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Abstract

In recent years much effort has been carried out to make integrated photonics a wide-
spread technology to be exploited in current optical communication industry. It is hoped
by substituting microelectronics by photonic chips and keeping the light carried by
optical fibers in light domain for further processing, the cost and speed of
communications will be vastly improved. Although this transition is challenging in

various aspects, here in this thesis some of these issues are discussed and addressed.

In this thesis firstly the limitations of current simulation tools for analysis of wide range
of photonic devices is pointed out. Structures based on photonic crystals are taken into
consideration at this point which because of finely detailed structures have shown to be
challenging to be analyzed by conventional tools. In this regard three different common
structures based on photonic crystals in both resonant and non-resonant regimes have
been considered: lamellar gratings, metamaterials for Lineburg lens and Bragg gratings
in a LC-DFB laser. For each structure, an analytical method or homogenization approach
is proposed which is claimed to be faster for analysis of such components than numerical
methods. Comparisons of the results with conventional numerical methods prove

accuracies of each approach.

Furthermore, fiber-to-chip coupling and polarization management are discussed as other
important issues in the field of integrated photonics. Concerning polarization
management, stepped waveguide approach will be introduced as the most promising
approach for SOI and I11-V substrates and designs based on this structure reported in
literature are reproduced and inaccuracies are pointed out and corrected accordingly. Also
regarding fiber-to-chip coupling, a critical appraisal of the most recent proposed
structures for edge coupling will be offered and the results will be reproduced by
simulation tools. At the end, based on detailed comparisons, the most encouraging
approach with low insertion loss and easy fabrication steps is introduced and novel

platform for easy butt coupling single mode fibers to the coupler structure is proposed.
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Chapter 1. Introduction

1.1. Background

Exploiting optical beams carried by optical fibers for data transmission as a substitute for
radio waves or electrical current has attracted much attention since the development of
laser in 1960s providing a source for coherent light [1]. High data rate capabilities, low
loss, electrical isolation and noise rejection are just a few of the significant features that

make fiber optics an ideal and promising technology for communication networks [2].

Currently the optical fibers used in telecom networks are only installed in the backbone
and backhaul to transport the information in the form of light, whereas copper wire is still
commonly used for last mile links and also electronic circuitry is used for signal
processing and routing in network nodes. In other words, the network equipment mostly
consists of electronic circuitry and it is solely the transportation of data that is in the
optical domain. In the network nodes, the optical signal is converted to electrical signal
for routing and further processing and then converted back into light to be transferred
towards the next node via optical fibers. These opto-electronic conversions result in an
increase to the delay of the whole transport network which wastes the advantage of high
band-width capabilities that optical fibers have to offer.

An optical fiber is capable of transmitting light having a range of wavelengths (~1530-
1570 nm) with little attenuation across large distances. If one were able to utilize this
complete wavelength range for the modulation of a signal, the data rate that would be
obtained is more than 4 Tb/s. However this cannot be reached directly considering
current technologies since conventional electronics are not capable of operating at this
high speed and also the copper wires are unable to operate at frequencies higher than
several 10 GHz.

Since nowadays the demand for data traffic is increasing exponentially, the necessity of

exploiting components capable of operating at high data rates becomes more significant.
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To enable fiber optic technologies with higher speeds up to terabit per second, it is
desired that the signal remains in the optical domain throughout the path. For this purpose
laser beams can be manipulated for signal processing, however it requires various optical
components such as lenses, prisms, mirrors, detectors and electro-optic modulators. This
equipment must be suspended on a vibration-proof mount and would occupy a table with
dimensions of tens of feet which are not convenient for practical applications. Therefore
the concept of miniaturized optical circuits has emerged to replace the conventional
integrated electronic circuits [3,4]. In 1969 Miller and Marcatili proposed to build a
photonic integrated circuit (PIC) consisting of different optical components on a planar
substrate [5,6]. These basic elements can be also used as building blocks to realize more

complicated photonic devices performing variety of functions.

Although integrating multiple optical components in a single chip is desired, it is just
recently that the proper conditions for the development of such technology have
emerged due to the tremendous enhancements in the fabrication and processing
technologies. Microtechnology, which involves fabricating components with dimensions
on the order of micrometers, has evolved into nanotechnology, in which features in
nanometer are routinely produced which encouraged the development of new integrated

photonic devices.

Developing promising methods towards processing and miniaturization of integrated
photonic devices has attracted attention of industry [7]. Initially technologies based on
alloys of I11-V compounds, such as Gallium Arsenide (GaAs) or Indium Phosphyde (InP)
had a stronger impact in the development of PICs. These materials due to their direct
energy bandgap at telecom wavelengths can be exploited as light emitting sources. [8,9].
Also the energy bandgap of the 111~V (or 11-V1) ternary or quaternary compounds can be
changed by altering the relative concentrations of elements resulting in changing the

wavelength of emitted light which is very significant feature in PICs.

Similar to what happened to silicon microelectronics, photonic technology will find mass
market only if high volume manufacturing can be realized with low cost. As a result the
main goal in I11-V photonics research has been to find a technology in which a variety of

photonic devices can be easily fabricated in a generic process. This concept is well-
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known in silicon microelectronics because the developed integration process supports the
integration of basic building blocks to build more complex circuits by simple
interconnection. However this process is new in I11-V photonics and is initially a difficult
task which leads to a high cost technology development. So the idea of using silicon and
its mature platform for developing integrated photonics has emerged by the increasing

demand for low-cost mass-production [10].

Silicon photonics based on the silicon-on-insulator (SOI) platform has proved to be a
promising technology in optoelectronic integration for communication, computing and
sensing [11-13]. Initially SOI substrates, having a buried SiO2 layer were applied to the
microelectronics industry to reduce the parasitic capacitances in the electronic integrated
circuits [14]. In silicon photonics this silicon’s high quality native oxide offers a
significant advantage. Soref et al. was the first to exploit the high index contrast between
silicon and SiO2 in such platforms to enable high confinement of light and hence dense
circuit integration [15].In a conventional planar waveguide light is confined in the core
(Silicon) which has a higher refractive index than the cladding material (Silica). However
in silicon photonics the high index contrast in the waveguides causes scattering at the
core-cladding boundary imperfections [16]. Different methods have been developed to
minimize this effect [17-20].

Photonic crystals on the other hand use a different mechanism for guiding light [21-23].
The photonic devices that are comprised of photonic crystals having dielectric materials
arranged periodically can confine light by an effect different from the total internal
reflection which is called the photonic bandgap effect. Propagation of light in periodic
devices faces multiple scattering and interference at the dielectric lattice which develops
frequency bands where the propagation of wave is allowed and bandgaps where waves
with certain wavelengths are not able to propagate as a result of destructive interference.
One-dimensional photonic crystals used in multi-layer stack or Bragg mirrors have been
studied since 1920th, however the scientific interest in photonic crystals started in1970’s
when Bykov proposed generalization of 1D-stacks to higher dimensions (24). The

practical applications of photonic crystal devices that were able to work at optical
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wavelength emerged only 20 years later due to the improvements in the nanoscale

fabrication technology.

Although integrated photonics has gained a great deal of interest from the industry and
academia and has progressed tremendously since its emergence, this technology has a
long way to go to compete with its counterparts in well-established and standardized
micro and nanoelectronic industry. Some of the obstacles in this area will be discussed

here.

1.2. Concerns in Integrated Photonic

1.2.1. Simulation Tools

For designing different integrated photonic devices, it is essential to be able to analyze
how optical waves behave in these small structures. In such devices the wave-like
character of the light plays an important role as all the dimensions are on the order of the
wavelength. Analytical tools such as coupled mode theory, perturbation theory, transfer
matriX, etc. can be applied to study behavior of light in very simple devices, but not in
integrated level. As soon as the structures become more complicated such as when the
device dimensions becomes smaller than wavelength or the coupling between different
components becomes non-linear the mentioned analytical techniques lose their accuracy
and one needs more accurate numerical analysis of the behavior of the light.

Professional commercial tools for integrated photonics industry are a new concept and
even 20 years ago most R&D laboratories tended to use their own codes for each
particular application. Although photonic simulation tools have improved a lot since then
and currently there is a good choice of tools available to researchers, photonic modeling
still faces considerable challenges. Although a wide variety of technologies have been
developed for integrated photonics, there exists no simulation tool or algorithm capable
of dealing with all sorts of photonics circuits.

Various algorithms have been developed for modeling photonic devices. Although for a
modeling method the ideal algorithm must meet the specific criteria. These aspects

include speed of calculation, memory usage, tolerable index contrast, reflections,
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boundary conditions and etc. [27] Here we quickly review the most common algorithms

used for numerical analysis of integrated photonic devices.

BPM

The Beam Propagation Method, BPM, is the first commonly used technique [28]. In
BPM the propagation of light is assumed to be approximately only in one single
direction. Examples of such devices are Mach-Zehnder interferometers. By making this
approximation one can transform the equations needed to be solved from a boundary
value problem to an initial value problem. The idea in algorithms used in this method is
to omit the fast varying term in the wave equation, exp (j5z) and solve the slower varying
field. This approximation works for the case of waveguide components such as tapers
having modest index contrast, but it goes inaccurate dealing with silicon photonics
devices having high index contrast and tight light confinement. Opti-BPM tool is used in

our laboratory for BPM analysis.

EME

Another method used in variety of algorithms is Eigenmode Expansion Method, EME
[29]. In this technique the electromagnetic field is decomposed to sum of local
eigenmodes. The principle of this method can be summarized in the following wave

equations [27]:

E(x,y,2) = Z En(x,y). (¢ ePm? 4 ¢ o7 1Pm2)
m

H(x,y,z) = z H,,(x,y).(c}h. etPm? + ¢ e~thm?)
m
Equation 1.1
Where E,,(x,y) and f,, are respectively the electric field profile and propagation
constant of the m®® mode and ¢, and c;, are the mode amplitudes in +z and —z
directions. Using Equation 1.1, a scattering matrix as below can be developed for the
component under study:
Vlhs] _ «[Uihs
[vrhs] =9 [urhs]

Equation 1.2
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Where the V matrix represents the vector amplitudes entering the component in the left
and right side and U matrix represents amplitude of the vectors exiting the component.

On the advantages of this method we can note that it is fully bidirectional algorithm and
also fully vectorial, which helps making no approximation on the light polarization. This
method can be considered a rigorous method using Maxwell’s equation with the main
approximation of finite number of modes. And also it can be used for modeling periodic
structures in a fast way since the scattering matrix for just one period can be used to find
the behavior for whole device. FimmWave and FimmProp included in Photon Design

Suite are used in this thesis for EME analysis.

FDTD

On the contrary to the methods we reviewed earlier, there are certain types of photonic
devices that the simulation tools for modeling them must be able to deal with light
propagation in all directions in the plane. In such structures light is reflected back in the
direction it originally came from or propagates perpendicularly to the original direction as
a result of travelling around a tight bend. Photonic crystals and cylindrical micro-cavities
are examples of such structures. In this case, one can consider the time dependence of the
fields and simulate the full time-dependent Maxwell’s equations. This technique is called
Finite Difference Time Domain (FDTD) method [30].

FDTD is a powerful tool that solves Maxwell’s equations discretized in time and space in
a brute-force way. Theoretically algorithms based on FTDT are capable of modeling any
kind of structures although the simulating based on FDTD is still a process of trial-and-
error for many cases. FTDT can be very time-consuming and also it demands enormous
amount of computation power and memory when various coupling and resonance
issues have to be taken into account in case of structures comprised of putting
together several devices. CrystalWave included in Photon Design Suite is used in our

laboratory for FTDT analysis.

FEM
FEM , Finite Element Method, is a mathematical method capable of finding field
solutions operating in frequency domain [31]. Although aforementioned methods use

rectangular grids for numerical analysis such that nodes are placed at intersections of
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orthogonal straight lines, the symmetric generality of FEM allows dividing the region to
elements with different shapes such as triangular, curvilinear, etc. This feature enables
this method to deal with structures with curved boundaries or arbitrary cross sections. It
is also suitable for problems having large index difference and steep field variations; The
features which were missing in other numerical methods. In this thesis Comsol

Multiphysics has been used for FEM analysis of photonic structures.

1.2.2. Polarization Management

Polarization management in photonic integrated circuits is an essential issue in order to
achieve a high-speed and long-haul optical communications [26]. Although polarization
of light would not harm the quality of signal in the traditional long distance data
transmission through optical fibers, in case of on-chip photonics polarization of light
plays an important role. In this technology, using high refractive index materials such as
silicon in the waveguides with a rectangular shape generates a large birefringence for TE
and TM modes. In other words the two polarizations modes will behave differently and

will not couple to each other unless the symmetry of the structure is broken.

Since most of the structures in integrated photonics, including on-chip lasers, modulators
and filters only operate at a certain polarization, TE and TM modes should be separated
and one of the them needs to be converted to another. As a result polarization of light in
integrated photonics must be closely controlled which forces a further study of integrated
components to separate, combine or convert polarizations. Furthermore polarization of
light can be considered as an additional degree of freedom and hence polarization
management methods besides traditional techniques such as dual polarization modulation

can be applied to double the data rate of transmission.

Although various on-chip polarization manipulation devices including polarization
convertors and polarization splitters have been demonstrated, there are still different
aspects to improve their performance. The key parameters in polarization management
devices are the insertion loss, extinction ratio, bandwidth and fabrication tolerance and

footprint.
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1.2.3. Fiber-to-Chip Coupling

The concept of integrated photonics involves transmission of light through optical fibers
and also signal processing and routing using photonic chips to keep the data in the optical
domain throughout the path. However the injection of light from optical fibers to planar
waveguides and also moving the optical signal between planar waveguides on different
substrates is not a negligible issue.

Conventional singlemode SOI strip waveguides have 220 nm thickness and 500nm width.
While the standard singlemode fibers (SMF) have a much larger size compared to
nanophotonic SOI waveguides with a core diameter size of about 8 um. This high
difference in the dimensions of these light carriers results in a huge mismatch between
the optical modes and hence a huge amount of power will obviously be lost when trying
to move the signal directly from fiber to the waveguide.

The common wavelength range used for photonics is the C band, which spans from
1530nm to 1565nm. In case of operation at 1550nm, the middle of the C band, a typical
single mode optical fiber confines the optical signal to a 10.43 um mode field diameter
(MFD) [25]. Typically a direct butt coupling of a singlemode fiber to a nanophotonic
waveguide leads to more than 20dB coupling loss. The high loss definitely is not
tolerable in photonics systems since it is directly linked with performances such as the
signaling rate, the link reach, the receiver sensitivity, etc. Therefore many various

solutions for the coupling problem have been proposed and implemented.

1.3.  Objectives

In this thesis it is aimed to address and study several bottlenecks in integrated photonics
field. The issues concerned here are polarization management in PICs, the coupling of
fiber to photonic chip and also the numerical methods used to model and simulate
photonic devices as discussed earlier.

In case of numerical methods, specific structures based on photonic crystals in different
regimes have been considered with particular applications. These structures have proved
that conventional numerical methods are not appropriate for their simulations; they are

either too slow or not accurate enough. In these thesis analytical approaches is proposed
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in order to homogenize the nano-structured device which not only leads to accurate

results but also offers a high analysis speed.

Also on polarization management, it is aimed to discuss most recent and popular
approaches from a critical perspective and validate the proposed structures by
reproducing the simulations using different tools and at the end emendate where the

reported models are not correct.

On the fiber-to-chip coupling front, an optimized approach to coupling is desired which
offers low loss as well as easy fabrication. A critical appraisal is required for reported

structures in literature to be able to come up with an efficient and promising method.

1.4.  Organization of the Thesis
To achieve the above mentioned objectives the thesis is structured as below:

Chapter 1 introduces integrated photonics as an advancing field to replace current micro-
electronics industry. It also points out some of the main concerns and obstacles in this

field of research that this thesis is going to tackle with.

Chapter 2 gives an introduction to photonic crystals and their significant properties and
also their different regions of operation, resonant and non-resonant regime. Then the non-
resonant region is considered and studying light propagation in two different applications
using 1D and 2D photonic crystals is taken into account. Considering complexity of the
structures to be modeled with simulation tools different analytical approaches are
proposed for each specific structure with particular application. For the case of lamellar
gratings in vertical coupling applications, the plane wave expansion method is extended
to take account for this application. The results are compared to the results from Kronig-
Penny analytical method developed for this structure to ensure validity. Also in this
chapter metamaterials used in Luneburg Lens are considered as a 2D photonic crystal to
study. A robust homogenization method based on band diagram calculation is developed
to release the need for complicated and time consuming 3D numerical analysis. The
results are compared to 3D numerical analysis from Crystal Wave which shows a good

agreement.
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Chapter 3 on the other hand deals with structures comprised of photonic crystals near
resonance. LC-DFB lasers are taken into consideration as an example of such structures.
Bragg resonance in this structure is described by detail and coupled mode theory is
introduced as an analytical approach to study behavior light in such structures. Although
reflections at each junction and large device lengths make complications in numerical
simulations of these devices, a homogenization method is proposed to accurately estimate
coupling coefficient and resonance frequency of these semiconductor lasers using Matlab
coding. Results are compared with the results obtained from EME simulations using

FimmWave which shows a good agreement.

Chapter 4 deals with different approaches to polarization management in integrated
photonics. Firstly different polarization modes are introduced and then birefringence and
its effect on light polarization of planar waveguides are described. The solution to this
issue and the idea behind that is discussed. The most promising approach which offers
high efficiency and very small device dimensions is introduced to be a single section
stepped- waveguide. EME simulations validate the functionality of the structure.
Different devices based on this structure reported on InP substrates including polarization
convertors and polarization splitter and rotators (PSR) are taken into consideration for
validation. Aside from critical appraisal of the methods, reproducing simulations reveals

some inaccuracies in the reported literature which are corrected here.

Chapter 5 focuses on fiber-to-chip coupling issue in integrated photonics. At the
beginning the problem is discussed thoroughly and different approaches to solve this
matter presented in literature and the theory behind them is introduced. By comparison of
different approaches, edge coupling will be considered as the more promising method.
Then new enhancements in this field will be reviewed along with reproduction of results
reported using simulation tools. Besides a critical appraisal of the methods with best
performances, an specific structure is introduced as the most promising approach and a
novel platform for exploiting the structure in communication systems is suggested which
not only promises a reasonable insertion loss for both polarizations but also is easy to

fabricate and implement.

10
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Chapter 6 at the end summarizes the significant points discussed in the thesis and states

the main findings and recommends further perspectives.
1.5.  Original Contributions

This thesis is aimed to contribute to advancement of integrated photonics industry by
both original contributions and critical appraisal of literature. These contributions

include:

1. A novel analytical approach for analyzing lamellar gratings in vertical coupling
applications. In this method, plane wave expansion method is extended to take
account for light excitement from outside of the device. This technique offers a

simple, quick and yet accurate modeling of light behavior in such structures.

2. A novel analytical approach for homogenization of 2D metamaterials in planar
Lineburg lens applications. Here corrections in 2D band structure calculations
will replace conventional 3D band structure calculations which offers much faster
and yet accurate modeling of such devices.

3. A novel analytical approach to homogenization of photonic crystals near
resonance for the case of Bragg gratings used in LC-DFB lasers. This method
release the need for time and memory consuming numerical simulations using
commercial tools and uses simple Matlab coding. Using this technique the
resonance frequency and coupling coefficient of the device can be estimated with

negligible errors.
4. A critical analysis of polarization management approaches in literature. Reported
results are reproduced to validate the accuracy. Furthermore corrections have

been made in case of imprecise claims.

5. A critical analysis of coupling approaches for the case of fiber to chip coupling.

Reported results are reproduced to validate the accuracy and finding the most

11
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promising structure. A novel platform for a highly efficient edge coupler device is

proposed.
Following publications related to this thesis were published:

1. P. Samadian, T. J. Hall, ‘Homogenization of nanostructure waveguides in
resoanace and non-resonance regimes’, Photonics North, Ottawa, June 2015 (to
appear)

2. P. Samadian, T. J. Hall, ¢ Performance Analysis of polarization transformation
waveguide structures for planar light circuits’, NUSOD, Taipei, September 2015
(to appear)

3. P. Samadian, T. J. Hall,  Cylindrical Talbot effect in tapered MMIs’,(drafted)
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2.1. Introduction

Since their appearance, photonic crystals have attracted much attention and have been
applied to enhance many photonic devices. However due to their complex structure,
researchers have been looking for methods to summarize their properties to a simplified
format for computational convenience. In the current chapter we will review
extraordinary properties of photonic crystals comprehensively. Also new methods for
homogenization of 1D lamellar gratings and 2D metamaterials as common applications
of photonic crystals in silicon photonics are proposed. These new approaches offer
methods to relief from complex calculations of such structures, which are sufficiently

rigorous and can be applied to wide range of designs.

2.2.  Photonic crystals and Bloch-Floquet Theorem

A crystal is a periodic arrangement of macroscopic media with differing dielectric
constants, repeated in space by a pattern called crystal lattice. Photonic Crystals (PC) are
periodically structured electromagnetic media which present periodic refractive index to
the light propagating through them. Based on the crystal and geometry parameters, these
structures will have different conduction properties, each suitable for different

applications.

Three different kinds of photonic crystals are defined depending on the axes in which
there is periodicity or asymmetry. If periodicity is just along one axis we have 1-
dimensional photonic crystal such as lamellar gratings which are the simplest kind of
photonic crystals to analyze. Then we have photonic crystals with periodicities in 2 and 3
axes, respectively 2-dimensioanl and 3-dimensional photonic crystals that are more

complicated to analyze light propagation through them.

13
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2-D

Fig. 2.1. Schematic of 1-deminesional, 2-dimensional and 3-dimentional photonic crystals.

Lord Rayleigh did the first studies on propagation of electromagnetic waves in periodic
media in 1887 [32]. In his research reflective properties of a crystalline mineral with
periodic “twinning” planes was studied which corresponds to a one-dimensional photonic
crystal. Through his investigations he observed a narrow band gap preventing
propagation of light with some wavelengths through the planes. Since then multilayer
films attracted much attention until 100 years later Yablonovitch [33] and John [34] in
1987 introduced concepts of photonic band gaps in two and three dimensions. The studies
to describe structures with band gap for electromagnetic waves were followed by many
developments in photonic crystal’s theory, fabrication, and also applications mostly in

integrated photonics and fiber optics.

Bloch-Floquet theorem governs over light propagation in photonic crystals. This theory
was first introduced by Floquet in 1883 [35]. In 1929, Bloch [36] applied this theory to
solid-state physics to study electrons on a potentially periodic lattice. This description
rules over to any kind of wave in a periodic medium, thus is adapted to apply to light

propagation in photonic crystals.

Assuming one-dimensional photonic crystal as the simplest structure, it presents periodic
modulation of refractive index only in one direction and is homogeneous in other
directions. In such structure n(z) = n(z +A) = n(z + m A), A being the lattice constant and

m is an integer, as shown in Fig. 2.2.

14
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Fig. 2.2. Schematic of a 1D photonic crystal realized by modulation of refractive index in one direction.

According to Bloch-Floquet theorem, Maxwell’s equations solutions for such structure

are in the form of plane waves propagating along z modulated by a function, Us(z2),

which is periodic with the same period as lattice constant,

E¢(2) = Ege®?Ug(2)

Equation 2.1
& being the Bloch wave number in z direction which is equal to:
£ = 2m
)
Equation 2.2

The optical frequency of the wave,w, and & are related by dispersion relation as below:

c
w = fn—z
Equation 2.3
Where c is the speed of light and n; is the refractive index of the medium at point z along

propagation direction.

A significant consequence of the Bloch theorem is that because of the periodicity of the
wave solutions by period A, in frequency regime the eigen modes with wavenumber &
and ¢ +m2n/ A are identical and based on Equation 2.3 so are the optical frequencies,
o(é) = o(¢ + 2nm/ A). This means the dispersion diagram for this structure is periodic
where reciprocal vector of the lattice, 2n/ A, is the period. Typically the essential
properties of photonic crystal is derived from only one period, —n/ A < & </ A, called the

first Brillouin zone.
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In case of a constant refractive index along z direction the wave number and optical
frequency will have a linear relation. Mirroring all the dispersion curves into the first
Brillouin zone, Fig.2.3.a is achieved with straight lines crossing each other at the
boundaries of the zone. This is the dispersion curve corresponding to a homogenous

medium.

As shown in Fig.2.3.b, when a refractive index contrast is introduced in propagation
direction z, the dispersion curve folds. In this case, the propagating light is diffracted
continuously at each junction of altering refractive index. This diffracted light from
forward propagating light (¢ =n/ A) will couple to counter propagating light (¢ =—n/ A) at
Brillouin zone boundaries or at the center. This coupling results in splitting the state into
two other states at frequencies w1 and w,. As a result there will be no states that exist
between these frequencies and the so called “photonic band gap” will open in the
dispersion diagram. The width of the band gap directly relates to the index contract of

multi-layer medium.

B
| AN

—mfA 0 T —m i

(a) (b)

Fig. 2.3. Dispersion curves corresponding to photonic crystals with different index contrasts. (a) a constant
refractive index along the propagation direction; the dispersion curve consists of straight lines, b) with
index contrast introduced to the structure; different modes of propagation starting to couple to each other at
boundaries and the center, resulting in folding the bands and opening a bandgap, (c) the index contrast is
increased; the band gap increases as well.

+..

The dispersion curves derived from Bloch-Floguet theorem reveals significant features in
photonic crystals. As can be observed in Fig.2.3, for some specific wavelength there is a
linear relation with optical frequency just as there is for homogenous mediums. Hence
for a medium with periodic refractive index with a certain lattice constant, if one obtains
appropriate wavelength where the operating state coincides with linear section of the
curve, propagating light will happen without any scattering. Fig.2.4 well illustrates light

16
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propagation in this regime. In this case, as light propagates through the medium
reflection of light will happen at each junction. However, since reflected lights are out of
phase, they will have a destructive interference and cancel each other and that is how the
light will propagate only in forward direction, although slightly attenuated along the

structure.

1 INCIDENT WAVE

2 REFLECTED WAVES NOT IN PHASE

3 TOTAL WAVE

Fig. 2.4. (1) A wave incident at a wavelength outside the band gap, (2) the wave reflected at each period
are out of phase and cancel each other, (3) The total wave propagates through the material with a slight
attenuation, (Copyright Scientific American 2001, reproduced with permission from reference [37])

To be able to operate at this regime and use propagation of light with no scattering

through photonic crystals, one must use propagating light with wavelengths much larger
than the crystal lattices. This amount has been calculated to be A < % That is why this

regime is called “sub-wavelength domain”.

Currently, developments in lithography technology allow manufacturing structures with
sub-wavelength lattice constants and producing “artificial media” or “Metamaterials”.
Metametials are photonic crystals operating at long wavelength limit and are typically
used to develop materials having arbitrary refractive indices using the effective medium
theory [38]. Analyzing light propagation in metamaterials will be discussed later in this

chapter.

On the other hand, if an electromagnetic wave is propagating along a photonic crystal and
the wavelength falls into the band gap region, resonance will take place. In such case the
reflected light waves at each layer junction will be in phase and make a constructive
interference. These waves combine with the propagating light and produce a standing

wave. Fig.2.5 indicates this phenomenon. This means any forward propagating wave
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having a wavelength in the band gap, will cause a backward propagating wave which
based on coupled mode theory (will be discussed later) their energy will be exchanged
along the structure leading to having no light travelling through the material. Photonic
crystals in this regime will act as a perfect lossless insulator of light which can be applied
to many uses such as nano-scopic lasers, higher capacity optical fibers and different
photonic integrated circuit devices. Light propagation in this regime will be further

discussed in next chapter.
1 INCIDENT WAVE

2 REFLECTED WAVES IN PHASE

3 TOTAL WAVE

Fig. 2.5. (1) A wave incident at a wavelength inside the band gap, (2) the reflected waves at each period
are in phase and combine with the incident wave and make a standing wave, (3) the wave cannot
propagate through the structure. (Copyright Scientific American 2001, reproduced with permission from
reference [37])

Different operational regions of a photonic crystal are summarized in Fig.2.6. This
diagram shows how by having a constant wavelength, operation regimes can be altered

by changing the lattice constant of the photonic crystal. Where A is chosen relatively

2 o : :
smaller than > the media is in sub-wavelength region and no resonance will happen.

However having a lattice with A comparable to %the structure will operate at resonant

regime.
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Fig. 2.6. The first Brillouin zone of a 1-D photonic crystal, having two main regimes; resonant region for
gratings with ( A~4/2) and non-resonant region for gratings with (A < 1/2).

Having discussed the basics of photonic crystals and its different operational states,
following we study light propagation in 1D lamellar gratings and 2D metamaterials.
Homogenization methods also will be proposed to summarize properties of such photonic
crystals and simplify their analysis and computations.

2.3. Homogenization of 1D lamellar gratings

ID photonic crystals in sub-wavelength domain, presenting periodicity in one direction
have been applied to many applications among which grating couplers are good
examples. In such components, while the fibers are mounted nearly perpendicular to the
chip surface, optical gratings are exploited in order to diffract the out of plane light
propagation from optical fibers to in-plane light waves in on-chip waveguides or vice

Versa.
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fiber core

-

X z

Fig. 2.7. Schematic of an optical fiber coupling to an on-chip waveguide using 1D photonic crystal as a
grating coupler.

Although 1D photonic crystal slab waveguides and lamellar gratings are formally
identical but their analysis differs by perspective. The analysis of lamellar gratings
considers excitation of a plane-wave from exterior incident at an angle to the normal of
the grating plane. Lamellar grating is treated as of infinite extent so as not to break its
perfect periodic symmetry in the plane. Whereas the analysis of 1D photonic crystal slab
waveguides considers the modes of the grating structure propagating in the grating plane.
Therefore that oblique incidence in the grating perspective is not equivalent to the end-

fire launch of a waveguide grating mode in the photonic crystal slab geometry.

In order to design such structures, it is necessary to analyze light propagation through the
specific crystal and find the permitted frequencies and calculate the field distribution in
the crystal for any frequency of light. Band diagram stores this important information for
photonic crystals. As a result we need to derive the band diagram of the device presenting
the relation between the Bloch wave numbers and frequencies of the propagating light for
the 1D gratings. Plane Wave Expansion (PWE) method is a conventional means to derive
this relation for photonic crystals. PWE is a numerical technique to solve the Maxwell's
equations by transferring it to an eigenvector- eigenvalue problem using Fourier series
expansions of the field components. The achieved eigenvalues give the band diagram and
the eigenvectors can be plugged back into the Fourier expansion to find the field

distribution at each frequency.
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Here we discuss an extension to this method to calculate the band diagram of lamella
gratings having an out of plane incident light by an angle to the normal of the wafer. This
technique will help to understand the reflection and transmission of external waves at
surface of a lamella grating, yielding to a homogenization method summarizing behaviors

of such structures.

2.3.1. Plane Wave Expansion Method
Consider a plane wave incident at an angle 8 to the normal of a deep lamellar dielectric
grating with period A as illustrated in fFig.2.8. In this periodic medium a piecewise
binary modulation of the refractive index is assumed such that within each period there
are two intervals of width d; and d, of refractive index n; , n, respectively where
di+d>= A. In general, the reflected and transmitted fields will consist of a sum of
multiple plane waves comprising the diffraction orders.

Incident PlanesWaves R.; Reflected PlanesWaves

To

Transmitted Planes Waves

Fig. 2.8. Schematic of an out-of-plane wave incident to a 1D lamellar gratings; the reflected and
transmitted fields consist of the sum of multiple plane waves comprising the diffraction orders.

The directions of propagation of these diffraction orders is simply determined by adding
a multiple of the grating wave vector K, to the transverse component (z- direction) of the
incident wave vector, k,:
Kp = Ko + pK
Equation 2.4
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Where

Equation 2.5
The longitudinal component of the wave-vector, 3, (y-direction) is determined by the

requirement that the plane wave must satisfy the Helmholtz equation in the ambient

medium.
B5 + k5 = njk§
Equation 2.6
Thus,
By =1+ /ngkg — K2 K2 < n2k?
By = iy, = *i [n§k§ — K2 K2 < nik3
Equation 2.7
Where
I 21
0 — AO
Equation 2.8

where A, is the vacuum wavelength. Mentioned relations can be illustrated in Fig.2.9.

Fig. 2.9. An illustration of the wave vectors of the incident and diffracted plane waves. The transverse
component of the wave vectors of diffraction orders can be found by adding multiples of grating wave

vector, K, to the transverse component of incident wave vector, K.
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Referring to Fig.2.9, the relation between transverse components of diffracted waves can

be rewritten as:

noky sin(0,,) = ngky sin(6,) + mK
Equation 2.9
which is equivalent to the well-known grating equation:

_ _ A 1
sin(6,,) = sin(f,) + m o A= n—o/lo
Equation 2.10

The equation implies that the angle corresponding to diffracted plane waves only depend
on the period of the grating. However, it is necessary to solve for the internal fields to
determine the amplitudes of the diffraction orders which also depend on the details of the
grating structure. In this regard, PWE method will be used to derive the band structure of

the lamellar gratings having light incident by an angle to the normal of the surface.

Starting with Maxwell’s equations for electric and magnetic fields, we have:

VxH—aD
ot
VXE = 0B
ot

Equation 2.11
Where the material constitutive equations are:
B = uoH
D = g¢yE
Equation 2.12
and applying an implicit exp(—iwt) time dependence to convert to frequency domain we
obtain:

VX H=—iweeyE
VXE =iwugH

Equation 2.13
For simplicity, it is assumed that there is no variation in the x-direction and the

propagation direction of the incident light is constrained to a plane through the optical

axis perpendicular to the x —direction,
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oF _
ox

Equation 2.14

F being the plane wave under consideration. From here on, distinct problems for TE &

TM polarization may be distinguished. For TE modes, field components may be written

as below:
E, 0
0 H,
Hence we will obtain Maxwell’s equations as:
0H, OH .
ayZ - a_zy = —lweg k),
JE,
Fra iwpgH,,
0E,
Ty lwpoH,
which implies:
0%E, 0Z%E
ayzx + azzx + w?pyegeE, =0

Same procedure is applied for TM modes with field components of:

0 H,
E = Ey H = 0
E, 0

And equation below is obtained:

0 [10H, 0 [10H,] w?
P R P
0z

— “H, =0
dyle oy £ 0z cz2 ¥

where;

Equation 2.15

Equation 2.16

Equation 2.17

Equation 2.18

Equation 2.19
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Equation 2.20

Since the propagation medium has a relative permittivity £ = n?(z) which is periodic

with period A, it may be expanded as a Fourier series:

£ = z gpexp(ipKz)

p:—OO'OO

where:

A/2

1
& =7 f e(z)exp(—ipKz)dz
-A/2

In a lamellar grating the refractive index distribution is as follows:

nz(x)_{ n? 0<|x|<d,;
Ul nd di<|x|<d;+d,

In such structure the Fourier coefficients are derived as:

g = fnf+ (1 —f)nj

sin(npf)
&, = f(n? —n3)——=
1% f( 1 2) (T[pf)
Where
e
d, +d,
Also in case of 7 = nzl(z) we have:
1 L ) 1
Mo = fn% f Tl%
—f<1 1>sin(npf)
o nf nj) (mpf)

Equation 2.21

Equation 2.22

Equation 2.23

Equation 2.24

Equation 2.25

Equation 2.26
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Considering the Fourier expansion of the periodic medium, the periodic part of the Bloch

mode may also be similarly expanded:

u(z) = z ayexp(ipKz)

p=—o0,00
Equation 2.27
where:
A/2
1
ap =+ f u(z)exp(—ipKz)dx
-A/2
Equation 2.28
Therefore the Bloch mode is represented by the set of plane waves defined as:
F(x,z) = exp(iéz) Z ayexp(ipKz) exp(ii/}py)
p=—00,00
Equation 2.29

Where ¢ is the Bloch wave vector. It is clear that the electromagnetic boundary

conditions will enforce equality of the transverse components of the plane waves at the

interfaces between the interior and exterior regions. Thus the Bloch wave number is set
by the angle of incidence of the incident plane wave.
§ =Ko

Equation 2.30

Therefore the equation for Bloch modes is re-written as Equation 2.31. Note that in

consistence with relations mentioned earlier, the transverse wavenumber is dependent to

the grating wavenumber:

F(x,z) = Z apexp(ikpz) exp(iiﬁpy) , ky, = ko + pK

p=—00,00
Equation 2.31
Assigning a positive sign for longitudinal component of incident and transmitted orders

and a negative sign for the reflected orders we have forms for each set of plane wave:
FO(x,2z) = expli(koz — Boy)] . Theincident field

FO(x,2) = ¥ p=—co00 by expli(kpz — Bpy)] ,  The reflected field
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FO@x,2) =Y pe—wowbyexpli(kyz+ Bpy)] ,  The transmitted field
Equation 2.32
Hence, in all regions the plane waves will have partial waves with transverse variation

governed by partial waves of the form:

a, (x)exp[i(lcpz)]
Equation 2.31
Substituting the derived Fourier expansions into the Maxwell’s equation obtained for TE

modes and equating terms with the same spatial frequencies yields:

02E, 0%E, o?
ayz + 622 +C—2€Ex:0

2
(k% + p?Da = © Ea
CZ
Equation 2.32
Also for TM modes we have:
azH + a[laH]+w2 H,=0
oyz * tozleaz x| T2 H T
(1)2
(ExHk + B?Da = C—zEa
Equation 2.33
Equations 2.32 and 2.33 are the desired eigenvector-eigenvalue problems, solving which
will result in deriving the dispersion diagram of the lamella grating. For both TE & TM
modes, problem have been reduced to generalized eigenvector problems with w?/c?

nominally playing the role of an eigenvalue parameterized by the wavevector (;cp,,Bp).

2
Here B being the longitudinal wavevector, B2I is the action of —iaa—y2 in real space. Also

2

matrix  is a diagonal matrix of k, = ¢ + pK, which 12 will be the action of —i ——

9z2’

Also vector “a” is defined as:
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a_z
a_q
Qo

a,

Equation 2.34

Which is an infinite dimensional column vector of Fourier coefficients describing the

Bloch mode in the partial wave basis. And finally matrices E and H defined as

& &1

& &

E=I[- & &
& &

& &3

Mo M-

M No

H= M2 M
N3 M2

Na 13

€2

€1
€o
&

€-3

€2

€1
€o

€4
€-3
€2
€1
€o

Equation 2.35

are infinite dimensional Toeplitz matrices representing the reciprocal space with the

partial wave basis which perform the action of multiplication by £(z) and 1n(z) = ¢71(2)

respectively in real space.

Building defined matrices and solving the eigenvector-eigenvalue problem the dispersion

diagram in terms of relation between frequencies and transverse wavevector will be

obtained.

To validate this extended numerical method an analytical approach is applied. The

Kronig-Penny model of 1D gratings introduced by Mishra [39] is an alternative approach

to PWE. Following we discuss how this method will be compatible to the problem of

lamellar gratings. We first drive the Kronig-penny model dispersion equation from
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transfer matrix of a grating period and then compare the resulted dispersion curves to the

ones obtained from PWE method.

2.3.2. Kronig-Penney model
The propagating Bloch modes of lamellar gratings may be found from the quasi-
analytical Kronig-Penny model [39]. This method treats a 1D piece-wise periodic
structure of infinite extent and constructs the Bloch modes from plane waves components
that solve the wave equation in the uniform regions. To adapt this model to the structure
under study in this chapter which is a lamellar grating with an angled out of plane
incident light, additional components must be included in the wave-vector of the
component plane waves to allow for oblique incidence when the structure extends
infinitely in other directions. This addition to the original model allows comparison
eigenvectors and eigenvalues returned with the result from PWE method. A single

interface of different refractive indices in a lamellar grating can be illustrated as Fig.2.10:

Ny Ny

v

y Vv

Fig. 2.10. Incident plane waves at an interface with different refractive indices at each side.

The relation between fields in two sides can be simply defined as:

ol =" [,

Equation 2.36
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Where T' is the transmission matrix for this interface. According to the Bloch-Floquet

theory in this 1D periodic medium, wave propagation will be of form of

Ee(z,y) = Es(2)e%?e'PY
Equation 2.37
Where ¢ is the Bloch wavenumber and E¢(x) is a periodic function with period A ,

Ef(x + A) = EE(X)
Equation 2.38
This periodic condition simply yields to:

[5.] = [1]

Which brings us to the eigenvector-eigenvalue problem to be able to solve for the band

Equation 2.39
structure;
] = o]

The transmission matrix I" relating filed distribution in two sides of the interface with a

Equation 2.40

grating period of d;+d,= A is defined by Yeh and Yariv [40]:

r
1 . . 1 . .
cos(x,dy) + 15 (™t + %) sin(x,dy) | exp(i k,dy) —i > (™t — ) sin(k,dy) exp(i kpd,)
- 1 1
—i 3 (™' = x) sin(k, d,) exp(—i k,d;) cos(k;d;) — iz (™t 4 ) sin(k,dy) | exp(—i k,dy)
Equation 2.41
Where
1 TE
= E = nZ
x=ng, o0 {n—i ™
1
Equation 2.42

And as mentioned earlier, according to Helmholtz equation in the ambient medium:
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_ 21,2 2
Kk, = [niks — B

K, = ,/n%kg _ﬁzz

Equation 2.43
Where k;and k, are the transverse wave vectors and S;and f,are longitudinal

wavevectors in two sides of the interface. Obtaining the trace of the matrix we have:

1 1
ETr(F) = cos(x,d,) cos(x,d,) + > (¢~ + ) sin(i,d,) sin(x,d,)

Equation 2.44
considering that the trace of a matrix is equal to the sum of its eigen values, in our case

eM is the eigen value of the matrix. Hence:

Tr(T) = 2cos(éA)
Equation 2.45
Therefore one obtains the Kronig-Penney model dispersion equation:

1
cos(éA) = cos(k,d,) cos(k,d,) + > (¢~ + %) sin(k,d,) sin(k,d,)
Equation 2.46
For both TE and TM modes, by solving the equation above for different & s in different

frequencies, the dispersion diagram is achieved.

Fig.2.11 provides a comparison between dispersion curves obtained by solving the
eigenvector-eigenvalue problems derived from the discussed two methods for TE modes.
The blue lines show the dispersion bands achieved from analytical Kronig-Penney
method for a lamellar gratings of pitch 250 nm and fill factor of 0.5. Also in the same
figure the red signs on the diagram show the data obtained by Plane Wave Expansion
method. As can be observed a good agreement is achieved verifying the extended PWE

method for lamellar gratings with out-of-plane light incident.
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Kronig Penny TE band structure
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Fig. 2.11. Comparison between dispersion curves calculated by PWE and Kronig-Penney method for TE
modes in a lamellar grating with a pitch of 250 nm and fill factor of 0.5. Blue lines correspond the data
obtained from Kronia-Pennev method and red sians correspond to data obtained from PWE.
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Fig. 2.12. Comparison between dispersion curves calculated by PWE and Kronig-Penney method for TM
modes in a lamellar grating with a pitch of 250 nm and fill factor of 0.5. Blue lines correspond the data
obtained from Kronig-Penney method and red signs correspond to data obtained from PWE.

The method discussed in this section simplifies analysis of light propagation in lamellar
gratings by introducing a simple eigenvector-eigenvalue problem for any kind of design

parameters. In the next section we discuss propagation analysis in a 2D metamaterial and
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introduce a new approach towards homogenization of such structures to summarize their

properties to be able to treat them as a homogenous medium.

2.4. Homogenization of 2D Metamaterials

Earlier we discussed different kinds of photonic crystals and their different properties in
different regimes, non-resonant and resonant. In non-resonant or sub-wavelength regime,
light propagation in the structure will have no scattering and the medium can be
considered as a homogenous medium possessing a certain refractive index. Here we will
show how this property can bring significant application as refractive index engineering

for this kind of structures.

Consider a planar slab waveguide with a solid core as an example. Assuming silicon and
silica as materials used for core and substrate respectively and air upper cladding, the
structure will compose a 1D asymmetric slab waveguide. Because of the index contrast
between core and claddings, light will be confined in the structure in the direction normal
to the plane. Here for simplicity we assume that only the fundamental mode is supported
in the waveguide. The effective index that the fundamental mode realizes is different
from that of the core and the refractive index of the substrate also has an influence on
that. Hence this effective refractive index will be somewhere between Neore aNd Ngypstrate-
This effective index realized by the fundamental mode depends on waveguide parameters
such as the thickness and width of the core and the refractive indices of different layers
and also the vacuum wavelength. This means by changing waveguide parameters we can
adjust the effective refractive index experienced by the fundamental mode. This adjusting
can be performed by altering waveguide dimensions or it can be done by introducing

nanosturturing to the waveguide.

Imagine patterning the core of slab waveguide, by inclusions of one material within
another material as a host. Assuming that the lattice constant is smaller than /2, the sub-
wavelength scale nanostructuring will act like a homogenous medium with no scattering
of light. In this case the effective index seen by the mode will also depend on the
nanostructure parameter. It means by nanostructuring the core, we have increased the

degrees of freedom for altering the effective index. Here not only height or refractive
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index of the core layer can be changed, also the fill factor of inclusions in host material
will be a significant parameter in determining the effective index. This kind of materials
called “artificial materials” or “Metamaterials” are used vastly to obtain desired local
effective index in standard waveguides or so called “refractive index
engineering”.Rodgar M. Walser [41] who used the word “Metamaterials” defines such

structures as follows[42]:

“Metamaterials are defined as macroscopic composites having a man-made, three
dimensional, periodic cellular architecture designed to produce an optimized

combination, not available in nature, of two or more responses to a specific excitation.”

In a metamaterial structure, if the parameters, say the fill factor, changes slowly enough
so that the fundamental mode can adapt to the new environment adiabatically and the
local effective index can be derived from the dispersion diagram [43,44], a “graded
index” structure will be obtained which have many applications in light manipulation
such as in imaging and cloaking configurations [45-48], Eaton Lens[49] and Luneburg
Lens[50]. Here we focus on a metamaterial structure that is used to design Lineburg
Lenses. A Lineburg lens focuses incoming plane waves with arbitrary directions to focal
points at the opposite side of the lens which have applications in planar switching of light
[50, 51].

Here we consider nanostructuring a SOI slab waveguide by cylindrical inclusions to
realize graded index structure for Lineburg Lens. This pattern is composed of either rods
or holes within air or silicon respectively as the host material. It must be noted that in
both conditions lattice constant must be chosen sub-wavelength to prevent Bragg

scatterings.

In both structures, core patterning resembles a 2D photonic crystal because of periodicity
in x and z direction. However, since the holes and rods are not infinite and substrate and
upper cladding impose asymmetry to the waveguide, hence the structure must be
considered as a 3D photonic crystal and analyzed accordingly. To do that, the 3D band
diagram of the photonic crystal is computed by building a 3D unit cell from the 2D unit

cell by having the finite rods surrounded by upper and lower claddings of air and silica
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respectively [52]. Also in [53] another approach is taken and the effective index is
calculated by the reflection and refraction properties in one unit cell. These methods,
although rigorous, they require 3D calculation which are time consuming and

computationally expensive.

To find a way around going through complex 3D calculations, many researchers have
been used effective index method [54-57]. Min Qiu [58] has tried to validate the results
obatained by this method by comparing the result with rigorous 3D FTDT outcome. In
his report, he has studied a 2D photonic crystal on a heterostructure slab waveguide.
Inclusions in this photonic crystal are in shape of holes in all the layers of waveguide
(core, upper and lower claddings). In the procedure studied, firstly an unperturbed slab
waveguide will be considered and the effective refractive index realized by the
fundamental mode will be extracted, nes. Then the heterostructure slab waveguide will be
substituted by a dielectric medium with the calculated refractive index. As a result the
structure will reduce to a 2D photonic crystal in a host with refractive index equal to ng.
Assuming infinite height for inclusions the effective index for the media can be

calculated by 2D computations.

Qui’s method is generally suitable for structures with etched substrates. However in his
approach the reduced structure involves a host with effective refractive index and holes
with unmodified indices. The treatment given to host and inclusion is not symmetric
which restricts the method to inclusions having small perturbations to the host and hence
small fill factors. Also the use of unperturbed waveguide to estimate the effective index
of the mode limits method applications to low contrast media so that the change in core
effective media index had little effect on the effective index of the delocalized mode.

On the other hand, Gao [59] proposes an approach for abstraction the properties of a 2D
photonic crystal. In his approach an ad hoc structure for Luneburg lens is studied which
involves cylindrical silicon rods on a square lattice. In this method the effective refractive
index of the rods will be calculated using second-order effective medium theory,
assuming infinite height for inclusions. Then they incorporate a slab waveguide with

calculated nes, sandwiched between semi-infinite spaces of air above and glass below.
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The approach Gao is suggesting is reported to have comparable results to rigorous 3D
calculations. However, since they are using the 2D extended effective index theory for

lamellar gratings, this approach mainly limits to metamaterials with square lattice.

In the next section a new approach to homogenization of metamaterials, confinement
corrected 2D method, will be introduced that not only proposes a fast computation
compared to 3D methods, it can also be applied to metamaterial structures with rods or
holes on any kind of lattice. The results will be compared to 3D calculations which show
a good agreement. Also the approach introduced is rigorous, as the 2D band diagram

calculations is used in this method and no approximations is assumed.

2.4.1. Confinement Corrected 2D method
Earlier we discussed how metamaterials can be used for refractive index engineering
applicable in different devices such as Liineburg lens. To be able to find local effective
refractive index of metamaterials in such applications, a faster and more rigorous method
compared to existing ones is required. This approach must summarize the nanostructure
part of the metamaterial and replace it by some effective media in which the larger scale
behavior of wave propagation in metamaterial is preserved. In this chapter we discuss a

fast and rigorous homogenization method for metamaterials used in Luneburg lens.

The structure considered here is a 2D lattice in shape of finite-height inclusions of rods or
holes in a host of silicon or air, surrounded by air and silica as upper and lower claddings.
According to standard SOI technology, a silicon layer of 220 nm was selected. For
fabrication easement, the cylindrical shaped atoms were used to realize 2D photonic
crystal on a lattice constant of 250 nm which falls into the range for fabrication using
deep UV lithography. Based on the type of lattice, different ranges of fill factors can be
obtained from silicon rods. The hexagonal lattice offers higher packing densities than
other plane lattices. For a hexagonal lattice of pitch p, composed of cylinders of diameter
d, the fill factor will be computed as:[60]
f= Ld—z <09
2V3 p*

Equation 2.47
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Where this equation will be as below in case of a square lattice:

d2
— <0.79

NI
=

f=
Equation 2.48
Hence hexagonal lattice providing higher fill factors is more appropriate to be used.

This structure although contains a 2D photonic crystal, since has a finite-height
surrounded by upper and lower claddings has an extra asymmetry in y direction and must
be analyzed as a 3D structure. For sake of homogenization, cylindrical rods will be
assumed infinite initially to be able to use 2D techniques to deal with them. The effective
refractive index of the 2D photonic crystal can be derived from the corresponding 2D
band diagram. Calculating the corresponding ne, the nanostructure core of the slab
waveguide will be replaced by a homogenous layer with refractive index equal to neg.
Fig.2.13 below well illustrated the procedures taken for homogenization by this method.

g

Fig. 2.13. Schematic of the proposed homogenization method; initially cylindrical rods are assumed infinite
and the effective refractive index is derived from 2D band diagram, then the nanostructured core will be
replaced by a homogenous layer having the calculated effective refractive index.

CrystalWave package of Photon Design Suite was used to achieve the 2D band diagram
and hence the effective refractive index corresponding to the structure. First we consider
silicon rods having a diameter of 230 nm in an air host. A 2D unit cell of this structure

designed in CrystalWave can be seen in Fig.2.14. The TMKT path also is defined as in
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Fig.2.15 for the selected unit cell. The cross section of the structure is indicated in
Fig.2.16.
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Fig. 2.14. A unit cell for a structure composed of silicon rods of diameter 230 nm mounted in air host on a
hexagonal lattice with a lattice constant of 250 nm.
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Fig. 2.15. The k-space diagram of the TMKI path for cell for a structure composed of silicon rods of
diameter 230 nm mounted in air host on a hexagonal lattice with a lattice constant of 250 nm.
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Fig. 2.16. Cross sectional view of the structure; 230 nm silicon rods in air with a lattice constant of 250 nm.

Fig.2.17 is the 2D band diagram for TE modes, calculated by CrystalWave for this

structure,
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Fig. 2.17. The 2D photonic band diagram for TE polarization for the structure composed of 230 nm
silicon rods in air with lattice constant of 250 nm.

As discussed earlier in section 2-2, to have the photonic crystal behaving as a
homogenous medium and propagate light with no scattering we have to operate at
wavelengths that fall into the lower band near linear section of the band diagram. The
operating vacuum wavelength of A, = 1550 nm corresponding to 0.6451 um™1 is of
interest in this structure which is slightly deviated from the linear long-wavelength
asymptote in calculated band diagram.
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For deriving the effective refractive index in the desired wavelength, since reading the
ness from the diagram is not possible for a specific frequency, approximations have been
undertaken. In this experiment three nearest point to the desired frequency and
corresponding negS are found. Then using a cubic spline method, the hypothetical relation
between different points is obtained which later on is used to find the fourth point, nes in

wavelength of 1550.

To compare the results from proposed approach to 3D analysis, 3D band solver for 2D
structures was used in CrystalWave. This solver considers periodic conditions in the
plane having a silicon layer patterned by 2D lattice. Then it replicates the whole structure
out of the place to find a 3D unit cell having 3D boundary conditions. However in our
case the structure does not have periodicity out of the plane and the tool is making an
approximation in this regard. Fig.2.18 is the 3D band diagram calculated by the tool. In
this figure red lines correspond to the TE modes that we are interested in this experiment.
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Fig. 2.18. The 3D photonic band diagram for TE polarization (red lines) and TM polarization (blue lines)
for a structure composed of 230 nm silicon rods in air with lattice constant of 250 nm.
It must be noted that for sake of light confinement, there will be a limit to the effective
refractive indices reached for silicon rods or air holes as inclusions. For air holes the
highest effective index would be the refractive index of silicon n=3.47772 for holes of
diameter zero and minimum refractive index would be equal to refractive index of air
N.ir=1. This also is the case for silicon rods in air. However, the effective refractive index

of the core cannot be lower than the highest index of the claddings. Having a substrate of
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silica, this kind of metamaterial permits diameter of holes to a maximum of 240 nm and
diameter of rods to a minimum of 180 nm so that the effective index will remain higher
than nsio,=1.44402. That is why for the case of rods studied here 190 nm is chosen as the

minimum diameter of rods to ensure light confinement.

Fig.2.19 represents a comparison between results from 3D calculations and confinement
corrected 2D calculations for cylindrical rods in a hexagonal lattice with diameters
varying from 190 nm to 220 nm. As can be seen an excellent agreement is achieved (<1.5

% error)
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Fig. 2.19. The effective index of the fundamental mode for a structure including silicon cylindrical rods
with thickness of 220 nm in air host with hexagonal lattice constant of 250 nm; calculated by corrected 2D
method and 3D band solver.

This approach also can be applied to the case of metamaterials composed of holes in a
silicon core. Fig.2.20 shows the comparison of the analytical method and 3D numerical
method for circular holes of diameter 0 to 220 nm in a silicon host with a lattice constant

of 250 nm. In this structure also a good agreement is achieved. ( <4 % error) .
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Fig. 2.20. The effective index of the fundamental mode for a structure including cylindrical holes in silicon
with 220 nm thickness with hexagonal lattice constant of 250 nm; calculated by corrected 2D method and

3D band solver.

It must be noted that the errors can be considerably reduced by increasing the

computational grid resolution in the simulation tool. The settings used here are chosen in

a trade-off between time consumption and accuracy.

To indicated validity of the approach for all shapes of holes or cylinders on any kind of

lattice, same approach has been taken to compare results for square rods in a square

lattice for a core of thickness 300 nm for rods of diameter 170 nm to 210 nm. As it is

indicated in Fig.2.21 very good agreement is achieved. (<2 % error )
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Fig. 2.21. The effective index of the fundamental mode for a structure including square rods with 300 nm
thickness in air with square lattice constant of 250 nm; calculated by corrected 2D method and 3D band

solver.
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2.5.  Summary

In this chapter photonic crystals were introduced as semiconductors of optical world
presenting frequency band gaps. Different operational regimes of these structures were
analyzed and properties and application of each was discussed. 1D lamellar gratings for
application in grating couplers and 2D metamaterials for applications in Lineburg Lenses
were introduced as examples of photonic components based on photonic crystals in non-
resonant regime.

For case of 1D lamellar gratings an extension to conventional PWE method was proposed
to analyze light propagation in such structures when there is an out of plane exterior
incident light having an angle to the normal of the surface. This numerical method was
verified by an analytical approach, Kronig-Penney, which also was adapted to this
specific problem. Comparisons indicate excellent agreement which proves validity of
proposed approach.

Also in case of 2D metamaterials, their application in refractive index engineering and
specifically in Lineburg lens was discussed. Due to complex 3D calculations required to
analyze the metamaterials used in Lineburg lens, an abstraction procedure was proposed
to reduce the structure to a 2D case and do the analysis in the new condition. This method
is rigorous compared to current methods and unlike its counterparts is applicable to any
kind of structures with different inclusions and different lattice properties. Results were
compared to 3D calculations and good agreement was achieved.
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3.1. Introduction

Earlier we discussed how photonic crystals present a band gap in their dispersion diagram
preventing light with some wavelengths passing through and providing standing waves
going forward and reflected back continuously. This property of such structures which
enables wavelength selectivity is exploited by researchers to many applications including

semiconductor lasers called Laterally Coupled Distributed Feedback Lasers (LC-DFB).

Due to the complex structure and large lengths of this semiconductor lasers, numerical
methods used to analyze designs and find different properties of the device are rather
time consuming. Hence an analytical method is desired to summarize main properties of
the device into simpler structure and solve the structure in less time and using less

memaory resources.

In this chapter first we will discuss the structure of LC-DFB lasers and how they work.
Then we will introduce the proposed analytical approach for homogenization of such

devices. The analytical results will be compared to numerical ones for verification.

3.2.  Structure of Distributed Feedback Lasers

As discussed in chapter 3 photonic crystals prevent waves having wavelengths that fall
into their bandgap, from travelling through the medium. W.H. and W.L. Bragg [61]
were the first to describe this wavelength filtering property of photonic crystals. The
structure proposed by this father and son was composed of parallel layers having
alternative refractive indices of n; and ny;, making a 1D photonic crystal. Light
propagation in such medium, called Bragg gratings, are explained using Huygens’s
principle. Christian Huygens in 1670 was the first to explain the laws of optics using
wave theory. Huygens’s principle states that every point on the wavefront of the

diffracted lights can be considered as a secondary point source of a spherical wave which
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travels in the forward direction with the same speed. Summation of these point sources

indicates the overall effect of the diffractive material and in this case, the Bragg gratings.

In such structures at each junction with different refractive indices, propagating light with
wavelengths in bandgap region is reflected. This reflection effect will be accumulated by
reflection at each period. Constructive or destructive interference of these reflected waves
depends on their relative phase which is determined by the relation between the period of
modulation and light wavelength. At a particular wavelength, constructive interference of
reflected waves will take place and a backward scattering wave is observed. This means
any forward propagating wave will produce a backward propagating wave. Along the
length of the grating the energy will be exchanged between waves propagating in these
two different directions. As a result no light having those specific wavelengths will be
able to pass through the medium and will create a standing wave resonating through the

gratings.

However the reflected waves of light with other wavelengths are cancelled out as a result
of being out of phase and hence those waves will be transmitted along the grating. This
results in wavelength selectivity in such structures that only specific wavelength will
experience resonance. Based on the dispersion curve (Fig.2.6 in chapter 2) in order to
have a resonance at wavelength A, the pitch of the periodic layers of Bragg gratings must
be chosen to be A~ mA/2, m being an integer. Or in another words a photonic crystal
with a period of A will experience resonance at wavelengths equal to A~ 2 A/m. This
means in such structure acquiring those wavelengths we will have operation states at the

bandgap regions in different Brillouin zones (base on the value of m).

The wavelength filtering of Bragg gratings has been studied to be exploited in many
applications including Distributed Feedback Lasers (DFB). This kind of semiconductor
lasers uses Bragg gratings as a laser cavity which only resonates specific wavelengths.
The gratings in such lasers reflect back the forward propagating light with particular
wavelengths at each abrupt junction and in overall provides a feedback effect exploited

for lasing a coherent light.
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DFB lasers offer a narrow linewidth and also a great control over the laser wavelength
compared to earlier kinds of semiconductor lasers, Fabry-Perots (FP). FP lasers provide
the required feedback for lasing using cleaved facets at the end of the laser cavity having
an interface between air and semiconductor that is naturally partially reflective. Figure
3.1 is to compare the optical spectrum of these two kinds of semiconductor lasers. As it is

clear DFB lasers offer an improvement on spectral purity over those of FP lasers. [62]

|

SMSR = 50 dB

Wavelength Wavelength

Fig. 3.1. Optical spectrum of a Fabry-Perot laser (left) and a DFB laser (right) [62]

Output Power (dBm)

Output Power (dBm)

Fig.3.2 shows a schematic of a standard DFB laser. The process for fabrication of a
standard DFB laser includes epitaxial growth on the substrate, defining grating using
holographic techniques for etching and growing upper claddings. At the end a ridge
waveguide is defined on top of the claddings. This fabrication process for the case of FP
lasers is reduced to only a single growth and etch step. Therefore the additional
fabrication steps required for standard DFB lasers makes DFB lasers less attractive

compared to FP structured counterparts.

To overcome the fabrication complexity of DFB lasers, Laterally Coupled Distributed
Feedback (LC-DFB) Lasers are introduced. LC-DFB lasers were first fabricated by
Miller et al. in the University of Illinois in 1991 [63]. In this structure the epitaxial
growth steps is eliminated by incorporating the grating structure to the ridge waveguide
itself. In LC-DFB lasers by modulating the width of the ridge waveguide along the light
propagation, we therefor are changing the effective refractive index realized by the

fundamental mode along the way. Hence the light will experience a Bragg scattering
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through the medium. In this case the optical mode will be evanescently coupled to the

grating. Fig.3.2 indicates a schematic of both discussed structures.

Fig. 3.2. Schematic of a standard DFB laser (left) and a LC-DFB laser (right)

Although LCDFB lasers offer lower fabrication steps but desire smaller feature sizes
compared to standard DFB lasers. Nowadays first-order Bragg gratings for applications
in DFB lasers can be defined in a standard process using holography in UV lithography.
However defining first-order gratings for a LC-DFB laser is not as simple. Gratings used
for this kind of laser require stringent specifications. Sidewalls of the gratings in such
structures must be sufficiently deep so that the evanescent modes would make a strong
coupling, yet smooth and vertical enough to minimize scattering losses. They also must
be finely-spaced to make the backward Bragg scattering in the correct wavelength. That
is why fabrication of LC-DFBs mostly rely on electron-beam lithography rather than
standard optical lithography [63,64]. In electron-beam lithography (e-beam) using special
electro-sensitive resists, high resolution gratings can be defined having very precise
grating structures. Although this kind of lithography allows great control over grating
parameters, this technique is slower and more expensive compared to standard optical
lithography which prevents LC-DFBs to be a good substituent for their counterparts. In
this chapter we discuss how by facing a trade-off between optical loss and easement of
fabrication, this problem is tackled.

Also as mentioned before, the gratings defined on the semiconductor in DFB based lasers

must have specific physical conditions so a Bragg resonance at desired wavelengths can
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be observed. In the next section we will discuss the structure required for these gratings

and conditions required for operating at the bandgap region.

3.3. Bragg Gratings in a DFB Laser

Fig.3.3 presents a schematic of a Bragg gratings embedded in a semiconductor. In this
structure the modulation of refractive indices between n; and n, in grating region will
compose a 1D photonic crystal capable of Bragg resonance at specific wavelengths.
Assume a plane wave with wavelength A is incident on a Bragg grating structure with

pitch A at an angle, 6;. This plane wave will be reflected with an angle equal to 6.

=

Co

N
Vv

X

Fig. 3.3. Schematic of a Bragg gratings structure embedded in a semiconductor with pitch A. A plane wave
with wavelength A is incident at an angle 6;.

Due to the periodic structure of the gratings, set of plane waves separated by one period
will experience identical reflection and diffraction. Therefore, consider two rays each
starting and ending at the same wavefronts which are separated by one period. One of the

plane waves travels a distance of Lagc, and the other one a distance of La-g:c: before
arriving at the same wavefront. To realize resonance in such structure, constructive
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interference must be of the case for these two defined sets of rays. To have that, every
periodically spaced rays should be in-phase with each other at the output wavefront (C -
C’). We know that the phase of a plane wave at each point along the path can be
calculated by the equation below:

_27mL
=77

Equation 3.1
where n is the refractive index of the medium, and L is the distance traveled. Hence the
two plane waves described here, will be in-phase with each other when:

2Tn 2mn
- (Lapc) = -

(Laigicr) + 2nM

Equation 3.2
where M is an integer. This equation shows that the relative difference of two path
lengths is important to make a constructive interference. From Fig.3.3 it is clear that the
path A’B’C’ is longer than the ABC path by the length of DB’ and B’E. Hence Equation
3.2 can be rewritten as:

n NyLpg,  NyLpig
Z (LA’B’C’ - LABC) = 1 1 =M

Equation 3.3
M in Equation 3.3 is a positive or negative integer and is defined as the diffraction order.

Using sinusoidal relations in highlighted right-angle triangles in Fig.3.3, we obtain:

n,Asin®; n,Asin0®; _
A A

Equation 3.4
Since M in equation above is an integer, to achieve a constructive interference of

reflected lights only particular values of wavelength will satisfy the condition. Hence
only particular wavelengths will be reflected strong enough for lasing purposes which
again verifies the properties of resonant regime of photonic crystals.

Since the laser cavity designed for DFB lasers are an optical waveguide, it therefore

should meet the light confinement restrictions. Assuming n, > n; and an angle of
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incidence ©;, to permit total internal reflection at the interface between the two

refractive indices from Snell’s law we must have:

sin®; =sinB®,; = et
n;
Equation 3.5
Substituting this condition into Equation 3.4 we get:
sin0, > (1A 1) - (2_ )
~\An, p '
Equation 3.6
where p is defined as below and is called the grating order:
_ 2Any _ 2Angsr
P="0 772
Equation 3.7

In Equation 3.7 we assume that the difference between the two refractive indices used in
the gratings is negligibly different, such that n;=n,=ne. This approximation is suited in
case of LC-DFB lasers where the Bragg gratings are defined by width modulation of a
ridge waveguide which are only evanescently coupling the optical mode to the grating
region. Hence the effective refractive index in the narrow and wide region is nearly
identical.

To apply the generalized relations above to the Bragg gratings in a DFB laser we have to
consider that an incident light travelling along the longitudinal (z) direction is desired

which diffracts backwards along the direction of propagation (-z). To satisfy these
conditions we have 6,; = 6; = g Substituting these values for incident and reflected
angles into equation 4.6, we obtain sinf,; = 1 .Using the equality situation in the relation

we will have the constructive interference condition of

M
—=>1=>p=M
p

Equation 3.8
As a result if we wish to provide feedback for light of wavelength A,, then from the

definition of p in Equation 3.7 we should select a grating with a period of
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Mg
A=
Zneff

Equation 3.9
According to Equation 3.9 choosing different integers for M, the grating period will have

multiple solutions. If first order gratings is selected, p=1, then based on Equation 3.6

only two solutions is possible. The first solution is when M=0. In this case using the

equality situation in the relation, sin8,; = —1, or Hdz—g. Hence the light

experiencing zero order diffraction, M=0, propagates along the direction of

propagation. M=1 provides a second solution and we obtainsin6,; =1, or 6, = g . In

this case the light coupled to the first diffraction order produces a backward scattering

wave from the initial direction of propagation, providing a feed-back effect.

Although the condition described above for the first order gratings is very close to
conditions desired for a laser cavity with plane waves propagating forward and backward,
higher order gratings can be of interest too. From Equation 3.7 clearly by choosing larger
integers for p we can obtain larger values for the pitch, A. Since industrial lithography
techniques have limitations in terms of the minimum features they can define, realizing
Bragg gratings with larger dimensions will allow easier and more relax fabrication;
However operating at larger grating orders results in diffraction orders in unwanted

directions causing loss of energy as will be discussed later on.

Selecting a second order grating, p=2, the feed-forward and feedback solutions occur for
M=0 and M=2 respectively. In this case an additional diffraction angle is introduced by
having M=1. From Equation 3.6 this diffraction order results insin6; =0, or6,; = 0.
The physical interpretation of this solution is a reflected wave perpendicular to the
propagation. These set of plane waves will radiate away from the cavity and contribute to
the loss of the device. However this phenomenon can be exploited in surface-emitting
lasers [65]. Similarly in case of a third order gratings with p=3, in addition to the feed-

forward and feedback solutions, selecting M=1 and M=2 results in plane waves
diffracted at angles of 6; = isin‘l(g) . Although optical loss is increased in case of

third order gratings with unwanted diffraction orders, considering the larger periods of

structures in this case standard optical lithography ( i-line stepper) can be used for
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fabrication instead of e-beam lithography. This matter leads to more compatibility with
CMOS technology and easier and cheaper fabrication leading to more manufacturing
through-put. That is why third order Bragg gratings are attracting attentions for
fabricating LC-DFBs.

Different modes with different directions in a Bragg medium will have interactions with
each other which cause energy to be exchanged from one mode to another. That is why
due to the interaction between higher order diffraction modes and the principal forward
and backward modes, resonance frequency will be changed. Coupled-mode theory is
developed to analyze these interactions between different modes in a medium. In the next
section we will discuss this theory and how it fits to the problem concerned in this

chapter.
3.4. Coupled Mode Theory

In section before we discussed how Bragg gratings can be applied to build DFB lasers
that provide higher spectrum purity than FP lasers. Operation of these types of lasers
relies on backward Bragg scatterings when operating at wavelengths in the bandgap
region of the structure. To evaluate the performance of such structures different methods
has been introduced [66-68]. Coupled-mode theory was the first method used to analyze
and model DFB lasers by Kogelnik and Shank in 1972 [69]. In this section we look over
details of this method and its application in modeling DFB lasers.

Coupled mode theory in general is developed to treat problems involving energy
exchange between different modes. Consider two eigen modes of an unperturbed medium
with different frequencies and complex amplitudes of A and B having propagating

disturbances of

a(z,x,t) = Aet@at iﬁaz)fa(x),

b(z,x,t) = Be'(@pt ERf, (x)
Equation 3.10
Where f,(x) and f,(x) are the transverse mode profiles. Based on coupled-mode theory,

in presence of a perturbation such as periodic electric field, sound wave or surface

corrugation, power is exchanged between these two modes and complex amplitudes A
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and B will no longer be constant. In this case the amplitudes will be a function of z, the
propagation axis. It is shown by Yariv[70], that the complex amplitudes will obey

relations of the form below:

d A s
E = KabBe_l z
dB .

e — KbaAeHé‘z

Equation 3.11
In equation above & is a phase mismatch depending on propagating constants defined as

[69]:
B? - B5

0= 25

~ B — By =n(w—wg)/c

Equation 3.12
& indicates the deviation from the oscillation frequency w from the Bragg frequency w,,
hence at the Bragg condition we have § = 0. In equation above since the frequency
deviations are assumed to be small, we have set 8 / By ~1. kg5 and k,, also are coupling
coefficients which are determined by the physical situation of the propagation medium

under consideration.

Kogelink [69] extends this approach to periodic structures of first-order Bragg gratings to
analyze the feedback mechanism in DFB lasers. This method will provide the energy
exchanged between the contra-directional modes: forward propagating light and the
modes coupled to the first order diffraction and hence propagating backward. In this case

the electric filed will be in the form of:

Ex) = Ae!@at*had)f (x) + Bel@rt=Fo?f, (x)
Equation 3.13
Coupled-mode model for these two sets of modes is derived where «a is the modal gain:
dA(z)
dz

d B(z)
dz

+ (a = j6)A(2) = jKapB(2)

+ (a —j6)B(2) = jKpaA(2)

Equation 3.14
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This equation reveals how amplitude of both forward and backward propagating waves is
slowly changing depending on the value of the other ray’s amplitude. This relation
between two contra-directional waves is depicted in Fig.3.4. Coupling coefficients in this
relation determine how strongly these backward and forward propagating rays are related
to each other. These coefficients depend on the physical situation under consideration. It
is also important to notice in Fig.3.4 that coupled-mode theory models the resonant
medium as if it were homogenous and scatters continuously along its length rather than

discretely at each abrupt junction of the gratings.
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Fig. 3.4. Amplitudes of forward and backward propagating waves in a Bragg grating structure.(Copyright
AIP 1971, reproduced with permission after reference [69])

Theories discussed above study the coupling of two modes and the special case of first
order Bragg gratings with two forward and backward plane waves. Streifer [71] on the
other hand, develops coupled-mode model to account for the effects of radiation loss and
other partial wave coupling. This problem is formulated in such a way that these
additional effects are included in the coupled-mode equations by the inclusion of three
constants, ¢;, {, and ¢, in addition to the usual coupling coefficients x,;. The modified

coupled wave equations are

d A(2)
dz

+ (—a —jé —j{)A2) = j(Kkap + $2)B(2)
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_dB(®)
o T (ma—j6—j3)B(2) = j(Kpa + 1)A(2)
Equation 3.15
Where
(1= z n((q(,))q
q=—00
q+0.—p
(2= z nt(zz.qu
q=—o0
q#0.—p
{3 = Z Tll(;p;); -q
q=—00
q#0.p
(4= nl(z(,);—q
q=—o
q#0.p
Equation 3.16
Where
1 = oo [ Ao was
2P

Equation 3.17
In Equation 3.17, P is the total power, A, (x) is the Fourier coefficient of the grating,
£o(x) is the transverse fundamental mode profile and es(i) (x) is the solution for the partial
waves where the one with i= 0 is generated by the wave in +z direction and i=p

corresponds to the wave generated by the wave in —z direction.

The theory discussed in this chapter for gratings in DFB lasers, can be applied to LC-
DFB lasers as well. In the next section we discuss how this coupled mode theory can be
exploited in analyzing and further, homogenization of LC-DFBs near resonant.

Homogenization that will be discussed in next section will reveal the need for complex
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calculations or time consuming simulations to find characteristics of a LC-DFB laser

including coupling coefficients, resonance frequency, etc.

3.5. Analyzing LC-DFB lasers

Earlier we discussed how resonance at Bragg gratings can be exploited to make DFB
lasers. Also we introduced coupled mode theory as a technique to analyze these
structures. The noticeable feature considered in this theory was pointed out to be that it
does not deal with reflection and diffraction at each abrupt junction but considers the

wave scattering continuously in the medium.

Also we introduced LC-DFB lasers as an enhancement on DFB lasers which offer easier
and cheaper fabrication process. However the more complex grating structure introduces
complexity in analyzing the device and finding the coupling coefficient and resonance
frequency. Here we introduce a homogenization approach where simply by knowing

basic physical characteristics of a LC-DFB laser we can find the relevant laser properties.

In the proposed approach the LC-DFB structure will be approximated to a stack of
dielectric layers. Having simplified the structure the transmission and scattering matrix of
the device will be defined. Coupled-mode theory will be applied to the new definitions of
the gratings and reflection and transmission coefficients will be derived from obtained
relations. Scanning these coefficients over ranges of wavelengths, the resonance
frequency and coupling coefficients will be determined. Following we will discuss each

step in depth.

3.5.1 Matrix definition of the structure
To simplify the structure as the first step to homogenization, we consider each single

period of gratings operating as the system in Fig.3.5:
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a, az

Fig. 3.5. Schematic of a 4-port system.

Here a; and a; are the right going and left going plane waves respectively and b; and b,
are their associated reflected waves. As discussed in chapter 2, Yeh and Yariv [40] have

offered a transmission matrix relating all the four ports of this system as below:
b2 _ a;
az] =T [bl]

Finding the T matrix of a single grating can lead to the definition of the whole device by

Equation 3.18

multiplication of T matrices of each scattering element:

T(n) = Tn T3T2T1
Equation 3.19
And in case they are identical as in LC-DFB lasers we have:

T() =T"
Equation 3.20
On the other hand, lowery [67] has offered another approach to the system above

consisting of a single period of grating, defining a scattering matrix. A scattering matrix
for the system in the Fig.3.5 is defined as below:

bl =sla

Having S matrix of one period of a certain structure, the definition of the whole system

Equation 3.21

consisting of n periods can be found by an S matrix calculated using Redheffer star
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product to multiply S matrices of each section. This product is defined as in Equation

3.22 assuming matrix C to be the Redheffer star product of matrix A and B:

_ _[a11 + a, (I — b11a22)_1b11a21 a (I — b11a22)_1b12
C = A®B— -1 -1
b1 (I — azzbi1) " az, byy + by (I — azzby1) ™ az2by;
Equation 3.22

The T matrix is a complete description of a linear scattering system equivalent to the S
matrix and vice versa. The elements of the T (S) matrix may therefore be found
from the S (T) matrix. Relations below show how these two matrices can be derived

from each other for any system:

Zi] T [Zi] _ [512 — 532512 S11 52251_21] [Zi]’

—S15'S11 S1z
b1] _g [a1] _ [ ~tys b ty ] [al]
b, az t11 — tiatzatyy  tiptyr 112

Equation 3.23
Hence having a definition for transmission matrix of a system, we can derive the
associate scattering matrix using relations above. The transmission matrix for a single
period consisting of two layers with different refractive indices is derived by Yeh and
yariv [40] to be:

[cosChaay) + i3 Gt 420 sinGkyd)] exp( kady) i3 (1 ) sinlkydy) exp(i kzdy)
=
—i % (™' =) sin(k,d,) exp(—i k,dy) [cos(kldl) - i%(}(‘l +x sin(kldl)] exp(—ik,d;)
Equation 3.24
Where

1 TE

= ﬁ = {n?
A=, 0 1712 ™

ni

Equation 3.25
Assuming waves propagating in direction z, k,and k, are the wave numbers in layers

with refractive index of n, and n, respectively so:
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2mn,
k. =
1 AO !
27'[7’12
k, =
2 Ao

Equation 3.26

n
n—l TE

_ 2

X_ nz
— TM

ny

Equation 3.27
From description above, it is clear that by knowing the basic physical parameters of a
single grating including refractive index and thickness of each layer the T matrix can be

derived leading to describing the whole device.

Before applying relations derived above to the case of LC-DFB lasers and find the T
matriX, it must be considered that in such devices the gratings are incorporated to the
ridge waveguide. Although DFB lasers are designed using multilayer stack of dielectrics
under the layer where ridge waveguide is embedded, in LC-DFB structures the width of
ridge waveguide is modulated to periodically change the effective index realized by the
fundamental mode. Hence to apply the matrix definitions discussed above to this kind of
structures, first the fundamental mode effective index in ridge waveguide with different

widths must be found.

Here by taking a Quantum Dot (QD) LC-DFB as an example, we find the effective index
of narrow and wide ridge using different numerical methods using simulation tools. The
values derived will be compared and then applied to define descriptive matrices. The QD

LC-DFB laser taken as an example here has a structure summarized in table 3.1.
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Table 3.1. Structural details of the studied QD LC-DFB laser

Band gap

Layer . L Thickness | Doping level Layer specific

No Material Composition Wa\(/ﬁlr;a]?gth (nm) (cm’) comments
10 Gag471Ng53A8 1660 100 Zn:1.50E+19 p-contact
9 InP 919 1000 Zn:1.00E+18 Ridge

Gag 651N 735AS0.61P0.425 1300 10 Zn:5.00E+17 Etch stop
7 InP 919 150 Zn:5.00E+17 SCH upper cladding
6 Gay 1731N0.827AS0.41P0.622 1150 100

: ; undoped Quantum dot active

5 Third Party Recipe 1500 70 region
3 Gay 2051N0.795AS0.48P0 553 1200 80
2 InP 919 200 Si:5.00E+17 SCH lower cladding
1 InP 919 400 Si:1.00E+18 Buffer
0 InP - - - Substrate

In order to be able to simulate the structure composed of materials above, the refractive

index of each layer must be determined. This structure is composed of GalnAsP layers

each having different As fractions and hence different bandgap wavelengths. There are

numerous methods to obtain refractive index of such materials knowing the As fraction

or bandgap wavelength. Table below gives a summary, comparing results from different
numerical methods proposed by Adachi [72], Broberg [73] and Webar [74]. Also

FimmWave simulation tool can be used to find the refractive indices. In this software this

value can be obtained from bandgap wavelength and also from the As fraction. Results

derived from both methods are compared with other results in table 3.2.
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Table 3.2. Comparison of the calculated refractive index of InGaAsP using different methods

EFITOIEL As fraction Adachi Broberg Webar Fimmwgve F(gm‘jl\gl]i\;/)e
wavelength (nm) (As fraction) wavelength)
1050 0.25 3.2604 3.2543 | 3.2637 | 3.2628414 3.2622422

1100 0.33 3.2907 3.2829 | 3.2910 | 3.2900443 3.290292

1150 0.41 3.3220 3.3121 | 3.3190 | 3.3180205 3.317433
1200 0.48 3.3504 3.3382 3.3444 | 3.3433685 3.3439661

1300 0.61 3.4077 3.3877 3.3951 | 3.3938199 3.3966243

1500 0.85 3.5951 3.4887 3.5292 | 3.5250235 3.5256889

1550 0.9 3.6278 3.5333 | 3.6331 | 3.6044203 3.6338947

As it is clear in table 3.2 although all results are in a good agreement, last three methods
including FIMMWAVE techniques and Webar offer the closest and hence more accurate
results. We use the refractive index calculated by FIMMWAVE from bandgap
wavelength henceforth.

Having comprehensive epitaxial details of the structure we are able to find the effective
index of the fundamental mode in narrow and wide ridge. Two different numerical
methods is used here and compared; FDM using FimmWave and FEM by Comsol

Multiphysics.

Fig.3.6 indicates the simulated results of the cross section of the QD LC-DFB in wide
ridge and narrow ridge in Comsol. The fundamental mode at each width and their
associated refractive index is derived. It is important to notice that in this structure the
modes are sitting high enough so they can realize the modulation in the gratings and
hence a good lasing performance. Based on this result the refractive index at narrow ridge

is equal to n;=3.207146 and for wide ridge we have n,= 3.216815.
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Fig. 3.6. Mode profiles at the narrow (left) and wide (right) ridge of the QD LC-DFB laser structure under
study, simulated by FEM.

Same procedure has been performed to find effective refractive index realized by the

fundamental mode by FDM method from FimmWave. Fig.3.7 and Fig.3.8 show the

results obtained from this experiment. As can be seen here the refractive index of narrow

ridge is calculated to be n;=3.207482 and for the wide ridge we have n,= 3.21699.

Comparing these values to the results from FEM simulations of Comsol, we see that there

is a good agreement for these two different methods.
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Fig. 3.7. Mode profile at the narrow ridge of the QD LC-DFB laser structure under study, simulated by FDM.
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Fig. 3.8. Mode profile at the wide ridge of the QD LC-DFB laser structure under study, simulated by FDM.

Having calculated the effective refractive indices in narrow and wide ridge now we are
able to simplify the LC-DFB structure analytically. In this regard we will replace the
ridge waveguide with modulated width, with multilayer stack of dielectrics with
alternating refractive indices of calculated n; and n,. Fig.3.9 shows this simplification.
Therefore the matrix definition discussed earlier can be applied to the simplified structure
and T and S matrices can be described. It must be noted that although the effective
indices calculated will be different in different wavelengths but considering the T matrix
definition, we will see that it only depends on the ratio of narrow and wide ridge effective
index and variation in their absolute value will not cause a noticeable change to the

overall matrix.

<< i

Fig. 3.9. Simplification of a LC-DFB laser to a Bragg gratings.
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3.5.2. Coupled-Mode model of descriptive matrices
So far we have proposed a simplified structure for LC-DFB laser, so we can describe the
device by its associate T and S matrix. In order to analyze the Bragg resonance in the
structure and find out how the energy is exchanged between forward and backward
propagating wave, we have to apply the coupled-mode theory to the matrix description of

the device.
Equation 3.11 describing the Coupled-mode model of the modes in a medium can be
rewritten as below for a single gating system of Fig. 3.5:

dA—'flCA
]dz_l

Equation 3.28
Where A is the matrix consisting of forward and backward propagating waves, K is the

coupling coefficient matrix and J is a matrix defined as below:

a=[g]
]:[(1) —01]'
x=[ o

Equation 3.29
Substituting these definitions, the differential equation 3.28 has a solution of:

V(z) = exp(iz]K)

Equation 3.30
From equation above it can be deducted that:
V(z+A) =exp(i(z+ ANJK) = exp(iAJK)V(2)
Equation 3.31
And more generally:
V(z +nA) = exp(inAJK)V(z) = [exp(iAJF)]" V(2)
Equation 3.32
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Hence considering the definition of T matrix in equation 3.18, the term exp(izJX) is

equal to transmission matrix for a single grating:

T = exp(iAJXK)
Equation 3.33
Where J¥ can be calculated to be :

10 k¥
],‘]C - [—K' 0 ]
Equation 3.34
Since the eigen values of JX are +|x|, substituting the coupling coefficient matrix into

Equation 3.34, we obtain:

iJx
exp(iAJXK) = cosh(|k|z) I + sinh(|k|z) |]T|
Equation 3.35
And therefore:
K"
| cosh(|k|A) ﬁsinh(lxlA)]I
T = exp(iAJK) = K
[— msinh(IKIA) cosh(|k|A)
Equation 3.36

Also using the relations in Equation 3.23, the scattering matrix can also be defined in

terms of coupling coefficient as:

" tanh(lxl2)
—1Tan K|Z
[IKI

1
cosh(|k|z) ]

l 1 ik* b J
cosh(|k|z) mtan (lrelz)

—t3 ta tay
S(z) = -1 -1| =
b1 — tialyz ta1 tialy;

Equation 3.37
Accordingly the relation between coupled mode theory and matrix definition is described.

Next we will use these derived S and T matrices to find lasing characteristics of the

structure, including coupling coefficient and resonance frequencies.
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3.5.3. Deriving Coupling Coefficient and Resonance Frequency
Earlier we summarized the complex structure of LC-DFB into a simple multilayer stack
of dielectrics with alternating refractive indices. Also the associated S and T matrix of the
simplified structure was defined. For homogenization, we have to be able to find the
properties of the laser including resonant frequency and coupling coefficient near Bragg

resonant.

To find the lasing characteristics of the device, matrix description of the whole structure
is required. As mentioned before multiplying the T matrix by n times will provide the
description of a system consisting of n periods of Bragg gratings. However according to
the report by Cao [75], it has been experimentally proved that although calculating the T-
matrix of a cascaded system is simple but it is prone to numerical instability. Whereas the
S matrix description is more involved but more numerically stable. Hence the approach
taken here is first to derive the transmission matrix of the grating from equation 3.24, and
then use the relations derived in 3.23 to build the associate scattering matrix. The
scattering matrix calculated for each grating can be multiplied n times by Redheffer star
product to find the S matrix of the cascaded gratings. According to the definition of
scattering matrix the s;, will represent the reflection coefficient and s;; will indicate the

transmission coefficient.

This procedure is performed for the described QD LC-DFB with a pitch of A=0.723 um
and 1024 gratings with Matlab coding. Since the order of gratings is defined by the
relations between the propagating light wavelength and the period of gratings (equation
43.7), here by having a constant pitch the wavelength will be scanned near first and third
Brillouin zone bandgaps to evaluate the structure as if it was first order or third order

Bragg gratings respectively.

Fig.3.10 and Fig.3.11 below are the wavelength scanning of the transmission and
reflection coefficients of the structure near first and third order Bragg resonance of the
grating. As can be seen near resonance the transmission coefficients reduce to near zero
and reflection coefficients max up. The points where these coefficient peak up are
considered to be the resonance wavelengths of the structure. From Fig.3.10 and Fig.3.11

we can conclude that the first order resonance happens for wavelength of ; = 1.446 um
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and the third order resonance occurs at A; = 0.482 um. It is noticeable that 1; = 315

which is consistent to the Equation 3.7 defining orders of gratings.
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Fig. 3.10. Wavelength scanning of reflection and transmission coefficients of the structure in the first
Brillouin zone, using the homogenization method.
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Fig. 3.11. Wavelength scanning of reflection and transmission coefficients of the structure in the third
Brillouin zone, using the homogenization method.
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It must be considered that the wavelengths found in this experiment are the wavelengths

at the medium and equal to A = Ay/n.sf Where n. is the effective index of the medium

and A4, is the vacuum wavelength.

The matrix definition of the gratings can also be used to estimate the coupling
coefficients. For a single period it is expected that |x|A <« 1 due to the small propagating
length. Hence considering the definition of transmission matrix in terms of coupling
coefficient, Equation 3.36, we have following matrix indices near resonance:
[1 |K|A]
R

Equation 3.38
and based on 3.37 also we have:
151~ [|K1|A |K1|A]
Equation 3.39
Considering the T matrix defined in Equation 3.24 and approximations derived above we
can simply find the coupling coefficients for any kind of structure. It must be noted that
this estimate takes account of the change in wave-vector across each interface but ignores
the change in transverse profile and hence the coupling to and from higher order modes.
The T matrix of Equation 3.24 is brought here for further considerations.

1 1
[cos(kldl) + iE T+ sin(kldl)] exp(i kpdy) ii (¢~ =) sin(k,dy) exp(i k,dy)
=
1 1
—i 3 (™t = x) sin(k,dy) exp(—i kady) [COS(k1d1) - iz (™t + X sin(k,dy) | exp(—i kady)
Equation 3.40

Assuming ni~ n, in LC-DFB lasers, %()(‘1 + x) will be close to 1 and hence the diagonal

elements will have a modulus close to unity as expected in equations 3.38. In the off

diagonal elements, sin(k,d,) is also close to unity near Bragg resonance. Knowing that,
the relation between %()(‘1 —x) term and coupling coefficient is derived from below

where in case of TE we have y = n;/n,:
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nf—ni (n; —ny)(n, +ny)
2nqn, 2nqyn,

1
tip =11 = E()(_l -X) =
Equation 3.41
Considering that n,=(n, + n,)/2 Where n,is defined as the average of refractive indices, it
can be estimated that:

nin, =ng
Equation 3.42

Hence:

(ny —ny)  2(np —ny)
Ng - (nz +1ny)

b1z =11 =
Equation 3.43

Therefor comparing to relations in Equation 3.38 we have an equation estimating the
coupling coefficients near resonance:

x|

_2(np —ny)

~ Ay + 1)
Equation 3.44

3.6. Verification

In the last section we used Matlab coding to find resonance frequency of the example QD
LC-DFB laser in first and third Brillouin zone bandgaps after simplifying the structure
and building its associate matrix definitions. To verify the analytical approach and the
results derived by the proposed homogenization technique, the device was simulated by
FimmWave and EME numerical method was used to find first and third order resonance

at the structure defined earlier.

Fig.3.12 and fig.3.13 depict the results from scanning transmission and reflection of the
device near first and third Brillouin zone bandgaps finding first and third order resonance
wavelengths respectively. It must be noted that in this simulation tool the horizontal axes
scans over vacuum wavelength. From diagrams in Fig.3.12 and Fig.3.13 it is deducted
that first order resonance wavelength is equal to A,_; = 4.555 um and the third order

resonance wavelength is 1,_; = 1.547 um.
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Fig. 3.12.Wavelength scanning of reflection and transmission coefficients of the structure in the first
Brillouin zone, calculated by EME.
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Fig. 3.13. Wavelength scanning of reflection and transmission coefficients of the structure in the third
Brillouin zone, calculated by EME.

To be able to compare simulation results with the results from analytical approach we
have to find the wavelength in the medium at vacuum wavelengths 1,_; and A,_,. To do
that n.rr at those specific wavelengths is required. The n,fr required must be an
average of the narrow and wide ridge. Considering the cross sectional structure in
Fig.3.14 designed in Comsol for a LC-DFB, the red highlighted rectangles will have
refractive index of 3.18 (similar to that of the central rectangle) to define a wide ridge.
While for the case of a narrow ridge, this refractive index will be set to 1.45 equal to the

cladding refractive index (Silica).
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Fig. 3.14. The cross sectional structure; The red highlighted rectangles will have refractive index of (a)
3.18 to define a wide ridge, (b) 1.45 to define a narrow ridge and 1(c) 2.47 to define an average ridge.

To define an average cross section, the refractive index of highlighted areas can be set to

the average of relative permittivities, derived from:

aw = e + (1 = N
Equation 3.45
Where f is the fill factor of the wide ridge which is assumed to be f=0.5 here. Hence
ngy Can be calculated to be 2.47. Using this refractive index to find n..f, an effective
index of 3.1312 and 3.2093 will be found at A,_; and A,_5 respectively. Using these
values in equation A = Ay/n , the wavelength in the medium will be derived to be 1.454

um and 0.481 um for the first order and third order resonance respectively.

As it is clear, the resonance wavelengths obtained from simulation tools is very close to
the ones derived from the analytical approach (0.5% > error), which verifies accuracy and

validity of the proposed approach.

3.7. Summary

In this chapter we introduced DFB lasers and more specifically LC-DFB lasers as an
application of 1D photonic crystals in resonant region, called Bragg gratings. Details of
resonance at this kind of gratings and their different operational modes called grating
orders where introduced, where third order gratings where suggested for application in
devices since they offer large enough grating periods that can be defined by optical
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lithography used in CMOS technology, offering cheaper and more compatible fabrication

process.

Then coupled-mode theory was discussed as a method to analyze the energy exchange
between different modes in a medium. This theory’s extension to the case of modes in
DFB based lasers was introduced including devices using first order Bragg gratings with
only two sets of modes and higher order Bragg gratings which also have modes coupled

to higher order diffractions.

Considering the complex structure of LC-DFBs, a homogenization method was proposed
for easier and less time consuming analysis of the structure. In this method the structure
is first simplified to a stratified medium and the transmission matrix and scattering matrix
are used to describe its properties. Using coupled-mode model, reflection and
transmission coefficients are derived from the matrix definition of the system and an
estimation of coupling coefficients is obtained. Scanning the reflection and transmission

coefficients over wavelength the resonance frequency can be provided.

To verify the method EME simulation using FIMMWAVE was performed for the
structure and resonance frequencies were calculated. Experimental results show a good

agreement to the analytical results. (0.5% > error)
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4.1. Introduction

The polarization of the light in traditional long distance fiber-optic signal transmission is
not used and need not to be considered. In this case the polarization varies from input to
output and consequently the output light is randomly polarized which does not harm the
quality of the signal in this technology®. On the other hand, in the case of on-chip silicon
photonics, polarization management is an important issue to deal with. Different
polarization states possess different properties and there are integrated photonic devices
that only support one kind of polarization mode. In the following chapter, firstly
polarization states in planar waveguides will be introduced and the demand for
polarization management for light-on- chip will be discussed thoroughly. Different
approaches regarding polarization conversion will be introduced and recent

advancements in this area will be critically analyzed.

4.2. Polarization States in Planar Waveguides

Maxwell’s equations govern light propagation in planar waveguides. Eigen-solutions of
Maxwell’s equations under appropriate boundary conditions imposed by waveguide
geometry, provide optical modes of the waveguide. Fig. 4.1 illustrates a three layer
asymmetric dielectric slab waveguide consisting of a core layer, lower cladding and
upper cladding which provide the boundary conditions for the solution of the wave

equation.

! Installed optical fibers are nominally circularly symmetric in structure and isotropic. Environmental perturbations
break these symmetries causing the polarization to evolve and hence the output state of polarization (SOP) of a long
length of fiber can be anywhere on the Poincare sphere; Since the environmental perturbations are time-varying so the
output SOP will move around on the Poincare sphere i.e. at any instant for a coherent source, the SOP at the output is
definite but it can be anywhere on the Poincare sphere and follows a random path in time. This is different than de-
polarized light which corresponds to an incoherent source.
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Fig. 4.1. A three layer asymmetric dielectric waveguide consisting of a core layer, lower cladding and
upper cladding.

In this simple slab waveguide with just one dimensional confinement (in y direction), two
orthogonally polarized modes can be supported: the Transverse Electric (TE) and the
Transverse Magnetic mode (TM). In the TE mode the electric field is perpendicular to the
propagation direction and lies in the plane of the core layer, E, = E, =H,= 0.While in case
of the TM mode the field distribution is such that the magnetic field is perpendicular to

the propagation direction and lies in the plane of the core layer, H,= Hy = Ex=0.

Application of slab waveguides in integrated photonics is rare and two dimensional
confined waveguides such as strip or ridge waveguides are commonly used. In such
waveguides, depicted in Fig. 4.2, light is confined in both the x- and y-direction and is
guided along the z direction. In this case since the propagating light must satisfy the
boundary conditions imposed by the waveguide in both the x- and y-direction the
requirement for the field components defined for the slab waveguides, either Ey = E,
=H,= 0 for TE or H,= Hy = Ex= 0 for TM, is no longer valid. In these waveguides
although pure TE and TM modes cannot be defined, the term “TE-like mode” is used for
hybrid modes in which Ex and Hy components dominate, and “TM like mode” is used for

the mode in which E, and Hy have the most power.
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Fig. 4.2. A ridge waveguide in which light is confined in both the x and y direction and is guided along z
direction.

A ridge waveguide typically is in a rectangular shape. For a perfectly symmetric
waveguide, the propagation constants of the two orthogonal fundamental modes (TE and
TM) are identical due to the identical boundary conditions imposed by the geometry.
However, waveguides are rarely perfectly symmetric, and even in the case where the
geometry is designed to be symmetric, external factors such as fabrication inaccuracies,
temperature fluctuations, or stress cause the characteristics of the two modes to be
generally different. In this case, TE and TM will realize quite different effective
refractive indices, neg, Which results in waveguide birefringence. For example, the index
difference is nearly 0.7 for a silicon waveguide with a dimension of 450 nm and 220 nm
(typical dimensions of a waveguide in SOI). Based on equation below for propagation
constant where A is the light wavelength,
_ 21
B =merr—
Equation 4.1
The propagation constants of these two modes will be different and will travel along the
waveguide with different speeds. Due to these different propagation properties, these two
polarization modes will not be able to couple to each and develop a phase difference as

they propagate, which alters the total polarization of the wave.

Consequently in an integrated photonic circuit, light at the input port of a photonic
device, will not have a fixed polarization. Similarly in the case of light in an optical fiber,
the polarization of light varies from input through output. Therefore the light coupled
from a fiber to a PIC is randomly polarized. That is while most of the structures in silicon

photonics, for example, on-chip lasers [76], modulators [77], filters [78] require a certain
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polarization and polarization-dependent dispersion and polarization-dependent loss are

important issues in photonic integrated circuits.

Geometrical anisotropy and fabrication inaccuracies, and also compatibility of
polarization dependent PICs with traditional fiber optic systems, indicate the need for
further polarization management on chip, such as rotating, splitting and combining
different polarizations. Also recently, polarization division multiplexing (PDM) with
coherent detection using silicon photonics has also attracted much attention. This trend
further highlights the importance of polarization management in PICs to make full use of
the transmission channel and obtain long-haul and high-speed optical communication.
[79]

Following different approaches to polarization management, and efficient structures for

polarization reported in literature will be introduced and reviewed.

4.3. Polarization Management

Earlier we discussed concerns on different polarizations existing in PICs and polarization
dependent loss and dispersion in photonic devices. A general solution to overcome the
polarization sensitivity of PIC is devices based on polarization-diversity technology
[80,81]. In this technology the input light is separated by a polarization splitter and two
polarized beams are obtained (i.e. TE and TM). Using a polarization rotator, one of them
(e.g. TM) is converted into the orthogonal one (TE). Then the two beams with identical
polarization enter two similar PICs separately and two identical outputs are expected. A
second polarization rotator is used to convert one of the outputs to the other polarization
state. Finally, two orthogonal beams are obtained and combined with a polarization beam

combiner. This mechanism is illustrated in Fig. 4.3.
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Fig. 4.3. A schematic of a polarization diversity system.(Copyright Nature Photonics, reproduce with
permission after reference [82])

In polarization management systems, polarization rotators are the most important
elements. As will be discussed more thoroughly in following section, polarization
rotation is based on tilting the optical axis of the waveguide by introducing some kind of
asymmetry and anisotropy. This tilt in optical axes will eventually cause a coupling

between polarization states and changes the total polarization of the propagating light.

Polarization Rotators, PR?, are categorized into active and passive devices. In active PRs,
material anisotropy is introduced to induce coupling between different polarization
modes. This is achieved by either electro-optic [83, 84] or photoelastic [85, 86] effects.
On the other hand, passive PRs rely on asymmetric geometry. These components employ
junctions, tapers, bends, steps or other discontinuities and asymmetries to eventuate
power exchange between polarization states in the resulted hybrid mode [87]. Passive
polarization rotators offer easier fabrication process compared with active ones and

consequently have attracted more attention and are more commonly used.

Passive polarization rotation is either based on mode-coupling or mode-evolution. Mode-
evolution devices use amorphous silicon or silicon nitride over layers to break the
waveguide vertical symmetry [88-91]. In these devices the principal axis of the structure
rotates together with the polarization state of the fundamental mode along the transition.

These devices have widely attracted attention due to them allowing relaxed fabrication

2 These devices basically perform a unitary transformation on Jonas space which contains rotations and much more.
Although it can be considered to be a form of rotation on a complex 2D vector space as it preserves the inner product of
any pair of vectors. A unitary transformation is equivalent to a rotation of the Stokes around Poincare sphere. Hence
one can legitimately use the term “polarization rotator” in this context.
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because of their robust fabrication tolerance and broad operation wavelength range.
However, PRs based on mode-evolution are generally very long to be able to

adiabatically couple modes and also require a rather complex fabrication.

Another category of PRs are mode-coupling structures. These devices are also fabricated
such that they have tilted optical axes. Unlike mode evolution PRs, rotation between two
polarization modes in this kind of PRs will happen after a significant length along the
waveguide, which is determined by different parameters of waveguide geometry and light
propagating through it. This will be discussed more thoroughly in following section.
Therefore mode-coupling based structures are inherently wavelength dependent, and
precisely tuned coupling and phase-matching are strongly sensitive to fabrication
variations. The fact that makes these structures popular is that they are smaller compared
to other types and are easier to fabricate. Here we concentrate on this kind of polarization
rotators.

Different designs have been proposed to realize mode-coupling polarization rotation by
introducing anisotropy in the waveguide geometry. Shani [92] was the first to report
experimental demonstration of a PR using periodic asymmetric-loaded rib waveguides.
Although at the time he could not give a rigorous explanation on why polarization rotates
through the structure. Later on Haung and Mao[93] used coupled mode theory based on
scalar modes to theoretically analyze the structure. They claimed the asymmetric loading
of the waveguide in the design proposed, perturbs the axes of the primary waveguide. By
alternating the loaded layer periodically in longitudinal direction, polarization rotation
will be accumulated coherently until full conversion is achieved. Similarly cascaded bent
sections [94,95] and periodic tilted waveguide sections [96] have been used for
polarization rotation. However, due to the scattering and mode-mismatching at the
junctions between sections the excess loss in these structures is large. Also, devices

reported are too long and the design and fabrication are quite complex.

Recently, great efforts have been made to realize a simple polarization rotator with a
single straight section [97-104]. In [97], a compact GaAs-AlGaAs polarization rotator is
proposed using the reactive ion-etch lag effect. Angled InP-InGaAsin waveguides also

where used to design a polarization rotator (50 um) with a low insertion loss (1 dB) [98].
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In 2003 Chan and et al [102] introduced polarization rotation using SOI ridge waveguides
with slanted sidewalls and several devices based on this structure were proposed
[103,104]. However, they are as long as several hundred micrometers and the fabrication
of such slanted side walls is obviously difficult [104].

The main property of single-section PRs is that in these structures, the asymmetric
waveguide is optimized to have an optical axes tilted exactly 45°. Following we will
discuss how this axis rotation yield to 90° rotation of polarization for TE-TM conversion

in only one section.

4.4. Polarization Conversion

As discussed earlier TE and TM polarizations have different properties and several
photonic systems are implemented to only operate in one polarization state. Therefor
efficient TE-TM conversion is an essential requirement of PICs. Here we discuss the

theory behind this conversion in single section mode- coupling based PRs.

Here a waveguide is assumed which has a geometrical anisotropy as it is in every passive
polarization transformer structure. Different polarization states of the light travelling in
such waveguide will realize different effective index as a result of propagating in a
birefringent medium and hence will acquire different speeds. As a result of this
difference, phases related to two orthogonal modes will evolve differently along the
waveguide. Assuming the polarization of each wave to be along one of the principle
directions of the medium, their polarization will not change during propagation. The
difference in phase delay of the modes will be proportional to the propagation length, L,
and to the difference propagation constants AP [105]

Ag = ABL

Equation 4.2
From this, it is anticipated that the phase relation between waves is restored after integer

multiples of L, the so-called polarization beat length:

2T
Ly =————

(Bo — B1)

Equation 4.3
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Where S, and B; are the propagation constants of two modes. When the phase delay

becomes +180, the propagating distance is called the half-beat length, L,, which is:

L T
L,=2=

2 (Bo—H0)

Equation 4.4
As illustrated in Fig. 4.4, a linearly-polarized light can be decomposed into two
components along the fast & slow birefringence axes in the transverse plane. After the
distance of a half-beat length, one component is out of phase by +180 degrees compared
to the other. Therefore, if a linearly-polarized light is launched into a longitudinally-
invariant birefringent waveguide with an angle ¢ to one optical axis, after propagating a
half-beat length, the output polarization makes an angle of —¢ with respect to the same

axis,

1 After propagating L

Fig. 4.4. Polarization conversion in a longitudinally- invariant birefringent waveguide after a half- beat
length.

This property is used to convert two orthogonal modes into each other (e.g. TE and TM).
In a structure with asymmetric cross section, the two lowest-order eigen-modes are
hybridized and their electric and magnetic fields are tilted from the vertical axis due to
the new boundary conditions in solving Maxwell’s equations. For sake of simplicity we
can also assume that the electric field of the TE and TM modes are still aligned in the x
and y direction respectively but the optical axis has been rotated. In this case, with a
proper optimization of the waveguide parameters and choosing the geometry and
refractive index of the asymmetric waveguide, the optical axis can be tilted by £45°.

Let us consider a light wave whose polarization is directed along the x-axis, i.e., TE
mode, launched into the asymmetric waveguide section which is optimized to have an

optical axis rotated 45° with respect to the x- and y- axis ( x’ and y’). Therefore the TE
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mode will have an angle of ¢ = 45° with respect to the optical axes. In this case, two
eigen-modes are excited, and are propagated with different propagation constants,
B1 and P2. After a propagation of a half beat-length, L, = m/(B1-B2), polarization
will be rotated and the new angle will be equal to ¢ = —45° . Hence a total rotation of
90° is achieved, and thus the light polarization of output is along y- axis, i.e. TM mode.

Fig. 4.5 illustrates this mechanism.

Fig. 4.5. TE to TM mode conversion in a longitudinally- invariant birefringent waveguide after a half- beat
length.

In polarization rotation mechanisms, polarization conversion efficiency (PCE) is a crucial
performance parameter which evaluates the efficiency of this phenomenon. For the TM

to TE conversion, the polarization conversion efficiency can be defined as

e

PCE = ————

PR+ PR
Equation 4.5

The extinction ratio also is expressed as:
op— PCE
~ 1-PCE

Equation 4.6

Where P2itand P2¥t are the power of the output TM mode and the output TE,

respectively, given a TM input.

So far we have discussed different approaches to polarization rotation in integrated
photonic systems and introduced single section passive structures as the most promising

design. Also the basics of polarization rotation in such structures were reviewed in depth.
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Following the recent advancements in single section polarization transformers will be

discussed which promise easy fabrication and high conversion efficiency.

45. Discussion

There has been much research around single section polarization rotators, but, as
introduced earlier in this chapter, most of these reported polarization rotators use I1-V
semiconductors with thick substrates. As a result, the waveguide is single mode only over
a small region of waveguide parameters and the radiation loss into the substrate is
considerable resulting in significant coupling loss to singlemode fibers. In addition, in
I11-V technologies, because the waveguides lack very strong optical confinement, strong
bending losses are expected which limits the minimum size of devices achievable and

therefore restricts the component density in integrated platforms.

Silicon-on-Insulator (SOI) passive polarization rotators have been developed as an
enhancement of this kind of devices. In this technology, a much stronger index contrast is
used which leads to a decrease in the optical losses. Also, compared to I1I-V designs,
SOI based polarization rotators provide less wavelength sensitivity as well as enhanced
fabrication error tolerance [106]. Furthermore, they can be integrated with electronic
components to enable large-scale, low-cost and high-density optoelectronic integrated

circuits.

In 2008, Wang [107] proposed an ultra-small polarization rotator in order to achieve even
higher integration density. This device is based on Si nanowires with an asymmetrical
cross section with a cut corner which can be considered as a first order approximation of
slanted walls already used in PRs. This design includes input and output sections based
on a standard square SOI nanowire. In this design a vertical sidewall is used to make the
asymmetry needed which can be fabricated by using simple dry etching process. Here the
asymmetrical structure fully hybridizes the two lowest order modes, resulting in the high
power conversion efficiency. Due to the specific asymmetry of the Si nanowire and
strong confinement provided, the difference between propagation constant of these two
modes is very large, which according to the equation for half-beat length, greatly reduce

the conversion length.
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2T
Ly =————

(Bo — B1)

Equation 4.7
Fig. 4.6 below shows the schematic of the reported polarization rotator including the
standard rectangular Si nanowire as the input and output sections and the cross section of
the nanowire, a corner of which is etched to provide the asymmetry for the purpose of

polarization rotation.

Output Waveguide

Polarization Rotator

Input Waveguide

(@) (b)

Fig. 4.6. (a) Schematic of the reported polarization rotator. (b) Cross section of the polarization rotator
section. (Copyright Optical Society of America 2008, reproduced with permission after reference [107])

Here we consider the case of the polarization conversion from TE to TM polarization.
The PCE indicating the percentage of power transferred to the orthogonally polarized
mode from the polarized input field can be expressed as follows for this asymmetric
design [108]:
PCE = sin?(28)sin? (n_L)
2L,

Equation 4.8
Where 6 is the angle of optical axis rotation, L, is the half-beat length and L is the actual
length of the polarization rotation section. In a single-section rotator, the optical axis
rotation angle must be equal to 8 =45° in order to achieve a 100% polarization rotation
after a length of L=L,,. Therefore the analysis of the optical axis and its rotation is very
important for realizing a perfect polarization rotation. Several methods have been
conducted to define the optical axes rotation angle, 6 [109-111]. Here we use the

following definition [109]
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[l nCx,y). HE(x, y)dxdy

tan(@) =R =

Equation 4.9
Where R is the polarization rotation parameter, Hy(X,y) and Hy(x,y) are the transverse and

horizontal components of an eigenmode respectively and n(x,y) is the refractive index
distribution. Defining R; and R, as the rotation parameters for the two lowest order
modes which are orthogonal it is easy to obtain,

1
0 = tan™'(R,) = tan™?! (—)
R,

Equation 4.10
By a careful choice of the waveguide parameters including the etching width W, and

etching height He, we can achieve R=1. Also appropriate refractive index of cladding
must be chosen to achieve a larger difference (8, — ;) to have shorter conversion
length. Here SiO2 cladding (n3 =1.46) is used. Wang et al, have found the optimal etch
parameters of We=240 nm and He=240 nm to have full conversion over a half-beat
length of only 7.2 um. Our FDM calculations and retrieving the mode profile of the cross

section verifies this claim.
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Fig. 4.7. Modes at the polarization conversion section in the Silicon nanowire, calculated by FDM

In the mode list provided by FimmWave for the asymmetric cross section, Fig. 4.7, one
sees the properties of the first 10 modes calculated related to this design respectively
from lowest order modes to the highest. Here the 0-100 numbers assigned to each mode
provides a measure of their state of polarization, 0 being fully TM and 100 being full TE
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polarized. Also values in parentheses represent the effective refractive index associate to
the mode. As it can be seen, two fundamental modes calculated for the asymmetric
section here have a polarization value of 50, showing a perfect hybridization of TE and
TM mode for the geometrical parameters mentioned earlier.

The scattering matrix calculated for this design, allowing just two fundamental modes at
the input, one TE and one TM, is:

TEqn] _ 0003808281 0.69847 ]X[TEout
TMp| 1 0.6983959  0.003986688]1 = [TM,y,:

Which corresponds to a high PCE of 99.45 % for TE to TM conversion and 99.43% for
TM to TE conversion.

However, the structure with parameters mentioned does not provide an acceptable
fabrication tolerance due to the high index contrast of the cladding, SiO5, and silicon. So
another optimal design using SiN as the top cladding having larger refractive index,
n3=2.36 is proposed. Here, We=170 and He=280 nm is chosen not only to be the
optimum etching profile to have an exact 45° rotation on optical axes but also to have a
highest fabrication tolerance in such structures. Our mode calculation for this design, Fig
4.8, shows a perfect hybridization as well with fully hybridized fundamental modes.
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Fig. 4.8. Modes at the polarization conversion section in SiN nanowire, calculated by FDM.

The scattering matrix in this case is shown below which suggests a PCE of 99.98% for
TE to TM conversion over a half-beat length of L,=22.1um.
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TEin] _ 00001570853 0.8810423] [TEout
TMyp] 1 0.8809698 0.0000216261 ~ | TMyye

Also 3D FTD is used to better show this conversion along the length of the device, Fig
4.9. At the input x-polarized beam is launched, TE, and y- polarized beam, TM, is

produced over the length of the device.
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Fig. 4.9. E, and E, in the polarization conversion section. (Copyright Optical Society of America 2008,
reproduced with permission after reference [107])

This successful and promising design for polarization rotator has attracted considerable
attention. Alonso[112] in 2012 proposed a polarization rotator based on this stepped
waveguide concept compatible with InP technology. The design proposed by Wang could
not be directly applied to this technology due to high insertion loss produced by butt
coupling between interconnection waveguides and the rotator section in InP substrates
which is a result of the lower index contrast of this technology and its larger dimensions.
Alonso proposed to implement an adiabatically transition between different sections
using tapers to reduce insertion loss considerably. The complete device is shown in Fig.

4. 10, including the cross section views of all the waveguide.
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Fig. 4.10. Schematic of the InP based single section stepped waveguide, including cross section views of
all the waveguide sections. (Copyright Optical Society of America 2012, reproduced with permission after
reference [112])
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The added tapers are to make the transition between two sections transparent to the
fundamental mode of waveguide. They have to fulfill two different tasks: minimize
insertion loss and make the rotation between the fundamental (TE or TM) modes to the
hybrid modes in the stepped waveguide section. A taper length of Liper =70um is

calculated to be enough to obtain the desired performance.

Polarization rotator proposed for compatibility with an InP based receiver [113] with
H=1.45um and h=0.620 um has been found to have optimum dimensions of X, =1220nm,
Xc =530nm, Liotator =784pum, Liaper=70pum. Owing to the thick cladding and half-ridge
structure, the modes travelling from the rotator section to the output, have large overlap
with TE and TM modes of a symmetric ridge waveguide, which allows low-loss

integration of the proposed structure into the standard ridge InP PIC.

Fig. 4.11. The cross section of polarization conversion section.

It is also noted that in the tapers there will be small phase shift between hybrid modes
which can be compensated by optimizing the length of the rotator waveguide. As a result
the length of the rotator is slightly shorter than the half-beat. In this paper an ER of 40 dB
corresponding to PCE of 97.5% is calculated with insertion loss of 0.04 dB at a

wavelength of 1550 nm over a length of 924 um for the whole device.

| have tried to reproduce this proposed structure using FimmWave. The exact refractive
indices are not mentioned in the paper hence InP and InGaAsP libraries of the simulation
tool are used. Although an InP cladding layer is not mentioned in this paper, our results
show that, without this layer this rotation is not possible. Our simulations with
FimmWave show that without including the cladding layer hybridization of TE/TM does

not happen. Here is the mode list for the structure with details provided in the paper,
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Fig. 4.12. Modes at the polarization conversion section of the InP based polarization rotator without an
upper cladding, calculated by FDM.

which as can be seen, TE mode is dominant and hybrid mode is not achieved. While by

including the upper cladding of InP a hybrid mode as below will be obtained:
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Fig. 4.13. Modes at the polarization conversion section of the InP based polarization rotator with an upper
cladding, calculated by FDM.

In 2013 Tanemura et al[114], publish their experimental results from fabrication of a

simple and compact InP polarization rotator based on a stepped-waveguide.

. TMoutput

Fig. 4.14. Schematic of the reported compact polarization rotator structure on InP and the cross section

view at the polarization rotation section. (Copyright Optical Society of America 2013, reproduced with
permission after reference [114])
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This structure has a shallow-etched ridge structure on the one side and a deep-etched
high-mesa structure on the other. This design fabricated in 2013 promises a conversion of
96% over just 150 um long device. Here is the mode list of the rotator section based on

the parameters presented by this paper:
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Fig. 4.15. Modes at the polarization rotation section of the InP based polarization rotator, calculated by
FDM.

As can be seen, the hybridization cannot be observed with the design parameters and a
perfectly etched corner waveguide as the polarization rotator. Based on the measurements
and analysis performed on the fabricated device, it is reported that the shallow etching in
the rotator section is not perfect and a residue will be remained acting like a slanted wall

with an angle of 54.7°,

A8 pm

Fig. 4.16. Actual structure of the fabricated device (left) and the cross section view of the structure
assumed in the simulation reflecting the actual structure (right). (Copyright Optical Society of America
2013, reproduced with permission after reference [114])

Adding this defect to the simulation structure one achieves a more promising mode list

with modes closer to TE/TM hybrid modes.
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Fig. 4.17. Modes at the polarization rotation section of the InP based polarization rotator accounting for
the fabrication defect, calculated by FDM.

This structure although promises a more compact device than Alonso’s, but its

functionality relies on a fabrication defect of arguable reproducibility.

Aside from PRs, polarization rotator and splitters (PSR) are also useful in photonic
circuits. When a photonic chip which only supports one polarization, is coupled to a SMF
fiber which does not have a certain polarization, a PSR is required to split TE modes
from TM modes, and convert all the modes to the operating mode of the chip. Several
PSRs have been reported, including structures based on multi-mode interference [115],

directional couplers [116-119], and a polarization splitter followed by rotator [120].

Xiong[121] proposes a polarization rotator and splitter (PSR) based on tapered etched
directional coupler. In his paper, Xiong proposes a fabrication tolerant and broadband
structure based on mode-coupling mechanism. Fig 4.18 shows a schematic of the
proposed design. It includes a silicon wire waveguide (A) having a width W and height
H, adjacent to a taper-etched waveguide(B)with a width W,, a ridge width W, a post-etch
slab height He , a taper angle 0, and a gap between the waveguides D gzp. The coupling
length Lpc is the taper length in the waveguide B, where
Lpc = We
tan(0)

Equation 4.11
In the proposed design for a PSR the dimensions of the waveguide B have to meet two

conditions. Firstly the index mismatch of TE-like mode for two waveguides must be large
enough to guarantee that the TE mode in waveguide A will have minimal coupling to the

waveguide B i.e. nerf(TE) <n;“ff(TE). Secondly the phase matching condition of

90



Chapter 4. Polarization Management

nfff(TE)~n;“ff(TM) must be met in order to have coupling between the TM-like mode
injected waveguide A and TE-like mode of waveguide B. the hybrid mode supported in
asymmetric tapered-etch waveguide B will facilitate this coupling process. If these
conditions are met, a high TM to TE conversion can be achieved.

In the structure proposed, a silicon core refractive index of ng = 3.476 and upper and
lower SiO; cladding with a refractive index nsjo,= 1.444 is assumed. The thickness and
width of the waveguides are also similar to the standard silicon photonic feature size, H =
220nm and is W = 450 nm. Also the gap between two waveguides in the coupling section

1S Dgap= 200 nm.

Fig. 4.18. Schematic of the proposed polarization splitter and rotator. (Copyright Optical Society of
America 2013, reproduced with permission after reference [121])

Our FDM simulation of this structure agrees perfectly with 3D-FTDT simulations
reported in the paper. As can be deducted from the scattering matrix calculated, when a
TE mode is launched from port Ay, it will exit the same waveguide from port A, (98%)
with minimal coupling to waveguide B. On the other hand, Fig 4.19 shows how the TM
mode launched to waveguide A, will couple to the other waveguide in phase matching
region and converted to TE mode by through the output port. Also from scattering matrix
can be seen that the TM mode from port A; will end up exiting from as TE mode from B,
(93%).

TEg,

TEAl]: 0.0017 39e—6 0.98 4.39—6]X TMp,

TMy, 0.93 0.0001 0.0001  0.01 TE,,
TM,,
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Fig. 4.19. TM-like mode propagation and conversion to TE-like along the proposed polarization splitter
and rotator.

The performance of polarization rotators based on mode coupling highly depends on
accurate geometrical dimensions and hence show poor robustness to fabrication
inaccuracies. Xiong [121] , promises a large fabrication tolerance for this PSR based on
mode coupling and has reported some experiments indicating this feature of the structure.
Fig 4.20.a represents the dependency of conversion efficiency on the tip width, Dy, from
0 to 120 nm, showing a high fabrication tolerance for this design. Looking into this
property of the design for height of 110 nm (green line in the reported diagram), one may
change this D; from 0 to its maximum which is half the width of the waveguide, 170 nm.
Calculating conversion efficiency of the structure at each point, it is clear at Fig 4.20.b
that the results are not as predicted as the reported figure. As it can be seen, unlike the
interpretation one might get from the reported figure, after about 100 nm a drastic change

in conversion efficiency will happen and therefore a lack of fabrication tolerance.
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Fig. 4.20. Dependence of the polarization conversion efficiency on the taper tip width for He= 110 nm,
calculated using the full-vectorial EME simulations. (Copyright Optical Society of America 2013, reproduced
with permission after reference [121]) ( left) and calculated using FimmWave (right)
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4.6. Summary

In this chapter polarization management in photonic integrated circuits was discussed.
Considering polarization sensitive PICs, the randomly polarized light from optical fibers
or imperfectly fabricated ridge waveguides must go through polarization management
systems first to be able to be further processed by other devices. Here polarization
rotators as the essential elements of such systems were introduced and different
categories were discussed. A critical appraisal of various approaches regarding design of
such structures was presented along with validation of most promising methods by
reproducing the results using simulation tools. Furthermore inaccuracy and incorrectness

of some reported methods was pointed out and accordingly corrected.

Here, more specifically, Single- section PRs based on stepped waveguide was introduced
as the most recent advancement in this area promising more compact devices with much
easier fabrication and higher fabrication tolerance. Implementing these devices in SOI
and InP technology was discussed and performance of the structures reported in literature
was analyzed using FimmWave. Finally a polarization rotator and splitter based on the
same concept was introduced. Performance of the design and fabrication tolerance of the

reported structure was critically analyzed.
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5.1. Introduction

Standard single mode strip waveguides on SOI are typically fabricated 500 nm wide and
220 nm thick. In such substrates the high refractive index contrast between silicon as the
core and silica as the cladding provides strong light confinement in cores which have
geometries that are in order of fractions of the propagating light wavelength. This tight
confinement comes very beneficial, resulting in bending radiuses of a few microns which

makes high integration density and ultimately lower costs possible.

On the other hand standard single mode optical fibers (SMF) currently used in the
backbone of modern communication systems, have a much larger size compared to this
nano-scaled waveguides. A typical core of a SMF has a diameter of 8 um and a cladding
diameter of 125 um. Furthermore comparing to the high refractive index of the core and
cladding of SOI waveguides, optical fibers have very low index different of only 0.01

which results in the bending radius of about several centimeters.

Fig. 5.1 well illustrates this difference in geometries of these two kinds of waveguide.
The cross-section of an optical fiber is more than 100 times larger than that of a SOI
nano-scaled waveguide. This difference will cause a huge mismatch between their guided
mode profiles including their size, shape, and the velocity at which the modes propagate
which makes coupling light from one to another a very challenging issue. Normally a
direct butt coupling between a singlemode fiber and a nano-scaled waveguide leads to
more than 20 dB insertion loss. This insertion loss is definitively a big obstacle to wide
spread use of nano-photonic chips in communication systems since it is directly related to
other performances such as the signaling rate, link reach, receiver sensitivity, etc. Hence
much effort has been carried out to come up with a coupling structure to adapt the mode

profiles of the SOI waveguides and optical fibers to improve this coupling loss.
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Fiber Cladding

Fig. 5.1. Schematic of direct butt coupling of a nano-scaled waveguide to a standard single mode fiber.

In the following chapter, firstly different approaches towards solving the fiber-to-chip
coupling will be discussed and advantage and disadvantage of each one will be argued.
Then recent advances in this area will be reviewed which at last results in introducing a

novel approach to handle this issue.

5.2.  Fiber-to-chip coupling loss and solutions

Coupling loss can be theoretically calculated using overlap integrals of the fundamental
mode profiles of two waveguides as below [122]:

ffjooo FyFydxdy

(I RRaxdy [117, 17, axay

L =-20log,,

Equation 5.1
Where Fi(X, y) and Fa(x, y) are the fundamental mode profiles of the SOl waveguide and
the optical fiber respectively. It must be noted that these mode profiles vary with
wavelength, which at the end results in bandwidth limitation of fiber to chip coupling.

Considering many structures proposed to improve the fiber-to-chip coupling loss it is
important to notice that a promising design must be compatible with FTTH or
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wavelength division multiplexing (WDM) applications hence it is required for the
coupler to be broadband and polarization insensitive. Also considering the cost, the
footprint of a coupling design must be reasonably small and have an adequate alignment

tolerance.

A common solution to the mode mismatch at fiber and chip interface is to use
lensed [123-124] or tapered [125] fibers to reduce the spot size of the mode at the fiber
front. Lensed optical fibers can focus light into smaller mode field diameters of about 2.5
um where this value is about 0.8 um in case of tapered fibers at wavelength of 1.55 um.
However these types of fibers are not considered as standard and are not commonly used

in mass telecommunication industry.

Alternatively much effort has been made to come up with designs to adapt the mode at
the silicon waveguide front. To do that two main approaches have been presented in
literature, depending on the direction in which the fiber is coupled to the chip; surface
and edge coupling techniques. Following we will review each approach in depth and the
theory behind each one of them and discuss pros and cons of each method when

compared to each other.

5.3.  Surface Coupling

In this type of coupling typically the fiber is embedded perpendicular or near
perpendicular to the chip surface. On the surface of the chip optical gratings are used to
diffract the out of the plane light injection from the optical fiber to in plane light
propagation guided by the planar waveguide core. The gratings used follow the rules of
lamellar gratings discussed in depth in chapter 2 and are responsible to convert the fiber
modes to planar waveguide modes. A simple grating coupler, structured by periodic

grooves etched onto a silicon waveguide, is shown schematically in Fig. 5.2.

As discussed in earlier chapters, the light injected from the optical fiber to the gratings
will be diffracted by the grooves into all directions, but at certain directions the plane
waves will add up constructively or destructively which leads to minimum and maximum
diffraction intensities respectively. These diffractions can be tuned by controlling the

periods of the gratings. When the second order gratings are considered light coming from
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the waveguide towards the grating will be diffracted perpendicular to the chip surface as
well as feed-forward and feed-back reflections. These reflections are unwanted and
desired to be avoided. Hence instead of a perfectly perpendicular launching of light from
the fiber, larger grating periods will be used so that the out-of-plane diffraction of light
will have almost 10° with respect to the normal of the surface which at the end suppresses

those unwanted reflections greatly.

0
fiber core ,-"
?L J
X z
Uy n=3.47

Fig. 5.2. Schematic of a simple surface coupler realized by gratings etched onto a silicon waveguide.

Grating couplers are typically followed by waveguide tapers to inject the light to the SOI
waveguide [126] or are designed as self-focusing structure [127]. Although these both
approaches have improved a lot during years to better efficiency and also easier
fabrications [128-130], these designs still will not be considered as the ultimate choice as
they have a very low bandwidth. As can be deducted by the basis of functionality of such
structures, the grating periods are set to diffract certain wavelengths and will not work
under different light waves with different wavelengths while wavelength transparency

and insensitivity is desired in nowadays telecommunication to realize faster systems.

5.4. Edge Coupling

Another approach to coupling optical fibers to planar chips is through edge coupling.
Here tapered or lensed fibers are coupled to the edge of the SOI chip, where the injected
light to the silicon waveguide goes through spot size converters realized by different

methods.
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The coupling efficiency is formulated approximately as below [131]:

2W Wy

n= (W%szv)2

Equation 5.2
Where w; and w,, are the mode diameters of the fiber and the planar waveguide
respectively. Clearly if these two values are equal we will have 100% efficiency.
Hence a better coupling efficiency can be obtained when the mode diameters of both
waveguides match regardless of the geometries of the physical waveguides which can be
done by reducing the mode field diameter (MFD) of the modes at the fiber front e.g.
using lensed and tapered fibers, or expanding the modes in non-scaled cores of the SOI

waveguides.

Mode expansion at the planar waveguide can be done by means of varying the width of
the waveguide in form of tapers [132-135] or inverse tapers [136-137]. In case of tapers,
adiabatic broadening of the width of the waveguide results in higher effective index for
the modes and hence flat expanded modes to match to the wide modes of the optical fiber
with large diameters as in Fig 5.3.c. On the other hand, in invers tapers the width of the
silicon waveguide is reduced gradually to sharp tips at the fiber interface to decrease the

effective index of the mode close to the cladding index and at the end matching to the

low effective refractive index realized by the mode at the optical fiber as shown in Fig

5.3.b.

(@) (b) (©
Fig. 5.3. The fundamental mode profiles at the silicon core, 220 nm thick and (a) 500 nm wide, (b) 100 nm

wide and (c) 1 um wide.

It is important to notice that in both cases, the change to the width of the waveguide must
be adiabatic. An adiabatic process is a process in which the variation is so slow that no
transitions happen between energy levels. In an adiabatic inverse taper coupler as an
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example, the change of the width is sufficiently gradual that the occupation of the modes
do not change as the shape of the waveguide goes through changes and if only the
fundamental mode is excited initially, all the power stays in the same mode while its
shape keeps changing throughout the inverse taper and there will be no power coupled to
other modes or radiated. This kind of couplers, as opposed to directional couplers
working with half-beat lengths, discussed in chapter 4, do not need a critical length and
have very low polarization and wavelength dependency. Although to achieve high
efficiencies, these devices must be long enough which makes them longer than their

counterparts.

In inverse tapers, due to the very narrow tips at the fiber interface the mode is released
from the core and expands to the cladding. In such structures modes at the sharp tips are
delocalized from the silicon core in lateral and vertical direction and thus produce a larger
MFD. Hence another low index contrast waveguide must be embedded at the tip so it can
capture the released and expanded mode. Typically it is realized by having a coating of
polymer on top of the silicon core. [138-139] In this case when the light launches from
the fiber to the silicon chip, it first will be virtually coupled to the intermediate
waveguide with a mode size and refractive index matching that of the fiber. Then
an inverse silicon taper will be introduced inside this low index waveguide which

adiabatically widens till the fundamental mode is strongly confined inside the core.

Fig. 5.4. Schematic of an inverse taper edge coupler and polymer top cladding to capture expanded low
refractive index mode at the tip.
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At the beginning inverse tapers were used for coupling light between semiconductor
lasers and fibers [139], and later the same approach was exploited to Si waveguides [140-
144]. Shoji et al [140] first achieved a coupling loss of 0.8 dB between a fiber with a
mode diameter of 4.3um and a 0.3 x 0.3um silicon waveguide. Later on this loss was
reported to be reduced to 0.5 dB by using a better material as the low index waveguide
[141]. The total insertion loss of these devices was around 3.5 dB and were more than
200 um long. Then McNab et al [138] reported a coupling loss of more than 1 between a
micro lensed fiber with 2.1um beam diameter and a 0.45x0.22 um Si waveguide which
is closer to typical silicon waveguides geometry with 150um inverse taper length. It is
also noticeable that the measurement uncertainty was reported to be 0.8dB. On the other
hand Almeida et al [142] reported a compact 40um-long inverse taper with parabolic
width profile which theoretically had coupling loss of about 0.5dB but only for the TE
mode. In this case since the inverse taper did not have low index waveguide on top of the
silicon core, high efficiency could not be achieved for TE and TM modes simultaneously.
The insertion loss measured from experiments for a fiber with 5um MFD was 3.3dB for
TE and 6.0dB for TM modes.

5.5.  Comparison of edge and surface coupling

To be able to find an efficient approach towards the important issue of fiber-to-chip
coupling it is important to compare the approaches in hand to evaluate their functionality
in future systems. As discussed earlier although for the case of edge couplers typically a
taper or lensed fiber is used, grating couplers are compatible with standard singlemode
fibers so the loss of such non-standard fibers will be reduced. Also such kind of couplers
do not require polished facets and they can be mounted in any arbitrary part of the chip
and are suitable for wafer-scale testing and packaging which makes them a flexible and
cheap choice. However, in case of edge couplers, the tapers or inverse tapers must
terminate on diced and well-polished edges while generally the guard areas are reserved
for possible damages to the integrated circuits on the die. This added process brings extra
cost and complexity of testing and packaging. Also this extension of the waveguides all
the way to the edge of the die introduces unnecessary propagation loss.
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On the other hand, considering how diffracting grating couplers work and the relation
between their period and the propagating light wavelength, these kinds of couplers are
strongly wavelength dependent in a way that a 3dB bandwidth is only 50-60 nm, while a
coupler covering the C-band is preferable. Edge coupling structures, on the other hand,
present a much larger bandwidth, higher efficiencies and lower polarization dependent

losses.

Taking advancements of edge couplers into consideration as the more promising
approach, following the most efficient techniques to increase the efficiency of edge
couplers and also decrease the fabrication complexity is discussed. Each method is
simulated using simulation tools and reported results will be reproduced using

FimmWave. At the end results of all approaches will be compared.

5.6. Discussion

The bottom line in inverse taper couplers is to reduce width of the waveguide gradually
resulting in decreasing the effective index of the mode so that the effective area of the
fundamental mode increases and matches that of the fiber. In an inverse taper, when the
plane waves are propagated from the nano-scaled silicon waveguide, the area of the mode
will expand gradually while it goes through width narrowing till it becomes very large
and releases from the core. However the problem in fabrication these couplers is that to
have a very low insertion loss we have to have very tiny waveguide tips below 100 nm at
the interface of fiber and chip edge which is a very difficult task considering the imposed
minimum features of fabrication tools. Although realizing such structures seems to be
easy using e-beam lithography, but UV lithography which is already available for CMOS
technology does not allow such tiny features. Several methods have been proposed to

overcome these limitations and here we will review several of them.

5.6.1. Spacer layer
Beats et al in 2005 have tried to overcome the fabrication limitations of realizing tiny
taper tips for inverse taper couplers [143]. In his paper he has made the low index
waveguide spot size convertor concept compatible to conventional UV lithography by

introducing a spacer layer between the taper and the polymer waveguide.
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In this design the silicon core has a thickness of 220 nm and the polymer waveguide is
realized by core dimensions of 3x3 um with a refractive index of 1.67. A top cladding of
benzocyclobutene (BCB) with refractive index of 1.54 is also assumed. Here he suggests
that adding a spacer layer from the low index BCB between the polymer waveguide and
silicon core would increase the efficiency while the new structure is compatible with

minimum features of 248 UV lithography.

Upper cladding
Polymer Waveguide,
Upper cladding
Palymer Waveguide
l Spacer
Buried oide Buried oxide

Fig. 5.5. Schematic of the cross-section of the modified structure including a spacer layer between core
and polymer waveguide.

The device Baets proposes is shown in Fig.5.6. As can be seen we have 220 nm high core
with a width of 590 nm buried in a BCB cladding of refractive index 1.54. The thick ness
of the layer on top of the core is optimized to be equal to 200 nm. At the end on the top
we will have a layer of doped BCB with refractive index of 1.64. Going through the
inverse taper, the core size first reduces to 390 nm in 25 um and then goes from 390 to

175 nmin 175 um of length.
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\
Polylmld\

waveguide layer

BCB spacer layer

Fig. 5.6. Schematic of the proposed SOI spot size convertor for edge coupling. (Copyright IEEE 2005,
reproduced with permission after reference [143])

Taking a look at the mode profiles at the two ends of the taper, it is explicit that the mode
is strongly confined in the silicon core at one end but will gradually move up to the low
index polymer waveguide at the other end which is the coupling edge to the lensed fiber,
as can be seen in the mode profiles calculated by FimmWave. The effective refractive

index of the mode in this structure will change from 2.57 to 1.62 through this transition.

Fig. 5.7. Mode profiles of the taper at the silicon waveguide end (left) and at the fiber interface (right),
simulated by Fimmwave.

Studying the light propagation through this structure and coupling to a lensed fiber with a

Gaussian field diameter of 5 um as reported, following result is calculated by EME.
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Fig. 5.8. Light propagation in the spot size converter proposed by Baets simulated by FimmProp.

As can be seen the mode expands gradually as the core width decreases and the mode
moves up to the low index polymer waveguide and at the end goes through the lensed

fiber. The scattering matrix calculated by EME method is as follows.

TE;, _ ] [TEout
TMiy| 0722 0 TMyye

It is obvious that 72% of the TE mode is transferred from the waveguide to the lensed
fiber which corresponds to a insersion loss of about 1.4 dB. But also it must be
considered that lensed fibers have a 0.5 dB inherent loss which brings the whole device

insertionl loss to around 1.9 dB which matches the value reported by Baets.

In the meanwhile no TM mode coupling is witnessed through this structure. Since edge
couplers require very narrow taper tips for TM cupling, this structure is only optimizaed
for TE coupling. Realizing very narrow taper tips is a difficult task; first of all it cannot
be performed by UV lithography and also it will be very fragile due to its high aspect
ratio. However many devices perform more efficiently under TM polarization and even
some of them only work for TM mode [144-146]. So it is necessary to come up with a
solution that shows good efficiencies for both polarizations.

104



Chapter 5. Fiber to Chip Coupling

5.6.2. Thermal Oxidization
Pu et al in 2010, on the other hand introduced a fabrication trick to be able to obtain very
tiny (down to 10 um) waveguide tips [147]. In this paper, such an inverted taper coupler

is optimized for both TM and TE modes.

In this report, an inverse taper starting form 480 nm with a reasonably narrow tip of 40
nm is first fabricated using e-beam lithography. The silicon thickness and taper length is
considered to be 250 nm and 300 um respectively. Then the tip width is reduced by
thermal oxidation. In this process of thermal oxidization, a 30 nm thick silicon dioxide
layer is formed around the silicon core which means decreasing the dimensions of the
core to a width of about 452 to 12 nm and thickness of 238 nm. In this way not only a
very narrow taper tip is realized but also the silica cladding layer grown at this stage
protects the tip during post fabrication processes. The structure is at last coated with a top
cladding of SU8 with a cross section matching the access fiber.

/ Polymer Waveguide

Silicon waveguide~<

Silicon nano-taper

N Oxidized SiO,

SiO; substrate cladding layer

Fig. 5.9. Schematic of the device proposed by Pu for edge coupling. (Copyright Elsevier B.V. 2010,
reproduced with permission after reference [147])

Studying this structure using FimmWave simulation tool, following results are obtained
for the mode profiles at two ends of the taper. As predicted the mode is strongly confined
in the silicon core at the beginning but it has moved up to the polymer waveguide near
the fiber interface. The refractive index of the mode has gradually decreased from 2.52 to

1.53 through 300 um of adiabatic tapering.
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Fig. 5.10. Mode profiles of the inverse taper proposed by Pu at the silicon waveguide end (left) and at the
fiber interface (right), Simulated with Fimmwave.

Also simulating the light propagation in such structure, and coupling to a fiber with MFD
of 2.9 um following scattering matrix is calculated:

TEm _ 0. 77] [TEout
TMm 0 73 TMout
As can be seen there is a coupling loss of 1.2 dB for TE and 1.1 dB for TM in this device.
Although this structure seems to be very promising but still it only can be realized with e-
beam lithography and lensed fibers and cannot be considered in mass production using

typical CMOS technology fabrication instruments.

5.6.3. Sub-wavelength gratings

Cheben et al on the other hand offers a totally different approach to go around the
fabrication restrictions in case of fiber to chip coupling [148]. He suggests a structure that
not only relies on decreasing the width of the waveguide for reducing the refractive
index, but also introducing sub-wavelength grating so that based on effective medium
theory [149] the effective refractive index realized by the mode can be changed by
changing different properties of such structures such as the duty cycle or the pitch. In this
design the period of the gratings must be chosen smaller than a half of effective
wavelength to stay in the sub-wavelength domain. A SEM image of the structure
fabricated can be seen in Fig.5.11. By this approach and mixing refractive indices of Si
and SU-8 upper cladding at the sub-wavelength scale, the effective refractive index of the
core can be varied in a range of 1.6 to 3.5.
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il

Fig. 5.11. SEM image of the edge coupler based on sub-wavelength gratings proposed by Cheben.
(Copyright Optical Society of America 2010, reproduced with permission after reference [148])

This structure is comprised of arrays of rectangular 260 nm thick silicon segments etched
onto a SOI wafer. The effective refractive index of the mode is gradually changed by
linearly changing the grating period from 400nm at the silicon waveguide edge t0200nm
at the fiber interface. The width of the waveguide also is tapered from 350 nm to 450 nm

simultaneously.

Measuring the fabricated device, the total fiber to waveguide insertion loss was measured
to be —0.9dB for TE and—1.2dB for TM polarizations. This is a very promising efficiency
with minimal wavelength and polarization dependence over only 50 um length. Although
in this experiment e-beam lithography has been used and also the waveguide is only

coupled to a lensed fiber with MFD of 2 um.

5.6.4. Buried Silica as the Low Index Waveguide

In 2007, Galan et al suggest a novel approach that not only does not require e-beam
lithography but also exempt the need for extra polymer cladding to realize a low index
waveguide polarization [150]. He suggests using the buried silica in standard SOl wafers
as the ultimate low index core at the coupling edge. He suggests the low index difference
of air and silica will confine light in 3 um thick buried silica layer at the fiber front while
having the mode expanded enough to couple to optical fiber. In this design the silica at
the coupling edge has a width of 8 um and the silicon core is tapered down from 500 nm
to a taper tip of 200 um which can be realized by UV lithography. The schematic of the
proposed structure is depicted in Fig.5.12.
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Inverted taper
§i0, wavnguid\n\ y
Si0, Sio,
Optical W
Si substrate

Fig. 5.12. Schematic of the device proposed by Galan for edge coupling. (Copyright Optical Society of
America 2007, reproduced with permission after reference [150])

Using FimmWave the modes at two ends of the taper have been studied. Below are the
results of FDM calculations. As can be seen at the silicon waveguide end, the mode is
strongly confined in the high index core but as the taper tip becomes narrower, the mode

moves down to the silica layer and expands up.

Fig. 5.13. Mode profiles of the taper at the silicon waveguide end (left) and at the fiber interface (right),
simulated by Fimmwave.

Also using EME calculations to study the light propagation in such design, following
scattering matrix is obtained.

TEm _ 055] [TEout

TMlTl O 58 TMout

Which corresponds to -2.3 dB for TE and -2.6 dB for TM polarizations. Although at first
glance this value seems to be higher than other proposed methods, but it must be taken

into consideration that here the device is assumed to be coupled to a standard single mode

fiber with a MFD of 8 um which is compatible with current telecommunication systems.
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Having discussed the most promising approaches towards edge coupling fibers to SOI
chips, table below well-illustrates the main properties of each approach making it simpler

to compare methods together.

Table 5.1. Different edge coupling methods and their properties.

Lenath Taper ti Insertion Fiber
Source Architecture Implementation 4 per tip Loss MFD Lithography
(um) (nm) (dB) (um)
Polymer
Shoji[140] waveguide at fiber Fabrication > 200 60 35TE 4.3um e-Beam
interface
Spacer layer btw A
Baets[143] core and polymer Fabrication > 175 175 19TE 5um uv
Buried silica as 35 TE
Galan[150] the low index BPM > 400 200 ' 8um uv
. 37T™M
waveguide
tiny taper end by 203TM
Pu[147] thermal Fabrication > 300 12 ' 2.9um e-Beam
L 26 TE
oxidization
sub-wavelength I 350 09TE
Cheben[148] gratings Fabrication >50 12TM 4um e-Beam

As can be deducted from the table the structure proposed by Galan has two main
advantages comparing to other methods. First is that the structure can easily be realized
by standard UV lithography and the second one is that it has reasonable loss for both
polarizations when coupling to a standard fiber which in overall makes this structure
promising for use in standard optical communication systems. However silica layer
hanging in air in the grooved section might be considered as fragile when simply butt
coupled to fiber.

Here we suggest another approach to exploit this structure. Considering the tip of the
structure hanging on air, it is proposed to have this part embedded in a fiber that has
hollow core at the beginning accordingly. In this case the hanging tip of the chip will be

protected from external effects and makes a more stable platform. In the meanwhile it is
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possible to exploit the advantages this structure brings as discussed earlier. This platform

schematically is shown in Fig.5.14:

Fig. 5.14. Platform proposed for edge coupling a fiber with a hole at the tip (right) and Galan’s proposed
structure.

5.7.  Summary

In this chapter coupling light from optical fibers to silicon planar waveguides was
discussed. Because of the huge mismatch of the geometries of these two types of light
carriers, coupling light between them for sake of developing silicon photonics for
communication systems is a considerable issue. Here different approaches towards
solving this problem and enhancing coupling losses were discussed and a critical
appraisal of reviewed methods was offered. At the end, the most promising structure in
regards of fabrication complexity and coupling efficiency was pointed out to be Galan’s
design which used buried silica in SOI wafers as the low index waveguide at the fiber
interface. At the end a novel approach towards exploiting this structure was demonstrated
offering low coupling efficiency, compatibility with other standard devices and easement

of usage.
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6.1. Summary and Conclusion

In this thesis several concerns in integrated photonics which are considered as obstacles
towards wide-spread use of this technology in every-day optical communications were
discussed. Simulation tools and their limitations to face different problems in nowadays
expanded integrated photonic technology was one of these concerns. Photonic crystals in
both resonant and non-resonant regimes are specifically challenging problems in this
regards due to very fine structural details which cause difficulties for simulation; Either
the tool cannot develop an accurate enough result or in some cases any result, or the
processing time is more than tolerable. In this regard analytical approach and
homogenization methods are proposed for both regimes that a photonic crystal can
perform which by simplifying the detailed structure allow faster and more accurate
analysis. The structures under study are all chosen from different components in
integrated photonics; lamellar gratings as grating couplers, metamaterials for Lineburg
Lens and Bragg gratings in LC-DFB laser structures. In all cases the results from
homogenization method was in excellent agreement with the results from numerical

methods.

On the other hand, integrating and nano-scaling photonic components on a single chip to
increase the yield and lower the costs of their fabrication is an important issue to be able
to consider the photonic technology a good substituent to their counterparts in electronic
regime; However this miniaturization brings several other issues that must be addressed.
Two of the most important issues are polarization management and fiber-to-chip coupling
that was discussed in this thesis. A critical appraisal on recent advancements on both
fields was offered along with reproduction of most promising proposed structures and
also correction of some inaccuracies in literature. In polarization management front,
stepped waveguide approach was introduced to be the most efficient structure and

designs based on this approach in different substrates were reviewed. In case of fiber-to-
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chip coupling, comparison of different methods led to introducing the most promising
approach and also a novel platform for exploiting the design was proposed. This platform
consists of the buried silica in the SOI wafer as the edge coupler with a tip hanging on air
and a fiber with a hollow core at the tip to sit on a groove and enfolding the silica tip.
This platform allows for edge coupling a SOl waveguide to a SMF freely sat on a groove
etched for this purpose with minimal insertion loss for both polarizations, 2.3 for TE and
2.1 for TM.

The new methods and approaches proposed in this thesis along with the critical appraisals
of methods already in literature can be exploited to develop more efficient and easily
fabricated integrated systems based on photonic technology which at the end makes this
technology suitable and also affordable for mass production and wide spread use in every

day communications.

6.2. Future Work

The methods and approaches discussed in this thesis have proved encouraging for future
work. Some possible directions of where the continuation of this research might involve

are as follows:

1. Simulations of the coupling structure proposed by Galan [150] showed very
encouraging results and combined with the proposed platform in this thesis, would
make an efficient fiber-to-chip structure. In spite of the fact that through the design,
considerations have been taken to reduce fabrication challenges but fabrication of
such structure of course will have its own difficulties to be addressed. Hence
fabrication of the proposed component is of course on of the priorities to prove the
functionality of the proposed structure.

2. Since the stepped waveguide approach towards polarization rotation has proved to
be promising in silicon and I11-V substrate, it is desired to see if this approach can be
exploited in other substrates to work along other components. For example VOA
(variable optical attenuators) fabricated in silica-on-silicon substrates suffer from a
huge insertion loss in very attenuated states which is contributed mostly by

polarization dependent loss (PDL).Hence it is desirable to exploit the stepped
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waveguide approach to realize polarization management components in such low
refractive index substrates. The challenge in this kind of substrates is that because of
the low refractive index, the birefringence required for polarization rotation must be
induced externally.

In case of homogenization of gratings in a LC-DFB laser, although in a third order
Bragg gratings there are rays diffracted in other directions than forward and
backward, in the method proposed here they have been assumed negligible. It is
desired to map this power loss due to these unwanted diffractions called Streifer’s
effect to the matrix definitions of the system so that by calculating T matrix or S
matrix of the device, optical loss due to this effect can be estimated along with other

data discussed in this thesis, and hence more accurate information can be obtained.
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