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Abstract

Silicon photonics has the potential to provide compact sized, high performance pho-
tonic devices to enable low cost photonic integrated circuits for telecom, datacom
and other high data rate applications. Silicon as a material has a mature fabrication
process developed over the years from the electronics industry, leading to smaller de-
vice sizes of the order of micrometers with precise control and lower costs compared
to other photonic materials such as III/V group semiconductors and optical crystals
such as Lithium Niobate.

In this thesis, silicon photonic devices on micron and 220 nm scale thicknesses
are described. A novel shallow etch polarization beam splitter in micron scale silicon
photonics has been designed. The nominal design has excellent device performance of
low excess loss below 0.4 dB for TE and TM polarizations and polarization extinction
ratio greater than 15 dB over the telecom C band of 1530-1565 nm. In addition, the
nominal design is robust to fabrication error of 4+/- 10 nm in etch depth variation and
+/- 50 nm in waveguide width variation. In nanometer scale silicon photonics, novel
design of a high performance electro-optic modulator using the ultrafast electro-optic
Kerr effect in silicon nanocrystals is described. Analysis of the modulator indicates a
high data rate transmission of 90 Gb/s with low energy consumption of 25.13 fJ/bit
and a compact ring resonator structure having a diameter of 40 micrometers. In addi-
tion, theory, design simulation, fabrication and experimental characterization of Mach
Zehnder Interferometer (MZI) circuits and slot waveguide Bragg grating structures
have been described on 220 nm silicon thickness. A novel slow light propagation loss
of 5.1 dB/mm with group index of 12.38 near 1555 nm wavelength has been experi-
mentally obtained in slot waveguide Bragg gratings with internal corrugation. This
leads to an excellent phase shifter performance for high performance electro-optic

modulators and integrated-optic sensing applications.
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Chapter 1

Introduction

The present age of the twenty first century is also called as the information age
with exponential growth of digital data leading to connectivity and development in
almost every field through the Information and communications technology (ICT)
sector. The internet traffic volume has been increasing at an exponential rate and it is
predicted that the annual global Internet protocol(IP) traffic would be 396 Exabytes
(396 x 10'®bytes) per month in the year 2022 [9]. This growth in internet traffic
mainly due to increase in the percentage of population with access to internet and
the number of devices per person connected to the internet (for ex. laptop,desktop,
smartphone,security camera etc.). It is estimated that there would be 50 billion
devices connected to the internet by the year 2020 [10]. This has led to the challenge

of scaling equipment performance with the internet traffic growth.

100Gb/s
10Gh/s
1Gbls

100Mb/s

Data Rate

10Mb/s

1Mb/s

100kb/s ~~10Gb/s.m
10m 100m 1km 10km 100km

Distance

Figure 1.1: Data rate and distances for commercially deployed interconnects of dif-
ferent media,(©[2006] IEEE [2]

Traditionally, fiber optic links were used for transporting data over large distances
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of the range of 100’s of Kms. This is because electrical copper cables have higher
attenuation and therefore are more lossy for higher frequencies than optical fiber
cables. At a sufficient bandwidth distance product of 100 Gbps.m per wire pair or
fiber, it becomes practical to transition from an electronic interconnect to an optical
interconnect as shown in Fig. 1.1. With continuous increase in data rates of Ethernet
which are on the order 100 Gbps [11], an MMF optical link would be the viable
option at a distance of 1 meter and at 10 meters a single mode fiber (SMF)would
be appropriate. As these distances correspond to machine to machine and between
offices, one can expect an increasing penetration of optical links closer to the end user
and within machines itself.

Present photonic components in the core network are made of III/V group semi-
conductor materials or optical crystals such as Lithium Niobate and silica based PLC
(Planar light wave circuits), which have larger footprint and are more expensive com-
pared to silicon. Silicon with its mature CMOS fabrication process developed over
the years through the electronics industry, offers the opportunity to be the photonic
material for high performance photonic components that can meet the demands for

increased integration and higher data rates.

1.1 Motivation and Objective

My main motivation is to specialize in the field of telecommunication engineering
in the area of fiber optic communication. Photonics is a very important part of
this and silicon photonics has big potential to further development of fiber optic
communication.

A modulator is an important component in a photonic integrated circuit as it
transfers the message signal to optical domain for transmission over large bandwidth
optical fibers. Therefore it is highly desirable to have fast (sub picosecond response
times), compact and low cost modulators with low energy consumption to meet de-
mands for present day exponential growth in digital data. Through this thesis I intend
to describe my contribution towards these goals in the form of design of a silicon high
speed DC Kerr effect modulator, and an experimentally verified low loss slow light
enhanced silicon phase shifter section for an MZI based modulator.

I had the desire and opportunity to work on a silicon photonics industrial project
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for telecom or datacom applications through an internship. Through this internship,
I got a first hand experience on passive design, fabrication and characterization of
micron scale silicon photonic components , which I intend to describe as a chapter in

my thesis.

1.2 Silicon Photonic Integrated Circuits

It has been hypothesized that silicon photonics could be the next fabless semiconduc-
tor industry [12]. This means that one could outsource fabrication of silicon photonic
components to third party standard fabrication foundries, and focus their efforts on
designing and testing novel silicon photonic components. The development of mi-
croelectronics industry during later half of the twentieth century can be attributed
to this fablass semiconductor concept and multi project wafer runs where several
designers could share their designs in a single chip fabrication run [13]. A few com-
panies such as Luxtera, Mellanox have already commercialized their silicon photonic
products[14, 15].Indeed several fabrication foundries with CMOS (AMF [16], ePIXfab
[17]) or ebeam capabilities (Washington Nanofabrication Facility at Univ. of Wash-
ington [18], Applied Nanotools [19] )have offered multiproject wafer run schuttles to
enable students and researchers to fabricate their designs and have them experimen-
tally characterized.

The fundamental cross section of an SOI (Silicon On Insulator) wafer used by
fabrication foundries is shown in Fig. 1.2. It has a 2 micron buried oxide (BOX) layer
above which is a layer of silicon, which is also called as the device layer as photonic
devices are patterned on this silicon layer. The device layer thickness is shown as H
as its chosen based on customer requirements which are application dependant. The
most widely used thickness for multi project wafer runs is 220 nm (AMF, ePIXfab,
WNF, ANT) , but other thicknesses are also used such as 2-4 microns by Mellanox
[7], 300 nm by Luxtera [20].The cladding is generally an oxide layer with thickness
of 1.5 microns. In this thesis, I would be reporting on silicon photonic devices with
micron scale and 220 nm device layer thicknesses.

Most fiber optic communication system infrastructure employ wavelength division
multiplexing (WDM) operating with 50 GHz channel spacing at 10 Gb/s per channel
using digital On-Off keying (OOK) modulation technique. Here one bit is encoded per



Figure 1.2: Cross section of an SOI wafer

symbol. The spectral efficiency for this type of modulation technique is 0.8 bits/s/Hz
per polarization [3]. With the demand for higher bandwidths leading to subsequent
increase in data rates in the range of 100’s Gbps, OOK modulation cannot be used
with the present 50 GHz channel bandwidth. In order to overcome this bandwidth
limitation, advanced modulation formats such as in coherent digital modulation along
with polarization multiplexing can be used with the present 50 GHz channel infras-

tructure at the expense of a more complex transmitter and receiver circuit [3, 4].

OOK or ASK

Polarization multiplexing
HE;' wave with

50 Gbps

HE' wave with 50

Optical Fiber

Gbps

Figure 1.3: (a) Signal constellation for On-Off keying (OOK) or Amplitude Phase
Shift Keying (ASK) and quadrature phase shift keying (QPSK) (b) polarization mul-
tiplexing concept in an optical fiber

Fig. 1.3(a) shows the signal constellation diagram for OOK also known as ASK
(Amplitude Shift Keying) and Quadrature Phase Shift Keying (QPSK). In OOK
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digital modulation, only 2 distinct signals (0 or 1) can be transmitted with a single
source data bit. Here there is only amplitude variation between the signals and no
quadrature phase component. In QPSK digital modulation, four distinct symbols
(00, 01, 10, 11) can be transmitted with a single amplitude but their phases being in
quadrature with each other as shown in the signal constellation for QPSK. Here two
source data bits are utilized for each symbol and therefore the transmitted bits can
be doubled in the same channel bandwidth as compared to OOK modulations. Using
polarization multiplexing as shown in Fig. 1.3(b) where data is encoded in TE and
TM polarized waves, one can achieve an aggregate data rate of 100 Gbps using the

present 50 GHz channel bandwidth infrastructure

Fig. 1.4 shows a block diagram implementation of a coherent transmission sys-
tem. Polarization beam splitters (PBS) are used in the transmitter section to achieve
polarization multiplexing. Data modulators generally implemented using a Mach-
Zehnder Interferometer (MZI) circuit are used to encode message data symbols onto
the optical carrier followed by a pulse carver to shape the baseband signal to a binary
data format such as NRZ (non return to zero) or RZ (return to zero).The channel
comprises of long sections of optical fiber with amplifier sections at periodic intervals.
The receiver part performs coherent detection by combining the received signal with
a local oscillator.The front end of the receiver has a PBS and a polarization converter
(PC) for polarization management and a beam splitter (BS) to to split the local oscil-
lator light. This is followed by an optical 90 degree hybrid section that combines the

received signal and local oscillator signal to produce in-phase (I) and quadrature (Q)
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components. Differential (bipolar) photo diodes (BPD) are used to convert optical
signal back to electrical signal. The photonic building blocks as used in the transmit-
ter and receiver photonic integrated circuit sections of the coherent communication
system can be implemented using silicon photonic components. Examples of practical
implementation of 100 Gbps coherent communication system using silicon photonic
integrated circuits have been demonstrated in [21, 22], with transmission and coher-
ent detection of 112 Gbps polarization division multiplexed QPSK signal over 2560
Km standard single mode fiber being demonstrated in [22] .

It is highly desirable to have photonic devices used to implement the coherent
transmission system to have a small device footprint, have low loss and for active
devices such as a data modulator , have low energy consumption (i.e. low V;L or
energy/bit) with capability to operate at data rates ~ 100 Gbps. In this thesis,
designs of a polarization beam splitter (PBS) using micron scale silicon photonics
and a high performance data modulator using nanometer scale silicon photonics are
presented. In addition devices applicable for a data modulator such as Mach-Zehnder
Interferometers and slot waveguide Bragg gratings as a phase shifter structure are
described in detail through design, fabrication end experimental data analysis.

The ability to develop high performance photonic functionalities using silicon
platforms drives down cost to transmit data over the fiber therefore giving appli-
cations beyond data communications such as electromagnetic wave sensing [23, 24]
and biosensors [25, 6] , Microwave photonics [26], LIDAR [27], and autonomous car
applications [28, 29]

The following sections describe building block devices used in this thesis for silicon
photonic integrated circuits. Specifically devices to split and combine light such are
Mach Zehnder interferometers, multimode interferometers and wavelength selective

devices such as ring resonators and slot waveguide Bragg gratings are discussed.

1.2.1 Mach Zehnder Interferometer

The MZI structure consists of two waveguide arms as shown in Fig. 1.5. The input
light is made to propagate through the two arms and then made to interfere at the
output to extract out the properties of the two waveguide arms such as path length

difference, waveguide effective index or group index in the case of passive applications



or for modulation or switching of the input light for active applications.

m L.
—_— —

Input Light (4) s oy Output Light(4)

Figure 1.5: MZI structure schematic

The propagation constant in the two waveguide arms is given as ; = 27n; /A
for the upper arm and 5y = 27ny /A for the lower arm. Here ny,ny are the effective
indices of the upper and lower waveguide arms respectively. The waveguide arms
have lengths of L; and Ly = L+ AL with losses a; and as respectively. The electric

fields of the waves after propagating through the two waveguide arms [30] are,

E1 = (Eiefiﬂ1L17a1L1/2>/\/§ (11)
By = (Eie—i52L2—a2L2/2>/\/§ (12)

Here FE; is the input light electric field. The output light electric field after the Y

branch combiner is,

E,= (B, + E)N2 (1.3)
Using (1.1) and (1.2), the intensity of the output light is,

I I; e~ ila—ali/2 4 o-ifela—arla/2)2 (1.4)

4

Here [; is the input intensity light. We can observe that output light intensity is a
function of the sum of the two phase components of the waves propagating through
the two MZI arms. Considering negligible losses, equation (1.4) simplifies to

I=73
2

[1+ cos(B1Ly — Ba2Lo)] (1.5)

From equation (1.5), we observe that the output intensity is a sinusoidally varying
function of the input light wavelength and the period is termed as the free spectral
range (FSR) of the MZI.

)\2

F p—
SH ngAL

(1.6)
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Here n, is the group index of the waveguide. The analytical simulation for an MZI

with a path length difference of 30 pm is shown in Fig. 1.6 where the FSR is 19.08

ni.
—~08 e ]
3 m
s 3.-2¢ ]
‘S 06¢ s -30 i
2 2
£ 04 £ -0
& g
= 02k = =50
-60-
1.5 1.52 .54 1.58 1.6 15 1.‘52 1.158 16

154 156
Wavelength [um]
(a) (b)

Figure 1.6: Transmission spectra for an MZI with a path length difference of 30 pym
in (a) Normalized units. (b) Log scale.

1 1.56
Wavelength [um]

1.2.2 Multimode Interferometers

A multimode interferometer (MMI) a passive device used for splitting and combining
light in integrated optics. It is based on the principle of self imaging [5]. In a
multimode waveguide, the input mode profile is reproduced in single or multiple
images along the direction of propagation in the multimode waveguide.This section
provides a general operating principle of MMI’s and is based on the more detailed
theory and applications of MMI devices provided in [5].

The main structure of an MMI is the multimode waveguide which is designed
to support large number of modes. An input wave is launched in the multimode
waveguide and then recovered at the output using access waveguides. The access
waveguides are placed on either side of the multimode section to form an NxM MMI
coupler. Shown in Fig. 1.7 is the schematic of a 2x2 MMI coupler. The multimode
section supports m = 0,1,2...(n — 1) number of lateral modes as shown in Fig.
1.8. The propagation constant of the excited modes in the multimode section has a

quadratic relationship with the mode number (m) and is given by [5],

(m+1)%*7 )\

1.7
4n, W2 (1.7)

5m = kOnr -
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where ky = i—z, Ao is the free space wavelength, n, is the material refractive index of
the multimode section and W, is the effective width of the multimode section taking
into account the evanescent decay of the mode into the cladding. From equation

(1.7),the beat length (L) for the two lowest order modes is,

T An W2
Bo—P5B1 3o

with propagation constant difference of the modes in terms of the beat length as,

L, (1.8)

2
(Bo — Bm) =~ % (1.9)
Pm Pal
MMI
—— —
PaE

Figure 1.7: Schematic of a 2x2 MMI coupler.
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Figure 1.8: Example lateral field profiles in the multimode section.[5]

Consider an input field profile ¥(y, 0) present at Z = 0 as shown in Fig. 1.9.The
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input filed ¥(y,0) can be decomposed as superposition of all the guided mode distri-

butions ¥, (y) in the multimode section [5] and is given as,

n—1
U(y,0) =D cmtbm(y) (1.10)
m=0
where ¢, is the field excitation coefficient. The field profile after a propagation
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Figure 1.9: Multimode section show an input mode profile ¥(y, 0) with a mirror self

image at propagation distance of 3L,, direct self image at (2)3L, and two fold images
at 2Lz and (?’)%L"[E)]

distance Z = L is obtained to be as [5],

n—1
j(m(m L
Uiy, L) = 3 ey (el 50" (1.11)
m=0

We can observe from equation (1.11) that the field profile ¥(y, L) is dependant on

the mode excitation coefficient ¢, and the phase factor,
m(m + 2)7L

_ 1.12

A (112

At certain lengths of the MMI corresponding to multiples of 3L, the field ¥(y, L)

is a reproduction or a self-image of the input field ¥(y,0) as shown Fig. 1.9. At

Ly

distances which are multiples of 3Z=

5=, we obtain a 2 fold self image of ¥(y,0) indi-

cating 3dB splitting of the input field. Self imaging mechanisms in MMI which are

independent of the modal excitation are called as general interference MMI and those



11

obtained by excitation of only certain modes are known as restricted interference
MMI. Paired interference MMI is an example of restricted interference MMI where
mode numbers 2,5,8,11,14... are not excited by placing the input excitation at a y
location that corresponds to zero crossing of the mode, as shown at y = j:% in Fig.
1.8. This way the length periodicity in the mode phase factor of (1.12) can be reduced
by a factor of 3 [5].

Key metrics for the performance of a MMI include excess loss, imbalance in the
output power and device size.The excess loss (EL) and imbalance (IB) for a 2x2 MMI

shown in Fig. 1.7 are calculated through the equations,

Py + P,
EL(dB) = 1010g10(%) (1.13)
Pol
IB(dB) = 101og,(72) (1.14)
02

where P, is the input power and P,;, P,, are output powers in the individual output
arms of the 2x2 MMI coupler. A detailed design procedure for high performance MMI
couplers using a shallow etch rib waveguide on an SOI platform has been provided in
[31].

1.2.3 Ring Resonators

Ring resonators in silicon also known as silicon micro ring resonators are compact
wavelength selective devices. It consists of a straight waveguide and a looped or ring
waveguide which is coupled to the straight waveguide. When the input wavelength
is such that the optical waves in the ring waveguide acquire a round trip phase shift
of an integer multiple of 27, the waves in the ring waveguide interfere constructively
and the ring resonator is in a state of resonance [32].

There are two types of configurations namely, all-pass and add-drop ring res-
onators whose schematics are shown in Fig. 1.10. The all pass ring resonator also
known as all-pass filter (APF) or a notch filter consists of a single straight waveguide
and a coupled ring waveguide. The transmission intensity of an APF is given by

equation (1.15) [32]

Lpass % — 2racos(¢) 4 r°
Linput 1 — 2racos(¢) + (ra)?

T, = (1.15)
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Figure 1.10: Schematic of (a) All-pass (b) Add-drop ring resonators.

¢ = PL is the single round trip phase shift, where L is the circumference of the ring
waveguide and [ is the propagation constant of the optical mode.a is single round
trip transmission that takes into account the propagation loss and coupling loss. r is
the self coupling coefficient, k is cross-coupling coefficient such that r? + k% = 1 for
a lossless coupler. The ring waveguide is in resonance when ¢ is an integer multiple
of 27, which means that the optical path length in the ring waveguide is an integer

multiple of the input wavelength.
MApes = Nepplym =1,2,3... (1.16)

The resonator is said to be critically coupled when the power coupled to the ring
waveguide is equal to loss in the ring waveguide, i.e. when 1 — a? = k? or r = a.
Under critical coupling, transmission of the APF drops to zero at resonance.

Add-drop ring resonators have two straight waveguides that are coupled to the
ring resonator. A part of the input field is transmitted to the drop port shown in Fig.
1.10(b). The normalized transmission intensity at the pass and drop ports are given
by the following equations,

T — Lass _ r3a?® — 2rireacosd + r? (1.17)
P Lot 1= 2r1roacosé + (rirea)? '

~ Marop (I-r)(1—r3)a

T, = = 1.18
d Linput 1 —2rimaacos¢ + (riraa)? ( )

In the add-drop configuration, critical coupling occurs when ary = ry.
The spectral characteristics for ring resonators are shown Fig. 1.11. The transmis-

sion spectra which depend on the ring waveguide propagation loss and coupling loss
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are calculated through equations (1.15),(1.17) and (1.18). In Fig. 1.8, example values
of a =0.95 and r; = r, = r = 0.85 are considered. Important spectral characteristics
such as full width half maximum (FWHM) of the resonance, extinction ratio (ER)

are also indicated for outputs at the pass port, drop port and for the notch filter.

1 E
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Figure 1.11: Transmission spectra for an all-pass ring (notch filter) and an add-drop
ring resonator for a = 0.95 and r; = ro = r = 0.85 along with the indicated spectral
characteristics.

From Fig. 1.11, we can observe that the add drop ring resonator has a greater
extinction ratio than the all-pass ring as it operates closer to critical coupling for
the considered a,rq, 79, r values. Other important characteristics for ring resonators
are the quality (Q) factor. Q) factor indicates sharpness of the resonance around the

resonant wavelength and is given as [32]

>\7‘€S

Q= Fraa

(1.19)

Physically, QQ factor indicates how many round trips are made before the optical
energy in the ring decays to 1/e of the initial energy due to propagation loss or

coupling to the bus waveguide [32]. This translates to how long the optical intensity
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in the ring waveguide takes to decay by a factor of 1/e which is also known as resonator

lifetime or cavity photon lifetime [33, 34].

1.2.4 Slot Waveguide Bragg Gratings

A slot waveguide structure allows for confinement and propagation of the optical
mode in a low index medium [35, 36]. A silicon slot waveguide structure consists of
two silicon arms separated by a narrow gap filled with a low index medium. The
discontinuity in the dielectric medium at the silicon arm and slot region interface
results in a strong optical field confined in the slot region. There are two types slot
waveguide geometry, horizontal and vertical slot waveguide configurations as shown in
Fig. 1.12. The electrical field (E,) strength of the fundamental TE mode in a vertical
silicon slot waveguide with oxide cladding is shown Fig. 1.13. We can observe a strong

E, component of the optical mode in the narrow slot region.

r____________________________I i » Wﬂ?‘?ﬂ i
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Figure 1.12: Schematic of (a) Vertical slot waveguide (b) Horizontal slot waveguide.
BOX: Buries oxide, Si: Silicon.

The slot waveguide Bragg gratings are unique structures which provide the ad-
vantage of using optical properties of the low index slot medium and the functionality
of a Bragg grating structure. The schematic of the uniform Bragg grating structure
with internal corrugations of width (AW;,) and grating period (A) is shown in Fig.
1.14. A part of the incident light into the Bragg grating structure is reflected due
to the grating corrugations and the rest is transmitted through. Depending on the

wavelength of the input light, interaction of the input light and the grating structure
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Figure 1.13: Electric field (E,) of the fundamental TE mode in vertical slot waveguide
(a) Contour plot (b) E, field horizontal cross section profile.
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Figure 1.14: Top view schematic of a uniform vertical slot waveguide with internally
corrugated Bragg gratings [6].

varies. At a particular wavelength, the reflected light waves occurring from multi-
ple reflections due to the gratings interfere constructively to give a stop band in the
transmission spectrum. This wavelength is called as the Bragg wavelength (Ap) and
is given as

Ap = 2Angs¢ (1.20)
Here n.ss is the average effective index. The bandwidth of the Bragg grating is

defined as the wavelength separation between two successive maxima around the

resonant stop band and is given as [30],

A/ (52 + (7/L)?)

TNy

AN =

(1.21)

Here r is the grating coupling coefficient, L the grating length and n, is the group
index of the uncorrugated waveguide at the Bragg wavelength. The grating coupling

coefficient refers to the amount of reflection per unit length and can be calculated
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from the Fresnel’s equations [30],

B 2An

= — 1.22
K= (122

Here An = nepr1 — negpo.
The typical response of a uniform Bragg grating is shown in Fig. displaying its

wavelength selective transmission capabilities.

1.3 Thesis Outline

The organization of my thesis is divided into three main chapters. Each chapter
describes a specific project I worked on in the field of silicon photonics.

Chapter 2 describes the project on Micron scale silicon photonics. This project was
part of the internship at Lumentum LLC in Ottawa, Canada. Design of a single mode
rib waveguide, fabrication process used and design of a polarization beam splitter
using micron scale SOI thickness is described.

Chapter 3 describes the project on silicon optical modulators. The state of art in
the field of silicon optical modulators is described. This is followed by detailed design
of a novel ultrafast DC Kerr effect modulator with theoretical background, resonator
structure implementation and photonic circuit simulation.

Chapter 4 describes silicon nanowire Mach Zehnder Interferometer (MZI) circuits
and Slot waveguide Bragg gratings. The theory, modeling and simulation of MZI and
slot waveguide Bragg gratings is presented. This is followed by e-beam fabrication
process used in the multi-project wafer fabrication run and measurement data anal-
ysis. Novel low loss slow light property of slot waveguide Bragg gratings is described
through simulation and experimental results and its potential application for high
performance electro-optic modulators and integrated-optic sensors is discussed.

Finally, conclusions and future work from this thesis are summarized in chapter



Chapter 2

Micrometer Scale Silicon Photonics

2.1 Introduction

Micrometer scale silicon photonics is an attractive platform to develop commercially
viable products such as passive waveguides , switches, attenuators and filters rele-
vant for optical transport applications.! This is because it can provide low insertion
loss, and weak birefringence compared to nanometer scale silicon photonics. This is

particularly well suited for single mode fiber-optic applications.

Commercial development of silicon photonics was led by Bookham Technologies,
U.K in the 1990s during the telecom boom [37]. This was in part due to the research
breakthroughs achieved in the late 1980s by G. Reeds group at the University of
Surrey and by R.A Soref who was collaborating with Surrey University. Specifically,
fabrication of silicon waveguides on a silicon-on-insulator (SOI) platform at telecom
wavelengths (1.2-1.6 microns) was proposed. Issues of multi modal nature of micron
scale strip waveguides and polarization dependent losses due to birefringence were
investigated. In 1991, Soref et. al. proposed a theoretical condition on the micron
scale rib waveguide dimensions to achieve single mode criteria in rib/ridge waveguide
based on an SOI platform [38]. The idea involved designing the rib waveguide dimen-
sions (slab height and rib width) such that higher order modes in the rib waveguide
would couple into the fundamental slab mode and would experience significant side
power loss due to lateral leakage to make the rib waveguide effectively single mode.
The theoretical predictions showed reasonable agreement with experimental results

for single mode SOI rib waveguides in [39].

Industrial application of micron scale silicon photonics has been demonstrated by

LA version of the this chapter is part of the technical report, D.V Simili , ” Micron Scale Silicon
Photonics for Optical Communication”, Lumentum LLC, Ottawa, ON, December 2016. Exact device
design dimensions are withheld in this chapter as per confidentiality agreement with Lumentum.

17
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Figure 2.1: Propagation loss and bend radius versus waveguide dimensions [7]

Mellanox [7]. Figure 2.1 describes propagation loss and minimum bend radius per-
formance for different waveguide thicknesses. As the waveguide thickness decrease,
propagation loss increases because the mode is now closer to the waveguide sidewall
resulting in a higher scattering loss. Though academic research is mainly focussed
on nanometer scale silicon photonics as it allows for more compact devices due to
tighter bend radii of nanometer scale strip waveguides and potential integration with
nanometer scale electronics, Industrial research by Mellanox suggests 2-4 um waveg-
uide thickness as a suitable platform for optical transport. This is because it offers
superior propagation loss performance, better coupling from the chip to optical fiber
and easier coupling to III/V group semiconductor components used for lasers and
detectors. Secondly Mellanox has developed a multilayer etch fabrication capability
with deep etch technology that allows for tighter bend radii in micron scale waveguide
thicknesses as shown in Fig. 2.1. Other advantages of micron scale silicon waveg-
uides are low propagation loss of 0.2 dB/cm for both TE and TM polarizations and
negligible birefringence(~ 107%) [7].

This chapter is part of my industrial internship experience at Lumentum LLC in
Ottawa, Canada. The design of single mode rib waveguide that is compatible with
external fabrication foundry used by Lumentum LLC is described in section 2.2. The
CMOS compatible fabrication process used by the external foundry is described in

section 2.3. Section 2.4 describes the detailed design of a polarization beam splitter
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device that is compatible with available fabrication process. Details of the fabricated
polarization beam splitter and experimental data from my designs are not provided

because of Lumentum LLC’s proprietary on them.

2.2 Design of single mode rib waveguide

An important requirement in the design of a micron scale rib waveguide is that it
support propagation of only the fundamental TE and TM modes in order to prevent
loss of optical power from fundamental mode to higher order modes.The cross section
of a rib waveguide is shown in Fig. 2.2. The theoretical condition for single mode
operation in a rib waveguide was first predicted by Soref. et. al. [38]. The condition

proposed is as follows,

t<c+ (r/+/ (1 —=12)) (2.1)
Here, r = h/H,t = W/H,c = 0.3 and r < 0.5 . Experimental results have shown
agreement with the proposed Soref condition as in the academic publication [39] and
also industrial research publications by Mellanox [40] and Intel [41]. The proposed rib
waveguide geometry design are so that the etch depth and rib width chosen satisfy
the Soref criteria. Fundamental TM and TE modes of the proposed rib waveguide

are shown in Fig. 2.3 indicating negligible birefringence.

Air/si02

|V BOX

Figure 2.2: Cross section of a rib waveguide.

2.3 Fabrication Process

The fabrication process steps used to develop the SOI rib waveguide are shown in Fig.
2.4 with a micron scale SOI (Silicon on Insulator) layer on a 3 micron BOX (Buried

Oxide layer)[42]. The process is also referred to as the single etch process.
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Figure 2.3: Color coded fundamental TM (a) and TE (b) modes in the designed rib
waveguide showing negligible birefringence (~ 107*) at 1550 nm.
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Figure 2.4: Fabrication process steps for single etch rib waveguide.
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Figure 2.5: Fabrication process steps for double etch rib waveguide [8].

The oxide hard mask is deposited on the SOI wafer in order to protect the waveg-
uide top surface during the silicon etch step. The pattern of the photomask which
includes the waveguide structure is transferred to the oxide mask using the pho-
tolithography steps of resist coating, exposure and development followed by oxide
dry etch.The waveguide pattern is transferred to the SOI layer after the silicon etch
and mask removal steps. The cladding oxide is deposited using the TEOS (tetra-ethyl
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ortho silicate process) process.

It is desirable to have a two etch depth fabrication process as shown in Fig. 2.5,
because this would enable patterning the SOI layer with a rib waveguide and a strip
waveguide. This is useful for certain applications such as bend sections, where a strip
waveguide would be more advantageous as it requires a lower bend radius compared

to a rib waveguide for the same bend loss [43].

2.4 Polarization Beam Splitter Design

A polarization beam splitter (PBS) is an important functional element in an integrated-
optic chip. Its function is to route the fundamental TE and TM modes onto two
separate paths. Its one of the functional units for applications such as a coherent
communication on a chip [3], where to increase system bandwidth polarization mul-
tiplexing is used.

There are different techniques to implement a PBS such as using a single 2x2
multi mode interference [44, 45] (MMI ) coupler, an asymmetric MZI (Mach-Zehnder
Interferometer) structure [46], directional couplers [47] and using photonic crystals
[48]. The single 2x2 MMI design is based on the principle of quasi-state imaging. Due
to birefringence of the multimode waveguide, the self imaging lengths for TE (3LLF)
and TM (3LIM) polarizations are different. By adjusting the length of a single 2x2
MMI (Lasar) such that the condition (Lysp; = p X 3LIF = ¢ x 3LIM: p + ¢ = odd)
[44] is satisfied, one can use intermediate states or quasi states of the mode to achieve
polarization splitting. Devices based on this principle had excess loss ~ 1 dB and
polarization extinction ratio of 11.93 dB and 14.35 dB for TE and TM polarizations
at 1550 nm wavelengths respectively [45]. PBS based on directional couplers rely
on strong birefringence in the waveguide as in silicon nanowires so the that cross
over length and subsequent phase matching is satisfied for only one polarization.
An asymmetric coupling between a silicon nanowire or strip waveguide and a slot
waveguide was used to achieve an ultrashort PBS with a coupling length of 13.6um
and polarization extinction ratio of 21 dB and 17 dB for TE and TM polarizations
over the telecom C band [47]. This type of PBS based on directional couplers is
better suited for nanometer scale silicon photonics as it requires coupling gaps in

the range of 100’s of nm and features sizes of 100 nm or smaller when using slot
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waveguides, making the designs fabrication sensitive. Similarly PBS based photonic
crystals which utilize strong polarization dependent properties of photonic crystal
structures, require feature sizes of the order of 100’s of nm making them unsuitable
for the micron scale fabrication process described in this chapter. Only the single 2x2
MMI and the asymmetric MZI based structures have a minimum required feature size
that is greater than one micron. This condition of having a minimum feature size
greater than one micron, so as to be compatible with the available micron scale SOI
fabrication process limits available design options.

The schematic for an MZI based PBS is shown below,

TE, TM
a b c d TE
2x2 3 dB 2x2 3 dB

; MMI MMI
a b’ c d’ ™

Figure 2.6: Schematic of a polarization beam splitter

Building blocks involved in the design are (a) 2x2 MMI 3 dB splitter, and (b)
asymmetric birefringent MZI arms. The 2x2 MMI achieves 3 dB splitting of the
input and by controlling the phase difference between the two MZI arms, one can
achieve polarization splitting at the output. This is described through the equations
below [46].

The electric fields at the output ports are given by the matrix relationship in

equation (2.2).

Eq

/

By

E,
E.

a

o k ad k a'd
kad/ ka/ d

where the coupling ratios are,

kad = kabkbckcd + kab’ kb’c’ kc’d

kad’ = kabkbckcd’ + kab’ kb’c’ kc’d’
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This gives the coupling ratios as,

(2.3)
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Vo' e

AQO = Blbc - B/lb’c/ (25)

where Ky, = Ypoe 1P, Ky = yyoe 1w Here B = nky and B’ = n'ky are propaga-
tion constants. I, and [,/ are lengths of the two MZI arms, K is the power coupling
ratio ,7vp. and vy~ are the amplitude attenuation coefficients for the two MZI arms.
Equations (2.3) and (2.4) describe the power coupled to the output ports d and d’
with the input from port a. From equations (2.3) and (2.4), we can observe that the
outputs at ports d and d’ can be controlled through the phase difference between the
two MZI arms Ay described in equation (2.5). This can be physically achieved by
having MZI arms of different rib widths and/or arms of different lengths.

To achieve polarization splitting in the two output arms , the following phase

difference conditions would be required,

Ap=(2m+ 1)r (2.6)

Ap = (2m)m (2.7)

Here m is an integer.The phase difference in equation (2.6) would result in kg = 1
and k,y = 0, while the phase difference in equation (2.7) would result in k,q = 0 and
k. = 1, when K = 0.5. Therefore, it is desirable to have 3 dB splitting from the 2x2
MMTI’s with negligible imbalance between the two output arms.There are two design
options, namely a completely shallow etch design with a single etch depth of e um or

a deep etch design.
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The key performance metrics of the PBS with reference to Fig. 2.6 include device
excess loss (EL) and polarization extinction ratio (PER) given by

P, + P/

)

Py
along with device bandwidth and device size. In the following sections, designs of the
two fundamental building blocks which are 2x2 3 dB MMI and MZI arms using only

a shallow etch are described.

2.4.1 Shallow Etch MMI Design

Access waveguide taper

2]
mei

Figure 2.7: Schematic of a shallow etch MMI along with cross section of the access
waveguide taper.

The design of the 2x2 MMI shallow etch is based on the R. Halir et. al. design
procedure of the shallow etch 2x2 MMI [31]. The design steps are as follows,

1. Determination of the MMI access waveguide width.

2. Taper design.

3. Access waveguide separation.

4. MMI Block design.

5. Fabrication tolerance.

Step 1: Determination of MMI access waveguide width.

Having a wider access waveguide to the MMI provides better mode matching
of the input waveguide to the wide multi mode section which then results in lower
insertion losses and imbalance from the MMI. As per [31], design criteria for the

access waveguide width in order for the MMI to have an excess loss below 0.1 dB is,
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(Wa/H) > 3.01 — 2.95(c/H) (2.8)

Here W, is the access waveguide width, H is the device layer thickness and e is the
etch depth as shown in Fig. 2.7. Also, having a wider access waveguide increases the
fabrication tolerance of the MMI [5].

Step 2: Taper Design

An adiabatic taper needs to be designed to gradually transition from the nominal
rib waveguide width of 'w’ pum to the wide access waveguide width of 2.07 xw pum. The
full vectorial FDM algorithm was used to simulate the propagation of the fundamental
TE and TM modes.As the input waveguide is single mode as per design, no higher
order modes should exist at the beginning of the taper.The boundaries for simulation
of the taper are adjusted so that the fundamental mode electric fields completely
decay before the boundary and the computation window is minimized. This would
eliminate any unwanted reflection from the boundaries and reduce the computation
time while maintaining the accuracy determined by the number of modes and grid

size. The plot below shows the converged results for simulation of the taper.

w um to 2.07*w um Taper.

0.35
03 Loss _TE_e({nominal)
0.25 s | 055 T _e(nominal)
— | g55_TE_e-0.1
B 02
z Loss TW_e-0.1
w
w
8 015 Loss_TE_e+0.1
— 55 TW_e+0.1
01 LIV
0.05
o
o 50 100 150 200 250

Taper Length [um)

Figure 2.8: Excess Loss of the fundamental modes versus the taper length

We can observe that at a taper length of 150 pm, the loss in the fundamental TE
and TM modes are below 0.05 dB for the nominal etch depth ’e” and also for 'e-0.1um’
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and 'e+0.1 um’ etch depths. The tapers were simulated using planar sections with
constant widths at the input and output ends.

Step 3 : Access Waveguide Separation

A minimum separation gap between the access waveguides is required to ensure
that the access waveguides to the MMI are practically decoupled, that is the coupling
is lower than -30 dB. A small separation gap is desired as this would result in a small
width for the MMI and therefore a more compact device. The limiting factors for the
design are minimum separation gap that is allowed through the fabrication process
and the coupling level for the two parallel access waveguides. The amount of coupling

between two parallel waveguides is defined [31]as

Pout

C =10 x log (2.9)

The estimate for actual coupling between the two tapers can be obtained by ana-
lyzing parallel rib waveguides. By obtaining the coupling for parallel rib waveguides
with widths w pm and (2.07 x w) pm for a length of 150 pum, the actual coupling for
the taper between wum and (2.07 x w)um would lie in between these two extreme
cases. This is a faster way to estimate the minimum separation gap required between
the access waveguide tapers. From the analysis of [31], it is clear that the worst case
scenario is when there is an etch depth error of -0.1 um from the nominal etch depth
of e. This is because the fundamental modes have lower confinement in the rib section
due to the etch depth error and therefore a stronger interaction between the parallel
rib waveguides. The results presented for this step are for the worst case scenario for
the etch depth of (e — 0.1)um. It is found that when gradually increasing the center
to center separation between the waveguides (s) to a value of (2.81 xw) pm, the
maximum parallel lengths are greater than the taper length of 150 um with coupling
between them being below -30 dB. The corresponding separation gap at the access
waveguides for the MMI is 2 pm which can be fabricated. Therefore the chosen s is
(2.81 xw) pum for the MMI design.

Step 4: Multimode Section

The design of the 2x2 multimode section can be either through general interference

or paired interference mechanisms [5]. Design dimensions for the multimode section

are MMI width (W) and MMI length (L,,;) as shown in Fig. 2.7. The starting
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widths for the general interference design is W& == (2W,4 + g)um and for the paired
interference design is WX == 3(W,4 + g)um .

It is important to have relaxed tolerances in the MMI design to account for fab-
rication errors. The shift in MMI length from the nominal length (L) that results in

0.5 dB loss penalty is given by [5]

(mn,w?)
4 )

In the above equation, wy is the Gaussian beam waist which equals the 1/e amplitude

5L = (2.10)

of the input field, n, is the material refractive index and ) is the central wavelength
of operation. The above equation gives the absolute length tolerance of the MMI
independent of the MMI dimensions of width or length. We can observe that having
a wider access waveguide would result in a greater MMI length tolerance because
of the wide input field to the MMI. For the access waveguide rib width of (2.07
xw)um, the 1/e width for the fundamental mode is (1.74 xw) pm. This gives a
length tolerance of 38.6 pum , taking the silicon material refractive index of 3.45 and
and the central wavelength as 1.55 pm.

The MMI length tolerance translates to width tolerance (6W.), bandwidth (5)\)

and refractive index tolerance (dn,.) through the following expression [5],

oL 26We ~ 16| o on,
L "W. XN
From the above expression , it can be concluded that the MMI length L needs to be as

(2.11)

short as possible to allow for greater tolerances to other parameters (i.e. We, Ao, n;.)
in equation (2.5). This indicates optimizing the design to a shorter MMI width (W)
would achieve a greater overall tolerance for the MMI. The 2x2 general interference
MMI was optimized from a starting width of W+ to a final width of W g4 —0.6um.
Decreasing the MMI widths in steps of 0.1um improved the trade-off between the
excess loss and imbalance for the MMI till the width of Wesqr — 0.6um below which
it got worse. Figures 2.9 (a) and (b) plot the variation of the excess loss and imbalance
versus the MMI length at the wavelength of 1.55 pum respectively. The chosen MMI
length has a minimum excess loss of 0.11 dB and 0.10 dB for the TE and TM modes
respectively and the imbalance is -0.13 dB and -0.06 dB for TE and TM modes

respectively.
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Figs 2.10 and 2.11 give the nominal shallow etch MMI design with respect to
excess loss , imbalance and phase error. We can observe that maximum excess loss

and imbalance is below 0.14 dB in the C band with phase error in the output below

0.4 degrees.
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Figure 2.12: Fabrication tolerance analysis for MMI width error of 4/- 100 nm (a)
Excess loss versus wavelength (b) Imbalance versus wavelength.
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Figure 2.13: Phase error versus wavelength for fabrication width error of 100 nm.
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Sensitivity of the nominal shallow etch design to MMI width error of +/- 100 nm
and etch depth of +/- 20 nm are shown in Figs. 2.12-2.15. We can observe that excess
loss and imbalance remains below 0.25 dB and 0.18 dB respectively while phase error

has a maximum value of 1.12 degrees for these fabrication errors.

2.4.2 MZI Arm Design

Design of the MZI arms are based on governing equations for an MZI PBS which are

described through equations (2.2-2.7).
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One can choose the polarization with a higher imbalance from the 2x2 MMI splitter
to satisfy the phase relationship in equation (2.10) as this phase condition does not
require 50:50 splitting of the output power from the 2x2 MMI. From the analysis of
the 2x2 MMI, the TE polarization has a higher imbalance than the TM polarization.
Therefore the TE mode is selected to be output from the through port (d) and TM
mode is output from the cross port (d’).

Thus, the phase relationships that need to be satisfied are as follows,

Agrs = (ngp — n'TEz')(%”) — (mrs + 0.5)(27) (2.12)
Bpnss = (nras = sl )(50) = (maar)(27) (2.13)

Here nyg 7 is the effective index of the wider arm and [ is its corresponding length.
g srar 18 the effective index of the the narrower arm and [’ is the corresponding arm
length. m7g and mpy, are integers which correspond to the interference orders for
the TE and TM modes respectively.

There are two unique design approaches, one in which the arms widths are equal
with arm lengths being different and the other being unequal arm widths having an
equal arm length. The option in which the arm widths are equal i.e. nrp = nlpp =
nreo and Ny = Nl = nrare would require the condition,

nrymo mrym

As the ratio of the fundamental TE and TM mode effective indices for the rib waveg-
uide with a fixed width are are close to 1.0, large interference orders (greater than 10)
would be required to satisfy the condition in equation (2.14). This is would reduce
the bandwidth of operation for the PBS and is therefore not desired.
The alternative approach of having unequal arm widths with an equal arm length
would require the following condition to be satisfied,
/
TP _E) - (ML) (2.15)
The advantages of this approach are that one would require smaller interference orders

such as (1,2) to satisfy the condition in equation (2.15) and it is easier to draw the
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physical layout with a constant arm length (Iy). The steps followed in this approach

are based on the asymmetric MZI arm design described in [46]. These are as follows,

(1) Calculation of the effective indices for the fundamental TE and TM modes
for rib widths in the range 1.0 um to 3.0 um. These widths correspond to the single

mode condition for the rib waveguides.

(2) Calculation of the ratio in equation (2.15) and determination of the allowed
width combinations for the specific interference orders and the corresponding MZI

arm lengths.

3.50E-03
3.00E-03
2.50E-03
2.00E-03
1.50E-03

Birefringence

1.00E-03
5.00E-04

0.00E+00
1 15 2 2.5 3

Rib Width (microns)

Figure 2.16: Birefringence versus waveguide width at 1550 nm.

Fig. 2.16 is the calculated waveguide birefringence for rib waveguides with varying

rib width at 1.55 um.
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The above plot (Fig. 2.17) is a function of zeta versus the wider arm rib widths
for the narrow arm widths in the range 1 um to 2 um. Here zeta is the ratio defined
in equation (2.15) which is,

. nTE—n’TE ) (mTE+O5

¢=( - ) (2.16)

/
nry — Npar mrym

For interference orders of (mrg,mzy) = (1,2) , we have ¢ equal to 0.75. This
value of zeta is satisfied for a set of wide and narrow arm rib widths as shown in Fig.
2.17. The corresponding narrow and wide MZI arm rib widths are (1.0,2.7), (1.1,2.5),
(1.2,2.3), (1.3,2.2) and (1.4,2) microns respectively. Other alternative options for MZI
arm widths are (1.0, 1.3),(1.1,1.2) where interference orders are (mrg, mrar) = (0,1)

with ¢ = 0.5.

2.5 Polarization Beam Splitter Simulation

Combining designs of the MMI and MZI arms described in section 2.4, performance
of the MZI-based polarization beam splitter can be analyzed. Implementation of the
MZI arms can be through a combination of tapers and straight waveguides. In this
respect, one could have two designs with asymmetric and symmetric tapers. In the

asymmetric taper design, there are two unequal tapers from the access waveguide to
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the narrow and wide straight MZI arms. The layout schematic is shown below in Fig.

2.18 ,

-

Y

LT
[

WA

Figure 2.18: Schematic of shallow etch PBS with asymmetric MZI taper arms.

Nominal design performance for this design is shown in Figs. 2.19 and 2.20,

Figure 2.19: Nominal shallow etch PBS design Intensity plot (a) TE mode input (b)
TM mode input.
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The nominal design was obtained by increasing separation gap between the two
straight MZI arms so as to ensure there is no coupling between the arms as this lowers
extinction ratio of the PBS. After a certain separation distance the extinction ratio
is limited by imbalance of the MMI and not by potential coupling between the two
MZI arms. The above design is optimized so as to get close to 30 dB extinction ratio

at the central wavelength of 1.55 pm.
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Figure 2.21: Etch depth error analysis of +/- 10 nm from nominal PBS design. (a)
Excess loss versus wavelength (b) Polarization extinction ratio versus wavelength.
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Figure 2.22: Width error analysis of +/- 50 nm from nominal PBS design. (a) Excess
loss versus wavelength (b) Polarization extinction ratio versus wavelength.

Fig. 2.21 (a) shows sensitivity analysis to etch etch depth error of +/- 10 nm
from the nominal design of the shallow etch PBS. We can observe that the nominal
PBS design is robust to +/- 10 nm etch depth error as excess loss is below 0.4 dB
and polarization extinction ratio is better than 10 dB over C band wavelengths of
1530-1565 nm. Similarly the nominal design PBS shows good robustness for 50 nm
width error with excess loss below 0.5 dB and polarization extinction ratio above 10

dB between 1530-1565 nm wavelengths as shown in Fig. 2.22.

2.6 Summary and Conclusion

The nominal design MZI PBS is summarized and compared with other MZI and a
single 2x2 MMI based PBS in Table 2.1.

Table 2.1: Comparison of demonstrated PBS and the proposed nominal design PBS
at 1550 nm wavelength.

Des.lgr.l Excess loss (dB) Extiction ratio-TE(dB) Extiction ratio-TM(dB) Device size (mm)
description
MZI with 2x2 MMI (400 nm

SOD)[[49)] 1-4 18 10 0.2
MZI with 2x2 MMI (5.1 micron

SOD)[[50]] 1.1 16 16 10

Single

2x2 MMI (Quasi state imaging) 1 11.93 14.35 1.073
(Photodefinable Polyimide)[[45]]
Proposed nominal design(micron 0.98 30 30 3.4

scale SOT)
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The proposed nominal design has the least excess loss of 0.28 dB and the highest
extinction ratio of 30 dB for both TE and TM polarizations at 1.55 gm in comparison
to other micron scale or nanometer scale MZI PBS and a micron scale single 2x2 MMI
design.The simulation results predict excellent performance for the nominal design
with device excess loss below 0.4 dB and polarization extinction ratio greater than 15
dB in the telecom C band (1530-1565 nm) for both TE and TM waves. The cost of
micron scale MZI PBS performance over nm scale PBS is device size. The nominal
design for the micron scale PBS is between 3-4 mm whereas a nm scale MZI PBS is ~
200 pm in length [49]. The device size of micron scale PBS could be reduced using a
deep etch instead of shallow etch, but its sensitivity to fabrication errors would need
to be analyzed.

A novel shallow etch polarization beam splitter (PBS) has been designed that is
compatible with micrometer scale CMOS fabrication. The nominal design with its low
excess loss, high polarization extinction ratio over the telecom C band wavelengths
and robustness to fabrication variation, make it a good candidate for practical low

loss micron scale silicon photonic integrated circuits.



Chapter 3

Silicon Electro-Optic Kerr Effect Modulator

Electro-optic modulators are key components for future optical interconnects and
for optoelectronic integration. As has been described in the Introduction chapter,
optical interconnects are vital in order to scale up with demands for rapid increase
in data rates in today’s data centers. In this regard, optical modulators are active
devices where high modulation bandwidth, small device footprint, low loss and low
energy per bit consumption are desired. Silicon photonics has the capabilities to meet
these complex requirements. In this chapter, state of the art in silicon electro-optic
modulators are described followed by design of a novel high speed electro-optic Kerr

effect modulator !.

3.1 State of the art

The most commonly used electro-optic effect to achieve modulation in silicon devices
has been the plasma dispersion effect. This is because electric field effects based on
electro-refraction such as the Pockels effect do not exist in silicon while the Kerr effect
induces a small refractive index change of An = 107, for an applied electric field of
107 V/m [51] at 1.55 micrometer wavelength. Electric field effects in silicon, based
on electro-absorption such as the Franz-Keldysh effect also induce a low refractive
index change (An = 1.5 x 1075 \E=10" V/m) at 1.55 micrometers [51] to be useful.
For device applications, a An ~ 10~* or greater is desired while avoiding the danger
of an electrical breakdown of the medium. For intrinsic silicon at room temperature,

the dielectric breakdown field is of the order of 3 x 107 V/m [52].

The plasma dispersion effect is based on a change in the free carrier concentration

LA version of the section 3.1 has been published in :D.V. Simili, M. Cada, ”Silicon Kerr Electro-
Optic Switch” in Proceedings of DCPHOTOPTICS, Scitepress pp. 74-79, 2015 and a version of
sections 3.2-3.4 have been published in :©[2018], IEEE. Reprinted, with permission from [D.V.
Simili, M. Cada, and J. Pistora, ”Silicon Slot Waveguide Electro-Optic Kerr Effect Modulator”,
IEEE PTL,30,873-876, 2018
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of silicon to induce a change in the absorption spectrum and therefore a change in the
refractive index. The change in the refractive index of silicon was computed through
experimentally obtained absorption spectrum in [51]. A refractive index change of
the order of 1073 was obtained for free carrier (electrons) concentration change of
10'8/em? at 1.55 micrometer wavelength. The different mechanisms used to achieve
the plasma dispersion effect in the medium through which light is propagating are

carrier accumulation, carrier injection and carrier depletion.

In the carrier injection technique, electrons and holes are injected into an intrinsic
waveguide region. The structure used is a p-i-n junction diode. The injection of
electrons and holes into the waveguide region is controlled by changing the voltage
applied to the highly doped p and n regions of the structure. The charge transport
mechanism is based on carrier diffusion. The switch off time for the device would
depend on the electron-hole recombination lifetime for silicon which is 100 ns for n-
type silicon at temperature of 300 K [34]. An example of a top performing modulator
employing this technique uses a micro ring resonator structure to achieve speeds of
12.5 Gbps with a high extinction ratio greater than 9 dB at a modulation voltage of
approximately 4 V [53].

In the carrier accumulation technique, mobile carriers are diffused into the intrinsic
waveguide region. The concentration of mobile carriers in the waveguide region is
controlled by adjusting the potential of the doped regions. The intrinsic waveguide
region is split into two halves separated by an insulator region so the mobile carriers
begin to accumulate on both sides of the insulator to form a capacitor structure. This
type of structure would avoid the slow recombination process of the diffused mobile
carriers. The first implementation of this technique reported a bandwidth in the
neighborhood of 1-2 GHz with an extinction ratio greater than 16 dB and a device
phase efficiency (VL) of approximately 8 V.cm [54]. Subsequent optimizations to
this technique reported 10 GHz bandwidth with 3.8 dB extinction ratio and a better
Vi L of 3.3 V.cm [55].

In the carrier depletion technique, the silicon waveguide is a lightly doped p-
n junction. The width of the depletion layer is controlled by reverse biasing the
structure and therefore carrier concentration experienced by the propagating light in

the waveguide is changed. This technique reported the highest bandwidth of 30 GHz,
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Table 3.1: Comparison between demonstrated silicon plasma dispersion effect based
modulators and the proposed silicon DC Kerr effect modulator.

Modulation Modulation Insertion Loss s .
o s . Ve.L . Extinction Footprint
Description Bandwidth Speed (V.cm) E/bit Ratio (dB) (um? )
(GHz) (Gb/s) ¢ (dB) atto pm
Carrier Injection-MRR 125 11] 9 78.5
[53]) |
C:LH“ICI“ Accumulation-MZI 1to 2 1 8 6.7 ~16 ~1000
[54]] ,
ﬁggﬁlcr Accumulation-MZI 10 10 3.3 10 38 ~1000
Carrier Injection-MRR 95 50 0.28 59 458 75
[60]] |
Crarner Depletion-MZI 30 40 4 33 11 ~1000
[56]] |
ﬁglrﬁler Depletion-MRR 60 1518 12 19 380
Carrier Depletion-MRR
with PAM encoding 11 80 71 ~1 201
([58]]
Proposed DC Kerr effect 15 9 951 35 6.17 ~1000

modulator-MRR

with an extinction ratio of 1.1 dB and a VL of 4 V.cm [56]. The carrier transport
mechanism in this case is carrier drift which is faster than the carrier diffusion used in
previous techniques. Recent developments in modulators using the carrier depletion
technique employ advanced modulation formats such as pulse amplitude modulation
(PAM) to increase the data rate transmitted to 60 Gbps [57], 80 Gbps [58] and
112 Gbps [59] at the cost of energy efficiency and device complexity for short reach
applications.

As shown in Table 3.1, the drawback of plasma dispersion effect is that the mod-
ulation speed is limited to 10’s of Gbps without using advanced modulation formats
due to carrier transport dynamics and faces a trade-off between modulation speed,
extinction ratio, efficiency represented by energy per bit (E/bit) or V,.L and de-
vice footprint. In addition there are challenges in thermal stability due to the high
thermo-optic coefficient of silicon [62].

An alternative option of using the ultrafast electro-optic or DC Kerr effect in sil-
icon nanocrystals embedded in silica and a slot waveguide structure to potentially
achieve high modulation speeds in the range of 100 GHz has been proposed [63, 64].
The DC Kerr effect is a bound electron effect and is inherently ultrafast with re-
sponse times ~ 10765 [65] as it depends on the displacement of bound electrons to

the applied electric field [63]. The advantage of silicon nanocrystals is that it has
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shown at least two orders of magnitude greater optical Kerr coefficient than silica
[1], and has been used to demonstrate an ultrafast all-optical Kerr effect switch [66].
The possibility of using the DC Kerr effect in silicon nanocrystals for modulation [67]
along with experimental validation of the DC Kerr effect in silicon nanocrystals has
been reported [68]. The advantage of using silicon nanocrystals in silica as the active
medium is that the material is CMOS compatible in contrast to other electro-optic
modulator designs [69, 70] where polymers are used as the active medium along with
the Pockels effect. The performance metrics for the proposed DC Kerr effect mod-
ulator using a micro ring resonator structure (MRR) are summarized in Table 3.1.
The proposed silicon DC Kerr effect modulator has the highest modulation speed of
90 Gbps using simple OOK modulation format as the device is not limited by the
physical effect causing the refractive index change unlike silicon plasma dispersion
effect modulators shown in Table 3.1. The proposed modulator also has a low en-
ergy/bit consumption of 25 £J/bit with a useful predicted extinction ratio of 6-17
dB. As the silicon DC Kerr effect modulator is limited in modulation speed only by
design of the modulator (for example RC effects and cavity photon lifetime in a MRR
structure) and not by the actual physical effect causing refractive index change in
waveguide, this type of design is well suited for next generation silicon electro-optic
modulators targeting modulation speeds of ~100 Gbps with energy /bit consumption
of a few £J/bit. In the following sections, a slot waveguide design using standard 220
nm silicon-on-insulator (SOI) platform that is suitable for the ultrafast electro-optic
D.C Kerr effect modulator is described . The theoretical background is presented
along with discussion on implementing the modulator using a slot waveguide ring

resonator.

3.2 Background

Silicon nanocrystals embedded in silica with moderate silicon excess has a refractive
index comparable to that of silica and therefore would provide weak optical mode
confinement when used in a conventional strip waveguide with silica cladding config-
uration. An alternative structure is the slot waveguide [36] configuration where the
light predominantly propagates in the low index medium in the narrow slot region.

The geometry and electric field profiles for the horizontal configuration of the slot
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waveguide with silicon nanocrystals in silica as the slot medium is shown in Figs. 3.1
and 3.2. One can observe that there is a significant portion of the optical mode in
the slot region filled with silicon nanocrystals in silica. The parameters used in the
mode simulation are in Table 3.2.

Silicon
Silica cladding

g ¥

Z
X

Figure 3.1: Cross section view of horizontal slot waveguide with color coded funda-
mental quasi-TM optical mode.
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Figure 3.2: Vertical cross section electric field (£,) of the fundamental TM mode
along Y axis for the horizontal slot waveguide.

The fabrication of the horizontal or sandwich slot waveguide configuration with
silicon nanocrystals in the slot region has been demonstrated with the deep-UV lithog-
raphy techniques [71]. Here a thin layer of silicon nanocrystals embedded in silica
is deposited over a crystalline silicon strip through LPCVD (Low Pressure Chemical
Vapor Deposition) or PECVD (Plasma Enhanced Chemical Vapor Deposition) meth-

ods. This is followed by the deposition of an amorphous silicon layer on the silicon
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nanocrystal slot region.

Table 3.2: Material parameters at 1.55 pum wavelength. [1]

Material Parameter Value
Silicon refractive index 3.475
Silica cladding refractive index 1.444
Silicon nanocrystals in silica refractive index 1.7

Silicon nanocrystals in silica third order nonlinear
susceptibility (m?/V?) 2x 10718

Two photon absorption coefficient (cm/GW) of
silicon nanocrystals in silica 70

The slot waveguide has been shown to be a suitable waveguide geometry for
electro-optic applications as one can concentrate a significant portion of the optical
mode across a narrow low index material gap and have electrically isolated silicon strip
waveguides that serve as electrodes in close proximity for the vertical slot waveguide

configuration [72]. The DC Kerr effect is a special case of the third order nonlinear

1
3

time dependent perturbation where the electric field is static [73]. The ratio (
which represents shift in the modal effective index due to a differential amount of
a uniform change in the relative dielectric constant in some part of the waveguide

geometry is as described in [74],

((5neﬁc) _ [J1E|*dzdy (3.1)
o€ 220 ] Re(E x H*) - é.dzdy '

Here, E is the electric field, H is the magnetic field of the optical mode and €, is the

unit vector along the direction of propagation (Z axis as shown in Fig. 3.1). The
effect of the third order perturbation due to the DC Kerr effect is represented in the
change in the relative dielectric constant of the medium(Ae¢) . The material refractive
index change due to D.C Kerr effect(An) for a fully applied external electric field can
be derived from [75] as,

3x® 2

Here n is the material refractive index,(x®) is the material’s third order nonlinear

susceptibility and Epc is the applied DC electric field along the Y axis as shown in
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Fig. 3.1. Considering the slot waveguide geometry where the applied voltage (V')
can be dropped across the slot gap (g) of refractive index n, the DC electric field is
Epc = % . Taking Ae = 2nAn , the total shift in the modal index can be calculated
from equations (3.1) and (3.2) as,

(3)
S = P(2C ><%>2 (3.3)

Here T is the interaction factor [16],

B ffgapn|E|2dxdy
20 [[ Re(E x H*) - é.dudy

I represents the ratio of the optical power in the transverse component (|E,| for

(3.4)

TE mode and |E,| for TM mode) of the propagating mode that interacts with the
material medium of refractive index n in the slot gap and the applied DC electric field
(Epc) to the total optical power. The expression in equation (3.4) is a simplification
of the interaction factor definition [76] which is for a photonic crystal waveguide. The
novelty in equation (3.3) is that it characterizes a waveguide in a DC Kerr effect based
modulator as one can calculate the effective index change for a given applied voltage
by taking into account the waveguide’s interaction factor (I') as well as gap between
the electrodes (g), both of which depend on the waveguide structure and electrode
configuration, and the material’s third order nonlinear susceptibility .

The effect of two photon absorption leading to slow free carrier effects would be
negligible based on the material parameters of silicon nanocrystals [1]. There is an
experimental proof that the horizontal slot waveguide with silicon nanocrystals as
the slot medium has weaker free carrier effects compared to the conventional strip
waveguide [77] and it has been shown that the ultrafast AC Kerr effect dominates
over the response due to free carriers in the demonstration of the all-optical Kerr

effect switch [66].

3.3 Results and Discussion

3.3.1 Slot waveguide optimization for the D.C Kerr effect

Based on the optimization results of silicon nanocrystal slot waveguides for nonlinear
applications [78], the optimum slot waveguide dimensions for a horizontal slot waveg-

uide with a silicon layer thickness (h) of 220 nm is, 60 nm slot gap (g) leading to a
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device layer thickness of 500 nm and 200 nm slot arm width (w) for the fundamental
TM mode at 1550 nm wavelength. The corresponding effective modal area is 0.05
pum? [78]. The horizontal slot waveguide is single mode for the optimum dimensions
and the interaction factor for the slot waveguide is 0.36. The shift in effective in-
dex for the horizontal slot waveguide with respect to the applied voltage using the

material parameters in Table 3.2 is shown in Fig. 3.3.
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Figure 3.3: Effective index change versus voltage (V) for horizontal slot waveguide
with 60 nm slot gap thickness.

A useful effective index change of the order of 10™* — 1073 is obtained in the
voltage range of 0.8 V to 3 V for the considered slot waveguide. This corresponds
to a phase efficiency of 0.63 V.cm for the silicon nanocrystal slot waveguide. These
values are comparable with the effective index change and voltages obtained in silicon
free carrier plasma dispersion effect-based modulators as reported in the review in
[79] where the modulation speeds are at best in the range of 40-50 Gbps. Also, the
typical electric breakdown field for silicon dioxide films is of the order of 10® V/m,
which implies a maximum of 6V for a 60-nm slot gap. Similar work of utilizing
the D.C Kerr effect in an active medium embedded silicon slot waveguide has been
presented in [80, 81, 82]. Here the active medium used is a nonlinear optical polymer.
The theoretical background described in the previous section to calculate dneg is
verified experimentally in the determination of x© for the nonlinear optical polymer
in [80] . A good agreement is obtained between experimentally obtained bulk

for the polymer and it’s x® determined in the silicon slot waveguide due to resonant

wavelength shift caused by dneg [80].
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3.3.2 Resonator Structure Implementation

A schematic of a resonator structure along with electrodes to apply the required DC
bias is shown in Fig. 3.4. A strip loaded section of thickness t = 90 nm is used to pro-
vide a connection between the coplanar electrodes and the n-doped silicon horizontal
slot waveguide arms. This horizontal slot waveguide structure with electrical contacts
can be fabricated by the technique of epitaxial lateral overgrowth [55]. Similar type
of a resonator structure has been proposed for an electrically driven light emitting

device [83]. The design of the resonator structure in this analysis is the double bus

Electrode

\‘Y
b)

Figure 3.4: (a) Top view schematic of ring resonator structure for D.C Kerr effect
device. (b) Schematic cross section view of horizontal strip-loaded slot waveguide in
ring resonator along with lumped circuit model for ring resonator structure where
Reource = D0 € is the internal source resistance and Rg; is the resistance of silicon
stripload.

ring resonator as the second bus waveguide adds extra coupling loss compared to a
single bus ring resonator and therefore allows for a variation in the ring waveguide
propagation loss values to meet a target Q factor for the ring resonator. The ring
waveguide diameter (D) is 40 um. The device size is much smaller than the RF
wavelength which is of the order of mm and therefore the device can be modeled as a
lumped circuit with open termination as shown in Fig. 3.4(b) [84]. The RC limited
bandwidth (fR{;) for this case is due to the finite resistivity of doped silicon stripload

and the slot gap capacitance. Using the slot waveguide dimensions, the capacitance



48

(Catot = €0€r(avg)wmD)/g) for the slot gap is 22.99 fF. Here € (avg,) is the average rel-
ative permittivity which for silicon nanocrystals in silica is 6.2 which is dependant
on the silicon excess percentage in Si-nc/SiO2 matrix and can be controlled in the
fabrication process|1]. Using the finite element solver result of ~ 2 x 107'° F/m for a
60 nm slot gap [85] with a dielectric having a refractive index of 1.7, a slightly greater
capacitance of 25.13 fF is obtained. Using this capacitance value, the RC limited
bandwidth is calculated to be fR{; ~ 50 GHz considering the resistivity of doped
silicon (np &~ 10'7/cm3) as 0.04 Qcm.

In order to predict the performance of the microring resonator, the following design
parameters are used: the radius (R) of 20 pum, the operation wavelength of 1.55 pm,
the target total Q factor of 1935 which corresponds to a cavity photon lifetime limited
bandwidth of 100 GHz, and a ring waveguide propagation loss of 30 dB/cm [86]. The
steady state frequency domain transmission response of the resonator is shown in the
Fig. 3.5.
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Figure 3.5: Through port transmission spectra plot for DC Kerr effect device with
varying input voltages.

The resonant wavelength at OV bias is 1554.58 nm. We can observe from the
plot that a bias voltage of 3V results in a resonant wavelength shift of 0.86 nm
which corresponds to a frequency detuning close to 100 GHz and the insertion loss
at a wavelength of 1554.58 nm is close to 3 dB. The overall modulation bandwidth
fsas = (fonfre)/\/(fo, + fic) [33] taking the RC limited bandwidth (frc) of 49.74
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GHz and the cavity lifetime limited bandwidth (f,,) of 100 GHz is calculated to be
~ 45 GHz.
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Figure 3.6: Circuit schematic to obtain time domain response of DC Kerr effect
modulator.

Considering practical values for pseudo random bit sequence (PRBS) generator
data rate and a 100 GHz Digital Communication Analyzer (DCA) oscilloscope, time
domain simulation for the device was carried out using Lumerical INTERCONNECT
software and the circuit schematic is shown in Fig. 3.6 . Taking the ring modulator’s
RC limited bandwidth of 50 GHz, and the resonant cavity quality factor of 1935, the
simulated eye diagram without without photodiode noise using a non return to zero
(NRZ) pseudo random bit sequence (PRBS) is shown in Fig. 3.6(a). The on-chip
coupling loss to couple laser light in and out of the photonic integrated circuit with
the ring modulator is taken as ~ 15 dB which is practical considering input-output
grating couplers [87] . The modulating signal is a NRZ 90 Gb/s PRBS7 with a d.c
bias voltage of 1 V and a peak to peak amplitude (V,,) of 2 V. From Fig. 3.7 (a), we
can observe a clear eye opening at 90 Gb/s with an extinction ratio ~ 17 dB for the
operating wavelength of 1554.68 nm. Considering the practical case of thermal noise
and shot noise in the photodiode, we can observe noise and jitter in the eye diagram
which cause partial closing of the eye as shown in Fig 3.7(b).An extinction ratio of
6.35 dB with a bit error rate (BER) of 6.25 x 1078 is obtained for this case.Here a Ge
photodiode is considered which has a responsivity of 0.95 A/W and noise equivalent
power of 4 x 1072 W/v/Hz at a wavelength of 1550 nm [88]. The average energy

per bit consumption for NRZ modulation is (C’sloth2p /4) [33], which for V},, of 2 V is
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25.13 £J /bit.
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Figure 3.7: (a) Eye diagram at 90 Gb/s driven by PRBS7 NRZ signal with V,, of 2 V
and a DC bias of 1 V. (b) Eye diagram taking a noise equivalent power of 4 x 10712
W/v/ Hz in the photodiode.

In order to physically implement the ring resonator structure with a () factor
of 1935 that corresponds to a straight through coefficient (%) of 0.69, the required
coupling gap between the bus waveguide and the ring waveguide is 510 nm. This
is obtained through the 3D finite difference time domain (FDTD) simulation of the
coupling section of the ring resonator at 1.55 pm for varying coupling gaps as shown

in Fig. 3.8.
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Figure 3.8: Straight through coefficient (¢?) versus coupling gap at 1.55 um.

3.4 Conclusion

A CMOS compatible electro-optic modulator structure using the ultrafast DC Kerr
effect and a slot waveguide with silicon nanocrystals in silica as the active material
medium is proposed. The theoretical background to calculate the effective index shift
using a slot waveguide is presented. A useful modulation efficiency of 0.63 V.cm
is obtained. A compact ring resonator structure of 20 pym radius to implement the
D.C Kerr effect modulator is described. The overall modulation bandwidth is 45
GHz, thereby allowing for 90 Gb/s data transmission rate with a useful extinction
ratio ~20 dB extinction ratio and an average energy per bit consumption of 25.13
£J/bit. Such structures would be useful for wavelength division multiplexing (WDM)
optical interconnect applications where large modulation speeds are desired at specific

wavelength channels.



Chapter 4

Silicon Nanowire Mach Zehnder Interferometer Circuits and

Slot Waveguide Bragg Gratings

4.1 Introduction

Silicon nanowire Mach Zehnder Interferometer(MZI) and Bragg grating (BG) struc-
tures are fundamental building blocks for silicon photonic integrated circuits. In
this chapter design simulation , fabrication and experimental characterization of MZI
and BG structures in slot waveguides are described.This chapter originated from the
academic collaboration of NSERC SiEPIC (Silicon Electronic Photonic Integrated
Circuits) program based at the University of British Columbia (UBC), Canada. Sec-
tion 4.2 covers modeling and simulation of MZI circuits and slot waveguide BG’s
along with fabrication tolerance analysis and mask layout preparation for e-beam
fabrication.The building blocks for the mask layout were obtained from the SIEPIC
e-beam process design kit (PDK) library [89]. The fabrication of the silicon photonic
chip was done through the ebeam multi project wafer fabrication process at Applied
Nanotools, Inc., Edmonton, Canada which is described in section 4.4 and through
University of Washington’s (UW) Washington Nanofabrication Facility (WNF) de-
scribed in section 4.8. Characterization of the devices in the multi project wafer
silicon photonic chip was carried out using a custom built automated test setup [90]
at UBC. Details about the characterization setup and subsequent measurement data
analysis are described in section 4.5. Following this fabrication run, the slow light
properties of slot waveguide BG’s are further investigated and analyzed in sections

4.6-4.10. 1

LA version of sections 4.2-4.5 is part of Deepak V. Simili, ”Design, Fabrication and Experimental
Data Analysis of Silicon Nanowire Mach Zehnder Interferometer Circuits and Slot Waveguide Bragg
Grating Structures”, UBC edX Phot1X course project report. A version of sections 4.6-4.6.6 is part
of :(©[2019], Optical Society of America. D.V Simili, M. Cada, ”Low loss slow light propagation in
silicon slot waveguide” Optics Express, to be published.Manuscript accepted on 01 July 2019. A
version of section 4.10 was submitted as D.V Simili, M. Cada,”Improved Coupling to Slow Light
in Internally Corrugated Silicon Slot Waveguide Bragg Gratings” to IEEE Photonics Technology

o2



93

4.2 Modeling and Simulation

4.2.1 Mach Zehnder Interferometer Circuit

The routing element to guide light in the photonic circuit is the nanowire waveguide
or the strip waveguide.The nominal width for the strip waveguide is chosen as 500 nm,
as a low propagation loss of 1.5 dB/cm is achieved using the 220 nm SOI fabrication
process [19] for the fundamental TE polarization mode. Smaller waveguide widths
(i.e. below 445 nm) would guarantee single mode operation but at the cost of higher
propagation loss as the mode becomes more sensitive to scattering from the sidewall
roughness. The mode simulation for the nominal strip waveguide from Lumerical

MODE solutions software is shown in Fig. 4.1.

Silica Cladding
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-

220 nm 3 I~
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[

Figure 4.1: Cross section Intensity plot of the fundamental quasi-TE mode at a
wavelength of 1.55 micrometers for the nominal 500x220 nm strip waveguide.

The variation in the effective index of the nominal strip waveguide over a span of
1.5-1.6 pwm is shown in Fig. 4.2.
The dispersion of the effective index can be represented in the form of a compact

equation or a polynomial fit equation as shown below,
Nepr(N) = n1 +na(A — Ag) + nz(A — Ao)? (4.1)

Here ny,ng, ng are the polynomial fit coefficients,\ is the wavelength in micrometers
and Ag is the nominal wavelength of 1.55 micrometers. The polynomial expression

for the nominal 500x200 nm strip waveguide is given by the equation (4.2).

Letters on 09 August 2019.
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Figure 4.2: Effective index versus the wavelength for the strip waveguide shown in
Fig. 4.1.

Nesr(A) = 244531 — 1.12947(\ — Xo) — 0.0421(\ — Xo)? (4.2)

For the nominal strip waveguide, the bend loss in the fundamental quasi-TE mode
for a 10 pm bend radius is 0.0039 dB, which is less than 0.1% optical loss in the bend.
For a 5 pm bend radius, the bend loss is 0.0157 dB which is less than 0.2% optical
loss.

The plot of the group index versus wavelength for the nominal strip waveguide
is shown in Fig. 4.3. The group index of the waveguide is an important parame-
ter as it determines the free spectral range of the MZI. In order to get the circuit
level performance of the MZI, one needs to consider the effect of the input/output
grating couplers and Y branches required to implement the MZI circuit. The cir-
cuit level simulation was carried out using Lumerical INTERCONNECT software.
The INTERCONNECT simulation software takes into account the s-parameters of
the grating couplers and Y branches in the photonic circuit to give a more realistic
transmission spectra for the MZI device.Shown in Fig. 4.4 is the INTERCONNECT
simulation for an MZI circuit with a path length difference of 30 pm.

The table of design variants for the MZI with varying path length differences is
shown in Table 4.1. Also shown are the calculated free spectral ranges from the

simulated group index for the nominal waveguide at 1550 nm.
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Figure 4.3: Group index versus the wavelength for the strip waveguide.
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Figure 4.4: Circuit level simulation for an MZI circuit with a path length difference
of 30 pm.

The MZI design variants are converted into a .gds file using the open source
Klayout software tool.The .gds file is then used by the e-beam fabrication process
to transfer the pattern of the .gds file onto the silicon layer of the SOI (Silicon-on-
Insulator) wafer.The design area allowed for a single .gds file is 605x410 um. Fig.
4.5(a) shows the MZI circuit drawn on the Klayout tool using the built-in optimized
TE mode input/output grating couplers and Y branches and a path length difference
of 29.91 pm. In order to analyze the effect of manufacturing variability on the MZI
circuits, a corner analysis is performed. The corner analysis involves calculation of
the waveguide properties such as effective index and group index considering the

fabrication variability of the waveguide dimensions.
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Table 4.1: Design variants for the MZI circuits with calculated FSR for the nominal
waveguide group index at 1550 nm

| w(nm) | Polarization | AL(um) | FSR (nm) | Group Index |
| | |30 | 19.08563711 | |
| 500 | TE | 120 | 4.771409279 | 4.196 |
| | | 150 | 3.817127423 | |
| | | 180 | 3.180939519 | |

b) :
(470,223.1) nm ! (510,223.1) nm
! (500,220) nm
; [ ]

470,215.3) nm (510,215.3) nm
‘

Figure 4.5: (a)MZI circuit drawn on Klayout with a path length difference of 29.91
um. (b) Corner analysis points with nominal design point.
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Figure 4.6: Corner analysis dispersion plot of the waveguide group index

Figure 4.5(b) shows the corner analysis points for the strip waveguide dimensions
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for the fabrication process used. Also shown is the nominal point with waveguide
dimensions of 500x220 nm. Calculating the group indices for the four corner points
and the nominal point, one can obtain the range of group indices that the actual
fabricated waveguide would have. From Fig. 4.6, the expected group index range is

between 4.16 - 4.24 at a wavelength of 1550 nm.

4.2.2 Slot waveguide Bragg grating structures

The fundamental unit in a slot waveguide Bragg grating structure is the slot waveg-
uide. In order for the mode in the nanowire strip waveguide to transition to the slot
waveguide mode, a strip waveguide to slot waveguide mode converter is required.This
is implemented using the low loss design in [6]. Here the 500 nm wide strip waveguide

tapers to a slot waveguide with 200 nm arm width and 100 nm slot gap.

‘ Wiot(nm) ‘ Warm (nm) ‘ Neff ‘ A(nm) ‘ AW, (nm) ‘
| 100 | 200 | 166 | 466 | 10,20,30 |

Table 4.2: Design variants for the uniform slot waveguide Bragg grating

The design variants for the uniform slot waveguide Bragg grating structures are
shown in the Table 4.2.The 3D FDTD unit cell simulation result of the uniform
grating structure to calculate the stopband bandwidth (nm) and coupling coefficient

(k(m~1)) is shown in the Figs 4.7(a) and 4.7(b).



58

Bandwidth (nm)
s & & 8

8

10 12 4 16 24 26 28 0

18 20 22
Corrugation Width(nm)

(a)

kappa (/m)

§

:

:

0 12 4 16 18 20 22 24 2% 28 )
Corrugation Width (nm)

(b)

Figure 4.7: (a) Stopband bandwidth of the Uniform Bragg grating structure versus the
internal corrugation width. (b) Coupling coefficient «(m~1) versus the corrugation

width.
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Figure 4.8: 3D FDM simulation result of normalized transmission spectrum for the
uniform Slot Bragg grating structures with AW}, = 20 nm .
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The number of grating periods considered in the uniform Bragg grating structures
is 650. The 3D Finite Difference Method (FDM) simulation result for the transmission
spectra of a uniform slot Bragg grating structure is shown in Fig. 4.8. As predicted
by the 3D FDTD unit cell analysis, the stopband bandwidth for slot Bragg grating
with AW, =20 nm is ~ 40 nm. In order to understand the effect of manufacturing
variability on the central Bragg wavelength, a corner analysis for the slot waveguide
is carried out. From the corner analysis slot waveguide dimensions shown in Fig.
4.9(a), a minimum effective index of 1.611 and maximum effective index of 1.7215
was obtained at a wavelength of 1550 nm. This corresponds to a minimum Bragg
wavelength of 1501.5 nm and a maximum Bragg wavelength of 1604.4 nm for the
designed grating period of 466 nm.The photonic circuit drawn on the mask layout to

characterize the slot waveguide Bragg grating structures is shown in Fig. 4.9(b).
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Figure 4.9: (a) Slot waveguide dimension variation for the corner analysis.The nomi-
nal point at the center corresponds to nominal slot waveguide dimensions of 200 nm
arm width, 100 nm slot gap width and 220 nm device layer thickness. (b) Klayout
implementation of the slot waveguide grating structure.
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Figure 4.10: Top view SEM image of the fabricated 500x220 nm silicon strip waveg-
uide

4.3 Fabrication

The photonic devices were fabricated using the NanoSOI MPW (Multi Project Wafer)
fabrication process by Cameron Horvath at Applied Nanotools Inc. Edmonton,
Canada [19] which is based on direct-write 100 keV electron beam lithography tech-
nology. Silicon-on-insulator wafers of 200 mm diameter, 220 nm device thickness and
2 pm buffer oxide thickness are used as the base material for the fabrication. The
wafer was pre- diced into square substrates with dimensions of 25x25 mm, and lines
were scribed into the substrate backsides to facilitate easy separation into smaller
chips once fabrication was complete. After an initial wafer clean using piranha solu-
tion (3:1 H2SO4:H202) for 15 minutes and water/IPA rinse, hydrogen silsesquioxane
(HSQ) resist was spin-coated onto the substrate and heated to evaporate the solvent.
The photonic devices were patterned using a Raith EBPG 5000+ electron beam in-
strument using a raster step size of 5 nm. The exposure dosage of the design was
corrected for proximity effects that result from the backscatter of electrons from ex-
posure of nearby features. Shape writing order was optimized for efficient patterning
and minimal beam drift. After the e-beam exposure and subsequent development
with a tetramethylammonium sulfate (TMAH) solution, the devices were inspected
optically for residues and/or defects. The chips were then mounted on a 4 inch han-
dle wafer and underwent an anisotropic ICP-RIE etch process using chlorine after
qualification of the etch rate. The resist was removed from the surface of the devices

using a 10:1 buffer oxide wet etch, and the devices were inspected using a scanning
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electron microscope (SEM) to verify patterning and etch quality. A 2.2 microme-
ter oxide cladding was deposited using a plasma-enhanced chemical vapor deposition
(PECVD) process based on tetraethyl orthosilicate (TEOS) at 300° C. Reflectrome-
try measurements were performed throughout the process to verify the device layer,
buffer oxide and cladding thicknesses before delivery. SEM image of the fabricated

strip waveguide is shown in Fig. 4.10.

4.4 Experimental Data Analysis

4.4.1 MZI Circuits

The characterization of the devices were carried using a custom-built automated test
setup [90] with the automated control software written in Python [91]. The input
source is an Agilent 86100B tunable laser and the output detectors are Agilent 81635A
optical power sensors. The measured wavelength range is 1520-1580 nm in 10pm steps
and the measurement temperature is 20°C". A polarization maintaining fiber is used to
couple TE polarized light from the input laser to the grating couplers [87]. Coupling
light into and out of the chip was achieved using a polarization maintaining fibre

array [92].

The input power of the laser source is set to 1 mW or 0 dBm.The input and
output grating couplers have a wavelength dependent transmission as shown in Fig.
4.11. In order to overcome this characteristic of the grating couplers and compare the
experimental device results to the analytical simulation results, a baseline correction
is performed. The free spectral range of the MZI and the waveguide group index can
then be extracted out using an MZI model fit with the autocorrelation technique [30].
We can observe from Fig. 4.12 that the free spectral range of measurement data, MZI
model fit data and the INTERCONNECT circuit simulation are quite close. There is
discrepancy in the device loss between the measurement data and INTERCONNECT
circuit simulation data which is most likely due to inaccurate s-parameters for the

grating couplers in the INTERCONNECT simulation model.
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Figure 4.11: Input and output grating coupler experimental data
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Figure 4.12: Experimental data plot for the MZI with a path length difference of
29.91 pm along with MZI model fit data and Interconnect circuit simulation data

The experimentally obtained free spectral range and the waveguide group index
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for the MZI design variants is summarized in the Table 4.3.

w(nm) | Polarization | AL(pm) Layout | FSR (nm) | ny | ng(%difference)

| |
| | | 29.9119 | 1916926111 | 4.19 |  0.142993327 |
| 500 | TE | 119.993 | 4772825097 | 4.195 | 0.023832221 |
| | | 149.9906 | 3.820097887 | 4.193 | 0.071496663 |
| | | 180.0006 | 3.184723868 | 4.191 |  0.119161106 |

Table 4.3: Experimentally obtained Free spectral range and waveguide group indices
at a wavelength of 1550 nm

The extracted group index from the experimental data for the MZI design variants

is within 0.15 % of the simulated group index and lies within the corner analysis range
of 4.16- 4.24 .

4.4.2 Slot waveguide Bragg grating structures

The raw spectrum for the uniform Bragg grating with 10 nm internal corrugation
width is shown in Fig. 4.13. The extinction ratio for the stopband is in excess of

30 dB. The center wavelength is in between 1535-1540 nm. Fig. 4.14 shows the

Transmission [dB]
N
o

60 L L L L L L
1.52 1.53 1.54 1.55 1.56 1.57 1.58 1.59

Wavelength [um]

Figure 4.13: Measured raw spectra for the uniform slot waveguide Bragg grating with
AW;, = 10nm

measured transmission spectra for the uniform Bragg gratings with AW;, = 10 nm
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and AW;, = 20 nm. Here the spectra has been normalized by using a straight
waveguide as a reference and subtracting the transmission of the straight waveguide
reference to the raw data transmission from the uniform Bragg gratings. From Fig.
4.14, we can observe that the extinction ratio of the stop bands is between 30-35 dB
. As the corrugation width is increased the width of the stopband becomes wider due
to increase in the grating coupling coefficient as predicted in the simulation. The
measurement bandwidths are approximately of 20 nm for AW;,, = 10 nm and 40 nm
for AW, = 20 nm which are in agreement with simulation results in Figs. 4.7(a)
and 4.8. The measurement central wavelength for the Bragg gratings lies within the

corner analysis range of 1501.5 - 1604.4 nm.

5 T T T T T T
0 _
5 -
-10 -
— W:n=?ﬂ nm
m .15 AW =20nm| ]
3
o
@ 20 4
E
&
&
= 25 =
-30 7l
-33 i
-40 =
e L L 1 1 I 1
1.52 1.53 1.54 1.35 1.56 1.57 1.58 159

‘Wavelength [um]

Figure 4.14: Measured transmission spectra for the uniform slot waveguide Bragg
grating with AW;,, = 10nm and AW;, = 20nm

In summary, an average waveguide group index of 4.192 for a 500 nm strip waveg-
uide at 1550 nm wavelength was experimentally obtained using the fabricated MZI
circuits. This is in excellent correlation with simulated waveguide group index of 4.196
and within the corner analysis range of 4.16-4.24. The slot waveguide uniform Bragg
gratings showed high extinction ratios in the range of 30-35 dB and bandwidths in
the range of 20-40 nm were experimentally obtained. The central Bragg wavelength

for the slot waveguide uniform Bragg gratings is almost 1540 nm which is within the
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corner analysis range of 1501.4-1604.4 nm.

Using the experimentally obtained group index for the strip waveguide and stop-
band properties of the slot waveguide Bragg gratings, slow light properties of slot

waveguide Bragg grating are determined as described in the following sections.

4.5 Slow Light Property of Slot Waveguide Bragg Gratings

Silicon slot waveguides [36] are a key component in active and passive photonic devices
to enable development of silicon-based photonic integrated circuits (PIC). It has been
used to provide ultra compact, broadband polarization handling for application to
large scale PIC’s [93], high performance electro-optic modulators [94, 69, 95, 96] as
well as biosensor applications [25, 6]. Silicon slot waveguide with Bragg gratings [97]
offers the possibility of combining advantages in a slot waveguide with functionality of
a Bragg grating (BG). Specifically, they are one-dimensional (1D) periodic structures
wherein light is confined in the low index slot medium thereby allowing for utilization
of optical properties of the low index slot medium and it possesses a stopband which
is characteristic of a photonic crystal (PC) structure. Slot waveguide BG structures
have been demonstrated for its sensing and resonator based capabilities [97] and has
been theoretically investigated for its slow light effects [98]. Enhancement of the in-
device electro-optic coefficient (effective r33) of a silicon-organic hybrid electro-optic
modulator using slow light effect has been demonstrated in a 1D PC slot waveguide
using external corrugations [99]. Although slow light using two-dimensional (2D)
PC slot waveguides has been used to greatly enhance the effective rs3 [100, 101], it
suffers from higher propagation loss due to scattering from the 2D PC holes and lower
fabrication tolerance due to a more complex arrangement of PC holes as in the case
of dispersion engineered PC slot waveguides [100] . It has been reported that the
propagation loss for a 2D PC slot waveguide is sensitive to roughness in the hole
surface and slot width [102]. The advantage of 1D PC slot waveguides considered in
this work over 2D PC slot waveguides is that it has lower fabrication complexity and

potential for lower propagation loss [99)].
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4.6 Modeling and simulation

Xtz
Figure 4.15: kLayout screen capture of silicon slot waveguide BG sections with Inter-
nal corrugations.

The fundamental unit in a slot waveguide BG structure is the slot waveguide which
has an arm width (Wg,.,,) and a slot gap (Wg,) as shown in Fig. 4.15. The geometry
of a uniform slot waveguide BG structure with internal corrugations is shown in Fig.
4.15 where A is the Bragg period, AW, is the internal corrugation width.

The theoretical photonic band structure of the fundamental quasi TE mode for
a unit cell of the internally corrugated slot waveguide BG with AW;, = 20 nm is
shown in Fig. 4.16(a). We can observe flattening of the mode close to the band edge
indicating slow propagating light. The optical mode is strongly confined in the low

index slot medium with a confinement factor (o) of 0.36 as shown in Fig. 4.16(b).
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Figure 4.16: (a) Photonic band structure for internal corrugated slot waveguide with
AW, = 20 nm. (b) TE mode profile at the band edge for the fundamental mode
band (m=1), where the optical mode confinement factor () is 0.36 in the slot region.
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Figure 4.17: (a) kLayout screen capture of MZI circuit along with strip waveguide and
slot waveguide cross sections in two arms with fundamental quasi-TE mode intensity
plots. (b) Simulated transmission spectrum for AW;,, = 20 nm along with calculated
group index.

4.6.1 Photonic circuit simulation

Mask layout screen capture of the MZI photonic circuit with a slot waveguide BG
section in one of the arms is shown in Fig. 4.17(a). The two MZI arms have the same
length with difference being one arm has a slot waveguide BG section and the other
arm has a strip waveguide section. Both the arms have strip to slot waveguide tapers
to cancel the effect of each other. Thus, the resulting transmission spectrum from the
MZI would be a combination of the strip waveguide properties and the slot waveguide
BG section. With group index of the strip waveguide experimentally determined to
be 4.19 in the wavelength region of 1.52-1.58 pm, group index of the slot waveguide

BG section can be extracted out in this wavelength region.

In order to get a realistic simulation , the circuit in Fig. 4.17(a) is simulated
using Lumerical INTERCONNECT which is a commercial photonic circuit simulation

software tool. Photonic circuit simulation is an important step in the design flow of

Group Index
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photonic integrated circuits (PIC) as one can optimize an individual component by
performing several iterations and variations and then integrate the component in the
circuit so that it performs as intended [103].

The slot waveguide arm width is chosen as 200 nm , with a slot gap of 100 nm.
The Bragg period is 460 nm so that the stopband edge is within 1.5-1.6 um.The
number of grating periods considered is 600 which gives the length of the BG section
as 276 pm.

The photonic circuit simulation uses a combination of Process Design Kit (PDK)
library [89] building block elements that are calibrated based on foundry fabrication
process experimental results and custom components whose S parameters are obtained
through simulation using computer-aided design (CAD) tools. Specifically, the strip
to slot waveguide tapers were modeled using 3D FDTD technique and slot waveguide
Bragg gratings were modeled using Rigorous Coupled Mode Theory (RCMT). The
frequency domain simulation is based on scattering data analysis which is obtained
through the physical device or component modeling. Building block elements from
the PDK library [89] are Y branch, Input/output grating couplers and the strip
waveguide. Custom components used are strip to slot waveguide mode tapers and
slot waveguide Bragg gratings.

Simulated transmission spectrum of the photonic circuit is shown in Fig. 4.17(b).
From the transmission spectrum we can observe a variation in the fringe minima. This
is because of increase in group index of the slot waveguide BG arm as one approaches
with wavelengths close to the photonic bandgap.The group index can be extracted

from the transmission spectrum using the relation [104],

)\2

"N = ESROVL

+ Nyg(ref.) (4.3)

Here ny(A) is the group index of the slot waveguide BG section at a wavelength A |
FSR()) is the corresponding free spectral range in the MZI transmission spectrum,
L is the length of the slot waveguide BG section and ngy(..y) is the group index of the
reference arm strip waveguide which is experimentally determined to be 4.19 in the
considered wavelength range. In the fast light region shown in Fig. 4.17(b), the group
index of the slot waveguide arm is smaller than that of the strip waveguide indicating

a shorter optical path length than the strip waveguide arm. As one approaches the
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slow light region, the group index of slot BG waveguide increases and becomes equal
to that of the strip waveguide resulting in broadening of the fringe compared to the
fast light region. In the slow light region, the group index of slot BG waveguide is
now greater than that of the strip waveguide resulting in greater optical path length
in the slot BG waveguide arm. The plus symbol is applied in (4.3) when calculating
group index in the slow light region and minus symbol is applied in the fast light
region [104]. A peak group index of 22.98 is obtained in the slow light region as
shown in Fig. 4.17(b).

We can observe Fabry-Perot type oscillations due to group index mismatch in
the slow light region. This contributes to coupling losses in the slot BG waveguide
arm at the slow light wavelength region. Insertion loss for the for the slot waveguide
Bragg gratings which includes coupling loss and propagation loss can be estimated
from difference in contrast ratios of MZI transmission spectrum fringes in the slow
and fast light regimes [104] wherein the positive and negative symbols are used in Eq.

(4.4) respectively.

TL(A) = Cy(\) + asw(N)L =~ oL + Bpean £ E(N) (4.4)

where |

Ema:c()\) + Emm(>‘)
Emaz()‘) - Emm()‘))

Here E,0:(A) and Ep,(N) are maximum and minimum electric fields at the MZI
output. Ejeq, is mean value of E()) in the fast light region, ay,, is propagation loss
in the fast light region, approximated as 10 dB/cm which is comparable to that of a
slot waveguide and L is the length of the slot waveguide BG section which is 276 pm.
Taking the ratio to calculate E()) filters out the effect of the input output grating
couplers, 3 dB splitter and combiner and strip to slot mode converters as they are
identical for both the MZI arms. This leaves only coupling loss C,(A) to the slow
light mode and propagation loss of slow light (a,) [104]. Using this technique for
the simulated transmission spectrum shown in Fig. 4.20(b), a phase shifter insertion
loss of 4.39 dB at a wavelength of 1563 nm with an extinction ratio of ~ 14 dB is

obtained in the slow light region.
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4.6.2 Fabrication tolerance analysis

In order to understand the effect of manufacturing variability on the central Bragg
wavelength, a slot arm width of +/—10 nm from the design dimension of 200 nm
and a SOI thickness variation of +3.1 to —4.7 nm from the nominal thickness of 220
nm is considered in the analysis. The corresponding slot waveguides had a minimum
effective index of 1.611 and maximum effective index of 1.7215 at a wavelength of 1550
nm . This corresponds to a minimum Bragg wavelength of 1482.1 nm and a maximum
Bragg wavelength of 1583.7 nm for the designed grating period of 460 nm. This
shift in Bragg wavelength from design target due to manufacturing variability can be
overcome by having design variants with varying Bragg periods and through thermal
tuning. By introducing air trenches through under etching around the MZI arms |,
thereby providing better thermal isolation, a tuning efficiency of 0.49 mW /FSR has
been demonstrated [105]. This corresponds to 0.98-4.9 mW for 2-10 FSR wavelength
shifts. For the mask layout preparation, several design variants were considered with

varying Bragg periods in order to compensate for fabrication variation.

1 micron

Figure 4.18: (a) Top view SEM image of strip waveguide to slot waveguide mode
converter. (b) Top view SEM image of slot waveguide uniform BG with internal
corrugation width of AW, = 20 nm.

4.7 Fabrication

The devices were fabricated using 100 KeV Electron Beam Lithography [106] by
Richard Bojko at the University of Washington Washington Nanofabrication Facility,

part of the National Science Foundation’s National Nanotechnology Infrastructure
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Network (NNIN) . The fabrication used silicon-on-insulator wafer with 220 nm thick
silicon on 3 pm 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. Electron beam lithography was per-
formed using a JEOL JBX-6300FS system operated at 100 KeV energy, 8 nA beam
current, and 500 pum 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 2800uC'/cm? was used. The resist
was developed by immersion in 25% tetramethylammonium 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 m'T, 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 perflu-
oropolyether vacuum oil. Figures 4.18(a) and 4.18(b) show top view SEM images of
a fabricated strip to slot waveguide mode converter and a section of slot waveguide
Bragg gratings with internal corrugation width of 20 nm described in the modeling

and simulation section.

4.8 Experimental data results and discussion

The characterization of the devices were carried out using a custom-built automated
test setup [90] with the automated control software written in Python [91]. The
input source is an Agilent 86100B tunable laser and the output detectors are Agilent
81635A optical power sensors. The measured wavelength range is 1520-1580 nm in 10
pm steps and the measurement temperature is 25°C. A polarization maintaining fiber
is used to couple TE polarized light from the input laser to the grating couplers [87].
Coupling light into and out of the chip was achieved using a polarization maintaining
fiber array. The input power of the laser source is set to 1 mW or 0 dBm.

The input and output grating couplers used to couple light into the photonic

circuit have a wavelength dependant transmission as shown in Fig. 4.22 with least
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Figure 4.19: Measured transmission spectra for input output grating couplers, strip
to slot waveguide mode couplers and Y branches connected back to back, which
correspond to the kLayout screen capture photonic circuits shown inset as (a), (b),
and (c) respectively along with labeled input and output grating couplers.

loss at 1555 nm. Also shown in Fig. 4.19 are measured transmission spectra for strip
to slot waveguide mode couplers and Y branches connected back to back with zero
path length difference. We can observe that for both these case, the transmission
spectra follows a similar uniform profile as the input output grating couplers and
we observe no fringes due to Fabry-Perot reflections as result of inserting the mode

couplers and Y branches into the photonic circuit.

The transmission spectrum for the slot BG’s with AW;, = 20 nm show a clear
stopband with an extinction ratio around 30 dB as shown in Fig. 4.20. We can
observe strong fluctuations in the transmission at the stop band edge from 1520-1530
nm for the slot BG with A = 466 nm. This is due to group index mismatch from the
slot mode to the slow light mode in the slot BG.This results in high losses as shown
in the transmission response of the MZI circuit in Fig. 4.21, where small fringes of
extinction ratio lower than 5 dB are obtained in the wavelength region of 1520-1530
nm. However, at the longer wavelength stopband edge, the fluctuations are minimized
due to lower group index mismatch in the transition from slow light to fast light. This
can be understood from the photonic band diagram of a 1D periodic structure where
the first frequency photonic band corresponding to the higher wavelength stopband
edge location has a lower group index dispersion compared to the second frequency
photonic band where the lower wavelength stopband edge is present[107]. This causes

a more efficient interference between the slow light mode and strip waveguide mode
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resulting in larger fringes with extinction ratio ~ 15 dB at wavelengths near 1555 nm

and 1569 nm as shown in Fig. 4.21.
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Figure 4.20: Measured transmission spectra for slot BG’s with AW,,, = 20 nm having
Bragg periods of 460 nm and 466 nm.
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Figure 4.21: Measured transmission spectra for the MZI circuits with one arm as
strip waveguide and the other arm as slot BG with AW}, = 20 nm and for Bragg
periods of 460 nm and 466 nm.

Using the MZI circuit shown in Fig. 4.22(b), which has one arm as a slot waveguide
obtained by setting AW, to 0 and the other arm as a strip waveguide, we observe
clear MZI fringes with nearly uniform spacing indicating small variation in the group
index of the slot waveguide over the entire wavelength range of 1520-1580 nm. The
effect of grating coupler loss which is higher around 1520 nm and 1580 nm can be
observed in the transmission spectrum shown in Fig. 4.22(a). Also shown in Fig.
4.22(a) is the calculated group index for the slot waveguide from the transmission

spectrum data, which is 2.503 at a wavelength of 1553 nm.
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Figure 4.22: (a) Measured transmission spectrum for MZI circuit with one arm as slot
waveguide (i.e. with AW, = 0) and calculated group index for the slot waveguide.
(b) kLayout screen capture of the MZI circuit.

The measured MZI transmission spectrum for slot BG with period of 460 nm and
internal corrugation width of 20 nm shown in Fig. 4.21 is analyzed for its slow light
properties around 1550 nm as shown in Fig. 4.23. We can clearly observe a fast light
region with uniform fringe spacing and having a higher contrast ratio between maxima
and minima, followed by a slow light region next to the photonic bandgap boundary
where fringe minima are closely spaced and have lower contrast between maxima and
minima. This is because of interference between higher loss slow propagating wave
in the slot waveguide BG arm and light wave from the reference arm strip waveguide
which has higher optical power.

The extracted group index from the measured transmission spectrum is shown in
Fig. 4.23 with a peak group index ~ 15 at 1553 nm respectively which is comparable
to the peak group index of ~ 22 at 1563 nm obtained in simulation. Also, we can
observe in the slow light region of Fig. 4.23, a useful extinction ratio of 13.8 dB is
obtained with group index of 12.94 at a wavelength of 1554 nm. This is a signifi-
cant improvement is the extinction ratio in contrast to 2-5 dB obtained for externally
corrugated 1D PC slot waveguide for comparable group indices [99]. This translates
to lower phase shifter insertion loss as discussed in the photonic circuit simulation
section.By considering the maxima and minima of electric field in the MZI transmis-
sion output, an insertion loss of 3.5 dB at 1554.7 nm wavelength where the group

index is 12.38 is obtained. Alternatively, one could obtain the slow light phase shifter
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Figure 4.23: Measured raw transmission spectra for AW;,, = 20 nm with Bragg period
of 460 nm along with calculated group index.

insertion loss from the normalized transmission spectrum of the slot BG waveguide
section. Fig. 4.24(a) shows the normalized version of the measured transmission spec-
trum data of slot waveguide BG with AW}, = 20 nm and Bragg period of 460 nm.In
the normalized transmission spectrum, effect of the input output grating couplers, Y
branches and strip waveguide bends were subtracted out by using the transmission
spectrum from a replica photonic circuit which has a straight strip waveguide instead
of the slot waveguide BG section as shown in Fig. 4.24(b). Effect of strip to slot
waveguide mode couplers were subtracted out using the measurement data shown
in Fig. 4.19 leaving only the transmission spectrum response of the slot waveguide
Bragg section as shown in the normalized data plot in Fig. 4.24(a). Fig. 4.25 shows
combined plot of the normalized spectrum in Fig. 4.24(a) and the corresponding
measured MZI spectrum in Fig. 4.23. We can observe that at the wavelength corre-
sponding to the group index of 12.38 in the slow light region, a low insertion loss of
~ 2.9 dB is obtained from the normalized spectrum data.

From Fig. 4.25, we can observe that for the wavelength region 1553-1555 nm
one obtains slow light with group indices of 12-13 and a low insertion loss of 2.906
dB. Slow light coupling loss determined from 3D FDTD simulation of direct coupling
between slot waveguide and the slot waveguide BG is ~ 1.5 dB. This gives a slow
light propagation loss of ~ 5.1 dB/mm near 1555 nm wavelength. To the best of our
knowledge , this is the lowest reported slow light propagation loss in 1D photonic

crystal slot waveguides.
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Figure 4.24: (a) Measured transmission output spectrum and normalized data for slot
waveguide BG with AW, = 20 nm and Bragg period of 460 nm. (b) kLayout screen
capture of photonic circuits with the slot wave BG section and a reference straight
strip waveguide section to obtain the normalized data plot.

The measurement derived results and simulation results confirm that slow light
with low loss propagation is possible with internally corrugated slot waveguide Bragg
gratings. Internal corrugated slot waveguide BG design with AW;, = 20 nm have
slow light group indices of 12-13 with a comparatively low phase shifter insertion loss
of 3-5 dB as shown in Fig. 4.25. Both simulation and measurement data have a group
index in the range ~10-20 in the slow light region and internal corrugation provides a
more efficient interaction compared to an externally corrugated 1D PC slot waveguide
where a propagation loss of 15 dB/mm was obtained for a similar group index [99].
The insertion loss could be further reduced by introducing a step taper [99] in the

slot BG section thereby providing better coupling from slot mode to slow light mode.

Although the current designs were fabricated using e-beam lithography which is
a prototyping tool, the device dimensions considered in the design are compatible
with deep ultra violet (UV) CMOS fabrication. The grating corrugations are on the
sidewalls of the slot waveguide arms and therefore can be defined in single lithogra-
phy step. Slot waveguide Bragg gratings with 10 nm width corrugations have been

fabricated using CMOS fabrication tools [97]. The critical dimension for fabrication
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Figure 4.25: Combined plot of phase shifter insertion loss and group index along with
the measured transmission spectra for slot waveguide BG with AW;, = 20 nm and
Bragg period of 460 nm.

in designs considered here is the minimum separation gap between the slot waveguide
arms, which is 80 nm for the slot waveguide BG with AW;, = 20 nm, as the slot
gap is 100 nm. It has been shown that with advanced 193 nm deep UV immersion
lithography, photonic devices with feature sizes including narrow trenches of 50 nm
width can be fabricated [108]. Therefore, the considered slot waveguide BG designs
are CMOS foundry compatible.

4.8.1 Device application potential

A key application of silicon slot waveguides is as a phase shifter for high speed, low
voltage electro-optic modulator applications [69, 95, 94, 96]. The advantage of slot
waveguide over conventional low loss strip waveguides for this application is that slot
waveguide geometry enables a stronger electric field as the electrodes can be connected
to the silicon slot waveguide arms allowing for electrode spacing in the range of ~ 100
nm as compared to several micrometers which is the case for strip waveguide phase
shifters. This results in at least an order of magnitude improvement in the modulator
device figure of merit V,.L compared to similar modulators using strip waveguide
phase shifters which generally have a V;.L over 1 V.cm [109] .

Polymer materials exhibit low loss of below 0.1 dB/cm in communication window
wavelengths, possess refractive index in the range of 1.5-1.7 and a strong Pockels coef-

ficient [110] making them an attractive material for hybrid silicon-based electro-optic
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Figure 4.26: Schematic of Mach Zehnder modulator (MZM) using the internally
corrugated slot waveguide Bragg gratings and cross section view in the slot waveguide
BG arm.

modulator applications [111]. Modulation is achieved using the linear Pockels effect
in the electro-optic polymer medium. The schematic for an electro-optic modulator
using the internally corrugated slot waveguide BG in an MZM configuration is shown
in Fig. 4.26. The device schematic is similar to the demonstrated MZM in [99] and
MZI structure based electro-magnetic wave sensor in [24] where electro-optic polymer
SEO125 from Soluxra LLC was used as the active medium. The proposed design uses
the same narrow contacts with sub wavelength period as in [24] to provide electrical
connection and achieve voltage drop across the slot with low optical loss. Segmented
contacts with a sub wavelength period of 300 nm and segment width of 100 nm as
in the demonstrated polymer clad electro-optic modulator [95] are considered in this
design. Considering doping concentration of 10" /em? for the silicon slot waveguide
and segmented contact sections, the propagation loss of the doped segmented slot

waveguide section is estimated to be 10 dB/cm [112].
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Interaction factor is an important parameter for modulator applications as it quan-
tifies the strength of interaction between light in the waveguide and the electro-optic
medium. The phase shift experienced by an optical wave depends on this interaction

factor and is given as [76],

A¢ = T'Ank,L (4.6)

Here I' is interaction factor of the waveguide, An is the induced material refractive
index change, kq is the free space wave number and L is length of the phase modulator
section. We can observe from Eq. (4.15) that having a phase modulator section with
a higher interaction factor would make the electro-optic device more phase sensitive
for the same material refractive index change and therefore more energy efficient. The
interaction factor varies inversely with the group velocity [76] and is therefore directly
proportional to the group index. Using this relationship, the interaction factor for
slot waveguide Bragg gratings can be estimated as follows,

I = <%>rmw ()
Here, 'y (\) is the interaction factor for the nominal slot waveguide which simpli-
fies to the confinement factor, ngy(sor)(A) and ng(A) are the group indices of the slot
waveguide and slot waveguide BG at the corresponding wavelength respectively. The
material refractive index change due to Pockels effect is proportional to the applied
electric field (E) as [76] ,

An = ;(n?’rggE) , B = 7 (4.8)

Here, n is the refractive index of the slot material which is the electro-optic polymer,

r33 is electro-optic polymer’s Pockels coefficient inside the slot, V is the applied voltage
and g is the gap between the electrical contacts.

The electro-optic polymer SEO 125 has a bulk 733 of ~ 100 pm/V | refractive index

of 1.63 at 1550 nm and a low optical loss [100]. It has been used to demonstrate a slow

light enhanced effective r33 of 490 pm/V [99] in a 150 nm wide slot, which corresponds

to a material r33 of ~ 68 pm/V in the slot region taking the slow down factor (S) as

7.14 (S = ny/n, = 20/2.8 = 7.14). Using the same electro-optic polymer SEO125
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Figure 4.27: Predicted transmission spectra in the slow light region for the Mach
Zehnder modulator shown in Fig. 4.26 .

as the cladding material in the design shown in Fig. 4.30 along with its material
parameters and a slow light enhanced interaction factor of 1.659 for the designed slot
waveguide BG, an excellent VL of 0.317 V.mm is obtained. The change in cladding
from silica (n=1.44) to the electro-optic polymer SEO 125 (n=1.63) is compensated
by changing the Bragg period from 460 nm to 417 nm so that the phase shifter length
is now L = 600 x 0.417 = 250.2 pm and measured slow light region as shown in Fig.
4.28 remains around 1555 nm. The transmission spectrum including a bias of 1.25 V
is shown in Fig. 4.27. In this preliminary analysis, an average value of 100 nm is used
for g. This is because a fluctuation of 40 nm across the Bragg period of 417 nm due
to internal corrugations corresponds to 0.16 % variation in g over the entire phase
shifter length of 250.2 microns. We can observe from Fig. 4.27 that an input voltage
of 1.25 V is close to the V, voltage for the MZM with a useful extinction ratio of 16
dB at 1554.7 nm. Taking the worst case scenario of 120 nm as the slot gap through
out the phase shifter, still gives an attractive VL of 0.382 V.mm corresponding to a

V. voltage of 1.51 V.

Using the phase shifter figure of merit (f = o.ny.Lsgp) [99] in the slow light
wavelength region of 1555 nm, a value of f = 0.37 x 12.38 x 0.588 ~ 2.69 is obtained
for the slot BG waveguide design with AW, = 20 nm. Here o is the optical mode
confinement factor in the slot region that overlaps with the applied DC electric field,
ng is the group index of the optical mode and Lsgp is the phase shifter length in
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mm for 3 dB propagation loss. Table 4.4 summarizes and compares different slot

waveguide based phase shifters in terms of f and the electro-optic modulator figure

of merit V,.L.

Table 4.4: Comparison of different slot waveguide based phase shifter structures

Phase Shifter
Structure

Propagation
loss
(dB/mm)

f= UngLsdB

In-
Device
r33

V;.L(V.cm)

Phase
Shifter
length

(pm/V)

(mm)

Strip  loaded 4
slot waveguide
[94]

0.45 230 0.052 1

2D PC Slot 20
Waveguide
[100]

1.05 1230 0.0282 0.3

1D PC Slot 15
Waveguide
[99]
(External
Corrugation)

1.40 490 0.91 0.2

Proposed slot 5.1 2.69 300 0.031 0.25

BG waveguide
20nm)

Although conventional slot waveguide geometries have potential for lowering prop-
agation loss through improved fabrication processes, they are limited in terms of low-
ering the modulator figure of merit V;.L and device size as they rely on a polymer
medium with a high Pockels coefficient to achieve large in-device r33 values as in
[94] where an in-device r33 of 230 pm/V was achieved using SOH polymers. Slot
waveguides embedded with photonic crystals on the other hand provide a slow light
enhanced in-device 733 in the slow light wavelength region, resulting in lower V,.L
with compact phase shifter lengths in the range of ~ 100’s of um as shown in Table
4.4. This is at the expense of a narrow operational bandwidth which is ~ 2 nm for
the proposed design but which can be improved using band engineering [100]. 1D PC
slot waveguide have lower loss slow light compared to 2D PC slot waveguide and can

still provide comparable V,..L to the 2D PC slot waveguide modulator. The proposed
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internally corrugated slot BG waveguide has a predicted V,.L of only 0.031 V.cm
considering an in slot rs3 of 68 pm/V, which has been accomplished in a 1D PC slot
waveguide geometry [99]. The internally corrugated slot BG discussed here with its
higher phase shifter efficiency and capability of low V,.L electro-optic modulation,
makes it useful for other applications which require an efficient phase shifter section
as in electromagnetic wave sensors [24] or biosensors [25, 6]. A detailed analysis for

these applications is beyond the scope of this section.

4.9 Slow light coupling enhancement with a step taper

We experimentally report improvement in slow light coupling to internally corrugated
slot Bragg grating (ICSBG) waveguide on a silicon-on-insulator platform. A short step
taper is utilized to evanescently couple to the slow light mode near the stopband edge,
resulting in minimization of Fabry-Perot reflections due to group index mismatch and
a minimum slow light coupling enhancement of ~ 1 dB. This is important as it results
in a lower insertion loss ICSBG waveguide, which is capable of low loss slow light
propagation and therefore is an attractive option as a phase shifter structure for slow

light enhanced electro-optic modulator or integrated-optic sensor applications.

4.9.1 Modeling and Simulation

The schematic of the transition from a strip waveguide to the ICSBG waveguide is
shown in Fig. 4.28(a). It involves a strip to slot mode coupler and inclusion of an
adjoining step taper at the beginning of the ICSBG section. Also indicated in Fig.
4.28(a) is the transition in group index (n,) of the mode from the strip waveguide to
the slot waveguide and to the slow light mode in the ICSBG section. Geometry of the
ICSBG section is shown Fig. 4.28(b) where Wy, W are the slot waveguide arm
width and slot gap respectively while A, AW;, are the grating period and internal
corrugation width respectively. In this design a grating pitch of 0.5 is used. Here
the device layer is silicon with a thickness of 220 nm on a buried oxide layer and the
top cladding is silicon dioxide. The fundamental slot waveguide has an arm width
of 200 nm and a slot gap of 100 nm. The Bragg period for the ICSBG waveguide
with AW, = 20 nm is chosen as 466 nm so that the stopband edge lies with the

measurement window of 1.52-1.58 pm.
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Figure 4.28: (a) kLayout schematic of the strip to slot mode coupler, step taper and
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Figure 4.29: Dispersion plot of a unit cell in the ICSBG section with A = 466 nm,
AW,;, = 20 nm and in the step taper section where A = 476 nm and AW;, = 14 nm.

It has been experimentally shown that a short step taper performs better than a
long adiabatic group index taper for 2D PC slot waveguide [113] because of evanescent
coupling of the slow light mode and has been used to provide better coupling to slow
light in a 1D PC slot waveguide with external corrugations [99, 24]. The Bragg period
for the step taper section with 5 periods is chosen as 476 nm with AW;,, = 14 nm.The
dispersion plot for a unit cell in the ICSBG waveguide with a grating period of 466
nm and step taper with A = 476 nm is shown in Fig. 4.29. We can observe that
dispersion mode solutions for the two unit cells almost overlap around the stopband

edge of 190.9 THz which corresponds to a wavelength of 1.57 pum.This allows for
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evanescent coupling of the mode between the step taper and ICSBG waveguide in

this slow light wavelength region.

4.9.2 Measurement Data and Analysis
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Figure 4.30: (a)Measured raw transmission spectra with and without the step taper
for ICSBG waveguide with A = 466 nm and AW, = 20 nm. (b)Measured transmis-

sion spectra of the MZI circuit with the highlighted slow light region.

The e-beam fabrication process and the characterization setup used are as de-

scribed in sections 4.7 and 4.8 in this chapter. The measured transmission spectrum

for the ICSBG waveguide with and without the step taper transition to the strip to

slot mode coupler is shown in Fig. 4.30(a). We can observe that the stopband edge
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has shifted to a shorter wavelength for the ICSBG waveguide with step taper due to
evanescent coupling and the Fabry-Perot reflections at the stopband edge have been
minimized compared to the ICSBG waveguide without step taper. This indicates
lower group index mismatch around the stopband edge and thus better coupling to
the slow light mode.

In order to estimate the improvement in slow light coupling, the transmission
spectrum of an Mach Zehnder Interferometer (MZI) circuit shown in Fig. 4.17 is
analyzed, where one arm is the ICSBG section and the other arm is a strip waveguide
of the same length. The MZI circuit is similar to the ones in sections 4.6.1 and 4.8,
where they are described in detail. We can observe clear narrow fringes indicating slow
light near the photonic bandgap edge for the MZI circuits with and without step taper
in the ICSBG section.The improvement in slow light coupling loss can be estimated

by analyzing the slow light fringes shown in Fig. 4.30.(b).
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Figure 4.31: Measured raw transmission spectra for the MZI circuit.

Considering the difference in optical transmission power levels between the pho-
tonic bandgap edge and maxima of the slow light fringes, which are represented as A

and As in Fig. 4.31, one can estimate the enhancement in slow light coupling for the
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ICSBG section with step taper. The photonic bandgap edge is the point after which
the transmission level begins to drop due to interference between slow light in the
ICSBG arm and light from the strip waveguide arm of the MZI circuit. Using curve fit
1 and curve fit 2 for the measured data with and without the step taper respectively,
as shown Fig. 4.31, a A; ~6.01 dB and A; ~7.12 dB is obtained. This gives a slow
light coupling enhancement of ~1.11 dB. Although there is some arbitrariness in the
curve fit of measured data, the estimated minimum slow light coupling enhancement
is ~1 dB for this case, with potential to get a more accurate estimate considering a

normalized transmission spectrum for the ICSBG waveguide.

4.10 Summary and conclusion

Slot waveguide BG with a internal corrugation design has been analyzed for its slow
light properties in 1520-1580 nm wavelength range in simulation and in experiment.
Slot BG with internal corrugations provide stronger and more efficient interaction
than external corrugations. Group indices of 12-13 and insertion loss of 3-5 dB for
internally corrugated slot waveguide Bragg gratings were extracted out through ex-
perimentally obtained transmission spectra.This improved interaction between the
periodic corrugations and the slot mode results in a enhanced phase shifter figure
of merit. A minimum slow light propagation loss of ~ 5.1 dB/mm is obtained ex-
perimentally which to the best of our knowledge is the lowest reported slow light
propagation loss for slot waveguides using a 1D photonic crystal structure. The ap-
plication of a slot BG with AWj;,, = 20 nm as a phase shifter in a electro-optic MZM
has been analyzed with a calculated V,.L of only 0.031 V.cm. Slow light coupling to
the ICSBG waveguide has been improved with the use of a short step taper. Evanes-
cent coupling of the slow light mode from the step taper to the ICSBG section is
experimentally verified with shift in the stop band edge to a shorter wavelength and
reduction in the Fabry-Perot reflections due to group index mismatch. A slow light
coupling enhancement of ~ 1 dB has been experimentally obtained with the use of
a short step taper adjoining the ICSBG section. This could be further improved
with optimization of the step taper design parameters leading to lossless slow light
coupling and therefore make on-chip slow light applications more efficient. In con-

clusion, slot BG waveguide with internal corrugations being easier to fabricate than
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2D PC slot waveguides can provide slow light enhancements with low loss for prac-
tical high performance electro-optic modulator applications and potentially sensing

applications.



Chapter 5

Conclusion

This thesis has described capabilities of silicon photonic devices in a polarization
beam splitter using MMI’s and MZI arms on micrometer scale device layer thickness,
high speed Kerr effect modulator and slow light enhanced slot waveguide phase shifter
on 220 nm scale thicknesses for silicon-based photonic integrated circuits. Although
the main target areas for application of these photonic devices is in telecom or dat-
acom optical interconnects, other potential applications are EM wave sensing [24],
high speed modulators for RF photonics [26], autonomous car sensor’s video data
processing [28, 29], and in highly sensitive biosensors [25, 6]. The following sections
summarize the micron and nano meter scale silicon photonic devices described in this

thesis along with a list of future work to build on the work carried out in this thesis.

5.1 Summary
1. Micron scale Silicon photonics

(a) Development of silicon photonic devices on micron scale thickness has been
introduced from an Industrial perspective for telecom and datacom appli-

cations.

(b) Design of the fundamental rib waveguide for single mode operation along

with CMOS compatible fabrication process steps has been described.

(¢) A novel shallow etch PBS has been designed using a combination of 2x2
3 dB MMI splitters and MZI arms. Design of a low loss 2x2 3 dB MMI,
tapers and MZI arms to achieve polarization splitting has been described.
Simulation results for the nominal PBS design indicate an excess loss below
0.4 dB for both TE and TM polarizations, polarization extinction ratio
greater than 15 dB and polarization dependant losses below 0.2 dB over

the telecom C band wavelength range of 1530-1565 nm. In addition, the

88
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nominal PBS design performance is robust to fabrication errors of upto

+/- 10 nm in etch depth and +/- 50 nm in rib width.

2. Silicon Electro-Optic Kerr effect modulator

(a)

A literature review in the field of silicon electro-optic modulators has been
provided. Limitations of the predominantly used charge carrier effect to

achieve modulation in silicon has been described.

A novel silicon slot waveguide electro-optic Kerr effect modulator has
been proposed. The theoretical background and CMOS compatible res-
onator structure implementation wherein ultrafast DC Kerr effect in sili-
con nanocrystals is utilized, has been described. The overall modulation
bandwidth of the proposed design is 45 GHz, therefore allowing 90 Gb/s
data rate transmission with a low energy/bit consumption of 25.13 fJ/bit

in a compact ring resonator structure of 20 pym radius.

3. Silicon nanowire MZI circuits and low loss slow light propagation in silicon slot

waveguides.

(a)

Silicon nanowire MZI circuits have been theoretically analyzed, designed,
fabricated using e-beam lithography and experimentally characterized. A
group index of 4.19 is experimentally obtained for the nanowire strip
waveguide in the wavelength range of 1520-1580 nm and extinction ratios
in excess of 30 dB are obtained experimentally for internally corrugated

slot waveguide Bragg gratings.

Silicon slot waveguide Bragg gratings have been designed, fabricated and
the experimental data has been analyzed for its slow light properties. Slow
light with a group index of 12.38 at a wavelength near 1555 nm and having
a low propagation loss of 5.1 dB/mm has been determined for internally
corrugated slot waveguide Bragg gratings on a silicon-on-insulator plat-
form. The combination of slow light and low propagation loss make the
internally corrugated slot waveguide Bragg gratings especially attractive
as a phase shifter section for low drive voltage, high speed and compact

electro-optic modulators.
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(c) Slow light coupling to the ICSBG waveguide has been improved with the
use of a short step taper. KEvanescent coupling of the slow light mode
from the step taper to the ICSBG section is experimentally verified with
shift in the stop band edge to a shorter wavelength and reduction in the
Fabry-Perot reflections due to group index mismatch.An experimentally
determined minimum slow light coupling enhancement of ~1 dB is ob-

tained.

5.2 Future Work
The next steps to develop on the work carried out in this thesis are listed below.

1. In micron scale silicon photonics, next steps would be to have design variants
for the polarization beam splitter in order to have them in the mask layout for
fabrication followed by experimental characterization of the devices. In addition
to shallow etch PBS design with asymmetric MZI arms described in this thesis,
symmetric MZI arms [46] needs to be explored for potential improvement in

fabrication tolerance and a deep etch PBS design for shorter device lengths.

2. The advantages of micron scale silicon photonics in terms of low excess loss
and low polarization dependant loss can be utilized for design of other photonic
devices such as polarization rotator, and a low loss variable optical attenuator

using thermo-optic effect.

3. Preparation of mask layout design variants for fabrication of the Silicon Electro-
Optic Kerr effect modulator. A TCAD analysis of high frequency operation of
the modulator would useful to determine potential RC parasitics that could

limit the modulation bandwidth.

4. Preparation of the experimental setup to characterize the performance of the

silicon Electro-Optic Kerr effect modulator.

5. Optimization of the step taper designs to enable lossless slow light coupling
from slot waveguide mode to the slow light mode in the slot waveguide Bragg

grating section.This would involve modeling and simulation of step taper design
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variants, preparation of mask layout for fabrication followed by measurement

data analysis.

6. Increase of slow light bandwidth for internally corrugated slot waveguide Bragg

gratings.
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