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Abstract

There has been a huge surge in data traffic all over the world due to the rise of streaming
media services and connected devices. The current demand in data traffic has already
pushed the optical fiber in the internet architecture to the network edges and the trend is
to push it as close as possible, to the CPU. Silicon photonics addresses this challenge by
enabling miniaturized optical devices that use light to move huge amounts of data at very
high speeds with extremely low power. To further improve the data transmission capacity,
one can make use of different polarizations of light. However, to take advantage of
different polarizations, devices with on-chip polarization rotation capability are required.
This is achieved by a tunable polarization rotator. Moreover, full control of polarization
rotation can also be utilized to realize a new class of components in integrated photonics
including polarization mode modulators, multiplexers, filters, as well as switches for
advanced optical signal processing, coherent communications, and sensing.

This thesis introduces a novel tunable polarization rotator that uses microelectrome-
chanical systems (MEMS) as its actuation principle. When voltage is applied to a MEMS
tunable silicon cantilever, a mechanical movement occurs, which in turn affects the
optical mode shape travelling through a waveguide, as a result of which the polarization
is rotated. In this work, a MEMS tunable polarization rotator is designed, fabricated,
and characterized with a polarization extinction ratio of 10 dB, which works in 1530 nm -
1570 nm wavelength spectrum. In addition to the MEMS tunable polarization rotator,
in this thesis, a free standing polarization beam splitter of length 1.4 pm, the shortest
reported to-date to our knowledge, was designed, fabricated, and characterized. The
tunable polarization rotator and beam splitter developed in this thesis have the potential
to increase the bandwidth and flexibility of current optical communication networks, and
find further applications in polarization diversity schemes for sensing.

Keywords: Silicon photonics, MEMS, Tunable polarization rotator, Polarization beam
splitter
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Abstrakt

Miéngden datatrafik i varlden har véixt explosionsartat de senaste aren pa grund av det
okade antalet uppkopplade enheter samt det snabbt vixande tjansterna for strommad
media. Det stora databehovet har redan gjort det nédvéandigt att anvanda hogkapacitiva
optiska lankar hela végen till natverkets kanter och trenden &ar att optisk datadverforing
anvands narmare och ndrmare sjilva CPU:erna i datorerna som utgor kéalla och slutpunkt
for all data pa Internet. Kiselfotonik moter denna utmaning genom att mojliggora
miniatyriserade optiska system som anvander ljus for att snabbt overfora stora méangder
data med liten effektforbrukning. For att oka kapaciteten &nnu mer kan man anvénda
sig av ljusets polarisation. For att gora detta maste man tillhandahalla system for
att vrida polarisation pa chipp-niva vilket man kan astadkomma med en avstdmbar
polarisationsvridare. Utover en okad kapacitet kan den nya kontrollen 6ver polarisa-
tion dven anvéndas for att skapa nya typer av integrerade optiska komponenter som
polarisationsbaserade modulatorer, multiplexers, filter, saval som switchar for optisk
signalbehandling, koherent kommunikation och avkanning.

Denna avhandling presenterar en ny avstdmbar polarisationsvridare som anvander en
mikroelektromekanisk (MEMS) aktuator. Nar en spanning &r applicerad pa en MEMS
balk skapas en mekanisk rorelse som i sin tur paverkar den optiska mod-bilden som
propagerar i en integrerad optisk vagledare vilket resulterar i att polarisationen vrids.
Denna avhandling innehaller design, tillverkning och karakterisering av en avstambar
polarisationsvridare med en polariseringsgrad pa 10 dB i vaglangdsomradet 1530-1570
nm. Utover det presenteras design, tillverkning och karakterisering av frihdngande
polarisationsfordelare med en langd pa endast 1.4 pum, den kortaste hittills rapporterad.
Dessa komponenter har potentialen att 6ka bandbredden och flexibiliteten i befintliga
optiska kommunikationsnat och hitta nya tillimpningar i sensorsystem.

Nyckelord: Kiselfotonik , MEMS , Flytande polarisationsrotator , polarisationsstraldelare
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Chapter 1

Introduction

1.1 Optical communication

Communication and collective thinking are the key to the development of human civi-
lization. This development is driven by data - “The new oil of this digital era”. With
the rise of media streaming services, there has been a huge surge in data traffic all over
the world. It has also been estimated that by 2020 there will be 38.5 billion connected
Internet of Things (IoT) devices [1, 2], and all devices that can be connected will be
connected. Ericsson’s mobility report [3] estimates that 70% of world’s population will
use smart-phones by 2020 and 90% of the world’s population over 6 years old will have
a mobile phone by 2020. Today, only about 40% [4] of the world’s population use the
internet. With more users and different connected devices, eventually data traffic is
poised to grow exponentially, as shown in Fig. 1.1, as per Ericsson [5].
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Figure 1.1: Data traffic growth forecast to 2021, as per Ericsson, generated using [5]
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Figure 1.2: What happens on internet per minute [6]

Currently, as illustrated in Fig. 1.2, huge data is processed per minute, due to different
Information and Communication Technology (ICT) services. Eventually, as more and
more people use these different ICT services on different devices, this data growth will
be higher than ever. So how is this data traffic managed currently? The answer is
the optical fiber based metro and long haul networks, which forms the backbone of the
modern communication systems. Optical fiber is chosen over previously used copper
cables for the following reasons:

[ Greater bandwidth: Fiber provides more bandwidth than copper and can trans-
mit up to 100 Gbps and beyond.

[] Reliability and Immunity: Fiber provides extremely reliable data transmission.
It’s completely immune to many environmental factors that affect copper cable
such as, electromagnetic and radio-frequency interference, crosstalk and impedance
problems.

[] Security: Fiber doesn’t radiate signals and is extremely difficult to tap, which
provides better security than copper cables.

[0 Less attenuation: Fiber optic transmission results in less attenuation (losses)
than copper cables.

[] Lightweight: Fiber is lightweight, thin, and more durable than copper cable and
takes up less space in cable trays.



1.2 Silicon photonics

The performance of optical fiber networks is remarkable and it is this backbone which
gives us a great user experience. The current internet architecture has already pushed
the optical fiber to the network edges and the trend is to push it as close to the processor
as possible. This has already opened up a new trend of “siliconizing photonics” [7], which
arose from the research in microelectronics and photonics industry.

The electronics industry has pushed the boundaries of processing power of Integrated
Circuit(s) (IC) by adding more transistors, according to Moore’s Law. Until recently,
the increase in the speed, efficiency, and processing power of conventional electronic
devices were achieved largely through clustering and downscaling of components on a
chip. However, this trend toward miniaturization has yielded unwanted effects in the
form of significant increases in noise, power consumption, signal propagation delay and
aggravates already to serious thermal management problems. As a result, traditional
microelectronics will soon fall short of meeting market needs, inhibited by the thermal
and bandwidth bottlenecks inherent in copper wiring. Comparison in between Intel’s
processor speed and bus speed shows that although we have achieved good processing
speed, the interconnects always find difficulty in catching up with the processing speed [8].
Annual global data center IP traffic will reach 10.4 zettabytes (863 exabytes per month)
by the end of 2019, up from 3.4 zettabytes per year (287 exabytes per month) in 2014 [9].
Think of a server rack in a data center processing an average of this huge data per second,
where interconnects between multiple processors in the server rack add up to a significant
bottleneck. These bottlenecks can be overcome by substituting copper with optical
interconnects, which can also operate at lower power and better efficiency. Additionally,
optical interconnects can also improve switching and transmission of electrical signals as
well as reduce heat dissipation.

Technologies for Optoelectronic Integrated Circuit(s) (OEIC) and electronic circuitry
can be classified as either hybrid or monolithic. Hybrid integration involves combining
optoelectronic devices and IC in the same package or substrate. Monolithic integration
of GaAs-on-Si is attractive because it would allow one to make use of the wealth of
silicon BiICMOS electronics IC technology existing today. Unfortunately, I1I-V epitaxy
on silicon (or vice versa) is made difficult by the facts that the lattice constants of GaAs
and Si differ by 4%, and that the thermal expansion coefficients differ by almost 50%.
Although silicon is the material of choice for electronics, only from the late 1980s silicon
has been considered a practical option for OEIC solutions. Silicon has many properties
that make it a good material for optics. First of all, the band gap of silicon (~1.1€V)
is such that the material is transparent to wavelengths commonly used for optical
communication (~1.3pm-1.6 um). Moreover, one can use standard Complementary
Metal-Oxide Semiconductor (CMOS) processing techniques to sculpt optical waveguides
onto the silicon surface. Similar to an optical fiber, these waveguides can be used to
confine and direct light as it passes through the silicon [10] using total internal reflection.
Due to the wavelengths typically used for optical transport and silicon’s high index of
refraction, the sizes needed for these silicon waveguides are on the order of 0.5 pm-1 pm.
This makes silicon excellent for miniaturization of optical components. The fabrication



and lithography requirements needed to process waveguides with these sizes exist today.
Finally, it is CMOS-compatible, making it possible to process monolithic opto-electronic
devices, which could bring higher speed, better functionality, power and size reduction,
all at a lower cost. Also, recent development in silicon based light-emitting diodes [11]
corroborates the usage of silicon for OEIC.

Today, silicon photonics is a new approach to make miniaturized optical devices that
use light to move huge amounts of data at very high speeds with extremely low power
over a thin optical fiber rather than using electrical signals over a copper wire. Since
a large capital investment has already been done on perfecting the current fabrication
technology and infrastructure, engineers are working on creating monolithic designs of
integrated circuits which will use light instead of electrical signals [12]. Research institutes
and industry, are trying to bridge this gap by creating highly integrated photonic and
electronic components that combine the functionality of conventional CMOS circuits with
the significantly enhanced performance of photonic solutions. Various kinds of silicon
photonic devices, such as switches [13, 14, 15, 16], modulators [17, 18], photo-detectors
[19, 20], delay lines [21, 22], sensors [23, 24, 25] etc. have been reported to date. This
leads to a booming silicon photonics market, which is estimated to grow to 700 million
USD by 2024 [26, 27] with a Compound Annual Growth Rate (CAGR) of 38%.

1.3 Motivation for MEMS tunable polarization rotator

The dynamic control of optical polarization rotation can be utilized to realize a new class of
components in integrated photonics including polarization mode modulators, multiplexers,
filters, and switches for advanced optical signal processing, coherent communications,
and sensing. Advanced sensors can be designed since more spectrometric analysis can
be done using tunable modes. Furthermore, the concept can be useful in situations
where polarization tuning is necessary under adiabatic conditions; for example in photon
entanglement, which promises the development of even smaller micro-electronic devices
along with secure communication channels. Moreover, since the power consumption of
the Tunable Polarization Rotator (TPR) is very low, this can be used for reconfiguration
of network topology at low power.

Additionally, to keep up with bandwidth requirements using existing network infras-
tructure, spatial-division multiplexing techniques [28] are being contemplated, which
uses multi-mode transmission. However, simply connecting the end of such fibers to
an OEIC is far more complicated than standard fibers, because much more mechanical
precision is required. Great care has to be taken to make sure light goes in exactly as
intended [29]. Moreover, all photonic devices based on silicon waveguides are sensitive to
polarization due to large structural birefringence, which induces substantial polarization
dependent loss (PDL), polarization mode dispersion (PMD), and other polarization
dependent wavelength characteristics (PD)), limiting their usability. Also, in a complex
OEIC system, polarization is a major issue because power can be exchanged between the
polarization states in the presence of junctions, tapers, slanted sidewalls, bends, or other
discontinuities. Therefore, sometimes, it is necessary to control polarization state, and it



may also be necessary to rotate an incoming polarization state.

To overcome these challenges, a Polarization Rotator (PR) is engineered in silicon
for OEIC, and various passive PR designs have already been demonstrated [30, 31, 32,
33, 34, 35, 36]. However, for dynamic control of optical polarization a TPR is required
and some designs [37, 38] have also been demonstrated. The tuning is achieved by
thermo-optic effect inducing cross-talk problems, which might change phase of the wave
in other waveguides in a high density environment, as silicon is highly susceptible to
thermal changes [39]. Hence, the packing density of these TPR using thermo-optic effect
is inefficient. Moreover, the TPR in [38] uses out-of-plane ring cavity which inherits the
narrow band spectral features of ring resonator thus limiting the bandwidth. Hence,
the goal of this thesis is to realize an efficient TPR with high packing density, using
Microelectromechanical systems (MEMS) tuning in C and L bands, at low power, without
thermo-optic effect.

1.4 Objectives of the thesis

Main objective: To design and fabricate a low power TPR based on MEMS tuning.

Sub objectives: The areas which will be addressed are:
[0 Evaluate feasibility of MEMS based TPR.

[J Design a MEMS TPR capable of tuning polarization in between the two fundamental
waveguide modes.

0 Demonstration of the MEMS based TPR with an extinction ratio of more than at
least 10dB for the two fundamental modes, in C and L bands.

1.5 Outline of this thesis

The outline of the thesis is as follows: Background, motivation and the research questions
being addressed, is discussed in Chapter 1. Background literature of optical waveguide
theory is discussed in Chapter 2. In Chapter 3, the current state of art for the available
passive and active PR solutions are discussed. Here, also the working principle of the
current available designs are explained along with the areas which can be improved.
Chapter 4 discusses the design of the final system and the simulation results obtained.
In Chapter 5, the fabrication details are provided along with the Scanning electron
microscope (SEM) images of the fabricated product. Experiments and results are
discussed in Chapter 6. In Chapter 7, the known limitations of the designed TPR are
discussed along with future optimizations and work possibilities. Finally, the thesis is
concluded with ending remarks in Chapter 8.



Chapter 2

Optical waveguide theory

To understand the working principle of PR it is important to look into the basic concepts
of waveguides and the mathematics behind the propagation of Electromagnetic (EM)
waves. Maxwell combined the electric and magnetic fields in a wave equation for a
homogeneous medium. Moreover, to understand PR in waveguides, it also necessary
to look into polarization of light and its formal representation using Jones Calculus.
Additionally, Poincaré sphere and Stoke’s parameter are required for a representation of
state of polarization (SOP). Apart form these, different figures of merit (FOM) parameters
are used to describe transmission parameters in a waveguide.

2.1 Maxwell’s equations

A wave is an oscillation accompanied by a transfer of energy that travels through medium
(space or mass). Waves transfer both energy and momentum, without transferring any
mass. EM radiation is the radiant energy released by varying EM field in the form of
EM waves. A light wave is EM radiation at very high frequency. The frequency of visible
light falls in between IR and UV EM waves. James Clerk Maxwell discovered that he

Visible Light
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<—LONGER WAVELENGTH (meters) SHORTER———>
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Figure 2.1: The EM wave spectrum

could combine four simple equations, which had been previously discovered, along with a
slight modification to describe self-propagating waves of oscillating electric and magnetic



fields [40]. The understanding of propagating light waves using Maxwell’s equations in
a dielectric medium, is the key to the construction of optical waveguides. Maxwell’s
equations relate the electric field £ (V/m), magnetic field H (A/m), charge density p
(C/m?), and current density J (A/cm?).

« Maxwell’s first equation (Gauss’ Law): The net electric flux through any
closed surface is equal to i times the charge density within that closed surface,

V-E= £7 (2.1)

where €, the permittivity of the medium, and the del operator, V, is given by:

di 0 Ok
v — <&E7 87y7 ag) (2.2)

where i, j and k are unit vectors in the x, y and z directions respectively.

« Maxwell’s second equation (Gauss’ Law for magnetic field): The net
magnetic flux through a closed surface is always zero, since magnetic monopoles do
not exist.

V-H=0 (2.3)

o Maxwell’s third equation (Faraday’s law): Induced electric field around a
closed path is equal to the negative of the time rate of change of magnetic flux

enclosed by the path.
OoH

ot

where 1, is the magnetic permeability of the medium.

VXE=—u, (2.4)

« Maxwell’s fourth equation (Modification of Ampere’s law): The fourth
equation states that magnetic fields can be generated in two ways: by electric
current (this was the original “Ampere’s law”) and by changing electric fields (this
was “Maxwell’s addition”) [41].

OE
H= — 2.
V x J+ e T (2.5)

where €, is the electric permittivity of the medium.

These equations combine into the following wave equation

PE_ 01V

2 — _— =
V°E — tmém 5 L T + — (2.6)
using the curl of curl identity operation given by,
VZE=V(V-E) -V x (V x E). (2.7)



A general solution to the equation 2.6 in free space, in absence of charge is,
E(z,t) = Ey(z,y)e @ tko2), (2.8)

where z is direction of propagation of wave in Cartesian coordinates, phase ¢ = wt 4 kyz

@_2#

and wave vector propagation constant, kg = —, in the direction of propagation of

the wave. Similar calculations for the magnetic field, H in free space yields,

H(z,t) = Hy(z,y)e @ Eko?) (2.9)

2.2 Transverse electromagnetic wave

In the Fig. 2.2 the electric field and magnetic field propagate in directions perpendicular
to each other. Moreover, the direction of propagation is also transverse to the EM field.
Hence it is called Tansverse Electromagnetic (TEM) wave. This is a special case of the
wave equation in 2.6.

Electromagnetic wave

Electric Field
Magnetic Field ectric Fie

+«—Wavelength ».—

The wave is traveling in this direction

-
>

Figure 2.2: Propagation of TEM wave



2.3 Eigenvalues and waveguide modes

In general, the electric field and magnetic field in the wave equation in 2.8 and 2.9 can
be written in its constituent parts in Cartesian coordinates as:

. . (2.10)
H=H,+H,j+ H.k

{E — E,i+ E,j+ E.k
The generalized vectorial component of the electric and magnetic field of equation for a
traveling wave in Z direction can be combined into the Helmholtz equation as follows:

VAU (2, y,2) + kgn® (2,y) ¥ (2,y,2) = 0 (2.11)
where, W (z,y, z) = 1 (x,y) e 7** and then the equation 2.11 can be rewritten as,

Vi () + (Kn® (2.9) = K) ¥ (a,9) = 0. (212)

The equation 2.12 can be solved for ¢ (z,y), using different numerical methods like Finite
element method (FEM), Finite integration technique (FIT), Beam propagation method
(BPM), Finite difference time domain (FDTD). The numerical methods first decompose
the waveguide into sufficient number small cells (more cells give more robust solution at
the cost of increased computing turns) and then discretization of the refractive index
profile is performed. Next the field equations are discretized by replacing the derivatives
by their finite difference representations in those cells. In this way a set of linear equations
are obtained which can be solved using standard algebraic methods. In general, FIT has
a much lower memory footprint.

For given w, the resulting mode problem is an eigenproblem, solved for eigenvectors,
i.e., mode profiles ¢ (x,y), and eigenvalues, from which the corresponding propagation
constants k of the modes are computed. The geometry of the waveguide is given by the
transverse dependence of €, with Refractive index (RI) profile, and by appropriately chosen
boundary conditions. Each allowed solution is referred to as a mode of propagation.
For example, when light travels through a rectangular waveguide different modes can be
excited as follows in Fig. 2.3.



Figure 2.3: TEM modes labelled with corresponding indices. The indices describe the
shape of the modes as m+1 columns and n+1 rows. i.e. TEMy; mode shape
has 3 columns and 2 rows.

2.4 Polarization

Polarization is a wave mode solution which fits in the waveguide and is represented by the
direction of the electric field associated with the propagating wave. In the example in Fig.
2.2 the wave is linearly polarized since the electric field and magnetic field propagate to a
given plane along the direction of propagation of wave. In a dielectric optical waveguide,
light propagates in linearly polarized modes and the plane in which light is polarized is
either vertical or horizontal to the direction of wave, as shown in Fig. 2.4 in single-mode.

10
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Figure 2.4: Transverse Electric (TE) and Transverse Magnetic (TM) fundamental mode
in a waveguide using CST simulation
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2.4.1 TE mode

TE mode is the fundamental mode in which there is no electric field in the direction of
propagation of light wave. In Fig. 2.4 the electric field lines (blue) are perpendicular to
the plane of incidence in TE mode. The plane of incidence is the plane in which optical
waves strike the surface of the waveguide.

2.4.2 TM mode

TM mode is the fundamental mode in which there is no magnetic field in the direction
of propagation of light. In Fig. 2.4 it can be seen that magnetic field (red lines) are
perpendicular to the plane of incidence in TM mode.

2.4.3 Quasi-TE and Quasi-TM mode

Practically, waveguide cores have electric and magnetic fields that slice through air and
the cladding substrate. There is always a component of the electric field or magnetic field
in the direction of propagation of the wave. Hence they do not support pure TE and
TM modes. However, since most the power is contained under the waveguide core and
inside just the cladding, TE and TM modes can be a good approximation. Generally, in
these modes there is some field component in the direction of propagation as well. This
is known as quasi-TE and quasi-TM mode.

2.5 Jones calculus

Polarized light can be represented using Jones calculus. Polarized light is represented
using a Jones vector and linear optical elements are represented by Jones matrices. When
light crosses an optical element the resulting polarization of the emerging light is found
by taking the product of the Jones matrix of the optical element and the Jones vector of
the incident light. Jones calculus is only applicable to light that is fully polarized [42].

2.5.1 Jones vector

The Jones vector describes the SOP of light in free space or another medium (isotrop-
ic/anisotropic), where the light can be properly described as transverse waves [42]. The
Jones vector is a complex vector that is a mathematical representation of a real wave. A
typical representation of the electric field for the optical wave described in 2.8 can be as
follows:

E, (t) E, ! Wimkztoz) Epei\
E=|E,(t)| = | Bkt | = | B,eidv | g@th2) (2.13)
0 0 0
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where ¢, and ¢, represent the phase of E, and £, fields. The Jones vector of the plane

wave is described by:
E,ei®
(e "

and the intensity of the optical wave, I wave can be written as,
=B +|B, (2.15)

Generally, a wave of unit intensity is used for the consideration polarization. So Jones
vector is noted using an unit vector as,

EE =1, (2.16)

where E is the complex conjugate of E. In general the Jones representation of a
normalized elliptically polarized beam with azimuth 6 and elliptical angle € is given by,

ot (cos@cose — jsinfsin e) (2.17)

sinf cos e — j cosfsin e

where € is an arbitrary phase vector and ¢ = ¢, — ¢,. So, for example a linear
polarization of TE mode can be represented as,

(é) (2.18)

since, 8 = 0 and ¢ = 0.

2.5.2 Jones matrix

Jones matrix is the formal representation of the various optical elements such as lenses,
beam splitters, mirrors, phase retarders, polarizers at arbitrary angles that can modify
polarization. They generally operate on Jones vectors and helps in comprehending
situations which light encounters multiple polarization elements in sequence. In these
situations the products of the Jones matrices can be used to represent the transfer matrix.
This situation can be represented using,

[Eoutput] = szstem[Einput] (219)

where Ejy,p, is the input field into the optical system and Epyp is the generated output
field represented using Jones vector. The matrix Jgysien, is the Jones matrix of the optical
system comprising of a series of polarization devices. If there are N devices in the system
then the final transfer matrix comes out as,

szstem - JNJN—I ...... J2J1 (220)

where Jy is the Jones matrix for n'* polarizing optical element.

13



2.5.3 Jones matrix for polarizing optical systems

Polarizer and wave plates are fundamental components which is required in an optical
test-bench. These are discussed using Jones Calculus in the following sections.

2.5.3.1 Polarizer

Polarizers have an index of refraction which depends on orientation electric field propa-
gation. If any optical system has a transmission axis and an absorption axis for electric
fields, then lights will be passed along the transmission axis and absorbed along the other
axis. So, the Jones matrix of a polarizer making an angle # with the X-axis will come
out as,

sin 0 cos 0 sin? 6 (2.21)

( cos? 0 sin 8 cos 9)

2.5.3.2 Wave plates

Wave plates are phase retarders which are made of birefringent crystals. Wave plates
can be conceptualized as two polarizers kept apart at certain distance d, such that their
polarization axes are apart orthogonally (90°). The phase difference as light passes
through this setup of thickness d is [43],

2md

(kslow - kfast) d= E

(nslow - nfast) (222)

In, general the Jones matrix for a wave plate is given by [43],

2 in2 i — &=l
( cos” 0 + Esin” 6 sin 6 cos 0 fsm@cos&) (2.23)

sinf cos § — £ sin 6 cos 6 sin? @ + £ cos? 0

where £ is calculated based on the type of wave plate. The following equations addresses
some specific scenarios:

{f =™/, where, (ksjow — ktast) d = 7/2 + 27m, for quarter-wave plate (2.24)

£=¢e", where, (ksiow — kfast) d = 7 + 2wm, for half-wave plate
and m € Z. & is the phase delay of the wave plates. Similar concept is used in the
construction of PR waveguides which will be discussed in later sections shortly.
2.6 Poincaré sphere and state of polarization

To view a complete representation of all the polarization ellipses generated using Jones
vectors, a spherical structure with unit radius is used, which is known as Poincaré sphere.
If the orientation in space of of the ellipse of polarization is determined by the azimuth,
0 and ellipticity, € then that point can be completely characterized by its longitude 26
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and latitude 2e. The north and south poles represent the right-handed and left-handed
circular polarization respectively. In general the diametrically opposite points represent
pairs of orthogonal polarization. The SOP and its corresponding location in the Poincaré
sphere is visualized in the Fig. 2.5. To go from one SOP to another the polarized light
can be passed through various optical components which can be computed using the
Jones matrix and the corresponding SOP can be represented on the Poincaré sphere.

(a) 3 O,hcp /o,
- /

/AR,

-45°

O lhep

Figure 2.5: (a) Representation of the Poincaré sphere (b) Representation of the ellipse
parameters [44]

For complete polarized light, the point on the Poincaré sphere must be fixed on time
which requires,

LE; 8 = constant (2.25)
y
and,
¢ = ¢,(t) — ¢y(t) = constant (2.26)

2.7 Optical waveguides

The waveguide is the essential element of every photonic circuit, and can be characterized
by the number of dimensions in which light is confined inside it [45]. A planar waveguide
confines light in 1-D, which is simple for understanding of the wave propagation using
Maxwell’s equations. However, for practical applications 2-D confinement is necessary
and that is why channel waveguides are used. Structures like photonic crystals and
waveguide cavities even have 3-D confinement properties. The propagation constant in
waveguide varies according to neg, the effective RI of the mode and is given by

k= neffko, (2.27)
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where,

Neff = \/Emfbm- (2.28)

2.7.1 Planar waveguides

A simple planar waveguide consists of a high-index medium with height A surrounded by
lower-index materials on the top and bottom sides, known as cladding. Planar waveguides
are also called slab waveguides. The RI of the film is n;. The RI of the substrate in lower
cladding is ng whereas, RI of the substrate in upper cladding is n..

n (Rl of upper
c cladiding)

Y

[

Surface silicon guiding layer

SI0; cladding Ng (Rl of substrate cladding)

Figure 2.6: A typical planar waveguide where the film is infinite in XZ-plane

For planar waveguides the wave equation for electric field (2.8) and magnetic field (2.9)
can be rewritten as follows:

{E(z, t) = B, (y)eltho?) (2.29)

H(z, t) _ Hx: (y)ei(wtj:koz)

since in X-direction the film is infinite. After using the homogeneous wave equations for
a planar waveguide the following TE and TM mode equations can be deduced:

{VQEx(y) + (kin(y)* — k*) Ex(y) = 0 (2.30)

V?H,(y) + (kgn(y)* — k*)H.(y) =0

where n(y) depends only on a single Cartesian coordinate n.g = n(y). These equations
can be solved analytically using the various boundary conditions of the waveguides which
help in deducing the nature of propagation of the wave in TE and TM mode.

2.7.2 Channel waveguides

As mentioned earlier channel waveguides provide confinement in 2-D, which helps in
constructing practical waveguides. The three main types of channel waveguides are rib,
strip and buried waveguides as depicted in 2.7. While the rib and strip waveguides are
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fabricated using etching techniques, the buried waveguide mostly relies on diffusion and
epitaxial growth techniques for its fabrication.

nC
[~ ] -
N
ng m
(a) Rib waveguide (b) Strip waveguide (c) Buried waveguide

Figure 2.7: Different kinds of design for channel waveguides

Different kinds of numerical methods like FEM, FIT, FDTD, BPM have been developed
to decipher the nature of light propagation in channel waveguides.

2.8 Coupled mode theory

In a waveguide, an ideal mode is an eigenvector of a propagation constant. Mode
coupling enables transfer of energy from one ideal mode to another, during propagation.
Mode coupling can be induced by introducing another waveguide structure in close
proximity (coupled waveguides in close proximity are modeled as a single structure,
forming supermodes). The pairwise coupling strength between two modes depends on a
dimensionless ratio between the coupling coefficient (per unit length) and the difference
between the two modal propagation constants. Hence, a given perturbation may strongly
couple modes having nearly equal propagation constants, but weakly couple modes having
highly unequal propagation constants. PMD and PDL have long been described by
field coupling models, in which phase dependent coupling of modal fields is described by
complex coefficients. Field coupling models describe not only a redistribution of energy
among modes, but also how eigenvectors and their eigenvalues depend on the mode
coupling coefficients [46].

Perturbation Analysis: Supermodes can be represented as weighted sum of individual
guided modes. If two modes are represented by 1 (z,y) and 1(x,y) in the different
waveguides along with the coupling between two modes as X;(z), then the supermode
can be written using Helmholtz identity as,

\IJ(;);’ Y, Z) = Xl(z)%(% y) + X2(Z)¢2<x>y> (231)
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The uncoupled modes, 1; and ) satisfy the following propagation equations with
propagation constants k; and ko,

d;il = _jlel
w (2.32)
ds —JkaXo
A known solution for 2.32 is:
Xifz) =7 (2.33)

Xo(z) = e~ikez

Coupled mode theory postulates that to describe a perturbed system the linear coupling
terms need to be added as,

dX , .
Tl = —jk1 X1(2) — j(k11 X1 + R12X2)
z
IS (2.34)
TZQ = —JkoXo(2) — j(ka1 X7 + Ko X2)

where, k;;, V (i, j) € [1,2] are the linear coefficients which can be understood using the

scattering matrix as,
K11 k12 (2 35)
ka1 K22 '

where,
1
rn = kg [ (i — ni)grdedy

1
K12 = 5193 I [(n3y — n})vrbadady
(2.36)

1
Ko = §k§ I J(nfy — n3)rbadady

1
Koo = §k3 J [(n3y — n3)3dady

Here, k11 and Koy are the reflection coefficients and k15 and k97 are the coupling coefficients.
Normally, it is assumed that the modes are normalized, and propagate in a lossless system
with symmetric coupling coefficients. Hence,

K12 = K21 (237)

Coupling coefficients and phase mismatch are important factors for power exchange
between different modes. In 2.8a both the waveguides are excited where as in 2.8b only
waveguide B is excited.
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Figure 2.8: Description of the directional coupler under coupled-mode and normal-mode

In 2.8b for no phase mismatch complete power exchange occurs. This is why phase
matching is an important criteria for mode coupling. The coupling length is, L. = 7/2k.

Coupled mode theory has been successfully applied to the modeling and analysis of
various guided-wave optoelectronic devices, such as optical directional couplers made of
thin film and channel waveguides, multiple waveguide lenses, phase-locked laser arrays,
distributed feedback lasers and distributed Bragg reflectors, grating waveguides and
couplers, nonparallel and tapered waveguide structures, Y-branch waveguides, TE/TM
polarization converters, mode conversion and radiation loss in slab waveguides, residual
coupling among scalar modes. It has also been used to study the wave coupling phenomena
in nonlinear media such as harmonic generation in bulk and guided-wave devices, and
nonlinear coherent couplers [47].

2.9 Figures of merit

The figures of merit represents the benchmarks for comparing different optical waveguide
components.

2.9.1 Polarization extinction ratio

The Polarization extinction ratio (PER) is the ratio of optical powers of TE and TM
polarizations. The PER is used to characterize the degree of polarization in a polarization
maintaining device or fiber.

P
PERtg—rm = 10log, %
TE

pre (2.38)
T™M
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2.9.2 Insertion loss

Insertion loss is the loss of signal power resulting from the insertion of a device in a
transmission line or optical fiber and is usually expressed in decibels (dB). If the power
transmitted to the load before insertion is P;, and the power received by the load after
insertion is Py, then the Insertion loss (IL) in dB is given by,

Pin
out
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Chapter 3

State of the art

Before developing a MEMS TPR for optical waveguides, the integrated passive and active
PRs found in the recent literature and their underlying concepts are discussed in this
chapter.

3.1 Polarization rotator (PR)

PRs help in rotating polarized fields from one SOP to another in a controlled manner.
Currently, both optical fiber and on-chip based PRs are available.

3.2 Optical fiber PR

In an ordinary (non-polarization-maintaining) fiber, TE and TM have the same nominal
phase velocity due to the fiber’s circular symmetry. However tiny amounts of random
birefringence in such a fiber, or bending in the fiber, will cause a tiny amount of crosstalk
from the TM to TE mode or vice versa. And since even a short portion of fiber, over
which a tiny coupling coefficient may apply, is many thousands of wavelengths long, even
that small coupling between the two polarization modes, applied coherently, can lead to
a large power transfer to the TE or TM mode, completely changing the wave’s net state
of polarization. Since that coupling coefficient was unintended and a result of arbitrary
stress or bending applied to fiber, the output state of polarization will itself be random,
and will vary as those stresses or bends vary; it will also vary with wavelength.
Polarization-maintaining fibers work by intentionally introducing a systematic birefrin-
gence in the fiber, so that there are two well defined polarization modes which propagate
along the fiber with very distinct phase velocities. The beat length L; of such a fiber (for
a particular wavelength) is the distance (typically a few millimeters) over which the wave
in one mode will experience an additional delay of one wavelength compared to the other

L
polarization mode. Thus a length = of such fiber is equivalent to a half-wave plate. Now

consider that there might be a random coupling between the two polarization states over
a significant length of such fiber. At point 0 along the fiber, the wave in polarization

L
mode 1 induces an amplitude into mode 2 at some phase. However at point ?b along the
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fiber, the same coupling coefficient between the polarization modes induces an amplitude
into mode 2 which is now 180° out of phase with the wave coupled at point zero, leading
to cancellation. At point L, along the fiber the coupling is again in the original phase,

3L
but at 71’ it is again out of phase and so on. The possibility of coherent addition of

wave amplitudes through crosstalk over distances much larger than L, is thus eliminated.
Most of the wave’s power remains in the original polarization mode, and exits the fiber
in that mode’s polarization as it is oriented at the fiber end [48].

Electrically driven polarization controller currently available provides a simple, efficient
means to manipulate the state of polarization within a singlemode fiber. These operate
with negligible insertion and return losses at 100Hz response speed with continuous
polarization control capability at low voltage [49].

3.3 On-chip PR

The currently available OEIC PRs can be classified into two categories as passive and
active PRs. In the passive PRs, the waveguide structures are designed in a specific way
to manipulate the effective RI of the modes, in order to obtain the desired polarization.
The RI cannot be manipulated or tuned once fabricated. Whereas, in active PRs, the

effective RI can be actively manipulated by thermo-optic effects, quantum effects or
MEMS.

3.3.1 Passive PR

The fields in pure TE and TM modes are orthogonal (i.e. no coupling exists). Thus
asymmetric structure in both horizontal and vertical directions are required to break
the symmetry, which is accomplished by using different principles viz. mode coupling
[34, 50, 33], mode evolution [51, 36, 52, 53, 54] and mode hybridization [55, 32, 56, 31],
described in the following sections. All these principles are based on the coupling mode
theory described in 2.8.

3.3.1.1 Mode coupling

Mode coupling PR includes a pair of waveguides running parallel to each other, with
coupled evanescent fields within close proximity. When two modes with orthogonal
polarizations have equal effective Rls, strong mode coupling occurs in between the
waveguides (generally asymmetric directional couplers), and with proper taper orientation
and design, length of coupling region, one mode can be effectively converted to the other.
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[J Design:  Ultra-compact polarization splitter-rotator based on silicon
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onut
W‘q de /

wy w2
Woj lWout
| Leoy| L, Lo Lou
Lips
Taper Coupling
(a) Structure of the PR (b) Schematic of the PR

Figure 3.1: PR using mode coupling, by Dai and Bowers [34]

The coupler (Fig. 3.1a) consists of 2 waveguides parallel to each other. The section
where coupling occurs is shown in Fig. 3.1b. The taper structure is singlemode at
the input end (W}) while it becomes multimode at the other end (W3). When light
propagates along the taper structure, the TM fundamental mode launched at the
narrow end (W) is converted to the first higher-order TE mode at the wide end (W3)
because of the mode coupling between them. Another narrow optical waveguide (W)
is then placed close to the wide waveguide (W3) and an asymmetrical directional
coupler is formed. By using this asymmetrical directional coupler, the first higher-order
TE mode in the wide waveguide is then coupled to the TE fundamental mode of the
adjacent narrow waveguide. In this way, the input TM fundamental mode at the
input waveguide is finally converted into the TE fundamental mode at the cross port
of the asymmetric directional coupler. On the other hand, the input TE polarization
keeps the same polarization state when it goes through the adiabatic taper structure.
In the region of the asymmetric directional coupler, the TE fundamental mode in the
wide waveguide could not be coupled to the adjacent narrow waveguide because of
the phase mismatching. In this way, TE- and TM- polarized light are separated while
the TM fundamental mode is also converted into TE fundamental mode [34].

Various other designs for mode coupling have also been proposed [33, 50], which work
on the same principle.

[0 Problem of mode coupling: The main problem of mode coupling is that directional
couplers are not very broadband. Moreover, due to the large birefringence of silicon
waveguides, the conversion usually occurs between fundamental TM and high order
TE modes and subsequently the high order TE mode is converted to the fundamental
TE mode.
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3.3.1.2 Mode evolution

The mode evolution based PR includes a single waveguide core. The waveguide is
designed in such a way that the cross-section of the waveguide varies along the direction
of propagation, both in width and height. This changes polarization from TE to TM
or vice versa gradually in propagation direction, under adiabatic transition conditions.
Since, the cross-section changes gradually and not abruptly, the PER is high in these
type of PRs.

[] Design A: Mode evolution PR based on single taper

P
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(a) Schematic of the PR (b) Cross sections of the waveguide at A-
A’(a), B-B’(c), and C-C’(f) along with
the transition states of the polarization

Figure 3.2: PR using mode evolution, by Zhang et al. [51]

The PR (Fig. 3.2a) consists of the variable cross section for polarization rotation.
The transition region of the rotator was divided into N sections. Each section was
considered as a uniform asymmetrical waveguide like the rotator in [57]. The length
of each section was its half-beat length. The half-beat length of the n'* section is
L} = (7/(B7 — B3)) , where 8" = (27/A) n;; and B and (3 are the propagation
constants of the two fundamental modes in the n'* section. After propagating in the
n" section, the polarization will rotate 2A¢,, toward the optical axis, where ¢,, is the
angle between the optical axis and the polarization of the incident light. The overall
rotator should satisfy 3, 2Ap, = 90°, to achieve a rotation of 90° in the cascaded
sections. Fig. 3.2b shows the rotation procedure [51].
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(] Design B: Mode evolution PR composed of an asymmetric-rib waveguide and
a tapered waveguide
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(a) Schematic of the PR (b) Local mode analysis of the PR

Figure 3.3: PR using mode evolution, by Goi et al. [54]

The PR (Fig. 3.3a) consists of the polarization rotation sections(A and B) with
an asymmetric rib waveguide and the mode size conversion section(C) with a nano-
tapered waveguide. This design provides both vertical and horizontal asymmetry.

Apart from these, other designs for mode evolution have also been proposed [36, 52, 53],
which has the same basic principle.

[J Problem of mode evolution: In mode evolution, silicon waveguide is specially
designed with tapers to enable gradual mode conversion between orthogonal polariza-
tion states. Sharp tips at the end of tapers necessary for low conversion loss are also
difficult to make. A pure silicon solution is proposed in [51], but in their structure the
input and output silicon waveguides have different thicknesses. The structure in [54]
solves this problem at the cost of a longer device length of 230 pm. Efficient design of
these kind of PRs require trade-off between scattering losses at the tapers versus the
device length.

3.3.1.3 Mode hybridization

Mode hybridization works by abruptly breaking the symmetry of the silicon waveguide
cross section. When a quasi-TE (or quasi-TM) mode from a Si waveguide with its
polarization angle at nearly zero degrees (or 90°) is launched into the asymmetric section
(which supports highly hybrid modes with polarization direction £45°), then both of
them are excited almost equally to satisfy the continuity of the E; and H, fields at
that interface. These two highly hybrid modes travel along the asymmetric sections.
The propagating modes are hybridized due to introduced asymmetry, allowing optical
power to be transferred periodically between the two desired polarization states. The
propagation modes excite simultaneously the two fundamental hybrid modes of the
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asymmetric waveguide, which evolve with different propagation constant. The rotation
of 90° is achieved through interference of the two hybridized modes for a length of L.,
according to the principle of wave plates described mathematically, using 2.24.

[J Design A: Asymmetric silicon nanowire waveguide as compact PR

f B 4
4571 Dominant H, field of H'y mode 457 Non-dominant H, fleld of H's, mode
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16 18 20
X-axis (um)

(a) Schematic diagram of the asymmetric (b) Contour plots of (1) the dominant H,
PR field profile and (2) the non-dominant
H, field profile of the H{, mode with
W = 800nm and H = 800nm, t,, =
100nm and t; = 400nm

Figure 3.4: PR using mode hybridization, by Leung et al. [32]

Fig. 3.4a depicts the single-stage polarization rotator, which consists of two Si strip
waveguides with straight sidewalls, where both are butt coupled to an Si asymmetric
strip polarization rotator waveguide in the middle. In the design of a polarization
rotator, an asymmetric section which supports the highly hybrid modes is sandwiched
between two standard Si waveguides. The half-beat length is a key parameter used
in order to identify the optimum length of this asymmetrical section to achieve the
maximum polarization rotation. The half-beat length is defined as L, = 7/AfS, where
Ap is the difference between the propagation constants of the two hybrid modes. After
propagating a distance L = L., the original phase condition between the highly polar-
ized modes would be reversed, and the polarization state of the superimposed modes
would be rotated by 90°. If a standard Si waveguide (with smaller modal hybridness)
is placed at this position, this quasi-TM (or quasi-TE) mode would propagate without
any further polarization rotation [32].

(] Design B: Efficient silicon PR based on mode-hybridization in a double-
stair waveguide
Due to the sudden abruptness introduced in the previous design (Design A) of mode
hybridization 3.3.1.3, the PER was low. Hence, the abruptness is introduced more
gradually in the design, as shown in Fig. 3.5b. The design looks like two successive
stairs and hence it is called double-stair waveguide. The PR [30], based on a double-
stair silicon waveguide fabricated with three etch steps as described in Fig.3.5a is
better compared to the two-etch-step structure with single-stair cross section [58]
because of the higher PER and broader optical bandwidth achieved.
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(a) Schematic structure of the double-stair (b) Polarization rotation process along the
PR. Inset shows the cross-section waveguide. The arrows indicate the
direction of mode electric field. Z = 0is
the starting position of the polarization

rotation section

Figure 3.5: PR using double-stair waveguide mode hybridization, by Xie et al. [30]

The schematics of the PR (Fig. 3.5a) consists of the double stair cross-section and
describes the polarization rotation in the waveguide.

Other designs for mode hybridization have also been proposed [55, 56], which work
on the same principle.

O Problem of mode hybridization: The narrow trenches (~10nm wide) required for
mode hybridization are difficult to pattern and etch with controllable profiles. Recently,
a PR [58] is realized on a simple strip waveguide by cutting one upper corner of the
waveguide in a two-step etch process following the original idea in [57]. The pure silicon
solution [58], without the need of extra materials is attractive, but the measured
PER is relatively low around ~6dB within a ~30nm bandwidth. Although, the
double-stair waveguide [30], offers good results but they exhibit wavelength-dependent
loss because its working principle relies on interference.

3.3.2 Active PR

An active PR can be achieved by introducing thermo-optic tuning, quantum-mechanical
tuning and MEMS tuning, which changes the effective RI of the mode travelling through
the waveguide on applying voltage.

3.3.2.1 Tunable PR with thermo-optic effect

The PRs mainly change the PER, whereas the Tunable polarization phase shifters (TPPS)
control the polarization phase. The TPPS are implemented using waveguide heaters
placed alongside the waveguide to avoid losses due to interaction of the evanescent field
with the metal. The intensity of the waveguide heaters are electrically controlled.

27



(] Design: Tunable PR with phase shifters
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(a) Schematic of the polarization controller (b) Evolution of SOP throughout the device
along with the cross section of the PR,
which uses mode hybridization. The
cross section of mode hybridization PR
can be seen in (3)

Figure 3.6: PR control using three PR and three TPPS, by Merenguel et al. [37]

In the passive PRs, the individual PR had to produce an exact polarization conversion.
This was overcome by the design of the PR in Fig. 3.6a. The PR (Fig. 3.6a) consists
of three PRs and three TPPS which control the SOP. The operation of the device
is illustrated in Fig. 3.6b using the Poincaré sphere 2.6. First, a certain PR will be
performed in the first PR (point B). Following the first PR there are two pairs of
TPPS-PR. Each TPPS will tune the polarization phase in order to feed the PRs with
the suitable polarization phase so that, at the output of the third PR (point F), the
desired PER is achieved. The last TPPS then produces the appropriate polarization
phase shift so that the desired SOP is obtained at the output (point G).

[0 Drawbacks of PR with thermo-optic effect: Although, the design offers good
trade-off between performance and size but still it is limited by the fact that thermal
effect can induce phase shift in other waveguides due to cross-talk. This may occur
when this system is used in commercial designs with high packing density.

3.3.2.2 Tunable PR using Berry’s phase

Berry’s phase is a quantum-mechanical phenomenon that may be observed at the
macroscopic optical level through the use of an enormous number of photons in a
single coherent state [59]. In the special case of planar (non-helical) paths, such as the
paths typically taken by planar optical waveguides, no significant optical rotation is

28



observed independent of the complexity of the path [60]. The key to manifest Berry’s
phase in photonic integrated circuits is to introduce out-of-plane three-dimensional
waveguides to create a two-dimensional momentum space with non-zero (Gaussian)
curvature.

Design: Tunable PR with Berry’s phase

Polarization
splitter

TE port
Thermo-optic TM port

heater

Electrical

e Output light with polarization

rotation due to Berry’s phase

/

Waveguide
portion 1:
ascending
(out-of-plane)

Waveguide

Waveguide portion 2a and 2b:

Released descending (out-of-plane)
waveguide - Input

Input: cantilever light

coupler z, x

Silicon-on-insulator optical chip -

u Si Buried oxide PECVD oxide Ti Al

(a) Schematic of the device (b) Layout of device involving (c¢) Evolution of SOP
out-of-plane waveguides throughout the device

Figure 3.7: PR control using three PR and three TPPS, by Xu et al. [38]

Monochromatic light at wavelength A carries a momentum given by p = p, 7 +
pyy + p.Z = hk, where k is the propagation vector, with magnitude 27/\ and A is
the Planck’s constant divided by 27. In physical space, the layout consists of three
main portions. The first portion, shown in red in Fig. 3.7b, consists of an ascending
out-of-plane 180° waveguide bend. The second portion, shown in green, consists of an
out-of-plane waveguide that descends to the chip surface. Finally, the third portion
consists of an in-plane 180° bend. In momentum space, the corresponding paths for
each waveguide portion are shown in Fig. 3.7c using Poincaré sphere (2.6). Light
propagation along the three-dimensional path in physical space results in a non-zero
subtended solid angle in momentum space, shown as the shaded area in Fig. 3.7c.
Therefore, the waveguide geometry will exhibit Berry’s phase. A change in wavelength
results in a change of the radius of the sphere in momentum space but not the solid
angle. If the deflection angle of waveguide portion 1, in the physical space shown in
Fig. 3.7b is 6, then the output light will appear with polarization rotation equal to 26
due to Berry’s phase because the magnitude of the solid angle extended by the grey
area in momentum space, shown in Fig. 3.7c, is 6 [38].

Drawbacks of PR using Berry’s phase: This device uses out-of-plane ring cavity
which uses the principles of ring resonator. The ring resonator is limited by its narrow
band spectral features which limits bandwidth. Also, the device uses a non-birefringent
waveguide, which is lossy in terms of photonic substrate, as an oxide cladding is used
to confine light.

29



3.3.2.3 MEMS tuning

MEMS is the technology of microscopic devices, particularly those with moving parts
on applying voltage. MEMS tuning refers to the integration of MEMS with photonic
devices. When voltage is applied to a MEMS tunable silicon cantilever, a mechanical
movement occurs, which in turn affects the optical mode shape travelling through a
waveguide, as a result of which the polarization is rotated. The evanescent field of the
resonant mode is externally perturbed from the sides due to the change in the effective
index of refraction of the mode inside the resonator (since the evanescent tail of the mode
sees a different cladding). Also there is an increase/decrease in the optical loss due to
coupling/absorption of the propagating mode into/by the perturbing structure. Coupling
ratios between bus waveguides and micro-resonators are modified through mechanical
movement of suspended bus waveguides [61]. Opto-mechanical tuning by electrostatic
actuation can potentially provide a broad wavelength tuning range, while requiring low
energy for operation under adiabatic conditions.
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Chapter 4

Design and simulation

TPR can be achieved in different ways, discussed in section 3.3.2. In this thesis, the goal
is to achieve TPR using MEMS for a broadband transmission, including the C and L
bands. Moreover, the idea is to optimize the design to achieve high PER and low IL.

4.1 Approach

MEMS TPR design can be approached in 2 ways. In a first approach, initially a
passive PR can be designed by introducing asymmetry and a MEMS tunable waveguide
is introduced which impedes polarization rotation by reintroducing symmetry in the
effective waveguide. In a second approach, the technique is reversed i.e. the MEMS
tunable waveguide is used to introduce asymmetry in the waveguide structure which
rotates polarization. Without the MEMS structure the polarization is not rotated. In
the design principle of the TPR described here, the first approach is being followed.

4.2 Designing TPR

To design the geometry of the waveguide, standard mode solver software is used. Both,
Comsol[62] and CST [63] are used to solve the modes in equation 2.12. Mostly, in this
thesis, Comsol is used to find and optimize the modes in waveguide cross-section in
2-D geometry. Whereas, CST is used to optimize the 3-D structure by studying the
transmission parameters of the wave (S-parameters).

4.2.1 Design principle

To design a PR in nanometer scale, precision is a key factor. Meshing of the geometry,
cladding dimensions and its material composition, frequency range of the solvers, boundary
conditions, volume of simulated area chosen, etc. are the key things to watch for in
designing the simulation in the mode solver softwares. Also, the waveguides are suspended
to accommodate the movement of the MEMS tunable waveguide, which in turns changes
the effective RI of the mode. Hence, air cladding is used in the mode simulations in the
waveguide cross-section. Moreover, as the idea is to make the TPR as broadband as
possible, it is necessary to do frequency analysis simulation for a wide-band spectrum in
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which the optical fibers for telecommunications work. As the operating wavelength of the
telecommunications optical fiber network in C-band and L-band are between 1530 nm
and 1625 nm, the corresponding frequency range becomes 195.94 THz - 184.48 THz.

4.2.2 Design: Mode hybridization based single stair Si waveguide
with air cladding

If, a light source polarized at an angle 6, is incident on a half wave plate (2.5.3.2), then
the final SOP is derived using Jones matrix (2.5.2), described as follows:

1 0\ (cosf)  [—cos@\  [cos(—0) (@1)
0 —1)\sinf)  \—sinf)  \sin(-6))’ '
(1) _01 is the Jones matrix for the half wave plate derived using 2.24 and

where,

0\ . . . : :
<Z.OS is the Jones vector representation of linearly polarized wave at an angle 6, with

in#
the horizontal, derived using 2.17. This concludes that an incidence of 6, produces an
output of —f, when passed through a wave plate, which gives 26 polarization rotation.
Thus to rotate polarization by 90°, an incidence of 45° is necessary on the wave plate.
The single stair waveguide acts as an wave plate due to its asymmetric structure which
guides hybrid modes. To find out the dimensions for obtaining 45° hybridized modes in
the single stair waveguide, Comsol 2D mode solver software is used.

4.2.2.1 Waveguide geometry

Throughout the next sections the dimensions of the stair waveguide are defined in terms
of rib, slab and base described in Fig. 4.1.

. Rib | Air
|77 width T
Rib Slab
Height —! Width n— i
T . Slab
Silicon Height
—>  Base Width "— T

Figure 4.1: Stair waveguide geometry
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4.2.2.2 Optimized dimensions of primary PR waveguide

The dimensions of the stair waveguide is optimized to get hybridized modes. At 45°, the

components of the E-fields in the hybridized modes must be such that, Fx ~ Ey. It is

necessary to double check the E-fields orientation to make sure that only the correct

modes are chosen because in simulation a larger cross-section than the waveguide cross-

section is excited. This excitation might produces modes for which Ex =~ Fy-, but the

modes are not hybridized at 45°. Hence, for modes hybridized at 45°, —AUg(EX’""dE) — 1.
Avg (Eymode>

As a result,

AVIE X o) |, . (4.2)

Electric field ratio in hybrid modes = Z Real |log;, m
Ug Ymode

mode

Summation of Log ratio of E-fields in hybrid modes

=
o

Winimum at Rib =0.2um, Base =0.23m
wadih wadth

Figure 4.2: Summation of real part of absolute value of the logarithmic ratio of E, and
E, fields plotted against rib and base width in an area chart using MATLAB

Hence, the minimum point on the graph represents the best dimensions on the waveguide
for obtaining the hybridized modes at 45°. In this case the best dimensions were obtained
at Baseyiqsn = 230nm and Ribyiqqn = 200nm. The total height of the waveguide is
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220 nm because of the wafers available in lab. The Slabypeigne = 110 nm, since the gratings
are deigned and optimized for 110 nm. Hence, a change in slab height or a double stair
waveguide would increase the fabrication steps. It can also be visualized that, in the
modes in Fig. 4.3a and Fig. 4.3b, that the effective modes are hybridized at 45° for the
first 2 hybrid modes obtained using Comsol simulation.

Effective mode index=1.0066 Surface: Electric field norm (V/m) Arrow Surface: Electric field Effective mode index=1.0159  Surface: Electric field norm (v/m) Arrow Surface: Electric field

3
s
30
3
25
. / ,
20
>
o. . 15
15
- - 10
10
K 5 K s
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

(a) 1%¢ hybrid mode in the cross-section (b) 274 hybrid mode in the cross-section

%

3

Figure 4.3: Fundamental hybrid modes in the cross-section with Ribyiqn = 200 nm,
Ribpeignt = 110nm, Baseyiqtn = 230 nm, Slabpeignt = 110 nm, obtained using
Comsol 2-D eigenmode simulation

Effective mode index=1.0228 Surface: Electric field norm (V/m) Arrow Surface: Electric field Effective mode index=1.0158 Surface: Electric field norm (V/m) Arrow Surface: Electric field

(a) TE mode in the cross-section (b) TM mode in the cross-section

Figure 4.4: Fundamental modes in the cross-section with Width = 230 nm, Height =
220 nm, obtained using Comsol 2-D eigenmode simulation

Also, since the input and output port dimensions in the waveguide are different from the
stair waveguide cross-section dimension, it is necessary to check if the two fundamental
modes can be supported by the waveguide ports. Hence, port mode simulation for the
first two fundamental modes in waveguide with dimensions 230x220 nm are calculated
and the results obtained are displayed in Fig. 4.4a and Fig. 4.4b. This corroborates that
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the 2 fundamental modes TE and TM are supported in the input and output ports.
Next, the effective RI for both the port modes are obtained using CST by doing a

parametric sweep over the operating frequencies of C and L-band. The results are
displayed in Fig. 4.5.

Beta in 1/m

4.2%e+0065
—— 3(1)

—h— 3(2)
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3(2) 1 4001113.436
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3.8e+006 1 ; f i R boneeenneenes s ST
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Frequency / THz

Figure 4.5: Simulated effective propagation constant for the port modes in the cross-
section of Ribyigsh = 200nm, Ribpegne = 110nm, Baseywign = 230nm,
Slabpeight = 110 nm, obtained using CST simulation

The required length of the cross-section is obtained using 2.22. Since, $; = 4.051 x 10°
and B, = 4.001 x 105, Hence, [ = —
b — fo

cross-section would be around 62 pm. Effective RI is dependent on frequency and so
the cross-section length is also dependent on the frequency. The length is calculated
at around 191 THz, so that the whole of the band (184.48 THz - 195.94 THz) can be
covered for a relative good performance. This results could have also been obtained from
COMSOL from the effective RI calculation as shown in equation 4.3.

~ 62 1m. This means the length of the stair

T T A
— — = 4.3
B — Bo 2; (n1 — ns) 2(ny — no) (43)

L
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Input Port

Material Siicon (loss free)

Output Port

Type

Epsilon 138 ¥

Mue 1

Rho 2330 (kgAn*3] l
Therm.cond 148 [WAGT]

Heat cap 0.7 [ediig) x
Diffusivity 9.074198-005 [m*2/s]

Young's Mod. 112 [khinm*2]
Poiss Ratio 028
Thermal Exp. 5.1 [1e-6M]

Figure 4.6: Design of single-stair waveguide with initial dimensions at the port as width
= 230nm and height = 220 nm. Stair cross-section dimensions are: Riby;qin
= 200 nm, Ribpejght = 110 nm, Baseyiqth = 230 nm, Slabpeighy = 110 nm, and
cross-section length = 62 pm. The output port is along the Z-axis, shown in
the figure

The 3D-design is simulated in CST with air cladding and with the previously estimated
dimensions. The input and output ports are defined on the waveguide, which supports the
two fundamental modes. As shown in Fig. 4.6, the stair cross-section can be envisaged if
a Z-plane is cut in the asymmetric part of the waveguide.

Next, the S-parameters (transmission parameters) of the design are verified. The S-
parameters are labelled as follows,

SA(M), B(N), (4.4)

where A=output port, B=input port and M,N = mode number. For example, S2(2),1(1)
means that input port is 1 and the mode is 1 whereas, output port is 2 and the mode at
the output port is 2. Hence, S2(1),1(2) and S2(2),1(1) needs to be checked along with
S2(1),1(1) and S2(2),1(2) for calculating the PER. The S-parameters obtained from the
simulation shown in Fig. 4.7 (for, 200230 nm) verifies that the model works according
to the design principle with good PER over the C and L-band.
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Figure 4.7: Simulated S-parameters in the single-stair waveguide with initial dimensions
at the port as width = 230nm and height = 220nm. Stair cross-section
dimensions are: Ribyiqtn = 200nm, Ribpeigne = 110 nm, Baseyiqsn = 230 nm,

Slabheight

3-D simulation

= 110 nm, and cross-section length = 62 pm obtained using CST

TE Input

TM Output

Figure 4.8: TE-TM mode conversion along the waveguide with decreasing E, field and

increasing B, field

TM Output

5| TE Output

Ex Field

Figure 4.9: TM-TE mode conversion along the waveguide with decreasing Ey field and

increasing E, field
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4.2.2.3 Optimized dimensions of MEMS waveguide

After finding the dimensions of the passive PR, the MEMS tunable waveguide was
designed to cancel the effect of rotation. Intuitively, if any waveguide which is the mirror
image of the bus waveguide is placed along side the bus waveguide, then PR effect would
be nullified. This is verified by plotting the graph in Fig. 4.10. Since, at TE or TM

Avg(Ex, ) Avg(Ey. )
de, £ E E Ex. H o —omede /|
mode, Lx > LBy, or Ly > By ence, Avg(Ey.) 00, Or Avg(Bx..) 00,
depending on TE or TM-mode. Hence,
Avg(Ex,. )
> " Real |log,, ——— "] — o0, 4.5
mode B0 A’Ug(Eymode) ( )

and the maximum points on the graph will represent the dimensions of the MEMS
structure for which, there is no PR. Logarithmic scale is used to plot the data in a
manageable way. The supermodes are also verified in the cross-section in Fig. 4.11a and
Fig. 4.11b to make sure higher order modes are not excited.

/
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/

Summation of log ratio of E-fields in hybrid modes
/
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MEMS éaSG o 02 o 025 oa
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015

02
- MEMS Rib Width (Hm)
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Figure 4.10: Summation of real part of absolute value of the logarithmic ratio of FE,
and E, fields plotted against rib and total width in an area chart using
MATLAB
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(a) TE mode with the MEMS cross-section (b) TM mode with the MEMS cross-section

Figure 4.11: Modes in the cross-section with Ribyign = 200nm, Slabyign, = 30 nm,
Slabpeight = Ribpeigns = 110nm, in both bus and MEMS waveguide, ob-
tained using Comsol 2-D simulation

In this case the best dimensions for the MEMS waveguide comes out as, Ribyiqgtn
= 200 nanometer, Ribpeigns = 110 nanometer, Baseyiqsn = 230 nanometer, Slabpeignt =
110 nanometer. Fig. 4.11a and Fig. 4.11b, obtained using Comsol 2D simulation displays
the port modes in the cross-section. This corroborates the claim that the MEMS
waveguide must be mirror image of the bus waveguide to inhibit PR.

4.2.2.4 Design of primary PR waveguide with MEMS waveguide

Based on the simulations performed and the dimensions of the cross-section obtained, the
tunable PR was designed as depicted in Fig. 4.12. For quicker simulation the remaining
portions of the cantilever in the MEMS waveguide are not considered in the simulation
design. Initially, a simulation was performed to check how the modes are guided in the
slot with silica cladding as seen in Fig. 4.13. However, for a MEMS TPR the waveguide
has to be under-etched for free movement of the MEMS cantilever to control polarization
tuning. Hence, the cladding of a MEMS TPR is air. This scenario is simulated as shown
in Fig. 4.14. It can be observed that the MEMS TPR with air cladding is lossy due to
reflection and scattering.
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Qutput port

Figure 4.12: Design of single-stair waveguide with MEMS tuning waveguide. Stair cross-
section dimensions are: Ribyiqmn = 200 nm, Ribpeighy = 110 nm, Slabyiqm =
230nm, Slabpeigne = 110nm, and Stair cross-section length = 62 pm, in both

the PR waveguide and MEMS waveguide. The output port is along the
Z-axis

AARAARARAARARAANAARAARANR AN ko pox
A R T T AP A L RS,

‘-1!/1)".'.'."

Figure 4.14: TPR transmission in air cladding without MEMS waveguide actuation
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4.2.2.5 Device tolerance

When fabricating devices in nanometer scale often it is very difficult to control the device
dimensions precisely. Hence, a brief study on simulation level is performed to check for
deviance resulting due to variations in etch depth during the fabrication process discussed
later in section 5.

Since the device layer thickness used in the fabrication process is of height 220 nm, the
different etch depths considered are 100nm and 130 nm which corresponds to 120 nm

X’mode

Ey,

mode

is plotted against Riby;qtn and Slabyiqge, in the following figure in Fig. 4.15 for an etch
depth of 100nm.

and 90 nm slab height respectively. Fist 20 minimum values of }°,, 4. Real |log,,

Y

Summation of Log ratio of E-fields

Base width in pm

Figure 4.15: 20 least values, representing the summation of real part of absolute value
of the logarithmic ratio of F, and E, fields, plotted against rib and total
width in an area chart using MATLAB for Slabyeighy = 120 nm

It can be seen in the above Fig. 4.15 that the hybridized modes appear to be at 45° around
230 nm < Baseyigmn < 300nm and 170 nm < Ribyiqm < 200nm. So, if the Ribyiqn and
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Baseyiqtn are controlled in the fabrication process, the device can still function and needs
to be characterized accordingly.

The same process is followed for a speculated etch depth of 130nm and the 20
best dimensions are plotted which comes out to be 240 nm < Baseyign, < 300 nm and
160 nm < Ribyign < 200nm. The exact pairs can be identified in the Fig. 4.16.

Summation of Log ratio of E-fields

025 ; Rib width in um

Base width in gm

Figure 4.16: 20 least values, representing the summation of real part of absolute value
of the logarithmic ratio of E, and Ey fields, plotted against rib and total
width in an area chart using MATLAB for Slab height = 90 nm
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Etch depth | Slab height | Base width | Rib width
(nm) (nm) (nm) (nm)
100 120 230 180
100 120 240 180
100 120 250 180
100 120 260 180
100 120 270 180
100 120 280 180
100 120 290 180
100 120 300 180
100 120 240 190
100 120 250 190
100 120 260 190
100 120 270 190
100 120 280 190
100 120 290 190
100 120 300 190
100 120 240 200
100 120 250 200
100 120 260 200
100 120 270 200
100 120 280 200
130 90 240 170
130 90 250 170
130 90 260 170
130 90 270 170
130 90 280 170
130 90 290 170
130 90 300 170
130 90 250 180
130 90 260 180
130 90 270 180
130 90 280 180
130 90 290 180
130 90 300 180
130 90 250 190
130 90 260 190
130 90 270 190
130 90 280 190
130 90 290 190
130 90 250 200
130 90 260 200

Table 4.1: Device dimensions for obtaining the hybridized modes at different etch-depths
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4.3 Designing auxiliary components for measurement
setup

To test the TPR auxiliary components like grating couplers (TE & TM), tapers, Polar-
ization Beam Splitter (PBS) are designed. The gratings are designed in way to couple
TE and TM-modes from the LASER to the waveguide. However the gratings have a
width of 12 um whereas, the TPR section in the waveguide has width of 230 nm. Hence,
tapers are used to reduce the mode size and guide light into the TPR section. Finally, a
PBS is designed which again splits the TE and TM-modes and guides them to the TE
and TM grating couplers respectively via tapers where a photo-detector measures the
intensity of output light. Another approach like butt-coupling can be used. But it is
difficult to couple light into narrow waveguides in a low-loss manner as the mode size in
fiber core is bigger than the mode size in the waveguide.

TE Mod Grating coupler Photo
> Taper ? (TE) }7 > Detector
LASER Grating coupler
(E=r }»*P{ (TETM) Taper TPR PBS ‘
T™ Mod: Grating coupler Photo
> Taper ? (™) Detector

Figure 4.17: System level block diagram of the fabricated measurement setup

Fabricated Chip for measurement of the TPR

In the Fig. 4.17 a high level block diagram of the measurement setup is shown. Whereas,
in Fig. 4.18 schematic top view of the actual system design is shown with gratings,
tapers, TPR, TM coupler and bridges.
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Figure 4.18: Low level schematic representation of the fabricated measurement setup

4.3.1 Grating coupler design

The high effective index and small mode dimensions of single mode silicon waveguides
makes fiber coupling challenging. Waveguide-to-fiber surface grating couplers with fill
factor apodization offer low back reflection into the silicon waveguide and a single required
lithography step. Using surface grating couplers, the mode matching problem can be
solved by expanding the width of the on-chip silicon waveguide, and etching a grating
into the expanded section that diffracts light out of plane into a fiber, placed at certain
angle to the normal. The approach taken increases the coupling efficiency by tailoring the
leakage factor of the grating to the mode profile of the fiber. The main benefits of this
approach are a low back reflection into the silicon waveguide and high efficiency in the
coupling [64]. In the design, the gratings used are 12 um wide which narrows down to a
width of 230 nm in the PR section. The approach is shown in Fig. 4.19a. Also, two types
of gratings are designed for TE and TM coupling. The TM gratings are under-etched to
avoid coupling of the deconfined TM modes in the SiO,. Whereas, since TE modes are
confined, the gratings are not under-etched.
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(a) Fiber to waveguide surface coupling us- (b) Apodized grating coupler cross-section
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Figure 4.19: Overview of surface coupling from fiber to waveguide using apodized grating
coupler with cross-sectional view

4.3.2 Taper with bridge design

While tapering down to the TPR cross-section from the grating coupler cross-section, the
SiOy underneath is etched away for TM input. Hence, to support the structure from the
side bridges are constructed which forms a slab like structure at certain cross-sections.
These kinds of structures accommodate mode conversions between TM, and TE3. Also,
these bridges are constructed in other places in the waveguide structure where support is
necessary to hold the waveguide. For example, if the core waveguide width is 700 nm then
a total base width (core and bridge) of 1500 nm must be avoided for mode conversion
reasons, as simulated and plotted using COMSOL in Fig. 4.20. As, it can be seen that
around 1500 nm base width there is a mode conversion between TM, and TE3 represented
in Fig. 4.21a and Fig. 4.21b. However, there is no mode conversion between TM, and
TE,, since the field distributions are not similar and hence they do not couple.
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Figure 4.20: TE and TM modes at different base widths obtained using COMSOL mode
solvers

device_slab_width(17)=1.5 Effective mode index=1.362 Surface: Electric field norm (v/m) Arrow Surface: Electric field device_slab_width(17)=1.5 Effective mode index=1.3934 Surface: Electric field norm (v/m) Arrow Surface: Electric field

(a) TE mode with Baseyiqsnh = 1500 nm (b) TM mode with Baseyiqtn = 1500 nm

Figure 4.21: Mode conversion in Slab modes at Baseyiqn = 1500 nm, obtained using
Comsol 2-D simulation having same effective index

4.3.3 Polarization beam splitter design

The PBS is based on an asymmetric directional coupler utilizing the evanescent coupling
between a strip-waveguide and a nanoslot waveguide [65]. First, effective Rl is calculated
for different core widths with height = 220nm. The results are displayed in Fig. 4.22.
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Figure 4.22: Effective RI for different dimensions of core waveguide width

Next, the effective RI is calculated for the four lowest order modes at different widths of
nanoslot waveguide with a height of 220 nm and slot width of 100 nm. The gap between
the strip-nanowire and the nanoslot waveguide is 150 nm. The results are plotted in Fig.
4.23.

—8—TE3 —8—TMO TE1 TEO

g
o

o
£

o
o

]

Matching effective Rl of the
mode in nanoslot waveguide

4
W;:

=
o

=
=~

effective Refractive index
=
-]

=
[S]

- n o~ n 0 wn < wn w0 wn
o = o I o o o =< o 9
=] S S S =]

width of each directional coupler (dc)

Figure 4.23: Effective RI for different dimensions of slot cross-section

It can be seen in Fig. 4.22 that the effective index of TMy at a width of 500 nm is
1.20. Whereas, it can be seen in Fig. 4.23 that the effective index of 1.20 in TM, is
obtained around a width of 330 nm for each section of the nanoslot waveguide. Also, the
supermodes are checked in the cross-section of the nanoslot waveguide (with a nano-strip

in the coupling waveguide) to understand the coupled modes shown in Fig. 4.24, Fig.
4.25a and Fig. 4.25b.
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Figure 4.25: TM coupling in PBS slot waveguide at the mode coupling region for different
phases

Finally, the design is simulated in 3-D using CST for checking the transmission with
strip-nanowire of width 500 nm and nanoslot waveguide of width 330 nm each with slot
width of 100 nm. The coupling length is estimated from equation 4.3. As, nry (Phase
matched) &~ 1.20 and nty; (Phase mismatched) ~ 1.00, hence, at 1550 nm,

L — A B 1550

T2y —ny) 2 x (1.2 —1.00)
As seen in Fig. 4.26a, the TE mode goes through without coupling. Whereas, as seen in
Fig. 4.26b, the TM mode crosses through efficiently in the coupling region. As, it can
be seen some portion of the TM mode goes through as well. However, the measured
PER is more than 20dB in the simulation. The purpose of this setup is to make sure
that both TE and TM modes can be measured at different ports. In the final design of
the measurement setup the nanoslot waveguide is not bent after the coupling region to

= 3.875 pm. (4.6)
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minimize losses for TM mode. As TM mode is highly deconfined, bends can cause lossy
transmission for TM modes. Whereas, since TE mode is confined, the strip-nanowire
core waveguide is given a sharp bend to minimize coupling beyond the coupling region.
The idea can be viewed in Fig. 4.18.

(a) TE mode through (b) TM mode crossing at the coupling re-
gion

Figure 4.26: TE and TM mode propagation in a waveguide with PBS section. TE mode
goes through, whereas, the TM mode crosses at the PBS region due to mode
matching of the two waveguides in the PBS section
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Chapter 5

Fabrication

The MEMS tunable device was fabricated using a two step dry etch process on Silicon
on Insulator (SOI) for the silicon device layer (resulting in two heights) and a wet SiOy
under-etch [66]. The first lithography step defines the stair shape of the waveguides in
the rib portion. The second lithography step and the wet under-etch defines the slab
sections and free standing cantilever. The cantilever is delimited by the fully etched slot
waveguides, and its free suspended area is determined by the placement of etch holes.
The details of the fabrication process steps are described in the following section.

5.1 Piranha bath

The fabrication process starts with cleaning the SOI chip which has a 220 nm crystalline
silicon device layer and 2 pm buried oxide, in the piranha solution (Fig. 5.1 A). Piranha
solution is a mixture of sulfuric acid (HySO,4) and hydrogen peroxide (H203), used to
clean organic residues off substrates. Because the mixture is a strong oxidizing agent, it
will remove most organic matter, and it will also hydroxylate most surfaces (add OH
groups), making them highly hydrophilic (water-loving) [67].

5.2 HSQ resist spin

A Hydrogen silsesquioxane (HSQ) negative resist (Dow Corning XR-1541-002) is spun
on the SOI chip to create a thickness of 50 nm. This is achieved by spinning the chip on
a spinner at 4000 rpm for 30 seconds. The HSQ layer is hardened by baking the chip
on a hot plate at 170° C for 5 minutes. To measure the thickness of the resist a scratch
is made on the chip and checked for depth variations using a mechanical profilometer
(KLA-Tencor). This is done to verify the profile depth of the resist mask.

5.3 First e-beam exposure

To pattern the chip, selected portions of the chip are exposed using e-beam lithography.
The patterns are drawn using a CAD software (Raith 150 e-beam lithography). E-beam
lithography exceeds the patterning resolution of optical lithography and can create
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Figure 5.1: A cross-sectional schematic of the fabrication process

patterns in sub-micron scale. Initially, one corner of the chip is scratched to align the
chip and find particles on the chip to focus the beam correctly. Write-field alignment is a
very central adjustment in the process of getting the best possible e-beam lithographic
result. It is the adjustment of the electromagnetic/electrostatic deflections system inside
the column to the high precision X-Y-Z stage. The stage is considered to be “correct”
and the e-beam deflection system is aligned to it. To increase the dose in certain portions
of the chip, the scanning speed is slowed down so that more electrons can strike the
HSQ surface and expose it with a higher dose. The chip is developed using ma-D 525
(Micro resist technology) which dissolves non-hardened HSQ. The chip is then put in
water to wash ma-D 525 and dried using nitrogen. Finally, the exposed HSQ on the chip
is hardened more by putting it in an oven for 40 minutes at 400° C. Inside the oven the
chip is covered with ceramic glass to avoid deposition of dust cloud. After this step the
chip resembles the diagram in Fig. 5.1 C. Again a mechanical profilometer is used to
verify the thickness of HSQ.
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5.4 First dry etch step

The device pattern is finally transferred to the device layer by a timed (HBr) dry etching
of silicon (& 35 seconds), resulting in ridge waveguides with 110 nm height on a 110 nm
thick silicon slab (Fig. 5.1 D). The patterned HSQ remains on the chip for the next
lithography step. Finally, optical profiling is performed to find out the depth of the
silicon etch. This process marks the end of the first step lithography process.

5.5 ZEP7000 spin

An undiluted ZEP7000 positive resist (Zeon Chemicals) is applied on the chip by using
an Eppendorf pipette. To achieve a ZEP profile of 200 nm thickness the spinner is set at
3000 rpm for 45 seconds. The sample is baked at 170° C for 3 minutes to make the ZEP
layer harder. After this, a scratch is then made on the sample and the profile depth is
measured using a mechanical profilometer.

5.6 Second e-beam exposure

Initially, before the second e-beam exposure the beam is focused correctly and alignment
to existing structures is performed because it is a two-step fabrication process. Some
unique and easily recognizable feature like plus symbol is selected as a mark, patterned
in the first exposure. Write-field alignment is performed in all the cells manually for
maximum dimensional precision [68]. Since ZEP is a positive resist, the exposed portions
are developed using p-Xylene solvent and MIBK. After developing the chip, the cross-
section looks like Fig. 5.1 E.

5.7 Second dry etch step

The double step device pattern is obtained in the device layer when the unmasked silicon
(without ZEP resist) is etched. This is done via another dry etch step similar to the
previous one (= 35 seconds). The goal of this dry etch process is to etch through the
remaining silicon via the holes created using ZEP resist. The ZEP polymer is cleaned
via resist stripping using oxygen plasma. After this process the device cross-section looks
like Fig. 5.1 F.

5.8 Wet etching and critical point drying

The final step in the fabrication is the of removal of the HSQ and the underlying SiOs to
form the free-standing MEMS waveguide with cantilever and the PR waveguide with
a gap of 100nm. The process starts with wet etching of HSQ and SiO, using HF for
200 seconds. The HF is diluted using cold water and then the chip is transferred to
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isopropanol (CH;CHOHCHj3;). The surface tension of the isopropanol in a micro device
is at the point at which a change from liquid to gaseous state can destroy the device
through capillary forces. Also, drying free standing waveguides in air or under vacuum
can drastically alter their structures or even destroy them completely. A gentle method
for such purposes is critical point drying. By increasing the pressure and temperature of
the substrate it is possible to dry without crossing a phase boundary. This is possible
because once the critical point has been passed, the density of liquid and gas are the same.
COg is a good transitional fluid for which the critical point temperature and pressure are
relatively low and hence the MEMS structures are not destroyed. Hence, in the critical
point drying machine, initially the isopropanol is replaced with liquid CO slowly and
then liquid CO, is dried. After the critical point drying the device is developed with the
structure as in Fig. 5.1 H.

5.9 Fabricated product

To view the patterns in the device after fabrication SEM images are developed by
scanning the sample with a focused beam of electrons. This helps in analyzing the
results conducted during the experiment. It can be seen in Fig. 5.3 that TE tapers
are not suspended. The cross-sectional pattern of the MEMS TPR is viewable in Fig.
5.4. However, the dimensions of the stair waveguide are 160 x 260 nm as patterning
200 x 230nm is challenging in the lab environment setup. However, the TM gratings
and tapers both are suspended and can be viewed in Fig. 5.5 and Fig. 5.7. In Fig. 5.5
the bridges are visible which holds the suspending waveguide and taper. In Fig. 5.7, the
TM gratings can be seen. The gratings are suspended because of under-etching through
the holes. The cross-section of the waveguide at the cantilever section can be seen in Fig.
5.6. A suspended PBS can be viewed in Fig. 5.2.

EHT = 10.00 kv Sighal A = SE2 Date :15 Jun 2016
WD = 53mm Mag = 2420 KX Time :11:32:58

Figure 5.2: Suspended PBS with TM cross-port and TE through
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MEMS TPR

Cantilever \ Slot waveguide

|

TE Taper ”

EHT = 10.00 kv Signal A = SE2 Date :15 Jun 2018
WD = 22 mm Time :10:28:47

Figure 5.3: TE input with tapers, PBS and MEMS cantilever viewed in SEM

EHT = 10.00 kv Signal A = SE2 Date :15 Jun 2016
WD = 22 mm Mag = 38.24 KX Time :10:30:23

e

Figure 5.4: Cross-section with MEMS tuned waveguide and core waveguide for TE input.
Only the stair slot waveguide looks like the structure in Fig. 4.12
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| MEMS TPR

| TM suspended
{ taper with bridge

EHT = 10.00 kv Signal A = SE2 Date :15 Jun 2018
WD = 22 mm Mag= 1.78KX Time :10:26:48

Figure 5.5: TM input with tapers, PBS and MEMS cantilever viewed under SEM

Over exposed

EHT = 10.00 kv Signal A = SE2 Date :15 Jun 2018
WD = 22 mm Mag = 2742 K X Time :10:15:17

Figure 5.6: Cross-section in the slot region with MEMS tuned waveguide and core waveg-
uide for TM input

26



Suspended TM gratings

EHT = 10.00 kV Signal A = SE2 Date :15 Jun 2016
WD = 22 mm Mag= 4.98KX Time :10:36:25

Collapsed
Cantilever

EHT = 10.00 kv Signal A = SE2 Date :15 Jun 2018
WD = 5.3 mm Mag= 3.22KX Time :11:29:34

Figure 5.8: Stiction problem on applying a voltage more than the pull in voltage
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Chapter 6

Experiments

6.1 Unit tests

To analyze the design various tests are performed. The strategy followed resembles
similarity to unit tests where each of the components are tested and verified to understand
the design. Also, the results are normalized to analyze the performance of MEMS TPR.
The test cases followed during the fabrication process are discussed below.

O Dose test: The first test requires to verify the dose of HSQ and ZEP7000 (ZEP)
used in masking to prevent the damage of masked Si. For this different doses are
applied on different portion of the chip by using similar CAD model.

O TE/TM—TE/TM grating with a normal waveguide: To check any optical
design it is necessary to couple the light into the chip with good transmission. That
is why gratings are necessary. To check PR design, it was necessary first to check the
TE and TM transmissions. Hence, the first test case was to check the TE/TM grating
with a normal waveguide. This give an idea of transmission parameters and the next
results were referenced to this value. This test ensured that the gratings worked as
intended.

O TE/TM—TE/TM grating with tapers: The next test was to check the trans-
mission parameters of the tapers, which was obtained by just putting the tapers
end-to-end after the gratings from both ends. In this test it was made sure that the
TE and TM modes were guided through the tapers.

O TE/TM—TM/TE grating with taper, normal waveguide and PBS: Next it
was necessary to check the PBS design based on asymmetrical directional coupler,
required for the characterization of the converted modes. This test ensures that both
TE and TM mode can be guided to the respective ports and the PER can be measured.

O TE/TM—TE/TM grating with taper and thinner waveguide: Since, the PR
was on a thinner waveguide of thickness 230 nm whereas the gratings had a thickness
of 12m, it was necessary to use tapers to connect the gratings to the PR section.
But before checking the PR, it was necessary to check if the transmission in a normal
waveguide without the PR. That is why this test was performed.
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O TE/TM grating with PR and PBS: Now that all the auxiliary components have
been tested, the PR design was tested as well with PBS and TE/TM grating for
different lengths with taper.

[] Cantilever actuation with separation strategy: Since, the actuation is done
by applying a voltage it is necessary to check that the cantilever actuates properly
on applying voltage and does not stick after removal of voltage. This is done by
segregating the cantilever portion from other parts of the chip so that other portions
of the chip are not affected.

O TE/TM Grating with PR, PBS, MEMS waveguide and actuation: Finally, if
all the previous tests have succeeded, the final design is tested with all the components
and characterized.

The goal of the unit test strategy was to find and understand any short-comings which
might occur at any stage of the fabricated process.

6.2 Characterization

An optical test bench setup was used to characterize the product. The test bench
consisted of a LASER, microscope, optical fibers, polarizer and soft probes (for applying
voltage to the chip without damaging it). A high level block diagram of the whole
schematic is depicted in Fig. 4.17. The experiments were performed at a wavelength of
1550 nm (since, telecommunications operate at this wave length) with a span of 50 nm.
Moreover, since it was difficult to pattern the 200x230 nm cross-section in the PR section,
a cross-section of 160x260 nm was designed by choosing from the points on graph in Fig.
4.2 to balance between PR and patterning.

6.2.1 Polarization beam splitter

To analyze the results of the MEMS TPR, first of all it was necessary to design the PBS
and check the transmission in TE and TM ports. A well designed PBS helps in tracking
both the TE and TM mode intensities in the two ports. If a TPR is achieved then in one
port the mode intensity will increase/decrease while in the other port the mode intensity
will decrease/increase at real time. With the help of a PBS design, the TE and TM
modes can be segregated and that is why its design is very important. Moreover, since
in the TM transmission the waveguide is under-etched, a suspended PBS was needed.
Hence, based on the idea of slot waveguide mode coupling [65], a PBS was designed.
The novelty of design in this thesis work lies in the fact that it is air cladded and is
free-standing (helpful for sensing applications of deconfined modes), and can couple TM
modes. Also, the length of the PBS section is only 1.4 pm, which is the shortest designed
PBS till date (according to my knowledge), with air cladding.

The notation TE-PBS-TE in Fig. 6.1 means that TE light is coupled into TE gratings
and then it travels through PBS and finally goes through to the TE port. Initially, the
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normal TE-TE transmission is checked. Then the transmission through the TE-PBS-TE
is checked which follows the normal TE-TE transmission. Now, it can be seen that PER
for TE transmission is more than 20 dB, which can be obtained by comparing TE-PBS-
TE and TE-PBS-TM in 1525 nm - 1575 nm. Similarly, analysis with TM-PBS-TM and
TM-PBS-TE gives a PER between 15dB - 20dB over the band from 1525 nm - 1575 nm.
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Figure 6.1: PBS with TE/TM input

6.2.2 Passive polarization rotator

To analyze the data of the TPR it is necessary to have a benchmark. Since, the idea of
TPR is based on canceling the effect of passive PR the base measurements of polarization
rotation by the PR will help to evaluate the results of TPR. Since, the cross-section of
the stair waveguide is 160 x 260 nm the L, is calculated accordingly. However, as the
modes in the stair waveguide are deconfined, there can be coupling from the evanescent
fields. That is why different L, lengths are being tried out. In Fig. 6.2, the graph shows
four plots which has TE input and both TE and TM outputs for different lengths of L.
The notation TE — PRB20 — TM,,,s means that the input is TE and it passes through a

60



passive PR of length 20 pm and the output is TM. The results in Fig. 6.2 shows that
the passive PR is rotating polarization by around 5dB after comparing it to Fig. 6.1.
In this passive PR, the TE transmission has shifted down by 5dB - 10 dB, whereas, the
TM transmission has been lifted up by 5dB - 10dB, which can be seen by comparing
Fig. 6.2 and Fig. 6.1.
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Figure 6.2: Passive PR with TE input for different cross-section lengths

6.2.3 Active polarization rotator

To characterize the TPR, it is necessary to normalize the results from the results obtained
from the PBS in 6.1. Also, due to the coupling of the evanescent fields in the deconfined
modes, different L, lengths are being tried out (L, = 25pum, 20 pm).

As seen in Fig. 6.3, at 0V the TE-TE and TE-TM transmission follows the same
curve as in 6.1. After applying 4V, the TE-TE transmission drops by 3dB - 5dB,
whereas, the TE-TM transmission increases by 5dB - 10dB over 1530nm - 1575 nm
wavelength spectrum. By applying 7V, the TE - TE transmission decreases even further
in the whole spectrum from 1525nm - 1575 nm, except in 1530 nm - 1545 nm, where the
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transmission increases by 1dB - 2dB, which might have occurred due to any abrupt
wavelength dependent geometry in the PR cross-section. However, by applying 7V,
the TE - TM transmission increases in the whole spectrum from 1525 nm - 1575 nm as
expected. However, when the voltage was tuned off, the TE-TE and TE-TM did not
come back to their initial state as shown in Fig. 6.4 (labels: TE-PR25-TE(0Vback),
TE-PR25-TM(0Vback)), which suggests that the cantilever might have been collapsed as
shown in Fig. 5.8.
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Figure 6.3: TPR with TE input at different voltage inputs for L, = 25 um

62



251 i
30+ i
-351 i
=
m
2 A0l 4
[
S
@
S a5t -
[
@
|_
50| i
=99 1 | ——— TE-PR25-TM{0Vback)
TE-PR25-TE(0OVback)
TM-PR25-TM(0V)
601 ) TM-PR25-TE(0V)
——— TM-PR25-TE(3.1V)
TM-PR25-TM(3.1V)

_65 | | | | |
1520 1530 1540 1550 1560 1570 1580
Wavelength [nm]

Figure 6.4: TPR with TM input at different voltage inputs for L, = 25 pm

The TM-TE TPR shown in Fig. 6.4 does not show any promising results as the PR
cross-section was not well patterned due to over-exposure during the fabrication which
can be seen in Fig. 5.6. Also, there is a interference pattern in the TM-TE transmission
which might have arise due to the under-etched cavity in the TM gratings and taper.

Finally, as shown in Fig. 6.5 the TE-TM TPR is analyzed for a cross-section length of
20 pm. The results obtained at 0V follows the simulation in Fig. 4.7. When applying 3V
and 3.4V consecutively, the TE transmission drops by 1dB and 6 dB, whereas, the TM
transmission increases by 5dB and 8 dB respectively in 1525nm - 1570 nm wavelength
spectrum.
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Figure 6.5: TPR with TM input at different voltage inputs for L, = 20 pm

6.3 Analysis

The results obtained shows that the PBS works as intended with PER > 20dB in
1525 nm - 1575 nm wavelength spectrum. However, some interference pattern arises in
the TM transmission as a result of formation of standing waves due to the presence of
under-etched cavity in the TM gratings and taper. Also, as seen in Fig. 5.6, the stair
waveguide cross-section at the beginning of the PR is over-exposed in the TM input TPR.
This might also induce reflections in the results obtained, which can create interference.
Also, it is difficult to understand from the SEM the position of the cantilever. For
the TPR to work, the cantilever must be in same plane or above, than the plane of
the suspended bus waveguide. This can happen if the cantilevers are long. So, shorter
cantilevers are required to fabricate in plane cantilevers and get promising results. Finally,
from the results obtained it can be concluded that the concept of MEMS TPR works.
Although, much more precise fabrication and characterization is necessary to achieve a
high PER in the C and L bands. The current fabricated MEMS TPR with a length of
25 nm, produces a PER of 5dB - 10dB in the 1530 nm - 1570 nm wavelength spectrum.
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Chapter 7

Discussion

MEMS TPR can establish new horizons for on-chip integrated photonics. The power
consumption of the MEMS TPR is very low and thus can be used for low powered
devices. Furthermore, if the current problems are fixed, a cascade of MEMS TPR can be
designed to yield broadband polarization rotation without the bandwidth constraints.
The measurement setup developed during the thesis work with grating couplers, tapers
and PBS can be reused further to test future integrated photonic components which
uses TE and TM modes. Also, a shortest free-standing PBS with air cladding has been
designed during this thesis, which can be useful for deconfined mode coupling with high
packing density. Although, the actual calculated length of the coupling region in the
PBS is 3.875 nm, as obtained from equation 4.6, but the fabricated length of the coupling
region in PBS is 1.4 pm. This is because there is mode coupling of the evanescent fields
when the waveguides separate out gradually and the effective coupling length becomes
same as the calculated value.

TPR designing |y oth | PER Bandwidth | Limitations
principle

Thermal cross-talk, In-
TPR using phase . ) ’
shifter [3.3.2.1] ~ 700 pm | 40dB 1530 - 1570 nm efﬁaent packing den-

sity

Narrow bandwidth,
TPR using Berry’s Thermal cross-talk,
phase [3.3.2.2] > 200m | 19dB 1556 - 1562 nm Inefficient packing

density

Low PER in the cur-

rent fabricated product,
MEMS TPR ~25pm | 5-10dB | 1530 - 1570nm | \fEMS cantilever stic-

tion issue

Table 7.1: Comparative analysis of the MEMS TPR with the state-of-the-art TPR

The comparative analysis of the MEMS TPR designed in the thesis shows a significant
improvement in terms of device length. Also, as the tuning is done mechanically, it is
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devoid of thermal cross-talk problem and the IL is less than 2dB. Although, the MEMS
TPR has some problems, it can be improved to achieve better results in terms of PER
and bandwidth. Finally, the stair waveguide length in the fabricated MEMS TPR is not
62 nm, because it was difficult to pattern the 200 x 230 nm waveguide cross-section with
the available fabrication procedure. In Table 7.2, the performance of the designed PBS
are summarized.

PBS design | Coupling

. PER |IL Bandwidth | Novelty
principle length

Mode coupling
[2.8]

Free-standing,

~1l4pm | 25dB 0.5dB | 1525 - 1575 nm Air-cladding

Table 7.2: Analysis of designed PBS

7.1 Limitations

The development process of the TPR gave a broad understanding of the working and
fabrication of micro-optic based devices. The outcome of the understanding are discussed
as follows:

[J Mode evolution design issue: In the thesis work the mode hybridization based
design is used for the TPR. However, in the literature review and simulation work
performed, mode evolution based design showed promising results. But this design
was not used since the length of the device is difficult to estimate. This estimation
would have taken more fabrication iterations.

[J 200x230 nm dimension stair waveguide, with a cantilever at 100 nm
gap patterning problem: In the simulation, the best dimensions of the stair
waveguide were obtained at 200x230 nm. However, it is difficult to pattern such
dimensions due to proximity effect. Hence, it was only possible to pattern a device
dimension of 160x260 nm. Moreover, the gap between the MEMS waveguide and
the passive PR waveguide was 100nm during simulation. However due lateral
stiction problem the MEMS waveguide and the passive PR were stuck together.
Hence, a gap of 200 nm was used.

[J Thinner resist: The resist used during the fabrication procedure must be thinner
as thicker resist on the small device layer can break the device pattern.

[J Small write-field alignment: Write-filed alignment is a very central adjustment
in the process of getting the best possible e-beam lithographic result. Smaller
write-field alignment ensures precise positioning of the stage under the e-beam
deflection system.

[J Cantilever stiction problem: If the MEMS cantilever are not characterized
properly, they can stick to the bottom and can be damaged permanently.
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[J Cantilever bending problem: Longer cantilever bends in the fabrication process.
Hence, it is necessary to design shorter cantilevers. Shorter cantilevers are stiffer
and do not bend out of plane.

[J Dry-etching problem: The gratings and the stair waveguide are designed for
110 nm slab height. However, the dry-etch procedure in the lab is difficult to control
to achieve precise etching. So, device tolerance simulations should be performed to
analyze the results.

[0 Interference pattern in TM transmission: In TM transmission an interference
pattern is observed which limits the performance analysis of MEMS TPR. The
problem might have appeared due to the under-etched TM gratings which were
designed to avoid coupling of the deconfined TM modes. The TM gratings needs
to be redesigned to avoid this interference pattern.
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Chapter 8

Conclusions and Future work

8.1 Conclusions

The idea of electrically controllable optical polarization rotation, utilizing MEMS in
silicon photonics establishes new horizons for on-chip integrated photonics. Dynamic
control of optical polarization rotation can be utilized to realize a new class of components
in integrated photonics including polarization mode modulators, multiplexers, filters,
and switches for advanced optical signal processing, coherent communications, and
sensing. The TPR can also be used for developing integrated polarization stabilizer,
PMD mitigation, PDL mitigation and PMD and PDL measurement systems. Also, since
the power consumption of the TPR is very low, this can be used for reconfiguration of
network topology at low power. Additionally, TPR can help in multiplying the data rate
of the existing deployed network infrastructure. Furthermore, the concept can be useful
in situations where polarization tuning is necessary under adiabatic conditions e.g. in
photon entanglement. Photon entanglement promises the development of even smaller
micro-electronic devices along with secure communication channels, which can be very
helpful in the future.

In this thesis work, the polarization tuning capability between the two fundamental
modes (TE & TM) has been characterized. Although, the design was simulated to
achieve a TPR in C and L bands with PER > 10dB, but at present, a PER of 5dB -
10dB was achieved for a limited bandwidth (1530 nm - 1570 nm) with a TPR length of
25 pm. In addition to the TPR, in this thesis work, a free standing PBS of length 1.4 pm
with air cladding (the shortest reported to-date to our knowledge) is designed which
can be helpful in spectrometric analysis of deconfined modes. Also, in this thesis, a test
setup with grating couplers, TE tapers, free-standing TM tapers with bridges and PBS
is developed which can be used further to evaluate integrated photonic components with
smaller mode sizes. All these concepts and devices will be helpful in the future where
only light would be the fundamental means of communication in integrated electronics.

8.2 Future work

Since, the MEMS TPR could not be developed with high PER due to several problems,
the first step would be pattern the stair waveguide with optimized dimensions (200x 230
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nm with the MEMS cantilever at 100nm gap) and characterize it. Then the mode
evolution design can be evaluated with a redesigned MEMS cantilever (for optimized
PR cancellation). Moreover, more simulations can be carried out on the cantilever
design to avoid the stiction and out-of-plane bending problem. To make the device
broadband a cascade of TPR design can be evaluated furthermore if necessary. Also,
more analysis needs to be done to understand the interference pattern in the TM
transmission. Furthermore, more characterization of each of the components must be
done to normalize the results of the MEMS TPR. Finally, the MEMS TPR design needs
to be characterized on the Poincaré sphere to understand the SOP at different voltages.
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Appendix A: Abbreviations

BPM Beam propagation method. 9, 17

CAGR Compound Annual Growth Rate. 4

CMOS Complementary Metal-Oxide Semiconductor. 3, 4
EM Electromagnetic. 6, 8

FDTD Finite difference time domain. 9, 17
FEM Finite element method. 9, 17

FIT Finite integration technique. 9, 17
FOM figures of merit. 6

HSQ Hydrogen silsesquioxane. 51-53, 58

IC Integrated Circuit(s). 3
ICT Information and Communication Technology. 2
IL Insertion loss. 20, 31, 66

loT Internet of Things. 1

MEMS Microelectromechanical systems. 5, 21, 22, 27, 30, 31, 3840, 51, 53-56, 58, 59,
64-69

OEIC Optoelectronic Integrated Circuit(s). 3-5, 22

PBS Polarization Beam Splitter. 44, 47, 49, 50, 54-56, 5861, 6466, 68

PD)\ polarization dependent wavelength characteristics. 4

PDL polarization dependent loss. 4, 17, 68

PER Polarization extinction ratio. 19, 24, 2628, 31, 36, 49, 58, 60, 64, 66, 68

PMD polarization mode dispersion. 4, 17, 68
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PR Polarization Rotator. 5, 6, 14, 21-29, 31, 38, 39, 45, 53, 58-64, 66, 69
Rl Refractive index. 9, 15, 16, 22, 27, 31, 35, 47, 48

SEM Scanning electron microscope. 5, 54-57, 64
SOl Silicon on Insulator. 51

SOP state of polarization. 6, 12, 15, 21, 28, 29, 32, 69

TE Transverse Electric. 11-13, 16, 19, 21-26, 34, 35, 38, 39, 44, 45, 49, 50, 54, 55, 5863,
65, 68

TEM Tansverse Electromagnetic. 8

TM Transverse Magnetic. 11, 12, 16, 19, 21-26, 34, 35, 38, 39, 44-46, 49, 50, 54, 5665,
67-69

TPPS Tunable polarization phase shifters. 27-29

TPR Tunable Polarization Rotator. 4, 5, 21, 31, 39, 40, 44, 46, 54, 5869

ZEP ZEP7000. 58
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Appendix B: Graph generation script

%% Initialize variables.
filename = '/Users/Sandipan/Desktop/Test/mems.csv';

delimiter = , '
startRow = 6;

%% Format string for each line of text:

% For more information, see the TEXTSCAN documentation.
formatSpec = '%f%f%qlifs% [ \n\r]";

fileID = fopen(filename, 'r');

%% Read columns of data according to format string.

dataArray = textscan(fileID, formatSpec, 'Delimiter',
delimiter, 'EmptyValue' ,NaN, 'HeaderLines' ,startRow-1, '
ReturnOnError', false);

fclose(filelD);

%% Allocate imported array to column variable names
K=100;

w_RR = dataArray{:, 1};

w_slab = dataArray{:, 2};

%Slab width actual sizie scaling

w_slab = w_slab + 0.15;

w RR(:) = round(w_RR(:)*K);

w_slab(:) = round(w_slab(:)*K);

lambda = abs(str2double(dataArray{:, 3}));

% Ratio of the polarization

rp = abs(real(loglO(dataArray{:, 4})));

k = lambda>=1;

sums = accumarray( { w_RR(k), w_slab(k)}, rp(k),[],[],[],
true );

[i,j,k] = find(sums);

%% Draw area chart

figure
hold on
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matrix = [i/K j/K kI;

tri = delaunay(matrix(:,1) ,matrix(:,2));

trisurf (tri,matrix(:,1) ,matrix(:,2) ,matrix(:,3))
shading faceted

grid on

hold off

%%Draw 5 max on graph

hold on

N = 5;

[sortedX, sortedInds] = sort(k(:),'ascend');
topN = sortedInds (1:N);

[m] = ind2sub(size(k), topN);

h = scatter3(i(m)/K,j(m)/K,k(m),"'filled', 'MarkerFaceColor',
'red');
h.SizeData = 100;

text (i(m)/K,j(m)/K,k(m),strcat (' (' ,num2str(i(m)/K),"',",

num2str (j(m)/K),') "), 'HorizontalAlignment','left', 'Color
', 'red', 'FontSize', 12)
hold off

%% Labels

xlabel ('Rib width in \mum', 'FontSize',18, 'FontWeight', 'bold
', '"Color', 'black')
ylabel ('Base width in \mum', 'FontSize',18,'FontWeight','

bold', 'Color', 'black')

zlabel_eq = '$$\sum_{model}{abs\left(log \frac{E_{x_{model}}}{
E {y_{model}}}\right) }$$"';

zlabel (strcat('Log ratio of E-field = ', zlabel_eq), '
FontSize',22, 'FontWeight', 'bold', 'Color', 'black',"
Interpreter','latex')

%% Clear temporary variables
clearvars filename delimiter startRow formatSpec filelD
dataArray ans;

73




Bibliography

[1] “Gartner says the internet of things installed base will grow to 26 billion units by
2020.” http://www.gartner.com/newsroom/id/2636073, 2013. [Online; accessed
26-Jan-2016].

[2] “Internet of things connected devices to almost triple to over 38 bil-
lion units by 2020.” http://www. juniperresearch.com/press/press-releases/
iot-connected-devices-to-triple-to-38-bn-by-2020, 2016. [Online; accessed
09-June-2016].

[3] “Ericsson Mobility Report: 70 percent of world’s population using smartphones by
2020.” http://www.ericsson.com/news/1925907, 2015. [Online; accessed 06-Feb-
2016].

[4] “Number of Internet Users (2015) - Internet Live Stats” http://www.
internetlivestats.com/internet-users/, 2015. [Online; accessed 22-Jan-2016].

[5] “Ericsson traffic exploration infograph.” http://www.ericsson.com/TET/
trafficView/loadBasicEditor.ericsson, 2015. [Online; accessed 06-Feb-2016].

[6] “What Happens in an Internet Minute [Infographic| | Daily Infographic.” http://www.
dailyinfographic.com/what-happens-in-an-internet-minute-infographic,
2013. [Online; accessed 29-Jan-2016].

[7] “Silicon photonics.” https://en.wikipedia.org/wiki/Silicon_photonics/,
2015. [Online; accessed 06-Feb-2016].

[8] “ARK | Your Source for Intel® Product Specifications.” http://ark.intel.com/,
2015. [Online; accessed 06-Feb-2016].

[9] “Cisco Global Cloud Index: Forecast and Methodology, 2014-2019 White Pa-
per.” http://cisco.com/c/en/us/solutions/collateral/service-provider/
global-cloud-index-gci/Cloud_Index_White_Paper.html. [Online; accessed 04-
Feb-2016].

[10] G. Reed and A. Knights, Silicon Photonics: An Introduction. Wiley, 2004.

[11] M. A. Green, J. Zhao, A. Wang, P. J. Reece, and M. Gal, “Efficient silicon light-
emitting diodes,” Nature, vol. 412, pp. 805-808, Aug. 2001.

74


http://www.gartner.com/newsroom/id/2636073
http://www.juniperresearch.com/press/press-releases/iot-connected-devices-to-triple-to-38-bn-by-2020
http://www.juniperresearch.com/press/press-releases/iot-connected-devices-to-triple-to-38-bn-by-2020
http://www.ericsson.com/news/1925907
http://www.internetlivestats.com/internet-users/
http://www.internetlivestats.com/internet-users/
http://www.ericsson.com/TET/trafficView/loadBasicEditor.ericsson
http://www.ericsson.com/TET/trafficView/loadBasicEditor.ericsson
http://www.dailyinfographic.com/what-happens-in-an-internet-minute-infographic
http://www.dailyinfographic.com/what-happens-in-an-internet-minute-infographic
https://en.wikipedia.org/wiki/Silicon_photonics/
http://ark.intel.com/
http://cisco.com/c/en/us/solutions/collateral/service-provider/global-cloud-index-gci/Cloud_Index_White_Paper.html
http://cisco.com/c/en/us/solutions/collateral/service-provider/global-cloud-index-gci/Cloud_Index_White_Paper.html

[12] N. Savage, “Linking Chips With Light” http://spectrum.ieee.org/
semiconductors/optoelectronics/linking-chips-with-1light, 2015. [Online;
accessed 06-Feb-2016].

[13] R. Stabile, A. Albores-Mejia, A. Rohit, and K. A. Williams, “Integrated optical
switch matrices for packet data networks,” Microsystems € Nanoengineering, vol. 2,
p. 15042, Jan. 2016.

[14] M. C. Wu, T. J. Seok, S. Han, and N. Quack, “MEMS-Enabled Scalable Silicon
Photonic Switches,” Optics Letters, p. FW3B.2, 2015.

[15] D. Nikolova, S. Rumley, D. Calhoun, Q. Li, R. Hendry, P. Samadi, and K. Bergman,
“Scaling silicon photonic switch fabrics for data center interconnection networks,”
Optics Express, vol. 23, p. 1159, Jan. 2015.

[16] L. Lu, L. Zhou, X. Li, and J. Chen, “Low-power 2x2 silicon electro-optic switches
based on double-ring assisted Mach—Zehnder interferometers,” Optics Letters, vol. 39,
p- 1633, Mar. 2014.

[17] P. Dong, C. Xie, L. L. Buhl, Y.-K. Chen, J. H. Sinsky, and G. Raybon, “Silicon
In-Phase/Quadrature Modulator With On-Chip Optical Equalizer,” Journal of
Lightwave Technology, vol. 33, pp. 1191-1196, Mar. 2015.

[18] C. Chen, C. He, D. Zhu, R. Guo, F. Zhang, and S. Pan, “Generation of a flat optical
frequency comb based on a cascaded polarization modulator and phase modulator,”
Optics Letters, vol. 38, p. 3137, Aug. 2013.

[19] Y. Urino, Y. Noguchi, M. Noguchi, M. Imai, M. Yamagishi, S. Saitou, N. Hirayama,
M. Takahashi, H. Takahashi, E. Saito, T. Shimizu, M. Okano, N. Hatori, M. Ishizaka,
T. Yamamoto, T. Baba, T. Akagawa, S. Akiyama, T. Usuki, D. Okamoto, M. Miura,
J. Fujikata, D. Shimura, H. Okayama, H. Yaegashi, T. Tsuchizawa, K. Yamada,
M. Mori, T. Horikawa, T. Nakamura, and Y. Arakawa, “Demonstration of 12.5-Gbps
Optical Interconnects Integrated with Lasers, Optical Splitters, Optical Modulators
and Photodetectors on a Single Silicon Substrate,” Optics Letters, p. Tu.4.E.1, 2012.

[20] C.-M. Chang, J. H. Sinsky, P. Dong, G. de Valicourt, and Y.-K. Chen, “High-power
dual-fed traveling wave photodetector circuits in silicon photonics,” Optics Ezpress,
vol. 23, p. 22857, Aug. 2015.

[21] S. Garcia and I. Gasulla, “Design of heterogeneous multicore fibers as sampled
true-time delay lines,” Optics Letters, vol. 40, p. 621, Feb. 2015.

[22] M. Mattarei, A. Canciamilla, S. Grillanda, and F. Morichetti, “Variable Symbol-Rate
DPSK Receiver Based on Silicon Photonics Coupled-Resonator Delay Line,” Journal
of Lightwave Technology, vol. 32, pp. 3317-3323, Oct. 2014.

75


http://spectrum.ieee.org/semiconductors/optoelectronics/linking-chips-with-light
http://spectrum.ieee.org/semiconductors/optoelectronics/linking-chips-with-light

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

S. Janz, A. Densmore, D.-x. Xu, P. Waldron, J. Lapointe, G. Lopinski, T. Mischki,
P. Cheben, A. Delage, B. Lamontagne, and J. H. Schmid, “Silicon Waveguide
Photonics for Biosensing Applications,” Optics Letters, p. IWA1, 2007.

G. Lim, U. P. DeSilva, N. R. Quick, and A. Kar, “Laser optical gas sensor by
photoexcitation effect on refractive index,” Applied Optics, vol. 49, p. 1563, Mar.
2010.

E. Ryckeboer, R. Bockstaele, M. Vanslembrouck, and R. Baets, “Glucose sensing
by waveguide-based absorption spectroscopy on a silicon chip,” Biomedical Optics
Ezxpress, vol. 5, p. 1636, May 2014.

B. Jalali and S. Fathpour, “Silicon Photonics,” Journal of Lightwave Technology,
vol. 24, pp. 4600-4615, Dec. 2006.

“Silicon photonics market to grow at CAGR of 38% from $25m in 2013 to $700m
in 2024 http://www.semiconductor-today.com/news_items/2014/JUL/YOLE_
180714 .shtml, 2014. [Online; accessed 06-Feb-2016].

D. J. Richardson, J. M. Fini, and L. E. Nelson, “Space-division multiplexing in
optical fibres,” Nat Photon, vol. 7, pp. 354-362, May 2013. Review.

J. Hecht, “Is Keck’s Law Coming to an End?” http://spectrum.ieee.
org/semiconductors/optoelectronics/is-kecks-law-coming-to-an-end, Jan.

2016. [Online; accessed 18-Feb-2016].

A. Xie, L. Zhou, J. Chen, and X. Li, “Efficient silicon polarization rotator based on
mode-hybridization in a double-stair waveguide,” Optics Express, vol. 23, p. 3960,
Feb. 2015.

A. V. Velasco, M. L. Calvo, P. Cheben, A. Ortega-Monux, J. H. Schmid, C. A. Ramos,
i. M. Fernandez, J. Lapointe, M. Vachon, S. Janz, and D.-X. Xu, “Ultracompact
polarization converter with a dual subwavelength trench built in a silicon-on-insulator
waveguide,” Optics Letters, vol. 37, p. 365, Feb. 2012.

D. Leung, B. Rahman, and K. Grattan, “Numerical Analysis of Asymmetric Silicon
Nanowire Waveguide as Compact Polarization Rotator,” IEEE Photonics Journal,
vol. 3, pp. 381-389, June 2011.

J. Wang, B. Niu, Z. Sheng, A. Wu, X. Wang, S. Zou, M. Qi, and F. Gan, “Design
of a Si0_2 top-cladding and compact polarization splitter-rotator based on a rib
directional coupler,” Optics Fxpress, vol. 22, p. 4137, Feb. 2014.

D. Dai and J. E. Bowers, “Novel concept for ultracompact polarization splitter-
rotator based on silicon nanowires,” Optics Fxpress, vol. 19, p. 10940, May 2011.

76


http://www.semiconductor-today.com/news_items/2014/JUL/YOLE_180714.shtml
http://www.semiconductor-today.com/news_items/2014/JUL/YOLE_180714.shtml
http://spectrum.ieee.org/semiconductors/optoelectronics/is-kecks-law-coming-to-an-end
http://spectrum.ieee.org/semiconductors/optoelectronics/is-kecks-law-coming-to-an-end

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

J. C. Wirth, J. Wang, B. Niu, Y. Xuan, L. Fan, .. Varghese, D. E. Leaird, and
A. Weiner, “Efficient Silicon-on-Insulator Polarization Rotator based on Mode
Evolution,” Optics Letters, p. JW4A.83, 2012.

L. Chen, C. R. Doerr, and Y.-K. Chen, “Compact polarization rotator on silicon for
polarization-diversified circuits,” Optics Letters, vol. 36, p. 469, Feb. 2011.

J. D. Sarmiento-Merenguel, R. Halir, X. Le Roux, C. Alonso-Ramos, L. Vivien,
P. Cheben, E. Duran-Valdeiglesias, [. Molina-Fernandez, D. Marris-Morini, D.-X.
Xu, J. H. Schmid, S. Janz, and A. Ortega-Monux, “Demonstration of integrated

polarization control with a 40 dB range in extinction ratio,” Optica, vol. 2, p. 1019,
Dec. 2015.

Q. Xu, L. Chen, M. G. Wood, P. Sun, and R. M. Reano, “Electrically tunable optical
polarization rotation on a silicon chip using Berry’s phase,” Nature Communications,
vol. 5, p. 5337, Nov. 2014.

M. Ibrahim, J. H. Schmid, A. Aleali, P. Cheben, J. Lapointe, S. Janz, P. J. Bock,
A. Densmore, B. Lamontagne, R. Ma, D.-X. Xu, and W. N. Ye, “Athermal silicon
waveguides with bridged subwavelength gratings for TE and TM polarizations,”
Optics Fxpress, vol. 20, p. 18356, July 2012.

“Wave-particle duality.” https://en.wikipedia.org/wiki/Wave%E2%80%
93particle_duality, Jan. 2016. [Online; accessed 07-Feb-2016].

“Maxwell’s equations.” https://en.wikipedia.org/w/index.php?title=
Maxwell’27s_equations&oldid=702587090, Jan. 2016. [Online; accessed
07-Feb-2016].

J. M. Burch and A. Gerald, Introduction to Matriz Methods in Optics. John Wiley
& Sons, 1st ed., 1975.

J. Peatross and M. Ware, Physics of Light and Optics. 2015.

F. Flossmann, U. T. Schwarz, M. Maier, and M. R. Dennis, “Stokes parameters in
the unfolding of an optical vortex through a birefringent crystal,” Optics Fxpress,
vol. 14, no. 23, p. 11402, 2006.

G. T. Reed, Silicon Photonics: The State of the Art. New York, NY, USA: Wiley-

Interscience, 2008.

J. M. Kahn, K.-P. Ho, and M. B. Shemirani, “Mode coupling effects in multi-mode
fibers,” in Optical Fiber Communication Conference, p. OW3D.3, Optical Society of
America, 2012.

H. Haus and W. Huang, “Coupled-mode theory,” Proceedings of the IEEFE, vol. 79,
pp- 1505-1518, Oct 1991.

77


https://en.wikipedia.org/wiki/Wave%E2%80%93particle_duality
https://en.wikipedia.org/wiki/Wave%E2%80%93particle_duality
https://en.wikipedia.org/w/index.php?title=Maxwell%27s_equations&oldid=702587090
https://en.wikipedia.org/w/index.php?title=Maxwell%27s_equations&oldid=702587090

[48] “Polarization maintaining fiber.” https://en.wikipedia.org/wiki/

Polarization-maintaining optical fiber, 2016. [Online; accessed 29-
May-2016].
[49] “Polarization control devices in industry.” http://www.

amstechnologies.com/es/products/optical-technologies/equipment/
fiber-optic-test-measurement/measurement-of-fiber-properties/
polarisation-mode/view/electrically-driven-polarization-controllers-scramblers/,
2016. [Online; accessed 29-May-2016].

[50] Y. Ding, H. Ou, and C. Peucheret, “Wideband polarization splitter and rotator
with large fabrication tolerance and simple fabrication process,” Opt. Lett., vol. 38,
pp. 1227-1229, Apr 2013.

[51] J. Zhang, M. Yu, G.-Q. Lo, and D.-L. Kwong, “Silicon-waveguide-based mode
evolution polarization rotator,” Selected Topics in Quantum FElectronics, IEEE
Journal of, vol. 16, pp. 53-60, Jan 2010.

[52] H. "Zhang, S. Das, J. Zhang, Y. Huang, C. Li, S. Chen, H. Zhou, M. Yu, P. Guo-
Qiang Lo, and J. T. L. Thong, “Efficient and broadband polarization rotator using
horizontal slot waveguide for silicon photonics,” Applied Physics Letters, vol. 101,
no. 2, 2012.

[53] J. C. Wirth, J. Wang, B. Niu, Y. Xuan, L. Fan, L. Varghese, D. E. Leaird, and
A. Weiner, “Efficient silicon-on-insulator polarization rotator based on mode evolu-
tion,” Conference on Lasers and FElectro-Optics 2012, p. JW4A.83, 2012.

[54] K. Goi, A. Oka, H. Kusaka, K. Ogawa, T.-Y. Liow, X. Tu, G.-Q. Lo, and D.-L.
Kwong, “Low-loss partial rib polarization rotator consisting only of silicon core and
silica cladding,” Opt. Lett., vol. 40, pp. 1410-1413, Apr 2015.

[55] H. Fukuda, K. Yamada, T. Tsuchizawa, T. Watanabe, H. Shinojima, and S. ichi
Itabashi, “Polarization rotator based on silicon wire waveguides,” Opt. Express,
vol. 16, pp. 2628-2635, Feb 2008.

[56] D. Vermeulen, S. Selvaraja, P. Verheyen, P. Absil, W. Bogaerts, D. Van Thourhout,
and G. Roelkens, “Silicon-on-insulator polarization rotator based on a symmetry
breaking silicon overlay,” Photonics Technology Letters, IEEE, vol. 24, pp. 482484,
March 2012.

[57] Z. Wang and D. Dai, “Ultrasmall Si-nanowire-based polarization rotator,” Journal
of the Optical Society of America B, vol. 25, p. 747, May 2008.

[58] M. Aamer, A. Gutierrez, A. Brimont, D. Vermeulen, G. Roelkens, J.-M. Fedeli,
A. Hakansson, and P. Sanchis, “CMOS Compatible Silicon-on-Insulator Polarization
Rotator Based on Symmetry Breaking of the Waveguide Cross Section,” I[FEE
Photonics Technology Letters, vol. 24, pp. 2031-2034, Nov. 2012.

78


https://en.wikipedia.org/wiki/Polarization-maintaining_optical_fiber
https://en.wikipedia.org/wiki/Polarization-maintaining_optical_fiber
http://www.amstechnologies.com/es/products/optical-technologies/equipment/fiber-optic-test-measurement/measurement-of-fiber-properties/polarisation-mode/view/electrically-driven-polarization-controllers-scramblers/
http://www.amstechnologies.com/es/products/optical-technologies/equipment/fiber-optic-test-measurement/measurement-of-fiber-properties/polarisation-mode/view/electrically-driven-polarization-controllers-scramblers/
http://www.amstechnologies.com/es/products/optical-technologies/equipment/fiber-optic-test-measurement/measurement-of-fiber-properties/polarisation-mode/view/electrically-driven-polarization-controllers-scramblers/
http://www.amstechnologies.com/es/products/optical-technologies/equipment/fiber-optic-test-measurement/measurement-of-fiber-properties/polarisation-mode/view/electrically-driven-polarization-controllers-scramblers/

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

R. Y. Chiao and Y.-S. Wu, “Manifestations of berry’s topological phase for the
photon,” Phys. Rev. Lett., vol. 57, pp. 933-936, Aug 1986.

A. Tomita and R. Y. Chiao, “Observation of berry’s topological phase by use of an
optical fiber,” Phys. Rev. Lett., vol. 57, pp. 937-940, Aug 1986.

I. Elfadel and G. Fettweis, 3D Stacked Chips: From Emerging Processes to Hetero-
geneous Systems. Springer International Publishing, 2016.

COMSOL Development Core Team, Comsol Multiphysics. COMSOL, Stockholm,
Sweden, 2016.

CST Development Core Team, CST: 3D EM simulation software. Computer Simu-
lation Technology, Darmstadt, Germany, 2016.

“Grating couplers.” https://www.kth.se/en/ees/
omskolan/organisation/avdelningar/mst/research/optics/
apodized-waveguide-to-fiber-surface-grating-couplers-1.315473, 2016.
[Online; accessed 28-May-2016].

D. Dai, Z. Wang, and J. E. Bowers, “Ultrashort broadband polarization beam splitter
based on an asymmetrical directional coupler,” Opt. Lett., vol. 36, pp. 2590-2592,
Jul 2011.

C. Errando-Herranz, F. Niklaus, G. Stemme, and K. Gylfason, “A low-power MEMS
tunable photonic ring resonator for reconfigurable optical networks,” in 2015 28th
IEEFE International Conference on Micro Electro Mechanical Systems (MEMS),
pp- 53-56, Jan. 2015.

“Piranha solution.” https://en.wikipedia.org/wiki/Piranha_solution/, 2016.
[Online; accessed 30-Apr-2016].

“Write field alignment.” http://www.nanophys.kth.se/nanophys/facilities/
nfl/manual/wfalign/align.html, 2016. [Online; accessed 02-May-2016].

79


https://www.kth.se/en/ees/omskolan/organisation/avdelningar/mst/research/optics/apodized-waveguide-to-fiber-surface-grating-couplers-1.315473
https://www.kth.se/en/ees/omskolan/organisation/avdelningar/mst/research/optics/apodized-waveguide-to-fiber-surface-grating-couplers-1.315473
https://www.kth.se/en/ees/omskolan/organisation/avdelningar/mst/research/optics/apodized-waveguide-to-fiber-surface-grating-couplers-1.315473
https://en.wikipedia.org/wiki/Piranha_solution/
http://www.nanophys.kth.se/nanophys/facilities/nfl/manual/wfalign/align.html
http://www.nanophys.kth.se/nanophys/facilities/nfl/manual/wfalign/align.html

TRITA EE 2016:116




	Introduction
	Optical communication
	Silicon photonics
	Motivation for MEMS tunable polarization rotator
	Objectives of the thesis
	Outline of this thesis

	Optical waveguide theory
	Maxwell's equations
	Transverse electromagnetic wave
	Eigenvalues and waveguide modes
	Polarization
	TE mode
	TM mode
	Quasi-TE and Quasi-TM mode

	Jones calculus
	Jones vector
	Jones matrix
	Jones matrix for polarizing optical systems
	Polarizer
	Wave plates


	Poincaré sphere and state of polarization
	Optical waveguides
	Planar waveguides
	Channel waveguides

	Coupled mode theory
	Figures of merit
	Polarization extinction ratio
	Insertion loss


	State of the art
	Polarization rotator (PR)
	Optical fiber PR
	On-chip PR
	Passive PR
	Mode coupling
	Mode evolution
	Mode hybridization

	Active PR
	Tunable PR with thermo-optic effect
	Tunable PR using Berry's phase
	MEMS tuning



	Design and simulation
	Approach
	Designing TPR
	Design principle
	Design: Mode hybridization based single stair Si waveguide with air cladding
	Waveguide geometry
	Optimized dimensions of primary PR waveguide
	Optimized dimensions of MEMS waveguide
	Design of primary PR waveguide with MEMS waveguide
	Device tolerance


	Designing auxiliary components for measurement setup
	Grating coupler design
	Taper with bridge design
	Polarization beam splitter design


	Fabrication
	Piranha bath
	HSQ resist spin
	First e-beam exposure
	First dry etch step
	ZEP7000 spin
	Second e-beam exposure
	Second dry etch step
	Wet etching and critical point drying
	Fabricated product

	Experiments
	Unit tests
	Characterization
	Polarization beam splitter
	Passive polarization rotator
	Active polarization rotator

	Analysis

	Discussion
	Limitations

	Conclusions and Future work
	Conclusions
	Future work

	Appendix A: Abbreviations
	Appendix B: Code for graph generation
	Bibliography

