities of data across countries, continents,

and oceans, through optical fibres that provide the backbone of the internet.

Compared to electrical systems, photonic technologies offer a number of advantages,
such as reduced losses, robustness against electromagnetic interference, and most im-
portantly, significantly higher bandwidth. These advantages have made photonics the
technology of choice in long-haul communications because they are able to provide high
quality of service and transmission capacity. With a growing global demand for band-
width year over year and popular adoption of cloud-based services, photonic technologies
are being used more frequently in short-haul applications to bring fibre to the home
(FTTH) and in datacenters as server interconnects. Unlike long-haul links, datacomm

applications demand affordable, and consequentially, mass-producible solutions, with a



smaller form-factor that still must outperform electrical systems [1].

Since 1969, the concept of integrated optical interconnects has existed. Much like
the integrated circuit, the idea of miniaturizing and connecting multiple photonic com-
ponents at a monolithic level increases reproducibility of complicated photonic circuits
and provide increased isolation from environmental changes, such as temperature [2].
Today, there are a number of platforms that may be used for integrated photonics, such
as indium phosphide (InP), silicon nitride (SiN), silica-on-silicon, and silicon-on-insulator
(SOI) that have their own advantages and applications. However, since the 1990’s, the
SOI platform has been predicted to enable optoelectronic integrated circuits (OEICs)
and bridge the silicon electronics industry with integrated optics due to its distinct ad-
vantages [3]. The first of which is that the high refractive index contrast between silicon
and silica (SiO3) enables SOI waveguides (often referred to as silicon nanowires) to have
strong optical mode confinement and allows for smaller bend radii than other platforms,

leading to a smaller form factor (see Figure 1-1).
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Figure 1-1: Comparison of bend radii and waveguide effective area in integrated photonics
platforms [4].

The second major advantage is that the same technology and materials used in the

silicon-based microelectronics industry, which has been developed and improved over



decades, is used in the SOI platform. Because silicon photonics is compatible with
the complementary metal-oxide-semiconductor (CMOS) process used to fabricate micro-
electronics, and primarily uses abundant materials, the cost of manufacturing photonic
integrated circuits (PICs) in SOI is significantly reduced compared to other platforms,
making it attractive for datacomm applications. Finally, with the level of integration
that is possible with SOI-based PICs, optical interconnects are being developed not
only for server-to-server type applications, but applications with higher levels of inte-
gration, such as backplane links, module-to-module, chip-to-chip interconnects, and as
interposer layers. Photonic integration is key to reducing the I/O bandwidth bottleneck
that currently limits performance of high pin-count chips, such as field programmable
gate arrays (FPGAs) and application specific integrated circuits (ASICs), and help enable

high-performance computers (HPCs) to reach unparalleled capabilities [5].

1.2 History of Silicon Photonics

Following the success of electronic integrated circuits and research in fibre optics, inte-
grated photonic circuits were first described in a Bell Systems technical journal in 1969
in which the author envisions photonic integrated circuits consisting of lasers, directional
couplers, modulators, crossings, and add/drop filters connected by integrated optical
waveguides [2]. Integration of transistors and photonic devices in III-V semiconduc-
tor platforms in the 1980’s led to the first demonstrations of monolithically integrated
photonics [6-8]. Richard Soref’s seminal 1987 paper on electro-optic effects in silicon
demonstrated that carrier injection or depletion significantly changes the refractive in-
dex of silicon, which could be used in phase modulators [9]. In 1993, silicon-based PICs
(or "superchips") were proposed by Soref and integrated electronics with many passive
photonic components, such as waveguides, couplers and optical filters, as well as active

components, such as modulators and detectors, as shown in Figure 1-2 [3].

3
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Figure 1-2: "Superchip" consisting of integrated electronics and active photonics on a
silicon substrate [3].

PICs using a CMOS process for monolithic photonic and electronic integration have
been demonstrated for communication applications by Luxtera and IBM [10,11]. How-
ever, the technology is expensive, limited by the size of the silicon photonic node —which
is typically larger than the electronics node — and it does not provide the most efficient
use of die area, as such, hybrid integration, where photonic and electronic integrated
circuits are on separate dies, holds a greater promise in the new future because it lever-
ages existing technology [12|. Today, several companies, such as Luxtera, Finisar, Oracle
Labs, and HP Labs, are working with silicon-based PICs for communication applications

using hybrid electronic-photonic integration [13-16].

When hybrid integration is used, the SOI platform is leveraged by standardized
processes and design. The process harmonization could enable lower fabrication costs
through multi-project wafers (MPW) and compatible devices can be made into libraries
and process development kits (PDKs) [12]. Our devices use a 220 nm thick silicon layer for
the passive components, which is common to many foundries offering MPW fabrication
services [17]. In our devices, components, such as waveguides, vertical grating couplers

and Y-branches, are used from existing PDKs and are detailed in chapter 2.

4



1.3 Thesis Objectives and Achievements

The thesis seeks to investigate Gires-Tournois interferometers (GTIs) made from sidewall-
corrugated Bragg gratings as a device integratable into silicon-photonic circuits. One
such circuit is the Michelson-Gires-Tournois interferometer (MGTI), which can be used
as an optical interleaver for WDM applications. We demonstrate GTIs consisting of a
waveguide separating two sidewall Bragg gratings, the first of which must have a low
(<80%) reflectance and the second must be ~100% reflective. Control over the grating
reflectance is critical for MGTTI interleaver operation, as such two methods are used to
reduce the grating reflectance: reducing the number of grating periods and offsetting one

grating sidewall by a fraction of the grating period.

We also aim to investigate if these GTIs can be integrated into a simple silicon
photonic circuit, the Michelson interferometer, by replacing one or both of the mirrors
(gratings) of the Michelson interferometer with a GTI. We demonstrate, for the first time,
a grating-based MGTT interleaver on SOI. Although the performance of the MGTT needs
to be improved through parameter optimization and phase tuning, the desired box-like

passbands of the interleaver spectrum is present.

1.4 Publications

The GTIs investigated in chapter 3 have been reported at the following conference pre-
sentation:
P. D. Morin and L. R. Chen, "Gires-Tournois Interferometers with Sidewall Bragg

Gratings in SOL," CLEQO: Conference on Laser and FElectro-Optics, 5-10 June 2016, San
Jose, CA.



1.5 Thesis Outline

Chapter 2 introduces silicon photonics and provides background on the fundamentals and
components used in our devices. The choice of silicon photonics platform, fabrication,
waveguides, waveguide couplers, and vertical grating couplers are discussed. Simulating
Bragg gratings using the transfer matrix method is also detailed and sidewall-shifted

gratings for controlling the coupling coefficient are introduced.

Chapter 3 introduces the GTT and previous implementations. Our design and simu-
lation results are presented; fabrication and experimental setup are also discussed. Mea-
surement results are presented for GTIs based on uniform and sidewall-shifted gratings

and compared with simulations.

Chapter 4 introduces optical interleavers and details the MGTI design. By inte-
grating the GTTs of chapter 3 into a Michelson interferometer silicon photonic circuit, an
optical interleaver can be realized. Simulation results of grating-based MGTT interleavers
are presented. Four configurations of the design are fabricated and measured. Results

are presented and future work is discussed.

Chapter 5 makes conclusions and recommendations for future work.



Chapter 2

Silicon Photonics Background

2.1 Integrated Photonics Platforms

In microelectronics, the CMOS process has become the workhorse of the industry, yet
a ubiquitous integrated photonics platform has yet to be established. If group IV (e.g.
silicon, germanium) and III-V (e.g. indium-phosphide, gallium-arsenide) semiconductor
platforms for photonics and electronics are heterogeneously integrated on a common sub-
strate, typically silicon, the chip can benefit from the advantages of each platform. The
choice of platform in either hetero- or homogeneous photonic-electronic co-integration,
is dependent on the application. In the scope of telecommunications, which uses wave-
lengths around 1.31 pm and 1.55 pwm, indium phosphide (InP) is commonly used for
high-performance applications, such as long-haul optical links, while silicon photonics is
used for short-haul datacomm applications, where cost-effective solutions with high-levels

of integration are required.

Our research takes advantage of one of the most commonly used integrated photonics
platform, silicon on insulator (SOI), due to its relative maturity and compatibility with

existing devices and foundries. A typical SOI wafer consists of a silicon substrate, a buried

7



oxide layer (BOX) and a silicon layer. After the devices are defined, a cladding oxide may
be deposited to provide increased robustness and environmental isolation. Furthermore,
the SOI platform has a higher level of integration due to a high index contrast between
the core and cladding on silicon waveguides. However, the SOI platform exhibits higher
losses at telecom wavelengths; has an indirect band-gap, meaning carrier injection is
difficult and light-sources in silicon are not very feasible; and at higher optical intensities,
two-photon absorption occurs, which hinders non-linear applications [4]. For long-haul
applications, indium phosphide (InP) has been the platform of choice due to the ability
to integrate lasers and other active devices into photonic integrated circuits. Some of the
highest degree of photonic integration has been demonstrated in InP, such as the 500 Gb/s
transmitter PIC shown in Figure 2-1 which integrates over 400 functions [18]. Silicon
photonics remains relevant due to its compatibility with the CMOS process and cheap
materials, which akin to integrated electronics, is poised to enable cost-effective solutions.
Because the SOI platform has a high index contrast, it often requires features with sizes

on the order of only 10s or 100s of nanometers, which is limited by the fabrication process.

TE

(a) (b)

Figure 2-1: (a) Schematic of an integrated 500 Gb/s transmitter PIC on the InP platform
consisting of power monitors (PM), distributed feedback lasers (DFB), nested Mach-
Zehnder modulators (MZM), arrayed waveguide (AWG) multiplexers, a polarization ro-
tator (Rot), and a polarization beam combiner (PBC); (b) micrograph of chip showing
active block (PMs, DFBs, and MZMs) [18].



2.2 Fabrication

When integrated circuits (ICs) are fabricated, features are defined using photolithogra-
phy, in which light passes through a mask to expose patterns on a light-sensitive resist,
before etching the features into the desired layer. However, the minimum feature size
is limited by the wavelength of the incident light, as such, the microelectronics industry
has moved from mercury lamps, with wavelengths around 400 nm, to excimer lasers (248
nm for KrF, 193 nm for ArF lasers) for deep UV lithography (DUV). Use of resolution
enhancing techniques, such as immersion lithography, in which the light travels through
a series of lenses followed by a liquid medium with a larger refractive index than air, has
pushed 193 nm lithography to enable CMOS microelectronics on the 16 nm technology
nodes [19]. However, in MPW silicon photonics fabrication, there is an approximate 5
times increase in cost per mm? between 0.18 pm and 90 nm CMOS technology nodes
and the chip area of advanced technology nodes is not efficiently used because photonic
devices are typically much larger than integrated electronics [12]. Table 2.1 compares
three commercially available MPW fabrication services for silicon photonics R&D using
DUV lithography. While silicon photonics fabrication using the CMOS technology plat-
form offers a mature process with high reproducibility and efficient scale-up to higher
volumes, it is limited to feature sizes on the order of a few hundred nanometers, as such

many silicon photonic chips are prototyped using electron-beam lithography.

In electron-beam lithography (EBL), the pattern is written directly into an electron-
sensitive resist using a focused electron beam, making it a maskless process. Elec-
trons have wavelengths determined by their momentum which can be estimated from

the acceleration voltage in an electron-beam system (ignoring relativistic effects) by

AR \/ 1.5/(acceleration voltage) [20]. Thus for an EBL system with a 100 kV acceleration
voltage, an electron wavelength of ~3.8 pm is present, making EBL an extremely precise

tool for nanofabrication; typical EBL resolutions are on the order of 10s of nanometers
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Table 2.1: Comparison of MPW foundries for active silicon photonics [12].

IME/OpSIS IMEC/ePIXfab CEA-LETI/
ePIXfab
Passives Si passives with Si passives with Si passives with
60nm, 130 nm and 70nm, 130 nm and 70nm, 130 nm and
220 nm etch depths | 220 nm etch depths, [ 220 nm etch depths
extra poly-Si layer
Photodetector Ge vertical pin Ge vertical pin Ge lateral pin
Modulator SiMZ, Siring Si MZ, Siring SiMZ
Heater' doped Si doped Si -
Couplers Vertical and edge Vertical Vertical
Wavelength 1310 and 1550 nm 1310 and 1550 nm 1550 nm
Supported’
CAD Tools Mentor Graphics/ Mentor Graphics/ Mentor Graphics/
Lumerical IPKISS/Phoenix Phoenix
Packaging PLC Connections/ Tyndall National Tyndall National
Chiral Institute Institute
Pricing’ $1800 - 2200 $1330 - 1550 $1400 — 2500
USD/mm’ EUR/mm’ EUR/mm’

or less. Due to the direct-write nature of EBL, throughput is much lower than DUV
fabrication and it is typically used in silicon photonics for research prototypes and mask

production for DUV systems [21].

2.3 Waveguides

Optical waveguides are an essential component in any optical system and provide means
of confining light. The same principles are used for optical transmission in everything
from fibre optic cables thousands of kilometres long to intra-chip connections in integrated
photonics that are only micrometers in length. Waveguides operate on the principle of
total internal reflection (TIR), in which a critical angle, 0. , exists for light propagating
from a medium with a higher refractive index, n; , to a lower index medium, ns .
Beyond 0. , the light is reflected at the interface, as shown in Figure 2-2. In optical
waveguides, a higher index medium, known as the core, is surrounded by lower index
media, know as cladding; light is confined to the core by TIR. Optical confinement can

be in one dimension, forming a planar waveguide, or in two dimensions, forming a channel
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waveguide. The refractive index profile in waveguides can be a step between the core and
cladding, as in the SOI platform, providing a strong index contrast between silicon and
silica, or a graded index profile, such as in multimode optical fibres in order to reduce

modal dispersion [22].

Figure 2-2: Total internal reflection occurs when incident angle is greater than the critical
angle.

In silicon photonics, channel waveguides are used with step index profiles and ben-
efit from the high index contrast between silica and silicon. Figure 2-3 shows common
channel waveguide configurations that may be used in integrated photonics. Because the
waveguides we use in our devices have a cladding oxide layer, they are most similar to
Figure 2-3 (a). A cross-section of the waveguides used in our devices is show in Figure
2-4 (a). Light is guided in the 220 nm-thick silicon core (n; =~ 3.5) and confinement
is provided by a 2 um-thick buried oxide layer and a 2 pm-thick cladding oxide layer
(n, ~ 1.45).

Figure 2-4 (b) shows the relative mode intensity distribution in a buried channel
waveguide for the fundamental transverse-electric (TE)-like mode at a wavelength of
1550 nm, in which there is very little electric field in the direction of propagation. We
use the term "TE-like" for rectangular waveguides to differentiate it from a true TE mode

in a planar waveguide. The results are simulated using a commercially-available mode-
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Figure 2-3: Common types of channel waveguides; (a) buried channel waveguide, (b)
strip-loaded waveguide, (c) strip waveguide, (d) rib waveguide. n; is the core, ny is the
cladding and n; > ny [23].

W, 220nm 5 ™
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Figure 2-4: (a) Schematic of waveguide cross section used in our devices. (b) intensity

profile for the first TE-like mode simulated using Lumerical MODE at a wavelength of
1550 nm.

solver (Lumerical MODE) on a waveguide with the same cross-section as the ones used
in our devices. When discussing the refractive index in waveguides, it is important to
understand that the bulk (or material) indices of silicon and silica are related to the phase

velocities of the electromagnetic waves and are wavelength and temperature dependent,
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with values of ~3.47 and ~1.45 at 1550 nm and room temperature (297 K), respectively
[24,25]. It is noted that in Figure 2-4 (b), while most of the mode is confined to the center
of the core, some of it penetrates into the cladding layers, which changes the refractive
index of the waveguide, as such, the effective index for the waveguide, neys, is related to
the propagation constant, (3, of the waveguide by ness = cf3/w, where w is the angular
frequency, and c is the speed of light in a vacuum. The effective index in a waveguide
has contributions from both the bulk indices of the core and cladding materials and the
dimensions and geometry of the waveguide. In fact, the effective index must lie somewhere
between the material indices of silicon and silica (i.e. Ny < Negr < My). Furthermore,
like the bulk refractive index, n.¢s is dependent on temperature and wavelength. In
devices designed for WDM applications on the telecomm C-band (1530 nm to 1565 nm in
wavelength), such as the ones we investigate, it is important to understand the dispersive
properties of the effective index. Figure 2-5 (a) shows the effective index as a function
of a wavelength for the aforementioned 220 nm-thick SOI buried channel waveguides at
two widths, 460 nm (red) and 500 nm (blue), as calculated using Lumerical MODE. As
the wavelength is increased, a decrease in the effective index is observed, as is the case
in the bulk indices of silicon and silica. As the width is decreased, more of the mode is
contained in the lower-index cladding layers and the effective index is decreased. While
the refractive index is related to the phase velocity of the electromagnetic wave, the group
index, ng, is related to the group velocity and can be defined in terms of wavelength by
. Because WDM optical devices operate over a range of wavelengths, the group index is
an important design parameter. Figure 2-5 (b) shows the group index of 220 nm-thick

SOI waveguides with widths of 500 nm and 460 nm.

The waveguide thickness and width are chosen to support only the fundamental
TE-like mode. If the waveguide dimensions are large enough they support higher-order
modes; the modes travel at different speeds, have their own group indices, and will

arrive at different times —a phenomenon known as intermodal dispersion (see Figure
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Figure 2-5: Dispersive (a) effective indices and (b) group indicies of 220 nm-thick buried
channel SOI waveguides simulated using Lumerical mode at two waveguide widths (500
nm and 460 nm).

2-6). Furthermore, not all components can support higher-order modes, resulting in
mode-dependent losses in optical circuits. For this reason, we want to use single-mode

waveguides in our devices that are 500 nm wide and 220 nm thick.

higher-order mode

lower-order mode

Figure 2-6: Concept of modal dispersion; the higher-order mode has to travel further
than the lower-order mode and results in a delayed arrival time.

Whether or not modes are supported is determined by the cutoff conditions of a
waveguide. For a waveguide with a fixed height, geometry, and materials, the supported
modes are dependent on the waveguide width and wavelength. Figure 2-7 shows the
phase space for the two lowest TE and TM modes. In order to support only one TE or

TM mode, a waveguide width of 500 nm is selected. By being near, but below, the TE,
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cutoff, the waveguide has single-mode operation with lower losses than for a narrower

waveguide.
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Figure 2-7: Supported modes in a 226 nm-thick rectangular silicon waveguide on a 1

pum-thick silica layer without an oxide cladding [26]. The blue strip is added to show
wavelengths that are near or in the telecom C-band.

Optical attenuation in waveguides is critical performance parameter that may de-
termine the application of a waveguide. Optical fibers must have extremely low losses in
order to maximize the distance between optical amplifiers or repeaters; a typical single-
mode optical fibre, Corning SMF-28 ultra, has a propagation loss < 0.18 dB/km [27].
Part of what allows silica optical fibres, such as SMF-28, to have such low attenuation
is that the refractive index in the core and cladding is very similar. In silicon nanowires,
such as the ones detailed in this thesis, strong optical confinement is essential to op-
tical integration but the high index contrast between silicon and silica introduces high
losses. Silicon photonic waveguides, 220 nm-thick, typically have losses on the order of
3.5 dB/cm [28,29]. There are different attenuation mechanisms in optical waveguides:
absorption from waveguide materials (intrinsic) and impurities (extrinsic); waveguide
imperfections, such as scattering from small fluctuations in refractive index; and scatter-
ing from sidewall roughness. The dominant loss in silicon waveguides is due to sidewall

roughness from the etching process. In Figure 2-4 (b), some of the mode profile exists
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outside the waveguide core and penetrates into the cladding, for this reason, sidewall
roughness at the interface is detrimental to waveguide performance. Furthermore, when
the waveguides are bent, the waveguide mode is pushed to the outside edge of the bend
and more losses are present as more of the mode is scattered by the sidewall roughness.
Figure 2-8 shows an SEM image of silicon nanowire waveguides —on an image at this

scale, sidewall roughness becomes highly visible [30].

Figure 2-8: SEM micrograph of rectangular silicon waveguides showing sidewall roughness
[30]

2.4 Waveguide Couplers

Couplers serve the role of splitting or directing light into multiple paths and are a key
component of PICs. For example, in interferometric circuits, light is split into two paths
and recombined to produce an interference pattern —a task that can only be accomplished
using optical couplers. There are a number of types of couplers, such as co-directional
couplers, in which a forward propagating mode is coupled into a parallel waveguide,
which may be used to split light with into two paths with a specified coupling ratio
or, as shown in Figure 2-9, function as an optical switch. Contra-directional couplers

use a strong perturbation on the propagation constant, such as a periodic corrugation
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known as a Bragg grating, to couple light from a forward propagating mode to a backward
propagating mode in the same or a parallel waveguide. The theory behind Bragg gratings

is detailed in section 2.6.

AN N =

\ 7 ~N

(@) (b)

Figure 2-9: Co-directional coupler acting as a 2x2 optical switch in (a) cross state and
(b) bar state [23].

While directional couplers offer design flexibility and can be modelled analytically
using coupled-mode theory, they exhibit a strong wavelength and temperature depen-
dence. Y-branches offer a compact and low loss alternative to directional couplers for
50/50 power splitting, but unlike other couplers, Y-branches are only able to be config-
ured as a three-port device, i.e. a combiner or a splitter. The Y-branches used in our
devices are from Zhang et al and have a footprint of only 1.2 pm 2 um and are reported
to have an insertion loss of ~0.3 dB [31]. The electric field distribution, as simulated
using finite-difference time-domain (FDTD) method, is shown in Figure 2-10. Due to
their compact size, Y-branches are particularly useful for designing test structures for in-
tegrated photonic devices that operate in reflection. In bulk and fibre configurations, an
optical circulator is used to separate input and reflected light, but there is no compatible
magneto-optic material to enable this application on-chip [32|. Figure 2-11 compares an
optical circulator-based configuration with a Y-branch for measuring devices in reflec-
tion. However, since the Y-branch splits the optical power 50/50 out of each port, an

additional 3 dB loss is present at the reflection output port.

Multimode interference (MMI) devices provide means to create integrated NxM
couplers. MMI couplers are based on the self-imaging principle in a multimode waveguide

in which for a given width, there are periodic intervals where the input field profile is
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Figure 2-10: FDTD simulation of compact Y-branch showing electric field distribution
in a 50/50 power splitting application [31].

Transmission Transmission
(mirror loss) (mirror loss)
PRI

Y-branch (50/50)

' ' Reflection
Input : : (output) Refgeggon
——— — -
C@r ' ‘ ‘ .
Input Reflection
-3 dB (output)

(a) (b)

Figure 2-11: Configurations for reflection-based devices: (a) optical circulator and (b)
Y-Branch splitter.

reproduced in single or multiple copies [33]. In interferometer applications where 50/50
splitting is desired, an MMI coupler can be designed such that the input electric field
profile is duplicated at the outputs. A schematic of the 2x2 MMI couplers used in the
devices in this thesis is shown in Figure 2-12. The core of the MMI coupler is a multimode
waveguide that is 6 pm-wide and 128 pum -long, such that a coupling ratio of 50:50 is
achieved. The MMI coupler has input and output waveguides tapered from 500 nm to 1.5

um over a length of 20 um in order to convert the mode field diameter to the multimode
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waveguide and has 20 um-long S-bends in order to separate the arms and thereby avoid

coupling.

128 pm

20 pm

Figure 2-12: Schematic of a 2x2 MMI coupler used in our devices with multimode
waveguide and taper dimensions labelled

2.5 Vertical Grating Couplers

Perhaps the most performance hindering metric of any silicon PIC is the insertion loss (IL)
present when coupling to or from optical fibers to silicon waveguides. This is attributed
to the difference in the mode field diameter (MFD) between an optical fiber (MFD ~10
um) and the waveguide (MFD < 1um); optical power contained in the larger mode is not
effectively coupled into the waveguide and a coupling structure is required to reduce the
MFD to the appropriate size. Furthermore, waveguide structures are highly birefringent
and the state of polarization (SOP) in optical fibers is random which means that the
IL may be increased if polarization compensation is not used. The two most common
methods for coupling to PICs are edge coupling with tapered optical fibers and vertical

coupling with grating structures.

Edge coupling requires a gradual change in refractive index from that of the silicon
waveguide structure that of the silica optical fiber. An example of a low loss structure
for edge coupling at telecomm wavelengths is a 500 nm wide and 220 nm thick silicon
nanowire waveguide that is slowly tapered down to 80 nm. A 3.5 wm-thick oxide layer is
then deposited and partially etched to form a rib waveguide in silica with a MFD similar
to the lensed optical fiber, as shown in Figure 2-13. With this configuration, in-plane

coupling can be achieved with losses ~1 dB over the entire datacomm and telecomm
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bands. However, the coupling edge must be polished, lensed fibers are not cheap, and
testing is difficult because coupling can only occur at device edges and requires a high

level of alignment precision [34].

Figure 2-13: Typical edge coupling configuration. Coupling losses are reduced by "squeez-
ing" the mode of the fibre to fit the silicon waveguide using a lens and a tapered waveg-
uide [34].

Conversely, vertical grating couplers (VGC) provide out-of-plane coupling that al-
lows for inputs and outputs to be placed virtually anywhere on the PIC which enables
more complex designs and significantly reduces testing costs through wafer-scale auto-
mated measurement. However, this is at the cost of bandwidth sensitivity, acceptance of
only one polarization, and higher IL than edge couplers, mainly due to back-reflections.
VGCs have an adiabatic taper from the fiber core diameter to the waveguide width with
the grating placed at the wide end of the taper that couples the light from the fiber to the
guided mode in silicon waveguide. When coupling to PICs, it often makes more sense to
have vertical grating couplers [35]. In our device we utilize a fully-etched sub-wavelength
VGC design from Y. Wang et al that has a reported insertion loss of ~4 dB as shown in
Figure 2-14 (b) [36]. However due to the small feature size, this grating coupler is only

able to be used in our devices if they are fabricated by Electron-beam writing.
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Figure 2-14: (a) SEM image and (b) insertion loss of a sub-wavelength VGC from Y.
Wang et al used in our E-beam photonic devices [36].

2.6 Waveguide Bragg Gratings

Grating waveguide couplers utilize a periodic refractive index modulation to couple light
from forward to backward propagating modes. The modulation may be achieved through
changes in the refractive index of the material, or through structural corrugations in the
waveguide. Bragg gratings are a resonant structure that interfere constructively at some
wavelengths and destructively at others, effectively making the structure a wavelength-
dependent mirror. In optical fibres, exposure to UV light causes an irreversible change in
the fibre index and a periodic exposure can be used to make fibre Bragg gratings (FBGs)

which have found many applications in communications and sensing [37].

Bragg gratings integrated into SOI waveguides have been demonstrated since 2001
[38]. As shown in Figure 2-15, index modulation in integrated photonics can be achieved
through (a) ion implantation [39,40]; (b) periodic, full- or partial-etching of the top
of the waveguide [38,41]; and (c) through etching sidewall corrugations [42]. Sidewall

corrugation is the method of choice for integrated Bragg gratings due to the simplicity
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(single-etch) in the fabrication process and control over the corrugation depth. Many
devices have been demonstrated using sidewall Bragg gratings, such as bandpass filters,

chirped microwave pulse generators, and optical add-drop multiplexers (OADM) [43-45].

(a) (b) (c)

Figure 2-15: Types of integrated waveguide gratings: (a) localized material index change
from ion implantation; (b) top full-etched gratings —can also be partially etched in order
to reduce the index contrast between the grating segments; (c¢) sidewall Bragg gratings,
such as the ones detailed in this thesis.

A waveguide Bragg grating is a contra-directional coupler that operates in a single
waveguide and couples a forward propagating mode with 3, to a backward propagating

mode with By; the difference in the propagation constants is:

AR =Pb — Pa (2.1)

In the case of a Bragg grating, at the central wavelength of the grating response, we
must have the forward and backward propagating modes matched in phase, as such, the

propagation constant, (3, must satisfy:

B = Ba = _Bb (2'2)

Following 23], the perturbation has a wavenumber, K = 27t/A where A is the grating
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period that must satisfy the Bragg condition for phase matching, defined as:

Bo = a5 (23)

where q is an integer representing the order of Bragg grating; in our devices, we
use a first-order grating (q = 1). The wavelength at the Bragg grating reflection peak,

known as the Bragg wavelength, Ag is determined from the Bragg propagation constant:

Nerff

Pe

Ap = 27 (2.4)

where Nig¢r is the average waveguide effective index of the grating. The grating pitch

required for a given wavelength is:

Ag
A =
9 2Merr

(2.5)

Graphically, the Bragg wavelength, Ag, for the gratings used in our devices is de-
termined using equation 2.5 and is shown below in Figure 2-16 The grating is designed
to have a 20 nm corrugation depth and as waveguides have with widths of 500 and 460
nm, simulated in Lumerical MODE as per Figure 2-5 (a); the grating period, A, is 320.5
nm. Using the average effective index of 500 and 460 nm waveguides, the phase match-
ing condition for the selected grating pitch is shown as the intersection of the average
effective index and . The Bragg wavelength is determined to be 1545.8 nm —a value
chosen because it lies within the telecom C-band. It is noted that a longer grating period
increases the Bragg wavelength, e.g. a grating period of 321.5 nm has a Bragg wavelength

of 1548.6 nm.

The 500 nm-wide waveguide has a higher effective index (Mefr, = 2.443) than the

thinner waveguide (Mg, = 2.377) and the index difference at the Bragg wavelength is:
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Determining Bragg Wavelength in a 220 nm-thick SOl Waveguide Grating
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Figure 2-16: The Bragg wavelength is determined graphically to be 1545.8 nm using the
average effective index and a Bragg period of 320.5 nm; if a period of 321.5 nm is used,
the Bragg wavelength is 1548.6 nm. Phase matching occurs at the intersection, as such,
the wavelength at the intersection corresponds to the center wavelength of Bragg grating
reflection band.

ANegr = Negr, — Nerr, = 2.443 —2.377 = 0.066. The complex reflection coefficient of the

Bragg grating is calculated using the following equation [23]:

iKpq sinh o1
_ 2.6
T ¢ cosh &l + 10 sinh a1 (2:6)

where 1 is the length of the grating coupler and

Xe =\ KabKpa — 52 (27)

The phase detuning is given by

K
6:—B+q§ (28)

The reflection coefficient is maximized when & = 0 which occurs at (Ag) = Ps.

As the wavelength is shifted away from the Bragg wavelength, the reflection coefficient
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changes accordingly.

Figure 2-17 shows a schematic of the sidewall-etched Bragg gratings we use in our
devices. The perturbation is a periodic change in the effective index, Ane¢s, between the
wide and narrow segments of the grating. A 20 nm corrugation depth is selected which

translates to 460 nm-wide narrow segments of the Bragg grating.
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Figure 2-17: Schematic of sidewall Bragg gratings used in our devices.

The reflection coefficient at each interface in the grating is given by the Fresnel

equation for normal incidence:

ANt
Thorm — (29)
Neff, T Metf,

Recalling that Tc¢r is the average effective index of the grating, if the grating has a
duty cycle of 0.5, then Negr = 0.5(MNepr, + Nerr,) and Thorm ~ ANers/2Merr. The coupling
coefficient is a measure of the complex reflection per unit length and each grating period

experiences two reflections, the coupling coefficient can be estimated as:

(2.10)




Using the values previously determined for our grating, the coupling coefficient at

the Bragg wavelength, ~1546 nm, is estimated:

. 2Aneff|;\8 . 2 -0.066

_ _ — 0.0854pum ™! 2.11
I Ao odopm oAk (2.11)

The peak reflectance of a Bragg grating occurs when phased-matched, such that

& =0, making o, = k from equations 2.6, and 2.7 can be expressed as:

Rpeax = |1 tanh a2 = tanh? k1 (2.12)

The peak grating reflectance can also be expressed in terms of number of grating
periods, N = L/A, as:
Rpea = tanh® (K|, NA) (2.13)

Using a value of N = 50, the peak reflectance is calculated to be 77%, with N = 100
and 200, the peak reflectances are 98% and 99.99%, respectively. A similar process may
be repeated for different corrugation depths which changes the coupling coefficient, and
thereby the peak reflectance —however, this also affects the grating bandwidth. A general
expression for the full-width half-maximum (FWHM) bandwidth of a uniform grating is

given by [46]:

Mewii = ABS\/ (A“e”)Q + (%)2 (2.14)

2Merr

Where S = 1 for gratings with R ~ 100% and S =~ 0.5 for weak gratings.

We see that the bandwidth of the grating increases for low number of periods and
higher index difference (i.e. deeper corrugation depth and higher coupling coefficient).
Using these simple equations, we can get an intuitive picture of how the reflectance and
bandwidth of gratings can be tuned by the coupling coefficient and number of periods.

However, a more thorough analysis is possible, if modelling techniques are used.
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2.7 Bragg Grating Simulation

The transfer matrix method can be used to model the complex transmission and reflection
coefficients of a Bragg grating [47]. In the case of sidewall-etched waveguide Bragg
gratings, the structure is deconstructed into a series of interfaces and films, as shown
in Figure 2-18, where E; and E, are the electric fields propagating in Megs, and negy,,

respectively. The fields E] and E/ are propagating in the opposite direction.

=L A2
—I | O
E, | E, 1E, E, |
E, 1E, IE, P E,I
Ny | Neg s | |
(2) ®)

Figure 2-18: The transfer matrix method decomposes the grating into segments and cal-
culates the complex reflection and transmission coefficients of individual (a) Neg, /Mefr,
interfaces and (b) Negg, Or Negr, films A/2—thick.

As in equation 2.9, we calculate the reflection coefficient using the Fresnel equations:

Meff, — Neff
n=—>—" and T =

MNerr, — Nerr
e = relhz (2.15)
Nefs, + Nerfy Nerf, + MNetr,

Similarly, the transmission coefficients can be calculated:

= — and gy = e (2.16)

Merf, + MNetr, Neff, T Metf,

Using equations 2.15 and 2.16, we are able to construct matrices, I; and I, to relate
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the electric field inputs to outputs across an interface:

1 1
I =— andl, = o : such that =1 (2.17)

The propagating region, or film, is represented in matricesP; and P, which each have

their own propagation constant, ; and (3o, where = 27tness/A.

e 0 S T, E,
P, = i and Py = on | such that =P, (2.18)
0 0 o B |E

After defining the transfer characteristics of the interfaces and films, we simply
multiply all the matrices in the order they appear along the grating to arrive at the

transfer matrix, H as shown below in Figure 2-19.

=20 nm
°°°° S 500 nm 460 nm —

A =320.5 nm

Mottt | Nefr2 | NMefr1 | Nerz | Mot || Nefr2 | ===

H=1P,PI1P,PILP,

172" 2°1 1720 2°1°°°

Figure 2-19: The transfer matrix method illustrated for a Bragg grating: the interfaces
and films are multiplied along the grating.

The transfer matrix is applied in the following way:

H where,H = (2.19)
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Once the transfer matrix is computed, it is easy to determine the complex reflection

and transmission coefficients of the Bragg grating using the transfer matrix elements:

T=— and t=_— 2.20
Hiy Hyy ( )

Figure 2-20 (a) shows the reflectance and (b) shows the phase response of gratings
with 50, 100, and 200 periods in length, 20 nm corrugation depth, and a grating period
of 320.5 nm. As expected from Figure 2.16, the central wavelength is ~1546 nm and
peak reflectances of 77.74%, 98.34%, and 99.99% are computed for 50, 100, and 200
periods, respectively; the values are in agreement with those calculated using equation
2.13. As shown in equation 2.14, we expect the bandwidth of the gratings to decrease
with increased grating length and is approximately 15 nm. For DWDM applications
with 100 GHz channel spacing, each channel is spaced ~0.8 nm apart, as such, the Bragg

gratings can accommodate ~18 channels.

2.8 Sidewall-Shifted Bragg Gratings

As shown in Figure 2-20, if the amount of grating periods is reduced the reflectance is
also lowered. From equation 2.13, we see the peak reflectance is not only dependent on
the number of grating periods, but on the coupling coefficient. Previously, in equation
2.10, the coupling coefficient was estimated using the reflection at film interfaces with
the effective waveguide indices of the grating segments. Thus, in order to lower the cou-
pling coefficient, we can reduce the corrugation depth, and thereby, the effective index
difference between the grating segments. However, in equation 2.14 we see that a smaller
corrugation depth will also decrease the bandwidth. For our devices, the corrugation
depth is fixed at 20 nm in order to reduce the number of parameter variations. Fur-

thermore, at 20 nm the feature size is already very small and decreasing the corrugation
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Figure 2-20: (a) Bragg grating reflectance for sidewall-etched waveguide Bragg gratings
with 20 nm corrugation depth and 320.5 nm grating period simulated using transfer
matrix method. Dispersive effective indices are simulated using Lumerical MODE —the
grating reflectance can be lowered by reducing the number of periods; (b) grating phase
is zero at the Bragg wavelength and the strong grating (200 periods) experiences a 27
rad phase shift over the grating bandwidth.

depth further could increase fabrication inconsistencies.

Due to the grating sensitivity to silicon thickness, smoothening of the sidewall cor-
rugations in lithography, and quantization errors in the shot-pitch in electron-beam fab-
rication, a recently demonstrated strategy to precisely control the coupling coefficient
is to shift one sidewall relative to the other by a fraction of the grating period [48]. A
scale diagram of the sidewall-shifted Bragg gratings used in our devices is shown below

in Figure 2-21.
As one sidewall is shifted, the coupling coefficient is reduced due to destructive
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Figure 2-21: Segment of a sidewall-shifted Bragg grating used in our devices.

interference until there is no effective grating at a shift of one half the grating period (i.e.
A/2) and it operates as a waveguide. The grating shift is described as a parameter out
of 20: at 0/20, there is no grating shift and we have a uniform grating, while at 20/20,
the grating is shifted to A/2 and the reflectance should go to zero. Figure 2.22 shows the
electric field distribution from FDTD simulations of a sidewall-shifted grating with (a)
0/20 shift and (b) 20/20 shift [48]. Sidewall-shifted gratings will also be implemented in
our devices as an alternative means to control the grating reflectance and provide further
control over device parameters. Figure 2-22 (c¢) shows SEM images of sidewall-shifted

gratings fabricated using the same E-Beam process as our devices [48].

2.9 Summary

This chapter provided background information on silicon photonics necessary to under-
stand the photonic devices detailed in this thesis. The building blocks for silicon photonic
devices and circuits are also introduced, such as waveguides, couplers, and Bragg grat-
ings. As silicon photonics matures, designs from process development kits and research
prototypes enable a modular approach composed of key photonic components; the ones
relevant to our devices are outlined in this chapter. Section 2.1 introduced integrated
photonics platforms and explains the choice of the SOI platform. Fabrication tools for
silicon photonics Deep-UV lithography and electron beam lithography are introduced and
compared in Section 2.2. The wires of silicon photonics, waveguides, are introduced in

section 2.3 and the concepts of guiding light; material, effective and group indices; optical
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Figure 2-22: Electric field distribution from FDTD simulations: (a) uniform grating
and (b) sidewall-shift of half the grating period (shift parameter of 20,/20), resulting in
complete destructive interference; (¢) SEM images of sidewall-shifted Bragg gratings with
various offsets , AL [48].

modes and effect of waveguide geometry; and optical attenuation in silicon waveguides
are detailed. Section 2.4 outlined SOI waveguide couplers and provides information on
the Y-branches and multimode interference couplers used in our devices. Low fibre cou-
pling losses is essential to on-chip device performance, as such, Section 2.5 compared two

common optical fibre coupling methods: edge coupling and vertical grating couplers. Due
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to relaxed coupling tolerances, quicker alignment and testing, and the ability to place
them anywhere on the chip, we use vertical grating couplers for the devices detailed in
this thesis. Section 2.6 introduced waveguide Bragg gratings and provided background
theory on grating design, while section 2.7 detailed Bragg grating simulation using the
transfer matrix method and presented simulation results for gratings typical of the ones
used in our devices. Finally, section 2.8 introduced an alternative means for controlling
the coupling coefficient of sidewall corrugation waveguide Bragg gratings by shifting one

sidewall to induce destructive interference in the grating.
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Chapter 3

(Gires-Tournois Interferometers in SOI

This chapter presents simulation and experimental results of an integrated GTI on the
SOI platform based on sidewall corrugated waveguide Bragg gratings. The GTT is intro-
duced in section 3.1 and section 3.2 provides background on the design of our GTIs as
well as the different configurations that are employed. In section 3.3, simulation results
of the GT1Is are presented and the effects of design parameters are discussed. Fabrication
of the devices and the experimental setup used for device characterization is detailed in
section 3.4. Measurement results are presented in section 3.5 and are discussed and com-
pared with simulation results. Section 3.6 concludes the chapter on GTIs and provides

recommendations for future designs.

3.1 Introduction to Gires-Tournois Interferometers

The GTTI is a Fabry-Perot cavity with one mirror of low reflectance, R;, and another
mirror of ~100% reflectance, Ry. The original design proposed by in 1964 by Francois
Gires and Pierre Tournois consists of a transparent plate with two reflecting surfaces, as

shown in Figure 3-1 [49].
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Figure 3-1: Original ray-diagram for a GTI: for a fixed wavelength, the complex amplitude
of a plane wave, \, has a phase-shift that varies periodically with respect to the incidence
angle, 0, over a period determined by the plate thickness, e [49].

The reflected plane wave is given by [49]:

ot et _ 2encos©
11) cett = Telwé et and 6= f (31)
where 1 is the complex amplitude of the reflected plane wave, w is the angular
frequency of the plane wave, 1 is the reflection coefficient of the air to plate interface (if
r is real, then |r| = v/R), and e is the plate thickness (as shown in Figure 3-1), 0 is the

incident angle of light on the plate, n is the refractive index of the plate, and c is the

speed of light in a vacuum.

If the angle of incidence of the light is fixed, the complex reflection coefficient of the
GTTI is periodic with respect to the wavelength. Figure 3-2 shows the real and imaginary
components of the complex reflection coefficient a GTI with normal incidence for front-
mirrors with reflectances of (a) 5.5% and (b) 50% (assumed to be real and non-dispersive)
and an index of 2.443 —the previously determined effective index of a 500 nm x 220 nm

SOI waveguide around 1546 nm.

The GTI reflectance is given by Rgt1 = [rg11/? . In the ideal, lossless, case, GTIs
exhibit 100% reflectance across all wavelengths and the device acts as a phase-dispersive

mirror. Between each resonance peak a 27t phase-shift occurs. By changing the re-
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Figure 3-2: Complex reflection coefficient of an ideal GTI with 50 GHz FSR, refractive
index of 2.443, and front-mirror reflectances of (a) 5.5% and (b) 50%.

flectance of the front-mirror, the phase, and thereby, the group delay can be controlled.
GTIs in free-space configurations have been demonstrated and find use in femtosec-
ond pulse compression [50]. Fibre-based GTIs were later demonstrated for dispersion
and dispersion-slope compensation in wavelength-division multiplexing (WDM) applica-

tions [51]. A schematic of free-space and fibre-optic GTIs are shown in Figure 3-3.

An integrated configuration of a GTI on the SOI platform has also been demon-
strated in a multimode waveguide using a cleaved facet for the low-reflectance mirror
and a deep-etched grating for the high-reflectance mirror, as shown in Figure 3-4 (a).
The device exhibits the desired phase-response, but the losses are too high for practical
use in dispersion compensation applications, as such, the authors suggest the SOI GTI
could be used in an Michelson-GTIT (MGTI) for channel interleaving applications [53].
The measured reflectance is shown in Figure 3-4 (b). The losses at the resonance peaks

are due to a combination of coupling losses, propagation loss, and polarization dependent

losses (PDL).

In the configuration shown in Figure 3-4 (a), a cleaved facet for the low-reflectance
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Figure 3-3: (a) Bulk optic GTI with R1 < 100%, (b) GTI formed by uniform fibre Bragg
gratings, (c) GTI formed by overlapping chirped fibre Bragg gratings [52].
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Figure 3-4: Measured 100 GHz SOI-GTT reflectance from St. Gelais et al. There are
wavelength-dependent losses of ~ 13 dB at the resonance peaks due to coupling losses,

propagation loss, and PDL [53].
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mirror of a GTI enables broadband reflectance of ~55% [53|. However, the cleaved facet
would require an MGTI to be configured off-chip and the use of a multimode waveguide
for the GT1 cavity further reduces the ability integrate the device into PICs. In order to
create a G'TI that can be used in PICs, a new integrated solution based on single-mode

waveguides is required.

3.2 Gires-Tournois Interferometer Design

We demonstrate a novel GTI design based on integrated sidewall Bragg-gratings in a
single-mode waveguide. The grating parameters can be selected to achieve the desired
reflectances of both mirrors in the GTI. The single-mode strip waveguides enables integra-
tion into PICs and facilitates the use of previously designed silicon photonic components,
such as vertical grating couplers (VGCs) and Y-Branches. Our GTI has an approxi-
mate footprint of 0.28 mm x 1 mm for a device with 50 GHz free spectral range (FSR).
VGCs are used for fibre-coupling to the chip and have relaxed alignment tolerances and
quicker testing than edge-coupled devices [54]|. This design allows for compact, on-chip,
integration into a MGTI configuration leveraged by components on the SOI platform.
Furthermore, by using Bragg gratings for mirrors, non-uniform grating profiles, such as
chirped, sampled, or apodized gratings, could be implemented in future devices to re-
duce phase noise, tune the spectral and dispersion profiles, and enable advanced design

flexibility over existing GTT and MGTTI configurations [32].

When a Bragg grating with high reflectance and another with low reflectance are
separated by section of waveguide, a GTT is formed. A schematic of our SOI GTI is
shown below in Figure 3-5. The following expression is used to determine the complex

GTTI reflection coefficient [53]:
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where 3 = 27mn.¢¢/A is the propagation constant of the waveguide, dgr; is the
cavity spacing, Y = exp (—20,gdgr) is the the propagation loss for one round trip, g
is the attenuation coefficient of the silicon waveguide, rg = r; is the complex reflection
coefficient of the front-grating, to = t; is the transmission coefficient through the front-
grating, and 15 is the reflection coefficient of the back-grating. The cavity length of
the GTI, dgry, determines the free spectral range (FSR) and the strength of the low
reflectance grating determines the finesse, and thereby the extinction ratio. In order to
function as an interleaver, the GTI FSR must be the same as the channel spacing of
the frequency interleaved signal (e.g. 50 GHz). Additionally, in order to obtain box-like
passbands in the interleaver response, the reflectances of the front-gratings of the GTI

must different, thus control over the grating reflectance is critical to our design.

Rx VGC Low-R WBG .
(Output) 705.27 pum GTI cavity
Input VGC
High-R WBG
Tx VGC Y-Branch 600 periods

Figure 3-5: Schematic of GTI in SOI based on sidewall corrugated Bragg gratings.

As discussed in sections 2.7 and 2.8, we use two methods to control the reflectance
of our gratings: changing the number of grating periods and offsetting the sidewall cor-
rugations by a fraction of the grating period —both configurations are used in our GTI

designs and are compared with each other and simulation results.
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3.3 Gires-Tournois Interferometer Simulation

In order to simulate our grating-based GTI, the reflection and transmission coefficients of
the Bragg gratings are determined using the transfer matrix method, as detailed in section
2.7 and inserted into equation 3.2 along with the dispersive effective index computed using
Lumerical MODE and a waveguide propagation loss of 3 dB/cm —a value typical for the
electron beam process used [28]. Figure 3-6 shows simulation results of the complex
GTT reflection coefficient when gratings are used instead of ideal mirrors. The simulated
results are similar to the ideal case shown in Figure 3-2, except that the passbands are
less symmetric the further away from the Bragg wavelength, as shown in Figure 3-6 (c).
This non-uniformity is due to the fact that the Bragg gratings have a finite bandwidth
and a rounded passband. Furthermore, the addition of 3 dB/cm losses reduces the range

of both the amplitude and phase angle components of the reflection coefficient.

In previous free space MGTI configurations, optimal values for front mirror re-
flectances of 50.5% and 5.5% have been reported [55]. We aim to achieve these reflectances
by modifying both the grating length and sidewall-shift. If a 20 nm corrugation depth is
used (waveguide segments with widths of 500 nm and 460 nm), TMM simulation results
show that 29 and 7 periods are required for gratings of ~50.5% and 5.5% peak reflectance,
respectively. Figure 3-7 shows simulation results for GTTs with front-grating reflectances
of ~5.5% and ~50%; the cavity length is 705.267 pm and a 321.5 nm grating period with

20 nm corrugation depth is used.

Although we expect a uniform reflectance from an ideal GTI, as with the reflectance
of the GTI shown in Figure 3-4 (b), there are losses at the resonance peaks. For the
GTI with a front-grating reflectance of 5.5%, an extinction ratio of 0.8 dB is simulated.
When the GTT has a front-grating reflectance of 50%, the extinction ratio is 5.7 dB. The
responses are periodic with an FSR of ~0.4 nm, corresponding to 50 GHz channel spacing

for the wavelengths of interest. Both GTIs have a filter bandwidth of 17 nm which can
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Grating-Based GTI Complex Reflection Coefficient, 50 GHz FSR
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Figure 3-6: Simulated complex GTI reflection coefficient using TMM grating coefficients,
the dispersive effective index, 3 dB/cm loss, a cavity spacing of 705.27 um, and front-
grating reflectances of (a) 5.5% and (b) 50%; (c) at longer (or shorter) wavelengths than
the Bragg wavelength, the coefficient has asymmetric passbands.

accommodate 42 DWDM channels with 50 GHz spacing.

The finesse, defined as the FSR divided by the full-width half-max (FWHM), de-
creases as the cavity losses are increased [23]. In the simulations, two types of losses make
up the cavity loss: the propagation loss (assumed to be constant at 3 dB/cm) and the
coupling losses, which in our case is determined by the front grating reflectance. As such,
the finesse, and thereby the extinction ratio, is decreased as the amount of periods in the
front grating is decreased, as observed in Figure 3-7. PDL is not included in the losses,

because the VGCs used only accept TE polarization and the waveguides are designed to
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Figure 3-7: Simulated reflectances of GTIs with front mirror reflectances of 5.5% and
50%.

only support the fundamental TE mode. Figure 3-8 shows the effect of propagation loss
on the reflectance of a GTI with a front-grating of 50% reflectance. As the propagation
loss increase from 3 dB/cm to 5 dB/cm, the extinction ratio increases from ~5 dB to ~9
dB. In the lossless case (0 dB/cm), 100% reflectance is simulated across the wavelengths

of interest and there are no troughs at the resonant wavelengths.
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Figure 3-8: Effect of propagation loss on GTI reflectance.
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3.4 Fabrication and Experimental Setup

The devices were fabricated by Richard Bojko at the University of Washington Nanofab-
rication Facility using 100 kV Electron Beam Lithography [28| . The fabrication used
silicon-on-insulator wafer with 220 nm-thick silicon on 3 wm thick silicon dioxide. The
substrates were 25 mm squares diced from 150 mm wafers. After a solvent rinse and hot-
plate dehydration bake, hydrogen silsesquioxane resist (HSQ, Dow-Corning XP-1541-
006) was spin-coated at 4000 rpm, then hotplate baked at 80°‘C for 4 minutes. Elec-
tron beam lithography was performed using a JEOL JBX-6300FS system operated at
100 kV acceleration voltage, 8 nA beam current, and 500 um exposure field size. The
machine grid used for shape placement was 1 nm, while the beam stepping grid, the
spacing between dwell points during the shape writing, was 6 nm. An exposure dose of
2800 uC/cm? was used. The resist was developed by immersion in 25% tetramethylam-
monium hydroxide for 4 minutes, followed by a flowing deionized water rinse for 60 s, an
isopropanol rinse for 10 s, and then blown dry with nitrogen. The silicon was removed
from unexposed areas using inductively coupled plasma etching in an Oxford Plasmalab
System 100, with a chlorine gas flow of 20 sccm, pressure of 12 mT, ICP power of 800
W, bias power of 40 W, and a platen temperature of 20°C, resulting in a bias voltage
of 185 V. During etching, chips were mounted on a 100 mm silicon carrier wafer using

perfluoropolyether vacuum oil.

The final chip is cleaned in acetone and isopropyl alcohol in order to remove pho-
toresist and is placed on a optomechanical stage. A four-port fiber ribbon array is used

in order to couple light to the chip as shown in Figure 3-9.

On the fiber ribbon array, two ports are used for the measurements: one for the laser
input and one for the GTI reflection output. The fiber ribbon array and optomechanical
stage are adjusted in order to optimize coupling between the fiber ribbon array and the

VGCs on the silicon photonic chip. The relaxed alignment tolerances of the VGCs makes
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Figure 3-9: Photograph of optical coupling setup showing fiber ribbon array and silicon
photonic chip.

it easier to switch between devices on the chip. A video camera with a telecentric lens is

used for monitoring the chip and fiber ribbon array.

Figure 3-10 shows a block diagram of the experimental setup used to measure GTI
reflectance spectra. A tunable laser (Keysight 8164B) is swept over the telecom C-band
(1530 nm to 1570 nm) and the output of the device under test (DUT) is measured using
a fiber optic power meter (ILX Lightwave FPM-8200). A polarization rotator is used to
match the state of polarization of the signal in the optical fibres to the TE mode of the

waveguides.

Optical Power Meter — Optical
Computer ]
B Electrical
— -
:I Fiber Ribbon Array
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H i i
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Figure 3-10: Experimental setup for measuring GTT reflectance spectra.
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3.5 Gires-Tournois Interferometer

Measurement Results

In order to separate the VGC response from that of the GTIs, the VGC spectrum is
measured using a test structure that consists of two VGCs connected by a short waveg-
uide. The measured results for the same VGC design as in Figure 2-14 is shown below in
3-11. The minimum insertion loss of 19.5 dB occurs at wavelengths near 1549 nm and is
higher than those reported for the sub-wavelength VGC [36]. The insertion loss can be
reduced by tuning the angle of the fibre ribbon array with respect to the chip, however

this typically shifts the VGC spectrum.

VGG Test Structure Transmission Spectrum

Measured Transmission [dB]
' ' ' ' '

'50 C 1 1 1 1
1500 1520 1540 1560 1580 1600
wavelength [nm]

Figure 3-11: Measured transmission spectrum of VGC test structure.

The VGC data is used as a baseline and is subtracted from measurements in order
to normalize the results. Measured and simulated results for Bragg grating test struc-
tures with 105 and 700 periods are shown in Figure 3-12. When the number of periods
is reduced from 700 to 105 periods, the extinction ratio of the transmission spectrum is
reduced from ~30 dB to ~7 dB. However, the simulation data shows a wider bandwidth
and higher extinction ratio than the measured results, meaning the coupling coefficient of
the measured results is smaller than predicted through simulations; the simulated band-
width of a 700 period grating with 320 nm corrugation depth is 16 nm, while the measured

bandwidth is 7 nm. The high reflectance in the simulated gratings when compared to
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measurements is likely due to the fact that the transfer matrix method only considers
reflection and transmission of thin-films and assumes a normal angle of incidence, which
would result in a higher coupling coefficient than the true case of integrated waveguides.
Furthermore, by using a 6 nm stepping grid in the E-beam writing process, the edges of

the Bragg grating may be smoothened and can be seen in SEM images of Figure 2-22

(c)-
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Figure 3-12: Simulated (TMM) and measured Bragg grating transmission (Tx) and re-
flection (Rx) spectra for sidewall waveguide Bragg gratings with 320.5 nm periods, 20
nm corrugation depth, and (a) 105 periods and (b) 700 periods.

In order to correlate the response of the GTIs with uniform Bragg gratings to the
simulations, the reflectance is measured for devices with 100 to zero front-grating periods
and the extinction ratios are matched to the simulated response of a GTT with 29 front-
grating periods. While it may seem more direct to compare grating test structures, the
dips in the transmission response are too small for accurate measurement. Figure 3-13
(a) shows the measured results for a GTI with 100 front-grating periods and compares it
with simulated results of a GTI with 29 front-grating periods; from the inset, it is evident
that a GTI with 100 front-grating periods corresponds has ~50% reflectance in the the

front-grating and has an extinction ratio of ~5 dB. Figure 3-13 (b) shows high-resolution
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measurement results for GTIs with 100, 70, 50, and 30 period front-gratings. Similar to
that predicted by the simulations in Figure 3-7, as the amount of front-grating periods
is decreased, the extinction ratio of the GTIs decreases and the square shape of the GTI

passbands become more rounded-off.

GTIReflectance A =321.5 nm, 20 nm corrugation
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Figure 3-13: (a) Measured and simulated results of a GTI with 100 and 29 front- grating
periods, respectively; (b) effect of number front-grating periods; all devices have A =
321.5 nm, 20 nm corrugation depth, 705.267 um cavity length, and 700 back-grating
periods.

If shifted gratings are used, an extinction ratio of ~5 dB and a spectral response
similar to the simulated GTI with 50% front-mirror reflectance is observed for a grating
of 200 periods and a shift parameter of 15/20, as shown in Figure 3-14. Thus, by adjusting
the amount of grating periods or the shift-parameter in the front-grating of the GTI, we

are able to control the reflectance of the grating, and thereby the extinction ratio of the

GTIL.

The measurement results for GTIs with 100 and 200 front-grating periods and shift
parameters of 1/20, 5/20, 13/20, 16/20, and 19/20 are shown below in Figure 3-15.

Figure 3-16 compares the extinction ratio of the GTIs, measured near the Bragg
wavelength, when the amount of periods is in the front grating is reduced with (a) no

sidewall shift, (b) 100 front-grating periods and an increasing sidewall shift, and (c) with
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Figure 3-14: Measured and simulated results of a sidewall-shifted GTI with 200 front-
grating periods and a shift parameter of 15/20; A = 321.5 nm, 20 nm corrugation depth,
705.267 um cavity length, and 700 periods in the back-grating
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Figure 3-15: Measured sidewall-shifted GTI reflection spectra for GTIs with (a) 100
and (b) 200 front-grating periods, 700 back-grating periods, 20 nm corrugation depth,
A = 321.5 nm, a cavity length of 705.27 um, and various shift parameters.

200 front-grating periods and an increasing sidewall shift. Unlike the GTI simulations,

the measured responses are not consistent across the bandwidth of the gratings used in

the GTlIs.
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Figure 3-16: Approximate measured extinction ratio of GTI devices for various front-
grating lengths and sidewall shifts.

Furthermore, in Figure 3-16, the extinction ratio does not go below ~2 dB and the
trend of less grating periods or more shift leading to a smaller extinction ratio stops. In
fact, when a device is measured that has no periods in the front grating (i.e. just the
GTTI cavity waveguide and the back-grating), a periodic response is still observed with
up to 3 dB extinction ratio, as shown in Figure 3-17. Because the cavity response seen
in Figure 3-17 has the same FSR of the GTTs, the ripples can be attributed to reflections
caused by the Y-Branch, and the impact of this can be seen in all of the measured GTI
spectra. The limited bandwidth is attributed to both the finite bandwidth of the Bragg

gratings used in the GTIs and the reflection from the Y-branch.

3.6 Conclusion

The GTI has been around for decades and has found many applications using free-space
and fibre-based configurations. If GTIs can be used easily integrated into silicon photonic

circuits, then they could be used as key components in other silicon photonic devices,
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Figure 3-17: Measured reflectance of a GTI with no front-grating periods; the back-
grating has A = 321.5 nm, 20 nm corrugation depth, 705.267 um cavity length, and 700
periods in the back-grating.

such as MGTIs for WDM channel interleaving applications. However, designing MGTIs
requires a high level of control in the GTT spectral response. We demonstrate a GTT with
a flexible design by using two configurations, i.e. reducing the number of periods in the
front-grating or by offsetting the sidewall corrugations, and show it is possible to control
the extinction ratio. Although simulations predicted stronger coupling in the sidewall
Bragg gratings, the trends in controlling the GTI properties are as expected, until an
extinction ratio of ~2 dB. The GTIs with low (or no) front-grating reflectance show a
periodic response likely caused by reflections from the Y-Branch. Since front-grating
reflectances of ~5.5% and 50% have previously been shown to be optimal for MGTI
interleavers, it is recommended that front-gratings with ~100 periods be used for ~50%
reflectance and no front-grating (as in Figure 3-17) be used for the GTI with front-grating
reflectance of ~5.5%. It is also recommended that designs using multi-mode interference
couplers as an alternative to the Y-branch be used in case there is reduced reflectance
causing the cavity response. By utilizing sidewall-corrugated Bragg gratings in single-
mode SOI waveguides to create GTIs, they become devices with highly-flexible designs,

a compact form, and can be easily integrated into other devices and photonic circuits.
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It is recommended that future work on our GTIs include methods to improve the device
bandwidth, which is limited by the reflectances of the Bragg gratings. Due to the design

flexibility of the sidewall gratings, non-uniform grating profiles can be investigated.
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Chapter 4

Michelson-Gires-Tournois

Interferometers in SOI

This chapter integrates the GTT devices of chapter 3 into a simple silicon photonic circuit
designed to interleave channels in wavelength-division multiplexing applications using a
design known as an MGTTI. Section 4.1 introduces optical interleavers and previous efforts
to integrate them on the silicon-on-insulator platform while section 4.2 details the MGTI
design. Simulation results of grating-based MGTIs are presented in section 4.3 and are
compared to measured results in section 4.4. Conclusions and recommendations based

on the results are drawn in section 4.5.

4.1 Optical Interleavers

Wavelength division multiplexing (WDM) enables high data capacity over optical fibres
and waveguides by combining multiple signals modulated on different wavelengths, or
carriers. Each of the carrier wavelengths is considered a channel. Depending on the
system and application, the channel spacing is varied; for example, modern dense wave-

length division multiplexing (DWDM) systems have 12.5, 25, 50, or 100 GHz channel
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spacing, as defined by recommendation ITU-T G.694.1 [56]. In order to multiplex WDM
channels with different spacing (e.g. two data streams with 100 GHz channel spacing
multiplexed to a data stream with 50 GHz channel spacing), optical interleavers may
be employed. Optical interleavers are periodic bandpass filters that are essential compo-
nents of modern DWDM systems as an economic method to (de)multiplex even and odd
channels, route them to other locations in a network, and filter the signal to reduce the
crosstalk [57|. Interleavers and de-interleavers are passive devices with 3 ports, as shown

in Figure 4-1 (a) and (b), respectively.

IN 1 T T T T)A Interleaver

|||||||| ouT
na L1, A

(a)

De-interleaver J_LLL) OuUT 2
IN .
I, LTI, our

(b)

Figure 4-1: (a) Interleaving and (b) de-interleaving channels in a wavelength division
multiplexing system.

Interferometric structures are selected for interleavers due to their inherent periodic
spectral response. The two simplest designs are the Mach-Zehnder interferometer (MZI)
and the Michelson interferometer (MI), shown in Figure 4-2 (a) and (b), respectively.
In both configurations, the input light is split using a 50/50 directional coupler, light
in one arm undergoes a phase shift, and then the light in both arms is recombined. Y-
branches may be used for the MZI, and MMI couplers may be used for both MZI and
MI configurations. The light experiences a differential phase shift, , between the long
arm, with length | and the reference arm, with length , that upon recombining creates a

periodic power transmittance given by equation 4.1 [23]. The sign is dependent on the

53



type of couplers used and whether the interferometer is configured as an MZI or MI. The
response is sinusoidal with respect to wavelength if the path-length difference is fixed, as

shown in Figure 4-2 (c).

T=1—-0.5-(1=%cosAgp) (4.1)

Both the MZI and MI function as optical (de-)interleavers if directional couplers or
MMI couplers are used. In Figure 4-2, the inputs and outputs are configured for de-
interleaving applications; e.g. a WDM signal with 50 GHz channel spacing (~0.4 nm at
wavelengths near 1550 nm) is at the input, and each of the two outputs have 100 GHz
channel spacing (~0.8 nm at wavelengths near 1550 nm). Figure 4-2 (c) shows the output
of a MZI/MI interleaver as the blue and red traces. In order to interleave two 100 GHz

WDM channels, the inputs and outputs are simply switched.

The output is a periodic filter —in this case one with a sinusoidal profile. The
passbands of the spectra should be centered at the wavelengths used by the ITU grid. If
functioning as an interleaver, it is important that the neighbouring channels, in this case
the red and blue traces in Figure 4-2 (c), have a high levels of isolation between channels
in order to avoid crosstalk which can lead to errors in the data. In the case of the
MZI or MI interleaver spectrum shown in Figure 4-2 (c), the 20 dB bandwidth is much
wider than the 3 dB bandwidth, meaning that more optical power from neighbouring
channels can interfere with the signal in a given channel. Furthermore, with a small 3
dB bandwidth, the rounded passbands could cause insertion loss on wavelengths away
from the center of the passbands. Thus, the ideal interleaver filter spectrum would be
one with a box-like profile —high extinction ratio between channels and flat passbands
and a 20 dB bandwidth the same (or slightly wider) than the 3 dB bandwidth. In order

to generate box-like spectra, other interleaver designs are necessary.

By cascading MZIs, and choosing the correct path-length differences, it is possible
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Figure 4-2: Schematic of a planar, directional coupler-based, (a) Mach-Zehnder inter-
ferometer and (b) Michelson interferometer with inputs and outputs labelled for de-
interleaving applications. (c) 50-to-100 GHz MZI/MI de-interleaver output.

to create a lattice filter with box-like passbands [58]|. Figure 4-3 shows how when (a)
one, (b) two, and (c) three MZIs are cascaded, the filter spectrum becomes more box-
like. While the lattice filter configuration offers design flexibility and has found use in
fiber-based applications, many MZIs have to be cascaded in order to get good box-like

performance and the devices may become large

One example of a high-performance interleaver in SOI uses ring-resonators coupled
to an MZI as shown in Figure 4-4 (a) [59]. Ring-resonators are optical cavities, which,
like GTIs, have a periodic response due to a nonlinear phase-shift with an FSR that
changes with the time it takes the light to travel around the ring. When ring-resonators
are coupled to the arm(s) of a MZI, with proper design, flat passbands are possible.
The design was first reported in 1988 by K. Oka et. al. [60]. Unlike GTIs, which have
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Figure 4-3: MZI lattice filter optical interleaver with (a) one, (b) two, and (c) three
cascaded MZIs [57].

resonances based on standing waves, ring-resonators use travelling waves. In ring-assisted
MZIs, the strong resonance peaks from the ring-resonator(s) in an all-pass configuration
are used to compensate the phase change from the MZI path-length difference response,

effectively flattening the passbands and widening the stopbands [57].

Figure 4-4 (b) shows how the 20 dB bandwidth becomes closer to the 3 dB band-
width, which in an ideal, completely-rectangular, case would be half of the FSR. The
reconfigurable triple-ring assisted MZI interleaver with 120 GHz channel spacing is re-
ported to have 20 dB extinction between channels, which prevents channel crosstalk, and
box-like passbands across the telecom C-band with a 20 dB bandwidth of 142 GHz [59].
While the footprint of triple ring-assisted MZI is only 0.36 mm?, the ring radius, and
thereby, footprint would be increased for narrower channel spacings, such as the ones

used in our devices.

56



S P

Lring [-ring Bar
Input Port
— 3dB
/;:: Lring
0.5 Lring
Pr=m
(a)
0..\.__,1 T T - 3
-5k l- p
) | : ............ Single ring
= -10f “ ,’ L | m——— Double ring
= 13 ! 1 Triple ring
0 v Al ossese it :
A S A TR
S S (R U 1 | |
£ -2 i HEl 061 FSR [3E i
cLI S R R HEE
1 ]
sl . I
35 _. |I 3 :_} 072_FSR l: ni :
-1.0 -0.5 0 0.5 1.0
Frequency/FSR
(b)

Figure 4-4: (a) Triple ring-assisted MZI interleaver schematic and (b) simulated inter-
leaver spectra for one, two, or three rings coupled to the MZI; as more rings are added,
the passbands become box-like with proper selection of parameters [59].

4.2 MGTTI Design

In the ring-assisted MZI interleaver, narrow channel spacing requires a large ring radius
and cascading multiple MZIs takes up chip area. Reflection based interleavers, like the
Michelson interferometer, can be more compact in size. One such interleaver design is
the MGTI, in which GTIs replace the mirrors of a Michelson interferometer, as shown
below in Figure 4-5 for (a) bulk and (b) fibre configurations [55,61]. While the bulk-
optic configuration is not bandwidth limited, the fibre-optic MGTT can only function over

the wavelengths in the FBG passbands, as such, chirped fiber Bragg gratings (CFBGs)
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are chosen in order to increase the grating bandwidth. In the fibre-based configuration
shown in Figure 4-5 (b), one mirror of the MI is a CFBG and the other is a distributed
Gires-Tournois etalon (DGTE) made by blazing two overlapping CFBGs —one with low
reflectance and one with a higher reflectance, forming a superimposed GTI cavity [62].
The transmission spectrum of these devices are shown below in Figure 4-5 (¢) and (d)

for bulk and fibre-optic configurations, respectively [55,61].
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Figure 4-5: Michelson-Gires-Tournois interferometers in (a) bulk- and (b) fibre-optic
configurations; measured transmission spectra of (c¢) bulk- and (d) fibre-optic MGTIs
55, 61].

When no GTI mirrors are used, the interleaver is a Michelson interferometer; upon
exchanging one mirror for a GTI, the output spectrum becomes much more box-like;
when both mirrors are replaced by GTIs, the extinction ratio and box-like profile is
further improved. The output intensity of an MGTI with two GTT mirrors is given by

equation 4.2; the sign of (£) is opposite for port 1 and 2 and perfect 3 dB coupling is
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assumed:

T=0.25"[[rar,* + Irernl® £ 2rgr ItaT,| cos (2BAL + @ar1, — @arr, )] (4.2)

where [rgrr, | and [rgrr,| are the reflection coefficient amplitudes of the first and sec-
ond GTT mirrors, @grr, and @i, are the phases of the two GTIs, AL is the path-length
difference between the two interferometer arms, L; and Ly, and 3 is the propagation
constant of the medium. In order for the MGTI to function as an interleaver, AL must
be chosen such that the FSR of the Michelson interferometer (MI) is twice that of the

GTTIs plus a phase bias of /2.

Recently, an MGTI-based interleaver was demonstrated in SOI using cascaded loop
mirrors to form the GTI cavities [63]. By utilizing a reflection-based interleaver, the
loop-mirror based MGTT in SOI has a smaller footprint than MZI-based interleavers. We
use a similar design, but employ waveguide Bragg gratings for the reflective surfaces. In
this chapter we demonstrate MGTTs in SOI that are made by using the GTIs detailed
in section 3.2. By using the sidewall and offset Bragg gratings to make the GTIs, we are
able to tune the reflectance accordingly to optimize the MGTTI design. Furthermore, non-
uniform grating profiles are possible, which offer an additional level of design flexibility
in future devices [32]. A schematic of a sidewall Bragg grating-based MGTT interleaver
is shown in Figure 4-6 (a) with the design parameters labeled. It is also possible to make
an MGTT interleaver with only one GTI cavity, as shown in Figure 4-6 (b). VGCs are
used to couple light to and from the chip and an MMI coupler is used to split the light
50/50 for the Michelson interferometer. The devices are compact; the design in Figure

4-6 (a) has a footprint of 0.4 x 1.56 mm.
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Figure 4-6: Schematic of 50-to-100 GHz sidewall grating-based MGTTI interleaver with
(a) two GTT cavities and with (b) one GTI cavity.

4.3 Grating-Based MGTI Simulations

Once the complex reflection coefficients are calculated for two GTIs using equation 3.2
and the transfer matrix method, they are used in equation 4.2 to determine the relative
output intensity of the MGTI interleaver. In order to function as a 50-to-100 GHz
interleaver, a path-length difference of 325.713 um and GTT cavity lengths of 705.276 wm
are used. Based on simulation results, 29 and 7 front-grating periods are used in order to
have 50.5% and 5.5% reflectance front gratings. Results for a 50-to-100 GHz interleaver
are shown in Figure 4-7 (a). The useable filter bandwidth is 16.5 nm, which corresponds
to ~41 channels with 50 GHz spacing; an extinction ratio of ~30 dB is simulated. It
is also possible to simulate a 100-t0-200 GHz interleaver, if a path-length difference of

176.395 um and GTI cavity lengths of 352.634 um are used, as shown in Figure 4-7 (b).

A similar extinction ratio and useable filter bandwidth as the 50-to-100 GHz inter-
leaver is observed for the 100-to-200 GHz interleaver, meaning ~21 channels with 100
GHz spacing are simulated; the 3 dB bandwidth is 0.7686 nm and the 20 dB band-
width is 0.8946 nm, making the simulated 3-to-20 dB bandwidth ratio 1:1.164, which
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Figure 4-7: (a) Simulated 50-to-100 GHz MGTT interleaver transmission spectrum for
a device with AL = 352.703um, A = 320.5 nm, 20 nm corrugation depth, and dgtr =
705.267um; (b) Simulated 100-t0-200 GHz MGTT interleaver transmission spectrum for
a device with AL = 176.395um, A = 320.5 nm, 20 nm corrugation depth, and dgtr =
352.634um

is less than the reported simulated bandwidth ratio of 1:1.23 for the loop-mirror based
MGTT [63]. In equation 4.2, the MGTT output is sensitive to the grating reflectances and
the path-lengths of the GTI cavities and Michelson interferometer. Figure 4-8 explores
what happens to the simulated spectrum shown in Figure 4-8 (a) when the front-grating
reflectances are over or under the optimal 50.5% and 5.5%, when one GTI cavity length
is made slightly longer than the other, when the interferometer path-length difference is

away from the optimum value, and when the propagation loss is changed.
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Figure 4-8: Simulated MGTI transmission spectra showing performance degradations
from varying design parameters from the optimal values (shown in grey); in (a), the
reflectance of the front-gratings are adjusted; (b) one GTI cavity is extended by 10 nm;
(c) the interferometer path-length difference is detuned by + 10 nm; (d) the effect of
waveguide propagation loss is investigated

In Figure 4-8 (a) when the grating reflectances are not properly selected, lobes
appear in the stopbands, reducing the extinction ratio. When one GTI cavity is made
longer than the other, the extinction ratio is reduced, as shown in Figure 4-8 (b). If the
interferometer path-length difference is detuned from 352.7128 um, as in Figure 4-8 (c),
the extinction ratio is reduced significantly. The path length values are given with a high
level of precision due to the sensitivity in this parameter —if the path-length difference is
off by only 0.1%, (i.e. AL = 353.0665um), then the extinction ratio is reduced from ~30
dB to ~10 dB. As in the previous simulations, a propagation loss of 3 dB/cm is assumed.

Figure 4-8 (d) shows that for simulated MGTTI spectra, if it is assumed to be lossless,
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the passbands become more box-like, and when the propagation loss is increased from
3 dB/cm to 10 dB/cm, the passbands become more rounded and the extinction ratio is

reduced to ~20 dB.

When identical GTIs are measured, the FSR may be consistent, but the specific
wavelengths of the resonance peaks can vary on the order of tens or hundreds of pi-
cometers, as shown in the measured spectra of two identical GTI structures with 70
front-grating periods, 700 back grating periods, 20 nm corrugation depth, a period of
321.5 nm, and a cavity spacing of 705.267 um in Figure 4-9 (a); a spectral shift of ~0.05

nm is observed between the two identical devices.
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Figure 4-9: Simulated MGTI transmission spectra showing performance degradations
from varying design parameters from the optimal values (shown in grey); in (a), the
reflectance of the front-gratings are adjusted; (b) one GTT cavity is extended by 10 nm;
(c) the interferometer path-length difference is detuned by + 10 nm; (d) the effect of
waveguide propagation loss is investigated

If the GTI are not properly aligned in phase between the two interferometer arms,

the interleaver performance is degraded, as shown through simulations in Figure 4-9 (b),
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in which the MGTT simulation has the same parameters as the one shown in Figure 4-7,
except with the reflection coefficient of GTI, being offset by 0.05 nm in wavelength. As
shown in Figure 4-9 (b), a wavelength offset of only 0.05 nm between the GTT spectra
degrades the extinction ratio by ~15 dB. In order to help satisfy the phase requirements of
equation 4.2, thermal tuning could be used in future designs placing heaters, as in [63], on

the GTT cavity lengths and one interferometer arm to control the path-length difference.

4.4 Michelson-Gires-Tournois Interferometer

Measurement Results

50-to-100 GHz and 100-to-200 GHz MGTT interleaver devices using both short gratings
and sidewall offset gratings were fabricated by electron beam lithography on the same
chip as the GTIs detailed in section 3.4. In addition, MGTIs were fabricated with one
GTTI cavity and one grating, as shown in Figure 4-6 (b). Measurement was performed
using the same setup shown in Figure 3-10, with the laser input on the "Input VGC"
and the output is from "Output 1", as labeled in Figure 4-6. The results of four different
grating-based MGTTI designs are shown in Figure 4-10. The VGC response in Figure 3-11

is subtracted from the measured spectra to normalize the data.

Figure 4-10 shows the transmission spectra for four different grating-based MGTI
designs. When compared to the simulated MGTI responses in Figure 4-7, the biggest
difference is observed in the amount of channels that show the expected box-like charac-
teristics; the best response is seen in the six channels nearest to the Bragg-wavelength.
When looking at the measured results from the GTIs shown in Figures 3-13 and 3-14, a
similar trend is observed, so it makes sense that MGTIs, which are made up of these GTTIs,
also have a small number of channels. The MGTI bandwidth is limited by the bandwidth

of the back-gratings (~7 nm bandwidth for 700 periods). Unlike the simulations, which
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show an extinction ratio of ~30 dB, the measured devices have only have a few dB of
extinction in the stopbands, even on those close to the Bragg wavelength. Looking at
equation 4.2, this is likely due to three factors: the reflectances of the front-gratings are
not ideal (70 periods and not 100 periods); the resonance peaks, and thereby the phases,
of the GTIs are not properly aligned due to fabrication inconsistencies; and the path-
length difference in the interferometer arms is not properly selected due to differences

between the simulated and actual effective indices.

In Figure 4-10 (b), while not optimized, the MGTI response based on sidewall-
shifted gratings shows similar characteristics as Figure 4-10 (a), meaning both grating
configurations could be used in future devices as means to control the grating strength.
Future designs using a deeper corrugation depth with less periods or more sidewall-shift
could potentially increase the grating bandwidth and still achieve the desired reflectances.
Figure 4-10 (c) shows the design can be easily extended to accommodate different channel
spacings, such as 100 GHz, which could be used in 100-to-200 GHz channel interleaving
applications. Although future design optimization could improve the MGTT spectra, the
phase terms in equation 4.2 are highly sensitive to fabrication tolerances and like the

GTIs, measurements of identical MGTT devices show different performance.

It is interesting to note that the best MGTI response is observed in Figure 4-10
(d), for an MGTT with only one GTT cavity (with 70 front-grating periods), as shown in
Figure 4-6 (b). The MGTT spectrum is also well-matched to simulations from TMM, as
shown in Figure 4-11. This design is more consistent between identical devices, shows a
much more box-like spectra, with flat passbands, and has an extinction ratio of ~15 dB
near the Bragg wavelength. The increased performance of the single-GTI MGTT is due
to the relaxed phase alignment tolerances when only one GTI is considered. In Figure
4-11, the extinction ratio of the simulated transmission changes when the path-length
difference is changed. Due to the sensitivity of the path length difference seen between

Figure 4-11 (a) and (b) and fabrication inconsistencies, it is expected that the simulated
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Normalized Transmission of 4 MGTI Designs
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Figure 4-10: Measured reflectance of four different grating-based MGTI designs all with
20 nm corrugation depth and 700 back-grating periods: (a) 50-to-100 GHz interleaver, 20
and 70 front-grating periods, 320.5 nm grating period, GTI cavity length of 705.267 wm,
and a path-length difference of 352.713 pum; (b) 50-to-100 GHz interleaver, 100 front-
grating periods with shift parameters of 15/20 and 3/20, 321.5 nm grating period, GTI
cavity length of 705.267 um, and a path-length difference of 352.713 pm; (c¢) 100-t0-200
GHz interleaver, 20 and 70 front-grating periods, 321.5 nm grating period, GTI cavity
length of 352.634 pum, and a path-length difference of 176.366 pm; and (d) 50-to-100 GHz
interleaver, no front-grating on one arm and 70 front-grating periods on the other, 321.5
nm grating period, GTI cavity length of 705.267 um on both arms, and a path-length
difference of 352.7328 pum.
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optimal path-length difference will be different than the measured ones. The path-length
differences of 352.7027 um and 352.7327 um were selected for the MGTI with only one
GTTI cavity; both path lengths show a box-like spectrum that is well matched to the
simulation results near the Bragg wavelength of 1549 nm.
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Figure 4-11: Measured interleaver transmission from (a) an MGTI with one GTI with 70
front-grating periods and another GTI with no front-grating periods, AL = 352.7028 um,
dgTr = 705.267um, 20 nm corrugation depth, and a period of 321.5 nm; (b) an MGTI
with one GTT with 70 front-grating periods and another GTT with no front-grating pe-
riods, AL = 352.7328um, dgr; = 705.267um, 20 nm corrugation depth, and a period of
321.5 nm; simulated results are for MGTIs with front-grating reflectances of 5.5% and
50.5% —all other parameters are the same as those measured.
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4.5 Conclusion

The MGTT is a compact configuration for an on-chip optical interleaver and can be made
by replacing the mirrors of a Michelson-interferometer with our grating-based GTIs.
If properly configured, MGTIs have channel-interleaved output spectra with box-like
passbands, offering superior performance to a simple MZI or MI interleaver. By using
the complex reflection coefficients of the GTI, determined by the transfer-matrix method
results for the Bragg gratings, the spectral response of a sidewall Bragg grating based
MGTT is simulated and shows box-like passbands and an extinction ratio of ~30 dB;

however, the performance of the MGTT is sensitive to a number of parameters.

In this chapter we demonstrated preliminary results on integrating our GTIs into a
Michelson interferometer to make grating-based MGTT interleavers. Four different con-
figurations for grating-based MGTIs were fabricated and measured. MGTI measurement
results show some of the desired characteristics, but extinction ratios of only a few dB.
Results could be improved with selecting parameters closer to the optimal simulated val-
ues, but fabrication inconsistencies between identical devices might make this difficult.
Due to the multiple phase terms that need to be properly tuned, it is recommended
that future devices be made with thermal heaters on the GTI cavity waveguides and the
MGTT path-length difference; the devices with varying grating strengths could then be
measured and optimized. We demonstrate it is possible to use short-length or sidewall-
shifted gratings for the front-gratings in the MGTIs, but the reflectances have yet to
be fully optimized. The channel-spacing can be adjusted by changing the GTI cavity
lengths and path-length difference appropriately; we demonstrate both 50-to-100 GHz
and 100-to-200 GHz interleavers, however due to measured grating bandwidth of 7 nm
for a 700 period grating, the device bandwidth is limited. It is recommended to investi-
gate strategies to have wideband reflectance on the back-gratings, such chirped gratings

or loop-mirrors.
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The best results are from the MGTT interleaver with only one GTI mirror. While
previously reported results of bulk-optic MGTT interleavers show superior performance in
an MGTTI configuration with two GTI mirrors, our results show that without being able
to tune the phases of the two GTIs, the design is not robust enough to take advantage of
the two GTIs —however with further optimization of reflectance and phase parameters,
perhaps a better MGTI of this configuration could be realized. With the single-GTI
MGTI, extinction ratios up to 15 dB are measured and a box-like profile is observed in
the pass-bands of the interleaver near the Bragg wavelength. It is recommended that this
design be investigated further because of its inherent robustness due to the fact that the
phase of only one GTT needs to be controlled. While our MGT1Is have yet to be optimized
and the phases controlled by thermal tuning, the results clearly show it is possible to use

our grating-based GTIs are key components in MGTT interleavers.
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Chapter 5

Conclusions and Future Work

This thesis presented GTIs made from sidewall-corrugated Bragg gratings in SOI waveg-

uides. Preliminary results for MGTT interleavers built using our GTIs were also presented.

Chapter 2 provided background on silicon photonics, fabrication, and the SOI plat-
form, as well as the building blocks of silicon photonic components used in our devices and
photonic circuits: waveguides, waveguide couplers, and vertical grating couplers. Bragg
gratings were also introduced and simulation using the transfer matrix method was dis-
cussed. Finally, Bragg gratings with offset sidewall corrugations to control the coupling

coefficient were introduced as an alternative method of controlling grating reflectance.

Chapter 3 introduced the GTI and its previous implementations in bulk, fibre, and
integrated optics. The background on design, fabrication, and the experimental setup for
measuring our GTTs was discussed. Simulation results of GTIs based on waveguide Bragg
gratings were presented and compared with measurement results of GTIs with varying
front-grating reflectance —from both short gratings and sidewall-shifted gratings. It was
observed that when the number of periods was reduced or the amount of sidewall-shift
was increased, the finesse and extinction ratio was reduced. When the amount of periods

in the front-grating of the GTT test structures is reduced to zero, or offset to completely
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destructively interfere, a cavity response is still observed and is believed to be from
reflections off the Y-branch of the GTI test structures. Future work with the GTIs
includes investigating how to achieve GTIs with low extinction ratios, such as the ones
with ~5.5% reflectance used in MGTT interleavers. Furthermore, the number of channels
the GTI is able to filter should be improved in future design by using reflectors with a
wider bandwidth. Grating bandwidth could be improved with deeper gratings and less
periods or more sidewall-offset; chirped gratings could also be investigated. It is also
recommended that future work investigate the phase response of the GTIs for potential
on-chip dispersion management applications. As shown in the results presented in this
thesis, we conclude it is possible to control the extinction ratio (through the finesse)
by either reducing the number of grating periods in the front-grating of the GTT or by
offsetting one of the front-grating sidewall —the control over the reflectances is critical

when the GTIs are used in Michelson-Gires-Tournois interferometers.

Chapter 4 introduced optical interleavers and some Mach-Zehnder and Michelson
interferometer-based configurations in SOI. Background was provided on the MGTT and
its previous implementations in bulk, fibre, and integrated optics. Our interleaver de-
sign is an MGTT that uses the GTIs from chapter 3 in a Michelson interferometer —a
simple silicon photonic circuit. Simulation results of grating-based MGTIs and the ef-
fect of detuning various parameters from optimal values were investigated. Preliminary
measurement results of four different configurations of MGTI interleavers based on our
GTIs were presented, of which the most promising results came from MGTIs with only
one GTT mirror, most likely due to the challenges in matching the phases of two GTIs
appropriately. For future work, it is recommended that the single-GTI MGTT design be
further investigated due to its inherent robustness and optimized to the proper grating
reflectances. It is also recommended to use thermal heaters on the Michelson interfer-
ometer path-length difference and on the GTT cavity waveguides in order to control and

optimize the phases in the MGTI. In order to increase the number of channels, the back
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grating could be replaced by a loop-mirror or by a chirped grating. Based on the MGTI
results shown in chapter 4, it is concluded that it is possible to make an MGTTI interleaver

based on sidewall-corrugated Bragg gratings and sidewall-shifted gratings.
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