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Abstract

Photonic crystals (PCs) are periodic material structures in the optical domain. Felix Bloch
developed a theory that describes how electron waves behave in the periodic structure of solids
such as semiconductors. The same theory can be applied in an optical domain, and it can explain
how photons or light waves behave in periodic crystals. In essence, photonic crystals are
artificial materials structured to possess a periodic modulation of refractive index so that the
structure influences the propagation and confinement of light within it. Several researchers have
demonstrated PCs' exceptional properties in the domain of photonic-crystal-fibers (PCF)-based
surface-plasmon-resonance (SPR) biosensors. There is often a tradeoff between sensitivity and
confinement loss of these sensors. To reduce this tradeoff, we achieved greater sensitivity while
incurring a few losses by creating two distinct sensor designs: unique, susceptible, and easy to
fabricate. The analysis of both sensors has been conducted using the finite element method based
on COMSOL Multiphysics software. Structural design and theoretical modeling have been done
for proposed designs 1 and 2, SPR-based PCF biosensors. The designs have been optimized by
varying several parameters, such as the thickness of plasmonic material, air hole diameter,
analyte layer thickness, pitch variation, and perfectly matched layer variation. The corresponding
confinement losses were also calculated. Mode analysis was performed, and the physics-
controlled mesh was used in FEM-based software. Both prototypes have a particular
arrangement of air holes within the fiber, resulting in exceptional sensing capabilities. Proposed
design 1 is a dual-core PCF with a wide sensing range of refractive index (RI) from 1.21 to 1.40.
Maximum amplitude sensitivity of 1096RIU 1, wavelength sensitivity of 7000nm/RIU, and
maximum sensor resolution of 5x 10~> have been achieved, respectively. A diverse array of
biomolecules can be detected using this design. This biosensor was further analyzed to identify
three types of cancer cells: basal, Jurkat, and MCF-7. Confinement losses, resonant conditions,
and wavelength shifts were examined. The numerical analysis showed that the maximum
sensitivity achieved was 878RIU ! for the skin's basal cells. Proposed design 2 is a plasmonic RI
sensor for detecting low RI using a sensitive dual core PCF. Maximum amplitude sensitivity of
393RIU1, wavelength sensitivity of 12000nm/RIU, and resolution of 8.33% 10~ have been
obtained, respectively. Plasmonic material, silver, was applied externally to the fiber structure to

monitor variations in the RI of the surrounding medium.
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Chapter 1) Introduction

1.1) Background

Since their invention, photonic crystal fiber (PCF) sensors have advanced rapidly. In 1968,
Bergmann was the first to describe an optical sensor that used fluorescence cooling to detect
oxygen. Since then, numerous interdisciplinary studies in chemistry, biology, physics,
electronics, and optical sciences have been merged with photonics and optical sensors. Optical
sensors combining interdisciplinary research in electro optics, photonics, physics, materials,
chemistry, and biology have been realized. The development of optical detecting systems and
devices, as well as light sources covering a broad wavelength range from ultraviolet (UV) to
infrared (IR), has occurred during the previous few decades.

Interest in fiber-optic sensors for advancing contemporary measurement technologies has grown
steadily. Interferometric fiber-optic sensors are highly relevant because of their numerous
advantages over conventional sensors—their sensitivity to electromagnetic interference,
versatility in responding to different measurements, extreme resolution, high precision, and
compact size. Some interferometric fiber-optic sensors have been successfully commercialized
and commonly used for composite material health monitoring, sizeable civil engineering systems

(e.g., bridges and dams), rockets, aircraft, etc., creating intelligent materials and structures [1].

A biosensor is a self-contained integrated device capable of providing specific quantitative or
semi-quantitative analytical information using a biological recognition element in direct spatial
contact with a transducer element. In other words, it can also be considered a sensor that
integrates a biological element with a physiochemical transducer to produce an electronic signal
proportional to a single analyte, which is then conveyed to a detector. A biosensor is a device
that uses specific biochemical reactions to detect chemical compounds in biological samples.

Figure 1.1 shows the schematic representation of a biosensor.
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Figure 1.1- Schematic representation of a biosensor.

Optical biosensors have unique benefits compared to conventional profiling methods for
monitoring and analyzing molecular interactions. It represents the most common type of
biosensor, which has drawn the researcher’s attention for the past couple of decades due to its
wide range of applications in various established fields such as drug discovery, healthcare, food
quality control, biotechnology industry, and environmental safety monitoring. [2] Biosensors are
analytical tools used to detect specific analytes such as Cholesterol, Urea, Penicillin, Ethanol,
etc., having biomolecules such as nucleic acids, proteins, and carbohydrates as crucial elements
for detecting these analytes [3].

We are polluting the environment in terms of air, water, and food. For example, we are spraying
pesticides on crops to grow more and more food. The remnants of these pesticides exist in the
food. These can lead to many diseases like cancer, diarrhea, bacterial infection, contaminated
food, growth inhibition, and diabetes. We are subjected to various diseases. The advantages of
optical biosensors are that they are small, flexible, fast, and safe because no electrical device
interacts with the body. They have good biocompatibility. According to the market overview,

biosensors have a vast potential and requirements. Figure 1.2 shows the biosensor US market



size by technology from 2020 to 2030.
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Figure 1.2- Biosensors US market size from 2020 to 2023

1.2) Problem Statement

In 1993, R.C. Jorgenson suggested using optical fiber as the first sensor based on
surface plasmon resonance (SPR). This involved coating the fiber core with a gold film by
selectively removing a portion of the fiber cladding, which allowed for observing the plasmonic
response[4]. In an SPR sensor, it is necessary to satisfy the phase matching condition, where the
core-guided fundamental mode, surface plasmon polaritons (SPP) mode, and propagation loss
peak coincide at a specific wavelength. During this stage, the resonance peak will shift to
identify the unknown analyte to the particular wavelength. Recently, there has been significant
interest in developing high-performance photonic crystal fiber sensors based on surface plasmon
resonance (PCF-SPR). These sensors offer advantages such as single-mode transmission without

cutoff, high sensitivity, and the ability to measure several parameters.

A conventional type of sensor is based on an internal sensing mechanism where the metal film is
coated internally [5]. One drawback of this method is that emptying and refilling the fiber is
time-consuming. The layer that is coated internally is highly fragile, which adds complexity to
fabrication and structure. A. Rifat ez al. examined a SPR sensor that utilized a photonic PCF with
analyte channels that were selectively filled and a core that had a deposition of graphene-silver.

The sensor demonstrated a refractive index sensitivity of 3,000 nm/RIU, the highest value



observed [6]. S. Jiao et al. studied a dual-core PCF-based SPR sensor consisting of a segmented
silver film coated on the microfluidic channel with an average sensitivity of 5,100 nm/RIU [7]. A
PCF-SPR sensor filled with gold nanoshells was presented, which achieved a wavelength
sensitivity of 4111.4 nm/RIU with a sensor resolution of 2.45 x 10—5 RIU in the RI range from
1.330 to 1.380 [8]. Hasan et al. introduced a circular lattice PCF-SPR sensor composed of two
air hole rings, with the first ring having two missing air holes. The sensor demonstrated a
maximum sensitivity of 2200 nm/RIU within the refractive index (RI) range of 1.330 to 1.360
[9]. These sensors offer narrow sensing ranges and weak sensitivity. The problems reported in
these SPR-based sensors are complicated design, fabrication difficulty, increased confinement

loss, and uneconomical cost.

1.3) Research Objective and Motivation

PCF, or photonic-crystal fiber, is a unique optical fiber with exceptional waveguiding
capabilities. It can contain light more effectively than any of the existing conventional optical
fibers. Numerous PCF applications, including fiber optic interchanges, fiber lasers, non-linear
devices, high control transmission, various gas sensors, data transmission in the THz regime,
etc., have been discovered by researchers. PCFs are typically made of a micro-structured
arrangement with air holes distributed along the fiber's length and undoped silica as the backdrop
material. The area surrounding the core is called cladding, while the inner part is known as the
core. Our research aimed to create and examine the impact of innovative and distinct designs of

PCF biosensors utilizing SPR technology. The research has the following precise objectives:

e Obtain phase matching conditions of both proposed design 1 and proposed design 2.

e To quantify the sensitivity of amplitude (AS) and wavelength (WS) to changes in
refractive index across a range of wavelengths for both designs.

e Plasmonic materials are employed externally to the photonic crystal fiber (PCF) structure
to enhance detection accuracy and improve overall performance.

¢ Investigation of the effects on performance and graphical outcomes resulting from minor
parameter variations. Simulation of many characteristics by altering the thickness of

different fiber layers such as Gold, Titanium dioxide (TiO2), analyte, etc.



1.4) Thesis Framework

This thesis report includes seven distinct chapters chapters. A brief synopsis of the upcoming six
chapters is provided in this section.

Chapter 2 introduces Photonic Crystal fibers. A cross-sectional view of PCF is illustrated along
with various possible design variations. A comparison is drawn between conventional fibers and
PCF. A thorough discussion on 1D,2D,3D, and artificial PCs is done. Finally, PCFs are classified
based on various parameters like structure, guiding mechanism, material, and bandgap
properties.

Chapter 3 introduces SPR phenomena. It gives an overview of SPR and discusses its advantages.
Chapter 3 also demonstrates localized SPR phenomenon and SPR sensorgrams

Chapter 4 introduces SPR based PCF biosensors. It widely classifies the sensor based on sensing

mechanisms and various plasmonic materials.

Chapter 5 demonstrates proposed design 1 which is dual core PCF with a wide sensing range. It
illustrates the structural and theoretical modeling of the biosensor, its guiding properties, and its
dispersion characteristics. Several design parameters are optimized such as air hole diameter,
gold layer thickness, analyte layer thickness, etc to achieve the best performance and sensitivity
of the proposed biosensor. Chapter 6 is about proposed design 2 which is a plasmonic RI sensor
for detecting low RI using very sensitive dual core. Numerical design, modeling, and phase-
matching conditions are achieved in this chapter. Wavelength and amplitude sensitivities,
resolution, and sensing range are calculated by varying various design parameters. Several
graphs are plotted corresponding to these variations.

In Chapter 7 applications of PCF and fabrication techniques are discussed. Proposed design 1 is
implemented to detect various cancer cells. The results are shown by plotting confinement loss
vs wavelength graphs for breast, skin, and blood cancer.

Chapter 8 discusses the socio-economic impact, and future work related to this paper and

includes a comprehensive summary of this paper.



Chapter 2) Photonic Crystal Fiber

2.1) Introduction

The refractive index of the core of a standard optical fiber is higher than that of the cladding. To
make the core material's refractive index greater than the silica cladding, the core is doped with a
high refractive index substance. Fluorine is typically utilized to lower the refractive index, and
germanium is used to raise the refractive index of the core. Photonic crystal fiber is a dielectric
medium with minimal loss, created by arranging small air holes in a periodic pattern that spans
the entire length of the fiber. Photon confinement in the core of a photonic crystal fiber (PCF)
results in superior waveguiding capabilities compared to conventional optical fiber. A solid silica
core in PCF enables the core to guide the optical signal effectively. A regular arrangement of air
holes in the outer layer encompasses the central part. Due to the lower effective cladding index
than the core refractive index, the light signal can be guided along the silica core through total
internal reflection. The air holes contribute to the low-index cladding.

The core is typically created by either enlarging an air hole in its location or eliminating an air
hole from the center of the structure. Photonic crystal fibers (PCFs) offer several design
parameters that can be adjusted to achieve desired characteristics, such as the core radius,
number of rings, air hole diameter, and pitch (distance between air holes). Application of guiding
properties can be gained by modulating these parameters as the guiding properties of optical
fibers depend on the refractive index, and the refractive index of PCFs depends on those design
freedoms [10]. PCF SPR sensors have high sensitivity and lower resonance peaks than fiber-

based sensors [11]. Figure 2.1 illustrates the cross-sectional view of PCF.
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Figure 2.1- Cross Sectional View of Photonic Crystal Fiber[12].

2.2) PCF Design Variations

The background material used in PCF is not limited to silica alone.[13] Different crystal fibers
such as Teflon [14], PMMA [15], TOPAS [16], [17], and HDPE [18]are commonly used.
TOPAS is regarded as the most suitable material for waveguide propagation due to its
extraordinary water barrier properties [17] and excellent biosensing characteristics [19]. For
porous fiber, birefringence is one of the crucial parameters that is effective for polarization-
maintaining sensing applications [20]. The structure of a PCF's core and cladding regions carries

a significant role in fiber performance. The honeycomb cladding structure was initially tested by



J. Legsgaard et al. [21][22]. After that, many designs have increased because of improved design
flexibility and fabrication facilities. Some efficiently implemented designs are square [23],
hexagonal [24], octagonal [25], spiral [26], circular [27], and hybrid[28]. In contrast to other
fibers, substantial attention has been given to the porous core fibers due to their capability of
maintaining low EML (effective material loss), high birefringence, and higher power into the
core region simultaneously [29]. Thus, we can see that many PCF designs are possible, and good
results can be obtained using PCs. PCF is a compact and lightweight structure that allows

miniaturization of the sensors, which makes them more feasible for remote sensing [30].

2.3) Conventional fiber vs PCF

Light can propagate through the air core in photonic crystal fiber. The surrounding medium is a
photonic bandgap. Light cannot penetrate the photonic bandgap, so it automatically goes through
the fiber. This contrasts with the traditional optical fiber, where light propagates through total
internal reflection. In photonic crystal fiber, the arrangement of the surrounding cladding is such
that light cannot propagate through it. The fiber might get burned when transferring a large
amount of power. One of the ways to overcome this is to create a photonic crystal fiber with a
hollow core. The cladding can be made with various layers of dielectric. Intense carbon dioxide
laser light at a 10-micron wavelength range can be guided through the core. It can be used for
strong light transmission as light will not be dispersed. Figure 2.3 shows the differences between

conventional optical fiber and PCF.

Figure 2.3- (a) Conventional fiber with a core diameter of 9 microns (b) Dielectric-core PCF

Core diameter of 5 microns (c¢) Air-core PCF Core diameter of 9 microns [31].



2.4) 1D, 2D and 3D photonic crystals-

1D PC is an array of thin films. It was not possible to get bandgap in all different directions with
1D PCs. If we have various angles of incidence, we will have electromagnetic waves propagating
through the material. It is challenging to get an omnidirectional photon band gap. The immediate
alternative is to think of a two-dimensional arrangement of materials. In silicon substrate, air
holes can be arranged so that photonic bandgap can be achieved in all possible directions for all
angles of incidence. This is one of the features of the omnidirectional reflector. The wave will be
reflected at any particular angle for this type of structure. In the case of photonic crystals with
one dimension, it is challenging to get high reflection at all points, but it is possible with 2D
geometry, and it is one of the critical successes in this area. This is among the most popular
geometry studies by various research groups worldwide. Yablonovich et al. proposed photonic
crystal fibers in three dimensions. He originally proposed the idea of a hexagonal lattice in three
dimensions. It turns out that holes need to be created not just in vertical directions but in all three
directions, which requires lots of analysis and unique insights. This type of structure had
bandgaps in all different directions. In a way, this could be said to be the birth of photonic
crystals. The only problem was that this structure was to be drilled in alumina, and the holes
were significant compared to their tools. It operates in mm frequencies. This type of structure
would not work in the visible domain because the sizes are much smaller; visible frequencies
have high energy, so smaller dimensions are necessary. After this, there was a surge in research
interest among various groups to compete and create artificial photonic crystals. In 1996, Krauss
et al. and others showed the first 2D photonic crystals that were operating near IF. In the
development of photonic crystals, the challenge has been the accessibility of nanofabrication

techniques. This was one of the critical requirements in this area.
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Figure 2.4- a) Top View and (b) cross-sectional view of 1D Photonic crystals[32], (c) 2D
photonic crystal fiber, (d) 3D photonic Crystal [31].

2.5) Artificial photonic crystal-

Artificial photonic crystals operate near the visible IR range. It is a woodpile structure where
silicon strips are arranged. Every alternating layer has the perpendicular orientation of the strips,
and the arrangement of this unit strip leads to the creation of photonic crystals. It was
implemented in 1998. A lot of different fabrication techniques were explored to create 3D

photonic crystals.
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Figure 2.5- Examples of the structure of Artificial Photonic Crystals [31].
The woodpile structure is manufactured by taking a piece of silicon dioxide and then etching it.
The structure is filled with silicon again. Lines of silicon dioxide are made where gaps are filled
with silicon. This is called polysilicon. After the silicon trench filling process is repeated
perpendicularly until the desired number of layers is obtained. Eventually, after the structure is
finished, it is dipped into hydrofluoric acid to etch away silicon dioxide. Fabrication is quite

intensive in photonic crystals.

2.6) Classification of PCF

Photonic crystal fibers (PCFs) are a distinct type of optical fibers that utilize a regular
arrangement of materials to provide distinctive optical characteristics. They are categorized
according to several attributes, such as their composition, guiding mechanism, and practical uses.

Below are several typical categorizations of photonic crystal fibers-

2.6.1) Based on Structure

Solid-core PCFs consist of a core composed of solid material, such as silica or another type of
glass, comparable to conventional optical fibers. The defining characteristic of solid-core PCFs is
their cladding structure, which includes a regular pattern of air holes. This distinctive
architecture enables light control by utilizing total internal reflection and photonic bandgap

effects. The average refractive index in the cladding is less than the core.
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Figure 2.6.1a- Drawing of (a)single-mode fiber, (b)solid core PCF, (c) hollow-core PCF. In the
figure, blue represents silica, grey represents doped silica, and white represents air[33].

Solid core PCF

Solid-core PCFs utilize total internal reflection at the core interface and cladding interface to

guide light, similar to conventional fibers.

e Effects of Photonic Bandgap: A periodic arrangement in the cladding generates a
photonic bandgap, which can selectively permit or obstruct specific wavelengths of light,
hence facilitating light guiding.

e Supercontinuum Generation: Solid-core photonic crystal fibers (PCFs) are commonly
used to generate supercontinuum, producing a wide range of light frequencies through
nonlinear phenomena.

e Nonlinear Optical Processes: The solid-core structure improves nonlinear effects,
rendering these fibers appropriate for frequency conversion and parametric amplification
applications.

e High-Power Applications: These devices' distinctive configuration enables them to
manage laser sources with high power effectively, rendering them valuable in scenarios

that demand strong interactions between light and matter.

Benefits:

e Nonlinear Properties: Solid-core Photonic Crystal Fibers (PCFs) can demonstrate
superior nonlinearities to conventional fibers, offering prospects for effective nonlinear

processes.
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e Customized Dispersion: Customizing the dispersion qualities enables applications that
demand precise dispersion characteristics.

e Fabrication Complexity:

Manufacturing solid-core photonic crystal fibers with accurate topologies can be intricate and

may necessitate sophisticated fabrication processes.

Optical losses in solid-core PCFs can be more significant depending on the design, particularly at

longer wavelengths.

Polarization Properties: A solid-core structure can impact the polarization characteristics of
guided light, rendering solid-core photonic crystal fibers (PCFs) appropriate for applications that

need polarization sensitivity.

Microstructured photonic crystal fiber (PCF) is an optical fiber designed with a regular
pattern of air holes or voids along its length. The presence of these air holes results in the
formation of a photonic bandgap structure, which imparts distinctive and adjustable optical

characteristics absent in conventional optical fibers.

AL

Refractive index

Radial distance

199!

Figure2.6.1b- (a)lllustration of hollow core PCF cross-section and (b)respective refractive index

profile [33]

The following are essential characteristics and uses of micro-structured photonic crystal fibers:

A photonic bandgap structure is formed by the periodic arrangement of air holes in the fiber,

creating a range of wavelengths in which the propagation of light is forbidden. The photonic
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crystal fiber (PCF) bandgap can be customized to specific wavelengths through the PCF's design,

enabling accurate manipulation of the fiber's optical characteristics.

e Guiding Mechanism: Unlike traditional fibers, PCFs employ a mix of modified total
internal reflection and photonic bandgap phenomena to guide light. This distinctive
guiding method allows precise control over dispersion, confinement, and other optical
properties.

e Customizable Dispersion: A notable benefit of microstructured PCFs is the capacity to
manipulate dispersion characteristics. This is essential for applications like
supercontinuum generation, where a wide range of light is required.

e Microstructured fibers can demonstrate amplified nonlinear effects due to their specific
design. These properties make them well-suited for several applications, including
nonlinear optics, wavelength conversion, and the production of new frequencies via

processes such as four-wave mixing.

Single-Mode Operation: Photonic Crystal Fibers (PCFs) can be engineered to facilitate single-
mode operation, guaranteeing the propagation of only one spatial mode through the fiber. This is
crucial for applications where precise control of the mode is essential.

Supercontinuum Generation: The distinctive characteristics of microstructured Photonic Crystal
Fibers (PCFs) make them well-suited for supercontinuum generation. This process generates a
wide range of light wavelengths through highly intense nonlinear interactions. These applications

encompass spectroscopy, microscopy, and telecommunications.

2.6.2) Based on the guiding mechanism

Total internal reflection (TIR)

TIR happens when light through a medium hits another medium's boundary at an angle larger
than the critical angle. The critical angle (8¢) is the specific angle of incidence at which light
undergoes total internal reflection, resulting in the light being ultimately reflected into the
original medium instead of refracted. The critical angle can be determined by applying Snell's
Law, which establishes a relationship between the angles of incidence and refraction and the

refractive indices of the two media under consideration.
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Snell’s Law is given by n1Sinf; = n2Sinf, where nl is the refractive index of the first medium
and n2 is the refractive index of the second medium. 6, is the angle of incidence, and 8, is the
angle of refraction. When light is incident at an angle greater than the critical angle(6,.), the angle

of refraction becomes 90 degrees. Therefore n1Sinf, = n2S5in90, and n1Sin6, = n2. We can
determine the critical angle by 8, = sin_l(Z—i). If the angle of incidence is greater than the

critical angle, TIR occurs, and all the light is reflected in the first medium.
Photonic bandgap guiding mechanism in PCF

In a PCF, the cladding comprises a regularly spaced arrangement of air holes. The regularity of
this pattern forms a lattice structure known as a photonic crystal. The configuration of these
apertures and the distance separating them create a bandgap within the structure of the photonic

crystal.

Within the bandgap, specific wavelengths of light are prohibited from propagating through the
structure. This phenomenon bears resemblance to the functioning of electronic bandgaps in
semiconductors. However, instead of manipulating electrons, it regulates the transmission of
photons. The PCF's core is intentionally positioned outside the bandgap, enabling it to confine
light of wavelengths that align with the bandgap within the core. The confinement occurs due to
the lattice structure of the photonic crystal, which hinders the propagation of specific

wavelengths through the cladding.

Hence, the photonic bandgap guiding mechanism guarantees that the core of the PCF effectively
guides light, even when total internal reflection, which is conventionally the primary guiding

mechanism, is not dominating.
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Figure 2.6.2-a)Dispersion curve for index guiding mechanism in conventional optical fibers and

solid core PCFs. b) Dispersion curve for PBG-guiding in hollow core PCFs.[34]

Figure 2.6.2 shows the dispersion curve for the index-guiding mechanism in conventional optical
fibers and solid core PCFs. The nfsm value is within the refractive index range of air and silica.
It can be effectively manipulated by adjusting the holey structure's lattice geometry and air-
filling ratio, allowing for either a high-index or low-index contrast. The index-guiding concept is
demonstrated in the B-k plot, where B represents the propagation constant and k represents the
free space wavenumber, as seen in Figure 2.6.2. In a media that is both homogeneous and
isotropic, the point at which total internal reflection (TIR) occurs for light coming from a
medium with a higher refractive index is defined by the radiation line B = nk, where n is the
refractive index. The critical angle is attained on the radiation line. Light can freely travel above
the radiation line, while below the radiation line, the light becomes evanescent. The refractive
indices in the core and cladding of standard optical fibers are represented as ncore and nclad,
respectively. In index-guiding PCFs, the radiation line B of the holey cladding is given by the
equation B = nfsmXk. The diagram depicts a standard solid core PCF with air holes organized in
a triangle lattice and implanted in silica. In both conventional optical fibers and index-guiding
PCFs, the radiation line of the core is positioned below the radiation line of the cladding. This is
because the core area has a higher refractive index. Hence, the optical confinement within the
core region of an optical fiber, whether a standard optical fiber or an index-guiding photonic

PCF, is limited to the area bounded by the cladding and core radiation lines. The index-guiding
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mechanism in index-guiding PCFs is sometimes called the modified total internal reflection
(MTIR) guiding mechanism because of its similarities to the guiding mechanism found in
traditional optical fibers.

The hollow core is a ‘defect’ in the photonic crystal structure. The radiation lines of the core and
the cladding are denoted as =k and B = nfsmk, respectively. As the refractive index of the

hollow core is lower than nfsm, the core’s radiation line lies above the cladding’s radiation line.

2.6.3) Based on the core:

Circular Core PCFs: Photonic Crystal Fibres are characterized by a circular core form.

Non-Circular Core PCFs: PCFs that have core forms that are not circular, such as elliptical or

hexagonal cores.

2.6.4) Based on usage
Single-mode photonic PCFs are specifically engineered to facilitate the transmission of only one
mode of light. They are commonly employed in applications where meticulous manipulation of

the light's spatial and temporal characteristics is necessary.

Multimode PCFs are specifically engineered to facilitate the transmission of many modes of

light. They are used in situations where a greater light-carrying capacity is needed.

2.6.5) Based on materials:
Silica-based PCFs consist of a core and cladding composed of silica or comparable materials.
PCFs with Alternative Materials: Photonic crystal fibers are fabricated using materials other than

silica, such as soft glass, polymer, or other photonic crystal materials.

2.6.6) Based on unique characteristics:
Polarization-maintaining PCFs are designed to preserve light polarization over extended

distances, rendering them valuable in applications needing polarization sensitivity.

High Nonlinearity PCFs are specifically engineered to amplify nonlinear optical phenomena,

which is crucial in various applications such as supercontinuum generation.

2.6.7) Based on their bandgap properties:
1D, 2D, and 3D PCFs: These terms indicate the dimensionality of the photonic bandgap

structure. One-dimensional (1D) photonic crystals exhibit periodicity in one direction, two-
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dimensional (2D) photonic crystals exhibit periodicity in two directions, and three-dimensional

(3D) photonic crystals exhibit periodicity in three directions.
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Chapter 3) Surface Plasmon Resonance

3.1) Introduction

Surface Plasmon Resonance (SPR) is the interaction between light and a metal surface near a
dielectric media, such as air or a liquid. These interactions result in the emergence of collective
oscillations of electrons on the surface of the metal, which are referred to as surface plasmons.
The resonance situation arises when the energy of the incident light aligns with the energy
necessary to stimulate these surface plasmons.

SPR is a phenomenon that occurs when polarized light hits a metal film at the interface of media
with different refractive indices. It causes collective oscillations of free electrons in the metal.
Metals have lots of free electrons. Free electrons resonate along the longitudinal direction when
external energy hits the metal. These are called surface plasmons. However, at a specific
condition, the frequency of incident light and the frequency of the free electrons are the same. A
surface-plasmon wave is generated at this condition, propagating along the metal die electric
interface, as shown in Figure 3.1. Until now, several works have been reported that can be
categorized as internal and external sensing approaches. When the metal layer is placed outside
the fiber, it is called the external sensing approach. There are two types of internal sensing
approaches. One is metal layer based. The external sensing approach can be categorized as a D-
type structure, a rectangular or flat fiber-based structure, a slotted fiber-based structure, or a

conventional external sensing approach.
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Figure3.1- Surface plasmon wave propagation[35].
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3.2) Components of SPR

Below is a comprehensive explanation of the fundamental components of SPR:

e Metal Surface: Surface Plasmon Resonance (SPR) is usually detected on thin metal films,
such as gold or silver, placed on a glass substrate. Surface plasmons can propagate on the
metal film.

e Incident light refers to the light intentionally focused onto a metal surface at a specified
angle, called the angle of incidence. The wavelength of the incident light is a crucial
determinant of the resonance state.

e The resonance condition occurs when the incidence angle and the incident light's
wavelength meet specific criteria, allowing the energy from the incident photons to be
transferred to the collective oscillations of electrons on the metal surface, resulting in the
excitation of surface plasmons. Consequently, there is a reduction in the magnitude of the
reflected light.

e The sensitivity of the resonance condition to changes in the refractive index of the
medium near the metal surface is high. A shift in the resonance angle occurs when
molecules attach to or dissociate from the metal surface, leading to any alteration in this
index.

¢ Binding event detection: Surface Plasmon Resonance (SPR) is frequently employed to
investigate molecular interactions dynamically. When biomolecules, such as proteins,
DNA, or tiny molecules, adhere to the metal surface, the refractive index undergoes a
modification, displacing the resonance angle. The shift can be seen and examined to

obtain data regarding the rate and strength of the binding interactions.

SPR has been extensively utilized in various disciplines, including biochemistry, molecular
biology, and pharmaceutical research. The capacity to offer label-free, instantaneous observation
of molecular interactions makes it a powerful instrument for investigating binding kinetics,
ascertaining affinities between biomolecules, and conducting screenings for medication
candidates. Moreover, SPR technology fabricates biosensors for medical diagnostics and

environmental monitoring.
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3.3) Advantages of SPR

Real-time monitoring -

The primary advantage of surface plasmon resonance (SPR) in monitoring biomolecular binding
interactions, such as protein-protein interactions, is the ability to view the real-time processes of
molecule associations and dissociation directly. The instrument's computer software generates a
sensorgram, a graphical representation of the SPR signal over time, displaying the association
and dissociation curves. While techniques like ELISA and co-immunoprecipitation determine the
presence or absence of binding, SPR provides more comprehensive insights into the intricacies
of the binding process. This information provides insights into the binding kinetics, including
the rates at which molecules bind and unbind in dynamic flow circumstances. It also includes

affinity data, crucial for a more comprehensive understanding of the investigated process.

Detection without the use of labels - An outstanding feature that distinguishes SPR from other
techniques like ELISA and MST is its label-free nature, as it operates based on optical principles.
This technique is more precise as it eliminates the possibility of the labels interfering with the
ligand's and analyte's inherent activity, such as antibodies. Additionally, it reduces expenses by
eliminating the need for costly fluorescent and radioactive labels and additional reagents

necessary for labeled detection.

Limited sample sizes - The sample needed is minimal in a surface plasmon resonance
experiment. Thus, a few samples would suffice, mainly if the protein purification process already
yields a limited product. Similarly, a reduced amount of time is required to obtain a purified

sample for analysis.

Reusable sensor chips - Unlike the microwells used in ELISA, the sensor chip utilized in an SPR
experiment has the advantage of being reusable. This strategy is distinct from others because it
saves money and minimizes waste. During an SPR experiment, a regeneration buffer can be
employed to disrupt the association between the ligand and analyte, allowing for the reuse of the

S€Nsors.

The utilization of intricate samples is crucial to purify the sample in most biological

investigations to provide precise results and analysis, but this is not the case with SPR analysis.
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SPR is an optical technique where the light channel remains separate from the sample without
intersecting it. Hence, SPR analysis enables the utilization of uncomplicated and intricate

samples, such as serum, blood, plasma, and cell lysate.
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Figure 3.3- Surface plasmon resonance on a metal film in the Kretschmann configuration [36]

Using a surface plasmon resonance instrument requires fewer washing and incubation steps than
performing an immunoassay like ELISA, reducing labor and resulting in a shorter experimental
time. Consequently, the duration of an SPR run is decreased significantly, with an SPR
experiment often taking minutes to a few hours, in contrast to the hours or days required for an

ELISA.

3.4) An Overview of SPR

SPR is a promising label-free technique. It is an optical method based on surface plasmon

resonance and evanescent waves, which provides kinetic resolution of label-free binding
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reactions. SPR spectroscopy biosensors are popular because of their simple instrumentation and
high sensitivity. They are also in great demand because they can provide label-free real-time
detection of various biomolecular interactions. SPR is used in research for various biological

applications, including drug discovery, clinical diagnostics, and security applications.

SPR is a surface-sensitive spectroscopic method that measures the change in the refractive index

of a medium directly in contact with the sensor surface, for example, gold.
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Figure 3.4a illustrates a conventional Kretschmann Configuration, which employs a CCD/CMOS
array to capture a broad spectrum of reflected light across various angles. This structure is highly
durable, as it only requires a minimal number of components to be moved. Consequently, it may
be constructed in a space-saving manner. The extensive array of concurrent measurements also
offers substantial versatility in experimental design. However, a drawback is that the angular
range that may be measured is typically fixed and challenging for users to modify. Although the
range, typically exceeding 10 degrees, is sufficient for most protocols, it can provide challenges

when working with less frequently used experimental configurations [37].

As shown in Figure 3.4a, there is a prism, a light source, and antibody immobilization on the
gold surface. We can inject the target proteins to be studied through the flow cell. So, a medium
in contact with the surface is commonly an aqueous sample containing the analyte protein.

Surface plasmons are electromagnetic waves that can be excited at specific metal interfaces.
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Gold and silver are mainly used for this purpose. The surface plasmons are electromagnetic
waves propagating parallel to the metal or dielectric surface. The plasmons are created from that
interface when the light energy from the polarized incident photon is coupled in the oscillation
mode of free electron density, which is present in the metal field. These plasmons are generated
from gold surfaces at the boundary of the metal and external medium, usually air. These are very
sensitive to any changes in the boundary, like the absorption of biomolecules into the metal. In
SPR, a light beam impinges at the interface between metal and media at a defined resonance
angle. This angle depends upon the refractive index near the gold surface. The refractive index
increases when metal binds to the gold surface, and the SPR curve shifts to higher angles. So,
these changes in the angle of refraction of light caused by the binding of the probe to the

immobilized proteins are measured to characterize biomolecular interactions in real time.
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Figure 3.4b)- Diagram showing that SPR angle depends on the refractive index on the surface

[38].

SPR angle is related to the number of biomolecules binding to the core surface. The real-time
label-free detection of binding events can be detected by measuring changes in SPR reflectivity.
These changes in n are continuously monitored to obtain the kinetic data in real time, making it a

remarkable label-free detection technique.
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3.5) Localized SPR

LSPRs, or localized surface plasmon resonances, refer to the collective oscillations of electron
charge in metallic nanoparticles stimulated by light. They have a greater amplitude in the near-
field at the resonance wavelength. The field is highly concentrated at the nanoparticle and
rapidly diminishes as it moves away from the nanoparticle or the interface with the dielectric.
However, the resonance often enhances the scattering of the field in the far-field region by the
molecule. The amplification of light intensity is an essential characteristic of localized surface
plasmon resonances (LSPRs), and localization guarantees a remarkably high spatial resolution
for LSPRs, limited solely by the size of nanoparticles. Due to increased field amplitude, LSPRs
often improve effects that depend on the amplitude, such as the magneto-optical effect [39].

Figure 3.5 shows LSPR on the surface of a nanoparticle.

Electric field

Figure 3.5- Localized Surface Plasmon on the surface of a nanoparticle [40].

3.6) SPR sensorgrams
The sensorgram describes the changes in the SPR signal versus time as molecules bind and

dissociate from the sensor surface; the resulting change in resonance signal creates a sensorgram.
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Figure 3.6- Illustration of SPR sensorgram [38].

Figure 3.6 shows a prism, light source, gold-coated chip, and ligand immobilized on the chip
surface. The running buffer is initially injected into the immobilized surface, which generates the
baseline. The baseline is straight until the analyte is injected into the medium. As the analyte
interacts with the surface, an association phase can be observed from which an association rate
can be derived. As shown in Figure 3.6, some analyte molecules bind to the chip surface. When
the association achieves saturation level, it reaches a state known as a stochastic steady state.
Injection of running buffer at this point helps in analyte disassociation from which the
dissociation rate can be derived. These curve shapes and amplitude of binding can be used to
determine the kinetics of interaction and concentration analysis. The on rate and off rate can
provide information on the binding rate. Various analytes can be compared simultaneously by
looking at the SPR sensorgrams. The SPR assay means tracking the SPR angles to measure the

binding events.

SPR sensors employ the evanescent field of a specific mode of electromagnetic field that travels
along a metal/dielectric boundary - known as the surface plasmon - to detect alterations in the
refractive index of the dielectric material at the boundary. The propagation constant Bsp of a
surface plasmon propagating along a flat boundary between a metal with a complex permittivity

em=¢'m+ie"m and a dielectric with a refractive index n can be mathematically represented as

w n2e, w .
Bp = —\ 77— = =g+ i1,

Here, o represents the angular frequency, and ¢ represents the speed of light in a vacuum. The

complex propagation constant can be represented by the effective index (nef) and the attenuation
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coefficient (yi) of the surface plasmon [41]. The real and imaginary parts of the propagation

constant can be expressed using these parameters.

The primary techniques for optically exciting surface plasmons are attenuated total reflection
(prism coupling), diffraction on a metallic grating (grating coupling), and evanescent wave
coupling between dielectric and plasmonic waveguides (waveguide coupling). The attenuated
total reflection method uses a coupling prism connected to a thin metal film. When light is
incident on the interface between the prism and the metal film, it undergoes attenuated total
reflection, creating an evanescent wave. This evanescent wave couples with the surface plasmon
if the phase-matching requirement is met.

A;{.’m’”) = npsin(@) — ng = 0,

The variables are np, which represents the refractive index of the prism; 0, which represents the
angle of incidence; and nef, which represents the effective index of the surface plasmon. The
excitation of surface plasmons through diffraction coupling necessitates the alignment of the
momentum component of the diffracted light wave parallel to the interface and the propagation

constant of the surface plasmon.

A\m

A(gmrmg) = psin(0) + ’T - jfl,f =0,

of

Where A is the diffraction grating period, A is the wavelength, and m is the diffraction order.

Alterations in the optical properties of the medium adjacent to the immobilized layer will result
in modifications to the attributes of the surface Plasmon wave. More precisely, these
modifications can be quantified as alterations in wavelength, intensity, phase, or angle of
incidence. SPR techniques are prevalent in modern biosensor research due to their ability to
detect and analyze interactions between unlabeled substances in real time, making them highly

effective for surface-sensitive measurements.

Despite its simplicity and advantages, SPR is not the most sensitive technology. One surface

plasmon resonance (SPR) variant involves a resonant mirror configuration that employs a
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sequence of polarizing filters to obstruct internally reflected light. At a specific resonance
angle, the light is redirected through a spacer layer with a low refractive index into a guide with a
higher refractive index, resulting in the signal peak being shown against a black background.
Despite these advances, one of the primary limitations of SPR-based biosensors is that anything
that alters the refractive index at the sensing surface will interfere with the analysis, including

nonhomogeneous (complex) sample matrices and nonspecific binding interactions [42].
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Chapter 4) SPR-Based PCF Biosensor

4.1) Introduction

Nowadays, sensors are an essential part of our daily lives. Especially after COVID-19, we have
realized the importance of sensors in detecting viruses. If a device responds to a change in the
surrounding medium, then we call this device a sensor. Different sensors are available, such as
Electrochemical, piezoelectric, and optical. Conventional ELISA and PCR-based sensors require
two days to respond because they require several sequential processes to give a specific

response.

On the other hand, electrochemical or resistive sensors take a few minutes to respond. Optical
sensors can provide an instantaneous response. High sensitivity, fast response, and broad
detection range are some advantages of optical sensors. Optical sensors have many applications,
such as bioimaging, glucose monitoring, disease detection, telemedicine, medical diagnostics,
etc. From 2016 to 2022, the market for photonic sensors has grown very fast. Several types of
optical sensors are available, such as Fiber Bragg grating (FBG), modal interferometer, micro-
ring resonator, and surface plasmon resonance. Among them, the prism-based plasmonic sensor

has shown a highly sensitive response. It has several commercial uses.

Some disadvantages of this type of sensor are that they are complex and bulky systems, they
have limited analysis throughput and limited remote sensing applications, and they require
oblique light incidence to excite the plasmons. The solution to this problem is a photonic crystal
fiber based SPR sensing technique. PCF-based SPR sensor combines photonic crystal fiber-
based technology and plasmonic science. PCF is a periodic array of micro-sized air holes.
Compared to conventional optical fiber, photonic crystal fiber contains a periodic array of air
holes. PCF has been invented in 1996 by Professor Phillip Russel. Light can be trapped in a
particular area with the help of PCF.
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Figure 4.1- Some applications of refractive index SPR based PCF biosensors [43].

4.1.1) Internal Sensing-based Sensor

The internal sensing type sensor was invented to overcome the obstacles of the prism based
sensors. Internal sensing is the conventional way of sensing where the air holes are coated with
metal films while the analytes are packed within the hole [44]. The practical execution of the
first type is intricate due to the challenges of applying metal coatings to the internal fiber holes
and filling them with analytes. The challenges emerge due to the minuscule dimensions of the
apertures. In addition, it is impossible to keep the holes at a consistent thickness during
fabrication. Furthermore, the process of measuring, emptying, and refilling the fiber is
necessary, but it is also time-consuming. In addition, the repeated process of filling and emptying

can reduce the sensor's sensing capabilities.
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Figure 4.1.1- Internal sensing based sensors [44].

4.1.2) D-shaped Sensors

The use of D-shaped or exposed-core PCFs can help to overcome the disadvantages of prism-
based sensors and internal sensing-based sensors [45]. In D-shaped PCFs, the metal and analyte
are directly deposited on the exposed surface, as depicted in Figure 4.1.2. This simplifies the
process of sensor construction and analyte manipulation. Nevertheless, the flat section of the D-
shaped photonic crystal fibers requires polishing, which presents challenges in the manufacturing
process. However, in practical application, this sort of sensor requires the selective removal of
specific surface portions, introducing additional intricacy in the manufacturing process and

resulting in higher sensor costs.

Analyte Region (RI Sensing)

e ——— 0 silver
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Air Holes 000080 / Silica
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Figure 4.1.2- Various types of D-shaped sensors [46].

4.1.3) External Sensing-based Sensor

Due to the limitations of internal sensing and D-shaped PCF, external sensing has become the

preferred method for analyte detection due to its excellent sensing characteristics and the benefit
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of the fabrication process [47]. The system offers facilities such as sensor cleaning and
reutilization. Unlike internal sensing, where the metal coating is put inside the air holes, the
metal coating in external sensing is positioned outside the fiber (as illustrated in Figure 4.1.5-a).
This positioning eliminates the need for any pre-steps before sampling. The sensor easily
attaches to the analyte solution, and in a short time, it demonstrates the desired sensor

performance.
4.1.4) Plasmonic Material Silver based Sensor.

The choice of plasmonic material significantly impacts the sensor's performance. Silver exhibits
a distinct resonance peak, resulting in a favorable Figure of Merit (FOM). While silver is very
conductive, it is prone to oxidation over time in aquatic environments. This phenomenon
diminishes the precision of sensing and impedes the sensor's performance. Due to this chemical

instability of silver (Ag) and other limitations, it shows an inaccurate sensing performance [48].
4.1.5) Bimetallic Silver-graphene-based Sensor

Silver oxidizes in a hydrous surrounding, causing a fall in sensing accuracy. An attempt to put a
lean coating of graphene has been made to control the oxidization problem, which increases the

manufacturing cost and the fabrication difficulties due to additional layers [49].

= PML Layer
m Liquid
Gold Layer
O Air
Fused Silica

(a) (b)

Figure 4.1.5- a) External sensing based sensor, b) Silver-based sensor, c) Silver-Graphene based

sensor, d) Silver-Gold based sensor [49]
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4.1.6) Bimetallic Silver-gold-based Sensor

This type of SPR-PCF biosensor has two metalized microfluidic slots of gold and silver as
plasmonic material. This unique design was proposed by Akowuah et al. in 2012. Gold is
positioned at the top of the silver to prevent oxidation and other chemicals. The structure (Figure

6.1.5d) has a more straightforward fabrication process due to large microfluidic slots [50].

4.1.7) Bimetallic Silver-TiN-based Sensor

Traditional bimetallic designs typically incorporate a Gold-Silver coating, with gold as a
protective layer. However, gold is hindered by its larger resonance curves, which restrict
detection precision. The proposed bimetallic structure can be constructed using silver and TiN,
as depicted in Figure 4.4-a. The operational channel is coated with a layer of silver on its
surface. An additional layer of TiN was utilized to protect the silver layer from oxidation and to

maintain chemical stability [51].

4.1.8) Plasmonic Material Gold-based Sensor

Silver exhibits chemically unstable behavior, although it has sharp resonant peaks. Recently,
gold has gained popularity for its chemical stability and capacity to alter the resonance frequency
by a significant amount, leading to accurate detection of the analyte. Extensive research has been
conducted on biosensors based on gold. A sensor utilizing Gold as the plasmonic material is

displayed in Figure 4.1.10 (b).

4.1.9) Bimetallic Gold-TiO2-based Sensor

Gold is utilized as a thin layer to cover the channel in this particular form of sensor.

Furthermore, applying a TiO2 coating enhances the surface plasmonic excitation by facilitating
the adherence of gold. The increase in the excitation of surface plasmonic leads to an
augmentation of the evanescent field. Additionally, it exhibits a greater refractive index (RI) than
fiber. It effectively facilitates the coupling between the leaky core guided mode and the
plasmonic mode when positioned on the glass surface. Consequently, this layer enhances the

ability to detect and perceive stimuli.

33



4.1.10) ITO-based sensor

The plasmonic resonance of Indium Tin Oxide (ITO) can be adjusted by modifying the intrinsic

properties of the materials. Essentially, the plasmonic behavior can be manipulated by adjusting

the quantity of oxygen concentration and metal atoms. Furthermore, ITO is a more economical

option compared to gold and silver. Figure 4.1.10 showcases a sensor that employs ITO as the

plasmonic material.
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B Diclectric
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Figure- 4.1.10(a) Silver-TiN based sensor, (b)Gold based sensor, (¢) Gold-TiO2 based sensor,

(d) ITO-based sensor [52]
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Chapter 5) Proposed design 1- Dual core PCF with wide sensing

range.

5.1) Introduction

This paper proposes a photonic crystal fiber-based biosensor with a wide sensing range. The
numerical analysis of the sensor is done by using finite element method (FEM). Gold (Au) has
been used as plasmonic material, resulting in an improved sensing range, operated in the optical
to near-infrared (IR) region (0.42-1.0) um. In addition, the sensor attains a maximum amplitude
sensitivity of 1096RIU 1, the wavelength sensitivity of 7000nm/RIU, and resolution of

1.43 x 1075,

Resonance (SPR) is an optical phenomenon that occurs when free electrons collectively oscillate
at the interface between a dielectric and a metal. Resonance occurs when the wavelength of the
surface electrons aligns with the wavelength of the incoming photons. The maximal loss for a
particular analyte is achieved at the resonant frequency. Even the slightest alterations in the
refractive index (RI) result in a shift in the peak, allowing for the detection of an unidentified

analyte by the shift in the loss peak and its corresponding wavelength.

SPR sensors are now being extensively used for different sensing applications such as bio-
chemical, bio-organic sample detection, medical diagnostic, and medical testing [53]. SPR
sensors have been designed based on Kretschmann and Reather’s exploiting attenuated total
reflection (ATR) mechanism, also called prism-based SPR sensors [54]. Nevertheless, they need
plenty of supplementary (mechanical and optical) elements. These sensors are characterized by
their large size, high cost, and lack of compatibility for remote sensing. Standard

miniaturized sensors based on optical fiber have been proposed to address these constraints.
They have effectively surpassed the constraints. Their characteristics include a versatile and
uncomplicated sensor design, remote sensing capabilities, ongoing analysis, and in situ

monitoring.

Additionally, they exhibit reduced confinement loss compared to previous versions.
Furthermore, traditional optical fibers can hinder electromagnetic interference, exhibit
mechanical stability, and result in little confinement loss within the optical spectrum. SPR

sensors based on PCFs have recently received higher acceptance than conventional fiber because
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of their controllable light-guiding mechanism, strong birefringent properties, and highly flexible
structural design [55]

The PCF’s small and light construction makes the sensors smaller, thus increasing their
suitability for remote sensing. The plasmonic metal coating can be applied on the fiber surface's
exterior or within the air holes. Light is fed into the system from one end, and the resulting
optical response is observed from the opposite. To achieve a strong connection between the SPP
mode and the core mode, we can enhance the design of the PCF, resulting in improved sensing
performance. Various renowned plasmonic materials, including graphene, silver, copper, gold,
and titanium nitride, are employed to stimulate surface plasmon resonance (SPR). Gold (Au) and
silver (Ag) are the predominant choices for plasmonic materials. Gold (Au) is chemically inert,
compatible with biological systems, and induces a significant shift in wavelength. Silver
produces a more distinct resonance peak compared to gold. In humid settings, oxidation occurs

and hampers the precision of the detection procedure.

Consequently, gold is utilized in a more significant proportion of the task. SPR technology
encompasses two distinct sensing processes. For internal sensing, the analyte occupies the air
holes, while the analyte is positioned on the sensor's surface for external sensing. Regrettably,
this technique is impractical for dispersed and real-time sensing due to the requirement of
altering the analyte during measurement. Furthermore, evacuating and replenishing the
designated air apertures is challenging. In addition, fabricating internal sensing SPR sensors is

challenging because they suffer from significant propagation loss.
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5.2) Structural Design and Theoretical Modelling-

This paper presents a revolutionary gold-coated PCF SPR sensor that utilizes external sensing.
The device can be utilized within the optical to near-infrared wavelength range, specifically
between 0.42 and 1.0 micrometers. In the near-infrared range, the evanescent field can penetrate
deeply, leading to enhanced detection capabilities. Additionally, affordable laser sources are
readily accessible in the market. We have implemented a circular-shaped core structure to
facilitate coupling and enhance the overall sensing performance. The objective is to achieve a
broad detection range (RI 1.21-1.4) in a sensor that can be readily manufactured. The fiber's
outside is coated with a layer of gold, ensuring direct contact between the plasmonic surface and
the analyte. To attain the desired level of performance, we enhance the geometric characteristics
of the system by optimizing factors such as the radius of the air holes, the distance between air
holes that is pitch, the gold layer's thickness, and the analyte layer's thickness.

A circular-shaped lattice structure is proposed. The structure has a simple geometrical
arrangement. A circular air hole-based circular-shaped cladding Photonic crystal fiber is
proposed in a silica (S102) substrate. Different air hole diameters have been used to shape the
cladding. We optimize the air hole diameters, gold layer thickness (tg), and analyte layer
thickness (ta) to obtain the optimum conditions. The outer layer is a perfectly matched layer with
a thickness of 1.4um to avoid reflections of electromagnetic waves at the interface.

The following steps are used for design criteria

1. PCF Structure: PCF structure that enables efficient light direction and analyte interaction is
selected. To enable the excitation of surface plasmon polaritons (SPPs) at the sensing interface,
the PCF should have a periodic pattern.

2. Material Properties: Materials that have appropriate dispersion properties and refractive
indices is chosen. To guarantee effective detection, the material used in the sensing layer needs

to have a high affinity for the target analyte.

3.Excitation Source: Excitation wavelength that corresponds to the SPR sensor's resonance state
is chosen. The wavelength at which changes in refractive index cause the greatest sensitivity

should match this one.
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4. Boundary Conditions: To simulate how light interacts with the PCF and the sensor layer,
proper boundary conditions have been applied. To reduce reflections, perfectly matched layers
(PML) or other absorbing boundary conditions must be used.

5. Mesh: To precisely capture the characteristics of the sensing layer and the PCF structure, a
fine mesh has been used.

6. Sensitivity Analysis: Sensitivity analysis has been used to determine which parameters are

most important in determining the performance of the sensor.

Wavelength Sensitivity
It refers to the change in peak wavelength due to a change in RI of the analyte. The following

equation calculates WS. As the gaps between the peaks increase WS also increases.

_ Adpeak

w

Ana

Amplitude Sensitivity
It refers to the change in confinement loss due to a change in analyte divided by confinement

loss at that point.

1  dba(d,na)
a(l,na) oéna

Sa(A) = —
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5.2.1) Perfectly matched layer

A Perfectly Matched Layer (PML) is a computational tool employed in numerical simulations,
such as finite element or finite difference methods, to efficiently absorb outgoing waves and
eliminate reflections at the limits of the simulation domain. It is frequently used in simulations of

wave propagation difficulties, particularly in the fields of optics and photonics.

When simulating a biosensor using a photonic crystal fiber (PCF), employing a Perfectly
Matched Layer (PML) can be advantageous in reducing undesired reflections at the boundaries
of the simulation area, guaranteeing that the simulated environment behaves as if it were infinite.
Accurately modeling the behavior of light within the PCF structure is essential for producing

realistic results. Below is a comprehensive framework for implementing a PML in a simulation:

Provide a precise definition of the simulation domain: Configure the simulation domain to

accurately depict the photonic crystal fiber and its immediate environment.

Enclose the simulation domain with a perfectly matched layer (PML). The purpose of this layer
is to absorb outgoing waves effectively, preventing any reflections from occurring within the

simulation area.

Adjust PML parameters: Adjust the parameters of the Perfectly Matched Layer (PML) to align
with the specific properties of the waves in your simulation. This may require modifying the

thickness and absorption characteristics of the PML layer.

Resolve the simulation: Employ numerical methods, such as the finite element method or finite

difference approach, to solve the wave propagation equations inside the simulation domain.

Evaluating Findings: Analyze the outcomes inside the PCF framework while ensuring that

reflections from the borders do not disrupt our analysis.
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Figure 5.2.1-Illustration of PML is utilized to provide a high level of fidelity between the
simulated environment and real-world conditions. This is achieved by reducing the presence of

spurious reflections that may occur at the boundaries of the simulation [56].

5.3) Cross-sectional layout

In the cladding region, fifteen circular-shaped air holes have three different diameters. The two
largest air holes on the top and bottom of the fiber center have a diameter of 1.6um, as denoted
by d3. The three smallest air holes to the cladding structure's left, right, and center have a
diameter of d1 equal to 0.4um. The ten air holes on the outer part of the cladding adjacent to the
gold layer have a diameter of 0.8um and are denoted as d2. A gap between subsequent air holes
is created to maintain electromagnetic flow toward the metal. Adjacent to the PML is the layer
through which we will pass biochemical analyte for detection. This is termed as ta. The thickness
of this layer is selected to be 35um. 40nm thickness of the gold layer is placed along the analyte

layer.
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Figure 5.3- Cross section of the proposed design 1. An array of circular air holes creates a dual
core where light can be confined. A thin layer of gold is used as plasmonic material. The sensor
is based on a Silica substrate whose material dispersion is calculated by the Sellmeier Equation.

Material dispersion of gold is calculated using the Drude-Lorentz model.

Plasmonic materials such as gold exhibit strong interactions between light and free electrons,
leading to SPR. SPR is highly sensitive to changes in local RI, making gold useful for sensing
applications. Gold has high RI sensitivity. This property is exploited in plasmonic sensors where
shifts in resonance wavelength are used to detect changes in the local environment. Gold has low
absorption loss near the IF region. It is a chemically stable material. This is important because
the material may come in contact with different environments in sensing applications. Gold
nanoparticles ensure enhanced light-matter interactions because of strong field confinement at

the nanoscale.
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5.3.1) Pitch

The pitch of a PCF is the precise measurement of the distance between the centers of two
neighboring air holes inside the fiber's periodic structure. The pitch is a fundamental factor in

determining the optical features of the PCF and plays a significant role in defining its qualities.

The pitch of a PCF is one of the design characteristics that influence the guiding qualities of the
fiber, along with factors such as the diameter of the air holes and the refractive indices of the
materials used. By manipulating these parameters, designers can regulate the direction of light
within the photonic crystal fiber (PCF), resulting in distinctive optical characteristics that

differentiate PCFs from conventional optical fibers.

PCFs with varying pitch values can be selected according to the specific optical properties and

intended uses.

5.3.2) Photonic Bandgap Guidance:

In the context of a PCF, a Photonic Bandgap (PBG) refers to a specific range of wavelengths
where the fiber's core substantially restricts or completely prevents light propagation. The
periodic organization of air holes or other materials with low refractive index in the PCF

cladding area causes the occurrence.

Within the bandgap region, specific wavelengths of light are prohibited from propagating
through the fiber's core. The periodic structure of the fiber induces destructive interference for

those particular wavelengths, thereby impeding their transmission through the fiber.

Within the bandgap, some wavelengths can be directed through the core of the PCF. The guided

modes can propagate without encountering substantial loss.

The periodic arrangement of PCFs can generate bandgaps in the photonic band structure,
enabling the fiber to direct light distinctly compared to traditional fibers. The pitch determines
the position and breadth of these bandgaps.

The pitch also influences the restriction of optical modes within the fiber. Reducing the size of

the pitches can lead to enhanced mode confinement, affecting the effective mode area and other
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optical characteristics. All the air holes’ centers are at a distance of 2xp from the fiber's

geometric center.

5.4) Guiding Properties and Dispersion Characteristics

X and Y polarization modes

The figure shows light energy allocation for core mode and SPP mode. At analyte RI 1.36,
energy distribution for core mode X and Y polarization is displayed. The X polarization core
mode has its electric field vector primarily facing along the x direction, and the Y polarization
core mode has its electric field vector oriented towards the Y direction. The oscillation of the
electromagnetic wave associated with X mode is in the horizontal direction, and Y mode is in the

vertical direction.

0000

Figure 5.4 - Even and odd X and Y polarization core modes.

5.4.1) SPP modes

SPP modes refer to the mode that involves coupling of photons with surface plasmon oscillations
along the interface between metal and die electric regions within PCF. Gold is used to support
SPP mode. The sensing performance is determined mainly by the SPP modes [57]. Surface

plasmon polaritons are electromagnetic modes with a locally enhanced electric field [58].
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Figure 5.4.1- SPP modes for optimized parameters

5.5) Sensor performance analysis and optimization of different parameters

5.5.1) RI Optimization

It involves varying the design parameters to achieve the best sensitivity and performance. The
sensor's sensitivity can be improved by optimizing the design to support specific modes. Surface
functionalization, numerical simulation, experimental validation, and temperature considerations
are some steps that can be followed for RI optimization. The wavelength is varied by a
parametric sweep in COMSOL to obtain the confinement loss curve from 0.45um to lum.
Confinement loss is calculated by increasing the RI of the analyte from na= 1.21 to 1.24 and
again from 1.31 to 1.40 with an increment of 0.01. Wavelength variation for na=1.31 to 1.35 is
0.5Tum to 0.71um with increment of 0.0lum. Wavelength variation from 1.36 to 1.40 is from
0.5um to 0.89um with an increment of 0.01lum. The confinement loss for Y polarization is
stronger than for X polarization for the proposed sensor, so we study Y polarization mode only.

The following equation calculates the confinement loss
a = 8.686 X k, x Im[neff] x 10*dB/cm where k, = 27”, Im[neff] is the imaginary part of the
effective refractive index.

Figure 5.5.1a, b shows the proposed sensor's confinement loss and amplitude sensitivity

depending on the wavelength with different RI of the analyte. From the loss curves, a maximum
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loss of 588db/cm occurs at na=1.40, and a minimum loss of 100db/cm occurs at na=1.36,
according to Figure 5.5.1c. 148dB/cm, 228dB/cm, and 355dB/cm loss occurs at na= 1.37, 1.38,
1.39, respectively. Figure 5.5.1b,d,f shows amplitude sensitivity corresponding to the variety of
RI of the analyte. Amplitude sensitivities are 393RIU1, 616RIU™1, and 920RIU~! with RI of
analyte na=1.36, 1.37, and 1.38. The highest AS is achieved at 1096RIU ! for na=1.39.
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Figure 5.5.1a - Loss curves by varying the refractive index of the analyte from 1.31 to 1.35

46



50

0.5 0.55

-50

-100

Amplitude Sensitivity(1/RIU)

-150

-200 —@®—na=131 —@—na=132 —@—na=1.33 —O-—na=1.34
Wavelength(um)

Figure 5.5.1b- Amplitude sensitivity for analyte na=1.31 -1.34.
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Figure 5.5.1c- Loss curves by varying analyte's refractive index from 1.36 to 1.38.
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Figure 5.5.1g - Loss curves by varying the analyte's refractive index from 1.21 to 1.24.
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5.5.2) Air Hole diameter optimization

The air holes result in birefringence by creating asymmetry in the design, leading to different RI
for different polarizations. Varying air hole parameters in PCF influence how light is guided
within the fiber. Changing air holes' size, shape, and arrangement leads to bandgap engineering.
The location and width of the photonic bandgap in the PCF’s optical spectrum can be controlled.
Varying air hole diameter also allows control over modal properties such as mode confinement,
effective RI, and dispersion characteristics. Also, polarization control and engineering of fibers
to support specific polarization modes is possible by varying air hole diameter. It can also make

PCF sensitive to external parameters such as RI, temperature, or strain.

Moreover, the dispersion characteristics of PCF can be tailored by varying air hole dimensions,
which is vital in supercontinuum generation, where dispersion characteristics are essential for
broadening the spectrum of guided light. Better fabrication tolerance can be achieved by
variation of air holes. Fig 5.5.2a shows the variation of air hole diameter d1=1.6um, 1.8um, and
2um at RI of analyte na=1.36. Loss peaks are obtained at 98dB/cm for 1.6um and 29.64dB/cm
for 1.8um. Next, na is changed to 1.38, and d1 is varied. At d1= 1.8um, a 35.88dB/cm loss peak
is obtained, and at d1=2um, a 38.7dB/cm loss peak is obtained. Figure =5.5.2b shows that when
air hole diameter d2=0.6um gives a high loss peak of 156dB/cm, d2=1um yields 89.3dB/cm loss

peak, and d2=0.8um results in confinement loss of 89.7dB/cm.
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Fig5.5.2 a— loss curves by variation of air hole with diameter d1
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5.5.3) Gold layer thickness Variation
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Fig5.5.3 a- confinement loss for variation of gold layer thickness

Varying the thickness of the gold layer in PCF substantially influences the plasmonic
characteristics and sensing capabilities of the fiber. The thickness of the gold coating affects the
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parameters for SPR. SPR refers to the coordinated vibrations of electrons at the boundary
between a metal and a dielectric material. SPR happens when the momentum of incoming light
aligns with that of surface plasmons. The thickness of the gold layer influences the resonance
state.

RF Sensitivity

SPR has a high level of sensitivity towards variations in the refractive index of the adjacent
medium. By adjusting the gold layer's thickness, the PCF sensor's sensitivity to variations in
refractive index may be enhanced. By altering the thickness, one can adjust the resonance
wavelength to align with the intended range for detecting particular analytes.Increasing the
thickness can enhance the plasmonic responses and result in more significant losses. Ensuring a
balance between these parameters maximizes the overall sensing performance.

Obstacles in manufacturing The production of PCF with different gold layer thicknesses may
be difficult. Precise control is necessary when employing techniques such as physical vapor

deposition or chemical deposition procedures to attain the requisite level of thickness uniformity.
Mode coupling

It refers to the phenomenon where different modes of a system interact with each other, leading
to a transfer of energy between the modes. The presence of a gold layer enables the interaction of
light with plasmonic modes. Modulating the thickness can impact mode coupling efficiency and
distribution of electromagnetic fields within the fiber.

Gold

Au, or gold, has an atomic mass of 196.96657 and a melting point of 1064 °C. Gold is used to
cover the exterior of the biosensor. It is a chemically stable and inert compound. It does not get
oxidized in an aqueous environment. Gold undergoes a sharp and broad resonant peak in an
aqueous environment. The Drude-Loretz model gives a dielectric constant of gold, as shown

below.

ﬂ'J‘D2 Ag - ﬂf

Eay = £ : - - .
Au * wlw + jyp) (@? 7)) + jTw

In this equation, eAu represents the permittivity of gold, and e represents the high-frequency

permittivity with a value of 5.9673. o is the angular frequency, wD and yD are plasma and
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damping frequencies, respectively, where wD = 4227.2n THz, yD = 31.84n THz. Moreover, Ag =
1.09 is the weighting factor, while the oscillator strength is QL = 1300.14n THz, and the spectral
width is I'L = 209.72n THz[12].

Figure 5.5.3a displays the shift in resonance wavelength as the thickness of the gold layer is
varied. The wavelength varies from 0.6 um to 0.72 pm, while gold thickness is varied at 35 nm,
40 nm, 50 nm, and 60 nm. A thicker gold layer results in greater surface electrons, improving
sensitivity. On the other hand, thickness may reduce the sensitivity as it restricts electromagnetic
waves from interacting with the analyte layer. The sensitivity decreases as gold layer thickness
increases, as shown in Figure 5.5.3b. This is due to the high damping loss of gold. We selected

40 nm as the optimized value of gold, where sensitivity is equal to 122.7RIU 1,

Chart Title

100

o
50 RV

0.6 0.62 0.64 0.66 0.68 : 871097 ® (.76

-50

(1/RIU)

-100

Amplitude sensitivity

-150

-200
wavelength(um)

—@— tg=35 tg=40 tg=50

Figure 5.5.3b- Amplitude sensitivities for variation of gold layer thickness.

5.5.4) Variation of Analyte layer thickness

The analyte layer, which comes into contact with the target molecules, is crucial in determining
the sensor's sensitivity, response time, and overall effectiveness. The thickness of this layer has a
direct impact on these factors. Below are some factors to consider and processes to follow to

adjust the thickness of the analyte layer in a photonic crystal fiber (PCF) biosensor:
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Comprehend the Mechanism of Sensing:

PCF biosensors can function via different sensing techniques, including variations in refractive
index, surface plasmon resonance, or modifications in guided modes. In this paper, the SPR

sensing technique is used.
Examine the characteristics of the analyte:

The properties of the target analyte, such as its dimensions, electrical charge, and molecular
mass, can influence its interaction with the PCF surface. Consider these characteristics when

choosing the most suitable thickness for the analyte layer.
Select Appropriate Materials:

Choose materials for the analyte layer suitable for photonic crystal fiber (PCF) and the target
molecules. Consider variables such as compatibility with living organisms, the ability to remain
unchanged over time, and the capability to fixate the substance being analyzed on the surface of

the photonic crystal fiber (PCF).
Precision Manufacturing Methods:

Employ precise manufacturing methods to apply or fixate the layer of the analyte onto the
surface of the PCF. Depending on the analyte's characteristics and the photonic crystal fiber
(PCF) surface, various methods such as chemical vapor deposition, self-assembly, or layer-by-

layer deposition can be used.
Computational simulations involving numerical methods:

Utilize numerical simulations, such as finite element analysis or finite-difference time-domain
simulations, to simulate the interaction between light and the analyte layer. Simulations can be
utilized to forecast the sensor's reaction to various thicknesses of analyte layers. In this paper,
analyte layer thickness ta varies at 0.35, 0.55, 0.65, and 0.75. A distinct peak is obtained at
0.35um thickness, while there is little peak change for the other thickness values. Therefore,

ta=0.35um is considered the optimum value.

Maximize sensitivity:
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Conduct trials using various thicknesses of the analyte layer to determine the ideal thickness that
maximizes sensitivity to variations in the target molecules. Amplitude sensitivity is analyzed for

various thickness values.
Take into account multilayer structures.

To optimize the sensor's performance, it is advisable to utilize multilayer architectures, taking
into account the sensing method. Extra layers can potentially increase the surface area available

for interaction with the analyte or enhance the sensor's selectivity.

Continuous iteration and verification are crucial to guarantee the dependability and precision of

the biosensor.
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Figure 5.5.4- Loss curves for variation of analyte layer thickness
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5.5.5) Variation of pitch
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Figure 5.5.5- Variation of pitch size at 1.8um, 2.0um and 2.2um.

As the pitch value is raised, the amplitude of the loss peak reduces slowly. Increasing the pitch
resulted in a minor blueshift, specifically shifting the resonant peak towards a shorter
wavelength. Based on the coupling level between the core and the SPP mode, the pitch is 2um. A
reasonable distance between the air holes and the sensor's center ensures better light

confinement.
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5.5.6) Phase matching

Phase matching happens when the surface plasmon wave's phase velocity aligns with the
incident light's phase velocity. This phenomenon results in the amplification of light-surface
plasmon interaction through constructive interference, leading to resonance. When the phase
matching requirement is satisfied, the sensitivity of SPR based PCF sensors to variations in the
refractive index of the surrounding medium is maximized. Even slight alterations in the
refractive index near the metal surface result in noticeable deviations in the resonance state.
Engineers and researchers can tailor the design of the PCF, including the structural parameters of
the photonic crystal lattice and the metal layer thickness, to achieve specific phase-matching
conditions that optimize sensing performance. For the proposed sensor, the effective RI of core
and SPP modes intersect at wavelength 0.63um. The real value of both modes becomes equal at

1.4538 with a loss peak at a maximum of 100dB/cm.
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Fig5.5.6-Phase matching condition where RI of SPP mode and RI of core mode intersect for

optimized parameters.
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5.6) Conclusion

A dual-core PCF SPR biosensor has been investigated with a maximum wavelength sensitivity
of 7,000nm/RIU and maximum amplitude sensitivity of 1096RIU ™1, taking into account the
wavelength and amplitude interrogation approach. The analyte range is 1.21 to 1.24 and 1.31 to
1.40. The maximum resolution is 5 X 10~ >at na equals 1.35. A circular, perfectly matched layer
is used to illuminate radiation towards the surface. Given its promising results and
straightforward sensing method, the suggested sensor has the potential to be an ideal choice for

biological and biochemical analytes.
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Chapter 6) Proposed design is a 2-A plasmonic refractive index

sensor for detecting low refractive index using a very sensitive dual-

core PCF.

6.1) Introduction

The proposed photonic crystal fiber (PCF) is composed of a micro-structured optical fiber that
contains a regular pattern of air holes running throughout its whole length. By integrating a metal
layer or coating, PCF characteristics can be adjusted to accommodate various modes, such as

plasmonic modes.

Plasmon resonance occurs when the guided modes interact with the metal surface. Plasmon
resonance is the phenomenon where the energy of the guided mode is linked to the collective
oscillations of free electrons at the interface between a metal and a dielectric material. This leads

to the amplification of electric fields close to the metal surface.

Plasmonic modes exhibit a high level of sensitivity to variations in the refractive index of the
surrounding medium. The sensitivity of plasmonic resonance can be utilized in sensing
applications to detect changes in the environment, such as the presence of analytes or

fluctuations in temperature, by monitoring alterations in the plasmonic resonance condition.

A plasmonic refractive index sensor for detecting low refractive index is developed using highly
sensitive dual-core PCF. Plasmonic material Silver is placed at the edge of the fiber structure to
detect changes in the surrounding medium refractive index. A thin titanium dioxide layer is
placed on the silver to prevent oxidation. This study presents the design and numerical analysis
of a dual-core Photonic crystal fiber(PCF) Surface plasmon resonance sensor developed
explicitly for detecting low refractive index. Integrating a microchannel and bimetallic
configuration has enhanced the sensing performance in both wavelength and amplitude
interrogation methods, creating a dual sensing channel. This occurs due to the generation of
significant electrons at the surface when TiO2 is positioned on top of the silver. These electrons
attract the field from the core, leading to a strong interaction with the plasmonic mode. Photonic

crystal fibers are capable of supporting plasmonic modes. It involves the excitation of surface
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plasmons at the metal die electric interface within the PCF structure. The interaction between the
guided modes within the fiber and the metal surface results in an increase in light-matter

interactions and greater sensitivity to variations in the surrounding media.

6.2) Numerical Design and Modeling

Figure 6.2 illustrates the x-y cross-section of the mentioned sensor. The proposed sensor
architecture is organized in a lattice consisting of two layers of air holes. The two air holes (d2)
located at the top of the first ring have been reduced in size to enhance the connection between
the core-guided and surface plasmon polariton (SPP) modes. To produce a dual-core, two more

air holes have been excluded from the center of the initial ring.
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Figure 6.2- Cross section of proposed design 2

Resonance happens when the frequency of the evanescent field aligns with the frequency of the
electrons in the plasmonic material. The effective index of the core-guided mode and surface
plasmon polariton (SPP) mode coincide at this particular frequency, resulting in a significant
increase in confinement loss. The maximum energy is transferred from the core-guided mode to
the SPP mode during this moment, which is called the phase-matching condition. The table

below shows the confinement loss at wavelengths ranging from 1.5 to 1.76. The phase matching

60



condition occurs at wavelength 1.65um, where the corresponding loss peaks at 263dB/cm. The

confinement loss of the sensor is calculated using the following formula:
2n 4
Hlpas = 8.856 x T t Im(ngff) % 10 dB‘,l(C?R.

For background material, Si02 is used, whose refractive index is calculated by the following

Sellmeier equation-

5 151%2 82)\.2 833\.2

ns(A) =1
*) +}\.2_C1+}\.2_CQ+}L2_CS

SI

The given equation can define the dielectric constant of TiO2-

2.441 x 10’

2 _
e =15 (22 0808 x 10)

6.3) Results and Discussion

6.3.1) Phase Matching condition
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Figure 6.3.1a- Phase matching condition of proposed design 2.
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As the phase matching condition is fulfilled, maximum power transfer can be observed from the
core-guided fundamental mode to the plasmonic mode. As a result, a peak is observed at the

point of intersection.

The figure illustrates the highest amount of energy that may be transferred from the core mode to

the surface plasmon polariton (SPP) mode under resonance or phase-matching conditions.

The blue curve represents the loss, while the red line represents the real component of the
effective RI of the core mode. In addition, the grey line represents the effective refractive index
of the surface plasmon polariton (SPP) mode. The figure demonstrates that the loss of the core
mode rises as the wavelength increases until it reaches the resonance point, after which it
declines with further increases in wavelength. Conversely, the real component of the effective
refractive indices for both the core mode and SPP mode decreases as the wavelength increases.
Furthermore, the real part of the core mode's effective refractive index (RI) precisely intersects
with the effective RI of the surface plasmon polariton (SPP) mode and fulfills the resonance
condition. The figure shows that the resonance takes place at a wavelength of 1.67 pm at an
effective RI of 1.4312, and there is an immediate transfer of maximum photon energy from the
core mode to the SPP mode. The curve shows a peak loss at 263dB/cm. The resonance condition
is essential for the functioning of the suggested sensor as it allows for the effective and precise
detection of different analytes utilizing the interaction between the plasmonic material and the

photons of the evanescent optical field.
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Figure 6.3.1b-Y polarization Core mode of PCF biosensor. Light is confined within the core.
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Figure 6.3.1c- SPP mode of the pcf biosensor. The entire field is confined to the plasmonic metal

layer.
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Figure 6.3.1d- SPR mode of PCF biosensor(Resonance condition where the core mode and SPP

mode intersect)

6.3.2) RI optimization

In Figure 6.3.2a, the confinement loss and resonance wavelength are represented as functions of
the analyte's refractive index. It can be inferred from the figure that as the analyte's refractive
index increases, the resonant wavelength shifts towards a higher wavelength. A sharp peak can
be obtained at na equals 1.36 with a resonant wavelength of 1.66 micrometers and 263 dB per
centimeter peak loss. The peaks slightly decrease as na increases towards a longer wavelength.
The analyte's refractive index directly affects the effective refractive index of the guided modes
in PCF—increasing na results in higher sensitivity, improving the detection limits of the sensor.
High-index materials make interactions with light stronger. This sensor is calibrated by exposing
it to analytes with known refractive index. This establishes a relationship between the sensor's

response and the analyte's refractive index.
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Figure 6.3.2a- Loss curves by varying the refractive index of the analyte from 1.36 to 1.39
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6.3.3) Variation of Diameter d1,d2 and d3
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Figure 6.3.3a- Loss curve for variation of d1(Diameter of circle 1)
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Figure 6.3.3c- Loss curves for variation of d3(diameter of circle 3)

Confinement loss has similar values for 1 um and 2 pm diameter. As air hole diameter D1 is
increased from 1.9 um to 2.3 um, the resonant wavelength increases from 1.66 pm to 1.69 um.
The loss peak increases from 253 dB per cm to 431 dB per cm. The figure shows that a sharp and
distinct resonant peak is obtained when D2 equals 1 pm at 1.67 pm wavelength with a loss of
382 dB per cm. As the diameter D3 of a circle increases from 1.55 pm to 1.65 pum, there is a
redshift of resonant wavelength from 1.65 pm to 1.66 um, with peak loss increasing from 223

dB per cm to 263 dB per cm. The highest loss of 346 dB per cm is obtained at D3, equal to 1.75
um. Typically, enlarging the diameter of the air hole leads to a higher level of confinement loss
in PCF. Enlarging the air holes can diminish the efficiency of the photonic bandgap structure in
the cladding, resulting in more significant light leakage into the surrounding medium. Increasing
the air hole can disrupt the periodicity of the structure. As D3 increases, the core size reduces,
affecting the mode properties and overall light guidance within the core. There is often a tradeoff
between the air hole diameter and the core size of PCF. After carrying out various numerical
simulations using the FEM method, an optimal combination of parameters is found to be D1

equals 1.8 um, D2 equals 1 um, and D3 equals 1.65 um.

6.3.4) Variation of pitch
The figure shows the confinement loss of the proposed sensor dependent on the wavelength with
different pitch values. As pitch increases, there is a red shift in resonance wavelength with a loss

of 390 dB per centimeter at pitch size 3 micrometer, 263 dB per centimeter at pitch equals 3.3
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micrometer, and 428 dB per centimeter at pitch equals 3.4 micrometer. The parameter P controls
the distance between the air holes. It directly affects the sensor performance. The magnitude of
pitch is chosen to be 3.3 micrometers as it offers lower confinement loss than 3 um micrometer
and 3.4 um micrometer. CL almost doubles with a 0.1 pm increase in pitch. A favorable channel
width is achieved when the pitch is 3.3 micrometers. Thus, the optimum magnitude of pitch is

selected to be 3.3 um micrometers at a resonance wavelength of 1.66 um micrometer.
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Figure 6.3.4- Loss curves for variation of pitch (distance between air holes)

6.3.5) Variation of the thickness of the Silver layer

Changing the thickness of the silver layer in PCF can substantially influence the plasmonic
characteristics and sensing capabilities of the fiber. The main objective of incorporating silver is
to modify light's modal characteristics and confinement within the core. The figure shows the
sensor's performance characteristics upon changing the silica layer and keeping other parameters
constant. A thickness of 65 nm is selected to be the optimized value at resonance wavelength
1.66 pm and confinement loss of 263 dB per cm. A very high peak of 480 dB per cm is achieved
at 85 nm thickness. When silica layer thickness increases, damping loss also increases.
Variations of silica layer thickness can affect PCF's birefringence and dispersion characteristics.

Birefringence refers to the disparity in refractive indices exhibited by the polarized light along
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different axes. Moreover, precise control of fabrication techniques, such as the stack and draw

method, is necessary to attain the intended thickness.
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Figure 6.3.5- Loss curves for variation of thickness of silver

6.3.6) Variation of Titanium dioxide layer
The influence of the Titanium dioxide layer on loss spectra is portrayed in the figure. As the
depth of TiO2 increases from 5nm to 15nm, a red shift in the resonant wavelength is seen, and

rising propagation loss is seen in Figure 6.3.6.
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Figure 6.3.6- Loss curves for variation of TiO2 Layer
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6.4) Conclusion

By analyzing both the sensors, proposed design 2 has a better wavelength sensitivity of
12000nm/RIU at na=1.37 compared to design 1 with a maximum WS of 7000nm/RIU at na=
1.39. However, design 1 offers a better sensing range than design 2, whose sensing range is 1.36
to 1.39. In design 2, a dual sensing channel is induced by a microchannel and Silica and titanium
dioxide configuration, significantly improving the resonance effects. A lower resolution of
8.33x10—6 is offered by design 2 compared to design 1 with a resolution of 1.43x 10-5 . Both

designs offer external sensing mechanisms and feasible fabrication techniques.
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Chapter 7) Applications and Fabrication

7.1) Introduction

Regular OF have a core consisting of a higher refractive index. Because of the difference in
refractive index, light undergoes total internal reflection, propagating through the fiber. Light can
propagate through large distances. Traditional fibers have some limitations. Scientists have
devised the idea of photonic crystal fiber, which is used to make photonic crystals in the fiber. In
the traditional fiber industry, a macroscopic preform exists from where fibers are drawn. The
preform is heated in a particular zone. As it gets heated, it becomes soft and is pulled down.
Phillip Russel's group took a stack of this preform and heated the stack. When they drew it, a
glass structure filled with holes formed. The end structure depends on how the preform is
stacked. Therefore, the fiber itself has various holes in the form of whatever is required. Various

structures, like dielectric or air core, can be made depending on the stacking method.

7.2) Supercontinuum Generation

An essential application of photonic crystal fiber is supercontinuum generation. We require
highly monochromatic light, which is a laser for optical experiments. A very short pulse laser is
interesting, for example, a 20-femtosecond laser pulse. In nonlinear optics, several interesting
experiments can be done if light can be confined in a short laser pulse, resulting in high
intensities. One of the popular femtosecond lasers is a Ti Sapphire laser, which can generate
femtosecond laser pulses. It becomes problematic to have laser pulses at all wavelengths because
Ti Sapphire has a specific gain bandwidth in the region of 800 nanometers. A peak amplitude
comes at that point, but it becomes challenging if we want to have output power as a pulse laser
at various wavelengths. A broad range of optical radiation at high intensities can be achieved by
supercontinuum. In this case, the femtosecond pulse propagates through a photonic crystal fiber,
and PCF has solid dispersion because of the complicated bandgap. It converts the incident
electromagnetic energy at 800 nm in radiation to a broad range of wavelengths, pulses of high-

intensity light. This is called supercontinuum.

To sum up, we can think of photonic crystals as semiconductors of light. The 1D,2D, and 3D

modulations of PCF exhibit bandgaps similar to electronic materials.
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However, it is an atomic scale in electronic materials, but now it is a much larger scale in
nanometers. Just as semiconductors control the propagation of electrical signals, photonic
crystals control the propagation of electromagnetic waves. It is a new frontier of photonics. One
of the challenges is that it is susceptible to fabrication tolerances. A small amount of disorder can
create havoc in observed optical effects. That is one of the difficulties in Photonic Crystal fiber.
One key feature is that we should have a strong index contrast to observe these bandgaps. In
conventional optical fiber, the difference between the core and cladding indexes is minimal; we

want this difference to be as significant as possible in photonic crystals.
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Figure 7.2- Optical spectrum of the continuum generated a 75cm section of microstructure fiber.

The dashed curve shows the spectrum of the initial 100 fs pulse [31].

7.3) Fabrication

Three essential methods for the manufacture of PCF are stacking, drawing, and fiber drawing.
Millimeters in diameter capillaries are stacked with a solid core in the center. It can take several
hours to complete a big stack. Next, the stack is put into a tube and pushed into a fiber drawing
furnace. Fiber drawing furnace run at 1900 degrees Celsius. The stack goes into the furnace
shortly after, and the glass becomes molten and starts to flow like syrup down to the bottom. A
cane comes out ten times smaller than the stack and is typically 2mm in diameter. The cane is
collapsed again by another factor of ten by the fiber drawing tower. The cane is pulled out of the
furnace and coated in plastic. Finally, it gets rolled up in a drum. By this method, hundreds of
meters of structures that are uniform in length can be obtained with an accuracy of a few

nanometers. With this extraordinary technology, we can get many nanoscale objects. One unique
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aspect of this field is that, unlike other fields where lithography is used to make tiny samples that

could take months, we can get hundreds of meters of samples within a day.

7.4) Block diagram and operational mode

Figure 7.4 depicts the experimental configuration and operational principle of the sensor that has
been suggested. The setup comprises several components, including a laser for light
amplification by stimulated emission of radiation, an optical polarizer, a sensor unit, an optical
spectrum analyzer (OSA), a laptop, a programmed pump, an analyte reservoir, and additional
elements. An SMF fiber introduces the laser light into the optical polarizer unit. This fiber turns
unpolarized light into polarized light and directs it through the sensing unit. The analyte is
delivered into the sensing unit through the PVC pipe, and the valve regulates the analyte's flow at
a consistent pressure and temperature. The programmable pump sequentially moves the analytes
into the sensor unit and then releases them into the waste reservoir. The sensing unit facilitates
the interaction between the free electrons of plasmonic material and the photons of the
evanescent optical field. The OSA utilizes single-mode fiber (SMF) to receive the polarized light
signal from the sensor unit and then measures and quantifies the optical spectra. The laptop
collects the measured optical spectra from the Optical Spectrum Analyzer (OSA) using Single-
Mode Fiber (SMF) and presents the loss curve of the resonance peak on a monitor. This curve
corresponds to each unidentified analyte and is associated with a unique resonance wavelength.
The sensor can accurately detect and distinguish various analytes by examining the resonance

peak loss curve.
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Figure7.4- Experimental configuration of the proposed design.

7.5) Implementing Design 1 for early identification of various cancer cells.

Photonics biosensing platforms possess exceptional advantages in detecting several diseases,
including cancer, diabetes, and malaria, because of their high sensitivity, selectivity, and
durability. Cancer is an epigenetic condition characterized by the dysregulation of cell division,
resulting in the development of tumors within the human body. Timely identification of
malignant cells enhances patients' likelihood of survival and improves treatment outcomes.
Optical biosensors offer the possibility of rapid and accurate detection, dependable imaging of
cancer cells, tracking the development of cancer cells, and assessing the efficiency of anti-cancer
chemotherapy drugs. Several techniques, including Raman spectroscopy and surface-enhanced

Raman spectroscopy, have been studied to detect cancer cells using PCF-based SPR biosensors.

In this chapter, a dual-core PCF biosensor has been employed for efficient biosensing. This
sensor contains two elliptical channels positioned on both sides of the fiber core. PCF possesses
desirable characteristics such as flexibility in design, scalability, and efficiency, as well as the
ability to control dispersion and exhibit diverse nonlinear properties readily. PCF-SPR imaging
solution addresses the limitations of traditional prism-based SPR sensing, including a bulky
design, the need for a correct incidence angle, and many adjustable mechanical components.
PCF-based biosensors can overcome these constraints. Plasmonic materials play a crucial role in

designing and developing sensors in PCF-SPR systems. Here, gold is chosen as the plasmonic
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material as it is resistant to oxidation in a wet environment. Consistency in the metal coating is
crucial. This sensor is coated with metal on its external surface, making it suitable for
manufacture. Using advanced finite element computational techniques, the sensor aims to
separate malignant cells from healthy cells accurately. It operates by detecting variations in the

resonance peak wavelength caused by differences in the analyte's refractive index.

The proposed biosensor 1 intends to identify different forms of cancer by detecting any refractive
index alteration from healthy cells to cancer-affected cells. These cancer types include basal cell
carcinoma of the skin, blood cancer cell Jurkat, and breast cancer cell MCF-7. The modal
analysis only considers the fundamental Y-polarization mode. The studies are conducted in the
XY plane while the incident light wave propagates in the Z-direction. A specific wavelength
transformation from the fundamental mode to the plasmon mode results in a significant increase

in energy.

Consequently, losses reach maximum values. The proposed design 1 is analyzed for cancer cell
detection. The optical sensor that has been demonstrated has the potential to establish an efficient
and uncomplicated method for cancer detection, offering low cost and great sensitivity as an
alternative to surgical and chemical approaches. The numerical analysis of the sensor has shown
promising results with gold coating as a plasmonic material. The amplitude sensitivities are

&78/RIU unit for basal and 294.12/RIU unit for MCF-7.

The graphs in the figure display the relationship between wavelength and confinement loss for
all cancer types examined in this study. The blue curves represent normal cells, while the orange
curve represents cancer-affected cells in the figures. When a regular cell in the analyte channel is
replaced by cancerous cells, there is an increase in confinement loss and a shift of the peak
towards a longer wavelength. This phenomenon occurs due to the intense contact between the
metal and dielectric materials, which is affected by the high value of the analyte refractive index.
The primary basis of the amplitude interrogation approach is the displacement of peaks across

the wavelength spectrum.
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Figure7.5a- The proposed PCF-SPR biosensor exhibits confinement loss features for various
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Chapter 8) Conclusion

8.1) Socio-economic impact

The PCF SPR biosensor has a substantial influence on the field of medical science and research.

Some notable applications are outlined below.

e This type of sensor can be utilized to conduct DNA and RNA assays.

e Deadly viruses such as Dengue can be rapidly identified in gut samples. We can utilize
them to analyze antibody-antigen interactions and detect mRNA molecules, hemoglobin
levels, hormones, proteins, and more.

e To ascertain the existence of harmful gases such as hydrogen sulfide within a compound
mixture, various tests can be finished within 2-10 minutes, resulting in a significant
reduction in testing duration.

e In the order of nanograms, only a few molecules are required for the samples, resulting in
a lower overall cost.

e The sole options available are the costly commercial instruments, which cost tens of
thousands of dollars; therefore, we can achieve significant cost savings by leveraging

their use.

8.2) Future Work
In proposed designs 1 and 2, we used circular air holes. Gold and titanium dioxide have been
used as plasmonic materials. Silica is used as background material for both designs. In the future,

the following improvements can be made in this sector.

e Employ various plasmonic materials such as graphene, indium tin oxide, titanium nitride,
aluminum, etc., for enhanced sensitivity and detection limits.
¢ Elliptical, rectangular, and other types of air holes can be compared to yield superior

outcomes.
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e Similar designs can be used to do a D-shaped PCF to examine the performance of the
Sensors.

e The sensing strategies in both designs are external. Attempts to implement an internal
sensing strategy for the same design can be made in the future.

e Future research could focus on multiplexed sensing, where various analytes can be
detected simultaneously.

e Lab-on-a-chip technologies can result in smaller and more portable sensing platforms.
This could be particularly significant for point-of-care diagnostics and on-site
environmental monitoring. PCF-based SPR sensors could be developed for biological
applications, including real-time monitoring of biomolecular interactions, early illness

detection, and medication development.

e Future advancements could enable real-time monitoring of living things, affecting

medical diagnosis and research.

8.3) Conclusion

In summary, it can be reliably stated that biosensors play a crucial role in detecting biological
and biochemical analytes. This paper used the surface plasmon resonance phenomena to identify
the unidentified analyte. The cladding region in PCFs has regularly spaced air holes that guide
the electromagnetic field. Consequently, light propagation may be manipulated by altering the
geometry of these air holes. Various plasmonic materials are employed to augment the sensitivity
of the sensors. The primary factors dictating a sensor's efficiency are the highest amplitude and
maximum wavelength sensitivity. We have comprehensively described two distinct SPR
biosensor designs, demonstrating exceptional sensing capabilities. The fiber is surrounded by a
perfectly matched layer (PML) that ensures the absorption of the scattered evanescent field by
both sensors. We employed the complete vectorial finite element technique (FEM) of COMSOL
Multiphysics simulation software to conduct numerical investigations. Upon optimizing all the
parameters that determine the performance of the fibers, we have obtained exceptional values for

amplitude and wavelength sensitivity (AS and WS), confinement loss, and other relevant factors,
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as previously discussed.

This paper has suggested and computationally examined two innovative plasmonic refractive
index sensors with a double-core structure. These sensors are designed to detect low refractive
index values with great sensitivity. Using both microchannel and Ag-TiO2 configuration in the
proposed design of sensor 2 resulted in a significant improvement in resonance effects. This led
to maximum sensitivities of 12000 nm/RIU and 393 RIU ™! using wavelength and amplitude
interrogation methods, respectively, within the sensing range of 1.36—1.39. Proposed design one
has been tested for detecting various cancer cells, yielding a maximum amplitude sensitivity of
878RIU™! for skin cancer cells. Additionally, the inclusion of an external sensing mechanism
and practical fabrication processes make the suggested sensors highly suitable for detecting
analytes with a lower refractive index, such as drug monitoring and inspection, as well as bio-

organic chemicals.
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