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ABSTRACT

MSc. THESIS

INVESTIGATION OF ASYMMETRIC TRANSMISSION PROPERTIES
IN 2-D PHOTONIC CRYSTALS

Fulya KARACORA NANE

CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES DEPARTMENT
OF ELECTRICAL - ELECTRONICSENGINEERING

Supervisor  : Prof. Dr. Turgut IKiZ
Year: 2018, Pages: 53
Jury : Prof. Dr. Turgut IKiz
: Prof. Dr. Bekir OZCELIK
: Asst. Prof. Dr. Sule COLAK

This study is theoretical investigation on the properties of asymmetric
transmission in 2-D photonic crystals. In particular, this thesis concerns the
transmittance of terahertz waves on metallic dual layers. The effects of different
geometric and optical parameters on the transmission are investigated by using
MATLAB and freely available MEEP software based on the FDTD method.

The three different structures made of silver are used to manipulate
electromagnetic propagation of different wave lengths. The simulation results
represent transmittance values for the TM mode where the electromagnetic
propagation transverse to the same way of incidence wave. As a result, the best
comparative asymmetric transmittance values are obtained as 0.75, and 0.15 from
top and bottom sides, respectively.

Key Words: 2-D Photonic Crystal, Asymmetric Transmission, FDTD.
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YUKSEK LISANS TEZi

IKI BOYUTLU FOTONIK KRISTALLERDE ASIMETRIK GECIS
OZELLIKLERININ ARASTIRILMASI

Fulya KARACORA NANE

CUKUROVA UNIVERSITESI
FEN BiLIMLERIi ENSTITUSU
ELEKTRIK ELEKTRONIK MUHENDISLIGi BOLUMU

Damisman  : Prof. Dr. Turgut IKiz
Yil: 2018, Sayfa: 53
Juri : Prof. Dr. Turgut IKiz
: Prof. Dr. Bekir OZCELIK
: Dr. Ogr. Uyesi. Sule COLAK

Bu ¢alisma 2-boyutlu fotonik kristallerde asimetrik gecis 6zellikleri Uzerine
teorik bir arastirmadir. Bu tezde Ozellikle terahertz dalgalarinin iki katmanlh
metalik yapilarda iletimi (zerinde durulmustur. Calismada farkli geometrik ve
optik parametrelerin gecirgenlik Gzerindeki etkileri FDTD tabanli MATLAB ve
Ucretsiz MEEP programu araciligr ile arastirilmasgtr.

Farkli dalga boylarinda elektromanyetik yayinimi kontrol etmek igin 3
farkli geometriye sahip giimis tasarim kullaniimigtir. Simiilasyon sonuglar: gelen
dalga ile aym yonde iletilen elektromanyetik yayimim i¢cin TM modunda
gecirgenlik katsay: degerlerini vermektedir. Calisma sonucunda en iyi asimetrik
gecirgenlik katsay:1 degerleri 0.75 (Ustten gelen) ve 0.15 (alttan gelen) olarak elde
edilmistir.

Anahtar Kelimeler: 2-Boyutlu Fotonik Kristal, Asimetrik Gegirgenlik, Zamanda
Sonlu Farklar Metodu.



EXPANDED ABSTRACT

All electronic gadgets like transistors use electrical signals made of
electrons moving from one place to another one for communication. Use of light
instead of electricity has been considered to be one of the most promising solutions
to make electronic components even faster. The main advantage of light is the
fastest thing you can use to process and transfer information. Already, fiber optic
cables, which simply guide light, are used in current telecommunication
technologies.

In recent years, there is widespread research interest in optoelectronics
made of optical systems and devices. This area is also called as Photonics, which is
a collaborative area of electrical and electronics engineering, material science,
physics, and optics. At present, optical integrated circuits using light propagation
are being studied and developing intensively. To develop the light based electronic
components and devices, it is necessary to create the useful optical materials by
giving us a chance to controlling of wave propagation.

This study focuses on the investigation of asymmetric transmission
properties of novel dual metallic photonic crystals. The method used in this study is
FDTD method. The effects of different geometric and optical parameters on the
transmission are investigated by using MATLAB and freely available MEEP
software(MIT Electromagnetic Equation Propagation) based on the FDTD
method.The three different structures made of silver are used to manipulating
electromagnetic propagation of different wave lengths. The simulation results
represent transmittance values for the TM mode where the electromagnetic
propagation transverse to the same way of incidence wave.

In this thesis, we investigated asymmetric transmission properties of two
dimensional metallic gratings for optoelectronic applications. We tried to obtain
asymmetric propagation behavior by changing the geometry of metallic grating.

According to reference paper (M. Stolarek, 2013: Cheng, 2007: Cheng, 2008: Xu,
Il



2011), we have considered some dual metal geometries and studied the
transmission spectrum of these structures by freely available MEEP program. We
have also compared the MEEP’s simulation results by MATLAB. MEEP
implements the FDTD method for computational electromagnetism. FDTD
algorithm is today’s most popular calculation tools (Taflove, 2000). The time and
space are divided in a uniform grid for FDTD algorithm which solves time
dependent Maxwell equations. For determination of boundary conditions, Perfect
matched layer PML is embedded in the simulation (Berenger, 1994). Generally, the
width of PML layer is equal to a lattice constant in overall simulation area. FDTD
solves time-space dependent magnetic and electric fields in different spatial regions
by sliding electric and magnetic field components. This idea of grid discretization
was first proposed by Yee (Yee, 1966). Fields in grids can be classified as TM and
TE polarization.

The outline of this thesis is as fallows. In the first chapter, an introduction
to some basics of photonic crystals, optoelectronics, and applications of photonic
crystal in optoelectronics is given. Chapter 2 describes the fundamental concepts of
our work. The method of analysis we used and problem definition are explained in
chapter 3. Numerical results of TM mode analysis obtained by MEEP software and
MATLAB are presented in chapter 4. Chapter 5 contains conclusion and scope of
future work.

The scheme of our simulation setup for the investigation on the asymmetric
transmission of light in our dual metal grating designs is given in numerical
method section. The unidirectional transmittances of terahertz wave’s incidence
from top side and bottom side were obtained in TM mode. The transmission
spectrums of all designs are calculated for different values of G parameter (distance
between dual metallic layers) in TM mode and plotted versus wavelength. In this
simulation, we use perfectly matched layer PML (Berenger, 1994) boundary
conditions which absorbs electromagnetic waves at the boundaries without

reflections. Here, interference waves are sinusoidal wave. The dual metal structures
AV



were embedded in free space (e=p=1) surrounded by PML. The MEEP simulation
results were also checked with snapshots of wave propagation obtained by
MATLAB for same design structures. Procedure of FDTD and calculating
transmittance was provided as below. The sizes of metal gratings chosen for three
different designs are given in result section and these three different designs are
hereafter named as design A, design B, and design C, respectively.

Procedure of Calculating Transmission and Reflection Coefficients;

1. Performing FDTD based simulation
a. Calculating the steady state field in the region where reflection and

transmission are observed

2. For selected frequency

a. Calculating the wave vector components of the spatial harmonics
b. Calculating the complex amplitude of the spatial harmonics

c. Calculating the diffraction efficiency of the spatial harmonics

d. Calculating over all reflection and transmission coefficient

e. Calculating conservation of energy

As a result, the aim of this thesis was to obtain an asymmetric transmission
behavior in the 2-D dual metallic photonic crystals. For this purpose, we designed
three novel dual metallic structures and analyzed the numerical results of
electromagnetic wave propagation for TM mode. Firstly, the distance between dual
metallic layers was modified to obtain the asymmetric transmission. It is possible
to say that we could not obtain an effective asymmetric transmission behavior for
our design A and B. Nevertheless, we have carried out an asymmetric transmission
behavior in design C for a large range of wavelength for all G values. We have also
checked the most effective parameters of design C (G=200nm, A= 2.9 um) by
MATLAB simulations. The MATLAB results are consistent with the MEEP

\%



results. As a further work, we have studied on the effects of an intermediate
dielectric material between dual metallic layer of design C for G=200 nm. But the
transmission spectrum results show that the intermediate material has demolished
the behavior of asymmetric transmission in the structure of design C.

The asymmetric transmission means that an electromagnetic propagation is
completely transmitted in one direction, but blocked in other direction. This feature
can be utilized to design the optical diodes (Scalora, 1994) for light based
integrated circuits. Consequently, the transmission spectrum of design C reveals
optical diode like transmission behavior around 3 pum. There are many studies on
such optical diodes (Biancalana, 2008: Wang, 2011: Kurt, 2012: Stolarek, 2013).
Although our goal is to achieve an asymmetric transmission behavior, the design A
and B show a sharp filtering feature (Wang, 1995: Hu, 2015) from top side and

bottom side for around 5.5 and 5 pum respectively.

Vi
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1.INTRODUCTION Fulya KARACORA NANE

1. INTRODUCTION

The innovations on information and communication technologies have
changed many things in human life. The importance of semiconductor components,
integrated circuits and devices has been better understood with the development of
human society and technology. The performances of integrated circuits such as
microprocessors are now well-suited to the famous Moore's law (Moore, 1975),
suggests the electronic devices double in speed and capability about every two
years. Although, the integrations of electronic components and devices for
information communication and processing are approaching the basic speed and
bandwidth limit due to ultra-intensive electrical interconnections. In addition to
this, electronics industry has faced another problem, size limit. As a fundamental
unit, transistors drive most of electronic parts. When we make the transistors
smaller, we can also make them faster and consume less electricity to operate. The
problem is: how small can we make transistors? At the moment, companies like
Intel are producing silicon transistors with 14 nanometer sizes. They are getting
very close to the limit of how small we can make a transistor, because of silicon’s
0.2 nm atomic size.

All electronic gadgets like transistors use electrical signals made of
electrons moving from one place to another one for communication. Use of light
instead of electricity has been considered to be one of the most promising solutions
to make electronic components even faster. The main advantage of light is the
fastest thing you can use to process and transfer information. Already, fiber optic
cables, which simply guide light, are used in current telecommunication
technologies.

In recent years, there is widespread research interest in optoelectronics
made of optical systems and devices. This area is also called as Photonics, which is
a collaborative area of electrical and electronics engineering, material science,

physics, and optics. At present, optical integrated circuits using light propagation
1



1.INTRODUCTION Fulya KARACORA NANE

are being studied and developing intensively. To develop the light based electronic
components and devices, it is necessary to create the useful optical materials by
giving us a chance to controlling of wave propagation.

Photonic crystals, firstly introduced by Yablonovitch (Yablonovitch, 1987)
and John (John, 1987), opened the new fields in application of optoelectronics.
Photonic crystals are defined as a periodic composition of dielectric or metallic
materials that are designed to control and manipulate of electromagnetic waves.
Photonic crystals are attracting more attention day by day due to their intrinsic
electromagnetic properties and possible applications in optical devices.

This thesis focuses on the investigation of asymmetric transmission
properties of novel dual metallic photonic crystals. The method used in this thesis
is FDTD method. The outline of this thesis is as fallows. In this chapter, an
introduction to some basics of photonic crystals, optoelectronics, and applications
of photonic crystal in optoelectronics is given. Chapter 2 describes the fundamental
concepts of our work. The method of analysis we used and problem definition are
explained in chapter 3. Numerical results of TM mode analysis obtained by MEEP
software and MATLAB are presented in chapter 4. Chapter 5 contains conclusion

and scope of future work.

1.1. Photonic Crystals

Photonic crystal is the structure of a periodicity of regularly shaped
different dielectric or metallic materials. By the periodicity of dielectric, the
transmission of electromagnetic waves is zero at certain frequencies known as the
photonic band gap (Ge, 2011). Researchers can be design and construct a photonic
crystal with photonic band gaps, which block the wave propagation in certain
directions with certain value of wavelengths (certain range of frequency). By
creating imperfections (line defects or dot defects, or both) in periodicity of crystal
structure, the integrity of the photonic band gap can be broken, which allows

manipulating of electromagnetic waves. The localization of electromagnetic wave
2



1.INTRODUCTION Fulya KARACORA NANE

in photonic band gap allows to design photonic crystal based optical devices
(Passaro, 2013).

Electromagnetic wave propagation in the dielectric periodicity was first
investigated by Lord Rayleigh (Rayleigh, 1888). The structures were 1-D photonic
crystals which have a photonic band gap that prevents electromagnetic wave
propagation in plane. Although a single form of photonic crystals has been worked
on since 1887, the term "photonic crystal" has begun to be used 100 years after the
first discovery, after the publications of Yablonovitch (YYablonovitch, 1987) and
John (John, 1987) considered milestones. Before Lord Rayleigh's first study in
1888, the systems with a 1-D photonic band gap which have a broad reflection
spectrum were known as stop bands. Further, 1-D photonic crystals which have a
multilayer dielectric like Bragg mirror are investigated intensively. Nowadays,
certain photonic crystals are applied in a variety of technological practices such as
reflecting surface coating for improving the performance of light emitting diodes
(LED) and high reflecting mirrors of laser systems. In 1987, Yablonovitch and
John have suggested 2-D photonic crystals and 3-D photonic crystals, which have a
dielectric periodicity in two-dimensions and three-dimensions, respectively. A1-D
photonic band gap results from a 1-D periodic dielectric structure. But both of
Yablonovitch’s and John’s suggestions are interested in2-D and 3-D periodic
optical structures. Yablonovitch studied on controlling of photonic density states,
for the purpose of operating the diffusion mechanism of compounds inside the
photonic crystal. Similarly, John's idea is to influence the control and localization
of the electromagnetic wave propagation in the periodic photonic crystal structure.
Both of them are concerned with the engineering of a structured material that
shows the frequency ranges at which electromagnetic propagation is blocked:;
namely, photonic band gaps. After the work of 1987, research on photonic crystals
led to a serious increase in the number of investigations. However, as a result of the
difficulties in producing photonic crystals in the optical dimensions, the first

investigations are theoretical studies in the optical and microwave regime where
3



1.INTRODUCTION Fulya KARACORA NANE

the photonic crystals are much easier to produce at the nanoscale. Yablonovitch has
reported the first 3-D photonic band gap for microwave propagation
(‘Yablonovitch, 1991). Thomas Krauss studied on 2-D photonic crystal and reported
first demonstration of 2-D photonic crystal in optical regime (Krauss, 1996). His
study allowed the production of photonic crystals by the manufacturing techniques
used in the semiconductor industry. Even if some methods are used to mature into
possible applications, 2-D photonic crystals are commercially available as optical
components and fiber optics. Since 1998, the 2-D photonic crystals based optical
components such as optical filters (Ma, 2011: Mohmoud, 2012), multiplexers
(Rawal, 2009) demultiplexers (Benisty, 2010), switches (Wang, 2010), directional
couplers (Moghaddam, 2010), power dividers/splitters (Gannat, 2009), sensors
(Malek, 2011: Olyaee, 2012) are studied for possible applications in electronic
industry (Passaro, 2013).

The three types of photonic crystal structures can be distinguished
according to the change of the refractive index and the periodicity in the medium.
These three structure, one-dimensional (1D), two-dimensional (2D) and three-

dimensional (3D) as shown in Figure 1.1 respectively.

1-0

panodic in parodic in parniodic in
one direction fwo diractions thress direchions
(a) (b) (c)

Figure 1.1. Demonstrations of photonic structures in a) 1-D b) 2-D and ¢) 3-D. The
different colors represent materials with different dielectric constant
(Joannopoulos, 2008)
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In 1-D photonic crystals, the periodic modulation of the refractive index
occurs only in one dimension, while the refractive index variations are the same in
the other two dimensions of the crystal. The photonic band gap appears in the
direction of periodicity for any value of refractive index contrast i.e., difference
between the dielectric constants of the materials. Namely, there is no threshold for
dielectric contrast for the photonic band gap appearance. The wideness of photonic
band gap appears very small where index contrast has small value and vice versa.
However, when refractive index contrast has values bigger than one, the photonic
band gaps are opened up (ni/n,> 1), where n; and n, are the refractive index of the
dielectric materials. A defect can be introduced in a 1-D photonic crystal, by
making one of the layers to have a slightly different refractive index or width than
the rest. The defect mode is then localized in one dimension however it is extended
into other two dimensions. A well known example of this type of 1-D photonic
crystal is the Bragg mirror made of variable stages with low and high refractive

indices, as shown in Figure 1.1(a) and 1.2(a).

(a) (b) (e
Figure 1.2. Schematic illustrations of photonic crystals (a) 1-D (b) 2-D and (c) 3-D
(Passaro, 2013)

The wavelength choosing and reflectivity properties for 1-D photonic
crystals are used in a wide range of applications, including high-reflection mirrors

(Bruyant, 2003: Li, 2011), optical filters (Chen, 2003: Nemec, 2004: Lee, 2005),
5
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waveguides (Taniyama, 2002), and lasers (Lu, 2011). In addition, such 1-D
photonic crystals are widely used as antireflective coatings, which significantly
reduce surface reflection and are used to enhance the quality of the lenses, prisms
and other optical components.

Photonic crystal structures which have a periodicity in two different
dimensions and homogeneity in other dimension are known as 2-D photonic crystal
shown in Figure 1.1(b) and 1.2(b). In most of the 2-D photonic crystals, the
photonic band gap occurs when the lattice has sufficiently larger index contrast. If
the refractive index contrast between the cylindrical (or rectangular) rods and the
air holes is adequately large, 2-D photonic band gap can occur for electromagnetic
wave propagation in the plane of periodicity perpendicular to the rod axis. In
general, 2-D photonic band gaps consist of dielectric rods in air host (high
dielectric columns positioned in a low dielectric media) or air holes in a dielectric
region (low dielectric columns in high dielectric media) as shown in Figures 1.3(a)
and 1.3(b). The dielectric rods in air host give photonic band gap in TM mode
where the electric field is polarized perpendicular to the plane of periodic
dielectrics. The air holes in a dielectric region give TE modes where magnetic field

is polarized perpendicular to the plane of periodic dielectrics.

(a) (b)
Figure 1.3. Structure of (a) dielectric rods in air and (b) air holes in dielectric
region (Passaro, 2013)

A 3-D photonic crystal has a dielectric structure with periodic permeability

modulation along three dimensions, provided that the conditions of sufficiently
6
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high dielectric contrast and suitable periodicity are met; a photonic band gap
appears in all directions. Such 3-D photonic band gaps, unlike the 1-D and 2-D
ones, can reflect electromagnetic waves incident from any direction. An example,
shown in Figure 1.2(c) depicts the 3-D woodpile structure.

In consequence of difficulties in producing high quality structures for
optical wavelengths, early photonic crystals are performed at microwave and mid-
infrared frequencies (Ogawa, 2002: Yang, 2009). The smaller photonic structures
have become feasible with the developments of methods used in manufacturing
and materials processing, and in 1999 the first 3-D photonic crystal with a photonic
band gap at communications frequencies is reported (Deubel, 2004: Baohua, 2009).
Since then, various lattice geometries have been reported for operation at similar
frequencies (Ohkubo, 2004: Liu, 2008). Waveguide and the introduction of
intentional defects in 3-D photonic crystals has not progressed as rapidly as in 2-D
photonic crystals, due to the fabrication difficulties and the more complex

geometry required to achieve 3-D photonic band gaps.

1.2. Optoelectronics

Optoelectronics is a branch of electronic that combines both electronics
and optics. Optoelectronic devices are used in various applications in technologies
of telecommunication, defense, medical and automation. In this field, the
researches focus on developing electronic devices that interact with light forms of
ultraviolet, visible and infrared. Optoelectronic devices operate by using photons
that can propagate in a dielectric medium. A photon is the elementary unit of light.
Photons propagate with a classified frequency such as optical, infrared, microwave
and so forth. The relationship between an electromagnetic wave’s frequency and its
velocity (v) is given by: A=v/f (AL is wavelength). An electromagnetic wave
propagates in free space with velocity of 3.0 x 10® m/s. But it propagates slower
than free space velocity in other media, such as solids. The use of photons instead

of electrons in integrated circuits is summarized in the following explanatory table.
7
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Table 1.1. Summary of using photons instead of electron in Integrated Circuit
Technology.
Features In Electronic In Photonic

Data Carrier electrons photons
functional optical
Type of Components transistors ;
devices
Number of
Components limited to a few hundred  range into millions
Integrated
many different materials fits nicely onto
Substrate Materials _ _ ) o
in a single chip silicon

In recent years, the use of photonic crystals in production of optoelectronic
devices is considered as the most innovative approach. The studies on
optoelectronic, have demonstrated progress toward photonic crystal based
integrated circuits. The compatibility of new and faster light based chips with all

the existing electronic chips is considered as a key challenge.

1.3. Usage of 2-D Photonic Crystals in Optoelectronics

The ability of controlling and manipulating of the electromagnetic
propagation by dielectric periodicity in photonic crystals, and related formation of
photonic band gap can be used for designing of the optoelectronic devices. At
present, pioneering improvements in optoelectronic devices have greatly benefited
lighting and display technologies. Nevertheless, 2-D photonic crystal which is very
useful type of photonic band gap material and can block light from traveling within
a plane is the choice of great interest for both fundamental and applied research,
and also it is beginning to find commercial applications. K. Inoue (Inoue, 2004) has

summarized the use of photonic crystals in several applications given in figure 1.4.
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Figure 1.4. Samples of photonic crystals applications (Inoue, 2004)

The majority of photonic crystal applications utilize the phenomenon of
photonic band gap that opens the new routes to design optical components in
micrometer (um) range. Waveguides that confine light via photonic band gaps are a
new development. In general, the waveguide is designed to transmit
electromagnetic propagation of a particular frequency from one place to another
place on a curved path. Many studies on optical components using this waveguide
have been reported in the literature such as power splitter/ power divider
(Djavid,2008) equally between output waveguides, Y splitter (Borel, 2005),
directional couplers (Moghaddam, 2010), optical diode (Scalora, 1994) and so on.
It is also possible to design a cavity, formed by the absence of a single rod or group
of rods (dot defects), which is embedded between two waveguides each of which is
formed by the absence of a row of rods (line defects).
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2. FUNDAMENTAL CONCEPTS

2.1. Maxwell’s Equations

Electromagnetic wave phenomenon can be explained by Maxwell’s
equations depending on both space and time. They were established by James
Clerk Maxwell in 1873 as a compilation of empirically observed laws previously
shown to describe the behavior of electric and magnetic fields (Maxwell, 1954).
They consist of Ampere's law (Ampere, 1820), Faraday's law (Faraday, 1834), and

Gauss' law (Gauss, 1839). The differential form Maxwell’s equations as fallows;
_  &B
VXE=— = (2.1)
- 5D
VxH= ]+§(2'2)
V-B= 0(2.4)
Maxwell's contribution to these laws is the addition of the displacement
current term (the term involving the time derivative) in Ampere's law. These

equations can be greatly simplified if a few reasonable assumptions are made. E

and D, and H and B are related by the constitutive relations

D = eE(2.5)
B = uH(2.6)
] = sE(2.7)

11



2. FUNDAMENTAL CONCEPTS Fulya KARACORA NANE

here e = egg, is the dielectric permittivity, 4 = Hois permeability, e, is the relative
dielectric constant, and s is electric conductivity. For now, we can count p, = 1.

Firstly, let’s consider two theorems of Stokes’s and Gauss’s
¢, F-ds= [, V-Fdv(2.8)

here s is the closed surface area defining volume V. The Stokes theorem is as

fallowing
gSC F-dI=fAV><F-ds (2.9)

here contour C defines surface area A. We can transform the Maxwell’s equations
in differential form to integral one with the above theorems. Maxwell’s equations

in Integral forms are
¢, D-ds= [, pydv(2.10)
¢, B-ds= 0(2.11)
§ E-di= —[, 2(12)
§ H-dl= [, ‘;—'3+|(2.13)

The characteristics of the medium are usually defined by p, e, and s.
Moreover, the main role for the dielectric media is played by e. The dielectric

media is called as linear when e is not function of E; in other case it is nonlinear. If

12



2. FUNDAMENTAL CONCEPTS Fulya KARACORA NANE

it is independent from the location in space, it is called as homogeneous; versa
inhomogeneous. If intrinsic parameters are not function of distance, the medium is

isotropic; versa anisotropic.

2.2. Wave Equation
When we assume J = 0 and py= 0, the wave equation can be rewritten by

executing Vx operator to both sides of equation (2.1)

2 o
Hotar — ~HE%

] ]
VxVXE= —a(VXB)z —ua(VxH)z
By using equation (2.2) and (2.5), then applying the following formula

VxVxE= V(V-E) — V2E(2.14)

one finds as fallow with equation (2.3)

2F = e
V°E = ue aztE (2.15)

Equation (2.15) is called as the wave equation. The same method can be
applied for the magnetic field. The quantity pe gives the speed of electromagnetic

wave in space as (assuming p,= 1).

»2

e = Ho€oér = :_2 (2.16)

Here, n is related to the refractive index of media.

13
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2.3. Time-Harmonic Fields

It the fields are arbitrary periodic time functions, they can be explained into
Fourier series of harmonic sinusoidal components. In this case the phasor of such a
field can be defined as;

E(r,t) = Re{E(r)e*} (2.17)

Here Re {...} indicates the real part of quantity in brackets and o is the
angular frequency in rad/s. The source-free Maxwell’s equations are as followings
by using the time-harmonic assumption (2.17)

V xE = —jouH(2.18)

V xH = joeE(2.19)

By same assumption, the wave equation (2.15) can be reduced to:

VZE + K’E = 0 (2.20)
Here kK = w+/pe.

By considering of propagating of a uniform plane wave which is
characterized by a uniform electric field where E, is not zero.

8%Eyx _
5x2

=0 (2.21)

The wave equation becomes

14
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¥ 4 k2E, =0 (2.22)

8§22
The solution should be
E,(2) = E e/ (2.23)

The Maxwell’s equation (2.18) gives the magnetic field

ay ay a,
VXE=| 0 0 =|=-j p(aHc+aH,+a,H,)  (2249)
E(z) 0 O

Here a,, a,, a, are unit vectors in Cartesian coordinate. If we use the above
expression

_ 1 0Ex(z)
Hy T jop 0z
H,=0

For magnetic field, we can obtain the fallowing equation by using the
solution of E,(z)

H = a Hy(z)(2.26)

1 .

k
= ay 00—!»1 EX(Z)

k
= ay 7 EX(Z)

15
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Here the medium impedance is defined as Z = ,/u/e . The electromagnetic

wave propagation is illustrated in figure 2.1.

& ¥

¥ | Nl

"\-\.‘ >

kA~ H

. ‘

l :" = -
E g :
v <
ko

Figure 2.1. lllustration of an electromagnetic wave (Wartak, 2013)

Finally, we have a useful relation between electric and magnetic fields in
source-free region. Assuming time-harmonic and plane-wave dependence of
electric and magnetic fields as

E ~ exp(iot — ik- 1)

We can relate the equation (2.6) and Maxwell equation (2.1) to obtain

kx E = wpgH

Introducing unit vectorkalong wave vector k and the expression for wave

number k = wii /py€,, We have
ik x E = Z,H

Here Z, is the free-space impedance.

16
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2.4. Polarized Waves

Polarization is a property of electromagnetic waves that define the
direction of their oscillation. Polarization defines a time-dependent curve which E
vector makes (in the plane orthogonal to the direction of propagation) in a given
space. If the curve has an elliptical shape the wave is known as elliptically
polarized. Besides, the ellipse may be reduced to a circle or a segment of a straight
line. In this case, the wave is called as circularly or linearly polarized, respectively.
Because of the electric and magnetic field vectors are interdependent; they do not

need a separate process.

2.4.1. Linearly Polarized Waves
Firstly, we need an equation for an electromagnetic wave which is defined

by electric field vector E directed along the x-axes

E = a E,cos (wt — kz + ¢) (2.28)

When the electric field vector is oscillating in x-axes, it is called as a
linearly polarized plane wave. The electromagnetic wave propagation is in z-axes.
In equation (2.28) k is the propagation constant and w=2rnv is the angular

frequency, we have

<le

Here v = c/ii is the speed of the propagation in a media which has the
refractive index 1. The parameter ¢ is the phase of wave. The wave equation can be

written in complex form as

E = aEje(@t-kz+)(2 og)

17
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The electric field which is defined in equation (2.28) is rewritten by taking
real part of equation (2.29). Now, we have a general equation for a plane polarized
wave

E = éEoe i(wt - kr+0)

Here unit vector € lies in the plane known as plane of polarization. It is

perpendicular to vector k which lies in direction of propagation

2.4.2. Circularly and Elliptical Polarized Waves

Generally, when we have an arbitrary number of plane waves propagating
in the same direction they add up to a complicated wave. Basically, one has only
two such plane waves. We can consider two linearly polarized plane waves which
propagate in orthogonal direction and having the same frequencies

E, = Eyay = ayEpxC0s (ot — kz) (2.30)

E; = Eja, = ayEq,cos (ot — kz + ¢)(2.31)

We need to know form of the resulting wave and the curve traced by the tip

of the total electric vector E = E; + E,

E = E; + E;, = Ey{cos (wt — kz) + cos (wt — kz + )}

From equation (2.30)

18
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cos (wt — kz) = ;—X(2.32)

we have the following trigonometric equality

cos (« — B) = cosa cosP + sinasinf

S0 equation (2.31) can be rewritten as following;

or

E, = Egy{cos (wt — kz)coss + [1 — cos?(wt — kz)]'/?sins}

By substituting equation (2.32) into the above equation we can drive

Eg 1/2

E_y =X cosd + ( _ET) sing.

0x
Squaring both sides gives

2 1/2

2
E E E .
y X — 0
- CcoSs = ( - ) SIn
(EOy EOX q)) E(Z)x d)

2

E E
—- — 2cosp L=+
Egy Eoy Eox  Ely

EZ .2 EZ cin2 4 — ain2
—-C0s c|>+EZ sin“g = sin“$
0x

Finally, we obtain

(EE_oyy)z N (;T)Z -2 (E_y) () cosp = sin?(2.33)

Eoy/ \Eox

19
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This equation describes an ellipse. Thus the endpoint of E (z, t) traces an
elliptical trace. This wave is known as elliptically polarized. For ¢=n/2, the

resultant total electric field is given by

2
&)+ @)=

and describes a circular trace if Eq,=Eo;.
This means that the end of electric vector E of right elliptically polarized
wave revolves clockwise around the ellipse. Typical situations of elliptic, circular

and linear polarizations are shown in figure 2.2.

L} ) ich

Figure 2.2. Representation of polarization types: (a) elliptical, (b) circularly and (c)
linearly (Wartak, 2013)

2.4.3. Fresnel Coefficients and Phases

Consider an electromagnetic wave that reflects at the boundary between
two dielectric medium as shown in figure 2.3. The incoming wave plane is
described as the plane on which the unit vector n is formed, where unit vector n is
normal to the directions of propagation of the reflected and incident waves and the

interface between two dielectric media.

20
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incident wave £ reflected wave

medium |

L=
X medium 2

Figure 2.3. Reflection of a wave at the interface (Wartak, 2013)

We can obtain the reflection and transmission coefficients known as
Fresnel coefficients which depend on the edielectric constant and the angle
(Popovic, 2000). Also, Fresnel coefficients give Fresnel phases by the following

equation (Kraus, 1992):

r = e 2%,(2.34)

For modes of TM and TE, the reflection coefficient T" and phase ¢ can be

calculated.

2.4.4. TE Polarization

The incident, reflected and transmitted electric fields are Ei;, Ei,, Ea,
respectively and shown in figure 2.4. The incident electric field Ey;is parallel to the
interface between two media. This orientation is called as TE polarization. In

general, the electric field vector E is normal to the plane of incidence.

21
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E

7Y

medium |

mechum 2

H, *k
Figure 2.4. The incident, reflected and transmitted components of electric and
magnetic fields for TE polarization (Wartak, 2013)

The sum of the components on both sides must be equal by the boundary

conditions. These conditions give
Eyi + Eip = Ey (2.35)
—H,;cos0,; + H;,.cos6; = —H,.c0s0,

We also have the following equations including the impedances in two

medium:

Eii _ Eir _ Exe _
Hy Z4, Hy Z4, Hy Z, (2.36)

The impedance Z is equal to Zy/ii for a nonmagnetic medium (p, = 1),
where 11 is the refractive index of the medium, where Z; is the intrinsic impedance

of the free-space given by

— Ho
Z = =
0 €0

22



2. FUNDAMENTAL CONCEPTS Fulya KARACORA NANE

The above equation defines the impedance of the free space. By using the

second part of equation (2.35) and the equation (2.36), we have
Ejj + Eqr = Ep
—E—Tcosel + E;—Tcose1 = —z—z;cosel.
Reflectance coefficient is defined as

Eir

We can use equations (2.47) and (2.48), to get

_ ZycosB0;—Z;cos0,

I =
TE Z,c0s0,+Z,co0s0,

By changing the impedance values by refractive indices 1, last expression

__ 1nicosB;—1,cos6,

¥ =
TE n1cos04+1,cosH,

This equation can be simplified by using Snell’s law

iy 050, — 11, 50910050
T _Mh 1~ Mine, 2 coselsinez—sinelcosezlz 38)
TE ﬁ1c0561+f11$?n91c0562 c0s0;sin0,+ sinB; cosO,
sinB,

In this case, I'tg reduces to the simple form

23
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_ cosB;sinB,— sinB;cosb, _ sin(B;-6) _ a-jb
- cos0,sinB,+ sinB;cosO, - sin(8;+0,) ~ a+jb

1-‘TE

We can write 't as a complex number as

e_jq)TE 2i
=5 " — o 2jd1E
I'rg eJOTE €

Finally, by principle of Fresnel, equation (2.34) one phase is obtained as

12sin20,—12
— 1—12(2.39)

tanq)TE - n1c0s0¢

This expression describes the phase shift for the reflected wave in TE

mode. The reflection coefficient (Pedrotti, 2007) is defined as

¥ % N2
— (DhiTNp
r= (55) (2.40)
2.4.5. TM Polarization

We can analyze the reflection for TM polarization where electric field
vector E is parallel to the plane of incidence and the magnetic field is parallel to the

interface between two mediums shown in figure 2.5.

mediuimn 1

medium 2

Figure 2.5. The incident, reflected and transmitted components of electric and
magnetic fields for TM polarization (Wartak, 2013)
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We can obtain the reflection coefficient rry for the TM mode by using the
Eii, E1, Exxwhich are complex values of incident, reflected and transmitted electric
fields in two different dielectric media respectively. Same notation is used for
components of magnetic field. The sum of the components on both sides must be

equal according to the boundary conditions. These conditions give

E,;c0s0; — E;.c0s6; = E,.c0s0, (2.41)

Hyi + Hyr = Hye

Using equation (2.36) for Z to terminate the expressions of the magnetic
part from the above equation (2.41). Now we have

E,;c0s0; — E;.c0s0; = E,.C0s0, (2.42)

Euiy Ear_ Ex

Zy Z; Z,

Reflection coefficient is obtained as

Eqir

using equation (2.42)

__ Z4c0s0,—Z,c0s0,

¥ =
™ Z,c0s04+Z,cos0,

This equation can be rewritten by using the refractive index parameter

25



2. FUNDAMENTAL CONCEPTS Fulya KARACORA NANE

__ 1Ncos0;-1,c0s0,

¥ =
™ n,co0s0,+1,cos0,

or

2

fipcos8;— [1i2—112cos0;
= \/7(2.44)

fi;cos0,+ [1i2-1%cos0,

Finally, we have a phase equation for TM mode as following. This

equation has the same notation as for TE mode.

¥20in20 %2
17sin“0, —15

%2
tanq)TE = g—% X (245)

1 cos0;

2.5. Poynting Theorem

When an electromagnetic wave propagates in a dielectric medium, it
carries some electromagnetic energy. The electromagnetic energies associated by
the wave can be described via Poynting theorem. By using the equations (2.1) and
(2.2)

—_ 3B
VxE= 5t

_ 5D
VxH= ]+

We have the following equation

V-(ExH) =H-(VxE)—E(V x H). (2.46)
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By using equations (2.1) and (2.2) , the equation (2.46) is rewritten as
5H SE
V- (ExH)=-H p-—EJ-E-png

1 6H-H 1 8E-E
= —p-———oE? —eg>=—

2 6t 2 ot

= — 2 (SeE? + 2 uH?) — 0E?(2.47)

integrating both sides of the equation (2.47) and applying the Gauss’s theorem, we

can get,

f, V-(ExH)dv=—2 (3eE?+ uH?)dv - [, oE%dv
(2.48)

The Poynting vector S is obtained as following

S = E x H(2.49)

Equation (2.48) can be expressed as,

—§. S-ds= %fv ( e+ m)dv+ [, podv(2.50)
Here

p, = oE? is ohmic power density
m = %uHZ is magnetic energy density
e = %sE2 is electric energy density.
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3. NUMERICAL METHOD

In this thesis, we investigated asymmetric transmission properties of two
dimensional metallic gratings for optoelectronic applications. We tried to obtain
asymmetric propagation behavior by changing the geometry of metallic grating.
According to reference paper (M. Stolarek, 2013: Cheng, 2007: Cheng, 2008: Xu,
2011), we have considered some dual metal geometries and studied the
transmission spectrum of these structures by freely available MEEP program (MIT
Electromagnetic Equation Propagation). We have also compared the MEEP’s
simulation results by MATLAB. We will use FDTD method in our study. Meep
implements the FDTD method for computational electromagnetism. FDTD
algorithm is today’s most popular calculation tools (Taflove, 2000). The time and
space are divided in a uniform grid for FDTD algorithm which solves time
dependent Maxwell equations. For determination of boundary conditions, Perfect
matched layer (PML) is embedded in the simulation (Berenger, 1994). Generally,
the width of PML layer is equal to a lattice constant in overall simulation area.
FDTD solves time-space dependent magnetic and electric fields in different spatial
regions by sliding electric and magnetic field components. This idea of grid
discretization was first proposed by Yee (Yee, 1966). Fields in grids can be

classified as TM and TE polarization.

3.1. Finite Difference Time Domain Method (FDTD)

There are many approaches to numerical solution of electromagnetic
problems; the popular one of them is the FDTD method. It is widely used in the
analysis of antennas, dielectrics, microstrip circuits, scattering from different
objects, electromagnetic absorption in the human body exposed to radiation, and
photonic crystals (PhC). Since the date of first reported by K. Yee (Yee, 1966), the
method has been developed by many researchers. In this method, structure is

composed to grid which is discretized in space and time as shown in Figure 3.2.
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Derivatives in Maxwell’s equations are defined in terms of finite differences on the
grid points. By solving the difference equations, update equations which are used
for determining the unknown future field values in terms of the past field are
obtained. Then the EM field distribution and interaction with structure are

revealed.

F
L

Ay

A

Figure 3.1. The position of the Yee space cage of the electric and magnetic fields in
a unit cell.

When d=dx=dy=dz and dt are indicated to increase of space and time
respectively, the finite difference derivatives are as follows (Allen, 2005: Taflove
1974).

dFn(ijk) _ F(i+3k)-F (-3 k)
d d

+ 0(d?) (3.1)
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an(i,j,k) _ F“+1/2(i,j,k)—F“'l/z(i,j,k)
at dt

+0(dt?) (3.2)

Here, the statement shown in brackets with O is the amount of error in this
method. If the distance between two points taken derivative is small enough that all
the terms represented by O are negligible.

TM and TE modes components are taken as (Ez, Hx, Hy) and (Hz, Ex,
Ey) for two dimensional structure respectively. Applying the difference Equations
(3.1) and (3.2) to Maxwell’s equation, following equations are obtained for TM
mode.

E; 7260 = BTG + o [ (i+50) - g (i-5.0)] -

omy HE (i) —H2 (i -3)] (3.3)

n+l (i i) = gn(iisl cdt _n+§___n+§__ T
HX (I,J + 2) Hx (I,J + 2) + m(i]j-}.%)dy _EZ (I,J) EZ (I-;J + 1)_ (34)

. . . . [ n+l . n+t ]
Ho+ (| +§,J) = H} (| +%,J) + —m(i:;)dx _Ez 2(i+1,j) — E. Z(I'J)_ (3.5)

Solving the Equations (3.3), (3.4) and (3.5) numerically for each lattice
point with beginning from initial values to the next point, time domain analysis of
photonic crystal can be performed. To keep the stability, following Courant

condition must be satisfied for time and space.

1

1 1 1\~
Vimaxdt < (=5 + =t =) (3.6)
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Besides, to prevent the reflection from the lattice ends, perfectly matched

layer (PML) should be placed around the structure (Berenger, 1994).

3.2. Geometry of Problem

Figure 3.3 illustrates scheme of the simulation setup for the investigation of
the asymmetry of light transmission of our designs made by dual metal grating.
The unidirectional transmittances of terahertz wave’s incidence from top side and
bottom side were obtained in TM mode. In this simulation, we use perfectly
matched layer (PML) (Berenger, 1994) boundary conditions which absorbs
electromagnetic waves at the boundaries without reflections. Here, interference
waves are sinusoidal wave. The dual metal structures were embedded in free space
(e=p=1) surrounded by PML. The MEEP simulation results were also checked
with snapshots of wave propagation obtained by MATLAB for same design
structures. Procedure of FDTD and calculating transmittance was provided as
below. The size of metal gratings chosen for different designs will be given in

result section.

Figure 3.2. FDTD Simulation setup with perfectly matched layer (PML).
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Procedure of Calculating Transmission and Reflection Coefficients

3. Performing FDTD based simulation
b. Calculating the steady state field in the region where reflection and
transmission are observed
4. For selected frequency
f. Calculating the wave vector components of the spatial harmonics
g. Calculating the complex amplitude of the spatial harmonics
h. Calculating the diffraction efficiency of the spatial harmonics
i. Calculating over all reflection and transmission coefficient

j. Calculating conservation of energy

Procedure for FDTD

1. Simulate the device using FDTD and calculate the steady-state field at

reflection and transmission record planes.

Eref(le): Etrn (X,f), Esrc (le)

2. Calculate wave vector of the incident wave

ky,inc = kO ninc

3. Calculate periodic expansion of the transmitted wave vector

ky (M = —2mm/L,, m = —floor[N,/2],...,—1,0,1, ..., floor[N,/2]
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4. Calculate longitudinal wave vector components for the reflection and

transmission

ky,ref(m) = \/( konref)2 - k)z((m )1

Kytrn (M) = y/(KoNeen )2 — kZ(m)

5. Normalize the steady-state fields to the EM source

~

0 Ere( ) —_ Ern( )
Brer(x 1) = Es:c(xf)  Ban(XF) = Etsrc(xf)

6. Calculate the complex amplitudes of the spatial harmonics
Sref( m, f) =FFT {Eref( X, f )}1 Strn( m, f) =FFT {ﬁtrn( X, f )}
7. Calculate the diffraction efficiencies of the spatial harmonics

DErer(m,f) = [Ser(m,f)]%.Re [kyk;(m)

y,inc

DErn(m,f) = [Sem (M, )] Re [“yt—(m)u]

Kyinc  Wtrn

8. Calculate energy conservation, transmission, and reflection coefficients
R(f) = ZmDEref( m,f) ) T(f) = Zm DEtI‘n( m,f),

C(f)=R(f)+ T(f)
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4. RESULTS

The transmission spectrums are calculated for all of our designs with
different values of G parameter (distance between dual metallic layers) in TM
mode and plotted versus wavelength. The sizes of metal gratings chosen for three
different designs are given in this section. We named these three different designs

as design A, design B, and design C, respectively.
T=42pum
d=3.5pum
a=0.7 pm
hy=10.5 pm
G a
ha
.
ha
L
d
+ - »l

Figure 4.1. Schema of metallic periodic condition for design A.
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Figure 4.2. FDTD simulation results obtained by MEEP program for the design A.
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Transmission
Trasamiiasion

o 113 ae 13 “p 43 1) L 1.} 1
Wavalength {pen|

Figure 4.3. All G parameter (distance between dual metallic layers) dependent
FDTD simulation results for design A.

‘Wavelength (am)

The transmission spectrum of design A is calculated for different values of
G parameter in TM mode and plotted versus wavelength as shown in figure 4.3. It
can be said that there is only one asymmetric transmission feature with the
maximum transmittances are as large as 0.5 and 0.1 for top side and bottom side
respectively in calculated region of wavelength range from 3.25 to 4.25 um.
Further, it may be seen from figure 4.3, that the design A exhibits many narrow

photonic band gaps can be seen in simulation results.

T=42pum
d=3.5pum
a=0.7 um
h=1.0pum
hy= 0.5 pm
| |

Figure‘4.4. Schema of metallic periodic condition for design B.

37



4.RESULTS

Fulya KARACORA NANE

Tramsmission

= top sids
S bt akde

Transmission

5
Wavelangth {jm]

G =80 nm

LEE

= ko alde
—— E=fiom alde

5

18 48 4k
Warvalangth [pmp

ae

A% 4 4B EB EE A8

Wanlengih (am)

= B0

LLE

LEE

LEE

— o eiie
—— botiom side

45 B =203nm

LEE

3=

Trarmmisson

LEE

LAY

an

LN

i 18

I8 M Ak 48 W AN

Wavclength juen)

L]

0= 100

= fap sidn

s

4n

‘Wanrsiangth [um)

g =a

Figure 4.5. FDTD simulation results obtained by MEEP program for the design B.
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Transmission
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Figure 4.6. All G parameter (distance between dual metallic layers) dependent
FDTD simulation results for design B.

The transmission spectrum of design B is calculated for different values of
G parameter in TM mode and plotted versus wavelength for top side and bottom
side from left to right respectively as shown in figure 4.6. According to this graph,
there is no certain evidence of asymmetric transmission with several band gaps and

a maximum of filtering feature around wavelength of 5 um.

J
d |
T=42um
d=3.5um
a=0.7 pm
h=1.0 um

Figure 4.7. Schema of metallic periodic condition for design C.
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Figure 4.8. FDTD simulation results obtained by MEEP program for the design C.

The transmission spectrum of design C is calculated for different values of
G parameter in TM mode and plotted versus wavelength as shown in figure 4.8. It
can be clearly seen that an asymmetric transmission behavior can be obtained for a
large range of wavelength for all G parameters. When the graphs of the simulation
results are compared, it can be said that the most efficient asymmetric
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characteristic is founded for G=200 nm as 0.75 and 0.15 for top side and bottom

side respectively.
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Figure 4.9. All G parameter (distance between dual metallic layers) dependent
FDTD simulation results for design C.
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Figure 4.10. Ez field (TM) mode propagation (a) incidence from top side, (b)
incidence from bottom side. Poynting vector distribution (c)
incidence from top side, (d) incidence from bottom side for design C
(G=200nm, A= 2.9 um).
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The wave propagations and Poynting vector distributions from top side and
bottom side are obtained by MATLAB and shown in figure 4.10. According to

these simulation results, the intensities of field distribution and Poynting vector in

the transmission region confirm the transmittance result is calculated for design C
with G=200nm, A= 2.9 um by using the MEEP program.

T=4.2 pm
d=3.5 pm
a=0.7 pm
h=1.0 pm
h,=0.5 pm
G =200 um

Figure 4.11. Schema of metallic periodic condition for design C with intermediate
dielectric material.
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Figure 4.12. FDTD simulation results obtained by MEEP program for the design C
with intermediate dielectric material.
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Figure 4.13. All e parameter dependent FDTD simulation results for design C with
intermediate dielectric material.

The effects of an intermediate dielectric material between dual metallic
layer have been investigated for design C with G=200 nm. The all simulation
results are calculated for different dielectric constants of the intermediate material
in TM mode and plotted versus wavelength as shown in figure 4.13. According to
simulation results, the intermediate material has demolished the behavior of
asymmetric transmission in dual metallic layer of design C for all values of
dielectric constant. Also, it is not possible to talking about a useful feature because

there is no definite asymmetric transmission, band gap, and maximum for filtering.
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5. CONCLUSION

The aim of this thesis was to obtain an asymmetric transmission behavior
in the 2-D dual metallic photonic crystals. For this purpose, we designed three
novel dual metallic structures and analyzed the numerical results of
electromagnetic wave propagation for TM mode. Firstly, the distance between dual
metallic layers was modified to obtain the asymmetric transmission. It is possible
to say that we could not obtain an effective asymmetric transmission behavior for
our design A and B. Nevertheless, we have carried out an asymmetric transmission
behavior in design C for a large range of wavelength for all G values. We have also
checked the most effective parameters of design C (G=200nm, A= 2.9 um) by
MATLAB simulations. The MATLAB results are consistent with the MEEP
results. As a further work, we have studied on the effects of an intermediate
dielectric material between dual metallic layer of design C for G=200 nm. But the
transmission spectrum results show that the intermediate material has almost
demolished the behavior of asymmetric transmission in the structure of design C.

The asymmetric transmission means that an electromagnetic propagation is
completely transmitted in one direction, but blocked in other direction. This feature
may be utilized to design the optical diodes (Scalora, 1994) for light based
integrated circuits. Consequently, the transmission spectrum of design C may
reveal the optical diode like transmission behavior around 3 pm. There can be
found many studies on such optical diodes in literature (Biancalana, 2008: Wang,
2011: Kurt, 2012: Stolarek, 2013). Although our goal was to achieve an
asymmetric transmission behavior, the design A and B have shown a sharp filtering
feature (Wang, 1995: Hu, 2015) from top side and bottom side for around 5.5 and 5

um, respectively.
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