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Abstract

In this thesisan approach to analyze PhC structures been developed. Thapproah is
based on thdisplacement ancharrowing technique. The motivis to design and optimize the
desired photonic crystal waveguides and to optimize the transmissiofriltssly, a Z-shape,

a Y-shape and a Mach Zehnder photonic crystal wavegsaidesigned and thethe designs

are optimizedapplying thedisplacement ad narrowing technique. The displacememiethod
allows altering positions of certain PhC rods/atgnteus breaking thegpiodicity of the rods
which is known as the displacement of the PhC rods. The narrowing techsiguanly
applied to alter the chasteristics of the PhC rods/atommhich basically implies that, it allows
altering the shape or pattern of the PhC rods by changing its radius, width and other certain
parametersSo basicallythe parameters of the PhC robave been modified according to the
requiremerd. Then, the PhC waveguidelsave been findunedby displadng thesenarrowed
rods in the bendop regions of the designed PhC waveguidd® resulting wave propagation
through the optimized waveguiddowedthat relatively small design areas were enough to
yield the wanted improvement in efficienepd the numerical resultsbtained hag shown
much improved transmissioifhe design has been realized in a galiargnide photonic
crystal structureThe wholedesign and simulation process including PhC band gap simulation
and wave propagation analysisdene using the software RSOFT.
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Chapter 1

Introduction

A new <cl ass of material s affects a photono
semiconductor affects an electronds propert:
naturally to novel applications in several fields, including optoelectronics and
telecommunications. Presently, in telecommunications and optoelectronics, there is a great
drive towards miniaturizing optical devices to the point where we are approaching the scale of

the wavelength itself. The goal is eventually to integrate such demitesa single chip. To

achieve such localization, however, it might be necessary to exploit mechanisms that go
beyond index guidance (total internal reflection). Growing interests have been shown in recent
years in the design and optimization of photomystal based components such as waveguides,

lasers, splitterdjbers etc.

Generally speaking, investigation in the area of photonic crystal is expanding and a great
number of research results have appeared in the last two decades, although thecessftisuc
practical application of PhCs is only photonic cryfitatrs However, much work still focuses

on improving the property performance of PhCs. Photonic Crystals (PhCs) are periodic
dielectric structures. They are called crystals because of th@dpity and photonic because

they act on lightThe optical properties of periodic structures can be observed throughout the
natural world, from the changing colors of an opal held up to the light to the patterns on a
butterfl yds wi n gxplaitingNhotonia agstald frs millbrs efnyeassbut
humans have only recently started to realize their potential.
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The most important discovery of this type of photonic crystal structures is the existence of
photonic band gap. This is a forbidden gap for photons. Light cannot enter this region as well
as electrons cannot emit photons. In other words, photonic banid gapinsulator of light.
Among several importance of the photonic crystal waveguide, the key roles are the ability to
obtain photonic crystals with refractive indices, the ability to control spontaneous emission in
photonic crystal, to modify the staterddy and group velocity, to locate light by structure
defects (impurity), and because of the photonic band gap and artificially introduced defects,
photonic crystals are having various scientific and engineering applications in modern
technology.

Photorc crystal waveguides have been a topic of extensive research for quite some time now.
Several methods of optimization of photonic crystal structures have been proposed by
researchers, including topology optimization approgdh geometry projection metdd2],
simulated annealing and the finitdement method3], multiple multipole method4], etc.

This thesis discusses the optimization and simulation of various types of photonic crystal
waveguides by the displacement and narrowing of the air rodslimngalrsenide. The work in

this thesis paper is majorly based on the concept of photonic band gaps (PBG).

This thesis comprises of four more chapters that follow, Chapter 2 gives an overview on the
background of photonic crystal and discusses about itsigal properties and the different
types of photonic crystal structyrde physical origins of a band gap in a photonic crystal and
their ability to guide wavearound tight bendsThis has been done to gibasic knowledge
about photonic crystals whichould help to understand further chapters in the thesis.

Chapter 3 explains about the computational methods used for photonic crystals and gives a
brief description on the modeling tools that has been used for the simulation and analysis of the
respectie optimized photonic crystal waveguides.

Chapter 4 is the most essential chapter of this thesis which contains an elaborated focus on the
work of this thesisThis chapter gives detailed description on the design and optimizations of
the Z, Y and Mach Zeaider defects and also summarizes displacement and narrowing
method, which is the optimization process that has been used to optimize the basic Z, Y and
Mach Zehnder PhC structures. gection in thischapter is dedicated to the analysis and
optimization of transmission loss and evidences showing a better ouput.

Chapter 5 is thdinal chapter of this thesisvhereconclusions are drawn and possihleure
prospecin this field is suggested
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Chapter 2

Background and Overview on Photonic Crystals

APhotonic Crystalso (PC) are dielectric str
refractive index on the scale of the wavelength of the light. Due to this periodicity, a photonic
bandgap (PBG) is formed and the propagation of electromagnetic waves is prohibited for all
wave vectors within this band gap. Over the past several years, various important scientific and
engineering applications such as the control of light emission andgatigaand the trapping

of photons have been realized the photonic band gap and artificially introduced defects.
Photonic crystals are a class of photonic devices that utilize periodic structures to create
photonic band gaps, analogous to theviltompoum semiconductors in which photons with
specific energies cannot be transmitted through the structures. The periodicity of photonic
crystals can be formed by differences in dielectric constant, or by a combination of metal and
dielectric, and hence the temetallodielectric photonic crystals.

2.171 History andIntroduction to Photonic GQystals

This chapter is intended as a brief overview of the history, concepts and characteristics and
applicationof photonic crystals. Althougta single chapter is sufficient to review a field that
continues to grow alost exponentially, nevertheless much is focused omibst elevant
aspects of the work presedtin the remainder of this thesis.

Physics of crystalline materials now is one of the most developed parts of natural science. In
1887, Lord Rayleigh first discovered tpeculiar refractivgproperties of a crystalline mineral
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with periodi c (adrdsswvhicmthend@gléctriptemaumdergoes a mirror flip).

From this observation he realized there is a narrow band of wavelengths for which light
propagation was prohibited through tp&nes[5]. Although, it was not until one hundred

years later when John and Yablonovitch combiné@ theoretical tools of modern
electromagnetism and solid state physics,1887, that research in photonic band gap
established anthrived[6] . Thi s generalization, which inspi
for structures demonstrating photonic banghggaled to many subsequent developments in
theory, fabrication and applicati¢i].

It has been shown that the spontaneous emission rate of the atoms in the media can be affected
by the changing of the optical properties of the media and the emission rate can be enhanced
due to coupling with the resonant stai@sor can be forbidden o light states are available

for the given frequencj@].

In terms of dimensionality, photonic crystals can be classified into three categories: one
dimensional, twa dimensional, threelimensional photonic crystals.

Figure 21.1- Periodically in 1D, 2-D, 3-D

Theoretically a PC can be considered as an optical analogue to the semiconductor crystal
lattice which provides a periodic potential to an electron propagating through it. Hence Bragg
like diffraction energybandgaps is introduced to explain the electrons forbidden phenomenon.
The electron bandgap is an energy range where there are no electrons stable. The electron
bandgap is due to the periodic lattice of the atoms in semiconductor. Similarly in a PC, if the
dielectric constant of the materials forming the crystal is varied periodically, the scattering at
the interface can produce photonic bandgaps, thus preventing light from propagating in certain
directions wih specific energies (Figure122). Photonic badgap is a frequency gap where

there is no photons existing in this range in the PC structures. This is due to the destructive
interference of the light in the periodic structure.
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Figure 21.2: Photonic band gap

2.2 - One Dimensional Photonic @/stal

The simplest possible plaotic crystal, shown in fig .2, is the one dimensional -(2)
structure. Although the term photonics crystal term is relatively new, simple one dimensional
PhCs in the form of periodic dielectric stacks have been used for a loeg This is the
simplest type of photonic crystal and it allows us to introduce many important properties of
photonic crystal which will be used later on. One dimensional photoystalare consistedf
alternating layers of two types of material witlifelient dielectric constants with each pair of
layers being identical witthe previous or the next layer. For developing an understanding of
this structure is to allow a plane wave to propagate through the material and consider the
multiple reflections ath transmissions that take place at each interface, then the phase changes
that occur for plane waves to propagating from layerlager. So , based on this concept a
matrix method has been introduced by Yeh to treat the phenomenon of electromagnetic waves
propagating through medjavhich actually laid the very foundation for numerical research .for
one dimensional PhCK0].

The wavelengttselective reflection properties of a one dimensional photonic crystal are used
in wide range of off applications including high efficiency mirrors, Fdbeyot cavities,
optical filters and distributed feedback lasers. In contrast to two and three dina®iCs,

1D Bragg reflection occurs regardless of the indemtrast;although a large numbgeriodis
required achieve a high reflectance if the contrast is small. Since the absorption in dielectric
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materials is veryow, mirrors made from dielectristacks are extremely efficient. The main
limitation of these dielectric mirrors is that they only operate for a limited range of angles close
to normal incidents.

As 1-D PhCs are the simplest photonic crystal structures and have the advantages of being
ey to simulate and fabricate, they have attracted much interest both numerically and
experimentally since the early days of research into PhCs. Notably, the formatidh BhC
integrated waveguide working as micro cavities by etching holes in a ridgegwide has

been carried out by many researchers Witleneuve and Foresi first reporting theoretieaid
experimental investigationf 1].

v,\]_>
3

Figure 22- Schematic of a one dimensional photaergstal consisted of periodic stack of
dielectric layer with period d.

2.31 Two Dimensional Photonic @ystal

Both twodimensional (2D) and thre#imensional (3D) PhCs can be thought of
Generalizations to the 1D case where a full 2D or 3D bandagpears only if the 1D Bragg
reflection condition is satisfied simultaneously for all propagation directions in which the
structure is periodic. For most 2D periodic lattices this occurs providing the index contrast is
sufficiently large, but for 3D strtigres only certain lattice geometries display the necessary
properties, and only then for large enough index contrasts.
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In two-dimensional photonic crystals the permittivity is modulated in two directions, for
example, in the ( xAnypenodR caebe répresented ass RE mlat + vy ) .
m2a2 + m3a3, where aj are translation vectors, which form the basis of the photonic crystal
lattice. mj are integer numbers. For the 2D photonic crystals al and a2 are in the (xy) plane and
a3 can be chosen toe in the z direction. Because the permittivity is constant along the z
direction the length of a3 can be chosen arbitrarily, it doesn't affect the resitdts.the
identification of onedimensional band gaps, it took a full century to add a seconchsiome

and three years to add the third. It should therefore come as no surpriseDitgts&ms

exhibit most of the important characteristics of photonic crystals, from nontrivial Brilouin
zones to topological sensitivity to a minimum index contrastl ean also be used to
demonstrate most proposed photonic crystal deyk&s

A second class of 2D PhC applications exploits the unique properties of the propagating
modes that exist outside the band gaps in ddifeetPhCs. The discrete translatiosgimetry

of PhCs imposes strict phase conditions on the field distributions that they support. As a result,
only a discrete number of modes are supported for any given frequency and light propagating
in these Bloch modes can have very different propeuiéight in a homogeneous medium.

_—~
1Y
S
—_—

O

)

(c) (d)

Figure 23: (a) Schematic of a 2D hetgpe PhC slab consisting of low refractive index
cylinders in a highndex slab. (b) Scanning electron microscope (SEM) image of a fadaticat
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holetype PhC in a silicon slab (c) Schematic of a 2D-tygme PhC consisting of high
refractive index cylinders in a lomdex background. (d) SEM image of a fabricated g
PhC formed from GaAs rods on a lamdex aluminum oxide layer

An impottant parameter of the photonic crystal is the filling factor which is defined as the
fraction of the photonic crystal primitive ¢
This parameter reflects the coupling strength of the light and the phatystal and greatly

affects the Bloch mode dispersion properties.

2.41 Three Dimensional Photonic €ystal

Threedimensional PhCs have proved to be the most challenging PhC structéabsdate.
Whereas 2D PhC research has gaisgnificant benefit from welkkstablishedlD PhC thin

film and semiconductor processing technology such as plasma depasitioglectrorbeam
lithography, fabrication of 3D PhCs has required the developofesntirely new techniques.

For this reasonf was more than three years after ithigal proposal for 3D band gap materials
[13] before a structure was calculated to exhibit a band gap for all directions and all
polarizations[14]. The design consisted of dielectric spheres positioned at the vertices of a
diamond lattice. This followed experimental reports the previous year in which a partial band
gap in a faceentered cubic (FCC) lattice of spheres was mistakenly identified esnaplete

band gap[15]. This latter result highlighted the requirement for rigorous theoretical and
computational tools capable of dealing with Rigtlex contrast dielectrics.

Three dimensional photonic crystals were at the origin of the very notion of photonic crystal,

and it is believed that only photonic crystals presenting a -thireensional periodicity are

capable of providing an Omni directional band gap with the compleppression of the

radiative states in the corresponding frequerayge[16]. The first three dimensional PhC
possessing a Photonic Band Gap was fabricated by Yablonaititah[17] at microwave
frequencies and is known as AYablonoviteo. Tl
of dielectric with a mask consisting of a triangular array of holes. Each hole is drilled through

three times at an angle 35.26°away from the normalspnead 120°in azimuth. The relative

size of the photonic band gap, i.e. the gap frequency divided by thgamiftequency, was

found to be around 21%, which agrees well with th¢b8}.
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(a) (b)

Figure 24: An example of 8D PhC woodpile structure known to exhibit a full photonic Band
gap. (a) Schematic of an ideal woodpile PhC. (b) SEM image of a real 3D woodpile structure
fabricated in silicon.

2.571 Application of Photonic Crystals

The study of materiaproperties has lead to ma breakthroughs in SciencereRistoric
ancestors have intelligently acquired the skill of extracting materials fiadore, studying its
physical properties to fashion tools for their survialentually, humankind wanted motean

just the raw form of materials. Scientists amdjineers began tempering with existing ones to
create new materials with even maugperior properties such as stainles=el, ceramics, etc.
Today,a widevariety of artificial materials with excelleqthysical and chemical properties

in possessiarn this centurycontrol over materials has extended to include their electrical and
magnetic properties. Advances in semioctor physics have permitteto modify
conductivity, permeability of materialtyereby pioneering the unprecedented ageaoiistors

and integrated circuits. Even more recently, graphene has proven itselatodvel material
with phenomenal electrical conductivities and transport regitmeshe last decade, a new
frontier hasemerged with a similar goal: to control the optical gexiies of materials.
Scientists and engineedesireto fabricate materials with the ability to selectively prohibit
light, direct light or even localize light in desired regions. All these are easilgmplished
with the help of photonic crystals. As such, photonic crystals have earned their place in science
andtechnology advances today.
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Theideas of photonic crystal akery exciting but the hard truth is realization is mtule of
thumb is that the lattice constant of the photonic crystal is about one half to one third of

wavelengthEven t he wavelength we choose is at the
|l attice constant about Oe the cdll should.b& evensmalleAin d t h
di mensi on, about 0. 2 to 0. 4em. Thi s i s nea

microlithography techniques. The electron beam lithography amndyXithography are two
candidates for improved fabrication of susrhall features.

The applications of PBG structures include the design of-adimapact lasers that emit
coherentlight with almost no pumping threshold, -alptical switching fabrics for routing data
along theinternet, singleatom memory effects for qnaum computer applications and-all
opticaltransistorsOwing to their unique ability for controlling photon transmission, PhCs are
predicted to have many applications in future optical and photonic systems, stimulating much
work aimed at demonstrating jptical devices.

2.5.17Waveguides

One very promising application of PhCs is aimed at improving the performance of waveguides
[19] althoughoptical fibers guide light over long distances, micnauits of light based on
waveguides do not exist. PBG materials remove this problem by removing all the background
electromagnetic modes over the relevant band of frequencies. Now, when a lightdsosh

the crystal it has nowhere else to go and so it traces the path of the defect. The PBG localizes
the light and prevents it from escaping the optical marouit. Even through a 900 bend, 98

% of the power in the light that goes in one end coméesfdhe other.

Guiding and trapping light using waveguides and resonant cavities are two fundamental
optical functions that enable a range ofagdtical devices to be created. Waveguides not only
perform the tasks of their electrical analogues, wibgstransferring light from one part of a

circuit to another, but are used in many other devices such as couplers, junctions and
interferometers. Resonant cavities have many potential applications that make use of the sharp
spectral response and very strdigdd intensities that occur at resonance. There are various
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methods for achieving efficient wave guiding and many others for producing high quality
optical cavities, but very few single technologies allow both to be engineered in a single
integrated strcture. Two dimensional photonic crystals can provide just such a combination
due to their versatile geometry that allows simultaneous fine tuning of a number of parameters
[20] 3D PhCs couldpotentially provide even greater control over light, but they are
considerably more challenging to fabricate. In addition, the complex lattice structures required
to achieve full 3D band gaps can make it very difficult to create high quality defects. The
possibility of producing cavities and waveguides BnCs by introducing defects was
recognized not long after the first 2D band gap structures were proposed. In 1994, Meade et al.
suggested that both cavities and waveguides could be created in 2D Ph@glgychanging

or removing a single cylinder or a whole line of cylinders, respectively. A defect created in this
way is surrounded by the uniform PhC that acts as an Omni directional mirror for light at
frequencies in the band gap, thus trapping lighbédefect region. In a cavity defect, this can
result in sharp resonant behavior, whereas a linear defect allows light to propagate along the
defect while being confined in the transverse direction by perfectly reflecting PhC walls. In a
PhC slab, this i®nly true for light confined vertically by TIR, but the behavior is essentially

the same.
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Figure 25.1 : Line defect in a photonic crystadft: A beam splitter photonic crystal Right:
electric field of light propagating down a waveguide with a shamd carved out of a square
lattice of dielectric rods.(Courtesy of Ouellette.)

2.5.2- Photonic Crystal Fibers

Photonic Crystal Fibers (PCFs) are optical fibers that employ a micro structured arrangement
of low-index material in a backgrounahaterial of higher refractive index. The background
material is often waoped silica and the low index region is typically provided by air voids
running along the length of the fiber. PCFs may be divided into two categories, high index
guiding fibers andow index guiding fibers. High index guiding fibers are guiding light in a
solid core by the Modified Total Internal Reflection (MIR) principle. The total internal
reflection is caused by the lower effective index in the micro structirddled region. Low

index guiding fibers guide light by the photobiand gap (PBG) effect. The lightasnfined to

the low index core as the PBG effect makeepagation in thanicro structured cladding
region impossibleThe strong wavelength dependency of theatiffe refractive index and the
inherently large design flexibility of the PCFs allows for a whole new range of novel
properties. Such propertiésclude endlessly singlmoded fibers, extremely nonlinear fibers
and fibers with anomalowdispersion in theigible wavelength region.

2.5.3- Add Drop Filters

An adddrop filter for a wavelength division multiplexed (WDM) communication system is
depicted in Figure 2.9. Here, light from an optical fiber carrying many different frequencies,

F1, F hserded inte a 2D PBG structure by means of a wave guide channel (missing row

of hol es) . The frequencies F1, F2,¢é¢ |ie wit
waveguide channel except in places where the periodicity of the background pores isdisrupte

by means of defects. For example, a hole that is larger than all the other background holes can
act as a resonator which picks off a particular frequency, say F1, from the wave guide channel,
while allowing other frequencies to propagate freely alongvdnee guide.
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Figure 25.2 Add drop filtersmultiple streams of data carried at different frequencies F1, F2,

etc. (yellow) enter the optical micichip. Data streams at frequency F1 (red) and F2 (green)

tunnel into localized defect modes and are rdabedifferent destinations. (Courtesy of Sajeev
John, University of Toronto.)

2.5.471 Integrated Circuits

One of the goals of photonic crystals is to create ultra small optical and optoelectronic
integrated circuits as conceptualized in Fig.1.%dch devices integrate naampere laser
arrays with different oscillation frequencies, waveguides that incorporate very sharp bends,
optical modul at or s, wavelength selectors,
The optical devices are credtby introducing appropriate artificial defects and light emitters

in the crystal.
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Optical Modulator

Tova Theachald T acor Arvav

Figure25.3 | ntegrated optic circuit an artistos
into which a micrelaser array and dmultiplexing (DEMUX) circuit have baeintegrated.
(Courtesy of S. Noda, Kyoto University, Japan.)

2.5.5 Tunable PBG materials

For many applications, it is advantageous to obtain some degree of tunability of the photonic
band structure through electoptic effects. This may be useful in routing of signals through
an optical network and provide flexibility to reconfigure the nogitias conditions in the
network change. The pores in the materials can be infiltrated with other elettrally active
materials which enable reconfiguration of the underlying photonic band structure. Tunability
may be obtained by controlling the optieaisotropy of the constituent materials. Inverse opal
structures provide a highly efficient scattering system as illustrated by the complete PBG of
silicon inverse opals. The nearly 75% empty volume of this structure is ideally suited for
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infiltration by a low refractive index liquid crystal with strong optical anisotropy making them
efficacious forelectro optictuning effects. In particular, a change in the orientation of the
nematic director field with respect to the inverse opal backbone by an éxatrciaic field

can completely open or close the full, thiimensional PBG. This clearly demonstrates an
electreoptic shutter effect to the PBG which may be realized by external means.

0.2+

FREQUENCY ( in units ofcia )

0.1}

0.3} i | :
|
\

L K Ly Uy X U Ls

Figure2.5.4 Yablonovite structuréhisis first three dimensional photoricystalsto be made
and it was named Yablonovite after Yablonovitch who conceptualized it. The dark shaded
band on the right denotes the totally forbidden gap (courtesy of Yablonovitch, University of
California, Los Angles.)
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Figure 25.5 The scaffolding structure (for its similarity to scaffolding) is a rare example of a
photonic crystal that has a very different underlying symmetry from the diamond structure yet
has a photonic band gap (courtesy of Joseph Hzathplic university of America.)
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Figure 25.6:the inverse opal structu&EM picture of a crossection along the cubic (110)
direction of a Si inverse opal with complete 5% PBG around 1.5 um.
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Chapter 3

Computational Method®f Photonic Crystal Structures

The modes of the photonic crystal mu st of
However, symmetry considerations place restrictions on the possible form of the solutions. In
particular, the modes must satisfy tippBopriatetranslation symmetry

31-The Maxwell 6s Equation

The investigation and study of wave propagation in periodic media was first made by Felix
Bloch [21]. He showed that the wave propagation in periodic media can be successfully
accomplishedvithout scattering of the waves. He proved that the wave drifting in the periodic
medium is modulated by a periodic function. This periodic function is due to the periodicity of
the structure of the medium, identical to the travelling of the electroniesvewvthe crystal
structures. The identical analogue can be applied to the electromagnetic wave propagation but,
here, the periodicity is in the dielectric difference of the medium. We start the mathematical

analysis by Maxwell 6s curl equations.
JX|+/ =
z 4
;"-—l_L
JXﬂ 54_
(3.1)
JX”:




JX”-:Z

The quantities E and H are the electric amgnetic fields, measured in units of [volts/m] and
[Ampere/m] respectively. The quantities D and B are the electric and magnetic flux densities

respectively. In linear, isotropic and ndispersive materials, the E and H fields, relate to
electric and magetic flux through the following equations:

m= Kr= K K

(3.2)
| =+ = He Hog

Now assume no current flow or charge density in the system, then:

J><|f+”—<: (3.3)
T
J Xﬂ 54_
JXIF: Hn;ﬂ<
J )(ﬂzu_nu_>i—|z (3.4)
I =
I EF=

Generally, E and H are both complex functions of space and time, since the Maxwell
equations are linearthough, from the spatial dependencge can break up the time

dependence by increasing the feeldto a set of harmonimodes. So the harmonic mode as a
spatial prototype or fAimode profiled times a

(3.5)

|F>,4=|F>A;;£0<
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By putting equation (3.5) iequation (34), the two divergence equations are given by:

s (m =

(3.6)
DERD =

Thetwo curl equations relate E(r) to H(r) is:

Sxpes o H (M

3.7)

TS FIFIE

If we divide the magri& curl equation in equation (37 )  dmdtake’he curl, we obtain the
following equation, called the master equa{i@8)] .

JXo—) Xq > = X3 » (3.8)

2els

Wheren»; is the dielectric constant and is function of pssition. Equation (2.8) is agigen

valueequation,withEigenvalue_,‘i’—L (¥ are real (Iosslessg) and
r
which is calledHermetian operator. H(r) is the Eigen state, and the Eigen states are orthogonal.

The two curls giyv esg ifivkei sn ett H & fempeoetr ggrytoi aaln de ner
Hamiltonian in Schrodinger equation.

The equation given above s a slightly different form of
derivation of any standard wave equation, we do the similar procedure. We can also express

the master equation (ME) is terms of electric field, but expressing it in terms of magnetic field

H, becaise it has a series of properties that has got very important physical consequences and
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these properties are relatively easily to derive. By expressing the master equation in the Eigen
value equation as:

1= 3 <7 (39)

The condition for thé&-field is:

J X XF>:

K» F »
(3.11)

218

It is referred to as a generalized Eigen problem, since there are operators on both sides of this

eqguation. It is an easy matter to change this into a normal, Eigen problem by dividing equation
(2.11)by K, but then operator is not a Hermitian.

We can reinstate a simpler transversality constraint by using D in place of E} sfdce 0.

Putting K;ir for E in equation (2.11) and, to keep the operator Hermitian, divide both sides by
r
Kwhich yields:

(3.12)

This equation | ooks

|l i ke being much more co
calculations.
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322Bl ochdés Theorem

Similar to traditional crystals of atoms or molecules, photonic crystals do not have continuous
translational symmetry. They have (photonic crystal) discrete translational symmetry i.e. under
translations of any distance they are motariant but, instead, just distances, which are the
multiples of certain fixed step lengt[3].

Il n photonic crystals, the wave propagates ac
is a function of a periodicity in the medium. In optipariodic media (photonic crystals), there
is a periodic variation in dielectric constants. The refractive indices are functions of positions.

Ne =TN(e+ =|=)
(3.13)

He = He+H

Wh e r éis anydagbitrary lattice vector. The above equations state that the medium repeats its

properties after position O6x+ad. The Bl och©os
Where g B#P © < s a plane wave, angjg® i s periodic fienvelopo. K
scattering of Bloch wave occursarediscreteo. (g. It is important to know that Bloch state

having wave vector c')k, and the Bloch state
k 6 s t hferent by integratimuttiples of 2“/®, arenot distinct from the phsical point
of view. Therefore, thérequencies of mode should also feriodic in k. K exists in the range

27,< I < ['H. This area of imperative, needundant values of k is known as the Brillouin
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zone. The shortest area inside the Brillouin zone, for whiclthgy (frequency bands) are not
linked by symmetry, is known as irreducible Brillouin zone. The irredudisl#ouin zone
consists of a triangular block with 1/8 the area of the complete Brillouin zone, and the
remainder of the zone contains redundant versions of the irreducible zone.

When the dielectric is periodic in three dimensions, then dielectric &iamt in that case

under translations through a large number of three dimensional lattice vectors R. These vectors
can be inscribed as a specific arrangement of the three primitive lattice vectors, (al, a2, a3),

t hat are call ed t wme vactopaon @achtRh &l+mg2ena3efor wafiousl at t
integers |, m, and n, the vectors (al, a2, a3) provide three primitive reciprocal lattice vectors
(c1, c2, c3) So that

(3.15)

These reciprocal vectors span a reciprocal lattice of their individual that is occupied by the
wave vectors. The modes of a 3D periodic system are Bloch states that can be marked by a
Bloch wave vector

(3.16)

Wher e, AKo is in the Brillouin zone. Every
zone recognizing an Eigestate off x ~i X with "QO'E Gsoo

and an Eigen vecterg
of the type

18> = m Kg(» (3.17)

WhereOg(» , a periodic function of the lattice isg » = Og >+=| ,for each lattice
vectors R.
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3.3-The First Brillouin Zone

Brillouin zones are an important characteristic of crystal structures. The construction and
illustration of Brillouin zones for éhree dimensional lattice are somewhat difficult to follow.
The construction of Brillouin zones for a two dimensional lattice is much easier to follow.

A Bragg plane for two points in a lattice is thelane which is perpendicular to the line
between the two points and passes through the bisector of that line. The first Brillouin zone for
a point in a lattice is the set of points that are closer to the point than the @aaggf any

point. In other wordsme can reach any of the points in the first Brillouin zone of a lattice point
without crossing the Bragglaneof any other point in the lattice.

The second Brillouin zone is defined as the points which may be reached from the first
Brillouin zone by crosing only one Bragg "plane.” This can be generalized to define-tine n
Brillouin zone as the set of points, not in the previous zones, that can be reached from one (n
1) thzone by crossing one and only one Bratane

In constructing the Brillouin zorsefor a point it is expedient to first determine the nearest
neighbors, the next nearest neighbors and so on. This is conveniently illustrated with a square
lattice. Shown below are the nearest through fenerest neighbors and their Bragg lines.
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Figure 31: the nearest through fifth nearest neighbors for a point in their Square lattice and
their Bragg lines.

32



The zones can easily be determined from their definitions. The first zone, oneaMlithfinthe

Bragg lines is shown red below. The second zone is all the points that can be reached by
crossing one and only one Bragg line from the first zone. The second zone is shown in green in
the illustration below. The third zone, shown in blue, cassid all the points that can be
reached by crossing only one Bragg line from the second zone. The fourth zone is shown in
black.
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Figure 32: First four Birillouin zones for a squalatice.

Figure 33: First Brillouin zones for several crystals. a) 2D square lattice, b) 2D hexagonal
lattice and c¢) 3D faceentered cubic lattice.

33



3.4- Computational Methods

3.4.1-Frequency Domain Method

In the frequencydomain method, we are trying smlve the field distributions of the steady

state from the Maxwell equations. The fields are expanded into a set of harmonic modes that
have the following temporal characteristics:

Poa= Ang’" (3.19)

After substituting the above equatio(&18) and (319) into the Maxwell equations (3.1) to
(3.4), we can obtain the following equation for the magnetic filed H:

J

2] =
TR

L T (3.20)

Equation (320) defines an Eigen value problem and can be solved by a variation approach.
After the magnetic filed H is found, the electric field can be obtained by the following relation:

BB = — - x EH) (3.21)
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3.4.2-Finite-Difference TimeDomain Method (FDD):

The FiniteDifference TimeDomain (FDTD) method, introduced by K. S. Yee in 1984],

was as the first technique for the direct id@emains ol ut i ons t o t he Maxwel
in the space lattice, and has been the subject of very rapid development. Since about 1990
when engineers in the general electromagnetic community became aware of the modeling
capabilities of the FDTD and relatedchniques, the interest in this area has expanded well
beyond defense technologies, into even-traditional electromagnetic related areas.

The FDTD method applies a set of simple certiiierence approximations for the space and
time derivatives of electric and magnetic fields that are seoother accurate directly to the
respective differential operators of the thsbee pende n't M aguatiens, insiemd of u
potentials, and therefore, achieves a sampégd reduction of the continuous electromagnetic
fields in a volume of space and over a period of tjatg. Overall, the FDTD technique is a
marchingin-time procedure that simulatelet actual wave in the finite space lattice by the
analogous numerical wave propagation stored in the computer memory.

Finite-difference timedomain method (FDTD) has been widely used in the area of
computational electrodynamics to analyze the interagtimtween electromagnetic waves and
complex dieletric or metallic structuref26]. In the general procedures, finite differences are
used to approximate Maxwell equations in real space and appropriate boundary conditions are
imposed in order to simulatenite or infinite structures. Then the response of the structure to
the electromagnetic waves in time domain can be obtained bymanehing the fields. The
Maxwell curl equations are discretized on t he
a rectangular grid. Electric and magnetic fields are temporarily separated-bglbtime step.

Also, the electric and magnetic fields are spatially interlaced by half a grid cell. Based on this
scheme, finite differences in both time and space are tsegpproximate the Maxwell
eguations on each grid point.

Il n order to compute the field at any given
every adjacent grid point on the grid have to be known first. But with a finite computational
domain, he field values from grid points outside the domain are not available. Therefore, field
values on the boundaries have to be updated by using appropriate boundary conditions.
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The FDTD Algorithm

Imagine a region of space where which contains no flowing currents or isolated charges.
Maxwell's curl equations in can be written in Cartesian coordinates as six simple scalar
equations. Two examples are:

de= JHEE D (3.22)

z 4 24

= e(H Oy (3.23)

The other four are symmetric equivalents of the above and are obtained by cyclically
exchanging the x, y, and z subscripts and det
in which the temporal change in tBefield is dependent upon the spatariation of theH

field, and vice versa. The FDTD method solves Maxwell's equations by first discretizing the
equations via central differences in time and space and then numerically solving these
eguations in software.
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Figure 34 - In a Yee cell of dimension Ax, Ay, Az, note how the H field is computed at points
shifted one half grid spacing from the E field grid points

The most common method to solve these gguos is based on Yee's meashd computes the

EandHf i el d components at points on a grid with
E and theH field components are then interlaced in all three spatial dimensions as shown in

Fig. 21 . Furthermor e, ti me is br Bfilkocompopentsared o di
then computed at timés= n gt and theH fields at timeg = (n+ 1 / 2 Wwhergn is an integer
representing the compute step. For exampleEthe e | d at t@&sequaltmtheteld= n @
att=(nl) t plgs an additional termoenputed from the spatial variation, or curl, of tHe

field at time t.

This method results in six equations that can be used to compute the field at a given mesh
point, denoted by integersj, k. For example, two of the six are:

P P’
12 _ »-142 b _ o _ » _ o
7 A 7 ®li gk + ( gk Eyii..r'.ka—ll) iy ( B[R Extid'—LkJ)
P’ P
»+l _ ¥ »+1/2 _ LR R »+1/2 _ »+1/2
E ¥ gk) & i gk + E (H E(LJ+LE) i =i,k ) E (H Pl EAL) 7 J'ill.i"J'«J)
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These equations are iteratively solved in a leapfrog manner, alternating between computing the
EandHf i el ds att2semwadsequent o

3.5: Light Propagation in Photonic Waveguide

Photonic crystal slab waveguide is formed by removing one row of air holes from the periodic
lattice. This introduces a line defect inside the periodic lattice, adding guided modes inside the
photonic stop band. The image of a free standing waveguidenvisginghole line defect is
shown in Figure 3. Since our concern is the dispersion of the guided modes which are
confined within the line defect, we take the original band structure and project the wave
vectors onto the propagation direction. The preedianl structure is shown in Figure43

x 90000 500NnMm —— 2kV Smm

Figure 35.1: Photonic waveguides formed by missihgle defect.

All the leaky modes above the light line are neglected since PWE simulation generates useful
results only below the light line and the leakgpdes are not our concern. Below the light line,
three guided modes are usually identified: (1) the fundamentdik&Euided mode; (2) and

the second order Fhke guided mode; (3) the fundamental TlMe guided mode. In this
simulation, the lattice cotent of photonic crystals is 400nm, the filling factor is 0.3, the
refractive index is 3.5, and the slab thickness is 220nm.
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This simulation used ideal photonic waveguide with perfect symmetry, ati#d Ehodes and
TM-like modes are orthogonal as evendas and odd modes with respect to the central slab
plane. However, in reality, due to the fabrication uncertainty, no waveguide is perfectly
symmetric and thus Tike modes and TMike modes would no longer be orthogonal.
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Figure 35.2 Projectedband structure of photonic waveguide.
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3.5.1- TE like guided mode

The guided modes are confin¢éal the line defect. In figure .3, the fundamental Thke
guided mode and the second orderliké guided mode are labeled as 1 and 2. The group
velocities of these two guided modes are given by the sigpdy/dk; which approaches zero

at the Brillouin zone boundary. This forms thedacedge of the T#ike guided mode, which

is very important for creating hetejanction cavitied27].

Although the electric field of these two Tiike guided modes is vertically even, their
horizontal mode distributianare different. The RSOFT Fillave FDTD simulation is used to
calculate the electromagnetic field as a function of time and spaeecdiculated result in
Figure 35.1(a) to Figure 3.1(c) shows the #plane electric field distribution of the
fundanental TElike mode, and Figure.B3.1(d) to Figure 3.1(f) shows the irplane electric
field distribution of the higherrder TElike mode.
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Figure 35.3: The field distribution of THike guided modes in-B PC slab waveguide: (a) Ez
of 1st mode.(b) Ey of 1st mode. (c) Ex of 1st mqdg Ez of 2nd mode. (e) Ey of 2nd mode.
(f Ex of 2nd mode.
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3.5.2: TM-like Guided Modes

Besides the THike guided modes, the fundamental Jlike guided mode is also below the
light line (labeled as 3 in Figure.d. It is a guided mode that is weleparated from the
continuum of TMlike slab modes in the W1 waveguide. The electric field is vertically odd,
and the irplane distribution of each electric fietomponent is shown in Figureb3.

Positive

Negative

Figure 35.4 The field distribution of the 1§iM-like guided mode in-D PC slabs
waveguide: (a) Ez distribution. (b) Ey distribution. (c) Ex distribution.
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Chapter 4

Optimization & Simulation of 2D Photonic Crystal Structures

4.1 Design and Optimization

In this work, anapproachs developed to analyze PhC structures. @pproach is based on
the displacement andharrowing technique. Themotive is to design and optimize the desired
photonic crystal waveguides and to optimize the transmidsies Frstly, a PhC Zbend
consistingof two successive 120° waveguide bends,-bevid power splitter waveguide and
finally a Mach Zehnder waveguideas been designedhe design has been realized in a
gallium arsenide (GaAs) hexagonal photonic crystal waveguide by fabricating air rods/holes.
The unroptimized PhC structures displaigh transmissiotosses since the major propagation
leakagetranspiresin the unoptimized bending regionsf the PhC structureshus producing
higher transmission losse§he optimizationof these designsis dore by applying the
displacement andharrowing technique.This technique allowsne-tuningthe bending regions

of the PhC structures with the aim ¢artail transmission leakage throughout the crystal as
much as possible and to optimidee transmission loss The displacementnethod allows
altering positions of certain PhC rods/atorasd the the rods can be movadd placel
anywhere within the structure. This breaks the periodicity of the rods oftbptimizedPhC
structure.The dispacementof theserodsis donein the bending regions of tHehC structures
The narrowingechnique basically altetbe characteristics of the PhC raatsims;this means
shape or pattern of the PhC radm be alteredy changing its radius, width arather certain
parametersHowever, he displacement andharrowing methodinvolves theadjustmentof a
very important factor,the pitehat i o (r / a) . Radiusdoand hehe odi ¢
from the center of ad to the center of other roavhich is the lattice constaris denoted by

0 a Bhe defaultlattice constant is 1. The lattice constant is changedording to the
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requirements for the optimizatio®ame has been done with the ragiasameterthe default
radius of the rods is 0.2. iBiilarly, the radius is altered in accordance to the optimization
requirements.This is how thepitchratio calibrationsare madeand thus completing the
optimization process.

The resulting wave propagation through the optimized waveguidere shown tha the
modified design areas amnough to yield the wanted improvement in efficiencyl éhe
numerical result®btained have shown much optimized transmission lo§deswhole design
and simulation process including PhC band gap simulation and propagtion analysis has
beendone using the software RSOFT.

4.2 Waveguide @sign in RSOFT: Drawing in RSOFT CAD

The RSoft CAD is the core program in the RSoft Photonics Suite, and acts as a control
program for RSoftds p as s BeardPRO® d~wllWAVE, Bandmu | at i
SOLVE, GratingMOD, and DiffractMOD. It is used to define the most important input
required by these simulation modules: the material properties and structaraény of a
photonic device. It ineededo typically first design atructure in the CAD interface and then

use one or more simulation engines to model various asgdtis device performance. In this
work, at first, BandSOLVEnodulehas been used talculate band gap regions of the desired
photonic crystal wavegués. The band gap region givélse requiredoperational wavelengths

that can beusal to execute FullWave simulation and allow the propagation of light waves
transpire throughout the desired waveguideso8dly, FUNVAVE simulation progranms used

to compute lte propagation of light waves through Z bend, Y bend and Matinder
photonic crystal waveguides.
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4.2.1 BandSolve

In principle, BandSOLVE can be applied to find the timedependent modes of any lossless
photonic structure. For the most part, however, it is intended to be applied to structures with
some degree of periodicity in the refractive index distribution. Indeed, even when applied to
nonperiodic structures, the calculation is performed by introducing an artificial periodicity. To
properly understand the workings of the program and to accurately interpret its results, it is
therefore necessary to introduce some basic elements ohdbeytof (timeindependent)
electromagnetism in periodic structures.

4.2.2 FullWave

FullWAVE is a simulation package for computing the propagation of light waves in arbitrary
waveguide geometries. The simulation is based on the-kweWn finite-domain time
difference (FDTD) technique. This technique is based on direct numerical integration in time
of Maxwel | 6s e g ucaled Yea smeshu SUlWAYE énipleys theo perfectly
matched layer (PML) boundary conditions for absorbing edettignetic waves incident on

the edges of the computation domain in space. The package allows for both the constant wave
and pulsed excitation with a unidirectional or one way source which can be a waveguide mode
or a Gaussian beam in the transverse spditiaction. The physical propagation problem
requires two key pieces of information:

AThe refractive index of distribution.

AThe electromagnetic field excitation.

From these, the physics dictates the electromagnetic field as a function of (x,y,z,t) and
FullWAVE attempts to calculate this.
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4.3 Band Gap Calculation

The degree of a photonic band gap can be considered by its frequency|wid#owever;

this is not a very fine aculation. When the crystal sxpanded by some factet then the
equivalent band gap would havevadth ¥ /'Q Here,a gapmidgap ratiois introduceg which

is very useful, and is independent of the scale of the cfy28hlSupposeg ¢ is the frequency
at the middle of the gap, so the gajlgap ratio is yen by

Yolo,

Where, Yo is the frequency width of the photonic band gap. It is normally expressed as a
percentage. So if the system is scaled up or down, every frequency scale consequently, other
than the gapmidgap ratio because it imdependent of the scale of tloeystal. Therefore,
whenevetthe size or dimensions of a gapreferred then itbasicallypoints tothe gapmidgap

ratio. The frequency and the wave vector are always plotted in dimensionless units, and are
given by:

('H "MAnd('H )

The dimensionless frequency is equaditg, where | is the vacuum wavelength that is given
by

Y= zdo.
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4.3.1: Band Structure Calculatio®f Photonic Crystal \&veguideVithout
Defect

x-2.9 Z:4.4

Figure4.3.1(a) BasicHexagonal Photonic Crystal Latticenered circles are theoddatoms
ard the white spaces represent gallium arsenide (GaAs)
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. . Ir
Figure4.3.1(b). Rods in air showing the radius (and the lattice constant (a).

Photonic crystals characterizes an interesting feature, that is the photonic band gaps allow
certain frequencies of light. With the aid of this unique property, guiding light through the
crystal structure can be made possible. This be attained by intdoicing defects.
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Figure3.3.1(c). (Left) Photonic crystal showing no band gap to a paldr wavelength of light
and (Rght) Photonic crystal showing a band gap to a different wavelength of light.

Photonic crystals (PhCs) are periodic dielectric structures that inhibit propagation of
elctromagnetic wave of a certain range of frequencies, therefore introducing a frequency band
gap, otherwise popularly known as photonic band gapgive a cleampicture about which
wavelengths will show band gap on a particular structure, a dispersiation diagram is
depicted in Figure 4.3.1(d)The dispersion relation diagram shows the dependence of the
resonant frequencies on the wave vector efrtdiatiorpassing through it.
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Figure 4.31(d). A Dispersion Relatiof aHexagonaPhotonic Crystalattice computed in
Transverse Electric (TE) moddowing the allowed and disallowed modes (band gaps) over
the first brillouin zone.
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4 .4- Simulation of Lattice Defects

In conventional fibers, where light is guided by the total internal reflection, a small bend in the
fiber would lead to radiative modes causing a lot of power to leak away. The remarkable effect
of photonic band gap can be seen by intradudifferent shaped defects into the lattice. When
light is shone on the lattice, the scattering sites will reflect light back and forth preventing it
from propagating forward into the lattice. Consequently, light has no place else to go but to
follow the path of the line defect even if it is in the form of a tight bend. This holds great
promise for the field of integrated optics that will result in production of miniature low cost
optical equipments enabling the optical networking revotfutio

4.4.1: Simulating a Z defedh the PhClattice

In Figure 4.4.1(a) dasicZ, defect is introduced in the hexagonal lattice by removirdgin

the desired shapend a Gaussian wave, corresponding to the forbidden mode in the lattice,
launchedThe inputpower isobserved to hit the two bending regions of the Z bend waveguide
(Figure 4.4.1(b)land output pwer isobtained.It is observed that for a given refractive index
contrast, and launched wavelength, there exists only one unique value of radiusi@hébpe
which the corresponding modes are strictly forbidden. THamsmission loss has been

calculatedas the ratio of output transmission to the total input transmission. This transmission
YEET QXD YR Gt 0£0Q 1
OIEO "ORo0 YR 0E0Q I/
transmission loss for this defect Haeen illustrated in Figure 4.5(e

loss has been calculated in dBLOlog/{:

The corresponding
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Figure4.4.1(a) BasicZ defect introduced into the lattice.
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Contour Map of Ey
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Figure 4.41(b): FDTD simulationin basicZ defect

51



In Figure 4.4.1€) Z defect with the displacement of rods introduced in the hexagonal
lattice bydisplacingrodsaccording to the required parameter. The amount of displacement has
been donecautiously; the lattice constant of the displaced ro@elored green) in the
rectangular boxeBas been changed 0.5um from the default valueldm. This means that the
distance from the center of the red cell to the center of the green cell insidetdregudar
boxes is 0.am. Thena FullWAVE simulation corresponding to the forbidden mode in the
lattice, is launched. The input power abserved to hit the two bendinggions of the Z bend
waveguideFigure 4.4.1q) and output power i®btained.Transmission loss calculatiomas

been illustrated in Figure 4.5(e
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Figure4.4.1(c). Z defect with the displacement technique intraetlicto the lattice. The

rectangularegions represent the areas where rods have been disflaeawds that have
been displaced are marked green.
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Contour Map of Ey
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Figure 4.41(d): FDTD simulationin Z defect(with displacement technique).
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In Figure 4.4.1(e¥ defect with the narrowing of rodss introduced in the hexagonal lattice
by narrowingrodsin the bend regions of the structuféhe circled regions in Figure 4.4.1(e)
show the narrowing of theods. The radius of theodsinside the circular regionsas been
changed to 0.3¥m whereas the detét radius of the rods is Qun. The simulation prograns
run, corresponding to thierbidden mode in the lattic&'he input power i®bserved to hit the
two bending regions of the Z bend waveguide (Fegi4.1(f)) and output power abtained.
The corresponding transmission loss for this medifiefect hasbeen illustrated in Figure

4.5(8.
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Figure4.4.1(e) Z defect with the narrowing technique introduced into the lattice. The circled
regions represent the areas where rods have been edrrow
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Contour Map of Ey
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Figure4.4.1(f): FDTD simulationin Z defect(with narrowing technique).

In Figure 4.4.1(gk defect with the displacement and narrowing of rods altogditwored in
gray inside the rectangular boxes introduced in the hexagonal lattice blganging the
position of therods and modifying ther width and radiugn the bending area of the PhC
structure The radius of the cells marked in gray inside the boxes has been changeqito 0.17
andtheir lattice constant has been changed tar@,5vhich means the distance from the center
of the gray cellto the center of the red cell inside the box isuén5 After this, awave is
launched corresponding to thiarbidden mode in the lattic& he input power i®bserved to
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hit the two bending regions of the Z bend waveguide (Figure #)4.a0d output poweis
obtained.The corresponding transssion los$asbeen illustrated in Figure 4.5(e
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Figure4.4.1(g). Z defect with the displacement and narrowing technique introduced into the

lattice. Therods colored in gray inside thectangulaboxes represent thiedsthathave been
displaced and narrowed.
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Contour Map of Ey
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Figure 4.41(h): FDTD simulationin Z defect(with displacement andarrowing technique).
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4.4.2: Simulating a hape defect in the PBG lattice

In Figure 4.4.2(a) a defect in the shape ofisYintroduced mto the lattice. The defeas
simulated(Figure 4.4.2(b)jand the outpupoweris obtainedat the outpubranch. The powes
measued at the two ends of the Y and the transmis&iga haseen calculated in dB. The
corresponding transmissidwss isillustrated in Figure 4.5(h).

Figure4.4.2(a) BasicY defect introduced into the lattice.
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Figure 4.42(b): FDTD simulationin Y defect
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