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ABSTRACT

Isotropic material is an special class of anisotropic materials which show same
dielectric indices in all directions. The anisotropic molecules of the materials have
different dielectric indices in different directions and hence such materials possess
dielectric permittivity in tensor form like liquid crystals (LCs). LCs has molecular
orientation dependent dielectric tensor which tunes with external fields. The field
dependent dielectric tensor of anisotropic molecules regulates the optical
transmission; correspondingly the transmission properties of 1-D periodic structure
with anisotropic molecules or materials which tunable optical characteristics with
applied external field. The tunable properties are very useful in electro-optical and
photonic devices. Besides LCs, various materials also have anisotropic molecules
which could be used in various photonic devices and to study the optical properties of

such materials various theoretical methods are available.

Chapter 1 presents the basic introduction of electro-optics and a brief history of LCs.
This chapter also describes the types of LCs and their coupling with electric fields. By
the study the total free energy of any type of LCs and coupling with the applied
electric field, the electro-optical characteristics can be determined. The literature
survey of the liquid crystals is the main part of this chapter that presents the brief
history of the electro-optical properties of LCs and the photonic crystals with LCs,
and the various types of liquid crystals in the photonic applications are discussed.
Besides this, the brief studies of the photonic crystals are also included in this chapter,

which suggests the basic motivation to work in this field.

Chapter 2 deals with the theory and possible mathematical formulation to investigate
the optical properties of photonic crystals using materials such as liquid crystals,
LiNDbOs, graphene, etc. The given possible mathematical formulations are based on
Maxwell’s equations and Bloch’s theorem; the solutions of such wave equations
describe the interaction of the electromagnetic wave with the material. The
mathematical methods, plane wave expansion (PWE) method, finite element method
(FEM), finite difference time domain method (FDTD), and transfer matrix method
(TMM) are briefly described. In the whole thesis, we have adopted TMM for the

Xi



study of transmission, reflection, and absorption characteristics of the 1-DPC
containing the anisotropic material as a defect because one-dimensional periodic

structures are easy to fabricate using modern advanced thin-film technology.

Chapter 3 introduces the interaction of electromagnetic waves with nematic liquid
crystals (PAA) and this interaction has obtained a relation between liquid crystals
director for increasing and decreasing the intensity of the incident wave. After a
certain value of intensity, Freedericksz transition, the molecules show
orientation/reorientation for both intensities, this leads to hysteresis in the process.
Further, we have used NLC as a defect layer in the 1-DPS of glass/Si materials and
calculated the transmission properties at different orientation angles of the NLC layer.
The hysteresis of the LCs for the different wavelengths has been also calculated.
Again, we have used a defect layer liquid crystal embedded with graphene layers in
the 1-DPS and calculated the transmission and absorption properties of the defect
peaks by using TMM. The effect of the periodicity of photonic crystals on the

transmissions is also included in the chapter.

Chapter 4 gives the study of tunable transmission properties of 1-DPS of SiO,/TiO,
dielectric materials with a defect layer LiNbO; embedded with LC layers with at
different parameters using the 4x4 Barreman matrix method. The optical properties
have been calculated at different temperatures, incident angles, voltages, and
orientation angles for the TE and TM modes. The transmissions of terminal
wavelengths through the considered structure have been also calculated in this
chapter. Such periodic structures show switching behavior at certain suitable
parameters of considered anisotropic materials, which may be used, in many electro-

optical devices.

Chapter 5 illustrates the dielectric property of LC-based nanocomposite (NC) of E7
with silver nanoparticles (Ag-NPs) of different sizes at different filling fractions. The
chapter includes the transmission properties of 1-DPS of Ti0,/Si0, materials with the
defect of NC at different sizes and filling fractions of Ag-NPs with different
orientations of the molecules. Surface plasmon supported optical devices show novel
applications. The optical properties have been calculated using TMM for the 0° and

90° orientations of the molecules and different temperatures. The considered periodic

Xii



structure with surface plasmon property may be used to study the optical properties of

various materials for electro-optical applications.

Chapter 6 gives brief conclusions and future prospects of the thesis. This chapter
discusses the basic idea of the applications of anisotropic molecules of various LCs,
with LNO and graphene materials in the field of photonics, spintronics, and quantum

computers

xiii



LIST OF FIGURES

Figure No.

Figure 1.1:

Figure 1.2:

Figure 1.3:

Figure 1.4:

Figure 1.5:

Figure 1.6:

Figure 1.7:

Figure 1.8:

Figure 1.9:

Figure 1.10:

Figure 1.11:

Figure 1.12:

Figure 1.13:

Figure 1.14:

Figure Captions

Crossing of two normal surfaces with the x-z plane; (a)
biaxial, (b) positive uniaxial, and (c) negative uniaxial
crystal.

The phase of crystal: (a) pure crystalline phase, (b) liquid
crystal phase, (c) pure liquid phase.

Basic structure of liquid crystal consisting of the side
chain, linkage, terminal group, and aromatic rings.

Structure of SCB (pentylcyanobiphenyl) liquid crystal.
Representation of liquid crystal director in i, j, k axes.
in micelles

Formation of sodium dodecyl sulfate

arrangement.
Molecular structure of Kevlar type polymer.

Phase of the liquid crystals: (a) nematic, (b) cholesteric
phase.

Representation of twist, splay, and bend deformations in
the liquid crystals.

Orientations of liquid crystals having different

conformations under electric field: (a) Splay (b) Bend, (c)
Twist

Twist deformations are influenced by the magnetic field
(H) without the flow of molecules.

Deformation of helix under magnetic field: (a) absence of
magnetic field, (b) incensement in pitch with the field, (c)
perfect alignment of molecules with infinite pitch.

(a) Smectic-A (b) Smectic-C liquid crystals.

Smectic C liquid crystals under a magnetic field.

Xiv

Page No.

10

10

11

12

13

18

19

22

25

28

29



Figure 1.15:

Figure 1.16:

Figure 1.17:

Figure 1.18:

Figure 1.19:

Figure 2.1:

Figure 2.2:

Figure 2.3:

Figure 2.4:

Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Orientation of molecules of smectic C phase liquid
crystals under the magnetic field.

(a) Ferroelectric liquid crystals. (b) Antiferroelectric
liquid crystals.

Orientation of ferroelectric liquid crystals under the
magnetic field.

Schematic diagram of the Photonic Crystals (PCs): one-
dimensional photonic crystal (1-DPC), two-dimensional
photonic crystal (2-DPC), and three-dimensional photonic
crystal (3-DPC).

Band structure in the one-dimensional photonic crystal.

Construction of intersecting a plane with the origin for
finding refractive indices for the uniaxial crystal.

Graphical method to determine incident and refracted
angles accompanying double refraction at the anisotropic
medium boundary.

Double refraction in positive and negative uniaxial
crystals (a) parallel to the incident plane and boundary,
(b) perpendicular to the incident plane and boundary, (c)
perpendicular to the incident plane and parallel to the
boundary.

Schematic arrangement of 1-DPC of alternating layers of
thicknesses ‘a’ and ‘b’ with periodicity d.

2-D structure of graphene

Variation of the real, imaginary, and absolute value of the
dielectric function of graphene

Diagram of molecular orientation (¢ ) of liquid crystal

(LC) under the exterior electric field.

Schematic diagram of the 1-DPS of glass and Si layers
with an NLC as a defect layer without graphene.

Schematic representation of 1-DPS containing Si and
glass layers with NLC embedded with graphene layers as

XV

30

31

32

35

36

86

88

89

97

114

116

122

124

125



Figure 3.6:

Figure 3.7:

Figure 3.8:

Figure 3.9:

Figure 3.10:

Figure 3.11:

Figure 3.12:

Figure 3.13:

Figure 3.14:

Figure 3.15:

Figure 3.16:

Figure 3.17:

a defect material.

Maximum values of liquid crystal director (¢ Omax) Versus

intensity ratio (I/ls) for increasing and decreasing
intensity.

Comparative transmission versus intensity ratio (I/Ig) at
considered orientation angles of NLCfor (a) increasing
and, (b) decreasing intensity.

Comparative transmissions of different wavelengths
versus intensity ratio (I/Ig) for increasing and decreasing
intensity of incident EMW.

Comparative values of refractive index with director
angles of the LC.

Comparative transmissions of 1-DPS without and with
the NLC defect at different molecular orientation angles.

Comparative transmissions of 1-DPS without and with of
NLC defect at considered orientation angles.

3-D graph of transmission of 1-DPS with NLC defect for
considered orientation angles.

Comparative investigation of defect modes shifting with
incidence angles at considered orientation angles for TE
and TM polarizations.

Comparative investigation of defect mode transmittances
with incidence angle at considered orientation angle of
LC for TE and TM polarization.

Transmission of 1-DPS at different orientation angle of
LC with m=n=3; (a) (Si/glass)"/NLC/(Si/glass)" (b)
(Si/glass)™/G/NLC/G/(Si/glass)".

Absorption of 1-DPS at different orientation angle of LC
with  m=n=3; (a) (Si/glass)”/NLC/(Si/glass)" (b)
(Si/glass)™/G/NLC/G/(Si/glass)".

Transmission of 1-DPS at different orientation angle of

LC with m=3, n=5; (a) (Si/glass)"/NLC/(Si/glass)" (b)
(Si/glass)™/G/NLC/G/(Si/glass)".

XVi

127

128

129

130

131

132

133

134

134

136

137

138



Figure 3.18:

Figure 3.19:

Figure 3.20:

Figure 4.1:

Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:

Figure 4.6:

Figure 4.7:

Figure 4.8:

Absorption of 1-DPS at different orientation angle of LC
with m=3, n=5; (a) (Si/glass)"/NLC/(Si/glass)" (b)
(Si/glass)™/G/NLC/G/(Si/glass)".

Variation of defect mode absorptions with the incident
angle for (Si/glass)’/G/NLC/G/(Si/glass)’considering TE
and TM polarization modes.

Variation of defect mode absorptions with the incident
angle for (Si/glass)’/G/NLC/G/(Si/glass)’ considering TE
and TM polarization modes.

Variation of refractive indices (n, n,, <n>) of E7 LC with
temperature (K).

Deviation of refractive indices (n., n,) of LiNbO3; with
voltage (-200V to 200V) at 0°, 30°, 45° incident angles.

Schamatic design 1-DPS of SiO,, TiO, materials with
defect layers of LC and LiNbOs;
(Si0»/Ti0,)’/LC/LNO/LC/(Ti0,/Si0,)’.

Transmission of 1-DPS with defect LNO embedded with
LC layers (SiO,/TiO,)’/LC/LNO/LC/(TiO4/Si0,)° at -
200V, 0V, 200V voltages considering TE and TM
polarizations.

Transmissions of 1-DPS with defect LNO embedded with
LC layers (SiO,/TiO,)’/LC/LNO/LC/(TiO»/Si0,)’ at -
100V, 0V, 100V voltages considering TE and TM
polarizations.

Transmissions of 1-DPS with defect LNO embedded with
LC layers (SiO,|TiO,)’|LCJLNO|LC|(TiO,[SiO,)’ at
300K, 330K, 360K temperatures considering TE and TM
polarizations with OV.

Transmissions of 1-DPS with defect LNO embedded with
LC layers (SiO»/TiO,)’/LC/LNO/LC/(TiO,/Si0,)’ at
300K, 330K, 360K temperatures considering TE and TM
polarizations with -200V.

Transmissions of 1-DPS with defect LNO embedded with
LC layers (SiO/TiO,)’/LC/LNO/LC/(TiO5/Si0,)° at

XVii

138

139

140

149

151

154

157

158

160

160

161



Figure 4.9:

Figure 4.10:

Figure 4.11:

Figure 4.12:

Figure 4.13:

Figure 4.14:

Figure 4.15:

Figure 4.16:

Figure 4.17:

Figure 4.18:

300K, 330K, 360K temperatures considering TE and TM
polarizations with 200V.

Transmissions of 1-DPS with defect LNO embedded with
LC layers (SiO/TiO,)’/LC/LNO/LC/(TiO4/Si0,)° at
incident 0°, 30°, and 45° angles considering TE and TM
polarizations with OV.

Transmissions of 1-DPS with defect LNO embedded with
LC layers (SiO,/TiO,)’/LC/LNO/LC/(TiO,/Si0,)° at
incident 0°, 30°, and 45° angles considering TE and TM
polarizations with -200V.

Transmissions of 1-DPS with defect LNO embedded with
LC layers (SiO»/TiO,)’/LC/LNO/LC/(Ti0,/Si0,)’ at 0°,
30°, and 45° incident angles considering TE and TM
polarizations with 200V.

Transmissions of 1-DPS with defect LNO embedded with
LC layers (SiO,/Ti0,)’/LC/LNO/LC/(Ti04/SiO5)’ for TE
and TM polarizations at 0°, 30°, and 45°incident angles
and 330K temperature.

Transmission of 1-DPS with defect LNO embedded with
LC layers (SiO,/Ti0,)’/LC/LNO/LC/(Ti04/SiO5)’ for TE
and TM polarizations at 0°, 30°, and 45° incident angles
and 330K temperature with -200V.

Transmissions of 1-DPS with defect LNO embedded with
LC layers (SiO»/TiO,)’/LC/LNO/LC/(TiO,/SiO,) for TE
and TM polarizations at 0°, 30°, and 45° incident angles
and 330K temperature with +200V.

Defect mode transmittance variation with temperature at
0° incident angle and -200V for TE and TM polarizations.

Defect mode transmittance with temperature at 0°
incident angle and OV for TE and TM polarizations.

Defect mode transmittance with temperature at 0° incident
angle and +200V for TE and TM polarizations.

Transmittance variation of 400nm (-Solid lines), 800nm
(Dotted lines) wavelengths with temperature at 0° incident
angle for OV.

Xviii

162

163

163

165

166

166

168

169

169

171



Figure 4.19:

Figure 4.20:

Figure 5.1:

Figure 5.2:

Figure 5.3:

Figure 5.4:

Figure 5.5:

Figure 5.6:

Figure 5.7:

Figure 5.8:

Figure 5.9:

Figure 5.10:

Transmittance variation of 400nm (solid lines), 800nm
(dotted lines) wavelengths with temperature at 30°
incident angle for OV.

Transmittance variation of 400nm (solid lines), 800nm
(dotted lines) wavelengths with temperature at 45°
incident angle for OV.

Schematic diagram of 1-DPS of TiO; and SiO, materials
with NC as defect layer of Ag-NPs in E7 LC;
(Ti0,|Si02)"[NC|(TiO,|Si0,)™ with m=5,3.

Variation of refractive indices (n., n,) of E7 LC with
temperature (K).

Variation of real and imaginary parts of perpendicular and
parallel components of the effective dielectric function of
NC at 300K, 329K temperature, and 0.1 filling fraction.

Variation of real and imaginary parts of the effective
dielectric function of NC at 330K, 360K temperatures.

Variation of real and imaginary parts of the perpendicular
component of effective dielectric functions of NC at the
filling fraction: 0.05, 0.10, and 0.15.

Variation of real and imaginary parts of the parallel
component of effective dielectric functions of NC at the
filling fraction: 0.05, 0.10, and 0.15.

Comparative diagram of real values with imaginary
values of the effective dielectric function of NC at
considered filling fractions.

Variation of the effective dielectric function of NC with
wavelength (a) real values (b) imaginary values at 0°
molecular orientation and radii of Ag-NPs: 3nm, 5nm,
7nm, and 9nm.

Variation of the effective dielectric function of NC with
wavelength (a) real values (b) imaginary values at 90°
molecular orientation and radii of Ag-NPs: 3nm, 5nm,
7nm, and 9nm.

Comparative diagram of real values of the effective

Xix

171

172

182

184

185

186

187

188

188

189

190

191



Figure 5.11:

Figure 5.12:

Figure 5.13:

Figure 5.14:

Figure 5.15:

Figure 5.16:

Figure 5.17:

Figure 5.18:

Figure 5.19:

Figure 5.20:

dielectric function at 90° orientation angle with real
values of the dielectric function at 0° orientation angle of
the NC molecules for considered radii of Ag-NPs.

Comparative diagram of imaginary values of the effective
dielectric function at 90° orientation angle with imaginary
values of the dielectric function at 0° orientation angle of
the NC molecules for considered radii of Ag-NPs.

Transmission properties of 1-DPS without NLC layer
(solid line) and with NLC defect layer at two molecular

orientations (¢ ) of NLC (dashed line).

Transmission properties of 1-DPS with NC at 0°, 90°
molecular orientations of LC for (a) T= 300K, and (b)
T=329K.

Absorption properties of 1-DPS with NC at 0°, 90°
molecular orientations of LC for (a) T= 300K, and (b)
T=329K.

Transmission properties of 1-DPS with NC at 0°, 90°
molecular orientation of LC for (a) T= 330K, and (b)
T=360K.

Absorption properties of 1-DPS with NC at 0°
90°molecular orientation of LC for (a) T= 330K, and (b)
T=360K.

Transmission properties of 1-DPS with NC at 0.05, 0.10,
and 0.15 filling fractions of Ag-NPs for (a) ¢ =0°and (b)

¢ =90°.

Absorption properties of 1-DPS with NC at 0.05, 0.10,
and 0.15 filling fractions of Ag-NPs for (a) ¢ =0°and (b)

¢ =90°.

Comparative diagram of the transmission of 1-DPS
consisting of NC defect layer with the variation of filling
fractions at 0°, 90° orientations of LC molecules.

Comparative diagram of absorption of 1-DPS consisting
of NC defect layer with the variation of filling fractions at

XX

191

192

193

194

195

196

196

197

198

198



Figure 5.21:

Figure 5.22:

Figure 5.23:

Figure 5.24:

Figure 5.25:

Figure 5.26:

0°, 90° orientations of LC molecules.

Transmission properties of 1-DPS
(Ti0,]Si0,)’NC|(Ti0,|SiO,)* at 0° orientation angle of
LC molecules for varying radii of Ag-NPs.

Transmission properties of 1-DPS
(Ti0,]Si0,)’NC|(Ti0,[SiO,)* at 90°rientation angle of
LC molecules for varying radii of Ag-NPs.

Absorption properties of 1-DPS
(Ti0,/Si0,)’NC|(Ti0,/SiO,)* at 0° molecular orientation
of LC molecules for varying radii of Ag-NPs.

Absorption properties of 1-DPS
(Ti0,|Si0,)’NC|(TiO,|SiO,)*at 90° molecular orientation
angle of LC for varying radii of Ag-NPs.

Variation of defect mode transmissions with radii of Ag-
NPs in NC at 0° (solid), 90° (dash) orientations of LC
molecules.

Variation of defect mode absorptions with the radii of
Ag-NPs in NC at 0° (solid), 90° (solid) orientations of LC
molecules.

XXi

199

200

201

202

203

204



LIST OF TABLES

Table No.

Table 4.1:

Table 4.2:

Table 4.3:

Table 4.4:

Table 5.1:

Table Caption

Shifting wavelengths analysis of defect mode
transmissions of 1-DPS at distinct voltages considering

TE and TM polarizations.

Shifting wavelengths analysis of defect mode
transmissions at distinct voltages and temperatures

considering TE and TM polarizations.

Shifting wavelengths analysis of defect mode
transmissions at distinct voltage and incident angle with

constant 300K temperature.

Shifting wavelengths analysis of defect mode
transmissions at distinct voltages and incident angles for

330K temperature.

Absorption analysis of 1-DPS with NC at 0.05, 0.10, and
0.15 filling fractions of Ag-NPs.

XXii

Page No.

158

161

164

167

197



LIST OF ABBREVIATIONS AND SYMBOLS

EMWs Electromagnetic waves

n; Impermeability tensor

€ Dielectric permittivity

1 Magnetic permeability

LC Liquid crystal

NLC Nematic liquid crystal

CLC Cholesteric liquid crystal

X Electric susceptibility

" Magnetic susceptibility

Ki, Kz, K3 Frank elastic constants

[0} Director tilt angle

Er Threshold electric field

13 Azimuthal angle

FLC Ferroelectric liquid crystal

Qs internal wavenumbers for bend transitions
Qr internal wavenumbers for twist transitions
PC Photonic crystal

PBG Photonic band gap

1-DPC One-dimensional photonic crystal
2-DPC Two-dimensional photonic crystal
3-DPC Three-dimensional photonic crystal
T™MM Transfer matrix method

FDTD Finite difference time domain

FEM Finite element method

PWE Plane wave expansion

BPM Beam propagation method

EBG Electronic band gap

Qo Pitch wave vector

Po Initial pitch of cholesteric liquid crystal

XXiii



TE
™

-+

SPR
Ag-NPs

Elastic constant of Smectic-C phase
Extraordinary refractive index
Ordinary refractive index

Incident angle of electromagnetic wave
Transverse electric

Transverse magnetic

Column vector of tangential component of electric and
magnetic fields

Reflection coefficient

Transmission coefficient

Total transmission

Total reflection

Dielectric tensor

Permeability tensor

Para-azoxy-anisole

Dielectric anisotropy,

Perpendicular component of dielectric permittivity

Parallel component of dielectric permittivity

Conductivity

Effective dielectric permittivity

Intensity of electromagnetic wave
Threshold intensity of electromagnetic wave
One-dimensional periodic structure
Nanocomposite

Nanoparticle

Surface plasmon resonance

Silver nanoparticles

XXiv



TABLE OF CONTENTS

Chapter 1 Introduction

1.1

1.2.1
1.3
1.4

1.5

1.6
1.7
1.8

Electro-optics
1.1.1  Electro-optic effect
1.1.1.1  Linear electro-optic effect
1.2.1.2  Quadratic electro-optic effect
Maxwell’s equations
Interaction of electromagnetic wave with anisotropic medium
Liquid crystal
1.4.1 Types of liquid crystals
1.4.1.1 Lyotropic Liquid crystal
1.4.1.2 Polymeric liquid crystal
1.4.1.3 Thermotropic liquid crystal
1.4.2  Order parameter and free energy
Free energy of the liquid crystal
1.5.1 Nematic liquid crystal

1.5.1.1 Orientation of the director axis with the flow in the cell

1.5.1.2 Reorientation of the director axis with the flow of the

liquid crystal

1.5.1.3 Reorientation of director under the external field without

coupling torque force with flow of the liquid crystals

1.5.2  Cholesteric liquid crystal
1.5.2.1 Free energy of the cholesteric liquid crystal
1.5.3  Smectic liquid crystal

1.5.3.1 Smectic-A phase
1.5.3.2 Smectic-C phase

1.5.3 Smectic-C* phase (ferroelectric liquid crystal)
Photonic crystal
Literature Review

Objective of the thesis

XXV

1-78

—_ 0 O W»n B~

11
12
14
17
17
20

21

22
24
24
27

28
29

31
34
37
61



1.9  Organization of the thesis 62

References 65
Chapter 2 Theory and methodology 79-111
2.1 Isotropic and anisotropic medium 80
2.1.1 Propagation of electromagnetic wave in the isotropic medium 81
2.1.2 The dielectric tensor of the anisotropic medium 83
2.1.3 Propagation of plane wave in anisotropic medium 84
2.1.4 Double refraction at the boundary of the material 87
2.2 Theoretical method for PBG calculation 89
2.2.1 Plane Wave Expansion (PWE) Method 90
2.2.2  Finite Element Method (FEM) 91
2.2.3 Finite Difference Time Domain (FDTD) method 92
2.2.4 Transfer Matrix Method (TMM) 93
2.2.4.1 2x2 characteristic matrix for the single layer 94
2.2.4.2 Total transfer matrix for 1-D photonic crystal 96
2.2.4.3 4x4 Berreman matrix method 98
2.2.4.4 4x4 transfer matrix method 103
2.3 Conclusion 108
References 109

Chapter 3 Tunable transmission of a nematic liquid crystal (NLC) 112-147
without and with graphene layers as a defect in one-
dimensional periodic structure (1-DPS) of dielectric

materials by orientation/re-orientation of liquid crystal

(LC) molecules
3.1 Introduction 112
3.1.1 PAA (para-azoxy-anisole) liquid crystal 113
3.1.2  Graphene 114
3.1.3 Liquid crystal and graphene-based 1-DPC 117
3.2 Theory and methodology 121
33 Results and discussion 125

3.3.1 Tunable transmission of 1-DPS with a defect material NLC

without graphene layers 126

XXVi



3.3.1.1 Orientational behavior of the LC directors with a ratio
of intensities (I/I5) 126
3.3.1.2 Transmission properties with intensity ratio I/Is 127

3.3.1.3 Transmission of different wavelengths with intensity

ratio /I 128
3.3.1.4 Refractive index variation of LC 129
3.3.1.5 Transmission properties of periodic structure with NLC

layer in the form of (glass/Si)z/NLC/(glass/Si)2 130

3.3.1.6 2-D and 3-D graphs of transmittance of periodic structure
in the form (glass|Si)*[NLC|(glass|Si)* 131
3.3.2 Tunable transmission of periodic structure with defect NLC embedded
graphene layers 135
3.4  Conclusion 140
References 142

Chapter 4 Tunable transmission characteristics of periodic 148-178
structure designed with SiO, and TiO, materials with
anisotropic defect layers as liquid crystal (LC) and

LiNbOs for optical switching application

4.1 Introduction 148

4.1.1 E7 liquid crystal (E7 LC) 149

4.1.2 Lithium niobate (LiNbO3) 150

4.1.3 Photonic crystals (PCs) with anisotropic defect layer 151

4.2 Theory and methodology 154

4.3 Results and discussion 156
4.3.1 Transmissions of 1-DPS with defect LNO embedded with LC

layers at -200V, 0V, and 200V voltage 156

4.3.2 Transmission of 1-DPS with defect LNO embedded with LC
layers at 300K, 330K, and 360K temperatures for distinct voltage 159
4.3.3 Transmission of 1-DPS with defect LNO embedded with LC layers

at 0°, 30°, and 45° incident angles for 300K temperature 162
4.3.4 Transmission of 1-DPS with defect LNO embedded with LC layers
at 0°, 30°, and 45° incident angles for 330K temperature 164

4.3.5 Defect mode transmission characteristics variation with temperature

XXVii



at various voltages 167

4.3.5 Transmission of wavelength wavelengths, 400nm and 800nm,

variation with temperature at various incident angles 170
4.4  Conclusion 172
References 174

Chapter 5 Tunable transmission characteristics of periodic structure 179-211
designed with SiOQ, and TiO; materials with anisotropic
defect layers as liquid crystal (LC) and LiNbOj; for optical

switching application

5.1 Introduction 179
5.2 Theoretical modeling 182
5.3 Results and discussion 184

5.3.1 Dielectric behavior of LC and NC with the variation of filling
fractions, radii of NPs at different temperatures, orientations of
LC 184
5.3.2 Transmission and absorption characteristics of
(Ti0,|Si0,)’|NC|(TiO,|Si0,)’ periodic structure with the variation
of radii, filling fractions of NPs, temperatures, and orientations of
LCs 192
5.3.3 Transmission and absorption properties of

(Ti0,]Si0,)’NC|(Ti0,|SiO,)* periodic structure with the variation

of radii of Ag-NPs, temperatures, and orientations of LCs 199
54  Conclusion 204
References 206
Chapter 6  Conclusions and future prospects 212-218

XXViii



CHAPTER 1

Introduction



CHAPTER 1

Introduction

1.1  Electro-optics

Electro-optics is a branch of optics in which the optical properties of the materials
under the electric field are studied. Certain types of materials possess the variations in
orientation and dimension of their ellipsoid index on the application of the electric
field. Such material known as electro-optical materials and the process of
modification of the ellipsoid index is termed as electro-optic effect. Through the
electro-optic effects, the phase and intensity of the electromagnetic waves (EMWs)
can be manipulated. The modulations in the phase and intensity of the propagating
optical radiation can be used to design the various electro-optical devices.

1.1.1 Electro-optic effect

The transmission of electromagnetic waves (EMWSs) in any crystal or material can be

defined in the expression of impermeability tensorny, . The refractive indices and

polarizations states can be deliberated by the ellipsoid index reliant on the principal

co-ordinates of the crystals as;

NG . 7°
s ‘.
nX

2
nz

2
y
F+ =1 (1.1)
y
where ny= refractive index along the principal x-axis, ny= refractive index along the y-

axis, and n,= refractive index along the principal z-axis in the crystal.

When an electric field operates on the crystal, the impermeability tensor changes and
governs the electro-optic coefficients through the electro-optical effect and the

modifications in the impermeability tensor can be termed as equation 1.2.
AT]ij = Mg Ey + Sija EE = fijk P+ i PP (1.2)
where E, P = electric field, polarization vector in the crystal, rijy, fij = linear electro-

optic coefficients, and s, Qiji, = quadratic electro-optic coefficients of the crystals.
The linear and nonlinear coefficients are related to'each other as;
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I,
fy =—2> (1.3)

Siju
(e —&o)(g, —&)

Qi = (1.4)

where €, , €, = principal dielectric constants of the crystal and the s;jq is given by;

1( &°n,
Sja == ‘ (15)
2\ OE,CE,
E=0

The electro-optical coefficients show symmetrical permutations that are related to the

crystal symmetry.

lik = Vi
Sijt = Sijik (1.6)
Sijt = Sji

1.1.1.1 Linear electro-optic effect

The electro-optic effects are dependent on the strength of the operative electric fields
and the intra-atomic field presented within the atoms. When the applied field is
smaller in comparison to the field confined within the atom, the quadratic effects are
significantly small to neglect and such linear electro-optical effect is known as the
Pockels effect [1-3].

In the existence of an external electric field, the ellipsoid index of the crystal is

described as equation 1.7.

(ninr rlkEij2 +(ni2+ rZKEK]y2 +(n—12+ rskEka2 +2yzr, E, +2zxr,, E, +2xyr, E, =0

X y z

(1.7)

where E is the factor of the applied electric field along the z-axis. For linear effect,
the modification in the impermeability tensor or refractive index of crystal leads to the

following equation 1.8 as;
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1 r.31 r.32 r33 "
A= = E, (1.8)
1,2,3,4,5,6

An example of a linear electro-optic effect in the crystal is LINbO3; (LNO) with an
applied electric field and the LNO crystal has 3m symmetry. The electro-optic

coefficients for such crystals can be written in matrix form as;

0 r.22 r.13
0 r22 r13
0 0 1y (L.9)
0 r, O
sy 0 0
-r, O 0

With the application of the electric field, the ellipsoid index equation can be presented
as equation 1.10, and the refractive indices in X, y, z cartesian system have the linear

relation with the applied field as;

1 1 1
(—2+ r13E]x2 +[—2+ rlsEjy2 +(—2+ rssEjz2 =1 (1.10)
n0 I’10 ne
1 2
n, =n0—5n0r13E (1.11)
12
ny:nO—EnorlSE (1.12)
12
n, :no—§n0r33E (1.13)

The z-component of the refractive index is equivalent to the extra-ordinary refractive
index, however, other refractive indices along x, y components are equivalent to the
ordinary index of the crystals. The n. is extraordinary and n, is ordinary refractive
indices of the electro-optic material. The ordinary refractive index remains constant
and independent of the incident angle of EMW, while the extraordinary index is

influenced by the propagation angle of the wave, which is given as;
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n,(6)= e (1.14)
JnZcos?6+nsin? 6

Like lithium niobate (LiNbO3), the potassium dihydrate phosphate (KH,PO,) also

shows the linear electro-optic effect.
1.1.1.2 Quadratic electro-optic effect

The quadratic electro-optic (QEO) effect consists of the higher-order terms of the
electric field in comparison to the linear electro-optic (LEO) effect, and this effect can
be exhibited by crystals having any symmetry. The Kerr effect is an example of a
quadratic electro-optic effect [1-3]. The index equation of the crystals under the

electric field for quadratic electro-optic effect in a crystal is given as;

X

1
[n_z +s,E2 + 312E§ +8,E2 + 2s,EE, +2s,E E, + ZSmEXEny2

+(%+521E§ +5,E0 +5,E2 +25,E E, +25,.EE, + 2326EXEny2
n

y

+(%+S31Ei +S32E§ +533E§ +2s,E B, +25,E E, + ZsseExEijZ (1.15)

+2y2(s B2 +5,E2 +5,,E? +25,,E E, +25,E E, +25,E,E )
+22X(55,E2 +5,E2 +5,E2 + 25, E, + 25, E, +25,E E )

1 2XY(S4iE? +86,E2 +SE? + 254, E B, +254,E,E, +254E,E, )=1

where sj; = electro-optic coefficients of the crystal. The obtained index equation is
reduced to an unperturbed state without an electric field. A simple example of such an
effect is barium titanate (BaTiO3) under the electric field. The BaTiO3z is a
ferroelectric crystal, which shows the phase transition at 120°C temperature. The
BaTiO3 has acentric nature for the temperature below than the transition temperature
(120°C) having a 4mm point group but the crystal is converted into cubic
conformation having a m3m point group at below 120°C. The ellipsoid index of the

crystal under the electric field is given below;

(%+SME2 +512E2]x2 +[i2+sllE2 +512E2]y2 +£i2+sle2]z2 +2xys,,E* =1
n n n

(1.16)
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With 45° rotation of the x-y plane, the index ellipsoid is transformed as;

LA

2
+5+—5=1 (1.17)
N, z

2
X

With the condition (1/n?) >>sE?, the index of ellipsoid reduces into the following

equations;
n.=n 1n3s E? 1n3(s +s,,)E?
x TS u= 11 7912 (1.18)
2 4
N, =n+=n’ E2—1n3(s +s,,)E? 1.19
y E 44 Z 11 71 (1.19)
n, =n-tnds,E? 1.20
= _E 12 ( )

Another illustration of the QEO effect is the effect of the electric field on the isotropic
media and isotropic materials also show some birefringent characteristics under the
applied electric fields. Both linear and quadratic electro-optic (EO) effects are used in
various applications in electro-optical devices and also used to study the
intermolecular behavior of the crystals under the applied field. The electro-optic
coefficients occur in the both electro-optic effect depend on the wavelength of the
wave, modulation process, and operating temperature of the material. By determining
the phase change of electromagnetic waves and the intensity of the bands, the electro-

optic coefficients can be determined.
1.2 Maxwell’s equations

Four fundamental Maxwell’s equations consisting of electric (E) and magnetic (H)
field vectors describe the property of the material through transmission and reflection
of EMW. The EMW in the vacuum/space or materials shows interaction with any
materials that can be characterized by introducing the terms of magnetic induction and
electric displacement vectors of the material. The four fundamental Maxwell’s

equations are following that is given as;

V.D=p (1.21)

V.B=0 (1.22)
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vxg=_9B (1.23)
ot

VxH=1+22 (1.24)
ot

where, p and J = electric charge density and the electric current density in the
material. The above presented Maxwell’s equations associate the electricity and
magnetism in differential forms. The first differential equation is Coulomb’s law
which links the electric field distribution with charge distribution. The second
differential equation informs the nonexistence of the magnetic monopoles. The third
differential equation is Faraday’s law which points out that the time-variant magnetic
field induces the electric field, and the fourth differential equation is modified
Ampere's law by Maxwell, which specifies the formation of the induced magnetic
field due to the movement of charges in the material.

To study the electric and magnetic field vectors in any materials, the consecutive

equations are given as:
D=¢E=¢,E+P (1.25)
B=pH=p,H+M (1.26)

where € = dielectric permittivity and p = magnetic permeability of the material and
both are 2-rank tensor; g, = permittivity and po= permeability of the free space or

vacuum; P = electric polarization and M= magnetic polarization/magnetization.
1.3 Interaction of electromagnetic wave with anisotropic medium

When an electromagnetic wave interacts with anisotropic media, the phase velocity
relies on the propagation direction and polarization states of the waves in the medium.
For certain propagation direction, two eigen waves are having eigen phase velocities
and polarizations. The electromagnetic wave, which has polarizations in analogous to
certain directions, is transmitted through the anisotropic medium [1-4]. An
electromagnetic wave of frequency o interacts with anisotropic medium with electric
and magnetic fields, and the waves of the fields are in plane wave forms which are

given as;

Eexp(iot—ik-r) (1.27)
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Hexp(iot—ik -r) (1.28)

where k = nwé/c, K is the wave vector and §is a unit vector in the direction of wave
propagation; n is the refractive index and c is speed of light. Using the equations 1.27

and 1.28, the Maxwell’s equations 1.23 and 1.24 can be re-written as;
kxE=ouH (1.29)
kxH=—-weE (1.30)
On solving above equations, we found equation 1.31 as;
kx(kxE)+@’ueE =0 (1.31)

The uniaxial material has dielectric permittivity as;

e, 0 O
e=[0 ¢ O (1.32)
0 0 ¢

z

Using the above equation 1.32, the equation 1.31 can be written for the uniaxial

material as;
mzuax —k§ —kf kxky K.k, E,
kxky oazusy —ki —k§ kykZ E, =0 (1.33)
k.K, kK, w’ue, K2 —ki E,

For the non-trival solution of the equation 1.33, the determinant must be zero.

o’pe, —kZ —kJ k,K, kK,
kK, o’pe, —K; —k; kK, =0 (1.34)
K.k, kK, o’pe, —k; —k?

The solution of the equation 1.34 leads to two equations as;
2 12 2 2
Ktk k2 o?|[k® o) (1.35)
>t o g || 2t 2 |70
Ng ng ¢ ng ¢

The normal surface considering equation 1.35 consists of two surfaces of revolution:

(i) sphere and (ii) ellipsoid. The two planes cross each other at two points on the z-

axis for uniaxial crystal is shown in figure 1.1.
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If the z-axis is only the optic axis, then the materials-belong to the uniaxial e.g. ice,
quartz, BeO, ZnS, rutile, LINbO3, BaTiOs. If all three principal indices are the same
and two planes are reduced to a single sphere, then the material belongs to the
isotropic e.g. NaCl, CdTe, Diamond, GaAs. If the normal surfaces have two optical
axes and all the three principal indices are different, then the material is termed as

biaxial e.g. Mica, Topaz, NaNO,, SbSI, etc. as shown in figure 1.1(a).

If ne>n, for the uniaxial crystals, then the crystals have positive anisotropy; and if
ne<n, for uniaxial crystals, then the crystals have negative anisotropy. Besides these
described examples of the uniaxial and biaxial crystals, the liquid crystals (LCs) are
also found in the uniaxial and biaxial conformations and have various novel and
interesting electro-optical application with the nonlinear properties, which can be used
to design the nonlinear electro-optical devices.

Y
)

()

(b) (¢

Figure 1.1: Crossing of two normal surfaces with the x-z plane; (a) biaxial, (b)

positive uniaxial, and (c) negative uniaxial crystal.
1.4  Liquid crystal

In 1888, German botanist Reinitzer [5] discovered the liquid crystal (LC) by
observing a phenomenon processing in the melting of cholesteryl benzoate and
cholesteryl acetate. He noted the compounds transforming the state which was
depending on the temperature; and crystals show a cloudy state at 145.5°C and then
changed into the clarified state at 178.5°C temperature. Hence, the double melting
point behavior in the cholesteryl systems was reported and the appearance of different
colors depending on the varying temperature of the compound was illustrated which

shows the selective reflections of the circularly polarized light by crystals. Reinitzer
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also observed that the crystals show colors at low temperatures while the blue phase
of the compound is shown at high temperatures. Although, Renitzer discovered the

liquid crystals, Lehmann introduced the term “liquid crystal” first time [6].

Generally, liquid crystals (LCs) are organic materials, and exhibit different
mesophases, so, the liquid crystals are also termed as mesogens. LC is an intermediate
state between the pure liquid phase and the perfect crystalline phase, as shown in
figure 1.2. LCs exhibit both types of characteristics as they flow like liquid phase and
crystal phase that depends on the temperature. Such organic LCs are found in
different types: thermotropic, polymerics, and lyotropic. Depending on the

temperature, component, concentration, and so on, the thermotropic liquid crystals

TR %
1 \m‘, N’
1
10

show nematic, cholesteric, smectic, and ferroelectric phases [7-10].

I N
.\.H‘ /\‘V

Figure 1.2: The phase of crystal: (a) pure crystalline phase, (b) liquid crystal phase,

(c) pure liquid phase.

Side Aromatic Linkage Aromatic Terminal
Chain Ring Group Ring Group

X R'

R

Figure 1.3: Basic structure of liquid crystal consisting of the side chain, linkage,

terminal group, and aromatic rings.
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Basically, LCs are aromatic materials and benzene derivatives, which contain the
benzene rings in their chemical structure as an important signature. The general
structure of LC is shown in figure 1.3, and it contains a side chain R, aromatic rings A
or A’, a linkage group X, and a terminal group R’. A simple example of the liquid
crystal is 5CB liquid crystal, which is shown in figure 1.4.

Rs CN

Figure 1.4: Structure of 5CB (pentylcyanobiphenyl) liquid crystal.

It has an alkyl chain (Rs) and cyano group (-CN) as terminal in the molecular
structure. The example of a side chain and a terminal group can be alkyl or alkoxy or
any other groups like alkyl carbonate or nitro or cyano group etc. The linkage group
can be bonds or groups like azoxy, ester, and tolane, etc. Alongside the benzene-
derivative liquid crystals, LCs are also found in other forms e.g. organometallics,
heterocyclics, sterols, fatty acids. Heterocyclic liquid crystals contain pyrimidine, or
pyridine, or other similar groups instead of the aromatic benzene ring in the structure
[7,11].

L

i
Figure 1.5: Representation of liquid crystal director in i, j, k axes.

The material parameters and optical properties of LCs like dielectric constant,

viscosity, anisotropy, absorption spectrum, optical nonlinearity, and so on depend on

Page 10



Chapter 1

the synthesis and engineering process of LCs. The stability in the crystal structure
depends on the linkage groups, and the azo, azoxy, ester-based liquid crystals are

stable while Schiff based liquid crystals are unstable [7, 10, 11].
1.4.1 Types of liquid crystals

Liquid crystals are found in the three types depending on the physical and chemical
properties as well as the temperature. The lyotropic, polymeric, and thermotropic are
three types of liquid crystals and a brief introduction has been given in the following

sections.
1.4.1.1 Lyotropic Liquid crystal

Lyotropic liquid crystals (LLCs) are created by the solution of suitable concentration
dissolved in a solvent. The most common example of lyotropic systems is a mixture
of water with soaps, or detergents, lipids, etc. The effecting parameter of such a
system is the concentration of the solvent. The physical properties of such systems
vary with the temperature and the composition of the materials. So, the system can
show one, two, or three-dimensional positional orders. An example of such a system
is shown in figure 1.6. The lyotropic liquid crystals are mostly used in biological
applications [7,10,11].

”\fﬁ””\;

Figure 1.6: Formation of sodium dodecyl sulfate in micelles arrangement.
1.4.1.2 Polymeric liquid crystal

Polymeric liquid crystals are generally polymers and found in different categories
depending on the flexibility. The most common examples of the polymer are vinyl
type polymer, polypeptide chains, and Kevlar polymers. These polymers are
dependent on the flexibility limit; vinyl type shows the most flexibility, polypeptide
chain type shows the most rigid nature while Kevlar type (figure 1.7) shows semi-
rigid behavior. In point of view of optical storage device applications, polymer liquid

crystals can be branched into the diverse types depending upon the viscosity of the
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polymers. Such polymer liquid crystals also can be classified that depend upon the

arrangement of the monomers in the polymer structures.

-O---O—"-0O-1-+0O-

Figure 1.7: Molecular structure of Kevlar type polymer.

The important chain of the polymer structures can be made of rigid polymers or
groups by attaching side-by-side and joint by a flexible chain or group in the final
structure [7,10,11].

1.4.1.3 Thermotropic liquid crystal

As the termed thermotropic suggests the optical properties, and its nature depends on
the applied thermal effects. They are the most used liquid crystals in different optical
devices of the linear as well as nonlinear applications. The thermotropic liquid
crystals are mostly rigid rod-shaped molecules interacting with each other, which
forms unique ordered patterns, and the phase of such liquid crystals changes with the
applied temperature. Depending upon the physical parameter like molecular
distribution function, short or long-range interaction, etc., such thermotropic liquid

crystals show different phases: nematic, cholesteric, smectic.

By observing the arrangement of the molecules, the phase of the liquid crystals can be
identified as nematic or cholesteric. In the nematic phase, the position of the
molecules can be random but arranged and aligned in the proper direction marked by
a unit vector A, which is called as the director axis. All the physical and optical
properties of nematic LCs are identical in both the positive and negative direction of
the directors and these liquid crystals show centrosymmetric nature. On the
interaction of X-rays, no diffraction peaks are observed for the nematic type because
such liquid crystal does not have any perfect crystalline nature but it has the partially
patterned structures, which is affected by the temperature and the molecular parameter

[7, 10-12].

Cholesteric liquid crystals (CLCs) show the arrangement of its molecules in helical or
chiral patterns and CLCs have all physical properties like the nematic phase as shown

in figure 1.8. Due to chiral nature, such liquid crystals are also known as chiral liquid
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crystals. A simple example of chiral material is cholesterol ester, which forms a
cholesteric liquid crystal when the cholesterol ester is mixed with nematic liquid
crystal [7,10,11].

Az

Y " ==
In\y 7

77777,

TLLY R p——

>

=

»

X

(a) (b)
Figure 1.8: Phase of the liquid crystals: (a) nematic, (b) cholesteric phase.

Another phase of the liquid crystal is smectic phase and has a complicated structure as
shows the positional order of the molecules, which also has a certain ordered pattern
in the whole structure. The smectic liquid crystals are also found in three types
depending upon the order and arrangement of the molecules; smectic A, smectic C,

and smectic C*.

The structure of smectic types can be studied by the layer-by-layer system. In the
smectic-A type, the position of molecules in each layer can be random but they are
well ordered in a certain direction with long axis normal to the plane of the layer.
With rotational symmetry, the smectic-A has uniaxial behavior while the smectic-C
phase has biaxial nature along with a normal tilted long axis. Smectic—-C* liquid
crystals have a tilted director axis and rotate around the z-axis (normal to layer).
Besides all phases of liquid crystals, such liquid crystals possess spontaneous electric
polarization in the molecules, which show a breakdown of the reflection symmetry
due to chiral symmetry.
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Besides the above-mentioned phases, the LCs have more phases like smectic G, H,
L.... and blue phase. The major liquid crystals can be prepared by the mixture of
different liquid crystals and the mixed liquid crystal has enhanced the optical
properties (along with anisotropy, viscosity, dielectric constant) than their parent
liquid crystals, e.g. E7 is the eutectic composition of the four different LCs and has
enhanced optical characteristics. The mixing of liquid crystals also shows tremendous
applications in optical device applications. All physical and electronic properties of
the chemically interact with each other. Other types can be classified based on doping
of dye in LCs and polymer containing LCs. By doping of the appropriate dye in the
liquid crystals, the linear and nonlinear responses of the liquid crystals could be
modified. The absorption properties of liquid crystals in a certain range of wavelength
get enhanced due to dissolved dye in the liquid crystal and wavelength regions can be
changed by the fluctuations in the orientations, and the physical changes in the dye
molecules. Such liquid crystals also show the guest-host system that is widely used in
the linear and nonlinear electro-optical and storage applications. In the dye-doped
liquid crystal, the appropriate concentration is dissolved in the liquid crystal while
some LC droplets of micro-size are dispersed in the polymer, and such arrangement is
called polymer-dispersed LCs (PDLCs). The optical characteristics of such PDLCs
are dependent on the interaction of the polymers with LCs, which induce the large
scattering of light. Generally, the molecules of LCs are randomly orientated in the
nonappearance of the electric field, but the droplet shows the isotropic nature in
presence of an electric field. With changing the phase, the optical indices of the liquid
crystals get affected and tune the optical characteristics of the system. The PDLCs can
be used in optical devices e.g. one-dimensional photonic crystals, lasing devices, etc.
[13, 14].

1.4.2 Order parameter and free energy

As we know that LCs are the intermediate state of the properties that lie between
liquids and solids. Therefore, to define the physical properties and molecular
arrangement in LC, a physical parameter known as order parameter (S) is used to
study the phase of LCs. The phases of the LCs depend on the temperature. Therefore,
the order and arrangement of the molecules also depend on the temperature. Besides

this, the order parameter also depends on the position coordinates of the molecules. If
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we consider the k longer axis of the molecule as the reference, then the macroscopic
order parameter can be defined as;

1/ 6 oot o
S:E<3(k~n)(k-n)—1> (1.36)

S:%<3cos2 <|>—1> (1.37)

where ¢ is the angle between the director axis and molecular axis of the molecule.
The average over the ensemble is considered, so, the order parameter is the

microscopic quantity [11].

A more general form of the order parameter also can be represented as;
s, = %<3(r‘1 - -1) (138)

With the reference of the figure 1.5, i, j, and k are the unit vectors along the molecular

axes. The other diagonal components of order parameter are presented as;

1, .
S, =§<33m2¢c052§—1> (1.39)
1 - 2 - 2
Sﬂ:§<3sm ¢sin’ £ ~1) (1.40)
S =1<3cosz¢—1> (1.41)
=5 :

The value of the tensor S is zero because the sum of the three diagonal elements is

Zero, i.e. Sii+Sjj+Skk:O.

The order parameter is the microscopic quantity as well as a directional dependent.
So, it can be transformed into the macroscopic quantity by representing the order
parameter in terms of the anisotropy of the LC’s parameters like electric or magnetic
susceptibilities. For example, the macroscopic order parameter can be expressed

consisting of dielectric components and the dielectric anisotropy [7, 11, 15] as;

1
Qup =2 _560432% (1.42)
Y

For the general case of the uniaxial material ¢_,can be represented as;
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e, 0 O
gp=|0 € 0 (1.43)
0 0 g
Ag
Qu =Q, = -3 (1.44)
Q,, = % (1.45)

where ¢ (=¢,5,,+Aen,n,)and Ae(=¢, —¢,)are the tensor dielectric permittivity
and anisotropy of the liquid crystals, respectively and o, B are dummy indices for
tensor representation. The dielectric constant ¢ is equal to ¢ or €, , it depends on the
direction of the optical field, i.e. the parallel or normal (perpendicular) to the director
axis A of LC. Similarly, the order parameter is also described with consisting of

electric (1) and magnetic (x™)susceptibilities as;
Yap EXJ_SQ[S-l_AXnanB (1.46)
Nop = X1 00p +AX NN, (1.47)

Now, the order parameter is also can be represented in terms of the magnetic or

electric susceptibility.
m 1 m
Qaﬁ = Xotﬁ _gaaﬁZX«/y (1'48)
Y

As we know that the order parameter is also dependent on the type of interactions
between the molecules, i.e. short-range or long order. The order parameter is one for
the perfectly crystalline state and zero for the pure liquid state. The short-range order
exists in the pure isotropic phase, i.e. the molecules show intermolecular interactions
with one-another within short-range distances. So, the phase transition of liquid
crystals depends on the temperature, which gives the isotropic phase at the clearing
temperature with short-range correlation. In the long-range correlation, the molecules
show minor disturbance in the orientation of the director axis. The average of the

order parameter over the whole ensemble gives the existence of long-range order.
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1.5  Free energy of the liquid crystal

The free energy of the liquid crystals is needed from the random order of molecules to
uniformly crystalline order of molecules. This energy is also called free energy
density. In this section, we will study the free energy density in nematic liquid

crystals.
1.5.1 Nematic liquid crystal

In all existing phases of the LCs, the nematic liquid crystal (NLC) is mostly
investigated liquid crystal in electro-optics. The optical properties of NLCs can be
studied by the theoretical formulation of the hydrodynamics due to the dual nature of
the NLCs. In such liquid crystals, all the molecules aligned in a proper direction are

called as director axis A(r), which is varied with the applied external field on the

liquid crystals. The temperature-dependent order parameter can be written as;

)
Sup :S(T)(nunﬁ - ;B] (1.49)

where S(T), ny, ng, d.p are temperature-dependent order parameter, refractive index,
depending on the dummy indices, respectively. With the external electric field, the
NLC shows three possible deformations: twist, splay, and bend as shown in figure
1.9. In twist deformation, the center of gravity is fixed but the molecules only show
orientation in the direction of induced torque. Therefore, the change in elastic energy
is small. In the splay and bend deformations, the liquid crystals show the changes in
the director axis and also slow flow coupling with the director axis. All the possible
deformations depict the variation of the director, so the free energy involves spatial

derivatives related to the director axis of the liquid crystals.

The free energy formulations were first established by Frank [15], and he gave the

. : . 1 . .
free energy terms depending on the deformations, i.e. splay: f, :EKl(V-n)Z, twist:

f, :%Kz(ﬁVxﬁ)2 and bend: f, =%K3(ﬁ xV xN)?, where, Ky, Ky, K3 are the elastic

constants having an order of 10°° dyes in the CGS units.
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Twist Splay

Figure 1.9: Representation of twist, splay, and bend deformations in the liquid

crystals.

For MBBA (p-methoxybenzylidene-p’-butylaniline) LC, the values Kj, K;, and Kj
are, 5.8x107, 3.4 x10-7, and 7x10” dyne. If the all-possible deformations possess in

the liquid crystals then the total deformation energy can be calculated as;

1

|:dZEKl(v.ﬁ)er%Kz(ﬁ.Vxﬁ)z+%K3(ﬁxVxﬁ)2 (1.50)

For the one-constant (K;=K,=K3=K) approximation, the equation 1.50 reduced to the
equation 1.51 as;

F, = % K[(V-A)? +(V x1)?] (1.51)

To investigate the observation of Freedericksz transition in LC, we must include the
interaction of the boundary. So, surface interaction energies must be considered in the

total distortion energy of LCs. So, the total free energy density can be written as;
Fd '= Fd + I:surface (1-52)

For the equilibrium conformation of the liquid crystals, the free energy must be
minimized. The minimization of the total energy of liquid crystal also depends on the

boundary interacting with liquid crystals. For the hard boundary condition, the surface
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boundary contribution to the free total energy of the liquid crystals is small. But for
the soft boundary condition, the orientation of molecules near the boundary is also
affected by the externally applied field. Hence, the types of boundary interactions
affect the total dynamics of the LC molecules.

*

||\\‘; §§§ |||||I f'”
N X I
N X !

AN X\ y |
Y —\C il

(a) (b) ©

Figure 1.10: Orientations of liquid crystals having different conformations under
electric field: (a) Splay (b) Bend, (c) Twist

When the external field is turned on the LC cell, the molecules interact with the

external field and orient depending on the geometry of the LCs. The displacement in

the cell varies with the electric field as;
D=¢ E+(g,—¢, )R- -E)N (1.53)
So, the interaction energy density is transcribed as;

_SJ_(E-E) _ (8” _SL)(ﬁ'E)Z

__[F dE =
HE—_IOD' E= 2 2

(1.54)
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The first term in equation 1.54 can be neglected due to the absence of orientation

dependency. Therefore, the free energy term can be written as:

_ (8|| —g,)(A- E)’

F = 2 (1.55)
In terms of SI unit, the equation 1.55 can be re-written as;

Foo 4_171 (g —ﬂ;(ﬁ'ﬁ)z (1.56)
The total torque produced by the field on the molecules is given as;

I =DxE=(g,—¢,)(N-E)(NxE) (1.57)
Similarly, the magnetic torque can also be calculated as;

[, =MxH=(y—x")(A-H)(A-H) (1.58)

1.5.1.1 Orientation of the director axis with the flow in the cell

When a strong magnetic field has applied to the LC with a fixed director orientation,
then three viscosity coefficients are involved in the orientation process of the director

in the cell. These are:

a) When the director f is parallel to the velocity gradient along the x-axis (1)) .
b) When the director fiis parallel to the flow velocity along the z-axis (1),) .

c) When the director f is perpendicular to the shared plane along the y-axis (n,).

The theory of these coefficients was investigated by Miesowicz [16,17], Therefore,
these coefficients are known as Miesowicz coefficients. Considering the shear plane

of the LCs, the effective viscosity coefficient can be written as;
N =M+, +1,C0s” 0 (1.59)

These coefficients can be also related to the Leslie coefficients o, where i=1,2,3,....

as;

(-, +o, +0)
N = 5

(1.60)
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_ (og+ 0, +ag)

, 5 (1.61)

Oy

=— 1.62
Ms 5 ( )

1.5.1.2 Reorientation of the director axis with the flow of the liquid crystal

When the external field is turned on the LC, the external torque and viscous torque are
generated in the system. Therefore, the equation for angular acceleration can be
written in terms of the moment of inertia (I) and torque force ('), The molecular field

is written as;
dQ N
1—‘mol = E = (Fext +NX f) - 1ﬂvis (163)

where T, =fx[y,N+y,AR] with N =changing rate of director in fluid, f= molecular

force, vy1, v2 = viscosity coefficients. The first term in equation 1.63 gives the pure
rotation effect and the second term in the equation arises due to the coupling with

fluid motion.

Now, suppose the velocity gradient in the x-direction, and velocity in the z-direction,

then the director has components with director angle (¢), Axz, Nx, and N; as,

A =[sin ¢,0,cos9] (1.64)
v =[0,0,v(X)] (1.65)
1dv
=" 1.66
=5y (1.66)
N, =-o,n,=A,n, (1.67)
N, =o,n, =—-A,n, (1.68)

By using above equation 1.64 to 1.68, the viscous torque can be simplified into the

following equation as;

1—‘vis = _Y1(nsz _anz)_YZ(nznpApx _nxnuAuz) (1.69)

L =5 b 472 (c0s* g—sin o) w70
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The ¢ is the angle sustained between director axis orientation and flow of the liquid,
where this angle is related as;

COS 20 = — REL (1.71)

2

1.5.1.3 Reorientation of director under the external field without coupling torque
force with flow of the liquid crystals

Consider the twist configuration in LC is influenced by applied magnetic field (H) as
shown in the figure 1.11. For the twist configuration, the director axis has profile with
A = (cos¢,sin ¢, 0) [7,11].

7z

A

K
X

Figure 1.11: Twist deformations are influenced by the magnetic field (H) without the

flow of molecules.

The corresponding free energy term is considered as;

K, (o)
F =R 90 1.72
=52 w7
and
r—k, 2%, (1.73)
2722 '

The viscous torque force is written as;
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d
1—1vis =Y d_qt)

(1.74)
The external torque is produced by the magnetic field, which can be written as;
T, = Ay"H? cos¢sin ¢ (1.75)

In the case of equilibrium state of toques in the cell, the final equation leads to the

following equations:

dd) 62(1);\ m 2 H
—~ =K, —>2+Ay™H* cospsin 1.76
Y1 dt 2 3,2 X ¢sin ¢ ( )
azd)'\ mp 2 H
K2§2+AX H?cosdsind=0 (1.77)

The solution of the above equation 1.77 gives the behavior of the director axis under
the magnetic field. The molecules do not show any twist of the director of molecules
for the applied field less than the critical value Hg, at $=0. As the applied magnetic
field exceeds up to the critical values, the director does not remain the fixed value and
shows the twisting behavior for the higher magnetic fields with the hard boundary

condition;

1/2
Hsz( ij (1.78)
d\ Ay

The hard boundary condition means ¢=0 at z=0 and d. The director profile of LC
above the critical value is given by;

o=, Sin(%zj (1.79)

2 J(H=H.)

where, by ~
H F

, when the value of the magnetic field is reduced from the

He then the equation becomes;

do _ % (1.80)

Yla — M\ azz
By putting the value of ¢ in equation 1.80 from equation 1.79, the equation 1.80 can

be written as;
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. 2

‘;_‘f(l) =K, zddz (1.81)
Thus, the solution of the equation 1.81 can be written as;

o () = b exp(-t/7) (1.82)
where the relaxation time constant () is given as;

T= &12—(:2 (1.83)

Under the electric field, such an effect can be easily studied by simply replacing He

by Er and Ay"with Age. The threshold values of the electric field and voltage are

given as;
1/2
n( K

E.=—|— 1.84
35 wn

K 1/2
V.=m — 1.85
F R(Asj (1.85)

1.5.2 Cholesteric liquid crystal

Cholesteric liquid crystals (CLCs) have analogous properties like nematic liquid
crystals (NLCs), but the director axis shows helical formation with a finite pitch p, as
discussed earlier. The general case in the cholesteric liquid crystals shows two types
of director orientation: twist and fingerprint. Due to the helical formation of the
molecules, the cholesteric liquid crystal shows unique optical properties, which can be

applied in various novel optical devices.
1.5.2.1 Free energy of the cholesteric liquid crystal

The stable configuration of the cholesterics with pitch wave vector qp involves the
contribution of q,. In the cholesteric liquid crystal, the mirror symmetry is absent due
to the helical pattern of the molecules. Basically, nematic liquid crystals can be
treated as a special class of cholesteric liquid crystals having zero pitch wave vector.
To calculate the free energy, the twist deformation contribution is modified with the

pitch vector as;
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K,(N-Vxf)? = K,(A-VxA+q,)? (1.86)
For the CLCs, the director axis has a profile as;

A = (cos¢, sin ¢, 0) (1.87)
The stable minimum free energy of the CLCs is written as;

|:d:%Kl(v.ﬁ)er%KZ(ﬁ.Vxﬁ)z+%K3(ﬁxVxﬁ)2 (1.88)

The cholesteric liquid crystals have similar properties to the uniaxial materials if the
pitch of cholesteric liquid crystals does not change by the applied external field. In the
cholesteric liquid crystals, the stable configuration is dependent on the external field

directions, the sign of anisotropy, and orientation or configuration of the molecules.

(a) (b) (c)

Figure 1.12: Deformation of helix under magnetic field: (a) absence of magnetic

field, (b) incensement in pitch with the field, (c) perfect alignment of molecules with
infinite pitch.

When the external field is applied to the CLCs, the molecules begin to orient in the
field direction and the pitch of the CLC increases. If a sufficiently high field is applied
to the liquid crystals, then the pitch of the cell approaches to infinity, and the
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cholesteric liquid crystal converts into the nematic phase [18]. The free energy of the
CLCs can be deliberated as;

F =1jdz K (%—q jZ—Ax”‘stinzi (1.89)

total 2 2 az 0 .
dza mpg2 «;

sz?+AX H"singcosg =0 (1.90)
2

Sy d_2§ =sin cosg, (1.92)

where 3,, is the coherence length, which is given as;

K,

9, = 1.92
M Ay™H? (1.92)
The equation may be simplified which gives as;
)
9, —=| =sin“¢g, 1.93
H( dzj g (1.93)

The solutions of the above-equation can be termed in elliptic functions. So that, we
can take sing(z)=S(u,c), here u=z/9,c=argument, ¢= modulus of elliptic

function. The free energy can be calculated by using minimizing conditions.

9,9, =256 (1.9)
g

The solution of the pitch can be given as;
p(H) =43¢F(c) (1.95)

When p tends to infinity, the ¢=1and E(c) =1,
2
U9y =— (1.96)
T

K, 2
_2 1.97
qO AXmH P ( )

Hence, the critical field is given as;
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K. m?
H = Ko
AyY P

(1.98)

(Axm (Hpo )4

+----|and py = initial pitch without any disturbance.
32K2(2n)’ } e P Y

where p= p{1+

Similarly, the effect of the electric field on the CLCs can be studied by replacing E
with H and Ay ™ with Ae. For the bulk cholesteric liquid crystals, the effect near the
boundary can be negligible. Depending on the motion of the fluid, two types of
conformations appear for the molecules of CLCs when the functioning field is
abruptly turned off. The first is twisted conformation related to the motion of the

fluid, and the second is iconic or umbrella mode with the absence of fluid motion.

The twist conformation can be described by a differential equation which is given as;

0€, d’ )
——K,—=2-Ayx"H"sin&cosg =0, 1.99
g ~Kegz T §cosg (1.99)
The dynamical equation for the conic mode is complicated and the relaxation time for
both modes can be written as;

Y
Towist = —Kzaz (1.100)
Y1
Teonic = 5555 - (1.101)
Kyag +K,q°

where g =wave vector for the LCs.
1.5.3 Smectic liquid crystal

Smectic liquid crystal shows both directional and positional ordering in the
arrangement of its molecules, and positional order is found in the layered structures
with different orientations of the director axis in the liquid crystal. Depending upon
the molecular arrangement and order, the smectic has different phases, smectic-A,
smectic-B, smectic-C, smectic-D, so on. Liquid crystals OCB (4,4’—n-
octylcyanobiphenyl) and nCB with n=8 to 12 show the smectic-A phase while
OOCBP (4-n-octyloxy-4’-cyanobiphenyl) shows smectic-A and smectic-C phase. Due

to different phases, pattering orders, and dipole moments, these liquid crystals have

Page 27



Chapter 1

different optical properties than the nemetic liquid crystals [19]. Smectic liquid
crystals also have various applications due to their molecular orientation with the

applied fields. Now, we discuss the smectic-A and smectic-C liquid crystals one by

YY1,
\/77/ Il
W21

(a)

Figure 1.13: (a) Smectic-A (b) Smectic-C liquid crystals.
1.5.3.1 Smectic —A phase

The pattern structure of molecules in the smectic-A phase is shown in figure 1.13. In
such liquid crystal molecules, small distortions and the distances between the parallel
molecular layers are the same and the components of the director axis are also related

to the displacement of the layers as;

ou
=—— 1.102
K ( )

ou
n,6=—— (1.103)

y ay

The free energy of the molecular system can be described by an equation that is given

as;

2 2 2 2 2
Fo :|:0+1|§[a_uj +£K1 8—lj+a—l: +1AX"‘H2 (G—UJ LM (1.104)
2-\z) 2 o o) 2 ox) oy
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where the first term Fq is the unperturbed free energy part, the second is the distortion-
free energy, the third is the splay deformation and the fourth term is the distortion

energy term induced by field.

1.5.3.2 Smectic-C phase

In comparison to the smectic-A phase, the smectic-C phase has a revolution around
the z-axis that remains the constant distance between the layers as shown in figure
1.14. The free energies in the smectic phase can be studied in the form of the layer
spacing. The total free energy of the smectic C liquid crystals is the addition of
rotation of director axis (F.), distortion of the layers (Fy), and coupling between

rotation with distortion, which can be described as;

F= Ft+Fct+ Feg; (1.105)
2 2 2
2 OX 2 oy 2 0z 2 OoX 0z

2 2 2
oQ
F, =1A o, +1A12 — +£A21 G2
2 OX 2 OX 2 oy

_o 8,00, 0, 0,

+ lﬁ(a—uj (1.107)
2 \oz

_ + 1.108
“ T ox ox o 2oy oy (1.108)
and
a0 -Ya--NMo, (1.109)
oy OX

H:

700077
N /A
e
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Figure 1.14: Smectic C liquid crystals under a magnetic field.

Smectic-C LC has the molecular arrangements in the different layers, So, when the

external field is turned on the LCs, the field dissociates in three components and

correspondingly three components of diamagnetic susceptibilities x;", x5, and x5 .

A

Half Pitch

L.ength

\\ .

Figure 1.15: Orientation of molecules of Smectic-C phase liquid crystals under the

magnetic field.

With the magnetic field, the projection of the director axis (c axis) must coincide with
the y-axis and onto the molecule layers; then the threshold value, the Freedericksz

transition field, can be written as;

. 12
H,, = ™[ Ku (1.110)
d X2 —Xs

where «g is the elastic constant. If the applied field along with the director of H, (y-

axis), then the threshold value can be written as;

. 1/2

Sin

Hy, == ¢£ — Kem' — ”‘j (1.111)
d {x cos®d—y5 sind—yx3
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If the applied field along with the director of H;, then the threshold value can be

written as;

. 1/2

Sin

o= d{ e ”‘J (1.112)
dcosd X2 =%

1.5.4 Smectic-C* phase (ferroelectric liquid crystal)

Ferroelectric liquid crystal (FLC) is another phase of the smectic liquid crystals
(smectic C*) having a finite value of spontaneous polarization P. There are two kinds
of the smectic liquid crystals, the first type is the direction of the P is fixed and the
director axis is tilted at an angle ¢, as shown in the figure 1.16. The second type is
generally optically inhomogeneous and found as a twisted smectic-C* phase having a

higher pitch than the thickness of the layer.

V8
apdier e
s e

(a)
Figure 1.16: (a) Ferroelectric liquid crystals. (b) Antiferroelectric liquid crystals.

In the twisted phase, the director axis fluctuates in helical formation from layer to
layer and the director axis revolves around the perpendicular direction to the layer.
When the external field is applied in the parallel direction to the smectic layer, the

layer shows unwinding of the helical form.
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The free energy of the FLC is quite complicated and it depends on several parameters

like elastic energy, surface energy, polarization density, dielectric interaction energy
density [20].

Generally, the director axis of FLC has components as;

A = (sin ¢ cosE, sin psin &, cosd) (1.113)

................... feciroeved et ovussst vaassi revwses obet s et isametie

Pitch

Along Z axis

Figure 1.17: Orientation of ferroelectric liquid crystals under the magnetic field.

<€

The total free energy of FLC is given by;

2
F.=F +1A(1+ vsin® &)(%j +A(L+V)sin @Q{%j (1.114)
2 oy oy
The represented constant Fo, A, B, v, Qo in the above equations are given as;
- 2lk.gi k)
075 Q1 +K;Qp (1.115)

A=K, sin’¢ (1.116)
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B = (K, cos” ¢+ K,sin?¢)sin’ ¢ (1.117)

v=(B-A)/A (1.118)

Q, = K,Q; sinpcosd+ K,Q,sin” ¢ (1.119)
Al+vV)

The constant Ky, K, K3 are the frank elastic constants and Qg, Qt are the internal
wavenumbers for bend and twist transitions. Now, the dielectric interaction energy is

given by;
1 Taim 2 2
Fiel =—§Si(1+A8 sin“&)E”, (1.120)

Ae'=(g)—¢,) /e, € =€, COS* o+ sin’ ¢ (1.121)
The interaction of electric field density is given by;
R =—-PE, cosg (1.122)

The surface free energy term is given by [21];

€)= h"() (1.123)

where h“?(¢) = —g"*C*? exp[—%'sin = &1'2)} —g"*(1-C") exp{—%‘sin = al’z)}

and o is anchoring potential parameter, C1, gives the relative stability between &;

and ©-&; ». The superscripts refer to the plates of the two cell boundaries.
The sufficient condition for such a process is h**(m—&) = h**(€) with C,=C,=1/2.

With one constant approximation, the free energy terms gives;

2 '
Ksin2¢%+%‘°’sﬁzsin 26+ PSEsing:yl% (1.124)

2

The first term is elastic torque, the second term is dielectric toque and the third term is
polarization torque. The time constant which involves in the polarization process in
the system is given by;

T=_1 (1.125)
P.E
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1.6 Photonic crystal

From the previous few years, photonic crystals (PCs) have attracted to the researchers
in the field of advanced optics to examine their properties due to exhibiting photonic
band gaps (PBGS) regions in which the transmission or flow of electromagnetic waves
(EMWs) are forbidden. In 1887, Rayleigh [22] inspected that the propagation of an
electromagnetic wave through the multilayered structure could be controlled in
several aspects. In 1972, Baykov [23] proposed that spontaneous emission could be
regulated by periodic structures. In 1987, Yablonovitch [24] and John [25] effectively
explained that such a periodic structure could be used to execute the spontaneous
emission and transmission of electromagnetic radiation. After these pioneer aspects
for PCs, a huge number of research articles have been issued based on photonic
crystals and their applications.

Generally, photonic crystals are the optical mediums having periodically arranged
dielectric materials with periodic modulation or repetition of the dielectric constant in
the possible directions. Such arranged multilayered structures of the dielectric
constituents govern specific spectral characteristics and open an era in the advanced
optics to use its properties in various scientific technologies; nanophotonics,

optoelectronics, and nanotechnology, etc.

Depending on the dimensionality of dielectric constants, photonic crystals are
categories in three configurations; one-dimensional photonic crystals (1-DPCs), two-
dimensional photonic crystals (2-DPCs), and three-dimensional photonic crystals (3-
DPCs) as shown in figure 1.18. One-dimensional photonic crystals (1-DPCs) are one-
dimensionally arranged multilayered structure of dielectrics, and the fabrication of 1-
DPC is easy due to the advanced development of the thin-film technology. The optical
characteristics of 1-DPCs can be inspected using the transfer matrix method (TMM)
and this method gives satisfying results with the experimental observations. Two-
dimensional photonic crystals (2-DPCs) have periodic modulation of dielectric
constants in two directions in the space and its optical transmission dispersions can be
studied by using the plane wave expansions method (PWE), beam propagation
method (BPM), finite difference time domain method (FDTD), finite element method
(FEM), etc. 2-DPCs can be widely observed in nature e.g. butterfly wing. The wing of

butterflies has a 2-D periodic lattice and this periodic structure in two directions
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reflects the electromagnetic waves. In three-dimensional photonic crystals (3-DPCs),
the dielectric permittivities of periodic layers diverge in three dimensions in the space
that possesses larger probable conformations of 3-D photonic crystals than the 1-D

and 2-D photonic crystals.

1-DPC 2-DPC 3-DPC

Figure 1.18: Schematic diagram of the Photonic Crystals (PCs): one-dimensional
photonic crystal (1-DPC), two-dimensional photonic crystal (2-DPC), and three-
dimensional photonic crystal (3-DPC).

In PCs, when the electromagnetic wave interacts with dielectric periodic layers, a
certain range of wavelengths or frequencies exhibits is known as the photonic band
gap (PBG) and such material is also called photonic band gap material. The band gap
and dispersion of PBG materials as in figure 1.19 [26, 27] and such peculiar
possessions of the PBG materials are used to manipulate and control the
electromagnetic waves for applications in the optical devices. The photonic band gap
materials, especially 1-DPCs, are used in the designing of omnidirectional reflectors,
low-loss mirrors, optical fiber communications, antennas, precise emission devices,

etc.

The PBG of periodic dielectric materials is analogous due to dielectric eigen states to
the electronic band gap (EBG) of periodic potentials due to electronic eigen states in
the crystal. We have learned that the localized states in the EBG region are strongly
localized for the crystal with defect when an intrinsic crystal doped with certain
impurities e.g. p-type and n-type semiconductors. Correspondingly, the localized
states or defect modes in photonic band gaps can be achieved by inserting a dielectric
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layer or LC in the periodic structures and such the defect in photonic crystals have
strongly localized eigen functions. The obtained defect modes are strongly localized
modes due to the interference of the waves in the defect layer. PCs with defect modes
are useful in designing optical filters, multichannel filters, monochromatic wavelength

transmitters, tunable electro-optical devices, omni-directional reflectors, etc.
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Figure 1.19: Band structure in the one-dimensional photonic crystal.

Avrtificial inverse opals, 3-DPCs, are to be made-up by using the simple and cost-
effective self-colloidal method and the designed artificial opals have three-
dimensional (3-D) periodicity of dielectric materials. Holographic lithography is also
used to fabricate 2-D and 3-D photonic crystals. Electron beam lithography has also
been used in the fabrications of photonic devices by patterning the different dielectrics
materials. By using a systematic process of lithography with etching methods, 2-D
low imperfection photonic crystals are fabricated [28-31]. The multistep methods with
planer lithography techniques are used to fabricate 3-D photonic crystals. 1-D
photonic crystals are designed with help of the thin-film technology where thin films
are successively fabricated on the surface of each dielectric layer. Photonic crystals
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have various applications depending upon the photonic band gap regions in the
transmission spectra; e.g. tunable devices, optoelectronic devices, low-loss mirrors,

optical filters, wave harmonic devices, beam-splitters, electro-optical switches, etc.
1.7 Literature Review

Liquid crystals are the electro-optical and organic materials and their optical
properties are tuned with the orientation of liquid crystal director. Liquid crystals have
a variety of applications depending on their types and optical parameters. The optical
switching devices can be designed using tunable modes of photonic crystals
containing liquid crystals. Various scientists and researchers have used liquid crystals

to design the tunable photonic crystals.

In the cholesteric materials, the interaction of the electromagnetic field with materials
leads to high transmission or low reflection of left-handed or right-hand polarized
light fields. In 1968, Conners [32] derived the coupled time-independent equations for
the propagation of the electromagnetic wave (EMW) in the cholesteric materials for
the right and left-hand polarization of waves. The obtained results are good remarks
for the interaction of the electromagnetic wave with cholesteric materials. The
developed theory suggested the high reflection and the low transmission of left-hand
and right-hand polarized electromagnetic waves, respectively when it is treated the
interaction of the wave with right-handed material. By calculation, the intensities of
both left and right-handed polarized waves, and the author calculated the circular
dichroism (0.92) of the material. In 1971, Melamed and Rubin [33] investigated the
optical characteristics of a mixture of different cholesteric liquid crystals; cholesteryl
chloride, cholesteryl nonanoate, and cholesteryl oleyl carbonate. Along with optical
properties, they also calculated optical activity, extinction ratio for the mixture. They
reported that the asymptotic nature of the optical revolution which has positive and
negative infinity at the wavelength (596 nm) with minimum transmittance and linear
dependence of temperature for a certain range (20-35°C). The wavelength
corresponding to the maximum reflection showed shifting towards shorter
wavelengths with the variation of the angles. The selective reflections waves were

also observed in the narrow region for the small wavelengths [33].

In 1972, Berreman [34] developed a mathematical formulation to study the

propagation of EMWs in the stratified anisotropic medium. The proposed theory was
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established on the solutions of Maxwell’s equations including optical activity and
Faraday rotations. He generated a 4x4 matrix having 16 elements, which gave
reflection, and transmission properties for coupled transverse electric and magnetic
modes. Azzam and Bashara [35] also investigated the propagation of the polarized
electromagnetic wave in the anisotropic medium including liquid crystals and found a
solution of the differential equation, which was dealt with a complex quantity of
elliptical polarization. They investigated the nature of this complex quantity in two
different manners; along the random direction which satisfied with the conditions in
Poincare sphere and along the helical optical axis of the chiral liquid crystal in which
principal axes, birefringence, led to line up the axes of the elliptical surface in the
molecular level. The solutions also suggested that the ellipticity has periodic variation
having a smaller periodicity than the pitch of the used material.

Considering a complex plane helicity, the matrix based on left and right-hand
polarization for inhomogeneous and homogeneous anisotropic media was developed.
For the inhomogeneous case, the matrix depends on the distance along propagation
direction and the solution for complex quantity shows the absence of analytical nature
while the matrix did not depend on the distance and provided the existence of all laws
in the Poincare-sphere illustrations with homogeneous case [35]. Helfrich [36] studied
the effect of electric effects on the liquid crystals for different alignments. The
homeotropic arrangement of liquid crystals shows the tunable birefringence but the
molecules are showed the twisting behavior around the nematic axis that leads to
polarization of incident light perpendicular parallel alignment of molecules. The
liquid crystal has different values of threshold voltage for different alignment of the
molecules. For the positive anisotropy, the molecules of the NLC orients along the
electric field direction. The molecules show reorientation without any electric field or
voltage application. LCs are used in phase-controlled optical devices due to having
high sensitivity under the applied electric field. The materials parameters of liquid
crystals are also studied by calculating time-dependent intensity patterns (phase delay
and voltage) [37].

Elachi and Yeh [38] formulated the stopband properties for cholesteric liquid crystals
(in half-space) considering the interaction of electromagnetic radiation with the LCs

using Flogquet theorem, and Brillouin illustrations while the other half-space is filled
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with a uniform dielectric constant which leads to the subdivision of existing stop band
depending on the incident angles. For the lower value of the incident angle, only one
band exists but for the higher value of the incident angle, two or more stop bands
exist. According to Brown [39], liquid crystals are found in two types, lyotropic and
thermotropic; thermotropic LCs can be prepared by supplying heat to the organic
materials while lyotropic LCs can be prepared by mixing of two or more compounds.
The authors also suggested that the different classes of liquid crystals have different
textures and structures and arrangement of the molecules. Kashnow and Stein [40]
described that the transmission and reflection of liquid crystals, filled between two
prisms, could be controlled by the incident angle of electromagnetic radiation. The
total internal reflection conditions depend on the dielectric constant of the prisms and
the refractive index of LCs suffers different values for s and p waves. The relative
transmitted intensities have different maximum values with the incident angle for the
field on and off conditions. The liquid crystals show very high switching of
electromagnetic waves for a slightly higher incident angle than the total internal angle
with on and off conditions of the applied field.

With the assumption of a twisting angle smaller than the maximum value of
retardation, Grinberg, and Jacobson [41] investigated the transmission properties of
twisted liquid crystal cell. The authors reported that the transmission properties of the
cell are dependent on the wavelength of the incident wave as well as the specific
thickness and birefringence of the used liquid crystal. Bigelow and Kashnow [42]
used the Poincare-sphere representation for the investigating the propagation of
polarized electromagnetic radiation in the twisted liquid crystal and suggested that
normal modes in the undeformed state of liquid crystal have elliptical polarization in a
very small manner. They also calculated the pitch near the boundaries of the twisted

liquid crystal under the controlled orientation and alignments in the cell.

Riviere et al. [43] determined the refractive indices of the uniaxial 6CB liquid crystal
by the transmitting plane wave into the cell containing 6CB with a semi-infinite
transparent medium. They reported that the refractive indices are temperature and
wavelength-dependent intensity transition behavior at critical values. Using
Maxwell’s equations, the authors also calculated the reflection properties, which were

varied with incident angle, and the angle between the interface and optical axis of the
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liquid crystals. For the incident angle higher than the critical angle, the total incident
wave was reflected while for the angle below the critical value; the incident wave was
partially transmitted. [44] Mclintyre also investigated the transmission properties of
wave propagation through a layer of twisted liquid crystal. They suggested that the
layer thickness is dependent on the twist angle without any transmission of waves
[44]. Cox investigated the spectral properties of a mixture of liquid crystal with the
dye that affected the material parameter such as order parameter, solubility,
absorption, transmission, etc. The intensity of the transmitted wave was dependent on
the solubility of the dye in the host liquid crystals. The optical properties were also
affected by the nature of interaction presented between the guest and host in the
system. Moreover, the order parameter depends on the structure of the dye and it has a
higher value for the high ratio of length to breadth of the molecule. Due to dye
molecules, the color switching properties do not change for the constant value of the

thickness of the cell with the concentration of the dye [45].

Hajdo and Eringen [46] investigated the blue shifting in the reflection from the CLCs
with shear and showed that the amplitude of the value of the applied field was
dependent on the wave propagation vector and wave number. He concluded that there
must have a finite number of pitches to reflect the light near the edge of the reflection
band. The shift was found 6nm for the 23° tilt angle of the liquid crystal due to
rotation of molecules while the shift fluctuates for the angles higher than 23°. The
used perturbation theory did not give good results and the shifted has almost vanished.
Due to the non-uniform rotation of the helix, the waves are linearly interacted with the
inhomogeneous medium and generated the conversion of waves. The coupling of the
critical field and the second-order phase transition are led to the threshold value of
polarization cutoff of the wave due to the reorientation of liquid crystals director

under external fields [47].

Chavel et al. [48] designed an optical transducer using liquid crystals due to the
conversion ability of intensity to spatial frequency. With the help of such a transducer,
the optically filtered intensities of the image could be manipulated by Fourier filters.
They also demonstrated logic operation on the images using variable grating mode
optical transducer based on liquid crystals. The proposed device has various

advantages including flexibility, restoration of levels, parallel 2-D processing, etc.
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Hinov [49] considered the attenuated total internal reflections for the interaction of the
plane monochromatic wave with deformed liquid crystals under high-frequency fields
but the surface anchoring was not controlled in the bulk layer of LCs. He also
predicted that surface polarization, flexo-effect, formation, and vanishing of double

layers and surface disclinations and various parameters could be traced.

Using LC chromatography, Ohgawara et al. [50] investigated the orientation of liquid
crystal molecules on different surfaces. They found that the azoxy, Schiff, biphenyl,
ester, based liquid crystals were aligned parallel to In,O3Al, O3 and other material
surfaces while 5CB and MBBA liquid crystals aligned perpendicular manner due to
the amphiphilic nature of impurities during hydrolysis. Gagnon [51] investigated the
optical transmission through the twisted liquid crystals using a 4x4 matrix based on
Maxwell’s equations. The author used E7 liquid crystals with 45° twisting of
molecules and found that light reflects and leaves the cell by the same surface from
which it is entered. The transmissions gained maximum value for intermediate
voltages were showed broader declination in the high voltage. Wagner [52] reported
the pair correlation function and order parameter of liquid crystals using the
Bogoliubov-Born-Green-Kirkwood-Yvon theory. The order parameter is kept
constant by varying temperature under short-range order correlations and some liquid
crystals are showed the negative value of the order parameter at the clearing point. In
this theory, the short-ranged repulsion is neglected due to angle-dependent terms
while internal energies have low values due to interaction independent of orientations.
He also suggested that the orientations pair correlation has vanished in the nematic

clusters for the distances higher than the diameter of cluster size [52].

Durbin et al. [53] observed the optically induced Freederikcz transition and
birefringence of liquid crystals. The authors reported that the maximum orientation of
the molecules 30°, for 100 W/cm? pump intensity with birefringence of 0.04 at 30°
incident angle. Moreover, the nonlinearity could be induced using the appropriate DC
fields. The observed birefringence was found to be dependent on the pump intensity.
The pump and probe intensities were suffered the shattering loss and transverse
variations. In general, the Frredericksz transition was dependent on the temperature
and directly proportional to the order parameter. Under a certain condition, the

Freedericksz transition intensity was found to 155 W/cm?. In 1981, Khoo [54] also
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investigated optically induced effects in the NLCs and reported the four-wave mixing
phenomena due to third-order nonlinear polarization in the NLCs. Using the intensity
of 5W/cm? the author observed the 0.1 conversion efficiency in wave mixing
phenomena. The orientation relaxation was also reported and suggested that four-
wave mixing could be used in holographic imaging as well as optical modulations.
He also studied theoretically molecular reorientation and self-focusing effect of
electromagnetic waves and found that an optical field lower than the threshold value
could produce the molecular reorientation, self-focusing, and degenerate four-wave

mixings depending on the geometrical parameters under small angle conditions [55].

Yang and Rosenblatt [56] determined the potential at the interface of NLC to the
surface of the boundary. They also measured the birefringence of the liquid crystals,
which was dependent on the magnetic field, and the cell alignment was related to the
value of the Freedericksz transition. The maximum value of the orientation angle was
found 90° while the maximum value of the tilt at the boundary was found at the half
value of the saturated value of the magnetic field (207kG). In 1983, Ong [57] studied
the optically induced bistability and Freedericksz transitions in the nematic liquid
crystals. The author used Maxwell’s equations and Euler’s equations to study the
orientation in the nematic liquid crystals. He defined the criteria for first and second-
order types of the Freedericksz transitions. Hence, PAA liquid crystals showed the
first order Freedericksz transitions with hysteresis effects and the threshold intensity
is the function of the thickness of the cell where it is inversely proportional to the
square of the thickness of the cell. The study also agreed that the maximum value of
the orientation angle was dependent on the intensity ratio of the incident wave to the
Freedericksz transition. The hard boundaries did not affect the orientation of the
molecules and threshold conditions. He concluded that when the intensity of incident
EMW is lower than the Freedericksz transition value, the molecules did not show any
variation but as the intensity of incident EMW is reached equal to the Freedericksz
transitions molecules show switching behavior for increasing intensity. For the
decreasing intensity (I) of EMW, the molecules acquire a different lower threshold
value for the reorientation process discontinuously. If any noise is present in the
nematic liquid crystal cell, then the threshold value is shifted to a lower value due to
the nonlinear behavior of the noise. The response of the system is dependent on the

noise intensity as well as the correlation time [58].
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Ong and Meyer [59] generalized a formulation for the propagation of electromagnetic
waves into inhomogeneous layers of liquid crystals using geometrical optics. They
found that geometrical optics approximation is failed when the wavelength of the
incident wave nearly approximates to the periodic of periodically bend liquid crystals.
The expressions for electric fields was obtained through the geometrical optics has
almost the same amplitude to the exact solutions for the all values of z, x, and y
components of electric and magnetic fields, respectively and independent on the
azimuthal angle but they are dependent on the tilt angle The z component of the
electric field is dependent on the azimuthal angles and the amplitudes followed the
reciprocal theorem. The distorted liquid crystals in a periodic manner worked as
grating and produced fringes were calculated by Kosmopoulos and Zenginoglou [60]
through geometrical optics approximations. The fringes were shown angular and
spatial deviations of the propagating waves and were also shown the phase
perturbation. For the weak distorted liquid crystal, the even-numbered fringes are
important but for highly distorted liquid crystals, both even and odd fringes are
important depending on the distortion angle. For the small deformation angle, the
numbers of odd fringes are lower than even-numbered fringes. The grating factor of
liquid crystals is dependent on the temporal phase difference and spatial path

difference in the cell.

Using the interaction of low power lasers with liquid crystals, various parameters
could be investigated e.g. orientation nonlinearity, high temporal resolution, and so
on. The transverse inhomogeneity for the electric field with deformation energy led to
weak interference with a weak response in the homeotropically arranged molecules
within the cell. The director angle in the liquid crystals was varied according to
applied magnetic fields. The ordinary wave could produce the reorientation of the
molecules without threshold conditions [61]. When the laser incident on the liquid
crystal, the molecules reoriented and the interface between 5CB liquid crystals and
the air is acted as a hard boundary (rigid anchoring) for enhancing the backflow in the
liquid crystals that lead to more relaxation of orientations. The interface of 5CB and
air was found in homeotropic arrangements. The cell has high backflow due to the
absence of positional anchoring which modified the relaxation process and decreased
the orientational damping [62]. Lam et al. [63] studied the linear and nonlinear optical

properties of anisotropic liquid crystals using the Ab-initio method and derived the
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relation for the director fluctuations under electric dipole approximations, which is
described the molecular reorientation on the propagation of the electromagnetic wave.
Due to gradients of director fields, the induced dipoles in the molecules is supported
by the flexoelectric effects and dielectric constant as the function of frequency. Both
components of the dielectric constant have different resonant frequencies. Besides the
electric field, the magnetic field has also produced the dipoles in the liquid crystals.
Umeton et al. [64] suggested that liquid crystals could be used to tune the laser as well
as an optical rotator and optical modulator. Using CLCs as active material in the laser
cavity, the lasing action could be tuned. CLCs have huge rotatory power close to the
wavelength of the peak reflection, which is regulated by the definite number of the

pitch.

Frisken and Muhoray [65] studied the twist and bend transitions in the liquid crystals
under electric fields and they proposed the induced transitions of first order with
experimental illustrations. They also examined the effect of the magnetic field on the
threshold values and transitions. The authors studied the exiting of hysteresis during
the measurement of the dielectric constant. The transition in the cell was not uniform
under the magnetic field and the obtained hysteresis was shown that the transition is
first-order. The effect of the perpendicular electric field produces the stable
conformation of LCs while the applied magnetic field produces the six possible
transition deformations. If the applied electric field is parallel to the cell, then the
Freedericksz transition is first order. For the 5CB liquid crystals, two deformations are
first order and the other two exhibited the tricritical points. The order parameter has a
high value for the first-order transition. The magnetic and electric field-induced the
bend and splay transitions in the LCs which are second-order transitions [66]. Foresti
[67] calculated the optical properties of LCs on the propagation of the plane wave. He
obtained the solutions in form of the perturbative functions. Using the 4x4 matrix
method, he obtained the Fresnel's coefficient of reflection and transmission through
the liquid crystals. Sharp et al. [68] fabricated the tunable liquid crystals wave plate in
the infrared region. They showed that the optical properties of the wave plate were
dependent on the birefringence, thermal stability, and alignment of the liquid crystals.
They also calculated the phase retardation at different voltages and reported the
retardation was found 4° at 25V and approached to 0° for the higher voltages. If the
director angles change, the azimuthal angle of the cell is affected. Wang et al. [69]
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studied the frequency locking and quasi-periodic oscillations of the output intensity
and chaos in the Fabry-Perot interferometer considering nematic liquid crystals. The
used liquid crystals are acted as a nonlinear oscillator and the noise affected the
frequency locking with winding numbers [69].

Lekner [70] calculated the electric field vectors for extraordinary and ordinary modes
of the wave considering s and p polarizations for the uniaxial crystals in terms of
direction cosines. Some specific conformations of the materials vanished the cross
reflection terms. The ordinary and extraordinary electric field vectors were orthogonal
to each other. Due to the Freedericksz transition in smectic-A, the liquid crystal
showed a phase transition to smectic-C considering molecular tilt in the smectic layer.
The transition temperature of smectic-A to smectic-C phase depends on the surface
pre-tilt effect. The above the transition temperature threshold value increases having
square values. The phase transition and threshold voltage were dependent on the
temperature [71]. Busch and John [72] demonstrated that when the holes in the
inverse opal infiltrated with liquid crystals, the materials exhibited tunable photonic
band gap (PBG) regions; the PBG regions could be tuned by applying electric fields
which orients the optical axis of the used liquid crystals. For the well order and
aligned nematic liquid crystals, the material exhibited tunable wave-guide
characteristics; the filled inverse opal supported with localization of the light and
electro-optical modulation of the emitting light. Yang et al. [73] investigated the
interaction of light with cholesteric liquid crystals and used as photonic band gap
material due to exiting total reflection of the light with circular polarization but the
orthogonal components were transmitted. The right circular polarization light is
reflected but the left circular polarized light is transmitted. They also showed that
defect modes in CLCs were dependent on the refractive index of the defect layer.
When the refractive index of the defect layer is higher than the refractive index of
liquid crystals than the wavelength of the transmitted peak shows blue shifting and
two defect modes of transmission are obtained near the edges gaps and the long-
wavelength mode of the transmission vanished while short wavelengths are shifted
into forbidden gaps. At the center of the gap, the wavelength of defect modes

transmission peaks was varied linearly with the refractive index of defect mode.
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Swisher et al. [74] observed the nematic transition of cholesteric liquid crystals
droplets when it is placed in the external electric field. Under the electric field, the
surface of the droplets shows quasi-cylindrical twisting behavior. The cholesteric
droplets were transformed in the nematic phase on further increasing the electric field.
Having the confinement, the pitch calculation follows the same conventional theory.
Etchegoin [75] studied the blues phases of dye-doped cholesteric liquid crystals and
he found that the blue phase in the liquid crystals could be tuned with the temperature
and the blue phase was modified the emission of fluorescence of the dye presented in
the liquid crystal. Such dye-doped liquid crystals having low pitch could be used as
weak or thermotropic photonic crystals. To study the anisotropy in the emission
process, the single crystals with a blue phase could be used. Leonard et al. [76]
investigated the optical properties of 2-DPCs filled with E7 LCs and they found that
the photonic band gap was tuned with the temperature and refractive index of the
liquid crystals. They synthesized the photonic crystals of silicon materials and the air
holes filled with E7 liquid crystals. The filled liquid crystals were shown transition of
nematic to isotropic nature at temperature 59°C. The longer wavelength edge of the
band gap remains fixed but the short-wavelength shifted by 70 nm. The band structure
was also shown shifting by 113 nm by tuning the alignment of the liquid crystals. In
conclusion, they investigated the first tunable 2D photonic crystals based on liquid
crystals. Kang et al. [77] also synthesized the porous silica (closed packed) based
photonic crystals filled (26%) with liquid crystals and showed shifting of the Bragg
peaks of reflectance peaks. On the application of the electric field, the structure was
shown the tuning of the reflection Bragg peaks with a hysteresis due to the parallel
orientation of the molecules concerning the surface of the pre-synthesized structure.
Kee and Lim [78] studied the optical properties of 2-D metallic photonic crystals with
filled with 5CB liquid crystals. The authors suggested that infiltration of liquid
crystals could be enlarged the wide of photonic band gaps and produces the other high
ordered photonic band gaps in the transmission spectra. At the phase transition of
liquid crystals, the temperature has affected the edges of the photonic band gaps. The
shifting of the band gaps in case of s and p polarized light waves are in opposite
directions. Using the metallic periodic structure instead of the dielectric periodic
structures, the higher tunability could be achieved. Yoshino et al. [79] synthesized the

3-D periodic structure of SiO, infiltrated with liquid crystals and reported the tunable
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stop band and band structures with the variation of temperature and refractive index
of the liquid crystals. They illustrated that the periodic structure has had reflectance in
comparison to the periodic structure filled with liquid crystals filled structure which
shifted the stop band. The central frequency shifted to the longer wavelengths (low
energy) at the L point, perpendicular direction of wave propagation. The theoretical
calculations of the temperature-dependent central wavelengths were found between

first and second bands that were matched with experimental values.

Shimoda et al. [80] also studied the stop band characteristics of the 3-D photonic
crystals infiltrated with liquid crystals. They reported that the stop bands produced by
periodic structure could be tuned by changing the parameters of the liquid crystals
such as temperature. The refractive index of the filled organic material (liquid
crystals) could also be calculated by analyzing the transmission spectra of the periodic
structure. Moreover, the interactions between the liquid crystals and walls could be
organized by considering the matrix of the optical replica. Due to anisotropy of liquid
crystals, the uncoupled modes and mirror symmetries have vanished in the 2-D
photonic crystals. The main reason for the breaking of mirror symmetry was the
rotation of the director axis of the liquid crystals. The transmission has a high value
for the director angle of 10° to 88° but the very low value at a low angle due to
uncoupled modes. Hence, the higher tunability could be obtained by setting the range
of director angles between 0° to 10°, and 88 ° to 90° [81]. Ruan et al. [82] studied that
smectic-A liquid crystals (8CB) gave rise to two stable conformations of its directors,
which supported the diffraction of electromagnetic waves, caused by disturbance and
fixed amplitude of the density waves. The perpendicular layers of the smectic phase
show the bend deformation in homogenous alignment by reducing the amplitude of
the density waves of smectic layers. The parabolic line defects could be observed in
the bulk of aligned smectic layers in a non-hybrid manner. The frustrated structure

could be found in the non-chiral liquid crystal using hybrid alignment.

Based on the transfer matrix method (TMM), Ozaki et al. [83] discussed the tunability
of the defect modes in the transmission of 1-DPS with the defect layer of ferroelectric
and nematic LCs. The author also reported the fast electro-optical switching of the
defect modes, which was agreed with experimental observations. Using the NLCs as

defect layer, the wavelengths of the defect modes transmission were shifted but with
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ferroelectric liquid crystals, intensities of the defect modes transmissions were
modified by applying the voltage. The switching response time was found about of
the order of ten microseconds for switching for defect mode transmission. At 0 V, the
propagation of 632.8 nm was prohibited but at 12V, the propagation was allowed in
the one-dimensional periodic structure. Again Ozaki et al. [84] described the optical
properties of 1-DPCs with defect layer of NLC having in-plane switching or
alignment. The authors found that two different modes were arisen in the photonic
band gap depending on the ordinary and extraordinary refractive indices of the liquid
crystals by considering the perpendicular orientation of the molecules. The intensities
of the defect modes were varied according to the orientation of the LC director but the
position of the defect modes has remained constant. By tuning the electric field, the
polarization direction of the propagating EMW could be regulated with the in-plane

alignment of nematic liquid crystals.

Matsui et al. [85] found that the deformation of the helical axis of the CLCs was tuned
the defect modes in the periodic structures. The CLCs are allowed to pass the same
circularly polarized light which has the same circular polarization to the cholesteric
liquid crystals. The compression and elongation of the helical axis were tuned the
position the defect modes in the opposite direction of shifting defect modes. The
liquid crystals were also shown blue and red shifting in according to compression and
elongation of the helical axis of the liquid crystals. Wang and He [86] proposed an
effective method for the distribution of the twisted liquid crystals director with a hard
boundary. They demonstrated the three-parameter model for the liquid crystal and
also compared it with the two-parameter model. The used three-parameter model
produced the stable results in comparison to the two-parameter model and these were
used to study the electro-optical properties of the liquid crystals. The results suggested
that identical liquid crystals with similar conformations could show different optical
properties [86]. Chen and Chen [87] studied the optical transmission and defect
modes in the periodic cholesteric liquid crystals layers having a variable pitch. Due to
changes in the phase and pitch of the helical structure, the defect modes were obtained
in the transmission. The different transmission peaks were arisen in the photonic band
gap region because of similar handedness of the normally incident light and helical
axis. An extra phase and enhanced twisting led to the blue shifting of the defect

modes obtained in the transmitted spectra. The obtained transmissions were similar to
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that from the Fabry-Perot interferometer. The intensity of defect mode was modified

by introducing changes in the pitch for the critical value of layer thickness.

Graugnard et al. [88] have shown the tunable Bragg peak in the inverse opal coved
with NLC. The structure was made of the high dielectric TiO, matrix with overlapped
spherical holes of air. The reflection properties were dependent on the electric field
and the layer structure. The layer showed a shifting of Bragg peak by 20 nm with a
50kV/cm electric field for the hydrophobic material. The width of Bragg peaks was
also enhanced with the application of the electric field. To tune the Bragg peak, there
was no threshold value and the hydrophobic sample showed hysteresis in
corresponding to the surface effect of liquid crystals molecules. But for the
hydrophilic sample, the LCs were reoriented due to high interaction with the TiO;
surface without any electric fields. Ozaki et al. [89] studied the lasing action in the 1-
DPCs of conducting polymer and liquid crystals layers under the applied electric
field. The results suggested that the wavelength of the lasing defect mode was tuned
by low voltage. The defect mode has also followed the shifting with a change of the
refractive index of the LCs influenced by the reorientation process of molecules.
Above the threshold value (01 V), the wavelength of lasing action was shifted to
lower wavelength regions. The authors used 1-DPC with dye-doped NLC with a
periodicity of 10 to design tunable lasers. Due to molecular orientation, the layer
suffered to change in the optical length, and hence the defect mode was shifted in the
transmission graph. The electric field distribution considering the defect model was
dependent on the periodicity of the photonic crystals. The low threshold value for
lasing action was found by optimizing the periodicity of the photonic crystal. Due to
the existence of standing waves, the partial transmission of electromagnetic waves
was possible. The electric field distribution in the LCs was dependent on the

molecular orientation and operating wavelength [90].

Liu and Chen [91] numerically explained that PBG of the PCs with cylindrical square
and triangular lattices filled with NLCs could be tuned under the external field for TE
and TM modes. The molecules were tuned by the applied electric field higher than the
Freedericksz transition. They found 0.669 Vs of threshold value and response time
in the order of 100 ps. Ozaki et al. [92] approached the tunable behavior of the 1-DPC

with ferroelectric and nematic LCs as defect layers and observed that the angle
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sustained between the molecular axis and polarization direction of propagating EMWs
determined the intensity of the transmitting wavelengths. The periodic structure
passed the wavelength depending on the directions of the ordinary and extra-ordinary
optical axes in the defect layer. The polarization directing also regulated via applied
field, which was induced the realignment of molecules in the plane. The cell has
produced the stop band between 530nm to 740nm and three transmission defect peaks
were originated inside the band gap region due to the localization of electromagnetic
waves in the defect layer. But the six defect peaks appeared inside the band gap
having half intensities for the 45° orientation angle of the molecules. The transmitting
wavelength of 609nm had maximum intensity for the director angle 0° and 180°,
which indicated that the transmitting wave has parallel polarization to the long
molecular axis. But for the 633nm, the transmitting intensity has a maximum value at
90° orientation of the LC. By applying positive and negative voltages, the directions

of the defect modes could be switched.

llyina et al. [93] studied the Freederikcsz transition in the NLC at the different
molecular orientations of molecules by using the relaxation method and Maxwell’s
equations for the FDTD quasi-statically method and found the first order Freedericksz
transition in LC cell under one elastic constant approximation. A discontinuity was
obtained in the transmission due to optical resonance for the large optical retardation
of the e-wave. Besides the first order Freeriderikcsz transition, the bistability was also
found along with quasi-stationary states. The phase shift was also found for the
ordinary and the extraordinary waves during the jump between two bistable states. If
the wavelength is short, then the large numbers of the quasi-states were observed. For
the small ratio of thickness to wavelength, resonance was not observed due to the
small phase shift. For the high ratio of thickness, the phase shift was sufficiently high
to support the optical resonance. The variation of maximum orientations followed
some discontinuity with intensity ratio for a high ratio of cell thickness to wavelength.
The backflow and its coupling with the liquid crystal director affected the relaxation

process in the cell.

Wang and He [94] designed optical attenuators based on the 90° twisted parallel-
aligned nematic liquid crystals. They also modeled the weak boundary conditions

(BCs) for the parallel alignment of the LCs and suggested that high attenuation
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independent of wavelength could be achieved using such conformations. Halevi and
Avendarfio [95] explained the behavior of cylindrical nematic liquid crystal under the
electric field and found that the conformation of the molecules is escaped radial for
the low electric field, which was higher than the critical field. At the critical value of
the field, the molecules possessed second ordered phase transition and reached to
axial conformation. By incorporating such evidence, photonic band gap effects and
dielectric tensors reliant on structure were determined. The designed structure could
be used as tunable and switching devices dependent on the polarization effects.
Gottardo et al. [96] reported that the optical axes could be controlled by knowing the
structural anisotropy of the colloidal periodic porous structures infilled with nematic
liquid crystal and such structure also possessed self-alignments of molecules even
when the distance is much larger than the size of the holes in the periodic structures.
The porous structure also expressed the polarization-dependent optical properties,
which was tuned by applying electric fields. The location of the stop band in the
transmission spectra remained constant for the low electric field but higher value 5
V/um, the central wavelength showed the blue shifting in the stop bands for both p
and s polarizations. Such shifting reached an equal position for both polarizations at
50 volts per micrometer. Bechtold et al. [97] have studied the in-plane and out-plane
orientational transitions for the patterned substrate having periodic dimensions below
than 1 um and the liquid crystals did not align along the surface of boundaries. The
authors observed the reversible photoinduced effects and the photopolymer
(azopolymer) made possible the manipulation of the surface energy. For the 3 um and
higher dimensions, the liquid crystals were aligned along the surface of the patterned
structure and the elastic energy of the liquid crystal was minimized. The observed
transitions were dependent on the texture, periodicity, elastic energy, and the
distortions applied to the liquid crystals. Miroshnichenko et al. [98] suggested that the
all-optical switching could be obtained by using liquid crystals as a defect layer in
one-dimensional periodic structures. The authors used the nonlinearity of PAA liquid
crystals to achieve the all-optical switching behavior of the periodic structures of the
Si layer. They solved the coupled nonlinear equations for the liquid crystals director
and found that the optically induced Freedericksz transitions have lower threshold
value due to multiple reflections and such transitions were used in the fabrication of

switching devices, diodes as well as bistable devices. The threshold value for the
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optical Freedericksz transitions reduced for decreasing intensity, which was lower
than that of increasing intensity, and hence a hysteresis existed in the transmission

process.

Ozaki et al. [99] also investigated the transmission of 1-DPS with defect layer NLCs,
where they obtained the dynamical responses of few ps and a sharp switching
behavior considering distributions of the liquid crystal directors in the defect mode.
By applying voltage, the molecules of the liquid crystals reoriented and followed the
changes in the optical length; hence the defect mode wavelengths were shifted in the
transmission spectra. The fast responses were found for both increasing and
decreasing intensities of the waves. The optical thickness of the defect layer varied the
line-width of the defect mode and manipulation of the light in the defect layer in the
chiral photonic crystal. At a certain thickness of the defect layer, the polarization-
dependent reflections vanished and such chiral photonic crystals also could be used as
a source of tunable elliptical polarized light depending on the handedness of the
material [100]. Reyes et al. [101] investigated the 2-D photonic crystals infiltrated
with LCs under the external electric fields. The authors obtained a relation between
the liquid crystals director and radial distance by minimizing the total free energy of
the system. They suggested three possible deformations for the molecules, which
were axial, escaped radial, and planer radial. The 5CB liquid crystals expressed the
escaped radial configuration at 14 V per micrometer with the condition that the
cylindrical radius was higher than 50nm. For the high field, the radial conformation
changed to axial conformation in which all the liquid crystals directors were aligned
along the axis of the cylinder. The dielectric tensor was dependent on the possessing
conformation of the liquid crystals. The author explained the tunability of the
photonic band gaps in the [100] direction of the crystal. The authors also found that
quasi E and H bands tuned while the partial quasi bands were shifted upwards or
downwards [101]. The transmission of defect mode wavelength was dependent on the
matching condition of polarization and retardation in the cell. The location of the
localized waves and optical retardation was regulated via applied voltage of the liquid
crystal defect layer presented in the one-dimensional photonic crystals. The narrow
bands of the photonic crystals showed switching behavior with the external field
[102].
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Using FEM, the deformation of liquid crystal director for hybrid and planer cells was
studied. With the application of a high electric field, the molecules were suffered
hydrodynamic backflow in the cell. For the low electric field, the backflow was
decreased depending upon the magnetic coherence length torque that was induced on
the director of the liquid crystal. The backflow reduced the molecular rotation in the
middle of the cell due to weak elastic forces [103]. The interaction of electrically
induced grating and LCs has produced the grating resonance in the photonic crystals,
which was dependent on the ratio of layer thickness to modulation interval. The
intensity of the diffraction grating and modulation was increased with applied voltage
but the transmission selectivity was reduced [104]. The broadband electrical tunable
band gap of the photonic crystal could be obtained using the doping of FLCs in the
chiral LCs. Due to the in-plane orientation of FLCs, the pitch of the chiral LCs was
reduced under the externally applied field. Due to the localization of helices in the
structure, the two-band gaps appeared for the low field that disappears at high field
[105]. The doping of nanoparticles in the liquid crystals showed various novel
properties e.g. optical wave mixing, self-action, negative refraction, etc. The
modulation of the optical index, all-optical tuning, nano, or microsecond response
time was achieved by doping in the liquid crystals. Due to the doping of metallic
nanoparticles, the liquid crystals showed Metamaterials characteristics and it had a
tunable refractive index below than or equal to one, which turned with the index of
liquid crystals and size of nanoparticles [106]. The interface of dielectric and
anisotropic media also supported the Dyakonov surface wave that was regulated by
the cutoff angle of wave propagations. Such waves were observed by using Otto-
Kretschmann set up depending upon the index matching conditions and were detected
by reflections (polarization conversion). The Dyakonov waves were observed in the
surface of nanoparticle doped liquid crystal which could be tuned by the orientation of
liquid crystals, filling fraction, and size of the nanoparticles [107]. The nanometer-
sized particles in the nematic liquid crystal formed the stable entangled hyperbolic
defect modes independent of the shape of nanoparticles. Such defects were
transformed into a figure of eight structures for size between 100 nm to 1 pum. The
generated were torque regulated with the length to breadth ratio of the sphere-
cylindrical nanoparticles. The strong and anisotropic interactions were varied with the

shape of the particles. Such interactions were forced to binding of particles and
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aligned in ordered patterns [108]. The presence of ferroelectric nanoparticles in the
nematic liquid crystals increased the transition temperature and sensitivity with
externally applied fields. The nanoparticles also modified the interactions with the
macroscopic order parameter and also enhanced the optical properties of liquid
crystals. The Kerr effect also was explained the coupling of the electric field with

order parameter and entropy of the nanoparticles based on Landau theory [109].

Cos et al. [110] theoretically studied the tunable optical properties of the Fabry-Perot
filter based on liquid crystals. They found that the two different resonant wavelengths
in the stop band in transmission due to the coupling of extraordinary and ordinary
waves. The tunable properties were found by controlling the orientation of the defect
layer of liquid crystals. The transmission properties were obtained using the 4x4
transfer matrix method (TMM) for TE and TM modes and concluded that the resonant
wavelengths were related to the orientation of molecules in the cavity. When the
optical axes are parallel then the two-channel arise which having different
transmittance, where one channel has zero transmittance and the other has almost
100% transmission. Rezaei et al. [111] used the plane wave expansion method to
study the tunable properties of the 2-D photonic crystals composed of tellurium and
explained the tunability as a function of the orientation of liquid crystals. The
triangular lattice has higher tunability than the square lattice in the photonic crystal.
The magnetic field induced the rotation of the directors of the liquid crystal that tuned
the transmission of light through the PC with the LC defect layer. The superposition
of extraordinary and ordinary waves, location, and intensity of obtained defect modes,

were controlled by applied fields [112].

Oliveira et al. [113] studied that the optical properties at two different orientations of
liquid crystals in the 2-D photonic crystals for both negative and positive anisotropies
under the external electric field. The different defect modes were obtained in the
transmission spectra depending on the nature of anisotropy and the direction of the
field. The electrical tunable properties of 1-DPC with the defect of twisted NLC were
investigated by Lin et al. [114] and the defect modes in the transmitted graph showed
both behaviors of shifting and switching with the angle of polarization of the incident
wave. The defect wavelength of mixed twisted modes allowed the transmission for

the centers while other intensities were prohibited. The mixed modes enhanced the
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localization of defect modes. Such periodic arrangements with twisted liquid crystals
could be used as monochromatic wave-selector. The cholesteric transition from the
nematic phase was observed by immersing the chiral constituent in the nematic liquid
crystals. The temperature and dopant concentration pitch was calculated by analyzing
the transmission properties. The selectivity of the cholesteric phase was dependent on
the chiral components of the mixture. At low temperature, the mixture also showed
the smectic-A phase and the optical properties were reliant on the types of chiral
components is mixed with NLCs. The CLC mixture (E7+S811) showed a blue shift to
2006nm to 860nm for temperature 12.2 to 39.7°C with 16 % of chiral elements. The
range of temperature was reduced by adding more chiral components in the mixture
[115]. Beeckman et al. [116] studied that the liquid crystals could be used in the
fabrication of various optical devices like optical switches, optical filters, light
modulators, beam-starring devices, lasers, optical waveguides, and so on, due to
exhibiting electro-optic effects of the LC [116].

He et al. [117] used 4x4 TMM to study the optical properties of 1-DPC containing
CLC and found the dispersion relation for different chromaticity pictures. The
obtained chromaticity was angle independent nature and the shifting was varied with
layer thickness and dielectric permittivity of the dielectric layers in the one-
dimensional photonic crystals. The proposed structure also showed common photonic
band gaps for right and left-hand polarization. Avendao et al. [118] also used the 4x4
transfer matric method for the propagation of the electromagnetic wave in the twisted
liquid crystals and obtained the different texture of the molecules for the different
interactions. They reported that the transmission and reflection were the function of
the applied field, the ratio of thickness to wavelength, and surface interactions for the
parallel and perpendicular anchoring effect. The polar and azimuthal angles were set
themselves to achieve a wide twist configuration of the liquid crystals. The edge of
the band for lasing was switched by using negative dielectric anisotropy of chiral
nematic liquid crystals under the electric field. Due to hydrodynamic stabilities, the
scattering occurred in the liquid crystals and generated random lasing action for low
frequencies but the band edge lasing possible for high frequencies. The line-width and
feedback were regulated by appropriate electric fields and negative anisotropic
cholesteric liquid crystals with dye doping [119]. The localization of the surface at the

interface between the right hand and left-hand material was controlled by changing
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the orientation of embedded liquid crystal layers at the appropriate incident angle and
wavelength region. The tunability of the surface wave obtained at the zero and the
nonzero average refractive index of the photonic crystals. For the zero index case, the
zero-n gap was obtained in the photonic band gap and the high localization was also
obtained for the high angle of the liquid crystals [120]. The distributed feedback
lasing from the photonic crystal made of TiO, with dye-doped liquid crystals was
described [121]. The lasing emission is organized and manipulated by applied electric
fields on doped liquid crystals. The structure of inorganic and organic interface
allowed the control of the selection pattern of lasing emission. The emission of the
laser also was controlled via filling fraction, the lattice constant, and symmetry of the

photonic crystals.

Borshch et al. [122] suggested an idea to achieve the fast nanosecond ordered
response time for the field off and on conditions using NLCs. Such an idea was based
on the modulation of the order parameter by electric fields. The observed phase
retardation was directly proportional to the path of electromagnetic waves. Moreover,
the electrically modulated order parameter modified busing bend core liquid crystals
or chiral nematic liquid crystals. The change is the birefringence was found to be
square of the magnitude of applied fields as in the Kerr- effect. They also found a
unique formation of the NLC having helicoidally variation of director and molecules
possessed the bend and the twist phase which has nanometer ordered pitch. The
transmission electron micrographs showed that the liquid crystals have very low pitch
8nm-9nm with periodic modulation of liquid crystal director that was varied in a
helical manner due to structural defects [123]. The temperature and orientation of the
LC molecules in defective PCs changed the polarization and wavelength of defect
mode in the transmission spectra. To exiting the threshold value, the bistability was
obtained. Therefore, the photonic structure with liquid crystals is also used in the
thermal switching devices. With the presence of the Kerr-effect, the defect modes
were shifted and bistable conditions were produced. The maximum transmission was
found 45° angle of orientation, the transmission was decreased due to the absence of
coupling for 0° and 90° orientation angle [124]. The negative dielectric anisotropic
liquid crystal has suffered the modification of order parameter due to nanosecond
formation of biaxial order, uniaxial modification in the order, and quenching of liquid

crystal disturbance under the perpendicular electric field. The possible modification
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has different characteristics times: up to 2ns for biaxial, up to 10ns for uniaxial, and

10ns to milliseconds for the quenching of LC director disturbances [125].

Ko et al. [126] measured the effective index of liquid crystal filled in the Fabry-Perot
Etalon under the electric field and observed the value of Freedericksz transitions for
different thicknesses of the liquid crystals layer. They found that the value of the
Freedericksz transition remains constant. The refractive index was decreased with
increasing intensity and above the threshold value; the refractive sharply decreases.
Oraie et al. [127] studied the tunable wave-guiding properties of 1-DPC with LCs by
using the 4x4 transfer matrix method and obtained two different defect modes in the
transmission graph due to anisotropy of LC. The metamaterials were designed with
liquid crystals and used to manipulate the phase and intensity of the radiation in the
range of terahertz due to electrical in-plane switching. The applied electric field
modified the dielectric constant of liquid crystal, and the effect of modification was
found in the shifting of transmissions as well as absorption properties. Hence, the
liquid crystal-based metamaterials could be used to fabricate waveguides, switches,
modulation devices, etc. [128]. Mohamed et al. [129] studied the electric field
distribution and transmission properties of 1-DPC with LC defect using the finite
difference time domain method (FDTD) for transverse magnetic mode. They also
reported an optical filter for 1300nm wavelength and the transmission properties were
affected with structural parameters (thickness, temperature) and orientation angle of
the molecules. They also proposed that the high tunability of the transmittance could
be achieved due to nematic liquid crystals. Farrokhbin et al. [130] explained the effect
of surface anchoring on the Freeedericksz transitions in nematic liquid crystals doped
with ferroelectric nanoparticles. They used the finite difference and relaxation method
to solve the total free energy of doped liquid crystals. Based on the Maxwell method,
they gave three solutions for the director of the liquid crystal. The derived equation
had only one solution for the interval of 0 to ©/2. The other results suggested that the
molecules had different orientations at the boundary for the higher values in
comparison to the Freedericksz transitions. As the polarization of the nanoparticle
decreased the saturation value of the Freederikcsz transition was achieved. The high
concentration of nanoparticles produced the induced electric fields and the value of
the threshold was reduced with affected coupling fields [130]. The transient domains

in the liquid crystals were formed due to the coupling of optical and electric fields.
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The pre-tilt angle was forced to reverse by the optical field but the tilt angle was
amplified by applied voltages. This predicted that the orientation and reorientation
depend on the coupling of the electric field with the optical field and the switching of
the orientation also depends on the incident angle and pre-tilt angle of the liquid
crystals [131]. The liquid crystals based photonic crystals were used to enhance the
fluorescence property of the defect modes. Due to linear dispersion characteristics, the
femtosecond laser was generated using such photonic crystals. The proposed structure
showed the compression of pulses and expressed the 15 fold maximum gain. The
designed structure is used in the fabrication of bio-sensing, bio-imaging, and tunable
bio-photonic applications [132]. The multispectral narrowband tunable filters based on
liquid crystals were used in various applications. The designed filter was composed of
two-staged liquid crystal-based Lloyd filters and multiple band pass filters embedded
with a retardation layer and the filter showed tunability between 450nm to 1000 nm
having a bandwidth less than 10nm. By altering the orientation of the LCs, the
effective index and birefringence could be tuned [133]. The doping of the carbon
nanotubes and dyes in the polymer dispersed liquid crystals could regulate the
orientation of the molecules, droplet size, and the dynamical properties. Due to
doping, the threshold value was highly reduced and the doped liquid crystals showed
fast response time in comparison to pure phase while the dye-doped cell showed high
contrast in all conformations [134]. The dielectric and thermal properties of the
mixture of nematic and twist-bend liquid crystals mixture were studied by Trbojevic
et al. [135] and the range of the nematic phase increased and transition temperature
decreased with the increase in the concentration of NLCs (5CB). The total free
energies for the twist bend phase were found decreasing with a high concentration of
5CB liquid crystal. The dielectric constants were the function of frequencies for the
homeotropic arrangements but it was decreased with temperature. The relaxation
frequencies for all phases of the mixture and pure compound were shifted in the low

energy rages with decreasing temperature.

The 1-D and 2-D diffraction gratings were prepared using twisted liquid crystal and
photosensitive polymer. The efficiency of the grating was controlled by applying an
electric field to the prepared structure. The structure was used as amplitude and phase
grating in the low and high electric field, respectively. The obtained efficiency was

independent of polarization in the wide spectral range. For the first-order diffraction,
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the switching times were found in the range of milliseconds for the low electric fields
[136]. The plasmonic structure based on the liquid crystals produced voltage-
controlled tunability and metamaterial characteristics. The nano-scaled grating
designed with aluminum and liquid crystals showed threshold independent electro-
optical switching in the visible spectrum of electromagnetic waves and the switching
was regulated by voltage. The switching times were found in the order of
microseconds and alignments of liquid crystals could be determined by transmission
obtained by the grating. Moreover, switching was also controlled by surface plasmon
resonance, which was sensitive towards molecular alignment supported with metal
gratings. Such metal grating could be used as a light modulator under low voltages
[137]. The transmission of transducers was made of a mixture of nematic liquid
crystals with quartz substrate which could be tuned by temperature. The transmission
properties of such devices were also controlled by variation of the temperature [138].
The temperature-dependent dielectric constant of liquid crystals was used in the
compression of chirped femtosecond pulses in photonic devices. By increasing the
temperature, the duration of pulses was reduced up to 42fs. The transmission
properties and dispersion graphs were obtained by the transfer matrix method and

such structure was used as a tunable compressor in small dimensions [139].

Elmahdy et al. [140] studied that liquid crystal as a defect layer in one-dimensional
periodic layers could be used as a thermal sensor. The author used the finite
difference method to study the transmission characteristics with the variation of
temperature for TE and TM modes. The defect modes and the sensitivity were
dependent on the layer thickness and temperature of the LCs. LCs were used to design
Tamm-Plasmon devices and with the appropriate thickness of the LC layer, the
position of the resonance peaks in the photonic band gap of the PCs based on the
metal layer and LCs could be determined. The change in the phase retardation, tilt
angle, and birefringence of the liquid crystal shifted the resonance peaks by a few
nanometers [141]. A waveguide based on the liquid crystal core and polymer substrate
was designed by Asquini et al. [142] which confined the electromagnetic waves. The
authors also used Monte Carlo simulation to study the orientation of LCs under
electric fields. Such a designed structure was also used as a demultiplexer and optical
switching devices. Meanwhile, the demultiplexer could function between the ranges

of 980nm to 1550nm. The fluctuations in the director of the liquid crystal led to light
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scattering phenomena, pre-tilt angle of liquid crystals was determined by using out of
plane rotation method. When the pre-tilt angle was below 30° then transmitted
intensity was easy to measure and satisfied with experimental results for both e and o
modes but the measure of the extreme value of angular position was necessary for the
higher angle. The incident angle and rotation angle were satisfied the Snell’s law for

transmission [143].

The transmission properties were tuned by changing the angle of twist and pitch of
cholesteric liquid crystals with the applied electric field. The defect modes were
coupled with localized states and formed the localized hybrid optical modes in the
transmissions. The transmissions were different for different polarizations depending
on the resonance conditions [144]. The cholesteric liquid crystals were supported the
twist and bend conformations which were very sensitive towards induced torques by
electromagnetic fields and hence the tunability of the pitch was achieved. The
reflection and unwinding of the helical pitch were regulated by variation of intensity
of the incident wave. The changes in the applied electric field produced extra torque
on the molecules that affect the optical axes of the liquid crystals [145]. A tunable
grating based on the Fibonacci sequence and liquid crystal was designed by Gupta et
al. [146] using the photo-alignment method. The diffraction efficiency was tuned with
the switching properties of liquid crystals by modulation of phase in the layer. The
regions of the liquid crystal were obtained having different alignments; one region
had plane alignment and the second had twisted alignment. With the 5.1 ms response
time, the designed structure showed the enhanced diffraction efficiency but the
diffraction pattern was contracted at 15V having fast response time (100 ps) with
slower relaxation time due to the high viscosity of the liquid crystals. The variation of
intensity transmitted by Fibonacci based gratings was used in super-resolution

imaging and other optical applications [146].

The chirality of the cholesteric liquid crystals was used to enhance the self-focusing
of electromagnetic waves using the nonlinear properties of birefringent organic
materials. The reorientation of cholesteric molecules led to nonlinear properties by the
minimization of free energy using the beam propagation method. The cholesteric
liquid crystals and their nonlinear properties were used to study the optical topological

solitons due to coupling with nonlinear effects [147]. The coupling of Dyakonov
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surface waves at the interface between polycarbonate and 5CB was regulated by
anisotropy with an external magnetic field. The equivalence of momentum led to a
relation between the orientation angle and the angle of the incident wave. Therefore,
the coupling with surface waves tuned the resulting controlled lossless circulation of
Dyakonov waves by changing the incident angle [148]. The coupling with the
externally applied field, the ferroelectric layers or platelets were reoriented in the
layer. In the absence of an electric field, the dipole moments were very small and had
very small hysteresis but it was coupled with the electric field and had a direction
perpendicular to the applied field. By controlling the shape and size of the nanoscaled
platelets, the ferroelectric nature of liquid crystals was observed. The dispersion of
ferroelectric platelets created the mixture inhomogeneous due to clustering and
asymmetrical profile and dimensions. A mixture of liquid crystals having negative
and positive anisotropies was provided the resultant zero anisotropy and the coupling

effect vanished for such liquid crystal mixture [149].

To exhibit the electronic and optical properties, the molecular structure was played an
important role. A series of liquid crystal and the dimers showed different phases
depending on the length of the molecular structure. The 1-7 member of the
MeOBsO.m series showed the twist bend phase while 8-10 showed smectic phases,
i.e. the molecular structure could control the phase of the liquid crystals. Due to
inhomogeneity in the structure, the liquid crystals showed a smectic phase for higher
members [150]. The ordering of the molecules in the liquid crystals affected the
localization of light, the orientation of polarization through the magnetic and nematic
periodic layers with defect layers. Such ordering of molecules was used to control the
transmission properties of the magneto-photonic structure using the 4x4 Berreman
matrix method. The periodic layers also showed the slow light effect for the resonant
wavelengths, which could be tuned by external electric fields. The periodic structure
with LC was also used in biosensing, solar cell, electro-optic modulator, and phase
modulation [151, 152].

1.8  Objective of the thesis

The aim of the thesis is to investigate the study of electro-optics of anisotropic
molecules for photonic applications. After the literature review, we aimed to study the

electro-optical characteristics of 1-DPCs with LCs, graphene, LiNbO3; and other
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materials as defects. The 1-DPCs are the periodic arrangements of the dielectric
materials and its properties are tuned with liquid crystals and various materials by
varying their different parameters. On the interaction of optical radiation, the liquid
crystals show the Freedericksz transition at a certain value of EMW intensity that is a
very important phenomenon to study the electro-optical characteristics. To control the
properties of 1-DPC with defect LCs, we have to solve the nonlinear differential
equation for the director angle interacting with the incident electromagnetic wave and
to achieve the tunability of transmittance of the 1-DPC. As we know, LCs show
anisotropic behavior and it transforms into the isotropic phase at the transition

temperature, and this transmission also tunes the optical properties.
1.9 Organization of the thesis

The presented thesis is divided into six chapters. The content of each chapter is given

below:

Chapter 1 presents the basic introduction of electro-optics and a brief history of LCs.
This chapter also describes the types of LCs and their coupling with electric fields. By
the study the total free energy of any type of LCs and coupling with the applied
electric field, the electro-optical characteristics can be determined. The literature
survey of the liquid crystals is the main part of this chapter that presents the brief
history of the electro-optical properties of LCs and the photonic crystals with LCs,
and the various types of liquid crystals in the photonic applications are discussed.
Besides this, the brief studies of the photonic crystals are also included in this chapter,

which suggests the basic motivation to work in this field.

Chapter 2 deals with the theory and possible mathematical formulation to investigate
the optical properties of photonic crystals using anisotropic molecules or materials
such as liquid crystals, LiNbO3, graphene, etc. The given possible mathematical
formulations are based on Maxwell’s equations and Bloch’s theorem; the solutions of
such wave equations describe the interaction of the electromagnetic wave with the
material. The mathematical methods, plane wave expansion (PWE) method, finite
element method (FEM), finite difference time domain method (FDTD), and transfer
matrix method (TMM) are briefly described. In the whole thesis, we have adopted

TMM for the study of transmission, reflection, and absorption characteristics of the 1-
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DPC containing the anisotropic material as a defect because one-dimensional periodic

structures are easy to fabricate using modern advanced thin-film technology.

Chapter 3 introduces the interaction of electromagnetic waves with nematic liquid
crystals (PAA) and this interaction has obtained a relation between liquid crystals
director for increasing and decreasing the intensity of the incident wave. After a
certain value of intensity, Freedericksz transition, the molecules show
orientation/reorientation for both intensities, this leads to hysteresis in the process.
Further, we have used NLC as a defect layer in the 1-DPS of glass/Si materials and
calculated the transmission properties at different orientation angles of the NLC layer.
The hysteresis of the LCs for the different wavelengths has been also calculated.
Again, we have used a defect layer liquid crystal embedded with graphene layers in
the 1-DPS and calculated the transmission and absorption properties of the defect
peaks by using TMM. The effect of the periodicity of photonic crystals on the

transmissions is also included in the chapter.

Chapter 4 gives the study of tunable transmission properties of 1-DPS of SiO,/TiO,
dielectric materials with a defect layer LiINbO3; embedded with LC layers with at
different parameters using the 4x4 Barreman matrix method. The optical properties
have been calculated at different temperatures, incident angles, voltages, and
orientation angles for the TE and TM modes. The transmissions of terminal
wavelengths through the considered structure have been also calculated in this
chapter. Such periodic structures show switching behavior at certain suitable
parameters of considered anisotropic materials, which may be used, in many electro-

optical devices.

Chapter 5 illustrates the dielectric property of LC-based nanocomposite (NC) of E7
with silver nanoparticles (Ag-NPs) of different sizes at different filling fractions. The
chapter includes the transmission properties of 1-DPS of TiO,/SiO, materials with the
defect of NC at different sizes and filling fractions of Ag-NPs with different
orientations of the molecules. Surface plasmon supported optical devices show novel
applications. The optical properties have been calculated using TMM for the 0° and
90° orientations of the molecules and different temperatures. The considered periodic
structure with surface plasmon property may be used to study the optical properties of

various materials for electro-optical applications.
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Chapter 6 gives brief conclusions and future prospects of the thesis. This chapter
discusses the basic idea of the applications of anisotropic molecules of various LCs,
with LNO and graphene materials in the field of photonics, spintronics, and quantum
computers.
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Theory and methodology

The interaction of electromagnetic waves (EMWSs) with any material or medium
depends on the refractive index or dielectric function or optical density of the medium
which gives the degree of propagation of EMW in materials. The interaction of the
electromagnetic wave with the material or medium also depends on the surface and
type of interacting material. The refractive index of the medium is related to the
dielectric permittivity (¢) and the magnetic permeability (p) of the material. The
refractive index is the square root of the product of dielectric permittivity () and

magnetic permeability () which is given as;

n=+/en (2.1)

The directional propagation of EMWs through the material is given by its wave

propagation vector as;

R:”T‘”R (2.2)

The interaction of EMW with any material exhibits reflection and refraction of the
incident wave at the material interface, and these effects follow the Snell’s law as;

n,sin®, =n,sino, (2.3)

where ny, n, = refractive indices of the first, second medium, respectively, and 6, 6, =
incident angle, refraction angle of EMW at the material interfaces, respectively. The

refractive index is also can be defined as;

n= (2.4)

¢
%
As we know that the propagation of EMW in the material also depends on the types of
medium. In general, the materials are divided into two types: (i) isotropic medium (ii)

anisotropic medium and thesis types of materials also depend on the crystal
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symmetry. Therefore, the optical properties are varied with the types and symmetries

of the materials.
2.1 Isotropic and anisotropic medium

As we know that the propagation of EMW inside any materials depends on the form
of crystals and the optical responses of materials are also related to permittivity and
permeability of the medium. Therefore, the permittivity and permeability are
independent of direction and such materials are characterized as isotropic materials
having equal values of principal indices, while the permittivity and permeability in the
case of anisotropic material are tensor quantities and directionally dependent. Further,
the anisotropic materials can also be divided depending on the principal dielectric
constants. In the anisotropic materials, the electric and magnetic field vectors (E, H)
are not parallel to displacement (D) and magnetic flux density (B) vectors. The
material can be anisotropic in both electrically and magnetically depending on the
dielectric permittivity and magnetic permeability values. When the cross-coupling
between electric and magnetic field are found in any material, such material is termed
as bianisotropic material and such material is electrically polarized and magnetized on

the application of electric or magnetic field [1-3].

The interaction of EWM with the materials can be studied by solving Maxwell’s
equations which results in transmission and reflection coefficients of the material. The
interaction of the wave with these materials generates various novel optical properties
depending on the different arrangement of the material. The periodical arrangement of
dielectric layers in different directions is known as photonic crystals (PCs) which
exhibits the photonic bandgap region and such PCs are used in many optical
applications; optical filters, mirrors, electro-optical devices, magneto-optical devices,
optical switches, all-optical switching devices, etc. The optical properties of PCs
crystals can be studied by Maxwell’s equation but the calculation of transmission and
reflection coefficients and dispersion relations for 3D photonic crystals are much
more complicated in comparison to 1D or 2D photonic crystals.

Now, we discuss the EMW propagation in isotropic and anisotropic media using

Maxwell’s equations.
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2.1.1 Propagation of electromagnetic wave in the isotropic medium

When the electromagnetic plane wave incident on the isotropic media, the electric
field induces the polarization parallel to the electric field, and induced polarization is
found proportional to the electric field as [1,4,5];

P=g,xE (2.5)

where P= Polarization, E = Electric field, x = susceptibility of the medium, g =
permittivity of vacuum. Maxwell gave the constitutive relations for electric
displacement, electric field, magnetic field, and the magnetic inductions in the

material as;
D=c¢E=¢,E+P (2.6)
B=pH=p,H+M (2.7)

where P= Polarization (induced by an electric field), M= polarizations induced by the

magnetic field in isotropic media.
On putting the value of P in the equation 2.6, it gives relative electric permittivity:
e=1+y (2.8)

Similarly, on putting the value of M in the equation 2.7, it gives the relative magnetic

susceptibility that can be represented as;
n=1+y, (2.9)
The constitutive relations for the material are given as;
B = pouH (2.10)
D=¢g,;E (2.11)

Now, Maxwell’s equations for isotropic material are given as;

v.D=F (2.12)
€p
V-B=0 (2.13)
vxE=-8 (2.14)
ot
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VxH :@ (2.15)
ot

On putting the values from equations 2.5 and 2.6 in equation 2.14 and divided by p

and taking the curl of both sides gives;

VX(EVXEJJrQVxH:O (2.16)
0 ot

On differentiating equation 2.15 and combining with equation 2.16, it gives;

2
VX(EVXEJ+8;—2E=0 (2.17)
u

The expansion of curl in equation 2.17 gives;

0°E

6t2

V’E —gpn

-V(V-E)+(Vlogp)x(VxE)=0 (2.18)

For the isotropic media, the gradient and logarithm terms vanish and equation 2.18 is

reduced to equation 2.19.

2
vZE—gu;—fzo (2.19)

Similarly, we can obtain for the magnetic field as;

0°H

2 =

V?H-¢p

0 (2.20)

The equations 2.19 and 2.20 are electromagnetic wave equations and the solution of
wave equations has exponential terms as exp[i(ot-k.r)]. The magnitude of wave

vector and velocity of wave written as;
\R\ = o\fep (2.21)

v=o/k=1//ep (2.22)

For the propagation of the electromagnetic wave in vacuum, the phase velocity is

given by;

1

V&g

c= =2.99793x10°m/s (2.23)
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The B and E vectors are orthogonal to each other and the magnitude of B can be given

by;
=2 (2.24)

The energy density (u) and Poynting vector (S) of the electromagnetic wave is given
by;

E-D+H-B
Uu=—-—-—— —

> (2.25)

S=ExH (2.26)
2.1.2 The dielectric tensor of the anisotropic medium

In the case of an isotropic medium, the induced polarization is linearly related to
susceptibility and persisted parallel to the direction of the applied field. But in
anisotropic media, the direction and magnitude of the induced polarization depend on
applied field direction. The polarization vector in the anisotropic medium is related to
tensor electric susceptibility and the magnitude of such tensor quantity depends on the
cartesian coordinate system, X, y, z axes in the crystal [1,6]. The polarization vectors

along the x, y, and z-axis in the crystal are represented as;

P, = 80(7(11Ex +X12Ey +X13Ez) (2.27)
Py = 80(%21Ex +X22Ey +X23Ez) (2.28)
Pz = 80(%31Ex + X32Ey + X33Ez) (229)

Consider a special arrangement of X, y, z axes in such a way that off elements of the
dielectric tensor vanished, then the polarization along the principal axes can be

written as;
P, = ggXuEyx (2.30)
Py =€oX2E, (2.31)
P, =&ox5E, (2.32)

Similarly, the dielectric response is related to the tensor dielectric permittivity as;
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D, =(enE, +2,E, +&,E,)

. (2.33)
D, = (821Ex +exnE, +823EZ) (2.34)
Dy = (831EX + 832Ey +833EZ) (2.35)

The above equations 2.33, 2.34, and 2.35 can be representation in tensor form as;

Di=&E, (2.36)
The dielectric permittivity is also associated with the susceptibility as;
&jj =gy (1+ Xij) (2.37)

The dielectric tensor is the symmetric quantity and has only six independent elements.
For the conservation of electromagnetic field energy, the dielectric tensor must be

Hermitian.
2.1.3 Propagation of plane wave in anisotropic medium

When an electromagnetic plane wave propagates through the anisotropic medium, the
velocity of the wave relies on the propagation directions and polarization states. For a
certain propagation direction, two eigen waves with eigen phase velocities and
polarizations exist [1,6,7]. The waves parallel to the polarization directions are

transmitted through the medium while others are prohibited.

Consider an electromagnetic wave having frequency ® interacting with anisotropic

medium, the electric and magnetic field are given as;
Eexp(iot—ik-r) (2.38)
Hexp(iot—ik-r) (2.39)

where k=nws/c = wave vector and § = unit vector in the propagation direction; n =
refractive index.
From the Maxwell’s equations 2.14 and 2.15, can be described as;
kxE =opH (2.40)
kxH=-weE (2.41)

On solving the equations 2.40 and 2.41, we found equation 2.42 as;
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kx(kxE)+o’ueE =0 (2.42)

The uniaxial material has dielectric permittivity having only diagonal elements as;

e, 0 O
e=|0 ¢ O (2.43)
0 0 ¢

The equation 2.42, for the uniaxial crystal can be written as;

o’pe, —kj —k? kK, kK, E,
Kk, o, -ki-kX  kk,  |E [=0 (244)
kK, kK, o, —k2 —K2 |\ E,

For a non-trival solution of the equation 2.44, the determinant must be zero.

o?e, —k2 -k K.k, kK,
kK, e, —k2 —k? kk, |=0 (2.45)
kK, k,k, e, K2 —K?

The above equation 2.45 represents by 3D surface in k space; called a normal surface
consists of two sheets having four mutual points. The two different lines that go from
the origin are recognized as optic axes and the different k values resemble two
different phase velocities. The direction of the electric field of propagating plane

wave can be found by solving equation 2.44, which is given as;

Kk

X

k? —o’ue,

S — (2.46)

k? —w’ue,

The above two equations 2.42 and 2.44 can be written in the form of direction cosines

as;

2 2 2

S S S 1
2 : = > T - =72 (2.47)
n“-eg e, n"—g leg n"-g,leg n
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S

n’—eg, /g,
S

- (2.48)

n°—g, /g,

S

n’—g,l¢g,

The represented equation 2.47 is known as Fresnal’s equation of wave normal which

gives the refractive indices and equation 2.48 gives the polarization direction.

The index ellipsoid for the uniaxial crystals can be represented as;

X Y Z (2.49)
n

2
2
0

=)

Y

Figure 2.1: Construction of intersecting a plane with the origin for finding refractive

indices for the uniaxial crystal.

The direction of the electromagnetic plane wave along the s direction for positive
uniaxial crystals is shown in figure 2.1. The index ellipsoid of the crystals is invariant
under the revolution about the z-axis and the projections of s vector on the x-y plane
coincide with the y-axis. The intersection of the plane with the origin is an ellipse and
the length of semi-major axis OA is equal to an extraordinary refractive index having

electric displacement De (0) parallel to OA as shown in figure 2.1.
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The ordinary wave is along the OB direction having an ordinary refractive index and
the polarization direction of the ordinary wave remains fixed having refractive index
no; while the polarization direction of the extraordinary wave depends on the angle
between the optic axis and s vector. The refractive index for the extraordinary waves
varies from n, up to n for angle 0° and 90°. The refractive index n. follows the
relation as;

1 cos’O  sin’0

nze) n? n?

o e

(2.50)

The extraordinary field has polarization direction in the crystal as;

0
sin®
n;(6)-n;
cos6
n:(6)—n;

(2.51)

2.1.4 Double refraction at the boundary of the material

When an electromagnetic plane wave interacts with uniaxial crystals, the incident
wave is reflected and refracted at material interfaces. The refracted waves are the
combination of the ordinary and the extraordinary waves. For the continuity of
refracted and reflected waves at the interface of uniaxial crystal, it requires the
boundary conditions and the conditions are that all wave vectors must lie on the
incident plane. The k, is the wave vector of incident electromagnetic plane wave and

the kq,k;, are wave vectors of refractive waves as shown in figure 2.2.

For the continuity of the wave propagation, the normal of components at the

interfaces must be the same which leads to a condition for the refracted waves as;

kosin®, =k,sin6, =k,sino, (2.52)

The above condition is similar to Snell’s law but the ki, k, are not constant and varied
with the directions. For the uniaxial crystals, one sheet of the normal surface is a
sphere, therefore k is constant for all propagation directions and the ordinary wave of

the uniaxial crystal follows the Snell’s law as;
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n;sin®, =n,sin6, (2.53)

The other sheet of the normal surface is an ellipsoid of revolution having direction-

dependent k values. The refraction at interfaces in uniaxial crystals for the ellipsoid
sheet can be shown in figure 2.3.

Ii

ki 0"

ki

.:,:I:-

Figure 2.2: Graphical method to determine incident and refracted angles

accompanying double refraction at the anisotropic medium boundary.
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Positive uniaxial crystal Negative uniaxial erystal

N >n, Mg =M,

C-AXi%

(c)
Figure 2.3: Double refraction in positive and negative uniaxial crystals (a) parallel to

the incident plane and boundary, (b) perpendicular to the incident plane and boundary,

(c) perpendicular to the incident plane and parallel to the boundary.
2.2 Theoretical method for PBG calculation

The propagation of electromagnetic waves in the isotropic and anisotropic medium
has been studied by solving Maxwell’s equations. On solving Maxwell’s equation, we
have obtained the dispersion relations, transmission, and reflection coefficients to
study the optical properties of the materials. Similarly, we can apply for the periodic

structure of the materials by considering Bloch’s theorem. A lot of methods based on
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the solutions of Maxwell’s equations for periodic structures or photonic crystals (PCs)
have been developed and among the all methods, the four methods are widely used to
study the propagation of electromagnetic waves in the periodic materials; plane wave
expansion (PWE), finite element method (FEM), finite difference time domain
method (FDTD) and transfer matrix method (TMM) [8-11]. These methods give
approximate results with high accuracy, generally, the PWE method used to study the
band structure or dispersion behavior of 1D or 2D photonic crystals, whereas FEM
gives the highly accurate results of 1-D, 2-D, or 3-D PCs, depending on the memory
and storage of the computational system, FDTD is based on the solutions of
Maxwell’s equations expanding in time and space domain, where at each point of the
time step, the values of the nodes for the field vectors are calculated, and TMM gives
the details of band structure and optical properties (ATR) of the 1-D periodic
structure/photonic crystals based on the solutions of Maxwell’s equations. The TMM
method can be generalized for both isotropic and anisotropic photonic crystals with
Bloch’s theorem which connect the field vectors of the electromagnetic wave at the
interface between two mediums. In the following sections, we have given a brief

study of the four mentioned methods.
2.2.1 Plane Wave Expansion (PWE) Method

The plane wave expansion (PWE) method is based on the expansion of periodic
functions into the Fourier series considering the reciprocal lattice vectors and
converting the differential equations into infinite matrix form. The PWE method is
very easy to obtain the band structure of 1-D and 2-D photonic crystals and can be
applied to linear, anisotropic, lossless, and inhomogeneous mediums. The PWE
method affects the stability of numerical calculation due to the discontinuity of
dielectric permittivity and electric field components. The band structure and

dispersions of 1DPCs can be obtained by solving the Helmholtz equation as;

o 1 0 o’ _
a—xﬁa—xH(x)+C—2H(x)—O (2.54)

The eigen function follow the Bloch’s theorem and hence the H(x) can be expanded in

term of exponential as;

H(x) =h,, (x)e* (2.55)
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where hy(X) = periodicity dependent periodic function. Using the Fourier series and

reciprocal lattice vectors G, the function H(x) expanded as;
H(x)=>_h,,(G)e*®» (2.56)
G

The dielectric function can also be expanded using Fourier series due to having

periodicity dependence and hence the dielectric function can be written as;

1 3 X (G670 (2.57)
e(X) &=

where X(G')= Fourier expansion coefficients of the inverse dielectric function. On

solving equation 2.54, the Master equation for the 1D photonic crystals can be
obtained as;

3 X(-GG')((k + G)(k + G')h, . (G") + ‘(’:’—22 h,(G)=0 (2.58)

The given equation 2.58 is the Master equation for the 1-D photonic crystal which
depends on the reciprocal vectors. The values of G and G'depends on the series
expansion which follows the solutions of differential equations transforming in matrix
form. By solving the eigen values problems with matrix, the band structure for the 1-
DPC can be studied [12-16].

2.2.2 Finite Element Method (FEM)

The finite element method (FEM) is applied to obtain the solution of boundary value
problems (BVPs), ordinary and partial differential equations (PDEs) and it gives the
approximate solutions depending on the number of nodes. This method is extensively
used in the different branches of engineering including aircraft designing. The
boundary value problems can be solved by Ritz’s method and Galenkin’s method but
such a method depends on the selection and accuracy of trial functions which are
difficult sometimes. To overcome this difficulty, the entire domain is divided into
small subdomains and then used the trial functions for each subdomain which gives
the approximate solutions. Therefore, the size of the subdomain is important for the
accuracy of the solutions. FEM converts the boundary value problem supporting the

infinite quantity of degree of freedom into a problem having a finite amount of degree
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of freedom with unknown coefficients. The FEM has some basic steps to follow to
implement on the materials; subdivision or discretization of the domain, selection of
trail function, formulation of system equations using Ritz’s or Galenkin’s method, and
solutions of the equations. The discretization process affects memory storage
depending on the choice of elements. The subdomain is generally called as element
which can be one-dimensional, two-dimensional, and three-dimensional elements as
linear line segment, triangular, tetrahedral structure. The different elements have
various nodes that affect the discretization, and also the storage and processing of the
system. The trail functions can be linear or higher-order polynomials. The higher-
order polynomial gives accurate results but in a complicated manner; therefore, the
linear polynomials are widely used in the FEM. Although FEM is complicated and
expensive, it is a very useful tool to simulate electromagnetic devices and also in
computational electrodynamics. The various commercial software like COMSOL,
MAFIA, HFSS, and so on are based on the FEM and gives highly accurate simulated
results of electromagnetic structure or optical devices [17-19].

2.2.3 Finite Difference Time Domain (FDTD) method

The finite difference time domain (FDTD) method is a more complex method but it
provides higher numerical stability than the PWE method. FDTD is a very powerful
tool to study the band structure of anisotropic medium such as liquid crystals, wave
plates, etc. FDTD presents the explicit method to solve Maxwell’s equations in time
and space domain and provides the band structure of any arbitrary geometry,
nonlinear responses, and inhomogeneous characteristics [19-21]. In 1966, Yeh [22]
offered the basics of the FDTD method by simulating the linear and isotropic media.
Further, the various researchers work to apply the FDTD to simulate the anisotropic
media. In 1999, Zhou [23] designed the 3D algorithm to solve the general anisotropic
media; and in 2002, Moss extends the PML method to solve anisotropic medium. In
2004, Akyurtlu, Werner, Mosallaei, and Sarabandi have used the FDTD method to
analyze the magneto and biaxial anisotropic media [24-26]. To solve Maxwell’s
equations for the FDTD method, different finite differences methods can be
employed. The derivative of any arbitrary function at any random point can be studied

by forward finite difference, backward finite difference, and central difference.
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The first derivative of a function f(x) at random point x, can be calculated using

forward, backward, and central differences as;

f'(Xo)E [f(XO+AX)_f(XO)] (2_59)
AX

Using the backward finite difference;

f'(xo) ~ [f(xo)_fA(;(O _AX)] (2.60)

Using the central difference the

[f(x, + AX)—f(x, — AX)]
2AX

(%) = (2.61)

Similarly, the second derivative using central difference can be calculated as;

[f (X, +AX)—2f (x,) +F (X, —AX)]
(Ax)?

f'(x,) (2.62)

The central difference method is applied to explain Maxwell’s equations with the
electric and magnetic field at each time step (At). The harmonic solutions can be
obtained by Fourier transformations. Although the FDTD method needs a large
capacity memory and it is time taking process, the FDTD method gives more accurate

results.
2.2.4 Transfer Matrix Method (TMM)

The transfer matrix method (TMM) is derived on the solutions of Maxwell’s
equations in the isotropic or anisotropic medium and such method connects the
electric field or magnetic field on both sides of a layer. Depending on the type of
material, the coupling of the electric field and magnetic field varied which forms the
characteristics matrix having 2x2 or 4x4 matrix forms using boundary conditions
[1,6]. The calculation of the optical properties of dielectric periodic materials is
analogous to the calculation of the electronic properties of periodic atomic potentials
in the materials. The eigen values of the wave function of periodic atomic potentials
can be solved by the Schrodinger equation. Similarly, eigen values of dielectric

function are also solved for the photonic crystals by Maxwell’s equations and eigen
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values can be obtained by solving the Helmholtz equation or Master equation
ﬁx(l/ar)ﬁx H :(OJZ/CZ)H '

The transfer matrix method (TMM) is used to calculate layer by layer interactions of
electric field and magnetic field vectors at each interface of each dielectric medium.
Generally, 2x2 TMM is used to study the dispersion behavior and optical properties
(reflection and transmission) of 1-DPCs composed of the isotropic layer which is
equivalent to the Fresnel’s equations but 4x4 TMM can be used for the 1-DPC
consisting of anisotropic layers and 4x4 TMM method coupled the transverse electric
(TE) and transverse magnetic (TM) modes in a 4x4 matrix for the single anisotropic
layer. In the following section, we have discussed the 2x2 and 4x4 matrix methods
and focused on the TMM method in the whole thesis to study the optical properties of

the periodic structure containing isotropic and anisotropic medium.
2.2.4.1 2x2 characteristic matrix for the single layer

Consider an electromagnetic plane wave incident on the isotropic homogeneous
dielectric layer having relative dielectric permittivity and relative magnetic
permeability (e, i) with finite thickness. The plane wave has two independent modes
for propagations; transverse electric (TE) and transverse magnetic (TM) transmission
modes. In the TE modes, the electric field component perpendicular to the incident
plane while in the case of TM modes, the magnetic field is perpendicular to the
incident plane [1,6,27]. If the wave propagates in the z-direction and x-y plane is the
incident wave plane then the electric field is can be represented as, E=(0, Ey, 0) for
TE mode and E=(Ex, 0, Ez) for TM mode. The magnetic field and electric

displacement vector can be represented as;
B =pouH (2.63)
D =&.eE (2.64)
On putting the values B and D in equations 2.14 and 2.15 gives;
VxE =iop,uH (2.65)

VxH=-logeE (2.66)
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where o = frequency of plane wave and the TE mode polarization, Ey = y-component

of electric field, therefore, equation 2.65 gives

oE

4
0=liopuH, (2.68)
oOE
~Y H 2.69
o OHoHH, (2.69)

And the magnetic field has two Hy and H,. equation 2.66 gives

oH, oH .
X ——L =—lwg,cE 2.70

oz ox ey (2.70)
o, _ 0 (2.71)
oy
H, g 2.72)
oy

On solving the equations 2.67 to 2.72, we found the equation for electric field as;
0°E, O°E
axzy +—azzy +k’E, =0 (2.73)

where k=nw/c n=./epand the solution of the 2.73 can be written as;
E, =E,, exp(ik,x —iwt) (2.74)
Similarly, we can obtain the solutions for the magnetic fields as;
H, =H,, exp(ik, x —iot) (2.75)
H, =H,, exp(ik, X —imt) (2.76)

Now, on putting the values of Ey, Hx and H; in the equations 2.67, 2.69, 2.70 and

further solving the equations gives;

d’E

dzfy +K2E,, =0 (2.77)
d’H,, .

o +k2H,, =0 (2.78)
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The equations 2.77 and 2.78 have solutions as;

E,, = A, sin(k,z) + A, cos(k,2z) (2.79)
H, = 2aKe cos 7)— B2k ging 2 (2.80)
O S fop,H

For TE mode, we can construct a column vector consisting tangential elements of

field vectors as;

_ EOy
0x
Similar, we can write for TM mode;
H
y(z) = [EOV} (2.82)
0x

The incident electromagnetic wave can be coupled between two planes by a matrix

based on solutions of Maxwell’s equations as;
v(2) =My(z,) (2.83)

where M is the characteristic matrix of the material which connects the field vectors at

the interface of the materials from z, to z.

By applying the boundary conditions and further solving, we get the characteristics

matrix M which can be written as;

:{ cos(k,d) isin(kzd)/p}

ipcos(k,d)  cos(k,d) (2.84)

where p=n cos0 for TE mode and p =cos 6/n for TE mode.
2.2.4.2 Total transfer matrix for 1-D photonic crystal

Consider 1-D photonic crystal of N layers of dielectric layers of thickness ‘a” and ‘b’

with d periodicity of the periodic structure then d=a+b as figure 2.4.
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Incident
Wave

v

«—d—>

Figure 2.4: Schematic arrangement of 1-DPC of alternating layers of thicknesses ‘a’

and ‘b’ with periodicity d.

Consider the vector consisting of electric field and magnetic field elements at the
interface of i layer can be related to the boundary of (i-1)™ layer through a matrix

M, ,as;

v(z)) =M(z; -z, ,))w(z,) (2.85)

Thus for N dielectric layers, the final characteristic matrix is the product of all

characteristics matrix of each layer in the structure as;
W(zy) =M(zy —2,)w(2,) (2.86)
M(z\ —2,) =M(Z —Z 1) eenee M(z, -z ,)....M(z,—-z,) (2.87)

The dispersion relation can be studied by Bloch’s wave number;

K = (@/d)cos™(Tr(M(z, —z,))/2), where M(d;) is the characteristic matrix for the

j™ layer in the periodic structure.

cos(k,d;) isin(k,d)/p,

M@= jcos(k,d)  cos(k,d)

(2.88)

Using equation 2.88, we can write the total transfer matrix for 1-DPC and the

reflection and transmission coefficients of the 1-DPC can be found on solving as;

r= (M11+M21ps)po_(M21+M22ps) (2.89)
(Mll + Mles)pO + (le + Mzzps)
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{ = 2p, (2.90)
(My; +Myip,)p, + (M + My,p,)

These ‘r’, and ‘t’ are also called Fresnel’s coefficients. By considering conservation of
energy, the total reflectance and transmittance of the 1-DPC can be obtained through
the following equations;

R = |r|2 (2.91)

T=Pe 2 (2.92)
Po

A=1-T-R. (2.93)

2.2.4.3 4x4 Berreman matrix method

In 1972, Berreman developed a 4x4 differential matrix method for obtaining the
reflectance and transmittance of the anisotropic materials. Berrreman transformed
Maxwell’s equations in 6x6 matrix form and obtained the 16 differential matrix
elements which gave the complicated reflection and transmission of the anisotropic
material. Consider the interaction of electromagnetic waves with the materials having

dielectric permittivity € and magnetic permeability pare studied by Maxwell’s

equations.
~ OH
~OE
VxH=¢,6e — 2.95
08 (2.95)

Consider the interaction of electromagnetic wave having electric field and magnetic
field vectors (equations 2.96 and 2.97) with materials have tensor dielectric

permittivity € and magnetic permittivity p .
E(r,t) =E, exp(i(ot—k-r)) (2.96)
H(r,t) =H, exp(i(ot — Kk -r)) (2.97)
where 1, k, o are the position vector, vector, and frequency of the propagating wave.

For the tensor dielectric permittivity, the € is given as;
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w € Xy
yX & yy

x € zy

SXZ

€z

8ZZ

(2.98)

The Maxwell equations 2.94 and 2.95 can be written in 6x6 matric form consisting of

dielectric tensor, electric and magnetic field components as [28-32];

0 0 0 _ﬁ
0z
0 0 0 3
1574
0 0 _ﬂ —
oy X
0 i —3 0 0
oz oy
_0 9 5 0
0z OX
3 —i 0 0 0
oy OX

Ex Exx 8xy €x 0

Ey Syx Syy 8)’2 0

EZ H 8Z)( 8Zy SZZ O
=|—

Ho| ¢ 0 0 p

H, 0 0 0 0

H 0 0 0 O

O FET O O o o

T O O O o o

<

N

T T T m mm

(2.99)

Now, consider the x-z plane as the incident plane and the system is invariant with the

y-axis; therefore, the derivative with respect to y must be zero.

Z -0
oy

Hence, equation 2.99 is transformed into equation 2.101, as;

aHy
0z
oH ]
X +ipH
o on,
—ipH,
8Ey
0z
oE,
0z
ioE,

—IpE,

ole

€ Ey +8XyEy +¢,,E,
e Ex te,E +e,E,
€,.E, +gZyEy

uH,

+¢,E,

Where @=wngsinb,/c, ¢ is the velocity of light in the vacuum.

On solving equation 2.101, we get the following equation as;

(2.100)

(2.101)
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— SZX(pC _ ¢ c _ Szy(PC 0
EX €2 ® SZZ(DZ €, Ex
8 Hx 0) _szgzx _szC(P , 8ngzy 0 Hx
oz = - 822 gzz(“0 § 822
oz| E, C 0 ; . ) E,
-H, . €426 i €,,C . €yl (chz -H,
yX g c o vy c 2
z z 2z Ho
(2.102)
The differential equation 2.102 is also can be written as;
Zy=i®ay (2.103)
0z c

where Ais known as differential propagation matrix and solution of the equation
2.103 can be obtained by using Taylor series expansion as:

® Ah?e® .Ahd e

w(z+h)=(1-ish 2= S i = v (2104)

The solution connects the column vector of electric and magnetic field vectors at the

boundary of the anisotropic layer with thickness ‘h’.

Consider the stratified media of anisotropic layers, then the electric and magnetic field

column vectors for the incident, reflected and transmitted wave can be written as;

E, cos6,
n.E,
Eis

n,E, c0s0,

v, = (2.105)

- E,, cosb,
n,E
v, = |05 P (2.106)

-n,E, cos,

E,, C0s0,

v, = 2= (2.107)
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When the wave interacted with the medium, some fraction of the wave reflected and
transmitted through the layer, therefore, the field vectors for the incident and reflected

wave follows the addition rule and then operated on the layer matrix as;

E, c0s0, (E;, —E,,)cos6,
n,E n,(E, +E,;)
e |TML| L (2108)
ts is rs
n,E, coso, n,(E, —E,)cos6,

The solution of equations 2.103 has 4 unknown coefficients, and the reflection and

transmission coefficients for the s and p polarization can be written as;

E R R E.
m|_ pp ps ip
= I7|r. R ](E j (2.109)

rs sp SS IS

Etp Tpp Tps Eip
I (2.110)

ts Sp SS Is

The solution of the equations 2.109 and 2.110 can be easily obtained which gives
reflection and transmission coefficients for both s and p polarizations. The 4x4
Berreman matrix method is a very useful technique for obtaining the reflection and
transmission of the stratified media of anisotropic layers which give the agreed results
with experiments. This method is reduced to a 2x2 matrix for linear isotropic media as
in the case of the Jones matrix method. For an example of calculation of transmission
coefficients for TE and TM mode by using the 4x4 Berreman matrix method, consider
a uniaxial anisotropic material lithium niobate (LiNbO3) having voltage-dependent

refractive indices as [31,32];

n> 0 0
g=¢| 0 nS’ 0 (2.111)
0 0 nj

The extraordinary and ordinary refractive indices, ne, n, for the LiNbO3z material are

following as;

(V) =, — =, ~ (2.112)
oo | g
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ne(V) = ne(e) - % r33ne(e)3[dXJ (2113)

where 13, rz3 = electro-optical coefficients, extraordinary refractive index of LiNbO3

material. Extraordinary index is varies with voltage (V) and incident angle () as;

n,(6) = N, (2.114)

Jn2cos’0+n, sin’ 0

Now, the Maxwell’s equations can be used for LiNbO3; material as;
VxE =iou,H (2.115)
V xH =—iong,sE (2.116)

The tangential elements of fields are obtianed by solution of equations 2.115 & 2.116;

N ik Ay (2.117)
0z

Where k,=w/c, y=(JzE,\itH, Ve E, \iH, ), and Ais differential

propagation matrix containing dielectric tensor components which is similar to

equation 2.103.

On solving equations 2.115 and 2.116, the differential propagation matrix A can be

obtained as;
0 1-n/2sin?0/e, 0 0]
g, 0 0 0
A= (2.118)
0 0 0 1
0 0 g,—N, sin’6 0]

where ng = refractive index of the incident medium, 0 = incident angle of EMW.

The transfer matrix for uniaxial anisotropic material can be transcribed as;
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| costrk,d,)  KasnOukd) 0 o |
1Ay SNk 0) cos(yliod4) 0 0
M= Y1z
0 0 cos(rpkd,)  mtaKda)
] 0 0 ik . sin(y,,k.d,) cos(yyzlzzkod4)_

(2.119)

wherey,, :\/.sx(l—no2 sin?0/¢,) and v,, =g, —n,’sin®0.

Similarly, the total transfer matrix for stratified media of different layers can be

written as;
M M M M

M= mﬂ :222 m” '\I\j:“ (2.120)
M M M M

The transmission coefficients of the considered stratified media for TE and TM

polarizations as;

toe = My, (2.121)
M11M33 - M13M31

M33

toy = (2.122)
™ M11M33 - M13M31
The total transmissions through the anisotropic media can be written as;
TTE:|tTE|2, TTletTMlz (2123)

2.2.4.4 4x4 transfer matrix method

In 1980, Yeh proposed a 4x4 matrix method in which a diagonal propagation matrix
consisting of 4 partial plane waves can represent each layer of the periodic structure.
In this method, each side of the layer can be characterized by a polarization direction-
dependent dynamical matrix. For the interaction of EMWs with isotropic media, the
interaction produced two uncoupled modes s and p modes, and hence only 2x2 matrix
is needed for connecting the field vectors at the boundary of the media. In the case of

anisotropic media, the s and p modes are coupled due to anisotropy of the media
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which produces the different polarizations of incident waves, and hence the 4x4
matrices are required for the propagation or flow of EMWs through the media. The
flow of EMWs in anisotropic media also can be studied by the 4x4 transfer matrix
method [1,6,32]. Consider the flow of EMWs in the birefringent media having

dielectric tensor as;

e 0 O
e=Al0 ¢ O0|A™, (2.124)
0 0 ¢

where g1, €, €3, = diagonal dielectric permittivities, A = rotation matrix.

cosWYcos® —cos@Osin Psin® —sinYcos® —cosOsin¥sin®  sindsin®
A=|cos¥cosd+cos@Osin¥sin® —sin¥sin®+cos®cos¥cosd —cosPsin®
sin ¥sin® sin¥sin® cos®

(2.125)

where ©,®, ¥ are the Euler angles for the crystal axes orientation in the media. The z

component of the vector can be found by solving the equation 2.126.
kx(kxE)+o’ueE =0 (2.126)

Considering the generalized dielectric tensor equation 2.126 gives;

mzu‘gxx - Bz - ,Y2 wzugxy + OLB (Dzl"lgxz +ay Ex

o’pe, +of  o’pe,-a’-y>  o’ne,+Py | E,|=0 (2.127)

X

(’OZMSZX +ay ('Ozu‘c’zy + By 0)2“'822 - 0“2 - BZ E

X

For a non-trivial solution of the equation, the determinant must be zero, which gives
the 4 solutions for y which can be real or complex. Hence, the four partial waves with
four wave vectors are also obtained. For the real values of the wave vector, the two of
four values have group velocity with a positive z factor or component and the
remaining two values have a negative z factor. While for the complex value of v, the z
factor of group velocity has vanished. The polarization of the waves can be

represented by equation 2.128 as;
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(0°ue,, —a” —v])(@ke, —a’ —B*) - (0’ue, +By))°
p = Nj ((’Ozusyz + BY])((DZHSZX + (XYJ) - (COZHSxy + aB)((Dzugzz - 0’2 - BZ)
(0’ug,, +ap)(@’pe,, +By;) - (0’ue,, +ay;)(@pe,, —a’ -v})

(2.128)

where N; = normalization constant with conditionp-p =1.

The distribution of electric field (E) of the propagating wave in n™ layer is given as;
4
E =Y A;(n)p;(n)expli(ot —ox —By —v;(n)(z—-2z,)] (2.129)
j=1

where n = number of layers. Due to continuity, the magnitude components of field

vectors at the interface are related as;

A (n-1) A, (n)
A=D1 o ypmypey 2™ 2.130
A-1|" (n=1)D(n)P(n) A () (2.130)
A,(n-1) A,(n)
where
expliy, (n)d, | 0 0 0
o_ 0 expliv,(n)d, ] 0 0
B 0 0 expliy(n)d, | 0
0 0 0 expliv,(n)d, ]
(2.131)
and
X-p,(n) X-p,(n) X-pg(n) X-p,(n)
D(n) = V-0.(n) ¥-,(M) §-d5(n) ¥-a,(n) (2.132)
y'pl(n) y‘pz(n) Y'ps(n) y'p4(n)
X-g,(n) %-qg,(n) X-qgs(n) X-q,(n)

where, D(n) = dynamical matrix having polarization, g;(n) = L k;(n)xp;(n), dn=2zn-
®

zn-1 direction dependent matrix elements, and P(n) = propagation matrix consisting

matrix elements depending on the phase excursion of partial waves in the structure.
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The transfer matrix for the interfaces of n™ and (n-1)" layers is represented as;

Ton1=D*(n-1)D(n)P(n),

(2.133)

Thus, the final matrix is the multiplication of all transfer matrices of the periodic

structure for the whole stratified media of N layers as;

T:T0,1T1,2. . --TN,s

The transfer matrix T is the 4x4 matrix [M]4x4 can be represented as;

AS M 11 M 12 M 13 M 13

Bs
AP
BP

-
<=
0O o

@)

S
E
o

(2.134)

(2.135)

The transmission and reflection coefficients of the periodic structure of birefringent

media for the s and p waves can be obtained as;

Cp
A
s /A,=0
— CS —
tps = Ap g =
CP
tPP i A_p A=0 i
le = B, =
ss As .o
BP
r =1 — =
* As A, =0
r.= B,
i AP A,=0

M11M33 - M13M31

M21M33 — M23M31

M11M33 - M13M31

M41M33 _M43M31

M11M33 - M13M31

_ M11M23 B M21M13

M11M33 - M13M31

(2.136)

(2.137)

(2.138)

(2.139)

(2.140)

(2.141)

(2.142)
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rpp — (i] — M11M43 — M41M13 (2.143)
0

Ap A= M11M33_M13M31

These elements are obtained by matrix multiplication of each 4x4 matrices of
anisotropic layers for the s and p polarization of electromagnetic waves. In some
cases, the derivations of reflection and transmission coefficients for anisotropic layers
are highly complicated.

Besides the overhead four theoretical methods, various methods are also available to
study the optical characteristics (ATR) of periodic structures. The finite difference
frequency domain (FDFD) method also uses Maxwell’s equations considering space
and frequency domain. The FDFD method is based on the coupling of the transfer
matrix method with Fourier transforms. In the rigorous coupled-wave analysis
(RCWA) method, integration of coupled electromagnetic waves is also used and the
various structures e.g. conical structures, nano-pillars, cones, core-shell structures, etc.
which can be simulated with this method. RCWA method is useful in the
reflectometry, transmission line method, and grating structure of periodic materials.
RCWA method can also be used to simulate the optical properties of various
antireflection coating materials. Due to the variation of dielectric function as in the
FDTD method, finite integration technique (FIT) is also used in the expansion of
dielectric function and vectorial solutions of Maxwell’s equations through the Fourier
transforms. In the FIT, the electromagnetic waves are discretized into space and
frequency domains, and it is also used the transformation of integral Maxwell’s
equation into grid structures as the FDTD method. The FIT method is mostly
applicable to study the transient fields in radio frequency applications; RF, CST, etc.
Another method is the tight binding (TB) method which expands the magnetic fields
into certain wave functions dependent on the orthogonal Wannier functions and the
band structures can be studied by solving such functions. TB method is to detect the
defect modes in the periodic structures just like the PWE method. All along with the
discussed theoretical methods, discrete dipole approximation (DDA), and beam
propagation method (BPM) are also very useful to study the optical properties of

various photonic structures.
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2.3 Conclusion

To study the propagation of electromagnetic waves in different periodic structures or
materials, various scientists and researchers have developed lots of theoretical
methods based on Maxwell’s equations. The PWE method expands the dielectric
function into the Fourier series and obtains the infinite matrix. By solving the
obtained matrix, the dispersion relations can be studied considering reciprocal lattice
vectors. The FEM method is very used to simulate the photonic structures using
discretizing the boundary values problems or differential equations into subdomains
with appropriate trial wave functions. The differential equations with trial functions
can be solved by Ritz’s or Gelenkin’s method. The FEM gives accurate results but
affects the memory and optical storage of the computational system. Based on
discretization, the FDTD method also uses the transformation of Maxwell’s equations
into grids in space and time domains. FDTD method provides the values of electric
and magnetic field vectors at each time step in the space-time domain and therefore
the optical characteristics of 3-D periodic structures can be studied and this method
gives highly accurate results depending on the number and size of time steps. TMM
method is also a very useful and simple technique to study the optical properties of a
1-D periodic structure. TMM method correlates the electromagnetic field vectors at
the interface of two media and the reflection and transmission coefficients can be
studied. TMM is mostly applied in a 2x2 matrix form to study the optical properties of
the periodic structure of isotropic layers, and a 4x4 matrix form in TMM is used for
the anisotropic periodic layers. Basically, TMM is founded on the determination of
Maxwell’s equations; therefore, the accuracy of the results depends on the results of
Maxwell’s equations. The solutions for Maxwell’s equations for certain anisotropic
materials are complex, so a fast computational system is required for the simulation of
anisotropic materials. All along with the overhead method, there are also so many
theoretical methods that are also available like FDFD, RCWA, FIT, TB, DDA, BPM,
PML, etc. The application of these methods depends on the desire results, types, and

sizes of periodic structures.
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CHAPTER 3

Tunable transmission of a nematic liquid crystal
(NLC) without and with graphene layers as a
defect in one-dimensional periodic structure (1-
DPS) of dielectric materials by orientation/re-
orientation of liquid crystal (LC) molecules

3.1 Introduction

The interaction of the electromagnetic wave with any material depends on the type of
the material; isotropic or anisotropic. The isotropic materials have direction
independent refractive index whilst anisotropic materials have a direction-dependent
refractive index or tensor dielectric function. The interaction of wave anisotropic
materials dissociates the incident wave in extraordinary and ordinary waves. The
ordinary waves follow Snell’s law of refraction but the extraordinary wave does not
follow Snell’s law and the direction of extraordinary waves can be found by
geometrical construction of interaction plane with origin point considering normal
surface. The anisotropic materials have two types; uniaxial and biaxial. In uniaxial
crystals, two of the principal indices have the same values different from the third
value but in the case of biaxial, all three principal indices have different values from
each other. In the material science, the various anisotropic materials or molecules
have been discovered; ice, rutile, zircon, ZnS, BeO, quartz, NaNO3, LiNbO3, BaTiOs3,
NaNO,, KH,PO,4, SbSI, YAIOs, mica, topaz, liquid crystals, graphene, etc. Due to
having birefringence, anisotropic materials including liquid crystals (LCs) are used in
various nonlinear and linear optical devices. Liquid crystals are the organic materials
and intermediate phase between pure liquids and crystalline solids, i.e. LCs have flow
property like liquid and ordered structure like crystals. LCs are widely used in optical
devices due to having direction-dependent nonlinear properties and the molecules of
the LCs are also affected with external and induced electric fields. The interaction of
optical radiation with LCs induces electric field on the molecules and produces
various optical effects including reflection, refraction, transmission, scattering,

hysteresis, etc.
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3.1.1 PAA (para-azoxy-anisole) liquid crystal

The PAA (para-azoxy-anisole) liquid crystal (LC) has melting point 119°C and
nematic to isotropic phase transition temperature 135°C. Riste et al. [1] deliberated the
consequence of the magnetic field and temperature on the nematic to isotropic phase
transition in PAA liquid crystals. The authors determined the width 3.7x 10 m of
thermally induced hysteresis for the weak magnetic fields. The transition temperature
decreases with the field and the transition in the very weak fields found second-order
transitions. As we know that the application of external fields on the LCs affects the
optical properties of molecules and can be produced three types of configurations;
splay, bend, and twist. These configurations have different elastic constants known as
the Frank elastic constants and the values of theses constants can be determined by
applying the threshold field on the LCs. Bradshaw et al. [2] reported the ratio of splay
elastic to susceptibility and bend constants to susceptibility for different temperatures
and found that these ratios increase for PAA LC as the difference between transition
temperature and operating temperature increases. Chandrasekhar et al. [3] studied the
orientation order of PAA liquid crystals and a mixture of PAA with other LCs. Based
on Vuk’s equations, the authors found that the graph between the order parameter and
the temperature difference of transition temperature to operating temperature are the
parallel lines. The order parameter was found high for the high phase transition
temperatures for PAA LC. Sanyal et al. [4] suggested that the forces between the PAA
molecules are weaker at high temperatures and the movement of the molecules was
prohibited in the perpendicular direction but the molecules were free to move in the
parallel direction to longer molecular axis under maximum 30° orientation. The
intensity of Raman lines was changed due to the softing mode in the PAA LC at the
transition temperature. The obtained intensity of quasi-elastic scattering in the PAA
was high and it is connected with Debye fluctuations (rotational fluctuations) about

the loner molecular axis which is acted as soft modes in the transitions [5]. The elastic

constants of the PAA LCs are K, =4.5x10"dyn, K, =9.5x10"dyn, &, = 0.896,

e, =2.45¢, =3.346 ¢, =dielectric anisotropy,e, ,e, = perpendicular, parallel

dielectric constants, respectively. The values of dielectric constant suggest that the
PAA LC has negative anisotropy and it possesses the splay and bend configurations

which can be used to design various nonlinear optical devices [6].
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3.1.2 Graphene

The discovery of graphene has opened a new era in the field of nanotechnology [7].
Graphene is the first two-dimensional nanostructured material, which compacts the
size of various electronic as well as optical devices and also enhances the optical
properties of the photonic devices [8]. Graphene has a 2-D hexagonal lattice of sp?
hybridized carbon atoms just like honeycomb structure as shown in figure 3.1.
Graphene is the basic building block of all carbon allotropes including graphite,
fullerene (Cgo), carbon nanotube (CNT), etc. Graphene has versatile applications in
various electronic devices due to having huge charge carrier mobility at room

temperature.

8g0o%ees

L L ) 9

Figure 3.1: 2-D structure of graphene

The carbon lattice in graphene is hexagonal structure, so, the electronic wave
functions overlap with other wave functions such as p,(=) with s or py and py is zero
due to the presence of symmetry. The pi-bonds are formed in the hexagonal lattice
due to p, electrons which are independent of other valence electrons. Using the pi-
band approximations and interaction of first nearest-neighbors, the Hamiltonian can

be resolved in the electronic spectrum and the dispersion relations can be obtained as

[9];

ﬁ:xa k,a k. a (3.1)

E*(kx,ky):iyo\/1+4cos cos +4c052%
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wherea = \/§acc,y0: transfer integral between first neighbor m-orbitals, and ac=

distance between carbon-carbon atom.

Considering 1p; electron/atom, the branch of negative energy is fully employed while
the branch of positive energy is vacant according to n ©—x model. If the Fermi
surface is described by the K and K'; the formation of - and = - bands occur. The

energy is given as;
E* (k) = +Av |« 3.2)
where k =k —Kand v_is the electronic group velocity has value 10°ms™.

The above equation 3.2 is the solution of the effective Hamiltonian at the point K
(K"), H=+Aav_(c-x), where k =—1V and c are the pseudo-spin Pauli matrices. The

Pauli matrices operate on the amplitude of the electron in the sub-lattices of graphene.
Due to the absence of bandgap, graphene has finite limits to operate in electronic
devices. Graphene possesses a huge leakage current in numerous devices, which also
limits the usage of graphene in electronic devices. Including fractional quantum Hall
effect, graphene shows the properties of 2-D Dirac fermion. The graphene has a
certain minimum value of conductivity (4e%/h), even when the concentration of the
charge carrier tends to zero. The complex dielectric constant of the Graphene depends
upon the gate. The complex optical conductivity of graphene depends upon the intra-
band and inter-band contributions. The total conductivity of the graphene is given by
[10];

Oty = O intra + O inter + IG inter (33)

Where 5, . = ~ %M and e = S, 1+ Larctan =2 | _ Lo oo f0¥ 20
Tth(‘tl ~io) T T, T T,

2 2
G"inter :—Goil (2M+h(ﬂ) +(h'l72)

where o, =€’ /(4h)is universal optical
2n (2u—how)’ + (it,)?

conductance having the value 60.8uS. Usingo,, for graphene, the calculated

dielectric function for the graphene sheet is given by equation 3.4 as;

s((o):l+(MJ (3.4)

wg,d,
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where dg = thickness of graphene layer and €,= vacuum permittivity.

The graphene sheets have the frequency-dependent dielectric function conductivity (o

(®) ), chemical potential (L), relaxation time (t), and temperature (T) as represented

in equation 3.4. The dielectric function of graphene has been described at p.=0.4eV,

A =1550nm temperature 296 K, and t, =1.2ps,t, =10fs respectively [10].

307 T T T T T . T |. T T

201

Dielectric function(e)
) o
T

-20

_30 L L L L L L L L L L
0.8 1 1.2 14 16 1.8 2 22 24 26

A(pem)
Figure 3.2: Variation of the real, imaginary, and absolute value of the dielectric

function of graphene.

The real, imaginary, and absolute part of the dielectric function of graphene are
shown in figure 3.2. The real values first increase and reach to its maximum value at
1.3um wavelength (}) and ant it reduces further with higher wavelength, while the
imaginary part also increases first and becomes maximum at 1.3um wavelength (L)
and it reduces abruptly to zero and turns out to be constant for further wavelengths up

to 2.8um wavelength.

In graphene, Shubnikov-de Haas oscillation also occurs with = shift considering
Berry’s phase [11,12]. Graphene acts as an effective material for high-frequency
device applications due to exhibiting near ballistic transport at room temperature. Due

to revealing linear dispersion of Dirac cones, graphene also has potential applications
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in various nonlinear devices [13]. Although the graphene has no bandgap but the gate
voltage-controlled tunable bandgap can be obtained through the applying electric field
on the graphene layers or bilayers exiting in periodic structures [14,15]. Graphene
plays a very crucial role to fabricate the optoelectronics and photonic devices. Along
with the absence of bandgap, graphene also shows semi-metallic behavior. The
theoretical description of graphene-based photonic modulators was investigated by
Gosciniak et al. [16], and they suggested that 3dB modulation having energy/bit
below than 1 fJ/bit could be obtained.

Graphene is a nonlinear material, so it can be applied in the microwave, terahertz, and
optoelectronic applications, optical sensing applications, nonlinear photonic device
applications, lasing action applications, transparent conducting windows, photoactive
materials, channels for transport of charge and catalytic action, light-emitting devices,
photo-detectors, smart windows, bi-stable displays, ultrafast lasers, optical limiters,
terahertz devices, and optical frequency converters. Graphene is also used in the
fabrication of dye-synthesized solar cells for the window electrodes applications [17-
19]. Generally, graphene is synthesized by micromechanical exfoliation and liquid
phase exfoliation methods in which graphene nanoribbons are produced with offering
scalability and the width of nanoribbons is less than 10nm. Besides the mentioned
method, chemical vapor deposition, carbon segregation, chemical methods are also

used in the synthesis of graphene sheets [20, 21].
3.1.3 Liquid crystal and graphene-based 1-DPC

In 19™ century, LC was discovered by German botanist Reinitzer but the term
introduced by Lehmann. LCs are interesting organic materials, which have a
transitional phase between the pure liquids and the crystalline solids [22]. LCs have
flow property like liquids and order structures like crystals. LCs are found in mainly
three types; lyotropic, thermotropic, and metallotropic which have different optical
characteristics due to the molecule orientations [23]. In the last few decades, photonic
crystals (PCs) have been used in the study due to having novel optical responses in
terms of the photonic band gap (PBG), which are helpful to design optical devices.
PBGs obstruct the transmission of electromagnetic waves (EMWSs) in certain
frequency or wavelength regions and such material also called PBG materials [24].

Such PBG materials are capable to guide or mold the optical radiation in dielectric
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mediums and hence they are widely used in the field of photonics. The guiding of
EMW in optical media is analogous to regulate the motion of electrons in electronic
materials [25]. The transmission or propagation of the EMW through the PCs relies
on the dielectric function, topology, geometry, and other parameters of the dielectric
material. By tuning of PBG regions, the dynamical regulation of the EMW in PCs can
be obtained. [26]. Due to having dielectric function dependent propagation of EMW
in periodic materials, PCs are classified into three forms considering the periodic
variation of dielectric constant in the space: one-dimensional photonic crystal (1-
DPC), two-dimensional photonic crystal (2-DPC), and three-dimensional (3-DPC).
Moreover, the size and variation of PBG are dependent on the dielectric functions,
thicknesses of layers, and structural constraints of PCs. [27]. PCs embedded with the
defect layer possess various optical characteristics of the defect peaks and such
defective periodic structures are used in the designing of photonic devices like
switches, lasers, etc. [28, 29]. The transmission characteristics of PCs including PBG
can be improved by altering the structural parameters of periodic layers. [30]. The
existing nonlinear properties LCs are widely used in optoelectronics, electro-optical
devices [6, 30]. The defective 1-DPC with a nematic liquid crystal (NLC) has
exhibited all-optical switching properties of 1-DPC. [26]. To describe the switching of
LCs, a nonlinear differential equation for LC director was solved which described the
switching of molecules with incident EMW [31]. Considering the interaction of EMW
with LC, the molecules show orientation in according to intensity ratio (I/1¢), when
the intensity (I) of EMW becomes equal to a threshold value, known as the
Freedericksz transition (lg), and the transmission of 1-DPC is exhibited tunability

with the orientation of molecules [32,33].

The PBG region also could be modulated by inverse opal with LC coating which was
described by Busch et al. [34] and it was also established experimentally by Yoshino
et al. [35]. The tunability of PBGs of the PCs with LC as a defect is dependent on the
dielectric function, temperature, and applied external field on the LCs [36-41]. The
tunability of PCs is also gained by the infiltration of individual holes or pores existing
in the PCs with LCs, which tunes the optical characteristics of the whole photonic
structure [42, 43]. LCs show huge nonlinear optical characteristics and are mostly
used in nonlinear optical devices; all-optical switches and controlled EMW
propagation in the photonic structures. Mohamed et al. [44] investigated the impact of
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the orientation of molecules as well as temperature on the transmission responses of
1-DPC with NLC as a defect. Correspondingly, linear and non-linear effects of 1-DPC
of dielectric layers containing LC as a defect layer were deliberated by Entezar et al.
[45]. The authors established that the threshold intensity and bi-stable properties
depend on the functioning temperatures. They also deliberated the consequence of the
temperature on the transmission possessions of the 1-DPC. The obtained defect modes
transmission in the PBG is dependent on the molecular orientation of LC. The
extraordinary and ordinary refractive indices of LCs have also affected the
propagation of EMWs in 1-DPC with LC as a defect layer [46]. As discussed earlier,
LCs show electro-optic properties, and graphene (G) also shows unique electronic and
optical characteristics property. The innovation of graphene opens new aspects to
develop a novel nano-sized electronic and optical devices having high flexibility in
nanotechnology [47]. Graphene has 2-D lattices of sp? hybridized carbon atoms
arranged in a hexagonal structure, which is the fundamental planer construction for
graphite. Graphene is mostly used as windows and transparent electrodes in solar cells
[15,18,19]. With the absence of band gap, the graphene shows semiconducting
behavior and massless carriers; electrons and holes are considered as Dirac-Fermions
in the graphene. Due to having interband and intraband, graphene exhibits outstanding
electronic and optical responses; the conductivity of graphene is also calculated by
these-bands. The calculation of these bands leads to dielectric function depending on
the chemical potential and collision time. [48, 49]. The absorption property of the
graphene layer is found to vary with the incident angle of the EMWand position of the
graphene layer in PCs [50]. Zhao et al. [51] described the absorption properties of
graphene and amplified in the IR region considering the total reflection effect. The
transmission properties of graphene layers are affected by strain in the material
structure and polarization of incident EMW [52]. Using graphene with plasmonic
structure and the Fabry-Perot cavity, the efficiency of photodetectors is enhanced [53,
54]. The polarization and coupling of incident EMW with graphene are also affected
by the optical properties of graphene embedded periodic structures [55]. Under the
total internal reflection, the absorption of nanodisk arrays of doped graphene could be
attained the maximum value and such structures are used in various optical devices
including solar cells. [56]. By varying the graphene parameters like chemical
potential, the PBGs of the graphene-based PCs were tuned [57]. The transmission and
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dispersion properties of graphene are modified with incident angle and such
dispersion curves could be obtained through the effective medium theory. [58]. The
obtained defect modes in the transmission of graphene embedded PCs are varied with
incident angles and the chemical potentials, and such graphene-based PCs are used as
tunable optical filters, optical sensors, etc. [59] PCs with graphene layer as defect are
exhibited localization of certain wavelength and these localized wavelengths are tuned
the PBG region of PCs [60]. Graphene-based PCs of various materials have a lot of
novel applications in the field of photonics due to having operative parameters like
chemical potential. Graphene-based 1-DPC has various applications in band gap
engineering, polarization splitter, tunable optical device, stop band filter, potential
device application, antenna, generator, terahertz band device, etc. The conductivity
and dielectric function can be enhanced by varying chemical potentials of the
graphene. Due to exhibiting absorption, graphene is a very significant material to
examine the sensing phenomena produces by graphene embedded LC in photonic

structures.

In this chapter, we have solved a nonlinear differential equation for the NLC director
angle and discussed its variation with intensity ratio (I/1¢), I is the intensity of incident
EMW and I is the threshold intensity or called the Freedericksz transition intensity in
NLC. The LC molecules exhibit orientations whenever the intensity (1) of the incident
EMW becomes equivalent to or greater to the threshold value, or the Freedericksz
transition intensity (). We have also discussed the effect of orientation/reorientation
of PAA molecules on the transmission characteristics of 1-DPS of glass and silica (Si)
layers with the variation of intensities and incident angles of EMW. We have also
calculated the transmission of the 1-DPS with NLC as a defect layer at dissimilar
orientation angles of the NLC. The shifting property of the defect transmission modes
in the PBG region is dependent on the incident angle as well as the director angle of
the LC. To study the transmission properties of semi-finite 1-DPS of glass and Si
layers with NLC as defect without/with graphene (G) layers, the well-known transfer
matrix method (TMM) has been doped as discussed in chapter 2 [61]. The defect
layer of NLC with graphene layers in 1-DPS of Si and glass materials denotes that an
NLC is embedded with graphene layers and this defect layer of NLC with graphene
layers is attached symmetry surface of 1-DPS of Si and glass materials. We have also

discussed the absorption properties of asymmetric semifinite 1-DPS containing defect
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of NLC with the variation of the periodicity of dielectric layers for TE and TM

modes.
3.2 Theory and methodology

LCs are organic anisotropic materials and have tensor dielectric permittivity which
can be expressed in matrix form as equation 3.6 [23].

g, +g,sing 0 g, singpcosd
g = 0 e 0 (3.6)
g,sinpcosp 0 &, +g,Cos* ¢

The dielectric tensor (€)of LC consists of perpendicular (¢,)and parallel (g,)
constituents of the dielectric constants; and dielectric anisotropy (¢, =€, —¢,) and

director angle (¢ ) of LC are constructed with z-axis as shown in figure 3.3 [26].

The dielectric tensor of LC in matrix form is reduced to diagonalized matrix form

with considering the orientation angles: ¢=0° and ¢=90° To apply the transfer

matrix method (TMM), we have diagonalized the dielectric tensor matrix for a certain
orientation or director angles [45]. The dielectric tensor depends on the orientation
angle of molecules including different parameters of LC and the variation in refractive
index is equivalent to the effective dielectric function of the LC [23]. The effective
dielectric function of the LC is described as;

. 2
2 _| Za
- (Zj & te,
£ = P iy 3.7)
8_(8aC052¢J 2
2

where ¢ = orientation angle or director tilt angle of the LC director constructed with

the z-axis and considering the EMW propagation in the z-direction.

To inspect the variation of LC director orientation angle, an LC thickness L having
homeotropic arrangement of LC molecules is considered as a defect layer in 1-DPS.
The orientation of the LC director is given by ¢(z). On the interaction of EMW with
LC cell, the molecules orient sustaining an angle ¢(z) with the normal axis (z-axis) of

the cell as shown in figure 3.3. When the intensity of incident EMW is gained value
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equal to the Freedericksz transition intensity, the molecules show orientation in the
LC cell.

- o

Figure 3.3: Diagram of molecular orientation (¢) of liquid crystal (LC) under the

exterior electric field.

Considering the interaction between orientation angle and intensity ratio, the optical
characteristics of LCs can be tuned. The orientation and reorientation of the LC
molecules is due to the coupling with EMW, which can be investigated by solving

nonlinear differential equation 3.8 as [31];

(I)ZZ K, sin(2¢) n’Isin(2¢)

- 2(1-K,sin?¢) 9, * 2U%1, (K sin? g)(—psinZgy® OO

The solution of equation 3.8 depends on the intensity ratio I/ls and the boundary
conditions of the LC cell. Here, ¢,, and ¢, are the second and first-order partial

derivatives of ¢ with respect to z, respectively. The constant K, and 3 are given as;

K..—K 2
Kr=—33K = ,B=1—[:°2J (3.9)
33

e

The constant parameters, Ks3 and Kj; in the equation 3.9 are bend and splay elastic

constants of LC, and 3 is also a constant depending upon the extraordinary (ne¢) and

the ordinary (n,) refractive indices of the LC.

The Freedericksz or threshold intensity (lf) is given as:
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_ Ckyyr?
TonpLt

(3.10)

where ¢ = speed of light in the vacuum. To determine the orientation of LC director,
Dirichlet boundary conditions (BCs) are used to solve the nonlinear equation of the

NLC and the condition are given as;

¢ (z=0), and ¢ (z=L) (3.11)
The conditions are considered for the strong anchoring of LCs; and to obtain the
solution of nonlinear equation, we have multiplied the equation by 2¢,and integrated

with respect to z, the integration constants can be obtained depending on the

maximum value of director angle ¢°max and the equation is reduced as;

-, d(I)T 4A 1 1
1-K < == - 3.12
-k sin ¢)[dz B |:(1—B5in2¢omax)u2 (1—Bsin2¢)“2} (312

Using the one elastic constant approximation i.e. K11=K2,=K33, the equation is further

reduced as;

() N U W [
dz) B | ([-Bsin® ¢%mx )" (L—Bsin?¢)"’ |

2
where A:%, and the orientation angle of NLC obtains the maximum value (
fr

¢’ma) that reaches the central position of the cell at z=L/2. For such condition, we

have obtained;

¢0
max L

s =5 e (3.14)
> sin? ¢, —sin

The simplification of the nonlinear differential equation produces a relation between

the maximum orientation angle of the molecules and intensity ratio (I/1¢) as;

0 max _sinllz(ll— j } (3.15)

The obtained resultant equation 3.15 describes that the LC molecules show orientation

according to intensity ratio (I/ls). The second-order term is used in calculations
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considering the increasing intensity of EMW while high order degree terms, fourth-
order is associated with the formulations of LC reorientations for decreasing intensity
of EMW. The orientation/re-orientation of the LC molecules depends on the incident
wave intensity, which may be lower or higher to the threshold value (ly) for the

orientation/re-orientation of molecules inside the LC layer.

To understand the effect of the orientation/re-orientation of molecules inside the LC
layer, we have considered the normal incident of EMW on the 1-DPS and the
propagation of EMW in the positive z-direction as depicted in figure 3.4. The
transmission characteristics of 1-DPS of glass/Si layers with NLC as defect are

calculated using TMM.

Ex

Glass Si Glass Si NLC Glass Si Glass Si

v

Positive z direction

Figure 3.4: Schematic diagram of the 1-DPS of glass and Si layers with an NLC as a

defect layer without graphene.

Before these calculations, the field of propagation of EMW in LC is described by

equation 3.16, which depends on E and the dielectric constants (¢ ,¢,,€,,) of LC.

E,-—fBE - | GaSNOCOSE | (3.16)
€g5 (z;l + ¢, COS (I))

Using the master wave equation which was solved from Maxwell’s equations, we can
obtain the electric field equation as;
2
dE. ke —0

2 X

dz (3.17)
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2 €,€, 2

where k* =Kk, , Ky = Tn A = wavelength of incident EMW on the considered

33

1-DPS.

For the scattering of EMW in the layer, the z-component of the Poynting vector
=S, :(c/8n)EXHy*is constant and this can be used to investigate the optical

characteristics of the layer. The solution of equation 3.17 can be given as,

(3.18)

X

| Aexp(ikz) + Bexp(-ikz),z<0
| Cexp(ikz) + Dexp(-ikz),z > L

where A, B, C, D = incident, reflection, transmission coefficients of the EMW, which
give the transmission and reflection of the considered material. The polarization of
incident waves is considered in the x-z plane and parallel to the incident plane and
EMW propagation in the z-direction. Further investigation of the graphene layer in 1-
DPS, again, we have considered asymmetric 1-DPS of glass and Si layers containing
NLC embedded with graphenes as defect layers; (Si/glass)™/G/NLC/G/(Si/glass)",

where m, n are periodicity of Si/glass, as represented in figure 3.5.

Figure 3.5: Schematic representation of 1-DPS containing Si and glass layers with

NLC embedded with graphene layers as a defect material.

The optical characteristics of 1-DPS with a defect of NLC embedded graphene layers
are studied with the variation of the periodicity of Si/glass materials and incident
angle of EMW. The transmission and absorption characteristics of 1-DPS with a
defect material of NLC without and with graphene layers are calculated by TMM
[61].

3.3 Results and discussion

The results and discussion part is divided into two sections: the first section

introduces the tunable optical properties of 1-DPS of dielectric materials with the

Page 125



Chapter 3

defect of NLC without graphene layers at different parameters, and the second section
describes the transmission and absorption characteristics of 1-DPS consists of

dielectric materials with the defect of NLC embedded graphene layers.

3.3.1 Tunable transmission of 1-DPS with a defect material NLC without

graphene layers
3.3.1.1 Orientational behavior of the LC directors with a ratio of intensities (/1)

In this part, we have described the orientation of the director angle of the NLC, PAA
(p-Azoxyanisole), and the transmission of the NLC at a certain director angle with the
variation of I/ls. The switching activities are inspected by solving the nonlinear
differential of LC directors as equation 3.8 and the explanation is based on the

Freedericksz transition effect in the LC layer. The derivative of the director angle ¢

with respect to z depends on the maximum magnitude of director angle (¢’ma) and

the initial value of angle ¢. As the solution, the maximum value of the director angle (

¢’max) is derived in terms of intensity ratio (I/l;) as equation 3.15. The orientation

behavior of the LC director angle (¢’ma) with intensity ratio (I/ls) is described in
figure 3.6, where Iy is the threshold value of intensity or the Freedericksz transition.
To calculate the optical characteristics, we have considered the splay and bend elastic

constants of the PAA LC molecules with dielectric indices: K,, =4.5x107dyn,
Ky =9.5x107dyn, g, =3.346¢, =245 and ¢, =0.896,wheree,e, are the
extraordinary and dielectric ordinary constants, ¢€,is dielectric anisotropy,

respectively [6]. The director angle (¢°max ) increases with the intensity of the EMWs

and the different values of director angles is obtained i.e. 0°, 28.71° 42.79° 56.3°,
90°. The obtained values of the director angle correspond to the intensity of incident
EMW is equivalent or higher than threshold intensity. The director of LC found the
different angles for decreasing intensity of EMW as 0°, 21.26° 40.38°, 57.29° and
90°. Therefore, a hysteresis loop appears in the transmission through LC due to
different threshold values of LCs. The analysis of the hysteresis loop suggests that the
LC molecules follow the different paths for orientation and reorientation with
increasing and decreasing intensities and this result in the existence of hysteresis
loops in the transmission process. The hysteresis in transmission expresses the first

order optically induced transition in LC cell and this type of transition, the director
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angle shows discontinuity from the initial and final value (0° 90°) at the threshold
intensity (lg) of EMW. The free energy of LC system landscapes and obtains the
minimum value near to the Freedericksz transition. This outcomes led to hysteresis
and meta-stability in the LC cell. Based on the found consequences, we have

accomplished that the LC molecules orients/re-orients in certain paths depending on

the increasing/decreasing intensity of EMW.

Variation of Director Angle vs Intensity
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Figure 3.6: Maximum values of liquid crystal director (¢ %max) Versus intensity ratio

(/1) for increasing and decreasing intensity.

3.3.1.2 Transmission properties with intensity ratio 1/l

The transmittance of EMW through the NLC layer as a defect in 1-DPS of glass and

Si materials with intensity ratio (I/ls) for increasing/decreasing intensity at certain
director angles are described as figure 3.7. The EMWs are transmitted through the LC
with a finite value of transmission but as the intensity of EMW becomes identical or
greater than the threshold value (ls), the LC molecule orients in certain directions.
Hence, the transmission characteristics are affected and then shows lower values for
intensity less than lg; I<ls. The transmissions of the 1-DPS with the NLC defect layer
are 51%, 69%, 86% for 28.71° 42.79°, and 56.31° director angles of LC, respectively.
As the LC molecules change the orientation, the transmissions are reduced up to 31%,
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41%, and 54% for the similar director angles. The LC molecules orient/reorient in
according to increasing/decreasing intensity of EMW, but the molecules cover a

different path for the reorientation process with different director angles and suffer a
different lesser threshold intensityl..". The new director angles of LC are led to the

uncommon transmission of 1-DPS as exposed in figure 3.7 (b).

T e e -

Transmittance

_____________

Transmittance
rd

Figure 3.7: Comparative transmission versus intensity ratio (I/ly) at considered

orientation angles of NLC for (a) increasing and, (b) decreasing intensity.

In decreasing intensity cases, the LC molecules have different paths for reorientation
and resulted in the lower transmission of the 1-DPS with the NLC defect layer. The
lower values of transmittance are 14%, 21%, 19% corresponding to 21.26°, 40.38°,
and 57.29° director angles, respectively. This transmittance associated with director
angles 21.26°, 40.38° decreases but transmittance increases for the angle 57.29°. This
result suggests that the transmission of the LCs becomes unusual above the
Freedericksz transition intensity (l) due to the order parameter, polarization, and
scattering in the LC layer. Likewise, a similar consequence is found for the decreasing

intensity excluding the 57.29° director angle.
3.3.1.3 Transmission of different wavelengths with intensity ratio 1/l¢

The orientation of LC molecules controls the transmission of EMW through the LC

cell. Therefore, we have calculated the transmission of different wavelengths, 388nm,
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1009nm, and 550nm with I/1¢ for the LC cell as revealed in figure 3.8. The considered
values of wavelengths are taken from the band gap region of 1-DPS with the LC
defect layer. The hysteresis loops corresponding to distinct wavelengths are obtained
for increasing as well as decreasing intensity ratios (I/ly) as shown in figure 3.8. The
transmissions of 388nm and 1009nm wavelength through the 1-DPS with the NLC
defect layer are shortened 58%, 92% from 94%, respectively. The transmission for

550nm wavelength reduced to 2% from 10% at the Freedericksz transition intensity.
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Figure 3.8: Comparative transmissions of different wavelengths versus intensity ratio

(/1) for increasing and decreasing intensity of incident EMW.
3.3.1.4 Refractive index variation of LC

We know that the LCs are fascinating organic materials and its dielectric index
depends on the various parameters like the external field, temperature, etc. The
effective dielectric function or refractive index of LCs depends on the ne, no, and ¢
with some finite values as equations 3.2. The director angle of LC diverges from 0° to
90° value and the calculated data matched with theoretical data which is given as
figure 3.9. The dielectric constant of LC is lower director angle but the dielectric
constant has high values with a higher director angle. The refractive index or

dielectric constant of LC reaches the extreme value for the maximum director angle
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(¢) in the middle of the LC cell. The obtained values of LC director angles are
confirmed with the obtained values by Gaussian 09 software package A02 [62]. Only

three values of the director angle are considered for examining the influence of the
orientation angle on the transmission of the 1-DPS with NLC as the defect layer.

Variation of Refractive Index
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Figure 3.9: Comparative values of refractive index with director angles of the LC.

3.3.1.5 Transmission properties of periodic structure with NLC layer in the form
of (glass/Si)NLC/(glass/Si)?

To study the transmission properties, we have considered 1-DPS of glass and Silica
(Si) materials with the absence and presence of the PAA NLC defect layer. In absence
of the defect layer, 1-DPS has a configuration in the form of (glass/Si)" with n=4; and
in presence of PAA NLC defect layer, 1-DPS is considered in the form of
(glass/Si)"/NLC/(glass/Si)" with n=2. The considered defective 1-DPS with the PAA
NLC layer is designed as figure 3.4. The refractive indices (ni, ny) of the glass and Si
layers are 1.5 and 3.4 and corresponding thicknesses (d;, d;) are 91nm and 40nm,

respectively for the central wavelength Ao=550nm.

The transmissions of 1-DPS without and with the PAA NLC defect layer are obtained
by the transfer matrix method (TMM) [61] as shown in figure 3.10. The obtained
transmission of the 1-DPS (glass/Si)* exhibits the photonic band gap (PBG) in the

range of 407nm to 848nm wavelength with a bandwidth (AX) of 441nm as shown in
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figure 3.10(a). The transmissions of 1-DPS with the NLC defect layer are described at
different orientation angle, 28.71° 42.79% and 56.30° for increasing intensity ratio
I/ls, and the values of the director angles are confirmed with Gaussian 09 software
package A02 [62].
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Figure 3.10: Comparative transmissions of 1-DPS without and with the NLC defect

at different molecular orientation angles.

The sharp defect mode transmission in the PBG region of considered 1-DPS with the
NLC defect layer tunes with orientation of the LC molecules in the defect layer [63].
Figure 3.10(b) expresses the transmission of the considered 1-DPS with NLC defect
at 28.71°, 42.79°% and 56.10° director angles. From the previous studies, we have
confirmed that the propagation of EMW in NLC is led to switching characteristics
due to the orientation of NLC molecules inside LC cell; and it is very fascinating to

study the use of optical switching in photonic devices.
3.3.1.6 2-D and 3-D graphs of transmittance of periodic structure in the form
(glass|Si)’INLC|(glass|Si)*

To investigate the transmission of 1-DPS of glass and Si with the NLC defect layer
with incident wavelength at different director angles of LC, 2-D, and 3-D diagrams

are shown as figures 3.11 and 3.12. The 2-D and 3-D graphs demonstrate the defect
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transmission mode shifting to a higher wavelength region at the director angles
28.71°, 42.79% and 56.10°.
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Figure 3.11: Comparative transmissions of 1-DPS without and with of NLC defect at

considered orientation angles.

The director angles is able to LC tune the obtained defect mode transmission in the
PBG region of 1-DPS and such sharp defect mode transmission could be helpful to
use in optical switching and bi-stable photonic devices. The 2-D graph of
transmission of the periodic structure without and with NLC defect against
wavelength (A) is exposed in figure 3.11. On comparing both 2-D and 3-D
transmission graphs, we visibly explain the shifting nature of defect mode
transmission with 28.71°, 42.79°, and 56.30° director angles of LC. With the shifting
of defect mode transmission, LC as defect layer in periodic structure is also enhanced
width of the PBG region of 1-DPS due to change of director angles of LC.

The transmissions of the considered 1-DPS with NLC defect are also studied with the
variation of incidence angle (0) and director angle(¢) of NLC for transverse electric

(TE) as well as transverse magnetic (TM) modes.
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Figure 3.12: 3-D graph of transmission of 1-DPS with NLC defect for considered

orientation angles.

The defect mode transmission in the PBG region is shifted towards shorter
wavelengths for higher incident angles at considered director angles (¢) of NLC.
Figure 3.13 displays the comparative defect mode transmission shifting with the
incident angle at certain director angles considering TE and TM polarization modes.
The study reveals that the transmission property of 1-DPS with the NLC relies on the
incident angle of EMW. The obtained defect mode transmission in PBG is shifted to a
shorter wavelength as the incident angle increases from 0° up to 75° The
transmittance of defect modes has a high value at the normal incident angle (0°) but
defect mode transmissions are moved towards lower values at a higher incident angle.
By investigation of the shifting of defect mode transmissions, almost 8nm separation
is found between the defect mode transmissions in PBG at different director angles of
LC. The separation in the transmission is almost continuous for a lower incident angle
but slightly increased for a higher incident angle. The complete comparative
investigation reveals the shifting of defect transmission mode, where the transmission

for TE mode is higher in comparison to the transmission for TM mode.
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Figure 3.13: Comparative investigation of defect modes shifting with incidence

angles at considered orientation angles for TE and TM polarizations.
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Further, we have comparatively investigated the transmittance of defect modes with
incident angle considering TE and TM polarization modes with the variation of LC
director angles as shown in figure 3.14. The transmittance of defect mode peaks for
TE and TM modes is the same at normal incident angle, but it varies with higher
incident angles for both modes. The transmittance continuously decreases with
incident angle up to 63° for TE mode while the transmittance is increased in the case
of TM mode. The maximum transmittance is obtained at 63° incident angle and then it
is reduced with a higher incident angle. The effect of the director angle of the NLC on
transmittance is comparatively higher in TM mode. The transmission for TM mode is

followed by Brewster’s angle at the boundaries of dielectric layers.

3.3.2 Tunable transmission of periodic structure with defect NLC embedded

graphene layers

Graphene layers affect the optical characteristics of periodic structures. Therefore, to
examine the impact of graphene layers on transmissions of periodic structures, we
have considered a 1-DPS of glass and Si materials consisting of graphene and NLC
defect layer as shown in figure 3.5. The thicknesses of glass, Si, graphene (G), NLC,
layers are taken as 110nm, 250nm, 0.34nm, and 100nm respectively. The proposed 1-
DPS with defect NLC without and with graphene layers have taken the configurations
as (Si/glass)"/NLC/(Si/glass)" and (Si/glass)™/G/NLC/G/(Si/glass)" with m=n=3. The
transmission  and  absorption  characteristics  of  periodic  structures;
(Si/glass)*/NLC/(Si/glass)® and (Si/glass)*/G/NLC/G/(Si/glass)® at three different
director angles are shown as figures 3.15 and 3.16, respectively. The transmission of
both considered 1-DPS at 28.7°, 42.7° and 56.3° director angles are shown in figure
3.15. The transmittance of defect modes in the PBG region of periodic structure
(Si/glass)*/NLC/(Si/glass)® are found to be 90% 88% and 86%, respectively. In
presence of graphene layers, the transmittance of defect modes for
(Si/glass)®/G/NLC/G/(Si/glass)® periodic structure is reduced to 48%, 46%, and 44%
at considered director angles; 28.7°, 42.7°, and 56.3°. The obtained defect mode
transmission in the PBG region is also showed shifting with higher director angles of
NLC. In the presence of graphene layers, the transmission of 1-DPS is tuned with the
variation of optical parameters. Although, the defect mode transmission
characteristics of 1-DPS are affected with the graphene layer, but the PBGs are not

very much affected by the varying director angle.
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Figure 3.15: Transmission of 1-DPS at different orientation angle of LC with m=n=3;
(a) (Si/glass)™/NLC/(Si/glass)" (b) (Si/glass)™/G/NLC/G/(Si/glass)".

The absorption characteristics of both periodic layers (Si/glass)®/NLC/(Si/glass)® and
(Si/glass)*/G/NLC/G/(Si/glass)® are described as in figure 3.16. In the absence of
graphene layers, the defect mode transmission of 1-DPS (Si/glass)*/NLC/(Si|glass)®
has no absorption at the different orientation of LC molecules as given in figure
3.16(a). But in presence of graphene layers, 1-DPS (Si/glass)®/G/NLC/G/(Si/glass)®
show absorption of defect mode peaks as shown in figure 3.16(b). The absorption
value of defect mode peaks is increased from 0% to 28%, 27%, and 26% for 28.7°,
42.7°, and 56.3° LC director angle, respectively. The periodic structure show
absorption values of defect mode peaks due to the metallic nature of graphene layers.
The absorption properties of periodic structure with defect material with NLC
embedded graphene layeres are tuned with the varying gate voltage or chemical

potential of the graphene layers and orientation of LC molecules.
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Figure 3.16: Absorption of 1-DPS at different orientation angle of LC with m=n=3;
() (Si/glass)™/NLC/(Si/glass)" (b) (Si/glass)™/G/NLC/G/(Si/glass)".

The optical  properties  (transmission and  absorption) of  1-DPS;
(Si/glass)™/NLC/(Si/glass)" and (Si/glass)"G/NLC/G/(Si/glass)" with m=3, n=5 at
considered orientation angles are presented in figures 3.17 and 3.18. The
transmittance of defect mode peaks in the PBG attains the lower values; 48%, 50%,
52% from 90%, 88%, 86% for 28.7°, 42.7°, and 56.3° director angles, respectively as
shown in figure 3.17(a). In presence of graphene layers, the transmission of periodic
structure  (Si/glass)®G/NLC/G/(Si/glass)® has revealed in figure 3.17(b). The
transmittances of defect modes peaks are found 13%, 12%, and 11% for LC director
angles 28.7°, 42.7°, and 56.3°, respectively because the imaginary part of the dielectric

constant of graphene is presented as discussed in the equation 3.4.
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Although the transmittances of defect modes peaks are reduced as shown in figure
3.17(a), but no absorption has occurred for any defect mode transmission in the PBG
region as presented in figure 3.18(a). The absorption of defect mode is increased up to
85%, 84%, and 82% for 28.7°, 42.7°, and 56.3° director angles, respectively as in
figure 3.18(b). In comparison, the defect mode absorptions for 1-DPS
(Si/glass)*/G/NLC/G/(Si/glass)® are 28%, 27%, and 26% but the same 1-DPS with the
different periodicity of binary layers as (Si/glass)*/G/NLC/G/(Si/glass)® gives 85%,
84% and 82% absorption of defect modes peaks for 28.7°,42.7°, and 56.3°0rientation
angles of LC, respectively. The maximum absorptions of defect modes wavelengths
are obtained with 5 periodicity i.e. n=5 instead of 3 periodicity i.e. n=3 as defect NLC

with graphene layers embedded 1-DPS.
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Figure 3.19: Variation of defect mode absorptions with the incident angle for
(Si/glass)*/GINLC/G/(Si/glass)*considering TE and TM polarization modes.

The absorption defect mode peak behavior in the transmission of 1-DPS
(Si/glass)*/G/NLC/G/(Si/glass)® with incident angle are also investigated at considered
orientation angles for TE and TM polarizations as shown in figure 3.19. The
absorption values of defect mode peaks for TE polarization are decreased for

increasing the incident angle of EMW. But the absorption of defect mode peaks for
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TM polarization first increases up to 88° incident angle and then decreases sharply. A
detailed comparative analysis suggests that the absorptions of defect mode peaks for
TM polarization are more efficient than the absorptions of defect peaks TE

polarization at chemical potential (i) = 0.4eV as shown in figure 3.19.

100 T T T T T T T T

90

80

70

60

50 TM mode

401

Absorbance (%)

30~

20~ ¢ (28.79)
—¢ 42.7°
¢ (56.3°)

10~

0 r r r r r
0 10 20 30 40 50 60 70 80 90

Incident angle (6°)

Figure 3.20: Variation of defect mode absorptions with the incident angle for
(Si/glass)*/G/INLC/G/(Si/glass)’ considering TE and TM polarization modes.

Likewise, we have explained the absorption characteristics of defect mode peaks for
(Si/glass)*/G/NLC/G/(Si/glass)® multilayers for TE and TM polarizations at
considered director angles as exposed in figure 3.20. The absorption defect mode
peaks decreases with increasing incident angles for TE polarization, while the
absorption defect peaks for TM polarization increase up to 63° incident angle then
decreases up to 80°, and further increase up to 88° and abruptly decrease for the higher
incident angle. For the normal incident angle, the defect mode peaks have a high
absorption value for TE polarization, but the absorption defect peaks for TM

polarization fluctuate with increasing the incident angle.
3.4 Conclusion

In this chapter, a nonlinear differential equation defining the orientation behavior for
of LC director with the EMW interaction was solved, and the optics of the LC layer
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based on the molecular orientation was described. At the Freedericksz transition,
threshold intensity of EMW, a sharp switching of NLC (PAA) molecules has occurred
inside the LC layer. Due to optically induced transitions, a first-order transition of
molecules has occurred and hence hysteresis loops are appeared in LC cell. Owing to
molecular orientation/reorientation, the optical properties transmission of the 1-DPS
of glass and Si materials with the defect layer of PAA NLC were studied and
compared. The transmission of 1-DPS of the form (glass/Si)?/NLC/(glass/Si)? shown
sharp defect modes in the PBG region of transmission spectra. The transmissions of
wavelengths in the PBG region were revealed that the molecular orientation of NLC
controls the defect transmission peaks. The different orientations/reorientations of the
molecules inside the LC layer are accountable for optical switching behavior. We
have also explained the defect mode transmission and their shifting behavior with the
incident angles for all three director angles. The orientation and re-orientation of LC
molecules may be used to attain optical switching of 1-DPS with a defect of NLC and
such periodic structures with the NLC layer may be used in various photonic and
electronic devices, e.g. bi-stable devices, switches, optical filters, feedback lasers, and

SO on.

In the case of graphene-based  structure in the form  of
(Si/glass)™/G/NLC/G/(Si/glass)" multilayer structure with m, n periodicity of binary
layers, the reduced transmission of defect modes shown at 28.7°, 42.7°, and 56.3°
director angles. The theoretically designed 1-DPS of the form
(Si/glass)*/G/NLC/G/(Si/glass)® has exhibited the high absorptions for 28.7°, 42.7°,
56.3° director angles of NLC. The improved absorptions defect mode peaks for TE
polarization ~ were obtained for the periodic structure of form
(Si/glass)*/G/NLC/G/(Si/glass)® due to metallic nature of graphene layers. Such
absorption of the periodic structure of form (Si/glass)3/G/NLC/G/(Si/glass)5 may be
assisted to design sensors and detectors based optical devices for 1.26 um, 1.273um,
and 1.278um wavelengths corresponding to 28.7°, 42.7°, 56.3° director angles. The
absorption behavior of 1-DPS of the form (Si/glass)*/G/NLC/G/(Si/glass)® was found
to be more enhanced for TE polarization in contrast to TM polarization at a normal

incident angle.
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CHAPTER 4

Tunable transmission characteristics of periodic
structure designed with SiO; and TiO; materials
with anisotropic defect layers as liquid crystal
(LC) and LiNbO:s for optical switching application

4.1 Introduction

Anisotropic materials have direction dependent properties and the optical
characteristics tunes with temperature, electric field, voltage, and incident angle. In
nature, various anisotropic materials exist but various anisotropic also can be prepared
in the laboratories. In reference to control the optical responses of anisotropic
materials through voltage and temperature, we have considered E7 LC and LiNbO3 to
investigate the tunable characteristics of one-dimensional periodic structures (1-DPS).
In this chapter, the transmissions of 1-DPS consisting of SiO,, TiO, materials with E7
LC, LiNbOj3 uniaxial materials as defects are investigated with changing internal and

external parameters.

The theoretical transmission analysis of designed 1-DPS has been studied with the
varying voltage across the crystal, temperature, and incident angle of EMW. The
optical characteristics of the concerned 1-DPS are explained based on 4x4 matrix
method. The designed 1-DPS with the defect E7 LC and LiNbOs give rise to tunable
defect modes in the PBG region of resultant transmission spectra. The obtained defect
modes show blue shifting with changing voltage, temperature, and incident angle
considering TE and TM polarizations. Also, the transmissions of defect mode and
terminal of considered wavelength range are examined with incident angle as well as
temperature. The studied transmission of 1-DPS
(SiO,/TiO,)°*/LC/LNO/LC/(TiO2/SiO,)° shows tunable nature due to anisotropic
materials E7 LC, LiNbO3 as defect layers, and such periodic structure with the defect

of nonlinear materials may assist in designing of optical switching devices.
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4.1.1 E7 liquid crystal (E7 LC)

The optical properties of liquid crystals (LCs) are changed with the orientation of
molecules, applied field, and temperature, and hence the transmission through the PCs
can be controlled with LC [1,2]. Besides the pure LCs, some LCs are also prepared by
mixing two or more LCs; and such LC mixture have enhanced optical responses in
comparison to parent LCs. The E7 LC is combination of 5CB (C;sH19N), 80CB
(C21H2sNO), 7CB (CyoH23N), and 5CT (Cy4H23N) LCs [3]. The extraordinary and
ordinary refractive indices (ne, ny) of the E7 LC depend on the temperature which is

given as [4];
i
ne(T)zA—BT+M(1—lJ (4.1)
3 T
(An), 7Y
nO(T)zA—BT——CJ(l——j 4.2)
3 T
where A, B, (An),, B= temperature dependent LC parameter, Tc = clearing

temperature or phase transition temperature of LCs. The extraordinary, ordinary and

birefringence of E7 can be studied by using equations 4.1, 4.2.
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Figure 4.1: Variation of refractive indices (ne, no, <n>) of E7 LC with temperature

(K).
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The constant parameters A, B, B, (An),, Tc for E7 LC are

1.7230,5.24x107*,0.3485,0.2542and 330K [4]. The average refractive index of such
E7 LC is given as;

2n,+n,
(n)= e e

5 (4.3)

The deviations of refractive indices of E7 LC with the variation of temperature are
shown in figure 4.1. The minimum and maximum magnitudes of ordinary,
extraordinary refractive indices of E7 LC arel.55, 1.692 for 300K temperature and
1.50, 1.55 for 350K temperature, respectively. The both refractive indices of E7 LC
mixture have same value 1.55 at the 330K temperature (i.e. phase transition). At the
phase transition temperature, the E7 LC changes its phase and converts into the

isotropic phase.
4.1.2 Lithium niobate (LiNbO3)

The electro-optical materials tune their optical properties with the variation of applied
voltage and incident angle of electromagnetic waves. As example, lithium niobate
(LiNbO3) change the optical properties with the variation in voltage and incident
angle due to modification in index ellipsoid of the material. LiNbO3z shows linear
electro-optic effect and tunable refractive indices which are very useful to tune the
optical characteristics of photonic crystals. The extraordinary (n¢) as well as ordinary
(no) indices of the LiNbO3 or LNO are formulated as [5];

1 Vv
=n —-= 3| L 4.4
no(V) no Zrlsno (d4} ( )
1 \V/
- _= 3 L 4.5
ne(v) ne(e) 2 r33ne(e) [d4j ( )

where ri3, r33 = electro-optical coefficients of LiNbO;3 crystals. The extraordinary
index of LNO depends upon voltage (V) and incident angle (0); while the ordinary
refractive index of LNO depends upon the voltage only. The extraordinary refractive
index can be studied by using equations 4.4, 4.5.

n,(6) = el (46)

Jn,2cos?0+n, sin? 0
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Figure 4.2: Deviation of refractive indices (ne, no) of LiNbO3 with voltage (-200V to
200V) at 0°, 30°, 45°incident angles.

The dielectricor refractive indices (ne, no,) and electro-optical parameters (ris, rs3) of
LiNbOs in the absence of electric field are 2.20, and 2.70 and are 9.6pmV™, 30.9pmV"
! respectively [6,7]. The behavior of refractive indices of electro-optical material
LiNbO3 with voltage range of -200V to +200V at 0°, 30° 45° incident angles are
revealed in figure 4.2. This extraordinary index of LINbO3 increases with increases
the incident angle, but it is linearly decreased with applied voltage. The extraordinary
refractive index of LiNbO; is found 1.902 for -200V and 2.499 for +200V at 0°
incident angle. The minimum and maximum extraordinary index (ne) values for -
200V and +2000V are found 1.943 and 2.678 respectively at 30° incident angle.
Similarly, extraordinary index (ne) values for -200V and +2000V are 1.987 and 2.904
at 45° incidence angle. The ordinary refractive index for applied voltage is
independent of the incidence angles and the minimum and maximum values of the

ordinary refractive index for voltages from -200 V to +200 V are 2.544 and 2.896.
4.1.3 Photonic crystals (PCs) with anisotropic defect layer

Photonic crystal (PC) is a unique optical multilayered system which has periodicd

ielectriclayers assisting periodic variation of dielectric functions in dissimilar
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directions. The PCs have three types depending on the variation of refractive index:
one-dimensional (1-D), two-dimensional (2-D), and three-dimensional (3-D) photonic
crystal. The transmission characteristics of the multilayered media are dependent on
the interaction of EMW with the materials and the periodicity of binary layers. PCs
are able to regulate the transmission of EMWs due to periodicity of dielectric layers
and also exhibited photonic band gap (PBG) in the transmission bands. The PBGs are
distinctive range of definite frequencies, where it prohibits the transmission of EMWSs
in the PCs, and such unusual characteristics of the PCs are exploited in various
photonic applications [8-18]. If a defect layer of dielectric materials is inserted in the
PCs, then a sharp defect modes or localized state of transmissions in the PBG is
exhibited [19-21]. The optical characteristic of PCs can be tunable with the variation
of temperature, voltage, electric field, and so on; if the defect layer is a liquid crystal
(LC). Therefore, such PCs are applicable as active material in photonic devices,
optoelectronic and microwave applications [22-31]. A large quantity of research has
been published on the tunability of PCs with exterior parameters e.g. electric field,
magnetic field, temperature, and so on [32-34].The blue and red shifting of defect
mode in transmission could be obtained by positive as well as negative voltages on
the electro-optical defect material in PCs. The shifting of transmitted defect modes is
dependent on the incident angle concerning TE and TM polarization states. As
application, tunable filter based on 1-DPC with anisotropic defect layers is
investigated by 4x4 matrix method [35,36].

The refractive indices of uniaxially crystalline material like LiNbO3 has dependent on
voltage and incident angle, and the tunability of the optical properties could be gained
by embedding such anisotropic materials into PCs [5,7]. The LC and LiNbOj3 both are
anisotropic materials and these can be used in the PCs to obtain the tunable
transmittance. Generally, LC is intermediate phase between pure liquid and perfect
solid, which have both characteristics of liquid and crystalline. The organic materials,
LCs have three types: lyotropic, thermotropic and metallotropics. The dielectric
properties of thermotropic LC have dependent of the temperature and external field;
and normally such LC shows three phases: nematic, cholesteric, and smectic. A very
common phase is nematic phase which is generally appeared in all LCs. The
anisotropic nature of LC is changed into isotropic phase at phase transition, called
clearing temperature (Tc), and thereby, LCs are useful in nonlinear optics applications
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[1, 37]. The tunable transmission could be obtained by coating the inverse opal with
LCs, which was proposed by Busch et al. [38] and letter it was confirmed
experimentally by Yoshino et al. [39]. With the controlled optical properties of LCs
through external fields, the transmission of PCs with LCs could be modulated by
temperature and electric field. In the experimental point of view, the filling the pores
in PCs with LCs is another technique to obtain tunable transmissions [40-44]. LCs are
anisotropic organic materials have applications in tunable photonic devices due to
having nonliner optical responses including all-optical switching to controlled
transmission devices. The transmissions of 1-DPS with defect layer of LC were
investigated with varying molecular orientation and temperature by Mohamed et al.
[45]. By investigating the optical transmission of 1DPS with LC defect layer, Ozaki et
al. [46] established that the tunability of PCs could be gained by controlling the LCs
parameters [47-49] and also proposed that the bistability was dependent on
temperature, and hence the optical transmission of the PCs are tunable with
temperature. The organic material LC has anisotropic nature and the dielectric

characteristics are dependent of the orientation angle of the molecules.

The hybrid Tamm-microcavity states in 1-DPS were investigated by Pankin et al. [60]
and the authors suggested the tunable hybrid modes with variation of the electric field

and temperature. The dielectric constant (g,¢,)and anisotropy (&, =¢,—¢,)
dependent dielectric tensor (€) has matrix form as [ 49, 51];
g, +eg,sin>¢p 0 ¢, singcosod

0 €, 0 4.7
g, sinpcosp 0 &, +¢,C08° ¢

™l
Il

The dielectric tensor of LC has 3x3 matrix form including extraordinary and ordinary
dielectric constant and anisotropy of LCs and such matrix can be diagonalized at 0°
and 90° orientation angles and then the transfer matrix method (TMM) is applied to

investigate the optical characteristics of the PCs [52].

In the chapter, the refractive indices of E7 LC and LiNbO3 are studied firstly with the
variation of temperatures, and voltages. The transmission of 1-DPS of dielectric layer
with defect of the E7 LC and LNO material; (SiO,/TiO2)*/LC/LNO/LC/(TiO2/SiO,)°

are studied secondly with the variation of temperature, voltage and two orientation
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angles of LC molecules for TE and TM modes by using 4x4 matrix method. We have
also investigated the defect optical transmission of 1-DPC versus the terminal

wavelength for TE and TM modes.
4.2 Theory and methodology

The 1-DPS of SiO; and TiO, materials with E7 LC and LiNbO3z; or LNO layers are
considered to study the optical properties in this work. The defect layer of LNO
material is sandwiched between two E7 LC layers as LC/LNO/LCin the periodic
structure;  (SiO2/TiO,)°*/LC/LNO/LC/(TiO,/SiO,)° as shown in figure 4.3. The
propagation of EMW through 1-DPS is considered in z-direction and periodic

structure is considered in x-y plane.

Ex
L e o0 0 0 LNO o o0 0
k

Figure 4.3: Schamatic design 1-DPS of SiO,, TiO, materials with defect layers of LC
and LiNbO3; (SiO,/TiO,)*/LC/LNO/LC/(Ti0,/Si0y)°.

The considered periodic structure with a defect LNO material embedded with LC has
taken n;, n, the refractive indices of SiO,, TiO, materials with thicknesses d;, d,
respectively; and ds, ds the thicknesses of LiNbO3; and LC respectively while the
refractive indices of LNO and E7 LC are discussed earlier in this chapter. The optical
characteristic of periodic structure (SiO,|TiO2)’|LC|LNO|LC|(TiO4[SiO,)° are
calculated by 4x4 matrix method. In view of EMW interaction with periodic materials
concerning electric and magnetic (E, H), fields, the optical transmissions of 1-DPS are
obtained at incident angle of EMW. To study the optical properties, the 4x4 matrix for
periodic structure are formulated using Maxwell’s equations. In Maxwell’s equations,

we have;
VxE=iopuH (4.8)

VxH=—-lwg:E (4.9)
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The components of the electric and the magnetic fields are calculated by equations 4.8

and 4.9 which gives;

oy

— =K Ay (4.10)
0z

where k, =o/c, v =g, E,.\JuH, Ve E, /i H, ), and ais the coefficient matrix

dependent on the optical parameters.

If the relative permittivity of uniaxial anisotropic material LiNbOs is given as;

n, 0 0
e=g,| 0 nS’ 0 (4.11)
0 0 n/

By solving equation 4.10 by using equation 4.11, differential A matrix is given as;

0 1-n,’sin?0/¢, 0 0]
0 0 0
A=| = (4.12)
0 0 0 1
0 0 g,—N, sin*6 0]

where ng = refractive index of surrounding media, 0 = incident angle of EMW. The

4x4 matrix for uniaxial LiNbOs; material is calculated as;

- cosrk.dy) ikﬂSi”A(Yﬂkad‘*) 0 o
145, 5In(13.Ko0o) cos(yliliod 2) 0 0
M= Y1z
0 0 cos(y,,k.d,) siny,;Kqde)
0 0 K, sin(r,k.dy)  costy,kd,) |

(4.13)

wherey,, = /e, (1-n,2sin?0/g,) and  v,, =&, —n,’sin?0. Likewise, we have

obtained the 4x4matrices for E7 LC, SiO,, and TiO, materials. The final 4x4 matrix
1-DPS  (SiO4/TiO,)*/LC/LNO/LC/(TiO,/Si0,)° is formulated by
multiplication of all 4x4 matrices of the layers one by one which is given as;

for whole
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The final characteristics M matrix of the considered structure is the product of all

characteristic matrices as;

M= (MsiozMi02)° MLcMinoMLe (MTiozMsioz)? (4.14)

24 (4.15)

The transmission coefficients of the 1-DPS for TE and TM polarizations are given as;

M
be= - (4.16)
M11M33 - M13M31
M
try = r (4.17)

M11M33 - M13M31

The final normalized transmissions of the 1-DPS for TE and TM polarizations are

obtained by;
Tre=ltrel’, Trm=ltrml’ (4.18)
4.3 Results and discussion

In this segment, we have calculated the optical transmissions of 1-DPS with the
changing refractive indices of the LNO and LC through the temperature, voltage and
incident angle of EMW. The transmissions of 1-DPS are obtained the coupled waves
with 4x4 matrix for TE and TM modes. The refractive indices (n;, n,) of used SiO,,
TiO, materials in 1-DPS are taken as 1.5, 2.49, respectively. The thicknesses of SiO»,
TiO,, LNO and LC materials in the periodic structure are considered as 91.6nm,

55.2nm, 110nm, and 100nm, respectively.

4.3.1 Transmissions of 1-DPS with defect LNO embedded with LC layers at -
200V, 0V, and 200V voltage

As discussed earlier, refractive indices of LINbOj3 is dependent on the voltage. So the
defect modes in the transmission of 1-DPS (SiO2/TiO,)*/LC/LNO/LC/(TiO4/SiOy)°
can be tuned by the applied voltage. Therefore, we have studied. the transmissions of
1-DPS at different voltages: -200V, OV, and 200V for TE and TM polarizations.
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The optical transmissions of 1-DPS at -200V, 0V, and 200V voltages for TE and TM
modes are represented in figure 4.4. The defect mode transmissions in PBG region for
+200V and -200V are shifted towards lower and longer wavelengths respectively due
to dependency on the positive and negative biasing on the LNO material and such
shifting of defect mode transmission for TE polarization is higher than defect mode
transmission for TM polarization. The shifting of defect mode transmission is very
useful in designing of optical switches with variation of voltages. The range of
shifting in the defect mode transmission is reliant on the extent of voltage; i.e. the
shifted defect mode transmissions are highly sensitive with voltages and such high
shifting or tunability is more operative for TE polarization. The exhaustive analysis of
defect mode shifting in the transmission of 1-DPS at different voltages is tabularized
as table 4.1.
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Figure 4.4: Transmission of 1-DPS with defect LNO embedded with LC layers
(SiO4/TiO,)°*/LC/ILNO/LC/(TiO/SiO,)’ at -200V, 0V, 200V voltages considering TE

and TM polarizations.
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Correspondingly, the optical transmissions of 1-DPS at -100V, 0V, 100V voltages are
given as figure 4.5 and the study of defect mode transmissions is charted as table 4.1.

The broadening effects for defect mode transmissions are compartively low in TM

polarization.
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Figure 4.5: Transmissions of 1-DPS with defect LNO embedded with LC layers
(SiO4/TiO,)°*/LC/LNO/LC/(TiO/SiO,)’ at -100V, 0V, 100V voltages considering TE

and TM polarizations.

Table 4.1: Shifting wavelengths analysis of defect mode transmissions of 1-DPS at
distinct voltages considering TE and TM polarizations.

Voltage
Polari- -200V oV +200V
zation
A (nm) Tr. (%) A (nm) Tr. (%) A (nm) Tr. (%)
TE 598.8 99.97 582.1 99.89 566.2 99.99
™ 593.7 99.94 585 99.86 575.2 99.95
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-100V ov +100V
TE 590.4 100 582.2 99.43 574.1 99.57
™ 589.5 99.77 585 99.86 580.3 99.20

4.3.2 Transmission of 1-DPS with defect LNO embedded with LC layers at 300K,
330K, and 360K temperatures for distinct voltage

The optical transmissionsof 1-DPS with defect LNO embedded with LC layers at
different temperature of E7 LC considering TE and TM polarization are given in
figure 4.6. The refractive index of E7 LC is temperature dependent and LC
transformed into isotropic phase from nematic at clearing temperature of LC. The
phase transition of E7 LC affects the refractive indices of the material; therefore, the
transmission of 1-DPS with defect LNO embedded with LC layers is also affected.
The clearing temperature of E7 LC is 330K and hence the optical properties of 1DPS
with defect LNO embedded with LC layers are also studied for 300K, 330K, and 360
K temperatures with 0V, -200V and +200V voltages. Figure 4.6 describes the
transmission of 1-DPS with defect LNO embedded with LC layers at 300K, 330K,
360K temperature for OV voltage considering the both polarization modes i. e. TE and
TM. The study suggests that the defect mode transmission of 1DPS is effectively
varied for TM polarization than the defect mode transmission for TE polarization. The
wavelength of defect mode transmission for TE polarization are 582.1nm, 585.9nm
584.7nm for 300K, 330K, 360K temperatures, respectively.

Also, the wavelengths of defect mode transmission for TM polarization are 585nm,
593.7nm, and 590.8nm for 300 K, 330K and 330K temperatures, respectively. Along
with such transmissions, we have also discussed the transmission characteristics of 1-
DPS with defect LNO embedded with LC layers at -200V and +200V voltages as
figures 4.7 and 4.8. The complete analysis of defect mode transmission at the different
voltages is discussed as Table 4.2. On the basis of calculated results, we can fabricate
temperature and voltage dependent optical switches. The temperature controls the
dielectric constant of LCs and therefore, whole optical properties of 1-DPS also can
be controlled by temperature and hence, temperature based sensors or switches of 1-
DPS with defect LNO embedded with LC layers may be designed with the variation
of voltages.
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Table 4.2: Shifting wavelengths analysis of defect mode transmissions at distinct

voltages and temperatures considering TE and TM polarizations.

Temperature
Polari- 300K 330K 360K
zation Mnm) Tr. (%) Mnm) Tr. (%) Mnm) Tr. (%)
Temperature (K) with 0 V
TE 582.1 99.89 585.9 99.97 584.7 99.84
™ 585 99.86 593.7 99.94 590.8 99.84
Temperature (K) with -200 V
TE 599 99.97 601.9 99.85 600.9 100
™ 593.7 99.94 602.7 99.85 599.8 99.87
Temperature (K) with 200 V
TE 566.2 99.99 571 99.96 569 99.7
™ 575 99.95 583.6 99.93 580.8 99.66
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Figure 4.8: Transmissions of 1-DPS with defect LNO embedded with LC layers

(SiO,/Ti0,)*/LC/ILNO/LC/(TiO2/Si0,)°  at

300K, 330K,
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4.3.3 Transmission of 1-DPS with defect LNO embedded with LC layers at 0°,

30°, and 45° incident angles for 300K temperature

The extraordinary refractive index of LNO regulates with applied voltage and incident
angle of EMW, thereby the transmissions of 1DPS can be controlled with incident
angle and voltage of LNO material. So, the transmission characteristics of 1-DPS are
calculated at 0°, 30° and 45° incident angle of EMW for 0V, -200V and +200V
voltages. The transmission of 1-DPS at 0°, 30° and 45° incident angle for OV is shown
in figure 4.9. The wavelengths of defect mode transmission in the PBG region for TE
polarization are found 582.2nm, 568.8nm, and 554.7nm at 0°, 30°, and 45° incident
angles, respectively. Similarly, the wavelengths of defect mode transmission for TM
polarization are found 585nm, 564nm, and 543nm for same incident angles,
respectively. The location of defect mode transmission varies with incident angle of
EMW. A tunable omni-directional PBG also can be achieved with such 1-DPS at

different voltages and may be used in various photonic applications.

Transmission
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Figure 4.9: Transmissions of 1-DPS with defect LNO embedded with LC layers
(SiO,/Ti0,)*/LC/LNO/LC/(TiO,/SiO,)° at incident 0°, 30°, and 45° angles considering
TE and TM polarizations with OV.
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Figure 4.10: Transmissions of 1-DPS with defect LNO embedded with LC layers
(SiO,/TiO,)*/LC/LNO/LC/(TiO4/SiO,)° at incident 0°, 30°, and 45° angles considering
TE and TM polarizations with -200V.
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Figure 4.11: Transmissions of 1-DPS with defect LNO embedded with LC layers
(SiO,/Ti0,)*/LC/ILNO/LC/(TiO2/Si0,)° at 0°, 30°, and 45° incident angles considering
TE and TM polarizations with 200V.
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The shifting of defect mode transmission in PBG region is comparatively high for TM
polarization rather than TE polarization mode. We have observed that the effect mode
transmission in PBG region is shifted lower wavelength region (blue shift) with
higher incident angle of EMW. The transmission characteristics of 1-DPS at -200 V
and 200V are given in table 3.

Table 4.3: Shifting wavelengths analysis of defect mode transmissions at distinct

voltage and incident angle with constant 300K temperature.

Incident angle (e°)
Polariz 0° 30° 45°
ation with 0 V
A (nm) Tr. (%) A (nm) Tr. (%) A (nm) Tr. (%)
TE 582.2 99.89 568.8 99.89 554.7 99.7
™ 585 99.86 564 100 543 99.96
with -200 V
TE 599 99.97 586.9 99.96 574 99.91
™ 593.7 99.94 574.4 98.46 555.6 99.65
with 200 V
TE 566.2 99.99 552.6 99.98 536 99.95
™ 575.2 99.95 553.3 99.93 530.2 99.97

4.3.4 Transmission of 1-DPS with defect LNO embedded with LC layers at 0°,

30°, and 45° incident angles for 330K temperature

The optical transmission properties of 1-DPS with defect LNO embedded with LC
layers at 0° 30° and 45° incident angles are calculated for -200V, 0V, and +200V
voltages and 330K temperature using 4x4 matrix method. The E7 LC changes its
nematic phase to isotropic phase at 330K clearing temperature (T¢) and the average

refractive index of the E7 LC constantly decreases with increases the temperature.

The defect mode transmission peaks in PBG for TE mode polarization are occurred at
586 nm, 573 nm, and 559 nm wavelengths corresponding to 0°, 30°, and 45° incident
angles with OV. But in case of TM polarizations, these wavelengths of the

transmission peaks are 593.8nm, 574.1nm, and 553.8nm for considered incident angle
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of EMW with same applied voltage. The shifting of defect peak transmission in PBG
region for TM polarization is higher in comparison to the shifting of defect peak
transmission for TE polarization. Further, we have investigated the transmission
characteristics of considered 1-DPS with defect LNO embedded with LC layers at -
200V and +200V voltages as figures 4.12 and 4.13. The detailed study of defect mode
transmission is tabulated in the table 4.4. An essential deduction is that the shifting of
defect mode transmission in PBG for TM polarization mode is much more operative
with the variation of incident angles while defect mode transmission for TE
polarization is dominating than defect mode transmission for TM polarization mode
with voltage variation. The incident angle of EMW also regulates the optical
transmissions of 1-DPS with defect LNO embedded with LC layers and optical

switches also may be designed with varying incident angles and voltages.
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Figure 4.12: Transmissions of 1-DPS with defect LNO embedded with LC layers
(Si04/Ti0,)*/LC/LNO/LC/(TiO2/SiO.)° for TE and TM polarizations at 0°, 30°, and

45°incident anglesand 330K temperature.
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Figure 4.13: Transmission of 1-DPS with defect LNO embedded with LC layers
(SiO,/Ti0,)*/LC/ILNO/LC/(TiO,/Si0,)’ for TE and TM polarizations at 0°, 30°, and
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Table 4.4: Shifting wavelengths analysis of defect mode transmissions at distinct

voltages and incident angles for 330K temperature.

Incident angle ( °)
o
A(mm) | Tr.(%) | A(m) | Tr.(%) | A(mm) | Tr.(%)
TE 586 99.29 573 99.47 559 99.85
™ 593.8 99.20 574.1 98.96 553.8 99.84
with -200 V
TE 602 99.75 590 99.96 578 99.99
™ 602.8 99.61 584.9 98.99 565.7 99.95
with 200 V
TE 570.7 99.15 556.5 99.64 541.2 99.29
™ 584.6 99.93 562.3 99.84 539.9 99.23

4.3.5 Defect mode transmission characteristics variation with temperature at

various voltages

The behavior of transmittance of defect mode for TE and TM polarization modes at
wavelength 598.8 nm with the variation of temperature at -200V is show in figure
4.15. The defect mode transmission has maximum value at 310K temperature and
then it is fall down with increase temperature and achieved the minimum value
(~10%) at phase transition temperature 330K. After the transition state, the defect
mode transmittance again increases with temperature. The defect mode transmittance
for TM polarization at 593.7nm wavelength has maximum value for 305K
temperature and then it is reduced up to minimum value (~0.9%). Again, the defect
mode transmission for TM polarization increases with increase temperature as like the

defect mode transmission for TE polarization.

Further, the defect mode transmittances for TE and TM polarizations are studied with
the variation of temperature at OV and +200V as depicted in figures 4.16 and 4.17.
The nature of defect mode transmittance for OV and +200V is almost similar to the
defect mode transmittance behavior for -200V, but they have dissimilar in their

minimum values for TE and TM polarizations. The defect mode transmission for TE
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and TM polarizations at 582.1nm and 585nm are 5.4%, 0.8% at OV and 330K
temperature. The minimum defect mode transmission values for TE and TM
polarizations at wavelengths 566.2nm, 575.2nm; are 3.37%, 7%, respectively at
+200V. The minimum values of defect mode transmittance are found relatively lower

values for -200V, 0V, and +200V voltages with phase transition temperature of LC.
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Figure 4.15: Defect mode transmittance variation with temperature at 0° incident
angle and -200V for TE and TM polarizations.

The acquired defect mode transmission of 1-DPS with defect LNO embedded with
LC layers with the variation of temperature at distinct voltages may be useful to
design optical switches due to fast reduction is obtained in defect mode transmission
in the PBG of 1-DPS at transition temperature. The optical defect mode transmission
for TE polarization is also supported the better optical switching property at different
voltages. From the figures 4.15, 4.16 and 4.17, we have suggested that the defect
mode transmission for TE and TM polarizations remains almost constant initially i.e.
ON state and then reduces rapidly i.e. OFF state with varying the temperature. The
optical switches based on variation of temperatures and voltages may be designed by

using such periodic structures with defect LNO embedded with LC layers.
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4.3.5 Transmission of wavelength wavelengths, 400nm and 800nm, variation with

temperature at various incident angles

In this part, the transmission of terminal wavelengths (400nm, 800nm) through 1-DPS
with defect LNO embedded with LC layers for TE and TM polarizations are
discussed at different 0°, 30° 45° incident angles as represented in figure 4.18, 4.19,
and 4.20. For TE polarization, 74% transmission almost remains constant below 330K
temperature, and 72.92% transmission is also almost remains constant above 330 K
temperature, but the 1.08% transmission is decreased at transition temperature for 0°
incidence angle, OV and 400nm wavelength. Similarly for TM polarization, we have
found decreased 1.10% transmission (9.0% and 7.9%) with same nature for 0°
incidence angle, OV and 400nm wavelength. We have also done similar calculation
for 800nm wavelength. For TE polarization, the 16% transmission almost remains
constant below 330K temperature and the 17.39% transmission above 330 K
temperature but the increased transmission is obtained 1.39% for 0° incidence angle,
0V and 800nm wavelength. Similarly the transmissions for TM polarization are found
18% below 330K and 15.59% above 330K, it means 3.59% transmission is decreased
at transition temperature at 0° incidence angle, 0V and 800nm wavelength.

Considering the both polarization states, transmission for 400nm wavelength are
helpful in designing of optical switching devices at high transmission (74% or
72.92%) for TE polarization mode, but the transmission for 800nm wavelengths may
be used to design at low transmission (9% or 7.9%) for TM polarization at normal

incident angle and OV.

The transmission for 400nm, 800nm wavelengths are found as 82.16%, 8.54% for TE
polarization mode respectively and 12.65 %, 12.05% for TM polarization mode
respectively at 330K temperature and 30° incident angle. But, the transmission of
400nm, 800nm wavelengths are acquired the lower values 42.45%, 33.93%
respectively for TE and 8%, 10.5% for TM polarization respectively at 330K and 45°
incident angle. The result demonstrates that the transmissions for 400nm, 800nm
wavelengths (terminal) are affected by variations of temperature as well as incident

angle.
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Figure 4.20: Transmittance variation of 400nm (solid lines), 800nm (dotted lines)

wavelengths with temperature at 45° incident angle for OV.

On comparing the results, we have obtained that the transmission of both wavelengths
are almost stable above and below the transition temperature for 0° incident angle and
considering TE and TM polarization states, but transmission of both wavelengths
have very minor variation at 330K. In conclusion, the transmissions of the
wavelengths are influenced by changing temperatures and refractive indices of E7 LC
and LiNbO3z; materials as well as incident angle of EMW. The proposed 1-DPS with
defect LNO embedded with LC layers shows the uncommon transmission and shifting
properties of defect mode transmission at 45° incident angle due to voltage dependent

dielectric indices of LiNbO3; material and orientation of LC.
4.4 Conclusion

The transmissions of 1-DPS consisting of SiO,, TiO, materials with defect LNO
embedded with LC layers are calculated by 4x4 matrix method. The detailed analysis
reveals that the transmissions of defect mode in PBG region of 1-DPS with defect
LNO embedded with LC layers (SiO./TiO,)*/LC/LNO/LC/(TiO,/SiO,)° are
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sufficiently affected by variation of temperature and incident angle. The defect mode
transmission in the PBG region shows blue shifting with the deviation in voltage,
incident angle and temperature, due to changed refractive indices of LiNbO3 layer.
Further, E7 LC has obtained zero value of order parameter and converted into
isotropic phase at the phase transition temperature. Therefore, the transmittances of
corresponding wavelengths (terminal and defect modes) are influenced with the
variation of temperature and incident angle. The shifting of defect mode transmission
in PBG region with voltage variation is comparatively high for TE polarization state
while such shifting of defect mode transmission with the varying incident angle is
more effective for TM polarization state in contrast to shifting of defect mode
transmission for TE polarization state. The studied 1-DPS based on anisotropic LNO
embedded with LC layers as defect, (SiO2/TiO,)*/LC/LNO/LC/(TiO,/SiO,)°, may be
used in tunable photonic and opto-electronic devices like optical switches, filters,

modulators, wavelength selector, etc.
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CHAPTER 5

Theoretical investigation of effective optical
characteristics of a one-dimensional periodic
structure consisting of TiO; and SiO; materials
with nanocomposite of silver nanoparticles (Ag-
NPs) in the host E7 liquid crystal

5.1 Introduction

The birefringent materials show interesting optical properties depending on the
refractive indices of the material and such materials also show variation in optical
characteristics with exterior parameters like voltage, electric field, magnetic field,
temperature, etc. The optical materials of birefringent materials can be investigated by
the 4x4 matrix method. As an example, the 4x4 matrix method is used to calculate the
optical transmission of electromagnetic waves (EMWSs) in liquid crystals (LC). LCs
show variation of orientation angle from 0° to 90°, therefore the 2x2 matrix method
can be used to study the optical transmissions of LCs by considering 0° and 90°
orientation of the molecules [1]. The dielectric properties and orientation angles of LC
molecules are affected by doping materials in the LC, therefore, the optical features of
LC embedded periodic structure also can be tuned with doping materials in the LC
layer. The dielectric function of LC-based nanocomposite is also affected by the
nature of doping elements; spherical, cubic, spheroid nanoparticles, etc. So, the
dielectric characteristics of nanocomposite (NC) of E7 LC with spherical silver
nanoparticles are studied at different radii, filling fractions of NPs and orientations,
temperatures of LCs by using the Maxwell-Garnett model. The dielectric nature of LC
nanocomposite is affected by the variation of filling fractions of NPs through surface
plasmon resonance (SPR). The optical transmission and absorption characteristics of
one-dimensional periodic structure (1-DPS) of TiO, and SiO, materials with NC
defect layers; (TiO,|SiO,)"|NC|(TiO,|SiO,)™ with m=5, 3 at two orientation (0°, 90°)
of LC molecules are investigated by TMM. The defect mode transmissions of 1-DPS

are studied at two different orientations (0°, 90°) of LC with for different size of NPs.
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The absorption properties of 1-DPS are also investigated at considered LC

orientations and different radii of NPs.

A unique kind of optically periodic medium, photonic crystal (PC) contains
alternating dielectric layers in different dimensions with periodic variation of
dielectric functions or refractive indices. Depending on the periodic variation of
refractive indices, PCs are divided into categories; one-dimensional photonic crystal
(1-DPC), two-dimensional photonic crystal (2-DPC), and three-dimensional photonic
crystal (3-DPC). PCs are a fascinating optical medium and exhibit photonic band gap
(PBG) regions in the transmission bands. The PBG regions are the range of finite
frequencies or wavelengths which are not allowed to propagate in the PCs and hence
periodic materials can control the transmission of EMW. PCs have various
applications due to exhibiting unusual characteristics in many optical devices; omni-
directional reflectors, mirrors, optical filters, switch, and so on [1-12]. Typically,
reflector and filter applications depend on the omni-directional characteristics
(reflection or transmission) of PCs. PCs containing metallic layers or metallic
photonic crystals (MPCs) can be used in optical devices that rely on absorption
characteristics as microwave absorbers or sensors, etc. [13-21]. The nonlinear
characteristics of nanocomposite based on silver nanoparticles have been described
experimentally and led to the conclusion that the controlled nonlinear optical

responses were very useful in nonlinear optical applications [22].

To obtain the tunability of PBG in the photonic crystals (PCs), the dielectric material
is used as a defect layer in the PCs which produces tunable defect mode in
transmission spectra. The transmission of defect mode depends on the optical constant
of the defect layer in the 1-DPS. As a defect layer of liquid crystal (LC) in 1-DPS,
such defective 1-DPS is a very useful material that gives the tunable transmissions of
defect modes in the PBG region with the orientation of LC molecules. The anisotropic
organic material LC shows a transitional phase between pure liquid and crystalline
solid; LC has both flow and crystalline properties. They also have external field-
dependent ordinary and extraordinary dielectric indices; therefore, LCs based 1-DPS
exhibit tunable transmissions with defect mode. The direction-dependent
transmissions of LCs as well as other anisotropic materials are very applicable in
various nonlinear devices [20-22]. Moreover, the dielectric indices of LC change with

the variation of temperature and applied electric field, hence the optical responses of
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LC-based PCs could be regulated by temperature as well as the applied electric field.
The tunable behavior of PCs was theoretically explained by Busch et al. [23] using
inverse opal LC coating and experimentally performed by Yoshino et al. [24]. LC-
based PCs are very convenient in tunable optical applications depending on the
orientation of LC molecules [25-38]. The optical properties on LC rely on its tensor

dielectric function consists of extraordinary and ordinary indices (g,¢,)and
anisotropy (¢, ) of the material which can be expressed in matrix form as equation 5.1

[39-42];

g, +g,sin¢g 0 g,sindpcoso
0 SL 0 (51)
g,singcos¢p 0 &, +¢g,C08° ¢

ol
Il

The tensor dielectric function of LC also depends on the orientation (¢ ) of molecules
and has a 3x3 matrix form; such matrix obtains a diagonalized form only for 0° or 90°
orientation (¢ ) of molecules. Considering 0° or 90° orientation of LC molecules, the

transfer matrix method (TMM) [43] could be applied to investigate the optical
characteristics of LCs.

As we know that the dielectric properties of LCs are affected by doping nanoparticle
and temperature, therefore, the nanocomposite based on spherical silver nanoparticles
with the host E7 LC has obtained tunable characteristics. As a defect layer in PCs is
inserted, such nanocomposite (NC) layers produce tunable PBGs in the transmission
spectra because of variation in the dielectric function of NC due to the orientation of
LC molecules. Additionally, the optical transmissions of PC are also affected with
varying radii and filling fractions of nanoparticles (NPs) which are arbitrarily doped
in LC [44-48]. The modified dielectric permittivity of NC containing the dispersion of
Ag-NPs in the host E7 LC has been calculated by the Maxwell-Garnett method [49-
51]. The optical characteristics of 1-DPC with defect layer of nanocomposite (NC)
investigated at different radii and filling fractions of NPs with different temperatures

and orientations of the molecules [52].

In this chapter, the effective dielectric characteristics of NC based on silver
nanoparticles (Ag-NPs) mixed in E7 LC are investigated at different temperatures.
The transmission of 1-DPS of TiO, and SiO, with a defect layer of nanocomposite

(NC) are also studied at different temperatures and filling fractions. To design a
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nanocomposite, we have considered the inclusion of Ag-NPs in host E7 LC with
dissimilar radii and filling fractions of NPs at 0° and 90° molecular orientations of LC.
The used E7 LC is the mixture of different LCs: 80CB (C,;H25NO), 7CB (CoH23N),
5CB (CygH19N) and 5CT (Cy4H23N) [53]. The refractive indices of E7 LC depend on
the temperature and the wavelength of incident waves [54]. The dielectric properties
of NC (E7 LC+Ag-NPs) and optical characteristic of defective 1-DPS
(TiO,|SiO,)"|NC|(TiO,|SiO,)™ with m=5,3 are investigated at different radii, filling
fractions of Ag-NPs as well as orientations of LC molecules. Depending on the radii,
filling fractions of Ag-NPs in NC, 1-DPS tunable transmission with defect modes are
investigated which can be used in various tunable devices: filters, detectors, switches,

sensors, wavelength selectors, etc.
5.2 Theoretical modeling

The schematic diagram of considered 1-DPS of TiO; and SiO, materials with NC of
Ag-NPs in host E7 LC as defect layer, (TiO|SiO2)™|NC|(TiO,|SiO2)™, with m=5, 3, is

shown in figure 5.1.
6‘[ | [- “
= =

Figure 5.1: Schematic diagram of 1-DPS of TiO; and SiO; materials with NC as
defect layer of Ag-NPs in E7 LC; (TiO;|SiO;)™|NC|(TiO,|SiO2)™ with m=5,3.

Incident EM wave
>

TiO,
Tio,
Tio,

To explain the optical properties, the refractive indices, and thicknesses of TiO,, SiO,
materials are taken as 2.4, 1.5 and 91.6nm, 56.2nm, respectively in the 1-DPS. The
transmission characteristics of the 1-DPS with the NC defect layer are calculated
through the transfer matrix method (TMM) [43] as discussed in chapter 2. The
temperature-dependent extraordinary (ne) and ordinary (n,) refractive indices of E7

LC are given as;
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B
ne(T)zA—BT+2(A—3n)°(1—le (5.2)

B
nJT):A—BT—%(l—TLJ (5.3

The values of presented constant parameters A, B, B, (An),, Tc of LC are

0!

1.7230,5.24x107*,0.3485,0.2542 and 330K, respectively at the wavelength of 1500nm

[53, 54]. Both dielectric indices (¢ ,€,) of E7 LC are easily calculated by taking the

square of refractive indices (ne, no) represented by equations 5.2 and 5.3, respectively.

The dielectric function of NC consisting of silver nanoparticles in E7 LC is
determined by Maxwell-Garnett formulation [49-51]. The silver nanoparticles of
different radii with different filling fractions are arbitrarily mixed in the E7 LC. Thus,

the effective dielectric function of NC is calculated using equation 5.4 as;

_ 28, flen —8c) Hec(en +28c)
2e,c+e, +T(ec—¢€,)

(5.4)

Eetf

whereg = dielectric function of LC, €.,= dielectric permittivity, and f=filling

fraction of Ag-NPs in the host LC. The dielectric permittivity of the spherical Ag-NPs

is calculated with Drude model as;

2
(O]

Em =6g ——5—— (5.5)
o° +ion

where o, = plasmon frequency, &,= relative dielectric permittivity, and n= damping

frequency of Ag-NPs. The damping frequency is dependent on the Ag-NP size and

the electron velocity (v;) at Fermi-energy as equation 5.6.

() =ny + VTf (5.6)

where, n, = decay constant acquired by electrons through electron-phonons and

electron-electron scatterings etc.

To study the effect of size and filling fraction of NPs, the transmission properties of 1-
DPS of TiO, and SiO, materials with NC defect layer, (TiO,|SiO,)™|NC|(TiO,|SiO,)™
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with m=5, 3 have been calculated by transfer matrix method (TMM) [43]. The
considered 1-DPS also shows the absorption properties due to silver nanoparticles

which supports the surface plasmon resonance (SPR) effect in the material.
5.3 Results and discussion

This segment is separated into three parts; the first part describes the dielectric
properties of LC and NC at different radii, filling fraction of NPs, temperature, and
orientation of LC. The second and third parts provide the optical properties of 1-DPS
(TiO|SiO2)"INCI(TiO|SiO,)™ with m=5 and 3 at different parameters of the NC

layer, respectively.

5.3.1 Dielectric behavior of LC and NC with the variation of filling fractions,

radii of NPs at different temperatures, orientations of LC

As explained earlier, refractive indices of LC depend on the temperature; the behavior
of E7 LC refractive indices is shown in figure 5.2. The extraordinary and ordinary
refractive indices of E7 LC increase and decrease, respectively and attain the value
1.55 at 330K temperature. At 330K temperature, LC is converted into isotropic phase
and both indices follow the same behavior and their values constantly decrease with

higher temperatures.

Refractive Indides

z x el | A i A
300 i 320 150 L= i5h L0

Femperature (K)

Figure 5.2: Variation of refractive indices (ne, n,) of E7 LC with temperature (K).
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Further, we have studied the effective dielectric function of the NC designed of E7
LC with spherical NPs of 5nm radius with varying filling fractions (f) in NC. The
dielectric permittivity of LC varies with temperature; therefore, the effective dielectric
function of NC (LC+Ag-NPs) also changes with temperature. Hence, the dielectric
function of NC has deliberated at different temperatures viz. 300K and 329K. The real
values of effective dielectric function are positive and negative for 300K and 329K;
however, the imaginary values have positive magnitude only. The deviation parallel
and perpendicular components (ordinary and extraordinary) of NC are described at
the considered temperature in figures 5.3 and 5.4. In designing of NC, the plasmon

frequency wp and decay constant for spherical Ag-NPs are taken as 27t x 2.17 x10*° Hz

and 2p° 4.8" 102 Hzrespectively with e, =5 [47-49]

10y T T T T T T T

R{-{e‘_ml} ar 300 K -
L) at 3K
‘_n_[[} at 300 K ]
yat 329 K

............ Ref Lo

— = — Refe

Tt Re(e pyy

it 1 L 1 1 L 1 L |
350 400 450 500 550 600 650 700 750

A(nm)

157 T T T T T T T

[nmg{ﬁ‘_m}al K l
........... [nmg{e‘lm}al MK

“E PN — = —lImage }at300K|
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Figure 5.3. Variation of real and imaginary parts of perpendicular and parallel
components of the effective dielectric function of NC at 300K, 329K temperature, and

0.1 filling fraction.

Essentially, the LC molecules maintain the 0° director angle for the intensity lower

than the threshold value, Freedericksz transition intensity, so, perpendicular

component (€,) or ordinary dielectric constant of NC is responsible for optical
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characteristics of NC embedded PCs. The LC molecules show switching for the
intensity equal to or higher than the Freedericksz transition intensity and molecules
attain the maximum orientation 90°. At this transition in LCs, the optical properties
are also affected by the extraordinary dielectric permittivity of LC. The effective
dielectric responses of NC get moved to higher values at high temperatures as

represented in figure 5.3.

10y T T T T T T T

q.:'-l
1 1
]
51 )
a1 Re(e ) at 330 K
1 i [ Re(e Jat3s0K |7
(a)
10 1 L 1 I L I L
350 400 450 S00 S50 600 650 700 750
A(nm)
15 T T T T T T T
[nmg{em} at 330K
........... Tmag(e ) at 360 K
“E 0 7

350 400 450 S00 S50 600 650 700 750
A(nm)

Figure 5.4: Variation of real and imaginary parts of the effective dielectric function of
NC at 330K, 360K temperatures.

The anisotropic behavior of E7 LC changes into isotropic at phase transition
temperature 330K. The ordinary and extraordinary dielectric indices of the NC attain
the same value at phase transition temperature 330K. The behavior of the effective

dielectric function of NC at 330K and 360K temperature are revealed in figure 5.4.

The variation of effective dielectric functions of NC is described at dissimilar filling
fractions and molecular orientations of LC using Maxwell-Garnett model. The
effective dielectric function of NC at 0.05, 0.10, 0.15 filling fractions (f) of Ag-NPs

and 0°, 90° director angles of the LC is described as shown in figures 5.5 and 6.6. The
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filling fraction (f) modifies the dielectric function of NC and attains higher values at a
higher filling fraction as shown in both figures 5.5 and 5.6. A comparative study of
both perpendicular and parallel components of the dielectric function of NC at 0° and

90° director angle of LC is given in figure 5.7.

350 400 450 S0 550 600 650 700 750
A(nm)

. —_— [mug{e‘_m yat 0.05.

\ L

"i: wk / .‘ ...........[mag{e‘_m} at F=0.1 ]
- [ 1 [mag{ﬁ‘_m yat =015

Imag(e

350 400 450 00 550 600 650 700 750

Figure 5.5: Variation of real and imaginary parts of the perpendicular component of
effective dielectric functions of NC at the filling fraction: 0.05, 0.10, and 0.15.

The effective dielectric function of NC is designed on basis of the Maxwell-Garnett
model given by equation 5.4. The different sizes of Ag-NPs result in the variation in
surface plasmon resonance (SPR) through the scattering of waves and hence the
effective dielectric function of NC also varies with SPR. Generally, the SPR band is
the group of excitation of free electrons, and the size of NPs affects the position as
well as the width of the SPR band. The SPR band becomes broader for the larger radii
of the NPs because of the radiation damping effect. As the size of NPs decreases, the
scattering rate increases for conduction electrons, and hence SPR exhibits a redshift
that influenced the dielectric properties of NC. With the size variation, temperature
also affects the SPR that produces extra shift and broadening in the band [55, 56].
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The real and imaginary parts of NC dielectric functions at 3nm, 5nm, 7nm, and 9nm
radius of Ag-NPs for 0° and 90° orientations of molecules are shown in figures 5.8
and 5.9, respectively. The imaginary and real portions of effective dielectric functions
show symmetric and asymmetric nature, respectively having positive values. The real
part of the dielectric function first decreases with wavelength and then increases,
while the imaginary part increases and then decreases. The values of both parts are
increased with radii of nanoparticles in the NC considering 0° and 90° orientations of

molecules.

A feasible variation in both parts of the effective dielectric functions of NC is found
between 350nm to 550nm wavelengths. The obtained outcomes support the SPR
modification through the radii variation of NPs in the NC layer. Still, the effective
dielectric permittivity of NC has a higher value at 90° orientation angle than at 0°
orientation angle of LC. The observed results suggest that the SPR is also related to
the molecular orientation of E7 LC which adjusts the effective dielectric index of NC.
By study the refractive indices with SPR, the interaction of Ag-NPs with LC also can

be investigated fundamentally.
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Figure 5.8: Variation of the effective dielectric function of NC with wavelength (a)
real values (b) imaginary values at 0° molecular orientation and radii of Ag-NPs: 3nm,

5nm, 7nm, and 9nm.
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To study the interaction of Ag-NPs in an alternative way, a comparative investigation
of imaginary and real values of effective dielectric functions has been made at
different radii of NPs with 0° and 90° orientations of molecules as shown in figure
5.10 and 5.11. The zones among curves of real components of effective permittivity
increase with radii of NPs considering both orientation angles but the differences
between the curves decrease as shown in figure 5.10. After a 7nm radius of
nanoparticles, the curves of real components also show additional loops which
approach the symmetric nature of dielectric function at 7nm radii of NPs. Similarly,
the imaginary parts also obtain comparatively higher values at a 90° orientation angle
than at 0° orientation angle of molecules. The interaction of Ag-NPs with the
orientation of molecules is improved with variable radii supporting the enhanced SPR
and effective permittivity of the NC layer.

Page 190



Chapter 5

18]

38|
34t

32|

Real(fm) at #=90°

241

22+

18 18 2 22 24 26 28
-no
Real(e ) at ¢=0

Figure 5.10: Comparative diagram of real values of the effective dielectric function at
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5.3.2 Transmission and absorption characteristics of
(TiO|Si0,)’INC|(TiO,|SiO,)° periodic structure with the variation of radii, filling

fractions of NPs, temperatures, and orientations of LCs

In this section, the optical characteristics of 1-DPS of TiO; and SiO, materials with
NC (LC+Ag-NPs) defect layer are investigated using a simple transfer matrix method
(TMM). To design and study the optical properties of the 1-DPS, the refractive
indices, and thicknesses of TiO,, SiO, materials are taken as 2.4, 1.5 and, 57.3 nm,

91.6 nm, respectively while the thickness of the NC layer is 100nm. For Ag-NPs, the

values of ®, and mgare equal to2mx2.17x10"°Hzand 2rtx 4.8x10™ Hz, with

€, = S considered with varying radii and filling fractions of NPs [47-49].
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Figure 5.12: Transmission properties of 1-DPS without NLC layer (solid line) and

with NLC defect layer at two molecular orientations (¢ ) of NLC (dashed line).

The transmission properties of 1-DPS consisting of TiO,, SiO, materials without
(solid line) and with (dashed line) defect of the LC layer are shown in figure 5.12. In
absence of the LC layer as a defect in the 1-DPS, the transmission of 1-DPS exhibits a
PBG region between 467nm to 669nm wavelength range. Using LC as a defect layer
in 1-DPS, the obtained PBG has a defect mode at 560nm wavelength with 82.4%
transmission at 0° director angle, which is shifted towards 451nm-712nm wavelength
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range. The defect mode in the PBG region is shifted to 574nm wavelength with 72%
transmission at the 90° director angle. By investigating the transmission of 1-DPS, it
reveals that the obtained defect mode in PBG gets shifted to a higher wavelength
considering the higher orientation (director) angle of LC. The proposed 1-DPS with

the defect layer could may to design tunable optical filters, switches, and so on.

The transmissions of 1-DPS (Ti0,|Si02)°|NC|(TiO,|SiO,)° are studied at 0.05 filling
fraction of Ag-NPs considering 0°, 90° orientation angles, and 300K, 329K
temperatures of LC as shown in figure 5.13. The silver nanoparticles (Ag-NPs) in the
NC layer vary the position of defect modes as well as transmissions of 1-DPS. The
observed defect mode in the PBG region exhibits a red shifting at 90° orientation
angle of LC. Due to the presence of Ag-NPs in the NC layer, 1-DPS also possesses

absorption of defect mode for both molecular orientations of LC.
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Figure 5.13: Transmission properties of 1-DPS with NC at 0° 90° molecular
orientations of LC for (a) T= 300K, and (b) T=329K.

The absorption properties of 1-DPS (TiO|SiO,)°INC|(TiO,[SiO,)° at 0°, 90°
orientations, and 300K, 329K temperatures are shown in figure 5.14. The maximum

absorption 85.33% is found at 425nm wavelength while the defect mode absorption
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wavelength has 26.74% 576nm for 0° director angle and 300K temperature of LC.
Similarly, maximum absorption at is 456nm wavelength is 80.53% and defect mode
obtains 23.75% absorption at 595nm wavelenght for 90° orientation angle and 300K
temperature of LC as shown in figure 5.14(a). Same study has been made for 329K
temperature and the absorption values of defect modes are slightly shifted for 329K
temperature. Figure 5.14(b) reveals that the 426nm, 452nm wavelengths have
85.93%, 85.23% absorptions at 0°, 90° director angles of LC, respectively. Moreover,
the defect mode absorptions for 579nm, 586nm wavelengths have found 25% and
24.93% at considered director angles respectively as described in figure 5.14 (b). By
comparing the transmission and absorptions of defect modes for both temperatures
and orientations, it has been observed that the separation of defect mode peaks at
300K temperature is greater than at 329K temperature considering 0° and 90°

orientations of LC molecules.

Ly T T T T T T T T T
At T=300 K —

]
o8 SN LA e 5=90°
= )
=
= 0.6 b
=
=
=]
E 04 B
-
02+ E '\ S 1
[} 1 1 1 - T e _-N . ¥ ) .
300 350 400 450 S00 S50 600 650 700 TS0 800
A(nm)
Ly T T T T T T T T T
/ =32 [
At T=329K — el
o8- gAY e w=90" | 7
= |
=
= 0.6 1
=9
B
=]
E 04 -
-
0 - h|
e 1 1 1 . T : . Y T y
300 350 400 450 S00 S50 600 650 700 TS0 800

A(nm)
Figure 5.14: Absorption properties of 1-DPS with NC at 0° 90° molecular

orientations of LC for (a) T= 300K, and (b) T=329K.

Further, we have determined the optical characteristics of the 1-DPS at 330K and
360K temperatures for 0.05 filling fraction of Ag-NPs. At 330K clearing temperature,
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the perpendicular and parallel components of effective dielectric function have
identical values and hence the anisotropy nature of NC has vanished. As a
consequence, the optical characteristics of the 1-DPS are not only varied with the
orientation of the molecules but also affected the temperature. The transmission and
absorption characteristics of 1-DPS (Ti05|SiO2)’|NC|(TiO,|SiO,)° have studied at
330K and 360K temperatures as in figures 5.15 and 5.16. By analyzing figures 5.16(a)
and 5.16(b), it has been found that the maximum values of absorptions for 427nm
wavelength are 85.91% and 86.83% at 330K and 360K temperatures respectively.
Along with maximum absorptions, defect mode absorptions for 581nm, 579nm
wavelengths have found 25.71% and 25.77% at 330K, 360K temperatures of LC,

respectively.
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Figure 5.15: Transmission properties of 1-DPS with NC at 0° 90° molecular
orientation of LC for (a) T= 330K, and (b) T=360K.
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Figure 5.16: Absorption properties of 1-DPS with NC at 0°, 90°molecular orientation

of LC for (a) T= 330K, and (b) T=360K.
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Figure 5.18: Absorption properties of 1-DPS with NC at 0.05, 0.10, and 0.15 filling
fractions of Ag-NPs for (a) ¢ =0°and (b) ¢ =90°.

As previously addressed, the temperature of the LC layer affects the optical
characteristics of periodic structures, therefore, both transmission and absorption of 1-
DPS (TiO,|Si0O,)’|NC|(TiO,|SiO,)’ are studied with temperatures. The transmission
properties of 1-DPS consisting of the NC layer have been described with the variation
of filling fractions of NPs and director angles of LC molecules (0°, 90°) as shown in
figure 5.17. Correspondingly, the absorption properties of the 1-DPS at different
filling fractions of Ag-NPs have been shown in figure 5.18. A comparative

investigation of absorptions of 1-DPS at different filling fractions is given in table 5.1.

Table 5.1: Absorption analysis of 1-DPS with NC at 0.05, 0.10, and 0.15 filling
fractions of Ag-NPs.

Absorption
| £=0.05 £=0.10 £=0.15

Orientati
rientation angie 1, am) [ Ab (%) | A (m) | Ab(®%) | A (mm) | Ab (%)
o | D 576 | 2547 | 592 | 2335 | 606 | 22.27
e Peak

FistMax. | o5 | 8533 | 422 97.24 | 422 | 97.07

Value
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Second 425 | 8533 | 451 9278 | 455 | 97.73
Max. Value
Defect

505 | 2335 | 612 2267 | 628 | 24.22
Peak

¢ | FirstMax. | oo | ga7a | 430 8622 | 427 | 89.10
=90° Value

Second 434 | 7356 | 451 8869 | 461 | 94.88
Max. Value

Tramunkadon af §-0° Transmission at $-90*

Alnm)

™ 1 il nis
f f

Figure 5.19: Comparative diagram of the transmission of 1-DPS consisting of NC
defect layer with the variation of filling fractions at 0°, 90° orientations of LC

molecules.
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The optical properties (transmission and absorption) of the considered 1-DPS are
investigated at two different possible orientation angles (0° and 90°) of LC; before and
after the Freedericksz transition intensity in the LC cell. The comparative diagram of
transmissions and absorptions considering both possible orientations of LC with the
variation of filling fractions have been given in figures 5.19 and 5.20. The diagrams
reveal that the transmission and absorption are significantly affected by the

orientations of molecules and filling fractions of NPs in the host E7 LC.

5.3.3 Transmission and absorption properties of (TiO|SiO2)*|NC|(TiO,|SiO,)?
periodic structure with the variation of radii of Ag-NPs, temperatures, and
orientations of LCs

The optical properties (transmission and absorption) of 1-DPS of the TiO,/SiO,
materials with nanocomposite (NC) defect layer; (TiO,|SiO,)°INC|(TiO,|SiO,)%, have
calculated by transfer matrix method (TMM). The nanocomposite layer is made of E7
LC doped with spherical silver nanoparticles (Ag-NPs) of different radii. The
transmission properties along with defect modes in PBG are investigated at different

radii of NPs and orientations of LC molecules as represented in figures 5.21 and 5.22.
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Figure 5.21: Transmission properties of 1-DPS (TiO2|SiO2)*|NC|(TiO2[SiO,)* at 0°
orientation angle of LC molecules for varying radii of Ag-NPs.
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The transmission characteristics of 1-DPS with NC defect layer are investigated at
3nm, 5nm, 7nm, and 9nm radii of Ag-NPs considering 0° orientation angle of LC as
presented in figure 5.21. The transmissions of defect mode 563nm wavelength are
found 42.5%, 52.6%, 58.3%, and 62% for studied radii of NPs, respectively. Also, the
transmission of wavelength at the lower edge of the band varies with the variation of
radii of silver NPs. As the size of Ag-NPs increases, defect mode transmission also
increased with the significant variation in the effective dielectric functions of NC

through the varying size of Ag-NPs in the NC layer.

Likewise, the transmission properties of 1-DPS with NC layer at 90° orientation angle
for the same radii of NPs are given in figure 5.22. The defect modes transmission at
579nm wavelength has found 31.4 %, 41.5%, 47.6%, and 51.7% for the same radii of
NPs i.e. 3nm, 5nm, 7nm, and 9nm and 90° orientation angle of LC. The transmissions
at the lower edge of the band show some fluctuations with the variation of radii of
NPs and it also has found lower values at 90° orientation angle in comparison to at 0°

molecular orientation of LC.
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Figure 5.22: Transmission properties of 1-DPS (TiO5|SiO2)¥NC|(TiO,[SiO.)® at

90°rientation angle of LC molecules for varying radii of Ag-NPs.
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The defect mode wavelength 563nm in the PBG region gets shifted to 579nm by the
change in LC orientations from 0° to 90°. The obtained results suggest that the
transmissions of defect modes are shifted to higher wavelength but the transmission
with lower values are found due to SPR through the size variation of NPs. The defect
mode transmissions have higher values at 0° orientation of LC in comparison to at 90°
orientation of LC, because of effective dielectric responses of NC possesses lower

losses in the SPR interaction with the molecular orientation of LC.
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Figure 5.23: Absorption properties of 1-DPS (TiO5|Si02)*|NC|(TiO,|SiO,)* at 0°

molecular orientation of LC molecules for varying radii of Ag-NPs.

Along with the transmission, the absorption features of 1-DPS are also investigated at
varying radii of Ag-NPs and orientations of LC molecules. Specifically, we have
emphasized the absorption values at the lower end of the band because the absorption
of 1-DPS has significantly changed with the NC layer in the periodic structure. The
corresponding absorptions of defect mode for wavelength 563nm are 13.7%, 16%,
19.3%, and 24.3% for considered radii of Ag-NPs; 3nm, 5nm, 7nm, and 9nm,
respectively and 0° orientation of molecules as shown in figure 5.23. The lower end of
the band has almost 38% absorption and its values decrease with increasing size of

NPs. The analysis discloses that the improved absorption values of defect modes at 0°
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orientation angle are established with the variation of SPR effect of Ag-NPs as

occurred in the NC around the 350-550nm wavelength region.

Also, the defect mode absorptions for 579nm wavelength at 90° orientation are 15.7%,
17.2%, 20%, and 23.4% for 3nm, 5nm, 7nm, and 9nm, radii of NPs, respectively as
exposed in figure 5.24. The maximum absorptions of 1-DPS with LC defect layer are
found 69.6 %, 73%, and 75% for wavelengths 455nm, 454nm, and 453nm
respectively at 90° orientation of molecules. The lower end of the band has 61%
absorption value which increases with the radius of Ag-NP. For 9nm radii of Ag-NP,
the absorption is found about 75%, (approximate) and the absorption value gets
enhanced at 90° orientation angle around the identical wavelength because of the SPR

effect of silver nanoparticles due to damping characteristics.
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Figure 5.24: Absorption properties of 1-DPS (TiO,|SiO.)}NC|(TiO[SiO,)%at 90°

molecular orientation angle of LC for varying radii of Ag-NPs.

The transmission and absorption of the defective 1-DPS with NC are interconnected
with the effective dielectric function through the size variation of NPs. The dielectric
property of NC is related to surface plasmon resonance (SPR) by varying sizes of NPs
and molecular orientations LC. As the radii of Ag-NPs increases, the effective
dielectric permittivity of NC and corresponding SPR are increased due to the

decreasing scattering rate of conduction electrons. The whole optical properties of 1-
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DPS are tuned with size variation of NPs which considerably alters the dielectric

response of the defect NC layer.

0.7

e
o

At g=0"
......... - At ga80°

Transmission of Defect Peak

0.2

o‘ A - - 4 i
3 K 5 6 7 8 9

Radius of nanoparticle r (nm)

Figure 5.25: Variation of defect mode transmissions with radii of Ag-NPs in NC at 0°

(solid), 90° (dash) orientations of LC molecules.

We have previously defined the transmission and absorption characteristics of 1-DPS
with the variation of radii of NPs for both 0° and 90°0rientation angles. Next, we have
investigated the deviation in transmission and absorption values of defect mode
wavelength obtained at 0° and 90° molecular orientations with the radius of Ag-NPs
which are displayed as figures 5.25 and 5.26. An important conclusion from the figure
5.10 is that the transmission of defect mode peak is increased with radii of Ag-NPs in
NC due to having a significant modified dielectric function with nanoparticles. The
transmission continuously increases with Ag-NPs size but absorption decreases with
increasing Ag-NPs size. The absorption values of defect peaks for both 0° and 90°
orientations of molecules are identical at 4.2nm radius of nanoparticles as shown in
figure 5.26. The orientation angle 0° of the molecules shows comparatively lower
value of absorption than the orientation angle 90° for the larger size of the Ag-NPs in
the NC layer.
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Figure 5.26: Variation of defect mode absorptions with the radii of Ag-NPs in NC at

0° (solid), 90° (solid) orientations of LC molecules.
5.4. Conclusion

In this chapter, we have explored the effective dielectric functions of the NC layer
consists of silver nanoparticles (Ag-NPs) in the host E7 LC by the Maxwell-Garnett
model at different radii, filling fractions (f) of Ag-NPs and molecular orientations of
LCs. The study suggests that the surface plasmon resonance (SPR) of Ag-NPs is inter-
connected with parallel/perpendicular constituents of the effective dielectric functions
(ordinary/extraordinary dielectric constants) of the NC with the variation of NPs sizes
at distinct temperatures and molecular orientations of LCs. The defect mode in the
PBG region gets also shifted to a higher wavelength for the high value of the filling
fraction of Ag-NPs in the NC defect layer. The variation in temperatures leads to
modification in the dielectric functions which regulate the tunability of defect modes
in PBG regions. By analyzing the transmissions and absorptions properties of
considered 1-DPS with NC defect layer, (TiO2|SiO2)"|NC|(TiO,|SiO2)™ with m=5,3;
this has suggested that defective NC in the periodic structures may be applicable to
design tunable devices due to significant changes in the dielectric function of NC
layer by variable radii and filling fractions of Ag-NPs with different orientations of

LC molecules. Along with filling fractions and radii of Ag-NPs, the temperature of
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LC is also varied the dielectric functions of NC and the defect mode transmission
properties of 1-DPS are also varied. The transmission of defect mode wavelength in
the PBG region is increased with increasing size of Ag-NPs which change the
dielectric functions of NC at the constant filling fraction. Apart from the increasing
transmission, absorption of defect mode is decreased with increasing Ag-NPs size.
With the tunability in the absorptions at the lower edge of the band, and defect mode
absorption for 90° orientation show vice-versa nature at dissimilar radii of Ag-NPs.
The absorption at the lower end of the band is found near about 75% for a 9nm radius
of Ag-NPs at 90° orientated molecules. The proposed 1-DPS
(TiO,|SiO,)"|NC|(TiO,|SiO;)™ with m=5,3 may be used in the fabrication of
absorption dependent tunable devices like optical switches, detectors, sensors, and

filters.
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Conclusions and future prospects

The molecules of anisotropic materials show dielectric constants in different
directions, and using this direction dependency of anisotropic molecules, the tunable
optical properties of the materials could be described. In nature, various anisotropic
materials occur and many anisotropic materials also can be chemically synthesized in
the laboratory. Generally, anisotropic materials have two different dielectric indices;
extraordinary and ordinary dielectric index. The ordinary dielectric index follows
Snell’s law, while the extraordinary dielectric index does not follow Snell’s law. The
directional behavior of an extraordinary dielectric index can easily be studied by
geometrical constructions. Along with various anisotropic materials, liquid crystals
(LCs) are also organic anisotropic materials that can be synthesized by the various
chemical routes. LC is a stage between pure liquid and perfect solid state and it can
possess both flow and crystalline properties. The LCs have three main categories:
lyotropic, polymeric, thermotropic. The phase transition of thermotropic LCs has
temperature-dependent, and the optical properties of the thermotropic LCs are
changed when the phase changes. Hence, the thermotropic LC occurs in three phases
viz. nematic, cholesteric, and smectic phase. Among all phases, the nematic phase
LCs are widely studied to use in many optical and photonic devices. The photonic
devices are the periodic arrangement of dielectric layers in different directions and the
optical properties of such photonic materials can be varied with material parameters,
especially dielectric function. Such dielectric periodic structures have exhibited
photonic bandgap (PBG) due to the periodicity of materials and PBGs are
manipulated intensity of defect layers in such periodic structures. The tunability of
defect mode peaks inside PBG is easily occurred due to the changing dielectric
function of defect materials in the periodic structures. A tunable defect photonic
device, defective one-dimensional photonic crystal (1-DPC), can be designed by using

the defect layer of nematic LCs.
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In this thesis, we have focused on the tunable optical properties of 1-DPC or one-
dimensional periodic structure (1-DPS) of dielectric materials with defects of LC and
other anisotropic materials like LiNbO3; and graphene. In our work, a nonlinear
differential equation for the distribution of molecules in the LC layer has been solved
with the help of Dirichlet boundary conditions. The LC molecules show fluctuations
in their orientation depending on the intensity of incident electromagnetic waves. For
below the threshold intensity, the molecules do not show any fluctuations, however,
the molecules show fluctuations for a threshold value of intensity due to change in the
orientation. This threshold intensity is called the Freedericksz transition intensity
where the molecules show orientation and attain the extreme value of orientation in
the middle of the LC cell. The Freedericksz transition is a basic phenomenon that
occurs in the LCs, which can be first-order or second-order and dependent on the
Frank elastic constants of LCs. The threshold intensity, Freedericksz transition
intensity, has different values for increasing and decreasing intensity of the
electromagnetic waves; and the molecules follow the different paths for orientation
and reorientation in the LC. In the orientation and reorientation of LC molecules, the
hysteresis loop is formed. The hysteresis loop of the LCs and transmittance of
defective photonic crystals (PCs) with LCs are different for different wavelengths
because both properties depend upon the interaction of a particular wavelength of LC

molecules.

A nematic liquid crystal (NLC) sandwiches with/without graphene layers is taken as a
defect layer in the 1-DPS of glass and Si materials. The tunable optical characteristics
of 1-DPS of dielectric materials of glass and Si with/without graphene layers of the
NLC have been analyzed by considering the orientation/reorientation of LC
molecules. Without graphene layers of the NLC, it means that 1-DPS of Si and glass
with defect NLC only. The whole optical characteristics (absorption (A) transmission
(T) and reflection (R)) of multilayered structures have been investigated through the
transfer matrix method (TMM). The transmission 1-DPS of glass and Si materials
with nematic liquid crystals (NLC) layer shows a defect mode in the PBG region and
this transmission peak is tunable with the orientation of molecules. Such a periodic
structure of glass and Si with the NLC defect layer does not show any absorption for
defect mode peaks. But the proposed structure of 1-DPS with graphene of the NLC
layers shows finite absorption of defect peaks because graphene layers have a metallic
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nature. However, the absorption values are also tuned with the number of the
periodicity of multilayers in 1-DPS. The nematic liquid crystal (NLC) sandwiches
with graphene layers has tuned the optical properties of the 1-DPS of glass and Si
materials containing a defect of graphene layers of the NLC. The studied periodic
structures may have many applications in the various optical devices including all-
optical switching device, optical filter, single or multichannel filter, sensor,
omnidirectional mirror, absorption-based device, modulator, waveguide, etc. Such
studies also open a way to investigate the transmission of the periodic structures
consisting of LC sandwiches with other materials like carbon nanotube (CNT),

modified graphene, fullerene, chiral, smectic, and blue phase liquid crystals.

Further, we have used a 4x4 matrix method for study the transmission characteristics
of 1-DPS of TiO, and SiO, materials containing a defect layer of lithium niobate
(LiNbO3) sandwiches with E7 LC. As the LC, the LiNbO3; (LNO) is also an electro-
optic material and its refractive index varies with applied voltage and incident angle
of EMW. Using the electro-optical characteristics of LNO, the transmission of 1-DPS
of TiO, and SiO, materials containing a defect of lithium niobate (LiNbO3)
sandwiches with E7 liquid crystals (LC) are studied with the variation of voltage,
temperature, incident angle, and molecular orientation for TE and TM modes. Due to
variation in voltage, temperature, and incident angle, the transmission spectra of the
defect modes are shifted towards lower and higher wavelengths, which may help to
design tunable devices. The optical transmission of considered terminal wavelengths
through the periodic structure shows the optical switching characteristics against
temperature for the finite value of voltage and the incident angle. The minimum
values of transmission at transition temperature are affected by the nature of applied
voltage. The applied positive voltage has a transmission of terminal wavelength in
comparison to the applied negative voltage at the transition temperature of LC. In the
case of TE mode, the shifting of defect modes in transmission spectra is higher for
applied voltage in comparison to the incident angle of EMWSs. The calculated analysis
is suggested that the proposed structure may be used in the optical switching devices
including bistable devices, optoelectronic devices, etc. Besides of the LNO, other
electro-optical materials like BaTiO3, KH,PO,, etc. may also be used as a defect in 1—
DPS to investigate the tunability optical characteristics of 1-DPS containing such

defect layers with the LC. Instead of the uniaxial LCs, the biaxial LCs survive
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numerous electro-optical responses and can modify the transmission of periodic
structure which can be solved by the 4x4 matrix method. Mostly, the 4x4 Berreman
matrix method can also be applied to study the transmission of waves through
interfaces of uniaxial to uniaxial material and interfaces of uniaxial to isotropic
materials, where these materials periodically assembled. The effective refractive
index of such assembled materials is calculated by the effective medium theory. The
dispersion relation of quasi-periodic PCs with anisotropic materials or chiral nematic
LCs having nonlinear tunable characteristics can be studied which are very interesting
to fulfill the demand of the tunable optical devices in the near future. Moreover,
electro-optical and magneto-optical devices may also be prepared by a periodic

structure consisting of uniaxial, biaxial anisotropic, or bi-anisotropic materials.

To study the optical properties of the anisotropic materials, various methods are
available viz. plane wave method (PWE), finite difference time domain (FDTD)
method, finite element method (FEM), and transfer matrix method (TMM). The blue
phases of LCs with different inclusions are fascinating to examine by the above
methods because these methods are the most prominent methods to study the optical
behavior of the LCs. Additionally, these methods are interesting to investigate the
possibility for obtaining the complete bandgap with dye-doped LCs through.
Correspondingly, the optical properties of the two-dimensional (2-D) PCs are
investigated by FDTD and FEM, however, the dispersion relations are calculated by
PWE. In general, the 2-DPCs can be performed for the complex devices as

multiplexers, switches, filters, etc.

In the whole thesis work, we have adopted TMM to study the optical properties of the
one-dimensional periodic structure, i.e. 1-DPS. Similar to the TMM, the scattering
matrix also could be helpful to study the PCs with anisotropic materials including
LCs. The tuning of phases is also important for various devices; therefore the fast
tuning ferroelectric LCs agree with various novel devices. The dielectric properties of
the LCs are also affected by the doping of nanoparticles (NPs). Due to the tuning of
the dielectric property of LC with nanoparticles, the optical characteristics of periodic
structures can be tuned by the size and shape of nanoparticles. To study the dielectric
behavior of LC with nanoparticles, the various theoretical methods are available but

the Maxwell-Garnett model is adopted to study the dielectric function of
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nanocomposite (NC) of E7 LC with silver nanoparticles (Ag-NPs). The dielectric
function of the NC layer has been studied at different radii of NPs, orientations, and
temperatures of the E7 LC. The real and imaginary parts of the dielectric function of
NC for 90° orientation of the molecules show the shifting towards the higher
wavelength region. Due to plasmonic characteristics in the Ag-NPs, the imaginary
dielectric function of the Ag-NPs is responsible for the absorption characteristics of
NC. However, both extraordinary and ordinary indices of the NC are merged to a
single value at the transition temperature of LC where the LC exists in the isotropic
phase. The whole optical properties (A, T, R) of the 1-DPS of TiO, and SiO; layers
containing NC are tuned with different sizes and shapes of Ag-NPs. The transmission
properties of the defective NC in 1-DPS are also tuned with filling fraction of NPs
and orientation of LC molecules. The 90° orientation angle of molecules has been
observed the lower value of transmittance of defect peaks in comparison to the 0°
orientation angle of molecules. As the filling fraction of NPs in NC increases, the
transmission of the defect modes are found to low values and shifted towards the
higher wavelength for both orientations. The low orientation angle of LC molecules
has a higher value of absorption in comparison to the high orientation angles. For the
temperature below than the transition temperature, the uniaxial behavior of NC has
both the extraordinary and the ordinary indices but LC converted into isotropic phase
at the transition temperature. The extraordinary and the ordinary indices are merged to
maintain the linear behavior of the refractive index with the transition temperature and
hence the shifting between the transmission defect modes has vanished. The study of
the refractive index of NC with Ag-NPs has also shown some negative-index
characteristics and hence the NC acts as a metamaterial for particular shape and size
of NPs. The investigated 1-DPS with NC of LC and Ag-NPs may be useful in the
fabrication of optical filters, switches, sensors, absorbers, etc. The size and shape of
NPs modify the dielectric properties of NC and hence the optical properties of 1-DPS
with a defect of the NC could be tuned by different shapes of NPs as spherical, cubic,
cuboid, or ellipsoid and so on. The different shaped and sized plasmonic NPs in the
NC layer supports the various surface waves at the interface of dielectric and
anisotropic materials; hence LC can also be supported by the Dyakonov waves, Ghost
waves, etc. at the material surfaces and such surface waves may also be useful to

study the various effects in the materials. With the metallic NPs in different LCs,
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Tamm-Plasmons can be studied in NPs embedded periodic structures. The dielectric
properties of NC are also tuned with different types of LCs because such LCs have a

different orientation and translational symmetry in their molecular arrangements.

All the phases of LCs (nematic, cholesteric, smectic, blue phase, and other phases)
have different molecular patterns; therefore, the optical properties may be tuned with
fluctuations in their molecular order. The optical characteristics of LC are varied with
the electric field as well as the magnetic field. So, the magneto-optical devices may
be feasible in the same LC by applying the magnetic field. The doping of dye and
polymer in the chiral smectic-C phase may be used as photonic materials that offer
potential applications in the electro-optical devices. The theoretical calculations of
dye-doped chiral nematics and the related PCs containing such LCs are very
complicated task in coming future. However, 3-DPCs with blue phase LCs may be
employed to design low threshold lasers, which can have tunability and
simultaneously operated in multiple directions. By stretching in LCs, the blue and
redshift could be obtained in opposite directions with affecting the pitch of LCs.
Absorption and gain medium of the 3-DPCs also are investigated by FDTD.
Moreover, FDTD is also helpful to study the optical properties of the composite of
nonlinear material with left-handed metamaterials, metals, and anisotropic materials.
By solving the problem of coupling, the efficiency of 3-D waveguides could be
modified. The FDTD is required to develop to study the nonlinear effects like Raman,
effects, Kerr effects, etc. However, three-dimensional calculations by FDTD are
complicated, but it gives accurate results for 3-DPCs consisting of anisotropic
materials. The LCs have been used in various display applications like liquid crystal
display (LCD), and the efficiency and property of the display process can be modified
by doping of the various elements in the LCs. The quantum dots doped LCs are
efficiently used in enhanced LCD applications. The different shape and size quantum
dots doped LCs produce the quantum confinement effects and may be used to
enhance the display applications of LCDs.

The optics of cholesteric liquid crystals (CLCs) is complicated but the CLC is a
potential candidate for future application in various optical devices because CLC can
easily control the material’s parameters and fast tuning with applied fields without

any alignment layer. The CLCs could be used in selective reflection based on index
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matching between other material and CLCs. Moreover, the periodic structure with
CLCs with the application of DC (direct current) and AC (alternating current) fields
could be fruitful to investigate for photonic applications in the future. Along with the
study of the periodic structure, the topological studies of LCs are also important
because the interactions and knots in LCs can be studied topologically which helps to
understand the behavior of LCs and precisely tuned with external fields on the LCs.
Another type of LC is quantum liquid crystals which have novel properties. The three-
dimensional quantum liquid crystals (3-DQLCs) is an important material in the field
of spintronics and such 3-DQLC also may be played an important role to build

quantum computers using topological quantum computing.
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Abstract. In this paper, we investigate tunable transmission characteristics of a one-dimensional periodic
structure (1DPS), designed with periodic dielectric materials containing a nematic liquid crystal (NLC)
as a defect layer, on the basis of orientation and re-orientation of LC molecules. The nonlinear differential
equation for the director of the liquid crystal under the light field is solved numerically. The relation
between the liquid crystal director and the intensity of the electromagnetic wave (EMW) is derived.
Transmittances of the liquid crystal defect layer in the 1DPS are calculated with the variation of the
intensity of the incident wave and liquid crystal director tilt angles. By varying the director tilt angle of
the liquid crystal molecules as well as the incident angle of the EMW, the shifting of the transmitted defect
mode wavelengths is studied. Such study is helpful to understand how orientation and reorientation of the
molecules affect the transmittance of the considered periodic structure when the EMW interacts with an
embedded liquid crystal as a defect layer in the 1DPS of dielectric materials. Such photonic structure of
dielectric materials with the liquid crystal layer as a defect layer can be used to fabricate bistable switches,

optical filters, feedback lasers, etc.

1 Introduction

Liquid crystals (LCs) were discovered by Reinitzer and
Lehmann in the 19th century. LCs are wonderful materi-
als having an intermediate phase between the liquid and
the crystalline states [1]. The LC has flow property like a
liquid and a solid-like crystalline property. There are dif-
ferent types of liquid crystals, e.g., thermotropic, lyotropic
and metallotropic, having different optical properties [2].

Today, photonic crystals have aroused a great deal of
interest in research due to their uses in optical comput-
ing, communication, etc. The photonic crystals have the
capacity to obstruct the propagation of an electromag-
netic wave (EMW) over special frequency regions called
photonic band gaps (PBGs) [3]. Such photonic band gap
materials have a very special nature, so that they can be
used in electronics, micro-photonic and integrated optics
because these crystals are capable of guiding the electro-
magnetic wave (photons) propagation in dielectric layers
as in photonics, which is analogous to the control of the
electronic motion in electronics [4]. The transmission of
the electromagnetic wave through photonic crystals de-
pends on the refractive index contrast of the dielectric ma-

# e-mail: khem.bhu@gmail.com (corresponding author)

terials, geometry and topology, etc. The dynamical control
of the electromagnetic wave can be achieved by the tun-
ability of photonic band gaps in photonic crystals [5]. The
photonic band gap can be continuously tuned by coating
the inverse opal with the liquid crystal as explained by
Bush et al. and later confirmed experimentally by Yoshino
et al. [6,7]. The tuning of the photonic band gap of the
periodic structure with the liquid crystal layer as defect
depends upon the temperature, external field and refrac-
tive index of the liquid crystal [7-13]. Infiltration of indi-
vidual pores in the photonic crystals is another method
to achieve the tuning of the photonic crystal [14] and to
find the effect of the liquid crystal layer as a defect layer
in the periodic structure [15].

The liquid crystal has very high nonlinear optical prop-
erties that can be used in optical device applications [16,
17] like all-optical switching and control of the electromag-
netic wave in the periodic structure. Mohamed et al. [18]
reported the effect of the liquid crystal director tilt angle
and temperature on the transmission of 1DPS containing
a nematic liquid crystal as a defect layer. Similarly, nonlin-
ear and linear responses of a 1DPS of dielectric materials
with a liquid crystal as a defect layer have been studied by
Entezar et al. [19]. They concluded that the bistable prop-
erty, i.e. gained threshold intensity, is dependent upon the
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operating temperature. They have discussed the effect of
the operating temperature on the transmission property of
the periodic structure. The transmittance of defect mode
peak wavelengths in the PBG region is also dependent
upon the director angle of the liquid crystal. The prop-
agation and transmission of the electromagnetic wave in
the 1DPS with the liquid crystal as a defect is dependent
on the directions of the ordinary and extraordinary optical
axes of the liquid crystal [20].

In the presence of an electromagnetic wave, a nonlin-
ear differential equation for the director of the nematic
liquid crystal (NLC) is solved and a relation between the
maximum director angle and the intensity (I) of the elec-
tromagnetic wave for the liquid crystal is determined. This
relation is used to study the propagation of the electro-
magnetic wave field, where the intensity of light depends
upon the molecular orientation of the liquid crystal. The
molecules of the liquid crystal orient when the intensity of
the electromagnetic wave becomes equal or greater than
threshold intensity commonly named as Freedericksz tran-
sition intensity (It ). By calculating the transmittance of a
one-dimensional periodic structure of glass/Si layers with
the NLC as a defect layer, we analyze the effect of orien-
tation /reorientation of the molecule by varying the inten-
sity as well as the incidence angle of the electromagnetic
wave. We also calculate the transmittance of the defect
structure of the nematic liquid crystal for three different
director tilt angles of the liquid crystal. The shifting of
the transmitted defect mode peak wavelengths of the pe-
riodic structure depends upon the incident angle of the
electromagnetic wave as well as the director tilt angle of
the liquid crystal.

2 Theory and mathematical formulation

The liquid crystals are highly nonlinear anisotropic mate-
rials having dielectric permittivity in the tensor form [2].
The dielectric tensor (&) of a liquid crystal layer can be
represented in terms of parallel (er;) and perpendicular
(1) components of the dielectric constant, and the dielec-
tric anisotropy (£, = e — €, ), which is given as [5,17]:

5L+5asin2¢ 0
0 €1 0 (D

€1 4 €4 c08% ¢

€, 8in ¢ cos ¢

m
I

€4 SIN @ COS @ 0

The dielectric tensor of the liquid crystal is in the ma-
trix form and depends upon the liquid crystal parameters,
i.e. €11, €, and its director tilt angle (¢) with respect to
the z-axis (fig. 1). The dielectric tensor matrix can be di-
agonalized for the angle ¢ = 0° and ¢ = 90°, but the
dielectric tensor matrix is represented by eq. (1) and is
not diagonalized for any other director angles except the
tilt angles 0° and 90°. To use the transfer matrix method
(TMM), we diagonalize the tensor matrix for any other di-
rector orientation angles [19]. The liquid crystal dielectric
tensor is dependent on the director tilt angle parameter
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Ex

Fig. 1. Schematic diagram of a liquid crystal (LC) molecule
director (¢) under an external electric field.

and the profile is similar to the effective dielectric con-
stant of the liquid crystal [21,22]. The effective dielectric
constant of the liquid crystal is given as

_ 52*(%&)2 _enteL 9
Eeﬂ_g_(6a0382¢)’ - 92 ’ ( )

where ¢ is the tilt angle of the director with respect to the
z-axis in the layer. On considering such effective dielectric
constant, the light field propagates along the z-direction.

To investigate the effect of the director tilt angle, we
have considered a liquid crystal cell having thickness L
with a homeotropic arrangement of molecules. The distri-
bution of the LC director is defined by ¢(z). When the
electromagnetic wave enters the cell, the molecules of the
liquid crystals orient a director tilt angle ¢(z) with respect
to the normal to the cell as shown in fig. 1. When the value
of intensity reaches the Freedericksz transition intensity,
the molecules reorient inside the cell. This intensity of the
field, electromagnetic wave (EMW), is called the threshold
value for molecular orientation. The optical properties of
the liquid crystal are tuned when the interaction between
the intensity ratio (I/If) and the director field is con-
sidered. The liquid crystal director tilt angle ¢(z) of the
molecule under the interaction of the field can be analysed
with the variation of the intensity ratio (I /I ). The reori-
entation of the liquid crystal molecules due to the coupling
with electric field of the EMW is given by the solution of
the nonlinear differential eq. (3) [23]:

___ksin@2)
et 2(1 — ksin? ¢) ¢
N 721 sin(2¢)
2L211.(1 — ksin? ¢)(1 — Bsin? ¢)3/2

=0.  (3)

The solution of the nonlinear differential equation is de-
pendent upon the liquid crystal parameters like the in-
tensity ratio of the incident intensity to the Freedericksz
threshold intensity (I/If) and the boundary condition.
Here ¢, and ¢, are the first- and second-order partial
derivatives of ¢ with respect to z, respectively. The men-
tioned parameters ks3 and ky; are bend and splay the
elastic constants of the liquid crystal, and 3 is a constant
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depending upon the ordinary (n,) and the extraordinary
(ne) refractive indices of the liquid crystal. k and (3 are

given by
kg3 — k11 ne’

k= —— =1- : 4
ks : (%2 )

The Freedericksz threshold intensity, i.e., Iy is given by

Ck337T2

Iy = , 5
T B2 (5)

where c is the speed of light in the vacuum. We apply the
Dirichlet-type boundary conditions (BCs) to solve eq. (3)
to determine the director orientation of the liquid crystal
which is given by

¢(z=0) =0,

Equation (6) is considered for the strong anchoring of lig-
uid crystals which helps to get the solution of eq. (3). With
above BCs, we first multiply eq. (3) by 2¢. and then inte-
grate with respect to z; the integration constant is deter-
mined in terms of the maximum director angle ¢ nd
we get the following deduced equation:

2 ) (42
(1 — ksin? ¢) (dz) =

o(z = L) = 0. (6)

0
max &

44 { 1 - 1 ] -
B (1= BsinZe0 )12 (1 Gsin¢)/2]’

max

Now, with single elastic constant (k11 = koo = ks3) ap-
proximation k£ = 0, we have obtained

(d¢)2 44 [ 1 1 }

dz) B L(1 - Bsin® ¢0,,,)1/2 (1 Fsin®¢)1/2]
2 (3)

where A = #ﬁ“ and the maximum director tilt angle

0 . Teaches the maximum in the middle of the cell at

z = L/2. For such a condition, we have

Bmax d¢ L
= —(24)'/2. 9
/0 sin? @0 —sin’¢ 2 (24) )

max

We get the solution for the maximum director angle of the

molecules as
I 1/2
?nax = Sinil [2 (Ifr — 1) .

From eq. (10), we conclude that molecules have orienta-
tion in a certain direction when I < I, and molecules get
reorientation when I > Ip.. Between the orientation and
reorientation of the molecules, a maximum value ¢% . is
reached in the middle of the cell. To find the solution of
eq. (3), we consider the second-order terms in calculations
when the intensity ratio (I/I) increases. But for the ra-

tio (I/Iy) decreasing, the high-order degree terms like the

(10)
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Fig. 2. Schematic diagram of the periodic structure of glass/Si
materials with a liquid crystal layer as a defect layer.

fourth order are considered in the calculation. The orien-
tation and reorientation of the liquid crystal molecules
are dependent on the intensity (I) of the electromagnetic
wave, which can be equal or greater than the Freedericksz
transition intensity (Iy) for the orientation and orienta-
tion of LC molecules in the layer.

The optical properties of the NLC as a defect layer in
the 1DPS of glass/Si layers are calculated. In this case,
we consider a plane EMW propagating along positive z-
direction and normally incident on the considered periodic
structure, as shown in fig. 2. The solution of eq. (3) can
be obtained by solving eq. (9), where we get the following
equation which depends upon the dielectric parameters
(e1,em,¢e33) of liquid crystals:
€13 €, 8in ¢ cos ¢
Bx = €33 b = [(SL + £, cO82 ¢)] P (1D
From Maxwell’s equations, we obtain the equation for an
electric field given as

d’E,

2 TR E=0,

(12)

where k2 = kOQ% with kg = 27”, A is the wavelength
of the electromagnetic wave incident on the considered
structure.

For the light scattering in the layer, the z-component
of the Poynting vector I = S, = (¢/87)E,H,; remains
constant and can be used to study the properties of the
layer. The solution of eq. (10) may be in form of eq. (11)

as given below,
Aexp(ikz) + Bexp(—ikz), 2z<0

B, — (ikz) (—ikz) Ca3)
z>L

Cexp(ikz) + D exp(—ikz),

where A, B, C, D are the incident, reflection and trans-
mission coefficients of the electromagnetic wave. Such co-
efficients give the transmittance and reflectance properties
of the liquid crystal layer. The solution to eq. (11) is de-
pendent on the liquid crystal dielectric parameters as well
as the director tilt angle for the nonlinear transmission
through the liquid crystal layer. Here, the polarization is
in the z-z plane and parallel to the plane of incidence of
the wave, assuming the variations of director and electro-
magnetic fields only along the z-direction as in fig. 1.
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Fig. 3. Variation of the liquid crystal director (¢o..) versus
intensity ratio (I/Iz) for increasing and decreasing intensities.

3 Results and discussion

3.1 Orientation of the liquid crystal director with
intensity ratio (1/1g.)

In this section, we discuss the director tilt angle of the ne-
matic liquid crystal PAA (p-Azoxyanisole) and the trans-
mittance of the liquid crystal at a fixed director tilt angle
by varying I/If.. The switching behavior of the LCs direc-
tor can easily be analyzed by solving the differential eq. (3)
and the solution of this equation is given in eq. (10). The
derivative of the director tilt angle ¢ along the z-axis is
dependent upon ¢Y . as well as on ¢ itself. The maxi-
mum director tilt angle ¢¥ .  value is solved in terms of
the intensity of the wave, and we obtained ¢¥_ as in

max

eq. (10). The behavior of the director tilt angle (4% ..)
versus the intensity ratio (I /I ) is shown in fig. 3, where
I, is the Freedericksz transition intensity. For calculations,
we have taken the elastic constants of the PAA molecules
as k11 = 4.5 x 107" dyn, ksz = 9.5 x 10~ dyn, £, = 0.896,
€1 = 245 gy = 3.346, where ¢, is dielectric anisotropy,
€1, 11 are the ordinary and extraordinary dielectric con-
stants, respectively [24]. The value of the director tilt an-
gle (@Y ..) increases when the intensity of the electromag-
netic wave increases and the director tilt angles are 0°,
28.71°, 42.79°, 56.3°. These angles are obtained when the
intensity of the wave is equal or above the threshold inten-
sity. Below the threshold value, however, the director an-
gle (2 ..) decreases in reversed direction as the intensity
of incident electromagnetic wave decreases. The different
director tilt angles are obtained when the intensity de-
creases. These angles are 0°, 21.26°, 40.38°, 57.29°. There
exists a hysteresis loop in the transmission process for di-
rector tilt angles with intensity ratio (I/Ig). The study of
the hysteresis loop of the LC molecules shows that they do
not follow the same path when varying the intensity ratio
(I/I3). As a result, hysteresis loops appear in the LC cell.
Hysteresis loops show the first-order nature of their optical
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Fig. 4. Comparative diagram of transmission variation versus
intensity ratio (I/Is) for increasing and decreasing intensities
at different liquid crystal directors.

field-induced transition. In such a transition, the director
orientation changes discontinuously at the threshold in-
tensity (Ig) from @2, = 0to ¢2 .. = 90. The free energy
landscapes first and then attains local energy minima close
to the Freedericksz transition, resulting in metastability
and hysteresis in the cell. From the obtained results, we
conclude that the molecules are oriented and reoriented
in a particular direction when the intensity of the EMW
increases and decreases, respectively. The hysteresis loop
which appeared in the switching process shows the first-
order nature of the optically induced transition in the LC
cell.

3.2 Transmission characteristics with intensity ratio

(1/1s)

The transmission of the electromagnetic wave through the
defect layer NLC in the 1DPS of glass/Si layers versus the
intensity ratio (I/I) for increasing and decreasing inten-
sities with the variation of director tilt angles is shown in
fig. 4. The electromagnetic wave interacts with liquid crys-
tal molecules and allows to transmit the electromagnetic
wave with a constant transmission but when the intensity
of the electromagnetic wave (I) reaches equal or higher
threshold intensity (Freedericksz transition intensity If)
the molecule switches in a particular direction. Hence the
transmission of the electromagnetic wave gets affected and
becomes lower in comparison to I < Ip. The transmit-
tances of the 1DPS with liquid crystal as defect layer are
found to be 51%, 69%, 86% for director tilt angles 28.71°,
42.79°, and 56.31°, respectively. On switching of the LC
molecules, transmittances decrease up to 31%, 41%, and
54% for the same director tilt angles. As the molecules of
liquid crystal orient for the increasing intensity case, sim-
ilarly, molecules reorient in a particular direction for the
decreasing intensity case, but follow a different path to re-
orient and produce different director tilt angles due to new
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Fig. 5. Comparative diagram of transmission variation versus
intensity ratio (I/Is) for increasing and decreasing intensities
at different wavelengths.

threshold intensity I}, which is less than Iy.. This suggests
that the director tilt angles of the molecules are different
for both increasing and decreasing intensity cases. New tilt
angles of the LC director gave unusual transmission prop-
erties of 1DPS as shown in fig. 4(b). For the decreasing
intensity process, the molecules follow different paths to
reorientation, which leads to the loss in the transmission
properties of the 1DPS with the liquid crystal as a defect
layer. Hence the transmittance is set lower and is found
to be 14%, 21%, 19% for the director tilt angles 21.26°,
40.38°, and 57.29°, respectively. This transmittance de-
creases for the director tilt angles 21.26°, 40.38° but in-
creases for the angle 57.29°. This means that the trans-
mittance of the LCs becomes low above the Freedericksz
transition value (I) due to the scattering, polarization
and order parameter of the LC molecules. Similarly, the
same effect is obtained for the reverse case except for the
director angle 57.29°. When the intensity of the wave (I)
is equal or greater to Iy, the molecules start to orient and
obtain a low transmittance as compared to the intensity
below to If,.

3.3 Transmission characteristics with (I/lg) at
different wavelengths

The orientation of the molecules affects the transmittance
of the wave. So here we have calculated the transmission
versus I/l for the liquid crystal molecules for different
wavelengths, i.e., 388 nm, 1009 nm, and 550 nm, as shown
in fig. 5. These wavelengths are laid in the band gap range
of 1IDPS with the liquid crystal as a defect layer. The hys-
teresis loops for different wavelengths are found for both
increasing and decreasing intensity ratio I/l as shown in
fig. 5. The transmissions of 1DPS with the liquid crystal
as a defect layer are reduced from 94% to 58% and 94%
to 92%, for 388 nm and 1009 nm, respectively. The trans-
mission is reduced from 10% to 2% only for, wavelength
550 nm at Freedericksz transition.
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3.4 Liquid crystal dielectric profile

The liquid crystals (LCs) are anisotropic materials and
their refractive index is dependent on the temperature,
external field, etc. For the molecules of the liquid crystal,
the refractive index (n) is variable up to a certain value
and it depends upon the parameters: ny, ne and ¢, which
is given as [21,22,25]

2 2
2 No™"Ne

n- =
(ne? cos2 ¢ 4+ ny2sin? @)’

(14)

where n,, ne and ¢ are the ordinary, extraordinary re-
fractive indices and the director tilt angle, respectively. If
the director tilt angle of LC varies from 0° to 90° then
the director profile almost matches our calculated data as
shown in fig. 6. The refractive index of the liquid crystal
is low at the low director tilt (¢) angle, and the refractive
index increases as the director angle (¢) increases. The
refractive index of LC attains the maximum value for the
maximum director tilt angle (¢). The obtained director
angles are verified with the simulation data by the Gaus-
sian 09 software package A02. We have only considered
three director tilt angles for analyzing the effects of the
molecular orientation on the optical characteristics of the
1DPS with the defect layer (NLC).

3.5 Transmission characteristic of
(glass|Si)?|NLC|(glass|Si)?

Now, the periodic structure of glass and silica materials
are considered without and with the defect layer PAA
liquid crystal: without defect, 1DPS is represented as
(glass|Si)Y, with N = 4; and with the PAA liquid crystal
defect 1DPS is (glass|Si)V|NLC|(glass|Si)V with N = 2.
The considered periodic structure (glass|Si)" with the lig-
uid crystal as a defect layer is shown in fig. 2. The re-
fractive indices of the glass and Si materials are 1.5 and
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Fig. 7. Comparative diagram of transmission versus wave-
length without and with the defect of the LC periodic structure
at different liquid crystal directors.

3.4 having thicknesses d; = 91nm and dy = 40nm, re-
spectively with central wavelength g = 550 nm. Using
the above data, the transmissions of the considered struc-
ture without and with the defect layer NLC are calculated
by using the transfer matrix method (TMM) [26]. The
obtained results for both structures are compared. The
transmittance of the considered structure wversus wave-
length is shown in fig. 7. The calculated transmission of
the considered structure without defect layer, (glass|Si)™
with N = 4, shows a photonic band gap (PBG) region be-
tween 407 nm to 848 nm (AX = 441 nm), which is shown
in fig. 7(a). The transmittance of the considered structure
with the NLC defect layer is calculated with the variation
of the director tilt angle as 28.71°, 42.79° and 56.10° for
the increasing case of I /Iy, and these director angles are
verified with the Gaussian09 software package A02 [27].
Now, we have studied the effect of the orientation of
the liquid crystal molecules in the considered structure.
The sharp defect mode peak wavelengths are produced in
the photonic band gap region due to the defect layer in
the periodic structure [28]. Figure 7(b) shows the trans-
mittance of the considered periodic structure with the de-
fect layer NLC at the director tilt angles 28.71°, 42.79°
and 56.10°. From earlier discussions, we know that the
incident wave in the NLC has a switching behavior due
to the orientation of the NLC molecules and it is a very
interesting optical switching behavior of the liquid crystal.

3.6 3D and 2D image of transmittance of
(glass|Si)?|NLC|(glass|Si)?

To visualize the transmittance of such periodic structure
with NLC as defect layer versus varying incident wave-
length and director tilt angle, we plotted a 3D diagram,
which clearly shows the shifting of the defect mode peak
wavelengths at the director tilt angles 28.71°, 42.79° and
56.10° with the variation of the wavelength as shown in
fig. 8. The optical tunability of defect mode periodic struc-
ture is dependent on the LC director tilt angles. LC has
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three different director orientation angles which transmit
the defect mode wavelength peaks in the PBG region.
Such defect mode sharp peak wavelengths may be used
in optical switching for photonic applications. The 2D im-
age diagram of transmission versus wavelength (\) with-
out and with defect layer (NLC) are shown in fig. 9. The
comparative image of transmittance without and with a
defect layer (NLC) clearly shows the shifting of the trans-
mitted defect mode peak wavelengths at different director
tilt angles 28.71°, 42.79° and 56.30°. From fig. 9, it is
clear that the liquid crystal as the defect in 1DPS leads to
a small enhancement of PBG in the transmission spectra.
Besides this, the transmittance of the considered periodic
structure versus incidence angle (6) at different director
tilt angle (¢) is studied for both modes, i.e. the TE and
TM mode. The transmission of peak wavelengths for a
certain director tilt angle (¢) is shifted at the higher in-
cidence angle. Figure 10 shows the comparative study of
the transmitted peak wavelengths for TE and TM modes.
From fig. 10, we concluded that the optical properties of
1DPS with the NLC as defect depend upon the incident
angle of the electromagnetic wave. As the incident angle
increases from a normal angle to a higher angle, i.e. from
0° up to 75°, the peak wavelengths are shifted to lower
wavelengths in the PBG region. The values of the peak
wavelengths are high at the normal incidence angle, i.e.,
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Fig. 10. Comparative diagram of the shifting of transmitted
defect mode peaks versus incidence angles with different liquid
crystal director (¢%,,«) for TE and TM modes.

0°, but these peaks are shifted towards lower values at a
high incidence angle. It is found that there is an almost
8 nm difference between the values of the defect mode peak
wavelength. But this difference is almost constant for a low
incident angle and increases at a high incident angle. The
comparative study confirmed that the shifting of the peak
wavelength attains higher values in the TE mode than in
the TM mode.

Again, we have studied the comparative transmittance
of the shifted peak wavelength versus the incident angle
for both TE and TM modes at different angles of the
LC director as shown in fig. 11. Figure 11 depicts that
the origin of the transmittance for TE and TM mode
is the same, but the transmittance of the wavelength
peaks shifts to different values as the incident angle
increases. The transmittance for TE mode is continuously
decreasing as the incident angle increases up to 63°. The
transmittance of the wavelength peaks for the TM mode
increases and reaches the maximum incident angle 60°
and then it further decreases. The director tilt angle of
the NLC molecules for the TM mode is more effective as
compared to the director tilt angle of the NLC molecules
for the TE mode when the wavelength peaks are studied.
Such an effect is analogous to the effect of the Brewster
angle at the interfaces of the dielectric materials.

4 Conclusions

In this paper, we have solved the nonlinear differential
equation for the director of a NLC under the influence of
an electromagnetic field and discussed the nonlinear be-
haviour of the director of a NLC under the applied electric
field. At a threshold value called Freedericksz transition, a
sharp switching behavior of the liquid crystal molecules is
observed when the electromagnetic wave propagates inside
the LC cell. The first-order phase nature of the optical-
field-induced transition take places, hence hysteresis loops
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appear in the LC cell. Due to orientation/reorientation
of the NLC molecules, the optical effect of the NLC
molecules is studied by comparing the transmittance of
the periodic structure of glass/Si layers (1DPS) containing
a NLC defect layer and without the defect layer. A sharp
defect mode peak wavelength in the transmittance peri-
odic structure (glass|Si)?|NLC|(glass|Si)? shows the opti-
cal switching behavior in the photonic band gap region.
By applying an external field, the different molecular ori-
entations of the molecules correspond to different trans-
mission wavelength peaks in the PBG region. The differ-
ent molecular orientations and reorientations of the LC
molecules at a certain director are responsible for the op-
tical switching. We have also studied the effect of the inci-
dent angles versus the shifting in wavelength peaks as well
as the transmittance of the wavelength peaks for three dif-
ferent director tilt angles. The molecular orientation and
reorientation behavior of the liquid crystal may be used to
achieve optical switching in periodic photonic structures.
Such periodic structures with NLC as a defect layer can
be applicable in electronic as well as photonic devices, e.g.
bistable switches, optical filters, feedback lasers, etc.
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Abstract

In this work, the effective absorption property of graphene layers on one-dimensional periodic
structure (1DPS) of Si/Glass materials with nematic liquid crystal (NLC) as a defect has been studied
theoretically. The graphene sheets are stuck on the one end of Si as well as Glass of the semifinite
periodic structure of Si/Glass materials. Now the nematic liquid crystal (NLC) is embedded with the
semifinite periodic structure of Si/ Glass materials containing graphene layers. Using the transfer
matrix method (TMM), the transmission and absorption behavior of graphene layers on semi-finite
1D asymmetric periodic structure of Si/Glass materials with a defect of nematic liquid crystal have
been studied. Our results suggest that defect layer of nematic liquid crystal (NLC) in the semi-finite 1D
asymmetric periodic structure with graphene layers (G),(Si|Glass)™ |GNLC|G|(Si|Glass)" withm = 3
&n = 5, may be used as sensor device due to high absorption behavior for a specific director angle of
molecules of the nematic liquid crystal (NLC). Besides this, the absorption behavior of the structure
for TE mode, (Si|Glass)’| G|NLC|G|(Si|Glass)°, is more effective in comparison to the absorption
behavior of the structure for TM mode at normal incidence wave.

1. Introduction

Photonic crystal (PC) belong to a unique class of periodic structure of dielectric materials that control the
propagation of electromagnetic wave and exhibit photonic band gap (PBG) regions in the transmission of PC.
Photonic Band Gap (PBG) are special regions which do not allow to propagate the electromagnetic wave in that
region due to the contrast of refractive index and spatially periodicity of the dielectric materials. Therefore, PCs
are divided into three categories depending on the periodic modulation of refractive index; one-dimensional
photonic crystal (1DPC), two-dimensional photonic crystal (2DPC) and three-dimensional (3DPC). The
behavior of PBG depends on the refractive indices of dielectric materials and geometrical parameters of PCs [1].
PC with a defect layer lead to a variety of applications in different ways due to their unique optical properties

[2, 3]. The periodic structure of dielectric materials with tunable defect layer can be used in tunable optical
devices. The transmission properties of PCs and the photonic band gap (PBG) can be enhanced by changing the
geometrical parameters of dielectric materials [4].

Nonlinear optical properties of the liquid crystal (LC) can be used in electro-optics devices, widely [5-7]. The
defectlayer of nematic liquid crystal (NLC) in one-dimensional periodic structure shows all-optical switching
behavior of PC [8]. To understand switching property of LC, nonlinear differential equation of director has been
solved and obtained the relation between intensity ratio (I/I) and maximum director angle of LCs [9]. InLC as
defect layer in a periodic structure, when the intensity (I) of the electromagnetic wave reaches to threshold
intensity, Freedericksz transition (Ig), LC molecules switch according to intensity ratio (I/I) and execute
tunable transmission of one-dimensional periodic structure [10, 11]. It is well known that LC has nonlinear
optical and electronic properties, graphene (G) also novel optical and electronic properties [12].

© 2019 IOP Publishing Ltd
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The discovery of graphene leads the new way to development in the field of nanoscience and nanotechnology
[13]. Graphene is a 2D nanomaterial with honeycomb lattice of carbon atoms and such lattice form the basic
planer structure for graphite [14, 15]. Due to unique properties, graphene widely used in optical display and
instead of transparent electrodes and window electrodes for solar cell applications [ 16—18]. Graphene also has
semiconductor nature with the zero bandgap and massless electrons and holes, such electrons and holes can be
characterized as Dirac-Fermions [19]. Graphene has two bands known as interband and intraband and because
of these bands, graphene has remarkable optical and electrical properties. The optical conductivity of graphene
sheet can be easily evaluated by consisting both interband and intraband contributions. By evaluating the optical
conductivity, we can calculate the dielectric function of graphene which depends on the chemical potential [20].
The optical properties of graphene in visible region independent of frequency [21] which enhance the
absorption property of PC [22]. The absorption property of graphene can be tuned by the incident angle of the
electromagnetic wave as well as the position of the graphene layer in PCs [23].

On the basis of total reflection, Zhao et al [24] suggested that the absorption property of graphene layers can
be amplified from visible to IR region. The optical property of graphene is dependent on the direction and
magnitude of strain i.e. transmission properties are dependent on the incident polarization [25]. Graphene also
applicable in photodetectors and the efficiency of graphene-based photodetectors can be enhanced by using the
combination of graphene with plasmonic nanostructures and Fabri-Perot cavities [26, 27]. The optical
properties of graphene are dependent on the polarization and enhanced coupling of electromagnetic wave with
graphene which is very useful in optical device application [28]. The maximum absorption can be achieved with
doped graphene nanodisks array attached to substrate under total internal reflection and it can be used in solar
cell and many other novel device application [29].

Graphene is used in the plasmonic device due to the high density of states. Moreover, a graphene embedded
photonic crystals are also used to modify the PBG by the effective parameter of the graphene layer like chemical
potential [30]. The dispersion curves of graphene are obtained through effective medium theory and which is
confirmed with the derived dispersion curves. The transmission and dispersion relations of graphene had
enlightened by the variation of incident angle and effective permittivity of the graphene [31]. By studying the
transmission of the graphene embedded PC, the defect mode has obtained with a variation of the incident angle
and the gate voltage of graphene, and such graphene embedded PC is used as a tunable device, optical filters,
sensors [32]. As a graphene defect in the PC, the graphene exhibits different frequencies for the localization of
incident electromagnetic wave, and PBG is tuned by the localized mode of the electromagnetic wave in the PCs
[33]. Graphene-based periodic structures of different materials have various novel applications in optics and
photonics due to having the variable parameters chemical potential, incident angle etc.

In this work, we have used well-known transfer matrix method (TMM) [34] to study the transmission and
absorption properties of defect nematic liquid crystal (NLC) in semi-finite 1D asymmetric periodic structure of
Si/Glass materials with and without graphene (G) layers. The defect of NLC in 1D periodic structure (PS) with
graphene layers is a semifinite periodic structure of Si/Glass material where graphene is stuck on Si and Glass
surface, and NLC is embedded with stuck graphenes with one end of Si as well as Glass in an asymmetric
manner. We have focused our calculations to study the absorption characteristics of defect NLC in 1D semifinite
periodic structure of Si/Glass materials containing graphene layers with different orientation of NLC’smolecule
for TEand TM modes.

2. Theory and structural model

We consider a nematic liquid crystal (NLC) cell of thickness L with the homeotropic arrangement of LC
molecules defined by ¢ (z) which is called director angle. When an electromagnetic wave interacts with NLC cell,
LC molecules orient and reorients that is dependent on the intensity ratio of the incident light wave (I) to
Freederikesz transition intensity (Ig). The director angle (¢ (z)) of LC reaches a maximum value ¢, at the
middle of the cell. To understand the switching property of molecules of LCs, we have solved the nonlinear
differential equation of director given as:

k sin(2¢) 2 21 sin(2¢)

O T 30 Tsing) ¢ | (1 kenlo)(l - Aenigy m

where ¢,,, ¢, are double and single partial derivatives of ¢ with respect to z, k and (3 are given as:
PG E Rl TR S 75 2)
kss T n.?
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Figure 1. Schematic diagram of the one-dimensional periodic structure of Si/Glass materials with nematic liquid crystal (NLC) as a
defect.
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Figure 2. Schematic diagram of stuck graphene layers (dark black line) on Si and Glass material in one-dimensional periodic structure
of Si/Glass materials with nematic liquid crystal (NLC) as a defect layer.

The solution of equation (1) can be obtained using Dirichlet type boundary conditions (BCs):
pz=0=0; ¢z=L)=0 (3)

The relation between maximum director angle ¢, and intensity ratio (I/1) can be obtained by solving
equation (1). When the intensity (I) of electromagnetic wave is less than Freedericksz transition intensity (Ig) i.e.
I < Ig, thereis no orientation of LC molecules, the intensity (I) becomes equal or higher to Freedericksz
transition (Ig), LC molecules switches in particular directions depending on the intensity ratio (I/15) [35].

The complex dielectric function of graphene which depends on the chemical potential has also studied. To
obtain the dielectric function of graphene, we have used the total conductivity of graphene which can be
represented as:

— ! -/
Ototal = Ointra T O inter + 10" inter (4)

4 1 I -2 1 o + 2
where Gy s = —2E— and 0/ ipeer = 0o (1 + —arctan (MTZH) — —arctan (MTZ”)) and

(T — iw)

Qp + hw)? + (hr)?
Q2 — Tiw)? + (hny)?
dielectric function of graphene sheet given as:

0 iter = —0p— .where 0y = e?/(4Hh) is universal optical conductance equal to 60.8 1S; the

©)

e(w)y=1+ [M)

weodyg

where d, is the thickness of the graphene layer and ¢ is vacuum permittivity.

In our calculations, we have considered two periodic structures: (i) one-dimensional periodic structure of
Si/Glass materials with nematic liquid crystal (NLC) as defect i.e. (Si|Glass)™ |NLC|(Si|Glass)" as shown in
figure 1, (ii) Graphene layers (G) in one dimensional periodic structure of Si/Glass materials with nematic liquid
crystal (NLC) as defect, (Si|Glass)™|G|NLC|G|(Si|Glass)", where m, n are number of periodicity of Si/Glass, as
shown in figure 2. The transmittance and absorption properties of the considered periodic structures have been
calculated using the transfer matrix method (TMM) [34].

3. Results and discussion

In this section, the variation of maximum director angle (¢,,,,) of molecules of the LC versus I/I and nature of
the dielectric function of graphene versus wavelength (;sm) have discussed. When the intensity (I) of the




PSingh et al

10P Publishing

Mater. Res. Express 6 (2019) 066209

Variation of Director Angle vs Intensity

T T

100 T

90

o
max)

Director angle (¢

60

40

30
Increasing Intensity
Decreasing Intensity

30 T

20

Re(c)
—Im(g)
~ Abs(e)

=)

Dielectric function(e)
°

20

26 28

1.8
A(um)

-30
0.8 1 12 1.4 16

Figure 4. Variation of a dielectric function of graphene versus wavelength in the microwave region at y; = 0.4 eV.

electromagnetic wave is reached to Freedericksz transition intensity (Ir,), LC molecules orient at different
director angles 0°, 28.7°,42.7°,56.3°, 73° and 90° for increasing intensity [36, 37]. Similarly, LC molecules obey
different path to reorient with different director angles for decrease the intensity as shown in figure 3. As aresult,
ahysteresis loop is found which shown the optical switching process of the LC cell. The reason for hysteresis is
the landscape of free energy of LC which leads to the first order nature of optically induced transition in LC. For
the study the optical properties of considered periodic structures, we have considered only three arbitrary

directory angles, 28.7°,42.7°, and 56.3°.

Now, we discuss the behavior of the dielectric function of graphene in 0.8 #m to 2.8 ym wavelength region.
The complex conductivity of graphene depends on the angular frequency (w), relaxation time (7), the chemical
potential (1) and fixed temperature as in equations (4) and (5) [38, 39]. The dielectric function of graphene
calculated as the function of chemical potential for A\ = 1550 nm, temperature (T) = 296 Kand 7; = 1.2 ps,

7, = 10 fs for interband and intraband conductivity, respectively. The dielectric function of graphene has real

and imaginary values which are responsible for the ‘metallic nature’ of graphene. Figure 4 shows a variation of
the dielectric function of single-layer graphene with wavelength at chemical potential ;¢ = 0.4 eV. Having the
imaginary values of the dielectric function, the graphene shows metallic nature which is responsible for
absorption property [40]. Figure 4 depicted that the real value of dielectric function first increases and becomes
maximum at A = 1.3 pm, then further decreases with wavelength. The imaginary part of the dielectric function

4




10P Publishing

Mater. Res. Express 6 (2019) 066209 P Singh et al

1 T T T T —
0.9 .

< 0.8 — 08 N -
7] 0.7 AL
0 06 126 1.27 1.28
€
2 04 s
© — ¢ (28.79
o2 @27

T ¢ (56.3°)

L L L Il Il
%.8 1 1.2 1.4 1.6 1.8 2 2.2 24 2.6 2.8
2(km)

c
Ke]
7]
R
€
7
c - 0
I  (28.7%
[ b 42.7°

T ¢ (56.39)

L L Il Il
1.6 1.8 2 22 2.4 2.6 2.8
2(nm)
Figure 5. Transmission spectra of periodic structuresat three LC director angles withm = n = 3. (a) (Si|Glass)™|NLC|(Si|Glass)" (b)
(Si|Glass)™|G|NLC|G|(Si|Glass)™.

firstincreases and becomes maximum at A = 1.3 pm and then sharply decreases to zero and becomes constant
for all further wavelength up to 2.8 ym.

To study the effect of graphene layers in 1D periodic structure of Glass and Si materials with NLC as a defect,
the thicknesses of Glass, Si, NLC, and graphene (G)layers are considered as 110 nm, 250 nm, 100 nm, and
0.34 nm, respectively. We have considered the periodic structure (Si|Glass)™|NLC|(Si|Glass)" and
(Si|Glass)™|G|NLC|G|(Si|Glass)" withm = n = 3,asshown in figures 1 and 2. The transmittance and
absorption properties of (Si|Glass)™|NLC|(Si|Glass)" and (Si|Glass)™|G|NLC|G|(Si|Glass)" periodic structure
withm = n = 3 has been shown in figures 5 and 6, respectively, where NLC is nematic liquid crystal, Gisa
single graphene layer. The transmittance and absorption properties of the considered periodic structures are
analyzed using the transfer matrix method (TMM) [34]. The transmissions of (Si|Glass)™|NLC|(Si|Glass)" and
(Si|Glass)™|G|NLC|G|(Si|Glass)" periodic structures at three LC director angles, 28.7°,42.7°, and 56.3°, for
m = n = 3,areshown in figure 5. Figure 5(a) shows the transmission of (Si| Glass)®|NLC|(Si| Glass) periodic
structure with 90% 88% and 86% transmission of defect peaks, respectively. Now, we calculate the
transmittance of (Si|Glass)’|G|NLC|G|(Si|Glass)’ periodic structure as shown in figure 5(b), where graphene
layers are stuck on the surfaces of Si and Glass materials. The transmittance of the defect peaks obtains in
transmission of (Si|Glass)’|NLC|(Si|Glass)’ at 28.7°, 42.7° and 56.3° director angles of LC, respectively and
reduced to 48%, 46%, and 44% for (Si|Glass)’| G|NLC|G|(Si| Glass)® periodic structure. The transmission
properties of (Si| Glass)’|NLC|(Si|Glass)’ periodic structure show that the defect transmission peak is affected in
the presence of graphene layers. Such defect mode peaks obtained in the transmission of the one-dimensional
periodic structure of Si/Glass materials with NLC as defect without and with graphene layers are also shifted
when director angle increases as shown in figure 5. We can conclude that the presence of graphene layers
transmittance of defect peaks obtained in the transmission spectra of PC. The positions of obtained defects can
be tuned by variation of LC director angle or intensity of the electromagnetic wave. Although the transmission
properties of PC are affected, the PBG regions are not affected by the variation of LC director angle.

The effective absorption properties of both considered periodic structures (Si|Glass)™|NLC|(Si|Glass)" and
(Si|Glass)™|G|NLC|G|(Si|Glass)", withm = n = 3, shown in figure 6. Figure 6(a) shows that no absorption of
defect peaks are obtained in the transmission of (Si|Glass)*[NLC|(Si|Glass)® periodic structure, either LC
molecules are oriented or reoriented by the applied field. Again, we have studied the absorption spectra of
(Si|Glass)’|G|NLC|G|(Si|Glass)’ structure as shown in figure 6(b). The absorption of defect mode peaks
obtained for (Si|Glass)’| G|NLC|G|(Si|Glass)’ structure increases from 0% to 28%, 27% and 26% for three LC
director angles. The absorption of defect peaks are found to be 28%, 27% and 26% for 28.7°,42.7°,and 56.3° LC
director angle, respectively. The absorption of the considered periodic structure with graphene layers is
enhanced due to the metallic behavior of the graphene layer which is already discussed in figure 4. The
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Figure 6. Absorption spectra of periodic structures three LC director angle withm = n = 3. (a) (Si|Glass)™|NLC|(Si|Glass)" (b)
(Si|Glass)™|G|NLC|G|(Si|Glass)™.
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Figure 7. Transmission spectra of periodic structuresat three LC director angles withm = 3,n = 5. (a) (Si|Glass)™|NLC|(Si|Glass)"
(b) (Si|Glass)™|G|NLC| G|(Si|Glass)".

absorption of periodic structure can be tuned by the variation of chemical potential (gate voltage) of the
graphene layers and director angle of LC.

The transmission and absorption of (Si|Glass)™ |NLC|(Si|Glass)" and (Si|Glass)™|G|NLC|G|(Si| Glass)"
periodic structure at different LC director angle with m = 3,n = 5areshownin figures 7 and 8. The
transmission of defect peaks is reduced to 48%, 50%, 52% from 90%, 88%, 86% for 28.7°,42.7°,and 56.3°LC
director, respectively as shown in figure 7(a). Again, the transmittance of (Si| Glass)’|G|NLC|G|(Si|Glass)’
periodic structure is calculated as shown in figure 7(b). The transmittance of defect peaks is reduced to 13%,

12%, and 11% for 28.7°,42.7°, and 56.3° LC director angles, respectively due to the imaginary refractive index of

graphene.

However the transmission of defect peaks is reduced, no absorption found for any defect peaks in the
considered wavelength region (:m), as shown in figure 8(a). Figure 8(b) shows the enhancement absorption of
defect peaks up to 85%, 84% and 82% at three LC director angles 28.7°,42.7°, and 56.3°, respectively. The
absorption of defect peaks is obtained in the transmission of periodic structure (Si|Glass)*|G|NLC|G|(Si|Glass)’,

6
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Figure 9. Variation of absorption of defect peaks obtained at three LC director angles in the transmission of
(Si|Glass)’| G|NLC|G|(Si|Glass)® with the incident angle for TE and TM modes.

is found to be 28%, 27%, and 26% but the absorption of defect peaks in case of periodic structure

(Si|Glass)’| GINLC|G|(Si|Glass)’, is found to be 85%, 84% and 82% for LC director angles 28.7°,42.7°, and 56.3°,
respectively. The enhancement in the absorption of the periodic structure is found when the periodicity of
dielectric layers is changed fromn = 3to 5.

Beside this, we have also studied the absorption of defect peaks which was obtained for transmission of
(Si|Glass)’|GINLC|G|(Si|Glass) periodic structure with the variation of incident angle at three LC director
angles for TE and TM modes. Figure 9 shows the comparative absorption behavior of
(Si|Glass)’| GINLC|G|(Si|Glass)’ periodic structure for both modes. The absorption of defect peaks decreases as
the incident angle of electromagnetic wave increases for TE mode. But in case of TM mode, absorption first
increases up to incident angle 88° and then decreases sharply. The comparative study of the absorption of defect
peaks for TE and TM modes shows that the absorption for TM mode is more effective than TE mode due to the
changed refractive index of the graphene at chemical potential (1) = 0.4 eV as shown in figure 4. The changed
phase of the absorbance in TM mode shows that the refractive of graphene has metallic nature.

Similarly, we have studied the absorption behavior of defect peaks which was obtained for transmission of
(Si|Glass)’|GINLC|G|(Si|Glass)” periodic structure at different LC director angles for TE and TM modes as
shown in figure 10. The absorption of defect peaks decreases as the incident angle increases for TE mode. But the
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Figure 10. Variation of absorption of defect peaks obtained at three LC director angles in the transmission of
(Si|Glass)’| G|NLC|G|(Si|Glass)® with the incident angle for TE and TM modes.

absorption of defect peaks for TM mode increases with the incident angle up to 63° then decrease up to 80°, and
again absorption increases up to 88° and sharply decreases with incident angle. Here, high absorption is obtained
for TE mode in comparison to TM mode at normal incidence, but the absorption becomes high for TM modes

at exiting Brewster’s angle behavior in the considered periodic structures.

4. Conclusions

In this work, we have investigated the transmission and absorption spectra of (Si|Glass)™|G|NLC|G|(Si|Glass)"
periodic structure at three LC director anglesi.e. 28.7°,42.7°, and 56.3°, where m and n are the periodicities of
layers. The absorption spectra of the (Si|Glass)’| G|NLC|G|(Si|Glass)® and (Si|Glass)’|G|NLC|G|(Si|Glass)’
periodic structures have been compared. The high absorption has obtained for (Si|Glass)’| GINLC|G|(Si| Glass)°
periodic structure for three LC director angles: 28.7°,42.7°, 56.3°. The enhanced absorption of the periodic
structure (Si|Glass)’| GINLC|G|(Si|Glass)” has been found for TE mode at three defect peaks obtained in the
transmission spectra. Such absorption property of (Si| Glass)’|G|NLC|G|(Si|Glass)’ periodic structure may be
used as sensor and detector devices for three particular wavelengths (1.26 pm, 1.273 pm, 1.278 pim)at
normal incidence for LC director angles; 28.7°,42.7°, 56.3°. The absorption of such periodic structure
(Si|Glass)’|G|NLC|G|(Si|Glass)” is more effective for TE mode in comparison to TM mode at normal incidence
of the electromagnetic wave.
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ARTICLE INFO ABSTRACT

Keywords: This paper reports the theoretical investigation of transmission properties of a one-dimensional periodic layer

Anisotropic liquid crystal (LC) consisting of SiO, and TiO, layers with anisotropic liquid crystal (LC) and LiNbOsas defect layers with the

LiNbO3 variation of incident angle, temperature and applied a voltage across the crystal. The optical transmission

4x4 tfansfer matrix method (TMM) properties of the considered structure have been calculated by using a 4 x 4 transfer matrix method (TMM). The

Blue shift transmittance of the considered structure with LC and LiNbOsas defects gives rise to defect mode wavelength
peak inside the bandgap region. The transmittance peak of the defect mode shows the blue shift in the trans-
mission of periodic structure for TE and TM polarizations with incident angle, applied voltage, and temperature.
Further, the transmission behavior of defect modes and terminal wavelengths are analyzed with the variation of
incident angle and temperature. The transmission of the considered structure has found the tunable char-
acteristics due to the presence of anisotropic defect layer LC and LiNbO3. The one-dimensional periodic layer
consisting of SiO, and TiO, layers with the defect layers of anisotropic materials, liquid crystal (LC) and LiNbO3,
as may be used to design optical switching devices.

Introduction optical devices, microwave and optoelectronic applications [15-24].

Photonic crystal (PC) is a special kind of optical periodic media
which consist of a periodic arrangement of a dielectric layer with per-
iodic modulation of dielectric constants in different directions. PCs can
be classified into three types: one-dimensional, two-dimensional, and
three-dimensional photonic crystal. The optical properties of the peri-
odic optical media depend upon the interaction of the electromagnetic
wave with the dielectric materials and the periodicity of dielectric
parameters. Due to the periodicity of dielectric constants, PCs have the
ability to control the propagation of the electromagnetic wave in the
periodic media and possess the photonic band gap (PBG) in the trans-
mission spectra. PBGs are special region of certain frequency range,
where no electromagnetic wave can transmit inside the PCs and such
property of PCs can be utilized in many optical devices [1-11]. If we
introduce a defect layer into pure PCs then a sharp defect mode peak of
high transmission appears in the PBG regions due to the changed re-
fractive index contrast of the structure [12-14]. The optical properties
of PCs can be tuned by applying external parameters viz. electric field,
voltage, temperature, etc. Hence, PCs can be used as active material in
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E-mail address: khem.bhu@gmail.com (K.B. Thapa).
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The tunability of PCs can be achieved by introducing a defect layer into
PCs with an externally controlled refractive index of the dielectric layer.
A lot of work has been done to achieve the tunability of photonic crystal
using external parameters e.g. electric and magnetic fields, Kerr effect,
temperature, etc. [25-27]. By applying positive and negative bias on
the defect mode layer in the PCs, blue and red shift was detected in the
transmissions of PCs. The blue shift of transmission peak depends upon
the incident angle of the electromagnetic wave for both TE and TM
modes. The tunable optical filter application of PCs has been studied by
4 X 4 transfer matrix method (TMM) [28-29]. The LiNbOs is a uniaxial
anisotropic material and the refractive index of such materials varies
with applied voltage and incident angle. Such anisotropic material is
used as a defect layer into PCs to achieve the tunability of PCs [30-32].
Liquid crystal (LC) is also an anisotropic material similar to LiNbO;
material, and LC can be used for tunability of the PCs.

Generally, liquid crystals are organic materials which have both
types of properties viz. solid like crystalline property and liquid-like
flow properties. LCs are the birefringent materials and mainly classified
into three categories: lyotropic, thermotropic and metallotropics. The
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dielectric parameters of thermotropic LCs depend on the temperature
and external field. They are found in mostly three phases i.e. nematic,
cholesteric, and smectic. The nematic phase is a common phase and
found in various LCs. LCs are nonlinear and anisotropic materials which
converted into isotropic phase at clearing temperature (T¢) and hence,
LCs can be used in nonlinear tunable optical devices [33-35]. LCs are
birefringent materials, have electric field and temperature dependent
dielectric tensor, hence the tunable optical transmission can be
achieved by introducing LCs as a defect layer into PCs. Busch et al. [36]
suggested that the tunable optical transmission can be produced by the
varnish the inverse opal and Yoshino et al. confirmed it [37]. The op-
tical characteristics of the LCs can be tuned by temperature and ex-
ternal field; hence the optical characteristics of PCs can be controlled by
the electric field and temperature. In view of experiments, the in-
filtration of pores with LCs in PCs is another method of achieving
tunable optical transmission [38-42]. LCs are extraordinary optical
materials and used in tunable devices due to their novel optical prop-
erties, all-optical switching, and regulated transmissions. The trans-
mission of one-dimensional periodic structure (1DPS) consisting LC
defect layer with the influence of LC director and the temperature was
investigated by Mohamed et al. [43] and the optical reactions of a 1DPS
with LC as a defect layer was studied by Entezar et al. [44]. They
concluded that the tunability of PCs can be achieved by regulating the
dielectric parameters of LCs [45-47] and also suggested the dependence
of bistability of PCs on the temperature and demonstrated the effects of
temperature on the optical characteristics of the PCs due to the LC. LCs
are anisotropic organic material and they have LC director distortion
angle dependent dielectric tensor. Pankin et al. [48] studied the hybrid
Tamm-microcavity modes in one-dimensional photonic crystal and
proposed that hybrid modes could be tuned by the variation of tem-
perature and applied an electric field. LC dielectric tensor (£)can be
expressed in terms of dielectric components (g, )[46,49] and the di-
electric anisotropy (¢, = g, — €,) of the LC;

g +gsinfgp 0 g sinpcose
z 0 &l 0
gsingpcosp 0 g + g,008°p 6]

The dielectric tensor of LC can be expressed by Eq. (1) which is a
3 X 3 matrix with non-diagonalized elements. The elements of the
matrix have LC molecule orientation dependent parameters e.g.g, & and
distortion tilt angle (¢) with respect to the z-axis. The dielectric tensor
matrix can be reduced to simple diagonalized matrix for the distortion
angles ¢ = 0° and ¢ = 90°. In these conditions, we may apply the
transfer matrix method (TMM) to study the optical properties [50].

In this paper, we have studied the refractive indices of E7 liquid
crystal (LC) mixture with different temperatures, and LiNbO3 material
(LNO) with different voltages. Using 4 X 4 transfer matrix method, the
optical transmission of a one-dimensional photonic crystal with a
composite defect of the E7 LC mixture and LNO material,
(8i0,|Ti05)°|LC|LNO|LC|(TiO4|Si0)°, has been investigated with the
variation of temperature and applied voltage.

Theory and methodology

The one-dimensional periodic structure of SiO5 and TiO, layers with
a defect of the composite materials viz. E7 liquid crystal (LC) and
LiNbO3; material (LNO) has been considered. The LNO is sandwiched
with two LC layers, LC|LNO|LC; and constructed a defect periodic
structure i.e. (SiO,|TiO2)®|LC|LNO|LC|(TiO4|Si0,)® which is shown in
Fig. 1. The one-dimensional PC is situated in the x-y plane which is
perpendicular to z-axis where wave propagates.

The refractive indices and thicknesses of the dielectric layers, SiO,
and TiO,, are ny, n,, di, and d,, respectively. The thicknesses of defect
layers of the LC and LNO are d; and d, respectively. The optical
properties of  the one-dimensional periodic structure
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(Si04|Ti0,)°|LC|LNO|LC|(TiO,|Si05)° have been investigated using
4 X 4 transfer matrix method (TMM). By considering the interaction of
electromagnetic wave (E and H field component) with layers, the
transmission property of the periodic structure is studied at an incident
angle Owith respect to the z-axis. To calculate the characteristics matrix
of the periodic structure, Maxwell’sequations are used;

> = —

V X E =iouH 2)
- = —

V X H = —iwe,eE 3)

The tangential components of the electric field and the magnetic
field can be acquired by solving Egs. (2) & (3);
9y
== = ik,A
0z oAV @
where k, = w/¢, P = (/& Ex, \Ji, Hy, /& Ey, JH,Hy), and Ais the coef-
ficient matrix containing optical property dependent parameters.

As we know that LiNbOs is a uniaxial and anisotropic material, the
relative permittivity tensor of such material is:

S

n 0
£E=¢g, 0

o &,

0
0 n? (5)

The extraordinary (n.) and ordinary (n,) refractive indices of the
LiNbOj are given as;

= (2]
n(V) = n,(6) — %rsgmef(d%) o

where ry3 and r33 are electro-optical coefficients of LNO material and
extraordinary refractive index of LNO is voltage (V) and incident angle
(e) dependent as;

nen,
JnZcos?0 + n2sin?0 (8)

On solving Egs. (2) and (3), the Amatrix can be obtained as;

n.(6) =

0 1 - ngsin?6/e, 0 0
A& 0 0 0
0 0 0 1
0 0 g — ngsin?6 0 ©)

where ny is refractive index of incident medium and 6 is incident angle
of electromagnetic wave, respectively. The transfer matrix for uniaxial
anisotropic LNO material can be written as;

cos( kody) KSRl Sing;‘ fods) 0 0
Bsin(igkods) - g (hkods) 0 0
M= Nz
0 0 cos(p kody)  nckedd Sin(y;fzk" 49
0 0 ikzisin(yy kods) cos(y,kods) (10)

where 3, = \J&.(1 — nlsin?6/e;)and y,, = /¢, — nlsin?6. Similarly, we

can obtain transfer matrix for different layers i.e. LC, SiO5, and TiO,.

The total transfer matrix for the periodic structure
(Si02| Ti0,)°|LC|LNO|LC|(TiO4|Si05)° can be written as;
M= (Msio2Mri02)® MicMinoMic (MriozMsioz)®
Mll MIZ Ml3 M14
My My My Moy
or,M =
M31 M32 M33 M34
My Mi; Mgz My 1mn

The transmission coefficientsof the considered one-dimensional
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Fig. 1. Schematic arrangement of the one-dimen-

Ex sional periodic structure (1DPS) of SiO, and TiO,
layers with a defect of liquid crystal and LiNbO3
material i.e. (Si05|TiO2)®|LC|LNO|LC|(TiO,|Si05)°.
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Fig. 2. Refractive indices (n., n,) of LNO versus applied voltage at different
incident angles.
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periodic structure for both TE and TM polarization can be written as;

fp= — M

My Mz — M3 M, 12)
oy = — M

My Mzs — Mz Ms; (13)

The final transmissions of the periodic structure are;

A (nm)

Fig. 4. Transmissions of (Si0,|Ti0,)*|LC|LNO|LC|(TiO4|Si0,)° periodic struc-
ture versus wavelength at voltages —200V, 0V, 200V for both TE and TM
polarizations.

TTE=|tTE |2, TTM = ItTM |2 (14)

Results and discussion

From Egs. (6) and (7), the refractive index of the LiNbO3; (LNO) is
dependent upon the voltage (V) and the incident angle (6)of the elec-
tromagnetic wave. In absence of electric field, electro-optical constants
I3, I'33, extraordinary (n.) and ordinary (n,) refractive indices of the
LNO are 9.6 pmV ™1, 30.9 pmV ~?, 2.20, and 2.70 respectively [31,32].
The variation of refractive indices of LiNbO3 with the varying voltage at
different incident angles is shown in Fig. 2. The maximum and
minimum values of the extraordinary refractive index of LiNbOsare
found to be 2.499 and 1.902 respectively —200 V voltage applied to the
LNO material at incident angle 0°. This extraordinary refractive index of
LNO decreases linearly with voltage but increases with the incident
angle. The maximum and minimum values of the extraordinary re-
fractive index (n.) of LiNbO;3 are 2.678 and 1.943 at incident angle 30°;
and 2.904 and 1.987 at incident angle 45° under the voltage range
—200V to +200V. The ordinary refractive index of LiNbO; is in-
dependent of incident angle but dependent upon the voltage V. The
maximum and minimum values of the ordinary refractive index of
LiNbOsare 2.896 and 2.544, respectively under the voltage range
—200V to +200V.

E7 liquid crystal consists of 5CB (C;gH19N), 7CB (CoH23N), 80CB
(C21H,5NO0), and 5CT (C4H23N) molecules [51]. The extraordinary (ne)
and ordinary (n,) refractive indices of the E7 liquid crystal mixture are
temperature dependent which is given as [52];
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Table 1
Shifting of defect mode transmissions of periodic structures at different voltages for TE and TM polarizations.
Polarization Voltage
—200V ov +200V
Wavelength Peak (nm) Transmission (%) Wavelength Peak (nm) Transmission (%) Wavelength Peak (nm) Transmission (%)
TE 598.8 99.97 582.1 99.89 566.2 99.99
™ 593.7 99.94 585 99.86 575.2 99.95
—-100V ov +100V
TE 590.4 100 582.2 99.43 574.1 99.57
™ 589.5 99.77 585 99.86 580.3 99.20

Transmission

TE Mode

M

Transmission

500 550 600
A (nm)

TM Mode

400 450

Fig. 5. Transmissions of (SiO,|Ti0,)*|LC|LNO|LC|(TiO4|SiO,)° periodic struc-
ture versus wavelength at voltages —100V, 0V, 100V for both TE and TM

polarizations.
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Fig. 6. Transmissions of (Si0|TiO,)*|LC|LNO|LC|(TiO,|SiO,)° periodic struc-
ture versus wavelength at temperatures 300 K, 330 K, 360 K for both TE and TM
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Table 2
Transmission of defect peaks at different voltages and temperatures for both TE and TM modes.
Polarization Temperature
300K 330K 360K

Wavelength Peak (nm) Transmission (%)

Wavelength Peak (nm)

Transmission (%) Wavelength Peak (nm) Transmission (%)

Temperature (K) with 0V

TE 582.1 99.89 585.9
™ 585 99.86 593.7
Temperature (K) with — 200 V

TE 599 99.97 601.9
™ 593.7 99.94 602.7
Temperature (K) with 200 V

TE 566.2 99.99 571
™ 575 99.95 583.6

99.97 584.7 99.84
99.94 590.8 99.84
99.85 600.9 100
99.85 599.8 99.87
99.96 569 99.7
99.93 580.8 99.66

TE Mode

Transmission

400 450 500 550 600
A (nm)

Transmission

550 600
A (nm)

Fig. 9. Transmissions of (SiO|Ti0,)®|LC|LNO|LC|(TiO,|SiO)® periodic struc-
ture versus wavelength at incident angles 0°, 30°, and 45° for both TE and TM
polarizations with 0 V.

B
ne(T) = A — BT + @(1 - 1)

Tc (15)

no(T) = A — BT — %(1 - l)ﬁ
3 Tc (16)

where A, B, (An)y, Pare wavelengths dependent parameters of LC and
T¢ is clearing temperature of LC. Using Eqgs. (15) and (16), the extra-
ordinary refractive index (n.), ordinary refractive index (n,) and bi-
refringence (dn = n, — n,) of the E7 LC mixture are studied.

The constant parameters for E7 liquid crystal mixture are
A =1.7230, B = 5.24 x 10~*, (An), = 0.3485, 8 = 0.2542and T¢ = 330K
[52]. All the constants of the E7 LC mixture, n. and n, are considered at
1.5 umwavelength. The average refractive index of LC can be obtained
as;

2n, + n,

(m==3 a”

The behavior of extraordinary and ordinary refractive indices of E7
liquid crystal mixture with temperature is shown in Fig. 3. The max-
imum and minimum values of extraordinary and ordinary refractive
indices are 1.692 and 1.55 for 300 K temperature and 1.55, 1.503 for
350K temperature, respectively. The maximum value of the

T
TE Mode

Transmission

400 450 500

TM Mode
0.8

0.6

0.4

U

400 450 500 550 600
A (nm)

Transmission

Fig. 10. Transmissions of (SiO,|TiO)*|LC|LNO|LC|(TiO5|SiO2)° periodic
structure versus wavelength at incident angles 0°, 30°, and 45° for both TE and
TM polarizations with —200 V.

extraordinary refractive index is 1.55 which is equal to the minimum
value of the ordinary refractive index at the phase transition tempera-
ture 330K of LC mixture. As we know that the nematic phase LC
mixture changes the phase and converts to the isotropic phase LC
mixture at clearing temperature330 K.

On considering changed refractive indices of the LNO and LC with
varying incident angle, applied voltage and temperature, we have cal-
culated the optical properties of one-dimensional periodic structure
with defects LC and LNO (SiO,|TiO4)®|LC|LNO|LC|(TiO5|Si0,)° using
4 X 4 transfer matrix method (TMM). The refractive indices of di-
electric layers SiO, and TiO, are 1.5 and 2.49, respectively. The
thicknesses of layersSiO,, TiO,, LC, and LNO are takenas91.6 nm,
55.2nm, 100 nm, and 110 nm respectively.

(i) Transmissions of the considered periodic structure at vol-
tages —200V, 0V, and 200 V:As discussed above, the refractive in-
dices of LNO are voltage dependent (Egs. (6) and (7)), and hence vol-
tage tunes the defect mode wavelength peak of the structure
(Si0,| Ti0,)°|LC|LNO|LC|(TiO4|Si05)°. Therefore, we discuss the op-
tical transmissions of the periodic structure at —200V, 0V, and 200 V
for both TE and TM polarizations.

As discussed earlier that the refractive index of the LNO is voltage
dependent and hence voltage affects the optical transmission spectra of
the considered periodic structure. We have calculated the transmission
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Table 3
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Transmission of defect mode peaks at different voltages and incident angles for constant temperature 300 K.

Polarization Incident angle (6°)
0° 30° 45°
with 0V
Wavelength Peak (nm) Transmission (%) Wavelength Peak (nm) Transmission (%) Wavelength Peak (nm) Transmission (%)
TE 582.2 99.89 568.8 99.89 554.7 99.7
™ 585 99.86 564 100 543 99.96
with —200V
TE 599 99.97 586.9 99.96 574 99.91
™ 593.7 99.94 574.4 98.46 555.6 99.65
with 200 V
TE 566.2 99.99 552.6 99.98 536 99.95
™ 575.2 99.95 553.3 99.93 530.2 99.97
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Fig. 11. Transmissions of (SiO|Ti0,)°|LC|LNO|LC|(TiO,|SiO2)° periodic
structure versus wavelength at incident angles 0°, 30°, and 45° for both TE and
TM polarizations with 200 V.

spectra at selected voltages —200V, 0V, and 200 V for both polariza-
tions (Fig. 4). The defect mode peak wavelength is shifted toward the
lower wavelength (blue shift) as the voltage applied of the LNO in-
creases. The shifting of defect mode peak wavelength in TE polarization
is larger than TM polarization. The shifting property can be used to
designing the optical switch because as the voltage varies. The defect
mode wavelength shifts their position depending on the applied voltage
which can be negative or positive. The amount of shifting of wave-
length depends on the applied voltage; higher the applied voltage,
higher the shifting of defect wavelength in the transmission spectra and
such shifting is more effective in TE mode. The detailed property of
shifting of the defect mode transmission of the periodic structure at
selected voltages is tabulated in Table 1.

Similarly, we have analyzed the transmissions of one-dimensional
periodic structure for —100V, 0V, 100V (Fig. 5). The corresponding
transmittance of defect mode peak wavelengths is tabulated in Table 1.
The broadening of defect mode transmittance peak for TE mode is low
in comparison to the TM mode.

(ii) Transmission of the periodic structure at 300 K, 330 K, and
360K temperatures for different voltages: Now, the shifted trans-
missions defect peak wavelength for both TE and TM polarizations are
investigated with the influence of temperature. As we know that the
refractive indices of E7 LC mixture are temperature dependent; the

Fig. 12. Transmissions of (SiO,|TiO)?|LC|LNO|LC|(TiO5|SiO5)° periodic
structure versus wavelength at incident angles 0°, 30°, and 45° and temperature
330K for both TE and TM.

phase of nematicLC changes and converts into the isotropic phase at
clearing temperature. The changing in the phase of the LC has also
affected the refractive indices. Therefore, the optical transmission of the
periodic structure may also is affected. The clearing temperature of the
E7 LC mixture is 330K and hence the transmission characteristic is
calculated for three selected temperatures, 300K, 330K, and 360K,
with a fixed voltage, 0V, —200V and +200V. Fig. 6 shows the
transmission for 300 K, 330 K, and 360 K at 0 V applied voltage for both
polarization TE and TM. From Fig. 6, we conclude that transmittance of
the considered structure for TM mode polarization changes in the wa-
velength in comparison to TE polarization. The defect mode peak
transmittance for TE mode is found at 582.1 nm, 585.9nm and
584.7 nm for 300K, 330K, and 360 K temperature, respectively. Simi-
larly, defect mode peak transmittance is found at 585 nm, 593.7 nm,
and 590.8 nm for 300 K, 330K and 330K for TM polarization, respec-
tively. In addition to this, we have calculated the optical transmission of
the periodic structure at —200 V and +200 V as shown in Figs. 7 and 8.
The detailed study of the defect mode peak transmission at the different
voltages is shown in Table 2. The analyzed study shows that we can
design the optical switch based on temperature and voltage. Basically,
the temperature affects phase and refractive indices of the LC, therefore
the temperature also affects optical properties of the periodic structure
with a defect of the anisotropic layers. Hence, the temperature based
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Fig. 13. Transmissions of (SiO,|TiO2)®|LC|LNO|LC|(TiO,|Si05)° periodic
structure versus wavelength at incident angles 0°, 30°, and 45° and temperature
330K for both TE and TM polarizations with —200 V.

optical devices can be designed by using such type periodic structure
which can operate at different voltages.

(iii) Transmission of the periodic structure at 0°, 30°, and
45°incident angles for 300 K temperature: As we know that the ex-
traordinary refractive index of LNO is dependent on voltage and in-
cident angle, the transmission can be tuned by the variation of an in-
cident angle as well as the applied voltage. So, we have calculated the
optical transmission at three different incident angles, 0°, 30°, and 45°,
with fixed voltages 0V, —200V and +200V. Fig. 9 shows the optical
transmission calculated at 0°, 30° and 45°for 0V. The defect mode
transmission peak for TE polarization is found at 582.2 nm, 568.8 nm,
and 554.7 nm for incident angles 0°, 30°, and 45° respectively. Simi-
larly, the defect mode transmission peak for TM polarization is found at
585 nm, 564 nm, and 543 nm for 0°, 30° and 45°, respectively as shown
in Fig. 10. As the incident angle varies, the position of defect mode
wavelength also varies. Hence, the tunable omnidirectional band gap of
the considered periodic structure can be obtained through varying the
angle of incidence which can operate in different at different voltages
for different optical device applications.

The shifting of defect mode transmittance peak for TM mode is high
in comparison to TE mode. We conclude that the defect mode trans-
mission peaks shift to low wavelength (blue shift)as incident angle in-
creases. We have also calculated the optical transmissions of one-di-
mensional periodic structure for —200V and 200V as represented in

Table 4
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Fig. 14. Transmissions of (SiO|Ti0,)*|LC|LNO|LC|(TiO,|Si02)°> periodic
structure versus wavelength at incident angles 0°, 30°, and 45° and temperature
330K for both TE and TM polarizations with +200 V.
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Fig. 15. Variation of transmittance of defect mode wavelength peak versus
temperature at Incident angle (6) 0° for —200 V.

Transmission of defect mode peaks at different voltage and incident angles for 330 K Temperature.

Polarization Incident angle (6°)

0° 30° 45°

Wavelength Peak (nm) Transmission (%) Wavelength Peak (nm) Transmission (%) Wavelength Peak (nm) Transmission (%)
TE 586 99.29 573 99.47 559 99.85
™ 593.8 99.20 574.1 98.96 553.8 99.84
with —200V
TE 602 99.75 590 99.96 578 99.99
™ 602.8 99.61 584.9 98.99 565.7 99.95
with 200 V
TE 570.7 99.15 556.5 99.64 541.2 99.29
™ 584.6 99.93 562.3 99.84 539.9 99.23
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Fig. 16. Variation of transmittance of defect mode wavelength peak versus
temperature at Incident angle (6) 0° for 0 V.
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Fig. 17. Variation of transmittance of defect mode wavelength peak versus
temperature at Incident angle (6) 0° for 200 V.

Table 3.

(iv) Transmission of the periodic structure at incident angles
0°, 30°, and 45°for 330 K temperature: The transmission of the per-
iodic structure at clearing temperature 330K for different incident
angles, 0°, 30°, and 45°are calculated for fixed voltages —200V, 0V,
and 200 V. The clearing temperature of the E7 LC is T¢ = 330 K. So the
nematic phase of LC is converted to the isotropic phase, and the re-
fractive index of the LC is continuously decreased when the tempera-
ture increases (Fig. 3). The transmissions of the periodic structure at
different incident angles with fixed voltage are shown in Figs. 11, 12
and 13.

Fig. 11 shows that the defect mode transmission peaks for TE mode
are at 586 nm, 573 nm, and 559 nm for incident angles 0°, 30°, and 45°
in 0V. Similarly, the defect mode transmission peaks for TM mode are
at 593.8 nm, 574.1 nm, and 553.8 nm for the same incident angle. In
this case, the shifting of defect mode transmission peak for TM polar-
ization changed as more in comparison to TE polarization. Again we
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Fig. 18. Variation of transmittance of terminal wavelengths 400 nm (-Solid
lines), 800 nm (Dotted lines) vs.Temperature at Incident angle (6) 0° for 0 V.
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Fig. 19. Variation of transmittance of terminal wavelengths 400 nm (-Solid
lines), 800 nm (Dotted lines) vs.Temperature at Incident angle (6) 30° for 0 V.

have also calculated the optical transmissions of the periodic structure
for —200V and 200 V as shown in Figs. 12 and 13. The details of op-
tical transmission of the periodic structure are given in Table 4. We
have drawn the important conclusion that the shifting of defect mode
wavelength is more effective for TM mode than TE mode when the
variation of incident angle is considered as shown in Fig. 14. But the
shifting of defect mode wavelength is more effective for TE mode is
more effective than TM mode when voltage variation is considered. It
means that the optical properties of the considered periodic structure
can be tuned by incident angles and voltages. The switching devices of
such structure may be used to operate by variation of incident angles at
a constant voltage.

We have drawn the important conclusions that the shifting of defect
mode wavelength is more effective for TM mode than TE mode when
the variation of incident angle is considered. But the shifting of defect
mode wavelength is more effective for TE mode is more effective than
TM mode when voltage variation is considered. Hence, the optical
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Fig. 20. Variation of transmittance of terminal wavelengths 400 nm (-Solid
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properties of the considered periodic structure can be tuned by incident
angles at a constant voltage. The switching devices of such structure
may be used to operate by variation of incident angles at a constant
voltage.

(v) Transmission of wavelength peak with the temperature at
different voltages: Fig. 15 shows the transmission of defect mode peak
for both TE and TM polarizations versus temperature for wavelength
598.8 nm and applied a voltage —200 V. The transmittance of defect
mode peak for TE polarization remains maximum up to 310K tem-
perature and then decreases rapidly with temperature, and attains 10%
transmission of maximum at clearing temperature 330 K. On further
increasing the temperature, the transmission increases. Similarly, the
transmittance of defect mode peak for TM polarization with wavelength
593.7 nm remains maximum up to 305K, then the transmittance of
defect mode peak decreases for TM polarization and attains the
minimum value0.9%. On further increasing the temperature, the
transmittance slowly increases.

Further, we have also calculated the transmittance of defect mode
wavelength peaks for both TE and TM polarizations versus temperature
at 0V and 200V, as shown in Figs. 16 and 17. The nature of trans-
mittance of defect mode peaks for 0 V and 200V are found almost the
same transmittance as for —200V, but the different minimum values
are found for both TE and TM polarizations. At 0V, the defect mode
transmission peaks are found 5.4% and 0.8% at 582.1 nm and 585 nm,
respectively at Tc = 330K for both polarizations. The minimum
transmittances are found 3.37% at 566.2nm and 7% at 575.2 nm wa-
velength for TE and TM polarizations, respectively at 200V. The
transmittances of defect mode peak at clearing temperature are found
in decrease order for —200V, 0V, and 200 V.

The calculated results of the transmission of defect peaks with the
temperature at different voltages suggest that the considered periodic
structure can be used as an optical switch because the transmittance of
defect peak rapidly falls at a clearing temperature of LC. The optical
transmission of defect peaks shows the better optical switching to TE
mode in comparison to TM mode at different voltages. The phase of LC
changes and converts to isotropic phase with order parameter (S) equal
to O at clearing temperature (T¢), and hence, the transmission proper-
ties get affected. From the Figs. 15-17, we propose that transmission for
TE and TM modes constants (ON state) for the initial state and then falls
(OFF state) for a final state with temperature. On the basis of the
transmission variation, the temperature based optical switch can be
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designed at a different voltage. The minimum values of transmission for
both TE and TM modes are obtained at 330 K temperature for different
voltages.

(v) Effect of incident angle on the transmission wavelength
400 nm and 800 nm at incident angles 0°, 30°, and 45°: In this sec-
tion, we have discussed the transmittance of terminal wavelengths
400 nm and 800 nm at different incident angles 0°, 30°, and 45° for TE
and TM polarization as shown in Figs. 18-20. At incident angle 0°, the
transmittance of wavelength 400 nm remains almost constant at 74%
and 9% below the clearing temperature 330 K, but transmissions reduce
to 72.92% and 7.9% above the clearing temperature 330 K, for TE and
TM mode polarizations, respectively. The transmissions are found 16%
and 18%for800nm wavelengths, but corresponding transmittances got
reduced to 17.39% and 15.59% at clearing temperature 330 K for TE
and TM polarizations, respectively. The transmission for TE mode re-
mains constant near about 74% or 72.92% (ON state) and the trans-
mission for TM mode is found lower value 9% or 7.9% (OFF state) with
variation temperature in case of polarization states at 400 nm wave-
length at normal incidence with 0 V. Such obtained transmission for the
structure may be used to design optical switch.

At incident angle 30°, the transmittances of wavelengths 400 nm
and 800nmare found as 82.16% and 8.54%, 12.65%, and 12.05% at
clearing temperature 330K for TE and TM polarizations, respectively.
Similarly, at incident angle 45°, the transmittance of 400 nm and
800 nm wavelengths found to be 42.45% and 33.93%, 8%and 10.5%, at
clearing temperature 330K, respectively. The study shows that the
transmissions of the terminal are affected by wavelengths 400 nm and
800nm by the variation of temperature and incident angle of the
electromagnetic wave. The transmission of terminal wavelengths re-
mains almost constant at 0° incident angle for TE and TM modes with a
very small change in the transmission at clearing temperature 330 K.
Such transmission can be used as an optical filter. The transmissions of
terminal wavelengths are affected due to the variation of temperatures
and refractive indices of LC and LNO materials through the incident
angle. The periodic structure shows the unusual transmission char-
acteristics of defect peaks at 45° incident angle because the refractive
indices of LNO material depend on the incident angle and applied
voltage.

Conclusion

The optical transmission of the periodic structure of SiO, and TiO,
with a composite defect of LC with LNO has been investigated by using
a 4 x 4 transfer matrix method (TMM). The study shows that the
transmission defect peaks of the considered structure affect sufficiently
by the temperature and the incident angle of the electromagnetic wave.
The transmission of defect mode peak is found the blue shift by the
variation of incident angle, temperature, and voltage. The blue shifts of
the transmission of defect mode peak are found due to the change of
refractive index of liquid crystal and LNO material with the effective
parameters. Further, the LC has obtained zero (0) of the order para-
meter at the clearing temperature due to the isotropic phase of LC.
Hence the transmission of defect modes and terminal wavelengths are
affected by the temperature at different incident angles. The switching
behevior is dependent on the the variation and shifting of defect mode
transmission peaks. The shifting of defect mode transmission peaks has
more effective with the variation of voltage for TE mode. But the
shifting of defect mode transmission peaks has effective with the in-
cident angle for TM mode. Such a periodic structure consisting of ani-
sotropic materials, LNO and LC, as defect layer may be used as tunable
optical filters, switches for optoelectronic devices.
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Abstract.

In this work, the dielectric property of a nanocomposite (NC) consisting of silver nanoparticle and E7

liquid crystal (LC) has been investigated theoretically at different temperatures. The study shows that the surface
plasmon resonance (SPR) and filling fraction of the silver nanoparticle significantly change the dielectric property of
the NC. To study the optical property of the defective periodic structure, the NC was considered as a defect layer in a
semifinite one-dimensional periodic structure (1DPS) of TiO; and SiO; layers, i.e. (TiO; 1Si0,)7 INC|(TiO;|Si0,)°.
The optical properties of the IDPS with the NC as the defect layer have been studied by the simple transfer matrix
method (TMM). Moreover, the transmission and absorption characteristics of the 1DPS in the presence of silver

nanoparticle in the NC have been studied with different orientations of the LC molecule.

Keywords.

PACS Nos 42.70.Df; 42.70.Qs; 61.46.+w

1. Introduction

A special class of optical periodic medium, commonly
known as photonic crystals (PCs), has been developed.
A PC consists of alternating stacks of dielectric materi-
als in different directions. Therefore, PCs are classified
into three types: one-dimensional PCs (1DPC), two-
dimensional PCs (2DPC) and three-dimensional PCs
(3DPC). PCs are very interesting due to the existence
of a photonic band gap (PBG) in the transmission spec-
tra of the optical periodic medium. PBGs are special
regions in the transmission spectra of the PCs which
prohibit the propagation of an electromagnetic wave in
that region. PCs are capable of controlling the flow of
electromagnetic wave due to the periodicity of dielec-
tric materials. Due to their unusual properties, PCs find
application in many optical devices, viz. optical fil-
ters, reflectors, switches, etc. [1-12]. Mostly, optical
filter and reflector applications of PCs are based on
the omnidirectional reflection and transmission prop-
erties of PCs. The metallic photonic crystal is used

Liquid crystal; silver nanoparticle; transfer matrix method; filling fraction; orientation.

as absorption-based optical devices such as sensors,
microwave absorbers, etc. [13-21]. The third-order
nonlinear optical properties of the silver nanocompos-
ite (NC) have been studied experimentally and it was
concluded that the control of optical nonlinearity may
lead to novel device applications [22]. Certain optical
anisotropic materials, known as liquid crystals (LCs),
exhibit a transitional stage between liquids and solids.
LC has both properties: flows like liquids while being
crystalline as solid. LC has extraordinary and ordinary
components of electric permittivity. Hence, electric per-
mittivity of the LC can be expressed in tensor form
which is dependent upon the molecular orientation of
the LC. Such birefringent materials are used as tun-
able nonlinear optical devices [23-25]. The dielectric
properties of the LC are tuned by the external elec-
tric field and temperature which affect the electric
permittivity of the LC. The optical transmission of a
photonic crystal with the LC as the defect layer can be
regulated by varying the applied electric field and tem-
perature. By coating the inverse opal with the LC, the
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tunability of PBG in PCs can be controlled as suggested
by Bush and John [26] and confirmed experimentally
by Yoshino et al [27]. PCs with LC as the defect layer
are used as tunable optical devices based on the exter-
nal application of an electric field or magnetic field
and temperature [28—41]. It is known that the LCs are
anisotropic materials and the optical properties of the
LC are dependent upon the orientation of the molecules.
The dielectric tensor of the LCs, consisting of ordinary
and extraordinary components of the electric permittiv-
ity and anisotropy (e,) [42] is expressed in the matrix
form as

€1 +¢easin?¢p 0 e,singcose
0 &1 0 . ()
gasingcos¢p 0 &) +eg,c082 ¢

oY)
Il

This dielectric tensor of the LC is a non-diagonal
matrix containing an orientation-dependent matrix ele-
ment which shows the anisotropic behaviour of the LC.
The dielectric tensor of the LC is reduced to a diagonal
matrix if we consider the orientation angle of the LC
director (¢) to be either 0 or 90°. Hence, the transfer
matrix method (TMM) [43] can be used to study the
optical properties of the LC’s director angle, ¢ = 0°
or 90°.

The dielectric permittivity of the E7 LC is temperature-
dependent and it is also affected by external doping
materials in the LC. NC material can be synthesised
by the dispersion of nanoparticles into a host mate-
rial (e.g. LC). Such NC material helps to produce
new PBG regions in the transmission of the PC due
to the change in dielectric constant. In addition to
this, the optical characteristics of the PC are also
observed to be affected by the filling fraction and the
radii of the doped nanoparticles [44—48]. The effec-
tive dielectric function of the NC consisting of a
doped nanoparticle (silver) in the LC host can be writ-
ten by using the well-known Maxwell-Garnett model
[49-51].

In the present work, we have investigated the effect of
the inclusion of silver nanoparticle in the E7 LC mixture
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at different temperatures. The optical properties of the
one-dimensional periodic structure (1DPS) with the NC
as the defect layer, i.e. (TiO;|Si0,)> [NC|(TiO;|Si0»)?,
are discussed at different temperatures and filling frac-
tions. In our study, we have theoretically proposed to
design a NC consisting of a silver nanoparticle of radius
5 nm and an E7 LC mixture. Here, the E7 LC is the
mixture of four different LCs: SCB (CigH9N), 7CB
(C20H23N), 80CB (C21H25NO) and 5CT (C24H23N)
[52]. The ordinary and the extraordinary dielectric con-
stants of the E7 LC are dependent upon the wavelength
and the clearing temperature (7¢) of the LC [53]. For
inclusions of the nanoparticle in the LC host, a spheri-
cal silver nanoparticle of radius 5 nm is considered and
the optical properties of the NC (LC + AgNPs) as well
as the defect periodic structure with such a NC defect
((Ti02]Si07) INC|(TiO2|Si0»)?) have been studied.

2. Theoretical modelling

The periodic arrangement of the TiO, and SiO» lay-
ers in one direction has been considered for designing
1DPC with NC of silver nanoparticle with E7 LC as the
defect layer, (TiO;| Si0»)? INC|(TiO3| Si02)5, as shown
in figure 1.

In our study, we have taken the refractive indices of
Si0O, and TiO; layers as 1.5 and 2.4, respectively, and the
thicknesses of the SiO, and TiO; layers as 56.2 and 91.6
nm, respectively. The optical properties of the photonic
crystal with NC as the defect layer are studied using
the TMM. The extraordinary (n.) and the ordinary (n,)
refractive indices of the E7 LC mixture are dependent
on the temperature, and are represented as

B 2(An), T\
ne(Ty=A— BT + 3 (I—T—C> , )
T_A_]_L;T_%(l_l)S 3)

nO( )_ 3 TC )

where A, B, (An), B are the wavelength-dependent
parameters of LC and 7¢ is the clearing temperature

Ex

TiO, | SiO,

Sio, | NC

TiOz * o o 0 0 Tio2 Sio2

Figure 1. Schematic representation of the 1DPCs of the TiO; and SiO, dielectric layers with a defect layer of NC layer

consisting of nanoparticle and E7 LC.
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of the LC mixture. All constants are used to determine
the refractive indices of the E7 LC mixture at 1.5 um
wavelength. The extraordinary dielectric permittivity
(&) and ordinary dielectric permittivity (¢, ) of LC can
be obtained by squaring the value of n. and n, using
egs (2) and (3), respectively.

The Maxwell-Garnett model is used to determine the
refractive index of the NC consisting of silver nanoparti-
cles and E7 LC. The silver nanoparticles are arbitrarily
dispersed in the host LC. Consequently, the effective
electric permittivity of NC can be written as

ot — 2ercf(em — €Lc) + eLc(em + 2e1L0) )
¢ 2erc +éem + feLc — em) ’

where ¢1c, &, and f are the dielectric permittivities
of the LC, silver nanoparticle and the volume fraction
of nanoparticles inclusion in the LC, respectively. The
dielectric permittivity of the silver nanoparticle can be
considered using the Drude model:

2
_ Y%
w? +iwn’

&)

Em = &0 —

where wp, &9 and n are plasmon frequency, relative
permittivity of the metal nanoparticles and damping fre-
quency, respectively. The damping frequency is depen-
dent upon the radius (r) of the nanoparticle and the
velocity (vr) of the electron at Fermi energy, which is
described as

n(r) = no + % 6)

Page30f 14 50

where 79 is the decay constant obtained by the scattering
of free electron with phonons, electrons, etc.

3. Results and discussion

This section is divided into five subsections. In the first
subsection, we have studied the refractive indices of the
LC and the effective permittivity of the NC at different
temperatures. The effective dielectric permittivities of
the NC at different filling fractions are studied in §2. In
§3, we have studied the optical property of the consid-
ered periodic structure without and with the defect layer
LC. The transmission and absorption properties of the
1DPS with NC as the defect layer at different temper-
atures for filling fraction f = 0.05 are studied in §4.
Lastly, the transmission and absorption characteristics
of the 1DPS with NC as the defect at different filling
fractions (f) for T = 300 K are studied in §5.

3.1 Refractive indices of LC and the effective
refractive index of NC at different temperatures

First, the variation of refractive indices of the E7 LC
mixture with temperature is investigated (figure 2). The
extraordinary refractive index attains a minimum value
of 1.55 when Tc = 330 K. Similarly, the ordinary refrac-
tive index increases with temperature and attains the
maximum value 1.55 which is equal to the minimum
value of extraordinary refractive index at 7c = 330 K.
A further increase in temperature leads to a constant

Refractive Indices
ES 2 > 2 2 2 2 S

g2

1.52 -

300 310 320

L
330 340 350 360

Temperature (K)

Figure 2. Variation of refractive indices of E7 LC mixture with temperature (K).
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decrease in both refractive indices having the same
nature. At Tc = 330 K, the phase of the E7 LC mixture
changes and converts into an isotropic phase. Hence,
both refractive indices vary with temperature in the same
manner.

The optical properties of the 1DPS containing alter-
nating layers of TiO, and SiO, with NC material (LC +
AgNPs) as the defect layer were studied using the TMM.
In our calculation, the refractive indices and the thick-
nesses of TiO, and SiO» layers are taken as discussed
earlier in theoretical modelling. The thickness of the LC
composite is 100 nm. The plasmon frequency wp, and the
decay constant of the silver particle are 277 x2.17 x 1013
and 277 x 4.8 x 1012 Hz, respectively. The radius (r) of
the spherical silver nanoparticle inclusion in the LC host
is taken as 5 nm with gg = 5.

Next, the effective dielectric permittivity of the NC
of the silver nanoparticle with the E7 LC mixture has
been studied. For the composite structure, the spher-
ical silver nanoparticle of 5 nm radius is dispersed
in the E7 LC mixture with different filling fractions
(f). The dielectric constants of the E7 LC mixture
are temperature-dependent, and the effective permittiv-
ity of the NC structure (LC + AgNPs) changes with
temperature also. So we have calculated the dielectric
permittivity of the NC at 300 and 329 K (figure 3). The
real part of the effective dielectric permittivity has both

@ 4
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positive and negative values, but the imaginary part
has only positive values. The variations of ordinary
and extraordinary dielectric permittivities of the NC
at different temperatures are shown in figures 3
and 4.

Basically, the molecules retain the director distortion
angle 0° below the Fréedericksz transition of the LC.
It means that the ordinary or perpendicular component
(e1) of dielectric permittivity of the NC dominates for
all optical properties of the PCs. But, the molecules get
switched above the Fréedericksz transition of the LC and
finally attain the orientation angle 90°. At this transition,
the extraordinary or parallel component of the dielectric
permittivity (g)|) is responsible for changing the optical
properties of the defective PC. At higher temperatures,
the effective dielectric permittivity of the NC is shifted
towards higher values as shown in figure 3.

The E7 LC mixture is known to be anisotropic. It
changes its phase and converts into the isotropic phase at
330 K. The ordinary and extraordinary dielectric permit-
tivities of the NC become equal at 330 K. The effective
dielectric permittivity of the NC structure at 330 and
360 K are shown in figure 4. The anisotropy of the
NC vanishes at clearing temperature 7¢ and it gets con-
verted into the isotropic phase. In the isotropic phase,
the effective permittivity of the NC shifts to lower values
at higher temperatures.

~——

.

- -
- - .
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- = = Re(e )at 300 K
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1 L 1 L

(®) 5

550 600 650 700
A(nm)

750

10

lmag(em)

T T T T

—— lmau(("“_) at 300 K
)at329 K
)yat300 K | -
)at 329 K

........... lmag((.‘"vl_

[ —Imag(er"“

————— lmau(cdm

- -

550
A(nm)

600 650 700 750

Figure 3. Real and imaginary parts of ordinary and extraordinary components of effective permittivity of the NC at different

temperatures with f = 0.1.
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Figure 4. Real and imaginary parts of the effective permittivity of the NCs at different temperatures.

3.2 Effective dielectric permittivity of NC at different
filling fractions f

In this subsection, the effective dielectric permittivity
of the NC is calculated at different filling fractions and
different director distortion angles (0°, 90°) of the LC.
Figure 5 shows the effective dielectric permittivity of
the NC at different filling fractions f = 0.05, 0.10 and
0.15 of silver nanoparticle inclusion in the host E7 LC
with different orientations of LC. The filling fraction ( f)
affects the effective permittivity of the NCs as shown in
figure 5. The effective permittivity shifts towards higher
values for a high filling fraction as shown in figure 6.
A comparison of the parallel and perpendicular compo-
nents of the effective permittivity of the NC at the LC
director distortion angles 0° and 90° is shown in figure 7.

3.3 Transmission and optical properties of the 1DPS
without and with a defect of NC

The optical properties of the 1DPC of the TiO; and SiO,
layers with a defect layer of the NC of silver nanopar-
ticle in E7 LCs have been studied using the TMM.
Figure 8 shows the optical transmission characteristics
of the 1DPS of the TiO; and SiO; layers. Such a pure
periodic structure of the TiO, and SiO; layers shows

a PBG region between the 467 and 669 nm region of
the transmission spectra. Now, the same structure is
symmetrically sandwiched by a defect layer NC that
possesses a PBG region between the 451 and 712 nm
wavelength range. A defect mode transmission peak of
about 82.4% is obtained at 560 nm wavelength when the
director distortion angle is 0°. When the distortion angle
is 90°, the defect mode peak transmission is shifted at
574 nm wavelength with 72% transmission. The PBG
region is also slightly changed towards the lower fre-
quency range and the band region is found to be 454712
nm. The transmission spectra of the 1DPS study show
that the transmission of the defect mode peak is shifted
towards a higher wavelength when the LC director dis-
tortion angle changes from 0° to 90°. Such a 1DPS with
the NC as the defect layer can be used to design optical
filters, switching devices, etc.

3.4 Transmission and absorption properties of the
1DPS with an NC at different temperatures when
f=0.05

Now, the optical properties of the periodic structure
(Ti0,|Si0,)’|NC|(TiO,|Si07)° with the NC defect
layer at f = 0.05 have been studied for different
temperatures for both 0° and 90° orientation angles. The
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transmission properties of the 1DPS (TiO; 1Si0,)° INC|
(TiO,|Si0,)’ with a defect of the NC for 300 and 329 K
at different orientation angles (0° and 90°) are shown in
figure 9. The presence of silver nanoparticles in the NC
affects the transmission of defect mode wavelengths.
The obtained defect transmission peak lowers slightly
and shows a redshift for an orientation angle of 90°.
Such a periodic structure also shows absorption char-
acteristics of the defect mode wavelengths at different
orientation angles.

The absorption spectra of the periodic structure
(Ti02|Si0,)°|NC|(TiO,|Si05)° are shown in figure 10
for both 0° and 90° orientations of the LC molecules at
300 and 329 K. Figure 10a shows the maximum value
of absorption as 85.33% for 425 nm and the absorp-
tion of the defect mode peak is 26.74% for 576 nm
at a director angle of 0° and temperature of 300 K.
For 90° orientation angle, the maximum absorption is
found to be 80.53 and 23.75%, at 456 and 595 nm
wavelengths, respectively. Furthermore, we have also
calculated absorption spectra at 329 K. The absorption
value gets shifted by a small value. Figure 10b shows
that the maximum absorptions are 85.93 and 85.23%
at 426 and 452 nm for 0° and 90° director angles,
respectively. The absorption of the defect peak is found
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to be 25 and 24.93% at 579 and 586 nm for both
director angles, respectively, as shown in figure 10b.
The separation between defect transmissions or absorp-
tions peaks obtained at 300 K for both director angles
is greater than the separation between peaks obtained at
329 K.

Now, we have calculated the optical properties of
the considered periodic structure at 330 and 360 K for
f = 0.05. The anisotropy property of the NC vanishes
because parallel and perpendicular components of the
effective dielectric permittivity become equal at 7c =
330 K. As a result, transmission and absorption proper-
ties of the 1DPS are not affected by the orientation of
the LC molecules but it is affected only by temperature.
The transmission and absorption of the considered peri-
odic structure (TiO,|SiO,)’|NC|(TiO;|Si0,)° at 330
and 360 K are shown in figures 11 and 12, respec-
tively. Figures 11a and 12a represent the transmission
and absorption spectra of PC at 330 K. The transmission
and absorption spectra observed at 360 K are shown in
figures 11b and 12b. The maximum absorption is found
to be 85.91 and 86.83% at 427 nm at 330 and 360 K,
respectively. The absorption of the defect mode peaks
is 25.71 and 25.77% at 581 and 579 nm at 330 and 360
K, respectively.
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Figure 9. Transmission of the 1DPS with the NC at different orientations of molecules: (a) at 7 = 300 K and (b) at

T =329K.
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3.5 Transmission and absorption properties of the
1DPS with NC at different filling fractions (f)
when T =300 K

As discussed earlier, transmission and absorption of
the considered periodic structure (Ti02|Si02)5
INC|(TiO,|Si0»)> are affected by temperature. The
transmission of the periodic structure with a defect
of NC with different filling fractions at 0° and 90°
director angles are shown in figure 13. Similarly,
the absorption of the periodic structure (TiO,|Si0,)’
INC|(TiO,|Si0,)° with different filling fractions is

Page 11 of 14 50

shown in figure 14. At different filling fractions (f),
the absorption of PCs with NC can be seen in
table 1.

The transmission and absorption properties of the
1DPS (TiO;|Si0,)’[NC|(TiO5|Si0,)" are studied with
0° and 90° director angles of the LC, for tranis-
tions above and below the Fréedericksz transitions. A
comparative study of the optical properties at both LC
director angles is shown in figures 15 and 16. It shows
that optical transmission and absorption are affected by
the filling fractions of the silver nanoparticle on the NC
of E7 LC.
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Figure 14. Absorption of the 1DPS with the NC at different filling fractions for the director angle:

(b) at ¢ = 90°.

Table 1. Absorption detail of the 1DPS with NC defect layer

(a) at ¢ = 0° and

at different filling fractions.

Absorption
f=0.05 f=0.10 f=0.15
Wavelength Absorption Wavelength ~ Absorption =~ Wavelength ~ Absorption
(nm) (%) (nm) (%) (nm) (%)
¢ =0° Defect peak 576 26.47 592 23.35 606 22.27
Maximum value 1425 85.33 422 97.24 422 97.07
Maximum value 2425 85.33 451 92.78 455 97.73
¢ =90°  Defect peak 595 23.35 612 22.67 628 24.22
Maximum value 1456 84.74 430 86.22 427 89.10
Maximum value 2434 73.56 451 88.69 461 94.88
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Figure 15. Transmission of the 1DPS with the NC as a defect layer vs. filling fractions at orientation angles of LC: (a) at

¢ = 0° and (b) at ¢ = 90°.
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Figure 16. Absorption of the IDPS with the NC as a defect layer vs. filling fractions at orientation angles of LC: (a) at ¢ = 0°

and (b) at ¢ = 90°.

4. Conclusion

In this paper, we have investigated the effective per-
mittivity of the NC consisting of a silver nanoparticle
and a E7 LC, i.e. the inclusion of a silver nanoparticle
in E7 LC as the host material. The effective permittiv-
ity of the silver nanoparticle has been calculated using
the Maxwell-Garnett model. Our study shows that the
surface plasmon resonance of the nanosilver particle

is affected by the ordinary and extraordinary compo-
nents of the effective dielectric permittivity of the NC
at different temperatures. The study of transmittance
and absorption of the 1DPS with the defect layer NC
reveals that an NC with a defect layer in the 1DPS may
be used to design optical devices because the effective
permittivity of the NC is significantly changed at dif-
ferent filling fractions. The study also reveals that the
optical properties of the 1DPS are affected significantly
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at different filling fractions as well as at different orien-
tations of the LC. Such periodic structure containing NC
defect, (TiO|Si0,)>[NC|(TiO;|SiO,)>, may be used to
fabricate filters, switches, tunable devices, absorbers,
sensors, etc.
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Abstract
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In this paper, we have theoretically investigated the effective dielectric permittivity of the
nanocomposite (NC) layer of liquid crystal (LC) with silver nanoparticles at different radii using
the Maxwell-Garnett model. The optical properties of a one-dimensional periodic structure
(1IDPS) of TiO,/Si0, dielectric materials containing defect NC layer,

(TiOZISiOQ)3 INCI(TiOZISi02)3, with different radii of silver nanoparticles studied theoretically
using the well-known transfer matrix method (TMM). The effective permittivity of NC for

¢ = 0° and 90° orientation angles of LC is calculated with varying sizes of the nanoparticles
because the size of the silver nanoparticles affects the surface plasmon resonance (SPR). The
transmission of defect mode wavelength peaks for 0° and 90° orientation angle of the LC is
studied for different radii of nanoparticles. Besides this, we have also studied the absorption
characteristics of the considered NC defect structure for different orientation of the LC with

varying radii of the nanoparticles.

Keywords: liquid crystal, silver nanoparticle, SPR, transfer matrix method (TMM), transmission,

absorption

(Some figures may appear in colour only in the online journal)

1. Introduction

Optical media consisting of alternating dielectric materials
with periodic modulation of refractive indices in different
dimensions is known as Photonic Crystals (PCs). Regular
repetition of the refractive indices in three directions gives
three types of PC: one-dimensional photonic crystal (1DPC),
two-dimensional photonic crystal (2DPC), and three-dimen-
sional photonic crystal (3DPC). The transmission spectra of
periodic optical media of different materials are fascinating

0031-8949,/20,/065507+11$33.00

the PCs due to exhibiting photonic bandgap (PBG) regions
for certain frequency ranges. PBGs are particular regions in
the transmission spectra of PCs, where no frequency or
electromagnetic wave can circulate. Due to exhibiting the
unusual properties, PCs have been used in various optical
devices viz. optical filters, optical switches, and reflectors, etc
[1-11]. Many researchers have performed numerous works to
fabricate the optical filters and reflectors based on the omni-
directional properties of PCs. Moreover, metallic photonic
crystal (MPC) has been used to design absorption-based

© 2020 IOP Publishing Ltd  Printed in the UK
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optical devices such as microwave absorbers and sensors, etc
[12-19].

For the tunability of PC, in general, a dielectric layer is
infiltrated as a defect inside the periodic structures which
gives tunable defect mode transmission. The tunable defect
mode transmission is dependent on the optical parameters of
the defect layer. By considering liquid crystal (LC) as a defect
layer in 1DPC, the optical properties of defect mode are tuned
by the orientation of molecules in LC. As we know that liquid
crystal (LC) is an anisotropic material that has extraordinary
and ordinary dielectric permittivities, hence LC is useful
material as a tunable defect layer in 1DPC. The dielectric
permittivity of LC is a tensor quantity and can be represented
in matrix form. The directional dependent optical properties
of anisotropic materials (LC) are used in nonlinear optical
devices [20-22]. Besides this, the extraordinary and ordinary
dielectric permittivities of LC are dependent on the temper-
ature and electric field. It means the optical properties of LC
can be controlled by applying the electric field as well as
temperature. With LC as a defect layer in a PC, the trans-
mission characteristics of PCs can be regulated by applied
electric field or temperature. The tunability of PBG regions of
the inverse opal coated with LC theoretically suggested by
Busch er al and experimentally established by Yoshino et al
[23, 24]. PCs with LC as a defect layer have been used as
various novel tunable devices [25-38].

The optical property of LCs is dependent on the orien-
tation of molecules which is given by the orientation angle (¢)
of LC director. The dielectric tensor of LC consists of
ordinary (e, ), extraordinary dielectric permittivity (g) and
dielectric anisotropy (g,) with orientation angle (¢) that is
given as [37, 39]:

€L + eusin¢p 0 g, sin ¢ cos ¢
&c = 0 €L 0 , (D
casingcosg 0 g + g,co8?¢

The dielectric tensor of LC is simplified to a diagonal
matrix when the orientation angle (¢) of the LC director is 0°
and 90°. Hence, the transfer matrix method (TMM) [40] may
now apply to study the optical properties of LC for the
orientation angle ¢ = 0° and 90°. The transmission spectra of
defective PC are found with defect mode wavelength peaks
due to a defect layer.

The liquid crystal (LC) can be used as a nanocomposite
(NC) layer when spherical nanoparticles are randomly mixed
with LC. Such a nanocomposite (NC) layer of liquid crystal
(LC) with nanoparticles has tunable effective dielectric
permittivity, therefore NC can be used as a defect layer in
1DPC. The transmission properties of defective PC with NC
are tunable with the filling fraction and radii of doped
nanoparticles [41-44]. The effective dielectric permittivities
of NC consist of doped silver nanoparticles in the E7 LC
mixture that can be obtained through Maxwell-Garnett model
[45—47]. The transmission and absorption properties of one-
dimensional photonic crystal with NC defect layer have been
studied with filling fraction of nanoparticles in liquid crystal

nanocomposite, orientation of LC molecules and tempera-
tures [48].

In this work, we study optical properties of the periodic
structure of TiO,/Si0, with defect nanocomposite (NC)
where NC is a liquid crystal with the inclusion of silver
nanoparticles (Ag-NPs). We have considered the composition
of four different LC, E7 liquid crystal, as a host material for
the inclusion of silver nanoparticles [49, 50]. The effective
dielectric permittivity of NC has been studied for different
radii of Ag-NPs. The transmission characteristics of the defect
NC periodic structure, (TiO,ISi0,)’INCI(TiO,ISi0,)?, for two
different orientation angles of LC, are studied for different
radii of silver nanoparticles. Based on the radius of nano-
particles and the orientation of LC molecules, we study the
defect transmission peaks for designing tunable optical filters,
detectors, and sensors.

2. Theoretical model

We theoretically study a nanocomposite of LC with different
radii of silver nanoparticles. The effective dielectric permit-
tivity of nanocomposite is calculated using the Maxwell-
Garnett Model [45, 46]. We consider that the spherical silver
nanoparticles are randomly distributed in the host material E7
LC, where E7 LC is the composition of four different LC viz.
5CB, 7CB, 80CB, 5CT. Thus, the effective dielectric
permittivity of the nanocomposite (NC) layer is given as [47];
_ 2ecf(em — &c) + erclem + 2e10)

Ee - £ (2)
4 2erc + em + fec — &m)

where ¢; ¢, €, and f are the dielectric permittivity of LC, silver
(Ag) nanoparticle and the filling fraction of silver nano-
particles, respectively. The dielectric permittivity of the
spherical silver nanoparticle is obtained with the Drude model
[49]:

wp?

3

Em =& — —————>
w? + iwn

where w,gy and 7 are plasmon frequency, the relative di-
electric permittivity of silver nanoparticle, and damping fre-
quency, respectively. The damping frequency of silver
nanoparticles depends on the radius () of nanoparticle and
velocity (v¢) of the electron at Fermi-energy, given as [47];

() = ny + Vr—f @)

where 7, is the decay constant obtained by scattering of the
free electron with phonons, electrons, etc.

The extraordinary (n.) and ordinary (n,) refractive indi-
ces of E7 LC mixture depends on temperature as [50, 51]:

2(An)o T g
e =A— + —1-—1, 5
n.(T) BT 3 ( Tc) %)

(An), 7Y

J(T)=A— BT — 2Mefy 2|
n,(T) BT 3 ( TC) (6)

where A, B, An, 3 are material parameters of LC and T¢ is
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Figure 1. Schematic representation of the one-dimensional periodic structure of TiO,/SiO, with the defect of nanocomposite (NC) layer i.e.

(Ti0,ISi0,)’INCI(TiO,ISi0,)*.

clearing temperature of LC mixture. All the constants existing
in the calculation of refractive indices of LC are assumed at
1.5 um wavelength [50]. The extraordinary (g)) and ordinary
permittivity (¢,) of LC can be obtained by squaring the values
of extraordinary (n,) and ordinary (n,) refractive indices,
respectively.

To investigate the effect of different radii silver nano-
particles, we have calculated the transmission spectra of the
one-dimensional periodic structure of TiO, and SiO, layers,
(Ti0,ISi0,)* INCI(TiO,ISi0,)?, with the defect of NC using
simple transfer matrix method (TMM) [40]. The schematic
representation of the considered periodic structure of TiO,
and SiO, layers with NC as a defect layer is shown in
figure 1. The thicknesses and refractive indices of TiO, and
Si0O, layers are d;, d,, and, nj, n,, respectively.

3. Results and discussion

The nanocomposite (NC) of liquid crystal (LC) with spherical
silver nanoparticles (Ag-NPs) has been theoretically con-
sidered to design a defect layer. The effective permittivity of
the nanocomposite (NC) is calculated using Maxwell-Garnett
model that is represented by equation (2). The size of silver
nanoparticles affects the surface plasmon resonance (SPR)
due to scattering the waves. So, the effective permittivity of
nanocomposite is also affected through SPR. The SPR band is
the collection of excitation of free electrons. Such a band is
influenced by the width and the position of free electrons.
Hence, the surface plasmon resonance (SPR) changes as the
radius of the nanoparticle changes. The SPR band is enlarged
with the large radii of the nanoparticles. The scattering rate of
conduction electrons increases as the radius of the nano-
particle decreases. Hence, a redshift appears in the SPR,
which affects the effective dielectric permittivity of the
NC [51, 52].

The imaginary and real components of the effective
permittivity of nanocomposite for both orientation angle 0°
and 90° are inspected for radii 3 nm, 5 nm, 7 nm, and 9 nm of

the silver nanoparticles in figures 2 and 3, respectively. The
real and imaginary parts of effective permittivity have posi-
tive values in an asymmetric and symmetric manner,
respectively. We observed that real and imaginary parts of the
effective permittivity increases for both orientation angle 0°
and 90° as the radii of the silver nanoparticle in composite
increases. The real and imaginary values of effective
permittivity of NC, are laid from 350 nm to 550 nm range.
The observed results reveal that the SPR gets affected as the
effective permittivity of nanocomposite changes. However,
the effective permittivity of NC at orientation angle 90° is
larger than the effective permittivity of NC at orientation
angle 0°. It means that the orientation of LC molecules
interacts with SPR, and the effective permittivity of nano-
composite is enhanced.

To better understand this interaction, we compare the
comparison of real and imaginary parts of effective permit-
tivity of NC at different orientation angles (¢) of the LC, 0°
and 90°, with different radii of nanoparticles are shown in
figures 4 and 5 respectively. From figure 4, we can easily see
that the area between the curves of real parts of effective
permittivities for both orientations is increased as the radius of
nanoparticle increases but the difference between theses
curves is decreased. After the radius of 7 nm, the curves for
real effective permittivities also show extra areas. Similarly,
imaginary effective permittivities also attain the higher values
(figure 5) for orientation angle 90° in comparison to orien-
tation angle 0°. It shows that the interaction of the orientation
of LC molecules with SPR is enhanced the effective permit-
tivity of the nanocomposite.

Now, the interaction of the orientation of LC molecules
with SPR can also be better understand, if the optical prop-
erties of the defective NC periodic structure of TiO,/SiO, for
the orientation angle of LC molecules viz. 0° and 90° have
studied with different radii of the silver nanoparticles. The
refractive indices and thicknesses of TiO, and SiO, layers are
taken 2.4, 1.5 and, 57.3 nm, 91.6 nm, respectively. The width
of the NC (LC & Ag-NPs composite) is taken as 100 nm. The
plasmon frequency w, and the decay constant 7, of the silver
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Figure 2. Effective permittivity of nanocomposite (NC) versus wavelength (a) Real part (b) Imaginary part at orientation angle (¢) = 0° and

for different radii of nanoparticles.
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for different radii of nanoparticles.
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Figure 6. Transmission spectra of (Ti0,1Si0,)*INCI(Ti0,ISi0,)* versus wavelength at orientation angle (¢) = 0° for

nanoparticles.
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Figure 8. Absorption spectra of (Ti0,1S10,)°’INCI(TiO,ISi0,)* versus wavelength at orientation angle (¢) = 0° for different radii of
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nanoparticles are considered as 27 x 2.17 x 10°Hz and
27 x 4.8 x 10'?Hz, respectively and the radii (r) of the
spherical silver nanoparticle are taken as 3 nm, 5 nm, 7 nm,
and 9 nm with gy = 5 [45-47].

The transmission properties of the one-dimensional per-
iodic structure of the TiO,/SiO, layer with the defect of
nanocomposite (NC), (TiO,ISi0,)* INCI(TiO,ISiO,)*, are stu-
died using transfer matrix method (TMM). The transmittance
of defect mode peaks for the director angles of the LC is
investigated with different radii of silver nanoparticles as
shown in figures 6 and 7. Figure 6 shows the transmission of
the considered periodic structure with NC defect layer at 0°
orientation angle of the LC for different radii (r) of the
nanoparticles i.e. 3 nm, 5nm, 7 nm, and 9 nm. For 0° orien-
tation angle of LC molecules, the transmittance of defect
mode peaks at 563 nm wavelength is 42.5%, 52.6%, 58.3%
and 62% for the radii of nanoparticles 3 nm, 5 nm, 7 nm, and
9 nm, respectively. Besides this, the transmission at lower
wavelength band edge also observed maximum due to the
effective refractive index of the NC. The transmission of
defect peak is increased as the radii of silver nanoparticles
increases due to significant modification in the effective
permittivity of the nanocomposite material by changing the
radii of the silver nanoparticles.

Similarly, we also study the transmission of the con-
sidered defect NC periodic structure at 90° orientation angle
of the LC for different radii (r) of the nanoparticles as shown
in figure 7. The transmittances of defect mode wavelength
peaks at 579 nm wavelength with 90° orientation angle are
31.4%, 41.5%, 47.6%, and 51.7% for 3 nm, 5 nm, 7 nm, and
9 nm radii of nanoparticles, respectively. The transmission at
lower wavelength band edge has also observed maximum due
to the optical density of the NC. The transmissions at 90°
orientation angle of LC molecules are found lower in com-
parison to the transmissions at 0° orientation angle of LC
molecules. The defect mode transmission peak is shifted
toward higher wavelength i.e. 563 nm wavelength to 579 nm
wavelength due to change of orientation angle 0° to 90°.
These observations indicate that defect mode transmission
peak is increased as well as shifted to higher wavelength due
to the presence of the SPR. But the defect mode transmission
peak for 0° orientation angle of LC molecules has obtained
large transmission because the effective permittivity is low
loss during the interaction of SPR and orientation angle of LC
molecules.

In addition to this, we also study the absorption of the
considered defect NC periodic structure for different orien-
tation angles of the LC with different radii of the nano-
particles. Specially, we focus on the absorption at lower band
edge because the absorption of the defective periodic struc-
ture is more effectively changed due to the presence of defect
NC layer. Figure 8 shows that the absorptions of defect mode
peak at 563 nm wavelength for orientation angle 0° are found
13.7%, 16%, 19.3%, and 24.3% for radii 3 nm, 5 nm, 7 nm,
and 9 nm, respectively. The absorption at lower wavelength
band edge has found about 38%, and it decreases as the size
of nanoparticles increases. The study reveals that the
enhanced absorption for orientation angle 0° is confirmed due

to SPR property of Ag-NP which is already observed in
permittivity of NC around the same wavelength range,
350-550 nm.

Similarly, 15.7%, 17.2%, 20%, and 23.4% absorptions of
defect mode peak at wavelength 579 nm for orientation angle
90° are obtained for 3 nm, 5 nm, 7 nm, and 9 nm, respectively
as shown in figure 9. The absorptions of defect mode peaks
for orientation angle 90° are obtained 69.6%, 73%, and 75%
at 455 nm, 454 nm, and 453 nm wavelengths, respectively.
The maximum absorption at lower wavelength band edge has
also found about 61% and the absorption is increased with
increasing the radius of Ag-NP. The maximum transmission
is found 75% for the 9 nm radius of Ag-NP. The enhanced
absorption for orientation angle 90° is found around the same
wavelength range due to the SPR property of Ag-NP. The
enhanced absorption of the band edge is found for the 90°
orientation angle because the SPR interaction with LC
molecules shows high damping nature.

These results can be correlated with the effective
permittivity which is changed with varying the radius of
nanoparticles as discussed earlier in figures 2 and 3. Hence,
the transmission and the absorption properties of the defect
NC periodic structure are interrelated with the effective
permittivity of the nanocomposite. The effective permittivity
of nanocomposite is associated with SPR through the size of
nanoparticles and orientation angle of LC molecules, because
of the scattering rate of conduction electrons is decreased
where the SPR and the effective permittivity of NC are
increased as increasing the radii of the nanoparticles. The
variation of the nanoparticle radius significantly modifies the
optical properties of the whole periodic structure.

We have described the behavior of the transmittance of
defect peak with the different radius of nanoparticles for
orientation angles 0° and 90°. Now, we study the transmission
and the absorption defect peaks for 0° and 90° orientation of
LCs molecules versus the radius of the Ag-NPs which are
shown in figures 10 and 11, respectively. From figure 10, we
conclude that transmission of defect mode peak is increased
as the radius of the nanoparticles in NC increases due to
significant enhancement of the effective permittivity of
nanocomposite material. The transmission of defect peak
increases continuously as the size of the nanoparticle
increases but the absorption of defect peak decreases as the
size of the nanoparticle increases. The absorption line mat-
ches at the radius of 4.2 nm for both orientation angles and the
low absorption show for the larger radius of the nanoparticles.

4. Conclusion

In this paper, we have calculated the effective permittivity of
nanocomposite with different radius of silver nanoparticles
for orientation angles of LC ¢ = 0° 90°. The effective
permittivity of the NC is dependent upon the size of silver
nanoparticles where the radius of the nanoparticle affects the
surface plasmon resonance (SPR). Besides this, we found that
the effective permittivity of nanocomposite for different radii
of nanoparticles is also dependent upon the molecular
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orientation of LC. The transmittance and absorption of one-
dimensional periodic structure with NC defect layer with
different radius of silver nanoparticles were studied for 0° and
90° molecular orientation of LC. The transmission defect
mode peak of the periodic structure became high when the
radius of nanoparticles is increased because the size of the
nanoparticle affects the effective permittivity NC. On
increasing the size of the nanoparticle for both orientation
angles, the transmission of the defect peak was increased;
while the absorption was decreased. However, the absorption
of the band edge for the 90° orientation angle of LC was
found about 75% for the 9 nm radius of Ag-NP. By studying
the effect of different radius nanoparticles and orientation of
LC’s molecules on the dielectric permittivity of the NC, the
considered periodic structure with the defect layer of the NC
may be used as the absorption-based optical devices viz.
sensors, detectors, optical switches, etc.
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This paper reports the tunable transmission properties of asymmetric one-dimen-
sional periodic structure (1DPS) composed of SiOs and anisotropic metamaterial
(AMM) layers with defect of liquid crystal (LC) sandwiched by two SiOgz layers, i.e.,
(Si02|AMM)3|Si02|LC|SiO2|(SiO2|AMM)? using the transfer matrix method (TMM).
We have studied the optical properties of the periodic structure (SiO2|AMM)3
|SiO2|LC|SiO2|(Si02|AMM)? with a different incident angle of the electromagnetic
wave for particular director angle of LC molecules. The tunability of the transmis-
sion property of the considered 1DPS shows that the transmittance depends upon
the orientation of LC molecules. Such an asymmetric periodic structure (1DPS) com-
posed of SiO2 and AMM with a defect of LC sandwiched by two SiOs layers, (SiO2
|AMM)3|Si02|LC|SiO2|(Si02| AMM)3, may be used as a tunable optical filter and bi-
stable device.

Keywords: Liquid crystal; anisotropic metamaterial; TMM.

PACS numbers: 42.70.Df, 42.79.Kr, 42.70.Qs, 78.67.Pt

1. Introduction

An optical medium of alternating dielectric materials in different dimensions with
periodic regulation refractive indices is called photonic crystal (PC). PCs exhibit
interesting properties to regulate the propagation of the electromagnetic wave in-
side the crystal. PCs are classified into three categories: one-dimensional photonic

*Corresponding author.

1950194-1



OPTOELECTRONICS AND ADVANCED MATERIALS — RAPID COMMUNICATIONS Vol. 13, No. 7-8, July-August 2019, p. 401-406

Temperature sensor and monochromatic filter based on
one-dimensional photonic crystal containing Si and SiO,
with a defect layer of liquid crystal
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In this article, we have proposed a temperature sensor and monochromatic filter based on one-dimensional photonic crystal
(1DPC) containing Si and SiO; layers with liquid crystal (LC) as a defect layer i.e. (Si|Si02)3|LC|(Si|Si02)3 structure. B

applying the transfer matrix method (TMM), we have studied transmission proyerties of the (Si|Si02)3|LC|(Si|Si02)

structure. The tunable transmission characteristics of the periodic structure (Si|SiO2) |LC|(Si|SiOz)3 are investigated with the
variation of temperature of the LC layer as well as the incident angle of the electromagnetic wave. The calculated
transmission peak of defect mode lies in photonic band gap (PBG) region of the 1DPC, and the transmission peak of the
defect mode shifts with the temperature variation of the LC. The transmittance of defect mode peak in PBG region of the
1DPC has analyzed with the variation of temperature, and suggested a temperature sensor as well as a monochromatic

filter based on the (Si|SiO2)*|LC|(Si|SiO2)structure.

(Received August 28, 2018; accepted August 20, 2019)

Keywords: Temperature sensor, Liquid crystal, Photonic crystal and transfer matrix method

1. Introduction

Photonic Crystals (PCs) are periodically composition
of dielectric materials in one dimension (1D), two
dimension (2D) and three dimensions (3D). Such PCs are
very interesting to investigate because such periodic
layered optical media have special characteristics, which
can be used in the optical devices [1-4]. PCs control the
electromagnetic wave propagation inside the periodic
dielectric materials and due to having a regular
arrangement of dielectrics, such PCs yields a special
domain of frequencies called photonic band gap (PBG) [5-
71. In such PCs, the electromagnetic wave can’t propagate
inside PBG region of the PCs, which is a novel property of
the PCs. Hence, such periodic materials or PCs can be
used in optical devices to control the propagation of
electromagnetic wave [8-10].

Liquid crystals (LCs) are novel organic materials,
which have a transitional segment between liquids and
solids. LC has the flow characteristics like liquid and
crystalline characteristics like solid. LC is extraordinary
and highly birefringent material, and applicable in tunable
optical devices [11-13]. The refractive indices of LC have
extraordinary (n.) and ordinary refractive indices (n,) and
these refractive indices are electric fields and temperature
dependent. Hence, the tunable transmission of one-
dimensional photonic crystal (1DPC) with liquid crystal as
a defect layer can be achieved by varying temperature
dependent optical parameters of LC like refractive index,
director angle and incident angle etc. Such tunable

transmission properties of the 1DPC with LC defect layer
can be used in many tunable optical devices like optical
filters, bistable switches, multichannel filters etc. Busch et
al. proposed that the optical tunability of PBG regions can
be achieved by coating the inverse opal with LC, and
verified it experimentally by Yoshino et al. [14,15]. As
discussed above, LC has electric field and temperature
dependent optical parameter and these optical properties of
LC can be tuned by the variation of electric field and the
temperature. The optical transmissions of PCs can be
tuned by controlling the optical parameters of LC as a
defect layer in PCs [16-21]. The photonic crystals with
infiltrated holes with LC are also a method to attain the
tunable optical transmissions characteristics of PCs [22].
LCs are birefringent and nonlinear optical materials and
they have remarkable optical characteristics which can be
used in the novel optical devices [23, 24] like all-optical
switching in PC, and moderated transmissions of the
electromagnetic wave in the PC. Mohamed et al.
investigated the effect of LC director orientation angle and
temperature on the transmissions of 1DPC with LC as a
defect layer. Similarly, the optical properties of 1DPC with
LC as a defect layer was investigated by Entezar et al. and
they have demonstrated that the tunability of PCs could be
achieved by regulating the optical parameter of LC [25-
29]. Authors had also discussed the bi-stable
characteristics of PC, which was dependent upon the
functioning temperature and examined the influence of
temperature on the optical transmission properties of the
PC.
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ABSTRACT: In this paper, an omnidirectional reflection band of a one-dimensional
periodic structure (1DPS) of Si and SiO,with a nematic liquid crystal (5CB) as a defect
layer, i.e., (Si|SiO,)’|NLC|(Si|SiO,)’, is investigated. The geometry of the 5CB molecules
NLC is optimised with the help of density functional theory (DFT) using Gaussian 09
Software packageA02 and the order parameter (S) of the 5CB molecules is calculated.
The S value for the 5CB molecules is found to be 0.53 for the range of the applied electric
field and confirms the nematic phase of the liquid crystal at the microwave region. By
taking average of the ordinary and extraordinary refractive indices of the 5CB molecules
NLC, the refractive index has been calculated. The optical properties of the 1DPS of
Si and SiO,with a 5CB molecules NLC defect layer are calculated to study the optical
defect mode as well as the bi-channelled omnidirectional reflection behaviour of the
1DPS (Si|SiO,)’|NLC|(Si|SiO,)’ and tuned by the electro-optic property of 5CB NLC. Such
omnidirectional reflecting behaviour of the considered structure may be used to design
b-channelled omnidirectional reflector and defect mode filter and others.

Keywords: Nematic liquid crystal, SCB, 1DPS, omnidirectional reflection band, DFT
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8.1 Introduction

Photonic crystals (PCs) have been of great interest in the past decades to investigate, which
is due to photonic bandgaps (PBGs) that have special property to obstruct the transmission
of electromagnetic wave. Reyleigh (1887) investigated that the control of electromagnetic
wave is inside the periodic structure. Bykov (1972) suggested that the periodic structure
can be used to control the spontaneous emission. John (1987) and Yablonovitch (1987) suc-
cessfully suggested that the possibility of spontaneous emission management and propa-
gation of radiation can be controlled using a periodic structure of the dielectric materials.
Many research papers have published in the field of PCs and its technology in addition to
the above-mentioned articles. Basically, PCs are the media in which dielectric materials are
arranged periodically with regulation or modulation of the refractive indices in periodic
structures. Such periodic arrangements of the dielectric materials have some special prop-
erties that can be used in different areas such as photonics, optoelectronic, nanoscience,
and nanotechnology.

121
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In this paper, we have investigated the optical properties of one-dimensional periodic structure of
dielectric materials with defect of liquid crystal (LC) sandwiched with two silver (Ag) layers. The
transmission, reflection and absorption properties of considered periodic structure have calculated
theoretically using transfer matrix method (TMM). Our study reports that the tunability of absorption
defect peak of the defect periodic structure is achieved by the variation in the incident angle of
electromagnetic wave. The obtained result suggests that such defect periodic structure may be

used as tunable sensor and filter devices.

Keywords: Liquid Crystal, Silver, Absorption, Transfer Matrix Method (TMM), Temperature,

Incident Angle.

1. INTRODUCTION

The periodic layered structures of dielectric materials with
periodic modulation of dielectric constants in different
dimension are known as photonic crystal (PC). PCs are
classified into mainly three categories; one-dimensional
photonic crystal (1DPC), two-dimensional photonic crystal
(2DPC), and three-dimensional photonic crystal (3DPC).
With the interaction of electromagnetic wave, PC exhibits
photonic band gap (PBG) region which have special prop-
erty to obstruct the electromagnetic wave propagation in
the PCs. Therefore, PCs are used in many tunable opti-
cal devices i.e., omnidirectional reflector, sensor, filter,
etc. [1-5]. Another way to gain the tunablity of PC is the
use of liquid crystal (LC) as a defect layer in PC. Liquid
crystals are highly birefringent organic material which has
temperature dependent extraordinary and ordinary refrac-
tive indices [6, 7]. Hence, PC with LC as defect can be
used in many nonlinear novel devices. The optical charac-
teristics of LC are dependent on the temperature, electric
field, molecular orientation etc. Hence the tenability of PC
can be obtained through controlling the applied field and
optical parameters of LC as defect layer [8-15]. PC with
LC as a defect layer shows various applications in optical
devices i.e., all optical switching, multichannel optical fil-
ter, bistable switch, sensor etc.

“Corresponding author; E-mail: khem.bhu@gmail.com

Sensor Lett. 2019, Vol. 17, No. xx

1546-198X/2019/17/001/004

In this paper, we have theoretically studied the optical
properties of considered periodic structure with the varia-
tion of incident angle of electromagnetic wave using trans-
fer matrix method (TMM) [15]. For study, we have taken
the E7 liquid crystal which is composition of four different
liquid crystals 5CB, 7CB, 80CB, and 5CT [16, 17]. Our
results suggest that defect periodic structure may be used
as tunable optical sensor and filter.

2. THEORY AND METHODOLOGY

To study the optical properties, we have considered
the periodic structure of dielectric layers with refractive
indices n, and n,. The LC layer sandwiched with two
silver layers is used as defect in one-dimensional peri-
odic structure as shown in Figure 1. We have consider the
E7 liquid crystal of thickness 100 nm and the dielectric
parameters (n,, n,) of LC which depends on the tempera-
ture are given as;

24n), ( T\*
ng(T)=A—BT+T<1—T—C> (1)
n B
n,(I')=A—BT — (A3 )o <1 — T%) )

where A, B, (An),, B, and T, are the constants parameter
and clearing temperature of LC layer. In our calculation,

doi:10.1166/51.2019.4148 1
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Abstract

In this paper, we have inspected the optical characteristics of one-dimensional periodic structure (1DPS) of TiO, and MgF,
dielectric materials with defect layer of liquid crystal (LC) sandwiched with two silver layers, i.e.,
(TiO,|MgF,)’|Ag|LC|Ag|(TiO,/MgF,)* using transfer matrix method (TMM). The optical tunable properties of considered
periodic structures investigated at different incident angles and temperatures for TE and TM modes. Our study shows that
absorption peak of 1DPS varies with incident angle and temperature. The defect layer (Ag-LC-Ag), sandwiched LC within
two metallic (Ag) layers, exhibits the surface plasmon waves at the metal LC interfaces. The effect of surface plasmon waves can
be better understand through the optical sensing property of such defect periodic structure. The detailed study concludes that such

a type of one-dimensional periodic structure (1DPS) may be useful to design a tunable sensor and monochromatic filter.

Keywords Optical properties - Transfer matrix method (TMM) - Silver (Ag) - Liquid crystal - Surface plasmon resonance

Introduction

In inference to control the electromagnetic wave, photonic
crystals are the interesting optical medium, which controls
the propagation of electromagnetic wave inside periodic di-
electric layers. Photonic crystals (PCs) are the regular arrange-
ment of dielectric slabs in different dimensions with periodical
repetition of dielectric functions. Such periodic structures
show novel properties on the interaction of the electromagnet-
ic field with the matter. Including controlled transmission,
PCs exhibit photonic band gap (PBG) regions, which block
the flow of the electromagnetic wave. In point of view of the
dielectric function, PCs are divided into three classes: one-
dimensional photonic crystal (1IDPC), two-dimensional
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photonic crystal (2DPC), and three-dimensional photonic
crystal (3DPC). PCs have various applications based on the
desired application, e.g., optical filters, switches, and omnidi-
rectional reflectors [1-11]. Based on omnidirectional charac-
teristics, PCs show different applications in optical devices.
Optical devices such as microwave absorbers and sensors can
be fabricated based on absorption characteristics of photonic
crystals with the metallic interface or metallic photonic crystal
(MPC) [12-19]. PCs with a tunable defect layer control the
tunable transmission of defect mode in the optical character-
istics. PCs with a defect layer in the structure give defect mode
in the transmission spectra, which can be regulated through
the voltage or electric field [12—14]. PCs with a tunable defect
layer can be varied by electric field and voltage, and therefore,
PCs used have many applications in optical devices. [15-24].

To obtain tunability of PCs, the magnetic and electric field,
temperature, Kerr effect, etc., are the external parameters of
liquid crystal and these parameters can be changed the optical
property of a photonic crystal with liquid crystal as a defect
layer [25-27]. Liquid crystals have extraordinary and ordinary
dielectric constants dependent on the orientation of molecules;
therefore, liquid crystal can be used as a tunable defect layer to
achieve voltage-controlled tunability. The non-rubbed and
rubbed metallic films can control the orientation of liquid
crystal molecules. The rubbed and non-rubbed metallic films
align the liquid crystal homogeneously in planer arrangement

@ Springer
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ARTICLE INFO ABSTRACT

Keywords: CZTS has kesterite structure and the composition's formula is Cu,ZnSn(S/Se)s. The efficiency of CZTS-Se
Kesterite (Copper—Zinc—Tin-Sulphur-Selenium) solar cell, ~12.6%, is much lower than the efficiency of CIGS
Recombination (Copper—Indium—Gallium—Selenium) solar cell, ~22.6%. But the CZTS-Se may be the counterpart of the CIGS
Eirflifffset and the efficiency may be increased up to 32.2% as theoretically predicted by the Shockley-Queisser (SQ) limit.

In solar cell technology, it has been depicted that the efficiency of the solar are affected by the two parameters:
(i) variation of the solar insolation and (ii) quality of the materials. Besides this, the narrow phase stability of
quaternary phases, unfavorable band alignments, mid-gap states and band tails are main reasons of deficit in the
efficiency of kesterite due to the coexistence of the secondary and ternary phases, carrier recombination at the
interfaces, defects and series resistances. As a result, the kesterite solar cell has the fluctuated open circuit
voltage and the loss of energy. In addition to this, the champion CZTS-Se solar cell is not so environmental
friendly because Se is the toxic and the rare earth element. This review provides the vital approaches by dis-
cussing the proper materials processing and the appropriate solution to enhance the efficiency of kesterite (CZTS,
CZTSe and CZTS/Se) solar cells. Due to the large area quality, high absorption and low-cost materials of the
kesterite, it may be used directly in harvesting the solar energy. We have also discussed how to reduce the
recombination of the electron-hole pairs by using the interfacial layer so that the efficiency of the kesterite solar

Interface layer
CZTS solar cell

cells can be improved.

1. Introduction

The energy crisis is a fascinating problem in this world for twenty-
first century. The current energy consumption of the world is 16 TW
(16 x 10'* Watt) and it will become 30 TW in 2050 [1]. The 80% en-
ergy is generated from the sustainable energy sources e.g. oil, gas, coal
etc. and remaining 20% energy from renewable energy sources e.g.
water, solar, wind etc. [2]. The solar, wind and water energy sources
are abundant on the earth and are to be free of cost if we are able to
develop low cost devices, that is, solar cell that converts solar energy to
electric energy. The sustainable energy is used at mankind's demand
and may affect the climate change for the long-term by producing
outcome harmful products. On the other hand, the renewable energy is
an alternative source of energy, which is environment friendly for the
earth and the best for health security purpose.

The solar energy is easily available, directly accessible and free
source of energy on the earth and it is free of cost. The solar insolation
on the earth is incident directly about 1.2 X 10°TW (1 TW = 102
Watt) on the earth surface in which 3.6 x 10* TW on land only [1]. The

* Corresponding author.
E-mail address: khem.bhu@gmail.com (K.B. Thapa).
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change in the amount of radiation emitted by the Sun at a particular
location increases dramatically due to local effects such as clouds and
seasonal variations, as well as other effects such as “the length of the
sunny day” at the particular latitude. But the solar radiation in desert
regions tends to have lower variations due to local atmospheric phe-
nomena such as clouds [3]. The solar radiant energy spectrum with
percentage distribution intensity versus wavelength of the incident
photons is shown in Fig. 1.1 [4]. This figure predicts that the maximum
intensity of the radiation is to have in the visible wavelength range.

The high-energy conversion devices like solar cells are dependent
upon the material's property. The materials quality modifies the pho-
tovoltaic property and enhances efficiency of the solar cells. So, re-
searchers are working to enhance the materials quality by manipulating
the “material compositions”. The efficiency of the solar cell can be
enhanced up to Shockley-Queisser limit by manipulating the material
with the help of the material processing. The solar cell is the best source
to fulfill the large energy requirements globally without any harmful
effect to the atmosphere and environment.

The development of the solar cell is categorized into three

Received 2 July 2018; Received in revised form 23 February 2019; Accepted 2 March 2019
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Abstract The homologous series of the organic compound N (p-n-heptyloxy-benzylidene)
p-toluidine (70.m) expresses the odd—even effect under the influence of an external applied
electric field by density functional theory (DFT) methods. The dipole moment, order param-
eter, and birefringence express an odd—even effect. At the same time, the Homo-Lumo gap
and isotropic polarizability do not exhibit any odd—even effect under the influence of an
external applied electric field. The Homo—Lumo gap remains constant for the homologous
series of 70.m (m = 1-10). The isotropic polarizability and refractive index continuously
increase with an extension of alkyl chain length. The DFT methods (B3LYP and M062X)
exhibit the same nature of optical characteristics for all the series but with different values.

1 Introduction

The electronegative oxygen atom plays a crucial role in the compound series of N(p-n-
heptyloxy-benzylidene) p-toluidine nO.m (n = 7, m = 1-10); the presence of an oxygen
atom in the series of 70.m is responsible for the nematic phase. By increasing the length
of alkyl or alkoxy chain, the dipole moment increases with the liquid crystalline range of
molecules [1, 2]. The nematic to smectic-A (N-A) phase transition has observed if the alkyl
chain length increased. The nO.m compound series exhibits the odd—even effect under the
applied temperature [3]. The order parameter (S) is studying with the help of optical bire-
fringence and molecular polarizability [4]. The removal of an oxygen atom from one or
both sides of the NO.Om compound series is responsible for the reduction in dipole moment
and transition temperature. The presence of oxygen atom on both sides of the compounds
NO.Om causes the growth of the clearing temperature and liquid crystalline range [5-8].
The Schiff bases compound (NO.O.m, nO.m, and n.m) are very sensitive to the atmosphere
[9]. The nO.m compounds exhibit the orthogonal phase for the n <6, and m >7 exhibit
the smectic-F and smectic-G phases. The 70.1 liquid crystals molecules exhibit the nematic
as well as monotropic smectic-A and smectic-B phase under the effect of temperature. The
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Abstract. In this paper, we study effect of chemical potential, temperature and the number of graphene on the tunable
optical characteristics and photonic band gap (PBG) of one-dimensional graphene based photonic crystal (1D-GPC). For
this, we use the transfer matrix method (TMM) which is based on the solution of Maxwell’s equation and Bloch’s function.
As the inherent property of graphene like chemical potential or gate voltage and temperature, the tunable absorption and
photonic band gap (PBG) are affected in the terahertz (THz) frequency region. Our investigation reports that the PBG of
1D-GPC is varied with number of the graphene layers at different temperatures and different chemical potentials. The
proposed graphene based periodic structure with large number of graphene layers at high chemical potential and low
temperature may be used in THz devices.

Keywords: Graphene, 1D-GPC, PBG, Chemical potential and Temperature, THz device

INTRODUCTION

Graphene is a novel material of a basic unit cell of graphite that has 2D lattice in honeycomb structure with closed
packed carbon atoms [1, 2]. Due to high value of electron mobility and doping characteristics, the Graphene deals
with various applications of graphene in optoelectronic devices [3, 4]. Moreover, graphene has unusual dielectric
function depends on the chemical potential, temperature and relaxation time. Therefore, the optical properties of
graphene based photonic crystals (GPCs), especially one-dimensional, are studied to have ability to tune on the basis
of chemical potential or gate voltage. Absorption property of one-dimensional photonic crystal is enhanced with
graphene layer when such 2D materials attaches to the surface of photonic crystal [5]. Dispersion relation and complex
band structure of graphene based photonic crystals were studied using the effective medium theory. The existence of
omnidirectional behavior of the graphene based photonic crystals was reported at incident angle 80° [6]. The
periodically arrangement of graphene and dielectric materials, called graphene photonic crystal, is used in THz device
applications. The tunable transmission characteristics of graphene based photonic crystal were studied to different
applications [7-11]. Recently, Graphene is an excellent material to design the hyperbolic metamaterial. The graphene
hyperbolic metamaterials are used in the various applications like modulator, sensor, super absorber etc. The tunable
properties of dual gated grapehene based photonic crystal was studied by Ning et al. [12], and the multiband absorption
characteristics was achieved by interchanging the thickness of dielectric materials and chemical potential in the near
infrared frequency regions. Fibonacci quasi periodic structure with graphene layer at different chemical potential are
also observed the tunable omnidirectional PBG property. The omnidirectional band gap of graphene photonic crystals
are usually found independent on the polarization mode [13].

3rd International Conference on Condensed Matter and Applied Physics (ICC-2019)
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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 (Ti02) 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 TiO2 and SiOz is in the periodic
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Abstract

In present work, we report the N-(p-hexyloxy-benzylidene)—p-toluidine (HBT) liquid crystal (LC)
molecule having maximum absorbance due to the O—C stretching (carbon atom of benzene ring)
during the intermolecular interaction. Under the expansion of an external electric field, the HBT LC
having nematic to smectic phase stability with adverse (negative values) order parameter and
birefringence. The refractive index expresses stability in the nematic, smectic, and isotropic phases.
The director angle maintains stability for the nematic phase in the adverse order and smectic phase
stable in positive order.

1. Introduction

The Liquid crystal (LC) phase represents a different state of matter characterized by the mobility and order of the
molecule. All the particles in the crystalline state possess an orientational and three-dimensional positional order.
Liquid crystal phases possess both orientational order and, in some cases, positional order in one or two
dimensions [1]. The liquid crystal behavior of molecules is responsible for the different types of intermolecular
interaction acting between sides, planes, and ends of a pair of the molecule [2]. Liquid crystal (LC) phases are
formed by anisotropic molecule, having one molecular axis very different from the other two [3]. The rod-like
molecule is the most common type of LC molecular shape. The nematic phase exhibits long-range orientational
order but no positional order of the molecule [4]. The impact of the external electric field on liquid crystal can be
studied by analyzing the polarizability of the molecule [5, 6]. Inliquid crystals, the molecular polarizability and its
anisotropy are important inherent molecular properties because the intermolecular interaction energies depend
on them [7]. LC materials may consist of polar and non-polar molecules that depend upon the physical structure of
LC[8]. The LC molecules can possess permanent dipole along the long molecular axis, which enhances the
dielectric anisotropy of LC. The dipole moment parallels to the long molecular axis, then Ae > 0, and the
molecules tend to orient along the electric field direction because LC posses more significant dielectric anisotropy
along the molecular axis (x-axis). If the molecule carries fewer dipole moments long molecular axis, then Ae < 0
and fragment tend to orient perpendicular to the electric field direction because of the polarity of the molecule is
negligible [9]. The orientational order of the LC molecule does not change in the applied external electric field. The
applied external electric field to the LC molecule causes the reorientation of the director angle. The LC molecule
responds to the applied external electric field E collectively that causes the director angle to fluctuate [10].
Luckhurst et al [11] reported the Schiff base compound increases the polarity of the molecule, which enhances
the dielectric anisotropy. The dielectric anisotropy is suitable for the electro-optical effect in display applications.
Alkyl chain also increased the liquid crystal properties, such as the nematic-isotropic or nematic, to a smectic phase
transition temperature [12, 13]. The molecular polarizabilities and the anisotropy of liquid crystal molecules are
considered as an essential characteristic inherent molecular properties because the intermolecular interaction
energies, according to different theoretical models, are dependent on them. The refractive index of HBT LCis 1.58.

© 2020 The Author(s). Published by IOP Publishing Ltd
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In this work, we have studied the effect of the external electric field on the nCB series with an extension of the
alkyl chain length of liquid crystal molecules. The stretching of C—C and C-H atom contributes to the anisotropy of
polarizability for the new compound of the nCB series. The molecular polarizability is responsible for an even-odd
effect of the optical parameters. The electric field is another method (alternative of temperature) to find out the
optical parameters of the liquid crystal series. Under the impact of an external electric field, the order parameter
and birefringence are expression of an even-odd effect. The transition temperature and birefringence enhance for
the odd member and reduce for even members of the alkyl chain. The birefringence decreases with an even-odd
effect while the order parameter increases with minor deviation.
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PACS/topics: nCB liquid crystal, electric field, order parameter, birefringence, spectroscopy

1. Introduction

The electro-optical response depends on the physi-
cal property and molecular structure of the liquid crys-
tal (LC) molecules. The cyanobiphenyl (nCB) LCs are
highly polar, so it has very high thermal and electro-
chemical stability. The external electric field sufficiently
affects the optical properties of rod shape LCs through
the polarization of both ends of molecules. Under the ef-
fect of an external electric field, the one end of the nCB
molecule has favorable charges. In contrast, the other
end is negatively charged and formed an electric dipole.
The director of the LC molecules will reorient along
the direction of the applied external electric field [1-3].
The molecular polarizability increases with an increment
of carbon atom number of the alkyl chain of the tail
of the nCB LC molecules [4]. The family of the nCB
LC first times synthesized by Gray et al. [5, 6] for the
electro-optical application of the display technology. The
nCB LC is colorless and stable to the moisture that is
the best feature of these molecules. When the nCB LC
having a unique property for the alkyl chain length is
changed, then the molecular properties of the mesophase
change [5, 6]. The nCB LC molecules indicate on an even-
odd effect under the extension of the alkyl chain. The
optical polarizability of the nCB LC molecule follows the
even-odd effect and gives the interchange polarizability.

*corresponding author; e-mail: dkclcre@yahoo.com

The order parameter also exhibits the even-odd effects
for the even-odd number of the carbon atom of the alkyl
chain in the tail of the nCB LC [7, 8].

The birefringence is an electro-optical phenomenon
used to find out the Kerr effect under the impact of the
electric field. The birefringence is a fundamental prop-
erty of the LC, which gives valuable information of LCs
to use in various optical device applications. The electric
field to the LC molecules has a rapid method to calculate
birefringence and polarizability for the electro-optical ap-
plication in the display technology. The electro-optical
effect is used to study the pretransitional behavior (re-
lated to the order parameter) of the nCB LC. The nCB
LC has a positive Kerr constant because of the in-
tense, permanent dipole moment and highly conjugated
m-electrons [9-11]. The polarization of LC molecules in-
duced by an applied electric field to the molecule de-
pends on the direction of the applied field. The electric
field corresponds to an essential parameter to find out
the electro-optic property of the LC molecules [12, 13].
Rod shape LC molecules are less tilted with a compari-
son to the bent-core type LC molecules. The electrically
induced tilt affects observed in several types of bent-core
and hockey-stick type LC molecules [14].

The polarization and bending plane of the molecules
are parallel in the absence of an electric field, and these
will be perpendicular to the plane in the presence of an
electric field. The smectic phase of the LC molecule tilted
continuously with the increased electric field [15-18].
The switching behavior of the even-odd numbered carbon
atom in the tail of the LC is different [19]. The notation

(1135)
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odd-even effect under the impact of temperature. The electron affinity and ionization potential have exhibited
an odd-even effect with the extension of the alkyl chain length. The birefringence has expressed an odd-even ef-
fect under the influence of an extraneous electric field. The homologous series has positive as well as the negative
orientation of the birefringence, which is suitable for electro-optical application devices. The order parameter and
refractive index have continually increased with an expansion of alkyl chain length. The director angle remains
constant at 8 = 90° for the whole series of LC. The extraneous influence of the electric field has correlated with
the impact of temperature variation.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The liquid crystal (LC) is organic substance that flows like a liquid;
however, it has some degree of order to arrange the molecules. The LC
phase is the intermediate phase exists between the crystalline and lig-
uid phases. The lowest symmetry-based nematic LC is mostly uniaxial
and does not show any translational correlation of the molecular center.
Rod-like nematic LC is easy to rotate along the long molecular axis
under the impact of the electric field. Rod-like LC has strong electron
conjugation, which is better for the display and other applications. The
dielectric behavior of LC contributes to the dielectric anisotropy,
which is responsible for the reorientation of the LC molecules under
the influence of an electric field. The reorientation of the LC plays a cru-
cial role in the electro-optical device applications. An imine based liquid
crystal does made from a double bond between N and C presented in
the molecular structure which contributes to the molecular polarizabil-
ity and resulting intermolecular interactions in the nematic liquid crys-
tals. The different terminal location has different dipole moment;
therefore, the suitable place of the polar group can enhances the molec-
ular polarizability; thus, molecular polarizability contributes to the sta-
bility of LC phase. The APAPA LC contains two benzene rings connected
with the Schiff base linkage group and the terminal of the benzene ring

* Corresponding authors.
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combined with the alkoxy and ester group [1,2]. Mandal et al. 3] have
reported that APAPA LC expresses the dynamic scattering effect,
which helps to liquid crystal display (LCD) application. The APAPA LC
has a nematic phase between 83 °C to 108 °C temperature. The Schiff
base LC compound is susceptible to the atmosphere moisture; therefore,
during the fabrication of the optical devices using such liquid crystals,
the protection from the moisture is necessary. The order parameter of
APAPA LC has value between 0.61 and 0.40. APAPA LC is also known
as MBA LC which maintains the nematic phase under the impact of tem-
perature and pressure. Leenhouts et al. [4] have reported that the ho-
mologous series of APAPA LC can also be denoted as the APAPAm LC,
where m stands for the number of the carbon atom in the alkyl chain
length of the ester group OCOGC;, Hyn +1. The elastic constant of the ho-
mologous series of APAPA LC decreases with an extension of alkyl chain
length due to short-range correlation in the plane perpendicular to the
director (Y-axis). Somashekar et al. [5] have reported that the order pa-
rameter of 1MBA LC exists between 0.5 and 0.6, while the order param-
eter of 3MBA LC exists between 0.5 and 0.65. Onnagawa et al. [6] have
reported that APAPA LC maintain alignment in the nematic phase
under the influence of electric and magnetic field. Meulen et al. [7]
have investigated that the elastic properties of nematic LC easy to calcu-
late by dynamic light scattering. Moreover, Deutsch et al. [8] have re-
ported the laser light scattering by APAPA LC in the dynamic
scattering mode; therefore, it may be used as a scattering material. In
the present work, we have applied electric field to the homologous se-
ries of APAPA LC. Under the influence of an extraneous electric field,
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Abstract

In this article, we have theoretically analyzed the variation of real and imaginary com-
ponents of electric permittivity and also the variation of refractive index of the graphene
material in the Terahertz frequency range. The optical characteristics of One-Dimensional
Periodic Structure (1-DPS) of graphene and dielectric materials have analyzed using
Transfer Matrix Method. The transfer matrix method is very eminent method to analyze
the optical characteristics of 1-DPS like dispersion relation, phase velocity, group velocity,
reflection, transmission and absorption characteristics, etc. The absorption characteristics
of considered graphene-based multilayered periodic structure have been analyzed with the
variation of chemical potential (x,) of the graphene layer. The calculated absorption spec-
tra of considered 1-DPS at the certain threshold frequency have found high and threshold
value for the high chemical potential (gate voltage) of the graphene having the large thick-
ness of the dielectric layer. Such the high and threshold absorption property of graphene-
based 1-DPS, which acts as super absorber at terahertz region of the electromagnetic spec-
trum, may be used for the novel super absorber applications.

Keywords Graphene - Dielectric - Multilayer structure - Chemical potential - Super-
absorption - TMM

1 Introduction

Photonic Crystals (PCs) are periodic structures of dielectric materials with the periodic
modulation of dielectric constant of two or more media varied in the space. Yablonovitch
and John studied the origin of Photonic Band Gap (PBG) of the PCs in the year 1987 (Yab-
lonovitch 1987; John 1987). PCs are the more attractive optical media due to their abnor-
mal properties of the PBG in respective to control the electromagnetic radiations (photons).
Photonic crystal has unique feature of the photonic band gap where a specific domain of
frequencies cannot be allowed to propagate from periodically structured materials. There-
fore, PBG has the great applications in science and technology in controlling the flow of
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