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ABSTRACT

Photonic crystals (PCs) are a periodic pattern of the dielectric constants with
thicknesses from micro to nanometer. If the periodic arrangement of the PCs is of the
order of the wavelength of light or Electromagnetic Wave (EMW), then light or EMW
cannot propagate through the PCs for some of range of wavelengths called Photonic
Band Gap (PBG). The PBG is a unique property of photonic crystals and it is strongly
dependent on refractive index contrast, scalability, periodicity, and symmetry and unit
cell of internal structure of the binary or ternary periodicity of the materials. The
occurrence of PBG is the interference of the waves at the interfaces and the
localization of light occurs due to existence of the resonance. The manipulating and
controlling the flow of light or EMW of the PBG, the photonic crystals have the great
applications in research of the optical engineered materials. The photonic band gap
material shows the dispersion relation for the periodic structure. The dispersion
relation of the photonic crystals is correspondent to the Fresnel’s reflection
coefficients. The study of optical properties of the periodic structured materials or
photonic band gap materials belongs to the optics of photonics. Therefore, the
reflectance, transmittance and absorption of the periodic structured materials or
photonic band gap materials are studied for their applications in designing the optical

devices.

In modern optics, One-Dimensional Photonic Crystals (1-D PCs) offer the
very interesting applications in the fields of photonics and optical engineering. The
one-dimensional photonic crystals are used to fabricate the optical filters, optical
switches, optical logic gates, optical storage devices, microwave absorber, sensor,
detectors, resonance cavities, laser applications, high-reflecting devices, omni-
directional mirrors, optoelectronic circuits etc. Due to the advancement of thin film
technology as well as the concept of quantum dot, the study of the 1D-PCs has

become more interesting among the researchers and industrialists.

Chapter 1 contains the development of periodic structure and type of periodic
structure and discussed in detail the applications of such periodic structure in the
optical science community. The basic theme of the introduction of thesis is to
introduce theories for optical calculations, fabrication techniques and applications of

the periodic structures. Such periodic structures are known as the photonic crystals.
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Especially one-dimensional photonic crystals are also taken into consideration and

discussed in detail.

Chapter 2 covers the theory and methodology for photonic crystals where
Maxwell’s equations for optical materials are solved for optics of photonics. The
different methods are discussed in deals to solve the photonic band gap and the optical
properties of the photonic crystals. In the entire thesis, the well-known simple
Transfer Matrix Method (TMM) has been used to study of band structure,
transmission, reflection and absorption spectra of the 1-D PCs containing metals,
dielectrics, semiconductors, plasma, magnetized cold plasma, superconductor

materials etc.

In Chapter 3, the band structure and transmission spectra versus frequency
curve of dielectric/magnetized cold plasma periodic structure have studied
theoretically with variation of varying the plasma density and the effective collision
frequency of the magnetized cold plasma for right hand polarization and left hand
polarization structure. The positive and negative values of applied magnetic field
demonstrate the right hand polarization and left hand polarization, respectively. On
variation of variable parameters of the magnetized cold plasma, the optical constant
and the optical property of the material are also changed. On the basis of our
calculated results of the right hand polarization and left hand polarization structure, a
new idea for formation of the broadband reflector and narrow tunable filter at lower
and higher frequency ranges was investigated. Hence, the one-dimensional photonic
crystals with dielectric/magnetized cold plasma may be used to design of tunable

photonic devices.

Chapter 4 covers the theoretically calculations of the transmittance of ternary
photonic crystal containing the dielectric/Magnetized Cold Plasma (MCP)/high
temperature superconducting material against frequency (GHz) with varying the
incident angle, the applied magnetic field, the electron density of the magnetized cold
plasma, the temperature of superconducting material and also the thickness of the
magnetized cold plasma and superconducting material for the right hand
polarization/the left hand polarization structure.The calculated results have proposed
an innovative idea to design the broadband reflector or the high pass filter and the

narrow tunable filter of the ternary photonic crystal containing the magnetized cold



plasma and the superconducting material under certain the transverse magnetic field

and the operating temperature.

Chapter 5 contains a detailed analysis of the transmittance of symmetric and
asymmetric one-dimensional periodic structure containing zinc sulfide and titanium
dioxide with one or two defect of magnetized cold plasma layer versus frequency
(GHz). The transmittance of two MCP layer inserted in symmetric periodic structure
with variation of electron density of plasma as well as thickness of ZnS and TiO,
material have found better response as comparison to one layer defect in same
periodic structure. The calculated results have suggested a simple and innovative idea

to fabricate the tunable multichannel filter at microwave region.

Chapter 6 includes a detailed discussion on the parallel and the perpendicular
permittivity of hyperbolic meta-material, where the permittivity has analyzed
theoretically with the variation of filling fraction and effective collision frequency.
The real part of the parallel and the perpendicular permittivity of Hyperbolic Meta-
material (HMM) have the metallic and dielectric behaviors at certain frequency range.
The absorption of one-dimensional ternary periodic structure containing dielectric,
silicon dioxide and hyperbolic material have studied with varying incident angle,
filling fraction, electron collision frequency as well as the thicknesses of dielectric
material. The study of the absorption property of the ternary periodic structure
containing hyperbolic materials are very pioneering results to design the optical

switch, logic gate, sensor as well as the absorber at microwave region.

Chapter 7 summarizes the work done included in the whole thesis and outlines

the conclusion and future prospects.
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PREFACE

Over the past few decades, the development of optics and photonics of
periodic structure of different material to analyze the physical, chemical and
biological processes in unprecedented detail. During our research work, we have
involved the study and development of theory of the interaction of Electromagnetic
Wave (EMW), especially light with matters. The fundamentals of EMW and its
interaction with matter can be classified by classical electrodynamics and quantum
electrodynamics. These theories are able to explain all electromagnetic phenomena.
These provide a firm of basis for contemporary physics and also generate a vast range
of technology applications. Now, the interaction between EMW and matter is
controllable using photonic crystals or photonic band gap structure a remarkable
investigation realized by combination of optical physics and micro fabrication
technique. The research concerns mostly the analytical study of the optical properties
of the one-dimensional periodic multilayered structure of dielectric/Magnetized Cold
Plasma (MCP), dielectric/MCP/superconductor, zinc sulfide (ZnS)/MCP/titanium
dioxide (TiO;) and dielectric/silicon dioxide (SiO;)/hyperbolic material etc. Using
Transfer Matrix Method (TMM) and Bloch’s theorem, we have obtained the band
structure, reflectance, transmittance and absorption spectra of the one-dimensional
photonic crystals. The study of band structure and transmittance of the photonic
crystals containing different material having different parameters and material
thickness ratio have shown the remarkable optical behavior. Such studies may give
insight into the optics of periodic structure. The development of the one-dimensional
photonic crystals can be utilized to study the optics of nano scale materials and
photonics. The one-dimensional photonic crystals may be widely applicable for

manufacturing the optical and photonic devices due to easy fabrications.
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Introduction

1.1 Introduction to optics behind photonics

In this chapter, we have elaborated the optics of materials; further the optics of
photonic has been presented in detail by investigating the optical properties of
periodic materials using the simple laws and concepts of optics. Finally, the potential
application of periodic structure of different materials has been given in detail. The
investigated property of photonic crystals has been discussed for potential

applications of photonics and it is explained one by one.
1.2 Optics

In our daily life, we perceive the beauty of the Nature through our eyes when the
light, Electromagnetic Wave (EMW), is scattered, reflected, diffracted etc. In simple
way, especially light and infrared radiation, the electromagnetic wave interacts with
matter and this phenomenon/process can be well understood by the well known
branch of physics, which is called Optics. Hence, the optical instruments are
accustomed to gather information of electromagnetic radiation during the interaction
of light. Optics primarily deals with the study of sight. The study of interaction of
light with object is related with optical density or refractive index or optics of the
material. So, the optics is an excellent branch of physics in which the behavior and
properties of EMW during its wave interactions with matter and this study of optics is
generally used in the development of optical instruments. X-rays, microwaves, and
radio waves are other forms of electromagnetic radiation, which are similar to the
light and infrared radiation [1]. Most of the optical phenomenon can be accounted for

the classical electromagnetic description of light.

The classical optics is characterized into two categories: (1) Geometrical optics, also
called ray optics and (2) Physical optics, also called wave optics. These have been

discussed below:
1.2.1 Geometrical optics

Geometrical optics describes the wave propagation of light in forms of rays which
travel in straight line and whose paths are governed by the laws of reflection and

refraction at interface between two medium. These waves were discovered
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empirically as far back in 984 AD and have been used for the design of optical

components and instruments [2].

In the Universe, every material has unique property for the electromagnetic radiation
that is called optical density or refractive index (n). The refractive index is the ratio of
speed of light in vacuum to the velocity of light in the given medium. The refractive

index is expressed in the given form:

n= - (1.1)

v

where n is a refractive index of the material, ¢ and v are the velocity of light in
vacuum and medium, respectively. This refractive index of the medium has optical

property and this property also defines how light propagates in the medium.

Now, the question arises that how the light propagates in a medium, and researchers
consider that light propagates in a medium which is called ether. In 1864, Maxwell
came up with a new idea of electromagnetism, where the electricity and the
magnetism are unified with the well known Maxwell’s equations. Maxwell’s
equations came to existence after the discovery of Coulomb, Oersted, Ampere, and
Faraday etc. For electricity and magnetism, the discovery of these laws for
understanding the electromagnetic radiation this was the greatest achievement by
Maxwell in that period. By solving Maxwell’s equations, first time he arrived at the

most important conclusion that light is an electromagnetic wave.
1.2.2 Wave optics

Physical optics is a broader model of light, which includes the wave effects such as
diffraction and interference that cannot be accounted for geometric optics.
Historically, the ray model of light was first developed by the wave model of light. As
discussed earlier that Maxwell summarized the theory of Electromagnetic Waves
(EMW) in a mathematical fashion and explained their propagation nature when they
travel through a medium. He derived a close relationship between optics and
electromagnetism [3]. The optical density or refractive index of the material with the

parameters of materials is given as:

n-=gnu, (1.2)
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wheree , 1, are the relative electric permittivity and magnetic permeability of the

material [4]. Based on the wave optics concept the laws of reflection, refraction,
interference, diffraction, and polarization of light are well defined and the optical
density is important parameter for the optical properties of materials. It means that the
optics of materials or optical properties of the materials are very important to study
the behavior of interactions of materials with light. Besides this, the concept of

modern optics is also important to describe the transition of electromagnetic radiation.
1.2.3 Modern optics

The dual behavior of the light is shouted as quantized energy of Electromagnetic
Wave (EMW), which is called photon, where photon is a basic unit of light or
electromagnetic radiation. The photons are the quantized energy of electromagnetic
radiation, where the quantized energy levels of atoms and the spectrum of discharge
emission from hydrogen take place in a particular optical radiation. The behavior of
interaction between light and matter creates the development of quantum mechanics.
However, the subfield of quantum mechanics deals with light-matter interaction was
considered as a research into matter rather than light, and the researchers spoke about
the atomic physics and quantum electronics in 1960. Laser and its application of this
field of science has become an active field, and the quantum mechanics underlying
the laser’s principle was studied now with more emphasis on the properties of light
called quantum optics. Quantum optics deals with the properties and application of
quantum mechanics to the optical systems. Optical science is the branch of quantum
optics and studied in many related disciplines including astronomy, various

engineering fields, photography, and medicines.

In general, the practical applications of optics are found in variety of technologies and
everyday life, including mirrors, lenses, telescope, microscope, lasers and fiber optics
[5-7]. The properties of mirrors, lasers and fibers are analyzed with the concept of
periodic structure. So, we now discuss the concept and development of periodic

structure.
1.3 Basic introduction of periodic structure

In 1887, Lord Rayleigh [8] investigated first time a purely periodic system extending
to infinity in one dimension and found that the structure exhibits a range of

wavelengths, forbidden to propagate inside this periodic structure. In 1930, condensed
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matter physicists realized that a forced electron belongs to some intervals of permitted
energies, where forbidden energy bands occur due to periodic potential of the atomic
lattice. An excellent property of the periodic structure is to control the propagation of

wave due to existence of the forbidden gaps. In 1946, Brillouin [9] found the

discontinuities in the relation between the frequency (@) and the wave vector (K)

for any wave propagating in a periodic medium. These discontinuities are called the

frequency gaps in the dispersion relation® =f (K) Later in 1958, Slater [10]

described the actual condition behind the occurrence of forbidden gaps. In this
forbidden gap, the wave vectors are purely imaginary in periodic dielectric materials
and an imaginary wave vector corresponds to damping of the wave in the crystal.
Thus, the electromagnetic waves having the energies within the gap could not be

transmitted through the bulk of such crystals.

For the past six decades, semiconductor physics has revolutionized the electronic
industry and has played a crucial role in every aspect of modern technology due to the
invention of the Si-based transistor devices. Success of electronics occurs in the
semiconductor materials. The electronic devices based on semiconductor technology
are one of the most common objects around us. Semiconductor crystals have a
periodic arrangement of atoms occurring naturally in them. All these developments
are occurred due to the manipulation of forbidden band gaps of the semiconductor
materials. So, it is necessary to develop the new materials and concepts with increased

optical functionality for a variety of applications.

In the past years, lots of researchers have recommended that they may now be able to
achieve similar things with light. In order to realize the advanced optical elements
needed for networks, new approaches for the manipulation of photons will have to be
developed. This objective is achieved by a new type of materials known as photonic
crystals which is an optical analogue of the electronic semiconductors [11]. The
importance of the structure for electromagnetic properties was first pointed out by the
Yablonovitch [11] and John [12] by drawing analogies between the behavior of light
and electron. Yablonovitch [11] introduced the forbidden gap for controlling the
spontaneous and stimulated emission of light in 3-D periodic dielectric materials; and
John introduced the gaps to induce the Anderson localization of light waves in the

super lattices. After these investigations, the optical community generalized a new
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term in optics which is known as a photonic crystal and such photonic crystal bears

the Photonic Band Gap (PBG) that will discuss in the next section.

1.4 Photonic crystal

Photonic crystal (PC) is a periodic arrangement of dielectric materials that exhibits
strong interaction with electromagnetic wave. It is composed of a multilayer stack of
alternating high and low optical constants of dielectric materials. Strong interaction
occurs with electromagnetic wave in a material due to interference of the reflected
and refracted light at all interfaces inside the materials. The complex pattern of
superimposing beams will reinforce or cancel out one another. With reference to the
wavelength of light, the direction of incidence, the refractive index, size and
arrangement of the building stacks are defined. Due to this, one can find a frequency
band for which the propagation of light is forbidden in a certain direction. The

forbidden frequency region is called photonic band gap [13, 14].

Photonic crystal (PC) structure can be seen in the Nature in the skins and furs of small
creatures. For example, the butterfly wing of the mitouragrynea produces a greeny
blue iridescent reflection depending on the angle from which it is viewed. Some
Mexican and Australian opal gemstones (minerals), whose surfaces are present in

periodic stacks of the silica particles, are the other visible examples.
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Figure 1.1: Photonic band structure in 1-D and Brillouin zones for electromagnetic

waves [13, 14]
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Figure 1.2: Natural photonic crystals [13, 14]

The electromagnetic wave can be controlled using periodic structure, because such
periodic structure exhibits an excellent property of band gap, which is called photonic
band gap. The photonic band gap can be tuned by varying the variable parameters of
the material. Now, we will discuss the formation of photonic band gap in the next

section.
1.5 Origin of the Photonic Band Gap (PBG)

Photonic crystal basically does not have the continuous symmetry, like the system of
atoms. They have shows discrete translational symmetry. Thus, these crystals are not
invariant under certain condition of translations of any distance, but only under
distances that are multiple of a fixed step length. This basic step length is also called

the lattice constant ‘a’, and the basic step vector is called primitive lattice vector ‘a’,

because of this symmetry, £(r) = £(r +R). By repeating this translation, we can see

that £(r)=&(r +R) for any R that is an integral multiple of a. The dielectric unit

that is repeated over and over is known as the unit cell. We have see that the behavior
in electromagnetic wave interaction with single layer without any band as shown in
Figure 1.3 (a). Similarly, when electromagnetic wave interaction with the multilayer
periodic structure takes place then some part of light will be reflected and some will
be transmitted from the interface and it forms the interference due to surface wave at
the interfaces, and hence forms a forbidden range which is called Photonic Band Gap

(PBG) as shown in Figure 1.3 (b). The same phase of surface wave forms the high
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intensity and opposite phase shows the nearly zero intensity as shown in Figure 1.3
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Figure 1.3: Shows (a) No gap (b) Photonic band gap and (c) Propagation of light in 1-

D periodic structure

The basic theory of discrete periodicity in a certain direction leads to a dependent of
H for that direction that is simply the combination of plane waves, modulated by a

periodic function because of the periodic lattice as:
H(r)=e""u,(r) (1.3)

where uk(r) is periodic in the real space lattice. This result is commonly known as

Bloch’s theorem and the form of above equation is known as Bloch state. The wave

vectors k; that differ by integral multiples m of 27[/ a, while not different from a

physical point of view. In fact, all modes with the wave vector are of the form
k, + m(2% ) where m is an integer, and they form a degenerate set and leave the

state unchanged. Thus the mode frequencies also periodic in ki

ock,) = ok, +m(2%)). In fact, we only require to consider that k; is exists in the
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range—% <k, S% . This range of non-redundant values of k, is called the

Brillouin zone.

w(givw}r(“’(k)jz ~0 (1.4)

" C
where, y is electromagnetic field wave.

By substituting the Bloch state in the Master equation (1.4a), we can obtain a reduced

form of Master equation:

(ik + V)x[i(ik +V)xu, (r)j = (“’(k)fuk (r)

£(r) c

The Master Eq. (1.4b) can be numerically solved for all k in the first Brillouin zone,

(1.4b)

resulting in an infinite set of modes with discretely spaced frequencies labeled with

the band index ‘n’. In this way, we can find an arrangement at the description of the
modes of the photonic band gaps @, (k) of the crystal: where they are a family of

continuous functions, indexed in the order of increasing frequency by the band
number. The information contained in these functions is called the band structure of
the photonic crystal. The optical properties of the crystals can be obtained by studying
the band structure of a crystal. The band structure of 1-D photonic crystal is
equivalent to the reflection coefficient of considered structure. The reflectance,
transmittance and absorption spectra of the one dimensional periodic
structure/photonic crystal are showed with the help of transfer matrix method in the

upcoming chapters.

The Figure 1.4 shows the equality between electrons in crystalline solids and photons
in photonic crystals. The energy dispersion relation for an electron in free space
shows parabolic with no gaps. When electron is under influence of a one-dimensional
(1-D) periodic potential, energy gaps are found and electrons with energies therein
have localized (non-propagating) wave functions as opposed to electrons in allowed
bands which have extended (propagating) wave functions. Similarly, a One-
Dimensional (1-D) periodic dielectric medium will be present frequency regions,
where propagating photons are not allowed and will find it impossible to travel

through the crystal structure. One unique difference between electrons and photons
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rests on the different nature of their associated waves. Electrons are scalar waves,
while photons are in vectorial forms. This implies that polarization must be taken into

account while dealing with photons.
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Figure 1.4: Energy dispersion relations for free electron (left) and electron in a 1-D
solid (right), and for free photon (left) and photon in a 1-D photonic crystal (right)
[14]

It means that the periodicity of the materials with high refractive index contrast has
the photonic band gap where photons can be manipulated with such periodic medium.
The periodic materials can be arranged in three ways: One-Dimensional (1-D), Two-
Dimensional (2-D) and Three- Dimensional (3-D), which will be discussed in the next

section.
1.6 Types of photonic crystal

Photonic Crystals (PCs) are divided as one-dimensional (1-D), two-dimensional (2-D)

and three-dimensional (3-D) crystals according to the dimension of the multilayer.
1.6.1 One-Dimensional (1-D) Photonic Crystal (PC)

1-D PC consists of alternating layers of the different materials having low and high
refractive index and the dielectric constant is modulated along only in one direction,
as shown in Figure 1.5 [8]. 1-D photonic crystal can be fabricated easily and cheaply
on a desirable wavelength scale. One-dimensional photonic crystal can be used as

omnidirectional totally reflecting mirrors, frequency filters, microwave antenna
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substrates, enclosure coatings of waveguide, etc. Its applications depend on the

considered periodic structure, materials and frequency regions [15, 16].

1-D

periodic in periodic in periodic in
one direction two directions three directions

Figure 1.5: Schematic diagram of photonic crystals periodic in one-, two-, and three-

dimensions, where the periodicity of the material structure of the crystals
1.6.2 Two-Dimensional (2-D) photonic crystal

In the 2-D photonic crystals, the dielectric constant of the materials is periodic in one
plane and extended to infinity in the third direction. These include quadratic,
hexagonal and honeycomb types of lattices, as shown in Figure 1.5. The 2-D PCs are
less difficult to fabricate in comparison to the three-dimensional dielectric arrays.
Some observation of fundamental phenomenon, such as Anderson localization of
light, may be found easier in 2-D structures [17]. In a 2-D dielectric array, two
orthogonally polarized waves, one with its E-field polarized in the 2-D-plane (TE-
mode) and the other with its E-field polarized perpendicular to the 2D-plane (TM-
mode) have very different dispersions [18]. Because of this a “complete photonic
band gap” i.e. a frequency region in which the propagation of EM wave is completely
forbidden for all-directions of propagation and polarization, is less likely to form.
Reason for this is the band gap formation for individual polarization is unlikely to

overlap.
1.6.3 Three-Dimensional (3-D) photonic crystal

In the 3-D PBG structures, refractive index modulation is periodic along the entire
three dimensions. These types of materials assist complete localization of

electromagnetic wave and provide complete inhibition of spontaneous emission of

10
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light from atoms, molecules and other excitations. Such feedback effects have
important consequences on laser action from a collection of atoms. The 3-D photonic
crystals, such as the inverse opals, exhibit frequency ranges over which the ordinary

linear propagation is forbidden irrespective of the direction [19, 20].

The photonic crystals have the periodic arrangement of the materials. So, the
material’s properties and the crystal properties have to affect the property of the

photonic crystals, which will be discuss the next section.

1.7 Properties of photonic crystals

The optical features of photonic crystal will depend on several parameters they are:
1.7.1 Refractive index contrast (0 )

It is defined as the ratio of refractive index between the high dielectric constant

materials to that of the low dielectric constant material.
1.7.2 Lattice parameter (a)

It is the separation of distance between scattering building blocks of periodicity. The
operating range of wavelength of the photonic crystal is directly proportional to the
lattice parameter. The lattice parameter is depending on the unique property of

photonic crystal that is photonic band gap.
1.7.3 Filling fraction (f)

It is ratio between the volumes occupied by the material with respect to the total
volume of the composite material. Composite is mixture of two materials and the
filling fraction is very important property to study the optical property of composite

material because the optical density/refractive index is changed.
1.7.4 Symmetry of the structure

The position of the building blocks of the photonic crystals will set the symmetry of
the lattice. Symmetry can be used to calculate strong point in the structure as well as

in defect in a periodic structure.
1.7.5 Topology

It may be changed by interpenetrating the structure or isolating them Economou [20]
and Sigalas [20] published a basic idea about topologies in photonic crystals for

explaining the theory of PBG.

11
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1.7.6 Scalability

This can be used to change the size and scale of the building blocks for

electromagnetic region. The building block formation occurs in this concept.

Based on the study of the photonic crystals or photonic band structure materials and
their properties, a literature review on one-dimensional photonic crystal has been

studied.
1.8 Literature survey

Researchers have shown much attraction in the direction of optics of photonic crystals
after the proposed the papers in 1987 [11, 12]. The growth and development of this
research field can be seen with exponentially an increase in published papers on
photonic crystals. At present moment, there are no sign shown about the saturation of
this field. Here, a brief summary of the optics and the photonic crystals with different
dielectrics and metallic materials and others material is discussed. As earlier
discussion the interaction of light with ordered dielectric structures had already been
studied in the optical region. The calculated results of light diffraction experiments of
colloidal particles with diameters close to the optical wavelength were attributed to
Bragg’s reflection of visible light in the first half of the 20" century [21]. Ohtaka [22]
published a dynamical theory of the diffraction for visible and ultraviolet light in
1979, in which he studied that the interaction of light with a dielectric structure in a
three-dimensional lattice. This tool widely used for energy band calculations in
semiconductors. He also looked into account regarding the full vector of photons and
did not use as a scalar approximation. Ohtaka [22] developed his theory borrowing
many aspects from semiconductors. For this reason, his work was remained unknown
for many years. Besides, he modeled the systems in that paper, has also had a

tremendous importance as photonic crystals.

On May 18"™ 1987, two independent research works appeared in the same issue of the
journal “Physical Review Letters”. The first one, published by Yablonovitch [11],
dealt with the possibility of inhibiting spontaneous emission of radiation using a
three-dimensional structure. This lattice has a region of forbidden energy states for
photons shows photonic band gap. Second one, John [12] discussed the strong
Anderson localization [23] of photons in disordered dielectric super lattices. The

disordered super lattice within a lattice trapped the Electromagnetic (EM) radiations

12
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where certain energy states were forbidden for photons. These two works are

considered as the origin of the “photonic crystals or photonic band gap materials”.

In 1989, John published another research work where he proposed that an fcc
structure shows a complete PBG between the second and third energy band [24].
After that, 1990 was a very exciting year for the concept of photonic crystals. At the
starting of this year, Satpathy et al. [25] and Leung et al. [26] published
implementation of the plane wave method with the scalar approximation for the
analysis of photonic bands. These theoretical and experimental data [27] showed
excellent agreement. These events lead to the editor of the well-known journal
“Nature” to assure that “Photonic Crystals bites the dust” [27]. Ho et al. [28]
demonstrated that although fcc lattices with spherical atoms did not show the
“missing” gap, but a diamond structure could do it. Later, Yablonobitch et al. [29]
submitted another work in which a structure based on an fcc lattice with non-spherical

atoms, that is presented a complete PBG and such structure was called “Yablonovite”.

Soziier et al. [30] proposed the plane wave method to analyze the behavior of higher
energy bands in 1992. They showed a complete PBG which was formed for an fcc
lattice of air holes in the semiconductor between the 8" and 9" bands. In 1994, a
newly proposed woodpile or layer-by-layer structures followed with the diamond
symmetry presented a complete Photonic Band Gap (cPBG) between the 2™ and 3™
bands. Yablonovite structure had been fabricated in the microwave regime at the end
of 1994. At the fabrication part, two groups at Sandia Labs (USA) and Kyoto
University (Japan), independently fabricated four-layer crystals based on the woodpile
or layer-by-layer structures at the end of 1998. Such type of periodic structure showed
the band gap effects at the mid-infrared wavelengths [31, 32]. In 1997, Velev et al.
[33] succeeded to obtain the first inverse structure. In 1996, Lin et al. [34] observed
that photons were strongly dispersed in 2-D crystals when their frequencies were
close to the band gap edges. Kosaka et al. [35] showed experimental evidences of
novel anomalous dispersion phenomena and explained on the basis of dispersion and

group velocity.

In 1999, Fleming and Lin [36] presented the first photonic crystal working in the Near
Infra-Red (NIR) range. After one year, Noda et al. [37] fabricated an eight layer
crystal by the wafer fusion method. In 1999, the first artificial opals with the

appropriated periodicity were obtained [38] and an inverse opal of silicon was

13
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presented in 2000 by Painter et al. [39]. The research work on photonic crystal was
now shifting towards negative index materials. In 1999, Pendry et al. [40] showed that
how a negative p material with the metal could be created using Split Ring Resonators
(SRR). A boost came to this field, when negative refraction was experimentally
verified by Shelby et al. [41] in their composite material, which was made of wire
array and SRR. Furthermore, Pendry in 2000 [42] proposed that a negative index
medium could be used to make a perfect lens. Negative refraction in photonic crystals
had also been demonstrated [43]. A new type of photonic gap obtained by stacking
alternating layers of ordinary (positive-index) and negative-index materials was
proposed in 2003 by Li et al. [44]. In 2006, Panoiu et al. [45] demonstrated that
photonic super lattices consisting of a periodic distribution of layers of materials with
positive index and photonic crystal slabs at the operating frequency had negative
effective index and presented a photonic band gap. Ricci et al. [46] experimentally
demonstrated the properties of low loss superconducting materials; and Peminov et al.
[47] realized experimentally about the negative refraction in ferromagnetic

superconductor supper lattices at millimeter waves.

The nonlocal investigations have been founded for the exciton-photon coupling in
one-dimensional photonic crystal containing of two kinds of slabs. The lower branch
of the excitonicpolariton for this system is found to split into many bands separated by
small band gaps [48]. The spontaneous emission of an atom embedded in a one-
dimensional photonic crystal or super lattice was shown using a classical
electrodynamics theory of radiation. The emission spectrum was shown to have an
oscillatory behavior which follows the photonic band structure [49]. The light
scattering induced optical binding of one-dimensional (1-D) dielectric photonic
crystals was studied and it showed that light can induce self-organization of dielectric
slabs into stable photonic crystals, with its lower band edge coinciding with the
incident light frequency [50]. A theoretical analysis of the effects of dissipation on the
propagation of light waves through a multilayer periodic mirror constructed from
resonant absorbing atoms was presented [51]. The temporal development of extended
nonlinear modes of a one-dimensional periodic structure during the build-up the
nonlinearity was investigated. The experimental results were compared with
numerical calculations which make use of the Floquet-Bloch approach, and the finite

difference approximation [52].

14
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The Electromagnetic Density of Modes (EDOMs) in one-dimensional photonic
crystal for electric and magnetic field polarizations was analyzed. Two methods of
computational technique were presented to analyze the EDOM in the lower-index
layer and described the possibility of using the EDOM to establish the population
inversion, which may be useful for higher-frequency lasers (e.g., X-rays) and to
control any radiative processes [53]. The formulation of band structure, reflection and
the transmission coefficients had been calculated by using the simple transfer matrix
method. The equation of the structure revealed the existence of gaps, which is
analogous to the Kronig-Penney model in the electronic band-structure problem [54].
The Maxwell’s equations were calculated in an analytic manner using the Eigen-
modes for the empty lattice case and compact formulas for transmittivity of the
incident wave; and excitation efficiency of waveguide modes was obtained [S55]. This
band gap had been obtained using quite simple expressions. The band gap edges were
derived for an infinite number of gaps, for both polarizations at arbitrary incident
angle for the design of photonic crystal devices [56]. The effect of the polarization
state and the non-perpendicular incidence of the electromagnetic wave were taken
into account by: introduction of an effective excitonic susceptibility, an effective

optical width of the quantum wells [57].

The wave propagation in a One-Dimensional Metal/Dielectric Photonic Crystal (1-D
MDPC) containing the alternating metallic and dielectric materials had been analyzed
by using the transfer matrix method in terms of the electron density, the thickness of
the metallic layer, different kinds of metals, and the plasma frequency [58]. TMM for
the resonant modes in nanometal/dielectric multilayer described the splitting of
resonant modes [59]. Electromagnetic wave transmission at THz in a one-dimensional
superconducting metallic-dielectric super lattice had been theoretically investigated
[60]. Optical properties multilayer structure composed of superconducting and
dielectric films were studied [61]. A terahertz multichannel transmission filter
achieved within the photonic pass band. This structure possessed the comb-like
resonant peaks in transmission spectrum at low temperature [62]. On comparison of
all-dielectric binary photonic crystal, the photonic band gap in ternary metal-dielectric
photonic crystal had been significantly enlarged. All the theoretical analyses made

were based on TMM together with the Drude model of metals [63].
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A theoretical analysis of the optical properties of the defect modes in a one-
dimensional defective periodic structure was analyzed. Two defective PCs stacked in
symmetric and asymmetric geometries had been considered for TE and TM modes
[64]. To theoretically analysis of optical properties of the defect mode in a 1-D lossy
symmetric defective photonic crystal containing two magnetized cold plasma defect
layers using characteristic matrix method [65]. The theoretical investigation of the
tunable Photonic Band Structure (PBS) for an extrinsic Plasma Photonic Crystal
(PPC) was analyzed. The extrinsic PPC was a bulk cold plasma layer, which had been

influenced by an externally periodic static magnetic field [66].

Electromagnetic wave propagation through one-dimensional lossy photonic crystals
composed of negative and positive refractive index material layers with symmetric
and asymmetric geometric structures with a defect layer at the center of the structure
were investigated [67]. Transmittance properties of a one-dimensional superconductor
dielectric Photonic Crystal (PC) had been analyzed and focused on the cutoff
frequency [68]. Using the two-fluid model, the transmission characteristics of the one-
dimensional photonic crystal had been investigated. The structure of one-dimensional
photonic crystal composed of low-temperature superconductor material (NbN) and
double-negative meta-material layers [69] was investigated. The transmission
properties of one-dimensional dielectric—semiconductor meta-material Photonic
Crystals (PCs) at Terahertz (THz) range had been theoretically studied. The numerical
results showed the appearance of cutoff frequency within THz range, where the
thicknesses of the constituent’s materials and the filling factor had a significant effect
on the cutoff frequency [70]. The transmission characteristics of one-dimensional
photonic crystals containing a defect layer of nano-composite material were analyzed
in infrared radiation. The structure had been many applications such as narrow band
filters and among optoelectronic applications [71]. Optical properties of the defect
mode in a periodic structure of magnetized cold plasma had been doped by
semiconductor and found variation in electric permittivity for both right- and left-
hand polarized transversal magnetic waves [72]. The optical properties of narrow
transmission mode within the reflection band in one-dimensional symmetric defective
photonic crystal containing double negative meta-material and high temperature

superconductors had been investigated. The obtained result showed that two modes
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for smaller thickness of double negative layer were affected only a single mode for

larger thickness [73].

The microwave magnetic-field tunable filtering properties in a multichannel filter
based on one-dimensional finite magnetized Plasma Photonic Crystal (PPC) had been
investigated. The considered periodic structure had a structure of air/(AB)"/air, where
A is a dielectric layer, B is a plasma layer, and N is the number of periodicity. The
effect of the magnetic field had caused the channel frequencies, which are being blue-
shifted or red-shifted depending on the orientations of the applied magnetic field [74].
Terahertz unidirectional resonant absorption in a finite one-dimensional defective
superconducting photonic crystal was theoretically investigated [75]. Transmittance
characteristics of one-dimensional defective photonic crystal had been analyzed by
using TMM for the microwave radiations based on the fundamentals. The defect layer
was magnetized plasma. The numerical results showed the appearance of defect peaks
inside the PBG. Therefore, the proposed structure had the corner stone for many

applications in microwave regions [76].

The development of a photonic biosensor was proposed, which was based on a one-
dimensional photonic crystal. Different types of cancer cell detection methods had
been developed by introducing a defect layer in the photonic crystal using cancer
cells. The sensing mechanism of the present cancer sensor was based on varying the
refractive index, which led to shift in the transmission or the reflection spectrum [77].
Photonic sensing is a new technology and accurate measurement for bio-sensing
applications. The proposed blood sugar biosensor in the visible region using a
defective One-Dimensional Photonic Crystal (1-D-PC) had been analyzed, where the
adopted structure was Air/(SiOZ/Si)S/SiOz/D/SiOz/(SiOz/Si)S/SiOz with substrate SiO».
The defect layer (D) had filled with blood sugar solution with different
concentrations. The transmission spectrum had been calculated numerically by using
TMM. The obtained results indicated that the proposed structure has higher
performance as a blood sugar sensor than many previously reported data [78].
Transmittance characteristics of the one-dimensional metallic-dielectric photonic
crystals in UV regions had been investigated. The current design provided a very
narrow pass band filtering feature to act as a multilayer Fabry—Pérot resonator in UV
short wavelength regions without introducing a defect layer inside the periodic

structure [79].
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On the basis of the literature review, we now select some special materials for the
study of the photonic band gaps offered by them, that is, we consider the one
dimensional periodic structure/one-dimensional photonic crystals. As discussed
earlier, we have chosen one-dimensional photonic crystals of binary or ternary
periodic structures with periodic composite of dielectric/metal/plasma and others like

superconductor/meta-material.
1.9 One-dimensional periodic structure with different dielectric materials

Different types of dielectric and metallic periodic structures with crystal parameters,
refractive index contrast and scalability have been considered in the present thesis.
Besides this, we have considered dielectric, semiconducting, plasma, and
superconductor and magnetized cold plasma material as the constituent for a one-
dimensional periodic structure. The following types of one- dimensional photonic

crystals are considered in this thesis.
1.9.1 Plasma and plasma photonic crystals

Plasma is a hot ionized gas consisting of equal number of positively charged ions and
negatively charged electrons. The characteristics properties of plasma are different
from those of ordinary neutral gases. A non-thermal plasma or cold plasma or non
equilibrium plasma is plasma which is not in thermodynamic equilibrium because
temperature of electron is much hotter than the temperature of heavy species like ions
and neutrals. Such type of material is called plasma. We discuss the unique property

of plasma when magnetized it at lower temperature.

Plasma based one-dimensional periodic structure of dielectric/plasma is known as
plasma photonic crystal. First time, the one-dimensional plasma photonic crystal is
considered as plasma and dielectric periodic structure, which was proposed by Hojo et
al., Plasma Research Centre, Japanin 2004 [80]. As we know that the plasma is the

fourth state of matter, the dielectric constant of such plasma for the frequency (o) is

2
®
represented by: e(w)=1 —0)—’;, where ,is the plasma frequency and it depends on the

plasma density. For the electromagnetic wave transmission in one-dimensional
multilayer-plasma, the EM waves are generally reflected when waves are launched
into a plasma layer. However, it is well known that the waves can be perfectly

transmitted without receiving reflections, if certain condition is satisfied. This is
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called the Febry-Perot resonance. This phenomenon can be realized for an under

dense plasma layer@>a®,. The reflection less transmission can be possible for
multilayer plasma if @ =, . This should be considered as Febry-Perot resonance [31,

82]. Shiveshwari and Mahto [83] studied the photonic band gap effect in
plasma/dielectric photonic structure. The periodic structure of dielectric material, that
is, Photonic Crystals (PCs) which have attracted much interest in the field of solid
state and optical physics [84, 85]. This leads to a variety of possible applications such
as the inhibition of spontaneous emission [11], the low loss waveguide with sharp
bands [86], narrow band filters, frequency converters and strong field enhancement

related to group velocity, mode frequencies near the band edges, etc. [87].

The plasma photonic crystal specially and dynamically controlled micro plasma with
periodicity in one, two and three-dimensions plays a significant role in changing the
refraction of electromagnetic waves. Whereas, the conventional photonic crystals are
composed of solid materials including dielectrics, metals, etc. and the unique
characteristics of photonic crystals, band gap and negative refraction, have been
observed, which cannot be accomplished in bulk materials [88, 89]. The unique
property of plasma occurs when plasma is placed in the presence of magnetic field,

such type of plasma called magnetized plasma. This is discussed in the next section.
1.9.1.1 Magnetized cold plasma

During the some previous years, magnetized cold plasma has attracted lot of
researchers due to abnormal behavior of plasma. If the external magnetic field is
introduced in the plasma then it acts as magnetized cold plasma; and shows unique
behavior due to positive and negative directions of magnetic field. If the
electromagnetic wave propagation in positive and negative magnetic field directions,
the propagation of magnetic field wave in the magnetized cold plasma also shows the
right hand and left hand polarization, respectively. Magnetic field is very important
parameter for the magnetized plasma; and the gyro-electric frequency is also affected
parameter for magnetized plasma [90, 91]. Due to unique property of magnetized cold
plasma, we have studied the magnetized cold plasma based periodic structure, and
analyzed the optical property with variation of variable parameters, which will be

discussed in Chapters 3-5.
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1.9.2 Superconducting photonic crystal

Superconducting materials are known to exist with zero resistance at very low
temperature below critical temperature; where Onnes [92] came with his discovery in
1911. Since 1986, superconducting behavior has been demonstrated near the
temperature of liquid nitrogen, so called high temperature superconductors, which
created the applications of superconductor more practically [93, 94]. Since, the
discoveries of high temperature superconductivity in certain ceramic materials, the
applications of these materials were explored extensively in the design of practical
devices. In particular research on the fabrication and use of high temperature
superconductors in thin film technology has been carried out extensively.
Additionally, a large amount of researchers had been accomplished in the use of pulse
laser to break quasi-particle bonds in High Temperature Superconductor (HTS) by
lowering the transition temperature and including the transition from the
superconducting state to the normal states. The superconductor material exhibited
markedly different optical properties in the superconducting state to the normal state.
If the infrared pulsed laser (1.06um wavelength) was incident to illuminatory Yttrium
Barium Copper Oxide (YBCO) thin films with intensity above critical value, then thin
film switches from the superconductor to the normal state and recovers on the order of
Ius. Thus, when an HTS switches from superconducting to normal, its optical
properties were changed. If HTS thin film was incorporated in the periodic structure,
then the transmittance characteristics of the resulting structure became the reflected

the optical properties of the HTS [95-99].

The transmission properties of a high critical temperature superconductor-dielectric
multilayer photonic crystal structure had been studied and demonstrated that
superconductivity was rapidly quenched (transition temperature on the order of 10
sec) when the radiation intensity was reduced below the critical value [100].
Superconductors undergo a change in optical properties in terms of index of
refraction, dielectric function, dispersion relation, transmittance and reflectance as the
transition is made between the Superconducting (S) and Normal (N) state, even if the
degree to which the dielectric function differ between the S-state to N-state varies
with normalized frequency. The change in optical properties in a high temperature
superconductor thin film is though a small, can produce a pronounced switching

effect, if the HTS was incorporated as one of the constitutes materials in photonic

20



Chapter-1

band gap structure. The time dependent Ginzberg London theory to model the change
in the dielectric functions as YBCO undergoes the S/N state. In our study, we have
theoretically discussed the property of binary and ternary multilayer structure of

dielectric/magnetized cold plasma/high temperature superconductor in Chapter-4.
1.9.3 Dielectric and semiconducting photonic crystal

Dielectric and semiconducting periodic structure is known as dielectric and
semiconducting photonic crystal. Dielectric and semiconducting coating of thin films
of materials occurs due to either the strong ionic or the direct covalent bond. For most
of the cases, they are range from transparent to visible and infrared light rays. The
interaction of the electromagnetic radiation with these films is treated by applying
boundary conditions to solve in the Maxwell’s equations at the boundary between
different media. In the direction of optical coating, the wavelength of the light is
always very much larger than inter atomic dimensions. Thus, for the interaction of
light with matter and the study of optical properties, each layer can be described
macroscopically in terms of phenomenological parameters, so called optical constants
or optical parameters. The optical constant has real and imaginary parts for a complex
refractive index. The real part of refractive index shows the ratio of the velocity of
light in vacuum to light in medium and the imaginary part is an attenuation coefficient
or decaying wave measuring the absorption of light with distance as discussed earlier.
Using Maxwell’s equations, it is possible to relate these frequency dependent
constants to other optical parameters such as the dielectric constant and the
conductivity. The periodic materials are composed of charged particles: bound and
conduction electrons, ionic cores, and impurities etc. These particles move differently
with oscillating electric fields, giving rise to polarization effects. At visible and
infrared light frequencies, the contribution of polarization comes from the
displacement of electron cloud, which produces an induced dipole moment. These
parameters describe the optical effects, i.e. dielectric constant, dielectric

susceptibility, and the conductivity that can be treated as scalars for isotropic material.

Generally, dielectric and semiconducting coating materials are considered as non-
magnetic, and have no extra charge other than those bound in atoms [101]. The main
absorption process in semiconductor and dielectrics originates from the interaction of
light with electrons [102-104]. If the photon has the frequency such that its energy

matches the energy needed to excite an electron to higher allowed states, then the
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photon may be absorbed. The electron may be an ion core electron or a free electron
in the solid. If the energy of the incoming photon does not match the required
excitation energy, no excitation occurs the material is transparent to such radiation. In
non-metal solids, there is need of minimum energy separating the highest filled
electron states (valence band) and the lowest empty ones (conduction band), known as
the energy band gap. Electron transitions from band to band composite the strongest
source of absorption. In dielectrics, such as glass, quartz, some salt, diamond, many
metal oxides and most plastic material, no excitation resonances exist in the visible
spectrum, because the valence electrons are so tightly bound that photons with energy
in the ultraviolet are necessary to free them. Ideally, photons having energy smaller
than the band gap are not absorbed. Both effects are derived from the existence of
large density of free electrons which are able to move so freely that no electric field
may propagate within the solid. The reflecting properties of metals find numerous
optical applications as in mirrors. The optical properties of semiconductor lie between
the metals and insulating dielectrics. Semiconductors are normally transparent in the
near infrared and absorbing in the visible spectrum, whereas the absorption in
dielectrics is strongest in the ultraviolet [101]. The optical properties of dielectric and
semiconducting material based periodic structure with defect of magnetized cold

plasma are analyzed in detail in Chapter-5.
1.9.4 Meta-material photonic crystal

The meta-materials photonic crystal is a periodic structure containing meta-materials.
Meta-materials are artificially composite materials whose internal structure generates
the Electromagnetic (EM) wave properties in artificial environments that do not occur
in natural environments. “Meta” word is comes from the Greek word “petd” which
means beyond the Nature [105, 106]. Generally, an artificial engineered structure is
also a periodically or randomly distributed structured material. The size and spacing

of meta-material is much smaller than wavelength of incident EM wave. For the

existence of meta-material, the characteristic scale (o) is related with oc<(%0)

where Ais the wavelength of incident EM wave. The condition belonging to the meta-
materials is the sub-wavelength feature that controls the macroscopic electromagnetic

properties.
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Meta-material is a so hot topic in photonic crystals due to their wide applications
including sub-wavelength, imaging [107-110], hyper lens [111] and optical cloaking
[112, 113]. Recent development in nanofabrication technologies allow for producing
several meta-material systems, where the dielectric permittivity and magnetic
permeability tensor can be designed and engineered at our will. As we discussed
meta-materials are the periodic arrangements of metal or dielectric material, where the
arrangement follows the sub wavelength condition. Meta-materials derive their
properties of the base materials as well as the designed periodic structure. These
materials occur in the precise shape, size, orientation and arrangement and give their
unique properties capable to manipulating EM wave by blocking, absorbing,
enhancing to achieve that go beyond which is not possible with conventional
materials. In these realizations, one type of the meta-material is attractive for among

the researchers, which is known as hyperbolic meta-material.

As we know that the complex refractive index of the materials is characterized by

[114]:
n=n(L)+ik(}) (1.5)

where n(A) is the real part of the complex refractive index, also called optical
constant. The imaginary part of the Eq. (1.5) shows the absorption coefficient or
decaying wave [115]. The complex refractive index depends on the wavelength of the
incident EM wave. If the complex number is real at some wavelength, it means that
the electromagnetic wave passes through the periodic structure without being
absorbed (k(1)=0), the medium is transparent for this wavelength. According to
Maxwell’s equations, the complex refractive index for all optical media can be
described by only two parameters, i.e., electric permittivity, and magnetic

permeability, which is wavelength dependent.

n*(A)=e)u(r) (1.6)
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Figure 1.6: Classification of materials in the x-axis of electric permittivity and y-axis

of magnetic permeability

The electric permittivity and the magnetic permeability of the material are the two
parameters for the EM wave properties through the mediums [116, 117]. The
classification of meta-materials can be well understood and portrayed on four
quadrants on the basis of behavior of electric permittivity and magnetic permeability
of the material, which is shown in the Figure 1.6. In quadrant 1 of the Figure 1.6
shows both the electric permittivity and magnetic permeability of the material as
positive is called Positive Index Material (PIM) or Double Positive (DPS) material. In
quadrant 2 of the Figure 1.6, negative for the electric permittivity of the material and
positive for magnetic permeability of the material is called Single Negative (SNG)
material or e-Negative (ENG) material. In quadrant 3 of the Figure 1.6, the electric
permittivity and magnetic permeability of the materials has the negative behavior at
certain frequency range and such materials are called Double Negative (DNG)
material which did not occur in nature, is called meta-material. At last quadrant 4 of
the Figure 1.6, the electric permittivity of the material is positive and magnetic
permeability of the material is negative is also called the single negative (SNG)

material or p-negative (MNG) material. In 1968, first time Veselago had given the
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concept for the electric permittivity and magnetic permeability of the material both
become negative simultaneously for the wave propagation in the medium and coined
the name of such medium as negative refractive index of the material [118]. Such
unique material having negative refractive index really arise interesting materials for
researchers in the early 2000’s when Smith and Pendry laid forward again the
proposal of negative index refraction and its applications in perfect lenses [119] as
well as cloaking devices [120]. Recently, hyperbolic meta-materials are developed in

the field of meta-materials.
1.9.5 Hyperbolic meta-material

After the pioneer work of Veselago and Pendry on meta-materials, various
nanostructures [116-118] were demonstrated to discuss the optical properties
unobtainable from natural media. Among the various meta-material proposed in the
past decades, hyperbolic meta-materials were significantly noticed, due to their ability
of presenting sub-wavelength, resolution, imaging and manipulating the near field of
a light emitter or a light scatter. Near field is defined by the distance, the distance is
relatively shorter than the wavelength of light. The propagation properties of
Hyperbolic Meta-materials (HMMs) are originated from the concept of several
surface Plasmon modes [121-124]. A surface Plasmon is a collective oscillation of
electrons, which is confined to the interface between a metal and dielectric and
propagates along this interface. If the sizes of metal particles are in the order of
nanoscales, the localized surface Plasmon’s are excited at the surface of the metal
when incident light interact with localized light. The concept of material of the
hyperbolic behavior originates from the optics of crystals. In such media, the
constitutive relations connecting the electric displacement, D, and the magnetic

induction, B, to the electric and magnetic fields E and H can be written as;

DZSOEE (17)
B=up,uH (1.8)

where e, u, are the electric permittivity and magnetic permeability in vacuum and €,

u are relative permittivity and relative permeability tensors with :is unit tensor for

the non-magnetic media. In diagonalization of € for hyperbolic material, we assume
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an anisotropic medium with uniaxial dielectric tensor components that are

approximated as follows [125]:

g 0 O
e=| 0 €yy 0
0 0 e, (1.9)

The three-diagonal components are positive and dependent, in general, on the angular

frequency ®. The principle axes of the crystal aree, #&, #¢, for biaxial,

€, =¢&,, #¢&,, foruniaxial and &,, =€, =¢,, for isotropic.

To determine the dispersion relation of light in a medium, which is described by Eq.
(1.9), we have considered the two Maxwell’s equations in the absence of source, as

follows:

Vsz—a—B

ot (1.10)

Vtza—D

ot (1.11)

where D and B are as in the Eq. (1.7) and Eq. (1.8), respectively. The plane wave
expressions for both fields can be given by E=Ee" ™" and H=H "™ ", where k

is wave vector. By inserting the D and B in the Eq. (1.10) & Eq. (1.11), we obtain;

kxE=owmu,H (1.12)

kXHZ—(DEOEE (113)
By taking curl of the k and substitution of Eq. (1.12) into Eq. (1.13), the Eigen value
problem of electric field;

kx(ExEj+w2uosozgzo (1.14)

This can be rewritten in matrix form when permittivity tensor is inserted and is called

the dispersion relation:

koe, —k; —k; k .k, k .k, E,
2 2 2 —
k .k, koe,, —k; —k; kk, E, |=0 (1.15)
k. k, kk, koe,, —k; -k \E,
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where k, =2 is the magnitude of wave vector and c= , ¢ speed of light in
C

1
Jers
vacuum. The optical axis is oriented along the z direction for hyperbolic media is
given€,, =€, =€ andk =k’ +k§ . The imposition of nontrivial solution to Eq.
(1.15) leads to the new dispersion relation [125]:

kT kZ
(k2 +x2 —elké{—l+—z—k§J:0
€

7z

(1.16)

In the above Eq. (1.16), we have two terms in the k-space, which are equal to zero and
these equations have been resembled to a spherical and an ellipsoidal iso-frequency

surface: the term (k] +k> —¢ k;)is described as the wave polarized in the xy-plane

2 2
. k . .
(ordinary or TE wave), the terms [—L+—Z—k(%) is resembled to the wave polarized
Szz EJ_

in the plane containing the optical axis (TM wave or extraordinary wave).

The condition substantially changes if we assume an extreme anisotropy, namely

when one between ¢, and g, is negative. Media with such an optical signature are

termed an indefinite from the point of view of mathematics [126], since their
permittivity tensor represents an indefinite non-degenerate quadratic form, and
exhibits a number of unconventional properties. Permittivity components with an
opposite sign result in hyperbolical iso-frequency surface for the extraordinary
polarization and hence it is the physical denomination of hyperbolic material. As
consequences, waves with arbitrarily large wave vector retain a propagating nature
while in isotropic materials they become evanescent due to the bounded iso-frequency

contour [127]. The choices of ¢, >0, ¢,<0 correspond to a twofold hyperboloid for
hyperbolic medium is called dielectric (with reference its behavior in xy-plane) [128]
or called Type I (dielectric) medium; the choices of ¢, <0 and ¢,>0 describe a one

fold hyperboloid for hyperbolic medium, is namely called a metallic or called Type II
(metallic) medium [129].

Furthermore, we have studied in literature reviewed that the photonic band gaps of the
periodic structures or photonic crystals with different materials have several

applications, which will discuss briefly in next section.
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1.10 Applications of photonic crystal

Photonic crystals promise to provide us a range of exciting applications from
microwave to X-ray region of electromagnetic wave spectrum with the scale of lattice

parameters from millimeter to angstrom scale, respectively.
1.10.1 Tunable narrowband filter and multichannel filter

The filters have lots of applications in the direction of optical communication. Mainly
filter operates in a range of frequency or wavelength where light propagates or blocks
the one-dimensional photonic crystal of different dielectric materials is called filter.
The repeated frequency propagates or blocks and is called the multichannel filter. In
the similar way, when we operate the frequency of light pass or block, such type of

filter is known as tunable narrowband filter [130, 131].
1.10.2 Perfect Reflector

Metallic mirrors are used for the frequencies in the optical regions. 1-D metallic
photonic crystal is simply to fabricate and it can be used as omnidirectional reflector
in the optical region [132]. Omni-directional mirror can be used as the walls of laser

cavities.
1.10.3 Absorption based device

The absorption of the materials property is eminent in the present scenario for the
research community. The optical storage devices are also formed on the basis of
absorption spectra in certain frequency ranges. Many researchers have worked on the
fabrication of the microwave absorber and made possible to design the periodic
structure with the help of dielectric and metallic materials. This fabrication of the
metallic and dielectric materials will also simplify the concept of hyperbolic material,
and the obtained absorption will be used in microwave region. The obtained
absorption of the considered structure is also used to fabricate the optical logic gate,

optical data storage and optical switch devices [133, 134].
1.10.4 Light emitting diode

Photonic crystals (PCs) can be used to produce high efficiency light sources [135].
By using a PC as the active material in the Light Emitting Diode (LED), one can
forbid all modes of photons except those which would normally escape the crystal.

Since spontaneous emission in the other modes is forbidden, so all the energy will
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then go into those modes which can escape. Such type of LEDs can take advantage of

the high internal quantum efficiency.
1.10.5 Photonic crystal laser

PCs can be used to produce lasers with an extremely low lasing threshold [136, 137].
PCs have the property of suppressing spontaneous emission inside the band gap. It is

forbidden to emit photons with these energies for the atoms in the crystal.
1.10.6 Photonic integrated circuit

Much research is going in this field and it shall be some time when integrated
photonic circuitry is produced. After that PCs are play a central role. That is why
photonic crystals are considered as the new-age crystals that should lead to the

entirely optical computer.
1.10.7 Other applications

Photonic crystals without a complete photonic band gap can be designed to obtain
super collimators and super lenses [138, 139]. PCs can also be used as antenna
substrates, resonant cavities and filters at microwave frequencies. These are some
useful applications of photonic crystals in the field of optics and photonics. For
fabricating the devices, the periodic structures of the materials are studied
theoretically as well as experimentally. In the coming section, we will discuss about

the theoretical methods and fabrication techniques for the photonic crystals.
1.11 Theoretical methods

The main theoretical models are based on the Maxwell’s equations and used to
calculate the optical properties of photonic crystals viz. dispersion relation, photonic

band gap, transmittance, reflectance and absorption.

There are six main theoretical methods to calculate the optical properties of photonic
crystals and are as follows: (1) The Transfer Matrix Method (TMM) [140], (2) The
Finite Difference Time Domain (FDTD) method [141], (3) The Finite Element
method [142], (4) The Plane Expansion Wave Method [143], (5) A method based on
the rigorous theory of scattering by a set of rods for a two-dimensional crystal, [144]
or a set of spheres for a three-dimensional crystal [145], and (6) The study of
diffraction gratings [146]. We will briefly discuss those methods which are mostly

used to study the optical properties of the periodic structure/photonic crystals.
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1.11.1 Transfer Matrix Method (TMM)

The dispersion behavior of propagating wave in one-dimensional periodic structure
can be analyzed by using the Transfer Matrix Method (TMM). This method is also
known as the translational matrix method [12], based on connection of electric and
magnetic field vector at interfaces of the two layers [147-149, 140]. The TMM is well
defined in Ref. [12] and this method also works in k-space using Maxwell’s equations
and applied them on a mesh structure. It is proficient to deals with photonic band gap
(PBG) materials of finite thickness using layer-by-layer matrix calculations at each
interface of layers. The band structures, reflectivity and transmission coefficients of
the binary and ternary layers of one-dimensional photonic crystals can be found by
this method easily. Many researchers have used this method [150-153]. Based on the
rigorous scattering of light, many groups implemented this method to study the
optical properties of finite sized cylinders/spheres based structures [154, 155]. The
TMM is also useful with diffraction gratings theory which agrees the calculation of
reflection and transmission coefficients of a photonic crystal constituted by a stack of
a finite number of infinite grating layers [156]. This method can deal only with an
infinitely long cavity as a defect for the structure. But this method is restricted to

study new PBG materials that are sophisticated doped structures and active structures.
1.11.2 Plane Wave Expansion Method (PWEM)

The PWEM is very useful and easy to execute on the photonic crystals and it gives the
2-D band structure for the certain direction. The method provides all energies of the
propagating and evanescent wave in the appropriate direction. A defect in the infinite
photonic crystal be treated using a super-cell. Various consequences have been
obtained with this method which gives the band structure in various domains [157-

159].
1.11.3 Finite Difference Time Domain (FDTD) method

The FDTD method analyze the periodic structures by the Maxwell equations in time
domain form and the simulation data through the FDTD method are almost agree with
the experimental measurements [160-162]. A lot of research works on the photonic
crystals have been described using this method. To study the transmission through the
crystal, an electromagnetic pulse is made to propagate through the material and the

output intensity of electromagnetic pulse is measured. After this, a Fast Fourier
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Transform (FFT) is applied to both incident and transmitted intensities and the
transmission values are recorded. The FDTD method can simulate finite or infinite
crystals with different possible conditions. In point of applicability, FDTD make
possible to simulate the whole experimental system of photonic crystal. MIT has
developed as free and open source software based on FDTD, MEEP for everyone

through online copyright permission of educational purpose.
1.11.4 Finite Element Method (FEM)

The Finite Element Method (FEM) is well useful method to be applicable in
electrodynamics and such method has the excessive advantage and lot of commercial
softwares like as MAFIA, COMSOL, HFSS, etc. are based on this method. In this
method, the simulation of the properties of the various crystals e.g. non-doped crystals

with inner or outer layers, infinite and finite doped crystals [163].

Overhead mentioned methods are gives higher efficient and accurate results which is
in good agreement with experimental observations depending on the type of the
problem. The above methods from (1) to (4), as discussed above, help to simulate any
doped or non-doped crystals [163, 155, and 156] depending on the flexibility of
crystals. Method (5) depends on the type and building block of photonic crystals e.g.
parallel cylinders is the building block for 2-D photonic crystals and spheres for 3-D
photonic crystals [18, 19]. The methods (1), (4) and (6) simulate only the infinite
crystals [15, 16 and 20]; and method (5) simulate only with finite-sized structures
[157, 158]. Finally, methods (1), (4) and (6) study the defect structures that can be
periodically manner using super-cell. The methods (2), (3) and (5) are worked for the

finite structure with a single defect.

Among of all the above mentioned methods, the TMM is only used to analyze the
dispersion relation, transmission, reflection and absorption of one-dimensional
periodic structure. TMM method is very accurate method for the analysis of one-
dimensional photonic crystal and the finding consequence with this method is in a
decent promise with the experimental opinion like thin film technology. It is a very
simple method to analyze the optical properties of one-dimensional periodic structure
of the different materials. The details of the theoretical techniques discussed in

Chapter-2 (Theory and Methodology).

1.12 Fabrication methods
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Photonic crystals are the periodically arrangements of materials of building blocks.
For the arrangements of the appropriate materials in the certain dimensions, a wide
range of methods in the fabrication process of the photonic crystals. Depending upon
the dimensionality, various methods applied for fabrications and some of them are
suitable for the fabrication of 1-D and 2-D photonic crystals and 3-D photonic crystals
e.g. Self-assembly methods, lithography, etching methods; dry etching method, wet
etching, and holographic method.

1.12.1 Self-assembly method

For the fabrication of three-dimensional photonic crystals, the colloidal self-assembly
methods appear to be the most effective process with deals with predesigned building
blocks. Generally, theses building blocks are polystyrene nanospheres or mono
dispersed silica spontaneously consolidate into a stable conformation [164]. Colloidal
method has various techniques depending on the desirable yields. A versatile
technique used for the generating colloidal crystals is gravity sedimentation. In the
sedimentation process particles are suspended in a solution; settle down to the bottom
of the container, as the solvent evaporates. Another example of the self-assemble

method is cell method [165].
1.12.2 Lithography technique

In the fabrication of two-dimensional photonic crystal, the arrangement of the
substrate is important, therefore, lithography technique is employed for the patterning
the substrate in the fabrication process. The photolithography method can’t be applied
in the in optical range for producing photonic band gaps in the photonic crystals
considering the smaller size of the lattice having periodicity between 0.2 and 0.7 pum,
with sub-0.1 nm. So, alternate standard technique is needed which is electron beam
lithography that permits to generate several photonic crystals with enormously high
resolution. In this method, wafer is covered with an electron-sensitive material called
as resist. The material, used as resist, experiences a significant modification in its

chemical or physical possessions, after it is open to an electron beam [166].
1.12.3 Etching method

Etching methods are more favorable techniques for the fabrication of two-dimensional

photonic crystals. In this these methods, a lithographic technique is used to leveling
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undesirable zones on the semiconductor surface in the planar pattern. Etching method

has two types; dry etching method and wet etching method.
1.12.3.1 Dry etching method

Reactive-lon Etching (RIE) is a promising example of dry etching, which employs

reactive ions created by plasma discharge in a fluorine-based (CHF3, CF4, CF6, and
SFe) or chloride-based (SiCl4 and Clz) gas. The produced ions are accelerated toward

the surface of sample under an electric field. The dry etching method offers a decent
switch over the size of pores, but up to a certain limit of maximum etching depth. The

method has been used for various semiconductors; AlGaAs, GaAs, and Si. KI.
1.12.3.2 Wet etching method

Wet/electrochemical etching is an illustration of the wet etching method which is also
used for many semiconductors. By electrochemical etching of Si, we can produce
macro porous silicon photonic crystal in which a pre-pattern with etch pits shaped on
the front of a silicon wafer through lithographic process and appropriate chemical
etching with TMAH or KOH solutions. The wafer is etched electrochemically by an
HF solution in an electrochemical cell. For the electrochemical etching, nucleation
centers begin to develop by the pre-etched pits. Another method is also available to
design 2-D photonic crystal with electrochemical method by anodic oxidation of
aluminum in acidic solutions, which yield highly ordered porous structure of alumina

(A1203) consisting closely packed columnar cells [167, 168]. The main advantage of

electrochemical etching method is that high aspect ratio can be effortlessly produced.
The size and density of the pores in alumina structure can be precisely varied by
appropriate anodization situation and pre-texturing the surface of aluminium with an

arrangement of nano identation using a SiC mold [169]. This porous A1203 structure

can be treated as a template to procedure other photonic media that can be grown in

the pores, and A1203 can subsequently be etched out. The pores filled with polymer

may be able to generating a negative replica that can subsequently be used for growth

of various periodic patterns [170].
1.12.4 Holographic method

In this method, we used periodic photo in resin structure through the periodically

pattern of intensity which deals with the interference of different coherent light waves
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[171]. The holographic method had been used before a long time ago but in recent
time photo polymerizable media consisting of inorganic and metallic or liquid crystal
nanodroplets has used. The holographic method also helps to fabricate an electrically
switchable polymer-dispersed liquid crystal which acts as photonic band gap material

[172].
1.13 Objective of thesis

The objective of the thesis was to study of unusual optical deviation of the photonic
crystals through revising the optics of the diverse materials. After the literature survey
on the photonic crystals, we have aimed to study the optical characteristics of the one-
dimensional photonic crystal, where 1-DPC is a periodic arrangement of the materials
of the different refractive indices having thicknesses order from micro to nano scale.
Having huge potential applications of the PCs in the nanoscience and nanotechnology,
it is needed to investigate the photonic crystals on the basis of the interaction of the
Electromagnetic Wave (EMW) with the matter. As discussed earlier, the light or
EMW interaction with matter can be scattered. So, we have theoretically investigated
the optical properties of photonic crystals of different materials like dielectric,
magnetized cold plasma, high temperature superconductor and hyperbolic material in

this thesis.
1.14 Organization of thesis

This thesis has been organized into seven chapters. The content of each chapter have

been discussed below in brief:

In Chapter 1, we have discussed about the history of optics and why we need the
periodic structure and what are the main applications of periodic structure. The
development of periodic structure and type of periodic structure which is best for the
applications of science society is discussed in detail. This chapter also shows the basic
idea of thesis or introduction of thesis in which theories, fabrication, experiments and
applications of one dimensional periodic structure are also taken into consideration

and discussed.

In Chapter 2, the Maxwell’s equations for the optics of materials as well as the one
dimensional periodic structure have been solved; periodic structure is consists of
dielectric, metallic, magnetized cold plasma and high temperature superconducting

layer. Different theories and optical properties of these considered materials are also
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discussed. In the entire thesis, we have applied the transfer matrix method for the
study of band structure and the optical properties; transmission, reflection and
absorption spectra of one dimensional periodic structure, where TMM is the key

method adopted in several chapters of the present thesis.

In Chapter 3, the photonic band structure and transmission spectra of the periodic
structure of the dielectric and magnetized cold plasma with different values of the
effective collision frequency and magnetic field plasma density of the magnetized
cold plasma for Right Hand Polarization (RHP) and Left Hand Polarization (LHP)
structure have been studied in the GHz region by applying transfer matrix method.
We have proposed a tunable narrow band filter and multichannel filter for RHP
structure with enhanced magnetic field of the magnetized cold plasma, and high pass
filter of broadband reflector for LHP structure at low magnetic field of the magnetized
cold plasma. Besides this, we have theoretically designed a tunable narrow band filter
for RHP structure with different values of electron density and broadband reflector or
high pass filter for LHP structure, where width increases with the value of electron
density of magnetized cold plasma. On the basis of our calculated results considering
LHP and RHP structure, we demonstrated an original formulation to obtain a
broadband reflector and narrow tunable filter at lower and higher frequency ranges.
Thus, the analysis can be useful in designing of tunable photonic devices that can be

precise by altering the parameters of the magnetized cold plasma.

In Chapter 4, the transmittance of the space ternary photonic crystal of dielectric,
magnetized cold plasma, high temperature superconducting material with varying
incident angle, magnetic field, electron density, temperature, thickness of the
magnetized cold plasma for the right hand polarization or left hand polarization
structure in the GHz region are discussed. For the right-hand polarization and the left-
hand polarizations, the optical properties of the ternary photonic crystal get affected
by the material parameters of the superconducting and the magnetized cold plasma
layer. The transmittance of the left-hand polarization ternary photonic crystal shows
better conclusions in comparison to compared to right-hand polarization due to the
presence of the superconducting layer which has temperature and the magnetic field
dependent material parameters. The left-hand polarization ternary photonic crystal
with wide band gap may be applicable as the broadband reflector as well as high pass

filter applications. The superconducting layer plays a crucial role to form the photonic
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band gap of the ternary photonic crystal. Based on the obtained results, we have
proposed an innovative idea to design the broadband reflector or the high pass filter
and the narrow tunable filter of the ternary photonic crystal containing the
superconducting material and magnetized cold plasma under certain the magnetic

field in the transverse nature and the operating temperature.

In Chapter 5, a detailed analysis of the transmission through the asymmetric and
symmetric one dimensional periodic structure (1-DPS) containing zinc sulfide (ZnS)
and titanium dioxide (TiO,) with one or more defect layer of Magnetized Cold Plasma
(MCP) layer in the Gigahertz (GHz) frequency regime has been done using transfer
matrix method. The transmission of the asymmetric one dimensional periodic
structure containing zinc sulfide (ZnS) and titanium dioxide (TiO,) with one or more
defect of magnetized cold plasma layer investigated with varying electron densities,
incident angles, and magnetic fields applied on the magnetized cold plasma layer. The
transmission property of asymmetric periodic structure embedding two MCP layers
shows better response as comparison to one layer defect in same periodic structure
with variation of electron density of plasma and the thickness of ZnS and TiO,
material. The obtained results proposed a simple and innovative idea to design the

tunable multichannel filter in the microwave region.

In Chapter 6 a detailed discussion plasma based hyperbolic meta-material and the on
the perpendicular and parallel permittivities of hyperbolic meta-material analyzed
theoretically with the varying effective collision frequency and filling fraction. The
detailed investigation reveals that the real parts of the perpendicular and parallel
permittivities of hyperbolic meta-material express the dielectric and metallic
behaviors in the certain frequency regime. The absorption characteristics of a One-
Dimensional Ternary Periodic Structure (1-DTPS) consisting of dielectric, silicon
dioxide (Si0O,) and hyperbolic material studied with variation of different parameters;
incident angle, filling fraction, electron collision frequency and the thicknesses of
dielectric (A) material. All the absorption characteristics of the periodic structures
have been studied by using the well-known simple transfer matrix method. First, we
have calculated the absorption characteristics of the considered one-dimensional
structure with varying incident angles (0). The maximum absorption of the periodic
structure has found at incident angle® =80°. The detailed study reveals that the

tunable 100% absorption can be obtained due to the filling fraction in the hyperbolic
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meta-material which is equivalent to the metallic behavior of effective permittivity of
the Hyperbolic Material (HM). The analysis of the absorption of the 1-DTPS
containing plasma based hyperbolic materials are very informative and leads to design
various optical devices e.g. optical switch, logic gate, sensor as well as the absorber at

microwave region.

Chapter 7 summarizes the work done included in the whole thesis and outlines the

conclusion and future prospects.
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Chapter -2
Theory and mathematical formulation

The optics of material is the interaction of light, with material, and the optical density
or optical constant of the material is measured in the interaction of incident field
waves with the materials. The interaction of incident field waves with the materials is
related with the electric permittivity (¢) and the magnetic permeability (u) of the
optical materials, because these two parameters are pondered with the polarizations of
materials. The square of optical density of material is the product of the relative

permittivity (e, ) to the relative permeability (u,) of the material, which is given as:
n?=gey @2.1)

This refractive index or optical density of material gives the wave propagation inside

the material and given by:

LY 2.2)

C

where n=1%,/€ Il , wis angular frequency of incident wave and c= , ¢ 1s speed

R
VEoHo
of light. The positive value of optical density of the material is called Positive Index

Material (PIM) and the negative value of optical density of the material is called the
Negative Index Material (NIM).

According to Snell’s law, the refractive index (n) is defined as:
n="S (2.3)
A%

where c is the velocity of light in the free space and v is the velocity of light in
medium. For two optical media of refractive indices n; and n, with the incident and

refracted angles 6,and 6, , the surface wave propagation condition is given by the

Snell’s law is:
n,sin®, =n,sinO, 2.4)

It means the propagation of wave in the medium or material is depends on the optical

density of the materials. In propagation point of view, the optical materials are
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classified in to two types: (i) isotropic material; (i1) anisotropic material. In the next

section, we will discuss about the isotropic and anisotropic materials in the details:
2.1 Isotropic and anisotropic medium

As discussed earlier that the optical density of the material is depends on two physical
parameters of the materials; that is electric permittivity and magnetic permeability.
These parameters are related with the polarizations of material, when EMWs are

interacted with the materials. However, ¢ or pis tensor quantity. Therefore, the
materials are two types: (i) isotropic material when ¢ and pare independent of
direction whereas (ii) anisotropic material when ¢ and p is direction dependent. The

isotropic and anisotropic materials follow cubic symmetry mechanism and
inhomogeneous medium follow composite asymmetry, respectively. It has been
observed from the time of Maxwell that transport properties of randomly
inhomogeneous materials have been of great intrigue to the researchers. The demand
of high-speed information’s in today’s scientific and technological world is fulfilled
with the practice of novel materials, which have unique optical properties that have
not been witnessed in the already existing materials. There has always been
exhausting the amount of researches on manufacturing or developing such unique
materials or modifying the existing materials to exhibit special properties and the
researchers have been fabricating the special materials by the available technique, for

instance of the preparation of thin films in nanoscience and nanotechnology.

The several approaches are used to achieve the best optical properties of the materials,
called composite materials, in which these properties of the composite thin films are
modified generally in a more convenient way and so it is ease of implementation. The
techniques involving the thin films modification or deposition techniques are namely,
evaporation, sputtering and ion beams assisted depositions which have been proved to
be quite successful for preparing composite or inhomogeneous/anisotropic dielectric
thin films. The thin films manufacturing using the above mentioned techniques have
been found to be useful in optical thin film devices. Cermets films have been
developed by the co-deposition of dielectrics with different metals and have found
applications in devices for solar energy conversion. Dielectric-dielectric and metal-
dielectric composite thin films have been vastly researched with special emphasis on

their optical properties in the near infrared and solar regions [1-4].
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The most astonishing fact about the thin metallic films is that the metallic films show
different optical properties from those of just the bulk metal. These films show very
selective absorption, and the optical properties strongly depend on the film structure,
for example their thicknesses. The electron-microscopic results suggested that actual
thin films are not parallel-sided homogeneous slabs, but they are films having some
in-homogeneity like unevenness or some cracks or particles isolated from each other.
The experimental results have shown that when the very thin films of silver are heated
they show resonance type absorption and whose peaks exist at around 435um or at
longer wavelength. These films are composed of a large number of small particles of
silver [5]. Another results from experiments showed that thin metallic films could be
regarded as a two dimensional aggregate of small rotational ellipsoids. The shape of
the ellipsoids influences resonating of the free electron gas bounded within an

ellipsoid at particular frequency [6].

These results reveal that the thin films of the materials have different optical
properties or different optics of material due to thickness. The interaction of light or
EMW with thin film material can be analyzed by studying the EMWs in thin film

using Maxwell’s equations.
2.2 Electromagnetic waves in isotropic medium

An isotropic material is that in which the optical properties are independent of the
polarization state of an electromagnetic wave, when EMW passes through the
material [7]. The some constitutional relations for isotropic media hold true and the

Maxwell’s equations can be solved easily.
2.2.1 Fields and waves in isotropic medium

When EMW is interacted with isotropic medium, the polarization is induced by the
electric field of the wave and the induced polarization is directly proportional to the
parallel electric field. The relation between the induced polarization and the electric
field is given by [8]:

> >

P=¢gxE 25)
where- 1_3): polarization , E =electric field of wave, y =electric susceptibility and ¢,

=electric permittivity of free space.

54



Chapter-2

As we know, the constitutional relation for displaced electric field and induced

polarization, and the relation are given by:

D =€, E+P (26)

- - -
where D =dielectric displacement vector, P =induced polarization, E =electric field of

wave.

On substituting polarization form Eq. (2.5) in Eq. (2.6), we get,

-

D:E':O(l‘l‘X)E> (27)

(1+y%)=¢,, called relative permittivity of the material, then Eq. (2.7) becomes:

D=¢g,e E (2.8)
Generally, optical constant of the material is given by:

e, =&'—ie" 2.9)
where €' real electric permittivity and £” imaginary electric permittivity.

This relative electric permittivity is called the square optics of material or square of
optical density or square refractive index. The optical density of the material is given

by:

n=e, =Ve'-ie’ (2.10)

The dielectric constant of medium depends on the frequency of the wave, and hence,
the refractive index is also related to the frequency of the wave. This phenomenon is
well known as the dispersion. The dispersion phenomenon in the geometry optics is

caused for the separation of the white light into its constituent colors of a prism.

5
We have discussed earlier the wave propagation vector k which depends on the

optical density. For the EMW propagation in isotropic media, the wave propagation

- - -
vector k is perpendicular to the phase front i.e. k is perpendicular to the vectors D

5
and B. The Poynting vector of the wave represents the magnitude and the direction of

flow of energy. This pointing vector is parallel to the wave propagation vector k . The

Poynting vector is given by [8]:
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S =ExH 2.11)

- -
where, E = electric field, and H= magnetic field intensity.

E
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Figure 2.1: The electric field (E ), magnetic field intensity (H) and Poynting vector (
§ ) in isotropic medium.
The Figure 2.1 explains the direction of energy propagation with the coupling field

waves. The local direction of gis also called the ray direction. Only for the wave
front is the ray direction which is the same at all points on the phase fronts. The best
way to understand the properties of an optical system is to find out when a ray of light
enters in the medium. It is necessary to understand the direction of light as it

encounters medium as well as the intensity of light when it crosses an interface [8].
2.2.2 Maxwell’s equations for material

The EMW propagation in a material medium is started by the four most fundamental

equations of electrodynamics, which are known as the Maxwell’s equations:

V.D=p (2.12)
V.B=0 (2.13)
6><1?::—3E (2.14)
ot
6xﬁ:3+§§ (2.15)
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where, E and H denotes the electric field and the magnetic field, respectively.
Electromagnetic wave field in the material is termed by these two fields D and E;
where D shows the dielectric displacement vector and Bis the magnetic induction.
These four field vectors are related with the constituent relations, which include the

effect of the wave field on materials. The quantities p and J denotes the electric

charge density and the current density that are related with the sources of the wave

fields E and H. Using these equations govern the electromagnetic wave field in the

medium.

Maxwell’s equations cannot be derived exclusively unless the connection between B
& FI, and E & D are known to get a unique purpose of the wave field vectors
because these variable contains the eight scalar equations which relates to the twelve

variables, three for each four vectors E , H , D and B.

The materials constituent equations are:

5:80E+§:£0(1+xe)E:eE (2.16)

B=pH=p, (ﬁ+1\7l):p0(l+xm)H (2.17)
where € and WU are the tensors of rank two; P and M are electric and magnetic

polarization, respectively. The electric wave field perturbs the movement of electron

and produces an electric dipole polarization P per unit volume having permittivity

—

different from €). The magnetic field also induces a magnetization M per unit
volume in materials having permeability different from . The permeability constant

Hois equal to 4mx 107 H/m.

In the isotropic or linear medium, both € and W tensors diminish to scalar. The
quantities € and U are presumed to be independent of the field forces. But for the
adequately strong field, the dependence of quantities € and U on E and H must be

incorporated for the anisotropic medium.

The Maxwell’s equations have coupled field wave equations. The Eq. (2.14) in the

Maxwell’s equations for the isotropic medium is given below:
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Jdt Jdt (2.18)

- -
Now, we have considered that a plane wave of Eand B is incident on the isotropic

medium. The E(electric field) and the ﬁ(magnetic field) composed of product of a

function of wave vector position and a function of angular form time as:
E(r, ) =E,e "  and H(r,t) = Hye O+ (2.19)

- = . ., . . . 3
where E and Hoare the initial electric and magnetic fields.

Using Eq. (2.19), the derivatives of Maxwell’s equations become:

i e () (2.20)
ot
0 . .
and — < —ik Vo —ik (2.21)
0x

Using Eq. (2.19), the Eq. (2.18) becomes:

ﬁx E :—i(I)B:—i(!)l,LH (222)
where 1 = magnetic permeability, o= frequency of time harmonic fields an
m=po(+%.)-

Similarly, from the Maxwell’s equations, the Eq. (2.15) takes the form:

Vxh=i+22
dt (2.23)
Using Eq. (2.19), the Eq. (2.23) becomes:
where J = total current density and e=¢,(1+7%,)
From Maxwell’s equations, the Eq. (2.12) gives the electric permittivity:
vV.E=P
€ (2.25)

where, p=total charge density ande =¢,(1+7,)
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Similarly, from Maxwell’s equation, Eq.(2.17), the equation can be simplified:

Q_B):a(uﬁj:O
(2.26)

wherep =, (1+%,, Jand B=pH

2.2.3 Master equation for photonic crystal
To develop the master equation for the periodic structure, we have started with
Maxwell’s equation, Eq. (2.12) to Eq. (2.17), where they are the coupled wave

equation with constituent relation with the E andH fields. These waves are incident

on the material having constant phase velocity. So, the E and]_S> fields are considered
plane waves as given in the Eq. (2.19), and they are used in the calculation of the
Master’s equation.

Throughout the thesis, we have considered two cases: (i) isotropic material that is
linear or isotropic dielectric material considering the optics of material not dependent
on Eand non-magnetized material ( M = 0); J and p is also zero for source free. The
constituent relation of electric field, D=¢ Eis more effective for linear medium.

However, the magnetic field of the material is changed due to the effect of

polarization. The magnetic permeability is near to be unity for the most interested
dielectric materials, like set B=H. (ii) Anisotropic material i.e. inhomogeneous
medium that is nonlinear dielectric material (permittivity is a tensor). The optics of
anisotropic material is dependent on the direction of field Ewith displacement

electric field ( D=¢E ) and for nonmagnetic field (M =0)

For isotropic medium (}> =p =0) for some free, Eq. (2.24) and Eq. (2.22) reduce to:
VxH=-iocE (2.27)
VXE =+iopH (2.28)
where e =gje.and p=p,u,

The Eq. (2.12) becomes:
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Hence, Eq. (2.29) and Eq. (2.26) have the form:

=0 (2.30)

<\
o

‘H=0 (2.31)

<

The decoupled wave equation for the electric field can be achieved by the cross

product of Eq. (2.28) and combining with Eq. (2.27) that is given as:
VxVXE = @ ueE (2.32)

Using the identity of the vector operation: VxV xE =V (V-E) - V?E, the Eq.

(2.32) can be simplified for electric field (E).

2
-2 () —
VE +— en,E=0

c (2.33)

Similary, we can solve for other field wave that is the magnetic field wave which is
given as:

2
— (O —
H +— eu, H=0 (2.34)
C

2 1 €
where c¢” = , € =—, urzi.

€olo ) Lo

These two equations, Eq. (2.33) and Eq. (2.34), are called decoupled wave field
equations for plane waves and are also called the scalar Helmholtz’s equations. The
Electromagnetic Wave (EMW) interacts at the interfaces of the dielectric materials
and can be solved through these equations. Hence, we can say that the scalar forms of
Helmholtz’s equations can be used to study the behavior of photons in a photonic
crystal, when light propagates in the periodic structure of the dielectric materials. For
periodicity of the periodic structure, the waves at each interface used to calculate the
reflected back wave by Bloch’s wave functions, and the Bloch’s wave function at the
two different surfaces and produce phase difference and then the band gap structure of

the blocks is formed, the lattice constant is equivalent to wavelength of light [9-11].

The Helmholtz equation, (2.33 or 2.34), are the principal equations for the

phenomenon of electromagnetic wave in the periodic structure with different
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dielectric material constituents.  Using the continuity relationship of some
components of field vectors at the boundary, the transmission and reflection
coefficients of the EM wave at each interface can be calculated. This continuity

relation can be derived by the Maxwell’s equations.

For vector form of the wave equation with non-magnetic materials i, =1, the Eq.

(2.27) and (2.28) can be simplified in terms of the relative permittivity € =n’ for

isotropic medium.

VxH=-ioe ¢,

E (2.35)

VXE=+iouH (2.36)

To solve the energy of the propagating wave in the materials, it must be in the vector
form. Therefore, the coupled equation, Eq. (2.35), can be transformed into decoupled

by dividing Eq. (2.35) by ¢, in the vector form, and then taking the curl both sides.

After using Eq. (2.36), the obtained equation entirely in His given as:

U R .
Vx—VxH=0"g,u, H (2.37(a))

€

1 . . g o
or we know that gy, =—, so above equation can be simplified into:
C

2
wivxﬁ:‘”—zﬁ (2.37(b))
8r

C

The Eq. (2.37) is well-known as the Master Equation as the vector form, and this
equation is used to study the Photonic Crystals or Periodic Structures of Dielectric

Materials or Photonic Band Gap materials [12, 13].

The Master’s Equation can be used to determine the magnetic field modes H. Using

Eq. (2.36) E can be used to find H |

H=-

[Gx Ej (2.38)
W

Since the phenomenon of electromagnetic wave in a dielectric medium has no

fundamental length, the coefficients of Helmholtz equations have no length as per
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dimension. Hence, the electromagnetic problems differ only by considering an

expansion or a contraction.

Generally, the Master’s equation Eq. (2.37) and Eq. (2.38) are used in PWEM, FEM
and FDTD method. But, we have used the simple optics method using Helmholtz

equation that is called transfer matrix method.
2.2.4 Calculation of optical properties of photonic crystal

The Maxwell’s equation can be solved by the two ways (1) scalar form and (ii) vector
form. As per the review of journals and books for periodic structures/photonic
crystals, there are main six numerical methods, which are used to study the optical
properties of the periodic structures: (1) Plane Wave Expansion Method (PWEM)
[14], (2) Finite Difference Time Domain (FDTD) method [15], (3) Finite Element
method [16], (4) Transfer Matrix Method (TMM) [17], (5) Rigorous Theory of
Scattering Method (RTSM) [18] or a set of considered spheres [19], and (6)
Diffraction Grating Method (DGM) [20].

Above methods are used to calculate with maximum efficiency for the optical
property of photonic crystal. These methods give results with full accuracy and the
good agreement with practical results. The different methods for photonic crystals are
chosen according to tackling of the problems. The above methods PWEM, FDTD,
FEM, and TMM can simulate any doped or non-doped crystals [15-17] as they are
extremely flexible. RTSM (5) is limited to the particular types of photonic crystals,
which are parallel cylinders (for two-dimensional photonic crystals) and spheres (for
three dimensional photonic crystals) [18, 19]. These methods (1), (4) and (6) can be
used with infinite crystals [15, 16, 20] and (5) only with finite-sized structures [18,
19]. Finally, methods PWEM, FDTD, FEM, TMM, RTSM and DGM are used a
super-cell to analyze the structures of defect. On the other hands, methods (2), (3) and
(5) can be used with a finite structure containing a single defect. In the following
section, we have given the brief outline of all methods, which are used to study the

band structure, transmittance, reflectance etc.
2.2.4.1 Plane wave expansion method

Plane Wave Expansion Method (PWEM) is very easy method to calculate the band
structure of the periodic structure. The infinite photonic crystal with a defect will be

treated as a super-cell. Numerous results are calculated with this method for
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evaluating the band structure of materials [21-23]. The limitation of this method is the
memory storage which depends on the set of plane waves for the expansion of the
field. This set escalates when the photonic crystal deviates from a periodic structure to

another structure.
2.2.4.2 Finite difference time domain method

This method describes the Maxwell’s equations in a time domain form. These results
are gives excellent behavior with experiment [24-26]. However, the electromagnetic
modes of a defect mode are calculated as the transmission ratio of the optical
materials for the Finite Element Method (FEM). To calculate the transmittance of the
periodic structure, an EMW pulse is incident on the material in which EMW signal is
noted. The FDTD method permits the simulation of finite or infinite crystals with
inner or outer EMW sources. This method allows the simulation of an entire practical
setup with a periodic structure. This is most common method to simulate the optics of
photonic crystals. The limitation of the FDTD is the size of the memory to calculate
the large crystal and the lack of an accurate Electromagnetic (EM) model for some
particular substances like thin wires. An excellent advantage of this method is the

smart capability to simulate anisotropic or nonlinear materials [16].
2.2.4.3 Finite element method

This method is well defined in electrodynamics and it has an attractive advantage to
be implemented for studying the optics of photonics. There is several commercial
software available like COMSOL, MAFIA, HFSS etc. It can be simulated the infinite

and finite un-doped or doped photonic crystals with inner or outer source.
2.2.4.4 Transfer matrix method

Transfer Matrix Method (TMM) is well-defined method to calculate the optical
properties of the one-dimensional periodic structures [9]. The TMM govern the
Maxwell’s equations in the k-space. It is capable to manage the PBG materials of
finite thickness with layer-by-layer calculations. Periodic structures with defects can
be dealt with by taking a super-cell. The band structures, reflectance and transmission
coefficients establish easily by this method. Therefore, this method is popular among
many researchers in the field of the optics and photonics [27-30]. This method is also

proved as a very useful and an accurate method with respect to experimental results
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[29, 30]. The limitation of this method is also the memory storage but TMM is

difficult to use in the different geometry structures.
2.2.4.5 Rigorous theory of scattering method

Many research groups implemented this method, which is based on the rigorous
scattering of electromagnetic wave/light by a finite number cylinders/spheres for a
three dimensional photonic crystal [18, 19]. The most advantage of the method is to
locate the cylinders/spheres everyplace in space. Accordingly, a periodic arrangement
is just a specific case and this method makes possible to deal with a single defect
exclusive of the need of a super-cell. It is also very easiest method to change the
geometry of the structure. Although, these limitations are connect to the memory size

when one hundred cylinders are implemented in the calculation.
2.2.4.6 Diffraction grating method

Using the diffraction gratings theory [20], the computation of reflection and
transmission coefficients of a photonic crystal is allowed where the stack of a set of
infinite grating layers constitute the photonic crystal. This method can be used only
with an infinitely extended cavity chosen as an imperfection for the periodic structure.
But this method cannot be implemented to simulate photonic band gap materials

having the sophisticated doped and active structures.

Throughout the thesis, we have adopted Helmholtz’s equations to understand the
basic optics behind photonics. The Helmholtz’s equation is used to solve the optics of
materials and optical property of periodic structure or optics behind photonics,
because the dielectric layer in the photonic crystals for photons using scalar method is
similar to the potential well in the semiconductors for electrons in the quantum

mechanics. Now, we formulate the TMM for one-dimensional periodic structure.
2.2.4.7 TMM for one-dimensional photonic crystal

The TMM method is a powerful tool for PBG structures and optical properties of one-
dimensional photonic crystals. The calculations of optical properties of photonic
crystals (PCs) are similar to the electronic properties calculations of atomic crystals.
For an atomic crystal, the atomic crystal is designated by periodicity of the atomic
potentials and Schrodinger’s equation solves the Eigen value of wave function.

However, in the photonic crystals, the Eigen value of wave function is used to
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2
calculate the master equation ﬁxiﬁxﬁ:w—zﬁ where the photonic crystal lays the
c

€

periodicity of dielectric materials.

The operator in the left part of Eq. (2.37), the master equation, is a Hermition for

dielectric material ( € is simply real) and this gives a set of orthogonal Eigen states as

the solution. For a periodicity in € such that €(T + ﬁ) =¢(F); where Ris the lattice

displacement which is the product of multiple number of layers, the Bloch’s theorem

is acceptable for the Eigen solution of ﬁn’k (T +R, 1) = e "7 ﬁn’k (r), where

IjIn’k(f) is field vector having a periodic envelope function satisfying,

€

r

. .- Y -
(V +ik)>< (i (V +ik)>< H, (f)) = (m"T()] H,, (), which gives to different

Hermitian Eigen problems for each Bloch wave vector k. For the structure with

periodicity in all directions, it leads to discrete Eigen values ®, (12) for n=1, 2, 3...,

5
which are continuous functions. Plotting the Eigen value versus k  jt gives a

dispersion relation of the periodic structure, called photonic band gap (PBQG)

materials.

Now, this concept can be implemented in one-dimensional periodic structure where
the propagation wave vector in the each layer of the one-dimensional periodic lattice
can be formulated with the boundary conditions of each layer. By implementing the
boundary conditions and considering the conservation of energies on the interfaces,
we calculate the characteristics matrices for layers and are called Transfer Matrix
Method (TMM) technique [9-11, 17]. We chose a periodic arrangement of a
multilayer thin film i.e. binary periodic structure of dielectric materials with index of
refraction n; and n, and thicknesses d; and d,, respectively. The master equation has
scalar form and the solution of the scalar wave equation is a plane field wave. The
plane field waves are the superposition of first the right going and left going plane
waves for layer with thickness d; and index n;. If the amplitudes A; and B; are the
forward and backward going waves in the layer of the refractive index n;. Then, the
field wave for the layer of the refractive index njas shown in Figure 2.2, using Eq.

(2.19), is given as:
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E(x)=A, e* +B e™ (2.39)

Similarly, the solution of field waves is the superposition of the forward (right) going
and backward (left) going plane waves having amplitudes C; and D; for the layer of
the refractive index n,. Hence, the solution of field waves can be represented for ny,

using Eq. (2.19), as:

E(x)=C,e" ™ + D e (2.40)

d=d, +d,

Figure 2.2: Schematic diagram of bilayers unit cell of refractive indices n; and n, with

thicknesses d; and d,, respectively.

The wave numbers k;x and ko, Eq. (2.39) and Eq. (2.40) are defined as:

k =9nlcos61 and k2x=9nzcos92 (2.41)
c

C

1x

where 6, and 6, are the ray angles in the two layered media, respectively. At the
interface between layers (x = d;), the solution of Eq. (2.39) and Eq. (2.40) and its
derivative should be continuous. The relation between plane wave amplitudes at the
interface of n; and n, materials is analyzed. On applying the boundary conditions at

x=d;, we found a characteristic matrix equation for thickness d; of n; material.

(Clj = Mlz(Alj (2.42)
Dl Bl
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%(1 + %J e kidi %(1 _llzije—ik,xd,
with M, = 2 2x (2.43)

v l 1_& eiklxdl l 1+ki e—iklxdl
2 k2x 2 k2x

And likewise at x = d, the continuity of the plane waves at the periodic interface with

{AzJ = MZI(CIJ (2.44)
BZ Dl

where the matrix Mj; is the identical as (2.43) with interchanging the indices for d,

index n; and n; and we get:

thickness.

For a period of two materials of refractive indices nj, n, and thicknesses d; and d,
respectively, we have the matrix for two materials with‘d’ as lattice parameter using

matrices Eq. (2.43) and Eq. (2.44), and we have,

A A
Or( Zj:Mi.( ‘j (2.45)
B, I\ B,

The matrix component of the matrix M;; for binary periodicity with d (=d1+d2) is

where Mi,j = M21M12.

given by

i (1),
Ml’l =e klx dl [COS(kZX d2 ) + EI(Y‘I' ;J SlH(kzX dZ )] (24‘6)
M, ,=e ik [1+%1G—yjsin(kh GLIM=¥,,, M, =M, (2.46)

JX

- : ® k
where Mj = transpose of matrix M, k; =—n; cos6;and y = —* for TE mode and
c
2x

2
B k, Xn;

2

=% for TM mode..The matrix M;; is called as the transfer characteristic
Xn
2x 1

matrix for the periodic lattice [9]. The square matrix M;; depends on the frequency o,
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and it is called uni-modular viz. the determinant of the square matrix is equal to unity.
Hence, the square matrix M;; for each ® defines a unique mapping for the amplitudes
of the plane waves in first mediumn; into the amplitude of the plane waves in second

medium with index n,.

For an infinite periodic lattice extending on the entire x-axis, the solution of the

Helmholtz Eq. (2.46) can be written in terms of Bloch’s waves [9-12, 30].

i K(0) x

E(x,K)=Ug (x)e (2.47)

where Uk(x) is a periodic function with lattice (d= d; +d, ) with Ug(x) = Uk(x+d) and
its value is complex. They K(®) are named as the Bloch wave number for a periodic

lattice with thicknesses d; and d,, with index of refraction n; and n,, respectively.

The expression for K() is given as:
K(®) = écos_l G Tr[M, ]j (2.48)

with M ;is specified in Eq. (2.46).

After solving Eq. (2.48), we obtain the total dispersion relation for a unit cell of

thickness d (=d;+d,), which is given as:

K(w) = écos‘1 {cos(klxdl )xcos(k,.d,)- %(y+ ljx sin(k, d, )xsin(k,,d, )} (2.49)
¥
2

k, -n
for TE mode and,y=—"— for the TM mode and

2x ax 1

1x

where y =

(O] c -
k;, =—n; cos8; with j=1,2.

C

The Eq. (2.49) is called photonic band gap of photonic crystal or dispersion relation

of the periodic lattice.

The dispersion relation characterizes the behavior of Bloch’s waves. The Bloch wave

for the periodic lattice has three cases:

(1) Real K () lies in the first Brillouin zone [0, m/d], the travelling field wave
function, E(x, K), is in the periodic structure. The real K(w) is said that ® is the

allowed band gap.

68



Chapter-2

(i1) Imaginary K(w) is defined by K(w)=m/d+ip(®).The standing wave function of
the E(x,K) is the product of two periodic functions increases and decreases
exponentially which depend on the p(®). The imaginary K(w) for the value of  is

the forbidden band gap.

(ii1) At the K(w) = m/d, the E(x, K) is the d-shift skew symmetric due to the periodic

function E(x, K) as the nd period with special properties i.e. E(x + d, K) = -E(x, K).

Besides this, the other optics of photonics can be calculated using Eq. (2.45) and the
reflection and transmission coefficients, and Fresnel’s coefficients, can be calculated
from the amplitude of reflected wave and transmitted wave with respect to the
amplitude of the incident wave. Now, we are going to discuss the formalism for the
optics of anisotropic, second case, and optics of photonics of such material in next

section.
2.3 Optics of anisotropic medium

In anisotropic medium, the electric vector of a propagating wave is not parallel to its
direction of polarization and it is described by the direction of an electric
displacement vector [7, 31, and 32]. There are two different possible polarization
directions that exist for plane waves travelling in a specific direction through a non-
linear or anisotropic medium, and the waves that have these different polarization
directions, travel with different velocities. The most common and the most important
anisotropic media are generally crystalline. These anisotropic mediums have their
optical properties closely associated to the several symmetry properties influenced by

crystals.

In an isotropic medium, the propagation characteristics of an electromagnetic wave
are independent of their directions of propagation. This, therefore, means that there is
no other direction possible in the medium, which is different than any other direction.
It is obvious then that we cannot just simply categorize liquid crystals as isotropic
media, as we can do for gases or liquids, where any external field is not
implementing. Such a field means the presence of a unique direction in the medium.
The case of a gas in a magnetic field is fine example to understand the circumstance
of an isotropic medium being converted into an anisotropic medium when an external

field is applied. This phenomenon occurs because the gas alters the characteristics of

69



Chapter-2

polarization of a wave, which propagates in the direction of the field. This very well

known phenomenon is known as the “Faraday electro-optics Effect”.
2.3.1 Fields and waves in anisotropic medium

The constitutional equations in anisotropic media, which has the permittivity and

permeability tensors and are given by:

D=g\eE (2.50)
B=y,uH (2.51)

where, €= tensor permittivity, W= tensor permeability. The tensor permittivity and
the tensor permeability are complex and dependent on the frequency for steady state
sinusoidal time varying fields. This implies that all the components of the permittivity
and permeability matrices are complex. It is possible for a medium to be both electric
and magnetic anisotropic, but it is common for an anisotropic medium to be either just

electric anisotropic or magnetic anisotropic.

If the medium is just electric anisotropic, it is known as e anisotropic medium. In

such a medium, the permittivity € becomes a tensor and the permeability ]TL remains

a scalar. Therefore, the governing relations for electric permittivity tensor are given

as:

XX 8xy XZ =
e, and p = (scalar) (2.52)

X € yy

zX zy 7z

Similarly, if the medium is just magnetic anisotropic, it is accepted as L_Lanisotropic
medium. In such a medium the magnetic permeability L_Lbecomes a tensor and the

electric permittivity e remains a scalar. Therefore, the governing relations for such a
medium become [33]:
uxx uxy sz

L=y, By My,
Mo uzy M.,

and e=¢ (scalar) (2.53)

Since the permittivity and permeability are tensors in their respective anisotropic

mediums, their inverse has similar importance in calculations.
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2.3.2 Dispersion relation for hyperbolic material
The dispersion relation with hyperbolic behavior comes from the optics of crystal

structure. Such type of crystal materials has a constitutive relation between the

- - - -
dielectric displacement D = and magnetic induction, B, to the fields E and H
respectively. The electric and magnetic fields also depend on the permittivity and the
permeability of the material. Now, the dielectric displacement and magnetic induction

are related in hyperbolic behavior due to crystal materials. And here,

D=¢,eE (2.54)
B=p,uH (2.55)

where ¢ and K are shown as electric permittivity tensor and magnetic permeability
tensor of the material. In our work, we have considered nonmagnetic media in which
;L reduces like unit tensor. The permittivity tensor takes in the diagonalized form for

real and symmetric nature in such a way that the off diagonal elements vanish, as:

_ (& 0 0
e=| 0 €,y 0
0 0 &, (2.56)

This matrix is in Cartesian form, so it called principal axis of the crystal. In the
matrix, three diagonal components of the matrix are positive, and generally all depend

on the angular frequency m; the crystal is termed in the following ways:

(1) Biaxial crystal material, exy # &yy # €5
(i)  Uniaxial crystal material, €4y = &gy # &,
(iii)  Isotropic crystal material, &gy = &gy = &,

Hyperbolic meta-material is a uniaxial type of material. To define the dispersion

relation of EMW, we have the Eq. (2.56). Now, we take the two equations of

Maxwell’s in the absence of any external sources (J =p=0) in the following forms:

2B
ot

VXE=- (2.57)
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<\
X
T
Il
—l
+

<]
I

(2.58)

Q
-

where Dand B are as in Eq. (2.54) into Eq. (2.55), respectively. By inserting Eq.
(2.57) and Eq. (2.58), the plane wave expressions are written as E = E,el(®t=kD)
and H = Hye'KD  where k is the wave propagation vector. Solving the above

equations, we obtain:
kX E = opH (2.59)
k X H = —wgyeE (2.60)

By taking curl of the Eq. (2.59) and substituting the curl H from Eq. (2.60), the Eq.
(2.59) produces the Eigen value problem for the field E as:

k x (k X E) + 0?p,goFE = 0 2.61)

This Eq. (2.61) can be established in the matrix form by using Eq. (2.56) and the

obtained equation shows the dispersion relation for anisotropic material, which is

given as;
koe,, —k; —k> k k, k Kk, E,
k .k, koe,, —ki —k; k,k, E, [=0 (2.62)
k. k, kk, kgeu—ki—k§ E,

, the

® . .
where k,=— are the magnitude of propagation wave vector, and ¢ =
C

1
VEoHo
speed of light in vacuum. Now, we emphasis on the hyperbolic media for the uniaxial

material having the optical axis, which is oriented along the z-direction, that is
€, =&, =¢,andk, =, k2 +k§ . The nontrivial solution to Eq. (2.62) leads to the

dispersion relation:

7z SJ_

2 2
(k2 +k?2 —stg{k—l+ K, —ngzo
¢ (2.63)

In the above equations, we have two terms in the k-space, which are equal to zero and

these equations have been resembled to a spherical and an ellipsoidal iso-frequency

surface: the term (k7 +k? —¢ k;)is described as the wave polarized in the xy-plane
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2 2
(ordinary or TE wave), the terms [—L+—Z—k§J is resembled to the wave polarized
8zz SJ_

in the plane containing the optical axis (TM wave or extraordinary wave).

The condition changes significantly if we have assumed an extreme anisotropy, viz.
when either € or €, is negative. Then the medium shows an optical signature is
named as indefinite from the mathematical view [34]. For the extraordinary
polarization, the components of permittivity with an opposite sign for the shape of
hyperbolical iso-frequency surface. As consequences, waves with subjectively large
wave vector retain a propagating nature while in isotropic materials they become
evanescent due to the bounded iso-frequency contour [35]. The choice €, >0, ¢, <0
are agreed to a two-fold hyperboloid, and such hyperbolic medium is termed
dielectric (with reference its behavior in xy-plane) or Type-1 hyperbolic material [36];
the choice €, <0 and ¢,, >0 is described a one-fold hyperboloid, and such hyperbolic
medium is named a metallic or Type-II hyperbolic material [37]. The hyperbolic
materials are composite materials. Therefore, the effective medium theory is very
popular theory for study the optics of composite materials. In next section we discuss
about the effective medium theory, which is used in Hyperbolic Meta-materials

(HMMs).
2.3.3 Effective medium theory

The effective medium theory used to calculate the permittivity’s for a non-linear or
anisotropic composite material with the uniaxial symmetry. This method is based on
the generalized Maxwell-Garnet approach and used to obtain the analytical
expressions of the parallel and perpendicular effective permittivity. The permittivity
of such material has a unique property of the materials that is called filling fraction
(f). Let us suppose that a composite material is combined with two materials of metal

and dielectric and the dielectric and metal permittivity’s are e, (=n7)and e_ (=n3),

respectively. For two materials, the filling fraction (f) of the composite material may

be defined in term of thickness as follows:

(2.64)
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where dpy is the total thickness of the metal and dielectric in the system i.e.

dyy =d,4 +d,, where dq is the thickness of dielectric and dy, is the thickness of metal.

In general approach, the electric field displacement (D) in the materials is

proportional to the electric field (E) and expressed by the following expression:

D =¢,¢eE (2.65)

where ¢ is effective permittivity tensor of the uniaxial medium. In the electrostatics,

N
the tangential electric field (E) is continuous across the interface as move from one

medium to another. The condition must be satisfied for the propagating wave as
Il
Ey=E,=E (2.66)

where E,is the electric field for n; layer, Ey, is the electric field in the n; layer and E is
the electric field of composite material. From the condition of continuity, the overall
parallel dielectric displacement is averaging in the displacement field contributions

from n; dielectric layer and n, metallic layer, which is given as;
D'=fDy +(1-f)D,, (2.67)
Using Eq. (2.65) for dielectric, metal and composite material, the Eq. (2.67) becomes:
e B =fe ,E'+(1-f)e E' (2.68)
After simplification; we obtain the relation between the filling fraction and

permittivity of the metal and dielectric materials as:

g =fe, +(1_f)8m (2.69)

Putting the value of filling fraction from Eq. (2.64), the relation is obtained for

hyperbolic materials is

€4€m (dd +d,, )
g.d,, +€.,d,

(2.70)

Moreover, the perpendicular permittivity is derived using Maxwell’s equations and
boundary conditions. Pacifically, the normal dielectric displacement vector at each

interface must be continuous and the expression is given as;

D; =D;, =D* @.71)
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We also recognize that the total electric field will be the superposition of the
components of electric field from the dielectric layer (n;) and the metallic layer (ny).

Thus, we have the electric components;
1 _ el 1
E —fEd +(1—f)Em (272)

On solving the Eq. (2.71) and Eq. (2.72) by using Eq. (2.65) for dielectric, metal and
composite material, we obtain the relation:

_ 8dsm

€

Putting the value of filling fraction from Eq. (2.64) in the above Eq. (2.73), we obtain

the relation:

8J_ — (gddd +£mdm) (274)
d,+d,,

The volume weights of the composite material purely depend on the thickness of
whole materials in term of the filling fraction, which can be considered in the optical
calculations of photonic crystals [38]. The volume weight of the electric permittivity
of the constituent media is acceptable for high wavelength and low frequency but it
fulfills the concept of sub-wavelength for meta-materials that follows the concept of

effective medium theory [39].

2.4 Conclusion
In the theory and mathematical formulations, we have discussed the optics of
materials in which the optical density of material is dependent on the physical

parameters i.e. € and pu. These two parameters of the materials are also verified with

the Maxwell’s equations. The ¢ and pLare tensors quantities, therefore, the materials or

media are classified into two types: (i) isotropic and (ii) anisotropic medium. We have
discussed the scalar and vector forms of the electromagnetic wave equations, which
have been derived from Maxwell’s equations. The scalar form of wave equation is
called Helmholtz’s equations, which is used to formulate the TMM method, and the
vector form of wave equation is generally used to formulate the other methods like
FEM, FDTD, PWEM, etc. There are several methods available to study the optics of
photonics, but we have adopted the Transfer Matrix Method (TMM) in whole thesis

for both materials viz. isotropic and anisotropic material, because TMM is used to
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solve the optics of the photonic crystals, which is analogous and used to solve the
electronics in the semiconductors by the quantum mechanics.

Throughout the thesis, we have used the scalar form of wave equation and plane wave
solutions to derive the dispersion relation, and formulated the matrices to study the
optical properties of the photonic crystal containing isotropic and anisotropic
materials. The Helmholtz’s wave equations have been used to solve the field
equations in each layer of the materials. The amplitudes of the waves have been
formulated with a characteristics matrix and this total matrix for binary and ternary
layers can be used to study the optical properties of multilayered structure. To study
the optical property of photonic crystal, we have used is TMM method. The TMM is
the best method to analyze the optical properties of one-dimensional photonic crystal,
and the obtained results have been also experimentally verified in the thin film optics
[40, 29]. Besides this, the optics of the composite materials is studied and discussed in

detail by using the effective medium theory.
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Tunable broadband reflector and narrowband filter of dielectric and

magnetized cold plasma photonic crystal

3.1 General introduction

In general physics, we know basic three state of matter and they are solid, liquid and
gas. Any one of the states can be transformed into another state through the exchange
of energy. In our day-to-day life, water (H,O) is a remarkable example, which found
in all the states: ice (solid), water (liquid) and steam (gas). Obviously, the solid phase
can be converted into the liquid phase and the liquid phase into the gaseous phase by
supplying energy into the matter, and the reverse process of the water (H,O) by
extracting out energy from the matter. In the few cases, it is possible to convert
directly, solid phase into a gaseous phase e.g. NH4Cl, Camphor etc. Additional
amount of energy to the gaseous phase of matter, the molecule of the gaseous phase
breaks into the constituent atoms. After the strips off their electrons and produces the
positively charged ions and negatively charged electrons are found. The minimum
amount of energy is required to liberate an electron from an atom is identified as the
ionization potential. This provided energy may be in the heat and radiation. Ionization
of charge due to heat energy ionization occurs at high temperature of the order of
million Kelvin that state can be produced in the laboratories. The ionized state of
matter where charged particles as well as neutral particles exist concurrently,

generally known as plasma.
3.1.1 Plasma

Plasma is an extensive diversity of macroscopically impartial particles containing
numerous interacting free electrons and ionized atoms or molecules that exhibit
collective property owing to the distant columbic force is called plasma. For the
collection of interacting charged particles and neutral particles to show plasma
behavior, it must be satisfied certain condition for plasma existence. The word of the
plasma comes from the Greek word that means of it “something molded”. In 1929,
first time Tonks and Langmuir [1] described the glowing ionized gas, which was
formed by electrical discharge in a tube of the ionized gas a whole remaining
electrically neutral. We know that when a solid or liquid substance is heated the atoms

or molecules of substance acquires more thermal kinetic energy to overcome the
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binding potential energy. This leads to the phase transition, which exhibit the
temperature constant for a specified pressure. The required amount of energy for
phase transition is known as latent heat. If sufficient energy is provided to substances,
a molecular gas can dissociates into an atomic gases as a result of collision between
those particles whole thermal kinetic energy gives the molecular binding energy.
However, this transition from a gas to plasma is not a phase transition in the sense of

thermodynamics, it occurs gradually with increasing the value of temperature [2, 3].
3.1.1.1 Macroscopic neutrality

Plasma is macroscopically neutral in the absence of any external disturbances. This
means that under certain equilibrium conditions, there are no external forces present
in plasma and net electric charge is zero. A volume of the plasma has contained
sufficiently huge amount of ionized particles and it is sufficiently small compared
with the characteristics lengths. The characteristics length and number of ionized
particles are dependent for the variations of macroscopic parameters like “density”
and “temperature”. The macroscopic electrical neutrality exist only for certain
distances in which a balance is obtained between the thermal energy, which tends to
disturb the electrical neutrality and the electrostatic potential energy resulting from
some charge separation, which tends to restore the electrical neutrality. This distance
is of the order of a characteristics length parameter of the plasma called “Debye
length”. The charged particles arrange themselves in such a way as to effectively
shield any electrostatic fields within a distance of the order of Debye length. This
shielding of electrostatic field is a consequence of the collective behavior of the
plasma particles. Debye first performed the shielding distance calculation. The Debye

length (A, ), is directly proportional to the square root of the temperature (T) and

inversely proportional to the square root of the plasma density (n,) is given as;

e, KgT % e
Ap = , where g, =permittivity of free space, K; =Boltzmann constant,
n.e

n, = plasma density , e = electronic charge and T =temperature [2, 3].
3.1.1.2 Plasma frequency

An important parameter of plasma property is the stability of its macroscopic charge
neutrality. When plasma is instantly disturbed from the equilibrium condition, the

resulting internal space charge field gives rise to collective particle motions. Now
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question arises that which tends to restore the original charge neutrality. These
collective motions are characterized by a natural frequency of oscillation known as
plasma frequency [2, 3]. Since, these collective oscillations are high frequency
oscillations, due to their heavy mass, are unable to follow the motion of the electrons
to a certain extent. The electrons are oscillating collectively about the heavy ions; the
necessary collective restoring force is being provided by the ion electron columbic
attraction. The angular frequency of the collective electron oscillation, called plasma
2

P
is given by: o, ={nee } .The plasma frequency depends on the

me,,

frequency o, ,

plasma density that is also fundamental parameter of the plasma. From the relation

between plasma frequency and mass, the plasma frequency is very high since mass of

. . ) ®
electron is very low. Using the values of various parameters, v, :2—‘D>vn ~9vn,
T

where n is plasma density per m’. For a plasma having electron density, n =10'°m™,

we have, v, = 9><(1018)1/2 =9x10°Hz =9GHz. Hence, the plasma frequency lies in the

microwave region. As we know that electromagnetic radiation of frequency smaller

than the plasma frequency (o)<03p )is reflected back the plasma, whereas the radiation
of frequency is larger than the plasma frequency (0) >(op) transmit through the plasma.

This property of plasma in the ionosphere around the earth has been exploited for

communication purposes [4].
3.2 Plasma Photonic Crystal (PPC)

As discussed earlier that the periodic structure is a cumbersome structure, which is
different from the continuous medium. Because, the periodic structures have reveals
the photonic band gap due to the resonance of the waves at the surface of periodic
lattice. Hence, the spontaneous emission of an atom placed in a periodic structure has
a huge number of properties. When the atom is excited, the development can be
forwarded in two forms i.e., either emission of photons in the allowed band with low
probability or transition of excited state with high probability, that state is relatively
long-lived state [5]. For a considered system, the identical dielectrics are composed in
three-dimensional lattices and the secular equation for the energy of photons and
diffraction in ultraviolet and visible forms. Hence, the low frequency of the diffracted

electromagnetic wave rises to the Bragg reflections having the order of magnitude
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stronger in the X-ray diffraction. Some characteristic aspects anticipated in low

energy photon that discussed in relation to the low energy electron diffraction [6].

The homogeneous and inhomogeneous artificial periodic structure is called Photonic
Crystals (PCs) and these PCs have unique property i.e. photonic band gap that was
proposed by Yablonovitch [7] and John [8] in 1987. The photonic band gap of the
different material has many applications because the photonic band gap is used to
control the propagation of light. As we know that the propagation of electromagnetic
waves inside the photonic crystal depends on the refractive index contrast, the lattice
parameter, the filling fraction, and dimensionality, etc. [8, 9]. The one-dimensional
periodic multilayer structure is the simplest type of the photonic crystal because it is
easily fabricated using the concept of thin film technology. These one-dimensional
photonic crystals have huge applications for optical filter; laser application, high-
reflecting, omnidirectional mirror, resonance cavity, and optoelectronic circuit in the

fields of modern optics and optical engineering [9-18].

The above various studies on plasma and periodic structure give an idea, to consider
the optical properties of periodic structure containing the plasma materials. The
plasma materials can change the optical property of the considered plasma photonic
crystals and the Photonic Band Gap (PBG) due to have variable parameters. PBG can
be tuned with the variation of variable parameters of the plasma material. So, the
optical behavior of periodic structure with plasma and different material, called
plasma photonic crystal, is analyzed theoretically and tried to find out the possible
applications of plasma photonic crystals. Generally, Plasma Photonic Crystal (PPC) is
a periodic arrangement of thin plasma and dielectric material like vacuum or air. The
plasma photonic band gap is also obtained due to periodicity of thin plasma and
dielectric materials. The plasma photonic band gap can be tuned with the variation of
various parameters of the plasma material like the plasma density, the effective
collision frequency, the thickness of plasma layer, and the applied external magnetic

field [19-21].

Recently, magnetized cold plasma has concerned too many researchers towards the
periodicity of the magnetized cold plasma and dielectric material. The magnetized
cold plasma has one extra parameter as comparable to the conventional plasma i.e.
presence of external magnetic field and this is related with gyro-effective frequency or

cyclotron frequency. The gyro-effective frequency purely depends on applied external
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magnetic field of magnetized cold plasma. The Right Hand Polarization (RHP) and
Left Hand Polarization (LHP) of magnetized cold plasma have the positive and
negative behavior of the gyro-effective frequency, respectively. Thus, the nature of
refractive index of the magnetized cold plasma shows abnormal characteristics due to
the variation of the external magnetic field, the electron density, and the effective
collision frequency. Due to abnormal property of the magnetized cold plasma, the
magnetized cold plasma may replace the metals or dielectrics in periodic structure.
The optical properties of the considered periodic structure containing magnetized cold
plasma are studied by several researchers [22-24]. Kumar et al. [25] proposed the
band gap structure, reflection spectra of one-dimensional dielectric/magnetized cold
plasma periodic structure. Kong et al. [26] have suggested an idea for a narrow
tunable filter with defect mode of the transverse electric (TE) wave from one-
dimensional periodic structure doped with magnetized cold plasma. Aly and
Mohamed [27] recommended the transmission spectra of the superconductor and
dielectric material for the applications in reflector and band pass filter. The
transmittance property of magnetized cold plasma-superconductor periodic multilayer
structure has been proposed by Aghajamali [28] for the applications in high pass
filters and reflectors. Aly et al. [29] investigated the tenability of two-dimensional
metallic photonic crystals by an external magnetic field. The dispersion relation and
electric permittivity of metals can be affected by an applied external magnetic field,

and it used for many optical devices.

Recently, Aly et al. [30] theoretically examined the transmission properties of one-
dimensional periodic structure at Terahertz (THz) frequency range with the
applications in the cutoff frequency of material at THz region. Aly and Elsayed [31]
theoretically analyzed the effect of applied magnetic field on permittivity and
transmittance characteristic of the defective one-dimensional periodic structure in UV
radiations. Aly et al. [32] suggested the effect of magnetic field on the transmittance
of two-dimensional n-doped semiconductor photonic crystals by using the concept of
plane wave expansion method. Aly [33] explored the optical properties of
superconductor-dielectric photonic band gap in ultraviolet radiations. Aly et al. [34]
investigated the bandwidth of dielectric and superconductor periodic structure. Aly
and Sayed [35] designed the photonic crystal structure to improve the light absorption

by increasing the optical path length of the incident light inside the absorbing
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material, which enhances the efficiency of thin film silicon solar cell. Aly et al. [36]
explored the optical properties of new type of superconductor/semiconductor meta-
material photonic crystals. Dehnavi et al. [37] studied the investigation of tunable
omnidirectional band gap in one dimensional (1-D) magnetized full plasma photonic
crystals and found that as increase the thickness of layer and density of plasma the
omnidirectional band gap is increased. Ma et al. [38] studied the properties of
unidirectional absorption and polarization splitting in plasma based photonic crystal
with ultra-wideband. These findings are very useful to achieving reconfigurable
unidirectional applications. Recently, Solaimani et al. [39] studied the band gap
engineering in constant total length non-magnetized cold plasma-dielectric

multilayer’s structure forms the new type of multichannel filter applications

In this chapter, we have studied the band structures and the transmission spectra of
one-dimensional periodic structure composed by dielectric (air) and magnetized cold
plasma layers with periodicity ten i.e. N=10. The band structure and transmittance
response against frequency (GHz) of the right hand polarization and left hand
polarization structure, with variation of the magnetic field, the electron density and
the effective collision frequency of magnetized cold plasma, are studied using transfer
matrix method. The tunable band structure of the right hand polarization and left hand
polarization structures may be used as optical filter and resonance cavity in the
photonic device applications. Now, we discuss the dielectric property of plasma and
study the optical properties the plasma photonic crystals using Transfer Matrix

Method (TMM).
3.3 Theoretical model

In this study, we have derived the electric permittivity for the plasma using the
Maxwell’s equations. The refractive index of the plasma is calculated with the help of
the electric permittivity of the plasma. Using TMM, the optical properties of plasma
photonic crystals containing plasma with varying the parameters of the plasma has

been investigated.
3.3.1 The electric permittivity of magnetized cold plasma
3.3.1.1 Magnetized-plasma

The study of wave motion inside plasma in presense of external magnetic field is

called magnetized plasma. Here, two cases occurfirst the EM wave inside the internal
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wave, and second the external wave and electromagnetic (EM) wave incident from
outside in the presense of external magnetic field [4]. Case-1:When plasma is mixture
of two-fluid (electron plasma fluid+ion plasma fluid) then we solve interaction of
wave with magnetic field inside plasma. Then such type of wave are called
hydromagnetic waves. Hydromagnetic wave has two types-(i) Alfven waves: when
direction of wave proapgation is parallel to the applied magnetic field. (ii)
Magnetosonic wave: direction of wave proapgation is perpendicular to the applied
magnetic field. Case-2: In this case, the large density of plasma, considered as
electron plasma fluid and ignored the ion plasma fluid. In this also exist two cases

which are given as:

(a) EM wave perpendicular to the magnetic field (EJ_I—B)J This case is also two
subcases. These are (1). [E I Ej, when electric field is parallel to the magnetic field is

called the ordinary waves, and (ii) (E 1 EJ, when electric field is perpendicular to the

magnetic field is called the extraordinary wave

(b) EM wave parallel to the magnetic field [E Il Ej This case is also two subcases.

These are(i) Right hand circular wave (R-wave). (ii) Left handed circular wave (L-

wave).

To determine the wave equation in electron plasma fluid, we consider the EM wave

parallel to the magnetic field. We start the Maxwell’s equations, these equations are:

vxE=-2B 3.1)
ot
VxH =1, T+ 1€, %—f 3.2)

A

On solving Eq.(3.1) & Eq. (3.2), these equation using the conditions- §:Boz,

A - = A - A

5
k=k,zand E=E\x+E,y. On solving the above equations, we obtain the obtained

dispersion relation-
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o’ [0
o® —c’k? :—p(li—cj (3.3)
o’ o
n_e’ % eB
Where, o=angular frequency, o, ={ rrie } =plasma frequency, o, (z E)Z
0

cyclotron frequency or gyro-effective frequency, e=electronic charge, B=external

N
magnetic field, m=mass of electron, and k direction of propagation.Now the above
equation can be simplified into two parts. If we take the possitive sign of the Eq. (3.3),

then we obtain the relation, which is given below;

2
0 -7k = (3.4)
o
-5)
®
Taking negative sign of Eq. (3.3), the obtained relation is given by-
0)2
o> -c’k’ = £ (3.5)

&)

On combining the Eq. (3.4) & Eq. (3.5), and we can write a general form of the

dispersion relation which can be written as;

0)2

o~k =L (3.6)
%)
()

The Eq. (3.6) shows the dispersion relation of EM waves which is parallel to magnetic

field inside the fluid plasma [4].
3.3.1.2 Refractive index

As we know that refrcative index or opical density is the ratio of velocity of light in

vacuum to the velocity of light in medium.
n="< (3.7)
\

The propagation vector for the plasma fluid is-
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P (3.8)
C
21,2
n? =K (3.9)
()

This wave propagation equation of the wave can be related with the phase velocity.

The phase velocity is given by the relation.

(3.10)

Now, we can use the dispersion relation, Eq. (3.6) and the refractive index of the

materials, Eq. (3.9). On solving the equations, we obtain the relation;

o’ o’
ck? V2 cXk? V2
1- = O or =1-—LO_

G R
17— 17—
© © (3.11)
On simlifying the Eq. (3.11), we get;

®, o,
2 o’ >
n?=]-_ L0 - (3.12)
(11 ‘”“J (11)
® m

Eq. (3.12) are classified into two types refractive index for (i) Right handed wave and

(i1) Left handed wave.

(a) Right handed wave:
o; 2
n’=1- 8 (3.13)
1——=<
%)
(b) Left handed wave:
o, i
n?=1---,9 (3.14)
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On the basis of above calculation, we found the refractive index of fluid plasma in the
presense of applied external magnetic field. When we consider the the collision are
accounted for the dieletric constant then the real and imaginary part of the fluid

plasma are obtaine in the given below Eq. (3.15) [4].

The complex permittvity for the magnetized cold plasma layer (B) can be expressed

as [22],

2
(Dpe

w2(1-it F Dy
() ()

gp(@)=1- (3.15)

with pug=1; where @, y and @, are the angular, effective and gyro-effective collision

frequencies.

Here, op is the plasma frequency which is given as:

mgo

> 1/2 B
mpez(ﬁj ,and o, =—; (3.16)
m

where n., m, g, B are the electron density, mass of electron, permittivity in free-

space, applied external magnetic field, and e is the charge of electron [15].

3.3.2 Optical properties of the considered periodic structure containing

magnetized cold plasma

The band structure and the transmittance versus frequency (GHz) of the chosen
periodic structure are calculated theoretically using transfer matrix method (TMM)
[40]. One-dimensional periodic structure is composed by dielectric (air) and
magnetized cold plasma (MCP). If A and B represents the dielectric and magnetized
cold plasma layers, respectively, then the form of (AB)" is the plasma photonic
crystal with dielectric and magnetized cold where N is the number of periodicity

which shown in Figure 3.1.
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A BBBBBBBBBB

Figure 3.1: Schematic diagram of dielectric (air) and magnetized cold plasma (MCP)

photonic crystal

The characteristic matrix for the periodic medium of the magnetic cold plasma can
solve using characteristics method which was discussed in Chapter-2. Hence, the

o e . .-th . .
characteristic matrix for the i~ layer is given as;

1.
COS Y. ——SsSmY.
M= % TR (3.17)

i i H

—ip;siny,  cosY,

where v; =9nidi cosO,, c is the speed of light in free space, 0y is the ray angle inside
C

i™ layer (i=A and B material), the refractive index of the materialn, =JW & >

2 .2
p= Ii cos®, and cos6; = /1—&2160 in which nyg is the refractive index of free
Y, ni

space, where the incident wave interact to the considered structure with angle 6.

The characteristic matrix for the considered periodic structure (AB)N with the lattice

thickness ‘d’ is given by:

M(d) =(M“ M”J, (3.18)
M2,l M2,2

where M(d) = (MAMB)N; My, and Mg are the characteristics matrix for layers A and B,
respectively. We have considered the M and Mg characteristic matrices for TE wave

at the incident angle 6, [17].

The transmission coefficient of the multilayer structure is calculated by:

(my1 + mi2pJPo + (M2 + mapy)

, (3.19)

Where p, =n,cos6,and p, =n_ cos0,; ns is the refractive index of the substrate,

whose ray angle is ;.
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The transmittance of the multilayer is given by [40],

p 2
T ==t 3.20
2y a0

3.4 Results and discussion

In this study, we have calculated theoretically the band structure and the transmittance
of dielectric and magnetized cold plasma based periodic structure. The band structure
and the transmittance of the considered periodic structure against frequency (GHz) are
plotted with variation of varying the plasma parameters like applied external magnetic
field (B), electron density (n.) and effective collision frequency (y), with lattice period
1.e. N=10 and normal incident angle i.e. 00=0". Each variable of the magnetized cold
plasma has an important role, but the external magnetic field has excellent role in the
magnetized cold plasma due to positive and negative values of external magnetic field
when it acts as right hand and left hand polarizations, respectively. In addition to this,
we have calculated all transmittances corresponds to the band structure for the

dielectric having refractive index n, =1(air) and thickness d, =12mm, and the

refractive index of the magnetized cold plasma has been taken from Eq. (3.15), and

thickness of magnetized cold plasma layer is chosend, =15mm [19]. The periodic

structure of the air/right hand polarization and air/left hand polarization is called right

hand polarization and left hand polarization structures, respectively.

In Figure 3.2, we have studied the transmittance corresponds to the band structure
against frequency (GHz) for right hand polarization with variation of varying the
magnetic field of magnetized cold plasma as B=0.4Tesla, 0.5Tesla, and 0.6Tesla with
fixed electron density of magnetized cold plasma as n.=8 x 10"7/m?; and the effective
collision frequency, y=10" Hz. The band structure versus frequency (GHz) response
shows band gaps at the lower and higher frequency ranges for the different chosen
values of the magnetic field. The band structure versus frequency (GHz) curves, with
variation of varying the applied external magnetic field, we have found two band gaps
for the different values of magnetic field. Here, the band edge at low frequency range
doesn’t shift much with the variation in the magnetic field, while the band edge at

high frequency is much affected by the applied external magnetic field.

Transmittance characteristic corresponds to band gap of the chosen periodic structure

also varies simultaneously with the shifting in the frequency region of the band gap
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that appears due to the band edge effect. Transmittance versus frequency (GHz)
response vary at lower as well as higher frequency ranges and obtained results acts as
a narrow band tunable filter corresponding to the different values of the magnetic

field, i.e. B=0.4Tesla, B=0.5Tesla, B=0.6Tesla, as shown in Figure 3.2(b).
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Figure 3.2: (a) Dispersion relation and (b) Transmittance versus frequency plots with

varying the magnetic field of magnetized cold plasma for right hand polarization

The band structure and transmittance of the left hand polarization structure versus
frequency (GHz) curves are drawn for different values of the magnetic field viz.
B=0.4Tesla, 0.5Tesla, and 0.6Tesla for a fixed plasma density n.=8 x 10"/m* and
effective collision frequency y=10" Hz as shown in Figure 3.2. The band gaps of the
considered periodic structure shift at lower and higher frequency ranges. At low
frequency range (0-2.5GHz), there exists a band gap that is shifted by change in the
values of the magnetic field; and the structure also forms a band gap at higher
frequency range (6-7.2GHz), which shifts with different values of the external
magnetic field. The transmittance of the considered periodic structure corresponds to
the value of band gap is calculated and we found that the structure acts as broadband

reflector and narrow tunable filter at lower (0-2.5GHz) and higher frequency (6-
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7.2GHz) ranges, respectively. Transmittance of the considered periodic structure, we
found the left hand polarization structure as a better broadband reflector or high pass
filter at low frequency with low value of magnetic field i.e. B=0.4Tesla. The photonic
crystal of the left hand polarization structure acts as a narrow tunable filter for all
values of magnetic field, i.e. B=0.4Tesla, 0.5Tesla,and 0.6Tesla at higher frequency

ranges, which are shown in Figure 3.3(b).
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Figure 3.3: (a) Dispersion relation and (b) Transmittance versus frequency plots with

varying magnetic field of the magnetized cold plasma for left hand polarization.

Similarly, we study the band gap structure and transmittance for the right hand
polarization structure versus frequency curves for different values of plasma density
viz. n.=8 x 10"7/m’, 12 x 10""/m’, 16 x 10"/m” at a fixed value of magnetic field
B=0.6Tesla and effective collision frequency 1(=107 Hz as shown in Figure 3.4(a). We
found that band gap is shifted towards the lower and higher frequency ranges
corresponding to these three values of plasma density for fixed value of magnetic
field and effective collision frequency. We have calculated the transmittance of the
right hand polarization structure corresponding to band gap structure for different

chosen values of plasma density, i.e., ne=8x 1017/m3, 12 x 1017/m3, 16 x 10"7/m? at the
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fixed magnetic field B=0.6Tesla and effective collision frequency y=1O7Hz. The
transmittance of the right hand polarization structure also varies for the different
values of the plasma density and it forms a narrow tunable multichannel filter, which
is shown in Figure 3.4(b). Further, the band gap structure and transmittance of the left
hand polarization structure versus frequency curves are studied with different values
of plasma density ne=8x1017/m3, 12x1017/m3, 16x10""/m? at a fixed magnetic field as
B=-0.6Tesla and effective collision frequency y=10"Hz as shown in Figure 3.5. It is
noticed that the band gap of the considered periodic structure is shifted for lower and
higher frequency ranges as we increase the value of plasma density. The transmittance
of left hand polarization structure exhibits unique result at the lower and higher
frequency ranges. Transmittance of the considered periodic structure is zero at the
lower frequency range for the different values of plasma density and it acts as a high
band reflector or high pass filter, while it forms a tunable narrow band filter for higher

frequency range.
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Figure 3.4: (a) Dispersion relation and (b) Transmittance versus frequency plots with

varying plasma density of the magnetized cold plasma for right hand polarization
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Now, we have focused on the band gap structure and transmittance versus frequency
(GHz) curves with varying effective collision frequency, y1=1X106HZ, y2=5x106HZ,
y3=1x10"Hz at a fixed magnetic field B=0.6Tesla and electron density of magnetized
cold plasma viz. n,=8x10"" in both right hand polarization and left hand polarization
structures as depicted in Figures 3.6 and 3.7. For the right hand polarization, it is
observed that band structure and transmittance don’t vary for the different values of
the effective collision frequency with fixed magnetic field and electron density of
magnetized cold plasma. The shifting in frequencies of band gaps and transmittances
of the considered periodic structures are very small and the band gap and transmission

spectra exist in frequency region (3.8-4.9 GHz), which shown is in Figure 3.6(a).
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Figure 3.5: (a) Dispersion relation and (b) Transmittance versus frequency plots with

varying plasma density of the magnetized cold plasma for left hand polarization

Likewise, we have analyzed the band gap structure and transmittance versus
frequency (GHz) curves with varying the effective collision frequency for left hand
polarization. Band gap and transmittance of considered periodic structure with
different effective collision frequencies (y1=1X106HZ, y2=5xlO6Hz, Y3=1X107HZ) for

fixed magnetic field B=-0.6Tesla and electron density (n.=8x10"") of magnetized cold
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plasma show very minor effect on band gap or transmittance at lower (0-1.9GHz) and

higher (5.9-6.9GHz) frequency ranges for left hand polarization structure, as shown in

Figures 3.7(a) and 3.7(b).
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Figure 3.6: (a) Dispersion relation and (b) Transmittance versus frequency plots with

varying effective collision frequency of the magnetized cold plasma for right hand

polarization
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Figure 3.7: (a) Dispersion relation and (b) Transmittance versus frequency plots with
varying effective collision frequency of the magnetized cold plasma for left hand

polarization
3.5 Conclusion

Plasma is a hot ionized gas contains equal number of positively charged ions as well
as negatively charged electrons. The featured properties of plasma are different from
the ordinary neutral gases. A cold plasma or non-equilibrium plasma is that plasma
which is not in thermodynamic equilibrium since temperature of electron is abundant
hotter in comparison to the temperature of heavy species viz. ions and neutrals. Such
type of material is called plasma. The study of wave motion inside plasma in presense
of applied external magnetic field is called magnetized plasma and at lower
temperature is called magnetized cold plasma. The cold plasma has the some variable
parameters, which is affected the cold plasma refractive index. These variable
parameters are used to study the optical property and band structure of the period
structures containing cold plasma. The band structure and the transmittance versus
frequency response were studied theoretically with varying magnetic field, plasma

density and effective collision frequency of the magnetized cold plasma for RHP
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(Right Hand Polarization) and LHP (Left Hand Polarization) structure. After the
calculations, we found that the band gap structure of the RHP and LHP structures has
the unique outcomes, where the broadband and tunable filter property may be
obtained by changing the magnetized cold plasma parameters. We have proposed a
tunable narrow band filter and multichannel filter for RHP structure for an increased
value of the magnetic field, and broadband reflector or extraordinary pass filter for
LHP structure at low value of the magnetic field. Besides this, a design of tunable
narrow band filter for RHP structure were theoretically proposed where the
transmittances of the structure is studied with different values of the electron density
of magnetized cold plasma; and a broadband reflector and high pass filter for LHP
structure was also proposed whose filter width increases with an increase in the value
of the electron density of magnetized cold plasma. The band gap structure and
transmittance were also calculated with varying the effective collision frequency for
RHP and LHP structures where that no such effect is obtained in the variation on the
band structure. These calculated results of the RHP and LHP structure; we
investigated a novel idea for the broadband reflector and narrow tunable filter at the
ranges of lower and higher frequency. Thus, this investigation may be useful in design
of tunable one-dimensional photonic devices that can be used to control the
propagation of electromagnetic wave by variation of varying the parameters of the

magnetized cold plasma.
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A tunable broadband filter of ternary photonic crystal containing plasma and

superconducting material

4.1 General introduction

The ternary photonic crystal with plasma and superconducting materials is considered
to study the optical property. The ternary photonic crystal is the periodic structure of
three materials. Such ternary structure has found the high tunability in the band in
comparison to the binary structure. We discuss about the plasma and then the optics
of the superconducting material briefly.

4.1.1 Plasma

As discussed earlier, the plasma is a hot ionized gas of charged ions and electrons
where the positively ions and negatively electrons are in equal number. The features
properties of plasma are diverse from those of normal neutral gases. A non-thermal
plasma or cold plasma is that plasma which is not in thermodynamic equilibrium
since temperature of electron is abundant hotter than the temperature of heavy classes
like ions and neutrals. Introducing the plasma in the photonic crystals, plasma creates
the tunable photonic band gap in microwave region [1]. After that the plasma
photonic crystal becomes an active research area in the field of optics and photonics.
The Plasma Photonic Crystal (PPC) is a one dimensional multilayer periodic structure
of thin plasma and other dielectric materials. We have already discussed in detail the
behavior and properties of plasma photonic crystal in the previous Chapter-3. Now,

we will discuss the behavior of superconductor with plasma incoming section.

4.1.2 Superconductor

Basically, superconducting materials exist at very low temperature since Dutch
physicist Onnes [2] discovered this theory in 1911. In a simple language,
superconducting materials are those materials where electric resistance of the material
becomes zero, also at which temperature the resistance becomes zero, that
temperature is known as critical temperature of that material. In 1986, some cuprate-
perovskite type ceramic material has a critical temperature above to 90 K. Such type
of high transition temperature is theoretically impossible for a conventional
superconductor, leading the material to be high temperature superconductor [3, 4].

Since, the discovery certain ceramic materials exist high temperature
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superconductivity for the applications. These materials studied extensively for the
design of practical devices. Though there has been much research done, but a lot of
left is to be done in optics. Additionally, a large amount of research accomplished in
the use of pulse laser to break quasi-particle bonds in High Temperature
Superconductor (HTS), lowering the transition temperature and including the
transition from the superconducting states to the ordinary state. The superconductor
material exhibits markedly different optical properties in the superconducting state to
the ordinary state. The infrared-pulsed laser (1.06pm wavelengths) is incident to
illuminate a Yttrium Barium Copper Oxide (YBCO) thin films with an intensity
above critical value, caused the thin film to switch from the superconductor to the
normal state recover on the order of lus. Thus, when an HTS switches from
superconducting to normal or ordinary its optical properties change, the degree to
which they change depends on the frequency of incident light. If an HTS thin film
was incorporated into a periodic structure (PBG materials), the transmittance
characteristics of the resulting structure should reflect the optical properties of the
HTS [5-9].

As we know that from the previous studies, photonic crystals are artificial dielectric,
metallic nanostructures composed of two or more than two medium in which the
dielectric constant varies periodically in the space. In 1987, the novel idea of the
periodic structure of the dielectric materials was theoretically proposed by
Yablonovitch and experimentally observed by John [10, 11]. This type of periodic
structures affects the propagation of the electromagnetic wave and known as Photonic

Crystal (PC).

Some previous years ago, the researchers focused on superconducting photonic
crystal due to its unique behaviors like tenability and negligible loss in reflectance.
The dielectric permittivity of a superconducting material can be tuned with the
variation of critical and operating temperature and the thickness. So, the
superconducting photonic crystals have enormous advantages over the metallic and
dielectric photonic crystals due to the existence of the tenability parameters [12-33].
THz transmittance in one-dimensional superconducting nanomaterial and dielectric
superlattice used in many optical applications was investigated by Aly et al. [34]. Wu
et al. [35] studied the band gap extension in one-dimensional ternary metal-dielectric

photonic crystal. Feng et al. [36] calculated the omnidirectional photonic band gap in
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one-dimensional ternary superconductor dielectric based photonic crystal on a new
Thue-Morse a periodic structure and demonstrated that the electromagnetic wave
could not propagate through the periodic structure below a certain frequency that is
known as cutoff frequency. Aly et al. [37] analyzed the properties of cutoff frequency
in two-dimensional superconducting photonic crystals, and gave a detailed analysis of
cutoff frequency where it is needed in the required frequency region for the proper
implementation of numerical calculations in many optical applications. Aly and
Mohamed [38] found an analysis of cutoff frequency in a one dimensional (1-D)
binary superconductor and dielectric photonic crystal, and mentioned that it could be
tuned effectively by using the various parameters of dielectric and superconductor.
Suchtheoretical results could be forwarded to put into applications such as high pass
filter and reflector. In addition to this, the theoretical investigations of cutoff
frequency in 1-D binary structure of superconductor and meta-material [39], and
superconductor magnetized cold plasma PCs explored in the microwave region [40].
The optical property of all 1-D superconducting photonic crystal in comprising pairs
of high-high, high-low and low-low refractive indices of the superconductor materials
in the visible region was investigated by Zamani [41]. Zamani shown in his study
analyzed that the transmission and reflection spectra of different type of all
superconducting photonic crystals are dependent on the temperature and the incident
angle. Sreejith et al. [42] has discussed the cutoff frequency in the one-dimensional
ternary superconducting photonic crystal. Recently, Aly and Sayed [43] proposed an
efficient method to improve the optical property of the pin silicon solar cell by
studying the absorption with an anti-reflecting layer. For the applications of optical
devices, the optical properties of one-dimensional superconductor meta-material
photonic crystals by adding two different layers of the semiconductor were
investigated by Mohamed et al. [44]. Aly et al. [45] also proposed the novel type of
smart window for house susing one-dimensional superconductor nano-metallic

photonic crystal.

The theoretical investigation carried out in near and mid infrared band gaps for a
periodic multilayer structure which is composed of superconductor, semiconductor
and meta-material. It was found that two band gaps appeared with in the
computational regions which were effectively optimized by manipulating the

thickness of the superconductor film, filling fraction of semiconductor and meta-
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material and the incident angle of the electromagnetic wave [46]. According to law of
conservation of energy, the sum of the reflection and transmission of electromagnetic
wave in this frequency band should be greater than one. This is to be anomalous
phenomena [47]. The theoretical study investigated the symmetric defective annular
photonic crystal containing semiconductor and high temperature superconductor with
a radial defect layer. The obtained results led to gain valuable information for
designing and fabrication of new types of annular Bragg resonators surrounding a
radial defect and integrated like visible waveguide devices for optical switches and

filters [48].

In this chapter, we report theoretically that the optical properties of considered ternary
periodic structure depend on the parameters of magnetized cold plasma and the
superconducting material. Basically, the magnetized cold plasmas form two types of
polarization: (i) right-hand polarization having the positive value of the applied
external magnetic field and (ii) left-hand polarization having the negative value of
externalmagnetic field. Such type of right-hand polarization and the left-hand
polarization ternary periodic structures are known as right-hand polarization and left-
hand polarization structure. In our study, the transmittance characteristic of the
ternary photonic crystal with variation of varying the incident angle, the magnetic
field, the electron density, the temperature and the thicknesses of the magnetized cold
plasma and superconducting material. The transmittance properties of considered
ternary periodic structure examine by varying the parameters of the material and
analyze the transmittance of the ternary periodic structure for a filter application.
Now, we are going to discuss about the optics of the plasma and superconducting
material, and the method of calculations for finding the optical properties of ternary

structure.
4.2 Theoretical work and methodology

Transmittance characteristic of ternary photonic crystal containing dielectric,
magnetized cold plasma, and high-temperature superconductor (YBa,Cu,07) material
is calculated using transfer matrix method [50]. One-dimensional ternary photonic
crystal is taken as (ABC)", where N is a number of the periodicity of the ternary
materials; A, B and C are represented as dielectric, magnetized cold plasma, and high

temperature superconducting material, respectively. Before going to discuss about the
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optical properties of ternary photonic crystals containing dielectric, magnetic cold
plasma and high temperature superconducting material, we discuss the optics of the

magnetic cold plasma and high temperature superconducting material briefly.

The electric permittivity of the magnetized cold plasma i.e. layer (B), which is already

discussed in Chapter-3, is given as [51];

2
pe

A(-2F%)
w ®

with the permeability, ug=1 for non-magnetic material; where @ ,y and @, are the

eg(®)=1-

angular, effective and gyro-effective collision frequency or cyclotron frequency

plasma, respectively. Here, w,. is the plasma frequency, which is known as:
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where n., m, gis the electron density, the mass of electron, the permittivity in free-

space respectively, and e is the electronic charge [35].

The frequency gap of the dielectric permittivity of superconducting is close to the
metallic material [41, 42 and 49]. The dielectric property of the superconductor is
dependent on frequency, which can be described by the two-fluid model. According
to this model, the relative permittivity of lossless superconducting material, layer C,

can be expressed as the following relation [44],

(3)
(O}

where o, is called the threshold frequency and is given by,

1
©, =
" (%HOKZLJ (4.4)

Here A, is the London penetration depth. The temperature dependent of A, can be

described by;

I
xL(T)—( 1_f(T)J ws)
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where A,1s the London penetration depth at T=0K. According to Groter-Casimir

model, f(T) is suggested in the following form;

P
oft
T. (4.6)

where T, is the critical temperature and T is the operating temperature, and p=2 for
high-temperature superconductor and p=4 for low-temperature superconductor [46].
The electric permittivity of the superconductor layer, with no external source current

and charge, Maxwell’s equations becomes:

oo o = 0B o - . E
VE=0,V.B=0,VXE=———andV xB =pu GE+sa—E 4.7
ot 0 * 9t
Taking the curl of the last equation and using the convention g OHHikT , we have;
- 5 5 0)2 -
Vx VXB:(CT_@“OG(@)jB (4.8)
525 -
V B+k;B=0

By substituting Eq. (4.8), we have;

k2= ("’—j —iJ (4.9)

A
Using Snell’s law, the length of the tangential wave vector Kk, (parallel to the

dielectric superconductor interface) is conserved. That isk,, =—sin®=f, where 6 is
C

the incident angle (relative to normal of interface) of the electromagnetic wave as the

vacuum. Then we have frequency dependent normal vector and the normal vector is

o, 1 ® »oct 1 . .
ky, =.|—-cos’0——=—n, (o), where n,(0)=|cos’ ®———-. For dielectric layer
c AL ¢ o AL

with no external source current and charge, Maxwell’s equation becomes;

VE=0.Y.B=0,VxE=-2"andV xB =22 (4.10)
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From Eq. (4.9) and Snell’s law, we have;

2 2 2 2

() " . () . (O}
k% =8—20rk§x :8—2——2811'12 9=—2(8—s1n2 9)0rk2x =—n, (411)
C C C C C

where n, =ve—sin* 0.

The material with refractive index nj, n; and n3 are the dielectric (A), magnetized cold

plasma (B) and superconductor (C) as shown in Figure 4.1.

Figure 4.1: Schematic diagram of a ternary periodic structure with dielectric (A),

magnetized cold plasma (B) and superconductor (C)

Now, the optical properties of the considered structure is calculated using the
characteristic matrix method for considered ternary photonic crystal i.e. (ABC)" and

the characteristic matrix for ternary layers can be expressed by [43]:

M(d) :(m“ ml’zJ (4.12)

m,; m,,

where M(d) = (MAMBMC)N; N is the periodicity of the photonic crystal, Ms, Mg and

M¢ are the characteristics matrices of layer A, B, and C, respectively.

The characteristics matrix of each layer can be derived by considering the electric
field on each surface. For ternary periodic structure, we have considered three layers
with boundary conditions in the x-direction. The electric field in each interface is

given by:
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’

(Ee™" +E, e™)e, —d, <x<0;
’

es!
1]

T oLk | T a-iky oy Lot )
(E,e +E/Ze *)e™, 0<x<dg;

(E3eik3.r+E3 e—ik3.r)eiwt’ dB <X<dB+C;

where ki, k;, and k3 are the propagation vectors corresponding to the dielectric, the
magnetized cold plasma and the superconducting material with the above boundary
conditions. E; and Ei’ are the incident and the reflected waves where i=A, B and C
layer. By using Maxwell’s equations, we obtain the corresponding magnetic field of
the incident electric field’s equation. The electric and magnetic field can use for the

formulation of the characteristics matrix of each layer.

The characteristic matrix for ternary structure is the product of the matrices of all
three layers i.e. m=3. The characteristic matrix M; for each layer where i=A, B &C is

calculated for the TE wave at the angle of incidence 0, [39].

1.
CosY, ——smY,
iT i

—ip;siny,  cosY;

(4.13)

where v, =—n,d, cos®;, ¢ is the speed of light in vacuum, 6, is the ray angle inside i"
C

2 .2
. i €, nosin 6,
layer with a refractive index as, n, = /e, p; =,/—cos6, and cosb; = 1-====
K Di
in which ng is the refractive index of air, where the incidence wave tends to enter the

structure.

The transmission coefficient of the ternary photonic crystal is calculated by,

= 2p,
(my 1+ my2Py)Po + (M2 + mo2p,)

(4.14)

where p, =n,cosf,and p, =n,cos6,, where n; is the refractive index of the substrate,
0, is the ray angle. The transmission spectra of the ternary photonic crystal are given

by,

o)
Po (4.15)
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4.3 Results and Discussion

In this chapter, we have theoretically studied the optical properties of one-dimensional
ternary photonic crystal composed of alternating dielectric, magnetized cold plasma,
and superconducting material using simple transfer matrix method for right-hand
polarization and left-hand polarization [39]. As we know that, the magnetized cold
plasma demonstrates the right-hand polarization and the left-hand polarization by
changing the direction of the magnetic field only i.e. positive/negative values of the
applied external magnetic field. The applied transverse magnetic field also changes
the permittivity of the superconducting material and magnetized cold plasma. Due to
simple fabrication of the one dimensional photonic crystal, transmittance of the right-
hand polarization and the left-hand polarization 1-D ternary photonic crystal against
frequency (GHz) are plotted by variation of most valuable parameters: the angle of
incidence, the magnetic field, the electron density of magnetized cold plasma, the
temperature of superconductor, and the thicknesses of magnetized cold plasma and
superconducting materials. The transmittance study gives an informative idea for

optical applications in filters.

As shown in the Figure 4.1, the ternary photonic crystal is (ABC)" where A, B, and C
represent the air, the magnetized cold plasma and superconducting material
(YBa,Cuy07) with critical temperature T.=92K, and the operating temperature
T=4.2K, respectively. The thickness of the A, B, and C materials are 18mm, 18mm,
80nm, respectively. The refractive indices of layer A, B, and C are na=I, nB=\/8]3pB,
nc:\/scpc, respectively [40, 44, 45]. The periodicity of the lattice (N) is taken three
periods i.e. N=3.

We calculate the transmittance of the one-dimensional ternary photonic crystal with
varying most valuable parameters: the incident angle, the magnetic field, the electron
density of the plasma, the temperature and the thickness of the magnetized cold
plasma and superconducting material. Firstly, we calculate the transmittance
characteristic of the considered structure with variation of the incident angle for the
right-hand polarization and left-hand polarization structure. The transmittance of the
considered ternary photonic crystal against frequency (GHz) with thickness
da=18mm, refractive index na=1 (air), external magnetic field B=0.4T, plasma

density n.=12x10""/m’, effective collision frequency of magnetized cold plasma
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y=1x10" GHz, transition temperature of high temperature superconductor
(YBa;Cuy07) Te=92K and operating temperature T=4.2K with variation of incident
angles 0= 0", 6=30" and 0=40" are studied. The transmittance of the ternary photonic
crystal with right-hand polarization material against frequency (GHz) with varying
incident angles, 9:00, 30° and 400, is shown in Figure4.2. The zero transmittance at
the lower frequency range, 0-1.0 GHz, shows due to superconducting behavior inside
the structure. The transmittance at the higher frequency range, 2.3-10.0 GHz, shows
due to the effect of dielectric behavior of air and magnetized cold plasma material.
Transmittance found a negligible shifting for all the incident angles at the lower
frequency range i.e. 8= 0°, 30° and 40°. This shows that the incident angles is
independent on the angles at the low frequency because the refractive index of the
superconductor does not vary with the angle of incidence. This region acts as a low
cutoff frequency for the ternary photonic crystal and has a low pass filter
characteristics and may use the low band reflector at the microwave frequency. On the
other hand, the transmittance at the higher frequency range for the incident angles 6=
0°, 30° and 40 have shifted towards the higher frequency. Such band acts as a
tunable narrowband filter and also use as a multichannel filter by varying the incident
angle. As the angle of incidence increases, the band gap also increases at the higher
frequency range due to the dielectric behavior of the material as shown in the Figure

4.2(a).
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Figure 4.2: Shows the transmittance versus frequency with varying angle of incidence

for (a) right hand polarization structure and (b) left hand polarization structure

Similarly, the transmittance of the considered ternary photonic crystal against
frequency (GHz) with different values of angle of incidences 0= 0°, 30°, 40° for left-
hand polarization are studied. In this case, the cutoff frequency for the normal
incidence i.e. 6=0" is obtained at 3.2GHz due to the superconducting layer. The edge
of the cutoff frequency shift towards the higher frequency when the value of incident

angles increases due to the effective property of the dielectric material. In the
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transmittance, the characteristics graph shows that the cutoff frequency becomes
4.5GHz when the angle of incidence maximum i.e. 6=40°. The transmittance of the
considered structure at higher frequency range has a huge shifting i.e. 4.5-10 GHz,
and obtain a large band gap as shown in Figure 4.2(b). The left-hand polarization
ternary photonic crystal having the large band gap at the low frequency may be used

as a broadband reflector or high pass filter application.

We have compared the transmittance of the right-hand polarization and the left-hand
polarization ternary photonic crystal. The left-hand polarization ternary photonic
crystal has the better results compared to the right-hand polarization ternary photonic
crystal. The cutoff frequency of the left-hand polarization ternary photonic crystal is
high in comparison to the right-hand polarization ternary photonic crystal. These
studies carried out an informative idea to design a tunable filter which can be tuned by
changing the angle of incidence. As we know that the magnetized cold plasma layer is
externalmagnetic field dependent and the superconducting layer, (YBa,Cu,0), is also
influenced by the operating temperature. Therefore, we have studied the transmittance
of the right-hand polarization and the left-hand polarization ternary photonic crystal
by varying the magnetic field. Thetransmittance of the considered ternary periodic
structure against frequency (GHz) with the various values of the magnetic field of the
magnetized cold plasma, B=0.4T, B=0.6T, and B=0.8T, for right-hand polarization, is
studiedwhere the wave falls normally i.e. 6=0". The transmittance behavior for the
values of magnetic field B=0.4T, B=0.6T, B=0.8T are similar to the previous case
when the angle of incidence is varied, but the cutoff band edge is distorted due to
change of the gyro-effective frequency. We know that the transmittance is changed
due to change in the refractive index. The refractive index of the magnetized cold
plasma is dependent on the gyroeffective frequency. So, the refractive index of the
right-hand polarization and left-hand polarization ternary photonic crystal is changed
due to the applied externalmagnetic field of magnetized cold plasma. Therefore, the
transmittance of the ternary photonic crystal with the right-hand polarization material
is varied by changing the magnetic field. It means that the permittivity of the
magnetized cold plasma is affected only with the applied magnetic field. The cutoff
frequency of the right-hand polarization structure increases with increasing the value

of magnetic fields shown in Figure 4.3(a).
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Figure 4.3: Shows the transmittance versus frequency with varying magnetic field for

(a) right hand polarization structure and (b) left hand polartization structure

Similarly, now we havestudied the transmittance of considered ternary photonic
crystal against frequency (GHz) with varying the magnetic field of magnetized cold
plasma for the left-hand polarization i.e. B=-0.4T, B=-0.6T, B=-0.8T having 6:00,
n.=12x10""/m’ and all parameters are same as the previous calculation. The changed
refractive index of the left-hand polarization material is affected to the wave

propagation. The transmittance behavior for the left-hand polarization ternary
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photonic crystal has an opposite trend because the permittivity of the magnetized cold
plasma is changed abnormally when the magnetic field applies in the negative
direction. The zero transmittance is obtained the lowest value for B=-0.8T, but this is
increased up to 3.2GHz when the value of the magnetic field decreases as shown in
Figure 4.3(b). The tunable transmittance of the left-hand polarization ternary photonic
crystal is obtained by varying the magnetic field. The band gaps at the low frequency,
as well as the higher frequency region, are obtained. So, such transmittance behavior

of the ternary photonic crystal may be used in the bandpass filter applications.

From Eq. (4.1), it has been shown that the plasma frequency of the magnetized cold
plasma is dependent on the electron density which in next valuable parameter of the
magnetized cold plasma and the refractive index of the magnetized cold plasma is
dependent upon the plasma frequency. The transmittance of the right-hand
polarization and the left-hand polarization ternary photonic crystal are studied by
varying the electron density. Now, we focused our study on the transmittance of the
considered ternary photonic crystal with right-hand polarization material against
frequency (GHz) with varying the values of electron density, i.e. n=12x10"/m’,
16x10"/m’ and 20x10""/m’. All parameters of the considered structure are same taken
as in the above section. The transmittance of the right-hand polarization ternary
photonic crystal at the lower to higher frequency ranges is varied the electron density
of the magnetized cold plasma i.e. n.=12x10""/m’, 16x10""/m’, 20x10""/m® having the
positive magnetic field i.e. B=+0.4T as shown in Figure 4.4(a). Due to the presence of
the superconductor layer, the zero transmittance at the lower frequency range, 0-1.0
GHz, is obtained which is the low cutoff frequency. Such ternary photonic crystal has
a low pass filter characteristic. The cutoff frequency is decreased when the value of
electron density of the magnetized cold plasma increases, because of the permittivity
of the magnetized cold plasma decreases by increasing the plasma frequency of the

magnetized cold plasma.
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Figure 4.4: Shows the transmittance versus frequency with varying electron density of
magnetized cold plasma for (a) right hand polarization structure and (b) left hand

polarization structure
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Figure 4.5: Shows the transmittance versus frequency with varying temperatue of
superconductor for (a) right hand polarization structure and (b) left hand polarization

structure

Similarly, we again studied the transmittance of the left-hand polarization ternary
photonic crystal with varying the electron density of the magnetized cold plasma
ne=20x1017/m3, 16x1017/m3, 12x10"/m’ having negative magnetic field i.e. B=-0.4T.
The transmittance at the lower and the higher frequency range is varied due to the
effect of electron density of the magnetized cold plasma. The zero transmittance at the

lower frequency range is enhanced up to 4.2GHz when the electron density of
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magnetized cold plasma increases i.e. 12x1017/m3, 16x1017/m3, 20x10"/m> as shown
in Figure 4.4(b). The maximum cutoff frequency is obtained at a maximum value of
the electron density of magnetized cold plasma i.e. n.=20x10""/m’for the left-hand
polarization structure. From Eq. (4.1), the denominator of permittivity becomes
positive when the left-hand polarization material has the negative magnetic field, and
the plasma frequency increases with increasing the electron density. Therefore, the
permittivity of the magnetized cold plasma is decreased when the value of electron
density of the magnetized cold plasma increases. Such band gap of the left-hand
polarization ternary photonic crystal region acts as a broadband reflector or a high

pass filter.

The considered ternary photonic crystal has the superconducting material and this
material is effected with different operating temperatures and applied magnetic
fields.In this section, the transmittance against frequency (GHz) with varying
operating temperature T;=4.2K, 40K, 150K of the superconducting material is studied
for the right-hand polarization and the left-hand polarization structure. We have taken
YBa;Cu,0; material having T.=92K, B=0.4T and same parameters as above
calculations. The transmittance of the right-hand polarizationternary photonic crystal
is varied at the lower frequency range due to the effect of superconducting material
but it is not varied at the higher frequency range. So, the effective transmittance at the
high frequency shows only due to the effect of dielectric behavior of the air and the
magnetized cold plasma materials. The cutoff frequency of the ternary photonic
crystal is very sensitive for the operating temperature. It shows that the cutoff
frequency is decreased for the operating temperature below the critical temperature
i.e. T=4.2K, 40K. But the transmittance is increased due to the effect of the magnetic
field in the superconducting material when the operating temperature is larger than the

critical temperature i.e. T=150K, Figure 4.5(a).
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Figure 4.6: Shows the transmittance versus frequency with varying thickness of
magnetized cold plasma for (a) right hand polarization structure and (b) left hand

polarization structure.

Similarly, the transmittance of the left-hand polarizationternary photonic crystal
against frequency (GHz) with varying operating temperature T=4.2K, 40K, 150K,
magnetic field B=-0.4T is studied having the same parameters. The transmittance
behavior of the left-hand polarization ternary photonic crystal is not found any change
compare to the right-hand polarizationternary photonic crystal but the zero

transmittance at the lower frequency range is found at 3.2 GHz frequency as shown in
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Figure 4.5(b). It means that the transmittance of the considered left-hand
polarizationternary photonic crystal does not affect with varying the temperatures.
The left-hand polarization ternary photonic crystal may act as a broadband reflector

having the cutoff frequency 3.2GHz.

In this section, we have studied the transmittance against frequency (GHz) with
varying the thickness of the magnetized cold plasma for right-hand polarization and
left-hand polarization as shown in Figure 4.6. The transmittance against frequency
(GHz) with varying the thickness of the superconducting material for right-hand
polarization/left-hand polarization as shown in Figure 7. The transmittance against
frequency (GHz) for the right-hand polarization is studied with varying the thickness
of the magnetized cold plasma i.e. 18 mm, 22 mm, and 26 mm having B=0.4T and
n.=12x10""/m3, as shown in Figure4.6(a). The cutoff frequency for the right-hand
polarizationternary photonic crystal with the superconducting material is decreased
with increasing the thicknesses of the magnetized cold plasma material i.e. 0.0-
1.0GHz. The transmittance at the higher frequency region has obtained large variation

due to the effect of the thickness of the magnetized cold plasma layer.

Similarly, the transmittance of the considered ternary periodic the left-hand
polarizationternary photonic crystal against frequency (GHz) is studied by varying the
thickness of the magnetized cold plasma with the same parameters as earlier
calculations. The cutoff frequency of the considered left-hand polarization ternary
photonic crystal has an opposite trend for the lower frequency region to the higher
frequency region i.e. the transmittance at the lower frequency range, 0-3.4GHz, is
increased with increasing the thickness of the magnetized cold plasma material but the
transmittance at the higher frequency range is decreased with increasing the thickness
of the magnetized cold plasma material as shown in Figure 4.6(b). In between these
frequencies, a low-value transmittance is obtained that is independent to the
thicknesses of the magnetized cold plasma material. It may be used as a narrow band

filter application.

121



PO e e I N O O O O O o A I

|_
_O N O T T o S T S S P A P
0051152253354455556657758859 09510

Frequency-[GHZz]
(b)

0.9 /
0.8 E
0.7 E
06 —— dS=40nm E
— 0.5 —— dS=80nm ]
0.4 | —— dS=120nm 3
0.3
0.2F E
0.1" J

_0 P O S S S S S T O O S o N SO i oy i i

00511522533544555566577588599510

Frequency-[GHZz]

Figure 4.7: Shows the transmittance versus frequency with varying thickness of
superconductor for (a) right hand polarization structure and (b) left hand polarization

structure

Now, we studied the transmittance against frequency (GHz) with different values of
the thickness of the superconducting layer i.e. 40 nm, 80 nm, and 120 nm and other
parameters are same as previous calculation. The transmittance at the lower frequency
range has varied only due to the effect of the thickness of the superconducting
material as shown in Figure 4.7 (a). However, the transmittance at the higher
frequency region is constant for all thicknesses. The cutoff frequency of the right-
hand polarization ternary photonic crystal is slightly changed. The large cutoff

frequency is found when the thickness of the superconducting material is 120nm. The
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cutoff frequency of the superconducting material is increased with increasing the

thickness of the superconducting material.

Similarly, the transmittance of the considered cutoff frequency for the left-hand
polarization material is studied by varying thickness of the superconducting material
i.e. 40nm, 80nm, and 120nm; as shown in Figure 4.7(b). The transmittance of the left-
hand polarization ternary photonic crystal is independent of the thickness of the
superconducting material. The study of transmittance of the left-hand polarization
ternary photonic crystal reveals that the transmittance characteristics with varying
thickness of the superconducting material have dielectric nature when the magnetic
field is applied in reversed direction i.e. B=-4T. This result is similar to the right-hand
polarization ternary photonic crystal having the same temperature as shown in Figure

4.5(b).
4.4 Conclusion

In this chapter, we have studied theoretically the transmittance characteristic of the
considered ternary photonic crystal versus frequency (GHz) with variation of angle of
incidence, magnetic field, electron density of the magnetized cold plasma,
temperature and thickness of the magnetized cold plasma for right hand polarization
(RHP)/left hand polarization (LHP) structure. The optical properties of the RHP and
the LHP ternary photonic crystal are affected by the applicable parameters of the
magnetized cold plasma and the superconductor. The optical property i.e.
transmittance of the LHP ternary photonic crystal has established the better results
compared to the transmittance of the RHP ternary photonic crystal due to the presence
of the superconductor layer that is influenced by the operating temperature and the
external magnetic field itself. The large band gap of the left-hand polarization ternary
photonic crystal may be used as the broadband reflector or high pass filter
applications. The superconducting layer is performed the important role to form the
band gap of the ternary photonic crystal. However, the tunable transmittance of the
RHP ternary photonic crystal has also achieved by varying parameters of the
magnetized cold plasma (MCP). On the basis of our analyzed results, we have
suggested an innovative idea to fabricate the broadband reflector or the high pass
filter and the narrow tunable filter of the ternary photonic crystal having the MCP and
the superconducting material under definite the transverse magnetic field and the

working temperature.
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Multichannel filter application of a magnetized cold plasma defect in

periodic structure of ZnS/TiO, materials
5.1 Introduction
In this chapter, we have analyzed the optical properties of photonic crystal containing
ZnS/TiO, materials with defect Magnetized Cold Plasma (MCP). The defect photonic
crystals have transmission peaks in the reflected band region due to the presence of
resonance waves at the interfaces of defect MCP material. Hence, transmission peaks
reveals that the defect MCP one-dimensional photonic crystal may be used as the
multichannel filters or reflectors. Optics of photonics of defect and symmetric
structure will discuss in detail in next section.
5.1.1 General introduction of photonic crystal
Photonic crystals (PCs) are periodic structure of microstructure to nanostructure in
which the optical density of two or more than two medium that is varied in the space.
First time, Yablonovitch and John analyzed the origin of photonic band gap in the
same year 1987 [1, 2]. At present, photonic crystals are become more attractive
materials in the field optics and photonics due to its abnormal optical properties.
Photonic Band Gap (PBG) is the unique properties of periodic structure and this PBG
of photonic crystal is also called photonic band gap material. The photonic band gap
material has a great application in the optical science and technology because
photonic band gap can be used to control and manipulate the flow of electromagnetic
wave. The wave propagation inside the periodic structure depends on the unique
property of material, which are refractive index, unit cell, the filling fraction,
frequency and dimensionality, etc. [3]. There are three types of photonic crystals, but
one-dimensional photonic crystal is the simplest one where the direction of the wave
propagation is considered in one dimension, and it is easy to fabricate the one
dimensional photonic crystals (I-DPCs) are used in many applications of optical
engineered devices: optical filter; resonance cavity and high-reflecting omni-
directional mirror etc. [4-12]. The materials considered for the periodic structure are
studied in detail in the next section.
5.1.2 Plasma
The optical property and the nature of plasma material have been already discussed in

the previous Chapters [13-15].
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5.1.3 Semiconducting photonic crystal

The periodic structure of dielectric and semiconducting material is known as
semiconducting photonic crystal. Dielectric and semiconducting coating of thin films
of materials occur strong ionic or direct covalent bond. In most of the cases, they are
transparent visible to infrared light. Applying Bloch’s theorem and solving the
Maxwell’s equations at the boundary between different media, we have treated the
interaction of the electromagnetic radiation with these films. In the optical coating
process it is found that the wavelength of the electromagnetic wave is much larger
than inter atomic dimensions. Thus, the optical properties within each layer, the
interaction of light and matter, can be described macroscopically in terms of
phenomenological parameters, which are called as optical density of the matter. The
optical constant has real and imaginary parts of a complex refractive index. The real
part of refractive index shows the ratio of the velocity of light in vacuum and light in
medium, and the imaginary part is an attenuation coefficient or decaying wave, which
measures the absorption of light or electromagnetic wave.

5.1.4 Plasma Photonic Crystal (PPC)

Plasma photonic crystal shows strong spatial dispersion resulting in the appearance of
electromagnetic band gap structure [16-18]. In the same year, Sakai research group
performed the experimental works on one-dimensional and two-dimensional plasma
photonic crystals [19-21]. The plasma photonic crystal has also band gap, which is
called plasma photonic band gap. The plasma photonic band gap can be also used to
control the electromagnetic wave is similar fashion of the photonic crystals by the
variable parameters of plasma material.

Some previous years, magnetized cold plasma has attracted to lot of researchers due
to anomalous behavior of magnetized cold plasma where the electric permittivity or
optics of magnetized cold plasma (MCP) is tuned with the external magnetic field.
Researchers have introduced a new kind of photonic crystal containing magnetized
cold plasma where the optics of plasma photonic crystal is controlled by externally
applied magnetic field. MCP has also an extra variable in the presence of magnetic
field, which is called gyro-effective frequency or cyclotron frequency. MCP has
unique property of propagating wave along the positive and negative direction; this is
decided by the direction of the applied externally magnetic field [22-24]. The extra
controllable parameters are reasons where the magnetized plasma photonic crystals

are more fascinating optical properties in comparison to the conventional plasma
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photonic crystals [25]. The magnetized plasma materials exhibit tunable photonic
band gap due to dependence of optics with main extra parameters like magnetic field
and cyclotron frequency. On the basis of study of optical properties of the MCP
materials, the adhesive materials with plasma are considered for possible fabrication
of multilayer structure with magnetized cold plasma material. Kumar et al. [26]
investigated the band structure, reflection spectra of the considered periodic structure
of dielectric and magnetized cold plasma material and suggested the narrow and
tunable filters in photonic crystal with defect of magnetized cold plasma. The
considered structure of the plasma photonic crystals was similar to Zhang et al. [27].
Aly and Mohamed [28] recommended the transmission spectra of 1-DPC of the
superconducting material and dielectric material for the applications of band pass
filter. Aghajamali [29] proposed the transmittance property of magnetized cold
plasma-superconductor periodic multilayer structure for the applications in reflectors.
Aly and Sayad [30] designed the periodic structure to enhance the electromagnetic
wave absorption by varying the optical length of the electromagnetic wave propagate
inside the absorbing material which used to enhance the efficiency of silicon solar cell
device. Aly group again [31] proposed an idea for the optical properties of a new type
of superconductor and semiconductor meta-material photonic crystals. The
transmittance property of one dimensional periodic structure of defective photonic
crystal was done and analyzed by Aly and Elsayad [32] where the defect of photonic
band gap at the central wavelength vary with variation angle of incidence in
ultraviolet region. The transmittance of one dimensional defective photonic crystal
structure was studied and the tunability of one-dimensional periodic structure based
on Faraday Effect was analyzed [33]. Aly et al. [34] analyzed optical properties of
one-dimensional defective photonic crystal containing nanocomposite material of
silver (Ag) as a defect layer with varying other parameters in UV region [34].
Transmittance properties of two types of one dimensional periodic structure and the
optical properties of meta-material superconductor photonic band gap with/without
defect layer were analyzed by Aly group [35, 36]. Aly again [37] also analyzed the
metal-dielectric periodic structure and defect mode characterizations. Kumar et al.
[38, 39] recommended the optical property of one-dimensional photonic crystal of
negative photonic crystal with the defect of plasma material and also analyzed for
silicon and silicon dioxide periodic structure with defect of plasma material. Kumar et

al. [40] also proposed the transmittance property of one-dimensional dielectric
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magnetized cold plasma periodic structure for optical applications. Kumar et al. [41]
also analyzed the transmittance of ternary periodic multilayer structure of dielectric,
plasma and superconductor for the application tunable reflector applications.

Recently, several papers had been published on multichannel filter in one-dimensional
photonic crystal. The tunable multichannel filter designed using one dimensional
photonic crystal incorporating uniaxial meta-material in microwave region [42].
Jamshidi-Ghaleh et al. [43] studied the design of tunable narrow band filters using the
plasma photonic crystal structure with sinusoidal plasma defect layer. Solaimani et al.
[44] studied band gap engineering in constant total length non-magnetized dielectric
plasma multilayer. Aghajamli and Alamfard studied defective annular semiconductor
superconductor photonic crystal [45]. Wang et al. [46] studied tunable multichannel
terahertz filtering properties of dielectric defect layer in one-dimensional magnetized
plasma photonic crystal. Elsayed et al. [47] studied the transmission investigation of
one-dimensional Fibonacci based quasi-periodic photonic crystals including
nanocomposite material and plasma. On the basis of reviewing these research papers,
we have found several ideas related to tunable narrowband filter applications in
microwave region. On the other hand, we have chosen one-dimensional periodic
structure for analyzing tunable narrowband filter due to cheap and easy to fabricate
the devices.

Therefore, we have studied and analyzed the transmittance versus frequency (GHz) of
one-dimensional periodic structure of ZnS and TiO, layers, called photonic crystal;
and photonic crystal with defect magnetic cold plasma (MCP) for symmetric and
asymmetric structures, called defect photonic crystal. The optical properties of
considered structure have been calculated by Transfer Matrix Method (TMM) and
Bloch’s wave. The optical constant of MCP material is tuned with the plasma
variables’ parameters and the transmittance of the MCP defective photonic crystal is
studied with variation of incident angle, electron density magnetic field and
thicknesses of ZnS and TiO, material. Besides this, we have also calculated and
compared the transmittance of the considered structures with the defect of one and
two MCP layers. The transmittance versus frequency of considered periodic
multilayer structures may be used as a tunable multichannel filter at microwave

region.
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5.2 Theory and methodology
The band gap, transmission spectra, reflection spectra and absorption spectra of One-
Dimensional Photonic Crystal (1-D PC) are calculated using well known Transfer

Matrix Method (TMM) and Bloch’s wave [48]. We have considered structure in
asymmetric and symmetric form: (AB)" as symmetric form, and (AB)"'*(BA)"'*as
an asymmetric form. We have chosen the symmetric structure with a two defects of
magnetized cold plasmas in the form: (AB)"'*(CC)(BA)"'?, where A, B and C shows
the zinc sulfide (ZnS) and titanium dioxide (TiO;), and MCP layers [49-52] as
depicted in the Figure 5.1.

€«——— N2 ——><Defeckre—— N2 ——m>

Air
Al B AlB|D| D B| A B A |
ng o, :
nl nz —_— E|:| - n2 nl

d | d d, |d, |d, |d, |d, |d d; d, Substrate

> z-direction

Figure 5.1: Schematic diagram of one-dimensional periodic structure with two defect
of magnetized cold plasma

5.2.1 Electric permittivity for magnetized cold plasma

Now, the electric permittivity of magnetized plasma layer, C, has a complex

permittvity as discussed in Chapter-3, which is followed as:

2
p

. u, =1 (5.1)
8
® ®

where o (angular frequency), 7y (effective collision frequency) and w, (gyro-

g (w)=1-

effective frequency) and ®, (plasma frequency) and the plasma frequency is followed

by:

2 1/2
meo (5.2)

where n. (electron density), m (mass of electron), gy (permittivity in free space), e
(electronic charge).

The gyro-effective frequency relation is given as:
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o, = [ﬁj (53)

m

where e, B, and m are the electronic charge, applied external magnetic field and mass
of electron, respectively [22].
Using transfer matrix method, the optical properties of the considered structure can be
analyzed. For this, the characteristic matrix M; is calculated for the transverse electric
(TE) mode at the incident wave angle 6y from free space to a 1-D PC structure
[48].The characteristic matrix M; is given by;

cosy, - i sinY,

i i

—ip;siny,  cosY,

5.4

where v, :(gjn .d; cos 8, c (speed of light in vacuum), 6;(ray angle) inside layer it
C

: o B |, ngsin’6 . .
with refractive index n, = \ju.g;» p; =,/—cos0; and cos®; = I—Mgeo in which
K nj

ny is the optical constant of vacuum or free space. The total characteristic matrix for
symmetric, asymmetric and defective symmetric structure can be calculated by

multiplying the characteristic matrix of the each layer, which is given as:

m;;, my,
M(d) = (5.5)
m,; m,,
where M(d)=(M M, )" for symmetric, M(d)=(M M) (MM, )V for
A B

asymmetric and M(d)=(M M )" *(CC)M M, )" *for defective symmetric, where

My, Mg and M¢ are the characteristic matrix of the layer A, B and C, respectively.
The transmission coefficient of the considered defective periodic structure is

calculated by [43]:

.
t= (5.6)

mi2
‘(ml,l + )+ (M2, Po + m2o)

Po

where p, =n, cos8,and p,=n_cosB,, n, is the optical constant of substrate (air),

whose incident angle is 0.

The transmission spectra of the periodic multilayer are followed by:
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(5.7)

5.3 Results and discussion

In this chapter, we have analyzed the transmittance characteristics of symmetric and
asymmetric 1-D periodic structures of zinc sulfide (ZnS) and titanium dioxide
(TiO,). Based on the transfer matrix method (TMM), the transmittance of considered
periodic structure is analyzed by inserting the one and two plasma layers in symmetric

and asymmetric structure. The parameters for ZnS material aree, =6.25,u, =1,
d, =0.0188mm ; and TiO, material [49-52] are €, =5.05, p, =1, dz =0.0375mm .

The parameters for magnetized cold plasma material are considered from Ref. [22].

Transmittance of one-dimensional periodic structure of ZnSand TiO, is analyzed in

asymmetric and symmetric structure as shown in Figure 5.2. The transmittance of the
asymmetric structure shows a large bad gap due to symmetrical arrangement of the
periodic structure in Figure 5.2 (a). Similarly, transmittance of the symmetric
structure is analyzed which shows that the band gap divides into two bands due to
symmetric arrangement as shown in Figure 5.2 (b). The bandwidth of the symmetric
structure increases in comparison to the asymmetric structure due to exist the defect
mode in a symmetric structure. The sharp defect transmission peak of the symmetric
structure is used in many applications like filters and laser resonators etc. Further, we
focus on the study of symmetric structure with defect of one or two defect layers of

magnetized cold plasma with variation of incident angle and plasma parameters.
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Figure 5.2: Transmission spectra versus frequency for: (a) asymmetric periodic
structure, (b) symmetric periodic structure

As we know that optical properties of material changes due to changing the structure
and the refractive index of material, and the incident angle plays an important role for
such change. So, we have studied the optical properties of considered periodic
structure with variation of wave angle or incident angle. Now, the transmittance of

symmetric 1-DPS with zinc sulfide and titanium dioxide material with defect of MCP

is analyzed on variation of incident angle 6=0°,6=10°,0 =20 as shown in Figure 3.
Figure 3(a) shows the transmittance of one dimensional periodic structure inserted
one defect layer of magnetized cold plasma with variation of incident angle
0=0°,0=10°,0=20°. The figure is depicted that defect transmission peaks and band
gaps are shifted towards the higher frequency for increase the value of incident angles

and also forms the multiband which can act as tunable multichannel filters.
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Figure 5.3: Transmission spectra versus normalized frequency of the 1-D PS of ZnS
and TiO, with variation of incident angle 6=0°,0=10°,6=20°for (a) one defect
layer of magnetized cold plasma, (b) two defect layers of magnetized cold plasma

Similarly, the transmittance of one-dimensional periodic structure with defect of two
layers of magnetized cold plasma material with variation of incident angles is studied.
The transmittance of considered periodic structure versus frequency is analyzed with
variation of incident angle 6 =0°,6=10°,06 =20° as shown in Figure 5.3 (b). The
figure is also depicted that the obtained transmittance is shifting towards the higher
normalized frequency, which also forms multiband due to the defect of plasma
material. The transmittance shows that the large shifting in transmittance obtains for
corresponding to the large value of incident angle 8 = 20°. These obtained results may

act as tunable multichannel filters at microwave region as shown Figure 5.3 (b).
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Figure 5.4: Transmission spectra versus normalized frequency of the one dimensional
periodic structure of ZnS and TiO, with varying
n, =1.54x10'",n_ =3.54x10'°,n, =5.54x10'"/m> for (a) one defect layer of
magnetized cold plasma, (b) two defect layers of magnetized cold plasma

Further, the magnetized cold plasma has an important parameter that is electron
density, which plays a key role in changing the plasma frequency. The transmittance
versus frequency (GHz) of periodic multilayer structure of zinc sulfide and titanium
dioxide with defect of one and two layer of magnetized cold plasma as shown in
Figure 5.4. The transmittance of the structure with defect of one layer of magnetized
cold plasma versus frequency was analyzed on variation of varying electron density
n, =1.54x10'°,n_ =3.54x10'°,n, =5.54x10'°/m> as shown in Figure 4(a).
Transmittance Versus frequency with varying electron density
n, =1.54x10'",n_ =3.54x10'°,n, =5.54x10'/m’ is shifted towards the lower
frequency when the electron density increases. Similarly, the transmittance with
defect of two magnetized cold plasma layer are analyzed on variation of different
value of electron density n_=1.54x10',n, =3.54x10'°,n, =5.54x10"°/m’> and

transmission peak shown slightly high and shifted towards the lower frequency when

the electron density increases. The plasma frequency is dependent upon the electron
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density. Therefore, the optics/electric permittivity of magnetized cold plasma material
changes due to the electron density. The obtained results of transmittance defect peaks

show as tunable multichannel filter at microwave region as shown in Figure 5.4 (b).

(@)

1 B=0.2T
B=0.3T
B=0.4T
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Figure 5.5: Transmission spectra versus normalized frequency of the one-dimensional
periodic structure of ZnS and TiO, with varying B=0.3T,B=0.4T,B=0.5T for (a) one
defect layer of magnetized cold plasma, (b) two defect layers of magnetized cold
plasma defect

In magnetized cold plasma, the applied external magnetic field has an important role
to change the electric permittivity. The external magnetic field changes the variation
of gyro effective frequency, as gyro effective frequency changes the -electric
permittivity of magnetic cold plasma material is also changed, and then the
transmittance of periodic structure containing plasma is also varied. Therefore, we
have studied the transmittance of periodic structure of zinc sulfide and titanium
dioxide with inserted one and two defect layers of magnetized cold plasma on
variation of the applied external magnetic field, B=0.3T,B=0.4T,B=0.5T, as shown
in Figure 5.5(a) and Figure 5.5(b), respectively. Transmittance of one-dimensional
periodic structure versus normalized frequency with variation of external magnetic
field is analyzed that the transmission peak shifted towards the normalized frequency

due to effect of magnetized cold plasma material. As the magnetic field increases, the
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every band is shifted to the corresponding to the different values of magnetic field as
shown in Figure 5.5(a).

Similarly, transmittance characteristic of one-dimensional periodic structure with
inserted defect of two layer of magnetized cold plasma is studied and the abnormal
behavior in transmittance of the structure is shown due to the large effect of plasma
material. The shifted transmission peak have high wavelength range in comparison to
the transmission peaks of the one defect layer of MCP due to thickness of plasma
material becomes two times so the optical behavior of material changes corresponds
to the plasma material as shown in Figure 5.5(b). The tunable multichannel filter is
also obtained in the considered defect structure by external magnetic field for
microwave devices.

As we have observed that the defect transmission peak is more variation for two
defect layers of magnetic cold plasma. So, transmittances versus frequency (GHz) of
one-dimensional periodic structure of ZnS and TiO2 materials have been analyzed
with the variation of thickness of ZnS material with same data same as above. The
transmittance property of the considered periodic structure is studied for one layer of
MPC, which is inserted in the symmetric periodic structure with variation of different
value of thicknesses of ZnS i.e. dA =0.0188mm,dA =0.0208mm,dA =0.0228mm. The
transmittance does not change but it is shifted towards lower frequency on increase
the value of thickness of ZnS which shown in Figure 5.6 (a) and the corresponding 2D

image, Figure 5.6 (b), is also verified the similar data.

— dA=0.0188mm ||

—— dA=0.0208mm

or — dA=0.0228mm |
T T T

I I I I L
I I I I I
0.8 1 12 14 16 18 > 20 0.0193 0019 00203 00208 00213 00218 00223 0028

Frequency-[GHz] Thickness (mm)

(a) (b)

Figure 5.6: (a) Transmittance versus frequency with variation of thickness of ZnS

material and (b) 2D image plot of frequency versus variation of thickness of ZnS

material
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Similarly, transmittances of the considered symmetric structure with two defect layers
of magnetized cold plasma versus frequency (GHz) have analyzed with the variation

of thickness of ZnS material i.e. dA =0.0188mm,dA =0.0208 mm,dA = 0.0228 mm

Figure 5.7(a). The transmittance peak, photonic band gap, is tuned for corresponding
thickness of ZnS material where it goes to the lower frequency on increase the value
of thickness of material. The multiple bands of the structure is controlled by the
thickness of the ZnS material and such defect structure may be used in multichannel

tunable filter as predicted in Figure 5.7(b).

— dA=0.0188mm
— dA=0.0208mm
or — dA=0.0228mm
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Frequency-[GHz] Thickness (mm)

(a) (b)

Figure 5.7: (a) Transmittance versus frequency with variation of thickness of ZnS

material (b) 2D image plot of frequency versus variation of thickness of ZnS material
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Figure 5.8: (a) Transmittance versus frequency with variation of thickness of TiO,

material (b) 2D image plot of frequency versus variation of thickness of TiO, material

141



Chapter-5

Now, the transmittances of one-dimensional defective symmetric periodic structure of
incorporated the one layer of magnetized cold plasma versus frequency (GHz) with
varying the variation of thickness of titanium oxide material have been analyzed. The
transmittance peaks varies with increase the value of thickness of titanium oxide
material i.e. dB =0.0375mm,dB =0.0395mm,dB = 0.0415mm. The transmittance peaks
is again shifted towards the lower value of frequency on increasing the value of

thicknesses as shown in Figure 5.8 (a), and corresponding transmittance peaks results

is plotted the 2D image plot for same data as shown Figure 5.8 (b).

)

Frequency-[GHz]
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Frequency-[GHz] Thickness (mm)

(a) (b)

Figure 5.9: (a) Transmittance versus frequency with variation of thickness of TiO,

material (b) 2D image plot of frequency versus variation of thickness of TiO, material

On the similar way, the transmittance property of one-dimensional periodic structure
with two layer of magnetized cold plasma in the symmetric periodic structure versus
frequency has been analyzed. The transmittance has obtained same results with large
number of multiple transmittance peaks which varies with the value of thickness of

titanium oxide material i.e. dB =0.0375mm,dB =0.0395mm,dB =0.0415mmas shown

in Figure 5.9 (a), and corresponding 2D image plot is shown in Figure 5.9 (b).

From the above calculations, the transmittances of the considered symmetric
structures with defect MCP have predicted that such structures have multichannel
transmission defect peaks. These defect transmission peaks are increased when the
MCP defect is increased. Besides this, we have also predicted that these defect

transmission peaks are also varied with the thickness of the ZnS and TiO, material.
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5.4 Conclusion

We have discussed about the optics of magnetic cold plasma and also discussed about
the optical properties of defect MCP periodic structure containing ZnS and TiO,
materials. The defect photonic crystals have found transmission peaks inside the
reflection band due to high resonance at the interfaces of the defect layers. The
transmittance of symmetric and asymmetric one-dimensional photonic crystal
containing zinc sulfide and titanium dioxide was studied. The symmetric one
dimensional periodic structure containing ZnS and TiO, with one or two defect of
magnetized cold plasma layer versus frequency (GHz) was analyzed. The defect MCP
structure has found the transmittance defect peak. Hence, the transmittance of the
symmetric one dimensional periodic structure containing zinc sulfide and titanium
dioxide with inserted one or two layers of magnetized cold plasma was analyzed with
variation of incident angles, electron densities, and applied external magnetic fields of
the magnetized cold plasma material. The transmittance peaks of two MCP layer
inserted in symmetric photonic crystal with varying the variation of electron density
of plasma as well as thickness of ZnS and TiO, material have found better response as
comparison to one defect layer in same periodic structure. These calculated results
have suggested a simple and innovative idea to fabricate the tunable multichannel

filter at microwave region.
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Enhancement of absorption property of one-dimensional ternary
periodic structure containing plasma based hyperbolic material for

the application of microwave devices

6.1 General introduction

In this chapter, we have analyzed theoretically the optical properties of the one-
dimensional ternary periodic structure containing plasma based hyperbolic material.
Generally hyperbolic materials are the composite materials of metal and dielectric.
Similarly, plasma based hyperbolic materials are the composite materials of plasma
and dielectric. The optics of such composite materials is calculated by Maxwell-

Garnet equation.

6.1.1 Photonic crystals

From the previous Chapter, photonic crystals are an artificial periodic structure of
different materials like dielectric, metallic or plasma nanostructures composed of two
or more than two medium where the optical density of the material varies in the space.
The novel characteristic of the periodic structure of materials is photonic band gap
(PBG), which was observed experimentally by Yablonovitch, and proposed
theoretically by John [1, 2]. Such periodic structure has unique features where
electromagnetic wave is forbidden to propagate through the structure, which is similar
to the electron propagation inside the periodic potential [3-5]. Such photonic band
gaps play an excellent role in the several optical applications [6-9]. The analysis of
periodic structure containing different materials has opened a new roadmap for optical
meta-materials. The optical meta-materials are artificial materials or human made
materials, and the study of optical meta-material has opened a very informative
concept for beyond the materials due to unusual behavior of its optics. Therefore,
meta-materials have already opened the magical applications in field of the science
[10]. Among the various meta-material proposed in the past decades, the hyperbolic
meta-materials were significant noticed due to their ability of presenting sub-
wavelength condition. Now, we will discuss the concept of hyperbolic meta-material
and plasma based hyperbolic meta-material, which will use to study the optical

properties of the periodic structure of plasma based hyperbolic meta-material.
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6.1.2 Hyperbolic meta-materials

Hyperbolic Meta-materials (HMMs) are an anisotropic medium, which shows the
hyperbolic shape in the dispersion relation at terahertz (THz), optical and near-
infrared frequency regions. Basically, the hyperbolic meta-materials are the composite
material of metal and dielectric. The hyperbolic material has a lots of potential
applications including absorption based devices, negative refraction, optical switch,
optical waveguide, and imaging hyper lens [11-15]. Recently, a novel implementation
of HMMs at the far-infrared frequency wasproposed with the compositions of the
stacked graphene sheets separated by thin dielectric layer and had a super absorber for
near fields. Such HMMswerealso used to enhance the decay rate of emitters near its

surface for designing efficient and innovative absorbers [16-17].

Hyperbolic meta-material shows dual behavior like metallic and dielectric. In metallic
behavior, the large number of free electrons is parallel to the direction of propagation
so it shows high reflectance and absorption. Onthe other hand, the dielectric behavior
of HMMs has less number of electrons which propagate in the direction of
propagation so it behaves like dielectric and also has high transmission. Therefore,
these hyperbolic material are also known as type I (metallic) and type II (dielectric)
material. In theoretical characterization of the epsilon near zero, epsilon near pole
plays an important role in the propagation wave spectrum. Epsilon near zero always
occurs in the direction of wave propagation and epsilon near pole always occurs in

that region in which no free electron motion [18-23].

Recently, the absorption based optical devices have been paid attention to the
scientists and the researchers in the field of optical science and nanotechnology. The
absorption property of hyperbolic material is very high and changed with the variation
of variable parameters of the material. So, there are several researchers who have
contributed their research works to develop the innovative ideas in the field of
hyperbolic meta-materials. The tunable absorption properties of composed graphene
sheets were studied at near infrared frequency where the graphene sheets were
separated by thin dielectric layer. Using the concept of surface conductivity theory, a
homogenization formula exists for the multilayer structure, which was proposed by
Oatham et al. [24]. A novel implementation of the dual-gated tunable absorption of
the graphene-based hyperbolic material for optical gate applications was investigated

by Ning et al. [25]. The spectral characteristic of nanostructure hyperbolic material

150



Chapter-6

based UV-absorber in the ultraviolet region of electromagnetic spectrum was
investigated. The hyperbolic meta-material structure of the periodically assemble of

gold nanostrips was studied by Baqir et al. [26].

The new research based on the concept of grating coupled hyperbolic meta-materials
as multiband perfect absorber at spanning frequencies from microwave to visible
frequencies was investigated by Sreekanth et al. [27]. A new structure of N-doped
Si/Si hyperbolic meta-material integrated with sub-hole Si grating was investigated
and the absorption of the structure was worked as Si based HMM for mid IR super
absorber. The absorption spectra of proposed structure can have tuned with the
grating parameter [28]. The dielectric singularity in the anisotropic permittivity
response of the possibility of HMM was presented where a transition point of inverted
but coexisting anisotropies was obtained at a specified wavelength due to the
particular design of the multilayer structure and possessing different optical
properties, which was depending on the investigated frequency [29]. A hyperbolic
dispersion of the photonic multilayer waveguide with the layers of dielectric and
meta-materials had different geometric waveguides when a long-range propagation of
plasmon and phonon polariton at the dielectric HMM interfaces. The absorption of the
waveguides with natural hyperbolic properties had the higher lengths compare to
metal based HMM waveguides which was proposed by Babicheva et al. [30]. The
optical properties of quantum dipole emitters coupled to hyperbolic meta-material

nano resonators had proposed using semi analytical quasi-normal mode.

An informative idea about the hyperbolic meta-material nano-resonators for
developing the poor single photon was investigated by Axelrod et al. [31]. The
measurement and simulation of the polarization dependent Purcell factor for the
microwave fishnet material was investigated by Rustomji et al. [32]. The low
threshold spaser based on deep sub-wavelength spherical hyperbolic material cavities
was investigated by Wan et al. [33]. The tunable mid-IR focusing of Indium Arsenide
(InAs) based semiconductor hyperbolic material was analyzed by Desouky et al. [34].
The experimentally demonstration of angle-independent gap in the one-dimensional
photonic crystal containing layered hyperbolic materials and dielectrics at visible
wavelengths was investigated by Wu et al. [35]. The nearly perfect broadband

absorption property of hyperbolic meta-materials was investigated by Riley et al. [36].

151



Chapter-6

The controlled near-infrared surface Plasmon polariton dispersion of the hyperbolic

material was investigated by Luk et al. [37].

The optical meta-materials are gradually changed from positive to negative value with
varying the parameters of electromagnetic material, which is called transition
materials. They are predicted to induce a strong enhancement of the local electric or
magnetic field in the vicinity of zero index point. This study had opened the new
opportunity for sensing and low intensity nonlinear optical applications [38].
Basically, HMM were originally introduced to overcome the diffraction limit of
optical imaging. Recent imaging experiments with plasmonic meta-materials and
novel VCSEL geometries was performed in which the Bragg mirrors was engineered
in such a way that plasmonic meta-materials and novel VCSEL geometries was
exhibited hyperbolic meta-material properties in the long wavelength infrared range.
So that plasmonic meta-materials and novel VCSEL geometries could be used to
efficiently remove excess heat from the laser cavity [39]. The investigations of
hyperbolic meta-materials were reviewed in detail [40]. Hyperbolic meta-material is
the composite material of stacked layer and pairs of epitaxial growth ZnO/Zn0O:Ga in
a monolithic optical micro cavity. These experimentally and theoretically results
arising unique resonant effects. Unlike traditional metal, the semiconductor based
approach allowed to utilize all three permittivity region of the HMM in the near-
infrared spectral range. This configuration gave rise to the modes of identical orders
appearing at different frequencies, a zero-order resonance in all positive permittivity
regions, and a continuum of the high order modes [41]. Generally, photonic gaps in
all dielectric One-Dimensional Photonic Crystals (1-D PCs) shifted towards short
wavelengths (blue shift) as the incident angle increased for both Transverse Electric
(TE) and Transverse Magnetic (TM) modes. Wu et al. theoretically studied and
experimentally the red shift gaps in 1-D PCs composed of alternative hyperbolic

meta-material and dielectric for TM polarization.

HMM is the composite material of titanium dioxide and silver material. At operating
wavelength 365 nm, an efficient polarization was achieved for the different value of
incident angle, which is ranging from 50° to 80° [42]. HMMs with bi-layer support the
transverse electric and transverse magnetic polarized surface waves beyond the
Maxwell’s Garnett approximation due to the spatial dispersion and interpreted as

effective magneto electric coupling, which was studied by Papov et al. [43]. The study
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and the effect of resonance on the ability of prisms made of hyperbolic meta-materials
in the canalization region. To couple the evanescent wave high spatial frequencies (or
high k-modes) to low spatial frequencies that propagate in the far-field zone had been
analyzed [44]. The non-locality results for the formation of a hyperbolic layer near the
metal dielectric interface with a strong anisotropy of its electromagnetic response. The
hyperbolic layer also supports a different class of surface waves, which offer longer
propagation distance and strong field confinement, simultaneously. Furthermore, this
hyper Plasmon’s are not limited to the proximity of the Plasmon resonance, which
extends the operational bandwidth of plasmonic devices [45]. Unexpected light
propagation effects, like negative refraction have been reported in artificial media.
Leveraging on the inter sub band resonance in hetero-structured semiconductor
materials. We have showed that all possible optical regions, ranging from classical
dielectric and metal to hyperbolic meta-materials, these are type 1 and type 2 was
achieved. The negative refraction effect can occur at a designed frequency by
controlling the electronic quantum confinement [46]. Optical resonant cavities play an
important role in electromagnetic wave control; they confine electromagnetic wave
and improve the interaction between light and matter [47]. Nanostructures with one-
dimensional periodicity, such as multilayered structures, are currently in the focus of
active research in the field of hyperbolic meta-materials and photonic topological
structures. An efficient way to describe the material with sub wavelength periodicity
is based on the concept of effective material parameters, which can be rigorously
derived incorporating both local and non-local responses [48]. HMMs an unusual
class of EM meta-materials has found important applications in various field of due to
their distinctive properties. A surprising feature of HMMs was that even continuous

HMMs can posses’ topological edge modes [49].

Using finite length electric dipole, the far-field radiation was analyzed in the
hyperbolic medium. To description for the arbitrary orientation of the dipole, the
results were presented when the electric dipole and the optic axis are parallel to each
other or when they are perpendicular to each other. Analytical as well as numerical
results for both the ordinary and extra ordinary waves were presented [50]. The
interface states with a high reflectance in photonic hetero structures composed of two
kinds of all dielectric 1-D PCs with symmetric unit cells were achieved. The

reflectance of interface states can be controlled flexibly by using the tuning the
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mismatch degree between the imaginary phases of two types of 1-D PCs. The
interface state of a high reflectance as well as a high Q-factor and the shifting Goos-
Hanchen (GH) greatly enhanced to larger than three orders of wavelength [51]. The
ability to control the directional and spectral properties of thermal emission has the
fundamental importance for many applications. Here, a method to design the
Directional and Broadband Thermal Emitters (DBTEs) and Directional and
Narrowband Thermal Emitters (DNTEs) based on classic thermal emitters and
angular selectors. DBTEs exhibited thermal emission at a specific angle and analyzed

a broadband wavelength range [52].

After reviewing these research papers, we have proposed a new type of hyperbolic
meta-material (HMM) composed with dielectric and plasma material. In this Chapter,
we have analyzed the perpendicular and parallel permittivity of the considered
hyperbolic meta-material with variation of filling fraction and electron collision
frequency. Based on simple transfer matrix method, the absorption properties of
ternary periodic structure are studied with the variation of incident angle, electron
collision frequency of plasma, filling fraction and thickness of the dielectric material.
Firstly, the absorption of ternary periodic structure against normalized frequency has
been studied with variation of incident angles ie.
0=0",0=20",0=40",6=60",0=80". Then, the optical properties of the ternary
periodic structure, especially absorption, have been studied by choosing other
parameters filling fraction, electron collision frequency and thickness of dielectric of
A material with keeping fixed incident angle ® =80°. Such absorption property of the
periodic structure is very important for designing the absorption-based devices like
logic gate, electromagnetic switch, sensor, photodetector, and microwave absorber.
We have also proposed to design the tunable absorber for microwave devices

composed of the hyperbolic material at higher frequency range.
6.2 Theoretical model

The absorption spectra of one-dimensional ternary photonic crystal of dielectric, SiO,
(Silicon dioxide), and hyperbolic metamaterials are calculated using a simple transfer
matrix method and Bloch’ function [53]. The hyperbolic material is the composite
material of dielectric and metal. In this case, we consider the plasma based HMM,

also the composite material of dielectric (air) and plasma-material [54]. One-
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dimensional ternary periodic structure is taken as (ABQ™, where N is the number of
the periodicity; and A, B and C are the layer of dielectric (air), SiO,and hyperbolic

material, respectively, as shown in Figure 6.1.

e ------
k“ABC Al B|c

Ny

Figure 6.1: Schematic diagram of one-dimensional dielectric, silicon dioxide, and

hyperbolic material ternary periodic structure

The dielectric permittivity and magnetic permeability of dielectric (air) and silicon
dioxide material are taken as;e,, =pg =1, and€gq =22, g0, =1. However, the
hyperbolic material is a composite of dielectric and plasma material and the complex
permittivity of plasma is taken from Ref. [39];

6.2.1 Optics of metals and dielectrics

The interactions between metals and electromagnetic wave are firstly determined by
the collective movements of free electrons. The electrons are not found in any
particular nucleus, which are considered to move about freely around the metal lattice
in the absense of a restoring force. Using Drude and Lorentz model for free electron
motion, the equation of motion for a free electron in an alternating electric field is

described by;

d’r dr .
m —+4+m.y—=—-q.E,e™™ 6.1
e dt2 e’Ydt q.Ey ( )

where q., is the electric charge of free electron, the damping coefficient 7is
proportional to the Fermi velocity y= % 1 , where v denotes the Fermi velocity and |
T

is the mean free path of an electron of successive collisions. The relaxation time 1 is
the averaged interval time subsequent collision of an electron. In general, the

relaxation time is about 10™'* second.
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The solution of instantaneous in Eq. (6.1) for a monochromatic electric field is solved

to be-

2
r((l))_ Neqe

= M E((D) (62)

The polarization density is the total dipole moment per unit volume. The gross

polarization of all of the elctrons in the unit volume is-

N.q:

ME((’)) (63)

P=Nxq, xr(0)=
The polarization of a dipole moment cause the electric charge timing distance to
deviate from its balanced position. The gross polarization of the whole elctrons in unit

volume is-

Nede jElo) (6.4)

P=Nxq, xr(w)= < —
m, (0 - 0 — iy

where N, is the electron density per unit volume. The induced dielectric polarization

density is proportional to an electric field by the constant electric susceptibility is-
P=g,x.E(0)=¢,(e, —1)E(x) (6.5)
Comparing Eq. (6.3) & Eq. (6.5)

g (e, —1)= N.g ~ (e, -1)= N.ge ~e(w)=1- ® On
o m, (@ +iyo) ' m, &, (0? +iyo) (0? +iy0)

simplification, we get;

8Plasma (W) =1- w((m—jlyjj (6.6)

where 0 and vis the angular frequency and effective collision frequency, respectively.
For non-magnetic material, the magnetic permeabilityis one i.e. Upsma=1. Here, @, is

the plasma frequency of bulk media, which is given as [55, 56];

®, = (n—ezj (6.7)

meg,
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The optics of the metals is dependent on three frequencies: collision frequency,
plasma frequency and incident frequency. If the collision frequency is zero then optics
of metals are dependent on plasma frequency and incident frequency only. At the
plasma frequency is equal to incident frequency, the optics of electromagnetic
response of a material changes from the metallic behavior to those of dielectric
material. At the below plasma frequency, the optics of a medium exhibits a metal like
behavior. However, operating frequency is greater than plasma frequency, the optics

of medium looks more like the dielectric media.

Now, we will discuss about the optics of the hyperbolic materials. The concept of
hyperbolic behavior in the material originates from the optics of crystals. In such
media, the constitutive relations of the electric displacement, D, and the magnetic

induction, B, to the electric and the magnetic fields E and H can be written as;

BZSOEE (68)

B=p,uH (6.9)

wheree,,u, are the electric permittivity and magnetic permeability in vacuum and €,

u are relative permittivity and relative permeability tensors. For non magnetic media,

;Lsimply reduces to the unit tensor. Upon diagonalization of the electric permittivity,

€assumes the form of dielectric tensor. The hyperbolic material is an anisotropic
medium with uniaxial dielectric tensor components that are approximated as follows

[18];

g 0 O
e=| 0 €,y 0
0 0 e, (6.10)

In a Cartesian frame of reference, the orientation direction along to the axis of crystal,
so it is called principal axes of the crystal. The three diagonal components are all

positive and in general it depend on the angular frequency o; they are the termed as

(i) Biaxial, whene,, #€, #€,,, (ii) Uniaxial, when€,, =€, #€,, and (iii) Isotropic,

wheng,, =€, =€, .
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To determine the dispersion relation of light in a medium described by Eq. (6.10), we

consider the following two Maxwell’s equations in the absence of source:

VxE=—a—B

ot (6.11)
VxH:a—D

ot (6.12)

where D and B are as in the Eq. (6.8) and Eq. (6.9), respectively. The plane wave
expressions for both fields can be given by E=E e" ™™ and H=H e ™ ™", where k

is wave vector. By inserting the D and B in the Eq. (6.11) & Eq. (6.12), we obtain;

kxE=owu,H (613)
kXH=—COEOEE (614)

By taking curl of the k and substitution of Eq. (6.13) into Eq. (6.14), the Eigen value

problem of electric field;

Ex(ﬁxgj+m2uoeoeﬁzo (6.15)

This can be simplified in the matrix form; and it is also called the dispersion relation;

koe,, —k; —k; k .k, k. k, E,
2 2 2 —
k .k, koe,, —k; —k; k,k, E, |=0 (6.16)
k. k, k k, koe,, —k; -k, \E,

1
2\/ oMo

vacuum. We now focus on the hyperbolic media with optical axis oriented along the z

where k = %are the magnitude of wave vector and ¢ = the speed of light in

direction, &, = &, = &, andk, =,/k; +k; . The imposition of non-trivial solution

to Eq. (6.16) leads to the dispersion relation for the hyperbolic media [18]:

kT k2
(k2 +x2 —slkg{—LJr—Z—ng:o
€

7z SJ_

(6.17)

In the above Eq. (6.17) have two terms, one of them equal to zero and correspond to
spherical behavior and an ellipsoidal iso-frequency surface in the k-space, the first

term describes the wave polarized the xy-plane (ordinary or TE waves); second terms
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correspond to the wave polarized in the plane containing the optical axis

(extraordinary waves or TM waves).

The condition changes substantially if we assume an extreme anisotropy, namely
when one between ¢, and g, is negative. Media with such an optical signature are
termed an indefinite from the point of view of mathematics [57], since their
permittivity tensor represents an indefinite non-degenerate quadratic form, and
exhibits a number of unconventional properties. Permittivity components with an
opposite sign result in hyperbolical iso-frequency surface for the extraordinary
polarization and hence the physical denomination hyperbolic material. As
consequences, waves with arbitrarily large wave vector retain a propagating nature
while in isotropic materials they become evanescent due to the bounded iso-frequency

contour [58]. The choice ¢, >0, ¢, <0 correspond to a twofold hyperboloid, and the

hyperbolic medium is called dielectric (with reference its behavior in xy-plane) [59]

or Type I(metallic); [60] the choice ¢, <0 and ¢, >0 describes a one fold hyperboloid,

namely a metallic or Type II (dielectric)medium.

In our calculation, we have considerede,, =¢, ,€,, =€, =€, € ande, are the

parallel and perpendicular component of relative permittivity, respectively, which can

be calculated by effective medium theory. So, €, and ¢, can be approximated as [61];

_ 8diegplasma (d die + dplasma )
[[—

€ die d plasma +€ plasma d die (6 . 1 8)
e = d die € die +d plasma € plasma
L=
ddie +dplasma (619)

whered ;. , d are the thicknesses of considered dielectric and plasma material,

plasma

respectively and ¢, and € are the electric permittivity of considered dielectric

plasma

plasma

material and plasma material, respectively. The filling fraction f = is the

HM

volume percentage of plasma in a unit cell or period, dielectric layer and a plasma

layer with thickness d . and d g, and permittivity’s €, and€ ..

For the Transverse Magnetic (TM) wave propagation in the periodic structure, the

spatial dispersive curve can be performed as;
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2 2
kzz + kxx :k(Z)

€x €. (620)
The product of perpendicular and parallel permittivity is less than zero it always

shows the dispersive curve is hyperbolic behavior (8 1§ <0),and the product of

perpendicular and parallel permittivity is greater than zero, the dispersive curve is

shown elliptical (e, >0) [62, 63].

The characteristic matrix of then one-dimensional ternary periodic structure i.e.

(ABC)N is expressed as [53]

M(d) =(m“ m“J (6.21)

m,, My

where M(d):(M AMBMC)N; N is the number of unit cell, My, Mg, and Mc are the

characteristics matrices of layers dielectric (A), silicon dioxide (B), and hyperbolic

material (C), respectively.

The characteristic matrix M; for each layer of the periodicity of the ternary structure is
calculated for the Transverse Magnetic (TM) wave at the angle of incidence (6y) from
vacuum to a one-dimensional Photonic Crystal (PC) structure [53].
i .
cosy, ——sinYy,

Mi= b (6.22)

1 i

—ip;siny,  cosY,

where y, =[9]n .d; cos @,, c are the speed of light in vacuum, 6, is the ray angle
C

inside " layer with the refractive index as,n;=.Wwe, p;= B cos 8, and
E.

1

2 .2
nosin 9 . . . . . . ..
cosf, = 1—0—20 in which ng is the refractive index of air, where the incidence
V ni

wave tends to enter the structure.

The characteristic matrix of each layer can be obtained by considering the electric
field on each surface. For ternary periodic structure, we have considered three layers

in the x-direction. The electric field distribution in each interface is given by;

160



Chapter-6

’

(ETeik—V; + ET é_ik—{'; e, —d, <x<0;
E= (Eeik—z; + g e ik )e, 0<x <dg;
(E_;eik:; + E_; g s e, dy <x<dg,c:

(6.23)
where ki, k;, and k; are the propagation wave vector corresponding to the dielectric,
silicon dioxide and hyperbolic material respectively with the above boundary
conditions. By using Maxwell’s equations, we obtain the corresponding magnetic
field. The electric and magnetic field may use to the formulation of the Eq. (18) at

each interface.

The transmission coefficient of the ternary photonic crystal is calculated by,

2
t= (6.24)

mi»2
(mi =)+ (M2 Py + ma)
0

wherep, =n, cos®,and p, =n_cos 0, n, is the refractive index of the substrate, 0 is

the ray angle.

The transmission spectra of the ternary photonic crystal are given by [53],
{2
Po (6.25)

The reflection coefficient of the one-dimensional ternary periodic structure containing

dielectric, silicon dioxide, and hyperbolic material is calculated by:

my, + 2 _mp,—m
1 21Po 2
0

(my; + %) +(m21Po + m2)
0

r=

(6.26)

wherep, =n, cos 8, and p, =n_ cos 6., n_is the refractive index of the air, whose ray angle
150, . The reflection spectra or reflectance of the one-dimensional photonic crystal containing

dielectric, silicon dioxide, and hyperbolic material is given by:

2
R = 6.27)
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The absorption spectra of the one-dimensional ternary periodic structure of dielectric, silicon

dioxide, and hyperbolic material are calculated by the equation:

A=1-R-T (6.28)
6.3 Results and discussion
In this Chapter, we first discuss about the optical constant of the hyperbolic meta-
material, and then optical property of the ternary periodic structure. The perpendicular
and parallel permittivity of hyperbolic meta-material against normalized frequency

(V)

(ﬂj is theoretically analyzed by varying filling fraction, electron collision frequency
p

using Eq. (6.18) & Eq. (6.19). As we discussed earlier that hyperbolic material has

plasma

specific property like filling fraction (f = j due to the property of composite

HM
materials of dielectric and plasma and the electric permittivity of the HMM is an

anisotropic property.

The material C is a hyperbolic meta-material (HMM) in our ternary periodic structure

which is composed with two materials of plasma and air dielectric [64, 65]. The

HMM has dygy =40t digain =2Mm and £ = douwm with a thickness of the plasma

HM

material dplasmaZO.ZM, plasma frequency ®, = 28.4x10”. The dielectric of the air is

€ dicain = Hdieain =1. The permittivity of hyperbolic material varies along perpendicular

and parallel directions, studied using Eq. (6.18) & Eq. (6.19). As we know that the
hyperbolic material property is purely depending upon the dispersion relation of
relative permittivity. By study the dispersion relation shows that the product of
perpendicular and parallel permittivity is less than zero then the dispersive curve
shows the hyperbolic behavior having the metallic behavior (8 1§ <0). On the other
hand, the dispersion relation shows that the product of perpendicular and parallel
permittivity obtains greater than zero; the dispersive curve shows dielectric behavior
(8 1§ > 0). We plot the relative permittivity against normalized frequency that shows
hyperbolic behavior for parallel and perpendicular permittivity in a particular range of

the frequency.
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Figure 6.2: (a) Real part of €, for different value of filling fraction against normalized
frequency, (b) Imaginary part of €,for different value of filling fraction versus

normalized frequency

The real and the imaginary part of parallel permittivity of hyperbolic material are
plotted using Eq. (6.18), which are shown in Figure 6.2 and analyzed. The real part of
parallel permittivity against normalized frequency increases on increasing the value of
filling fraction. The value of permittivity is negative at a certain range of frequency
after that it is positive corresponding to the value of filling fraction. The real part of
parallel permittivity is obtained the negative at a certain normalized frequency 0.30,
0.43, 0.55, 0.63, 0.71 for corresponding to the value of filling fraction
f=0.f =02, f =0.3,f =0.4,f =0.5 respectively, as shown in Figure 6.2 (a). Similarly,
the imaginary part of parallel permittivity has found the same behavior but it has
purely negative value and is also shifted towards the higher frequency on increase the
value of filling fraction comparison to real permittivity. The imaginary part of parallel
permittivity is negative at a certain normalized frequency 0.51, 0.63, 0.72, 0.82, 0.88
for corresponding to the value of filling fraction f=0.1,f =0.2,f =0.3,f =0.4,f =0.5

respectively, as shown in Figure 6.2 (b). The real and the imaginary part of
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perpendicular permittivity of hyperbolic material have plotted using Eq. (6.19), which
is shown in Figure 3 and analyzed. The real part of perpendicular permittivity
decreases on increase the value of filling fraction, and finds the blue shift. The real
part of perpendicular permittivity is negative at a certain normalized frequency range
0.26-1.00, 0.43-1.00, 0.48-1.00, 0.62-1.00, 0.66-1.00 for the value of filling fraction
f=0.1,f =0.2, f =0.3,f =0.4,f =0.5respectively, as shown in Figure 6.3 (a). Moreover,
the imaginary part of the perpendicular permittivity shifts towards higher frequency
on increases the value of filling fraction. The imaginary part of perpendicular
permittivity is negative at a certain normalized frequency range 0.00-1.00, 0.02-1.00,
0.04-1.00, 0.06-1.00, 0.07-1.00 for the value of filling fraction
f=0.f =0.2, f =0.3,f =0.4,f =0.5respectively, as shown in Figure 6.3 (b).

(@)
20 ‘
AL 10 —
)
OJQ-
o |
o
-10 _
l 1 l l l l l l 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Normalized frequency
(b)
O T L
f=0.1
i f=0.2
8 10 0.3 |
w =V.
D f=0.4
g 20 0.5
_30 | | | | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Normalized frequency

Figure 6.3: (a) Real part of ¢, for different value of filling fraction against normalized
frequency, (b) Imaginary part of ¢, for different value of filling fraction against

normalized frequency

Further, we have analyzed the real and the imaginary part of parallel permittivity
against normalized frequency with the variation of electron collision frequency. The

real part of parallel permittivity is decreased on increasing normalized frequency; it is
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also found the blue shift. The real part of parallel permittivity is negative at a certain

normalized frequency 0.30, 0.24, 0.10 for corresponding to the value of electron
collision frequency Y=0.10,,Y=0.2m,,y=0.3m,as shown in Figure 6.4 (a). The
imaginary part of parallel permittivity is decreased on increasing the value of electron

collision frequency and is shown blue shift. The imaginary part of parallel

permittivity is negative at a certain normalized frequency 0.75, 0.95, 1.05 for different

electron collision frequency Y=0.10,,Y=02w,,7=0.30, respectively, as shown in

Figure 6.4 (b).
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Figure 6.4: (a) Real part of €,for different value of electron collision frequency, y
against normalized frequency, (b) Imaginary part of €, for different value of electron
collision frequency, y against normalized frequency

In last calculation, the real and the imaginary part of perpendicular permittivity with
variation of electron collision frequency are analyzed as shown in Figure 6.5. The real
part of perpendicular permittivity decreases on increase electron collision frequency;
it also behaves as a blue shift. The real part of perpendicular permittivity is negative at

a certain normalized frequency 1.10, 0.99, 0.96, 0.91, 0.85 for the value of electron
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collision frequency Y=0.10,,Y=0.20,,Y=0.30,,y=0.40,,7=0.50,,respectively, as

shown in Figure 6.5(a). The imaginary part of the permittivity increases on increasing
the value of electron collision frequency it shows the red shift. The imaginary part of
perpendicular permittivity is negative at a certain normalized frequency 0.99, 1.21,
1.35, 1.50, 1.60 for corresponding to the value of electron collision frequency

v=0.10,,Y=0.20,,y=030,,y=040,,Y=0.50,,respectively, as shown in Figure 6.5

(b). These studies show that the perpendicular and the parallel permittivity of the
considered material play the main role for the hyperbolic behavior because the

permittivity affects the dispersion relation of the material.

Therefore, the absorption property of the ternary periodic structure containing HMMs
against normalized frequency is studied for TM mode for corresponds to the parallel
permittivity. The absorption property of the ternary periodic structure is calculated
using simple transfer matrix method with variation of incident angle, filling fraction,
electron collision frequency as well as the thicknesses of dielectric (A) material. The
ternary periodic structure is the composite material of the three materials ABC, where

A=air, B=Si0, and C=Hyperbolic Meta-material (HMM). The parameters for

dielectric (A) and SiO,(B) materials are taken asey, =1,dg, = 2.8mm ,E€gq =2.2,

di, =3mm, Ly, =Ugiq =1,08,=0°, and number of unit cell i.e. N=10.
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Figure 6.5: (a) Real part of ¢ for different value of electron collision frequency, y
against normalized frequency, (b) Imaginary part of ¢, for different value of electron

collision frequency, y against normalized frequency

First of all, we have calculated the absorption of the ternary periodic structure against

normalized frequency with varying the incident angles

0=0",0=20°,0=40",0=60",0=80’ having electron collision frequency y=0.1w, and

filling fraction (f=0.1) where normalized frequency is [EJ . The wave incident on the
,

multilayer structure is originated the band structure due to the fundamental property
of the interfaces. So, we have obtained the increase absorptionspectra against
normalized frequencywhen the incident angle increases, and it is achieved the
maximum absorption at 0.14 normalized frequencies due to effective behavior of
relative permittivity. The absorption spectra continuously decrease above the 0.15
normalized frequencies due to the multi-reflection inside the interfaces. Above this
frequency, the absorption band gaps are formed between 1.0-1.5 normalized
frequency ranges. The study shows that the absorption of the considered structure has

obtained the better absorption for 6 = 80° as shown in Figure 6.6.
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Figure 6.6: Absorption of multilayer structure at different value of incident angle

against normalized frequency

Now we have focused our study on the absorption of the ternary periodic structure at
the angle of incidence 6=80°by varying the most valuable parameters: filling
fraction, electron collision frequency and thickness of dielectric material. The filling
fraction (f) is an important parameter which defines how much volume of the material
occupied in the hyperbolic meta-material. So, we have analyzed the absorption of the
ternary periodic structure against normalized frequency at 6 =80° with variation of

filling fraction f =0.1,f =0.2, f =0.3,f =0.4,f =0.5 with constant parameters: collision

frequency Y=0.100,and thickness of the dielectricd,, =2.8mm , and silicon dioxide

dSiQ =3mm, and hyperbolic meta-material dHM=dplasma+ddie(air) =2mm, respectively.

The absorption spectra shifts from lower to higher frequency, and obtain the
maximum absorption on increase the value of filling fraction. The 100% absorption is
found at 0.19 normalized frequencies for f=0.2 has metallic behavior, and also
shows red shift. After that the absorption spectra for the normalized frequency
continuously decrease for the different values of filling fraction. The absorption
spectra again shift toward lower to the higher frequency as the filling fraction
increases. The 90% absorption is found for f = 0.5 due to highly metallic behavior and
also obtained an absorption band in 1.00-1.50 range as shown in Figure 6.7. The study
shows that the absorption of the structure containing HMMs has very informative

results for designing the absorption-based devices in microwave region.
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Figure 6.7: Absorption of multilayer structure at different value of filling fraction

against normalized frequency

Similarly, we have also studied the absorption of the structure by variation of the
electron collision frequency Y=0.10,,y=0.20,,7=0.30,,y=04w,,7=0.50,, with
f=0.1ande =80° having other parameters constant as in the above section. The

absorption spectra against normalized frequency shift towards the higher normalized

frequency for increase the value of electron collision frequency, but the 98%
absorption found at 0.13 normalized frequencies fory=0.1®,. The 80% absorption is
achieved for Y=0.50,due to high absorption of the plasma that shows the metallic

behavior of the HMMs. Further, the absorption spectra have found nearly zero
absorption at 1.0-1.5 normalized frequency and formed an absorption band with large

variation of band edges.
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Figure 6.8: Absorption of multilayer structure at a different value of collision

frequency against normalized frequency
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Figure 6.9: Absorption of multilayer structure at different value of the thickness of the

dielectric material against normalized frequency

After this band range, the absorption is slightly increased as the value of electron

collision frequency increases. The absolutely zero absorption band gaps are formed
for y=0.l0, having maximum absorption at 1.40 as shown in Figure 6.8. We
conclude that the absorption of the structure may be used to design the sensor as well

as detector at low frequency range, and tunable absorber at band edges at high

frequency range.
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Again we have focused on another parameter that is thickness of A material. As we
know that thickness of the dielectric (A) material of the periodic material affects the
band gap structure. The absorption of the ternary periodic structure against
normalized frequency is studied with variation of thickness of dielectric material
dg =2.8mm dg, =3.8mm d,, =4.8mm d,, =5.8mm d, =6.8mm with fixed®=80°,

Y=0.10, andf =0.1. The absorption spectra of ternary periodic structure against

normalized frequency shift from higher to lower normalized frequency as thickness
increases and acts as the blue shift. The 98% absorption is achieved at 0.13
normalized frequencies for lowest value of dielectric thickness, which is predicted
from Figure 6.9. The maximum absorption shifts from higher frequency to lower
frequency on increase the thickness of dielectric material which clearly shown in the

inset plot corresponding to the value of dielectric thicknessd,, =2.8mm d,, =3.8mm
dg =4.8mm dy, =5.8mm dg  =6.8mm . The absorption decreases continuously and
become 40% absorption ford,, =6.8mm . The absorption spectra for above 0.4

normalized frequencies increases and absorption becomes 0.75%. The absorption
spectra continuously decrease above 0.5 frequencies, and form a band gap in between
the frequency range of 0.85-1.55 as shown in Figure 6.9. Such absorption with
variation of the thickness of dielectric may be applicable for absorption-based devices

at microwave region.

In the last calculations, we have compared our calculated results of absorption of
ternary periodic structure with binary periodic structure containing HMMs for 6 =80°

Y=0.10,andf = 0.1, having other parameters are same as previous calculations,

which is shown in Figure 6.10. The binary structure is (BC)N where, B = Si0, ,

C=HMMand the ternary structure is (ABQN where A = Dielectric (air) B = SiO , and
C=HMM. We have analyzed that the absorption for both structures, and obtained the
same absorption at low frequency range and a band gap is obtained only for ternary
periodic structure at higher frequency range. So our calculated results reveal that the
absorption of ternary periodic structure is found better result than the absorption of

binary periodic structure for low to high frequency ranges.
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Figure 6.10: Comparison of absorption of multilayer structure for binary structure

(BC)N (red) and ternary structure (ABC)N (black)

6.4 Conclusion

In this Chapter, the optics of metals and hyperbolic materials were explained briefly
and derived theoretically. The optics of the metal was described using Drude and
Lorentz model for free electron motion and also tried to differenciate the optics of
metal in respect with plasma frequency and wave frequency. Using the dispersion
relation, the parallel and the perpendicular permittivity of hyperbolic meta-material
were analyzed theoretically with the variation of filling fraction and effective collision
frequency. The study shows that the real part of the parallel and the perpendicular
permittivity of hyperbolic meta-material have the metallic and dielectric behaviors at
certain frequency range. Using these concepts of the HHMs, the absorption of one-
dimensional ternary periodic structure containing dielectric, silicon dioxide and
hyperbolic material were studied with varying incident angle, filling fraction, electron
collision frequency as well as the thicknesses of dielectric (A) material. All absorption
properties were calculated by using the well-known simple transfer matrix method.
First, we calculated the absorption of the considered structure with varying the angles
of incidence (0). The calculated absorption was shown the maximum value ato =80°.
In this continuation, we were also studied the absorption of considered ternary
periodic structure with varying the other parameters like filling fraction, electron

collision frequencies and thicknesses of dielectric material while the incident angle is
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0=80". The study shows that the 100% tunable absorption was found due to the
filling fraction of the hyperbolic meta-material and the metallic nature of effective
permittivity of the hyperbolic material. The study of the absorption property of the
ternary periodic structure containing hyperbolic materials are very innovative results
to design the optical switch, logic gate, sensor as well as the absorber at microwave
region. In addition to this, the study of optical property of the ternary periodic
structure containing HMMs has investigated the highest absorption property for
application of the microwave devices. In our best knowledge our group has performed
such calculations first time, and carried out the interesting result of the absorption of
one-dimensional ternary periodic structure with a composite of dielectric, silicon

dioxide and hyperbolic material.
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Conclusion and Future Prospects

Photonic crystals (PCs) is a cumbersome periodic pattern of the dielectric constants
with thicknesses from micro to nanometer; where metals, dielectrics, semiconductors;
plasma, magnetized cold plasma, superconductor materials etc. are considered as the
constituents of photonic crystal. If the periodic arrangement is the scale of the
wavelength of light wave, that is, Electromagnetic Wave (EMW), then light or EMW
cannot pass through the periodic structure for some range of wavelengths called
Photonic Band Gap (PBG). The PBG materials have the huge applications in research
of the optical engineered materials because photonic band gap used to control the
flow of light or EMW. Therefore, PBG is an unique property of photonic crystals,
which is used to control the flow of light by adjusting the optical and the related
parameters, i.e. refractive index contrast, scalability, periodicity, symmetry and unit
cell of internal structure of the binary or ternary periodicity of the materials made of
materials like metals, dielectrics, semiconductors; plasma, magnetized cold plasma,

superconductor materials, etc.

However, the PBG of the photonic crystal occurs due to interference at the surface of
interface and the localization of light occurs due to existence of the resonance. The
position, width and shape of PBG strongly depend on the periodic structure,
symmetry, dielectric contrast, and unit cell of internal structure. These will be also
variable with variation of variable parameters of different materials. Originally
photonic band gap material shows the dispersion relation for the periodic structure.
The dispersion relation of the photonic crystals is equivalent to the Fresnel’s
reflection coefficients. Therefore, the optical properties of the periodic structured
materials or PBG materials belong to the optics of photonics where reflectance,
transmittance and absorption of the PBG materials are studied for their applications in

designing the optical devices.

One-Dimensional Photonic Crystals (1-D PCs) offer the very interesting applications
in the direction of photonics and optical engineering. The one-dimensional photonic
crystals are used to fabricate in many photonic device like optical filters, optical
switches, optical logic gates, optical storage devices, microwave absorber, sensor,

resonance cavities, detectors, high-reflecting devices, laser applications, omni-
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directional mirrors, optoelectronic circuits, etc. Due to advancement of the thin film
technology as well as the concept of quantum dot, the study of the 1-D PCs has

become more interesting among the researchers as well as industries.

The optics of periodic structures containing dielectric, plasma; superconductor and
semiconducting material etc. have been reviewed. The literature survey of one-
dimensional periodic structures has been found for many useful applications for
making optical devices. Therefore, we targeted the possible and the better materials:
dielectric, plasma, superconductor, semiconducting material, etc. in literature review;
and studied the optics of these materials thoroughly with the help of Maxwell’s
equations. These materials have unique properties of the optical density or refractive
index. Then, we have decided to consider these excellent materials for the study of
optical properties of periodic structures. In this study, the development of optics of
photonic crystal, especially one-dimensional periodic structure containing these

materials, has been analyzed for the applications in science community.

Keeping in mind the availability of easy fabrication techniques and reviewing several
applications of 1-D PCs, it has been investigated the optics of the metals, dielectric,
plasma, superconductor and semiconducting materials using Maxwell’s equations and
studied the optical properties of one-dimensional photonic crystals containing the
different materials by calculating the optics of materials/refractive index for metals,
dielectric, plasma, superconductor and semiconducting materials. It has been studied,
in details, the optics of the Magnetized Cold Plasma (MCP) with applying Maxwell’s
equation and found this material to be useful as a magic material for periodic
structure, because this material has many variable parameters, which affect the optics
of the magnetized cold plasma. In the present thesis, it has been studied the photonics
of one-dimensional periodic structure containing MCP and other materials. The
theory and methodology of 1-D periodic structure, namely One-Dimensional Photonic
Crystal (1-D PC), were used to analyze the optical properties and dispersion relations
of periodic structure with the help of the boundary conditions and Maxwell’s
equations, where the electromagnetic wave interaction with materials was analyzed
and the optical constant of the materials was obtained. The concept of the wave
propagation in each layer and applying boundary conditions, we have formulated the
characteristics matrix for each layer, which is known as Translational Matrix or

Transfer Matrix Method (TMM). This method is used to analyze the dispersion
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relation, transmission, reflection and absorption spectra of the periodic structure. For
calculation of the optical properties of periodic structure, we have chosen the

appropriate theoretical values analogous to the experimental observations.

Initially, we have started the theoretical study of band structure and transmittance
versus frequency (GHz) response of dielectric/Magnetized Cold Plasma (MCP) based
periodic structure with the variation of varying parameters of the magnetized cold
plasma for Right Hand Polarization (RHP) and Left Hand Polarization (LHP) using
the transverse TMM. The MCP has unique property that offers right handed and left
handed polarization in the presence of magnetic field. The dielectric and plasma are
very important materials to investigate for better optical properties of this periodic
structure. Plasma physicist Gallagher from NASA stated that 99.9% of the universe is
made of the plasma. So, plasma material is very exciting material. Very shortly, the
many researchers focused on the magnetized cold plasma. The plasma shows optical
behavior in presence of external magnetic field at low temperature; called magnetized
cold plasma. The right hand and left hand polarizations occur due to unique behaviors
of external magnetic field in positive and negative directions. This also showed the
forward and backward behaviors due to positive and negative directions. So, we have
studied the band structure and transmittance of chosen periodic structure versus
frequency with changing the value of incident angle, magnetic field and effective
collision frequency of the MCP, and found the innovative results. These calculated
results for the RHP and LHP structures, we have obtained an excellent thought for the
design of the broadband reflector and narrow tunable filter at lower and higher
frequency ranges. Thus, this analysis may be very useful to the design of tunable
photonic devices which control the wave features by changing the parameters of the
magnetized cold plasma. Lots of filters have already been developed by the
researchers in this field but tunable and narrowband filters are new type of filter for
photonic crystal containing MCP, which may be used either to pass or block the
certain frequency of light or electromagnetic spectrum due to periodicity of the

materials.

We have also theoretically analyzed the transmittance against frequency (GHz) of
ternary photonic crystal with variation of the incident angle, the magnetic field, the
electron density of the magnetized cold plasma, the temperature and the thickness of

the superconducting material for the right hand polarization/left hand polarization
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structure using the TMM. The transmittance of the left-hand polarization ternary
photonic crystal has been found to offer superior results comparable to the
transmittance of the right-hand polarization in ternary photonic crystal in the presence
of the superconducting layer which is influenced by the temperature and the magnetic
field. Superconducting materials are very exciting materials due to existence of zero
resistivity at certain temperature. We have investigated the optical properties of a
ternary periodic structure including dielectricc, MCP and high temperature
superconductor with variations of possible parameters, and found some possible
outcome. Owing to the large band gap of the left-hand polarized ternary photonic
crystal, it may be used as the broadband reflector or high pass filter applications at
lower frequency region. However, the tunable transmittance of the right-hand
polarized ternary photonic crystal has also been obtained by varying parameters of the

magnetized cold plasma. Such a ternary structure may be used as a tunable filter.

Besides this, we have also wished-for an pioneering thought to design the broadband
reflector or the high pass filter and the narrow tunable filter using the ternary photonic
crystal containing the magnetized cold plasma and the superconducting material in
presence of transverse magnetic field and operating temperature, because the
magnetic field and operating temperature are the fundamental properties of any
superconductor was studied in our work. In this work, high temperature
superconductors have been considered in periodic structure to study the optical
properties but till today any researcher have not found the same structure at room
temperature with superconductor. Many researchers have worked out on the
development of room temperature superconductor but till now no one has successfully

developed the room temperature superconducting photonic crystal.

In one-dimensional periodic structure, the arrangements of different materials are very
important to study the optical property of considered periodic structure. Here, we
study the behavior of symmetric and asymmetric periodic structures with defect of
one and two layer of different materials inserted in the middle of structure. Here, we
have analyzed the transmittance of symmetric and asymmetric one-dimensional
periodic structure containing zinc sulfide (ZnS) and titanium dioxide (TiO;) with one
or two defect layer of magnetized cold plasma using TMM. We have compared the
optical properties of symmetric and asymmetric structure, and analyzed the better

optical property for asymmetric structure for further studies. Now, considering the
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asymmetric structure, the transmittance of one-dimensional periodic structure
considering ZnS and TiO, with one or two defect layer of magnetized cold plasma
was analyzed with variation of incident angles, electron densities, magnetic fields of
the magnetized cold plasma material and thickness of ZnS and TiO,. The
transmittance of two MCP layer inserted in symmetric periodic structure with
variation of variable parameters and found better response as comparison to one
defect layer in same periodic structure. These calculated results recommended a novel
proposal to fabricate the tunable multichannel filter at microwave region.
Multichannel filter applications are very important for the development of pass and

block certain frequency of light in the small band of the electromagnetic spectrum.

Today, the concept of plasmonics in meta-materials is used to fabricate the metatronic
devices. The metatronic devices are based on the variable refractive index of the
material, which is fulfilled with the variable refractive index offered by the hyperbolic
materials. The hyperbolic material is the most popular topic for the researchers in the
direction of optical science and nanotechnology. We have focused our theoretical
study for the fabrication of devices having negative, zero and positive index material
at nanoscale; and the optical devices at nanoscale having positive, zero and negative
index material can be used as capacitor, inductor and resistance, respectively. In
general the metatronic device has the real part of permittivity greater than zero and
hence it acts as capacitor; when the real permittivity is less than zero acts as an
inductor; and also when the imaginary parts of permittivity is not equal to zero it acts
as resistance. These devices contained negligible loss and high gain and may purely
work as the LCR circuit at nanoscale. In our research work, we have investigated the
plasma based hyperbolic materials, which may be the most applicable in the
metatronic devices. The researchers are working on the development the metatronic
devices using the nanofabrication technique. For the nanofabrication technique, the
several composite anisotropic materials are being developed. In this direction, we
have also proposed a new composite anisotropic material which is the plasma based
hyperbolic meta-material and applicable for the metatronic devices. Hence, the
proposed composite anisotropic material may be developed with help of
nanofabrication technique. The optics of the plasma based composite material has
been studied using Maxwell-Garnet equations and such composite has the nature of

hyperbolic meta-material (HMM). The composite material has perpendicular and
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parallel permittivity for relative permittivity. The component of parallel and the
perpendicular permittivity of hyperbolic meta-material were theoretically calculated
with the variation of filling fraction and effective collision frequency. The calculated
study shows that the real part of the parallel and the perpendicular permittivity of
hyperbolic meta-material have the metallic and dielectric behaviors at certain
frequency range. To understand the optics of the plasma based HMMs, we have
considered the one dimensional ternary periodic structure containing dielectric, silicon
dioxide and hyperbolic material and called one dimensional ternary photonic crystal.
The optics of the plasma based HMMs can vary with filling fraction, electron
collision frequency and magnetic field. Hence, the absorptions of 1-D TPC were
studied with varying incident angle, filling fraction, electron collision frequency as
well as the thicknesses of dielectric material. All absorption spectra were analyzed
using transfer matrix method. Firstly, we have analyzed the absorption of the chosen
structure with varying the incident angles (0) and found the maximum absorption at
0 =80°. Further, we have also analyzed the absorption of chosen ternary periodic
structure with variation of filling fraction, electron collision frequencies and
thicknesses of dielectric material while fixing the incident angle is 8 =80°. The
calculated results show the 100% tunable absorption was found owing to the filling
fraction of the composite material and the metallic nature of effective permittivity of
the hyperbolic material. The calculated absorption spectra of ternary periodic
structure containing hyperbolic materials offers an innovative results to design the

optical switch, logic gate, sensor as well as the absorber at microwave region.

These studies of optics of photonics containing magnetic cold plasma have been done
with the help of simple theoretically method in one-dimensional space, i.e., TMM.
Such studies for magnetic cold plasma might be continued with the methods like
Finite Difference Time Domain (FDTD) method, Finite Element Method (FEM) and
Plane Wave Expansion Method (PWEM) for higher dimensions. The several one-
dimensional photonic crystals have been developed by thin film technology. But for
higher dimensions, there are physical and chemical techniques for fabrications of
devices experimentally. Generally, researchers are developing the multilayer structure
with the help of physical methods like Laser interference lithography, physical vapor
deposition technique, DC and RF sputtering methods, etc. The multilayer structures

are also developed with the help of chemical techniques like Sol-Gel method, Spin-
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Coating method, Chemical vaporization technique, Self-assembly method, Spray

Pyrolysis, Green synthesis method, etc.

The photonic crystals, especially one-dimensional photonic crystals, are used in many
useful applications. By varying the refractive index or optics of the material, the
optical devices can be developed for the useful applications. Therefore, researchers
have been studying the optics of photonics with varying the refractive index using
metal, plasma and superconducting materials. Hence, we have been considered one-
dimensional photonic crystals containing magnetic cold plasma and other materials
like meta-material, superconductor, etc. The magnetic cold plasma is a magic
material, because it has several parameters that affect the optics of the magnetic cold
plasma (MCP). Recently, the multilayer structure containing Ag/ZnS/Ag materials
has been fabricated for filter application with the help of physical vapor deposition
technique. Our investigated results are useful to fabricate the optical devices like
filters, multichannel filters etc. These studies open the application of MCP in different
filter fabrications. The concept of plasmonics of metals in nano scale has the
abnormal behavior of the optics of the materials like metal or plasma; and the
photonic crystals of meta/MCP will open new dimension in direction of the
nanofabrication for development of the optical devices. We have also investigated the
optics of plasma based hyperbolic meta-material, where the optics of the hyperbolic
materials is changed by varying the parameters of plasma as well as filling fraction.
The permittivities or optics of the hyperbolic materials are found with zero, positive
and negative value, when the parameters of the plasma materials are being changed.
Such hyperbolic material is used in periodic structure to study the optical properties.
The optics of photonics containing plasma based hyperbolic materials has shown the
highest absorption behavior, which is useful in metatronic devices. This study open a
new way to solve the dispersion relation as well as the optical property for other
hyperbolic materials using Maxwell’s equations, and the investigated dispersion
relation of the new materials will be used to develop a new type of hyperbolic

materials for the metatronic device.
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Abstract. The tunable broadband reflector and the narrowband filter of a periodic structure composed of
dielectric and magnetized cold plasma materials have been studied. The optical properties are calculated
theoretically using the well-known simple transfer matrix method (TMM). Dispersion relation and trans-
mission spectra of the considered structure with right-hand polarization and left-hand polarization of the
magnetized cold plasma materials are studied. The right-hand polarization and the left-hand polarization
of the magnetized cold plasma are exhibited due to positive and negative values of the external magnetic
field, respectively. The dispersion relation and transmission spectra of the considered periodic structure
with the most valuable parameters, like external magnetic field, electron density, and effective collision
frequency of the magnetized cold plasma, have been analyzed. The tunable narrow filter for right-hand
polarization is obtained with a high value of the external magnetic field and a low value of the electron
density. The broadband filter for the left-hand polarization is investigated with a low value of the external
magnetic field and a high value of the electron density of the magnetized cold plasma. It is also noted that
the impact of variation of effective collision frequency of the magnetized cold plasma is minute in both
cases. These calculated results reveal an innovative idea for designing the tunable broadband reflector and
narrowband filter.

1 Introduction

The spontaneous emission of an atom located in a periodic structure has a number of unique properties. When the
atom is excited, the process can proceed in two ways: i.e., either as emission of photons in the allowed band with low
probability or as transition of the excited state with high probability, which is a relatively long-lived state [1]. For
the system, identical dielectrics are composed of three-dimensional lattices and the secular equation of the energy of
photons and diffraction of ultraviolet and visible light forms. This theory simulates void lattices in irradiated metals
or ordered lattices with large lattice constants and hence the low frequency of the diffracted electromagnetic wave
rises to the Bragg reflections having order of magnitude stronger in X-ray diffraction. Some characteristic aspects
anticipated in low-energy photons, is discussed in relation to low-energy electron diffraction [2]. Photonic crystals
(PCs) are homogeneous and inhomogeneous artificial, dielectric, periodic structures, in which the refractive index of
the material changes periodically in space. In 1987, the photonic band gap was experimentally observed for the first
time by Yablonovitch [3] and theoretically proposed by John [4]. Presently, photonic crystals attract interest due to
various applications of the photonic bands of the materials. The photonic band gap has great applications in the search
of engineered materials because it can be used to manipulate and control the flow of light. The photonic band gap is
produced when an electromagnetic wave propagates through a periodic structure made of dielectric materials called
photonic crystal. The propagation of electromagnetic waves inside the photonic crystal depends on the refractive index
contrast, the refractive index of the material, the lattice parameter, the filling factor, the dimensionality of the material,
etc. [4,5]. The simplest photonic crystal has a one-dimensional periodic multilayer structure, i.e., a one-dimensional
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Fig. 1. Schematic diagram of dielectric (air) and magnetized cold plasma (MCP) symmetric photonic crystal.

photonic crystal, which is popular in the photonic field and it can be easily fabricated using thin film technology. In
modern optics, one-dimensional photonic crystals have interesting applications in the fields of photonic and optical
engineering, photonic devices, optical filters, resonance cavities, laser applications, high-reflecting omnidirectional
mirrors, and optoelectronic circuits [5-14]. A plasma photonic crystal (PPC) is a periodic arrangement of thin plasma
and dielectric material like vacuum. The plasma photonic band gap is also obtained owing to the periodicity of thin
plasma and dielectric materials. The plasma photonic band gap can be tuned by changing various parameters of the
plasma material, like plasma density, effective collision frequency, thickness of the plasma layer, and external magnetic
field [15-17].

Recently, magnetized cold plasma has attracted the interest of many researchers towards the periodicity of mag-
netized cold plasma and dielectric materials. Magnetized cold plasma has one extra parameter, due to presence of
the external magnetic field, which is called gyro-effective frequency. This gyro-effective frequency depends upon the
external magnetic field of the magnetized cold plasma. The right-hand polarization and the left-hand polarization
of magnetized cold plasma have the positive and negative values of the gyro-effective frequency, respectively. Thus,
the behavior of the refractive index of the magnetized cold plasma shows unusual characteristics due to the varia-
tion in external magnetic field, electron density, and effective collision frequency. Due to the unusual property of the
magnetized cold plasma with varying the parameters, the metals or dielectrics may be replaced by the magnetized
cold plasma in fabrication of photonic crystal for a better control on the optical properties of the considered peri-
odic structure containing magnetized cold plasma [18-20]. Kumar et al. [21] proposed band gap structure, reflection
properties and abnormal behavior of one-dimensional dielectric/magnetized cold plasma photonic crystal. Kong et
al. [22] suggested the idea of a narrow tunable filter with defect mode of the transverse electric (TE) wave from
one-dimensional photonic crystals doped with magnetized cold plasma. Aly and Mohamed [23] recommended the
transmission spectra of a one-dimensional photonic crystal of the superconductor and dielectric materials for appli-
cations in reflector and band pass filters. The transmittance properties of a one-dimensional photonic crystal with
magnetized cold plasma and high-temperature superconductor materials in a periodic multilayer structure was pro-
posed by Aghajamali [24], for applications in high pass filters and reflectors. Aly et al. [25] investigated the tunability
of two-dimensional metallic photonic crystals by an external magnetic field. The band structure and permittivity
of metals are also affected by an external magnetic field, and it is used for many optical devices. Recently, Aly
et al. [26] theoretically investigated the transmission properties of a one-dimensional photonic crystal at the tera-
hertz (THz) frequency range with applications in the cutoff frequency of the material in the THz region. Aly and
Elsayed [27] theoretically studied the effect of the magnetic field on permittivity and transmittance of a defective one-
dimensional photonic crystal structure in UV radiations. Aly et al. [28] investigated the effect of the magnetic field
on the transmittance of two-dimensional n-doped semiconductor photonic crystals by using the plane wave expansion
method. Aly [29] investigated the optical properties of the superconductor-dielectric photonic band gap in ultraviolet
radiations. Aly et al. [30] investigated the bandwidth of a dielectric and superconductor photonic crystal structure.
Aly and Sayed [31] designed a photonic crystal structure to improve light absorption by increasing the optical path
length of the incident light inside the absorbing material, which enhances the efficiency of the thin film silicon so-
lar cell. Aly et al. [32] investigated the optical properties of a new type of superconductor metamaterial photonic
crystals.

In this paper, we study the band structures and the transmission spectra of the one-dimensional periodic structure
composed of dielectric (air) and magnetized cold plasma layers with lattice period ten, i.e., N = 10. The dielec-
tric and magnetized cold plasma photonic crystals are the right-hand polarization structure, with positive external
magnetic field, and the left-hand polarization structure, with negative external magnetic field. The band structure
and transmittance response against frequency (GHz) of the right-hand polarization and left-hand polarization struc-
tures, with varying the magnetic field, the electron density and the collision frequency of magnetized cold plasma
are studied by using the translational matrix method. The tunable band structure of the right-hand polarization
and left-hand polarization structures may be used as optical filter and resonance cavity in photonic device applica-
tions.
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2 Theoretical model

The band gap structure and the transmittance of the considered periodic structure are theoretically calculated by
using the well-known simple transfer matrix method (TMM) [33]. A one-dimensional periodic crystal is composed of
dielectric (air) and magnetized cold plasma (MCP). The dielectric and magnetized cold plasma photonic crystal is
in the form of (AB)", where A and B represent the dielectric and magnetized cold plasma layers, respectively, and
N is the number of lattice periods, as shown in fig. 1. The complex permittvity and permeability of magnetized cold
plasma for the magnetized cold plasma layer (B) can be expressed as [18]

w?

= sy ) “’

with up = 1, where w, v and wj. are the angular, effective and gyro-effective collision frequencies.
Here, wp, is the plasma frequency and is given as

nee?\'?
Wpe = (Treleo ) , and w, =eB/m, (2)

where n., m, €9, B are the electron density, mass of electron, permittivity in free space, and the external magnetic
field, respectively, and e is the electronic charge [11].
The characteristic matrix for the i-th layer is given as

g,
M, — [ €os; - sm’yl} ’ 3)
—ip;siny;  cosv;

where v; = (w/c)n;d; cos ©;, ¢ is the speed of light in vacuum, Oy is the ray angle inside the i-th layer (¢ = A and B
material), the refractive index of the material n; = \/u;e;, pi = , /Z—’ cosf; and cos(6;) = /1 — ng%i;eo, in which ng

is the refractive index of the air, where the incident wave tends to enter the considered the structure with angle &j.
The characteristic matrix for the considered periodic structure (AB)Y, with lattice thickness “d”, is given by

M) = (i) ()

mo 1 M2 2

where M (d) = (MaMp)N, M4 and Mp are the characteristics matrix for the layers A and B, respectively. We have
considered the M4 and Mp characteristic matrices for the TE wave at incident angle 6 [13].
The transmission coefficient of the multilayer system is calculated by

- 2po
t= ; (5)
(ma1 + maaps)po + (Ma1 + maaps)

where py = ng cos ©g and ps; = ng cos Oy, ng is the refractive index of the substrate, whose ray angle is ;.
The transmittance of the multilayer is given by [33]

T = <§;) 1t]2. (6)

3 Results and discussion

In this work, we have theoretically calculated the band gap structure and the transmittance for a dielectric and
magnetized cold plasma periodic structure. The band gap structure and the transmittance of the considered periodic
structure against frequency (GHz) are plotted with varying the plasma parameters, like external magnetic field (B),
electron density (n.) and effective collision frequency (7), with lattice period, i.e. N = 10, and normal incidence angle,
i.e. ©g = 0°. Each parameter of the magnetized cold plasma plays an important role, but the external magnetic field
plays a more important role in magnetized cold plasma, due to the positive and negative values of the external magnetic
field, when it acts as right-hand and left-hand polarization, respectively. In addition to this, we have calculated all the
transmittances corresponding to the band gaps for the dielectrics having refractive index ny = 1 (air) and thickness
da = 12mm; the refractive index of the magnetized cold plasma is taken from eq. (1), and the thickness of the
magnetized cold plasma layer is chosen to be 15 mm [15]. The periodic structures of the air/left-hand polarization and
air /right-hand polarization are called left-hand polarization and right-hand polarization structures, respectively.
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Fig. 2. (a) Dispersion relation and (b) transmittance versus frequency plots with varying the magnetic field of magnetized cold
plasma for right-hand polarization.

In fig. 2, we have studied the transmittance corresponding to the band gap structure against frequency (GHz) for
right-hand polarization with varying the magnetic field of the magnetized cold plasma as B = 0.4 tesla, 0.5 tesla and
0.6 tesla, fixing the electron density of the magnetized cold plasma to n, = 8 x 10'7/m?, and the effective collision
frequency v = 107 Hz. The band gap structure of the considered periodic structure versus frequency (GHz) response
shows band gaps at the lower and higher frequency ranges for the different values chosen for the magnetic field. From
the band gap structure of the considered photonic crystal versus frequency (GHz) curves, with varying the magnetic
field, we found two band gaps for the different values of magnetic field. Here, the band edge at the low frequency range
does not shift much with the variation in the magnetic field strength, while the band edge at the high frequency is
more affected by the magnetic field.

Transmittance corresponding to the band gap of the considered periodic structure also varies simultaneously with
shifting the frequency region of the band gap that appears due to the band edge effect. The transmittance versus
frequency (GHz) response varies at lower as well as higher frequency ranges and the photonic crystal acts as a narrow
band tunable filter corresponding to the different values of the magnetic field, i.e. B = 0.4 tesla, B = 0.5 tesla,
B = 0.6 tesla, as is shown in fig. 2(b).

The band gap structure and transmittance of the left-hand polarization structure versus frequency (GHz) curves
are drawn for different values of the magnetic field, viz. B = 0.4 tesla, 0.5 tesla and 0.6 tesla for a fixed plasma density
ne = 8 x 1017 /m? and the effective collision frequency v = 107 Hz, which is shown in fig. 3. The band gaps of the con-
sidered periodic structure change at lower and higher frequency ranges. At the low frequency range (0-2.5 GHz), there
exists a band gap that is shifted by the change in the values of the magnetic field and also the structure forms a band
gap at the higher frequency range (6-7.2 GHz), which shifts with different values of the external magnetic field. The
transmittance of the considered periodic structure corresponding to the value of the band gap is calculated and we found
that the structure acts as a broadband reflector and a narrow tunable filter at lower (0-2.5 GHz) and higher frequency
(6-7.2 GHz) ranges, respectively. From transmittance of the considered periodic structure, we found the left-hand polar-
ization structure as a better broadband reflector or a high pass filter at low frequency at low values of the magnetic field,
i.e. B = 0.4 tesla. The photonic crystal of the left-hand polarization structure acts as a narrow tunable filter for all val-
ues of the magnetic field, i.e. B = 0.4 tesla, 0.5 tesla and 0.6 tesla at higher frequency ranges, which is shown in fig. 3(b).

Similarly, we study the band gap structure and transmittance for the right-hand polarization structure versus
frequency curves for different values of plasma density, viz. n. = 8 x 1017 /m3, 12 x 107 /m3, 16 x 1017 /m? at a fixed
value of the magnetic field B = 0.6 tesla and effective collision frequency v = 107 Hz, as is shown in fig. 4(a). We
found that the band gap is shifted towards the lower and higher frequency ranges corresponding to these three values
of plasma density for a fixed value of the magnetic field and effective collision frequency. We have calculated the
transmittance of the right-hand polarization structure corresponding to the band gap structure for different chosen
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Fig. 3. (a) Dispersion relation and (b) transmittance versus frequency plots with varying magnetic field of the magnetized cold
plasma for left-hand polarization.
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Fig. 4. (a) Dispersion relation and (b) transmittance versus frequency plots with varying plasma density of the magnetized
cold plasma for right-hand polarization.

values of plasma density, i.e., n, = 8 x 1017/m?, 12 x 1017 /m?, 16 x 10*7/m? at the fixed magnetic field B = 0.6 tesla
and effective collision frequency v = 107 Hz. The transmittance of the right-hand polarization structure also varies for
different values of the plasma density and it forms a narrow tunable multichannel filter, which is shown in fig. 4(b).
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Fig. 5. (a) Dispersion relation and (b) transmittance versus frequency plots with varying plasma density of the magnetized
cold plasma for left-hand polarization.

Further, the band gap structure and transmittance of the left-hand polarization structure versus frequency curves are
studied with different values of plasma density n, = 8 x 1017/m?, 12 x 1017/m?, 16 x 10'7/m?® at a fixed magnetic
field as B = —0.6 tesla and effective collision frequency v = 107 Hz, as is shown in fig. 5. It is noticed that the band
gap of the considered periodic structure is shifted for lower and higher frequency ranges as we increase the value of
plasma density. The transmittance of the left-hand polarization structure exhibits unique results at the lower and
higher frequency ranges. Transmittance of the considered periodic structure is zero at the lower frequency range for
the different values of plasma density and it acts as a high band reflector or high pass filter, while it forms a tunable
narrow band filter for a higher frequency range.

Now, we focus on the band gap structure and transmittance versus frequency (GHz) curves with varying effective
collision frequency, 71 = 1 x 105Hz, 7o = 5 x 10Hz, 73 = 1 x 107 Hz at a fixed magnetic field B = 0.6 tesla
and electron density of magnetized cold plasma, viz. n. = 8 x 107 in both right-hand polarization and left-hand
polarization structures, as depicted in figs. 6 and 7. For the right-hand polarization, it is observed that the band
structure and transmittance do not vary for the different values of the effective collision frequency with fixed magnetic
field and electron density of magnetized cold plasma. The shifting in frequencies of band gaps and transmittances of
the considered periodic structures are very small and the band gap and transmission spectra exist in the frequency
region (3.8-4.9 GHz), which is shown in fig. 6(a).

Similarly, we analyze the band gap structure and transmittance versus frequency (GHz) curves with varying the
effective collision frequency for the left-hand polarization. Band gap and transmittance of the considered periodic
structure with different effective collision frequencies (y; = 1 x 105, 75 = 5 x 10%, 43 = 1 x 107) for fixed magnetic
field B = —0.6 tesla and electron density (n. = 8 x 10'7) of magnetized cold plasma show very minor effects on band
gap or transmittance at lower (0-1.9 GHz) and higher (5.9-6.9 GHz) frequency ranges for the left-hand polarization
structure, as is shown in figs. 7(a) and (b).

4 Conclusions

We have theoretically studied the band gap structure and transmittance versus frequency response with varying the
magnetic field, the plasma density and the effective collision frequency of the magnetized cold plasma for right-hand
polarization and left-hand polarization structures. From the above results, we found that the band gap structure of the
right-hand polarization and left-hand polarization structures have unique results, where the broadband and tunable
filter may be obtained by varying the magnetized cold plasma parameters. We propose a tunable narrow band filter
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Fig. 6. (a) Dispersion relation and (b) transmittance versus frequency plots with varying effective collision frequency of the
magnetized cold plasma for right-hand polarization.

Fig. 7. (a) Dispersion relation and (b) transmittance versus frequency plots with varying effective collision frequency of the
magnetized cold plasma for left-hand polarization.

and multichannel filter for the right-hand polarization structure for an increased value of the magnetic field, of the
magnetized cold plasma, and broadband reflector or high pass filter for the left-hand polarization structure at low value
of the magnetic field of the magnetized cold plasma. Besides this, we theoretically propose a design of tunable narrow
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band filter for the right-hand polarization structure with different values of electron density of magnetized cold plasma
and broadband reflector and high pass filter for the left-hand polarization structure, whose width increases with an
increase in the value of electron density of magnetized cold plasma. We have also calculated the band gap structure
and transmittance by varying the effective collision frequency for right-hand polarization and left-hand polarization
structures where we found that there is no effect of such variation on the band structure. On the basis of our calculated
results of the right-hand polarization and left-hand polarization structures, we investigate a new idea for formation
of the broadband reflector and narrow tunable filter at lower and higher frequency ranges. Thus, this analysis can be
useful in design of tunable photonic devices that can be controlled by changing the parameters of the magnetized cold
plasma.

One of the authors, AK, Research Scholar, Department of Physics, Babasaheb Bhimrao Ambedkar University Lucknow, Uttar
Pradesh, India, acknowledges UGC, New Delhi for non-NET UGC fellowship.
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Abstract: This work reports the optical properties of a one-dimensional (1D) ternary periodic structure composed of a
dielectric, magnetized cold plasma (MCP) and superconducting material by using well-known simple transfer matrix
method. The MCP has considered right-hand and left-hand polarizations having positive (4 B) and negative (— B)
transverse magnetic field, respectively. The transmittance of the ternary photonic crystals is analyzed by varying the angle
of incidence, the magnetic field, the electron density of the magnetized cold plasma, the temperature of the superconductor,
the thickness of magnetized cold plasma and superconducting material for the right-hand and left-hand polarization
structures. The transmittance of the ternary photonic crystal containing dielectric, magnetized cold plasma and super-
conducting material has tunable broadband and narrowband filters for the left-hand and right-hand polarizations,
respectively. The magnetized cold plasma layer in the ternary photonic crystal also played an important role to form the
tunable gap due to the transverse magnetic field. The analysis of the transmittance of the ternary photonic crystal
containing dielectric, magnetized cold plasma and superconducting materials has shown an innovative idea for the for-
mation of the tunable broadband and the narrowband filters.

Keywords: 1D ternary photonic crystal; Magnetized cold plasma; Superconducting material; Tunable broadband and

narrowband filters

PACS Nos.: 42.70.Qs-Photonic bandgap materials; 68.65.Ac-Multilayers

1. Introduction

Photonic crystals are artificial dielectric or metallic
nanostructures composed of two or more medium in which
the dielectric constant varies periodically in space. In 1987,
the novel idea of the periodic structure of the dielectric
materials was theoretically proposed by Yablonovitch and
experimentally observed by John [1, 2]. This type of
periodic structure affects the propagation of the electro-
magnetic wave and is known as photonic crystal (PC). So
photonic crystals have a unique feature in which electro-
magnetic wave does not propagate inside the photonic
crystal due to the periodicity of the medium and is called
the photonic band gap (PBG). The formation of the PBG

*Corresponding author, E-mail: khem.bhu@gmail.com

due to the periodic media is similar to the electronic band
gaps in the solid due to the periodic potentials. Therefore,
the periodic structures are used to control the electromag-
netic wave propagation owing to the periodicity of the
dielectric materials. A few years ago, the researchers
focused on superconducting photonic crystal due to its
unique behaviors like tenability and negligible loss. The
dielectric permittivity of a superconducting material can be
tuned with the temperature and the thickness. So, the
superconducting photonic crystals have great advantages
over metallic and dielectric photonic crystals due to the
existence of the tenability parameters [3—24].

The THz transmittance in one-dimensional supercon-
ducting nanomaterial dielectric superlattice in many optical
applications has been investigated by Aly et al. [25]. Wu
et al. studied the band gap extension in one-dimensional
ternary metal-dielectric photonic crystal [26]. Jhang
investigated the omnidirectional photonic band gap in one-

© 2018 TACS
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dimensional ternary superconductor dielectric photonic
crystal based on a new Thue-Morse aperiodic structure. He
demonstrated that the electromagnetic wave does not
propagate through the periodic crystal structure below a
frequency that is termed as the cutoff frequency [27]. Aly
et al. investigated the properties of cutoff frequency in two-
dimensional superconducting photonic crystals. They gave
a detailed analysis of cutoff frequency where it is needed in
the required frequency region for the proper implementa-
tion of numerical calculations in many optical applications
[28]. Aly and Mohamed reported an analysis of cutoff
frequency in a 1D binary superconductor and dielectric
photonic crystal. They mentioned that it could be tuned
effectively by various parameters of dielectric and super-
conductor parameters, and their theoretical results could be
forwarded to put into applications such as high pass filter
and reflector [29]. In addition to this, the theoretical
investigations of cutoff frequency in 1D binary supercon-
ductor meta-material [30] and superconductor-magnetized
cold plasma [31] PCs have been explored in the microwave
region. The optical property of 1D all superconducting
photonic crystal-comprising pairs of high—high, high-low
and low-low refractive indices of the superconductor
materials in the visible region has been investigated by
Zamani [32]. He has shown in his study that the trans-
mission and reflection spectra of different types of all
superconducting photonic crystals are dependent on the
temperature and the incident angle. Sreejith has discussed
the cutoff frequency in the one-dimensional ternary
superconducting photonic crystal [33]. Recently, Aly and
Sayed investigated an efficient way to improve the optical
property of the pin silicon solar cell by studying the
absorption with an anti-reflecting layer [37]. For applica-
tions of optical devices, the optical properties of one-di-
mensional superconductor meta-material photonic crystals
by adding two different layers of the semiconductor were
investigated by Aly et al. [38]. Recently, Aly et al. also
investigated the novel type of smart window using one-
dimensional superconductor using nano-metallic photonic
crystal [39].

This work reports theoretically that the optical proper-
ties of considered ternary periodic structure depend on the
parameters of magnetized cold plasma and the supercon-
ducting material. Basically, the magnetized cold plasmas
form two types of polarizations: (i) right-hand polarization
having the positive value of the magnetic field and (ii) left-
hand polarization having the negative value of magnetic
field. Such right-hand polarization and the left-hand
polarization ternary periodic structures are also called the
right-hand polarization and left-hand polarization struc-
tures. In our calculations, the transmittances of the ternary
photonic crystal are studied in detail by varying the inci-
dent angle, the magnetic field, the electron density, the

temperature and the thicknesses of the magnetized cold
plasma and superconducting material. The transmittance
properties of considered ternary periodic structure are
examined by varying the parameters of the material and by
analyzing the transmittance of the ternary periodic struc-
ture for a filter application.

2. Theoretical work and methodology

The transmittance of ternary photonic crystal containing
dielectric, magnetized cold plasma and high-temperature
superconductor (YBa,Cu,0-) material is calculated using a
simple transfer matrix method [34]. One-dimensional
ternary photonic crystal is taken as (ABC)", where N is a
number of the periodicity of the ternary materials; A, B and
C are represented dielectric, magnetized cold plasma and
superconducting material, respectively. The complex per-
mittivity of the magnetized cold plasma, i.e., layer B, is
given as [35],

2
a)pe

1- :
o ((1-3) F%)

with the permeability iz = 1 for non-magnetic material,
where w, v and ). are the angular, effective and gyro-
effective collision frequencies, respectively.

Here, w,. is the plasma frequency, which is given as
[35],

(1)

ep(w) =

n, e 1/2
Wpe = (mso) , and @, = eB/m; (2)
where n., m, & are the electron density, the electronic
mass, the permittivity in free-space, respectively, and e is
the electronic charge [35].

The frequency gap of the dielectric permittivity of the
superconducting is close to the metallic material [32, 33].
The dielectric property of the superconductor is dependent
on frequency, which can be described by the two fluid
models. According to this theory, the relative permittivity
of lossless superconducting material, i.e., layer C can be
expressed as the following relation [36],

~(-(4)

where wy, is called the threshold frequency and is given by,

1
Wth = < Az) (4)
SOMO/LL

Here Ay is the London penetration depth. The temperature
dependence of A; can be described by,
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2(T) = (;1 f(T)> (5)

where Ay is the London penetration depth at 7 =0 K.
According to Gorter—Casimir model, f(7T) is suggested in
the following form,

- (3) (©)

where T is the transition temperature and 7 is the operating
temperature, and p =2 for high-temperature supercon-
ductor and p = 4 for low-temperature superconductor [36].

Now, the optical property of the considered structure is
calculated by considering the characteristic matrix for
considered ternary photonic crystal, i.e., (ABC)", and the
characteristic matrix for ternary layers can be expressed by
[34],

myp mipp
mia) = (et 2 @)
where M(d) = (M MgMc)Y; N is the periodicity of the
photonic crystal, M, Mz and M are the characteristics
matrices of layer A, B and C, respectively.

The characteristics matrix of each layer can be obtained
by considering the electric field on each surface. For
ternary periodic structure, we have considered three layers
with boundary conditions in the x-direction. The electric
field in each interface is given by;

E e® T 4 El e7if1- 1 el _d, <x<0;
N —
> . — — . 2 .
<E2 ezkz. r + Ez e*lkz. r )ezwt’ O<x<d3;

— —
— 3 = — ) .
(E3 elk3. r + E3 e—zk34 r )ezwt’ dB <x<dB+C§

sl
Il

where k;, k, and k3 are the propagation vectors corre-
sponding to the dielectric, the magnetized cold plasma and
the superconducting material with the above boundary
conditions. E; and E; are the incident and the reflected
waves where i = A, B and C layers. By using Maxwell’s
equations, we obtain the corresponding magnetic field. The
electric and the magnetic fields may be used to the for-
mulation of the characteristics matrix of each layer.

The characteristic matrix M; for each layer where i = A,
B and C is calculated for the TE wave at the angle of
incidence 0, [30].

oS Y,

M; = .
—Ip; SIny;

— iginy,
7;8in /l} : (8)
cos Y,

where vy; = (wW/c) mid; cosf;, ¢ is the speed of light in
vacuum, 0; is the ray angle inside ith layer with a
refractive index as, n; = . /i;&,pi = \/;Z"icos(),-, and

/ 2 5in2 6 . . . .
cosl; = /1 =2 q:; ? in which ny is the refractive index of
air, wheré the incidence wave tends to enter the structure.
The transmission coefficient of the ternary photonic crystal
is calculated by,
2py

t= 9
(myy 4+ myy Py)po + (mog +mop Py) ®)

where pg = ngcosfy and p, = n,cosf;, where ng is the
refractive index of the substrate, 6 is the ray angle. The
transmission spectra of the ternary photonic crystal are
given by,

T = (ﬁ—é)ﬁ (10)

3. Results and discussion

In this work, we have theoretically studied the optical
properties of one-dimensional ternary photonic crystal
composed of alternating dielectric, magnetized cold plasma
and superconducting material by using simple transfer
matrix method for right-hand polarization and left-hand
polarization [30]. As we know, the magnetized cold plasma
demonstrates the right-hand polarization and the left-hand
polarization by changing the direction of the magnetic field
only, i.e., positive/negative values of the magnetic field.
The applied transverse magnetic field also changes the
permittivity of the superconducting material and magne-
tized cold plasma. Due to simple fabrication of the one-
dimensional photonic crystal, the transmittance of the
right-hand polarization and the left-hand polarization one-
dimensional ternary photonic crystal against frequency
(GHz) is plotted by varying most valuable parameters: the
angle of incidence, the magnetic field, the electron density
of magnetized cold plasma, the temperature of supercon-
ductor, and the thicknesses of magnetized cold plasma and
superconducting materials. The transmittance study gives
an informative idea for optical applications in filters.

As shown in Fig. 1, the ternary photonic crystal is
(ABC)" where A, B and C represent the air, the magnetized

e ——————
lﬁABC al Blc

No

Fig. 1 Schematic diagram of a ternary periodic structure with
dielectric (A), magnetized cold plasma (B) and superconductor (C)
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cold plasma and superconducting material (YBa,Cu,07)
with critical temperature 7, = 92 K and the operating
temperature T = 4.2 K, respectively. The thickness of the
A, B and C are 18 mm, 18 mm and 80 nm, respectively.
The refractive indices of layers A, B and C are ny = 1,
ng = \Jegpp and nc = \Jecpic, respectively [31, 35, 36].
The periodicity of the lattice (N) is taken as three periods,
ie., N=3.

We calculate the transmittance of the one-dimensional
ternary photonic crystal by varying most valuable param-
eters: the angle of incidence, the magnetic field, the elec-
tron density of the plasma, the temperature and the
thickness of the magnetized cold plasma and supercon-
ducting material. Firstly, we calculate the transmittance of
the considered structure by varying the angle of incidence
for the right-hand polarization and left-hand polarization
structures. The transmittance of the considered ternary
photonic crystal against frequency (GHz) with thickness
dx = 18 mm, refractive index ny = 1 (air), external mag-
netic field B = 0.4T, plasma density n, = 12 X 1017/m3,
effective collision frequency of magnetized cold plasma
v = 1x10” GHz, transition temperature of high-tempera-
ture superconductor (YBa,Cu,0,) T, = 92 K and operating
temperature 7 = 4.2 K by varying incident angles 6 = 0°,
0 = 30° and 0 = 40° are studied. The transmittance of the
ternary photonic crystal with right-hand polarization

20,08 o

005115225335445555665775885909510
Frequency-[GHZ]

1

o
0051152253354455556657758859095
Frequency-[GHZz]

0

Fig. 2 The transmittance versus frequency by varying angle of
incidence for (a) right-hand polarization structure and (b) left-hand
polarization structure

material against frequency (GHz) by varying incident
angles, 0 = 0°, 30° and 40°, is shown in Fig. 2. The zero
transmittance at the lower frequency range, 0-1.0 GHz, is
due to superconducting behavior inside the structure, and
the transmittance at the higher frequency range,
2.3-10.0 GHz, is due to the effect of dielectric behavior of
air and magnetized cold plasma material. The transmit-
tance found a negligible shifting for all the angles of
incidence at the lower frequency range, i.e., 0 = 0°, 30°
and 40°. This shows that the incidence angles is indepen-
dent of the angles at the low frequency because the
refractive index of the superconductor does not vary with
the angle of incidence. This region acts as a low cutoff
frequency for the ternary photonic crystal and has low-pass
filter characteristics and may use the low band reflector at
the microwave frequency. On the other hand, the trans-
mittance at the higher frequency range for the incident
angles 0 = 0°, 30° and 40° has shifted toward the higher
frequency. Such band acts as a tunable narrowband filter
and also uses a multichannel filter by varying the incident
angle. As the angle of incidence increases, the band gap
also increases at the higher frequency range due to the
dielectric behavior of the material as shown in Fig. 2a.

Similarly, the transmittance of the considered ternary
photonic crystal against frequency (GHz) with different
values of angle of incidences 0 = 0°, 30°, 40° for left-hand
polarization is studied. In this case, the cutoff frequency for
the normal incidence, i.e., 0 = 0° is obtained at 3.2 GHz
due to the superconducting layer. The edge of the cutoff
frequency shifts toward the higher frequency when the
value of incident angles increases due to the effective
property of the dielectric material. In the transmittance, the
characteristics graph shows that the cutoff frequency
becomes 4.5 GHz when the angle of incidence maximum,
i.e., 0 = 40°. The transmittance of the considered structure
at higher frequency range has a huge shift, i.e.,
4.5-10 GHz, and obtains a large band gap as shown in
Fig. 2b. The left-hand polarization ternary photonic crystal
having the large band gap at the low frequency may be
used as a broadband reflector or high-pass filter application.

We have compared the transmittance of the right-hand
polarization and the left-hand polarization ternary photonic
crystals. The left-hand polarization ternary photonic crystal
has the better results compared to the right-hand polariza-
tion ternary photonic crystal. The cutoff frequency of the
left-hand polarization ternary photonic crystal is high in
comparison with the right-hand polarization ternary pho-
tonic crystal. These studies carried out an informative idea
to design a tunable filter which can be tuned by changing
the angle of incidence.

As we know, the magnetized cold plasma layer is
magnetic field dependent and the superconducting layer,
(YBayCu,05), is also influenced by the temperature.
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Therefore, we have studied the transmittance of the right-
hand polarization and the left-hand polarization ternary
photonic crystals by varying the magnetic field. The
transmittance of the considered ternary periodic structure
against frequency (GHz) with the various values of the
magnetic field of the magnetized cold plasma, B = 0.4T,
B =0.6T and B = 0.8T, for right-hand polarization, is
studied where the wave falls normally, i.e., 6 = 0°. The
transmittance behavior for the values of magnetic field
B =04T, B =0.6T, B =0.8T are similar to the previous
case when the angle of incidence is varied, but the cutoff
band edge is distorted due to change in the gyro-effective
frequency. We know that the transmittance is changed due
to change in the refractive index. The refractive index of
the magnetized cold plasma is dependent on the gyro-ef-
fective frequency. So, the refractive index of the right-hand
polarization and left-hand polarization ternary photonic
crystals is changed due to the applied magnetic field of
magnetized cold plasma. Therefore, the transmittance of
the ternary photonic crystal with the right-hand polariza-
tion material is varied by changing the magnetic field. It
means that the permittivity of the magnetized cold plasma
is affected only by the applied magnetic field. The cutoff
frequency of the right-hand polarization structure increases
with increase in the value of magnetic fields shown in
Fig. 3a.

o
00511522533544555566577588599510
Frequency-[GHz]

B=04T
B=0.6T
B=0.8T

00511522533544555566577588599510
Frequency-[GHZz]

P eoresresresrirmef 0

Fig. 3 The transmittance versus frequency by varying magnetic field
for (a) right-hand polarization structure and (b) left-hand polarization
structure

Similarly, now we studied the transmittance of consid-
ered ternary photonic crystal against frequency (GHz) by
varying the magnetic field of magnetized cold plasma for
the left-hand polarization, i.e., B = — 04T, B = — 0.6T,
B =— 08T having 0 =0° n.=12 x 10""/m* and all
parameters same as in the previous calculation. The
changed refractive index of the left-hand polarization
material is affected by the wave propagation. The trans-
mittance behavior for the left-hand polarization ternary
photonic crystal has an opposite trend because the per-
mittivity of the magnetized cold plasma is changed
abnormally when the magnetic field applies in the negative
direction. The zero transmittance obtains the lowest value
for B = — 0.8T, but this is increased up to 3.2 GHz when
the value of the magnetic field decreases as shown in
Fig. 3b. The tunable transmittance of the left-hand polar-
ization ternary photonic crystal is obtained by varying the
magnetic field. The band gaps at the low frequency, as well
as the higher frequency region, are obtained. So, such
transmittance behavior of the ternary photonic crystal may
be used in the bandpass filter applications.

From Eq. (1), it has been shown that the plasma fre-
quency of the magnetized cold plasma is dependent on the
electron density which is next valuable parameter of the
magnetized cold plasma and the refractive index of the
magnetized cold plasma is dependent upon the plasma
frequency. The transmittance of the right-hand polarization
and the left-hand polarization ternary photonic crystal is
studied by varying the electron density. Now, we focused
our study on the transmittance of the considered ternary
photonic crystal with right-hand polarization material
against frequency (GHz) by varying the values of electron
density, i.e., n.=12 x 1017/m3, 16 x 10"7/m> and
20 x 10'7/m*. All parameters of the considered structure
are same as in the above section. The transmittance of the
right-hand polarization ternary photonic crystal at the
lower to higher frequency ranges is studied by varying the
electron density of the magnetized cold plasma, i.e., n, =

12 x 10"7/m?, 16 x 10"/m?, 20 x 10""/m> having the
positive magnetic field, i.e., B =+ 0.4T as shown in
Fig. 4a. Due to the presence of the superconductor layer,
the zero transmittance at the lower frequency range,
0-1.0 GHz, is obtained which is the low cutoff frequency.
Such ternary photonic crystal has a low-pass filter char-
acteristic. The cutoff frequency is decreased when the
value of electron density of the magnetized cold plasma
increases, because of the permittivity of the magnetized
cold plasma decreases with increase in the plasma fre-
quency of the magnetized cold plasma.

Similarly, we again studied the transmittance of the left-
hand polarization ternary photonic crystal by varying the
electron density of the magnetized cold plasma n. = 20

x 107/m?, 16 x 10"/m?, 12 x 10""/m? having negative
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Fig. 4 The transmittance versus frequency by varying electron
density of magnetized cold plasma for (a) right-hand polarization
structure and (b) left-hand polarization structure

magnetic field, i.e., B = — 0.4T. The transmittance at the
lower and the higher frequency range is varied due to the
effect of electron density of the magnetized cold plasma.
The zero transmittance at the lower frequency range is
enhanced up to 4.2 GHz when the electron density of
magnetized cold plasma increases, i.e., 12 x 1017/m3,
16 x 1017/m3, 20 x 10"7/m>® as shown in Fig. 4b. The
maximum cutoff frequency is obtained at a maximum
value of the electron density of magnetized cold plasma,
ie., n.=20 x 10"7/m® for the left-hand polarization
structure. From Eq. (1), the denominator of permittivity
becomes positive when the left-hand polarization material
has the negative magnetic field, and the plasma frequency
increases with increase in the electron density. Therefore,
the permittivity of the magnetized cold plasma is decreased
when the value of electron density of the magnetized cold
plasma increases. Such band gap of the left-hand polar-
ization ternary photonic crystal region acts as a broadband
reflector or a high-pass filter.

The considered ternary photonic crystal has the super-
conducting material, and this material is affected with
different operating temperatures and applied magnetic
fields. In this section, the transmittance against frequency
(GHz) by varying operating temperature 77 = 4.2 K, 40 K,
150 K of the superconducting material is studied for the
right-hand polarization and the left-hand polarization

structures. We have taken YBa,Cu,0; material having
T. =92 K, B = 0.4T and same parameters as in the above
calculations. The transmittance of the right-hand polariza-
tion ternary photonic crystal is varied at the lower fre-
quency range due to the effect of superconducting material,
but it is not varied at the higher frequency range. So, the
effective transmittance at the high frequency shows only
due to the effect of dielectric behavior of the air and the
magnetized cold plasma materials. The cutoff frequency of
the ternary photonic crystal is very sensitive for the oper-
ating temperature. It shows that the cutoff frequency is
decreased for the operating temperature below the critical
temperature, i.e., T = 4.2 K, 40 K. But the transmittance is
increased due to the effect of the magnetic field in the
superconducting material when the operating temperature
is larger than the critical temperature, i.e., T = 150 K,
Fig. 5a.

Similarly, the transmittance of the left-hand polarization
ternary photonic crystal against frequency (GHz) by
varying operating temperature 7 = 4.2 K, 40 K, 150 K, at
magnetic field B = — 0.4T is studied having the same
parameters. The transmittance behavior of the left-hand
polarization ternary photonic crystal is not changed com-
pared to the right-hand polarization ternary photonic
crystal but the zero transmittance at the lower frequency
range is found at 3.2 GHz frequency as shown in Fig. 5b. It
means that the transmittance of the considered left-hand

-0.0!
005115225335445555665775885909510
Frequency-[GHz]

0. 05 b

005115225335445555686.5775885909510
Frequency-[GHz]

Fig. 5 The transmittance versus frequency by varying temperature of
superconductor for (a) right-hand polarization structure and (b) left-
hand polarization structure
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polarization ternary photonic crystal is not affected by
varying the temperatures. The left-hand polarization tern-
ary photonic crystal may act as a broadband reflector
having the cutoff frequency 3.2 GHz.

In this section, we studied the transmittance against
frequency (GHz) by varying the thickness of the magne-
tized cold plasma for right-hand polarization and left-hand
polarization as shown in Fig. 6. The transmittance against
frequency (GHz) by varying the thickness of the super-
conducting material for right-hand polarization/left-hand
polarization is shown in Fig. 7. The transmittance against
frequency (GHz) for the right-hand polarization is studied
by varying the thickness of the magnetized cold plasma,
ie., 18, 22 and 26 mm having B = 04T and n. = 12 x

1017/m>, as shown in Fig. 6a. The cutoff frequency for the
right-hand polarization ternary photonic crystal with the
superconducting material is decreased with increase in the
thicknesses of the magnetized cold plasma material, i.e.,
0.0-1.0 GHz. The transmittance at the higher-frequency
region has obtained large variation due to the effect of the
thickness of the magnetized cold plasma layer.

Similarly, the transmittance of the considered ternary
periodic the left-hand polarization ternary photonic crystal
against frequency (GHz) is studied by varying the thickness
of the magnetized cold plasma with the same parameters as
earlier calculations. The cutoff frequency of the considered
left-hand polarization ternary photonic crystal has an
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Fig. 6 The transmittance versus frequency by varying thickness of
magnetized cold plasma for (a) right-hand polarization structure and
(b) left-hand polarization structure
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Fig. 7 The transmittance versus frequency by varying thickness of
superconductor for (a) right-hand polarization structure and (b) left-
hand polarization structure

opposite trend for the lower-frequency region to the higher-
frequency region, i.e., the transmittance at the lower fre-
quency range, 0-3.4 GHz, is increased with increase in the
thickness of the magnetized cold plasma material but the
transmittance at the higher frequency range is decreased with
increase in the thickness of the magnetized cold plasma
material as shown in Fig. 6b. In between these frequencies, a
low-value transmittance is obtained that is independent of
the thicknesses of the magnetized cold plasma material. It
may be used as a narrowband filter application.

Now, we studied the transmittance against frequency
(GHz) with different values of the thickness of the super-
conducting layer, i.e., 40 nm, 80 nm and 120 nm and other
parameters are same as in previous calculation. The
transmittance at the lower frequency range has varied only
due to the effect of the thickness of the superconducting
material as shown in Fig. 7a. However, the transmittance at
the higher-frequency region is constant for all thicknesses.
The cutoff frequency of the right-hand polarization ternary
photonic crystal is slightly changed. The large cutoff fre-
quency is found when the thickness of the superconducting
material is 120 nm. The cutoff frequency of the super-
conducting material is increased with increase in the
thickness of the superconducting material.

Similarly, the transmittance of the considered cutoff
frequency for the left-hand polarization material is studied
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by varying thickness of the superconducting material, i.e.,
40 nm, 80 nm and 120 nm as shown in Fig. 7b. The
transmittance of the left-hand polarization ternary photonic
crystal is independent of the thickness of the supercon-
ducting material. The study of transmittance of the left-
hand polarization ternary photonic crystal reveals that the
transmittance characteristics by varying thickness of the
superconducting material having dielectric nature when the
magnetic field is applied in reversed direction, i.e.,
B = — 4T. This result is similar to the right-hand polar-
ization ternary photonic crystal having the same tempera-
ture as shown in Fig. 5b.

4. Conclusions

In this work, we studied theoretically the transmittance of
the considered ternary photonic crystal against frequency
(GHz) by varying the angle of incidence, the magnetic
field, the electron density of the magnetized cold plasma,
the temperature and the thickness of the magnetized cold
plasma for the right-hand polarization/the left-hand polar-
ization structure. The optical properties of the right-hand
polarization and the left-hand polarization ternary photonic
crystals are affected by the effective parameters of the
magnetized cold plasma and the superconducting material.
The transmittance of the left-hand polarization ternary
photonic crystal has found the better results compared to
the transmittance of the right-hand polarization ternary
photonic crystal due to the presence of the superconducting
layer that is influenced by the temperature and the mag-
netic field itself. The large band gap of the left-hand
polarization ternary photonic crystal may be used as the
broadband reflector or high-pass filter applications. The
superconducting layer has played the important role to
form the band gap of the ternary photonic crystal. How-
ever, the tunable transmittance of the right-hand polariza-
tion ternary photonic crystal has also been obtained by
varying parameters of the magnetized cold plasma. Such a
structure may be used as a tunable filter. On the basis of our
calculated results, we proposed an innovative idea to
design the broadband reflector or the high-pass filter and
the narrow tunable filter of the ternary photonic crystal
containing the magnetized cold plasma and the supercon-
ducting material under certain the transverse magnetic field
and the operating temperature.
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Abstract

In this article, transmission spectra of multilayer structure of zinc sulfide (ZnS) and tita-
nium dioxide (TiO,) with defect of magnetized cold plasma (MCP) have been calculated
theoretically by using characteristics transfer matrix method. The transmission spectra ver-
sus frequency have been analyzed for symmetric and asymmetric structure. Due to have a
multiple band gaps in the asymmetric structure, we have taken the asymmetric structure
for analysis with the parameters of MCP and the thicknesses of the dielectric materials. It
is well known that magnetized cold plasma is an abnormal material because the permit-
tivity changes with applied external magnetic field, and shows tunable photonic band gap
for permittivity of the MCP. Now, the transmission spectra of the asymmetric structure
versus frequency by inserting one or two magnetized cold plasma layer were analyzed with
the variation of incident angles, the parameters of MCP, and the thicknesses of ZnS and
TiO, material. The analyzed transmission spectra of asymmetric structure with the vari-
ation of electron density, thicknesses of dielectric materials were obtained better results
with defect of two plasma layers as compare to the defect of one layer of plasma. These
obtained results reveal that the defect of two magnetized cold plasma layers of one dimen-
sional asymmetric structure of ZnS, TiO, may be used for the tunable multichannel filter at
microwave region.

Keywords Zinc sulfide (ZnS) - Titanium oxide (TiO,) - Magnetized cold plasma (MCP) -
Defect MCP multilayer structure

1 Introduction

Photonic crystals (PCs) are periodic structure of nanostructures and microstructure in
which the optical constant of two or more than two medium varied in the space. First time,
Yablonovitch (1987) and John (1987) proposed the origin of photonic band gap. Presently,
photonic crystals are more attractive in research community due to its abnormal band gap
properties. Photonic band gap (PBG) is the unique properties of photonic crystal. The
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photonic band gap is produced when the electromagnetic wave propagates through the
periodic structure with a certain frequency which frequency does not propagate and create
a frequency gap is known as photonic band gap. The wave propagation inside the periodic
structure depends on the unique property of material i.e. refractive index, unit cell, the fill-
ing fraction, frequency and dimensionality, etc. (Joannopolos et al. 1995). The PBG mate-
rial has the great application in research and technology because it can be used to control
and manipulate the flow of electromagnetic wave. The one-dimensional photonic crystals
(1-DPCs) are the simplest structures because the direction of the wave propagation in one
dimension, and the 1-DPC can be easily fabricated using the modern thin film technology.
Presently, 1-DPCs have lots of applications in the different directional field of optics: opti-
cal engineering, photonic device, optical filter; resonance cavity, laser application, high-
reflecting omni-directional mirror, and optoelectronic circuit (Fink et al. 1998; Krauss and
De La Rue 1999; Chigrin et al. 1999; Sakoda 2004; Gu et al. 2004; Massaoudi et al. 2006;
Zheng et al. 2007; Busch et al. 2007; Gaponenko 2010).

Plasma is a hot ionized gas consisting of equal number of positively charged ions and
negatively charged electrons. The characteristics properties of plasma are different from
those of the ordinary neutral gases. A non-thermal plasma or cold plasma or non-equilib-
rium plasma is plasma that is not in thermodynamic equilibrium because temperature of
electron is much hotter than the temperature of heavy species like ions and neutrals. Now,
plasma has been introduced in photonic crystals to create the tunable plasma photonic band
gap at microwave region. One-dimensional multilayer periodic structure of thin plasma and
dielectric materials is known as plasma photonic crystal (PPC). Therefore, the plasma pho-
tonic crystal becomes an active research area in field of photonics. Plasma material has
lots of potential applications and perform plasma photonic band gap, which is similar to
periodic structure of dielectric material (Hojo et al. 2003; Hitoshi and Atushi 2004; Kumar
2012). Plasma photonic crystal displays strong spatial dispersion resulting in the appear-
ance of electromagnetic band gap structure (Kong et al. 2010a; Zhang et al. 2011a, b).
At the same year, some experiments about one dimensional and two dimensional plasma
photonic crystals had also been done by the Sakai research group (Sakaguchi et al. 2007;
Sakai et al. 2005, 2007). The plasma photonic band gap can be also controlled by the var-
iable parameters of plasma material. Some previous years, magnetized cold plasma had
attracted to lots of researchers due to abnormal behavior. If the external magnetic field
is introduced in plasma photonic crystal then a new kind of photonic crystal generates is
called magnetized cold plasma. The MCP has one extra variable in the presence of mag-
netic field, called gyro-effective frequency. MCP has unique property that the wave propa-
gates in positive and negative direction due to effect of applied magnetic field (Booker
1984; King et al. 2015; Aly et al. 2017a). The magnetized plasma photonic crystals are
more interesting properties comparison to conventional plasma photonic crystals (Feng and
Kong 2012). The magnetized plasma materials exhibit tunable photonic band gaps. So the
adhesive materials with plasma are considered for possible fabrication of multilayer struc-
ture with magnetized cold plasma material because the multilayer structure with magnet-
ized cold plasma material has abnormal optical properties. Kumar et al. (2009) have inves-
tigated the dispersion relation, reflection spectra of the periodic structure of dielectric and
magnetized cold plasma material. Narrow and tunable filters of the similar structure with
defect of magnetized cold plasma had suggested by Kong et al. (2010b). Aly and Mohamed
(2015) recommended the transmission spectra of 1-DPC of the superconducting material
and dielectric material for the applications of band pass filter. The transmittance property
of magnetized cold plasma-superconductor periodic multilayer structure had proposed by
Aghajamali et al. (2016) for the applications in reflectors. Aly and Sayed (2017) designed
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the periodic structure to enhance the electromagnetic wave absorption by varying the opti-
cal length of the electromagnetic wave propagate inside the absorbing material which used
to enhance the efficiency of silicon solar cell device. Aly et al. (2018) proposed an idea
for the optical properties of a new type of superconductor and semiconductor meta-mate-
rial photonic crystals. The transmittance property of one dimensional periodic structure of
defective photonic crystal had done and analyzed that defect of photonic band gap at the
central wavelength vary with variation angle of incidence in ultraviolet region by Aly and
El Sayad (2012). The transmittance of one dimensional defective photonic crystal structure
had studied, and analyzed the tunability of one dimensional periodic structure based on
Faraday Effect (Aly and ElSayad 2016). Optical properties of one dimensional defective
photonic crystal containing nanocomposite material of silver (Ag) as a defect layer had
analyzed in UV region with varying other parameters by Aly et al. (2017b). Transmittance
properties of two types of one-dimensional periodic structures and the optical properties
of meta-material superconductor photonic band gap with/without defect layer analyzed
by Aly (2009, 2018). Aly (2012) had also analyzed the metal-dielectric periodic structure
and defect mode characterizations. Kumar and Thapa (2018) and Kumar et al. (2018a) rec-
ommended the optical property of one-dimensional photonic crystal of negative photonic
crystal with the defect of plasma material and also analyzed for silicon and silicon diox-
ide periodic structure with defect of plasma material. Kumar et al. (2018b) also proposed
the transmittance property of one-dimensional dielectric magnetized cold plasma periodic
structure for optical applications. Kumar et al. (2019) also analyzed the transmittance of
ternary periodic multilayer structure of dielectric, plasma and superconductor for the appli-
cation tunable reflector applications. Recently, tunable multichannel filter had designed
using one dimensional photonic crystal incorporating uniaxial meta-material at microwave
region (Kazempour 2019). On the basis of reviewing these research papers, we have found
several ideas related to tunable narrowband filter applications at microwave region. On the
other hand, we have chosen one-dimensional periodic structure for analyzing tunable nar-
rowband filter due to cheap and easy to fabricate the devices.

In this work, we study and analyze the transmittance versus frequency (GHz) of one-
dimensional periodic structure of ZnS and TiO, layers with defect magnetized cold plasma
(MCP) for symmetric and asymmetric structures using transfer matrix method (TMM) and
Bloch’s wave. The optical constant of MCP material is tuned with variables parameters of
the plasma. Therefore, we calculate the transmittance of MCP defective photonic crystal
with variation of incident angle, electron density magnetic field and thickness of ZnS and
TiO, material. Besides this, we calculate and compare the transmittance of the considered
structures with one and two defect MCP layers. The transmittance versus frequency of con-
sidered periodic multilayer structures analyze for potential application in tunable multi-
channel filter at microwave region.

2 Theory and methodology

The band gap, transmission spectra, reflection spectra and absorption spectra of 1-DPC
are calculated using transfer matrix method (TMM) (Yeh 1988; Ward and Pendry 1996).
The concept of computational studies of Maxwell’s equations in complex geometries
encounters in periodic structure calculations have lots of difficulties when several length
scales of periodic structures occurs, such as the wavelength of light in free space and skin
depth in metal. These difficulties are remedied by using an adaptive system which expands
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or contracts length scale as need. Here, we show that moving general transformation is
equivalent to renormalizing of the electric permittivity and magnetic permeability of the
material. This simplifies theory was also given by Yeh (1988) and Ward and Pendry 1996)
pioneering work for the refraction and geometry of the Maxwell’s equations attached. For
our calculations, we have taken symmetric and asymmetric structure where (AB)N and
(ABYN2BAN? are symmetric and asymmetric structure. The asymmetric structure with
defect of two magnetized cold plasma layers is (AB)N2(CC)(BA)V/? form, where A, B and
C shows the zinc sulfide (ZnS) and titanium dioxide (TiO,), and MCP layers (Lee and Yao
2003; Kong et al. 2010c; Palik 1998; Cai and Shalaev 2010) as shown in the Fig. 1.

Now, the optical constant of magnetized plasma layer (C) has a complex permittvity fol-
lowed by;

2
e (@) =1- 2 =1 (1)

IR
(o] ®

where o is angular frequency, v is effective collision frequency, and w,, is gyro-effective
frequency). The o, is plasma frequency which is given by;

1/2
n, e /
o, = (2)
me,
where n,, m, €, and e are electron density, mass of electron, permittivity in free space,

electronic charge of the plasma material respectively.
The expression of gyro-effective frequency (w,,) is given as;

o= (2) )

m

where e, B, and m are the electronic charge, applied external magnetic field and mass of
electron of the plasma, respectively (Booker 1984). Here, plasma material is taken as a die-
lectric materials with p=1. In our calculation the electron collision frequency or the value
of damping is so negligible; the imaginary part of € (0) has not so effective in the calcula-
tions which has included in the revised manuscript. The o and y are angular frequency of
incident wave and damping frequency or electron collision frequency of the plasma respec-
tively. The v is the property of the MCP where w is the property of the interacted waves.

< N/2 Defect N2 —>
Air
A| B Als|p|p|B|aA B | A )
Ny 6, "
eo M n; ny n, €y Ed n, ny n, ny
d | d dy [d, |dy [dy | d, |d, d, d, Substrate
l

z-direction

Fig.1 Schematic diagram of 1-DPC with defect of two magnetized cold plasma
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Therefore, @ and y have lots of difference in the nature. The suffix le is used for gyro-elec-
tric frequency of the MCP.

On the basis of transfer matrix method, the optical properties of the finite structure can
be analyzed by considering the characteristic matrix M; for the transverse electric mode
at wave angle © from free space to a 1-DPC structure as shown in the Fig. 1 (Yeh 1988;
Ward and Pendry 1996).

M = l .cos.yi —1% sinyi] N
—ip;siny; cosy;

and y; = <§ )ni d; cos8;, where c is speed of light in vacuum, 6; is ray angle at surface ith
layer with refractive index n; = 4/H;&;, and impedance p; = \/? cos6; and angle

2 oin2 '
cosB; =4/1— e S:: % in which n, is the optical constant of the free space. Using this

i

characteristic matrix (M;), we can construct the matrix for finite symmetric, asymmetric
and defective asymmetric structure with the unit cell length d, which is given by;

M(d) = (ml,l my, ) 5)

m,, my;

where M(d) = (MA MB)N for symmetric, M(d) = (MA MB)N/z(MB MA)N/2 for asymmet-
ric and M(d) = (MA MB)N/Z(CC)(MB M A)N/ for defective asymmetric. The characteris-
tic matrix M, My and M. are the characteristics layer A (ZnS), B (TiO,) and C (MCP),
respectively.

The transmission coefficient of the considered periodic structure is calculated by Yeh
(1988), Ward and Pendry (1996);

_ 2p,
t= m; , (6)
(m, +p—0') + (my; py + m55)

where p, = n, cos 0, and p; = n, cos 0, ng is the optical constant of air substrate, Oy is the
incident angle at air substrate. The transmission spectra of the periodic multilayer is fol-

lowed by-
Ps 2
T={(=—= ]It 7
<P0 > @

Using Egs. (6) and (7), we can calculate the transmittance of the finite symmetric, asym-
metric and defective asymmetric structure with suitable thicknesses and refractive indices
of the layer A (ZnS), B(TiO,) and C (MCP) at specific frequency range.

3 Results and discussion

In this section, transmittance characteristics of symmetric and asymmetric 1D periodic
structures of zinc sulfide (ZnS) and titanium dioxide (TiO,) are analyzed using transfer
matrix method (TMM). The transmittance of considered defect periodic structure is ana-
lyzed by inserting the one and two plasma layers in the symmetric and the asymmetric
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structure. The parameters for ZnS material are €, = 6.25, p, = 1, d, = 0.0188 mm, and
TiO, material are eg = 5.05, pg = 1, dg = 0.0375 mm (Lee and Yao 2003; Kong et al.
2010c; Palik 1998; Cai and Shalaev 2010). The parameters for magnetized cold plasma

(MCP) material are taken from Booker (1984) that is e (w) =1 —

®

%, 2
o {1+ )7 He
where o (angular frequency), y (effective collision frequency) and o, (gyro-effective fre-

62

1/2
quency) (Booker 1984). The w, plasma frequency is o, = <"° ) where n, (electron

meg,
density), m (mass of electron), £, (permittivity in free space), e is electronic charge. The

. . . . B
expression of gyro-effective frequency is given as; w,, = (%) where e, B, and m are the

electronic charge, magnetic field and mass of electron, respectively (Booker 1984). The
value of parameters for MCP material is electric charge, e = 1.6 x 107'? C, permittivity
in free space, g, = 8.854 X 10712 m3 Kg_1 s* A2, external magnetic field, B=04T,
mass of electron, m=9.11 x 103! Kg, electron density of magnetized
plasma,n, = 3.54 x 10'%/m3, andy =1 x 107 Hz (Booker 1984).

Using these parameters with TMM, transmittance of one-dimensional periodic struc-
ture of ZnS and TiO, material is analyzed in symmetric and asymmetric form as shown in
Fig. 2. The transmittance of the symmetric structure shows a large bad gap as shown in the
Fig. 2a. Similarly, transmittance of the asymmetric structure is analyzed which shows that
the band gap divides into two bands due to asymmetricarrangement as shown in Fig. 2b.
The band width of the defective asymmetric structure increases in comparison to the sym-
metric structure due to existing defect mode. The sharp defect transmission peak of the
asymmetric structure is used in many applications like filters and laser resonators etc. Fur-
ther, we focus on the study of asymmetric structure with defect of one or two defect layers
of magnetized cold plasma with variation of incident angle and plasma parameters.

As we know that optical property of material changes by changing of refractive index of
material as well as incident angle. The variation of incident angle plays key role for change

0.8 1 1.2 1.4 1.6 1.8 2 22
Frequency-[GHZ]

0.8 1 1.2 1.4 1.6 1.8 2 2.2
Frequency-[GHZ]

Fig.2 Transmission spectra a symmetric periodic structure, b asymmetric periodic structure versus fre-
quency
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in the optical property of the considered defective periodic structure. Hence, the transmit-
tance of asymmetric 1-DPS with zinc sulfide and titanium dioxide material with defect of
MCP is analyzed on variation of incident angle 6=0°, 6=10°, 6=20° as shown in Fig. 3.
Figure 3a shows the transmittance of one dimensional periodic structure inserted one defect
layer of magnetized cold plasma with variation of incident angle 6=0°, 6=10°, 6=20°.
The figure is depicted that defect transmission peaks and band gaps are shifted towards the
higher frequency for increase the value of incident angles and also forms multiband filter.
Similarly, the transmittance of one-dimensional periodic structure with defect of two
magnetized cold plasma materials with variation of incident angles have studied. The
transmittance of considered periodic structure versus frequency is analyzed with variation
of incident angle 6=0°, 6=10°, 6=20° as shown in Fig. 3b. The figure is also depicted
that the obtained transmittance is shifting towards the higher frequency that also forms
multiband due to composite behavior of dielectric and plasma material. The transmittance
shows that the large shifting in transmittance obtains for corresponding to the large value
of incident angle 6=20°. These obtained results may act as tunable multichannel filters at
microwave region as shown Fig. 3b. This result can be compared with meta-material super-
conductor based with and without defect layer (Aly and Mohamed 2018), and analyzed the
defect peak which is shifted at higher frequency when incident angle increases but multi-
channel behavior did not show for the structure composed with meta-material superconduc-
tor. They had used periodic structure of double negative (DNG) material and high tempera-
ture superconducting material (Hg1223) with lattice period N=8 with inserted dielectric
(Si0O,) as a defect material that is very complicated in the fabrication (Aly and Mohamed
2018). Therefore, we have proposed a very simple adhesive material ZnS/TiO, material
with defect of MCP material with lattice period N=4, which is very simple for fabrica-
tion. Another work, Aly et al. (2017a) had also suggested a periodic structure of dielectric
(quartz) and dielectric (air) with defect of magnetized plasma material and studied optical

0t L L L L L L L [
0.8 1 1.2 1.4 1.6 1.8 2 22
Frequency-[GHZ]
().
— 0.5F 1
0t I I I I L

0.8 1 1.2 1.4 1.6 1.8 2 2.2
Frequency-[GHZ]
Fig.3 Transmission spectra versus frequency of the 1-DPS of ZnS and TiO, with variation of incident

angle 0=0°, 6=10°, 8=20° for a one layer of magnetized cold plasma defect, b two layers of magnetized
cold plasma defect
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properties at higher frequency region with varying incident angle, thickness of dielectric
material and also varying the plasma parameters for the applications of narrowband filters.
Our calculations for transmittance of one dimensional asymmetric structure of zinc sulfide
(ZnS), titanium dioxide (TiO,) with defect of two magnetized cold plasma layers are found
better for the applications of multichannel filter having tenability property.

Further, the magnetized cold plasma has an important parameter is electron density.
The electron density can change the plasma frequency and plays a key role in change
the refractive index of MCP. As the number of particles per unit volume increases
the electron density of plasma increases. Similar way, the electron density of plasma
increases the plasma frequency increases and optical constant vary corresponds to elec-
tron density. The transmittance versus frequency (GHz) of periodic multilayer struc-
ture of zinc sulfide and titanium dioxide with defect of one and two layer of magnetized
cold plasma as shown in Fig. 4. The transmittance of the structure with defect of one
layer of magnetized cold plasma versus frequency was analyzed on variation of vary-
ing electron density n, = 1.54 x 10'%/m?, n, = 3.54 x 10'%/m?, n, = 5.54 x 10'/m?
as shown in Fig. 4a. Transmittance versus frequency with varying electron density
n, = 1.54 x 10'®/m3, n, = 3.54 x 10'6/m3, n, = 5.54 x 10'®/m? is shifted towards the
lower frequency when the electron density increases due to the value of refractive index
of plasma material decreases. Similarly, the transmittance with defect of two magnet-
ized cold plasma layer are analyzed on variation of different value of electron density
n, = 1.54 x 10'°/m3, n, = 3.54 x 10'°/m?3, n, = 5.54 x 10'®/m>® and transmission peak
shown slightly high and shifted towards the lower frequency when the electron density
increases and optical constant of plasma material changes. Therefore, the electric permit-
tivity of magnetized cold plasma material changes due to the electron density as shown in
Fig. 4b. The obtained results of the transmittance show as tunable multichannel filter at
microwave region.

ne=1.54x10"6

ne=3.54x1016

ne=5.54x1016

0.8 1 1.2 114 116 1.8 2 2.2
Frequency-[GHZ]

0.8 1 1.2 1.4 1.6 1.8 2 2.2
Frequency-[GHZ]

Fig.4 Transmission spectra versus frequency of the one-dimensional periodic structure of ZnS and TiO,
with varying n, = 1.54 x 10'®/m3, n, = 3.54 x 10'®/m3, n, = 5.54 x 10'®/m? of a one layer of magnet-
ized cold plasma defect, b two layers of magnetized cold plasma defect
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The electric permittivity of the magnetized cold plasma can change by the external
magnetic field because the gyro-effective frequency is dependent on the magnetic field.
The external magnetic field changes the refractive index of the MCP. It means that the
transmittance of periodic structure containing plasma is also varied with magnetic field
in the MCP. Applied external magnetic field shows an abnormal behavior due to positive
and negative value, exhibit right hand polarization and left hand polarization, respectively.
Therefore, we have studied the transmittance of periodic structure of zinc sulfide and tita-
nium dioxide with inserted one and two defect layers of magnetized cold plasma on vari-
ation of the applied external magnetic field, B=03T, B=04T, B=0.5T, as shown
in Fig. 5a, b, respectively. Transmittance of one-dimensional periodic structure versus
frequency with variation of external magnetic field have been analyzed that the transmis-
sion peak shifted towards the higher frequency due to effect of optical constant magnetized
cold plasma material. As the magnetic field increases then each band is shifted towards the
higher frequency corresponding to the value of magnetic field as shown in Fig. 5a.

Similarly, transmittance of one-dimensional periodic structure with defect of two layer
of magnetized cold plasma is inserted and shown the abnormal behavior in transmittance
of the structure due to the large effect of plasma material. The shifted transmission peaks
have found high due to twice times of thickness of plasma material. The changed opti-
cal behavior of material changes corresponds to the magnetic field on the plasma material
as shown in Fig. 5b. This shows that tunable multichannel filter is obtained by external
magnetic field for microwave devices. These results also compare a novel tunable filter fea-
turing defect mode of TE wave from one dimensional photonic crystal doped by magnet-
ized plasma found that the dispersion relation and transmittance spectra of dielectric (SiO,)
and dielectric (air) material periodic structure. Transmittance spectra versus frequency

0.8 1 1.2 1.4 1.6 1.8 2 2.2
Frequency-[GHZ]

0.8 1 1.2 1.4 1.6 1.8 2 2.2
Frequency-[GHZ]

Fig.5 Transmission spectra versus frequency of the one-dimensional periodic structure of ZnS and TiO,
with varying B=0.3 T, B=0.4 T, B = 0.5 T of a one layer of magnetized cold plasma defect, b two lay-
ers of magnetized cold plasma defect
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analyzed with defect of magnetized plasma on the variation of magnetic field, plasma
density and electron density of MCP and found application in tunable filter (Kong et al.
2010b).

As we have been analyzed that the defect transmission peak for two magnetized plasma
layer is more variation than the defect transmission peak for one magnetized plasma layer.
So, transmittance versus frequency (GHz) of one-dimensional periodic structure of ZnS
and TiO, materials have analyzed with the variation of thickness of ZnS material with
same data. The transmittance property of the considered asymmetric periodic structure
with defect of one layer of MPC is studied with variation of different value of thicknesses
of ZnS i.e. dA =0.0188 mm, dA = 0.0208 mm, dA = 0.0228 mm. The transmittance
does not change but it is shifted towards lower frequency on increase the value of thickness
of ZnS which shown in Fig. 6a and the corresponding 2D image Fig. 6b and 2D image data
is verified.

Similarly, transmittances of the considered asymmetric structure with two layers of
magnetized cold plasma versus frequency (GHz) have analyzed with the variation of thick-
ness of ZnS material dA = 0.0188 mm, dA = 0.0208 mm, dA = 0.0228 mm which is
shown in the Fig. 7a. The transmittance of the considered defect structure is tuned for cor-
responding thickness of ZnS material where it goes to lower frequency on increase the
value of thickness of ZnS material. The multiple bands of the structure are controlled by
the thickness of the ZnS material and may be used in multichannel tunable filter as pre-
dicted in 2D image plot as shown in Fig. 7b.

Now the transmittancesof one-dimensional defective periodic structure of incorpo-
rated the one layer of magnetized cold plasma in asymmetric periodic structure versus
frequency (GHz) with variation of thickness of titanium oxide material have analyzed.
The transmittance varies with increase the value of thickness of titanium oxide material
i.e.dB = 0.0375 mm, dB = 0.0395 mm, dB = 0.0415 mm. The transmittance is shifted
again towards the lower value of frequency on increase the value of thicknesses as shown
in Fig. 8a and corresponding transmittance results is plotted the 2D image plot for same
data as shown Fig. 8b.

In the similar way, the transmittance property of one-dimensional asymmetric peri-
odic structure with defect of two layers magnetized cold plasma versus frequency has

®)

Frequency-[GHz]

dA=0.0188mm

— dA=0.0208mm

of — dA=0.0228mm L L I ! !
T T

0.8 1 1.2 1.4 1.6 1.8 2 2.2
Frequency-[GHz]

00193 0.0198 0.0203 0.0208 00213 00218 0.0223 0.0228
Thickness (mm)

Fig. 6 a Transmittance versus frequency with variation of thickness of ZnS material and b 2D image plot of
frequency versus variation of thickness of ZnS material
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Fig.7 a Transmittance versus frequency with variation of thickness of ZnS material, b 2D image plot of
frequency versus variation of thickness of ZnS material
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Fig.8 a Transmittance versus frequency with variation of thickness of TiO, material, b 2D image plot of
frequency versus variation of thickness of TiO, material

analyzed. The transmittance has obtained same results with large number of multiple
transmittance peaks which varies with the value of thickness of titanium oxide material
i.e. dB =0.0375 mm, dB = 0.0395 mm, dB = 0.0415 mm as shown in Fig. 9a and corre-
sponding 2D image plot is shown in Fig. 9b. These results are also compared with the work
of Aly et al. (2017a) where they had suggested that defect of magnetized plasma material
in the periodic structure of dielectric (quartz) and dielectric (air) and transmittance had
found possible result at higher frequency region with varying thickness of dielectric mate-
rial for the applications of narrowband filters. But our calculated results are found better
for the applications of multichannel filter.The variations of thickness of the materials are
considered in our calculations, becausethe thickness of dielectric material and the volume
ratio of nanocomposite material change the optical property of one-dimensional defective
photonic crystal with defect material (Aly et al. 2017b).

From above calculations, the transmittances of the considered asymmetric struc-
tures with defect MCP have predicted that such defect structure with plasma layers have
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Fig.9 a Transmittance versus frequency with variation of thickness of TiO, material, b 2D image plot of
frequency versus variation of thickness of TiO, material

multichannel transmission defect peaks. These defect transmission peaks are increased
when the MCP defect increases. Besides this, we have also predicted that these defect
transmission peaks are also varied with the thickness of the ZnS and TiO, material.

4 Conclusion

The transmittance of symmetric and asymmetric one dimensionalperiodic structure con-
taining zinc sulfide and titanium dioxide with one or two defect of magnetized cold plasma
layerversus frequency (GHz) wereanalyzed. The transmittance of the asymmetric one
dimensional periodic structure containing zinc sulfide and titanium dioxide with one or
two defect of magnetized cold plasma layer was analyzed with variation of incident angles,
electron densities, magnetic fieldsof the magnetized cold plasma material and thickness of
the ZnS and TiO, material. The transmittance of two MCP layer inserted in asymmetric
periodic structure with variation of electron density of plasma as well as thickness of ZnS
and TiO, material found better response as comparison to one layer defect in same periodic
structure. These calculated results of the transmittanceare suggested that the asymmetric
one dimensional periodic structure containing zinc sulfide and titanium dioxide with two
defects of magnetized cold plasma layers may be a simple and innovative idea to fabricate
the tunable multichannel filter at microwave region.
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ABSTRACT

This work reports a theoretical analysis of the absorption properties of a one-dimensional ternary periodic
structure of dielectric, silicon dioxide and hyperbolic materials using well-known simple transfer matrix method
(TMM). The hyperbolic material is a composite material of dielectric and plasma materials in which the optical
constants of hyperbolic material have been studied by considering the effective medium theory. The relative
permittivity of hyperbolic material has been studied with the variation of filling fraction and the electron col-
lision frequency. The absorption of ternary periodic structure was studied with varying incident angle, in which
the maximum absorption is found at incident angle 80°. Therefore, we have studied the absorption spectra of the
considered periodic structure with variation of filling fraction, electron collision frequency, and thickness of
dielectric material where the incident angle is constant at 80° for the maximum absorption. In this particular
case, we have obtained the enhanced absorption spectra for ternary periodic structure in comparison to other
angle of incidence at low normalized frequency. However, zero absorption for the same structure is obtained at
the high normalized frequency range that exhibits a band gap. Now, the enhanced absorption of the considered
structure has been studied with variation of filling fraction, electron collision frequency and thickness of di-
electric material. We have obtained that the enhanced high absorption at the low microwave frequency may be
used as a sensor, detector, logic gate; and the absorption band gap at the high microwave frequency range may as

tunable absorber based microwave devices.

1. Introduction

As we know that the photonic crystals are artificial dielectric, me-
tallic or plasma nanostructures composed of two or more medium in
which the dielectric constant varies periodically in the space. The novel
idea of the periodic nano-structure of materials is to have photonic
band gap that was experimentally observed by Yablonovitch, and the-
oretically proposed by John [1,2] in the same year. The photonic band
gap (PBG) has unique features of the photonic crystals in which elec-
tromagnetic wave doesn’t propagate in the periodic structure [3-5].
The periodic structure of the dielectric materials affects the electro-
magnetic wave propagation due to PBG, which is analogous to the
electron propagation inside the periodic potential. Such photonic band
gap plays an important role in optical applications [6-9]. The study of
periodic structure of the different materials is led to a roadmap for
optical metamaterials, and the study of optical metamaterial is given a
very informative and potential application in different field of the
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science [10].

The hyperbolic metamaterials (HMMs) are an anisotropic medium,
which exhibits the hyperbolic shape of the dispersion relation at ter-
ahertz (THz), optical and near-infrared frequency regions. Hyperbolic
material has a lot of potential applications including negative refrac-
tion, an optical waveguide, and imaging hyper lens [11-15]. Recently,
a novel implementation of HMMs at the far-infrared frequency has been
proposed with the compositions of the stacked graphene sheets sepa-
rated by thin dielectric layer and it has a super absorber for near fields.
Such HMMs are also used to enhance the decay rate of emitters near its
surface for designing efficient and innovative absorbers [16,17]. Hy-
perbolic meta-material has dual behavior like metallic and dielectric. In
metallic behavior, large number of free electrons are present parallel to
the direction of propagation, so it has high reflectance and absorption.
On other hand, the dielectric behavior of HMMs has less number of free
electrons which propagate in the direction of propagation and hence it
behaves like dielectric and also has high transmission. Thus, the
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hyperbolic materials are also known as type I (metallic) and type II
(dielectric) material. In theoretical characterization of the epsilon near
zero, epsilon near pole plays an important role in propagation wave
spectrum. Epsilon near zero always occurs in the direction of wave
propagation and epsilon near pole always exists in that region in which
no free electron motion occurs [18-23].

In recent years, the absorption based optical devices have been paid
attention by the scientists and the researchers in the field of science and
technology. The absorption of HMMs is very high and varied with the
variable parameters. So, there are several researchers who have con-
tributed their works to develop the innovative idea for the HMMs. The
tunable absorption of composed graphene sheets that are separated by
using thin dielectric layer was studied at near infrared frequency. A
homogenization formula for the multilayer structure using the surface
conductivity theory has been proposed by Oatham et al. [24]. A novel
implementation of the dual-gated tunable absorption of the graphene-
based hyperbolic material for optical gate applications was investigated
by Ning et al. [25]. The spectral characteristic of nanostructure hy-
perbolic material based UV- absorber in ultraviolet region of electro-
magnetic spectrum was investigated by Bagqir et al. [26] by considering
the periodically arranged assembly of gold nanostrips.

The new research based on the concept of grating coupled hyper-
bolic meta-materials as multiband perfect absorber was investigated by
Sreekanth et al. [27] at spanning frequencies from microwave to visible
frequencies. A new structure of N-doped Si/Si hyperbolic meta-material
integrated with subhole Si grating was proposed and the absorption of
the structure had worked as Si based HMM for mid IR super absorber.
The absorption of proposed structure can have tuned with the grating
parameter [28]. The dielectric singularity in the anisotropic permit-
tivity response of the possibility of HMM was presented where a tran-
sition point of inverted but coexisting anisotropies was obtained at a
specified wavelength due to the particular design of the multilayer
structure and possessing different optical properties which is depending
on the investigated frequency [29]. A hyperbolic dispersion of the
photonic multilayer waveguide with the layers of dielectric and meta-
materials had different geometric waveguides when a long range pro-
pagation of Plasmon and phonon polariton at the dielectric HMM in-
terfaces. The performance of the waveguide with hexagonal boron ni-
tride in the range possessed the hyperbolic dispersion. The absorption
of the waveguides with natural hyperbolic properties have the higher
lengths compared to metal based HMM waveguides which was pro-
posed by Babicheva et al [30]. The optical properties of quantum dipole
emitters coupled to hyperbolic meta-material nanoresonators had been
proposed using semi analytical quasi normal mode.

An informative idea about the hyperbolic meta-material nano-re-
sonators for developing the poor single photons was investigated by
Axelrod et al. [31] The measurement and simulation of the polarization
dependent Purcell factor for the microwave fishnet material was in-
vestigated by Rustomji et al. [32] The low threshold spaser based on
deep sub-wavelength spherical hyperbolic material cavities was in-
vestigated by Wan et al. [33] The tunable mid-IR focusing of Indium
Arsenide (InAs) based semiconductor hyperbolic material was analyzed
by Desouky et al. [34]. The experimental demonstration of angle-in-
dependent gap in the one-dimensional photonic crystal containing
layered hyperbolic materials and dielectrics at visible wavelengths was
investigated by Wu et al. [35]. The near perfect broadband absorption
of hyperbolic meta-materials was investigated by Riley et al. [36]. The
controlled near-infrared surface Plasmon polariton dispersion of the
hyperbolic material was investigated by Luk et al. [37].

After reviewing all these papers, we have proposed a HMM with
dielectric and plasma material. In this article, we have analyzed the
perpendicular and parallel permittivity of the hyperbolic meta-material
with variation of filling fraction and electron collision frequency. Based
on simple transfer matrix method, the absorption properties of ternary
periodic structure are studied with variation of incident angle, electron
collision frequency of plasma, filling fraction and thickness of the
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dielectric material. Firstly, we have studied the absorption of ternary
periodic structure against normalized frequency with varying angle of
incidence i.e. 8 =0° 6 =20° 6 =40° 6 =60° O = 80°. Then, we
have studied the optical properties of the ternary periodic structure,
especially absorption, by choosing other parameters filling fraction,
electron collision frequency and thickness of dielectric of a material
with keeping fixed incident angle © = 80°. Such absorption property of
the periodic structure is very important for designing absorption based
devices like logic gate, electromagnetic switch, sensor, photodetector,
and microwave absorber. We have also proposed to design the tunable
absorber for microwave devices composed of the hyperbolic material at
higher frequency range.

2. Theoretical model

The absorption spectra of the one-dimensional ternary periodic
structure of dielectric, SiO, (Silicon dioxide), and hyperbolic metama-
terials are calculated by using a simple transfer matrix method and
Bloch’ function [38]. The hyperbolic material is the composite material
of dielectric (air) and plasma-material [39]. One-dimensional ternary
periodic structure is taken as (ABC)N, where N is the number of the unit
cell of ternary periodic structure; A, B and C are dielectric (air), SiO,
and hyperbolic material layer, respectively, as shown in Fig. 1.

The dielectric permittivity and magnetic permeability of dielectric
(air) and silicon dioxide material are taken as-

€die = Kgie = 1, andegio, = 2.2, Msio, = 1

The hyperbolic material is a composite of dielectric and plasma
material where the complex permittivity of plasma is given as [39];

@
“’((1 + ZY)) &)

with the permeability, iyjasma = 1 i.e. non-magnetic material; where @
and y is the angular frequency and effective collision frequency, re-
spectively. Here, wp.wpewpew, is the plasma frequency which is given as
[40],

( neez )1/2

wp = | ——

me, 2)
The concept of material of the hyperbolic behavior originates from

the optics of crystals. In such media, the constitutive relations con-

necting the electric displacement, D, and the magnetic induction, B, to
the electric and magnetic fields E and H can be written as-

Eplasma(w) =1-

D= E()EE (3)

B = pfiH )

where ¢, , are the electric permittivity and magnetic permeability in
vacuum and E, [i are relative permittivity and relative permeability
tensors. In the present work, we consider non magnetic media fi simply
reduces to the unit tensor. Upon diagonalization, &€ assumes the forms

Ng

Fig. 1. Schematic diagram of one-dimensional dielectric, silicon dioxide, and
hyperbolic material ternary periodic structure.
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and the hyperbolic material is an anisotropic medium with uniaxial
dielectric tensor components that were approximated as follows [18]

ex 0 O
t=1]0 Eyy 0
0 0 gy 5)

in a Cartesian frame of reference oriented along the so called principal
axes of the crystal. The three diagonal components are all positive and
in general depend on the angular frequency w; the termed biaxial, when
Exx # Eyy # €5, uniaxial when e, = ey, # ¢, and becomes isotropic
when g, = gy = €4

To determine the dispersion relation of light in a medium described
by Eq. (5), let us consider the following two Maxwell’s equations in the
absence of source:

dB
VX E= ——
% at 6)
dD
V x H= —
S 5 @)

where D and B are as in the Egs. (3) and (4), respectively. The plane
wave expressions for both fields can be given by E= E,e!®@-kD and
H= Hyei@t-k1 where k is wave vector. By inserting the D and B in the
Egs. (6) & (7), we obtain

kx E= wp H 8)
kx H= —weoiE (C)]

By taking curl of the k and substitution of Eq. (8) into Eq. (9), the
Eigen value problem of electric field;

k x (k X E) + wogoEE = 0 (10)

This can be developed in the matrix form and also called the dis-
persion relation-

ke — k3 — K2 kyky Kk, E,
kyky Keyy — k2 — K2 kyk, E =0
E,
kyk, kyk, ke, — k2 — K2 an

1
s—— the
J/E0ko

speed of light in vaccum. We now focus on the hyperbolic media, with
optical axis oriented along the z direction, e, =¢, =¢ and

ko= k2 + kf,. The imposition of nontrivial solution to Eq. (11) leads
to the dispersion relation [18]:

—k2l=0
") a2)

In the above Eq. (12) have two terms, one of them equal to zero and
correspond to spherical behavior and an ellipsoidal iso-frequency sur-
face in the k-space, the first term describes the wave polarized the xy-
plane (ordinary or TE waves); second terms correspond to the wave
polarized in the plane containing the optical axis (extraordinary waves
or TM waves).

The condition changes substantially if we assume an extreme ani-
sotropy, namely when one between ¢, and ¢,, is negative. Media with
such an optical signature are termed an indefinite from the point of
view of mathematics [41], since their permittivity tensor represents an
indefinite non-degenerate quadratic form, and exhibits a number of
unconventional properties. Permittivity components with an opposite
sign result in hyperbolical iso-frequency surface for the extraordinary
polarization and hence the physical denomination hyperbolic material.
As consequences, waves with arbitrarily large wave vector retain a
propagating nature while in isotropic materials they become evanescent
due to the bounded iso-frequency contour [42]. The choice ¢ > O,
€z < 0 correspond to a twofold hyperboloid, and the hyperbolic
medium is called dielectric (with reference its behavior in xy-plane)

where ko = % is the magnitude of wave vector and ¢ =

LSRR

(ki +k2— qké)(
€2 €
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[43] or Type I (metallic); [44] the choiceg, < 0ande,, > 0 describes
a one fold hyperboloid, namely a metallic or Type II (dielectric)
medium.

In our calculation, we have considered exx = €1, £yy = €5, = ¢, g and
€, are the parallel and perpendicular component of relative permit-
tivity, respectively, which can be calculated by effective medium
theory. So, ¢ and ¢, can be approximated as [45];

_ Edie‘c:plalsmal (ddie + dplasma)
x':diedplelsmal + splasmaddie (1 3)

¢ ddiesdie + dplasmaEplusma
=
ddie + dplasma (14)

where dgie, dplasma are the thicknesses of considered dielectric and
plasma material, respectively and egie and epasma are the electric per-
mittivity of considered dielectric material and plasma material, re-
spectively. The filling fraction f= % is the volume percentage of
plasma in a unit cell or period, dielectric layer and a plasma layer with
thickness dgie and dpjasma and permittivity’s egie and €jjagma. For trans-
verse magnetic (TM) wave propagation in the structure, the spatial
dispersive curve can be performed as,

k_gz + & = k%
Ex  Ez (15)

If the product of perpendicular and parallel permittivity is less than
zero it always shows the dispersive curve is hyperbolic behavior
(e18) < 0), and the product of perpendicular and parallel permittivity is
greater than zero, the dispersive curve is shown elliptical (g g > 0)
[46,471].

The characteristic matrix of then one-dimensional ternary periodic
structure i.e. (ABC)N is expressed as [38]

M(d) = (mn le)

my; My

(16)

where M(d) = (MaAMMc)N; N is the number of unit cell, Ms, Mg, and
M are the characteristics matrices of layers dielectric (A), silicon di-
oxide (B), and hyperbolic material (C), respectively.

The characteristic matrix M; for each layer of the periodicity of the
ternary structure is calculated for the transverse magnetic (TM) wave at
the angle of incidence 6, from vacuum to a one-dimensional photonic
crystal (PC) structure [38].

i
M, = cosy; = 5 siny;
— ip;siny;  cosy a7

where y, = % n;d; cos 6;, ¢ are the speed of light in vacuum, 6; is the ray

angle inside ith layer with the refractive index as, n; = /i,
n2sin26y . . . .
——— in which ny is the refractive

_ (W ) [ = -
pi_\/;icosel and cosel—\/l i

index of air, where the incidence wave tends to enter the structure.

The characteristic matrix of each layer can be obtained by con-
sidering the electric field on each surface. For ternary periodic struc-
ture, we have considered three layers in the x-direction. The electric
field distribution in each interface is given by;

- o - 7= .
(B + e Ty e, —dy <x<0;
- =g
_ — = — _." - .
E=1(Eee7 + E,e ™) e, 0 < x< d;
N - P o
—ika. .
(Bsells™ 4 Eze ™) el dy < x< dpyc; (18)

where kj, ko, and k3 are the propagation wave vector corresponding
to the dielectric, silicon dioxide and hyperbolic material respectively
with the above boundary conditions. By using Maxwell’s equations, we
obtain the corresponding magnetic field. The electric and magnetic
field may use to the formulation of the Eq. (18) at each interface.
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The transmission coefficient of the ternary photonic crystal is cal-
culated by,

2p,

t=
(mll + mTLZ) + (mypy + my)

19

where p, = nocos €, and p, = nycos8;, n; is the refractive index of the
substrate, 0, is the ray angle.

The transmission spectra of the ternary photonic crystal are given by
[38],

T= [&) It
Po (20)
The reflection coefficient of the one-dimensional ternary periodic

structure containing dielectric, silicon dioxide, and hyperbolic material
is calculated by-

myp
my; + T)O — MmMy1py — My
=

mj2
my + 22 ) + (myp, + m
( 11 P ) ( 21Pg 52) 1)
where p, = nycos 6, and p, = nycos6;, n; is the refractive index of the
air, whose ray angle is ©;. The reflection spectra or reflectance of the
one-dimensional photonic crystal containing dielectric, silicon dioxide,
and hyperbolic material is given by;

R= Irl? (22)

The absorption spectra of the one-dimensional ternary periodic
structure of dielectric, silicon dioxide, and hyperbolic material are
calculated by the equation;

A=1-R-T (23)

3. Results and discussion

In this article, we first discuss about the optical constant of the
hyperbolic meta-material, and then optical property of the ternary
periodic structure. The perpendicular and parallel permittivity of hy-
perbolic meta-material against normalized frequency (mﬁ) is theoreti-

cally analyzed by varying filling fraction, electron collision frequency
using Egs. (13) & (14). As we discussed earlier that the hyperbolic
material has specific property like filling fraction (f= %) due to the
property of composite materials of dielectric and plasma, and the
electric permittivity of the HMM is an anisotropic property.

The material C is a hyperbolic meta-material (HMM) in our ternary
periodic structure which is composed with two materials of plasma and
air dielectric [48,49]. The HMM has digv = dplasma + ddie(aiy = 2mm and

d . . .
f= % with a thickness of the plasma material dpjagma = 0.2mm,

plasma frequency w, =284 x 10°. The dielectric of the air is
Edie(air) = Mdie(air) = 1- The permittivity of hyperbolic material varies
along perpendicular and parallel directions, studied using Egs. (13) &
(14). As we know that the hyperbolic material property is purely de-
pending upon the dispersion relation of relative permittivity. The dis-
persion relation shows that the product of perpendicular and parallel
permittivity is less than zero then the dispersive curve shows the hy-
perbolic behavior having the metallic behavior (g g, < 0). On the other
hand, the dispersion relation shows that the product of perpendicular
and parallel permittivity obtains greater than zero; the dispersive curve
shows dielectric behavior (g,g; > 0). We plot the relative permittivity
against normalized frequency that shows hyperbolic behavior for par-
allel and perpendicular permittivity in a particular range of the fre-
quency.

The real and the imaginary part of parallel permittivity of hyper-
bolic material are plotted using Eq. (13) which are shown in Fig. 2 and
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Fig. 2. (a) Real part of g, for different value of filling fraction against normal-
ized frequency, (b) Imaginary part of ¢, for different value of filling fraction
versus normalized frequency.

analyzed. The real part of parallel permittivity against normalized
frequency increases on increasing the value of filling fraction. The value
of permittivity is negative at a certain range of frequency after that it is
positive corresponding to the value of filling fraction. The real part of
parallel permittivity is obtained the negative at a certain normalized
frequency 0.30, 0.43, 0.55, 0.63, 0.71 corresponding to the value of
filling fraction f= 0.1, f=0.2, f=0.3, f= 04, f= 0.5 respectively, as
shown in Fig. 2(a). Similarly, the imaginary part of parallel permittivity
has found the same behavior but it has purely negative value and is also
shifted towards the higher frequency on increase the value of filling
fraction comparison to real permittivity. The imaginary part of parallel
permittivity is negative at a certain normalized frequency 0.51, 0.63,
0.72, 0.82, 0.88 for corresponding to the value of filling fraction
f=0.1, f= 0.2, f=0.3, f= 04, f= 0.5 respectively, as shown in
Fig. 2(b). The real and the imaginary part of perpendicular permittivity
of hyperbolic material have plotted using Eq. (14), which is shown in
Fig. 3 and analyzed. The real part of perpendicular permittivity de-
creases on increase the value of filling fraction, and finds the blue shift.
The real part of perpendicular permittivity is negative at a certain
normalized frequency range 0.26-1.00, 0.43-1.00, 0.48-1.00,

20 . . . . , . . . .
~ 10 _
[O]
OJQ-
T
o
10k 4
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Normalized frequency
(b)
0 T T
£=0.1
X £=0.2
O 10} H
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g 207 0.5
_30 1 1 1 1 1 1 1 1 1
0 02 04 06 08 1 12 14 16 18 2

Normalized frequency

Fig. 3. (a) Real part of ¢ for different value of filling fraction against nor-
malized frequency, (b) Imaginary part of ¢, for different value of filling fraction
against normalized frequency.
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Fig. 4. Real part of g, for different value of electron collision frequency, y
against normalized frequency, (b) Imaginary part of g, for different value of
electron collision frequency, y against normalized frequency.

0.62-1.00, 0.66-1.00 for the value of filling fraction
f=0.1, f=0.2, f=0.3, f= 04, f=0.5 respectively, as shown in
Fig. 3(a). Moreover, the imaginary part of the perpendicular permit-
tivity shifts towards higher frequency on increases the value of filling
fraction. The imaginary part of perpendicular permittivity is negative at
a certain normalized frequency range 0.00-1.00, 0.02-1.00, 0.04-1.00,
0.06-1.00, 0.07-1.00 for the value of filling fraction
f=0.1, f= 0.2, f=0.3, f=04, f= 0.5 respectively, as shown in
Fig. 3(b).

Further, we have analyzed the real and the imaginary part of par-
allel permittivity against normalized frequency with the variation of
electron collision frequency. The real part of parallel permittivity is
decreased on increasing normalized frequency; it is also found the blue
shift. The real part of parallel permittivity is negative at a certain
normalized frequency 0.30, 0.24, 0.10 for corresponding to the value of
electron collision frequency y = 0.1w,, ¥ = 0.2w;,, ¥ = 0.3w, as shown
in Fig. 4(a). The imaginary part of parallel permittivity is decreased on
increasing the value of electron collision frequency and is shown blue
shift. The imaginary part of parallel permittivity is negative at a certain
normalized frequency 0.75, 0.95, 1.05 for different electron collision
frequency y = 0.1wp, ¥ = 0.2w;, ¥ = 0.3w, respectively, as shown in
Fig. 4(b).

In last calculation, the real and the imaginary part of perpendicular
permittivity with variation of electron collision frequency are analyzed
as shown in Fig. 5. The real part of perpendicular permittivity decreases
on increase of electron collision frequency; it also behaves as a blue
shift. The real part of perpendicular permittivity is negative at a certain
normalized frequency 1.10, 0.99, 0.96, 0.91, 0.85 for the value of
electron collision frequency Y = 01w, ¥ = 02w, ¥ =
0.3wp, ¥ = 0.4wp, ¥ = 0.5w,, respectively, as shown in Fig. 5(a). The
imaginary part of the permittivity increases on increasing the value of
electron collision frequency which shows the red shift. The imaginary
part of perpendicular permittivity is negative at a certain normalized
frequency 0.99, 1.21, 1.35, 1.50, 1.60 for corresponding to the value of
electron collision frequency Y = 01wy, ¥ = 02w, ¥y =
0.3wp, ¥ = 0.4wp, ¥ = 0.5w,, respectively, as shown in Fig. 5(b). These
studies show that the perpendicular and the parallel permittivity of the
considered material play the main role for the hyperbolic behavior
because the permittivity affects the dispersion relation of the material.

Therefore, the absorption property of the ternary periodic structure
containing HMMs against normalized frequency is studied for TM mode
for corresponds to the parallel permittivity. The absorption property of
the ternary periodic structure is calculated using simple transfer matrix
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Fig. 5. Real part of ¢ for different value of electron collision frequency, y
against normalized frequency, (b) Imaginary part of ¢, for different value of
electron collision frequency, y against normalized frequency.

method with variation of incident angle, filling fraction, electron col-
lision frequency as well as the thicknesses of dielectric (A) material. The
ternary periodic structure is the composite material of the three mate-
rials ABC, where A = air, B= SiO, and C = hyperbolic meta-material
(HMM). The parameters for dielectric (A) and SiO, (B) materials are
taken as  ege =1, dgie =2.8mm, €50, = 2.2, dgio, = 3mm,
Hdie = Ksio, = L, 0y = 0°, and number of unit cell i.e. N = 10.

First of all, we have calculated the absorption of the ternary periodic
structure against normalized frequency with varying the incident angles
6 =0° 6=20° 6=40° 6=060° 6 =80° having electron collision
frequency y = 0.1w, and filling fraction f= 0.1 where normalized
frequency is mi The wave incident on the multilayer structure is ori-

ginated the ba?]d structure due to the fundamental property of the in-
terfaces. So, we have obtained the increase absorption spectra against
normalized frequency when the incident angle increases, and it is
achieved the maximum absorption at 0.14 normalized frequencies due
to effective behavior of relative permittivity. The absorption spectra
continuously decrease above the 0.15 normalized frequencies due to
the multi-reflection inside the interfaces. Above this frequency, the
absorption band gaps are formed between 1.0 and 1.5 normalized fre-
quency ranges. The study shows that the absorption of the considered
structure has obtained the better absorption for 6 = 80° as shown in
Fig. 6.

Now we have focused our study on the absorption of the ternary
periodic structure at the angle of incidence 6 = 80° by varying the most
valuable parameters: filling fraction, electron collision frequency and
thickness of dielectric material. The filling fraction (f) is an important
parameter which defines how much volume of the material occupied in
the hyperbolic meta-material. So, we have analyzed the absorption of
the ternary periodic structure against normalized frequency at 6 = 80°
with variation of filling fraction f= 0.1, f= 0.2, f=0.3, f= 04, f=0.5
with constant parameters: collision frequency y = 0.1w, and thickness
of the dielectric dgie = 2.8 mm, and silicon dioxide dgjo, = 3mm, and
hyperbolic meta-material duv = dplasma + ddieair) = 2 mm, respectively.
The absorption spectra shifts from lower to higher frequency, and ob-
tain the maximum absorption on increase the value of filling fraction.
The 100% absorption is found at 0.19 normalized frequencies for f= 0.2
has metallic behavior, and also shows red shift. After that the absorp-
tion spectra for the normalized frequency continuously decrease for the
different values of filling fraction. The absorption spectra again shift
toward lower to the higher frequency as the filling fraction increases.
The 90% absorption is found for f= 0.5 due to highly metallic behavior
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Fig. 6. Absorption of multilayer structure at different value of incident angle against normalized frequency.
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Fig. 7. Absorption of multilayer structure at different value of filling fraction against normalized frequency.
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Fig. 8. Absorption of multilayer structure at a different value of collision frequency against normalized frequency.

and also obtained an absorption band in 1.00-1.50 range as shown in
Fig. 7. The study shows that the absorption of the structure containing
HMMs has very informative results for designing the absorption-based
devices in microwave region.

Similarly, we have also studied the absorption of the structure by
variation of the electron collision frequency
y = 0.1w,, ¥ = 0.2wp, ¥ = 0.3w,, ¥ = 0.4w,, ¥ = 0.5w,, with f= 0.1 and
6 = 80° having other parameters constant as in the above section. The
absorption spectra against normalized frequency shift towards the

higher normalized frequency for increase the value of electron collision
frequency, but the 98% absorption found at 0.13 normalized fre-
quencies for y = 0.1w,. The 80% absorption is achieved for y = 0.5w,
due to high absorption of the plasma that shows the metallic behavior
of the HMMs. Further, the absorption spectra have found nearly zero
absorption at 1.0-1.5 normalized frequency and formed an absorption
band with large variation of band edges.

After this band range, the absorption is slightly increased as the
value of electron collision frequency increases. The absolutely zero
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absorption band gaps are formed for y = 0.1w, having maximum ab-
sorption at 1.40, as shown in Fig. 8. We conclude that the absorption of
the structure may be used to design the sensor as well as detector at low
frequency range, and tunable absorber at band edges at high frequency
range.

Again we have focused on another parameter that is thickness of A
material. As we know that thickness of the dielectric (A) material of the
periodic material affects the band gap structure. The absorption of the
ternary periodic structure against normalized frequency is studied with
variation of thickness of dielectric material dg;e = 2.8 mm dg; = 3.8 mm
dgie = 4.8mm dgie = 5.8 mm dgie = 6.8 mm with fixed © = 80°, y = 0.1,
and f= 0.1. The absorption spectra of ternary periodic structure against
normalized frequency shift from higher to lower normalized frequency
as thickness increases and acts as the blue shift. The 98% absorption is
achieved at 0.13 normalized frequencies for lowest value of dielectric
thickness, which is predicted from Fig. 9. The maximum absorption
shifts from higher frequency to lower frequency on increase the thick-
ness of dielectric material which clearly shown in the inset plot corre-
sponding to the value of dielectric thickness dge = 2.8mm
dgie = 3.8mm dgi = 4.8mm dge = 5.8mm dge = 6.8 mm. The absorp-
tion decreases continuously and become 40% for dge = 6.8mm. The
absorption spectra for above 0.4 normalized frequencies increases and
it becomes 0.75%. The absorption spectra continuously decreases above
0.5 frequencies, and form a band gap in between the frequency range of
0.85-1.55, as shown in Fig. 9. Such absorption with variation of the

thickness of dielectric may be applicable for absorption-based devices
at microwave region.

In the last calculations, we have compared our calculated results of
absorption of ternary periodic structure with binary periodic structure
containing HMMs for 6 = 80° y = 0.1w,, and f= 0.1, having other para-
meters are same as previous calculations, which is shown in Fig. 10. The
binary structure is (BC)N where, B= SiO,, C= HMM and the ternary
structure is (ABC)N where A= Dielectric (air) B= SiO, and C= HMM.
We have analyzed the absorption for both structures, and obtained the
same absorption at low frequency range, and a band gap is obtained
only for ternary periodic structure at higher frequency range. So our
calculated results reveal that the absorption of ternary periodic struc-
ture is found to be better result than the absorption of binary periodic
structure for low to high frequency ranges.

4. Conclusion

In this article, parallel and the perpendicular permittivity of hy-
perbolic meta-material were analyzed theoretically with the variation
of filling fraction and effective collision frequency. The study shows
that the real part of the parallel and the perpendicular permittivity of
hyperbolic meta-material have the metallic and dielectric behaviors at
certain frequency range. Using these concepts of the HHMs, the ab-
sorption of one-dimensional ternary periodic structure containing di-
electric, silicon dioxide and hyperbolic material were studied with
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varying incident angle, filling fraction, electron collision frequency as
well as the thicknesses of dielectric (A) material. All absorption prop-
erties were calculated by using the well-known simple transfer matrix
method. First, we calculated the absorption of the considered structure
with varying the angles of incidence (0). The calculated absorption has
shown the maximum value at 6 = 80°. In this continuation, we were
also studied the absorption of considered ternary periodic structure
with varying the other parameters like filling fraction, electron collision
frequencies and thicknesses of dielectric material while the incident
angle is © = 80°. The study shows that the 100% tunable absorption was
found due to the filling fraction of the hyperbolic meta-material and the
metallic nature of effective permittivity of the hyperbolic material. The
study of the absorption property of the ternary periodic structure con-
taining hyperbolic materials are very innovative results to design the
optical switch, logic gate, sensor as well as the absorber at microwave
region. In addition to this, the study of optical property of the ternary
periodic structure containing HMMs has investigated the highest ab-
sorption property for application of the microwave devices. In our best
knowledge our group has performed such calculations first time, and
carried out the interesting result of the absorption of one-dimensional
ternary periodic structure with a composite of dielectric, silicon dioxide
and hyperbolic material.
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9.1 Introduction

Photonic crystals (PCs) are artificial periodic nanostructures and microstructures
containing dielectric, metallic, superconductor, and plasma materials, where the refrac-
tive index changes periodically in space. In 1987, PCs were experimentally introduced by
Yablonovitch and theoretically proposed by John in the same year (John 1987; Yablonovitch
1987). Such kind of periodic structures affects the propagation of electromagnetic (EM)
wave and produces bandgaps due to the periodicity of the materials. It is similar to the
motion of an electron in the semiconductor material, which produces electronic band-
gaps due to the periodic potentials. The wave propagation inside the periodic structure
depends upon frequency of incident EM wave. Frequencies that are allowed to propa-
gate are known as modes, and groups of allowed frequency modes constitute bands.
In contrast, forbidden frequency ranges are called photonic bandgaps (PBGs), which are
also known as Bragg’s gaps because they are originated from the Bragg scattering in the
periodic structures (Fink et al. 1998; Chigrin et al. 1999; Wu et al. 2003; Aghajamali et al.
2016).

In 1968, Veselago et al. theoretically predicted that electric permittivity and magnetic
permeability of the materials are the fundamental characteristics, and they determine the
propagation of EM waves in the matter (Veselago et al. 1968). The materials are called
metamaterials or negative index materials (NIMs) or double-negative (DNG) materials,
which have simultaneously negative values of the electric permittivity and the magnetic
permeability. However, if both the electric permittivity and the magnetic permeability of
the material are positive, then it is known as double-positive (DPS) material. According to

143
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ABSTRACT. The optical properties of one-dimensional periodic structure composed by SiO2 and dielectric (air) layers
with asymmetric and symmetric forms studied. The transmittance for symmetric periodic defective structure analyzed by
introducing one, two, three layers of magnetized cold plasma (MCP) in one-dimensional periodic structure. We found
better result for symmetric defect of three layer of the MCP compare to the other defective structures. On the basis of our
calculated results, we proposed a new idea for broadband reflector at lower frequency range as well as the multichannel
filter at higher frequency range.

INTRODUCTION

The precursor works of Yablonovitch and John in 1987 flush a new idea in the field of photonic crystals (PCs) [1,
2]. The study of photonic crystals has become popular and continues to be more excited for the optical community till
today. The essential physics of photonic crystals has unique property due to a band gap and such structures are called
as photonic band structure (PBS). The PBS is analogous to the electronic band structure (EBS) in solids. Photonic
crystals have received emerging attention in the field of solid state and optical physics due to exhibition of many
unique features [2, 3]. The photonic band gap (PBG) prohibits the propagation of an electromagnetic wave of certain
frequency through it or the periodic structures. Different periodic materials have been admitted to study and design
tunable PBG materials. The propagation of electromagnetic waves (EMW) inside the photonic crystal depends on the
several parameters like refractive index, contrast, incident wave, refractive index of material etc. The allowed
frequency inside the photonic crystal is known as mode and group of all allowed frequency modes are formed allowed
bands. On the other hand, the frequency modes are not allowed is called as Photonic Band Gaps (PBGs) [4, 5]. In
recent years, plasma PCs has attracted considerable attention due to their tunable characteristics, which is a periodic
arrangement of alternating thin plasma and dielectric material like vacuum. Plasma photonic band gap (PPBG) is
obtained due to the periodicity of thin plasma and dielectric materials. Plasma photonic band gap is tuned by the
various parameter of plasma like plasma density; effective collision frequency and thickness of plasma layer [6-8].
Recently magnetized cold plasma has attracted having external magnetic field as an extra parameter is called gyro-
effective frequency. The gyro-effective frequency depends upon applied magnetic fields of the magnetized cold
plasma. The right hand polarization (RHP) and left-hand polarization (LHP) MCP has negative and positive value of
the gyro-effective frequency respectively. The behavior of refractive index of magnetized cold plasma (MCP) shows
unusual due to the tunable parameters: external magnetic field, electron density and effective collision frequency. So,
all metal or dielectric material of the photonic crystal may be replaced by plasma for better controlled optical properties
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Abstract

Superconductor-plasma based hyperbolic material (SPHM) and meta-material-plasma based
hyperbolic materials (MPHM) are the plasma based composite hyperbolic materials. Using the
effective medium theory, the permittivity of SPHM and MPHM has been investigated.
Perpendicular and parallel permittivities, real and imaginary part, versus normalized frequency
have been analyzed with variation of filling fraction of composite hyperbolic material. The
optical properties of one-dimensional ternary periodic structure (IDTPS) containing Si, SiO,
and SPHM or MPHM have been studied using the well-known simple transfer matrix method
and Bloch’s function. The absorption spectra of IDTPS containing plasma based hyperbolic
material have been analyzed with the variation of incident angle, electron collision frequency

of plasma and filling fraction of the composite materials. By studying absorption property of
1DTPS, the absorption spectra of MPHM were found to yield better results compared to the
absorption spectra of SPHM. The calculations reveal that meta-material-plasma based
hyperbolic material may be used to design the sensor, detector and switching applications at

microwave region.

Keywords: plasma based hyperbolic material, SPHM, MPHM, ternary periodic structure and
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1. Introduction

The fundamental phenomenon of optics is wave interference
that is concerned with electromagnetic (EM) wave propaga-
tion in the material. The propagating phase of the EM wave
plays an important role for wave interferences in periodic
structure. By analysis of phase at the interface of materials,
the wave interference property of two dielectric mediums is
determined. Photonic crystals (PCs) are artificially designed
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periodic nanostructures of dielectric, metal, plasma, graphene
etc. The PCs are made of two or more than two media with
periodic variation of optical constants in space. In 1987 first
time, the existence of photonic band gap (PBG) in periodic
nano-structure was theoretically suggested by John [1] and was
experimentally proposed by Yablonovitch [2]. These PCs pro-
hibit the certain frequency ranges of propagating EM wave,
which are commonly referred as photonic band gap (PBG)
materials [3—5]. The PBGs find the fascinating applications in
absorbers [6], waveguides [7], optical fibers [8], lasers [9], cav-
ities [10], and many others applications [11-16]. The periodic
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Asish Kumar', Khem B. Thapa'* and Girijesh N. Pandey”

1Depalrtment of Physics, School of Physical and Decision Sciences, BabasahebBhimraoAmbedkar University,
Lucknow-226025 (U.P.), India

’Department of Applied Physics, Amity Institute of Applied Sciences, Amity University, Sector- 125, Express
Highway, Noida (U.P.) India.

*Email: khem.bhu@gmail.com

Abstract:In this communication, the reflection, transmission and absorption spectra of one-dimensional multilayer
periodic structure with alternating traditional dielectric, silicon dioxide (SiO,) and hyperbolic meta-materials (HMMs) are
analyzed using well-knowntransfer matrix method (TMM). The HMM is considered thecompositematerialsofplasma and
dielectric.The reflection, transmission and absorption spectrum of the considered structure at the normal
incidentareinvestigated by varying effective collision frequency of the plasma. Such periodic structure may be used to
design the optical devices.The calculated result reveals that the absorption spectrum at a lower frequency is found a large
gapdue tohavelarge effective collision frequencyof the plasma.

INTRODUCTION

Hyperbolic meta-material (HMM) is a composite material having filling fraction (f). These are an anisotropic
mediumexhibits a hyperbolic shape of the dispersion relation at the terahertz (THz), optical and near-infrared
frequency regions. HMMs have a lot of potential applications in the field of optics including negative
refractions,opticalwaveguides and imaging hyper lens [1-5]. The absorption of HMMs has been studied in the last
several yearsdue to their abnormal behavior. For example,a novel implementation of HMMSs at the far-infrared
frequency is composed of the stacked graphenesheets separated by a thin dielectric layer, and has a superabsorber
for near fields. The HMMs have also used to enhance the decay rate of emitters near its surface for designing the
efficient and innovative absorbers [6-8].The dual-gated tunable absorption in graphene-based hyperbolic meta-
material and hyperbolic meta-material based UV absorber have analyzed for optical applications by several
groups[9, 10].Further, other groups have also investigated themultiband perfect absorber based on hyperbolic meta-
materials and silicon-based mid-IR super absorber [11, 12].

Theory: The characteristics matrix for a stacked layer of the photonic crystalis formulated using transfer matrix
method (TMM)[13]. The HMM is an anisotropic medium with uni-axial dielectric tensor components [14].The
reflection, transmission and absorption properties of the periodic structure with HMMs are calculated by:

M(d) =M, MM.)’ = (M n My ] , where the d= thickness of the unit cell. The reflection and transmission coefficients are:
M21 M22
‘= 2p, and r = (M1 Miz/Po =MaiPo ~Mz) . The absorption spectrum is given as
(Mi1+Mia/ Po + MaiPo +Mz) (Mi1+ M2/ Po + MaiPo + M2)

A=1-R-T, whereT = (p—SJM ’andR = |r |2 . The characteristic matrix for a stackedsingle layer is given by;
Po
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Abstract. Using the transfer matrix method (TMM) and Bloch function, the optical property of 1D photonic crystal of
titanium dioxide (TiO2) and silicon dioxide (SiO2) material was theoretically analyzed. The dispersion curve versus
wavelength (nm) study shows that lower band edge varies with increase in angle of incidence, and the structure offers a
huge bandwidth. On comparing the dispersion curves and the reflection spectra for the considered structure, they are found
to be in the same wavelength band. From the study of the reflection spectra with increase in incident angle, we find a blue
shift at visible range with a huge bandwidth, and hence the structure may be used as a broadband reflector. Due to advanced
development in the thin film technology, the obtained results may be useful to design the photonic devices of titanium
dioxide (TiO2) and silicon dioxide (Si02) material at visible region of electromagnetic spectrum.

Keywords: Photonic crystal, TiO2 and SiO2 material, broadband reflector, photonic devices, thin film technology

INTRODUCTION

The periodic structure of nanostructures and microstructure of two or more than two optical constant medium in
the space has the interference of the wave at each surface is called Photonic Crystal (PC). Such PC has one of the
unique properties called photonic band gap (PBG) and PBG can use to control the electromagnetic wave (photons)
propagation in the materials. The origin of PBGs was first time experimentally and theoretically analyzed by
Yablonovitch and John in the year 1987 [1, 2]. The PBG material has the great application in research and technology
because PBG control and manipulate the flow of electromagnetic wave through the medium. The PBG of the periodic
structure depends on refractive index, unit cell, filling fraction of the material, frequency and dimensionality etc. [3].
One-dimensional photonic crystal (1D-PC) is most popular in the thin film technology due to ease fabrication and
have a lots of applications in optical engineering, photonic device, optical filter; resonance cavity, laser application,
high-reflecting omnidirectional mirror, and optoelectronic circuit etc. [4-8]. The periodic structure of the different
refractive index materials affects the photon propagation due to different PBG, and such PBG plays a crucial role in
optical applications [9-12].

THEORETICAL METHODOLOGY

The dispersion curve and the reflection spectra are theoretically calculated by well known TMM and Bloch’s
function [13]. In this paper we have considered one-dimensional periodic crystal which is composed with titanium
dioxide (TiO2) and silicon dioxide (SiO2) material. The photonic crystal containing TiOz and SiOz is in the periodic
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The optical property of one-dimensional meta-photonic crystal with defect magnetized cold plasma
has studied theoretically. The meta-photonic crystal is the periodic structure of double negative
(DNG) and double positive (DPS) materials. A double negative material has unusual behavior due
to negative refractive index of the material. The defect structure of the meta-photonic crystal is
considered by sandwiched a plasma material in a symmetry/asymmetry way of the DNG-DPS
periodic structure where plasma is the function of magnetic field as well as electron density. The
optical properties of the meta-photonic crystal with defect plasma material is changed when the
parameters of the plasma is changed. The transmission of the defect plasma meta-photonic crystal
is obtained very high when the effective value of an external magnetic field is B =0.8 T. The
calculated results of the defect plasma meta-photonic crystal show a tunable narrow band filter at

the microwave frequency region.
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1. INTRODUCTION

Photonic crystals (PCs) are artificial or metallic dielectric
periodic structures in which the refractive index of mate-
rial varies periodically in one, two and three-dimensional
spaces. In 1987 Yablonovitch experimentally introduced
the PCs and John explained theory of the PCs in the
same year.""> Such PCs affect the propagation of electro-
magnetic wave (photon) that is analogous to the periodic
potential of the semiconductor material that affects elec-
tron motion, which is significantly produced the allowed
and forbidden energy bands. The propagation of pho-
tons in periodic crystal structures is depending on the
frequency. The allowed frequency range of the photons
travel in the periodic structures of the dielectric materi-
als are known as modes, and groups of all allowed modes
form bands. The frequency range where photon doesn’t
allow through the periodic structures is known as Pho-
tonic Band Gaps (PBGs). This type of photonic band gap
is also called Bragg gaps because they are formed due
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to Bragg scattering.>™ In 1968, Veselago predicted the-
oretically that the electric permittivity and magnetic per-
meability of the material is a fundamental property that
tells about the unusual behavior of the electromagnetic
wave propagation in matter due to double negative material
(DNG). Double negative (DNG) materials are those mate-
rials in which the electric permittivity and magnetic per-
meability simultaneously negative. The periodic structures
of the meta-material and dielectric materials are called
meta-photonic crystals (Meta-PCs). The most important
property of DNG material is that it has negative value of
refractive index. DNG materials have two types one type is
left handed and other type is right handed materials. Left
Handed Material (LHM), in which the permittivity and
the permeability are simultaneously less than zero. Right
handed material (RHM) is a material in which the per-
mittivity and the permeability are simultaneously greater
than zero. Kramers-Kronig relation explain that meta-
material not only dispersive as well as lossy materials.®
The electric permittivity and magnetic permeability of
meta-material have a complex value, due to complex
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Abstract. In this work, we analyze the effect of graphene coating on reflectivity of a silicon substrate. First, the reflectance
of a thin layer of silicon, a thin film without graphene coating, is computed. Thereafter, by applying the transfer matrix
method, the reflectance of silicon substrate with a monolayer graphene coating is determined. We compare the reflectance
plots of the Si substrate in different cases of graphene coatings and some important insights are drawn. Comparing the
reflectance spectra plotted in different cases, we infer that graphene coating effectively reduces the reflectance of silicon
substrate, which is in a good agreement with the results obtained experimentally by some of the investigators. Such an
antireflection coating of graphene, for the specified parameters in the analysis, can be used in efficiency enhancement of
solar cells and photodiodes, and may also introduce innovative applications in design of other silicon-based optoelectronic
devices.

Keywords: graphene, thin film, silicon substrate, anti-reflection coating, solar cell

INTRODUCTION

It is now well-known that graphene was being produced and existed in small quantities in pencils from the earlier
centuries, and there have been similar applications of graphite too. Sporadic attempts to study graphene were begun
in 1859, while such a wonder material received a considerable attention since 2004 when a single atomic carbon layer
was first measurably produced and isolated by Andre Geim and Kostya Novoselov. Further, researchers around the
globe have theorized about graphene in the recent decades [1-3]. Graphene is an allotropic form of carbon having a
two-dimensional hexagonal lattice at atomic-scale dimension with a honeycomb crystal structure in which there exist
two carbon atoms in each unit cell and one atom forms each vertex [2]. Graphene is the basic structural element of
other allotropes of carbon, namely graphite, charcoal, fullerenes, and carbon nanotubes (CNTs). Nowadays, explosive
investigations are being made on the basis of existing theoretical descriptions regarding its composition, structure and
properties. Graphene has fascinating electronic, mechanical and optical properties, and is found to be highly sensitive
to photons and electrons. The theoretical and experimental evidences prove that graphene is stronger, more flexible
and highly conducting in nature, and can show a wide range of applications in optoelectronic devices as well as in
nanoelectronics [4-5].

To study the optical properties of a graphene sheet, we choose a 0.4-1.6 nanometer thick graphene coated on silicon
(Si) substrate having thickness in micro range. In this work, we calculate the refractive index of graphene using its
optical conductivity, whereas the refractive index of Si is taken 3.5. First, the reflection from silicon substrate,
considering it as thin film without graphene coating, is determined. Further, we apply the transfer matrix method
(TMM) to plot the reflection spectra of graphene coated silicon substrate with varying the thickness of the graphene
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