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ABSTRACT

Many researchers have already proved their excellence in the fields of SPR based PCF sensor
research work. In the last years, they have proposed great designs with high amplitude sensitivity.
But the challenge for designing is that most of the designs exhibit high sensitivity with high loss
or they exhibit low sensitivity with low loss. And most importantly the designs become complex
in order to achieve high sensitivity. We tried to remove these restrictions and gain high sensitivity
with a low loss in simple design where we succeeded. For our thesis paper, we proposed a circular
shaped PCF sensor using the principles of SPR. In our proposed design, we compared between
circular, elliptical and rectangular airholes for the same design and explored the best results for
further investigation. The proposed design is surrounded by a thin Perfectly Matched Layer (PML).
A thin gold layer is used as the plasmonic material. TiO> layer is also used for better adhesion of
the gold layer. COMSOL Multiphysics 5.3a and MATLAB was used for the research work. The
technique used for the exploration is Finite Element Method (FEM). The proposed design shows
highest confinement loss of 340dB/cm and maximum amplitude sensitivity of 1189.46 RIU™. The
wavelength sensitivity of the design is 13,000 nm/RIU. The design also achieved a sensor
resolution of 7.69x10°® which is remarkable. The investigation process covers a wider range of
optical spectrum from 0.59 um to 1 um. The Refractive Index (RI) of the proposed design ranges
from 1.33 to 1.4. For its high amplitude sensitivity and relatively low loss, the proposed design

can be used for medical and bio-chemical research.
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Chapter 1: Introduction

1.1 Background

Since last few decades, optical biosensors are widely used to monitor and analyze the molecular

interactions. Optical sensors have gained enormous attention for its easy instant detection
capability due to advance optical instrumentations. In the late 1980s, first optical biosensor had
been commercialized. The basic principle behind any optical sensor is related with the light matters
where the light intensity or electromagnetic fields change due to the presence of samples. A
sophisticated device which is able to convert the light rays into electrical signals and thus can be
made to detect the change and response of ambient condition or to measure the intensity of
electromagnetic waves called an optical sensor. So far, a number of optical sensor techniques are
available such as micro-ring resonator, surface plasmon resonance, resonant mirrors,

photoluminescence and evanescent wave absorption spectroscopy

Optical Chemical and Biomolecular sensors based on Surface Plasmon Resonance (SPR) present
one of the most advanced label-free optical sensing technologies [1]. Their ability to analyze and
monitor the interaction between a molecule immobilized on the surface of the sensor and the
interacting molecular partner in a solution have made SPR sensors a very powerful optical sensor

for biomolecular interaction analysis and biomolecular research in general [2].

Optical sensors based on surface plasmon resonance works initially by generating the surface
plasmon wave (SPW) which can be done by matching the incident light frequency of the p-
polarization or transverse magnetic (TM) surface electrons resulting the free electrons of the metal
surface start to resonate which propagates along the metal-dielectric interface. SPR sensors require
a metallic component carries large number of free electrons. These free electrons provide the real
part of a negative permittivity which are essential for plasmonic materials. Conventional prism
based Kretschmann set-up is widely used for SPR sensor where the p-polarization or transverse
magnetic light is incident on a prism coated with plasmonic materials (Au, Ag, Cu, etc.) and
generates the surface plasmon polaritons (SPP) wave that propagate along the surface (Gupta &
Verma, 2009). A change in dielectric refractive index causes a change in propagation constant of

the surface plasmon (SP) mode. This change consequently affects the coupling condition of the



light wave and the SP wave, and the changes can be detected and analyzed from one of the

characteristics of optical wave interacting with the SP mode.

The past years have witnessed growing number of studies reporting the use of SPR, its application,
method of implementation, SPR technology, with over 1000 new publication each year [3] .So far
SPR sensors have been used for detection of chemical and biological substances of medical,
environmental or military interests .Several successful instruments platforms have been reported
since the introduction of SPR biosensors [4]. Variety of available commercial SPR sensors include
high-resolution sensor systems for the most demanding research into biomolecular interactions as

well as more simplified and cost-effective solutions for fast detection of selected species [5].

The need for simultaneous monitoring of hundreds or even thousands of biomolecular interactions
emerged in areas of medical diagnostic [6], drugs development [7] and food safety and security.
Biomolecular interactions are the key factors of drug-discovery technique. By analyzing the
molecular interactions, it is possible to diagnose the facts about the diseases. High-performance
SPR platforms with angular or wavelength spectroscopy were demonstrated to offer the potential
for increased throughput [8], however the complexity and cost of these sensor system increase
proportionally to the number of channels.

Due to having a wide field of applications and flexibility in implementation, high sensitivity (even
for a very small change of condition and properties of materials) and a future scope of study,
optical sensors based on SPR phenomenon are currently a very attractive sector to conduct research

work.

1.2 Problem Statement

Being an attractive field of research, several designs for SPR based optical sensor had been
implemented by the researcher and noticeable development had been observed. Though internal
sensing technique gives higher sensitivity than external one, it is costly and has a complex
structure. Thus, most of the reported sensors structure that were reported are difficult to be
fabricated due to selective coating of metal layers and liquid infiltration inside the air-hole surface
and the performance of these reported sensors are observed by following the inside sensing.

Several PCF SPR sensors were reported also where the metallic and sensing layer are placed

2



outside the fiber structure to simplify the sensor configuration. However, to control the light
propagation in specific direction to enhance the evanescent field, these sensors introduced non-
circular air-holes (Akowuah et al., 2012; Otupiri, Akowuah, & Haxha, 2015), and also several
small air-holes are selectively placed in the specific position which makes the sensors structure
complex in terms of fabrication (Dash & Jha, 2014a; Otupiri et al., 2014) operation. On the
contrary, achieving high sensitivity with having a comparatively low loss is still a challenge for
these sensors. Thus, so far, the limitations that were observed for the SPR based optical sensors

are as follows:

v’ Fabrication difficulty due to internal sensing technique
v Weak evanescent field

v' Design complexity to achieve high sensitivity

v High loss

1.3 Research Objective

Optical fiber was initially used mainly for the transmission purposes. Thus, some of the
researching challenge was to achieve high birefringence with minimum effective material,
confinement loss, dispersion, bending loss, scattering loss etc. The Eml value obtained lowest so
far is 0.009 [9]. Thus, further decreasing the value is really hard and most importantly not
necessary because of complexity in designing. Same goes for the confinement loss and other
parameters. Thus, this field has become saturated with almost no scope for further improvement
and researchers are now a days giving less attention in this area because SPR is more promising

and has a lot of rooms to research than transmission applications.

The aim of our thesis was to study recent reported SPR based designs and make a review based on
those papers to understand SPR phenomenon and its related term properly and to build our own
design based on that in order to provide a reliable solution for the above-mentioned problems.

In particular, the objectives of the research are follows:

v/ Conducting a review on the reported design of SPR based sensors



v Proposing a design which follows external sensing approach and can guide strong
evanescent field

v' Making the design implementation compatible with the contemporary fabrication
processes

v' To analyze the performance of the proposed sensors based on wavelength and
amplitude interrogation method.

v To achieve a high sensitivity with having a low confinement loss

1.4 Motivation

Surface plasmon resonance is a quantum optical effect that enables the sensitive detection of
biomolecular interactions directly without having to label probe molecules with fluorescent
markers or the use of color changing substrates which enables a lot of applications for it. For
example, it can do an immediate test for the presence of any growth hormone in milk by sensing
interactions with hormones complementary antibody. It can be used to perform DNA and RNA
assays by detecting interactions of the complementary base pairings in real time. It can rapidly test
for the presence of viruses like dengue in blood samples by sensing reactions with virus specific
antigens.

The heart of a surface plasmon resonance-based sensor is a gold film, thinner than the width of
most viruses. It performs biology on one side and physics on the other. On the biology side,
biomolecules are mobilized on the surface of the gold film act as molecular probes and on the
physics side, infrared light creates a resonance with surface plasmons in the film creating a
minimum and reflected light intensity at a particular angle. When target molecules react with the
probes this effects the optical properties and the minimum angle changes. The reflected light
profile is turned into an electrical signal by a linear ray detector. The position of the minimum
tracts the biochemical interactions.

Samples of only a few nano grams of molecules can create a clear reaction graph with angle vs
time. Tests can be completed in two to ten minutes. Thus, it is an established analysis method. The
only alternatives are the commercial instruments that cost tens of thousands of dollars both in
construction and maintenance. SPR technology can be democratized, making available to everyone
within instrument that is fast, accurate and easy to use. It can be used to assay antibody-antigen,



bacteria, virus, DNA, RNA, mRNA, hemoglobin, hormone, protein etc. It can also be further used
in near future in physics, electronics and software.

So, one can focus on its applications in biological sector, physics, environmental science and
education. Having a vast filed to study and to conduct research with it in physics or biology or
chemistry and much room to improve, SPR technology is one of the most promising research area

at present.

1.5 Thesis Framework

This thesis report is organized into six chapters. A brief overview of the chapters are given in this

section.

Chapter 2 provides the basic introduction of photonic crystal fiber (PCF) and its evolution in
optical fiber technology. Different types of PCF that are currently being used is discussed with
mentioning the differences of PCF based fiber from the conventional one. The structural properties
of PCF based fiber following by the type of optical fiber sensors and different sensing types are
also discussed in detail. Finally, the method, algorithms which are used to simulate the result and

the software that is used are presented briefly.

Chapter 3 presents a detail information of what is SPR, its background history, how SPR forms
through by Surface plasmon wave (SPW), Resonance and generates surface plasmon polariton
with the help of evanescent field. This section is concluded with describing the different structural
properties and their impact on the sensor.

In Chapter 4, we presented a detail analyzation on the implemented designs that are reported
recently. The designs are categorized based on the its geometrical structure and its sensing
approach. Two sample designs are implemented to discuss and compare different designs with our

understandings from the analyzation.

Chapter 5 is the main core part of our thesis, proposed a SPR based optical fiber design which can
fulfil our research objective. Three designs are presented and a comparative analysis among them
is provided. All the results that are obtained from the simulation of the implemented design are

plotted and mentioned and compared with the previously reported designs.

Chapter 6 presents the conclusion, socio-economic impact and other proposed future works.



Chapter 2: Technical Background of Optical Fiber Transmission

and sensing

2.1 Overview

In this chapter we presented a brief discussion of Photonic Crystal Fiber (PCF) , classification of
PCF, difference between PCF based fiber and conventional fiber, light guiding mechanism of PCF.
We also discussed some structural properties like EML, confinement loss, birefringence, bending
loss, chromatic dispersion and effective area. Usage of optical fibers as sensors, different kinds of
sensing like, refractive index sensor, microband fiber optic sensor, surface enhanced Raman
Scattering and surface plasmon sensors, different methods of sensing and some simulations are
also discussed in different sub-section.

2.2 Evolution of Photonic Crystal Fiber

Photonic Crystal fibers (PCF) are fibers with a periodic transverse microstructure. In 1978, the
idea of photonic crystal fiber was presented for the first time by Yeh et al. They proposed to clad
a fiber core with Bragg grating, which is similar to 1D photonic crystal. A 2D photonic crystal
fiber with an air-core was invented by P. Russell in 1992. And the first PCF was reported at the
Optical Fiber Conference (OFC) in1996. PCFs have been in practical existence since 1996 as low
loss waveguides. It took four years of technological development for the initial demonstration and
since then the techniques of fabrications becoming more and more complicated. Manufacturing
the microstructure in air-glass PCF to accuracies of 10 nm on the scale of 1 um is now possible.
Now we can control some key properties like, birefringence, dispersion, nonlinearity and the width
and position of the Photonic band gap. PCF has a great range of possibilities by introducing new

features like low-loss guidance in a hollow core.
2.2.1 PCFin Brief

The kind of optical fiber that uses photonic crystals to form the cladding around the core of the
cable is called Photonic Crystal Fiber (PCF). Photonic Crystal is a low loss dielectric medium that
is constructed using a periodic array of microscopic air holes and it goes along the whole fiber
length [10]. Light is trapped in the core in PCF and it gives a better wave guide to photons than

standard optical fiber. The core guidance of the optical signal is provided by a solid silica core in
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PCF. This core is surrounded by periodic air-hole array in the cladding. As the effective cladding
index is lower than the core refractive index, light signal can be guided by total internal reflection
along the silica defect core. The air-holes add up to the low index cladding and the core is usually
formed by making a larger air hole in its position or removing an air hole from the center of the
structure. PCFs have some design freedom, like, core radius, number of rings, air hole diameter
and pitch (air hole to hole diameter). Application of guiding properties can be gained by
modulating these parameters as the guiding properties of optical fibers depend on the refractive
index and refractive index of PCFs depends on those design freedoms [11].
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Fig.2.1: Scanning electron micrographs of different PCF cross-sections. (a) a large-mode-area air-
silica endlessly single-mode PCF, (b) an air-silica highly birefringent PCF, (c) an air-silica air-
core PBF, (d) an all-solid PBF

2.2.2 Classification of PCF

PCFs can be classified into several types. The classification depends on the structures, fiber
parameters and specific guiding properties [12]. PCFs are generally divided into two main
categories: Index-Guiding Fibers (1G-PCF) and Photonic Bandgap Fibers (PBG-PCF).

Index Guiding PCFs or IG-PCF are of several types such as, Highly Nonlinear fibers or HNL fibers
(which has a very small core dimensions to ensure tight mode confinement), High Numerical
Aperture fibers or HNA fibers (which has a microstructure cladding and a ring of air holes
surrounds the cladding) and Larger Mode Area fibers or LMA fibers (which has a larger dimension
of the core and small refractive index to ensure a larger effective area). Hole Assisted PCFs (HA-
PCFs) are another type of IG-PCF when IG-PCFs have a doped core (which has high index doped

silica) and a holey cladding.

Photonic Bandgap Fibers (PBG-PCFs) are of different classes such as, Air-Guiding fiber (AG
fiber) or Hollow Core (HC fiber) and LIC fibers or Bragg fibers.
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Figure 2.2: Types of PCFs (a) PM-PCF, (b) HA-PCF, (c) HNA-PCF and (d) Bragg Fiber- a special
type of HC-PCF [13].

2.2.3 Difference of PCF based fiber and conventional Fiber

A conventional optical fiber has a core that has a higher refractive index than the cladding. A high

refractive index material is doped in the core region to make its

refractive index higher than the silica cladding. Germanium is usually used for increasing the

refractive index of the core and Fluorine is usually used for decreasing the refractive index.



On the contrary, PCF is made of a single material which contains very small air-holes in a silica
background. In conventional fibers, index contrast between the core and the cladding is very low
but in case of PCF, this index contrast is pretty high and manageable. This is achieved by tuning
the difference between two fibers which makes significant differences in their optical properties
[14]. PCF shows super low or high nonlinearities, wider single mode operation, high birefringence,

flat dispersion any many others [15].
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Figure 2.3: cross sections and index-profiles of (a) PCFs and (b) Ordinary fibers [16].

2.2.4 Light guiding Mechanism of PCF

The light guiding of PCF is based on two mechanisms, Total Internal Reflection (TIR) mechanism
and Photonic Bandgap (PBG) mechanism [17]. If the light is guided PCF using TIR mechanism,
it is called Index-Guided PCF (IG-PCF) or High Index Contrast PCF (HIC-PCF). On the contrary,
if the light is guided using PBG mechanism, it is called Photonic Bandgap PCF (PBG-PCF) or
Hollow Core PCF (HC-PCF).

IG-PCFs usually exclude a single air-hole from the structure and this kind of PCFs also have a
doped core with a high index core. In both cases, the core must have a high refractive index (Ncore
> Neladding) than the refractive index of cladding. PGB-PCFs have a hollow core. Generally, the
hollow core is made by creating a larger air-hole in the center of the structure.

10



2.3 Structural properties of Optical Transmission Fiber

Structural properties of optical fiber are represented in this section. Structural properties include

EML, confinement loss, birefringence, bending loss, chromatic dispersion and effective area.
2.3.1 Effective Material Loss

For long-haul transmission, in an optical fiber, the important parameter that must be remembered
is effective material loss (EML). It is due to EML that signal is dropped constantly and cannot
travel very long distance. The EML indicates the total amount of light energy that is absorbed by
the core material itself. The equation that defines the EML is [18]

JE I 2.1)
et =47 | 7 Al o an

Ho ZIAHSZdA

where, €o, o, Nmat are relative permeability, permittivity in free space and refractive index of the

material respectively. E is the modal electric, aeft is the bulk material absorption loss and S; is the

z-component of the pointing vector and s, =1/2(ExH)*z [18].

Higher core porosity causes EML to decrease; this is because higher porosity means few materials
inside the core, so there is less absorption loss. On the other hand, at fixed porosities, as core
diameter increases, EML also increases. Also, as frequency increases EML also increases, because
the lower frequency light wave propagates through the air holes of the cladding region and not

perfectly confined in the core region [18].
2.3.2 Confinement Loss

A THz PCF's confinement loss is a crucial guiding property as it limits the duration of the real
THz transmission system. Limited air holes in the center locale prompt leakage of optical mode
from the inner center region to outside air gaps and this is inevitable resulting in confinement loss
[19]. It is described as the reduction resulting from the finite magnitude of the regular cladding
[20]. Confinement loss can be altered with regard to parameters such as amount of air holes,

diameter of the air hole, number of layers and pitch. It is defined by the equation:
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where, f is the frequency of the guiding light, c is the speed of light in vacuum and Im(nes) is the
imaginary part of the effective index of the guided mode [18].

Confinement loss is inversely related to frequency; this is because high frequency spectrum and
limited core porosity lead to more concentrated light in the core. Confinement loss reduces as the
core diameter is incremented and rises when the porosity is increased. The reason behind this
phenomenon is that when core-cladding refractive index distinction scales up ness decreases and
subsequently forces light to stay in the core when the core is expanded. In contrast, as core porosity
increases the index difference decreases which causes the light to spread gradually to the cladding

region, thus boosting the confinement loss [21].
2.3.3 Birefringence

Birefringence is an important property in fiber optics as well as in many applications where
birefringence is used to support light in a linear polarization state. Generally, materials with
uniaxial anisotropy, the axis of symmetry or the optical axis of a specific material that has no
corresponding axis in the plane perpendicular to it, exhibits this optical phenomenon. For an
irregular light rays, linearly polarized light rays in parallel and perpendicular direction will have
uneven refractive indices, neand no, respectively. When a non-polarized light beam moves through
fabric with an acute non-zero angle to the optical axis, the perpendicularly polarized element may
experience refraction at an angle as per ordinary refractive law and its reverse component at a non-
standard angle shown by the distinction between the two efficient refractive indices called as the
birefringence magnitude [20]. The birefringence is expressed as [22]

B= (2.3)

n,—n|

where nx and ny are the refractive indices of two orthogonal components of the polarization
maintaining wave. Birefringence improves with an increase in frequency because it increases the
index contrast between orthogonal polarization modes. It is also noted that the quantity of

birefringence declines at greater porosity values because increase in porosity allows more power
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to propagate outside the core region, which ultimately reduces the index contrast between the

polarization modes [22].
2.3.4 Bending Loss

Bending loss is a very crucial parameter for the practical implementation of THz waveguide. The

bending loss can be quantified by using the following formula [14]

o L [71 lFFR(ﬂZ_fCZ')M} (2.4)
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where, Aert and R are the effective modal area and the bending radius, respectively. F(x) = x "2e’
X, B =27mnc /A, f=2mnco/A; Where ne and ne are the refractive indices of the core and cladding,
respectively.

Bending loss decreases with increase in frequency. It is high for large values of porosity and
smaller bending radii because the fiber does not trap enough light inside the core when more bent
or the index contrast is further lowered by the porous air holes in the core [19]. Moreover, bending

loss is minor compared to other losses.
2.3.5 Chromatic Dispersion

Chromatic dispersion happens due to pulse expansion and is one of the primary problems in fiber
optic communication system. In the material or in the waveguide, dispersion can take place [20].
However, owing to the steady refractive index of Topas within the frequency band under account,
the material dispersion may be ignored since the dispersion of light in the material is negligibly
low. High waveguide dispersion may improve the rate of bit error during transmission and should
usually be kept low for reliable transmission [21]. Dispersion parameter, S», of the suggested fiber

can be calculated using the following expression [21]

d d?
ﬂ2=£(2 Vet neﬁ} (2.5)
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where nefr is the effective refractive index, c is the speed of light in vacuum, and o =2xf is the
angular frequency. Its unit is ps/THz/cm.

Changes in pitch and radius have an impact on the effective refractive index, resulting dispersion
to vary. Dispersion increases for the use of larger pitch value and it decreases for smaller pitch
values [23]. It should also be noted that dispersion decreases with an increase in frequency [24].
High dispersion restricts the rate of data transmission and effective transmission so it's an issue

and it must be as small as possible.
2.3.6 Effective Area

The effective modal area is a key property of photonic crystal fiber. For communication and other
high-power applications, PC-PCFs with a big effective modal region are essential. The effective
modal area is to quantify the total region played by the basic mode and it may be evaluated by

using the following formula

A=t (2.6)

Here, I(r) = |E4? is the transverse electric field intensity in the cross section of the fiber. Effective
area reduces with an increase in frequency as the mode gradually extends with growing frequency

towards the cladding region, thus decreasing the area of the fiber occupied by the basic mode [21].

2.4 Optical Fiber as Sensors

In this modernized world, the necessity to monitor environmental factors, like, humidity,

temperature, stress, concentration of chemical or biological species is increasing rapidly.

Optical fiber sensing is in competition with other sensing technologies but it is preferred for

following reasons:

v" Remote sensing: a segment of fiber can be used as a sensor gauge with a long

segment of another or same fiber that transmits the sensing information to a remote
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station. Optical fibers give lower signal loss and can maintain a high signal-to-
noise ratio (SNR) compared to other sensors.

v Versatile installation: as optical fibers are very small in size; it enables easy
installation in limited spaces.

v’ Easier transportation: optical fibers are very lightweight and so they are very easy
for transportation in remote locations.

v"Accuracy: optical fiber sensors provides very accurate results as they are free from
electromagnetic interference.

v Detection of extremely small targets: the extremely compact sensor head allows
easy detection of small targets.

v" Excellent environmental resistance: as no electrical current flows through the fiber
optic cable, the sensor is unaffected by electrical noise. The heat resistant type

fibers enable detection in high temperature environments.

Because of these advantages, optical sensors are now replacing conventional sensors. They are
also being used in various experimental research tools to get accurate measurements. The use of
optical fiber sensors to sense the chemical concentration is started since the 1960s. In general,

optical fibers are of two kinds: Intrinsic and extrinsic.
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Figure 2.4: a) Intrinsic sensor b) Extrinsic sensor
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2.4.1 Intrinsic Sensors

The principle of intrinsic sensor is that the sensing takes place within the fiber itself as shown in
figure 2.5(a). The propagating light does not leave the fiber and it is altered by an external
phenomenon. This can be tracked by changes in some features like, polarization, wavelength,
intensity, phase etc. In intrinsic optical fiber sensors, there are four kinds of general sensor designs.
They are: fiber refractometer [25], evanescent-wave spectroscopic [26], active coating [27,28] and

active core [29,30].
2.4.2 Extrinsic Sensors

The principle of extrinsic sensor is that the sensing takes place in a region outside the fiber as
shown in figure 2.5(b). The usage of optical fiber is only as the mean of light delivery and
collection. Another or same fiber can detect and collect back the propagating light that leaves the
fiber.

A good example of an extrinsic optical fiber sensor is an optical fiber liquid level sensor. It has
been developed in recent years and it is based on the direct interaction between the light and liquid.
The most common method that is used in this kind of sensor is to attach a prism to the ends of two

single optical fibers [31].

Another example of an extrinsic optical fiber sensor is an optrode. There is a source fiber and a
receiver fiber connected to a third optical fiber by a special connector using in the design of optrode
[32]. There is a coating of sensitive material on the end side of the third fiber. The chemical that
we want to sense interacts with the sensitive end by changing the reflection, absorption and
scattering properties or by changing the RI, polarization behavior and luminescence intensity. In
this case, the fiber works as a light pipe that transmits to and from the sensing region.

Generally, there are both advantages and disadvantages to using both classes of sensor. Intrinsic
sensors are more sensitive and more difficult to refrain from unwanted external disturbances. And
on the other hand, extrinsic sensors are less sensitive, easier to use and more easily multiplexed
[33].
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2.5 Optical Fiber Sensing

Optical fiber sensing can be of many types like refractive index sensing, microbend fiber optic
sensing. This section presents the different types of optical fiber sensors based on different types

of sensing technique.

2.5.1 Refractive index Sensor

Through the measurement of RI, several different physical and biological parameters and various
chemical substances can be detected. This is the motivation for the researchers to give effort in
making optical fiber RI sensors. Optical fibers now being used in pollution monitoring in water
supply and other public utilities and also monitoring chemical concentration in harsh
environments. The proposed design elements for optical fiber RI sensors are fiber gratings [34-
36], specialty fibers [37-39] and interferometry [40].

Long period grating (LPG) and Fiber Bragg grating (FBG) are generally used for Rl measurement.
RI changes are detected from the shifts of the reflection or transmission spectra. This is due to the
effect of the external RI on the fiber gratings. LPG sensors have better sensitivity as it couples the
light from the core mode to cladding mode. FBG based sensors are less sensitive than LPG sensors.
So, to increase sensitivity, the cladding around the FBG is usually thinned [35,36,41]. RI sensors

based on fiber gratings are expensive because of the fabrication process.

For biochemical sensing, specialty fibers such as micro-structured fiber [38], cladding stripped
fiber [39] and D-shaped fiber [27,42] are being used. Accessing the evanescent field at the interface
of fiber core and the surrounding medium is required for these type of optical fiber chemical

sensors. To remove a part of the fiber cladding, a precision micro-matching is also required.

There are two beams in an interferometer-based RI sensor [40], one beam is used as the reference
and the other beam is exposed to the external medium and serves as the sensing arm. These two
arms combined generate an interference pattern. If there is a change in the external RI, the optical
path length of the sensing arm is altered and causes a shift in interference pattern. To split the

incoming light into two arms, a mechanism is required with the advent of fiber optic couplers.
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2.5.2 Microbend Fiber optic Sensors

The principle of microbend fiber optic sensor is intensity of loss through a curved section of an
optical fiber [43-46]. When the fiber bend radius is changed, the intensity loss also changes. This
makes it possible to deduct the applied force with the change in the transmitted intensity. These
approaches are inexpensive and simple. The causes of change of transmitted laser are temperature,
change in the bend radius by applied force etc. These changes can be detected and used in sensing.
Some existing application of microbend sensors are detection of cracks [46], stress, strain [47],
chemical species [48] and pH in a solution [45]. Some other applications are measuring RI of a
liquid [49], liquid level in a vessel [50], noise in a combustion engine [51] and humidity [52, 53].
Even though the principle is simple, but the complexities in maintaining and the tiny size of the

sensor is still a challenge.
2.5.3 Surface Enhanced Raman Scattering

Surface Enhances Raman Scattering or SERS in short, is a form of Raman spectroscopy which
involves the experiment of interacting in some manner with metal surfaces or the samples absorbed
to. No metal particles are present and the target analyte interacts directly with the incident
electromagnetic field in case of conventional Raman Scattering. In case of surface enhanced
Raman scattering, there is a coating of metal colloids around the substrate and the chemical to be
examined is on the metal surface. This metal coating creates the surface plasmon resonance on the
substrate surface. This substrate surface is responsible for transferring energy through an electric
field to the target molecules and it allows inaccessible vibrational structures to be determined. In
the case of SERS, the signal is much enhanced than conventional Raman spectroscopy.

SERS sensor is made of a single optical fiber and its end-face is coated with a thin layer of
nanoparticles and it is used as a waveguide for the transmission of an excitation laser beam. It
results in a high-quality SERS signal. There are a lot of fabrication techniques for optical fiber
SERS sensors. They are: an angle-polishing technique of the fiber tip in which the signal can be
enhanced by a factor of six [54], a unique optimized fiber tip geometry which helped to improve
the sensor's detection limit [55,56], a long optical fiber made of side-polished and end-polished
fibers [57].
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2.5.4 Surface Plasmon Sensors

For the past few years, there were many applications of fiber-based surface plasmon resonance
(SPR) sensors like, SPR sensor configuration with single and multimode and polarization
maintaining fibers which is coated with a thin metallic layer [58-61]. A surface plasmon resonance
occurs when light is reflected off a thin metal film (e.g. Au, Ag) deposited on a substrate (e.g.
glass, prism, quartz) and when the angle of incidence is greater than the angle of total internal
reflection (TIR). A small amount of the light energy interacts with the collective oscillation of free
electrons in the metal film and reduces the intensity of reflected light. SPR have been attracted a

lot of attention in recent years in optical sensing research due to its unique physical properties.
2.6 Methodology and Simulation

In this section, the design methods of the SPR sensor is presented in details. This section also
includes the theoretical description of the model in terms of its numerical characterization to match
real life operation and also its performance metrices. In this section, all numerical tools used in the

realization of the biosensor are also included.
2.6.1 Different Methods

To evaluate the propagation of electromagnetic or acoustic waves through a layered medium, the
transfer-matrix method is used in optics and acoustic. Fresnel equation describes the phenomenon
of reflection of light forming a single interface between two media. The reflections are partially
transmitted and then partially reflected when there are multiple interfaces. Depending on the
accurate path length, these reflections can affect constructively or destructively. The overall
reflection of a layer structure is the sum of an infinite number of reflections. Maxwell’s equations
state that there are simple continuity conditions for the electric field across boundaries from one
medium to another. The final step of the method is converting the system matrix back into

transmission and reflection coefficients.

To solve the Maxwell’s equations, a computational technique, plane wave expansion method is
used by formulating an eigenvalue problem out of the equation. This method is popular for
designing photonic crystal fibers [62]. In calculating modal solutions of Maxwell’s equation, plane

wave method is very useful. Plane wave method is used in computing over a periodic geometry. It
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is a vectoral method and it is directly applied to the fiber design. When characteristic width and
center of each chosen with localized function approach, particular knowledge about the solution is

not necessary [63].
2.6.2 FEM and Proposition for the use of FEM

Finite element method (FEM) is an arithmetic technique to find estimated solutions of boundary
value problems for partial differential equation. In this method, finite elements are used and these
are the subdivision of the whole problem domain. It uses variational methods to solve the problem
by minimizing an associated error function. By connecting many simple element equations over
many small sub-domains, naming finite elements in FEM, a complex equation is guessed over a
bigger domain. FEM requires the division of the PCF cross section into mesh within each

Maxwell’s equation.

The methods have some advantages while analyzing micro-structured fibers. For specific method,
there is specific advantage and for our thesis we used FEM method and it accurately represents
complex geometry. FEM is a summation of divergent material properties and an easy
representation of total solution. To solve complex nonlinear problems, FEM is more suitable [64].

In the presence of layer with strong attenuation, transfer matrix method is numerically usable.

FEM shows its superiority in irregular domains, especially when boundary conditions are
involved. The main benefit of FEM is it can deal with both complex 2D and 3D domains [65].
FEM shows great result when the problem needs local mesh refinement. The proposed model has
to complete mesh refinement, so, FEM is chosen. The FEM can solve inhomogeneous domains
better than homogeneous domains, and this is an advantage. FEM has the ability to model
compositionally and geometrically complex problems and it is one of the main reasons for
choosing FEM [66].

2.6.3 Implementation of FEM on PCFs

A full vectoral analysis is required for the study of hybrid mode and polarization dependent wave
propagation. Considering an optical waveguide with an arbitrary cross section in the x-y plane that

has a full vectoral wave equation derived from Maxwell’s equation:

Vx([pV xp)-ki[akp=0 @2.7)
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2.6.4 PML and Effective Refractive Index

The additional spaces or domains that do not reflect incident radiation rather absorbs them are
called Perfectly Matched Layer (PML). It is a part of the model and it is to made of different
absorbing material of various thickness. A matching isotropic permeability and permittivity with
the physical medium outside the PML is required such that there are no reflections. By introducing
a complex valued coordinate transform under the additional requirement, we can use Maxwell’s

equation to formulate the PML.
2.6.5 Software Used for Simulation

COMSOL Multiphysics is a powerful software tool and is a cross-platform finite element analysis,
solver and Multiphysics simulation software. It allows conventional physics-based user interfaces
and coupled systems of partial differential equations. As it can perform modal analysis eigen-
frequency and finite element method (FEM) we used this software for the simulation purposes of
the SPR based designs.

As this study is fully based on simulation works, all proposed sensors are investigated with the
commercial COMSOL 5.3a software and performances are optimized with wavelength and
amplitude interrogation methods. The accuracy of the simulation methods are verified with the
reported literature before analyzing the proposed sensors. Effective refractive index is the main
important thing that is needed from the simulation results for further calculation Proposed PCF
SPR sensors are developed by considering the selectively metal coating, liquid infiltration and

external sensing problems.
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Chapter 3: Surface Plasmon Resonance and SPR Based Optical

Fiber Sensors

3.1 Introduction

Surface plasmon resonance (SPR) is an optical-based, label-free detection technology for real-time
monitoring of binding interactions between two or more molecules. Being a physical process SPR
can occur when plane-polarized light hits a thin metal film under total internal reflection conditions
when the resonant oscillation of conduction electrons at the interface between negative and
positive permittivity material stimulated by incident light. Binding interactions between a
molecule on the sensor surface and its binding partner(s) in solution (mentioned as analyte) are
monitored in real-time by SPR. When the molecules bind, the refractive index close to the surface
changes causing a shift in the angle of minimum reflected intensity. SPR-based analytical
biosensors can be extremely powerful tools for the characterization of molecular interactions. The
combination of three individual elements, the detector, the sensor surface and the sample delivery

system are critical to the performance of the experiment [67].
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Fig 3.1 Surface Plasmon Resonance
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3.2 History

In the late sixties, optical phenomenon of surface plasmons through attenuated total reflection was
demonstrated by Kretschmann and Otto [68-70].

Optical excitation of surface plasma waves has two major approaches: attenuated total reflection
in prism coupler-based structures and diffraction at diffraction gratings. The application of surface
plasma waves for sensing has been pioneered by Nylander and Liedberg [4]. Particularly because
of its relative simplicity, this method has been widely applied for characterization of thin films
[71-72] and biochemical sensing [73-75].

In the 1980s, SPR and related techniques were applied to the interrogation of thin films and also
for biological and chemical interactions [71]. These techniques allow the user to study the
interaction between immobilized receptors and analytes in solution, in real time and without
labelling of the analyte. By observing binding rates and binding levels, there are different ways to
provide information on the specificity, kinetics and affinity of the interaction, or the concentration

of the analyte.

In 1980, Pharmacia became interested in SPR and started investigating the possibilities of the
technique. In 1983, SPR sensors were introduced for the first time by Liedberg et al which was
based on prism coupling [4]. Later in 1984, Pharmacia founded the company Pharmacia Biosensor
AB to develop, produce and market a functional SPR-machine. The development of appropriate
sensor surfaces by Pharmacia Biosensor [76-77] and the fabrication of the silicon microfluidic
cartridge brought an easy-to-use SPR-machine closer to becoming a reality [16]. Over the years,

different manufacturers developed other SPR systems.

Within a short period, many publications from Pharmacia Biosensor introduced the new hydrogel
of dextran [77] the correlation between the SPR signal and the RIA assay [78] and gave a
description of the BIACORE machine [79]. BIACORE instruments make use of a wedge-shaped
laser beam and a diode array for detection, which results in no moving parts in the detection unit.
The development of different, unique, more sensitive and specialized machines gave us the
BIACORE X, BIACORE 2000, 3000 and Q for quality control. Other developments involved the

way the liquid was handled.
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In general, SPR machines use micro fluidic channels with valves to address the sample to different
sensor spots. The first machine (BIACORE A100) with dynamic addressing was released in
2005[80]. The four flow channels in the micro fluidic cartridge are much wider and have five
detection spots in each channel.

SPR sensor provides greater sensitivity. Thus, even a very small variation of an analyte’s RI can
be detected from the large peak wavelength shift. Greater sensitivity results better accuracy of
detection of an unknown analyte [81]. Plasmonic(sensing) material plays a vital role in SPR sensor
performance. It is used as the sensing material for the overall surface plasmon resonance
phenomenon. It guides the incident light from the cladding part to the metal dielectric surface to
produce the surface plasmon wave which results in surface plasmon polariton. As SPR is used for
mainly sensing in the molecular level, this material needs to be very stable in nature and also
fabrication of it inside the fiber need to be compatible.

In general gold, copper, silver and aluminum are used as active plasmonic materials [82]. Use of
silver material results in a sharp resonance peak which increases sensing accuracy. But it is
chemically unstable and highly susceptible to oxidation which reduce the sensing performance
[83]. A thin coating of graphene layer can be used as a better solution but it is very complex to
fabricate and cost is comparatively higher. Gold is chemically stable because it does not oxidize
easily [84]. It also shows narrow resonance peak than other available materials. So far

several noticeable works have been introduced to improve the performance of SPR sensor.
3.3 Literature Review

This section presents SPR related terms which includes surface plasmon wave (SPW), surface

plasmon resonance (SPR), surface plasmon polariton (SPP), evanescent field
3.3.1 Surface Plasmon Wave

SPR sensors are comprised of a glass substrate and thin gold coating. Light passes through the
substrate and is reflected off of the gold coating (Fig 4.2). At certain angles of incidence, a portion
of the light energy couples through the gold coating creates resonant oscillation of conduction

electron and resulted in a surface plasmon wave at the sample and gold surface interface.
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Fig 3.2 Generation of Surface Plasmon Wave

The angle of incident light required to sustain the surface plasmon wave is very sensitive to
changes in refractive index at the surface (due to mass change), and also with the thickness of the
layer of the sample and the gold. It is these changes that are used to monitor the association and
dissociation of biomolecules. Thus, Surface plasmon wave is the main basis of surface plasmon

resonance

3.3.2 Surface Plasmon Resonance

Surface plasmon resonance (SPR) refers to the excitation of surface plasmons (SPs), which are
electromagnetic waves coupled on the surface between a metal and a dielectric medium (or air)
propagated along the interface of the metal and dielectric material (or air) . The surface plasmon
can be excited by the evanescent wave. When this happens, the intensity of the reflected light
decreases sharply. The decays of the excited surface plasmon include energy conversion to photons
[85].

The fundamental operating mechanism of PCF-based SPR sensors depends on the mutual
interaction between evanescent field and surface electrons. The evanescent field guides the binding
of the molecules which creates the SPW. In short, SPW interacts with the sensing layer due to this
phenomenon. The performance of the SPR sensors depends on the geometrical parameters of the
PCF.
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3.3.3 Surface Plasmon Polariton

The charge motion in a surface Plasmon always creates electromagnetic fields outside (as well as
inside) the metal. The total excitation, including both the charge motion and associated
electromagnetic field, is surface Plasmon Polariton. They are a type of surface wave, guided along
the interface in much the same way that light can be guided by an optical fiber.

I spp

y structured
silver film

detector

Fig 3.3 Surface Plasmon Polariton

Surface Plasmon polaritons (SPPs), are infrared or visible frequency electromagnetic waves, which
travel along a metal-dielectric or metal-air interface. The term "surface Plasmon Polariton™
explains that the wave involves both charge motion in the metal ("surface Plasmon™) and
electromagnetic waves in the air or dielectric ("Polariton™). An SPP will propagate along the
interface until its energy is lost either to absorption in the metal or scattering into other directions

(such as into free space) [86].

3.3.4 Evanescent Field

For light reflecting at angles near the critical angle, a significant portion of the power extends into
the cladding or medium which surrounds the core. This phenomenon, known as the evanescent
wave, extends only to a short distance from the interface, with power dropping exponentially with
distance. The evanescent field has been exploited to allow for real-time interrogation of surface-

specific recognition events [87].
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Fig 3.4 Evanescent Wave in Optical Fiber

Fiber optics are often said to use total internal reflection for guiding the light energy down the
fiber, but actually a portion of the internally reflected wave extends a small distance beyond the
core boundary into the optical cladding (fig 4.4).This is the evanescent wave property, which can
be exploited by removing the fiber cladding to allow the evanescent wave to extend beyond the
core boundary into substances surrounding the fiber core. In a system with an absorbing dielectric
medium, the absorption of the medium is enhanced by the strong evanescent electric field.

3.4 Surface Plasmon Excitation by light

In order to excite SPR by irradiation with light, a phase matching condition should be satisfied
which states that the excitation of SPR is possible only if the propagation constant of the light
vector matches the propagation constant of the SPs [88]. According to the plasmon dispersion
relation [89] for any wavelength, SPs have a longer wave vector than light waves of the same
frequency propagating at the surface. This condition makes it impossible to excite SPs directly by
shining incident light onto a smooth metal surface. The wave vector of light can be adjusted to
match the wave vector of the SP by launching it through the metal from a medium with a RI higher
than the RI of medium at the boundary where a SP is going to be excited. Standard ways to excite
a SPR are to couple light through a prism [68], grating [90] or waveguide [12]. However, in recent
years there has been quite an interest to excite SPR on the surface of optical fibers and sub-
wavelength holes [91]. Prism coupling is one of the first tested SPR configurations and is discussed

in the subsequent section.
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3.4.1. Prism configuration

One of the well documented prism configurations used to excite SPR, was first reported by
Kretschmann and Raether in 1968 [68]. This configuration is shown in Figure 3.5, where the setup
employs a high RI prism (glass) with a metal layer on the prism’s bottom and a sample on the

other side of the metal layer.

Gas medium
Metal

IR Beam I

Prism

Fig 3.5 Kretschmann SPR configuration.

Light propagating in the prism is reflected at the prism-metal layer interface by means of total
internal reflection. The evanescent field of the reflected light at the first interface penetrates into
the metal, and if the thickness of the layer allows, it reaches the second metal-sample interface. If
the RI of the second sample is smaller than the RI of the prism and also if the propagation constant
of light propagating in the prism matches the propagation constant of the SP then a plasmon

resonance occurs and a plasmon wave propagates at the second metal-sample interface.

3.4.2. Excitation of SPR in an optical fiber

Even though sensors currently based on the Kretschmann configuration can be relatively small,
there has been an attempt to excite SPR in optical fiber to produce a more compact and reliable
sensor with remote sensing capabilities. Excitation of SPR in optical fibers is similar to the
excitation of SPR in the prism configuration. Light propagation in the fiber core and cladding in
the form of modes experience total internal reflection at the cladding-core and cladding-exterior
medium interfaces. Different modes hit the cladding-core and cladding-exterior medium interfaces
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at different angles. Similarity between light propagation in the optical fiber via total internal
reflection and in prism configuration have led to many successful attempts to realize SPR sensors
in optical fibers.

Recently, remarkable progress has been made to SPR, localized SPR and photonic crystal fiber
technologies, new types of optical fiber SPR-based sensors have attracted growing attention in the
research community. Therefore, it is not possible to review all information in these areas. The
details and some excellent reviews on some of the studies can be found in the references [92-95].
Some of the general SPR fiber sensors are shown in Figures 3.7(a) - (e)

(@) Overlayer (b)

b2
Cladding Metal layer Metal layer
(c) (d)
. Mctal.layer
\\‘ \
T
Metal layer
e
() Metal layer

Fig 3.6 General SPR optical fiber sensors include (a) D-shape fiber, (b) cladding-off fiber,

(c) end-reflection mirror, (d) angled fiber tip, and (e) tapered fiber [95].

Unfortunately, in standard telecommunications(transmission) fiber the coupling mechanism
corresponding to the prism configuration is not strong enough to excite a surface plasmon

resonance. If any standard fiber is coated with gold, or another SPR active metal and the phase
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matching condition is satisfied by the core mode, SPR will not be excited on the fiber surface
because the strength of the resulting evanescent field from total internal reflection at the core-
cladding interface might be too weak to cross the cladding and interact with the metal layer.
Because It is the evanescent wave which produces the primary condition for the conduction
electron the metal-dielectric interface to oscillate at resonant frequency. A weak evanescent field
means higher core power fraction, which results in a light unable to incident on the plasmonic
layer thus no surface plasmon polariton will occur. Though Cladding modes can also be employed
to excite SPR, a coupling mechanism must be provided to couple light from the core mode to
cladding modes. Consequently, there are no SPR sensors based on the standard single mode fiber
without deformations or modifications. Existing approaches which have been introduced so far are
based on the excitation of SPR by means of enhancing the evanescent field near the metal layer
and can be divided in two groups.

In the first group of approaches, the fiber is deformed in such a way that the metal layer is located
in proximity to the core and core-cladding interface. The evanescent field resulting from the core
mode reflection at the core-cladding interface can excite a SPR if it is strong enough to reach the
metal layer. The metal layer can be located in proximity of the core-cladding interface by partially
or completely removing the cladding. Typically, this can be achieved by creating a deep cut in the
cladding [58] or by bending the fiber and polishing one of the fiber’s sides [96-100] or by use of
a non-standard fiber such as D-type optical fiber [42]. Another accepted approach is to use a
tapered fiber [61]. In some approaches, it has been suggested that the plain metal coating can be
replaced by nanoparticle layers [101,102], which may improve the performance of SPR fiber
Sensors.

In general, most of the proposed optical fiber SPR sensors based on metallic nanostructure
technology do not have a proper theoretical understanding. Generally, the published experimental
results were used to provide solutions for the optical fiber SPR sensors. Complications occurring
during the manufacturing of sensors may result in changes to the SPR phase matching condition
and possibly a widening of SPR and, as a consequence, a reduced sensitivity. The research
conducted to date has shown that much has been accomplished in this field. However, more work
can be done to develop new approaches and to improve the performance of the proposed sensors,

in order to make them more robust and simplified.
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This thesis investigates the current state of the art in the fields of surface plasmon resonance (SPR)

in order to make a more reliable PCF based sensor having high sensitivity with relatively low loss.

3.5 Properties of SPR

For the optical fiber-based excitation of SPR, fused Silica (SiO2) is used for the background
material as well as the core material in general and which is also for the case of our thesis.
Refractive index profile of silica is wavelength dependent resulting the use of Sellmeier equation
which is defined as:

2 B A? By A? B3 A?
n“A) =1 ;
@) + A2-¢, + 12—, A2-c5’

(3.1)

where n represents the RI of silica and A stands for the wavelength of light. Moreover, Sellmeier
coefficients are B1 = 0.69616300, B2 = 0.407942600, B3 = 0.897479400, C1 = 4.67914826 x 10°
$ um?, C2 = 1.35120631x102 um? and C3 = 97.9340025 pm? [103].

Drude-Lorenz [104] model is used to get the dielectric constant of gold which is:

wp? Ae. 0F )
w(w+jyD) (0?2-03)+jTLw’

€Au = €°( (32)

€au is the permittivity of gold. €,=5.9673 is the permittivity at high frequency. w :% is the

angular frequency, wp = 4227.2r THz is the plasma frequency, yD = 31.84w THz is the damping
frequency, Ae=1.09 is the weighting factor, I[;,=209.72mr THz is the spectral width and Q; =
1300.147 THz is the oscillator strength.

3.5.1 Loss

Loss or confinement loss is a crucial guiding property in SPR sensor. It is described as the
reduction resulting from the finite magnitude of the regular cladding. Confinement loss can be
altered with regard to parameters such as number of layers, amount of air holes, diameter of the
air hole and pitch. Calculation of the confinement loss can be done by the same equation that was

mentioned earlier in the section 2.3.2

The real part of the nest of the SPP mode is highly dependent on small variation of the analyte RI.

A small variation of the analyte RI results in a change in the nest which is accountable for the phase

31



matching towards other resonance wavelength. It turns to shift the real part of nes of the SPP mode
towards higher wavelength when RI is increased. At phase matching state, when core-guided
fundamental mode and the SPP mode overlap, a sharp loss peak is observed at a specific
wavelength. This directs that the maximum power is transferred from the core-guided fundamental
mode to the SPP mode. The loss also varies with small change in RI index. With a small increase
in analyte RI results in a large shift to higher wavelength in the loss peak [103].

3.5.2 Wavelength Sensitivity

Sensitivity is the most vital performance measuring parameter for SPR. The sensitivity of a sensor
can be determined using both the wavelength and amplitude interrogation technique. According to
the wavelength interrogation method the WS of a sensor can be calculated by [106]

Sy = 222k [m /RIU] (3.4)

ang
where, 04,4, indicates the difference between two consecutive resonant wavelengths and dn,
indicates the difference between two neighboring na. So greater difference between two
consecutive resonant wavelength means higher sensitivity.

3.5.3 Amplitude Sensitivity

The Amplitude interrogation method is less complex and cost effective compared to the
wavelength interrogation method as it does not require the wavelength interpolation. The

amplitude sensitivity of the introduced sensor can be calculated from [107]

1 da(dng) . (3 5)

Sa([RIUT] = —

a(Ang) 0ng

where a(), na) is the overall loss for a particular RI at a particular lamda and RI is equal to na and
da(4, na) is the loss difference of two loss spectra for that particular RI with its adjacent ones.

By varying the analyte RI, amplitude of loss peak changes (amplitude sensitivity). The amplitude
sensitivity gradually increases with an increase in film thickness because light is confined more
causing less penetration of the core mode electric field into the cladding region [108]. X-
polarization usually shows a better amplitude sensitivity than y-polarization as sharper loss peak

is obtained at x than y polarization.
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3.5.4 Sensor resolution
Sensor resolution determines the degree of detection with analyte RI variation. The resolution of

a sensor can be determined by the following [105]
_ Mg A i 3.6)
Adpear
where, R represents the sensor resolution, An,represents the variation of analyte RI, AA,,,;,, defines
the minimum wavelength resolution, and A2, determines the difference in resonance peak shift.
Resolution means sensor indicates that the sensor has the capability to detect a tiny change of RI
of the order of 10°°.
3.6 Design Factors that controls the sensing performance of a SPR sensor
The sensing performance of SPR sensors vary widely in accordance with the design parameters.
Thus, to get the best results optimization of different parameters are needed to find the certain
value at which highest sensitivity will occur with relatively low losses. This section presents the
description of such influential parameters and their effects on the sensing performance
3.6.1 Effect of plasmonic material thickness on sensing performance
The thickness of the plasmonic film thickness plays an important role on the sensing performance.
It also significantly affects the resonance wavelength shift. Increasing it resulted in a reduced loss
depth thickness, more than that, increasing it causes a shifting of the peak loss towards a longer
wavelength. Also, higher thickness contributes to the lower entrance of the evanescent field
towards the surface, causing less amplitude sensitivity. Thus, there is an inverse relation between
thickness and sensitivity. If thickness is increased the excited polaritons have to travel more space
to reach and interact to the analyte. Increase in thickness gradually decreases the light penetration
which shifts the loss peak to a higher resonant wavelength [109].
3.6.2 Effect of cladding and core air hole diameter on sensing performance
Variation in cladding air holes affects the amplitude sensitivity. It can be seen that the variation of
the diameter of the air hole from its optimum causes the loss peak to widen and reduces the
amplitude sensitivity.
With increase in diameter of core air holes, causes the confinement loss to scale up. Because with
larger core air hole diameter the nefr difference between core and cladding gets smaller. As a result,

loss increases [110].
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3.6.3 Effect of pitch distance on sensing performance

By varying the pitch distances, the sensor displays no significant change in wavelength sensitivity,
nevertheless significant changes in amplitude sensitivity is found. However, in some cases,
resonant peak shifts to higher wavelength with decreasing pitch size and shifts to lower wavelength
with increasing pitch size. Also, with increase in pitch (A) value, the loss peak shifts towards the
shorter wavelength with increased confinement loss value because of light being confined less
tightly with core region [109].

3.6.4 Effect of PML thickness on sensing performance

PML has very little impact on the confinement loss and also on the sensitivity. In case of our design
which will be presented in the later chapter it was found that reduction of PML thickness below
1.0 um resulted in a great change in amplitude sensitivity but PML thickness greater than 1.0 um
produced similar sensing performance.

3.6.5 Effect of RI of the analyte on sensing performance

RI has the most significant effect on the sensing performance of SPR sensor. Higher confinement
loss, increases the field penetration through the cladding area. This suggest that maximum energy
transfers from the core guided mode to SPP mode. With the rise of the analyte RI, the refractive
index contrast between the core-guided mode and the SPP-mode decreases and the sensor becomes
more sensitive. Increasing RI decreases the sensing length because the length of a sensor is totally
dependent on the absorption loss. Thus, sensitivity peak shifts to higher resonance wavelength and

broadens the overall curve with increased Rl and vice versa.
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Chapter 4: A review on PCF Fiber Based on Surface Plasmon

Resonance

4.1 Introduction

Kretschmann and Reathers went up with a concept of a SPR detector in 1968, where direct
deposition of a thin metal layer on the base of a prism coupler was demonstrated [68,111,112]. In
1983, Liedberg et al. demonstrated SPR sensor for the first-time using prism coupling for chemical
and biological applications [113,114,108], however, they require many optical and mechanical
(moving) components that make them bulky and unsuitable for remote sensing. To overcome these
difficulties, R.C. Jorgenson first planned about optical fiber based SPR sensor in 1993, where the
fiber core was coated with the gold film to reveal the plasmons response [58]. Fiber based SPR
sensors are extremely useful due to its multiple attractive features such as efficiency, real-time
detection, convenient operation controllable birefringence, high confinement, single mode
propagation and controllable evanescent field [114-117]. The fiber based SPR sensors are widely
used as they are small in size and cost effective and are used in applications such as water testing,
maintain food quality, bio-sensing, medical diagnostics, gas detection, bio-imaging, environment
monitoring, organic chemical sensing, real time monitoring, glucose monitoring, disease detection
and so on for its high sensitivity characteristics [114,118-120,107, 110].

The plasmonic metal plays a dynamic role on the sensing performance of a SPR biosensor. At
present, various types of plasmonic metals are being used such as silver, aluminum, TiO2, copper,
graphene and gold [121]. Silver would have been a perfect plasmonic metal due to its less optical
damping and sharp resonance peak, however, silver has the oxidation problem which affects the
sensing ability. Copper is another strong candidate to be a potential plasmonic metal. Among them,
gold is the plasmonic material that is mostly used because it is chemically stable and has no
problem with oxidation [122].

Two kinds of sensing systems are involved in a SPR based PCF sensor: one is internal sensing, the
other is external sensing. When the analyte selectively fills the air gaps, the sensing is called
internal, while the sensing process is called external sensing when the analyte is positioned on the

surface of a PCF. Among the internal sensing SPR, the most recent work reported was by Rifat et
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al. [123] proposing a gold coated sensor that resulted a maximum wavelength and amplitude
sensitivity of 11000 nm/RIU and 1420 RI1U respectively. A number of D-shaped external sensor
were reported the past couple of years. Among the reported D-shaped structures, Md. Ekhlasur
Rahaman et al. in 2018 reported wavelength sensitivity of 3000 nm/RI1U and amplitude sensitivity
of 241 RIU[18]. In 2015, Wang et al. reported a maximum wavelength sensitivity of 12450
nm/RIU within the RI range of 1.345-1.410 [124].

Both internal sensing approach as well as D-shaped structure of the external sensing approach
consist some limitations. Among external sensors where analyte channel is in contact with the
outer surface of the PCF, Liu et al. obtained a maximum wavelength sensitivity of 15180 nm/RIU
within the analyte R1 of 1.40 to 1.43 [125].

In 1999, Jir''” Homola et al. published a review paper that summarizes development and emerging
trends in SPR-sensing. Major applications were outlined where SPR sensors are used. It also said
about commercialization of surface plasmon resonance sensor technology on market and future
trends in development of SPR sensors [118].

We categorized different sensors according to their plasmonic materials: gold, bimetallic, silver,
ITO. In gold and silver section, we further categorized according to their lattice structure and in
bimetallic section we categorized them according to gold-silver, gold-TiO2 and silver-graphene.
Performance based on wavelength and amplitude interrogation method are explicitly explained.
Maximum amplitude sensitivity, wavelength sensitivity and resolution are recorded for each
sensor with respect to their RI range. Also, we have explained how phase matching points are
varied with changing parameters like diameter, PML, thickness of gold (Au) or silver (Ag), sensing
layer and pitch.

We also proposed two designs similar to the designs implemented by other researchers in order to
make comparison. In the first design we proposed a gold coated circular lattice PCF based SPR
sensor which showed wavelength and amplitude sensitivity of 2300 nm/RIU and 264.7 RIU™,
respectively. In the second design we proposed a gold coated hexagonal lattice PCF based SPR
sensor. The simulation result showed wavelength and amplitude sensitivity of 3000 nm/RIU and
459.05 RIU™, respectively.

4.2 Design Structure and Performance of PCF-SPR sensors

The SPR sensors are categorized according to its surface plasmonic material (gold, silver,

bimetallic, etc.). The plasmonic metal layer can be coated inside or outside the fiber surface in a
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PCF. The performance of SPR sensor highly depends on the geometrical parameter of PCF. Design
parameters should be chosen carefully for a simple interaction between metal layer and evanescent
field. Sensitivity is more when there is strong coupling between core guided mode and SPP mode.
By optimizing different geometrical parameters of PCF based on surface plasmon resonance, we

are able to get maximum wavelength sensitivity and amplitude sensitivity.
4.3 SPR sensor Using Gold Metallic Layer

Based on reported design, this section presents a detail analyzation of different kind SPR designs,
their characteristics and comparison among them that used gold as the metallic layer

4.3.1 Having Hexagonal Lattice

In 2018, A. K. Paul et al. introduced a highly sensitive PCF- SPR sensor where the gold film,
having thickness of t; = 30 nm, is placed outside the PCF structure. The lattice structure has
elliptical air-holes with major axis diameter da = 1.61 um and minor axis diameter dp= 0.7 um,
arranged in a hexagonal structure. The figure has been shown in Fig. 4.1(a). All elliptical air holes
are well united to ensure proper coupling between the surface plasmon polariton (SPP) and the
polarized mode of x or y. In both x and y polarized modes, a maximum sensitivity of 19000
nm/RIU, amplitude sensitivity of 910 RIU™, and maximum RI resolution of 5.26x107° RIU were
found in the analyte refractive index (RI) range of 1.36 to 1.40. By varying the thickness of the
gold film, the confinement loss and amplitude sensitivity were observed. As thickness was
increased both confinement loss and amplitude sensitivity decreased and at tg = 30 nm the
sensitivity performance found was the highest. This sensor is very efficient and highly sensitive,
therefore can be used for medical diagnosis and unknown detection of analytes. The sensitivity
could be further improved if there are small air holes implemented between the gaps of two large
air holes [106].

In 2015, A. A. Rifat introduced a hexagonal lattice PCF-SPR sensor, shown in Fig. 4.1(b), that had
an active plasmonic gold layer. The analyte (sample) was put outside the fiber framework rather
than inside the air-holes, resulting in a more straightforward and simple fabrication method. Two
holes next to the core are removed to increase birefringence. Two air-holes in the second rings are
as same size as the center air-hole to concentrate the evanescent field at two opposite sides of the

fiber. The analysis stated that with an increase in RI, the resonance peak jumped to the longer
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wavelength and the loss depth was simultaneously improved owing to the reduced core-cladding
index. The suggested sensor showed a peak favorable sensitivity of 4000 nm/RIU and sensing
resolution of 2.5x10° RIU. The loss depth also lessened due to increase in gold layer thickness.
To get better signal to noise ratio, the gold tg= 40 nm was the optimized thickness. In addition, the
highest sensitivity for amplitude was 320 RIU with a resolution of 3.125 x10° RIU which are
comparatively less compared to other papers and is less applicable in practical applications [110].
In another work of A. A. Rifat, in 2016, where he proposed a similar PCF-SPR sensor where the
gold and sensing layer were placed outside the fiber. It had three rings of air-holes arranged
hexagonally along with two smaller air-holes. In addition to the small air-holes, to excite the metal
surface, two other holes were omitted to create a gap for the evanescent stream. The sensor showed
the wavelength and amplitude sensitivities of 1000 nm/RIU and 118 RIU™, respectively. In
addition, the suggested sensor displayed sensor resolution of 1x10* RIU and 8.5x10° RIU, with
respect to the wavelength and amplitude interrogation method. The paper did not present any
change in sensitivity due to change in geometrical parameters. It can only be applicable for

biological and biochemical analytes detection. The figure is shown in Fig. 5.3.1(c) [126].

Table 4.1
Analysis on different properties of SPR sensors having hexagonal lattice
Reference Sensing RI Range Maximum Maximum Maximum
Approach Wavelength | Amplitude Sensor
Sensitivity Sensitivity Resolution
(nm/RIV) (RIUY (RIV)
[106] External 1.36-1.40 | 19000 910 5.26x10°°
[110] External 1.33-1.37 | 4000 320 3.125x10°
[126] External 1.33-1.37 | 1000 118 8.5x10°

(a)[106]
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Fig. 4.1. Cross sectional view of (a) hexagonal lattice PCF with elliptical air-holes, (b) hexagonal
lattice PCF biosensor based on SPR, (c) simple 3 ring, hexagonal PCF biosensor based on SPR
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4.3.2 Having D-shape lattice

It’s really difficult to fill the analyte into the air holes and coat the metal films, therefore D-shaped
PCF based SPR sensors are introduced as they are easy to fabricate and less time consuming. In
2016, Rahul Kumar Gangwar and Vinod Kumar Singh came up of a D-shaped PCF-SPR sensor.
The structure is made of two layers of optical air-holes [in Fig. 4.2(a)] where diameter of first air-
holes is a little smaller than the second ones. The first- and second-layer air holes have diameter
ds= 0.40 um, d; =0.80 pm, not only that, thickness of plasmonic gold material is kept at tg = 0.04
um. The confinement loss achieved were to be 79.20, 73.60, 56.55, and 49.06 dB/cm, respectively,
when the RI of the analyte differed from 1.43 to 1.46. The maximum sensitivity was calculated to
be 9000 nm/RIU with a very high resolution of 1.30x107° RIU. The variation of the confinement
loss with different geometrical parameters were determined to improve the performance of the
sensor. However, in loss versus wavelength analysis, the peak loss decreases with respect to
increase in analyte RI. It also showed with an increase in pitch (A) value, the loss peak shifted
towards the shorter wavelength with bigger confinement loss. The reason is because increase in
pitch value causes less confinement of light towards the core region. When the thickness of gold
(tg) was 0.03 um the maximum loss of 107.11 dB/cm was observed. The confinement loss of the
sensor decreased as the thickness of gold [109].

A modified D-shaped PCF based surface plasmon resonance (SPR) sensor can be implemented for
the detection of biological analytes, organic chemicals, bio-molecules, and other analytes. Emranul
Haque et al. came up with this sensor, in 2018, which had a RI detection of analyte ranging from
1.18to 1.36 and gold (Au) as a plasmonic material layer placed outside the D-shaped PCF structure
[in Fig. 4.2(b)]. Due incomplete coupling between core mode and SPP mode it offered maximum
wavelength interrogation sensitivity of 20000 nm/RIU and maximum amplitude interrogation
sensitivity of 1054 RIU?. In fact, the suggested sensor displayed maximum wavelength
interrogation resolutions of 5x10-6 RIU and amplitude interrogation resolutions of 16.7x10° RIU.
The amplitude sensitivity and wavelength sensitivity found are relatively high compared to other
D-shaped SPR sensors [127].

In 2015, Guangyao Wang et al. presented a D-shaped PCF with square-lattice having a nanoscale
gold film on the flat fiber surface. All the sizes of air holes are identical with diameter di= 1.2 um
with a pitch value of A = 2 um. By various analysis techniques, the highest wavelength and

amplitude sensitivity were found to be 12,450 nm/RIU with analyte RI ranging from 1.345 to 1.41.
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With increasing RI from 1.345 to 1.41 the resonance peak experienced a red shift from 745 to 1470
nm. The loss variation was implemented with respect to change in refractive index and pitch value.
The sensitivity could have been further improved if the impact on loss due to variation of thickness
of gold were implemented. Not only that, amplitude sensitivity was not considered in this paper.
This sort of sensor is useful in fiber bio-sensing applications. The sensor is shown in Fig. 4.2(c)
[124].

Table 4.2
Analysis on different properties of SPR sensors having D-shaped lattice
Reference Sensing RI Range Maximum Maximum Maximum
Approach Wavelength | Amplitude Sensor
Sensitivity Sensitivity Resolution
(nm/RIU) (RIUY (RIU)
[109] External 1.43-1.46 9000 1.30 x10°°
(Side
polished)
[127] External 1.18-1.36 20000 1054 5x10®
(Side
polished)
[124] External 1.345-1.410 | 12450
(Side
polished)
Eopiiey N I T—
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Fig. 4.2. Cross sectional view of (a) D-shaped PCF with hexagonal lattice, (b) modified D-shaped
PCF which has air-holes arranged in in rectangular lattice formation, (c) D-shaped PCF with
square-lattice.

4.3.3 Having Circular lattice

In 2018, Shumaia Sharmin et al. introduced a simple gold-coated circular PCF-SPR sensor [in Fig.
4.3(a)] consisting of two air holes in the first ring and eight air holes in the second ring. As shown
in Fig. 4.3(a) the air holes are stationed at 60-degree anticlockwise rotations with four air holes

missing in the second one to create asymmetric structure. The optimum design parameters taken
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are fixedat A=2um,d=0.2 A,d¢=0.3 A,d1=0.6 A, d2=0.4 A and tg= 40 nm to get an excellent
sensing performance. The sensor showed maximum wavelength sensitivity of 8000 nm/RIU and a
maximum amplitude sensitivity of 198 RIU with a resolution of 1.25x10° RIU in the analyte RI
range of between 1.33-1.39. The gold layer thickness made a significant impact not only on
confinement loss but also on amplitude sensitivity. Changes in loss and amplitude sensitivity were
implemented with respect to changes in pitch, gold thickness and analyte R1 [116].

M. A. Mollah introduced a simple circular lattice SPR-PCF sensor which was highly sensitive and
had plasmonic material (gold) of thickness ty = 30 nm outside the PCF structure. The sensor
consists of two rings. In the first ring, there are eight air holes with diameter di=1 um while in the
second ring, there are four air holes having the diameter of d> = 1.6 um and another four having
the diameter of d3 = 0.4 um. Maximum wavelength sensitivity, amplitude sensitivity, and
resolution found were 12,000 nm/RIU, 2044 RIU™, 8.33x10° RIU, respectively in the analyte
range of 1.37-1.41. The confinement loss decreased when film thickness was increased to observe
sensor performance. The gold film thickness was optimized to 30 nm where the sensor showed the
best sensing performance. The sensor is shown in Fig. 4.3(b). The sensor is highly applicable for
bio-sensing applications [121].

Sensing performance is said to be high when there is high coupling between core-guiding mode
and SPP mode. Md. Saiful Islam introduced an external sensing PCF-SPR sensor, as shown in Fig.
4.3(c), that had an analyte channel at the outer surface. Different air holes d, d: and d> diameters
are used to form the cladding, which has an important impact on confinement loss and propagation
of light through the fiber. The core shape is kept rectangular to have an asymmetric structure in
order to improve birefringence. The parameters taken are listed as follows: H= 0.5 um, W = 0.15
pum, A =1.8 um, A1 =1.6 pum, A2 =1.24 um, d = 1.35 pum, d1 = 1.20 pm, d>=0.18 pm, tg = 30 nm,
ta= 0.9 um, and tp = 1.0 um. The author after analysis found the wavelength sensitivity of 1000,
2000, 2000, 3000, 3000, 5000, 8000, 13000, 15000, and 62000 nm/RIU respectively in the range
analyte RI of 1.33 to 1.43 are. The circular and rectangular shaped air holes can be achieved using
stack and draw and extrusion technique. Sensing performance could be further improved if
modifications of thickness of plasmonic material is taken into consideration. This sensor is
normally used in biomedicine, chemistry for accurate and precious detection of other biological

and biomedical agents [128].
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Analysis on different properties SPR sensors having circular lattice

TABLE 4.3

Reference Sensing RI Range Maximum Maximum Maximum
Approach Wavelength | Amplitude Sensor
Sensitivity Sensitivity Resolution
(nm/RIV) (RIUY) (RIV)
[116] External 1.33-1.39 8000 198 1.25x10°
[121] External 1.37-1.41 12000 2044 8.33x10°
[128] External 1.33-1.43 62000 1415 1.61x10°®
—
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Fig. 4.3. Cross sectional view of (a) a simple gold-coated circular lattice PCF based SPR sensor,
(b) simple circular lattice SPR-PCF, (c) two-layer circular lattice photonic crystal fiber (PCF)
biosensor.

4.3.4 Having hybrid, spiral, trapezoid lattice

In 2017, Alok Kumar Paul et al. introduced a gold-coated SPR-PCF biosensor which is shown in
Fig. 4.4(a). It has a gold layer deposited at the outer surface with a thickness of 40 nm. It also has
two rings of air holes. The first ring is arranged in a circular pattern and the second ring is arranged
in a hexagonal pattern thus forming a hybrid lattice structure. Different analysis based on
confinement loss, wavelength sensitivity, resolution was carried out by varying analyte ranges
from 1.35 to 1.38. The suggested fiber had a maximum wavelength sensitivity of 4500 nm/RIU
and amplitude sensitivity of 347 RIUL. It had maximum resolution of about 2.22 x 107 RIU and
high degree of linearity of about 0.99405. The performance of the sensor highly depends on the
thickness of gold film. At t;= 40 nm, the sensor showed maximum sensitivity, thus was considered
optimum gold layer thickness. This type of sensor is highly used in bio-sensing applications [129].
In 2019 Suoda Chu et al. implemented a trapezoidal (TC-PQF) six-fold PQF biosensor. The PQF-
based sensor, as shown in Fig. 4.4(b), has several optical benefits due to its distinctive design, such

as flattened zero-dispersion profile for a broad range of wavelength and low confinement loss,
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ensuring precision and stability throughout the sensing phase. It consists of four layers of air holes
of d =1 um with no core air hole in a six-fold PQF framework. An open trapezoid-shaped analyte
channel is located at the top center of the fiber cross-section in order to infuse the analyte into the
channel. The height of the trapezoid channel, da was 2 um. For surface plasmon excitation, a
uniform thin gold film layer of 50 nm thickness is covered at the base of the channel. The distance
between top and core is d1 = 4.5 pum. The suggested sensor demonstrated a maximum refractive
index (RI) sensitivity of 4400 nm/RIU, 6100 nm/RIU, 8000 nm/RIU and 17000 nm/RIU
respectively, for analytes Rl range of 1.44 to 1.57, 1.41 to 1.51, 1.40 to 1.49 and 1.40 to 1.44. It
was also found out that with an increase in analyte liquid height the sensitivity of the TC-PQF
biosensor had increased but caused sensing range to reduce. This sensor can detect different raised
RI chemicals, biochemicals and organic chemical specimens [119].

Md. Rabiul Hasan et al. introduced a SPR biosensor-based on dual-polarized spiral PCF in 2018.
Chemically stable gold material is used outside the PCF structure, as shown in Fig. 4.4(c). It has a
spiral cross-sectional view consisting of six arms and three rings. It should be noted that there are
two air holes lacking in the first ring along the horizontal axis to generate asymmetry. The
birefringence resulted in enhanced coupling between core guiding mode and SPP mode. The
diameter of the central air hole is dc = 0.2xA and remaining air holes are d = 0.65 x A, while
keeping A value to 2 um. From y-polarized mode, the maximum wavelength sensitivity of 4600
nm/RIU and amplitude sensitivity of 420.4 RIU™ were obtained and from x-polarized mode,
maximum wavelength sensitivity of 4300 nm/RIU and amplitude sensitivity of 371.5 RIU™ were
obtained [122].

Table 4.4
Analysis on different properties of SPR sensors having hybrid, trapezoidal and spiral lattice
Reference Sensing RI Range Maximum Maximum Maximum
Approach Wavelength | Amplitude Sensor
Sensitivity Sensitivity Resolution
(nm/RIV) (RIUY (RIV)
[129] External 1.35-1.38 4500 347 2.22x107°
[119] External 1.40-1.44 17000
[122] External 1.33-1.38 4600 420.4 2.69 x 10°
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Fig. 4.4. Cross sectional view of (a) a hybrid cladding structured dual core PCF based SPR sensor
(b) a six-fold PQF biosensor with a trapezoidal channel (TC-PQF), (c) dual-polarized spiral PCF
based biosensor.

4.3.5 Having Random Structure

As a biosensor for surface plasmon resonance, Ahasan Ullah launched a microstructured optical
fiber with lens-shaped air holes [in Fig. 4.5]. It has a unique structure where tiny central air hole
is surrounded by four identical biconvex lens-shaped air holes. The central hole lessened the core
mode effective index which in turn caused phase matching with the plasmonic mode. By tuning
radii of lens shaped air holes (r1) and the distance between the intersecting points (I) resonance
wavelength, modal confinement loss and sensitivity of the sensor could be controlled and analyzed.
Simulation result showed a maximum amplitude sensitivity of 500 RIU, a maximum wavelength
sensitivity of 5000 nm/RIU and a resolution of 2x107° RIU [112].

Table 4.5
Analysis on different properties on SPR sensor having random lattice structure
Reference Sensing RI Range Maximum Maximum Maximum
Approach Wavelength | Amplitude Sensor
Sensitivity Sensitivity Resolution
(nm/RIV) (RIUY (RIV)
[112] External 1.33-1.345 | 5000 500 2x10°
[112]

Fig. 4.5. Cross-sectional view of SPR biosensor based on microstructured fiber with lens shaped

air holes.
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4.3.6 Structural Design and simulation of a reported design

We implemented a previously reported PCF-SPR with external sensing approach circular lattice
in Fig. 4.6 using finite element method (FEM)-based COMSOL 5.3a software. This sensor is
similar to the sensor suggested by Md. Saiful Islam et al. in [130]. The plasmonic material that we
used here is gold. The reported sensor has circular lattice structure with 2 rings of air-holes. There
are two air-holes missing in the second layer in order to create birefringence. In the second ring
air-holes are arranged in 30° anticlockwise progressive rotation while in the first ring air-holes are
arranged 60° anticlockwise progressive rotation. Three air-holes are made smaller than the rest in
order to accumulate evanescent field at two opposite sides of the PCF. The parameter taken are:
pitch distance A= 2 pum, diameter of smaller air holes d1 = 0.2A pum, diameter of bigger air-holes
d= 0.4A pm, thickness of the gold film tg= 40 nm.

PML
Liquid
Tused
Silea

Gold

Air

Fig. 4.6. Cross-sectional view of the reported circular lattice PCF sensor with di = 0.2A um, d=
0.4A pm, A= 2 pm and tg= 40 nm.
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Fig. 4.7 (a) Fundamental loss variation for increasing analyte RI from 1.35 to 1.37, (b) amplitude

sensitivity for different analyte Rl with d1 = 0.2A pm, d= 0.4A pm, A=2 um and tg= 40 nm.

A small change in analyte RI causes the phase matching point to shift. Fig. 4.7(a) shows that higher
analyte shifts the resonance wavelength shift towards a higher wavelength. Increasing the analyte’s
RI leads to a reduction of the index contrast between the core and cladding, thus causing an
increase in confinement loss. The lowest confinement loss of 12.03 dB/cm was found for an
analyte RI of 1.35 and highest loss of 17.03 was observed at analyte RI 1.37 at 0.655 um
wavelength. By using wavelength interrogation and amplitude interrogation method the sensitivity
of the proposed sensor can be analyzed. From Fig. 4.7(b), amplitude sensitivity of 62.347 RIU™,
53.208 RIU?, 67.275 RIU are found at 0.6200 um, 0.6400 pum and 0.6500 um, respectively. The
reported sensor shows maximum wavelength sensitivity of 2200 nm/ RIU and maximum
amplitude sensitivity of 261 RIU at Rl of 1.36.

4.4 SPR sensors using Bimetallic Materials

To enhance the evanescent field, many researchers used bimetallic layer instead of one single gold
outside the cladding surface and at certain conditions obtained better result than using only gold
as the metal layer which is presented in brief in this section

4.4.1 Using Gold+ TiO>

To overcome adhesion problem of gold a thin TiO> layer with elevated RI with non-toxicity and
environmental compatibility characteristics is frequently used between Au and glass. Recently, in
June 2019, Saiful Islam et al. published a paper where they introduced simple, miniature, and
highly SPR-PCF biosensor. A 30-nm thick gold (Au) layer supported the surface plasmons
whereas thin titanium dioxide (TiOz) layer was used to assist adhesion of gold on the glass fiber.
The fiber cross-section, as shown in Fig. 4.8(a), is created by circular-shaped holes that simplified
the process of preform production. Also, using an array of air holes in the middle of the fiber, a
high-birefringence was acquired. The performance analysis of the proposed sensor was carried out
by optimizing different geometrical parameters that included Au film thickness tg, TiO2 film
thickness ti, air hold diameters d and d1, and a number of core air holes nc. The authors carried out
the analysis by varying the geometrical parameters that included gold thickness tg, number of air

holes in core nc, air hole diameters d and di and thickness of TiO». The following parameters are
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used as optimum for sensing performance: dc = 0.125A, d = 0.67A, d1 = 0:09A, A=1.65 um, A1
=1.16 pm, nc=5, tg=30 nm, and t; =5 nm. From this sensor the maximum wavelength sensitivity
25,000 nm/RIU, maximum amplitude sensitivity 1,411 RIU™ were recorded [115].

There are always opportunities to create a low cost SPR biosensor. Md. Saiful Islam et al.
introduced a localized surface plasmon resonance (LSPR) that could combine both wave-guiding
and plasmonic resonance sensing. LSPR is an optical phenomenon that is a result of surface
plasmon excitation in nanoparticles or nanograting’s of a size smaller than the wavelength of light.
Dc=0.18A,d=0.70A, di=0.09A, A=3.75 pm, ta= 1.5 um, and tp, =1.80 um are taken as optimum
parameters as shown in Fig. 5.4.1(b). The sensor showed a maximum wavelength sensitivity of
111000 nm/RIU and high amplitude sensitivity of 2050 RIU 2. It also showed a high resolution of
9 x 107", It also had the capability to detect any analyte within a refractive range from 1.33 to 1.43
in the visible to mid-IR. The LSPR showed a sharper loss peak in around 1.85 times larger AS
than with SPR. Not only that, LSPR requires less Au and TiO2, which increases cost-effectiveness
for real-world applications. The thickness of both Au and TiO, were varied to find the best possible
sensitivity of the optical sensor. Scientists are now focusing on LSPR since it showed very high

performance compared to previous sensors [131].

Table 4.6
Analysis on different SPR sensors having gold and TiO2 as plasmonic layer
Reference Sensing RI Range Maximum Maximum Maximum
Approach Wavelength | Amplitude Sensor
Sensitivity Sensitivity Resolution
(nm/RIV) (RIUY (RIV)
[115] External 1.33-1.38 25 000 1411 4x10°®
[131] External(dual | 1.33-1.43 111000 2050 9x107'
side polished)
{j_\t /— PML EEEE
o T Analyte ==
;';:{\ L Gou Au I
) — TiO: m—
-:.:\ w— Silica Silica =
'.._:‘\ — Air-  [E—]
B l Air
(a)[115] (b)[131]

Fig. 4.8 Cross-sectional view of (a) a hi-bi ultra-sensitive surface plasmon resonance fiber sensor,
(b) a localized surface plasmon resonance (LSPR).
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4.4.2 Using Silver+ Graphene

Ahmmed A. Rifat et al. introduced a PCF-SPR sensor with selectively filled analyte channels.

Silver is used as plasmonic material to detect analytes correctly and is covered with a slender

coating of graphene to avoid oxidation [in Fig. 4.9]. The liquid-filled cores are positioned close to

the metal channel. The lattice is triangular in structure and value of pitch and air-hole diameter are

A =1.90 um, d = 0.5A, respectively. On the other hand, the analyte core diameter and the metallic

channel diameter are equal, d1 = dc = 0.8 A. The silver and graphene thicknesses are set as tg= 35

nm and t; = 3 nm, respectively. Performance analysis was measured with respect to analyte RI,

thickness of silver, liquid-filled air-hole diameter. The maximum wavelength sensitivity calculated

was 3000 nm/RIU. Also, the maximum amplitude sensitivity was 410 RIU with a high resolution
of 2.4 x 10°RIU [108].

Table 4.7
Analysis on different properties of SPR sensor having graphene and silver as plasmonic layer
Reference Sensing RI Range Maximum Maximum Maximum
Approach Wavelength | Amplitude Sensor
Sensitivity Sensitivity Resolution
(nm/RIV) (RIUY (RIV)
[108] Internal 1.46-1.49 3000 410 2.4 %x107°
(selective
coating)
[108]

Fig. 4.9 Cross-sectional view of SPR sensor with selective analyte channels and graphene-silver

deposited core.
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4.4.3 Using Gold+ Silver

An SPR-PCF biosensor having two metalized microfluidic slots constructed by gold and silver as
plasmonic material was launched by Akowah et al. back in 2012 [shown in Fig. 4.10]. Gold is
deposited at the top of the silver to assist as protection against oxidation and other chemicals. As
shown in fig. 8, some air holes in the second ring are made smaller for effective phase matching
between core guided mode and surface plasmon modes. The second ring has two uniform thickness
slots that surrounded the analyte. Parameter values taken are: A=1.5 um, di/A=0.5, do/A =0.22,
tau=5 nm, tag=45 nm. The sensor was able to get a low sensitivity of 3200 nm/RIU which was its
highest wavelength sensitivity. Due to large micro-fluidic slots, the structure is relatively easy to
fabricate [132].

Table 4.8
Analysis on different properties of SPR sensor having gold and silver as plasmonic layer
Reference Sensing RI Range Maximum Maximum Maximum
Approach Wavelength | Amplitude Sensor
Sensitivity Sensitivity Resolution
(nm/RIV) (RIUY (RIV)
[132] External 3200
=) PML [132]

Fig. 4.10 Cross-sectional view of PCF-SPR sensor based on bimetallic structure of gold and
silver.

4.4.4 Structural Design and analysis of another reported design

Similarly, we implemented another photonic crystal fiber (PCF) sensor based on surface plasmon
resonance design as shown in Fig. 4.11 The design is similar to the design implemented by Rajan
Jha [133] which had graphene layer on silver coated PCF. But in our proposed design we used
only gold as plasmonic material to compare the sensitivity and loss between the two designs. Using

Comsol Multiphysics 5.3a software simulation is carried out.
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The sensor has a central hole that is surrounded by six holes arranged in a hexagonal manner. The
holes are separated by a distance A= 2 um. There are six air holes both at top and bottom. The
second layer consists small air holes used as fine confinement of light in a particular direction.
Larger holes lead to confinement of light towards the core. According to the fig. 14, the parameters
taken are: do=0.2 A, dv=0.4A, de=0.3A, d1=0.6A. The thickness of gold used is 40 nm.

Analyte
Air

Gold

Silica

Fig. 4.11 Reported PCF based SPR sensor having a hexagonal lattice structure with A=2 pum, d»>=
0.2 A, dv=0.4A, de=0.3A, d1=0.6A.
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Fig. 4.12 (a) Fundamental loss variation for increasing analyte RI from 1.35 to 1.37, (b) amplitude

sensitivity for different analyte RI with A=2 pum, d>=0.2 A, dp= 0.4A, dc=0.3A, d1=0.6A.

From Fig. 4.12 (a) we see peak losses at 0.62 pum, 0.65 pum and 0.68 pum at three different analyte
RI in x-polarization mode. Loss of 77.18 dB/cm, 94.79 dB/cm and 106.69 dB/cm are found in
analyte R1 1.35, 1.36 and 1.37, respectively. We also see that phase matching between core mode
and SPP mode shifts to higher resonant wavelength.

Furthermore, the performance of the sensor is evaluated by the mean of amplitude and wavelength

sensitivity. As shown in Fig. 4.12 (b), the maximum amplitude sensitivity of 459.05 RIU™ is
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obtained at 650 nm wavelength for the analyte RI n,= 1.35. The maximum wavelength sensitivity
calculated is 3000 nm/RIU.
By using gold as plasmonic material the sensitivity of this sensor increased drastically than the
design at [133], provided all the parameters are kept constant. The design shown in [133] provided
maximum amplitude sensitivity of 860 RIU and a maximum loss of 600 dB/cm at 1.37. The
wavelength sensitivity has not been calculated in that paper. It also did not show the x- and y-
polarization of the PCF. The performance of the sensor also could be improved if we varied the
thickness of gold, diameter of air-hole. The performance could also be improved by adding a PML.
4.5 SPR Sensor Using ITO
The permittivity of ITO is modeled using [11]:

2

p
_ 41
w? +iwl (41

w

c(w) = e—

where ¢ = intra-band dielectric constant, I'= damping coefficient, w;= ne®/uo, u = 0.3me, me = free
electron mass, wp = 2.19ev and I'=0.111ev.

The refractive index profile can be obtained from the following equation [116],

_ legqg, 2441 X107 ‘s
I 22— 0.803 x 107 (4.2)

where, ntdenotes the RI of TiO2 and A is in Angstroms.

Thin film TiO; raises the surface plasmon excitation which in turn increases the evanescent field.
It also has high refractive index than the fiber and whenever placed on the glass creates strong
coupling between the core guided and the plasmonic mode, thus enhances sensing performance
[115].

Using indium tin oxide (ITO), the plasmonic resonance can be adjusted by altering the inherent
characteristics of the materials by altering the number of metal atoms and oxygen content. Jitendra
Narayan Dash and Rajan Jha, in 2014, introduced a SPR sensor based on conducting metal oxide
(ITO) that guided surface plasmon wave at the interface of dielectric and ITO. By changing the
thickness of ITO, one could tune the peak resonant frequency but unlike other plasmonic materials,
no band to band transitions were involved in case of ITO. Moreover, ITO is more economic that
gold and silver, thus cost-effective. As shown in Fig. 4.13(a) parameters of the sensor taken A =
2um, di/A =0.5, d2/A = 0.8, d3/A =0.65, dc/A = 0.4, t =70 nm, where t is the thickness of the ITO
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layer. The sensor managed to show a high sensitivity of 2000 nm/RIU. Using amplitude and
wavelength interrogation method the resolution achieved were 12 x 107 RIU and 5 x 10°°,
respectively [117].

Two years later, the same authors introduced a similar SPR sensor based on ITO but was given d-
shape in structure. A commonly recognized etching or edge polishing method can achieve the
necessary d-shaped framework. As shown in Fig. 4.13(b), along x-direction, the diameter of the
core is 4.3 um. There are two large holes which has diameter 4.5 pm and the smaller holes has
diameter of 2.2 um, while keeping pitch value of 4.4 um. Thickness of ITO were varied to survey
of shifting of resonant wavelength. Also, wavelength sensitivity were calculated with variation of
analyte RI from 1.330 to 1.350. The maximum sensitivity was found 17000 nm/RIU along with a
resolution of 5.8x10°® RIU which is higher than previous sensor using ITO [134].

Table 4.9
Analysis on different properties of SPR sensors having ITO as plasmonic layer
Reference Sensing RI Range Maximum Maximum Maximum
Approach Wavelength | Amplitude Sensor
Sensitivity Sensitivity Resolution
(nm/RIV) (RIUY (RIV)
[117] Internal 2000 80 5x107°
(multi-
coating)
[134] External (side | 1.330—1.350 | 17000 74 58x10°
polished)
> ’PM\L > Analyte
é%??f g ::M, ) ITo
O < s O._, |
NCaat )_.
\\9@0 / X
(@)[117] (b)[134]

Fig. 4.13 Cross-sectional view of (a) SPR biosensor based on conducting metal oxide (ITO), (b)
SPR sensor based on a side-polished birefringent PCF coated with ITO
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4.6 SPR Sensor Using Silver

The relative permittivity of silver (eag) is obtained by [32]:

4
o/& N z Cp _
iw p=1a)2 + Ayiw + B’

Eag(@) = € + (4.3)

where, e,,= intraband dielectric constant at infinity, w= resonant frequency, &,, = permittivity

of silver.

4.6.1 Having D-shaped structure

Chao Liu et al. presented a symmetrical dual parallel D-shape PCF-SPR sensor that is highly used
in the area of chemistry, biomedicine, and integrated optics. In Fig. 5.6.1 silver layers are coated
on the vertical planes and have a thickness of tag= 50 nm. As seen in the figure, parameters taken
are ra = 100 nm, d = 900 nm, and r = 12 um where ra represents the radius of the air holes, d
represents distance between two fibers and r represents the distance between the air hole array in
an arc-shape and center of a single fiber. A1 = 2rsin(x /16) represents distance between adjacent
air holes in an arc shape whereas A>= 2r / 4 is the distance between vertically arranged adjacent
air holes. By simulation, the results obtained were 1222 RIU* which was the maximum amplitude
sensitivity and 14660 nm/RIU which was the maximum wavelength sensitivity when the analyte
refractive indexes are varied from 1.39 to 1.40. Also, the average sensitivity reached were 14660
nm/RIU with a sensing resolution of 6.82 x 107® RIU [135].

Table 4.10
Analysis on different properties of SPR sensor having D-shaped structure
Reference Sensing RI Range Maximum Maximum Maximum
Approach Wavelength | Amplitude Sensor
Sensitivity Sensitivity Resolution
(nm/RIU) (RIUY (RIU)
[135] Internal (dual | 1.36-1.41 14660 1222 6.82 x 10°°
side polished)
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Fig. 4.14 Cross-sectional view of symmetrical dual D-shape PCF-SPR sensor

4.6.2 Having Circular Shaped lattice

A hollow-core PCF SPR sensor with circular lattice air holes was proposed by authors Moriom
Rojy Momota and Md. Rabiul Hasan in 2017. In the exterior surface of the PCF framework,
[shown in Fig. 4.15] a slim coating of silver is used. The second circle contained two air-hole rings
with four missing air holes. The air holes in the second ring were larger than the first ring for better
light containment in the desired direction. In order to obtain high sensing performance, they used
the following design parameters A = 2 mm, d = 0.57A, di= 0.78 A and ts = 30 nm. The sensor
displayed a maximum wavelength sensitivity of 4200 nm/RIU with a wavelength resolution of
2.38x10° RIU. The maximum amplitude sensitivity of 300 RIU™ with a high wavelength
resolution of 3.33 x 10° RIU is also obtained for an analyte refractive index of 1.37. The length

of the sensor can be expanded to centimeters due to small confinement loss [120].

Table 4.11
Analysis on different properties of SPR sensor having circular shaped lattice
Reference Sensing RI Range Maximum Maximum Maximum
Approach Wavelength | Amplitude Sensor
Sensitivity Sensitivity Resolution
(nm/RIV) (RIUY) (RIV)
[120] External 1.33-1.37 4200 300 3.33x10°
[120]
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Fig. 4.15. Geometrical cross-sectional view of a hollow-core PCF SPR sensor.
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4.7 Discussion

From the last few decades, researchers have tried to improve the performance of PCF based SPR
sensors by developing distinct structures within the sensors. They have carried out different
progresses in order to gain maximum sensitivity with low confinement loss and improved
performance. Having structural simplicity and good sensing performance made its usefulness in
biomolecules and chemical analyte detection.

By reviewing the papers from 2010 to 2019 on PCF based on surface plasmon resonance, we can
get an idea of what type of sensors and geometrical parameters provide higher sensitivity or loss
depth. Fused silica is used almost every SPR sensors as background material since it has ultra-low
thermal sensitivity. Perfectly matched layer (PML) added at the outer layer potentially absorbs
radiation energy. Although PCF-SPR sensors provide higher sensitivity that transmission-based
PCF they are often difficult to fabricate. External sensing approach PCF-SPR sensors provide
higher amplitude sensitivity and wavelength sensitivity than internal sensing approach sensors.
Circular lattice genuinely creates more improved sensitivity than hexagonal and trapezoid lattice
structures because more of light confinement. Multiple small air holes in a lattice means more
confinement of light towards the core whereas larger air holes provoke transfer of energy from
core to surface mode to increase. Moreover, pitch distance should be low otherwise there will be
a large amount of leakage of light towards the cladding region. D-shaped PCF SPR sensors, where
one side of PCF is polished and a metal layer applied on the flat top, also provide high sensitivity
but needs precise polishing to extract portion of the PCF, which is practically challenging. Overall,
it would be very difficult to fabricate irregular PCF structures that requires various sizes of holes
to be placed in precise positions.

Gold is used in most of the SPR-PCF sensors as the plasmonic material as it is chemically inert,
biocompatible, and can be applied easily using chemical vapor deposition method. On the other
hand, bimetallic layer PCF based SPR sensor are more effective than single layer sensor. Addition
of TiO2 with gold in SPR-PCF sensors provide higher sensitivity than other bimetallic PCF
sensors. Since TiO2 has a high Rl and acts as a transition metal, creates a strong evanescent wave
and causes strong coupling of core mode and SPP mode, which in turn escalates sensitivity. Gold-
silver based SPR-PCF sensor is not effective at all because of poor adhesion between gold and
silver. Single film layer such as silver or copper are rarely used in PCF sensors since they are

subjected to high oxidation problem, thus provide poor sensing performance; even though copper
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is cheaper compared to gold and silver. To prevent this oxidation, graphene is coated on the metal
layer as it is mechanically strong and chemically inert.

LSPR sensor has attracted a number of researchers lately due to its high sensitivity and low
confinement loss. It also has gold as plasmonic metal in contact with TiO>. It provided a maximum
wavelength sensitivity of 111000 nm/refractive index unit (RIU) and amplitude sensitivity of 2050
RIU! within RI range of 1.33-1.43. It can be used for applications such as biomolecular and bio
analyte detection. Nowadays, sensors showing maximum amplitude sensitivity more than 1000
RIU are taken into account for research purposes. PCF SPR still needs a lot of improvement but
it is by far a successful and affordable technology for sensing. Most of the implementation done
are simulation based, it still needs to be implemented practically to be used in applications.
Therefore, the performances of PCF SPR sensors are still in question. Scientists are shifting to this

current technology since it has vast scope of doing researches.
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Chapter 5: Simulation and Experimental Analysis of Our Proposed

Design

5.1 Introduction

Surface Plasmon Resonance has become a phenomenon in the recent research works. Various
types of sensing and detection is done using this technology. Richie et al. first introduced surface
plasmon resonance theoretically [136]. Using this idea Otto reported the Otto configuration (1968).
Liedberg et al. demonstrated SPR sensor for the first-time using prism coupling for chemical and
biological applications [113]. For using prism coupling technique effectively, light has to be
incident in a certain angle which is difficult. Prism using has its fair share of drawbacks such as
bulky in size, limited optimization and commercialization, isn’t applicable for remote sensing
applications [84,133].

In 1993 R.C. Jorgenson proposed about PCF based SPR sensors. PCFs has numerous advantages
over prism such as small size and design flexibility, optimization of structural parameters,
optimization of core clad diameter or position, propagation of light in single mode, light launching
at zero incident angle into the core etc. For these advantages it is possible to control the evanescent
field and core guided leaky mode propagation, also exciting SPs are possible, very sharp resonance

peak is shown in single mode PCFs and this enhances the detection accuracy [137-139].

SPR is used in sensing applications for various purposes. In medical field SPR sensors are used
for DNA sensing, virus detection, miRNA detection, E. coli detection, antibiotics detection [140-
149]. In chemical and alcohol sensing, SPR sensors are used for TNT, copper, ethanol, methanol,
uric acid, toluene, furfural, Benz thorium detection [150-156]. Gases such as NO> detection is also
done [157,158]. SPR sensors are also used for water and food safety purposes, environmental
monitoring, industrial applications, pesticide detection, Raman and Fluorescence Spectroscopy
etc. [159-165].

Silver (Ag) and gold (Au) are mostly used as plasmonic materials around the PCF structure. The
resonance peak using silver is sharper than gold. So, that is why usage of silver gives the most

amplitude sensitivity. But due to humidity silver gets oxidized which reduces the analyte detection
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accuracy which is a great problem. That is why gold is the most popular metal to use. It is stable,

bio-compatible and the resonance peak is also large enough [166].

In this paper, a circular lattice PCF is proposed where comparison between elliptical, circular,
rectangular airholes are done. Gold is used as the plasmonic material. A thin layer of TiO> is added
before gold layer because Ti enhances film adhesion capability and chemical stability and that’s

why better amplitude sensitivity is achieved [166].
5.2 Structural Design and Numerical Analysis

Fig 5.1(a) (b) (c) represents cross sectional view of the proposed design with circular, elliptical
and rectangular airholes. They have 5 layers of airholes. Layer 1,3,5 have the same type of airholes
and layer 2 and 3 have same type of airholes. Da is the diameter for layer 1,5 circular airholes. Dy
is the diameter for circular airholes of layer 2 and 4. D¢ is the diameter of the center circular airhole

where D¢=Da.

For elliptical airholes, La and Ly is the a and b semi axis length for layer 1,5 respectively and L.,
L4 are the a and b semi axis length for layer 2 and 4 airholes respectively. Lca and L, are the a and

b semi axis length for the center elliptical airhole respectively where Lca=La and Lco=Lp.

W, and Ha is the width and height of the layer 1,5 rectangular airholes respectively and Wy, Hy are
the width and height for the layer 2 and 4 rectangular airholes respectively. W and Hcare the width

and height of the center rectangular airhole where W.=W, and Hc.=Ha..

Fused sillica is used as the background material. Tg=40nm and T:=10nm are the thickness of the

gold layer and the TiO2 layer for all three designs. Ta is the thickness of the analyte layer.

| PML

[ | Analyte
[ ] God
I Tio2
[ Silica
| Air
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Fig 5.1: Cross section of the three designs (circular, elliptical, rectangular airholes

respectively)

(For circular airhole design, Da =D¢ = 0.4um, Dp = 0.5um, A = 2um, A1 = 1.5um. For elliptical
airhole design, La = Lca= 0.4um, Lp = Lo = 0.8um, Lc = 0.5um, A = 2um, A1l = 1.5um. For
rectangular airhole design, Ha = He = 0.8um, Wa = W = 1.6um, Hp = 0.5um, Wy = 1.6um, A =
2um, Al =1.5um)

The refractive index of fused silica is obtained by using Sellmeier equation [167].

2 — 31/12 lez 3312
n‘(A)=1+ P + +

—C;  A2-C; A?—C3 (5.1)

Here n is the refractive index of fused silica and it is dependent on the wavelength(A) which is in
um. B1=0.69616300, B,= 0.407942600, Bs= 0.897479400, C:= 0.00467914826, C,=
0.0135120631, C3= 97.9340025 are the Sellmeier constants for fused silica.

Drude-Lorenz [104] model is used to get the dielectric constant of gold which is

wp? Ae. Q3
w(w+jyD) (w?-03)+jTLw

€au = €y (5.2)

€au IS the permittivity of gold. €,=5.9673 is the permittivity at high frequency. w :% is the

angular frequency, wp = 4227.2m THz is the plasma frequency, yD = 31.84w THz is the damping
frequency, Ae=1.09 is the weighting factor, I;,=209.72mr THz is the spectral width and Q; =
1300.14m THz is the oscillator strength.
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5.3 Analysis of Using Circular, Elliptical and Rectangular Air holes

.

(a) (b)

@ »
\\ 7

(d) (e) ()
Fig 5.2: (a), (b), (c) core mode (x polarization) and (d), (e), (f) SPP mode for elliptical,
circular and rectangular airholes respectively at 1.4,1.4,1.4 Rl and 0.85,0.85,0.9 um

wavelength.
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Fig 5.3: Dispersion relation between core guided mode and SPP mode
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Investigation was done for both x and y polarization initially. But as x polarization gave better
results than y-polarization, x-polarization was chosen for further investigation.Confinement Loss
(CL) is a key parameter for the investigation of the performance of the proposed PCF. CL is

calculated by the equation mentioned in section 2.3.1

Wavelength sensitivity (WS) is another important parameter to determine the sensor performance
which is determined by the following equation [168]

§p =~k nm/RIU (5.3)

ng
Where A,.q,= the difference between two adjacent peak loss wavelengths for two adjacent RI,
An, = the difference between those two adjacent RI.
For elliptical airholes at 1.39-1.40 RI A4, are 810nm and 950nm, so WS for 1.39 RI is

14,000nm/RIU.
A very high sensor resolution is also a good indicator for great sensor performance which is

calculated by the following equation [124]

Ang X Amin b1y (5.4)

A/’Lpeak

For elliptical airholes An, = 0.01, Ady,;, = 0.1 and Ad,qq = 140nm at 1.39-1.40 RI gives a high

R =

sensor resoluton of 7.14x 107¢ RIU

Wavelength interrogation or phase detection method is used to determine the wavelength
sensitivity. This method is cost effective but measuring process of sensitivity is very complex. To
overcome this problem amplitude interrogation method is used which determines amplitude
sensitivity at a fixed wavelength. Amplitude sensitivity is determined by the following equation
[83]

Sa() = — —— 21 gyt

aAng) 9ng
here, a(4,n,) = overall propagation loss at a specific refractive index (RI) and da(4,n,) =
difference between the two loss spectra.

All these parameters were determined for the performance analysis of the proposed design in order

to ensure a better performance of the design.
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5.3.1 CL and AS variation for different RI of Analyte of Circular Air holes
Same design was implemented using circular, elliptical and rectangular airholes. A 10nm of TiO>
layer, 40 nm of gold layer and 0.96um of analyte layer was chosen for the comparison. The highest
CL, WS and AS for circular design are 177 dB/cm and -684.75 RIU? and 11,000 nm/RIU
respectively (Fig 5.4: (a), (b)).
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Fig 5.4: (a), (b) CL and AS variation for different refractive index of analyte for circular airholes

respectively.
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5.3.2 CL and AS variation for different Rl of Analyte of Elliptical Air holes

For elliptical design highest CL, WS and AS are 294 dB/cm and -1,026.44 RIU, 14,000 nm/RIU
respectively (Fig 5.4: (c), (d)).
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Fig 5.4: (c), (d) CL and AS variation for different refractive index of analyte for elliptical airholes

respectively.

5.3.3 CL and AS variation for different Rl of Analyte of Rectangular Air holes

CL, WS and AS are 171.14 dB/cm, -517.83 RIU, 16,000 nm/RIU respectively (Fig 5.4: (e), (f))

for rectangular design.
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Fig 5.4: (e), (f) CL and AS variation for different refractive index of analyte for rectangular

airholes.
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5.3.4 Comparison and Discussion

Although rectangular design has the lowest CL of 171dB/cm and highest WS of 16,000 nm/RIU,
its AS is the lowest (-517.83 RIU™) among the 3 designs. Circular design has more AS (-684.75
RIU™) than rectangular design but CL is slightly more (177dB) and WS is less (11,000 nm/RIU"
1. From elliptical design we got the best AS of -1,026.44 RIU™* and better WS (14,000 nm/RIU)
than circular design but the CL was more in this case (294 dB/cm). As the AS and WS for the
elliptical design is better compared to other designs which are the main parameters elliptical

airholes design was selected for further investigation.

300 -

< 0 : :
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n —=Rectangular 2
S 200 E. -400 -
S 150 £ -600
@ e 800
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3 100 A 'g = Circular
50 £ .1000 - |-+~ Elliptical
‘ Q. == Rectangular
0 : ! : ‘ £ 1200 ‘ : :
0.6 0.7 0.8 0.9 1 1.1 0.6 0.7 0.8 0.9 1
Wavelength(um) Wavelength(um)
(a) (b)

Fig 5.5: (a), (b) CL and AS comparison for different types (circular, elliptical, rectangular)

air holes
5.4 Optimization of Proposed Design

To achieve the best, result the proposed design is optimized in terms of the thickness of gold layer,
analyte layer, TiO2 layer, PML layer and semi axis length of center airhole

5.4.1 By varying Gold layer

At first the thickness of the gold layer was considered as 30nm. For 30nm layer the highest CL
and AS was 399dB/cm and -747.16 RIU respectively. Then for 35nm CL and AS were 308.05
dB/cm and -851.27 RIU. These results were better than 30nm ones. Then for 40 nm CL and AS
were 294dB/cm and -1,026.44 RIU™. Then for 45nm thickness CL and AS were 151.57 dB/cm
and -656.59 RIU™ respectively where CL was less than 40nm CL, but AS was much less than

40nm AS. That’s why 40nm was chosen for the optimized gold thickness for our design.
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Fig 5.6: amplitude sensitivity comparison for different gold thickness (Tg)
5.4.2 By varying TiO2 thickness

For investigating the optimized TiO- layer thickness at first CL and AS was taken without a TiO-
layer which were 326.18 dB/cm and -858.55 RIU respectively. Then investigation was done
using a thin layer of 5nm which gave CL and AS of 320.24dB/cm and -993.08 RIU™. As the results
improved, layer was made to 10nm and CL and AS were 294dB/cm and -1,026.44 RIU. Again,
both CL and AS improved. But adding a 15nm TiO> layer CL and as were 219.6dB/cm and -856.67
RIU? respectively. CL improved but AS was less than the previous one. That’s why 10nm was

taken as the optimum thickness (T¢) for TiO; layer.
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Fig 5.7: Comparison of AS for different TiO> thickness (Ty)
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5.4.3 By varying Analyte layer Thickness

To optimize analyte layer thickness 0.9um,0.93um,0.96um and 0.99um was considered. For
T.=0.9um, CL and AS were 159dB/cm and -495 RIU! respectively. For 0.93um CL and AS were
232dB/cm and -817 RIU™ respectively. As AS improved, T, was increased to 0.96um and CL and
AS for that thickness were 294dB/cm and -1,026.44 RIU. Then for 0.99um thickness CL and AS
were 252dB/cm and -865.52 RIU™. As AS started to decrease at 0.99um thickness, 0.96um was

selected as the optimum Ta..
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Wavelength(um)

Fig 5.8: AS comparison for different Ta
5.4.4 By varying PML layer Thickness

PML optimizing was done by varying T, from 0.94um to 1um. For Tp=0.94um, CL and AS were
244.19dB/cm and -823.68 RIU™ respectively. Then for Tp=0.97um, CL and AS were 249.86dB/cm
and -836.11 RIU respectively. AS increased with the increase of Tp. That’s why Tpwas increased
to 1um and CL and AS were 294dB/cm and -1,026.44 RIU™ respectively. AS increased again. For
Tp=1.03um CL and AS were 244.2dB/cm and -882.12 RIU™ respectively. As for Tp=1.03um AS

decreased, Tp=1um was selected as the optimum PML thickness (Tp).
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5.4.5 By varying semi axis length of center airhole

Center elliptical airhole a-semi axis length was varied to optimize. For a-semi axis length of 0.2um
CL and AS was 256.7dB/cm and -925.15 RIU™L. For a-semis length of 0.3um CL and AS were
288.37dB/cm and -1028 RIU™ respectively. AS increased. For a-semi axis length of 0.4um CL
and AS were 294dB/cm and -1,026.44 RIU™L. AS decreased a bit. That’s why 0.3um was taken as

the optimized a-semiaxis length of the center airhole.
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Fig 5.10: AS comparison for different a-semi axis length of center airhole
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5.5 Fully optimized sensor design with metal grating

After the full optimization of the proposed design, metal grating was added instead of metal layer
which then increased CL from 294dB/cm to 340dB/cm and also increased AS from 1028 RIU™ to

-1,189.46 RIU™,
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Fig 5.11: (a) confinement loss variation for metal layer and metal grating

(b)AS variation for metal layer and metal grating

5.6 Linearity of the design

The linearity of the proposed sensor was also checked. Fig 11 shows the linear fitting of then

resonance wavelength as a function of analyte RI. Regression equation of the linear line is

y=7646.34x — 9787.68 where y= Resonance Wavelength and x= Refractive Index (RIU). R? value

of the linear fitting curve is 0.9656 which shows better linearity.
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Fig 5.12: Regression line of the resonance wavelength as a function of analyte RI
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5.7 Comparison with other designs

The proposed PCF is compared with other different PCF performances in Table 5.1

Table 5.1

Ref Sensing | RI Range | Amplitude | Wavelength | Resolution | Resolution | Loss Peak

Approac sensitivity | sensitivity (Amp.) (Wave.) (dB/cm)

h (RIUY) (nm/RIV) (RIUY) (RIUY)
[114] | External | 1.34-1.37 318 9,000 N/A 1.11x10° 700.05
[169] | External | 1.33-1.38 | 1,411 25,000 N/A 4x10 N/A
[170] | External | 1.36-1.39 44211 6,000 N/A 1.66x10° 449,91
[120] | External | 1.33-1.37 300 4,200 3.33x10° | 2.38x10° |3.061
[125] | External | 1.40-1.43 498 15,180 N/A 5.6818x10° | N/A
[171] | External |1.32-1.41 | 1,170 34,000 N/A 2.94x10° 0.79
[172] | External | 1.33-1.38 420.4 4,600 N/A 2.17x107 4.048
[173] | External | 1.33-1.40 | 1,085 9,000 N/A 1.11x10° 535
[174] | External | 1.33-1.36 241 3,000 N/A 3.341x10° |18

(side

Polished

)
[175] | Internal | 1.4-1.44 1,739.26 9,600 5.75x10° | 1.04x10° N/A
This | External | 1.33-1.40 1,189.46 | 13,000 8.41x10° | 7.69x10° 340
paper

5.8 Discussion

A circular shaped SPR based PCF is proposed with 9 elliptical airholes. As the number of airholes

are minimum, fabrication will be easier. Gold and Tio2 is used as the plasmonic materials. The

proposed PCF shows maximum amplitude sensitivity and wavelength sensitivity of 1,189 RIU!

and 13,000nm/RIU respectively. It exhibits sensor resolution of 7.69x10°®. Besides the value of R?

is 0.9656 which exhibits high linearity. Considering high performance of the proposed PCF, it is

a good candidate for biomolecular, biochemical and biological analyte detection.
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Chapter 6: Conclusion and Future Plan

6.1 Conclusion

In conclusion we can say that we have worked on two review papers (transmission, SPR) where
we compared previous works based on their EML, Birefringence, Sensitivity and Confinement
Loss. For transmission related review paper, the main comparing parameters were EML,
Confinement Loss and Birefringence. But as for SPR related review paper the main parameters
were Confinement Loss and Amplitude Sensitivity. Working on those papers, we gained the
knowledge necessary to write our own design and paper. We also made our own design which is
described in chapter 6 in detail. Through this design we were able to get very good results (AS of
1189.46 RIU! and CL of 340dB/cm) which helped us in deep study of Surface Plasmon Resonance
and Photonic Crystal Fiber. Although we did our utmost to make the most of our time, we couldn’t
do all the the studies perfectly. That’s why we have selected some future goals for this research
work which were described previously. This thesis work helped us to be acquainted with SPR and
PCF and their characteristics, how they work, principles which in turn will help us in future

research works.
6.2 Socio-Economic Impact

Although fabrication of this type of PCF is not done in our country, but if it was done here this
research work would have been very fruitful. This research work shows high sensitivity sensor

with minimum loss which can be used to

Q) Detect plasma, blood, blood components from an unknown sample which will be very

impactful in the medical research.

(i) Determine the presence of harmful gases such as H>S from a complex mixture which

can open new fields in the chemical research field.
(i) As AS is higher and CL is low and the design is also a simple one, it will not be very

costly to fabricate than other designs out there. This will help others to realize to create
new simple designs and continue the research work in PCF based SPR sensors.
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6.3 Future Work

In this design we have used gold as plasmonic material and compared between circular, elliptical,
rectangular airholes. We also used Tio2 for better adhesion of gold. We used silica as the
background material. Although we did a tremendous job investigating the sensor performance, we
couldn’t do some work due to time and other technical constraints. However, in future in order to

investigate further we will do the following.

Q) We will use different plasmonic materials such as silver, graphene to search for

better sensitivity and better results.

(i) Although three types of airholes are compared, there are other types of airholes
which may give better results, these will be tested in future.

(ili)  Same design can be implemented on D-shaped PCF to investigate the sensor

performance.
(iv)  We did most of our research work based on X-polarization only as this gave better
sensitivity. In future Y-polarization will be explored for better comparison of the

sensitivity.

(v) The sensing approach of our design was external. We will also try to arrange

internal sensing approach for the same design in search for better results.
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