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ABSTRACT

Photonic crystals are an integral part of photonics, where light is
manipulated through carefully engineered structural features. These
crystals consist of periodic microstructures formed by dielectric or
metallo-dielectric materials. When light interacts with such periodic
structures, only specific frequencies are allowed to propagate, while
others are blocked. The frequency range at which light cannot pass is
known as the photonic bandgap (PBG). Depending on the direction of
periodic refractive index contrast between adjacent dielectric materials,
photonic crystals are classified as one-dimensional (1D), two-
dimensional (2D), or three-dimensional (3D). In 1D photonic crystals,
light propagation is confined to a single direction. In contrast, 2D and
3D structures allow light confinement in two and three directions,
respectively, making them versatile in numerous optical applications,
including filters, sensors, and laser devices.

Among these, 1D photonic crystals stand out due to their fabrication
simplicity, making them attractive candidates in both scientific and
technological fields. This research presents a comprehensive
theoretical and experimental analysis of 1D ternary dielectric photonic
crystals for diverse potential applications. Theoretical simulations were
carried out using the Transfer Matrix Method (TMM) and COMSOL
Multiphysics software to explore the photonic band structure
characteristics. The analysis reveals that ternary 1D structures offer
significant advantages over traditional bilayer systems, such as wider
photonic bandgaps, the emergence of multiple bandgaps, and the
formation of defect modes with large Full Width at Half Maximum
(FWHM).

This work further investigates DNA-incorporated 1D ternary photonic
crystals and DNA-templated nanoparticles, emphasizing the dual role
of DNA as both a functional polymer layer and a templating agent for
nanoparticle synthesis. DNA significantly influences surface
morphology, nonlinear optical behavior, and the bandgap features of
these  photonic  crystals. Several combinations, such as
Silica/DNA/ZnO and Silica/DNA/PVA, were designed and studied.
Dip-coating techniques were employed to fabricate Silica/DNA/ZnO
multilayer thin films experimentally. Theoretical models were



developed for systems involving other dielectric materials like alumina
and graphite oxide, including configurations such as
Silica/DNA/Alumina, Silica/DNA/Graphite Oxide, and Graphite
Oxide/DNA/ZnO.

Dielectric/DNA/Dielectric structures display remarkable features like
broad photonic bandgaps, multiple gap regions, and high oscillation
densities. Increasing the number of periods leads to enhanced
oscillation density, bandgap broadening, and spectral shifts. Notably,
the Silica/DNA/PVA system demonstrates promising potential for low-
temperature fabrication using inkjet printing technology, paving the
way for scalable three-dimensional photonic structures.

Experimental studies on Silicay/DNA/ZnO ternary structures were
carried out to explore their biosensing capabilities for bovine serum
albumin (BSA) and their nonlinear optical properties. Theoretical
predictions for BSA detection showed a strong correlation with
experimental observations, validating the biosensing efficiency of
these structures. Nonlinear optical characterization using open-aperture
Z-scan revealed tunable responses in both pristine and defective
photonic crystals. The defect layer, consisting of DNA-capped
silicotungstate, significantly enhances the nonlinear behavior,
suggesting broad applicability in advanced photonic devices.

In conclusion, the investigation of 1D ternary photonic crystal systems
underscores their significant potential across a range of photonic
applications, offering new avenues in sensing, light manipulation, and
nonlinear optics.
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ABBREVIATIONS USED

PC Photonic crystal

PBG Photonic bandgap

DNA Deoxyribo nucleic acid

DMSO Dimethyl sulfoxide

HCI Hydrochloric acid

Al>O3 Aluminium oxide (Alumina)

GO Graphite oxide

ZnO Zinc oxide

uv Ultraviolet

XRD X-ray Diffraction

SEM Scanning Electron Microscope
LED Light Emitting Diode

LCD Liquid Crystal Display

H>SO4 Sulphuric acid

CTAB Cetyl trimethyl ammonium bromide
CTAC Cetyl trimethyl ammonium chloride
™M Transfer matrix method

PWE Plane wave expansion

FDTD Finite time domain time difference
FEM Finite elemental method

N Number of period (Number of unit cell,

commonly known as number of order)



BSA

FWHM
D

1D

2D

3D
PVA
CD Complex
DI
POM
D-POM
NLO
NLA
RSA
TPA
SA

Layer

Bovine serum albumin
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PREFACE

Photonic crystals bring together a wide range of interdisciplinary fields
within integrated photonics and modern technology. Advances in
engineering and materials science have significantly expanded the
scope of photonic crystals in both fundamental research and
technological applications. These structures provide a novel platform
in photonics, where the interaction of light with matter can be precisely
enhanced and tailored. This tunability opens up numerous
opportunities in contemporary science and technology, including
applications in sensing, solar energy harvesting, optical
communication, quantum computing, bioimaging, light-emitting

devices, and nonlinear optical systems.

The thesis is an investigation of the realm of one-dimensional ternary
photonic crystals, their basic theory, and scope in contemporary
science and technological demands. The use of repeated ternary unit
structures composed of isotropic materials enhances light confinement
efficiency and simplifies the fabrication process. This approach offers
significant advantages for the integrated photonics industry, enabling
the development of various photonic devices that rely on light
confinement mechanisms. The role of DNA is prominently exploited
with the periodic microstructures. The optical properties of DNA such
that its role as template element for the nanoparticle synthesis and thin
film properties are suitably examined for the entire work of the

research work.



The thesis is divided into nine chapters. Chapter 1 discusses the
general features of photonic crystals, the role of one-dimensional
ternary photonic crystals, and the characteristics of DNA-incorporated
microarrays of unit cells. Chapter 2 presents the general theoretical
framework used for designing one-dimensional ternary photonic
crystals. Chapter 3 illustrates the optical features of six examples of
one-dimensional photonic crystal structures. The systems studied
include Silica/DNA/ZnO, Silica/DNA/Alumina, Silica/DNA/Graphite
Oxide, Graphite Oxide/DNA/ZnO, Alumina/DNA/Graphite Oxide, and
Alumina/DNA/ZnO. The study examines the optical properties,
including transmission and defect modes, of these structures when
illuminated with light in the wavelength range of 350 to 750 nm. This
investigation is intended to explore the potential applications of one-

dimensional DNA-incorporated ternary photonic crystals.

Chapter 4 explores the scope of one- dimensional ternary
Silica/DNA/ZnO photonic crystal for the detection of bovine serum
albumin detection for various concentrations. Chapter 5 is an insight
of the synthesis of DNA templated silica nanoparticles and DNA
templated silicotungstate for obtaining nonlinear optical nanoparticles
to incorporate with the fabrication of one- dimensional ternary
photonic crystals. The nonlinear optical properties of the obtained
DNA-templated  silica  nanoparticles and  DNA-templated
silicotungstate were investigated using the open-aperture Z-scan

method.

Chapter 6 explores the fabrication and characterizations of one-

dimensional Silica/DNA/ZnO photonic crystal for tuning the nonlinear



optical properties of the structure where the defective photonic crystal

structure is realized by incorporating DNA templated silicotungstate.

Chapter 7 discusses the features of one-dimensional ternary photonic
crystal of Silica/DNA/Polyvinyl Alcohol composition for 3D inkjet
printing applications, where the study focused to design a polymer-
based microstructures that use low temperature fabrication conditions.
Chapter 8 unfolds the summary of the conclusions of the entire works
and the recommendation of the research outcomes. Thus, this study
contributes to advancing an emerging platform for interdisciplinary

science and integrated photonic research.
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Tailored Microstructures for Manipulating Light: A New
Era in Photonics

This chapter explores the domain of photonic crystals, including their general
features, theories, classifications, and their relevance to various scientific and
technological aspects. The discussion switches to the features and applications
of one-dimensional (1D) ternary photonic crystal (PC) systems. The chapter
highlights the significant advantages of 1D ternary PCs over 1D bilayer PCs.
In addition, it briefly discusses the methods used for fabricating one-
dimensional ternary PCs. This chapter is followed by an overview of the
various fields that exploit the benefits of 1D ternary PCs. The chapter also
addresses the current challenges and prospects associated with these systems.
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1.1 Introduction

The growth of science and technology is meticulously linked to the
availability and advancement of materials. Specific applications
demand materials with tailored properties to meet precise and efficient
technical requirements. Hence, materials are the key elements that can
be applied for different purposes by adjusting their physical, chemical,
electronic and optical properties to meet specific application
requirements. In the mid-1960s, a statement by the renowned scientist
Richard Feynman about the size of particles illuminated the potential
of nanotechnology, paving the way for the emergence of nanoparticles.
Evolution of nanomaterials marked a turning point that sparked a long-
lasting impact on the field of materials science and technology.
Microscopic structures are known to play crucial roles across various
scientific fields. Gradually, nanoparticle synthesis has led to
widespread exploration and application of methods to tailor particle
features. Thereafter, materials at microscopic to nanoscopic scales
have been developed, and their tailored features can be used to
manipulate various forms of energy arising from the fundamental
configurations of material properties, such as mechanical, electrical,
and optical characteristics. The scope of tailored materials is being
vastly exploited to manipulate light for various applications, which
have an inevitable influence in vital scientific sectors such as
electronics and semiconductor devices, information technology,
telecommunication, and medical diagnosis. Thus, different kinds of
materials can be assigned to specific functions. Hence, tailored

material properties enable efficient manipulation of different energy
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forms, advancing technology in a structured and streamlined manner

[1-18].

Eventually, the research focus has mainly shifted toward developing
technologies that can control the optical properties of materials. For the
past few decades, numerous scientific methods have been developed to
engineer these properties in order to tune the desired frequencies of the
optical band through reflection and transmission processes. As a result,
such materials can be effectively used to confine, reflect, and transmit
light waves at specific frequencies. The present telecommunication
industry owes much to optical fibre cables, which have brought about
transformative and long-lasting benefits to humanity. Alongside laser
technology, high-speed computing and spectroscopy are also
significant advances arising from the engineered optical properties of

materials. [1-23].
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Figure 1.1: Naturally occurring PCs a) feathers of peacock b) SEM of
peacock feather c¢) a gemstone, d) feather of butterfly, e), f) and g)
SEM images of f butterfly feather [44-46].
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The concept of optically engineered materials dates back to the early
17 century, with Lord Rayleigh’s work on periodic dielectric stacks,
which introduced the idea of a 1D photonic bandgap (PBG) where
specific frequencies of light propagate unidirectionally. This early
foundation established the key developments of PCs from 1960s to
1980s, including the discovery of Bragg diffraction and
groundbreaking studies by Eli Yablonovitch and Sajeev John, who
independently proposed the theoretical basis of PCs in 1987. They
demonstrated that periodic dielectric structures could manipulate light
propagation in a manner similar to how semiconductors control

electron flow via electronic bandgaps [1, 18-60].

The era 1990 faced a drastic revolution of PC structures widely.
Theoretical advancements led to gradual experimental realizations of
PCs. In the year 1991, E. Yablonovitch et al experimentally fabricated
a 3D PC structure [56]. Subsequently, in 1995, 2D PCs were fabricated
using etched dielectric materials [57]. The 2000s witnessed rapid
progress in 2D and 3D PCs, including the development of PC fibres. In
2003, a complete 3D PBG (PBG) was experimentally verified [60].
Recent research brought topological PCs, expanding applications in

communications, sensing, and nanophotonics [1-60].

Though typically PCs are structurally analogous to atomic crystals,
they differ in scale and propagation principles. Instead of affecting
electrons via periodic atomic potentials, PCs modulate light through
periodic variations in the refractive index, forming PBG where a range

of frequency of light propagation is forbidden [1-40].
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In principle, the PCs are engineered microstructures that control light
via constructive and destructive interference caused by periodic
dielectric contrasts. The PBG is central to their functionality and
depends on parameters such as the periodic length scale (comparable to
the wavelength of light), refractive index contrast between the adjacent

materials, number of periods, and structural geometry [1-60].

Theoretically, the PBG effect arises from multiple scattering at the
interfaces within a periodic medium, leading to constructive and
destructive interferences and forbidden frequencies for light, analogous
to electronic bandgaps in semiconductors. The bandgap’s width and
position can be tuned by altering refractive index contrast, lattice
symmetry (e.g., square, hexagonal, cubic), configuration (1D, 2D, and
3D), and lattice geometry, enabling diverse and tunable optical
properties for advanced applications [1-60]. Figure 1.1 displays
examples of naturally occurring PCs [44-46]. The Figure 1.1a shows a
peacock feather, and its SEM image, revealing the periodic protein
structures, is presented in the Figure 1.1b [44]. Figure 1.1c [45]
represents the surface of a gemstone, while, Figure 1.1d shows a
butterfly wing, Figure 1.1e, f, and g show the SEM images of feather
of butterfly [46]. It is well clear that the examples of naturally
occurring PCs shown in Figure 1.1 come in the range of microscopic
scale. The multi colors seen on the body of such creatures are arisen
when the periodical arrangement of microscopic particles presents in
their body interact with light and create PBG for specific light resulting

reflection of those light waves.
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1.2 Configuration of photonic crystals

In describing all the properties of PCs, it is unavoidable to discuss their
classification. The general properties, such as unit cell, period, PBG,
and dispersion relation, differ in different types of dimensional PCs.
Basically, PCs are classified by the number of spatial dimensions in
which their periodicity exists. The features of PCs are vast in their
variety. Based on the light confinement in PCs, they are classified into
three categories. As previously mentioned, PCs are made up of a
periodic alignment of alternatively placed micro-sized thicknesses of
dielectric thin films in space. Due to these alternatively placed
dielectric constants, a fixed refractive index contrast is achieved
between the adjacent layers or interfaces of the unit cell of the PC. The
refractive index contrast repeats throughout the entire PC after a
particular period length (repetition of the unit cell). The direction of
repetition of the refractive index contrast defines the direction of the
propagation of light and the dimension of the PC. Therefore, PCs are
divided into three categories based on the direction of confinement of

light within the structure [1-24].
1.2.1 One-dimensional photonic crystals

Among the various kinds of configurations, 1D PCs are the most
widely recognized and simplest structures of the PC family. They offer
highly tunable PBGs, birefringence, and homogeneous structures. They
avoid fabrication complexities compared to other higher-dimensional
PC structures. Their simple configuration makes them easily fabricable

for integrated photonic devices. According to the properties of 1D PCs,
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light confinement takes place along a single direction only. Generally,
a 1D PC is a planar structure where the refractive index varies along a
single spatial direction by arranging different layers of materials with
different dielectric constants in an alternating periodic order, which
leads to the restriction of propagation of light to a single direction. The
stratified periodic structures cause destructive and constructive
interferences, resulting in a pass band where a certain range of
frequencies can pass through, and a forbidden gap that prevents the
passage of certain wavelengths falling within the PBG frequency range

[1,23-40].

The unit cell of a 1D PC consists of two or more alternating layers of
different dielectric or metal/dielectric thin film microstructures. The
period of the structure is defined as the sum of the thicknesses of the
adjacent layers in the unit cell. The PBG increases as the refractive
index contrast between the adjacent dielectric layers increases. Figure
1.2 represents the schematic illustration of a 1D bilayer PC, where the
unit cell consists of two elemental layers having refractive indices n:
and n2 and thicknesses d: and d» with a period N =4 (N is taken as an
arbitrary value) and lattice parameter d, which accounts for the sum of

di and d-, respectively.

In summary, the 1D PCs are mainly applicable to silicon-based
photonic devices and integrated photonic systems, where photons
replace electrons. Examples of 1D PCs include multilayer dielectric
mirrors or Bragg reflectors, in which alternating dielectric/metal-
dielectric layers are arranged in a stacked structure along a single

direction. Their roles in biochemical, physical, and solar cell sensing,
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as well as in nonlinear optical studies, have attracted extensive

research attention [24-40].

_d1+ d

3

Figure 1.2: Schematic representation of a of 1D PC where N=4
1.2.2 Two- dimensional photonic crystal

In the context of 2D PC, it contains regularly arranged rods or holes in
a plane surface of a dielectric matrix, which gives rise to a perforated
surface appearance. In such a case, the refractive index varies along
two independent spatial directions. Thus, light is confined to two
dimensions only. The 2D PC offers versatile topological symmetries.
Generally, the unit cell structures of 2D PC include square, hexagonal,
and triangular lattices. The symmetry of the unit cell plays a crucial
role in determining the PBG effect. The symmetry can be classified
into various groups based on the arrangement of holes and rods in the
lattice. For instance, a square lattice has 4-fold symmetry, while a
hexagonal lattice has 6-fold symmetry. The higher the symmetry, the
more directional control over the light’s propagation the system can

provide, and it can result in more robust and wider PBGs. Additionally,
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symmetry can also influence the dispersion relations of the system
specifically, how the wavevector relates to the frequency of light,

which is key to understanding how light behaves in a PC [41-47].

When considering the PBG formation in a 2D PC, it arises due to the
periodic arrangement of the materials, which causes constructive
interference between waves at different points in the lattice. It can be
tailored to operate in specific frequency ranges in the optical band
(visible, IR, and microwave bands), depending on the material and
design. However, based on the periodic array of crystal lattices, they
are classified into three types. They are square lattices, hexagonal

lattices, and honeycomb lattices.

a. Square lattice of circular holes: They are the simplest and most
studied designs, in which a periodic array of air holes is drilled into a
dielectric matrix (eg, silicon) in a square lattice. Figure 1.3a represents
a schematic view of a square lattice of 2D PC and Figure 1.3b

represents its first Brilliouin zone.

Figure 1.3: Square lattice, b) its first Brillouin zone of square lattice, [54],
and c) Hexagonal lattice of rods or holes [50]

b. Hexagonal lattice of rods or holes: This structure is composed of a

regular repetitive arrangement of dielectric rods/cylinders (or other
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shapes) in a hexagonal structure. It is a more complex arrangement that
can support a broader and more versatile bandgap compared to the
square lattice. This structure often provides better light confinement, a
tunable PBG, and the features of the PBG remain uniform in all
directions. Figure 1.3c displays the schematic image of the hexagonal

lattice structure of 2D PC [46-48].

N
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Figure 1.4: a) and b) SEM images of honeycomb structure of 2D PC
[50-51, 53-54]. Inset shows an enlarged portion of honeycomb
structure.

c. Honeycomb (triangular) lattice:

Figures 1.4a and 1.4b show an SEM image of the honeycomb structure
of a 2D PC, a commonly used configuration for specialized
applications [52]. Figure 1.5 a displays the triangular lattice and Figure
1.5 b represents its first Brillouin zone. Due to their structural features
and unique light confinement capabilities, 2D PCs play a vital role in
advanced optical and electronic technologies. They are used to guide
light in photonic circuits, act as optical filters, trap light in resonators,
and enhance laser performance by precisely controlling emission

properties. Their ability to respond to environmental changes makes

10
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them suitable for biosensing and chemical detection. Additionally,
certain 2D PCs can be engineered to slow down light, improving light—
matter interactions in nonlinear optical applications. These features
highlight the potential of 2D PCs in enabling the development of next-
generation optical devices. [41-55, 55].
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Figure 1.5: a) Trigonal lattice and b) it’s first Brillouin zone [54]

1.2.3 Three -dimensional photonic crystal

Figure 1.6: Schematic representation of 3D woodpile PC [57]

11
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The periodic microstructures of dielectric materials in which the
refractive index variation occurs in all three spatial directions are
called three-dimensional (3D) PCs. They extended the concepts of 1D
and 2D PCs into three dimensions. Therefore, they can confine and
control the propagation of light more effectively than other
dimensional PCs. A 3D PC consists of a periodic arrangement of
materials with different refractive indices defined in 3D space. This
periodicity  influences the light propagation through the
microstructures. The structure size can be about various length scales,
typically ranging from hundreds of nanometers to a few micrometers,
aligning with the order of the optical band. Similar to 1D and 2D PC
structures, they can be made up of materials including dielectric,
semiconductors, and metallic materials. The periodic structures can
take any lattice form, such as simple cubic, body-centered cubic
(BCC), and face-centered cubic (FCC) lattices, which all depend on the
design as well [1,23,55, 57-63].

The symmetries of a 3D PC refer to the inherent geometric and
translational properties of its periodic structure that determine whether
the modes are allowed to propagate through the structure. The 3D PC
lattice exhibits translational, rotational, mirror, inversion, screw and
glide, and point group symmetry [55, 57-62]. Figure 1.6 shows a
schematic representation of 3D woodpile PC [57].

According to the light manipulation of 3D PCs, they exhibit high
efficiency in guiding light along specific directions. The localization of
light is highly enhanced in 3D PC, causing light to become trapped in

certain regions, similar to electron localization in defective

12
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semiconductors. In some designs, they can slow down light, which can
be suitably used for increasing interaction between light and matter.

These features make 3D PCs a promise of laser devices [56, 58-62].

The fabrication of 3D PCs can be realized through various methods
such as self-assembly, lithography, and additive manufacturing. These
methods are generally classified as either top-down or bottom-up
approaches. The top-down methods include techniques like
photolithography, where the structure is etched or patterned onto a
substrate. These methods can provide high-quality PCs but may face
limitations in scaling to 3D structures. The bottom-up methods involve
a self-assembly process where materials spontaneously organize into
the desired periodic structures. Techniques like colloidal crystal
assembly or molecular beam epitaxy (MBE) can be used to create 3D
PCs. Hybrid methods are also approached for fabricating 3D
structures, where both top-down and bottom-up techniques are

combined to fabricate [55, 57-58].

Due to their versatile structural features and ability to control light in
all directions, 3D PCs have spanned their roles in modern photonics
and optoelectronics. They are used in optical communication and
switching systems to enhance data transmission efficiency and reduce
signal loss. Their wavelength sensitivity makes them ideal for sensing
applications such as biosensing, chemical detection, and environmental
monitoring. In photonic devices like filters, beam splitters, and lasers,
3D PCs offer precise light manipulation, enabling the development of
compact and efficient photonic circuits. In 2023 R. K. Gangwar et al

reported a review on PC structures where they described that 3D PC

13
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structures also enhance light trapping in solar cells, improving energy
conversion efficiency, and are essential in microcavity design for
stronger light-matter interactions in miniaturized lasers. In the realm of
quantum technologies, 3D PCs facilitate control over photon states and
entangled photon generation, aiding advancements in quantum

computing and photonics [62-63].

Additionally, their integration into photonic circuits allows for
sophisticated on-chip optical processing. At the same time, their
structural configurations contribute to metamaterials with unique
optical properties, beneficial for innovations like invisibility cloaks and
superlenses. The most significant advantage of 3D PCs is their ability
to exhibit a complete PBG in all directions, owing to their high

symmetry and periodicity [1, 23-24, 55-63].
1.3 Structural parameters of photonic crystal

A comprehensive understanding of PBG effects requires consideration
of key structural parameters that define the nature of PCs. The
formation of PBG and its properties are influenced by several factors
including dielectric property of the elemental layers, thickness of the
elemental layers, periodicity, symmetry, and unit cell. These factors
collectively determine the formation and characteristics of the PBG,

offering a complete structural description of a PC [1-69].
1.3.1 Elemental layers of photonic crystal

The selection of elemental layers is a crucial aspect in designing a PC,

as they serve as the fundamental building blocks of a PC. The choice

14
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of materials typically focuses on parameters such as refractive index,
bandgap range, isotropy, optical properties, fabrication feasibility, and

long-term performance.

Interestingly, the unique property of PCs lies in their ability to be
selectively opaque to specific frequency ranges. It is achieved by
constructing a structure in which transparent thin films are alternately
stacked. This arrangement allows the PC to exhibit reflective
properties, depending on the specific configuration and orientation of

the dielectric layers.

One of the main factors contributing to the formation of a PBG is the
refractive index contrast between adjacent dielectric layers. The
refractive index contrast plays a critical role in determining the size
(width) and effectiveness of the photonic band gap. When materials are
arranged in a lattice, the initial layer upon which light is incident
should be a low refractive index material, followed by a high refractive
index material. This configuration helps to confine light more

effectively.

Another factor regarding the material criteria of PCs is the bandgap
range, which is to be manipulated. Certain materials possess a wide
range of bandgap within the optical band, such as silicon and gallium
arsenide. This will be essential for tuning desired band structures of the
PC for operating at infrared and telecommunication bands, where PCs

become a focus of wide research interest.

Among all the criteria for material selection, the most important

consideration is to fulfill all these requirements together in a practical,
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durable, and economical manner during the fabrication of the PC. The
main challenges faced during the fabrication process include the
feasibility of making the dielectric thin films, compatibility with the
fabrication process, and high reproducibility. Alongside, the physical
properties of the material always influence precise fabrication.
Materials with isotropic properties are highly recommended for the
fabrication of PC structures due to their uniform mechanical, electrical,
thermal, and optical properties, as well as their symmetry. These
properties do not depend on the direction in which they are measured.
More precisely, the response of isotropic materials is uniform in
structure and behavior when stress, strain, heat, or electrical current is
applied. It can help to avoid situations such as optical energy
absorption and a decrease in thermal resistance. These characteristics
enhance the stability and durability of the PC. This symmetry and these

properties make PCs more durable and stable structures [1-69].

1.3.2 Symmetry of photonic crystal

The symmetry defines the entire structural properties of the PC, which
refers to the invariance of its structure under various transformations,
such as translations, rotations, and reflections [1,5]. It reveals the
nature of the structure, such as whether they are anisotropic or
isotropic. These symmetries help to shape the band structure,
dispersion relation, and PBG of the material. In PCs, symmetry plays a
crucial role in determining the behaviour of light within the material,
especially in terms of how light interacts with the periodic structure.
PCs are defined by their periodicity of arranging microstructures that

decides the formation of the PBG effect. John D. Joannopoulos et al
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[1] explores different symmetries of PC structures. Vaidya S et al [63]
reported the topological phases of symmetris of PC structures. Thus,
different symmetry defines the nature of the formation of PBGs [1-23].
Generally, a 1D PC follows a simple symmetry of arrangement of
lattice space [1-23]. However, 2D PC generally exhibits a square
lattice, hexagonal or triangular lattice structure, and 3D PC follows
comparatively complex symmetries [1-23]. As symmetries go higher
and complex, the PBG goes wider. Various symmetries are typically
associated with different lattice structures and dimensionalities of the

PC (1D, 2D, and 3D) [1-63]. They are as follows;

a. Translational symmetry is one of the symmetries associated with
the lattice structure of the PC. When the lattice parameter of the
unit cell is shifted, the properties of the entire structure remain the
same as before. It is the fundamental symmetry that creates a
PBG. It determines the periodicity of the crystal and affects the
allowed and forbidden energy bands of light. In most cases, 1D PC

exhibits translational symmetry.

b. Rotational symmetry refers to the invariance of the PC structure
under rotation by a certain angle around an axis. Rotational
symmetry can create the degeneracy of the photonic bands along
specific directions in the Brillouin zone. Rotational symmetry can
create the degeneracy of the photonic bands along specific
directions in the Brillouin zone. 1D PC often exhibits simple
rotational symmetries (e.g., 180° or 360°), whereas 2D PC exhibits
complex rotational symmetries and follows 60°, 90°, and 120°

rotations for hexagonal and square lattices. As 3D PCs have

17
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possessed cubic, tetrahedral, and octahedral lattices, they can have
high rotational symmetries, including 4-fold, 3-fold, or 6-fold

symmetries, respectively.

Mirror symmetry (Reflection symmetry) defines that the
properties of PCs remain unchanged under mirror plane. This
symmetry can often influence the polarization, propagation
direction of light and lead to degeneracy of photonic band gaps
where PBGs will be symmetric with respect to a mirror plane.
Thus, a symmetric dispersion relations would be assigned for light

travelling in opposite directions.
Inversion symmetry can lead to the degeneracy of modes.

Bravais lattice symmetry (Symmetry of the Lattice) describes
how different geometrical structures define different symmetries
based on their periodicity. The geometrical arrangement describes
a group of symmetries derived from the Bravais lattice system.
Higher-dimensional PC structures, such as 2D and 3D PCs,
possess the Bravais lattice symmetries. For 2D photonic lattice
structures, including square, rectangular, and triangular lattices,
and 3D crystals, the most common Bravais lattices are cubic,
body-centered cubic (BCC), and face-centered cubic (FCC)
lattices. The symmetry of the Bravais lattice conforms to the
allowed symmetry operations, such as translational, rotational, and
reflection. It has impacts on polarization of light, dispersion
relation, PBG formation, and the localized modes within the

structures as well.
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Moreover, symmetry of a PC directly influences its optical properties,
such as the formation of the PBG, the propagation of light, and the
polarization states of electromagnetic waves. By carefully choosing the
symmetry and structure of the PC, designers can tailor the crystal for
specific applications, such as light guiding, sensing, or filtering.
Understanding the symmetries in PCs is thus essential for predicting

and controlling their behaviours in various optical devices [1].
1.3.3 Unit cell

The smallest repetitive structure that defines the periodicity of the
optical properties of a PC is referred to as the unit cell of the system. A
unit cell is constituted of elemental layers designed to manipulate
electromagnetic waves in the optical band through periodic structures.
These repetitive units are responsible for creating PBG to reflect a

certain range that comes in the optical band of electromagnetic waves.

The unit cell consists of two or more elemental layers with differing
refractive indices. The lattice space where all the elemental layers are
arranged in a unit cell is called the lattice parameter, analogous to the
lattice in a crystal structure, where atoms/electrons are arranged
periodically in a unit cell. Based on the geometry of elemental layers,
the geometry of the unit cell is also varied. For example, a stratified
unit cell is used in the design of planar PCs, also known as 1D (1D)
PCs. Structures such as dielectric rods or air holes within a dielectric
matrix are characteristic of two-dimensional (2D) and three-
dimensional (3D) PCs. Depending on the design, the unit cell
arrangement can follow simple cubic, hexagonal, or face-centered

cubic lattice structures [1-63].
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Additionally, the unit cell possesses certain fundamental features that
are essential for the configuration and characterization of a PC [1-63].

They are;

a. Symmetry: Based on the Bravais lattice of the unit cell, the
properties of the entire structure remain the same in all directions or

along a specific direction, depending on the crystal type.

b. Size: The size of the unit cell typically comes in the order of the

wavelength of light over which the crystal is designed to manipulate.

c. Materials: In principle, the unit cell consists of a high refractive

index material and a low refractive index material.

d. Dimensions: The unit cell exhibits three different dimensions that
depend on the direction in which the refractive index variation occurs.
Based on this fact, a unit cell of a PC can be seen in 1D, 2D, and 3D
structures. Thus, the entire structure of the PC follows the dimensions

of its unit cell.
1.3.4 Period

The period of a PC refers to the special repetition unit of the periodic
structure that defines the crystal. The tailored microstructures, PCs, are
the materials that have a periodic arrangement of dielectric or metallic
microstructures on the scale of the wavelength of light. These periodic
structures are responsible for the complete control of the propagation
of the wavelength range of interest in a way that semiconductors

control electron flow.

The period is measured as the distance over which the properties of

elemental structures repeat, and it is denoted as ‘a’. The period is a
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function of the dielectric constant, as the spatial repetition of the unit
cell is based on the dielectric contrast between the dielectric layers.
Generally, the scaling of the period is comparable to the wavelength of
light in the material. However, the exact size depends on the PC’s
design and the wavelength range of interest. However, in a
dimensional PC, the period is the sum of the thickness of each layer of
a unit cell. In other words, the distance between the adjacent unit cells
of a PC or lattice parameter. In a 2D and 3D PC, the period is the

spacing between the repeating unit cells in the respective directions [1-
64].

1.4 Defects

The structural imperfections, called defects highly influence the optical
properties of PCs, analogous to the structural imperfections seen in
semiconductors. Defects play a crucial role in manipulating the optical
properties for desired applications of PCs. Their presence enhances the
scope of PC- based applications, including sensing, nonlinear optical
devices, waveguides, and optical filters. Generally, the defects affect
significant variation over the properties of PCs; however, they can
improve the scope of tailored functions of PCs for vivid applications.
Usually, the presence of defects introduces a perturbation in the PBG.
A defect can trap specific frequencies of light within the PBG, causing
the light to become localized around the defect. Despite the periodic
structure of a PC, which provides the PBG to control the propagation
of light, defects can modify the bandgap and influence the way light
behaves, especially in terms of how it propagates, interacts with the

crystal, or becomes confined. Defects can be intentionally introduced
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into PCs to modify their optical properties. Alternatively,
imperfections may occur unintentionally during fabrication.
Intentionally created defects are designed to serve various purposes,

such as [1-60]:
1.4.1. Creation of defect modes (Localized states)

A defect mode or localized state is created when a defect is introduced
into the unit cell structure using an additional new layer in between the
constituent layers, or by removing an existing layer from the unit cell.
The missing layer or the additionally included layer for creating defect
mode is known as the defective layer of the PC. The defect mode is a
state where light is trapped within the PBG. The advantage of creating
defect modes is that they can interact with the material, which can be
utilized to enhance light-matter interactions. It is commonly applied in
areas such as nonlinear optics and quantum effects. The defective PCs
are highly useful for applications including microcavities, lasers, and
resonators where defective modes are confined in a defective region,

which enhances interactions with materials [1-60].

Regardless of the dimensionality of PCs, defect modes can be
introduced in 1D, two-dimensional, and three-dimensional PCs. In a
1D PC, the missing layer or addition of a new layer creates a localized
state (defective mode) within the PBG. It can be utilized for sensing
applications where the defective layer acts as the analyte that is to be
analysed. Besides, nonlinear material can also be introduced as the
defective layer, and the defect mode generated in this manner can be

utilized in lasing applications. A similar way can be used to create

22



Chapter 1

defect modes in 2D and 3D PCs to be subject to applications like

microlasers, sensors, and optical resonators [1-60].

The light confinement effect of defect mode can be exploited for
applications like waveguides which to be used for guiding the path of
light to a confined route or direction without significant loss. It can be
achieved by creating either linear defects in 1D PCs or curved defects
in complex structures like 2D and 3D PCs. It will be useful for

integrated photonic devices and on-chip optical devices.

Additionally, defects can tune the PBG and photon transmission. The
presence of defects can alter the size and shape of the PBG which
resulting in a shift of both the frequencies at which light propagates
and the forbidden. It is how PCs can be selectively tuned for desired
(specific) frequencies for transmission while blocking others. Thus,
they are placed to apply highly effective optical filters. The formation
of microcavities is another prominent feature possessed by the
defective PCs, which is important to enhance the interaction between
light and matter. When creating defects like small holes or variations in
the periodicity of the dielectric function in the microstructure, the
microcavities are formed, the small regions where light is trapped and
allowed to resonate. This feature is engineered in devices like optical
sensors, microlasers, and quantum light sources with the intention to
confine light with low loss. For high-efficiency lasers, modes with low
decay rates are important, such that a defective PC micro cavity can be
designed to support studying quantum effects in light-matter

interactions [1-60].
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In some PCs, defects can lead to the formation of flat bands, where the
photonic density of states remains uniform at specific frequencies. The
flat band modes feature highly localized light modes and a high density
of states can provide intense light-matter coupling will make them
highly useful for generating entangled photons in quantum optics
applications and nonlinear optical devices. Moreover, defects in PCs
are not merely imperfections but an effective tool that can be
purposefully exploited to manipulate and control light in desired ways.
Thus, the engineering ability and precision to break the structural
periodicity of PCs opens up a wide range of opportunities for the

development of advanced photonic technologies [ 1-64]
1.5 Characterization of photonic band gap effect

The features of the PBG effect can be explored through several ways,
including experimental and numerical methods. The spectral
characterization of the entire crystal structure needs specific numerical

methods to solve the electromagnetic wave propagation [1-69].
1.5.1 Dispersion relation and photonic band structure

The dispersion relation in PCs describes the relationship between the
frequency (or wavelength) of light and its wavevector as it propagates
through the structure. Fundamentally, it is important for understanding
the photonic band structure, which determines which frequencies of
light can or cannot propagate through the PC. Thus, the dispersion
relation for PCs shows how the frequency of light varies with its
wavevector (spatial frequency) in different directions of the crystal.

This relationship is central to the behavior of electromagnetic waves in
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periodic media, and it ultimately determines the presence of the PBG.
The unique feature PBG is the result of destructive interference, which
prevents specific wavelengths from propagating along certain
directions. Hence unit cell is enough to describe the dispersion relation
of a PC, as it is essential to know the symmetry and dimensions of the

unit cell.

However, the dispersion relation can be represented by the plot of the
band structure of the system. The photonic band structure is a plot of
the relation between the photonic frequency (wavelength) and the
wave vector (spatial frequency). Therefore, a photonic band structure
displays the optical transfer properties of a PC. The band structure,
which describes the entire allowed modes and forbidden modes of a
PC characterized by the dispersion relation of a PC in the w-k space.
The band structure analysis provides detailed information about the
regions where allowed solutions exist, meaning light can propagate,
the presence of continuous dispersion curves, and the PBG, which
refers to a range of frequencies where no solution for light propagation
exists and light cannot pass through the PC. In the photonic band
structure plots, the bandgap is typically observed along specific
directions in the Brillouin zone of the crystal, which is the reciprocal

space corresponding to the periodic lattice [1-69].

1.5.2 Dispersion Relation in 1D, 2D, and 3D photonic crystals

a) 1D PCs: A 1D PC typically consists of alternating layers of two
materials with different refractive indices. The dispersion relation in
this case is relatively simple, and the PBG arises due to the periodic

dielectric structure along one dimension.
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b) 2D PCs: In a 2D PC (e.g., a square or hexagonal lattice of holes in a
dielectric material), the dispersion relation is more complex, and the
bandgap can appear for light traveling in specific directions in the

plane of the crystal.

¢) 3D PCs: A 3D PC has periodicity in all three directions, resulting in
a more intricate dispersion relation and potentially a full 3D PBG that

blocks all propagation directions for specific frequencies.

Thus, based on the classification of PCs the nature of dispersion
relations also varies. Besides, the dispersion relation briefly illustrates

the allowed mode and prohibited mode of propagation of light.

1.5.3 Methods for finding the dispersion relation

There are several methods to calculate the dispersion relation in PCs.
These methods are based on solving Maxwell's equations in the context
of the crystal's periodic structure. For a 1D PC, the first Brillouin zone
is defined as the locus of wave vectors. The dispersion relation of the
unit cell gives the complete information about the allowed modes and
prohibited modes of the entire PC system. Such that the wave vector
change in the first Brillouin zone can obtain the solutions of the
fundamental equations (eigenvalues) of PCs. Electromagnetic modes
with discrete resonant frequencies can arise from the boundaries of the
Brillouin zone, which represent the loci of wave vectors where Bragg
reflection occurs, acting as reflecting planes. Below are some of the
main techniques used to solve the eigenvalue problem of the master

equations in PCs to determine the dispersion relation [1-69]:
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1. Plane Wave Expansion (PWE) method

The plane wave expansion method is one of the extensively used
powerful computational techniques in electromagnetics to solve
Maxwell's equations by creating an eigenvalue problem apart from the
equations over an inhomogeneous or periodic structure. This method is
widely recognized and popular for solving the photonic band structure
(dispersion relation) in PCs. It assumes a linear combination of plane
waves as a solution of Maxwell's equation in a defined lattice. It
expresses the electric field as a sum of plane waves. It can be applied
in the Fourier domain using the periodicity of the dielectric function
for the dielectric structures to find the eigenfrequencies and wave
vectors that satisfy the boundary conditions of the system. J. Vasseur
[64] reported the features of PWE method in detail for aquastic
metamaterials. In 2024, A.F. Fernanda et [65] all studied the PBG of
2D PC structures. It is very easy to obtain the band structure once the
direction is specified. This method provides all the propagating modes

along the specified direction [64-66].

The method can be applied well for periodic PCs for arbitrary shapes
and complexities. It provides accurate results for both the band
structure and dispersion relations. On the contrary, the PWE method
faces computationally expensive, especially for 3D crystals with
complex structures. So that this method is linked to the memory
storage that depends on the number of plane waves used for the
expansion of the field, and this number escalates when the PC diverges
from a periodic structure. Besides, the calculation of defects is not
possible by this method [1-66].

27



Chapter 1

2. Finite Difference Time Domain (FDTD) Method

The finite difference time domain method is one of the renowned
numerical computational methods to solve electromagnetic wave
propagation that uses the fundamental Maxwell's equations of
electromagnetic waves for a given structure [1]. This method is widely
recognized as one of the simulation tools for solving the master
equation of a PC to obtain band structures. The FDTD method adopts a
simulation over the time evolution of the electromagnetic fields [1, 5,
26, 30, 67-68]. It extracts the band structure by analysing the time
response of the system rather than solving the dispersion relation
directly. For this, the crystal structure is discretized into a grid to solve
Maxwell's equations for the time evolution of the electric and magnetic
fields. The FDTD method is simulated by performing a Fourier
transform for the time domain solutions to the frequency wave vector
space domain to obtain the dispersion relation. The FDTD method is
suitable for handling materials including periodic, non-periodic,
arbitrary, and complex geometry structures. Along with this, it is
highly flexible and able to model the effects of defects or nonlinearities
in PCs. Despite its efficiency in modelling higher-dimensional and
defect-oriented PC structures, it is more computationally expensive
than the plane wave expansion (PWE) for extensive or highly detailed
structures. Additionally, it requires large amounts of computational

power for accurate results [1, 69].
3. Finite Elemental Method (FEM)

The finite elemental method is another numerical simulation technique
used for solving the photonic band structure [1, 5, 26-27, 30, 69]. In

this method, the structure is divided into a mesh of small elements, and
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Maxwell's equations are solved for each element. The eigenvalues and
eigen vectors corresponding to the allowed frequencies and wave
vectors are then computed to display the dispersion relation of the
specific PC structure. This method is often used for solving complex
geometrical structures of materials with homogeneous properties. The
method is beneficial for complex geometries and heterogenous
structures such as 3D PCs and is adaptable to different materials and
boundary conditions. Despite these merits, the FEM method requires a
good understanding of mesh generation and boundary conditions;

otherwise, it could be computationally intensive [1, 26-27, 69].
4. Transfer Matrix Method (TMM)

The transfer matrix method (TMM) is known as the simplest and
frequently used numerical computational method in various fields of
science and engineering. The method is applicable to analyse layered
structures such as wave propagation through different media or
vibrations of multi-layered beams. It is widely applied in fields such as
optics, acoustics, and structural dynamics. The transfer matrix method
uses a matrix to explain how the properties of a structure (periodic
structure) change as electromagnetic waves or signals propagate
through different components of the structure. The system is divided
into smaller sections as layers so that the transfer matrix method
performs on a layer-by-layer structure to solve Maxwell's equations.
The TMM provides the dispersion relation, reflectivity, and

transmission coefficients [1, 5, 26-27,30].

The dispersion relation of PCs of 1D, 2D, and 3D structures can be

figured out using TMM in the wave vector space and rewriting them
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on a mesh. The defective structures are considered as a supercell to
perform calculations. Despite its demerits linked with memory storage,
due to accuracy, and simplicity in the performance of analysis, TMM

is widely used among researchers [1-69].
a. Transmittance spectrum

The characterization of a PC can be observed by obtaining the
transmittance spectrum. It displays the allowed band and forbidden
band width when an incident light is propagating through a PC. The
transmittance of the band width at which the PBG is ideally zero in a
transmittance spectrum, whereas at the pass band it would be 100%. In
a transmittance spectrum, the dip formed along the spectrum represents
the frequency range of the PBG. Despite the material intrinsic
absorption, the transmittance spectrum gives the complete information
of the PBG, such as the position and frequency range as well [1-38]. It
can be experimentally tracked by using spectroscopes such as UV-VIS
spectrometers and reflectometers. The theoretical study of
transmittance spectra can be studied using the support of numerical
methods, including TMM, FEM, PEM, and FDTD, and several

software also available, such as Lumerica and Comsol [1-69].
b. Reflectance spectrum

The reflectance spectrum of a PC gives rise to the frequency range of
both the photonic band gap and the pass band. The dip along the
reflectance spectrum represents the frequency range of propagated
waves, so that the reflectance of the pass band is ideally zero. The peak

shown in a reflectance spectrum represents the PBG of the system, and

30



Chapter 1

the reflectance of the corresponding frequency range would be shown
as 100%. Despite the intrinsic absorption of the material, the
reflectance peak gives the exact frequency range and the position of

the PBG [1-69].
1.6 Quality factor

Quality factor (Q) of a PC plays a crucial roles in the functioning of a
PC. It refers to how efficient a PC in order to respond against the
change in the defect mode shift formed as a result of the change in the
periodicity (defect) of the structure. It is the ratio of the resonant
frequency to the full width at half maximum (FWHM) of the resonant
peak. More specifically Q factor describes how efficient a PC is
against an infinitesimally small change in the periodicity of the
structure. It indicates that the narrower the defect mode, the more
efficient the PC to trapping the defect mode. Applications such as
sensors, nonlinear PCs for lasing, and optical filters are based on the Q
factor of the PC. If a PC with a high Q value, it means that the PC is
highly capable of showing a change in the defect mode [1,5,42].

1.7 1D Ternary photonic crystals: a review

Generally, 1D all-dielectric or metallo-dielectric PCs are designed
using two or more dielectric materials arranged alternately in a
periodic structure. Depending on the demand of outcomes, the
designing of the PBG can be controlled by the structural parameters
and the refractive index contrast between the adjacent materials. So far,
due to the simplicity in designing and fabrication, 1D bilayer PCs are
widely considered for research interest. Though the 1D PCs that have

more than two distinct dielectric layers are also found to be significant

31



Chapter 1

for their efficiency in tuning the PBG at the desired wavelength range.
Moreover, they are also efficient for confining localized modes with a
high Q value. They can be applicable to design tunable omnidirectional
reflectors, infrared reflectors, optical filters, sensors, and lasers. They
can also be designed with metallo-dielectric layers and metamaterials

similar to the designing of 1D bilayer PC structures [1, 43,58-83].

- h Unit cell ﬁ ;-
-5

¥
b

Figure 1.7: Schematic representation of a) 1D bilayer PC and b) 1D
ternary PC

a

Figure 1.7 a represents a schematic representation of 1D binary
(bilayer) PC and Figure 1.7b represents the schematic representation of

1D ternary PC structure.

Among various configurations of 1D PCs, 1D ternary PCs have
garnered the attention of recent photonic research. 1D ternary PC is
constituted with unit cells of three different dielectric materials. Apart
from dielectric materials, the choice of materials can be extended to
different combinations that are used generally or in the fabrication,
such as metals and metamaterials. This configuration provides tunable
PBG effects that are more beneficial than those of the bilayer

configuration. The differences between 1D ternary and bilayer

32



Chapter 1

structures arise from the nature of the PBG. The 1D bilayer PC forms a
single PBG in the optical band, whereas 1D ternary structures form
more than one PBG within the optical band. Besides, the PBG exhibits
a large width. The defect mode shows high intensity, and the full width
at half maximum (FWHM) has a significant value when compared
with its counter bilayer structure. Their response to shifting the
resonant mode with respect to a change in the refractive index is also
higher. These features are found beneficial for them to be used in
applications like sensing, nonlinear optical devices, and optical filters.
Moreover, their features are yet to be covered; recent research studies
have exploited the properties of 1D ternary PC for different

applications.

In 2008, Awasthi et al. [70] observed the optical behaviour of a band-
pass filter in a way that uses ternary PC. The theoretical analogy of PC
was examined with Kroning penny model, theory of solids. Their
studies suggested that 1D ternary periodic structures provided better
control in dispersion relation as compared to a binary structure, as it
has two more controlling parameters relative to those binary one. They
observed that three layers involved in a periodic structure achieved a
much broader range of dispersion control. Moreover, their ternary
periodic structure is capable of tuning the system at the desired
frequency range by altering the structural and refractive index

parameters [70].

In the following year, 2015, Laxmi Shiveshwari et al. [71] discovered
an omnidirectional PBG formed 1D PC composed of metamaterials as

one of the components. The proposed system was studied with the
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transfer matrix method. The report claimed that the proposed system
can trap light in three-dimensional space due to the elimination of
Brewster's angle transmission resonance, allowing the existence of a
complete PBG. The results are obtained as the PBG as a function of
incident angle, layer thickness, dielectric constant of the dielectric
material, and number of unit cells for both transverse electric (TE) and
transverse magnetic (TM) polarizations. They suggested that a
structure can be used for a multichannel transmission filter without

introducing a defect along the structure [71].

A drastic increase in research on PCs is observed after 2017, where
numerous theoretical approaches with a variety of applications,
theoretical, novel combinations of designs involving unique material
compositions were reported. Apart from dielectric composition, the
studies on PBG extended to metallo-dielectric structures. One of the
significant studies on metallo- dielectric composition was conducted
theoretically by G.N. Pandey [72] in 2017. He investigated the
enlargement of the PBG width as on increasing the thickness of the
metallic film increases at normal incidence of the light. He approached
the transfer matrix method incorporated with the Drude model to
investigate the optical properties of the proposed metallo-dielectric
structure [72]. In 2018, Hussein A Elsayed [73] conducted a unique
theoretical investigation of a 1D ternary PC composed of metallic
nanoparticles of Ag in a transparent matrix of a dielectric layer. The
characteristic matrix method and Maxwell-Garnett model were used to
obtain the numerical results for the proposed work. The studies

included to examine the effect of volume fraction on the permittivity of
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the nanoparticles and how the system responds to the transmission of
light corresponding to the parameters such as the thickness of the
nanocomposite layer, the permittivity of the host dielectric material,
and the spherical radius of the nanoparticles. The proposed structure is
found to be applicable in THz optical filters, reflectors, and optical
switches [73]. In 2019, Hala J. El-Khozondar et. al. [74] proposed a
numerical study on a 1D ternary PC-based refractive index sensor.
They designed a cavity mode defective PC where blood samples are
infiltrated and surrounded by graphene layers in the middle region of
the PC. The transmittance spectrum of the whole structure is observed
to form over the type of infrared region 800nm-1200nm. They have
tested the system for the resonant wave shift for a concentration of the
blood plasma values on an increment of 10g/l. Another theoretical
study of a 1D ternary PC-based biosensor was carried out for sensing
fat concentration in milk was reported by Zaky A Zaky et al. in the
year 2021 [75]. They used the transfer matrix method to observe the
optical and sensing properties of the proposed work. Both symmetric
and asymmetric defective PCs were subject to study of the optical

behaviour of the proposed structure [75].

The research team, K.M. Abohassan et al. [76] proposed a theoretical
approach for a 1D ternary PC, which is composed of a ZnSe/ZnS/BK7
unit cell system. The system is proposed to obtain wide-angle infrared
reflectors. The features of the PBG are determined by TMM, and the
well-known Floquet-Bosh theory is used to find the spectral locations

of the photonic band edge. The dependence of PBG width on the

35



Chapter 1

number of unit cells, layer thickness, angle of incidence, and

temperature is examined [76].

In 2021, Bhuvaneshwer Suthar et al. [77] reported an investigation of
the optical properties of 1D ternary metamaterial PC structures. For
this, they approached a harmful permittivity material (ENG)/ dielectric
material/negative permeability material (MNG) system to study. They
used to transfer matrix method to exploit the optical behaviour of the
system. Their studies support applying ternary metamaterial PCs to be
applicable for tunable optical filters [77]. The investigation of metallo
dielectric-metamaterial composition in the ternary planar PC was also
conducted by G. N Pandey et.al [78] in their report by 2022. In which
the research team examined the tunable optical behaviour of 1D
ternary metallo/dielectric/metamaterial periodic structure for opto-
electronic and photonic applications, such as multichannel filters,
broadband reflectors, and switches. They used the transfer matrix
method to observe the PBG structures of the periodic structure. The
study involved with type of configuration (based on symmetry), as a
function of the number of unit cells, the thickness of the layers, and the

angle of incidence of the electromagnetic wave [78].

Additionally, in the same year, G. N. Pandey et al. [79] also
investigated the tunable dispersion characteristics of TE and TM
modes along a polymer-based 1D ternary PC system composed of
graphene, silicon, and polymer, respectively. The studies are based on
the tunability with the thickness variation of the polymer and the angle
of incidence. The results show an enlargement of the photonic band

width as on increasing the polymer thickness. Such a system is
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suggested for designing optical devices in the visible region, such as
broadband reflectors, narrowband 1D reflectors, and low-loss perfect

reflectors for solar cells [79].

A significant research work on 1D ternary periodic structures was
reported by Matter et al. [80] in the year 2022. They investigated a
theoretical analysis on a 1D ternary PC, composed of polycarbonate
and non-glassy materials (polycarbonate/Al,O3, polycarbonate /MgF>,
Polycarbonate /BaF», and polycarbonate /TiO;) for a scan range from
far UV to near IR of the optical band region. The transfer matrix
method employed theoretical analysis, which showed that the structure
exhibits zero transmission in the UV and near IR regions. Hence, they
suggested that the proposed structure can be exploited for the
fabrication of advanced solar cell designs consisting of 1D photonic
mirror-based luminescence and reflection concentrators. Alongside, the
system can be helpful in fixing satellite-related cryogenic technical
issues [80]. In the same year, Malek G. Daher et al. [81] proposed a
novel biosensor for sensing creatinine concentration in blood serum
samples based on a 1D ternary PC composed of silicon, tin, and SiO>
as elemental layers. The numerical verification of the ternary planar
PC i1s achieved by the transfer matrix method. For that, they provided a
cavity layer in between the ternary structure in a way that the right-side
part and left side portion of the system are set into two equal structures.
The blood sample can be infiltrated into the cavity layer with different
concentrations. The research work reported that the 1D ternary PC
structure realized a sensitivity of 938.02 nm/RIU, which is comparable

to most recent work published in this area. Besides, the researchers
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claimed that the proposed system has additional features such as low
fabrication cost, real-time detection, and simplicity in design, making it
a good candidate for the realization of the fabrication of such a system

at an industrial level.

Since 2022, the research interest in biosensing devices has accelerated
in both material science and industry. The demand for novel real-time
detectors has been found to be increasing. It also reflects on PC-based
research interest. In 2024, Fereshtech Firouzi et.al. [82] proposed their
investigation on a 1D ternary PC-based biosensor for quick and easy
sensing of bacterial presence, where they designed the structure with
quantum dots of aluminium gallium nitride, gallium arsenide, silica,
and polyaniline polymer. The study shows that the presence of
quantum dots increased the sensitivity of the biosensor. The proposed
design provided two PBGs with multiple suitable detection modes in
the infrared and visible regions, with linear behaviour. The study was
done with a standard blood sample, and bacterial blood samples were

determined using the optimal parameters [82].

Hence, the technological recognition of 1D ternary PC is not limited,
and research interest in 1D ternary PC is an ongoing process. The
literature survey reveals that the scope of 1D ternary PC has been
distributed through all the technological needs in integrated photonic
devices, including multichannel propagation filters, sensors, and lasers.
The discussed research works pointed out that the 1Dternary PC
structures got attention and started growing since the research focused
on PCs. The research work shows that a wide variety of materials

compositions, including all-dielectric materials, metallo-dielectric
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compositions, metallo-dielectric—-metamaterial compositions,
polymers, and polycarbonate materials, are examined for designing the
1D ternary PC structures. However, the experimental realization of 1D
ternary PCs remains a complex question. Due to the proper technical
facilities for the fabrication of multithin film structures, the industrial-
level production of 1D ternary PCs is slowed down, like other PCs.
However, the theoretical analysis on 1D ternary PCs and different
material compositions included designs would be a significant help for
the realization of cost-effective and highly efficient tunable structures

[70-82].
1.8 Role of DNA as photonic material in photonic crystals

Biomaterials are now the talk of photonic material science due to their
versatile properties. Recently, functionalized organic polymers have
been extensively exploited for photonic device applications such as
optoelectronic devices (LEDs, which currently replace small LCDs in
electronic devices, and nonlinear optoelectronic devices). Moreover,
they exhibit unusual properties that cannot be obtained from
conventional organic-inorganic materials. Besides, they offer various
advantages over other chemical materials, such as cost-effective mass
production, naturally abundant and renewable resources, and

biodegradable [84-94].

Among various biomaterials, DNA is the most fascinating candidate
that humanity has ever known. The polymer material that carries
genetic information of all living organisms extends vivid scopes in

both science and technology. It has a double helical structure formed
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by two interwound sugar-phosphate chains linked through hydrogen-
bonded nitrogen base pairs. DNA is known as the longest polymer, as
its double helix width is about two nanometers, and the length of the
DNA molecule depends on the number of base pairs (=1/3 of a
nanometer per base pair). The length of a DNA molecule in a human
cell is about 2m long, and it contains 3 billion base pairs! The versatile
nature of DNA structure allows for making its different modified
structures up to the nanoscale. The promising applications of DNA
mainly involve the material synthesis, photonic and molecular
electronic devices, nanoscale robotics, and DNA-based computation.
The resources of double-stranded DNA polymer are mainly from

salmon sperm and the thymus gland of calves [84-94].

DNA domain-based photonics is categorized into two types: wet
devices and solid-state devices. Wet devices involve optofluidic
systems where DNA molecules are used in their aqueous or organic
solution forms, primarily as catalysts. They are mainly exploited as
catalysts in the chemical synthesis of nanoparticles. Studies show that
aqueous or organic solutions of DNA can modify the optical and
geometrical properties of nanoparticles. On the other hand, solid-state
devices mainly involve thin films of DNA, where DNA is processed
into thin films wusing a surfactant counter polymer (either
cetyltrimethylammonium bromide (CTAB) or cetyltrimethyl-
ammonium (CTMA)). The linkage between DNA and the surfactant
polymer forms thin films that offer potential features, including high-
temperature stability (200°C-250°C) [91] under thermogravimetric

conditions, and high transparency in the 350 nm—1600 nm region of
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the electromagnetic spectrum. The UV-visible absorption spectrum
shows a peak at 260 nm. The refractive index values are reported to be
in the range of 1.535 to 1.48 for the 350 nm—1600 nm region of the

electromagnetic spectrum [94].

Studies reveal that DNA can perform as a perfect dielectric thin film,
showing a dielectric constant value of 7.8 and a high electrical
resistivity of 10" Q-cm. These features make DNA a perfect candidate
for photonic applications [84-94].

1.9  Nonlinear photonic crystals

The response of every material in the presence of a high-intensity
Gaussian pulse (applied electric field) gives a nonlinear relation with
the polarization of the system. Every material in nature exhibits its
nonlinear property with respect to the applied field strength. This
phenomenon is characteristic of both the applied electric field and the
material properties (dielectric nature). The term nonlinear PC
combines nonlinear optical properties with the periodic properties of
PCs. In general, the realm of PCs explores the interaction of light and
matter. The significant engineering ability for the localization and
guiding of light with external field support makes PCs prominent in the
nonlinear optical domain. PCs can enhance the interaction between
light and matter with the support of an external intense electromagnetic
field. Thus, this can be well applied to the nonlinear optical utilization
of PCs. The nonlinear optical response of the material depends on the

response of the refractive index in relation to the intensity of the light
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passing through it. Thus, the nonlinear optical properties of PCs can

achieve various goals in laser optics and ultrafast photonics [95-97].

The core factor of PCs that plays a key role in defining periodicity
responsible for the propagation control over transmitted light is the
dielectric function of the system. Moreover, unlike other multi-thin-
film structures, PCs have an enhanced ability to confine light within
the structure. The light confinement of PCs can be enhanced by
introducing defects, which can generate localized modes in the
structure. These factors contribute to the nonlinear optical properties of
PCs. Nonlinear optical properties can give rise to a variety of
fascinating phenomena, including self-focusing, solitons, second
harmonic generation, slow light effects, and third harmonic generation.
These properties can be exploited in all-optical signal processing, laser

sources, quantum information, and light control [95-97].

In 1998, V. Berger et al. [96] reported their study on second-order
nonlinear susceptibility in 2D PCs for the application of multiple-beam
second harmonic generation and multiple-wavelength frequency
conversion. After two decades, in 2018, Fernando et al. [97] conducted
a simulation for optical switching and limiting in 2D PCs with square
lattice structures having Kerr nonlinearity. In 2021, Y. Zhang et al.
[98] reported a review on second harmonic frequency generation in 2D
PC structures, where they explored the generation and control of
coherent light at new frequencies and the scope of 3D periodic
structures of PCs for quadratic nonlinearities. The reviews pointed out
that the studies on nonlinear optical properties of PCs need to be

explored in the case of 1D ternary periodic microstructures.
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One of the key advantages of 1D ternary PCs in nonlinear optical
applications is their enhanced ability to confine light, thereby
strengthening  light-matter  interactions compared to  other
configurations of PC systems. The characteristics of their defect modes
largely influence this capability. The defect mode of 1D ternary PC
possessed a larger full width at half maximum (FWHM) than its
counter bilayer structure and exhibits a high Q value for the resolution.
Moreover, the presence of a periodic array of DNA along with the
system would add a nonlinear optical property to the 1D ternary PC
systems. Hence, 1D ternary PC would be a novel platform for

enhanced nonlinear optical applications [95-98].
1.10  Objectives of the thesis

e To investigate the properties of 1D ternary PCs and their role in

biosensing applications and integrated photonic devices.

e To generate theoretical results using numerical methods,
including the TMM, and simulation tools such as COMSOL,
for studying electromagnetic wave propagation through the

proposed 1D ternary PCs

e To design theoretical models and develop different cost-
effective methods for fabricating 1D ternary PCs incorporated
with biopolymers (DNA) and metal oxides such as Alumina,

Zinc oxide, Graphite oxide and polyvinyl alcohol (PVA).

e To fabricate 1D ternary PCs incorporated with biopolymer,
DNA, using cost-effective methods
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e To synthesise nonlinear optical nanoparticles (silica and

polyoxometalate) to fabricate 1D ternary nonlinear PCs

e To study the structural properties of the 1D ternary PCs using
SEM, XRD, and UV

e To study the linear optical behaviour of the proposed 1D

ternary PC with a reflectometer

e To study the non-linear behaviour of the proposed 1D ternary

PCs using open open-aperture Z scan method.
1.11 Relevance of this study

This research work extends the scope of study into various fields,
including the theoretical simulation of electromagnetic waves through
multilayered periodic structures, the experimental realization of 1D
ternary PCs using cost effective fabrication methods, the synthesis and
characterization of nonlinear nanoparticles such as silica and
polyoxometalates using DNA biopolymer as a biotemplate, and the
fabrication and characterization of 1D ternary PCs incorporating

biopolymers and nonlinear materials.

The materials selected for designing the proposed structure—silica,
Zn0O, polyoxometalate, and cellulose acetate—are generally easy to
handle, cost effective, and nontoxic. As the experimental realization of
PCs is often difficult and time consuming due to technical constraints,
this research successfully demonstrated a laboratory level structure of

1D ternary PCs.
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Furthermore, the study focuses on fabricating a PC integrated with
nonlinear features for various applications, such as biosensing, laser
and integrated photonic devices. Therefore, this research is considered

relevant and valuable for the advancement of PC studies.
1.12  Conclusions

This chapter presents a summary of the thesis. It outlines the
fundamentals of PCs, their properties, classifications, and related
branches, including their applications. In addition, the chapter
highlights the relevance of 1D ternary PCs, which are simple yet
highly effective structures capable of efficiently manipulating the flow

of light compared to other PC configurations.
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Chapter 2

Theoretical and Experimental Design of One-Dimensional
Ternary Photonic Crystal

This chapter presents an in-depth analysis of one-dimensional ternary
photonic crystal, focusing on its fundamental theoretical framework and
optical properties. Starting from Maxwell’s differential equations, the
master equations governing electromagnetic wave propagation through
dielectric media are derived. Using the transfer matrix method
implemented on the Python platform, the dispersion relations for one-
dimensional ternary photonic crystals are analyzed. The photonic
bandgap structures of these one-dimensional ternary photonic crystals
are investigated in detail, highlighting their frequency filtering
capabilities. Additionally, the impact of introducing defect layers within
the one-dimensional ternary photonic crystal is examined, demonstrating
how defect modes alter the photonic bandgap characteristics. This study
provides essential insights into the design and simulation of advanced
photonic crystal structures for controlled light manipulation.




Chapter 2

2.1 Introduction

In the previous chapter, the nature of PCs, their interaction with light,
and their various classifications were discussed. This chapter focuses
on the fundamental theory and numerical methods used to describe the
propagation of light in one-dimensional PCs. Maxwell's equations
govern the propagation of electromagnetic waves through any medium,;
however, obtaining analytical solutions for wave transmission through
multilayer stack structures is often complex. When exploring the
theory and properties of PCs, it is important to draw an analogy with
semiconductors. In general, a PC is a periodic multilayer structure
composed of alternating dielectric materials, where the propagation of
photons can be controlled by the creation of a PBG, the frequency
range in which the density of photon states becomes zero. This
phenomenon is analogous to the formation of electronic band gaps in
semiconductor crystals, where the periodic potential of the atomic
lattice restricts the motion of electrons. Due to this close resemblance,
the behaviour of photons in PCs can be effectively described by the
confluence of Maxwell's electromagnetic wave equations and Bloch
functions, much like the approach used to understand electron

dynamics in periodic semiconductor lattices [1-25].

The property that makes PCs distinct from other photonic materials is
the presence of the PBG effect, which is a unique characteristic of such
structures. Therefore, they are often referred to as PBG materials. The
primary function of the effect is to control the propagation of light
within a specific spectral frequency range. Although incident light

contains a broad range of frequencies, only selected frequencies can
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pass through PCs. It enables a fundamental method to manipulate the
origin of the PBG and control the frequency of light at will. PCs are
composed of repeated elementary cells, consisting of periodically
arranged dielectric layers. The elementary or unit cell serves as the
basic structural element of a PC, and its repetition over a certain length
ensures a well-defined photon density oscillation within the desired
passband range. The refractive index contrast between the interfaces of
the elemental layers is maintained uniformly across all unit cells in the
structure. In essence, PCs represent a periodic distribution of the
dielectric function, with the periodicity being on the same order as the
wavelength of the incident electromagnetic wave. The physical origin
of the PBG arises from strong multiple scattering of the incident
electromagnetic wave at the interfaces between different dielectric
materials, followed by destructive interference. Despite being
microscale structures, the propagation of electromagnetic waves
through PCs can be explained on a macroscopic level using the four
fundamental Maxwell's electromagnetic wave equations [1-5]. In the

ST unit system,

V.E=p/e 2.1

V-B=0 22

vxE+2-9 23
at

vxH-2-y 2.4
at

Where E and H represent the macroscopic electric and magnetic fields,

B and D are the magnetic induction and electric displacement fields,
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and p and J are the free charge and current densities, respectively|[1-2].
Although the PC regime is typically defined by a periodic arrangement
of different dielectric materials that are isotropic, homogeneous, and
transparent materials. In such case, the parameters p and J are
considered to be zero. As a result, equations 2.1 and 2.2 reduce to zero.

Therefore, equations 2.1 to 2.4 can be expressed in the following form:

V.E=0 25

V-B=0 2.6

vxE+28-9 2.7
at

vxH-2-9 2.8
at

The above electromagnetic field equations can be used to describe the
information about electromagnetic wave propagation through the PC
system. However, specific material properties must be discussed to
conform the behavior of the PC to craft the ideal figure of the
propagation of light through them. The material property has been used
to show the linear relation between them with the electromagnetic field

equations in terms of the electric field is given as [1-2];
D(r) = gye(r)E(r) 2.9

Where & is the permittivity of free space and its value is 8.854x10 2
[1-2]. The materials chosen for the PCs are macroscopic and isotropic,
which contribute a scalar dielectric function &(r), known as the
dielectric constant or relative permittivity of the material, to be
multiplied by the permittivity of free space €o. Another factor lies in

the field strength, which is considered to be low. Consequently, the
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relation that connects the electric field with the nonlinear absorption
process from equation 2.9 can be neglected. In consequence, the
materials have only linear dependency on the electric field. This
material is considered non-dispersive, meaning its dielectric constant
remains constant over the operating frequency range of light.
Additionally, the refractive index is assumed to be honest and positive,
as the chosen material is transparent to light. Similarly, the relation

between the magnetic field and the material property is stated as [1-2];

B(r) = pou(r)H(r) 2.10
Where ug is the permeability of free space, and it is quantified as
4mx107 Henry/m [1-2]. The term p (r) mentioned in equation 2.10 is
the relative permeability of the material, which is found to be unity in
most of the dielectric materials. As a consequence, the equation 2.10

can be simplified as [1-2];
B(1r) = uoH(r) 2.11
Then the four Maxwell’s equations 2.5 to 2.8 are rewritten by

including the changSes formed in D(r) and B(r) shown in equations

2.10 and 2.11, as follows [1-2];

V.E(r,t) =0 2.12
V-H(r,t) =0 2.13
v x E(r,t) + 220 = ¢ 2.14
v x H(r,t) - 2X0E0 — o 2.15
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In principle, Maxwell's equations are linear and complex functions of
both time and space. From this scenario, the equations can be separated
in terms of explicit functions of time and space independently. Then
Maxwell's field equations can be transformed into a set of harmonic
modes. Thus, this gives a clear picture of Maxwell's equations, which
are solutions of sinusoidal functions of time. The solutions of
Maxwell’s equations can be represented as a state or a mode of a wave
system. Therefore, the harmonic mode of electromagnetic fields can be
represented explicitly as spatial fields in terms of the exponential

complex power of frequency, o, as [1-2];
H(r,t) = Hr)e 't 2.16
E(r,t) = E(r)e 't 2.17

The equations 2.16 and 2.17 represent the frequency mode profile of
the wave propagation system. In consequence divergence of these

equations 2.16 and 2.17 has the form of [1-2];
V-Hr)=0,V.¢cE(r) =0 2.18

Equation 2.18 again confirms that there is no point source or sink of
displacement of the field along the medium of propagation. In addition
to this, the electromagnetic waves are in a transverse mode of

propagation.

Thus, the rest of equations 2.12-2.15, the divergence can be applicable
to the two curl equations 2.14 and 2.15. The curl equations will be in

the expanded form as [1-2];
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VX E(r) — iwugH@T) = 0 2.19
VXH(r)+iwge(r)E(r) =0 2.20

Again, taking curl to the form in equations 2.19 and 2.20 after

decouple the equations as
VXV XE() =iou(VxH()) 2.21
Which results in;
VXxVXE®@) =Quw?>)e(™E(r) 222
It is the Master equation of the PC in terms of the electric field.
Similarly, in terms of the magnetic field, it is given as;

v x (ﬁ v x H(r)) = (w?)H(r) 2.23

On that account, the master equation 2.22 carries all the information
about the propagation of electromagnetic waves along the medium
g(r). By using an appropriate numerical approach, the master equation
can be solved to find the harmonic modes of propagation and
corresponding frequencies along with PBG structures. The equation

2.19, the magnetic field can be expressed as [1-2];
—i
H(r) e V X E(r) 2.24

As well as the solution of E(r) can be deduced from equation 2.20
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i

E(r) = V x H(r) 2.25

wege(r)

The provided master equations 2.22 and 2.23 are exploited to find out
the allowed modes of propagation. These equations are an eigenvalue
problem; as a consequence, the solutions of these equations would
provide the frequency modes where the electromagnetic waves are

propagated and forbidden [1-2].

2.2 Photonic bandgap structure of the 1D ternary photonic

crystal

The equation characterized by the light as they travel through a
homogenous, non-lossy, nonmagnetic, isotropic, and dielectric material

is represented as [1-2];

w=— 2.26

Where o is the photon angular frequency, c is the speed of light, k is
the photon wave vector, and n is the refractive index of the dielectric
material. It is the well-known dispersion relation. Although light
propagation, especially concerning confinement and refractive index
alignment, depends on the direction within the dielectric medium,
equation 2.26 shows that the angular frequency is directly proportional
to the wave vector and inversely proportional to the refractive index of
the material. For more convenience, the dispersion relation will be

different along the direction in which the refractive index varies.

When the dispersion relation comes in the domain of PCs, where the

dielectric function becomes a periodic function. Such that, the
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dielectric constants are arranged along the three different methods,
namely one, two, or three dimensions, where light travels along the
direction of refractive index variation, more precisely, a PC is
configured in space such that it is a periodic arrangement of dielectric
materials where a fixed refractive index contrast is set in a fixed step
length called lattice parameter 1, formed a periodic microstructure as

shown in Figure 2.1.

a b c

Figure 2. 1: Schematic representation of a) 1D PC, b) 2D PC, and c)
3DPC

As seen in Figure 2.1 a., the 1D PC consists of a stack of unit cells, and
each layer in a unit cell has different dielectric constants in a periodic
modulation. In consequence, the 1D PC has a form of a multilayer thin
film. This concept was initially presented by Lord Raleigh in 1887 as
he published the optical properties of multilayer thin films. As a
multilayer stack of thin films, the propagation of the photons through
the layers generates multiple reflections and refractions at the
interfaces. The term photonic band structures can illustrate it. Before
entering into the band structures, the symmetry of the PC should come
into play. Being an infinite layer-by-layer structure, the confinement of
photons is possible only along the Z direction, so that the periodicity is

designed along the Z direction. In consequence, the modes of
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propagation of light (photons) through the periodic structure can be
figured out by using the Bloch form [1-31, 33];

H(r) = eik""’eikzul‘kz‘k"(z) 2.27

Where H(r) is the Bloch function, and ki, k., and | are the wave vector
in the plane, wave vector along the z direction, and the band number.
The function u (z) is the periodic envelope function which satisfies the
condition; u(z)= u (z+D), only when D is an integral multiple of the
spatial period a. In the Bloch theory, the dispersion relation for the
propagation of photons depends on the first Brillouin zone in the

reciprocal lattice space [1-2].

Since the 1D PC has a continuous translational symmetry in the xy
plane, ki can have any value; however, the translational symmetry

along the z direction is discrete, so that the value of k; is restricted to

the Brillouin zone: _Tn <k, < %, when az becomes the primitive lattice

vector in the reciprocal space. For normal incidence at the dielectric
interface, ki is zero; in that case, k; is only considered to be important
so that the propagation mode is possible only along the z- direction [1-
12].

The master equations provided in equations (2.22) and (2.23) in section
2.1 are the primary sources for finding the harmonic modes of
propagation and corresponding frequency of electromagnetic waves
through the 1D PC. Besides, the PBG structures are also determined
from solving the master equations. Since the master equations are
treated as an eigenvalue problem, the solutions of the master equations
are the eigenvalues, which corresponding frequencies of the

propagation modes. At the forbidden band, the eigenvalues will not
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exist. By incorporating Maxwell's equations with the Bloch theory of

electrons, the solutions of the Master equations can be found [1-2].

There are finite numerical methods available to solve Maxwell's
equations so as to discuss the band structures of the PC. The prominent
numerical methods are the TMM, plane wave expansion method
(PWE), and finite difference time domain method (FDTD). These
methods are generally used for analyzing optical properties of one-
dimensional PCs, and they have been discussed in section 2.2.1
onwards [1-31].

2.2.1 Designing of 1D ternary PC structure using TMM

The TMM is the simplest and compact method widely used for the
description of the optical transfer features of stratified layered
structures. Among other numerical methods such as finite difference
time domain method and, plane wave expansion method, the TMM
provides less complexity and robust method. Generally, this is carried
out using a suitable analytical matrix approach, involving layer-by-
layer calculations to evaluate the optical characteristics of one, two,
and three-dimensional PCs. The method, TMM is typically applied to
systems with cubic symmetry and requires the structure to be
composed of microscale multilayers. In this method, each layer is
represented by its transfer matrix, and the overall optical response of
the system is determined by multiplying these individual matrices,
resulting in a final 2x2 transfer matrix for the entire multilayer
structure. This method can accurately determine the optical features
such as band structures, transmission coefficients, and reflectivity,
finitely and simply. Since the electromagnetic waves inside the PC are

spanned in terms of a basis set of plane waves, the information of the
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coupled modes (TE and TM) is represented by equations of a 2x2
matrix solution based on Maxwell's equations in the frequency domain,
known as k-space, with appropriate boundary conditions. The matrix
operations have been performed by utilizing the boundary conditions
that connect the amplitudes of the electromagnetic fields at the
interfaces of the different regions of the elemental structure. The
results of the TMM provided the complete band analysis of the PC
structure by showing the allowed and forbidden frequency ranges
within the crystal. That is the fundamental information about the
photonic band gap of the PC structure. In summary, the transverse
matrix method is a mathematical approach used to analyze the
dispersion properties and PBGs in PCs by solving the wave equation

and applying appropriate boundary conditions [1-31, 34].

d=d.+dx+ds

. J
b

Figure 2.2: Schematic diagram of a 1D ternary PC, where a) unit cell
and b) 1D ternary PC of infinite period length

When an electromagnetic wave with a wavelength A is incident on the
PCs, it undergoes a propagation that will be changed due to the

periodicity of the structures. The propagation phenomena, such as
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reflections and transmissions take place at the interfaces of the PC can
be explained using the TMM. The propagation of electromagnetic
waves through thin films involves several theories that unite to form
the TMM. As the system constitutes a multilayer structure, the
parameters such as refractive index, thickness of the dielectric layer,
number of elemental layers, and period (number of unit cells). When
light is incident on an isotropic thin film material stack, it gets partially
reflected and transmitted at each interface. To explain the reflection

and transmission, the Fresnel equations for a thin film are exploited.

Regarding this, the surface of the interface is exactly smooth enough to
produce linear polarizations (plane polarization) to the incident
electromagnetic wave, such that TE polarized and TM polarized waves
are produced. In consequence, Fresnel coefficients are dependent on
these two polarization conditions. However, at normal incidence, the
Fresnel coefficients are treated as the same for both TM and TE

polarizations.

Figure 2.3: A schematic diagram of the interaction of light and a
dielectric multilayer thin film structure, where L; and L, are the
dielectric thin films
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When the electromagnetic wave is passing through a periodic structure
of a unit cell of the ternary PC, where the unit cell consists of isotropic
thin films with thicknesses di, d2, and d3, and corresponding refractive
indices are ni, n2, and n3, respectively. Whenever the light hits each
interface of the dielectric thin film, transmission and reflection take
place. It can be explained well by using the TMM. For an electric field,
the amplitude of the incident beam is Ei, the corresponding reflected
beam is Er, and the transmitted electric field can be represented as E:.
In consequence, the relation between them can be shown only if the
fields and their derivatives are continuous at the interface. Since they
are continuous, the amplitudes of the plane waves can be expressed
using the boundary condition. By combining the boundary conditions,
the amplitudes of the electromagnetic wave (linear polarized plane

waves) at the interface can be represented as;

For the first interface (between layer 1 and layer 2), the electric field

becomes
Elek1x—iwt — ETleklll—iwt + ERle—(klll—i(ut) 2.28

For the second interface (between layer 2 and layer 3), the field

becomes;
Ezekzx—iwt — ETZekzlz—iwt + ERZe—(kglg—iwt) 2.29
For the third interface (between layer 3 and layer 1)

Esekgx—iwt — ETSekglg—iwt + ER3e—(k3l3—iwt)

2.30
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Where Eti1, Eri, Et2, Er2, E13, and Er3 are the amplitudes of the
corresponding transmitted and reflected electric fields, and ki, ko, and

ks are wave numbers defined as [1-2, 23];

ki= m 231
ko= m 2.32
Ka= wWNn3coses 2133

c

where 01, 02 and 03 are the incidence angles with respect to the three
mediums D1, D2 and D3 respectively. Since the system consists of a
stack of multilayer thin films, the equations describing the incident and
transmitted fields can generally be coupled in matrix form. Using the
TMM, the propagation of light through each interface can be expressed
as follows [1-2]:

ETZ] E11]
=M 2.34
Er, 12 Egry
ETB] ETZ] 511]
==M - M,-M 2.35
ER3 23 ERZ 234112 ERl
Similarly,
ET4] ET3] En]
==M M, MM 2.36
ER4 31 ER3 31423112 ERl

Generalising the field equations as

ET4- _ Ell]
ERJ =M [ER1 2.37
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Where Ml_]: M31M23M12 238

In general, Mj; is known as the transfer matrix and has the form;

:[. cos.6i ini_lsin(Yl] 539
in;siné; cosd;
Where §; = m 2.40
n; .
_ { pryrl P polariesd } 54l
n;coso;, S polarised

Where n; is the refractive index and d; is the thickness of the dielectric
material, 0; is the angle between light and the interface normal. n; is the
modified admittance which is approximately equal to the refractive
index of the dielectric material when the electromagnetic wave is in the

optical band [1-31].

For the dielectric layer L transfer matrix is defined as;

. _1 .
M]:[.co§61 in smdl] 242
insind;  cosd,
Transfer matrix for the layer Lo;
. _1 .
Ma :[.CO.S(SZ in sm62] 243
insind,  cosd,
Similarly,
. _1 .
M :[.C0§53 in sm53] 244
insind;  cosds
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Therefore, three transfer matrices M, My, and M3 are involved for
describing the transmission properties of the three-layered unit system,
and the solutions of the master equation 1 (Electric field) for the entire

PC system become;

Mt=M M:M3;

:< cosk,n,d; nilsinklnld1>< cosk,n,d, nizsinkznzd2>2 45

insinkyn;d; cosk;n,d; in,sink,n,d, cosk,n,d,

M1 mzz]

“lmy, my, 2.46

For the PC system, where the number of periods is N and the transfer

matrix of the whole system
Mr= (Mj)N 2.47

To find the elements of the final transfer matrix Mrt, the relation
between the powers of matrix and Chebyshev polynomial of the
second kind can be expressed in terms of matrix exponentiation,

especially for symmetric matrices [1,21,36-37].

The n'™™ power of the Chebyshev polynomial of the second kind can be
expressed as

sin ((n+1)9)
sinf

U, (x) = 2.48

Where x= cos(0) 2.49
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In this context. The total transfer matrix can be related to the
Chebyshev polynomial of the second kind. Specifically, the
eigenvalues of the matrix can be expressed in terms of Chebyshev

polynomials.

If M and A; are the eigenvalues of the transfer matrix, the transfer

matrix becomes

Un-1(41)
MT:< Uv() = ) 2.50
dUN—l(Al) UN(Al)

Where d is the factor for the layer properties, such as refractive index

and thickness.

Using the recursion relation of the Chebyshev polynomial, the

elements of the final transfer matrix
Mt for the N periods can be obtained [1,21,36-40]; such that
UN(X) == ZXUN_l(x) - UN_z(X) 251

This relationship allows for computing higher-order matrices from

lower-order matrices iteratively.
a. Transmission coefficient (T) of the transfer matrix

Equation 2.24 gives a 2x2 characteristic matrix M;; for the proposed
three-layered one-dimensional dielectric PC system. It can be modified
accordingly to tune the PCs for the desired frequency range. In other
words, the future behaviour of PCs can be engineered using the

characteristic matrix. The transmittance (t) and reflectance (r) can be
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obtained from the characteristic matrix [1-40]; If the refractive index of
the front and back layer of the PCs is air, then the equation for

transmission coefficient T is obtained as [1-40];

T = |t|? 2.52

where t = 2 - 2.53

2
My1+My2+My1+Myp

Moreover, t is known as the transmittance. Using equation 2.51, the
entire optical properties including, PBG effect, and allowed

transmission modes of the 1D ternary PC can be elucidated.
23 Dispersion relations in 1D ternary photonic crystals

According to the Bloch theorem, the propagation of electromagnetic
waves in a periodic medium is not altered, and modulated plane waves
can simulate their behaviour because the Bloch state is a plane wave
multiplied by a periodic function uk(x). All the scattering events are
again formed into coherent waves, which results periodic uk(x) in
consequence, k is reserved. The periodicity condition can be expressed

as [1-31];
uk(x)= uk(x+d) 2.54

2.55

—-I1 n
— < —_
l_k<l

where [ is the lattice parameter.

This periodic condition restricts the Hermitian eigenvalue problem in
equations 2.1 and 2.2 and leads to a discrete spectrum of eigenvalues.

So being a periodic medium, the electromagnetic modes of 1D PCs can
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be explained by the Maxwell equations. By considering equations 2.1
and 2.2, which are the eigen problems of both magnetic and electric
fields, the obtained eigenvalues (w/c) % give the possible magnetic and
electric modes with respect to the change in the wave vector k in the
first Brillouin zone. The bands between the discrete resonant
frequencies (pass bands) of the PCs are called photonic band gaps,
where no eigenvalues exist for the master equations 2.1 and 2.2 [1-31].
For an infinite lattice extending on the whole x-axis, the solution of the

master equation can be written in terms of Bloch waves [1];
E (x, k) = Uk (x)e KX 2.56

Where the parameter k(w) is called the Bloch wave number or
dispersion relation for a periodic lattice with indices ni, n2, and n3. The
dispersion relation can be deduced using the Kronig-Penney model of

the electron theory of solids.

It can be explicitly represented as follows;

k() = %cos‘1 (% Tr(Ml-]-)> 2.57

—Lcos™! (% <(ZCoskldlnlcoskzdznzcosk3d3n3) - (—1

n
d nyp

ng

+
E) sink,din,cosk,d,n,cosk; d3n3>>

<(+ (Z—z + Z—z) sink,d,n,sinkzd;nscosk;d,n, + (Z—: +
%) sinkldlnlsink3d3n3cosk2d2n2)> 2.58
1
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Equation 2.58 gives rise to the dispersion relation for a ternary 1D PC.

24 Formulation of the thickness of the elemental layers of the

1D ternary photonic crystal

The design of the thickness of the dielectric materials of the 1D ternary
PC is strictly crucial. The thickness of the constituent dielectric layer is
measured based on the constructive interference formula of a
multilayer film stack. There are two methods followed to design the
thickness of the layers; they are constructive interference and Bragg's

quarter-wave condition.

2.4.1 Condition for constructive interference of multilayer thin

films

In PCs, the PBG is formed due to the constructive interference that
occurs at the interfaces of the dielectric layers. As the light encounters
the surface of the PC, it undergoes constructive and destructive
interference. According to constructive interference, the condition for
constructive interference for a multilayer stack of films depends on the
wavelength A, refractive index (n), and thickness (1) of the thin film. In
2013, Gong, Q et al [2] described the Bragg’s law for finding the
thickness of the constituent layers of a PC. The relation between the
wavelength and the optical thickness of the film is represented as [1-

25, 32-35];

mA = Znili 2.59
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Where 2nil; is the optical thickness of the thin film, and i is an integer
representing the order of the layer. For a multi-layered stack of film,

the condition for constructive interference becomes;
mA = 2(nqly + nyly + ngls + nuly+. ....ngl;) 2.60

Where m is the order of the constructive interference and 1 is an
integer. In the case of a 1D ternary PC, the reflections occur from
higher index materials to the lower index materials. In consequence,
the constructive interference does not depend on the phase shift of the

propagation. Thus, the equation becomes;
ml = Z(Tllll + nzlz + n3l3) 2 61

From this equation, the thickness of each layer can be deduced by

applying two conditions;

Case 1: For li=l=13=1, for a particular symmetry, photonic band gap of

wavelength A, and m; the thickness will be assigned as

|=— ™ 2.62

- 2(7’11 +n, +Tl3)

Case II: When the optical thickness would be the same for all three

layers, such that;

anll == anlz == 2n3l3 2 63

Then the total optical thickness of the unit cell becomes
= anll + anlz + 2n3l3 = Z(Tllll + nzlz + n3l3) 2.64

Then the condition for constructive interference
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ml = 6111[1 = 6112[2 = 6713[3 265
=22 2. 66
67’11
l, =24 2.67
6”2
I, =24 2.68
6n3

In summary the thickness for an elemental layer of alD ternary PC can

be found by
Yinl, = mTA where i is integer 2.69
2.4.2 Bragg's quarter-wave condition

Generally, Bragg's quarter-wave condition is used to determine the
thickness of elemental layer in 1D binary PC. It is found to be decisive
for designing multilayer thin films for antireflective coatings and
mirror applications. This condition is achieved only when the optical
thickness of the layer is equal to one-fourth of the wavelength [32-35].

According to Bragg reflection condition, for a constructive interference
2n;l;cos6 = mA where i=1,2,3...... 2.69

Where n is the refractive index, [ is the thickness of the layer, and 0 is
the angle of incidence, m is the order of the interference pattern,

usually it is 1, and A is the wavelength in vacuum.
For normal incidence, 6=0, thus cos 6 =1
The equation 2.69 can be rewritten as

Znili = mA 2.70
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For a quarter wave layer

Though, this is suitable for binary 1D binary PC structures, the
equation 2.72 is slightly changed when the 1D ternary PC structure is
considered. Such that, the

Zi nili = mTA 2.73

These methods are generally considered for designing the thickness of

the 1D ternary PCs.
2.5 Defects in 1D ternary photonic crystals

The periodicity of PCs gives rise to their unique feature: the photonic
band gap, within which the density of photons at specific frequencies
drops to zero. Any alteration of this periodicity can create defects in
the PC, leading to the formation of defect modes within the PBG
region. Apart from the filters and antireflecting coating, the diverse
features of PCs can be brought about by creating defect modes. The
defect mode can be achieved by altering the periodicity by means of
several ways, such as introducing a significantly different material to
any of the unit cells by replacing the existing dielectric layer,
increasing the thickness of the constituent dielectric layers, or
repeating the same constituent layer instead of placing by adjacent

different layer. This kind of defect is generally referred to as a point
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defect, which means the defect occurs in a unit cell. Thus, point defect
can cause localized modes which can trap photons within the micro
cavity. It facilitates the interaction of light and matter within the cavity,
like what a resonator will do. This ability will be utilized for many
applications, including nonlinear optical applications, sensing, and
optical devices. There are another two more types of defect are known,;
they are line defects and surface defects. Line defects are achieved by
altering the line of unit cells. This kind of defect is utilized for wave
guiding purposes for guiding light. Another possible defect is a surface

defect that results from imperfections on the surface of the PCs.
2.5.1 Symmetric and asymmetric defective photonic crystals

When a defect is introduced in PC, usually a narrow defect mode
(resonant mode) will be present in the PBG. In such situation the
symmetry of the defect with respect to the centre of the structure

matters in producing defect mode.

When considering the symmetry of the PC after introducing a defect,
generally two types of defective PCs are known. If the structure is not
mirror-symmetrical about the defect, such a configuration is called an
asymmetric defective PC. It provides a single defect mode within the
PBG and has a remarkably high-quality factor (Q). In contrast, when
the structure is symmetric about the defective layer, such a defective
PC is called symmetric defective PC. In symmetric defective PC the
defect divides the PC into two subparts of PCs. The symmetric
defective PC will experience two defect modes in a PBG, and the light

confinement duration is comparatively lower than as that of
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asymmetric defective structures. Therefore, asymmetric defective PC
stretches potential applications of PCs, including sensors and laser
devices. Asymmetric configurations can be achieved in a 1D
dimensional PC. Figure 2.4 shows differences in the both alignment of
PC about the defective layer in asymmetric and symmetric defective
PCs. In a symmetric defective structure, both sides of the defective

layer are symmetric with respect to the defective layer [1-30].

Defective layer Defective layer

I CI | | CI | I CI | | c||I|

Defective unit cell Defective unit cell

a b

Figure 2.4: Schematic diagram of a) defective symmetric on 1D
ternary PC and b) defective asymmetric 1D ternary PC

Figure 2.4a represents symmetric defective PC where both side of the
PC structure about the defective layer are symmetric. The alignment of
a symmetric PC looks like as (ABC)NADC(CBA)N. Figure 2.4b
represents an asymmetric 1D ternary defective PC where D is the
defective layer. About the defective unit cell, the structure is
asymmetric in nature. Thus, for a 1D ternary PC the asymmetric can be

shown as (ABC)N ADC((ABC)M).
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The defect modes in the symmetric and asymmetric 1D PCs can be
tuned by the general parameters such that thickness and dielectric
properties of the constituent elements and angle of incidence of light.
These can effectively influence the properties of a defect mode such as
number, position, intensity, bandwidth and confinement duration of

light.

2.5.2 The effect of the defect layer in 1D ternary photonic
crystals

The presence of a defect in a ternary PC structure results in the
formation of a defect mode with a narrow peak. This narrow
transmission mode can have a significant impact on light-matter
interaction. The narrow peak has high intensity that can enhance light-
matter interaction. Thereupon, the narrow width can suitable applicable

for sensing purposes.

The optical properties (dispersion relations) of a defective PC can be
exploited by using TMM in the same way as for a standard PC. The

transfer matrix of the defective layer would be;

M= [cos@ %sin@l

o=
isind  cosf

Where, Mp represents the transfer matrix for the defective layer,

The characteristic matrix of the entire configuration of the one-

dimensional asymmetric ternary PC would be;

Mp= (M1M2M3) N-x (MiMgM3)(M1MaM3)* 2. 75
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Where Mp represents the characteristic matrix for the whole structure,
having N number of unit cells, Mi, M2, and M3 are corresponding
transfer matrices of layer Li, L, and L3, and x represents the number
of orders left due to the defective unit cell. The Figure shows the
differences between the PBG of a standard PC structure and a
defective PC structure. Figure 2.5a represents the optical response of a
standard 1D ternary PC. Figure 2.5 b shows the optical response of a
1D defective ternary PC. A narrow defective mode within the PBG can
be seen in Figure 2.5.b. The presence of a defect mode also influences
the position and width of the PBG. This defect mode can be
manipulated by altering properties of the defective layer, such as its
refractive index, thickness, and material concentration. These changes
will result in the position and FWHM of the defect mode. These
properties can be monitored for the applications of sensing, optical

filters, and laser devices.
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Figure 2.5: Optical responses of a) 1D ternary PC and b)1D defective
asymmetric ternary PC obtained by TMM.
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2.6 Conclusion

This chapter describes the formation of master equations for 1D PC
structures using Maxwell’s electromagnetic theory. Additionally, the
features of one-dimensional PCs, such as the PBG, transmission,
reflection, and dispersion relation, are described in detail using the
master equations along with the Bloch equation of electron motion in
solids. From the perspective of the general theory of one-dimensional
PCs, this chapter presents the derivation of equations for transmittance,
reflectance, and dispersion theory for ternary structures based on the
fundamental principles of multilayer dielectric films and PCs. In
addition, the condition for thickness of the 1D ternary PC is also
derived. Apart from the transmission modes, the chapter also discussed
the defect mode obtained in the 1D ternary PC structure, which results

from the presence of a defective layer.
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Chapter 3

Theoretical Study of One-Dimensional DNA Templated
Silical Metal Oxides, Graphite Oxide Photonic Crystals for
Multifaceted Applications

This chapter explores the novel features of DNA-templated one-
dimensional (1D) photonic crystals and their potential for diverse
applications. It begins with a theoretical analysis of 1D photonic
crystals composed of silica/metal oxides and graphite oxide
structured on a DNA template. The investigation involves studying
the optical responses in the region of 200-1200 nm of the
electromagnetic spectrum using the transfer matrix method (TMM).
The study further compares the performance of ternary photonic
crystal (PC) systems with their corresponding bilayer counterparts,
focusing on transmittance and the emergence of defect modes. The
chapter highlights the promising applications of DNA-templated
ternary 1D PCs in areas such as biosensing, optical filtering, and
nonlinear optical devices.

The results of this chapter are published as

Theoretical Studies of One- Dimensional DNA Templated
Silica/Metal Oxides, Graphite Oxide

Photonic Crystals, Bhagyasree G S and Nithyaja B, 2022 ECS Trans.
107 12161, DOI:

10.1149/10701.12161ecst, ISSN: 1938-6737, Journal link:
https:/ /iopscience.iop.org/journal /1938- 5862
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Chapter 3

3.1 Introduction

The fundamental concepts of photonic crystals (PCs), including the
photonic bandgap (PBG) and its dependence on structural parameters
such as thickness, refractive index, and periodicity, were detailed in
chapters 1 and 2. This chapter focuses on the mechanism and
transmission characteristics of one-dimensional ternary photonic
crystals composed of metal oxides, graphite oxides, and a bio-
templated dielectric layer. The organic polymer deoxyribonucleic acid
(DNA) can be used as a template for various film-based applications.
DNA, a fundamental organic molecule, is essential for storing and
transmitting genetic information. DNA is increasingly recognized for
its role in photonic and bio-templated applications. In material science,
its significance is growing rapidly, both as a biotemplate and as a
functional material, making it a promising component for advanced
technological applications. The attractive feature of DNA includes its
lengthy double helical nucleotide structure and ligand-like properties.
Due to the structural and functional groups present in DNA, it exhibits
excellent mechanical, electrical, and optical properties [1-8,36-39].
DNA is optically transparent in the visible region of light. This feature
of DNA can be effectively used for making DNA-based thin films.
The film-forming properties of DNA are enhanced by complexing it
with surfactant molecules such as cetyltrimethylammonium bromide
(CTAB) and cetyltrimethylammonium chloride (CTAC), enabling its
transformation into a stable film. DNA has been used as a stabilizing

agent for the synthesis of nanoparticles due to its ability to control
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particle size and modify the refractive index of the resulting

nanostructures [1-31].

The work presented in this chapter investigates the optical behaviour of
1D ternary PCs composed of various combinations of silica, zinc oxide
(ZnO), alumina (Al2Os), graphite oxide, along with DNA. The
structures are designed to be multi-stack of Silica/DNA/ZnO,
Silica/DNA/Alumina, Silica/DNA/Graphite oxide,
ZnO/DNA/Alumina, ZnO/DNA/Graphite Oxide, and
Alumina/DNA/Graphite oxide. The transmission properties of these six
different configurations were studied, and their optical responses were
analyzed using the TMM. The design aims to achieve an optical
response within the visible region of the spectrum. When using a DNA
template, the microperiodic structures offer relatively low refractive
index contrast between adjacent layers, and an increased number of
interfaces within each unit cell as well. This study focuses on how such
a ternary biotemplate layered structural configuration enhances light
confinement in the visible region and strengthens the photonic band
gap effect for improving the efficiency of the structures for visible

light applications [24-31, 32-44].

Additionally, the presence of defects is essential for expanding the
applicability of PCs in areas such as sensing, laser devices, optical
filters, and solar cells. Studies have shown that defects in PCs enhance
light-matter interactions. A defect functions like a cavity within the
dielectric microstructure, allowing light to be firmly confined and
promoting increased interaction between light and the surrounding

medium [1-23, 32-44].
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This work further investigates the role of DNA-templated one-
dimensional PCs by analysing the changes in optical responses such as
transmittance, reflectance, and PBG as the number of periods and
interfaces within the unit cell varies, using theoretical modelling based
on the TMM. The influence of defects within ternary unit structures is
also explored. To create a defect mode, a material with a refractive
index equivalent to that of water (nw=1.33) is introduced. All the
theoretical analyses are conducted within the visible region of the

electromagnetic spectrum [24-31, 45-51].

3.2 Theoretical formulation of TMM for 1D DNA-templated

photonic crystal

The propagation of electromagnetic waves through the PCs can be
exploited by the fundamental Maxwell’s differential equations of

electromagnetic waves in dielectric media.

d; d»

Die

Dap

d= d;+d:

Figure 3.1. Schematic representation of a 1D binary PC
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The propagation of electromagnetic waves through the 1D ternary PC
is studied by using the fundamental Maxwell’s equations. The
numerical method used to study the behaviour of electromagnetic
waves through the microstructures is the TMM. The derivation of the
solution for the propagation of electromagnetic waves in the 1D

ternary PC is well explained in chapter 2[1-23, 32-43].

In this chapter a comparative theoretical study on 1D ternary PC
systems with their counter 1D bilayer structures are also discussed. It
would help to understand the physical significance of the 1D ternary
PC structures over 1D bilayer PC structures. The numerical studies
were conducted using TMM separately for both 1D ternary

microstructures and 1D bilayer PC systems.

In general, a bilayer 1D PC consists of a stalk of alternatively arranged
two distinct dielectric or isotropic materials in a unit cell. In
consequence of that, each layer requires a propagation matrix to
describe the propagation of electromagnetic waves through the
periodic microstructures. The TMM for 1D bilayer microstructure is

configured for the two constituent layers of the unit cell.

Figure 3.1 illustrates a schematic diagram of a 1D bilayer PC system
where the dielectric layers are shown, namely Dig and Dss,
corresponding to layer one and layer 2. The thickness of the layers is d;
and d». Hence, the period (lattice constant) of the PC is d= di+d> [1-
10]. As an electromagnetic wave with a wavelength A is incident on
the PCs, its propagation is altered due to the periodicity of the

structures. The reflections and transmissions that occur at the interfaces
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of the PC can be explained using the TMM. The transfer matrices for

each layer are represented using the equations illustrated in chapter 2.

For dielectric layer D1g, the transfer matrix is defined as;

_[ c0s8p, irilsinSBl]
1B=[. . 3.1
insindg;  cosdp;
Transfer matrix for the layer D2g;
:[ cos8p, iﬁlsinSZB] 19
insindg,  €0S8g, ’

The equations 3.1 and 3.2 represent the transfer matrices for the
corresponding layers Dg1 and Dgz. Using equations 3.1 and 3.2, the
characteristic matrix Mg for the entire unit cell of the 1D bilayer PC

system is shown as

Mi Mis Man. [.cos631 irilsin631] [ cosbg, intsind,p

insing,;  cosdg, llinsindg,  cosdp, ] 33

m m
_ B11 312] 34

Mpy1 Mpo

2mnpg;dgicosepg;

)\ 3.5

Where 8p; =

It is the phase shift experienced by the electromagnetic waves when
they encounter the interfaces of the 1D bilayer PC system, and the i
represents the order of the layer. Equation 3.5 is obtained from the
equations 2.28-2.46 provided in chapter 2. Besides, ng; is the refractive
index and dg; is the thickness of the dielectric material, and Ogi is the

angle between light and the interface normal.
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From equation 3.5, the quantities mgi1, mgi2, mg21, and mg2, are the
elements of the matrix Mg. Equation 3.4 is the characteristic matrix for
the propagation of an electromagnetic wave through a unit cell only. In
this work, the propagation of electromagnetic waves through both 1D
bilayer and 1D ternary systems is extended to different numbers of
periods (N). Consequently, the characteristic matrix for a particular
number of periods (N) can be found using the equation provided in

chapter 2 [equations 2.28-2.46].

Moreover, the characteristic matrix provides the transmission
coefficient, which is essential to study the transmission properties of
the propagated waves. Consequently, the transmission coefficient for
the 1D bilayer PC system can be expressed as T, and its magnitude
can be obtained from the characteristic matrix provided in equation
3.4. Generally, the quantification of Ty depends on the number of
periods, N. Based on N, the optical density of transmission has been
changed. It will reflect on the value of the transmission coefficient.
Thus, the equation of the transmission coefficient is referenced from
chapter 2 (equation 2.52). The transmission coefficient for the 1D

bilayer PC can be rewritten as
TB = ItB |2 3.6

Where,

tB == 2 37

Mmp11+Mpi2+Mp1+Mp22

the elements mpi11, mpi2, mp21, and mg22 are obtained from the equation

3.4.
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d=d;+d>+ds

a
b

Figure 3.2. Schematic representation of 1D DNA-templated PC (1D
ternary PC) where a) unit cell and b) 1D ternary PC of period N=7

According to the DNA-templated PC, the unit cell contains three
dielectric layers with refractive indices ni, n2, and n3 and thicknesses di,
dz, and ds. Therefore, we have three transfer matrices for describing the
transmission properties of the system, and they are M1, Mr2, and Mrs3,
respectively. Figure 3.2 shows a schematic diagram of a 1D ternary PC
system where the isotropic layers that constitute the unit cell are named
as L1, L, and L3. The characteristic matrix of the 1D ternary PC system
includes the product of three propagation matrices corresponding to
three distinct periodically arranged isotropic materials. Their

corresponding transfer matrices are given as
For layer L,

[ cosépq irilsin(STl] 3.8

=], .
insinéy,  cosdrq
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For layer Lo,
=[ cos8r, irilsindn] 3.9
insinéy,  cosdr, '
For layer L3, the transfer matrix becomes;
. _1 .
T3=[.CO.56T3 in sm6T3] 310
insinérs  coSOr;
Where, 67; = Znngydy;cosers 3.11

A

It is the phase shift experienced by the electromagnetic wave at each
interface in the structure, and i represents the number of layers 1, 2,
and 3. Similarly, nt; is the refractive index and dri is the thickness of
the dielectric material, O1i is the angle between light and the interface

normal of the 1D ternary PC system.

In the case of a 1D bilayer PC system, the characteristic matrix of the
unit cell of a 1D ternary PC system can be expressed as the product of
the transfer matrix of each three layers Li, Lo, and Ls;. The

characteristic matrix, M, is obtained as;

) ) Mr= MriMmaMr3-

cos8rq inlsinSTl] [ cos8r, inlsinSTz] [ cosér3  intsindrs
insindry  cosérq; llinsindr,  cosdr, |linsindr;  cosdrs

3.13

3.14

[an mTlZ]
Mry1 Moo

Where, mgqq, Mr12, Mryq, and mp,, are the elements of the 2x2

matrix Mr.
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The transmission coefficient for the 1D ternary PC system can be

expressed as
TT = I tT | 2 3 . 1 5

Where, t; = 2 3.16

mri1+tmriz2+mrz+mrz;

The elements, mygqq, Mpqp, Mpy1, and mypy, are obtained from

equation 3.14.

Equations 3.6 and 3.15 provide the complete information regarding the
optical transfer properties of the 1D bilayer PC and 1D ternary PC

systems.
3.3  Theoretical observation and analysis

The properties of PCs can be altered by changing the refractive index,
thickness, and number of layers of the PCs. This study focuses on the
effects of a template in the PBG by changing the periodicity of the
microstructures. When introducing a layer with a refractive index n as
a template for every layer of the unit cell, the thickness of the entire
unit cell has been changed. It will alter the periodicity of the PC, so the
bandgap. The changes can be analysed using the TMM. This work
has introduced DNA as the template because of its unique optical
property in the visible region of light. The materials selected for the
theoretical simulation are silica, zinc oxide (ZnO), alumina, and
graphite oxide (GO). By using these materials, six PC systems such as
Silica/ZnO, Silica/Alumina, Silica/ Graphite oxide (GO), Alumina/GO,
Alumina/ZnO, and GO/ZnO are designed. The refractive index of
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silica, zinc oxide, alumina, graphite oxide, and DNA are 1.4585,
2.0034, 1.7682, 1.96, and 1.5826, respectively. The thickness, d, of
layers (lattice constant) of all the PC systems is taken from 50nm -

600nm. The number of period (N) of the PCs are taken from 1-100[24-
31, 45-51].

3.3.1 Transmission properties of the unit cell of the photonic

crystals with and without the presence of DNA template

A unit cell is described as the fundamental microstructure of a PC, as
the unit cell in a crystal system. The number and thickness of the
dielectric layers in a unit cell of the PC are repeated periodically for
the entire system to form a PC. The transmission behaviour of the PC
of the unit cell in the absence and presence of a DNA-template is
observed. The transmission behaviour of the PCs has been observed in
200-1200 nm region of electromagnetic wave spectra. The thickness of
the layers of the unit cell is taken as di 50 nm and d2 =100 nm, and the
thickness taken for the DNA layer, dpna, is 90 nm.
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Figure 3.3: Transmission properties of ~ Figure 3.4: Transmission properties of
1D Silica/ZnO PC in the absence of DNA 1D Silica/Alumina PC in the absence of

template DNA template
N=1; d;=50 nm, d,=100 nm N=1; d;=50 nm, d>= 100 nm
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Figure 3.6: Transmission properties
of 1D GO/ZnO PC in the absence of
DNA template

N=1;d;=50 nm, d>=100 nm

Figure 3.5: Transmission properties of
1D Silica/GO PC in the absence of
DNA template

N=1;d;=50 nm, d,=100 nm
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Figure 3.7 :Transmission properties of
1D Alumina/GO PC in the absence of
DNA template

N=1;d;=50 nm, d>=100 nm

Figure 3.8 :Transmission properties of 1D
Alumina/ZnO PC in the absence of DNA
template

N=1;d;= 50 nm, d,=100nm

Figure 3.3-3.8 shows the transmission properties of 1D PCs in the

absence of DNA template for a unit cell within the electromagnetic

spectrum range of 200—1200 nm. In the absence of the DNA template,

a PBG is observed in the 300—400 nm range, corresponding to the

visible region of light. All six proposed 1D PC unit systems in the

absence of DNA-template exhibit maximum transmittance at around

600 nm.
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Figure 3.9 : Transmission properties of Figure 3.10 : Transmission properties of
DNA templated 1D Silica/Alumina PC 1D DNA templated Silica/ZnO PC
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Figure 3.11 : Transmission properties
of 1D DNA templated Silica/GO PC
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Figure 3.12 :Transmission properties of
1D DNA templated GO/ZnO PC
N=1;d,=50 nm, d,= 100 nm, dpna=90 nm
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Figure 3. 13: Transmission properties of ~ Figure 3.14: Transmission properties of
1D DNA templated Alumina/GO PC 1D DNA templated Alumina/ZnO PC
N=1;d;= 50 nm, d»= 100 nm, dpxa=90 nm N=1;d1= 50 nm, d>= 100 nm, dpna=90 nm
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The transmission properties of the unit cell of the proposed 1D DNA
templated PCs are shown in Figures 3.9-14. In the presence of a DNA
template, photonic band gaps are present in the visible region at 400
nm-600 nm. In the case of DNA templated PCs, the transmittance peak
shifts into the longer region of the light. The maximum transmittance is
shown at 700 — 1200 nm of the electromagnetic spectrum. The changes
are the result of the DNA template in the PC system. Due to the
presence of the template, the periodicity, thickness, and refractive
index contrast between the adjacent layers of the microstructures have
been changed. This affects the increase in the formation of band gaps

in the system.
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Figure 3.16: Transmission properties of

1D Silica /ZnO photonic crystals in the 1D Silica /Alumina PC in the absence of

absence of DNA template DNA template
N=100;d;=50 nm, do= 100 nm N=100;d;= 50 nm, d>= 100 nm

Figure 3.15: Transmission properties of
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Figure 3°19‘: Transmiss'ion properties Figure 3.20 ; Transmission properties of
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3.3.2 Transmission properties of 1D photonic crystal for N=100
with and without the presence of DNA template

The transmission properties of a single unit cell are insufficient to fully
understand the effect of the DNA template in PCs, as the transmittance

peaks obtained for the unit cell are not clearly distinguishable. To
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obtain well-resolved transmission spectra, it is necessary to increase
the number of layers in the PC structure. Therefore, the number of
periodicities is increased up to 100 and the changes are observed. As
the number of layers (N) increases, the band gap effects are
significantly changed. Figures 3.15- 3.20 show the bandgap effects of
the PCs in the absence of a DNA template. From these results, a PBG
is seen at 400 nm-500nm regions of light. Among these results, the
width of the bandgap of the 1D GO/ZnO PCs is reduced significantly
as compared to other combinations of the PCs. The refractive index
contrast of the ZnO layer and the GO layer is very small compared to
other dielectric layers of the PCs. The PBG increases with a larger
refractive index contrast, whereas for structures with smaller layer

widths, a lower refractive index contrast is preferred [1-23].
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Figure 3.21 : Transmission properties Figure 3.22 : Transmission properties
of 1D DNA templated Silica/ZnO  of |D DNA templated Silica /Alumina
photonic crystals, N=100; di= 50 nm, photonic crystals, N=100; d;= 50 nm,
d>= 100 nim, dpna= 90 nm d= 100 nm, dpna= 90 nm
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Figure 3.23 : Transmission
properties of 1D DNA templated
Silica/GO photonic crystals
N=100;d,= 50 nm, d,= 100 nm,
dDNA: 90 nm

Figure 3.24 : Transmission properties
of 1D DNA templated GO/ZnO
photonic crystals

N=100;d1= 50 nm, d2: 100 nm, dDNA:
90 nm
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Figure 3.25. Transmission
properties of 1D Alumina/GO

photonic crystals in the absence of

DNA template
N=100; d;= 50 nm, d>= 100 nm,

Figure 3.26. Transmission properties
of 1D DNA templated Alumina/ZnO
photonic crystals

N:100;d1: 50 nm, d,=100 nm, dDNA:

Figures 3.21-3.26 show the transmission properties of the PCs in the

presence of a DNA template. As compared to the figures 15-20, these

results show that the width, the position, and the number of PBG are

changed. From Figure 21-26, two band gaps are seen, and one of the

band gaps is seen at the 530nm-550 nm region of the electromagnetic
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spectrum, and the second band gap is located at the 1000 nm- 1200 nm
region of the electromagnetic spectrum. One of the important changes
seen in the presence of the DNA template is that the width of the
bandgap formed in the visible region is significantly reduced as
compared to the band gap formed in the absence of the DNA template.
Apart from, the width of the PBG of 1D DNA templated Silica/
Alumina, Silica/ GO and Silica/ ZnO PCs seen at the visible region is
very narrow as compared to the width of the bandgap seen for the 1D
DNA templated GO/ZnO, Alumina/GO, Alumina/ ZnO, 1D non-DNA
templated Silica/ Alumina, Silica/ GO and Silica/ ZnO PCs. According
to PCs, the optical parameters such as thickness, refractive index, and
number of layers of the microstructures affect the PBG of the PC
system. When DNA is introduced as a template between two different
microstructures, the refractive index contrast is reduced, while the
thickness, number of layers, and number of interfaces within the unit
cell increase. These modifications impart unique properties to the 1D
ternary PCs, distinguishing them from their corresponding bilayer

structures.

From the theoretical results, it is observed that more than one band gap
is seen in the transmission spectrum. The formation of multiple band
gaps is due to the increased number of interfaces within the unit cell.
The diffraction forms the PBG that occurs at the interfaces of the unit
cell as light encounters them. In the case of a bilayer PC, the
interference after the diffracted waves occurs due to the two interfaces.
However, in the case of a ternary unit cell, three interfaces are formed.

Hence, the diffraction at the interfaces becomes complex to get more
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than one PBG.The narrow width of the PBG is due to the low

refractive index contrast between the adjacent layers.

Among the six combinations of DNA templated structures,
Silica/DNA/ZnO provides a large PBG width in the range of 1000 nm-
1250 nm. By selecting an appropriate central wavelength, this gap can
be tuned into the visible region. Moreover, this configuration also

shows a higher oscillation density compared to the others.

The refractive index of the DNA at the optical band is comparatively
near to the refractive index of the silica, which results in a reduced
bandgap width in the visible region. On the other hand, if the refractive
index contrast and thickness are increased, the PBG width is increased
and its position is shifted to the longer wavelength region of the optical

band. It is evident from Figures 3.21 to 3.26.
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Figure 3.27: Defective modes of a) 1D defective bilayer Silica/ZnO
PC and b) 1D defective ternary Silica/DNA/ZnO PC
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3.3.3 The Optical response of 1D ternary defective
Silica/DNA/ZnO photonic crystal

It is very crucial to study the optical behaviour of the PC within the
optical band 350nm-750nm, where most of the applications, including
optical filters, nonlinear optical devices of the photonic crystal, deal
with. Keeping this view, the PBG effect of the proposed structures is to
be designed in the optical band. Hence, the DNA-templated Silica/ZnO
structures were selected from among the six studied systems due to

their enhanced PBG characteristics.

Figure 3.27 exemplifies how defective modes of 1D bilayer and
ternary structures of PC differ from each other. We have fixed the
defective layer thickness as 120 nm, and the refractive index of the
defective layer is taken as 1.33, equivalent to the refractive index of
water. Figure 3.27a represents the defective modes of a 1D binary
defective Silica/ZnO PC, where the PBG is obtained around 330 nm-
425 nm. The thickness of the silica and ZnO for obtaining the PBG at
this range is taken as 69 nm and 40 nm, respectively. The defect mode
is obtained around 390 nm-420 nm. The full width at half maximum
(FWHM) of the defect mode is obtained as 5.6 nm, and the defect
mode intensity is found to be 83.3%. Whereas in the case 1D ternary
Silica/DNA/ZnO, the thickness of the elemental layers is taken as 68
nm, 66 nm, and 50 nm for silica, DNA, and ZnO, respectively. The
PBG is obtained around 530 nm-680 nm. The defect mode is formed at
564.2 nm with an intensity 84%. The FWHM of the defect mode is
measured as 8.7 nm. From these results, it is more convenient that the

features of 1D ternary PCs are more significant than their counter
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bilayer structure. These data highlight that the proposed 1D ternary
Silica/DNA/ZnO can be a promise for multifaceted purposes, including
biosensors, optical filters, and nonlinear optical applications. Table 3.1
summarises the performance of the defective mode of 1D
Silica/DNA/ZnO ternary PC over its counter 1D bilayer Silica/ZnO PC

for the same number of periods, N=13.

Table 3.1 Comparison between the defect modes in 1D ternary

Silica/DNA/ZnQO PC and 1D bilayer Silica/ZnO PC

S| PBG | Defect | poor | Itensity
N PC system width Mode (nm) (%)
(0] (nm) (nm) nm 0
Silica/DNA/ZnO 135 564.2 8.7 84
2 Silica/ZnO 95 396.1 5.6 83.3

34 Conclusions

In this chapter, the transmission properties of DNA-templated 1D
ternary silica/DNA/metal oxides and silica/DNA/graphite oxide PC
(PC) systems in the wavelength range of 200-1200 nm of the
electromagnetic spectrum were investigated using the TMM. The
thickness and number of layers for each PC were kept constant across
all samples to enable a comparison of the changes in transmission
properties under the same experimental conditions. It was found that,
in the absence of the DNA template, the bandgap formed in the visible
region is located around 400 nm, and its width varies significantly
depending on the refractive index contrast of the layers. However, in

the presence of a DNA template, two band gaps are observed—one in
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the visible region and the other in the infrared (IR) region. The
bandgap in the visible region is located at the longer wavelength range
(530-650 nm) and is relatively narrow, while the second bandgap in
the IR region is comparatively wider. The inclusion of the DNA
template alters the refractive index contrast and the adequate thickness
of the microstructures. This change in periodicity influences the
position, number, and width of the photonic band gaps. Due to the
optical transparency of DNA polymer in the visible region, it can be
effectively used to tune the bandgap of PCs. Among the six DNA-
templated configurations, the 1D ternary Silica/DNA/ZnO PC exhibits
notable PBG effects. Additionally, we examined the defect mode of the
1D ternary defective Silica/DNA/ZnO PC. A comparative study was
conducted with its counterpart, the 1D bilayer defective Silica/ZnO
PC. The results show that the 1D ternary PC offers a defect mode with
higher intensity and a larger full width at half maximum (FWHM)
compared to its bilayer counterpart. Hence, the confinement effect in
DNA-templated 1D PCs within the visible region can be utilized for
label-free biosensing, nonlinear optical studies, and optical filtering in
solar cell applications. Therefore, it can be concluded that selecting an
appropriate template can significantly enhance the performance of PCs

for various applications.
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Design and Experimental Performance of 1D
Silica/DNA/ZnO Photonic Crystal for Bovine Serum
Albumin Detection in Blood

This chapter discusses the role of one-dimensional (1D) ternary photonic
crystal (PC) as a biosensor. A novel 1D ternary PC has been fabricated, and
its sensing performance has been analyzed for the detection of bovine serum
albumin (BSA). The fabrication of the proposed system is realized by using
the dip coating method at low temperature film treatment. The unit cell
consists of silica, deoxyribonucleic acid (DNA) complex (CD), and zinc oxide
(Zn0O), along with BSA used as the defective layer, respectively. The optical
properties have been exploited both theoretically and experimentally. The
theoretical study has been done by the transfer matrix method (TMM) and
COMSOL software. The experimental studies are carried out by analyzing
the reflection spectrum. The PC system provides two photonic band gaps at
the range of wavelength 430 nm - 470nm and near IR region of wavelength
in the range of 862nm-949nm. The defect mode was observed at 430 nm -470
nm of the electromagnetic spectrum. The experimental value of sensitivity is
858 nmy/RIU, which is in good agreement with the theoretical result for the
same concentration of BSA. Hence, this system can be a promising element
for biosensing applications and environmental monitoring as well.
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4.1 Introduction

Biosensors are the key and primary devices for diagnosing diseases.
They are exploited to monitor the biological elements such as sugar,
various enzymes, hormones, antigens, antibodies, and proteins in the
blood. There are diverse biological sensors (biosensors) available for
monitoring blood sugar via an in vitro method. The majority of in vitro
methods use chemical labelling in which the analyte undergoes a
chemical reaction with the chemical reagents set in the sensor and
gives rise to a signal in the form of fluorescence. These kinds of
biosensors should be highly stable with surrounding physical
parameters like temperature, humidity, pressure, and chemical
parameters such as pH, and concentration of the analyte and reagents
as well. The failure in maintaining the factors affects the basic features
such as specificity, resolution, accuracy, time, pH, and simplicity of
biosensors. Any failure to maintain the proper condition of any of these
parameters fails to provide accurate and precise data for analyte
monitoring. To overcome these drawbacks, diverse analytical methods

are possible [1-32].

The term PC i1s now widely recognized as an ideal candidate for
biosensing applications due to its tunable property that can facilitate
light-matter interactions. In spite of chemical labelling methods, label-
free biosensors are also considered better sensing devices. They use
optical, electrical, or acoustic signals that result in the biological
response of the analyte without using any fluorescent labels or
reactants. Since, the PC operates purely based on the optical property

of the materials, biosensors which utilize PC come in the label-free
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category. As they are known for their ability to control the propagation
of light, despite chemical reagents, they use the change in the
refractive index of the analyte material. This peculiar condition of a PC
based biosensor essentially removes the main drawbacks of labelled or
fluorescent-based biosensors. Such that a labelled biosensor typically
faces the chemical durability of the active chemical reagent of the
sensor. The chemicals may undergo an oxidation process at room
temperature. It will affect the pH and chemical reaction between the
analyte and chemical reagent, which subsequently affects the

credibility of the result [1-32].

Apart from the various prominent label-free optical biosensors, PC-
based biosensors are instinct to have good performance and highly
sensitive to even small amounts of biomarkers. Their ability to make
the interaction between light and matter is inherent. Thus, they would
be the emerging key devices that can be proposed for biosensors for
detecting various biochemical markers. In principle, PC-based
biosensors are referred to as refractive index sensors, since they are
made to recognize the refractive index change of the analyte. Their
sensitivity depends not only on the refractive index variation, but also
on the thickness of the composition and angle of the incident wave in a
similar way to how these parameters affect bandgap formation. The
formation of the photonic band gap depends on specific parameters
such as the refractive index contrast, the thickness of the dielectric
layers, the angle of incidence, and the period. Once all these
parameters are fixed, a translational symmetry will be formed due to

the regular repetition of the unit cell. By creating defects in any of the
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parameters within a unit cell, PCs can be effectively used for tuning
the bandgap formation for various applications, including sensing.
When creating a defect in a PC, a transmission mode will be formed
within the bandgap. The defect can be introduced by altering the
regular structure or repeating pattern of the unit cell. That can be done
by introducing a new material (changing refractive index) and the
thickness of any of the constituent layers of the unit cell itself.
Thereby, a transmission (defect) mode will be formed within the
bandgap range. The physical nature of the transmission mode, such as
full width at half maximum (FWHM), and resonant wavelength
position can be altered by introducing a change in the material
property, such as refractive index and thickness of the defective
material [1-32]. That is what is applied in a PC-based biosensor, where

the analyte is treated as a defective layer.

The presence of an analyte introduced as a defect in a standard periodic
PC system, thereby a defect mode is formed within the PBG. When the
analyte concentration is changed, the refractive index of the analyte
will be changed, resulting in a shift in the resonance mode. The shift in
the resonance mode in response to the change in the refractive index
can be monitored and quantified as sensitivity. The resolution of the
PC-based biosensor is defined in terms of its sensitivity to minute
changes in the refractive index of the analyte [1-32]. Moreover, their
optical properties, the highlighting features of PCs that can be suitable
for applying them as biosensors, are their dynamic structural
properties. However, a PC is a nanoscale thin film of dielectric

materials that is fabricated under high-temperature treatment above
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room temperature. Thus, the films are processed to be highly stable
against any temperature variation that comes below the manufacturing
temperature. Another factor that contributes to the durability of PCs is
the dielectric nature of their components, as the component films are
inert to any chemical reactions, they will not interact chemically with
the analyte and air. So, the optical parameter (refractive index) and
chemical properties of the analyte will not be changed. It increases the
accuracy and precision of working and the result of a PC-based

biosensor [1-32].

The previously reported research articles mainly dealt with binary
photonic systems, whereas ternary PC systems are less recognised in
this area. In 2024, Nasr et al. reported a 1D binary PC based PC for
sensing blood infection with a maximum sensitivity of 625 nm/RIU
against infected blood plasma component [16]. Numayer A Zaman et
al. reported a theoretical simulation study on a 1D binary PC of
Si/Silica to detect waterborne bacteria. They reported the sensitivity of
the proposed binary PC is 2489nm/RIU [17]. A theoretical study on
annular 1D binary PC for salinity sensing is reported in 2023 by Sayed
et al. [18]. They observed that the system has a sensitivity of 782
nm/RIU. In 2021, S E-S Abd EIl-Ghany et al. designed and analysed
theoretically a 1D binary Si/SiO2 defective PC system for blood
haemoglobin sensing. They have observed that the system has an
average sensitivity of 1025 nm/RIU [19]. In 2009, A. Banerjee
proposed a 1D ternary PC-based biosensor. He reported that one-
dimensional ternary PCs are suggested as refractometric sensing

elements for sensing minimal refractive index changes of a medium.
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Besides, he observed that 1D ternary PC is more sensitive than 1D
binary PC-based sensing element [20]. In 2023, Mouncharih et. al
reported a 1D ternary PC for sensing glucose concentration in human
urine. They have observed that the sensitivity of the proposed ternary
PC is 965 nm/RIU, where the period of the system is 6 [21]. These
observations revealed that the scope of PCs as biosensors is yet to
come, and their tailored conformations should be widely used for
biosensing purposes, especially 1D binary and ternary PC, and 2D PC
[22-32].

This work proposed a ternary unit cell system to constitute a 1D PC
structure that shall be intended to perform as a biosensor. The
performance of the PC as a biosensor is investigated theoretically and
experimentally. The proposed 1D ternary PC is a Silica/DNA/ZnO PC
system for sensing the blood plasma component, namely serum
albumin protein. It is considered an essential factor for living body
functions. The materials chosen for designing PCs are silica (Si0»),
deoxyribonucleic acid (DNA), and ZnO[33-43]. These materials have
nearly adjacent refractive indices, but they can behave as stable films
at low temperature and are comparatively highly transparent to visible
light. Their absorption in the visible range and near-IR range is found
to be negligible. The other features that make them popular are that
their making cost is very cheap. Their film structure can be fabricated
by either dip coating or spin coating method at a temperature below
150 °C so that the physical or chemical properties of biological
analytes of either liquid or solid film samples cannot be altered during

biosensing monitoring.
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4.2 Working of a biosensor

A biosensor is an inventive device that paves the interconnection
between the biological and digital domains. A biosensor is an
analytical instrument that converts biological responses from the
biological samples (analyte) into an electrical signal to distinguish the
chemical composition involved in a biological sample. The structure of
a biosensor is designed in four stages: the biological element, the
receptor, the transducer, and the reader interface. The biological
element may be a chemical substance (biomolecules) or
microorganisms such as viruses, bacteria, or fungi. The biological
responses are detected and transferred by the transducer, known as
sensors, to an analyzer. The signal responses from the biological
element are transferred to an electronic system, which displays the

signal from the detector in a user-friendly way [11-15].

The biological responses originated from the biological components of
the samples and are converted into chemical, optical, thermal, or
electrical signals in a readable form. This process takes place soon
after the receptor element present in the device reacts with the
biological samples. Based on the type of receptors, the nature of the
biosensors also changes. In most cases, the receptors in biosensors are
chemical labels or reagents that can react with the chemicals in the
samples and emit different forms of responses, like electrical, optical
(fluorescence), and thermal signals. This type of biosensor is called a
label biosensor. Except for chemical label receptors, materials that can
be used to detect the changes in the optical parameters of the analyte
are referred to label label-free receptors and biosensors, which use

such materials and analyse optical signals are called label-free optical
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biosensors. As the receptor-analyte meeting results in variation in the
signals that can be sent to the sensing unit of the biosensor, the
analogue signals, which are captured by the sensing unit, will be
converted into a readable form by the user interface unit of the
biosensor. The result may be in a visual form, which indicates a colour
code, a graphical representation, or a digital form. The summary of a
structure and working of a biosensor is provided as a schematic

representation in Figure 4.1.

- -

Electrochemical
signals

Optical signals d—

Thermal signals d—

—)
—

Piezoelectric signals

L
| |
-

Figure 4.1: Schematic representation of the general structure of a
biosensor
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As a result, PC-based biosensors belong to label-free optical biosensors
in which the device senses the minute changes of the optical parameter,
such as the refractive index of the reference material, with respect to
the concentration of the analyte. Moreover, the transducing mechanism
is based on an optical phenomenon. Such that the process of
recognition of the analyte while it interacts with the recognizing
element moulds the optical radiation in a user-friendly analytical
sensing way. The significant advantages of the optical biosensors are
that they are non-corrosive, they do not suffer from electromagnetic
interference, and they afford parallel, non-contact readout [11-20].
However, optical biosensors can be divided into fluorescence-based
and label-free devices [11-20]. Whereas the fluorescent sensing
devices have some demerits on carrying sensing the analyte, though
they can be a promising element to detect even single molecules of the
analyte [11-20]. One of the significant drawbacks of them is that they
can interact with the function of the biomolecules and interrupt the
measurements. This scenario demands the need to focus on label-free
optical methods. The label-free sensing devices are mainly based on a
waveguide mechanism where the light passes through a waveguide and
the light interacts with the analyte through an evanescent field as the
analyte-surface binding leads to a change in the effective refractive
index, which in turn affects the modulation of the resonant structure of
the guided mode [11-20]. This change in resonant wavelength can be
recorded and analysed for sensing the analyte in a readable form. That
is how the major community of optical biosensors is termed as

refractive index sensors [11-22].
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4.3 Theoretical designing of 1D ternary Silica/DNA/ZnO photonic

crystal for biosensing

Generally, the numerical Method TMM is used to design the structure
of the proposed 1D ternary PC system incorporated with the
fundamental equations of PC [1-20]. It is necessary to study the nature
of both photonic bandgap formation and the defect mode for a PC-
based biosensor. The information about the photonic bandgap effect
provides the details of the photonic bandgap position, width, and
photonic bandgap edges. These data will be exploited to locate the
defect mode, which is to be obtained by the presence of defective

material.

4.3.1 Description of the 1D ternary Silica/DNA/ZnQO photonic

crystal to evaluate for biosensing of the BSA sample

The 1D ternary PC to be presented in this work is designed with a
ternary layered elementary structure that has the form (ABC)Y, where
A stands for silica, B stands for DNA, and C stands for ZnO. Figure
4.2 shows the schematic representation of a ternary PC. The system is
designed with non-dispersive, isotropic, and non-lossy materials so that
the relative permeability is treated as unity. The refractive indices of
the constituent layers are obtained from the refractive index info
database and the refractive index of each layer as nsiiica 1.4585, ncp
=1.506, and nzno 2.008, respectively. The optical thicknesses of silica,
DNA, and ZnO were designed to be A/6, which follows as
nsiLicati=ncdtr=nsilicats, Where ti1, t2, and t3 are the thicknesses for silica,

DNA, and ZnO, respectively. The thickness of the whole unit cell, t,

125



Chapter 4

which is the period of the PC, can be deduced as the sum of the
individual thicknesses of the constitute layers such that t t;+t,+t3, and
the thicknesses are provided as t1=68.96 nm, t,=66.65 nm, and t3=50
nm respectively. The thickness of the defective layer is tp, is taken as
120 nm. The dielectric constants of the materials are £1=3.5, £=8, and
€3=8 for silica, DNA, and ZnO, respectively [33-43]. The number of
unit cells (N, the number of periods of the PC) assigned to fabricate the
stack is 13. The proposed structure was theoretically analysed by the
well-known numerical tool TMM. The features of TMM are well
discussed in chapters 1 and 2. This fundamental numerical method is
used to explain the mechanism of the 1D ternary Silica/DNA/ZnO PC

system for biosensing the BSA sample.

ZnO

—p DNA
t=ti+to+ts

Silica
a

12 n;
layer

Defective

Figure 4.2: Schematic diagram of a) unit cell, b) whole structure of the
ID ternary Silica/DNA/ZnO PC, where N=13, c) defective 1D
Silica/DNA/ZnO PC with a defective layer is placed at the 7™ unit cell,
where DNA is replaced by the defective layer BSA.
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4.3.2 Description of the analyte sample (BSA)

Bovine serum albumin (BSA) is a very crucial protein present in the
blood serum of cattle. It is commonly used in laboratories as a
supplement in biochemical and tissue culture feeders. It has 76%
structural resemblance to human serum albumin, so it is widely used as
a model for human serum albumin (HSA) protein. Serum albumin is
the most abundant protein in blood. It is the responsible transportation
substrate for central cell functioning molecules, such as hydrophobic
molecules in the blood, such as hormones, long chain fatty acids,
bilirubin, drugs, minerals, and metal ions. Together with that, its plays

as an anticoagulant and an antioxidant as well [46-47].

This macromolecule is produced in the liver. Its chemical composition
is made of a polypeptide chain bio-macromolecule composed of 538
amino acids, containing carboxyl and amino groups, and it is highly
soluble in water. The normal concentration of serum albumin present
in a healthy adult's blood is 3.4-5.4 grams/decilitre (g/dL). The level of
albumin below the normal range can be lowered to a situation called
hypoalbuminemia due to infection, and inflammation from sepsis,
surgery, or other health conditions. An albumin test can help assess
liver and kidney health and overall well-being. Additionally, albumin
test is unavoidable for monitoring the health condition of the patients

who undergo surgery treatment [50-52].

Apart from the inevitable role of BSA in medical diagnosis, the factors
that make BSA as an attractive candidate for the study including its
comparatively small size, stable structure, and moderately non-reactive
nature (isoelectric point is 4.7 at 25°C) and non-toxicity. It is

commonly known for the application of immunohistochemistry, in
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which the BSA acts as a blocker at the sites where unwanted linkages
of antigen-antibody are formed. In animal blood serum, it acts as a
carrier protein to transport hormones, vitamins, salts, and fatty acids.
BSA is also used as a nutrient in cell culture and an impediment for
polymerase chain reaction (PCR) [50-52]. Despite the laboratory
limits, BSA is cheaper than other proteins and widely available for
conducting bio-organic compound sensing experiments and industrial
applications. Hence, BSA is found as a vital and suitable element for

executing the analytical efficiency of the proposed PC based biosensor.

4.3.3 Biosensing evaluation of the BSA sample using photonic

crystal systems

The biosensing of a sample can be done based on evaluating the
parameters such that sensitivity (S), quality factor (Q), and figure of
merit (F). These three measurements mainly define how efficient the
proposed system is for sensing a particular analyte. The physical
significance of the parameter, sensitivity (S), is to measure the
resolution of the biosensor for examining even significantly diluted
analyte concentrations. For PC based biosensing, the sensitivity of a
biosensor can be mathematically defined as;

A2
An

4.1

For calculating the sensitivity, the reference for the resonant
wavelength of the normal concentration of BSA in blood is chosen. In
equation (14), AA is the change in the resonant wavelength of the
defective BSA with respect to the reference solvent (here water). An is
defined as the refractive index contrast between the defective BSA

layer to the layer of reference solvent. Such that;
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AM= AB-AR 4.2
An = ng-nr 4.3

Where Ap, Ar, np, and nr are the resonant modes obtained for the BSA
sample, the reference solvent the refractive indices of BSA and
reference solvent, respectively. The selected specific range of optical
band lies between 350 THz to 950 THz. Thus, it is assumed that all the
materials are non-dispersive, such that the refractive indices of the

layers are frequency independent.

4.4 Transfer properties of 1D ternary Silica/DNA/ZnO
defective photonic crystal for evaluating its biosensing

performance for BSA detection

This work is an investigation to design and observe a biocompatible 1-
D ternary PC that can meet the objectives such as high resolution,
simplicity in designing, cost-effective, and durability as a biosensor.
Using the transfer matrix method (TMM) and COMSOL software, the
optical properties of the proposed 1D PC structure have been
exploited. The graphical representation of the cross-sectional view of
the unit cell of 1D ternary Silica/DNA/ZnO PC is represented in Figure
4.2.a. The selection of the period number is based on achieving a finite
PBG, which is obtained by a trial-and-error method by executing a
Python program using TMM. In which the program is executed until
obtaining a number of periods at which a finite PBG width and
transmission band width within the preferred range are obtained.
Figure 4.2.b shows the 1D ternary Silica/DNA/ZnO PC where the
number of periods is 13. From the theoretical results, it is observed that
the changes in the transfer properties of the 1D Silica/DNA/ZnO PC
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system are caused by assigning a defective cavity to the system. The
cavity is assigned to fill with BSA sample solution with a thickness of
120 nm. Figure 4.2.c shows the defective 1D Silica/DNA/ZnO PC
system. To examine the defective system for biosensing performance,
the concentration of BSA was changed 6 times. As on increasing the
refractive index parameter of the defective layer BSA sample is
increased, a red shift is noticed in the resonant mode peak. The
refractive index of the BSA solution was measured using an Abbe
refractometer for six different concentrations of BSA. The details of
measurements of the RI of BSA for different concentrations are
tabulated in Table 4.1. The six concentrations of BSA samples were
taken as 1g, 1.5 g, 2g, 2.5¢g, 3g, and 3.5g respectively in 100 ml of

water.

Table 4.1: Refractive index (RI) measurements of BSA samples for
varying concentration

S1 ];glfgill:tl(())i(‘) per‘czgltgal;z of Refractive Index (RI)
No mL of water BSA in 100 ml
water (%)

1 0 -- 1.3324

2 0.99 1.3357

3 1.5 1.47 1.3414

4 2 1.96 1.3468

5 2.5 2.43 1.3503

6 3 2.91 1.3631

7 3.5 3.38 1.3724

The RI measurements were carried out at laboratory room temperature,

27°C. These values are for liquid samples of BSA concentrations. The

130




Chapter 4

RI of a film depends on thickness, temperature, pressure, porosity,
electric-magnetic fields, wavelength, chemical impurities, and defects
of the sample. Apart from these, the RI of the liquid sample is different
from the film sample. However, these results are spoiled to find out the
theoretical study for determining the biosensing of the BSA samples as
changing its concentration changes. The model proposed in this work
can be applicable to both liquid and dry samples for biosensing. With
the help of lithographic techniques, the PC based liquid sample sensing
devices can be fabricated. Hence, these studies can be a footstep for
analysing the PC based biosensor. The literature studies show that the
RI of the BSA film sample can be varied from 1.45 to 1.55. Hence, for
the theoretical study, the measured values of RI were taken for liquid

samples of BSA due to the experimental limitations.

4.0+
3.5
3.0—-
2.5: == Theory

2-0; =  Experimental
1.5

1.0

BSA Concentration

0.5

0.0 f T T T T T
1.33 1.34 1.35 1.36 1.37 1.38

Refractive index

Figure 4. 3: Linear relation of refractive index to the concentration of
BSA samples
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Figure 4.3 illustrates a linear relation of refractive index variation with
increasing concentration of BSA. To prove this linearity, a curve fitting
approximation is performed. Based on the curve fitting data, a linear
relation that connects the refractive index of the BSA to the

concentration of BSA is obtained.
Cgsa=77.73922*nr-102.90499 4.4

Where Cgsa is the concentration of BSA, and nr is the refractive index
of the reference solvent (water) to which BSA is dissolved. From the
curve fitting data, the square of the correlation coefficient (R?) is
obtained as 0.932778. It is used to indicate the accuracy between the
simulated and curve curve-fitting data. The higher value of R?
validates the results. The general relation between the refractive index
and the concentration of a sample is that they are directly proportional
to each other. As the concentration of a sample is increasing, the
refractive index also increases; moreover, the change in concentration
results in a change in refractive index. One of the base parameters of
the PC system that affects the formation of the PBG is the refractive
index contrast between the adjacent layers. As already mentioned,
when the refractive index is replaced or varied, it will result in the
formation of a resonant transmission mode within the PBG. Moreover,
if the concentration of the defective layer is changed, the
corresponding refractive index is also varied; hence, a shift occurs in
the transmission mode. This shift in the resonant wavelength can be
mathematically connected to the change in refractive index by the

equation (12) to find the sensitivity of the biosensor. The physical
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quantity sensitivity is the measure of the degree of accuracy of a

biosensor.

As well, the response in the resonance mode corresponding to each
concentration is represented in Fig.4, where the resonance mode shift
is increasing towards the IR region as the refractive index of the

defective sample increases.

The performance of a biosensor is exploited with sensitivity (S),
quality factor (Q), and figure of merit (F). These three parameters of a

biosensor are correlated with the resonant wavelength shift.

The quality factor (Q) of a biosensor is defined by using the formula;

= fres 45

AFwHM

The figure of merit (F) is defined by using the formula;

S

AFwWHM

F= 4.6

Equations 4.5 and 4.6 are crucial for the performance of a biosensor.

4.4.1 Theoretical results for 1D ternary Silica/DNA/ZnO

photonic crystal system for BSA sensing

The behaviour of the periodic structures on the basis of the electric
field intensity is observed theoretically using COMSOL software. The
Figure. 4.4a. illustrates the electric field intensity distribution along 1D
ternary Silica/DNA/ZnO PC, where N=13. Figure 4.4b clearly shows

that the maximum intensity of the field is concentrated in the defective
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layer region. While considering the other periodic layers, the
maximum field intensity is concentrated on low refractive index
regions such that along the interfaces between air and silica, and ZnO
and silica and low intensity field is concentrated along high refractive

index region, such that interfaces between DNA and ZnO.
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Figure 4.4: Electric field intensity distribution along a) 1D ternary
Silica/DNA/ZnO PC, where N=13, and b) defective 1D ternary

Silica/DNA/ZnO with defective layer BSA is placed at the 7th unit cell
by replacing DNA.

The optical transmission properties have been discussed using TMM,
and the obtained results are shown in Figure 4.5. The transfer
properties have been studied in the range of 350 nm-1200 nm of the
electromagnetic spectrum. The optical transfer properties of a 1D
ternary PC and the response of a defective BSA layer have been
exploited using the TMM method. Additionally, a relevant comparison
is also conducted between the 1D ternary PC and 1D binary PC to
highlight the significance of the 1D ternary PC over the 1D binary PC.
Figure 4.5a represents the optical transfer properties of both 1D binary
Silica/ZnO PC and ternary Silica/DNA/ZnO PC systems for a period
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N=13. The optical properties of the binary Silica/ZnO PC system are
characterized by the line binary PC, and the ternary Silica/DNA/ZnO
PC is characterized by the line Ternary PC. When the optical
properties of the Silica/ZnO PC system are considered, it shows that
the PBG is formed in the 320 nm-400 nm region of the optical band.
The PBG bandwidth is about 80 nm. The optical density at the pass
band region is not seen as intense in the visible region of the optical
band.

= BPC
—TPC —_R

Transmittance (a.u)
o
Y
Transmittance (a.u)
o
IS

T T T T
300 400 500 600 700 360 370 380 390 400 410 420
Wavelength (nm) Wavelength (nm)

a b

Figure 4.5: Optical transfer responses of a) 1D binary Silica/ZnO PC
system characterized by the line binary PC and 1- D ternary
Silica/DNA/ZnO system characterized by the line TPC where N=13, b)
resonance mode shift in response of the defective layer BSA (analyte)
in 1D defective silica/ZnO PC system, where R, S1, S2, S3, S4, S5 and
S6 are the resonant shift modes corresponding to the RI, n= 1.3324,
1.3357, 1.3414, 1.3458, 1.3521, 1.3541, and 1.3554 respectively.

However, the transfer properties of the 1D ternary PC are pretty
different from the binary Silica/ZnO PC system. The number of PBGs
in the optical band formed in the 1D ternary Silica/DNA/ZnO PC
system is two. One of the PBG is formed at 290 nm- 315 nm of the
optical band. Moreover, the second PBG is formed at 550 nm -650 nm
of the optical band regions. Whereas the photon density of the pass
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band region between the two PBGs is found to be larger than the
photon density at the same region of the 1D Silica/ZnO PC. Moreover,
for the sensing purpose, the suitable band region considered belongs to
the visible region of the optical band. It preserves the biological sample
from damaging the chemical composition by exposing it to high-
energy radiation. Most of the bio-organic molecules are chemically and
physically stable from the visible radiation exposure. Keeping this
point, from the comparison results shown in Figure 4.5.a, is that 1D
ternary Silica/DNA/ZnO can be a better choice for bio-sensing

purposes of the bio-analyte samples.
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Figure 4.6: Optical transfer properties of a) 1D ternary
Silica/DNA/ZnO PC, where N=13 and b) resonance mode shift in 1D
ternary Silica/DNA/ZnO in response to the defective layer BSA where
R, S1, S2, S3, S4, S5 and S6 are the resonant shift modes
corresponding to the RI, n= 1.3324, 1.3357, 1.3414, 1.3458, 1.3521,
1.3541, and 1.3554 respectively.

Figure 4.5.b exploits the resonance mode shift that occurs in a 1D
defective Silica/ZnO PC system when the refractive index of the
defective layer changes. The resonance shifts according to the

refractive index values n=1.3324, 1.3357, 1.3414, 1.3458, 1.3521,

136



Chapter 4
1.3541, and 1.3554 are R, S1, S2, S3, S4, S5, and S6, respectively. The

biosensing responses obtained from the defective Silica/ZnO PC
system are tabulated in Table 2. The tabular data reveal that the highest
sensitivity, S of the PC system, is 89.3521 nm/RIU against a refractive
index contrast An = 0.023. The average value of Q value and figure of

merit F are 76.8426 and 13.03225 (1/RIU), respectively.

Figure 4.6a represents the transfer properties of 1D Silica/DNA/ZnO
PC for N=13. Figure 4.6 a exemplifies precisely the formations and
nature of PBGs in a 1D ternary PC system. The system has two PBGs
along the optical band. Of the two PBGs, the suitable PBG to apply for
biosensing purposes is the PBG that is formed at 550nm-650nm of the
optical band with a bandwidth of 100 nm. This PBG region is in the
visible region of the optical band and cannot interfere with the
chemical and physical properties of the analyte but can make an optical
mode shift due to the effective refractive index of the analyte — PC
system interface. Figure 4.6 b provides information regarding the
resonant mode shift as the change in the refractive index of the
defective layer (analyte). The resonant modes named R, S1, S2, S3, S4,
S5, and S6 correspond to the change in the analyte (BSA) refractive
index, n 1.3324, 1.3357, 1.3414, 1.3458, 1.3521, 1.3541, and 1.3554,
respectively. The data obtained from Figure 4.6 b is tabulated in Table
4.4. The information from Table 4 can be used to observe how be 1D
ternary defective Silica/DNA/ZnO PC system would be efficient for
biosensing of the BSA sample. The highest sensitivity (S) calculated
from Table 4.4 is 412 nm/RIU against the refractive index, An contrast

0.009, and the sensitivity of the system against the highest refractive
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index contrast between the reference to the BSA sample is 0.023,
340.3130 nm/RIU. The measured values of Q factor and figure of
merit are displayed in Table 4.5. The average Q value and F of the PC
system are 65.4313 and 42.0552 (1/RIU), respectively.

Furthermore, the observations about the theoretical studies of two
systems, namely 1D binary Silica/ZnO PC system and 1D ternary
Silica/DNA/ZnO PC system, reveal their efficiency in sensing the
bioanalyte BSA distinctly. From the obtained data of the theoretical
study, it is well clear that the 1D ternary Silica/DNA/ZnO PC system is
for sample despite of the analyte

significant sensing BSA

concentration.

Table 4.2: Theoretical details of the biosensing of BSA samples
using 1D Silica/ZnO PC system

S| Weight | Refractive Reiflll‘gggve Resonant Al | Sensitivity
No percentage Index contrast wavelength (m) | S(am/RI)
of BSA (RD n An Ares(nm
1 -- 1.3324 | - 395.922 -
2 0.99 1.3357 0.0033 396.11 0.188 56.9696
3 1.47 1.3414 0.009 396.3940 0.472 52.4444
4 1.96 1.3458 0.0134 396.8659 | 0.9439 | 70.4402
5 2.43 1.3521 0.0188 397.0148 | 1.0928 58.127
6 291 1.3541 0.0217 397.6792 | 1.7572 80.9769
7 3.38 1.3554 0.023 397.9771 | 2.0551 89.3521
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Table 4.3: Q value and figure of merit of the 1D Silica/ZnO PC
defective system for sensing BSA

SL. | Resonant | Sensitivity, | FWHM of the Q Figure
No. | wavelength S resonant factor | of merit
Ares(nm) | (nm/RIU) | wavelength, F
Arwhm

1 395922 | --—m-- 4.9226 80.4294 | --------

2 396.11 56.9696 5.0992 77.6808 | 11.1663
3 396.3940 52.4444 5.1775 76.5608 | 10.1292
4 396.8659 70.4402 5.0927 77.9283 | 13.8316
5 397.0148 58.127 5.2463 75.6751 | 11.0796
6 397.6792 80.9769 5.1729 76.8774 | 15.6540
7 397.9771 89.3521 5.4707 72.7470 | 16.3328

Table 4.4: Theoretical data of biosensing of BSA sample using 1D
ternary Silica/DNA/ZnO PC system

Refractive
index Resonant
s1 B.S A Refractive conAtrast wavelength Ad.es | Sensitivity
weight . n (nm) | S(nm/RIU)
No. index(n) Ares(nm)
percentage ng —
Ngsa)
1 -- 1.3324 | - 564.1472 | - | —meme-
2 0.99 1.3357 0.0033 565.4137 | 1.2665 | 383.7878
3 1.47 1.3414 0.009 567.8624 | 3.7152 412.80
4 1.96 1.3458 0.0134 569.1346 | 49874 | 372.1940
5 2.43 1.3521 0.0188 570.6382 | 6.491 | 345.2659
6 291 1.3541 0.0217 571.6224 | 7.4752 | 344.4792
7 3.38 1.3554 0.023 571.9754 | 7.8272 | 340.3130
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Table 4.5: Figure of merit of the 1D Silica/DNA/ZnO PC defective
system for sensing BSA

FWHM of
SL Resonant | Sensitivity, the Figure
o wavelength S resonant Q factor of merit
"| Ares(nm) | (nm/RIU) | wavelength, F
Arwnm
1 564.1472 | - 8.5315 66.1252 | -
2 565.4137 383.7878 8.5773 65.91977 | 44.7565
3 567.8624 412.80 8.7886 64.61352 | 46.9699
4 569.1346 372.1940 8.54 66.6434 | 43.5824
5 570.6382 345.2659 8.5366 66.8460 | 40.4450
6 571.6224 344.4792 8.79 65.0309 | 39.1898
7 571.9754 340.3130 9.102 62.8406 | 37.3888
4.5  Experimental approach for sensing different concentrations

of BSA sample using 1D Silica/DNA/ZnO photonic crystal

system

In order to achieve the tunability, the thickness of the nanomaterials is

optimized, concentration and thickness of the defective layer are based

on the obtained theoretical results. The proposed structure has been

realized by the sol-gel method and the dip coating Unit. The

experimental methods for the fabrication of the PC system have been

well explained in the Chapter.
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4.5.1 Experimental Methods

The experimental methods involve the fabrication of a PC structure
and analyte preparation for the performance of the proposed 1D ternary
Silica/DNA/ZnO PC as a biosensor. The sol-gel method, incorporated
with the dip coating method, is used to fabricate the proposed PC
structure. The fabrication of the PC system was a lengthy and
consuming process due to experimental lab limitations. The success of
the fabrication of PC must meet several factors, include temperature
and humidity of the laboratory, and absence of dust particles (need for
well clean room). Apart from these concerns, the crucial parameters
which would affect the film quality is the consistency of the solvents
used. These parameters all together take part in the formation of a

uniform stratified film structure.
a. Fabrication of 1D ternary Silica/DNA/ZnO photonic crystal

The Holmarc dip coating unit, model HO-TH-02BT, was used in the
fabrication of the PC. The materials were used as silica [30], DNA and
ZnO. The solvents dimethyl sulfoxide (DMSO), methanol, and water
were used for making the films of silica, DNA, and ZnO, respectively.
The DNA thin film was achieved by using the surfactant material
CTAB to make DNA-CTAB complex film form [33-36]. The selected
materials have nearly adjacent refractive index values (nsilica =1.49,
npna 1.506, and nsiiica 1.47 at 600 nm) [31-40]. The optical thickness
of silica, DNA-CTAB complex film and silica were designed to be A/6.
The refractive index of the defect layer, BSA (analyte), was obtained

by an Abbe refractometer. The solution of silica was made in DMSO
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where 1.23 weight percentage (wt %) silica was added in 80 ml of
DMSO, and the mixture was stirred until the mixture became
homogeneous by forming a transparent color. The 2.44 wt % DNA
solution was made in 80 ml of DI water. The sonication made the
solution of silica of the mixture 5.88 wt % silica and 2-methoxy
ethanol until a transparent homogenous solution was formed. All the

experiments were carried out at room temperature and pressure.

The fabrication process of PC using dip coating is highly challenging
and it needs careful attention to obtain optimized thickness of the
elemental layers [58]. The height of all the solutions was maintained
the same throughout the experiment to ensure uniform thickness of the
film. After depositing each layer coating, the sample is annealed at
80°C for 30 minutes to remove any residual solvents and to achieve
improved surface uniformity [58]. The Bragg mirror consisting of
13unit cells of 1D ternary Silica/DNA/ZnO was successfully
fabricated. However, the fabrication of PC required careful attention to

achieve a uniform thickness of each coating of the layers.

The concentration of BSA samples was prepared as mentioned in the
Table 4.1. The measured quantity of BSA samples was readily
dissolved in DI water using an ultrasound sonicator in each well of
cleaned sample bottles. The time duration of sonication taken for
making BSA solution was 30 minutes. Figure 4.7 represents a
schematic representation of fabrication of a PC system using dip

coating method.

142



Chapter 4
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Figure 4.7: Schematic representation of the fabrication PC using the
DIP coating method

4.5.2 Experimental results for sensing BSA detection

The experimental results involve the analysis of the photonic bandgap
effect of a 1D ternary Silica/DNA/ZnO PC system and the defective
1D ternary Silica/DNA/ZnO PC system. The defective 1D ternary
Silica/DNA/ZnO PC system is used to perform as a biosensor for the
detection of BSA.
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a. Optical characterization of experimentally obtained 1D

ternary Silica/DNA/ZnO PC system

The HOLMARC Spectra G 300 spectrometer was used to obtain the
optical characterization (reflectance and transmittance) of the
fabricated PCs. Figure 4.8 represents a schematic representation of the
optical characterization of a PC using a reflectometer setup. Figure 4.9
a shown the photograph of the surface of the 1D ternary
Silica/DNA/ZnO PC system where 4.9b displays the photograph of
reflection image of the 1D defective Silics/DNA/PC system. Figure
4.10 represents the SEM image of the unit cell of 1D ternary
Silica/DNA/ZnO PC system.

However, the unit cell of the 1D PC system contains three layers,
which come in a relation of nsilica<Np>Nzn0>Nsilica, Where nsilica, N, and
nzno are the refractive indices of Silica, DNA, and ZnO. The relation
according to the electromagnetic variational theory, the
electromagnetic modes with high resonant frequency will concentrate
their energy on the low dielectric material region of the PC. At the
same time, the electromagnetic modes with low resonant frequency
will concentrate their energy in the high dielectric material region of
the PC [2]. The reflectance properties of the Silica/DNA/ZnO have
been monitored for N=13 with defective PC as well. The defective
system has been employed in four cases of refractive index variations
due to the technical limits. The values of the refractive index of BSA
samples taken are n= 1.3324, 1.3357, 1.3414, and 1.3458. The
experimental observations of reflection and resonance mode shift of

the defective PC systems are elaborated in Figures 4.11 and 4.12.
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Optical cable

Incident Reflected
light light

Optical cable

Defective
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Figure 4.8: A schematic representation of the optical characterization
of a 1D ternary defective PC using a reflectometer

a b
Figure 4.9: Surface of a) 1D ternary Silica/DNA/ZnO PC, and b)
defective 1-D ternary Silica/DNA/ZnO PC, where N=13.
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Figure 4.10: SEM image of unit cell of 1D Silica/DNA/ZnO PC
system
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Figure 4.11: Reflectance properties of 1D ternary Silica/DNA/ZnO PC
for N=13 b) defect mode of defective 1D ternary Silica/DNA/ZnO
where R1 is the defect mode of refractive index n=1.3324, 1.3357,
1.3414, and 1.3458 corresponding to R, S1, S2, S3 and S4 modes
respectively
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Figure 4.12: Resonant mode peaks obtained by Lorentz linear fitting
for a) R, b) S1, ¢) S2, and d) S3 respectively.

Figure 4.11a displays the experimentally obtained results of reflection
of the 1D ternary Silica/DNA/ZnO PC for N=13. The number,
intensity, and position of the obtained photonic band gaps are observed
from Figure 4.11a. The Silica/DNA/ZnO PC structure has formed two
reflectance peaks within the optical band as observed in the theoretical
results of the same structure. Figure 4.11a shows that a narrow PBG is
formed at 350 nm-450 nm, and the rest band gap is formed at 600 nm-
700 nm. The results of the reflectance properties meticulously agreed
with the theoretical results shown in Figure 4.5a. The width and the

intensity are slightly varied because the experimental conditions are
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slightly different from the expected ideal condition set in the
theoretical results. The precision in the thickness is the most
challenging task for fabricating the thin film for the proposed PC
system. The ideal condition of the laboratory was not pragmatic.
Hence, the error associated with the thickness affected the shift in the

position of the obtained photonic band gaps and intensity as well.

Figure 4.11b exemplifies the formation of a resonant wavelength in
order to the introduction of the defect layer BSA. The BSA was placed
in the 7" unit cell, where DNA is replaced. The remarkable difference
in the transmission properties after placing a BSA layer is well
understood in Figure 4.11b. The structure shows a wide bandgap from
600nm to 800nm prior to the introduction of the defective layer. As the
defective layer was introduced, the PBG position has been shifted
towards the UV region, and a defect transmission mode was formed in
the range of 500nm-700nm. These experimental results agree with the
theoretical results obtained from TMM. The discrepancy between the
theoretical and experimental results is due to the lack of ideal
experimental conditions in the experimental laboratory. The
experimental study was carried out using six concentrations of BSA.
The normal concentration of BSA in a living human being is found to

be 42mg/mL [3-5]. The reference used for the experiment is water.

The distinctive representation of the resonance mode shift of the 1D
ternary defective Silica/DNA/ZnO PC for the four concentrations of
BSA namely R, S1, S2, and S3 is represented in Figure 4.12a-d using
Lorentzs curve fitting method. This method is adopted to obtain the

parameters such as resonant mode, and FWHM essentially required for
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measuring S. The shift in the defect mode (resonant wavelength) with
respect to the difference in the concentration of the defect sample is
tabulated in Table 4.6 to find out the sensitivity of the proposed
biosensor. The shift in the resonant wavelength was found by the
difference between the defect mode caused by the reference film to the
defect mode caused by the increase in the concentration of the BSA in
the water. The biosensing data obtained from the experimental results
are tabulated in Table 4.6, and the Q value and F are expressed in Table
4.7.

However, the highest sensitivity obtained from the experimental result
of the defective BSA is 5917.8444 nm/RIU against the refractive index
contrast 0.009. The average Q value of the PC is 18.8572, and F for the
refractive index contrast 0.009 is 220.0842 (1/RIU). Despite of the
experimental limitations, these experimental results comparatively

agreed with the theoretical results of the detection of BSA.

Table 4.6: Experimentally obtained BSA sensing data of defective
1D ternary Silica/DNA/ZnO PC system according to the varying
concentration of defective layer BSA.

SI. | Wt% | Refractive | Refractive | Resonant Alres | Sensitivity
No | of index (n) index wavelength | (nm) S
BSA contrast Ares (NmM)
An
(npBsa-
NNBSA)
1 0 1.3324 -—- 476.9201 --
2 1 099 1.3357 0.0033 478.3877 1.4676 | 444.7272
3| 147 1.3414 0.009 530.1807 | 53.2606 | 5917.8444
4 | 1.96 1.3458 0.0134 541.1119 | 64.1918 | 4790.4328
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Table 4.7: Experimental details of Q factor and figure of merit of
the biosensing 1D ternary Silica/DNA/ZnO PC system

Resonant | Sensitivity, II:WHM of Figure of
SL wavelength S the resonant Q factor merit
no. A wavelength, ¥
res(m) | (nm/RIU) Arwin

1 476.9201 |  ----- 26.083 18.2847 | -

2 478.3877 4447272 26.114 18.3192 17.03022

3 530.1807 | 5917.8444 26.889 19.7173 220.0842

4 541.1119 | 4790.4328 28.319 19.10773 | 165.6500

4.6 Conclusions

This chapter analysed a 1D binary PC system and a 1D ternary PC
system for biosensing of BSA detection. The behaviour of the PC
systems on optical band of frequency range 270 THz- 750 THz
(350nm- to 1100nm.) has been theoretically studied using TMM and
COMSOL software. In order to carry out the investigation, a
comparative analysis between a 1D binary Silica/ZnO PC system and a
1D ternary Silica/DNA/ZnO PC system is conducted. The theoretical
analysis includes band structure, transmittance, electric field
distribution of these two systems, and evaluated parameters of the two
microstructures for biosensing. The ternary PC system provides two
PBGs, which are formed at 430nm - 457 nm and 650-750 nm of the

optical band.
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Additionally, defect mode analysis is theoretically performed in the
system by forming an asymmetric defective PC where BSA 1is taken as
the defect layer. The sensitivity obtained by theoretical simulation for a
1D binary Silica/ZnO PC system is 89.3521 nm/RIU against a
refractive index contrast An = 0.023. The average values of the Q
factor and the figure of merit (F) are 76.8426 and 13.03225 (1/RIU),
respectively. The theoretical results of the 1D Silica/DNA/ZnO system
show that the 1D ternary PC (PC) has the highest sensitivity (S) of 412
nm/RIU against a refractive index contrast An of 0.009. The average Q
value and F of the PC system are 65.4313 and 42.0552 (1/RIU),
respectively. From the theoretical data, it is found that the 1D ternary
Silica/DNA/ZnO PC system is more efficient for biosensing of BSA
detection than the 1D binary Silica/ZnO PC system.

Based on the theoretical results, a ternary system of 1D
Silica/DNA/ZnO PC 1is experimentally achieved. By keeping the
theoretical results, the performance of the PC as a biosensor for the
detection of BSA was carried out experimentally. The BSA sample is
used as the defect layer placed in the place of DNA in the 7™ unit cell
of the PC. The experimental performance of the PC was carried out for
the four concentrations of the BSA sample. The results show that the
sensitivity of the defective ternary PC against the concentration of the
BSA is in good agreement with the theoretical result obtained for the
same concentration. The obtained results of sensitivity (S) are
5917.8444 nm/RIU against the refractive index contrast of 0.009. The

average Q value of the PC is 18.8572, and F for the refractive index
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contrast 0.009 is 220.0842 (1/RIU). Despite the experimental
limitations, these experimental results agreed with the theoretical
results of the detection of BSA. Thereupon, the presented 1D ternary
Silica/DNA/ZnO PC can be a promising system for bio-sensing

applications.
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Synthesis and Characterization of Tailored Structural and
Nonlinear Optical Properties of DNA Templated
Nanoparticles

This chapter outlines a brief investigation into a slightly modified
biotemplate-based synthesis method for nanoparticles and their
characterization. The chapter also describes how the conventional
synthesize method can be modified for obtaining nanoparticles with
tailored morphological and optical properties. Alongside, it covers the
synthesis of two vital nanoscale materials - silica and polyoxometalate
(silicotungstate), which are considered highly relevant in current
materials research. The biopolymer used for the bio-template method
is the well-known biomolecule, deoxyribonucleic acid (DNA). Hence,
the chapter exemplifies the synthesis process, features, and role of
DNA as a bio-template, and characterization of the obtained
nanoparticles as well. Moreover, the study reveals that the materials
obtained through a bio-template exhibit promising nonlinear optical
properties, indicating their potential application in the development
of nonlinear photonic crystals. The broader scope of these
nanoparticles in emerging technological research is also discussed.

The results of this chapter are published as

1. Bhagyasree, G. S., Reena, V. N., Abith, M., Sabari Girisun, T.
C., & Nithyaja, B. (2023). Enhanced adsorption and non-linear
optical properties of DNA-CTAB functionalized mesoporous
silica nanoparticles and their influence on enhancement of
photoluminescence of Rhodamine 6G dye. AIP Advances, 13(5).

2. GS, B, B, N, VN, R, A, D., & Sabari Girisun, T. C. (2025).
Tunable nonlinear optical responses in defective DNA-capped
polyoxometalate  ([a-SiW12040] 4-)  one-dimensional
silica/DNA/ZnO ternary photonic crystal systems. Applied
Optics, 64(9), 2125-2138.




Chapter 5

5.1 Introduction

Nanomaterials are fascinating and fundamental components of
nanotechnology, composed of particles in the nanoscale range. Due to
their unique physical, chemical, optical, and electrical properties,
nanomaterials find wide applications in material science, including
catalysis, material functionalization, nonlinear optical devices,
integrated photonic and electronic systems, and sensing technologies.
The concept of nanotechnology gained momentum after the iconic
1959 lecture by Nobel laureate Richard Feynman titled "There's Plenty
of Room at the Bottom," which sparked a revolution in material
science. The development of advanced characterization tools such as
FESEM, TEM, XRD, and UV-VIS spectroscopy further accelerated
progress in this field by enabling detailed studies of nanostructures and

their morphology [1-25].

According to the SI system, nanoparticles are defined within the size
range of approximately 1-100 nm. Nanomaterials can be made from a
wide range of elements and compounds, including organic molecules,
carbon-based materials, metals, and metal oxides. They exhibit diverse
shapes such as spherical, tubular, cylindrical, conical, spiral, hollow, or
even irregular geometries. These structural variations, along with
factors like synthesis method, chemical environment, temperature, and
pressure, influence the physical and optical properties of the materials

[1-25].

Nanomaterials can be synthesized through two general approaches: the

bottom-up and top-down methods [1-5, 25]. The bottom-up approach
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involves building nanoparticles from atomic or molecular units. This
method promotes controlled growth of nanostructures and typically
yields uniform size and morphology [1-5,25]. Standard techniques
under this approach include sol-gel synthesis, chemical vapor
deposition (CVD), pyrolysis, biosynthesis using biological agents, and
spinning methods [1-5, 25]. In contrast, the top-down approach
involves reducing bulk materials into nanoscale structures. It is
generally a mechanical or physical reduction process that includes
techniques such as nanolithography, sputtering, laser ablation, thermal
decomposition, and mechanical milling. While this method is effective
for mass production, it often leads to less control over particle

uniformity and surface defects [1-5, 25].

Characterization of nanomaterials involves various techniques to
determine their structure, composition, and functional properties.
These include FESEM and TEM for morphology, UV-Vis
spectroscopy for optical behavior, FTIR for functional group
identification, Zeta potential analysis for surface charge, and XRD for
crystallinity and phase analysis. Due to their versatility and tunable
properties, nanomaterials are extensively used in medical,
environmental, energy, chemical, and biological applications, making

them an integral part of sustainable advancements in material science.

This chapter explores explicitly the synthesis and properties of silica,
and silicotungstate nanoparticles using the sol-gel method. In this
synthesis, deoxyribonucleic acid (DNA) is employed as a biotemplate

and capping agent to stabilize the nanoparticles and influence their
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growth. The role of DNA in enhancing reaction kinetics and

controlling nanoparticle morphology is also analyzed in detail.
5.2 Nonlinear optical properties of a material

The realm of nonlinear optics deals with the interaction of light and
matter. The nonlinear properties of materials are exploited for the
realization of nonlinear optical devices. The research based on the
nonlinear optical properties of materials is one of the advancing fields
in the domain of photonic research. More precisely, the term, nonlinear
optical phenomenon, is linked to the response of matter to the
interaction with high intensity coherent light field. The light source,
which is used for the nonlinear optical studies, must have coherence, a

high degree of purity in spectral lines, and directionality.

The nonlinear optical property of a material can be understood with the
material dipole moment orientation (polarization P(t)) under the
influence of an external electric field E (t). According to this the
relation between polarization and can be mathematically expressed as

[75-79]
P(t) = x'E(t) 5.1

where the constant of proportionality y1 is called the linear optical sus-
ceptibility. The nonlinear optical behaviour of the material can be ob-
served when the applied external electric field is high and intense.
Thus, the time dependent polarization, P(t) of the material can be ex-

pressed as a power series of the applied electric field E(t) as [74-80];

P(t)= y'E(t)+ EX )+ CE3 O+ EY () +.......... 5.2
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where %2, %3 are the second and third order nonlinear susceptibilities,

respectively [74-85].

The second and third order polarizations can be expressed as [75-85];
P? (t)= ’E*(t) 5.3
P’ (H)=E3(t) 5.4

The physical phenomenon that causes second and third-order nonlinear
polarizations is different from each other. The second-order nonlinear
property will occur only in non-centrosymmetric crystal. Whereas,
third-order nonlinear property is regarded as a special case, as it is the
lowest order nonlinearity exhibited by most of the materials. In recent
scenarios, the third-order optical susceptibility is treated as a complex

quantity having both real and imaginary components [74-85].
Such that;
X3 :X3R+ X3I 5.5

where the real and imaginary parts are related to the nonlinear
refractive index and nonlinear absorption coefficient () respectively

[74-78].
5.2.1 Nonlinear optical absorption (NLA)

The intensity of the electromagnetic field has a pivotal role in the light-
matter interaction. At the low intensity of light, the absorption rate of
light by any absorbing medium is in a linear relation with the increase

of intensity, called linear absorption of light. In such a case, the
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absorbing material would absorb a single photon of energy. At an
intense optical field, the absorbing material would absorb more than a
single photon before it attains its ground state. At this point,
complicated energy transitions will take place in complex molecular
systems. This absorption process can be defined as saturable or reverse

saturable absorption.

In a reverse saturable absorption process (RSA), two absorptive
mechanisms are involved—the two or mutiphoton absorption and the
excited state absorption (ESA). The two-photon absorption (TPA) or
multiphoton absorption describes a transition from the ground state of
a system to a higher energy state by the simultaneous absorption of two
or more photons from the incident radiation. This process requires
different selection rules than those of single photon absorption. Figure
5.1 displays a schematic representation of TPA. The interstate between
the excited state and the ground state is a virtual state, allowing the

system to absorb two photons simultaneously [86, 111].

Excited state
hv

hv

Ground state

Figure 5.1: Schematic diagram of two-photon absorption [86, 111]
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In such a case, the absorption of the light is nonlinear and is
proportional to the square of the simultaneous intensity (I), and the

relation is described as [74-86]

ar . a2
o= al — p1 5.6

Where a is the linear absorption coefficient and  is the two-photon

absorption coefficient.

The multiphoton (2n+1) absorption due to a single optical beam traces

a relation as

% = —(a+y"H"MI=al 5.7

The intensity-dependent absorption coefficient can be deduced from

equation 5.7 such that

a(l) == 5.8

1+

IsaT

Where ao is the linear (unsaturated) absorption coefficient, I is the
incoming optical intensity, and Isar is the saturation intensity at which

absorptions are reduced to half of their original value.

Looking at equations 5.7 and 5.8, when I goes to infinity, which says
that the material becomes transparent to the incoming light. At low in-
tensity, the relation caused by the absorption of light is linear. In prin-
ciple, as light increases, a material's ability to absorb light can reach a
particular point, called the saturation point, at which no further absorp-
tion of photons will occur in proportional to the increase of intensity of
light. It occurs so as the material's ability to absorb light is limited by
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the number of available states (usually the valence band and ground
electronic state) that can absorb the light. It is called the NSA mecha-

nism.

Generally, there are specific facts which are crucial for exhibiting a
material its NSA property. They are: low intensity, increasing intensi-
ty, ground state depletion, and saturation. At low intensity, the rate of
absorption of photons would be low, though the material absorbs pho-
tons, and electrons reach higher energy states. This effect can be ob-
tained by controlling the intensity of the applied Gaussian light source.
At high intensity, the rate of absorption increases, while the ground-
level electron number will be low. The delay in decay to the ground
level can significantly reduce the nonlinear optical absorption. It will
be another cause of NSA occurrence. Another factor that also contrib-
utes to bringing NSA property in materials is the saturation of the ex-

cited state population.

At a specific point, due to the increase of intensity, the absorption of
photons by the ground state electrons increases which resulting in a
sufficiently high population of electrons at the excited state. It will
prohibit proportional absorption of photons, resulting in the material
exhibiting NSA. At this time, the material will be highly transparent to
the incoming laser source. Such a situation is highly demanded in ul-
trafast optics, especially in mode-locking lasers and optical switch-
ing.If the incident intensity is sufficiently high, as that of saturation
intensity, the excited state can become remarkably populated. In such a
situation, the excited electrons can rapidly make a transition to higher

excited states before returning to their ground state.
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However, this work involves the biotemplate based synthesis of nano-
particles, it is mandatory to discuss the nonlinear optical behaviour of
organic compounds such that DNA belongs to the organic compound
family. In the case of organic materials, the transitions are possible to
higher energy singlet (Sn) and triplet state (Tn) manifolds. The transi-
tions of the excited electrons to the higher excited singlet state Sn and
the triplet state Tn depend on the pulse duration, pump intensity, and
the wavelength. This mechanism is known as the excited state absorp-
tion (ESA). When the cross section for ESA or TPA exceeds linear ab-
sorption, the RSA occurs. In other words, if the RSA occurs, the inci-
dent intensity of light is sufficiently high to increase the transition of
electrons from the ground state to the excited state. In the case of ESA,
the excited state absorption cross section is higher than the absorption

cross section from the ground state to the first excited state.

The nonlinear optical phenomenon can be extended to diverse oppor-
tunities based on the tuned material properties. The most commonly
accepted nonlinear optical property of a material is its nonlinear optical
absorption mechanism. Apart from the nonlinear optical absorption
(NLA) mechanism, there lies another property that has equally im-
portance in the nonlinear optical domain. It is nothing but nonlinear
optical saturation absorption (NSA). This mechanism has been widely
occupied in various nonlinear optical applications including passive Q-
switching, mode-locking, optical limiting, optical switching, optical
data storage, nonlinear filtering, and nonlinear absorption microscopy.
These kinds of applications are crucial in areas such as laser technolo-

gy, communication, and imaging. In essence, the invention of engi-
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neered materials that are capable of exhibiting NAS mechanics would

have a great place in the nonlinear optical domain [74].

The Z-scan technique is used to elucidate the third-order nonlinear
effect, and the details of which are provided in the following section

[76].
5.2.2 Open Aperture Z-scan to study NLA of a material

Since, the work is interested only in intensity dependent optical ab-
sorption, therefore, the experiments were restricted to open aperture
technique only. The Z-scan technique is a subtle and robust single-
beam method developed by Sheik Bahae [76] to measure the sign and
magnitude of both the real and imaginary parts of third-order nonlinear
susceptibility, ¥3. In this experimental setup, a monochromatic high-
intensity laser beam is allowed to fall on a nonlinear material (medi-
um). After the intense beam passing through the material, the medium
itself acts like a lens which results self -focusing of the beam due to the
photo-induced varying refractive index of the nonlinear material [74].
The Z-scan technique can exploit both the dynamics of the laser beam

inside the nonlinear material and the self-refraction of the material.

The schematic representation of the experimental setup for the Z-scan
technique is provided in Figure 5.2. In this experimental setup, the
Gaussian laser beam is primarily focused by a concave lens and the
focused intense beam is allowed to fall on the nonlinear material. The
sample is moved along the direction of propagation direction of the
focused laser beam while measuring the transmittance of the focused

Gaussian beam.
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The sample should be thin and the length of the sample should be kept
less than the Reyleigh’s range Zo. In order to determine the nonlinear
absorption coefficient Beff, the intensity-dependent absorption coeffi-
cient (o (I)) for ESA-assisted TPA open-aperture Z-scan recordings

was fitted theoretically using the equation given by [97, 111-113]

Detector

D2

Beam splitter Lens

a.

Reference Detector

D1

Figure 5.2: Schematic diagram of open aperture Z-scan experimental
setup [51-52]

—_%
a(I) = 1+1/1 + .Beffl 59

Where a(I) is the linear absorption coefficient, I is the incident laser
intensity, Is is the saturation intensity at which the intensity of the in-
coming light becomes half, Beff is the nonlinear absorption coefficient

associated with the reverse saturation absorption (RSA)[102-105]

The nonlinear absorption in this case is proportional to the square of

the simultaneous intensity (), given by
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dl
rriai LH/IO] I = Begsl® 5.10

Where, z is the propagation distance within the sample. The first term
in equation (5.11) expresses the SA and the second term indicates

effective TPA part.

Normalized transmittance is given by,

1= »
T(z) = qo(@2)Vr f—oo lTl[l +qo(2)e ]dZ 5.11
Where qo(2) = M 1
2
_1-e7lL

Xo

Ler is the effective sample length, L is the sample length, ao is the
unsaturated linear absorption coefficient, and z is the position of the

sample
2
Zo=— ’ 5.14

is the Raleigh range, mo is the beam waist radius at the focal point, and
A is the wavelength of the laser beam. The imaginary part of the third-
order nonlinear susceptibility (y’) is given by,

4@ = ngeocABers 5.15

2T

Where no is the linear refractive index, c is the speed of light, and & is

the permittivity of free space. Using equations 5.12 and 5.15, the
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experimental data were fitted to the theoretical model to obtain

nonlinear parameters.

53 Biotemplate method and its role in the synthesis of nano-

particles with tuned morphological and optical properties

The invention of a variety of novel synthesis methods and fabrication
techniques facilitates the growth of nanoscience. Despite of outburst of
fabrication techniques, the novelty of synthesizing methods away from
the conventional way bags the attention of the material research field
that uses template materials or known as stabilizing agents (capping
agents) for tailored properties of nanoparticles at desired requirements.
In principle, a template material (catalyst) can alter the performance of
a chemical reaction by controlling the duration and structure of precipi-
tation. The controlling nature of template materials is due to their
structural and chemical peculiarities, which meet the conditions of a
chemical reaction in which they take part. The common factors that all
template materials have are that they are pH independent, morphologi-
cally adaptive, and good adsorbent materials. When they take part in a
chemical reaction, they will not interfere with the direction of the reac-
tion. Instead, their presence accelerates the reaction rate to form pre-
cipitation quickly without wasting time. Gradually, the scope of tem-
plate materials has been widened. So, the morphological appearance of
the synthesized particles is found to be changed due to the presence of
capping agents. This novelty helped to enhance the modifications of
synthesizing nanoparticles and accelerate the growth of nanoscience.
There are different types of template materials being exploited for syn-

thesize methods, including inorganic and organic materials. Among
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these, organic template materials are of two kinds they are polymer and
non-polymer. It is found that biomaterials can influence the transfor-
mation of unique morphological texture and properties of the nanopar-

ticles [1-68].

Decades after the emergence of nanotechnology, various types of ma-
terials have been explored as template materials for bringing up unique
properties and geometry in nanomaterials. However, the demand for
economically favorable and ecologically non-toxic materials has re-
cently been sounded affects the emergence of green synthesis. Thus,
the role of template utilization was also switched from inorganic to bi-
otemplate materials. Hence, they are widely accepted for synthesizing
nanoparticles in different shapes and properties in the nano size range.
Naturally occurring biomaterials, including tissues derived from plants,
and animals (like DNA, protein polymers (BSA), plant cellulose, etc.),
and microorganisms (DNA and RNA from bacteria and viruses), are
found to be applicable as biotemplate materials. Due to their abundant
source in nature (economically cheap), diverse structure, non-toxicity,
and easy handling nature make them attractive for using as biotemplate

materials [69-99].

5.4 Synthesis of DNA-capped silica nanoparticles incorporat-
ing with DNA-template and their tailored structural and

nonlinear optical properties.

The emergence of silica nanoparticles drew attention in material chem-
istry since the 1970s, soon after the development of nanotechnology. In

general, silica has diverse features including transparency, odourless,
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vitreous lustre, non-conductive to electricity, diamagnetic, and amor-
phous. In fact, these properties of silica limit their roles in certain ap-
plications like substrate for thin film making, fibre optics, ceramics,
semiconductors, etc. Since the invention of the Stober process in 1968,
it has been proven that nano-level, controllable spherical silica parti-
cles can be achieved. Subsequently, various synthesis methods were
reported to obtain tunable and uniform-sized silica nanoparticles in
material science for different industrial and chemical aspects. Moreo-
ver, the material research field realized that silica nanoparticles under-
went surface modification under different experimental conditions and
acquired adsorptive and nonlinear optical properties. The size of the
morphologically modified silica particles is specified as mesoporous
silica nanoparticles, in which the pore size falls to 1-10 nm. They offer
a number of additional features, including porous structure, tunable
size, large surface area, biocompatibility, and ordered uniform struc-
ture [1-59]. That awakened the material chemistry in a way that silica
can be subject to various usages due to its enhanced morphological ad-
aptations and nonlinear optical features. Over the last decades, various
chemical and physical methods have been introduced to enhance the
properties of silica nanoparticles at different morphological and func-
tional levels. Based on the ease of production and physico-chemical
features, nowadays silica nanoparticles have become one of the classes
of materials which are known for their different roles in the chemical
industry, such as nanomedicine, catalysis, plasmonic colour thin films,
surface enhanced spectroscopy, DNA extraction, magnetic separation,
and photonic devices and instrumentation development. Nowadays,

porous nanomaterials are widely used for tuning laser systems and cell
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imaging purposes. Among the porous nanomaterials, silica nanoparti-
cles are treated as a favourable subject in material science, so that sili-
ca-incorporated research works have become a focus in tuning dye la-
ser systems [20-29]. These applications of silica are merely based on
its unique mesoporous surface properties. The surface properties of
silica nanoparticles can be modified for different purposes. These fea-
tures of the mesoporous silica nanoparticles help to attach the func-
tional chemical groups to them in comparison with amorphous colloi-
dal silica. The reported research papers revealed that mesoporous silica
nanoparticles can influence structural, microstructural, and biological
properties of polymer nanocomposites. Functionalized mesoporous
silica nanoparticles are widely recognized for their stable chemical
properties, controlled bioactive compound release, adsorbent-adsorbate
stability, thermal stability, control on hydrophilicity, and pH resistant.
The surface properties of silica nanoparticles can be enhanced by alter-
ing various parameters like temperature, pressure, molar ratio of rea-
gents, pH, and chemical additives as well. The presence of chemical
additives during the precipitation of silica nanoparticles can control the
growth of nanoparticles within the mesoporous limit, along with the
surface modification, and other parameters. Since the features of silica
nanoparticles in terms of porosity, size of the pores, pore volume, sur-
face area, and biocompatibility, etc., are found to be enhanced by the
presence of chemical additives, different methods and chemical addi-
tives have been reported [1-33, 35]. In 2009, Qiao. et al [36] reported
the synthesis of mesoporous silica nanoparticles through a controlled
hydrolysis process using cetyl trimethyl ammonium chloride (CTAC).

In which they claimed that they could control the size of the silica na-
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noparticles to a range of 25 nm to 200nm. In 2012, Lodha et al. [37]
stated that they had synthesized mesoporous silica nanoparticles for the
drug loading of a purely water-soluble drug. They used cetyl trimethyl
ammonium bromide (CTAB) and concentrated HCI for the synthesis of
mesoporous silica nanoparticles. In 2017, Niara et. al [38] claimed that
they could achieve to form silica particles having a pore volume size of
2.5 nm to 2.8nm. They have used CTAB as the pore-generating agent.
In 2020, Presentato et. al. [39] stated that they have prepared biode-
gradable, high pore volume mesoporous silica nanoparticles using
CTAB and concentrated HCI. These reported silica particle synthesis
methods were carried out using the Stober process method. Such mes-
oporous silica nanoparticles are applicable to the biomedical field for
target drug delivery, bio-sensing, cellular uptake, etc. Since their role
in the bio-medical field is found to increase, the recent works mainly
focus on making mesoporous silica functionalised and biocompatible
using different surfactants like cetyl trimethyl ammonium chloride

(CTAC) [1-69].

This work introduces a bio-template to prepare mesoporous silica na-
noparticles by incorporating the Stober synthesis method and also
seeks the morphological and nonlinear properties of the obtained silica
particles. Among the available reported synthesis methods of silica na-
noparticles, the bio-template to obtain a tailored morphology of silica
particles is considered. The bio-template was synthesized by forming a
complex of deoxyribonucleic acid and the cationic surfactant cetyltri-
methylammonium bromide (CTAB). A key role of surfactants is

played in nanoparticle synthesis by adsorbing to the nanoparticles sur-

174



Chapter 5

face and lowering the surface energy of the nanoparticles soon after
they are formed. It is the way in which the aggregation of particles has
been prevented and the formation of size-controlled and surface-
controlled nanoparticles. So far, the stabilizing mechanism of DNA in
nanoparticle formation has been recognized, as its usage is being in-
creased in material science as a bio-template, and conjugate polymer as
well. Studies show that the nanoparticles that are formed in the pres-
ence of a DNA template exhibit excellent physicochemical properties
[69-99]. Figure 5.3 illustrates a schematic representation of the poly-
nucleotide structure of DNA. Since DNA is considered a fascinating
biophotonic material, as it is verified in many research papers that it
can improve the functional properties of photonic device materials.
Moreover, the seductive factor that makes DNA a vital material in ma-
terial science is the double helical, lengthy polymer structure of the
molecule. Due to the unique double helical structure, DNA possesses
high transparency, thermal stability, nonlinear optical activity, ampli-
fied emission, and its applications are widely found in electron block-
ing, hole transport, hosting of laser dyes, modification capability, elec-
trical interconnectors, thin films, lasing, and sensing purposes. The
strands of the double helical structure are made of alternating sugar
(deoxyribose) and phosphate groups. The sugar group is attached to
one of the four bases: adenine (A), cytosine(C), guanine (G), or thy-
mine (T). The stability of the dsSDNA molecule depends on GC base
pairs and length. It is found that longer molecules are more stable.
Long DNA helices with a high GC content have more strongly inter-
acting strands, while short helices with high AT content have more

weakly interacting strands. The structural features that define a DNA
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polymer to engage in a reaction are length, base sequence, temperature,

and buffer conditions [69-100].

As far as the diverse properties of DNA are concerned, it is found that
they can be incorporated with nanoparticles that have a positive
charge. Mainly, DNA is used for functionalizing with metal nanoparti-
cles to form functionalized or conjugated polymer under a buffer con-
dition. It confirmed the negative charge of the DNA that resembles the
chemical behaviour of a ligand. The studies dealt with its conjugating
effect as they are taking part in a chemical reaction with other poly-
mers (surfactants, metal nanoparticles, etc.), and they got functional-
ized. So that they can form organic-inorganic complexes and salt with
the polymers. In turn, the functionalized DNA has diverse properties
that it can tune nanomaterials about their size, shape, and surface com-
patibility with adsorbents, electrical, magnetic, optical, and biological

properties [69-99].

In the Stober process, the solvent used to synthesis silica nanoparticles
is an alcohol medium (either ethanol or methanol). So, DNA alone
cannot dissolve in alcoholic solvents. So this problem can be avoided
by transforming DNA into its complex with a cationic surfactant. Con-
sidering the properties of functionalized DNA polymer, the surfactant
cetyl trimethyl ammonium bromide (CTAB) is selected. They are also
used for synthesizing mesoporous silica nanoparticles. It is a known
cationic surfactant that belongs to the compounds of the cetrimonium
cation family. The fascinating feature of CTAB is that it is widely used

as the main component of the buffer solution for the extraction of
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DNA, so that it reacts with the polysaccharide chains of the DNA [85,
96-99].
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Figure 5. 3: Portion of Figure. 5.4: Chemical structure of
polynucleotide chain of DNA CTAB [104-105]
[100-103]

Its chemical formula is hexadecyltrimethyl ammonium bromide
([Ci6H33] N(CH3)3]Br) and is highly biocompatible. Figure. 5.4 is a
schematic representation of the CTAB structure. It is a familiar com-
pound to be used for nanoparticle synthesis. It has 16 carbon atoms as
a long tail and an ammonium head group with three methyl groups at-
tached. In some cases, functionalized biomolecules such as DNA can-
not sufficiently penetrate a dense layer of capping agents or replace
them. Therefore, surfactant surfactant-assisted methods aim to modify
the surface ligands by adding an excess of small molecules with higher
affinity towards dielectric nanoparticles. In the case of the DNA mole-
cule, the deoxyribose-phosphate groups contribute to the backbone of
the DNA strand. Among these groups, the phosphate group comprises
one negatively charged oxygen atom, is responsible for the negative
charge of the entire DNA strand. It is the result of the bond between

the phosphorous and oxygen. Hence, the cationic surfactant becomes
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attached to the phosphate group of the DNA and forms a DNA-
surfactant complex [31-33, 36-38,69-99].

Combining the properties of CTAB and DNA, CTAB was selected as
the cationic surfactant. Without using any additional buffer chemicals,
a reaction between CTAB solution and DNA solution was carried out
to form the CTAB-DNA (CD) complex. It is found that the CD com-
plex can dissolve in the alcohol group. The obtained mesoporous silica
nanoparticles have shown an enhanced tailored morphology along with
controllable adhesive properties. It is also proven that the CD bio-
complex template was an effective template to incorporate with the
Stober process to enhance the particle size, pore size, volume, and area
of the silica particles. The nonlinear optical properties of dielectric ma-
terials with metal composites have been investigated for two decades
for fabricating nonlinear optical devices. In those studies, the nonlinear
optical properties of metal nanoparticles doped with silica glass sub-
strate were only considered [100]. It pointed out that the nonlinear op-
tical property of mesoporous silica nanoparticles alone seems ignorant
in nonlinear optical physics. However, silica glass inclusion with semi-
conducting materials and metal nanoparticles in order to enhance the
nonlinear optical properties of the doping materials is still a research
interest. In this context, the nonlinear optical properties of CD-
templated silica nanoparticles were investigated using the Z-scan tech-

nique
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5.4.1 Experimental methods

Chemicals used were CTAB, DNA, tetracthyl orthosilicate (TEOS),
ammonium hydroxide (NH4OH), methanol, hydrochloric acid (HCL),
acetone, and deionized (DI) water. All chemicals except DNA were
purchased from Merck Life Science Private Limited. DNA powder was
purchased from Sisco Research Private Limited. All the glassware used
for the experiment was cleansed by acetone, followed by DI water and
dried in a hot air oven at 100 0C, and was again subject to Piranha
cleaning, followed by DI water cleansing and dried at 100 °C using a

hot air oven.
a. Synthesis of DNA-CTAB complex

The complex of DNA and the cationic surfactant CTAB in different
concentrations of DNA solution. The DNA solution with 0.1, 0.5, 0.15,
and 0.1525 of weight-percentage (wt %) was prepared by dissolving
DNA in DI water, followed by sonication at room temperature for 30
minutes to achieve a homogenous DNA solution. In another beaker,
0.4 g of CTAB was taken, and 30 ml of DI water was poured into the
beaker, and the mixture was sonicated until the CTAB was dissolved
entirely at room temperature. The solution was a colorless and viscous
solution. This solution was added slowly into the DNA solution under
constant stirring using sonication at room temperature. This process
allowed to precipitate of a white colloidal form of the CD complex
where the surfactant CTAB is attached to the DNA molecule. The pre-

cipitation was filtered and washed with DI water many times to re-
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move unreacted CTAB. The CD complex precipitate was kept in a hot
air oven at 60°C for 24 hours to obtain CD complex powder [85-86].

b. Synthesis of silica nanoparticles using the Stober process

The silica nanoparticles were synthesized by the Stober process, a
known sol-gel process to synthesize spherical nanoparticles of silica. A
precursor solution of Siica is made by adding 5 ml of TEOS solution
into a solution of 150 ml of methanol and 40 ml of DI water under
constant stirring using sonication at room temperature in a 500ml boro-
silicate glass beaker. The stabilizing agent NH4OH was taken in an
amount of 14 ml in a Burette and added slowly into the solution under
constant stirring. The solution was kept stirring for 35 minutes at room
temperature. A white colloidal precipitation was formed. The precipita-
tion is filtered by waterman filter paper and washed 5 times with DI
water, followed by methanol. The filtered precipitation was kept in a
hot air oven at 70°C for 1 hour for drying. Then the obtained silica

powder was calcined at 10°C/minute [1-28].
c¢.  Formation of silica nanoparticles using CTAB

The silica nanoparticles were synthesized by the Stober process, where
CTAB was used as the stabilizing agent. Typically, 0.4g of CTAB was
dissolved in 40 mL of DI water by sonication at room temperature.
Under constant stirring, 150 mL of methanol is added to the solution.
After 5 minutes of stirring, 5 mL of TEOS was added and followed by
the addition of 14 mL of NH4OH dropwise into the solution under con-
stant stirring at room temperature. The constant stirring was main-

tained until a white colloidal precipitate was formed. The precipitation
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is filtered by waterman filter paper and washed 5 times with DI water,
followed by methanol. The filtered precipitation was kept in a hot air
oven at 70°C for 1 hour for drying. Then the obtained silica powder

was calcined at 10 °C/ minute [1-28].
d. Formation of silica nanoparticles using CD complex

The silica nanoparticles were synthesized in the presence of the CD
complex under the conditions of the Stober process. The samples of
0.01, 05, 0.15, and 0.1525 wt% of CD complex powder are assigned
as CD1, CD2, CD3, and CD4. Each CD complex samples were dis-
solved in 150 mL of methanol under constant stirring. After obtaining
a complete transparent solution, 35 ml of DI water was added to each
four CD complex-methanol (CDM) solutions under constant stirring
for 10 minutes at room temperature. 5 ml of tetraethyl orthosilicate so-
lution was added to each solution of CDM under constant stirring us-
ing sonication at room temperature in a 500 ml borosilicate glass beak-
er, and 14 ml of ammonium hydroxide as a catalyst was added slowly
into the solution under constant stirring. The solution was kept stirring
for 35 minutes at room temperature. A white colloidal precipitation
was formed. The precipitation is filtered by waterman filter paper and
washed 5 times with DI water, followed by methanol. The filtered pre-
cipitation was kept in a hot air oven at 70°C for 1 hour for drying.

Then the obtained silica powder was calcined at 10°C/minute.
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e. Formation of silica nanoparticles using the CD complex in the

peptization method

The peptization method has evolved from the Stober process [102-
104]. In which the synthesis process is carried out slightly in an acidic
medium. The CD solution of CD4 was dissolved in 150 mL of metha-
nol under constant stirring using an ultrasound sonicator. After getting
a transparent solution, 35 ml of DI water was added under constant
stirring for 10 minutes. 5 ml of TEOS was added to the stirring solu-
tion and kept stirring for 10 minutes and followed by adding 5 ml of
HCL slowly into the stirring solution. A white precipitation was seen.
The precipitation was filtered, and the silica gel was washed with DI
water and followed by methanol. The silica gel was dried at 70°C for
two hours to form silica powder. The obtained silica powder was cal-

cined at 10° C/minute.
5.4.2 Results and Discussions

The obtained silica nanoparticles were subject to different characteriza-
tion processes to analysis the features and changes in the existing
properties. The characterization tools used for the sample analysis are
XRD, UV-Vis spectroscopy, SEM, surface area analysis, and nonlinear
optical analysis. The detailed discussion on the characterization is pro-

vided in the following sections.
a. XRD Analysis

The two differently prepared powder samples of silica were subject to

XRD analysis. One of the samples was synthesized in the presence of
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0.1525 wt % of CD complex (S1), and the remaining sample was pre-
pared in the absence of CD complex template to examine the effects of
CD complex in making nanoparticles. The XRD patterns of S1 and S2
are provided in Fig. 3. From the XRD pattern, the peak intensity, posi-
tion, and full width at half maximum (FWHM) data using the Gaussian
fitting method were determined. The diffraction angles 26 range was
taken between 200-800. The XRD patterns for both samples show an
amorphous nature by the single broad peak and which ratifies that the
sample is silica by forming the broad peak at 22.61° for S1 and 23.53°
for S2, which come in the range of amorphous silica found generally in
the XRD pattern for silica particles [105-106]. The diffraction peak
obtained for S1 is broader than that of S2, the mean size of the silica
nanoparticles. The mean size of the two samples is estimated using the
Debye-Sherrer formula, and they are 1.65nm and 2.63 nm for S1 and
S2, respectively [107-110].

_0.891
" bcos@

5.15

Where 0.89 is the shape factor, A is the X-ray wavelength = 1.54056 A
for Copper Ka X-ray, b is the line broadening at FWHM in radians,
and 0 is the Bragg angle.
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Figure 5. 5: XRD of silica nanoparticles formed in the presence of CD
complex in peptization method (S1) and silica particles formed in the
absence of CD complex (S2) in Stober process.

Figure 5.5 shows that the difference between the FWHM of S1 and S2
is due to the presence of the CD complex template. When comparing
the XRD patterns of S1 and S2, the diffraction peak of S1 tends to
move lower angle and gets narrower than the peak of S2. These fea-
tures of S1 indicate that the silica particles may have a crystalline
structure or better orientation [72]. From the difference observed be-
tween the measurements of FWHM, it is understood that the size of the
particles of S1 is smaller than that of S2, since the XRD results vali-
date that the presence of the CD complex template influences the size

of the silica particles to reduce them to the nanoscale range.
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b. UV-VIS Analysis

Optical absorption spectra of the samples were carried out using UV-
Vis spectrophotometry in the scan range of 230-800 nm. The silica
samples subjected to UV spectrophotometry were S1, S2, S3, S4, S5,
S6, S7, and S8 corresponding to silica prepared by the Stober process,
the Stober process using CTAB as a stabilizing agent, 0.01 wt% %,
0.05 wt% %, 0.15 wt% %, and 0.1525 wt % of DNA concentrations of
CD complex in Stober process, and peptization process with 0.1525 wt
% of CD complex template respectively. The amount of CTAB used
for synthesizing sample S2 is approximately the same as the amount of
CTAB used for preparing samples S7 and S8. This experimental
condition is maintained for differentiating the background role of
CTAB in CTAB incorporated Stober process, CD complex template
involving Stober and peptization processes for forming the
nanoparticles. The solvent used for UV analysis was dimethyl
sulphoxide (DMSO). Figure 5.6 represents the UV absorption spectra
of silica samples. It illustrates that the absorption peaks for silica
prepared in the CD complex show a blue shift (samples S2-S8). The
peak blue shift for S8 is approximately 10 nm. It indicated that as the
concentration of the CD complex template increases, the particle size
goes on decreasing. This result exemplifies that the presence of the CD

complex reduces the size of the silica nanoparticles.
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Figure. 5.6: UV absorption of silica nanoparticles prepared via S1)
Stober process S2) Stober process incorporated with CTAB, S3)
peptization method S4) Stober process with 0.01 wt % of CD complex
S5) Stober process 0.05 wt % of CD complex, S6) Stober process with
0.15 wt % of CD complex, and S7) Stober process with 0.1525 wt %
of CD complex, and S8) peptization process with 0.1525 wt % of CD
complex.

The peak shift difference between S3 and S8 indicates that the CD
complex can also make an impact in acidic conditions, so that S3 and

S8 are prepared under acidic conditions.
c.  Surface Area Analysis

Surface area is one of the quantities to explain the particle size, particle
morphology, surface texturing, and porosity of any particle. It is
considered one of the vital factors that explain the potential of physical
properties of particles in taking part in biological and inorganic

catalytic activities. To endorse the surface area of the silica
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nanoparticles derived from the CD complex templated method,
Brunauer- Emmet- Teller (BET) analysis was conducted. Based on the
BET analysis results, N2 adsorption/desorption isotherms were
employed to identify surface parameters. The BET analysis was
conducted against the six samples of silica particles. The samples were
named as S1, S2, S3, S4, S5, and S6 corresponding to the silica
particles prepared by the Stober process, prepared by using 0.01 wt% ,
0.05 wt %, 0.15 wt %, 0.1525 wt % of DNA in Stober process,
peptization method, 0.1525 wt % of DNA template in peptization
method. The BET results discussed the size of the pores, the type of
pores, whether it is open or closed, and the pore diameter distribution.
The N2 adsorption/desorption isotherm curves of the six samples of
SNP exhibit a type IV hysteresis loop with two branches, adsorption
(capillary condensation) and desorption (evaporation). These hysteresis
loops indicate the presence of open pores between the particles and the
mesoporous surface. Since, Stober process gives mesoporous silica
nanoparticles, this general feature is supported by the hysteresis loops

of all six samples [111].

The adsorption branch of type IV is a composite of types I and II. At
low relative pressure (p/po), the uptake of gas molecules is associated
with the filling of micropores (forms monolayer adsorption). These
type IV loops are often found with aggregated crystals of zeolites,
some mesoporous zeolites, and micro-mesoporous carbon. The
isotherm curves of samples shown in Figure 5.7 illustrate that the
adsorption pore volume of the samples increased as going from sample

S1 to S6 in accordance with the pore diameter, which shows a gradual
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increase on increasing the concentration of CD complex template
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Figure 5. 7: BET isotherm results of a) silica nanoparticles synthesized
in Stober process, silica nanoparticles synthesized in b) 0.01 wt % of
CD complex template, ¢) 0.05 wt % of CD complex template, d) 0.15
wt % of CD complex template, e) peptization method in 0.1525 wt %
of CD complex template, and f) 0.1525 wt % of CD complex template

The highest value of BET surface area is for sample S6. It is evident
from the isotherm data shown in Table 1 of the samples that, for large
pore size, the BET surface area is comparably found to be low, which

implicates that for low mesoporous properties and such a surface
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cannot adsorb particles to its surface than particles having small pores
on their surface. For small pores, the BET surface area and pore
volume are large. This feature implies that their adsorption stability is
high. It is evident from the isotherm curves of the samples S1-S6
shown in Figure 5.7 that at higher relative pressure (p/po), the
hysteresis loop width is relatively wider for samples S5 and S6
compared with other samples. The fact that connects the loop width
and adsorption property is that the wider the loop is, the adsorption
stability is also higher.

Table 5.1 Experimental data obtained from N2 adsorption—
desorption isotherms

Sample Mean pore Pore BET surface
diameter (nm) Volume area (m?/g)
(cm¥/g)

S1 (Silica WoD) 7.942 0.019 9.543
S2(0.05 wt % DNA 6.532 0.029 21.496
S3 (0.15 wt % 6.379 0.035 22.686
DNA)

S4( 0.1525 wt 6.188 0.070 45.516
%DNA)

S5(Peptization) 5.063 0.086 54.172
S6 (Peptization in 5.946 0.081 54.335
0.1525)

Moreover, the hysteresis loop width is found to increase as one goes
from S1 to S6. The only factor that varies as going from S1 to S6 is the
concentration of the CD complex template. The samples S5 and S6
were made in the presence of a high concentration of CD complex

template (0.1525 wt% %) among other samples. Another fact obtained
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from the BET results is that the pore size of all the samples comes
within the mesoporous range (2nm <pore diameter< 50 nm). Among
the six samples, S6 exhibited a small value of mesoporous size by
analyzing the size distribution of the pores. In fact, this pointed out that
the presence of the CD complex induces to make the porous surface of
the silica nanoparticles to become a more adsorbent surface, in which
the adsorbents cannot escape easily. It is generally accepted that DNA
is a double-stranded stranded lengthy biopolymer, and CTAB is also a
lengthy polymer. These together form a complex structure that is
spanned between the silica particles. Due to the lengthy network of the
CD complex, the silica particles cannot be aggregated beyond a
particular range, and thus, nanoparticles are formed since the
nanoparticles are confined in the CD complex surface, after the
removal of the CD complex, which leads to voids in the surface of the
silica nanoparticles, which in turn causes the silica particles to become
mesoporous. This feature makes them a good adsorbent, and that can
be efficiently used for drug delivery agents, doping agents, and gas

sensing applications.
d. SEM analysis

The SEM images of the silica particles are shown in Figure 5.8. The
silica particles prepared without the CD complex template are seen in
Figure 5. 8a. The particles are showing a spherical geometry with a
smooth surface. Figure 5.8b represents the silica particles prepared in
the presence of the CD complex. In which the particles are seen in an

aggregated spherical and flat surface, but irregular in size.
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Figure 5. 8: SEM images of silica particles formed a )without the
presence of CD complex, b) with the presence of CD complex

The surfaces of the particles seemed to be irregular spherical structures
that were seen as projecting from the surface. These projected like
spherical nanoparticles can enhance the surface area. Hence, the SEM
results show that the presence of CD complex influences the
morphology of the silica particles to a favorable feature of mesoporous
surface, and this synthesis method could preserve the spherical shape
of the silica particles, which is seen as a general feature of the Stober

process.

e. Third-order nonlinear optical studies of DNA-CTAB complex-

templated silica nanoparticles

The nonlinear optical property of a material is the result of the
interaction of the material with a high-intensity Gaussian pulse.
However, the nonlinear optical properties of silica under different
conditions have been well studied previously. In 2011, A. N. Golubev
et.al. [117] experimented with open open-aperture Zscan experiment to
examine the nonlinear optical properties of silica glass with copper

nanoparticles deposited by ion implantation. They reported that the
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system exhibited reverse saturable absorption (RSA) at 450-540 nm
and saturation absorption (SA) at 550-585nm. They suggested that the
RSA is due to the two-photon absorption from the bound d states, and
the SA is due to the saturation of plasma excitation. In 2015, Dehghani,
Z. et al. [118] reported their third-order nonlinear optical studies of the
matrix of porous polyurethane composite to which silica and alumina
nanoparticles were infiltrated. Their experiment reported that the
presence of nanoparticles in the polymer matrix increased the third-
order nonlinear optical absorption. The same year saw another
nonlinear optical research work by A Le Rouge et al [119]. They
studied second-order nonlinear optical characteristics of porous silica
matrix embedded with zirconia-coated gold nanoparticles. They
reported that the system exhibited saturable absorption behavior. In the
following year, 2016, Gharaati et al [120] reported a theoretical method
to enhance third-order nonlinear optical properties of silica glass by
using metallo nanoparticles. The Maxwell-Gernett theory was
exploited for their study. They used silver, copper, and gold
nanoparticles where they examined their different structures for the
study, and the report suggested that the spherical structure of the
nanoparticle can improve the nonlinear optical behavior of the silica
matrix than other geometrical structures. In the year 2020, Sattar AL-
Ibraheemi et al. [121] reported their investigation of nonlinear optical
phenomena in gold-silica nanoparticle matrix prepared by the laser
ablation method. They suggested that the nonlinear absorption value
was improved while replacing water with polyvinyl pyrrolidone (PVP)

as the surrounding liquid.

However, these previously reported research works conveyed the

nonlinear optical phenomenon in silica/porous silica glass matrix,
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incorporating the presence of another metal nanoparticle. The third-
order nonlinear optical behavior of porous silica nanoparticles is less
considered for research purposes. This may be due to their dielectric
nature that hinders them from showing an impressive nonlinear
behavior. Hence, it is relevant to investigate nonlinear optical

phenomena in the surface-modified spherical silica nanoparticles.

1. Nonlinear absorption studies of DNA templated silica

nanoparticles

DNA, the major component of the biotemplate CD complex, is a well-
known nonlinear optical material [70-73, 78, 91, 96-99]. It is proven
that nonlinear materials can influence nonlinear optical properties of
another material when they functionalize each other [78, 94-99]. In
order to understand whether any change has been formed in the
nonlinear optical property of the silica particles, the open-aperture Z-
scan experiment was conducted. The open-aperture Z-scan analysis
was carried out under 100 pJ laser excitation (532 nm, nine ns pulse
rate) with an on-axis intensity of 2.46 GW c¢cm™. The transmitted beam
was measured without an aperture in front of the detector to determine
the nonlinear absorption of the molecules. The linear transmittance was
set at 71%. Figure 5.7. a, c, e, g, and 1 show the open aperture Z-scan
signatures of silica particles prepared at different concentrations of CD
complex template in different methods. The silica particles were
uniformly dispersed in DMSO for carrying out open-aperture Z-scan
analysis. The interaction of the laser beam with the molecules produces
a valley pattern, i.e., the transmittance of the molecules decreases
gradually towards the focal point and reaches a minimum with the
deep transmittance trough at the focus, where the curves are symmetric

at Z=0, which signifies the RSA behavior of the molecules with the
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positive NLA of the incident light. On the nanosecond time scale, the
RSA is combined with TPA and ESA, which is collectively as the
effective TPA process [97, 111-113]. The experimental data match well
with the theoretical model for ESA ESA-assisted TPA process in all six

samples of silica nanoparticles.

The numerically fitted OA Z-scan results brought to light the enhanced
NLO responses of the mesoporous silica nanoparticles synthesized at
different concentration of CD complex template in Stober process

method and peptization method. The obtained f.ss were tabulated in
the Table 5.2.
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Figure. 5.9: Z Scan curves of silica particles synthesized at a) 0.05
wt%, and c) 0.15 wt%, e )0.1525 wt% of DNA in CD complex
template, g) peptization method, and 1) 0.1525 wt% of DNA in CD
complex template peptization method along with OL characteristics of
silica particles synthesized at b) 0.05 wt%, d) 0.15 wt%, f) 0.1525
wt% of DNA in CD complex template, h) peptization method, and j)
0.1525 wt% of DNA in CD complex template in peptization method
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2. Nonlinear optical limiting studies

The optical limiting data of silica samples for different concentrations
of DNA of CD complex template were extracted from the graphs of
normalized transmittance obtained from open aperture Z—scan analysis
against input fluence (Figure 5.9b, d, f, h, and j). From the graph, the
onsets of limiting action (the value of input fluence at which the
intensity of output transmittance starts decreasing) are observed at
3.29,4.74,5.23,8.97, 1.46 and 2.16 W/m? for silica particles obtained
corresponding to 0.05 wt %, 0.15 wt %, and 0.1525 wt % of DNA in
CD complex template, peptization method and 0.1525 wt % of DNA in
CD complex template in peptization method respectively and the
limiting threshold (LT) values (the value of input fluence at which the
intensity of output pulse becomes 50% of the initial value) for the
corresponding samples are 2.43, 2.35, 2.21, 1.24, and 0.75 of the order
of 103 W/m? respectively. The values of the optical limiting threshold
corresponding to each sample were tabulated in Table 5.2. From the
results, it is evident that the particles in the present study exhibit
exceptional optical limiting action with low onset and limiting
threshold values. The open-aperture Z-scan report shows that the
sample S5 shows a significant nonlinear absorption coefficient and has
a low optical limiting threshold value. It is noticed that the
enhancement of nonlinearity may be due to the influence of the CD
complex template during the formation of silica particles. However,
the materials in the present study have shown remarkable nonlinear
response with a substantial increment in the Besr of the order 1071 m

W1 and exceptionally well optical limiting behaviour with very high
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limiting threshold, making them capable materials for optical power

limiting devices in photonics.

In principle, both the surface and optical properties of silica can be
influenced under an optimum concentration of DNA in CD complex

template.

Table 5.2 The nonlinear optical data of silica nanoparticles

Sample Nonlinear Onsets of Optical

Absorption limiting Limiting
Coefficient, p action 10'? Threshold x

x1071° m/W W/m?2 1013 W/m?

S1 (0.05 wt% of

DNA) 0.45 1.35 2.43

S2 (0.15 wt %

DNA) 0.49 1.05 2.35

S3(0.1525 wt %

DNA) 0.58 0.88 2.21

S4 (Peptization

method) 1.24 0.75 1.24

S5(0.1525 wt%

DNA in 2 0.65 0.75

peptization)
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5.5 Synthesis of DNA capped polyoxometalate (silicotungstate

(a[SiW12040])) and its nonlinear optical properties

The class of Polyoxometalates (POMs) is known for their unique and
versatile features in material science that have been studied for several
decades. Their intricate structure and tunable properties open diverse
possibilities in various fields that making them applicable in a wide
range of fields, including catalysis, material science, and medicine.
POMs are generally anion metal clusters having a negative charge.
They have a high valent metal atom often symbolically represented as
M, which is from transition metals from the periodic table like Mo, W,
or V. Their class widens from small oxometalates to bulk solid-state
metal oxides. Their properties, such as acidity, redox activity, and
photoactivity, make them an ideal candidate to exploit metal oxide
features at the molecular level. While considering the metal-oxide
cluster, the structure of POM is incorporated with another
semiconducting metal, usually represented as hetero atom X, so-called
Hetero POMs. Due to their structural vulnerability, as they possess
hetero metal POMs, they are amenable to chemical tuning, as their
structure and properties can be tailored by varying the hetero atom X
(X=B, Si, P, etc.). Since the POMs are termed as anion metal clusters,
the vital material properties can be tuned by varying the corresponding
counter cation to make polar materials. Thus, POM has been a good
candidate for the tunable nonlinear optical experiments since the

beginning of the 21% century [122-126)].

Numerous nonlinear optical studies were conducted on

polyoxometalates based on their diversification of polarizability,
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shape, composition, and size. In 2009, Jean-Dnaiel Compain et al.
reported that they had synthesized nonlinear optically active salts with
stibazolium derivatives and polyoxometalate counterions to explore the
reactivity between the various POM and the centrosymmetric salt. The
diffuse reflectance experiments illustrate that a charge transferring
between organic and inorganic components in salts is seen, and they
exhibit second-order nonlinear optical properties [127]. In 2012, Zhang
T et. al. investigated redox and second-order nonlinear optical
properties of POM, where they chose the hybrid structures that involve
organic-inorganic (Keggin polyoxoanion) combinations to study. The
effects of element substitution in POM (heteroatoms), charge
transferring from organic groups to the Keggin polyanion, were
evaluated. They observed that the hybrid compound possesses a large
molecular second-order polarisability and is a potential NLO material
[128]. In 2015, Zhang et al. reported their theoretical observations on
second-order nonlinear optical properties of Strandberg-type
polyoxometalates with alkali metal cations by density functional
theory. They observed that the cations have an important impact on the
second-order NLO polarizabilities [129]. In 2022, Wang L.S. et.al
studied the third-order nonlinear optical and super broadband optical
limiting properties of polyoxometalates by substituting addenda atoms.
They chose polyoxomolybdovanadates, [TBA]*[VMosO19] (ViMos),
[TBA]*[VsM0202s].2CH3;CN(VsMoz), [TBAJ’[VMosO19] (ViMos),
where TBA 1is called tetrabutylammonium. They reported that by
substituting addenda atoms to the POM, the systems possess tunable
third-order nonlinear optical properties [130]. In 2023, Saleem U et al
remarked that their study on switchable third-order nonlinear optical
response of hybrid structures of Anderson polyoxometalate with

porphyrine incorporated with inpyridyl using Z-scan measurements
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[131]. The effect of linker length and substituent on nonlinear optical
responses has been studied. They concluded that alpha-Anderson
POM-porphyrin hybrid structures have a lower bandgap, shorter

length, and proximity than that of other polyoxometalate structures.

However, the existing research reports on POM highlight that they are
one of the interested candidates among other nonlinear optical
materials. For over one decade, their peculiar features have been
observed meticulously through employing nonlinear optical studies.
The reviews revealed that contributions over their different structures,
compositions with hetero atoms and addenda atoms, and linkage with
other organic polymers have been studied. This work is rationally
concentrated on the formation of POM in the presence of a bio-
template, which should be a nonlinear optical material. That is how
DNA would come as a first choice, as it has already been proven that
DNA can enhance the nonlinear optical properties of nanoparticles
[96-97]. This work involved the method where the kegging structure of
silicotungstate [a-SiW12040]* POM would be obtained and observe
how their nonlinear optical properties have been changed due to the

involvement of biotemplate during their formation [80-99, 132-136].

5.5.1 Synthesis of DNA templated polyoxometalite (silicotungstate:
[a-SiW12040]) compound

All chemicals used were purchased from Sigma-Aldrich. DNA sodium
salt, extracted from salmon sperm, was used as the capping agent. La-
boratory glassware was thoroughly cleaned using the piranha solution
method and subsequently dried in a hot air oven at 100°C. Deionized
(DI) water was used throughout for both cleaning and synthesis. To
prepare the DNA solution, 0.1523 g of DNA was dissolved in
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18.75 mL of DI water with continuous stirring. The solution was heat-
ed to boiling to ensure complete dissolution. Once the DNA was fully
dissolved, 11.35 g of sodium tungstate was added under vigorous stir-
ring. Subsequently, 10.3125 mL of 4 M hydrochloric acid was added
dropwise to this mixture while maintaining vigorous stirring, assisted
by an ultrasonic sonicator. In a separate preparation, 0.6875 g of sodi-
um silicate was dissolved in 6.25 mL of DI water under constant stir-
ring to obtain a clear, homogeneous solution. This sodium silicate solu-
tion was then combined with the previously prepared sodium tung-
state-DNA mixture. Simultaneously, an additional 3.12 mL of 4 M hy-
drochloric acid was added dropwise under stirring. The resulting mix-
ture was stirred continuously at 100 °C for 1 hour using a magnetic
stirrer. Throughout the process, the pH of the solution was maintained
between 5 and 6. Upon completion, a white precipitate of DNA-capped
POM was formed [131-132].

5.5.2. Results and discussion

The obtained particles were subject to different characterizations to
confirm the presence of POM. Additionally, the nonlinear optical

studies of the particles were also conducted.
a. Material characterization of D-POM

The obtained POM particles were subjected to UV-Vis spectroscopy,
SEM, and XRD characterization to observe their optical and
geometrical properties. Figure 5.10 demonstrates the UV-Vis
absorption property of the D-POM. Generally, the UV absorption
peaks of silicotungstate fall in the range of 250-300nm. Figure 5.3a

shows two peaks at 255nm and 295 nm, respectively. These peaks

201



Chapter 5

correspond to the electronic transitions involving the tungsten centers
and oxygen ligands. Along with this, in slicotungstates, the charge
transfer also takes place between the tungsten centres within the

structure. It also results in the UV-Visible region of the spectrum.
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Figure. 5.10: UV-VIS absorption spectra of D-POM

In silicotungstate, energy transfer primarily occurs between the metal—
oxide clusters, contributing to its UV-visible absorption characteristics.
Additionally, the overall structure of the polyoxometalate, which
includes a cluster of tungsten atoms surrounded by oxygen atoms and a
silicon atom, can significantly impact the energy levels and transitions.
The connectivity and the environment around the tungsten centres can
influence the exact nature and energy of these transitions. The
schematic representation of DNA-encapsulated POM is illustrated in
Figure 5.10. Generally, POMs are negatively charged ligands. Hence,
double helical DNA is also considered a negatively charged ligand.
The deoxyphosphate group takes part in the contribution of negative
charge to the DNA.
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In the same way, the tungsten-oxygen framework is responsible for
providing the negative charge to the POM. Hence, these two conditions
may be involved in suitably locating the POM around the corners of
the backbone of the double-stranded DNA. In this way, the DNA helps
to reduce the interaction between the metal-oxygen clusters by keeping
them apart. This way, POM can be subject to structural modification at

will [130].
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Figure 5.11: The schematic representation of DNA-encapsulated
POM. The inset shows the molecular structure of POM.
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Figure 5.12: Powder XRD pattern of a) silicotungstate (POM) without
DNA capping and b) silicotungstate (D-POM) prepared using DNA as
a capping agent.

Figure 5.12. shows the powder XRD of the obtained POM. In the
absence of the exact reported XRD profile of the proposed
silicotungstate (POM), a comparison study between the XRD of the
obtained POM samples and the literature records confirms the presence
of silicotungstate. The XRD pattern of the POM varied on the basis of
the type of metal-oxide group [132-134].
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Figure 5.13: SEM image of DNA-capped POM
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Figure 5.13 illustrates the SEM image of the DNA-capped POM. The
picture resembles the shape of a POM, which comes in the
silicotungstate category. Depending on the type of transition metal
present in the POM, the geometrical shape of the particles varied.
Although from the literature records, the structures seen in the SEM
result are rectangular in dimension at the nanoscale range and provide
a large surface area, which confirms that the obtained particles are
POM. [132-134]. Hence, the characterization and the literature assure

the presence of POM in the obtained sample.

b. Nonlinear optical properties of D-POM
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Figure 5.14: Open aperture Z-scan results of samples S1 (POM
prepared without DNA template) and S2 (POM prepared with the
presence of DNA), where E represents experimental results and T
represents theoretical fitting, respectively.

The nonlinear optical properties of the POM family bagged the

attention of functional material research a few years ago. The main
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attractive factor that takes part in the nonlinear optical properties may
be their large enclosed three-dimensional metal-oxygen framework.
Their structure is mainly composed of transition metal atoms (V, Ta,
Mo, and W) with oxygen atoms known as polymetal oxyanions. They
can be seen in a number of structures, including Keggin, Anderson,
lacunar, sandwich, and heteropolyacid structures. Basically, all these
structures has one or more addenda atoms to which oxygen atoms are
attached by making a covalent bond between the atoms. Many of them
contain a central hetero atom (Ar, P, Si, and B) to which oxygen atoms
are attached by sharing electrons with each other. Due to these
abundant electron possession and high oxidation states of metal atoms,
the metal-oxygen clusters experience negative charge and act as
ligands. The factors which are crucial for making a material to be
nonlinear optically active are electronic configuration, band gap,
charge distribution (delocalized pi electrons), charge transfer
transitions (where electrons move between different molecular sites),
and symmetry. While considering the features of polyoxometalate, the
metal-oxygen framework provides a vast opportunity for charge
transfer transitions between the adjacent metal-metal centers within the
same molecule, metal-metal centres between neighboring molecules,
and metal-oxygen atoms. Hence, these may be the reason for showing

nonlinear optical properties among the polyoxometalate family.

When looking at silicotungstate particles, it is crucial to observe how
the above-mentioned factors will affect on nonlinear optical properties
of both silicotungstate prepared in the absence of DNA template and
D-POM. The nonlinear optical properties of the Figure display the
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open aperture Z-scan results, where the data S1 indicates the Z-scan
result of POM (silicotungstate) prepared without the presence of DNA
template the results show that the sample S1 shows significant
nonlinear optical absorption. The nonlinear optical property of a
material is highly influenced by several factors, such that the presence
of pi electrons, as they have a delocalized nature, so that they can
easily get polarized under an external electric field. Compounds with
rich pi electrons are more likely to exhibit more potent nonlinear
optical properties. Thus, silicotungstates are compounds rich with
metal atoms (addenda atoms) which are at their highest oxidation state.
They form a bond with oxygen atoms by sharing electrons via a

covalent bond.

Meanwhile, the hetero atoms (silicon atoms) also pair with oxygen
atoms through a covalent bond. The d- d-electrons and pi- pi-electrons
in the metal atoms mainly contribute to the delocalization of electrons.
Hence, the charge transferring occurs between the adjacent metal
atoms within the compound, and also between adjacent metal centres.
Figure 5.14. displays the Z-scan results of samples S1 and S2where S1
has a nonlinear optical absorption coefficient; the result supports the

structural and composition advantages of silicotungstate.

In order to consider the nonlinear optical properties of the sample S2,
made by using the DNA template, several factors should be
considered. One of the influencing factors is the structural modification
of the silicotugnstate acquired by the presence of the DNA template
during its synthesis. Despite the advantage in the structure of

silicotungstate, the presence of DNA may cause an alteration among
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the metal-oxygen clusters due to the dynamic, lengthy polymer chain
and negative polarity of the DNA. Hence, the metal-oxygen clusters in
the silicotungstate may get separated significantly. It may create a
chance of hindering the delocalization of charge transferring between
the metal clusters. The nonlinear optical property mainly depends on
the delocalization of charge (delocalization of pi electrons). Hence, the
assumption is evident in the Z-scan result of sample S2 (D-POM).
Figure 5.14. shows nonlinear optical saturation behaviour of the
sample S2. Thus, the Z-scan result supports the structural
modifications acquired by the silicotungstate particles during their

biotemplate-based synthesis.

In general, polyoxometalates (POMs) can exist in their nanoparticle
form. These are anionic clusters composed of transition metal oxides,
and they can be synthesized to form nanoparticles through various
methods, such as sol-gel processes, hydrothermal synthesis, or self-
assembly techniques. When POMs are formed into nanoparticles, they
can exhibit unique properties, such as enhanced catalytic activity,
increased surface area, and improved solubility in different media.
These nanoparticles can be utilized in various applications, including
catalysis, drug delivery, and as sensors. The ability to manipulate their
size and morphology allows for tailoring their properties for specific

uses.

Moreover, the Z-scan results highlight the tuning feature of
silicotungstate under DNA template-based synthesis. Hence, the Z-
scan results suggest that the D-POM can be helpful in switching

applications in photonic devices. Under suitable conditions, DNA
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templated silicotungstate can be applicable in tunable nonlinear optical
purposes. The surface properties of the POM can be moulded as it can
exist in either nanoparticle powder form or in aqueous solution.
Therefore, they can be made into thin films. Hence, their nonlinear
optical properties can be incorporated into the realm of photonic

crystals.
5.6 Conclusions

Mesoporous silica nanoparticles were synthesized using the Stober
process and the peptization method, in which surface-modified DNA
with CTAB was used as the capping agent. The characterization results
show that the CD complex provides twin benefits of both DNA and
CTAB during the synthesis procedure. The CD complex acted as a
stabilizer that enhanced the morphological and the non-linear optical
properties of the obtained silica nanoparticles without altering the
spherical geometry of the silica nanoparticles. The XRD and UV
results confirmed the formation of silica nanoparticles. XRD analysis
revealed that the FWHM was higher for silica nanoparticles
synthesized in the presence of the CD complex, indicating a smaller
crystallite size. UV-Vis spectroscopy further confirmed that DNA
concentration influences the size and porosity of the silica particles.
The effect of DNA on particle size was evident, as increasing the DNA
concentration resulted in a blue shift in the absorption peak, suggesting
a reduction in particle size. This indicates that the presence of DNA
during the synthesis process significantly influences the morphology of
the silica particles. Additionally, BET surface area analysis, along with

BJH pore size distribution, was employed to study the surface
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properties and porosity of the obtained silica nanoparticles. BET
results show that on increasing the CD complex concentration, the pore
diameter was found to decrease within the mesoporous range. The
silica nanoparticles obtained from the CD complex template have a
remarkable hysteresis loop. This property of theirs helped to stick the
adsorbent tightly to the adsorbate. The SEM characterization revealed
that the surface modification occurred in the silica nanoparticles
formed in the presence of the CD complex template. In addition to this,
the SEM results showed that the presence of the CD complex did not
alter the specificity of the Stober process. Z-scan techniques also
performed non-linear optical characterization. This shows that the
novel silica nanoparticles show a significant improvement in non-
linear optical absorption property, and their nonlinear absorption
coefficient is found to increase as on increasing the concentration of
CD complex template and the optical limiting threshold value of the
CD complex templated silica nanoparticles was also reduced on

increasing the concentration of DNA increases.

All the characterization results pointed out that the CD complex works
effectively as a stabilizing agent by being encompassed with the
conventional Stober process for synthesizing mesoporous nano-sized
non-linear optical silica nanoparticles. This method can be performed
both in acidic (peptization method (HCL)) and basic medium (Stober
process in which ammonia is used as the catalyst). Hence, the CD
complex incorporating the Stober process is a novel, non-toxic, and
cost-effective method for synthesizing surface-modified, tunable,

structured, biocompatible, and enhanced nonlinear optical silica
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nanoparticles. These features of the silica nanoparticles make them to
be used for drug delivery, catalysts, surface-modified thin films using
doped surfaces, lasing, bio-sensing, gas sensing, bio-imaging, and

semiconducting-photonic devices.

The nanoparticles of silicotungstate were prepared by using the DNA
template synthesis method. The obtained particles show deviations in
the nonlinear optical absorption properties. The sample, which was
prepared by the conventional way, shows high nonlinear optical
absorption property, while the particles made by the DNA template
method exhibit high nonlinear saturation of absorption. From the
observations, it is considered that the structural deviation occurred due
to the presence of the DNA template is responsible for the drastic
change in the nonlinear optical saturation of absorption. Hence, from
the experimental results, it is confirmed that DNA is a perfect template
to modify the structural-nonlinear optical properties of
polyoxometalate (silicotungstate). Therefore, the obtained tunable
nonlinear optical DPOM particles can be suitably applied for optical

switching applications in photonic devices.
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Tunable nonlinear optical responses in 1D ternary
asymmetric Silica/DNA/ZnO photonic crystal with defect
DNA capped POM for photonic applications

This chapter is an insight of nonlinear optical studies of a 1D ternary
photonic crystal (PC) system. The discussion of this chapter includes
theoretical analysis of electromagnetic waves through a 1D ternary PC
system and its experimental realization, characterization and nonlinear
optical studies. The experimentally fabricated 1D ternary PC consists of
Silica, cetyltrimethylammonium bromide-deoxyribonucleic acid complex
film, and zinc oxide. The defective PC is obtained by incorporating DNA-
capped polyoxometalate (silicotungstate) (D-POM) thin film. The proposed
PC system has been fabricated using the dip coating method. The linear
optical properties are studied using the transfer matrix method and
COMSOL software. A reflectometer experimentally observes the optical
transfer properties. The open Z-scan aperture experiment has been
conducted to observe nonlinear optical behavior. As on increasing the
number of periods increases, the nonlinear absorption has been found to
decrease. Simultaneously, the system shows an increase in saturable
absorption at low threshold energy. The defective PC shows a drastic rise in
saturable absorption. Hence, based on the nonlinear studies, the system can
be applicable for tuning nonlinear optical properties. For a small number of
periods, the PC provided high reverse saturable absorption (RSA) at a low
threshold limiting value. The PC begins to behave as a saturable absorber as
the number of unit cells increases. For this reason, 1D ternary
silica/DNA/ZnO PC system, incorporated with D-POM embedded defective
PC system, can be tuned for photonic device applications.

The results of this chapter are published as

GS, B, B, N,, VN, R,, A, D., & Sabari Girisun, T. C. (2025). Tunable
nonlinear  optical  responses in  defective = DNA-capped
polyoxometalate  ([a-SiW12040] 4-) one-dimensional  silica/
DNA/ZnO ternary photonic crystal systems. Applied Optics, 64(9),
2125-2138.




Chapter 6

6.1 Introduction

The diverse applications of photonic crystals determine the nature of
defects introduced during their design. Generally, a defect can be
introduced by a significantly different material from that of the
elemental materials [1-14]. While considering a defect, the properties
such as optical nonlinearity, thickness and dielectric constant, and
conductivity will be taken into account in the formation of the
resonance mode in the PBG range [15-23]. In 2024, Y. Liu et al.
suggested a polyvinylidene fluoride/graphene oxide layer embedded
1D nonlinear PC. The paper discussed the propagation and localization
of light through the nonlinear PC [15]. They reported that PVDF/GO
embedded NLO PC can enhance the localization capability of the
electric field of light. In 2009, S. Kim et al. proposed theoretical
observations on 1D nonlinear PC for efficient second harmonic
generation [16]. They proposed a four-layer elemental structure for
designing PC. Doubly resonant second harmonic generation with high
conversion efficiency is achieved by choosing the geometrical
parameters of the elementary cell optimally and controlling the band

structure.

In the light of these observations, the optical nonlinear properties of
PCs remain a prominent area of interest for potential applications in
lasing devices. In this study, third-order optical nonlinearity in 1D
ternary PCs has been explored through both theoretical and
experimental approaches. The elemental unit of the PC is made of
three distinctive materials, namely, silica, deoxyribonucleic acid

(DNA)- CTAB complex, and ZnO. The supremacy of 1D ternary PC
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among other classes of PC is that they show high transparency in the
visible range, along with multiple PBGs in the UV region and near-IR
region of light. That increases their demand for optical limiting
devices, as they meet the criteria for lasing application, such that the
materials have to transmit the waves that come in the visible range of
frequencies. Hence, 1D ternary PC can be put in a dominion role in
lasing devices. The other crucial side of the objective of the work is
that the materials chosen for the proposed ternary PC have met the

criteria for achieving the goals of the work.

The upper surface layer at which the light will interact is fabricated
from silica, which has low electrical conductivity and significant
internal and external resistance. Besides, it can be applied to thin films
under low temperature treatment [24-25]. The silica can be molded to
obtain tailored properties such as surface and nonlinear optical
properties by using appropriate surface capping materials. The surface-
modified silica exhibits improved film quality, so that it can be subject
to low low-temperature film treatment process. Over and above, it

exhibits improved nonlinear optical properties [26]

The middle layer of the unit cell is designed with DNA-CTAB
complex, a biopolymer that exhibits vivid properties, exhibiting a high
dielectric constant among other organic polymers. Moreover, it can act
as an insulator in the visible range of light and exhibits optical
nonlinear behavior with laser light as well [27-36]. The third layer,
ZnO0, is a metal oxide, highly transparent in visible light, and exhibits

good dielectric properties [37-39]. The refractive index contrast
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between the adjacent layers is found to be very small, but it would be

favorable for achieving the criteria for lasing application.

The defective 1D ternary PC is achieved by embedding DNA-
templated silicotungstate (POM), which belongs to the
polyoxometalate (POM) group. Generally, they possess a negative
charge as they are metal-oxygen anion clusters in form. They are rich
in transition metal atoms, which possess a high oxidation state that can
make them provide large active sites to be exposed with other
functional materials. POMs are formed in two general types, Keggin
structure and Dawson structure. In Keggin structure, it contains one
hetero atom, 12 metal atoms, which are surrounded by four oxygen
atoms to form a tetrahedron, and each metal atom is linked to six
oxygen atoms to form an octahedron. The assembly of three octahedra
yields a trimetallic group M3O13. The trimetallic groups are connected
to others, and a common site of M3Oj3 is linked to the central
heteroatom. Though they are categorized as ligands, due to the
presence of hetero atom like Si, they have a semiconductor-like
electronic structure which contains an electron-occupied valence band
(VB) and an unoccupied conduction band. Hence, the band structure
can be adjusted by changing the heteroatoms (Si) or adjusting the
valence states of metal atoms in order to make them suitable for
required uses such as semi-conducting devices and photocatalytic
activities. Generally, POMs are prepared by the condensation process
at optimum pH and temperature. As they are flexible to change their
physico-chemical properties by undergoing preparation with suitable

organic or inorganic capping materials, they can be functionalized to
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achieve a desired active POM structure. The self-assembly properties
of the DNA double helix can be exploited to make a variety of
structures. It has played a crucial role in achieving tailored geometrical

and optical properties of nanoparticles [40-49].

Additionally, DNA is regarded as another organic ligand; therefore,
this can have an impact on POM particle formation widely. The
versatile inorganic class materials exhibit better film properties and can
be made into a stable film at low temperature film treatment. Thereby,
POM is chosen as the defective layer for the proposed system [26,
35,50].

General features of the PCs are mainly utilized for integrated photonic
devices, optical lasing devices, biosensing, and environmental
monitoring. Among these, the nonlinear optical features have been
found to play a vital role, so that the availability and performance of
material at the nonlinear optical regime is still a pragmatic issue.
Hence, the proposed system is subjected to a linear optical
characterization using TMM and COMSOL software theoretically and
experimentally as well. The nonlinear optical behavior of these 1D
nonlinear ternary Silica/DNA/ZnO PC system along with defective 1D
ternary PCs incorporated with DNA-templated silicotungstate, has
been studied by the open Z Scan method apart from their linear optical

characterization.
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6.2 Theoretical approach for the linear optical property of 1D

ternary photonic crystal

So far, the nonlinear optical property of PC has been treated as an
interesting matter in photonics research. Though it has been two
decades since the theory and structure of PC were invented, its vivid
properties are still treated as a pivotal focus for the applications of
photonic devices. The linear optical transfer properties of the proposed
system have been carried out using the theoretical method TMM. The
behavior of the systems has been shown in Figure. 6.1. A comparative
study on the optical transfer properties of both systems, such as
standard ternary PC and defective ternary PC, with respect to their
corresponding binary PC systems has been approached. All the
systems have been studied under same number of periods. The central
wavelength is fixed on A=532 nm, around which no transmission of
photons takes place; moreover, the PBG is designed at that particular
wavelength. The Bragg reflection condition determines the thickness
of the elementary layers. The optical thickness for the constructive

interference of a multilayer thin film stack is

Where nid; is the optical thickness. For a system having three layers,

equation 6.6 becomes,
mA=2(nidi+na2da+nzds) 6.2

where ni, n2, and n3 are the refractive indices of the three distinct

dielectric layers and di, d2, and d3 are their thicknesses, respectively.
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When nidi= nadz2 =nszds, 6.3

MA= 6n:d; 64

t=2 6.5
6n

Where A, is the central wavelength about which PBG is designed to
occupy, and n and t are the refractive index and thickness of the
respective elementary layer. From the theoretical design, we have
optimized the thickness of the layers for the binary PC system to be
89.26 nm and 66.5 nm, corresponding to the layers of silica and ZnO,
respectively. The designed thicknesses of the elemental layers of the
ternary PC are 59.50 nm, 59.10 nm, and 44.33 nm against silica, DNA,
and ZnO, respectively.

The linear optical behavior of the two systems, ternary PC and bilayer
PC, shows remarkable observations. The properties to be concerned
about are PBG formation, the oscillation density, photon density, the
defect mode peak formation, and the photon density at the defect
mode. Figure 6.1a represents the linear optical transfer properties of
the bilayer PC of the Silica/ZnO system. The transfer properties of the
bilayer PC describe that the system has a photonic band gap around
532 nm, having a width of 525 nm-630 nm of light. Figure 6.1b
represents the linear transfer properties of the defective bilayer PC
system. The thickness of the defective layer is designed to be 100 nm.
When the defect is introduced to the system, the transmission property
shows significant variation in transmission modes and PBG. The

differences are found in the oscillation density and band positions.
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From Figure 6.1a, the oscillation density is found to be very intense
around photonic band edges. While considering the defective system
shown in Figure 6. 1b, the photon density is reduced around the band
edges. Furthermore, the PBG shows a slight shift from the central
wavelength. On that account, the defect mode peak is located at 536
nm of light with a percentage of photon density is 85.69.
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Figure 6.1: The optical transfer properties of a) 1D binary Silica/ZnO
PC where N=13, b)1D defective binary Silica/ZnO PC where N=13, ¢)
1D ternary Silica/DNA/ZnO PC where N=13, and d) 1D defective
Silica/DNA/ZnO PC where N=13.
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Figure 6. 1¢ shows the transfer properties of the ternary PC, where the
oscillation density of the photon about photonic band edges is
comparatively lesser than that of the binary PC system. The PBG is
formed between the light wavelengths that range from 520nm- 610nm.
The defective layer thickness is optimized as 110 nm. The transfer
properties are illustrated in Figure 6.1d. A significant change is seen in
the defective transfer properties of the system as compared with the
standard ternary PC system. The transmission mode bandwidth is
reduced, and the PBG is shifted along the higher frequency region. The
defect mode peak is seen at 535 nm. The density of defect mode is
94.59 % which is a relatively larger value than the value obtained in

the defective binary PC.
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Figure 6.2: Electric field distribution in a) 1D ternary
Silica/DNA/ZnO PC system for N=13 and b) POM embedded
defective 1D ternary Silica/DNA/ZnO system for N=13

Figure 6.2 interprets the electric field distribution of a 1D ternary
Silica/DNA/ZnO system using COMSOL 6.1 version software, and the
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results elaborated on how the electric field intensity changes as it
passes away from the source. Figure 6.2a represents the electric field
distribution along the 1D ternary Silica/CD/ZnO PC system for N=13.
The field strength is concentrated chiefly as the waves propagate away
from the source. The intensity strength scales fall around 1.3- 1.4 x10*
V/m range. On the other hand, the electric field distribution of the
defective POM embedded Silica/DNA/ZnO PC for N=13 is shown in
Figure 6.2b. The electric field intensity around the defective layer
domain is found to increase. The field strength as the waves propagate
away from the source is found to increase than the standard
Silica/DNA/ZnO PC system with having same period. The field
strength of the defective PC is obtained as 1.4-1.6 x10* V/m.

6.3 Experimental procedure

The experimental section of this work involved two parts. The first part
is the synthesis of DNA- capped silicotungstate. The synthesis of the
preparation DNA-capped silicotungstate was briefly mentioned in
Chapter 5. The second part involved the fabrication of 1D ternary PC
of composition of silica, DNA and ZnO and its defective structure

incorporating with DNA-capped silicotungstate.

6.3.1 Fabrication of 1D ternary Silica/DNA/ ZnO photonic

crystal system

The fabrication of 1D ternary PC is executed by the dip coating
method. The schematic representation of experimental setup is
provided in chapter 4. All the solutions were taken in equal quantities

to ensure an even height for the films. The optimization of the
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thickness of the films is established by strictly controlling the dip
coating parameters such as dipping height, dipping duration, dipping
film heating and

speed, film heating duration, temperature,

concentration of the solution samples. Table 6.1 illustrates the dipping

parameters for each elemental layer.

Table 6.1: Dipping parameters of the elemental layers

Dipping | Dipping | Dippin Heatin .
1\?(1). Sample hgightg dufftioi sl[))el\,)edg temperatlglre (Eli?tl;%l Solvent
(cm) (s) (m/s) (°O)
1. Silica 100 3s 7000 100 30 min DMSO
2. Cogf))lex 100 3s 7000 100 20 min | Methanol
3. Zn0O 100 3s 7000 100 1.5 hour | Methanol
4. POM 100 30 7000 80 1.5 houtr | Water

The solvents for silica, CD complex, ZnO, and POM were DMSO,
methanol, and water respectively. The amounts to make solutions for
CD complex, silica, and POM are 1g, 0.5 g, and 0.5g, respectively. The
ultra-cleaned glass substrate is used for depositing the multilayer stack
system. The defect layer is placed at the 7™ position of the total 13

period lengthy PC.

238



Chapter 6

6.4 Experimental Results and Discussion

The characterization of the obtained 1D ternary PC and its defective
structure were obtained by taking its linear optical response and
nonlinear optical response. The linear optical response was exploited
by using reflectometer. The nonlinear optical response was carried out
using open aperture Z-scan method. The characterization results have

been described in the following section.

6.4.1 Linear optical response of the PC system

70 g EHT = 2.00 k\V" Signal A = SEZ Date: 15 May 2024
I { WD = 4.6 nm Mag = 1.25 K X Time: 15.10:05

b c

Figure 6.3: a) SEM image of unit cell of 1D ternary Silica/DNA/ZnO
PC, Reflection surface of b)1D ternary Silica/DNA/ZnO PC, and c¢)1D
ternary defective Silica/DNA/ZnO PC where N=13.
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Experimentally obtained 1D ternary Silica/DNA/ZnO was subjected to
SEM analysis. Figure 6.3a represents the SEM image of unit cell of the
structure. The result says that the obtained structure belongs to micro
size, however, the experimental limitations prevented the structure

from attaining theoretically expected size of the elemental layer.

Figure 6.3b shows the reflection of the surface of the 1D ternary
Silica/DNA/ZnO PC structure where N=13. Apart from the structural
imperfections, the surface reflects high intense yellow lines of light.
Figure 6.3c exemplifies the reflection of 1D ternary defective
Silica/DNA/ZnO PC system where N=13. From Figure 6.3c the
surface of the defective structure seems it reflects blue lines of the
optical band. Apart from the experimental strains, the reflection
spectrum and SEM analysis pointed out that the obtained structure
shows the same features of theoretically expected 1D ternary

Silcia/DNA/ZnO PC system.
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Figure 6. 4: Experimentally obtained optical response of a) 1D
Ternary Silica/DNA/ZnO, where N=13, and b) D-POM embedded
defective 1D Ternary Silica/DNA/ZnO, where the defective layer is
placed at the 7th unit cell, in which D-POM replaces the DNA layer.
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Figure 6.4 elaborates the experimental results of linear optical
properties of the 1D ternary Silia/DNA/ZnO. Figure 6.4a. Shows that
the optical transfer properties of the 1D ternary Silia/DNA/ZnO where
a wide PBG is seen around the region 450nm-700nm of light. On the
other hand, the Figure 6.4b shows the transfer properties of the D-
POM embedded defective 1D ternary Silica/DNA/ZnO. The defective
layer D-POM is placed at the 7% unit cell, where the D-POM replaces
the DNA layer. After placing the defective layer, the changes in the
optical response of the PC are observed. A narrow transmission mode
1s seen around 500 nm-550nm, which is situated in between the PBG
range. The photonic band edges are also shifted accordingly. This
experimental result exemplifies that the system is a promising
candidate for subjecting to nonlinear optical characterization. The
prominent factor that is to be considered for lasing application is
whether the system shows linear optical transmission around 532nm of
visible light. Hence, the system shows its defective transmission mode
at 532nm; there is fine hope that it has to be experienced with NLO
properties.

6.4.2 Nonlinear optical analysis of 1D ternary defective
Silica/DNA/ZnQ photonic crystal system
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Figure 6. 5: Open aperture Z scan NLO results of samples a) S1, S2,
S3, S4, S5, and b) S6, S7, S8, and S9.
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The optical nonlinearity is a property that is associated with two-
photon absorption. When a material is placed along the path of high-
intense monochromatic Gaussian field (Laser) of wavelength in the
visible range, the material will absorb two photons of the same energy
simultaneously, and the resultant frequency is the sum of the
frequencies absorbed. On the other hand, this implies that at
sufficiently high-intensity fields, the material can absorb more than

two or more photons simultaneously [35, 51].

The nonlinear absorption process can be explained by using equations
5.1-5.16 provided in chapter 5. Equation 6.6 summarizes the relation
that connects the nonlinear absorption coefficient and the intensity of

the incident laser beam [51].

= = - |2 |1 - Beget? 6.6

1+1/1,

Where 1 is the intensity of the transmitted pulse beam, Iop is the
intensity of the initial pulse beam, oo is the linear absorption
coefficient, z is the distance moved by the sample away from the
source, and Perr i1s the nonlinear absorption coefficient. While
considering the PC as the material to be placed in such a
monochromatic, high intense Gaussian field, the optical behavior of
PC is found to have quite interesting features. Figure 6.1, Figure 6.2
and 6.3 b and ¢ and 6.4 show the linear optical behavior of the PC at
low intensity fields. While the system is subjected to high high-

intensity laser beam, the behavior is shown in Figure 6.5.
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The nonlinear optical properties of the 1D ternary silica/DNA/ZnO
have been measured by an open-aperture Z-scan experiment along with
defective D-POM embedded PC. The excitation was carried out with a
532 nm laser beam with a pulse rate of 9 ns. The laser beam has been
directed towards the sample through a convex lens of focal length 12
cm. The open Z-scan aperture results of samples exemplify the
significant effect of structural periodic variation from PC to the
defective PC on account of the nonlinear optical absorption parameter.
The Z scan study has been subjected for eight different samples
namely; S1, S2, S3, S4, S5, S6, S8 and S9 corresponding to 1 D
ternary Silica/DNA/ZnO of period N=1, 4,8, 10, and 13, and 1 D
defective Silica/DNA/ZnO with defective layer D-POM, D-POM, and
POM without DNA capping respectively. The samples S5 and S7 are

the same.

The NLO studies have been conducted on the basis of two parameters.
The role of period and the defective layer on the NLO property of the
1D ternary silica/CD/ZnO PC system. Figure 6.4a exemplifies that the
NLO property of 1D ternary silica/CD/ZnO PC has been improved as
on increasing the number of periods increases. The nonlinear optical
absorption has been found to be high for a small number of periods.
However, as the period increases, the nonlinear optical absorption is
found to decrease; simultaneously, the saturable absorption is found to
increase. Figure 6.4b shows the effect of a defective layer D-capped
POM on the NLO property of the PC Figure 6.4b illustrates the NLO
behavior of defective PC (S6), PC (5=7), D-capped POM (S8), and
POM without DNA capping to distinguish the contribution of each
component to the NLO property of the PC. The NLO absorption
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property is found to decrease as it goes from S9 to S6. The nonlinear
optical absorption of POM without DNA capping is higher than that of
DNA-capped POM.

On the other hand, DNA DNA-capped POM shows higher saturable
absorption property than POM without DNA capping. Hence, the
effect of DNA-capped POM (D-POM) on the PC is shown in Figure
6.4b. By adding the D-POM as the defective layer at the 7th unit cell of
the PC by replacing the CD layer, the NLO property of S6 shows that

the saturable absorption process has been found to increase drastically.

The sample S6 (D-POM embedded ternary PC) shows the highest
saturation absorption (SA) property among other samples. The samples
S1 and S4 are the PCs fabricated at the same number of periods but
having a difference in the number of elemental layers in the unit cell
structure. The prominent change observed is the rapid rise in the SA

property of ternary PC structures.

Moreover, from these observations, the anomaly in the nonlinear
absorption process observed in the samples S1-S5 and S6-S9 is due to
the results of specific facts. It may be associated with both structural
peculiarities of S1 and the defective layer D-POM. The sample S6 is
defective ternary PC, and S5 is the ternary PC without a defect for the
same number of periods. Between these two samples, S5 has the SA
property, which is higher than that of S1-S4 but less than that of Sé6.
Therefore, the rise in SA property of sample S5 among S1-S4 may be
associated with structural peculiarity, such that the NLO property is
associated with the number of periods. Recollecting the theoretical
results of linear transfer properties of the PC systems, the unit cell of

the PC makes significant changes in the optical behavior of the PC
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systems. The unit cell of the ternary PC contains three elementary
layers having nearly adjacent values of refractive indices. Relative to
the binary system, this fact affects the ternary system to have low
oscillation density in photonic band edges. Similarly, this condition
also exists in the defective PC as compared with its binary counter
systems. That leads to the formation of PBG that is not much wider
than the PBG formed in the binary PC system. In this case, the PBG is
formed around 532 nm, so the NLO field is designed for a 532 nm
laser. Hence, at the photonic band edge, the transmission modes are not
very available. Aside from, as the number of periods is increased, the
PBG is also able to shift slightly, and the corresponding band edge
modes are also shifting away from 532 nm. That will create a situation
that prohibits the laser from interacting with the material. Thus, the
system has reduced the efficiency of the nonlinear absorption process.
Another fact that adversely affects the NLO absorption process is
reduced field enhancement. PCs can enhance local electromagnetic
fields through resonant effects. If the period increases, shifting these
resonances away from 532 nm, the local field enhancement will

decrease, leading to a reduced nonlinear absorption.

Along with the introduction of a defective layer, D-POM, which has
shown SA property, can affect or modify the defect states within the
PC structure. By its presence, the defect mode has been formed exactly
around 510-540 nm. However, the defective mode states are found to
low. Thereby, this will adversely affect to nonlinear absorption
process. Another crucial factor related to the nonlinear absorption
process is the photon lifetime and escape probability. The rise in SA
property in regards with the increase in the number of periods points

that the photon escape probability in a narrow bandwidth is greater

245



Chapter 6

than that of a wider bandwidth. Another fact reveals that, the adequate
photon lifetime within the structure is reduced. That is also possible to
reduce the interaction between light and matter, which results in
reduced nonlinear absorption. Hence, they pointed out that the
effective nonlinear optical coefficient of the PC can be changed with

the period and defective layer.

So far, the way the structural parameters, such as elemental layers and
number of periods, contribute to the nonlinear absorption property of
the system has been discussed. In summary, the decrease in nonlinear
absorption and low threshold limiting value with an increase in the
period, and number of elemental unit cell of the PC, substitution of
suitable material that has NLO property embedded in the elementary
cell as defective layer can be attributed to changes in the photonic band
structure, reduced field enhancement, modification of defect states, the
life time of photon in the excited electronic states and escape

probability can tune the effective nonlinear coefficient of the system.

Table 6.2: Nonlinear optical results of samples

Saturation Nonline-ar th-ic.al
Samples Intensity, Is Absorp.tlon Limiting
x 10" W/m? Coefficient, Threshold x
Bx 10 m/W | 102 W/m?
> 40 4.88 436
>2 %0 4.39 4.49
53 60 2.36 639
54 40 2.83 5 55
55 30 2.44 D
56 150 032 }
58 20 3.52 4.62
59 70 3.05 5.10
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The Table 6.2 summarizes the open aperture Z scan results of the
samples. From which the sample S1 has got large nonlinear absorption
coefficient and also has the least optical limiting threshold. The sample
S8 which is D-POM has more nonlinear absorption coeffiecient than
the POM (S9) that is prepared without DNA capping. Among these 8
samples, the highest saturation intensity belongs to the sample S6,

defective 1D ternary PC system.

Hence, the nonlinear optical details of the samples clearly stated that
the defective D-POM embedded 1D ternary PC has a low NLO
absorption coefficient, but high SA property. That remark suggests that
the system can be suitably tuned for a saturable absorber for lasing
applications. A saturable absorber is an optical component having a
definite absorption loss against light, but the absorption loss can be
reduced at high optical intensities. For achieving a lossless saturable
absorber, a dopant has been added to the materials. In these
experimental results, the system itself behaves as a saturable absorber
and enhances the condition in a defective cavity mode. Thus, it is
evident from Figure 6.4, such that, on increasing the number of
periods, the nonlinear absorption process gradually decreases and the
corresponding saturable absorption increases. Therefore, in a small
number of periods, the ternary PC behaves as a good nonlinear optical
absorption material. In defective mode, it can be suitably applied for a
nonlinear saturable absorber. As the system shows SA property as on
increasing the number of periods increases, practically the size of the
system is getting large. That will affect the configuration of the PC

system and optical devices, though an infinitely large scale cannot be
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applicable for the miniature-sized integrated photonic device
technology. Therefore, such a situation can be avoided by choosing a
suitable material that can have twin benefits, such that it should have
nonlinear optical behavior and film properties. When considering all
these facts together, D-POM meets both criteria. That turns to consider
it is a good choice for a defective layer for tuning the nonlinear optical

response of a ternary PC system.

Additionally, the NLO response can be carried out at a low optical
limiting threshold value. The main applications of saturable absorbers
are found in passive mode locking and Q switching of lasers for the
generation of short optical pulses, and laser resonators for optical
signal processing and cleaning up pulse shapes. Hence, the
experimental results agree that our system can be a promise for tuning

lasing devices and integrated photonic devices.
6.5  Conclusions

Concisely, a 1D ternary PC system containing 13 elementary cells has
been designed and fabricated with the dip coating method. The optical
properties of the system have been studied theoretically using TMM in
the Python platform and the COMSOL software tool. The optical
properties have been experimentally realized by taking reflection
spectroscopy. A surface-modified D-POM has been used as a defective
layer to realize a defective ternary PC system. The defective system is
subject to open open-aperture Z scan experiment to study the optical
nonlinear response of the system. The Z-scan results revealed that the

system shows a tuned nonlinear optical property. For lowering the

248



Chapter 6

period number, high nonlinear optical absorption has been observed.
As the period rises, the saturation absorption starts to rise. The SA
property has been rapidly increased as the D-POM embedded defective
PC with a saturation intensity of 150 10! W/m?. Hence, the nonlinear
property of 1D ternary Silica/CD/ZnO PC and D-POM embedded
defective Silica/CD/ZnO can be tailored for lasing applications such as

optical limiting devices, saturable absorbers in photonic devices.
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Transfer properties of DNA templated 1D Silica/DNA/PVA
photonic crystal system for 3D inkjet printing using TMM
method.

This chapter briefly highlights the scope of the temperature-treated 1D
ternary photonic crystal to be employed for the fabrication of 3D
shapes using the inkjet printing method. The work enquires how
features of photonic band can be incorporated with the 3D inkjet
printing process. The study involves the theoretical analysis of
photonic bandgap structures and materials for designing 1-D ternary
photonic crystals. The optical range considered for this analysis spans
from 350 nm to 750 nm. The proposed structure of 1D ternary systems
consists of polymers, including DNA and polyvinyl alcohol (PVA),
along with silica. The work also highlights the unique optical features
exhibited by these polymer-based 1D ternary photonic crystals.

The results of this chapter are published as

Bhagyasree, G. S., Sreenilayam, S., Brabazon, D., Reena, V. N., &
Nithyaja, B. (2022). Transmission characteristics of DNA templated 1D
photonic crystal system for 3D printing applications: simulation.
Results in Engineering, 16, 100750.




Chapter 7

7.1 Introduction

Additive manufacturing (AM), also known as three-dimensional (3D)
printing, has been a focus of technological interest since 1980. AM is a
process by which digitized 3D design data is used to build up
components or complex structures and devices in a layer-by-layer
manner, hence the name [1-4]. Based on the materials and applications
of 3D printing, AM is classified into different types. They are fused
deposition modeling, stereolithography, DLP 3D printing,
photopolymer phase change inkjet (polylJet), powder bed and inkjet 3D
printing, thermal phase change inkjets, and laminated object
manufacturing (LOM). 3D material extrusion is now an inevitable part
of the technological world. The revolution in 3D printing technology
meets different commercial needs in designing instruments to a great
extent. The demand for AM printing extends to various industrial
fields and improves technological standards [1-15]. The applications of
AM printing are found mainly in aerospace, automotive, biomedical,
and tooling, in particular for plastics processing and consumer goods
[1-15]. The advantage of AM or 3D printing over other existing
traditional manufacturing technologies is that it increases the degree of
design freedom. The 3D fabrication process can also provide a high
level of dimension precision. It can be used to fabricate lightweight
structures with complex internal channels if required in the design.
This technology requires no additional tools for modeling structures
and promotes material waste reduction and shorter production times.
These features encourage the use of AM to replace conventional

prototype production technologies. Besides these advantages, AM has
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faced certain limitations also. For powder-based techniques, the
dimensional accuracy of the produced product is dependent on the
powder particle size distribution. Large-scale production of specific
parts is achievable for some products versus conventional production
in a single-step process. There is usually some level of porosity present
after additive manufacturing. Apart from these, the material physical
properties such as temperature, humidity, and anisotropic behavior also
hinder to achieve high high-quality part production—these drawbacks
of AM point towards some areas where more research is needed. The
modifications are mainly wanted in the development of advanced 3D
printer systems and the development of new materials for these

systems [1-22].

Keeping these views in mind, the role of the 3D inkjet printing process
deserves special attention among different 3D printing processes due to
its adaptive technological opportunities. Over the years, 3D inkjet
printing technology has been widely recognized for its incredible
adaptability with a wide range of liquid materials or solid suspensions,
as it provides high printing resolutions to both insulating and
conductive structures. Additionally, it does not require any further
post-processing steps. This layer-by-layer deposition process requires
low temperature and ambient low-pressure conditions. The range of
materials that can be extruded through this printing process includes
polymers, dielectric nanoparticles, and conductive nanoparticles. A 3D
inkjet printer has a small nozzle within a print head that raster scans
over a substrate to extrude materials as multilayer structures in a layer-

by-layer manner. Curing processes of each layer are carried out in
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between successive depositions, and they may vary depending on the
materials that are being extruded. In 3D inkjet printing, the curing
process takes a short time. The deposited layers are fragile, and the
curing parameters (temperature, pressure, and nozzle size) can be

easily tuned with different viscosities and curing requirements [23-24].

In 3D printing, the scope of photonic crystal is recognized as its optical
and geometrical features meet the requirements of 3D inkjet printing
processes. In general, photonic crystals are periodic dielectric
microstructures that restrict a specific range of the electromagnetic
spectrum from passing through them [25]. The presence of a bandgap
effect in them helps them to tune the propagation of light. This
peculiarity of the photonic crystals is achieved and modified by the
structural parameters (thickness and number of dielectric layers) and
refractive index contrast (An) between the periodically aligned
dielectric layers of the photonic crystal system [25]. Due to their ability
to modulate electromagnetic waves, they have been recognized in
different technological applications such as fiber optics, Bragg
reflectors, solar cell back reflectors, and sensing devices [1-10]. The
advantage of photonic crystals in 3D printing is that they are a layer-
by-layer system, so that they can be applied to form a well-closed pack
order with negligible porosity. Typically, the photonic crystals are
dielectric, so that they are non-conductive and water resistant as well.
In addition to these, they can produce a tunable multicolor spectrum of
visible light. The structural color of the photonic crystals is based on
the geometrical parameters and An of the system. Thus, the multicolor

appearance is a non-fading and lasting property. The materials that can
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be built as photonic crystals are available in both liquid form and
polymer as well. These adaptations help to use them for the 3D inkjet
printing process. The other benefits of using photonic crystals are that
the materials which are used for photonic crystal fabrication reduce the
risk of toxicity, as they can be used instead of dyes for making
exquisite cultural and creative articles. Using these possibilities of
photonic crystals, nowadays, research works are focused on extending
their applications for 3D printing. In 2022, J. Liao et al. [53] reported
that they were able to develop colloidal photonic crystals (c-photonic
crystal) and fabricate digitally defined macroscale geometries and
structural colors on the sub-micron level by combining c-photonic
crystal ink with a digital 3D printing system. In 2019, Y. Liu et al. [39]
reported that photonic crystals can be applied for multicolor 3D
printing by the thermally shrinking method. In 2013, J. Wang et al.
[40] and H. Nam et al. in 2016 [41] reported that c-photonic crystal can
be effectively used for inkjet printing.

The main objectives of the work are to provide non-toxic and cost-
effective materials for 3D printing. One of the challenging criteria of
these requirements is that the chemicals that are used for extruding 3D
objects should be safe for health. Studies have shown that the emission
of chemicals during the extrusion of materials can contribute to air
pollution and may include carcinogenic substances. In this perspective,
recent trends in DNA thin films have gained attention. DNA thin films
are now recognized as effective photonic materials, and biopolymers—
particularly those based on salmon DNA-—have shown significant

potential in optoelectronic device applications. Their structural
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tunability enables them to form bulk films, lyotropic as well as
thermotropic liquid crystals, and hydrogels. The significant features of
DNA, such as low weight, cost-effective, and amenable to a variety of
low-temperature film fabrication processes, including inkjet printing,
helped to bring them to polymer applications. DNA films have been
reported to have a dielectric constant in the range of 7.0-8.0(1KHz),
and the DNA-CTMA dielectric constant is higher than 5, which is
higher than most synthetic polymers. So, this can be adaptable for
photonic crystal features specifically due to its high dielectric constant
as compared with other organic polymers and comparable dielectric
strength [42-43]. In 2021, S. Kokkiligadda et al. [44] reported that the
refractive index of the DNA thin film can be tuned by varying the
thickness of the film. This property of DNA is effective for designing
DNA-incorporated photonic crystals. The structural color of photonic
crystals is mainly based on An between the adjacent constituent layers
and layer thickness. Besides, in 2020, V. Prajzler et al. [45] reported
that DNA exhibits good surface compatibility with objects and is
transparent in visible light. They were able to fabricate DNA thin films

as well.

Apart from this, DNA is basically a readily biodegradable organic
polymer. Based on these reported facts, DNA is assigned as the key
layer of the proposed 1D ternary PC system [46-47]. The other
materials selected for designing a three-layered unit cell of the
proposed photonic crystal, along with DNA, are silica and PVA. Silica
is a cosmopolitan chemical in the world. It is readily available and

cost-effective. It has good dielectric properties and film quality as well.
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Silica is a famous material for PC applications. Silica has been treated
as the primary constituent dielectric material in most of the early
reported PCs, where they are suggested for different applications such
as biosensors, waveguides, and optical reflectors [68-70]. The third
component, PVA, is a synthetic polymer that is also non-toxic,

biodegradable, readily available, and cost-effective [48-59].

The transmission properties, including the photonic bandgap effect, of
the proposed 1D ternary Silica/DNA/PV PC system are carried out
using TMM. The transfer properties of the design are evaluated, and it
is found that the proposed system exhibits good optical features in the
visible region of light. The standard deviation of the transmission
coefficients is also found. Based on the theoretical results, a 1D ternary
Silica/DNA/PVA  system can be exploited for PC applications.
Moreover, the toxic and health-hazardous dyes can be replaced by
DNA thin films along with PVA and silica in 3D inkjet printing
processes [38-59].

7.2 Transfer matrix method for 1D ternary photonic crystal

The theoretical study of the proposed 1D ternary PC structures was
conducted by using the TMM method. The theoretical explanation of
designing a 1D ternary PC is provided in detail in equations 2.1-2.53,
chapter 2. The optical response (transmission spectrum) of the
proposed structure was obtained using equations 2.52-2.53 provided in
chapter 2. The dispersion relation of the structure is obtained using

equations 2.57-2.58 provided in chapter 2.
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DNA (D)
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C

Figure 7. 1 Schematic demonstration of (a) 1D binary PC, (b) 1D
ternary PC, (c) cross-sectional view of the unit cell of DNA-templated
Silica/PVA PC.

Figure 7.1a is a schematic representation of a 1D binary Silica/PVA
PC system, and Figure 7.1b represents a 1D ternary Silica/DNA/PVA
PC system, where Figure 7.1c is a schematic representation of the unit
cell of the 1D ternary Silica/DNA/PVA PC system.

7.3 Results and Discussions

This section involves results and analysis of the photonic bandgap of
the proposed system under different criteria of parameters. The
propagation of light through the PC is studied on account of varying its
period number. The nature of photonic bandgap on varying period,
dispersion relation and the effect of period length are also covered in

this section.
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7.3.1 Transmission properties of 1D ternary photonic crystal

system using TMM

To study the PBG formation of the proposed 1D PC system, the
following parameters were considered: the refractive index, thickness,
and number of layers of the PC. The DNA template (bio-polymer) in
the periodic arrangement of the dielectric layer alters the periodicity
(basic step length) of the microstructures in a way that introduces
additional interfaces between the bilayer periodic arrangement. When
introducing a layer (interface) as a template for every layer of the unit
cell, the thickness of the entire unit cell (basic step length) has been
changed. That will alter the periodicity of the PC, so the band gap. The
changes can be analysed using TMM. The materials selected for the
theoretical simulation are silica (SiO2) and polyvinyl alcohol (PVA),
and DNA. The refractive index of the silica, PVA, and DNA are
1.4585, 1.4839, and 1.5826, respectively [65-70]. The thickness of
layers, d of the PC system, is taken as 200 nm, 100 nm, and 150 nm for
silica, DNA, and PVA, respectively. The number of period (N) of the
PCs are taken as 1, 50, and 100, respectively.

a. Transmission properties of the unit cell of photonic crystal

with and without the presence of DNA template

As a periodic system, the periodic boundary conditions of PC restrict
the eigenvalues of the propagation of light in a unit cell. It can be
effectively used for tuning band structures in the visible region for
structural coloration of PCs. The number and thickness of the dielectric
layers in a unit cell of the PC are repeated periodically for the entire

system to form the PC.
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Figure 7.2: Transmittance properties of Silica/PVA ID PC (a) without
DNA template; (b) with DNA template for N=1, dsiia=200 nm,
dpna=100, and dpya=150.

Here, the transmission behaviour of the PC of the unit cell, both in the
absence and the presence of the DNA template, is observed. Figure 7.2
illustrates the effects of transmission properties of a unit cell PC
system. In the absence of DNA template (refer to Figure 7. 2a), the
transmission property is maximum within the range of 400-700 nm
region. A dip in transmittance is present as the wavelength goes into
higher values. Figure 7.2 (b) shows the plot of transmission properties
of 1D DNA templated Silica/PVA PC for a unit cell. In this case, the
presence of DNA template alters the basic step length (lattice
parameter) of the multilayer structure, hence the band gap, a band gap
around 550 nm. The An between the Silica and PVA is approximately
equal to 0.0254. From Figure 7. 2a, it is clear that small values of An
could create a significant pass band in the visible region in a unit cell,
irrespective of the step length (thickness of the constituent layers).
Thus, by the introduction of the DNA template, the An between silica
and DNA has been improved slightly by a few units, which equals An
= 0.1241. It reveals that for small change in An between the interfaces

of the dielectric layer leads to the formation of PBGs, even though the
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width of the band gap is significantly small. The only thing done to
create a band gap is the introduction of the DNA template as an
additional interface into the PC. That creates a discrete continuity in
the step length of the unit cell of the PC system. The changes due to
the additional interface could be realised by using a nearly adjacent
refractive index medium with respect to the other constituent layers of
the PC. The refractive index of the DNA lies between Silica and PVA.
This feature of DNA helps to understand the difference in transmission

properties between the bilayer and three-layered PC systems.

In general, the band gap width can be increased by several methods,
that as by introducing large An, by increasing individual dielectric
thickness (), and increasing the number of periods (V). The length of
the lattice parameter (step length) is increased by increasing the
number of dielectric layers having small values of refractive index in
the unit cell, which results in the formation of band gaps controlled to
obtain in the visible region, and the number of band gaps is increased
with reduced width. That agrees that PCs can be tuned for multi-colour
appearance by increasing the number of layers having relatively

adjacent values of refractive indices in the unit cell system.

b. Transmission properties of photonic rystal for N=10, 50,
and 100 layers with and without the presence of DNA
Template

Figure 7.3a, c, e demonstrates the transmission properties of the 1D
binary Silica/PVA PC for N = 10, 50, and 100, respectively. The
results reveal that the density of the transmitted waves and the number

of photonic band gaps are increased by increasing the period. In the
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case of 1D Silica/PVA PC, a narrow band gap is visible around 500

nm-550 nm.
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Figure 7.3. Transmission properties of (a) Silica/PVA PC, (b)
Silica/DNA/PVA PC for N=10, and (c) Silica/PVA PC, (d)
Silica/DNA/PVA PC for N=50 and (e) Silica/PVA PC, (f)
Silica/DNA/PVA PC for N=100, where dsiiica=200 nm, dpna=100 nm,
and dpva=150 nm respectively
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Similarly, Figures 7.3(b, d, and f) represent the transmittance
properties of DNA templated ID Silica/PVA PC, respectively, for N
=10, 50, and 100. Here, the changes occurred in the transmission
property due to the presence of the DNA template. The width and the
number of band gaps, as well as the density of the transmittance, are
increased proportional to the increase in the period. In the presence of
a DNA template, the position of the band gap is shifted to the longer
wavelength region. The band gaps are seen around 450 nm and 675
nm. An additional feature visible in Figure 7. 3 is that the density of
oscillations is not uniform as the order of N increases. In general, the
oscillation density has to follow a gradual periodic increase and
decrease up to the bandgap [8, 23]. In this case, both non-DNA
templated Silica/PVA and DNA templated Silica/PVA systems exhibit
the anomalous feature of density of oscillation (Figure 7.4). This
behaviour is due to the small An between the interfaces. By comparing
Figure 7. 3 e and f, this anomalous behavior of transmission property is
vivid in Figure 7. 3f, and it is shifted to higher wavelengths along with
the bandgap shift. In DNA templated 1D PC, the factor that affects the
density of the transmission apart from the An is the increase in the
interfaces of the step length (lattice parameter of the unit cell). Hence,
the results ensure that the increase in the interface of the unit cell in a
PC system significantly affects the transmission property and bandgap

formation as well.

The optimization of the bandgap is achieved by selecting a continuous
sequence of periods (N). From Figure 7.3, it is clear that the

fluctuations in the oscillation density are more evident in the DNA
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templated 1D PC than the silica/PVA 1D PC system. In order to
understand the discrepancy, of oscillation density standard deviation of

the transmission coefficients has been found.

Figure 7.4 represents the behavior of oscillation density for the two
systems by taking the standard deviation of the transmission
coefficient against the order of the period in the range of 450 nm -650
nm of the visible region of light. In the case of 1D Silica/PVA PC
system, the fluctuations of oscillation density are negligible. On the
other hand, the DNA templated Silica/PVA 1D PC system exhibits a
wave-like fluctuation. At a specific range of orders, the oscillation

density decreases.
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Figure 7.4. Graph of the Standard deviation of transmission
coefficients of a) Silica PVA 1D PC and b) Silica DNA/PVA 1D PC

with respect to the number of order (N)
The presence of an additional interface (DNA template) between the
silica and PVA layers causes a decrease in the photon density in this

region. It increased the step length of the unit cell (period) of the PC
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system. When considering the additional two interfaces formed by the
presence of the DNA template, the refractive index contrast is also
increased. The refractive index of silica is smaller than that of DNA.
For the left, the refractive index of PVA is smaller than that of DNA
but greater than the refractive index of silica. Hence, there is a chance
of confinement of electric fields between these interfaces. These
factors lead to multiple scattering through the stratified medium, which
in turn increases the number of bandgap formations. Due to this, the
transmission spectrum exhibits wave-like fluctuations in the DNA

templated 1D silica/PVA PC system.

c. Dispersion relation of 1D ternary photonic crystal system

The dispersion relation of 1D bilayer PC and 1D three-layered PC
systems is illustrated in Figure 7.5. The band gap structures of the 1D
PC system are obtained from the equation. For plotting the dispersion
relation, frequency and wave vector are normalised to d/m and d/A. The
dispersion relation actually shows how the frequency relates to both

the lattice parameter and the wave number.
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Figure 7. 5 The photonic band structure of (a) a bilayer 1D Silica/PVA
PC system and (b) three three-layered 1D Silica/DNA/PVA PC system
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Figure 7.5a exhibits the dispersion relation or propagation of the
electric field through the stratified 1D Silica/PVA PC system. A
narrow-structured band gap is shown and which is found to be
increasing and goes out of the plane. Narrow band structure is formed
due to the small An between the interfaces. The out-of-plane feature
indicates that for low An, the frequency is real and the energy states
show degeneracy. Hence, the electric field will transmit through the
medium without any loss. For longer wave numbers (visible band), the
low An interfaces exhibit no band gap formation (transmission). It is
necessary to occur multiple scattering from the regions of different
dielectric constants for bandgap formation. It shows (Figure 7.5 a) that
there is not enough scattering along the kz propagation direction. The
out-of-plane feature is one of the general features of 2D PCs [25]. This
feature of the 2D PC is utilized for optical waveguide applications.
Considering this fact, it implies that low-index 1D PCs also exhibit off-
axis propagation (out-of-plane band gap structure). The dispersion
diagram of bilayer 1D Silica/PVA PC shows that the PBG is presented
for small values of wave vector, that is, the PBG is limited to the
longer wavelength. This feature of low index 1D dielectric PC
emphasis that this proposed multilayer system can be subjected to

modifications to replace materials for 3D printing.

Figure 7.5b displays the photonic band structure for the DNA-
templated 1D Silica/PVA system. Compared with Figure 7.5a, the
band gaps present in Figure 7.5 b tend to go out of the plane. The
width of the band structure is also larger. The DNA templated 1D PC

system has a fine structure of a three-layered periodic system with
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small An between the interfaces. Due to the increase in the number of
layers in the unit cell, the periodicity has been altered and formed more
interfaces of small An. It provides off-axis propagation for small &
values, and a multi-colour appearance can be obtained within the
visible wavelength region. Such an event suggests that the proposed
system is compatible with PC applications, especially for incorporating
sustainable structural colors within 3D printed parts. Thus, a multi-
colour structure with uniform PBG width for fine dielectric

microstructures can be obtained.
7.4 Conclusions

In this work, a coalition between the working principle of 3D inkjet
printing technology and the property of the PC system to extrude 3D
articles has been made. Technically, it is found that the limiting
parameters (temperature and pressure) of the precursors (materials to
be extruded) used for inkjet printing agree with the materials of PC
systems. Therefore, it is important to evaluate PC systems for applying
their specific features to 3D inkjet printing applications. For this, a 1D
PC of a three-layer unit cell is configured with silica and biodegradable
polymers. The constituent layers selected for such a unit cell were
silica, DNA, and PVA, and the three layers in the unit cell were in the
exact order they were mentioned. The refractive indices of these three
materials have nearly adjacent values. Thereby, the step length (period
or lattice parameter, d) of the unit cell of the PC system was increased.
In general, in the case of a PC system, the step length is increased
without altering the number of interfaces. However, in this work, the

way in which the number of interfaces affects the bandgap formation is
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observed. Then, theoretically investigated the light transmission
properties of DNA templated 1D Silica/PVA PC system along with a
1D PC of Silica\PVA system without DNA template. This comparison
study was carried out to understand the role of the DNA template in
making the bandgap formation in a three-layer unit cell containing 1D
PC. The TMM method was used as the theoretical method, as it is
better for studying 1D PC having more than two kinds of materials.
The transmission properties were studied in the optical band of the

wavelength range 400 nm-800 nm.

The reason for considering DNA as the template layer between silica
and PVA is that, even for a low An, the bandgap formation can be
controlled to obtain in the visible region for a three-layered PC.
Theoretical results show that the DNA-templated three-layer 1D PC
could form band gaps within the visible region. In addition to this, the
bandgap obtained in the case of the Silica/PVA system is around
450nm. When introducing a DNA template, between the unit cells, the
bandgap was shifted to longer wavelengths with high resolution. That
points out that this design can be helpful to optimize the bandgap at the

desired wavelength.

Additionally, the variation in the parameters to change the region of
the bandgap accordingly to our requirement can also be performed.
The dispersion relation also confirmed that such a design can provide
the features of a 2D PC. From these observations, a DNA templated
Silica/PVA system can be executed for extruding cost-effective, non-
toxic, multicolored 3D objectives by incorporating the 3D inkjet

printing technology.
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8.1 General Conclusions

The present work investigates the modulation of a 1D ternary PC under
various conditions, including modifications involving DNA-
incorporated elemental structures, engineered defects, and nonlinear
optical properties. The studies traced the features of 1D ternary PC
over its bilayer 1D PC, and its potential applications including sensors,
optical filters and nonlinear optical devices. The work employs five

different analyses of 1D PC for exploiting its significant properties.

Among the five different studies, both theoretical and experimental
analyses were conducted. The theoretical investigation of the 1D
ternary PC systems was carried out using the Transfer Matrix Method
(TMM) and COMSOL Multiphysics software. The theoretical analysis
is based on the master equations using fundamental Maxwell’s
differential equations for electromagnetic wave dynamics in dielectric
media. The properties of 1D ternary PCs are theoretically examined
with dielectrics (silica, ZnO, alumina, and graphite oxide),
biopolymers (DNA), and polymer (PVA). The theoretical analysis is
based on the dependency of period, thickness, and defect on the
photonic bandgap effects of 1D ternary PCs. From the theoretical
analysis, Silica/DNA/ZnO gives significant results such as a wide
photonic bandgap, defective mode with a wide FWHM, and high
defect mode intensity. These features can be exploited for sensing,
optical filters, and nonlinear optical applications. The photonic
bandgap effects are tunable according to the desired requirements.
More precisely, the frequency range where it is wanted to bring the

photonic bandgap can be tuned. Most of the time, the precision of the
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photonic bandgap, oscillation density in the transmission range cannot
be obtained due to the limitation of the bilayer PC structure. These
issues can be addressed by using a one-dimensional (1D) ternary PC,
as our studies reveal that it provides more than one photonic bandgap
within a short frequency range. The bandwidth can be tuned by
appropriately adjusting the number of periods, layer thicknesses, and
material choices. The materials chosen for theoretical analysis exhibit a
low refractive index contrast, allowing control over the formation of
photonic bandgaps within the terahertz range, where many optical

filters, sensors, and nonlinear optical devices operate.

The objectives of the work cover to the fabrication of PC at low-cost
expenses. Keeping this view, the materials selected for designing the
PC structures are abundant in nature such as silica, ZnO, DNA and
PVA (synthetic but cost-effective polymer). Based on the significant
results obtained from the theoretical analysis, these materials are

seeming to be the best materials to be used for the fabrication of PC.

The fabrication of PCs aims to enable applications in biosensing,
optical filtering, and nonlinear optics. Therefore, the PCs must exhibit
features suitable for these purposes. The materials selected for
fabrication include metal oxides (silica and ZnO), a polymer (DNA),
and a ligand (polyoxometalate). These materials need to be deposited
as thin films on glass substrates. With this in mind, silica nanoparticles
were prepared using a novel bio-templated method. This method
utilizes a DNA—-CTAB complex as the biotemplate, resulting in
mesoporous silica nanoparticles with enhanced surface area and

improved nonlinear optical properties. These are referred to as DNA-
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templated silica nanoparticles. This approach offers dual advantages:
the resulting silica nanoparticles are soluble in DMSO, which is the
solvent used for coating silica onto glass surfaces, and their nonlinear
optical properties can be exploited to enhance the nonlinear optical

functionality of the PCs.

In addition, silicotungstate, which belongs to the inorganic
polyoxometalate group and exhibits thin film forming properties, was
prepared using a DNA template. The silicotungstate is a metal-oxygen
cluster mainly used for catalytic purposes due to its structural benefits.
However, its nonlinear optical properties using nonlinear optical
studies of a 1D ternary PC have been analysed. Hence, the obtained
DNA-capped silicotungstate shows excellent nonlinear optical
saturation properties. The nonlinear optical saturation of property can
be applicable in many vital functions in nonlinear optical applications,

including optical switching.

The fabrication of 1D ternary PC using silica, DNA, and ZnO is found
successful, and the obtained 1D ternary Silica/DNA/ZnO PC system is
experimented as a biosensor for the detection of BSA. The
performance of the proposed 1D ternary Silica/DNA/ZnO for the
detection of BSA shows a significant result of sensitivity as 5917.8444
nm/RIU against the refractive index contrast of 0.009. The result

shows a remarkable resolution of the system.

The nonlinear optical domain of a 1D ternary PC is yet to be disclosed.
In this study, the nonlinear optical properties of the proposed 1D
ternary Silica/DNA/ZnO PC are examined, including its defective
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structure in which DNA-templated silicotungstate is used as the defect
layer. The nonlinear optical studies are done by using the open-
aperture Z-scan method. The study is carried out in two different
conditions. The nonlinear optical response of the 1D ternary
Silica/DNA/ZnO PC was observed to vary with an increasing number
of periods. The structure exhibited a gradual transition from nonlinear
absorption to nonlinear saturation up to a period number of 13.
Subsequently, a defective Silica/DNA/ZnO PC was introduced, in
which the DNA layer was replaced with a defect layer in the 7th unit
cell. This modification led to a significant shift from nonlinear
absorption to nonlinear saturation. Thus, the system demonstrates
tunable nonlinear optical properties. This tunable nonlinear optical
feature of 1D ternary Silica/DNA/ZnO can be exploited for various
nonlinear optical applications, including optical limiters, Q- switching
in lasers for creating high-power, short pulses, optical bistable devices,

and optical logic gates.

The features of 1D ternary PCs are not limited to the metal oxide/DNA
composition; it is extended to metal oxides/polymers as well. The
structure is designed for liquid-based inkjet droplets. Therefore, all the
materials proposed for the work are available in stable solutions. The
features of the composition Silica/DNA/PVA are considered for the
theoretical analysis to be employed for 3D inkjet printing applications
to configure 3-D multi coloured shapes. The study is suitable for
obtaining cost-effective and easily fabricable structures. Also, the

structure shows multiple tunable photonic band gaps for low refractive
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index contrast as well. Hence, the 3D inkjet printing can be used as an

alternative method for fabricating 1D ternary PCs at a low temperature.

In summary, the features of 1D ternary PCs make them an interested
candidate in both science and technology. The proposed 1D ternary PC
involves a novel biopolymer (DNA) based microstructure. Their
tunable photonic bandgap effects can be exploited in a variety of
potential applications in biosensing, optical filters, nonlinear optical

devices, and 3D modelling.
8.2. Future prospects

The future scope of this work offers various opportunities in both
science and technology. The results of the study on the modulation of
photonic bandgap effects in 1D ternary PCs extend the potential
applications of PCs in various fields such as solar cells, biosensors,
laser devices, and 3D modeling. The tunability of photonic bandgap
effects depends on various configurations of PCs, including 1D ternary
defective PCs and 1D ternary nonlinear optical PCs. These different
configurations provide various features that make PCs suitable for

different applications.

The theoretical investigation of photonic bandgap features involves six
configurations of 1D ternary PCs, where DNA is used as one of the
elemental layers. The introduction of DNA represents a novel step in
demonstrating that DNA-incorporated thin film structures can have
many potential applications in photonic devices. The study highlights
the ability to fabricate DNA-based periodic microstructures for

multifaceted applications, including solar cells, sensors, and laser
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systems. The core of the theoretical results from the six configurations
of DNA-based 1D ternary PCs reveals that these structures exhibit
tunable photonic bandgap effects. These bandgaps can be achieved
within the visible region of the optical spectrum. In addition, they
provide a larger number of photonic band gaps, and the photon density
between these gaps is high. These features are advantageous for optical
filters, especially in solar cells, where light trapping is crucial within
the 450 nm to 750 nm range of the optical spectrum. The transmission
of light beyond the upper and lower limits of these band edges leads to
decreased solar cell efficiency, as such light can cause damage to the
chemical composition of the solar cell due to photon-induced chemical

reactions.

Moreover, the composition of the proposed 1D ternary PCs consists
mainly of isotropic transparent thin films of Silica/DNA/ZnO. This
composition helps to preserve the structure from damage caused by
chemical oxidation. Thus, DNA-incorporated 1D ternary structures
hold promises for solar cell applications. Future work will focus on
designing and fabricating 1D ternary PC-based solar cells and optical
filters.

The theoretical results of the 1D Silica/DNA/ZnO PC also highlight its
potential for sensing applications. The defective 1D ternary PC
provides a tunable defect mode with high full width at half maximum
(FWHM), making it suitable for high-resolution sensor applications.
The experimental analysis of the proposed structure validated the
theoretical results. The structure also offers advantages such as ease of

fabrication and low material cost. Therefore, the 1D ternary
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Silica/DNA/ZnO configuration is promising for sensing applications.
Future work will extend to cost-effective fabrication techniques that
meet the criteria of high precision and sensitivity. The study will also
explore additional configurations of DNA-based microstructures for

sensor development.

The 1D ternary Silica/DNA/ZnO configuration also exhibits nonlinear
optical tunability, including tunable defect modes with high FWHM. It
indicates that the structure can be employed in nonlinear optical
applications. Furthermore, the nonlinear optical signatures of the 1D
ternary Silica/DNA/ZnO structure show tunable nonlinear optical
properties, particularly in its defective configuration, where the DNA-
capped silicotungstate serves as the defect layer. As a result, these
structures can be applied in various nonlinear optical domains,
including optical limiters, optical switching, logic gates, and optical

bistable devices.

Additionally, this work extends the application of DNA as both a
biotemplate and a micro-thin film material. Silica and silicotungstate
nanoparticles exhibit tunable and enhanced morphological and
nonlinear optical properties when prepared in the presence of DNA. It
highlights DNA as a promising biotemplate for synthesizing
nanoparticles with improved morphological and optical characteristics.
Such nanoparticles hold potential in nonlinear optical devices,
bioimaging, and catalytic applications. Future research will focus on
the experimental realization of DNA-templated nanoparticles for use in

a variety of material science applications.
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This research work highlights the scope of cost effective, durable,
ecofriendly and simple fabrication technique to realize the fabrication

of 1D ternary PC structures using low temperature thin film treatment.

The theoretical analysis done in this entire work strengthens the
objective. The theoretical work on polymer based 1D ternary PC
structures is an insight of the objective of this entire work. From that
the research work handled the fabrication and significant roles of DNA
based ternary biotemplated PCs in the photonic applications where
apart from DNA, PVA and solgel form of metal oxides such as silica,
Zn0O, alumina, and graphite oxide are suggested to fabricate into thin

films using inkjet printing and dip coating methods.

In summary, this work motives to fabricate DNA-templated 1D ternary
PCs in a simple and cost-effective way to accelerate its significant

roles in integrated photonic and laser devices.
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