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ABSTRACT

Many researchers have shown their excellence in the field of PCF-based SPR biosensors. In
recent years, great designs showing high sensing performance have been proposed. However,
the challenge for designing is that most of the designs either exhibit high sensitivity but have a
drawback of having higher confinement loss or showing low sensitivity with lower loss. Most
importantly, the designs may become complicated in order to achieve high sensitivities. We
tried to minimize this tradeoff, gained higher sensitivities with considerably lower losses, and
made four unique designs. Our research is distinctive, and the PCF-SPR biosensors are easy to
fabricate and highly sensitive. All of our prototypes have a strategic pattern of circular air holes
inside the fiber, which leads to a superior sensing performance. The evaluation of all the sensor
characteristics has been done by employing the finite element method (FEM) of COMSOL
Multiphysics. The gold (Au) layer used just around the fiber in our designs acts as the
plasmonic material, and the layer of TiO; increases the adhesivity of the gold and the fiber. We
have optimized all the fiber parameters to achieve the best result in terms of sensitivity. We
derived a maximum amplitude sensitivity (AS) of 5060 RIU™' with a maximum sensor
resolution of 1.98x107°® from one sensor. The same sensor exhibited a maximum wavelength
sensitivity (WS) of 41500 nm/RIU with a maximum sensor resolution of 2.41x107®. Moreover,
the maximum figure of merit (FOM) procured was 1068.7 for this sensor. This sensor has also
shown a fabrication tolerance limit of +10%. Additionally, the temperature and strain
sensitivities of that sensor are estimated to be 0.75 nm/°C and 3 pm/ue, respectively, along with
a resolution (temperature) of 1.33x10°! °‘C. Another sensor of ours showed an excellent
birefringence of 2.23x10°%, whereas all other performance parameter values were almost
identical. One of the remaining sensors exhibited extremely low confinement loss. The
maximum value of confinement loss for that sensor was found to be 3.73 dB/cm, which is
extraordinary. The last sensor is exceptional in the sense that we have analyzed its performance
for two different plasmonic materials (Gold and AZO) and found that it can sense analytes with
very low refractive indices when AZO is used. The overall analyte sensing range of all our
sensors is 1.31 to 1.43. All the designs are discussed elaborately in our thesis in the upcoming
chapters. With their enhanced performance in terms of sensitivity, we believe that our SPR
based PCF biosensors can potentially contribute a lot in detecting unknown analytes and

medical diagnostics applications.
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Chapter 1

Introduction

1.1 Background

The biosensor is referred to as an analytical device that integrates a biological sensing
element (enzyme, antibody, or nucleic acid) with a physical (mass, optical, or electrochemical)
transducer, where the resultant signal is further converted into an electronic one (figure 1.1)
[1]. In recent years, due to having the intense and advanced research potentiality, the
application field of biosensors has been grown exponentially. The biosensors can be
categorized into six different groups based on the signal transduction method: mass, optical,
magnetic, electrochemical, thermal, and micromechanical sensors. The optical sensors [2]—[5]
are the most impressive inventions in sensing applications.

Optical biosensors offer distinct advantages over many other profiling technologies
applied for monitoring and analyzing molecular interactions. It represents the most common
type of biosensor, which has drawn the researcher’s attention for the past couple of decades
due to its wide range of application in the various established fields such as drug discovery,
healthcare, food quality control, biotechnology industry, and environmental safety monitoring
[6]-[10]. As it has instant sensing ability, which makes this sensor an efficient and advanced
one. Also, due to compact size, high sensitivity, accuracy, immunity to external disturbance,
and cost-effectiveness of the sensors, it has become a favored option for the researcher’s

community to explore.

I

Analyte ——»  Bioelement %  Transducer

o

Electrical
Signal

Biosensor

_——

Figure 1.1: A biosensor’s schematic representation

In 1970, optical fiber was first invented by Corning Glass Works. Then GaAs
semiconductor lasers were simultaneously discovered to transmit the light through the links of
fiber optic. After that, in 1975, the original fiber optic framework was created where GaAs

semiconductor lasers were utilized. The second era of fiber optic communication was initiated
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in the mid-1980s where scientists have worked with InGaAsP semiconductor lasers. With the
advancement of technology, fiber optic communication has currently entered into its fifth era,
where the correspondence frameworks employ the DWDM (Dense Wave Division
Multiplexing) method for increasing the information rates.

Optical biosensors basically depend on the intensity of light or magnetic field as a result
of biochemical interaction. This biosensor's main working principle is it transforms the incident
light rays into electrical signals, which can detect the intensity of electromagnetic waves and
sense the change of the corresponding analyte. The scientists have exploited different methods
such as interferometry (reflectometric white light interferometry [11] and modal interferometry
in optical waveguide structures [12]), fluorescence spectroscopy [13], spectroscopy of guided
modes of optical waveguides (grating coupler [14], resonant mirror [15]) and surface plasmon
resonance (SPR) [6], [16].

Based on the sensing technique, this optical method can be divided into two groups.
The first one is label optical biosensor which includes fluorescence-based biosensors where
multi-step detection protocols are needed. This method also requires washing steps and
additions of reagents. However, it shows some limitations like toxic waste, reduction in
efficiency, short-term stability, time-consuming, degradation of the biomolecule, and so on.
The other one is renowned as the label-free technology. Here, it can allow real-time monitoring
without the need for labeling. Moreover, this technique has the capability to generate a signal
directly without additionally added probes that carry labels to provide the signals [17], [18].
SPR, resonant mirrors, and interferometers maintain the label-free technology for higher
accuracy and efficiency. SPR-based optical sensors have played a predominant role in the
development of fiber-optic communication. We are experiencing a conspicuous impact of
surface plasmon resonance based biosensors in a diverse range of applications in real life for
the past couple of decades.

Surface plasmons are defined as the rise of the quantized TM (transversely magnetic)
p-polarized electromagnetic wave because of the incident of the combined oscillation of
electrons, which takes place at the metal-dielectric interface [19]. Matching of the wave vector
of the incident wave and that of surface plasmon results in a phenomenon called surface
plasmon resonance [20]. SPR mainly occurs as a result of the incident of transverse magnetic
(TM) wave, which excites the electrons within the metal-dielectric interface. Therefore,
surface plasmon wave (SPW) is developed and circulated through the core-cladding region. In
this condition, at a very particular wavelength, leaky core mode happens to couple with surface

plasmon polariton (SPP) mode. This specific wavelength is termed resonance wavelength
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(RW), and this condition is known as the phase-matching condition [21]. The SPP mode and
the phase-matching state are susceptible to the analyte refractive index (RI), and with the slight
change in the environmental RI, the RW gets potentially deviated to either a higher or lower
wavelength. Thus, the analyte can be identified precisely by perceiving the fluctuation of the
resulting RW considering various analyte RI [22].

SPR-based optical sensors have drawn the intense attention of researchers because of
their unique and well-established characteristics, high robustness, compact and straightforward
probe design as well as higher sensitivity. Owing to the advantageous behavior of SPR sensors,
they are being explored in numerous fields, for instance, maintaining water quality, food safety
observation, glucose inspection, medical diagnostics, real-time monitoring, gas detection,
biosensing, strain sensing, and temperature sensing [6]-[10], [23]-[27]. Additionally, the
integration of nano-electronic and nano-photonic components for obtaining ultra-compact
optoelectronic devices is made possible due to SPR technology [28], [29].

The exploration of SPR based biosensors started in 1983 when Liedberg et al.
introduced SPR biosensors in the field of gas detection and biosensing [23] and presented the
method which is renowned as the prism-coupling. Prism-based SPR sensors work based on
point cross-examination technique. However, the prism-based SPR sensor is ineligible to use
in remote sensing because it includes different optical and mechanical parts, which makes the
sensor bulky in size. To limit these constraints, researchers have replaced the prism with fiber,
which has gained importance because of the promising features like atypical dispersion, high
nonlinearity, endless single-mode behavior, label-free detection, adjustable high birefringence,
and also high integrity and portability [30], [31]. Therefore, fiber-based sensors are suitable for
remote sensing. After diverse research, an improved version of the sensor is invented,
renowned as a photonic crystal fiber (PCF)-based SPR sensor. It can provide higher sensitivity
and lower resonance peak than other fiber-based sensors [32]-[37], which results in better
accuracy when detecting an unknown analyte. Moreover, the PCF-based sensors can surely
entitle a better authority on the transient field by altering the structural parameters like pitch,
the bore of the air holes, and the total count of different shaped rings and air cavities.

1.2 Problem Statement

SPR sensors have attained significant attention from researchers due to their suitability
for desired sensing applications and promising characteristics. To date, numerous numbers of

optical sensors based on SPR techniques are explored. Basically, the sensors are employing
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two types of sensing mechanisms. The conventional one is the internally metal-coated PCF
sensor, where the metal film is coated internally [38]. This mechanism has some cons, such as
emptying and re-filling the fiber is time-consuming. Moreover, the internally coated layer is
very delicate, making the fabrication and structure a complex one. It also needs extra steps and
maintenance to operate perfectly, making it unsuitable for easier sensing. A D-shaped PCF
sensor with improved structure is suggested to limit the impediments. However, this type of
sensor adds fabrication complexity [39]. The flat portion needs perfect polishing to get an
accurate result which makes the fabrication process even more difficult as well as expensive.
The modern sensing approach is the externally metal-coated PCF, where the metal coating is
placed outside the fiber. The most common plasmonic materials that are used in these sensing
processes are gold, silver, aluminum, etc. Most of the plasmonic materials get oxidized due to
an aqueous environment, resulting in a decrease in sensing accuracy [40]. Based on the
placement and size of the air holes, the fabrication complexity of the sensor as well as the
costing can be increased. To sum up, the limitations encountered in previously reported SPR
based sensors are as follows:

=  Complex design

= Fabrication adversity

= Higher confinement loss

= Weak evanescent field

= |naccurate sensing behavior

= Uneconomical costing

1.3 Research Objective

The initial phase of the optical sensors was based on the transmission sector. But the
latest EML value achieved has the lowest value of 0.009 [41]. So, further decrement of the
value is unnecessary because that will only cause complicacy in the design structure. The same
scenario goes for the confinement loss and other parameters. That is why this transmission field

has become a saturated one with almost no scope for further improvement. Thus, researchers



are nowadays giving less attention to this sector because SPR is more promising and has a lot
of opportunities to research than transmission applications.

Our research's main objective was to design and investigate the influence of novel and
unique designs of PCF biosensors based on SPR. The specific aims of the research are as
follows:

v" To measure amplitude sensitivity (AS) & wavelength sensitivity (WS) from refractive
index changing the range of wavelength.

v Conducting an in-depth literature review related to SPR sensors.

v Use of plasmonic materials externally of the PCF structure for more accurate detection

& better performance.

v Investigation of the performance and graphical outcomes due to small changes in
different parameters.

v Simulation of different parameters by changing the thickness of different fiber layers
like Gold, Titanium dioxide (TiO2) and analyte, etc.

v Comparison between our proposed PCF-SPR sensors with other sensors of different

journals.

1.4 Motivation

The PCF sensors based on SPR technology have been a focus to the researchers due to
their advantageous characteristics. The sensitivity of this type of sensor depends on the
evanescent field, which is indicated towards the cladding region through the core, and that
causes the free electrons to oscillate, and SPW is created along the metal-dielectric surface. In
that instance, the phase matching situation occurs and makes it dependable on even a slight
change in analyte RI. With the change of RI, the fluctuations of RW are determined and further
observed in a graphical form.

SPR is considered a field that is yet to explore. This sector has extraordinary scope for
further improvement. So, scientists are still making an effort to make it useful to the fullest.
These biosensors present highly sensitive, compact, and high-frequency monitoring without
any sample pre-treatment steps that are time-consuming.

The application field of these sensors ranges from biochemical and biotechnological
fields to healthcare, security, etc. As we can observe, this technique is so versatile that it has a
vast and spectacular area of implications. Therefore, the proper emphasis should be given to
the nourishment of this technology. This sensor has an established analysis method that can
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take a few minutes to produce the result with accuracy, whereas the other sensors previously
used in laboratories were very delicate, time-consuming and the maintenance cost was huge.
Additionally, these biosensors can be used to assay bacteria, virus, antibody-antigen, DNA,
mRNA, RNA, hormone, hemoglobin, protein, etc. If we talk about the upcoming research
opportunities, it has shown a promising behavior which includes an ambition to further use in
the near future in electronics, physics, medical analyses, and software. Thus, at present, SPR

is labeled as the most auspicious area of performing research work.

1.5 Thesis Framework

This thesis report is constructed with eleven distinct chapters. A brief synopsis of the
upcoming ten chapters is provided in this section.

Chapter 2 presents a detailed discussion on PCF and the classifications of it. The
background history is also analyzed in this segment. The reason behind PCF-based sensors
came into being, and the cause of having superiority over other techniques is specified here.
Finally, the algorithm, method, and software used to achieve the graph and simulations are also
enlisted.

Chapter 3 gives a brief description of SPR technology. Here, the information about the
working principle of SPR is remarked. Also, an overview of evanescent field, SPP, SPW,
resonance, implementations of SPR based sensors is shown in this chapter.

Chapter 4 contains the analysis and detailed information regarding SPR based PCF
sensors and the reason behind why it has become the popular choice among the researcher’s
community. Different categories of sensors such as prism-based, D-shaped, and sensors based
on several sensing techniques (internal, external) are also brought into the light. Here, the
comparison between several types of sensors using the plasmonic materials gold, silver and the
necessary usage of additional coating (Graphene, TiN, TiO>) is delivered.

Chapter 5 provides the basic terms and equations that are significant for optimization
and analysis. The essential equations utilized for design purposes such as the Sellmeier
equation (for RI1 of silica), Drude—Lorentz model equation (for RI of gold), and the equation
for R1 of TiOy are defined. For exploiting sensor performance, important parameters like FOM,

amplitude sensitivity, confinement loss, wavelength sensitivity, resolution, birefringence,



sensor length, strain, and temperature sensitivity are needed, and they are also characterized in
this chapter.

Chapter 6 depicts our proposed bi-polarized as well as a hexagonal lattice PCF-based
SPR biosensor with ultra-high sensitivity where the air holes are arranged in a manner so that
it can further improve the sensing performances of this sensor. Several fiber design parameters
such as perfectly matched layer (PML), analyte, metallic channel thickness, pitch distance, and
diameter of air holes are optimized to obtain the optimal sensing performances.

Chapter 7 portrays another research work of ours where we introduced a practically
simple circular-shaped lattice, which is more beneficial in terms of practical fabrication. Here,
gold is utilized to laminate the exterior of the design. An additional lean layer of TiO- is applied
to emphasize the adhesion of the gold layer on the fiber as well as to achieve high sensitivity.

Chapter 8 represents the work in which we offered the external sensing approach of a
PCF-SPR sensor with excellent sensitivity. The circular air cavities in the blueprint are
disposed of in a strategic order to enhance the performance as a sensor as well as to make its
fabrication feasible. The Finite Element Method (FEM) has been utilized to optimize all the
fiber parameters like the gold and Titanium-di-oxide layer thicknesses, the air hole diameters
to achieve the best sensitivity, and sensor resolution and birefringence.

Chapter 9 illustrates the design structure we have introduced a practically simple,
regular circular-shaped cladding based PCF SPR biosensor where a thin layer of gold or AZO
(2% wt of Al in ZnO) can be used as the plasmonic material which is deposited at the outer
plane of the structure to enable external sensing and also to increase the flexibility. Variation
of plasmonic layer thickness, area of PML, pitch, and diameter of the circle are surveyed to
obtain the best results.

Chapter 10 demonstrates the available fabrication processes and the feasible methods
to give it a physical shape. Some significant methods such as Stack and Draw Method are
described. Also, the techniques used for fabrication, such as the Chemical VVapor Deposition
Technique (CVD) and the Atomic Layer Deposition (ALD) Technique, are given importance
for the enhancement of the sensitivity of a sensor.

Chapter 11 concludes with the conclusion, the future expectations as well as the aims

and socio-economic impact.



Chapter 2

Photonic Crystal Fiber

2.1 Introduction

Photonic-crystal fiber (PCF) is a special class of optical fiber having excellent
waveguiding properties. It has a better capability to confine light compared to the traditional
optical fibers out there. Researchers have found a wide range of PCF applications like fiber
optic interchanges, fiber lasers, non-linear gadgets, high control transmission, different gas
sensors, data transmission in the THz regime, etc. PCFs generally are formed of a micro-
structured arrangement having undoped silica as the background material, and air holes are
present typically throughout the length of the fiber. The central region is known as the core,
and cladding is the region surrounding the core. However, the background material used here
is not limited to silica alone [42]. Different crystal fibers such as Teflon [43], PMMA [44],
TOPAS [45], [46], HDPE [47] are commonly used. Among them, TOPAS is regarded as the
most suitable material for waveguide propagation due to extraordinary water barrier properties
[46], great biosensing characteristics [48]. For porous fiber, birefringence is one of the crucial
parameters which is effective for polarization-maintaining sensing applications [49].

Now the structure of the core and cladding regions of a PCF carries a significant role
in fiber performance. Initially, the honeycomb cladding structure was suggested by J.
Laegsgaard et al. [50]. After that, a large number of designs have increased because of the
improvement of design flexibility and fabrication facility. Some efficiently implemented
designs are square [51], hexagonal [52], octagonal [53], spiral [54], circular [55] and hybrid
[56]. In contrast to other fibers, substantial attention has been given to the porous core fibers
due to their capability of maintaining low EML (effective material loss), high birefringence,
and higher power into the core region simultaneously [57]. Thus, we can see a vast number of

designs of PCF are possible, and good results can be obtained using photonic crystals.



2.2 PCF in Brief

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 to increase the refractive
index of the core, and Fluorine is usually used to decrease the refractive index.

Photonic Crystal Fiber 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 [58]. Light is
trapped in the core in PCF, and it gives a better waveguide to photons than standard optical
fiber. A solid silica core in PCF provides the core guidance of the optical signal. This core is
surrounded by a periodic air-hole array in the cladding. As the effective cladding index is lower
than the core refractive index, the 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 air hole distance). Application of guiding properties can be
gained by modulating these parameters as the guiding properties of optical fibers depend on
the refractive index, and the refractive index of PCFs depends on those design freedoms [59].

Refractive index

Coating

Cladding

Figure 2.1: Cross-sectional view of a Photonic Crystal Fiber

2.2.1 Classification of PCF

In conventional fiber optics, there is a constant difference in the refractive indices
of the core and the cladding region. Due to this difference, light-waves can easily travel

across the core region by the phenomenon of refraction. But, in this case, as the distance of



propagation increases, the transmission loss also increases. So, we need to ensure the use
of repeaters and amplifiers for communicating over long distances with better quality.

However, in the case of photonic crystal fibers (PCF), light-waves are entrapped
within the core region, which ensures much better wave-guiding properties compared to
the existing conventional optical fibers. The background material used in the case of
photonic crystal fibers increases the flexibility of the fiber and also reduces the overall
manufacturing cost. The fabrication procedure for PCFs is better than traditional optical
fibers. There are generally two main classes of photonic crystal fibers:

» Index-Guiding Fibers: Here, a solid-core is present like the traditional ones. Light
waves are entrapped within the core by the phenomenon of total internal reflection.
= Photonic Bandgap (Air Guiding) Fibers: These types of fibers contain periodic
micro-structured arrangements and a low index material core. The refractive index
in the core is lower compared to the cladding region made of photonic crystals. The
light-waves are guided through the fiber with the process of photonic bandgap,

which is different from total internal reflection.

2.2.2 High Index Guiding Fibers

M-TIR is the abbreviation of total internal reflection in the case of optical fibers.
They depend on a high-index core, where generally pure silica is used, and the micro-
structured providing the low refractive index surrounds it. This region of cladding is highly
wavelength dependent which is not the same as pure silica, and due to this, photonic crystal
fibers are very much different from conventional optical fibers. For example, as the
refractive index is strongly dependent on wavelength, it facilitates us to design endless
single-mode fibers, which only support a single mode regardless of the wavelength.
Besides, we can easily manipulate the dispersion-properties of the fibers, which makes it
possible to design optical-fibers having an irregular dispersion characteristic at visible
wave-lengths.

As there is a combination of small cores and phase-matching condition which is
similar to available sources, it is viable to create using the photonic crystal fiber technology
a very coherent super-continuum generation. Now, it is possible to make optical fibers
having large mode-field diameters having control over the refractive-index profile, which

in turn facilitates higher beam-quality fiber guidance and amplification.
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2.2.3 The Bandgap effect

It is another type of optical fiber with a mechanism different in properties from the
M-TIR guiding optical-fibers. The strategic micro-structured arrangement in the cladding
region of PBG fibers ensures the creation of photonic bandgaps. Here, the light-waves of a
certain range of wavelengths cannot pass through the fibers. In the PBG fibers, the core
regions are formed by creating a defect in the structure of the fiber, and thus it creates a
region in which light can easily propagate. The light can only pass easily through the
defective area as it creates a low index-guiding core. We cannot expect this type of
advantage in the traditional fibers, and the low index-guiding characteristics of the photonic
bandgap fibers create a large area of potential possibilities. So, in this process, we can guide

light-waves through air or every compatible gas through the material of the fiber.

2.2.4 Hollow-Core and Solid-Core Fibers

Hollow-core fiber is one of the special classes of photonic bandgap fibers. Here the
electromagnetic field is confined within an air-filled core. But through the air-core fibers,
light is only guided in a limited spectrum like the other photonic bandgap fibers. The
common bandwidth is 200 nm for fibers guiding around 1550 nm. Beneath this region is
the anti-guiding core region.

There are many promising applications if we can guide light waves through hollow
cores, such as we can deliver high power without risking the health of the fiber, we can
sense different gases, and ensure very low-loss guidance through the vacuum. The hollow-
core fibers have other advantageous properties, which are not usually found in the other
traditional fibers. Their insensitivity to bending and overall diminished sensitivity to Kerr
effect, transient behavior in case of temperatures, and the Faraday effect make them more
useful. Moreover, they exhibit high dispersive properties like abnormal dispersion values.
Here, the material inside the core contributes very little, so the overall dispersion of
photonic bandgap fibers stays at a higher degree where the wave-guide dispersion
dominates.

There is another important type of photonic bandgap guiding fibers which is known
as the solid-core PBG fibers. In this class of fiber, the electromagnetic field is confined
within a solid-core, and in the cladding regions, there are arrays of high-index regions
embedded inside the material silica. These types of fibers can guide light waves through a

limited region of the spectrum. The process of amplification and lasing can be done easily
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by the filtering effect combining with a core doped with rare earth material like Yb at a
newer wavelength with weaker fiber gain. This combination of doped-solid-core photonic
bandgap fiber and the especially dispersive characteristics ensures a wide range of
possibilities to the laser community.

Figure 2.2: Cross-sectional view of (a) Solid Core Fiber, (b) Hollow Core Fiber
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Chapter 3

Surface Plasmon Resonance

3.1 Introduction

SPR (surface plasmon resonance) is an optical phenomenon created when the desired
frequency of the photons of propagating light and the frequency of the electrons of that surface
match. A surface plasmon resonance (SPR)-based sensor identifies transient varieties within
the refractive record at a point. The introduction of various standard gadgets for evaluating
fabric adsorption onto planar metal (frequently gold or silver) surfaces or onto the exterior of

metal nanoparticles is the focus of this biosensor.

3.2  Working Principle of SPR

SPR procedures energize and distinguish collective motions of free electrons (known
as surface plasmons) in which light is centered onto a metal film through a glass crystal, and
the consequent reflection is recognized at a particular angle of propagating light makes a faint
line within the reflected beam which contains a riches of data. A move within the reflectivity
bend speaks to an atomic official occasion taking put on or near the metal film, or a
conformational alter within the atoms bound to the film. By checking this move vs. time,
analysts can think about atomic official occasions and official energy without the bother of a

name.
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Figure 3.1: A light is impacted by a prism on a metal film and the reflected beam is captured
and analyzed
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3.3  Reason of Interest in SPR Technology

In recent years SPR based biosensor has drawn intense attention to the researchers due
to its high robustness, high sensitivity, and well-established characteristics. Food safety,
protection, medical testing, bimolecular analyte detection, and medical diagnostics are
potential SPR technology applications [60]. Due to (i) the freedom to change optical parameters
by design via the geometry of the structure, (ii) lightweight, and (iii) controllable birefringence,
SPR modes enabled by PCF have gained considerable attention, making it suitable for a variety

of sensing applications [20], [61]-[65].

34 Literature Review

The question may arise what SPW (surface plasmon wave) is and what about the

evanescent field. In this portion, these questions will be discussed.

3.4.1 Surface Plasmon Wave

We have already become familiar with the SPR biosensor. In the SPR biosensor, a
thin metal layer has been coated on glass, and a chip of sensor is added between the surface
and the aqueous compartment. That metal is chosen to be gold for its chemical stability,
and it also exhibits significant resonance peak shifts. When the propagating light passes
through the substrate, the frequency matches the oscillation created of free electrons on the
interface between the metal and dielectric. Moreover, it results in the surface plasmon
wave. This SPW is quite sensitive as it can be differed by changing the refractive index.

This surface plasmon wave is the main basis surface plasmon resonance.

Figure 3.2: Review of Surface Plasmon Wave
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3.4.2 Evanescent Field

As light is reflected at angles near the critical angle, a significant portion of the
power is transmitted into the cladding or medium that surrounds the core. The evanescent
wave is a phenomenon that lasts only a short distance from the interface and loses power
exponentially as distance increases. The evanescent field has been used to enable real-time
interrogation of surface-specific recognition events [66]. Fiber optics are also claimed to
use absolute internal reflection to direct the light energy down the fiber, but a section of the
internally reflected wave extends into the optical cladding a small distance beyond the core
boundary. That is the evanescent wave's property, which can be exploited by removing the
fiber cladding to allow the evanescent wave to expand into substances surrounding the fiber

core beyond the core boundary.

Evanescent wave

Sample >}
IRE element ——-7' '

Reflected beam Incident beam

Figure 3.3: Evanescent Wave in Optical Fiber

3.5 Implementation of SPR

SPR can be used in different applications. Nowadays, especially in the medical
sector, like for the diagnosis of the human hepatitis B virus, SPR plays an important role.
Also, for the detection of biomolecular materials, SPR has been used. With the help of SPR,
different biochemical samples have been tested. The presence of viruses in blood samples
can easily be discovered. SPR allows the detection of molecular interactions in real-time
and without the use of any labels. On the contrary, traditional sensors requiring labels for
detection can answer questions on the binding specificity and possibly the affinity; SPR
provides information on the specificity, affinity, kinetics, thermodynamics, and
concentration of interaction for a wide range of molecules. The presence of harmful gases
in a complex mixture can easily be found with the help of this biosensor within a very short

time and at a very low cost.
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3.6

Advantages of SPR

Although there is a range of bio-detecting devices available, SPR technology makes

tracking restricted activity on a sub-atomic level easier and more accurate than at any other

time in recent memory. Now here we will go through a few of the main benefits of using

surface plasmon resonance:

v

Label-Free Detection: SPR recognizes contrasts in the refractive record, so no
name is needed for discovery. We may observe the bio-subatomic cooperation

between a variety of proteins, DNA/RNA, and small particles in real-time.

Small Sample Sizes: To run experiments, SPR needs an insignificant measure of
the test. Researchers and some medical professionals would be able to use less
expensive materials, save money, and make surface plasmon reverberation more

affordable and usable.

Reusable Sensor Chips: Another smart benefit of SPR is the ability to repurpose
sensor chips. Sensor chips directly affect the nature of the data and are an integral
component of bio detecting. With so much depending on the sensor chip's efficiency
and execution, it is becoming increasingly important to remember that these chips

can be reused.

Ability to handle complex samples: Surface Plasmon reverberation can be used
even in cases where only rough examples are available for research. SPR has been
used for testing experiments in several muddled frameworks, including serum

analysis.

Real-time Monitoring: Essentially, using SPR technology allows researchers to see
how various biomolecules interact over time in a simple and generally low-cost
manner. It has many uses in the pharmaceutical and therapeutic industries and the

fields of inherited qualities and electricity.
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3.7 Success Rate and Drawbacks

A special reason for using high sensitivity SPR is its high success rate. Developing
small molecule drugs is expensive, extremely time-consuming. The low success rates of
other sensors have created the need to find and adopt novel ways to quickly and accurately
measure their activity. Now, The SPR biosensor technology has a range of disadvantages
also. To begin, keep in mind that biosensors depend on the presence of active biological
molecules. Biosensors need the molecule to be active to produce a signal, unlike other
analytical technologies such as mass spectrometry or UV spectrometry that can be used to
characterize the substance, whether it is properly folded and active or not. Another
downside is that, although biosensor instruments are relatively easy to use, designing and

executing an assay also necessitates some biochemistry expertise.
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Chapter 4

SPR based PCF Sensors

4.1 Overview

PCF-based sensors provide higher sensitivity and lower resonance peaks than other
fiber-based sensors, which results in better accuracy when detecting an unknown analyte.
Moreover, the PCF-based sensors can surely entitle a better authority on the transient field by
altering the structural parameters like pitch, the bore of the air holes, and the total count of
different shaped rings and air cavities. SPR is the preferred technique for attaining suitable
sensing characteristics. When the SPR based technology merges with the benign feature, it
evolves the desired SPR based PCF sensors.

Such a sensor functions based on SPR, and it eventuates when light passes through the
fiber. Therefore, the induced evanescent field falls on the plasmonic metal surface leading to
the oscillation of free electrons existent there. Thus, the SPW gets excited and circulates along
the core-cladding region. At a distinct wavelength, the SPP mode conjoins with the core mode
to attain the phase-matching condition between two modes with an equally real part of effective
RI. A sharper resonance peak is achieved during this condition at that particular wavelength,
and this peak is highly reliant on analyte RI. For this reason, any slight change in RI results in
the shifting of resonance wavelength (RW) towards a higher or lower wavelength. Thus, an
anonymous analyte can be identified by perceiving the fluctuation of the RW for dissimilar
analyte RIs.

The initial stage of the SPR based sensors is prism-based and D- shaped sensors. After
many effective researches, PCF sensors were initiated. It has passed a long run due to its
evolution process. In recent PCF-SPR sensors, the plasmonic metal layer and the analyte
channel through which the substance to be diagnosed is passed are kept either outside or inside
the fiber, depending on the type of the sensor. The evolution, variation, and division of PCF

sensors based on the SPR technique are described briefly in these next segments.
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4.2 Prism based Sensor

In the year 1983, Liedberg et al. implemented a prism-coupled SPR biosensor in
biosensing fields to detect unknown gases [23]. The exploration of SPR based biosensors
started then. In prism-based SPR sensors, the light was transmitted through the prism at a
specific angle. Upon light incidence on the metal surface, surface plasmon wave (SPW)
originated because of the subsuming of incident light by the metal’s active valence electrons.
Later, it was perceived that prism-based SPR sensors had some impediments like inaccuracy
in sensing application and bulkiness in size due to supplemental complicated opto-mechanical
parts, making them unsuited for remote-sensing [67], [68].

4.3  Internal Sensing based Sensor

The internal sensing type sensor was invented to control the obstacles of the prism-
based sensors. Internal sensing is the conventional way of sensing where the air holes are coated
with metal films, while the analytes are packed within the hole (shown in figure 4.1) [67]-[70].
Practical implementation of the first type is quite complicated as it is difficult to coat the
internal fiber holes with metal films and fill them with analytes. These difficulties arise because
of the small size of the holes. Besides, maintaining the uniform thickness of the holes is not
feasible for fabrication. Another reason is that while measuring, emptying, and refilling the
fiber is needed, which is time-consuming. Moreover, frequently filling and emptying can cause

a decrease in the sensing characteristics of the sensor.

Fiber I Fiber 11

Figure 4.1: Internal Sensing based Sensors

44  D-shaped Sensor

The use of D-shaped or exposed-core PCFs can help to overcome the disadvantages of
prism-based sensors and internal sensing based sensors [71]-[74]. In the D-shaped PCFs, metal
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and analyte are deposited on the exposed area directly (shown in figure 4.2); thus, the sensor
fabrication and the analyte changing are simplified. However, the flat portion of the D-shaped
PCFs needs polishing, which imposes fabrication difficulty. Still, in practical practice, this type
of sensor needs the etching of particular parts of the surface, which also adds complexity for

fabrication and makes sensors expensive.
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Figure 4.2: D-shaped Sensors

45  External Sensing based Sensor

Due to the limitations of internal sensing and D-shaped PCF, external sensing has
become the preferred method for analyte detection due to excellent sensing characteristics and
the benefit in the fabrication process [75], [76]. It provides the facilities which include cleaning
and re-using of a sensor. As the metal coating is positioned outside the fiber (shown in figure
4.3-a), unlike internal sensing, where the metal coating is placed inside the air holes, it does
not require any pre-steps before sampling. The sensor simply adheres to the analyte solution,

and within few minutes, it exhibits the outcome of the desired sensor performance.

4.6 Plasmonic Material Silver based Sensor

The plasmonic material used in the sensor affects the sensing performance strongly.
Silver gives a sharper resonance peak which gives beneficial output in terms of FOM. A silver
based sensor is shown in figure 4.3 (b) [77]. Though silver is one of the most conductive
materials, it is oxidized easily with time in aqueous circumstances. This phenomenon reduces
the sensing accuracy and hampers the sensor performance. Due to this chemical instability of

silver (Ag) and other limitations [78], it shows an inaccurate sensing performance.
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4.7  Bimetallic Silver-Graphene based Sensor

Silver oxidizes in a hydrous environment, resulting in a decrease in sensing accuracy.
An attempt to put a lean coating of graphene has been made to control the oxidization problem,
which in practice increases the manufacturing cost along with the fabrication difficulties due
to additional layers [79]. A sensor utilizing Silver-Graphene coating is depicted in figure 4.3

(c) [79].

= PML Layer
m Liquid
Gold Layer
O Air
Fused Silica

Figure 4.3: (a) External Sensing based sensor, (b) Silver based sensor, (c) Silver-Graphene

based sensor, (d) Silver-Gold based sensor

4.8 Bimetallic Silver-Gold based Sensor

This type of SPR-PCF biosensor has two metalized microfluidic slots that are
constituted with gold and silver as plasmonic material. This innovative type design was initially
proposed by Akowah et al. in 2012. Gold is positioned at the top of the silver to prevent
oxidation and other chemicals. The structure (shown in figure 4.3-d) has an easier fabrication
process due to large micro-fluidic slots [80].

49 Bimetallic Silver-TiN based Sensor

Conventional bimetallic designs have Gold-Silver coating where gold is used as a
protective layer. But gold has the disadvantage of broader resonance curves that limit the
accuracy of detection. So, the newly proposed bimetallic configuration can be based on silver
and TiN (shown in figure 4.4-a). The surface of the operating channel is layered with a silver
coating. An additional layer of TiN was utilized to protect the silver layer from oxidation and

to maintain chemical stability [81].
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410 Plasmonic Material Gold based Sensor

Though silver has a sharper resonant peak, it exhibits chemically unstable behavior.
Thus, recently gold is popularly used due to its chemical stability and the shift of resonant
wavelength by a significant amount, which results in proper detection of the analyte [82], [83].
A large number of researches are done on gold-based biosensors. A sensor utilizing Gold as

the plasmonic material is displayed in figure 4.4 (b) [83].

411 Bimetallic Gold-TiO:2 based Sensor

In this type of sensor, gold is applied as a thin layer to coat the channel. On top of that,
the deposition of a TiO; film proliferates the surface plasmonic excitation by assisting the
adhesion of gold [84]. The rise in the excitation of surface plasmonic increases the evanescent
field. It also has high RI than the fiber and provides strong coupling between the leaky core
guided and the plasmonic mode whenever placed on the glass creates. Therefore, this layer
improves sensing performance. A sensor having Gold-TiO> coating is displayed in figure 4.4

() [85].
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Figure 4.4: (a) Silver-TiN based sensor, (b) Gold based sensor, (c) Gold-TiO> based sensor,
(d) ITO based sensor

412 1ITO based Sensor

Using Indium Tin Oxide (ITO), the adjustment of the plasmonic resonance can be
performed by varying the inherent characteristics of the materials [38]. Basically, by altering
the number of oxygen content and metal atoms, the plasmonic behavior can be controlled.
Additionally, ITO is more cost-effective than gold and silver. A sensor utilizing ITO as the

plasmonic material is displayed in figure 4.4 (d) [38].
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Chapter 5

Material Characterization and Mathematical
Formulation

51 Introduction

In this chapter, we have discussed the different materials that are used in designing the
SPR-based PCF sensors. Silica (SiO2), Titanium dioxide (TiO2), Gold (Au), Aluminium doped
Zinc Oxide (AZO), etc., are the materials that are commonly used. Here we have demonstrated
the equations that can be used to characterize these materials in simulation platforms. It is to
be mentioned that only the refractive index (RI) of these materials is of interest. So we have
shown only the RI equations of these materials. In some cases, we have provided the
permittivity equations since the square-root of permittivity gives the RI. Then we also
discussed in this chapter the parameters that help to determine the sensor performance. These
parameters include confinement loss (CL), amplitude sensitivity (AS), wavelength sensitivity
(WS), temperature sensitivity, strain sensitivity, resolution, birefringence, figure of merit
(FOM), sensor length, etc. The formulas that can be used to calculate these parameters are

displayed and explained in this chapter.

5.2 Characterization of Materials

In this section, the materials characterization equations are discussed. Here we have
focused only on the materials we have used in our research works discussed in chapters 6, 7,
8, and 9. Note that some materials have a complex effective RI. The effective RI of any material
can be represented in the complex form of nest = n + jk, where n and k denote the RI's real and

complex parts.

5.2.1 Silica (SiOy)

SPR-based sensors are usually fabricated by putting a lamination of plasmonic
metal on the surface of a PCF. The PCF can be made of either some glasses or some

polymers. Fused Silica, also known as silicon di-oxide, is vastly preferred as the
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background material of the PCF. Generally, an undoped version of silica is used. Due to

the following advantageous behaviors, silica is given preference over other glasses and

polymers [86]:

v

<

<

One of the essential advantages of silica is its chemical stability. It does not show
any hygroscopic behavior.

Silica exhibits good optical transparency in a wide wavelength range.

The mechanical strength of silica is remarkable against pulling and bending.

Silica has deficient scattering and absorption loss (around 0.2 dB/km) in the near-
IR spectral region. This characteristic can be realized from figure 5.1.

At high temperatures, silica can be drawn into fibers.

Another advantage of silica is that the fusion splicing of silica performs excellently.
The high damage threshold is another advantageous property of silica. Due to this
property, silica shows a low tendency of laser-induced breakdown. During the

amplification of short pulses in fiber amplifiers, this property plays a vital role.
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Figure 5.1: Intrinsic losses of silica

The RI property of the fused silica is extracted from the Sellmeier equation given below

[9]:

BA* BA* B’
2 + 2 + 2
A*-C, A1*-C, A*-C,

r‘Isilica (ﬂ‘) = \/1+ (51)

Here, nsilica represents the R1 of silica, and the value of nsiiica depends on the wavelength of

light (1) and the Sellmeier constants. The Sellmeier constants are listed in table 5.1. It is to
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be mentioned that equation 5.1 is valid for the wavelength range of 0.22 pum to 3.71 pum
[85]. This formula can be used to estimate the silica RI at a constant temperature of 25 °C
[87]. Figure 5.2 depicts the RI of silica as a function of wavelength. It is visible from figure
5.2 that the complex part of the silica refractive index is always zero. Therefore, the
refractive index of silica is always a real number.

Table 5.1 Sellmeier Constants

Constant Value
B1 0.69616300
B2 0.407942600
Bs 0.897479400
Cs 0.00467914826 pm?
C2 0.0135120631 pm?
Cs 97.9340025 pm?
Refractive Index of Silica
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Figure 5.2: Silica Rl as a function of light wavelength (temperature 25 °C)

When T denotes the temperature in Celsius (°C) scale, the temperature-dependent
Silica RI nsiiica can also be estimated using the modified Sellmeier equation given below
[25]:
n’ 1 =(1.31552+6.90754x10°T)

(0.788404 + 23.5835x10°°T) A?
A% —(0.0110199 + 0.584758 x10°T)
. (0.91316+0.548368x107°T) A
A% -100

(5.2)
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Refractive Index of Silica at 600 nm
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Figure 5.3: Silica RI as a function of temperature (light wavelength 600 nm)

At a constant light wavelength of 600 nm, the silica RI vs. temperature is maifested in
figure 5.3. It is realizable from figure 5.3 that the silica RI increases as the temperature is
raised.

The above two equations evaluate the silica Rl when the applied strain is null.
However, when the fiber undergoes any amount of strain, the R1 of silica changes owing to
the Opto-elastic property. The strain-dependent refractive index of Silica for variable

applied stresses can be estimated by the following formula [26], [88]:

n' = r]silica[:l'_ Pegz] (53)

silica

where nsilica and n'siiica are the silica R1 without strain and with strain, ¢, denotes the applied
strain, and Pe is the elastic-optic constant. It is to be mentioned that Pe has a magnitude of
0.22 for silica [88]. For varying strain in the range of 0-2000 peg, the silica RI is exhibited
in figure 5.4. It is realizable that silica RI reduces with the increase of strain.

Refractive Index of Silica at 600 nm, 25°C
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Figure 5.4: Silica RI as a function of strain (light wavelength 600 nm, temperature 25 °C)
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5.2.2 Air

Air is used to fill up the cavities existing in the PCF. The refractive index of air gets
altered as the light wavelength is varied. However, this change is very insignificant, which
can be realized from figure 5.5.

Refractive Index of Air
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Figure 5.5: Air Rl as a function of light wavelength

Figure 5.5 displays the relationship between the air Rl and the light wavelength. It is
realizable that air RI is always a real value and has a magnitude very close to 1. Therefore,

we have considered air RI to be 1 in all our research works.

5.2.3 Gold

Gold is a material that has an atomic number of 79. It is symbolized by ‘Au’ and
has a relative atomic mass of 196.96657. The melting point of gold is 1064 °C. We have
used gold to laminate the exterior of our SPR sensors. It is vastly used as the plasmonic
material due to its advantageous behavior over other plasmonic materials. The advantages
that gold provides are [40]:

v' Gold is chemically stable and inert.

v Gold does not get oxidized in an aqueous environment

v A sharp resonant peak and a broad resonance peak shift even in an aqueous

environment
The dielectric constant of gold can be estimated from the Drude-Lorentz model, and it can
be described as below [89]:
by —i - wg_ _2 Agz.Qﬁ _
oo+ jy,) (@ -Q))+jl'o

(5.4)
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In this equation, gay represents the permittivity of gold, & represents the high-frequency
permittivity with a value of 5.9673. ® is the angular frequency, wp and yp are plasma and
damping frequencies respectively, where wp = 4227.2n THz, yp = 31.84n THz. Moreover,
Ae = 1.09 is the weighting factor while the oscillator strength is Qi = 1300.14n THz, and
spectral width is I'L = 209.72n THz.

Refractive Index of Gold (Au)
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Figure 5.6: Gold RI as a function of light wavelength

It is clear from equation 5.4 that the dielectric constant of gold is a complex number, and it
is equal to the squared value of gold RI. So the gold RI can be obtained by square-rooting
the dielectric constant, which is another complex value. The real and complex parts of gold
RI vs. wavelength curves are plotted in figure 5.6.

5.2.4 Titanium di-oxide (TiOy)

Inserting a thin layer of titanium di-oxide between the gold and fiber has recently
become a widespread practice. TiO> film is deposited with a view to increasing the adhesion
of gold with the fiber since the gold layer easily flakes off upon the application of gentle
pressure [32]. TiO2 has a high RI and plays the role of a transition metal [90]. Therefore, it
helps in alluring the evanescent fields from the core. Moreover, the TiO> layer produces a
high number of electrons at the surface, and these additional electrons attract the evanescent
field from the core to interact actively with the plasmonic material and, therefore, enhances

the sensitivity of the SPR-based sensors [85].
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The TiO2 RI vs. wavelength curve is plotted in figure 5.7. When A and n; are the
wavelength (in Angstroms) and the RI of TiO2, respectively, the refractive index

characteristics of metallic layer TiO2 can be obtained from the following equation [91]:

7
ntz\/5.913+ 24410 (5.5)
27 -0.803x10
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Figure 5.7: TiO2 Rl as a function of light wavelength

5.2.5 Aluminium doped Zinc Oxide (AZO)

Aluminium doped Zinc Oxide (2% wt of Al in ZnO), also known as AZO, is another
plasmonic material used as an alternative to gold. Even though aluminium gets affected by
oxidation in the hydrous area, it shows promising results. As plasmonic material, AZO has
a few advantages over gold. It is noteworthy that a thin gold layer effectuates the formation
of island [20]. Moreover, gold has a high plasma frequency, and therefore gold-based
sensors operate in the UV or visible region [20]. On the other hand, due to low charge
carrier density, AZO has plasma frequency in the near IR region [20]. The evanescent field
in the near IR region has high penetration depth, and hence AZO based SPR sensors have
a substantial importance in the biomedical sensing applications [20]. Additionally, AZO's
charge carrier density can be modified by altering the doping concentration, which gives

control over the plasma frequency [20].
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Refractive Index of AZO
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Figure 5.8: AZO RI as a function of light wavelength

The dielectric characteristics of AZO (2% wt) can be expressed as [20], [92]:

2 2
w, fLo

(5.6)

Enro(@) =€, —
o) =4 o(o+]y,) (o -0 - joy)

where &p IS the polarization response of core electrons (background permittivity) and has a
value of 3.5402 and wyp is the plasma frequency having a magnitude of 1.7473 eV. The other
parameters, yp, f1, ©1, and y1, have the corresponding values of 0.04486 eV, 0.5095, 4.2942
eV, and 0.1017 eV. Figure 5.8 shows the real and complex parts of the effective Rl of AZO
as a function of light wavelength.

5.2.6 Ethanol (C2Hs0H)

Ethanol is a hydrocarbon compound. The symbol of ethanol is C;HsOH. The
functional group of ethanol is the hydroxyl (-OH) group. Therefore, it is generalized in the
group of alcohol. The melting point of ethanol is -114.1 -C, whereas the boiling point is
78.37 »C. Ethanol is used in many applications such as:
perfumes and varnishes manufacturing
preserving biological specimens
preparing flavorings and essences
medicines and drugs
in tinctures

as a disinfectant

AN N N N N

as a gasoline and fuel additive
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However, ethanol is of our interest due to its temperature-sensitive nature. The refractive
index of ethanol is a real number, which is a function of temperature. Ethanol can be used
to measure temperature because of its temperature-sensitive property. When ethanol is used
as the analyte of an SPR-based PCF sensor, the sensor can be utilized as a temperature

sensor. Therefore, we need to know the temperature-dependent RI of ethanol, which can

be expressed as [25]:

dn
n =n, +E(T1 _To) (5-7)

where n1 and no are the RI at temperatures Ty and To, respectively. At To = 20°C, the RI of
ethanol is no = 1.361. Here dn/dT denotes the thermo-optical co-efficient and has a value
of -3.117x10* °C™! [93]. The RI of ethanol as a function of temperature is displayed in
figure 5.9. It is evident from figure 5.9 that the RI of ethanol decreases as the temperature

is increased.
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Figure 5.9: Ethanol RI as a function of temperature
53 Performance Parameters

In this section, different performance parameters have been discussed that are used to
estimate the sensor performance. These parameters include confinement loss (CL), amplitude
sensitivity (AS), wavelength sensitivity (WS), resolution, birefringence, figure of merit (FOM),

and so on.
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5.3.1 Confinement Loss (CL)

Among all performance parameters, confinement loss (CL) is the most critical
parameter for measuring sensor performance since it is required to measure all other
parameters. The CL indicates the energy that is redirected to SPP mode from core mode.
Confinement losses are the losses arising from the modes' leaky nature and the PCF fiber's
non-perfect structure. When light is dispatched through the core of the PCF sensor, a
portion of the light energy leaks from the core and reaches the metal layer region. The
amount of this leaked energy is termed as the ‘confinement loss’ (CL). The CL can be

quantified by the following equation [85], [94]:

a =8.686xk, x Im(n, )x10*(dB / cm) (5.8)

In the preceding equation, A symbolizes the wavelength, and Im (nefr) Stands for the
imaginary part of the effective RI nesr. Furthermore, ko represents the wavenumber and can
be verbalized as ko = 2n/A. The maximum CL occurs at the resonance condition, at which
the transmitted light frequency and the frequency of the plasmonic material electrons are
even. The resonance engendering wavelength is acknowledged as the ‘resonance
wavelength.” At resonance wavelength, the effective RI’s real portion of the core mode and

the SPP mode becomes equal, and this state is also termed as the phase-matching condition.

5.3.2 Amplitude Sensitivity (AS)

The sensor potential can be measured using two methods, known as the amplitude
interrogation method (Al) and the wavelength interrogation (W1) method. The variance of
loss depth due to analyte RI change can be utilized to detect different unknown analytes.
This method of identifying unknown analytes is known as the amplitude interrogation
(intensity-based measurement) method.

When a(A, na) is the confinement loss at a particular RI of the analyte and da(A, na)
is the confinement loss difference due to two adjacent analyte RIs the amplitude sensitivity

(AS) of a sensor can be determined by using the formula [85], [95]:

1 da(i,n

W) (o1l -1
A (RIU™) (5.9)

S,=

a

The Al method measures AS at a constant wavelength, and thus this method is
straightforward in terms of practical implementation. It is because it does not require

spectral manipulation [96]. That is why this is the most popular method to determine the
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sensitivity of a sensor. However, this method has a trade-off of being very prone to external
noise. A significant amount of external noise may hamper the sensor performance and
result in erroneous detection of the analyte. Therefore, additional arrangements are needed
to block the external noise, making the implementation of this method expensive.

5.3.3 Wavelength Sensitivity (WS)

Another technique to measure the sensor's performance is the wavelength
interrogation (spectral-based measurement) method, where the shift of resonance
wavelength is taken into account. The following formula is applied to calculate the

sensitivity of a sensor in the W1 method [85]:

S, =AA,, An,(nm/RIU) (5.10)

peak

where Ana and Alpeak represent the difference between two neighboring analytes R1 and the
contrast in their corresponding resonant wavelengths. Usually, this method exhibits high
sensitivity response compared to the Al method [76]. The phase-detection method (WI
method) has the advantage of being cost-effective. However, it comes with a tradeoff,

which is the complexity of measuring sensitivity [97].

5.3.4 Resolution

Resolution is a parameter that assists in realizing the detection capability of the
sensor. The resolution gives an idea about the degree of the slightest modification in RI that
can be identified. Assuming the minimum spectral resolution to be OAmin, and SApeak being

the RW shift, the following formula enumerates the resolution [84], [85]:

0N, x04

R min (R]U) (5.11)

peak

5.3.5 Birefringence

The distinction between the real parts of the effective RI of x- and y- polarization
modes, represented by nx and ny, is termed birefringence. Birefringence is a vital

characteristic of a sensor, and it can be determined using the following formula [61], [98]:

B=

n-n| (5.12)
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The birefringence of a sensor should be as high as possible as it helps to maintain the
polarization state of the input signal [85]. Moreover, it creates a difference in sensitivity
between x- and y-polarized signals. Sustainment of the input signal’s polarization state
leads to the expulsion of the polarization mode dispersion (PMD) and the stability

enhancement of optical device operation, which are beneficial for sensing applications [61].

5.3.6 Full Width at Half Maximum (FWHM)

FWHM is the width of the confinement loss curve at the half value of the peak loss.
It determines the sharpness of the loss peak. The sharper the loss peak, the better the sensing
performance of a sensor. Moreover, FWHM is needed to evaluate the FOM of the sensor.
Therefore, FWHM is an important parameter to determine sensor performance. Figure 5.10
gives an idea about how to determine the FWHM. Usually, FWHM is measured on a
nanometer scale.
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Figure 5.10: Representation of Full Width at Half Maximum

5.3.7 Figure of Merit (FOM)

Besides AS and WS, the sensor efficiency can also be indicated through another
parameter known as the figure of merit (FOM). It is simply the ratio of the WS and the
FWHM. When S, is the WS, and the FWHM indicates the full width at half-maximum, the
FOM can be measured by the following equation [83]:

_S,(nm/RIU)

FOM =
FWHM (nm)

(5.13)

The FOM of a highly performable sensor should be of high value, obtained when the
sensor's sensitivity increases with the decrease of FWHM [85]. The increased value of WS

indicates a higher shift of resonance wavelength. On the other hand, reduced FWHM
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indicates a sharper resonance peak. Therefore, FOM gives an idea about the overall sensor

performance.

5.3.8 Sensor Length

When a(), na) is the peak confinement loss of a specific analyte R1 n,, the length of
the sensor for that RI can be defined by [83]:

L =[a(4,n)]™(cm) (5.14)

5.3.9 Temperature Sensitivity

The sensitivity of a sensor in terms of temperature can be computed by the given
formula [88]:

S,

02 (T) :
_G—T(nm/ C) (5.15)

where OT is the change of temperature in degree Celsius and Ohpeak represent the shift of

resonance wavelength due to the temperature change.

5.3.10 Resolution (Temperature)
The resolution (temperature) of a sensor is defined by the following equation [25]:

R =T xPmn () (5.16)

peak
Here, OAmin is the spectral resolution (minimum), whereas 0T and Ohpeak represent the
difference between two different temperatures and the contrast in their corresponding
resonant wavelengths. This resolution indicates the infinitesimal alteration of temperature

that the sensor is capable of identifying.

5.3.11 Strain Sensitivity

A sensor’s strain sensitivity can be estimated by the given formula [88]:

S _ a/’Lpeak (gz)

&

(nm/ ue) (5.17)

z
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where Og; and Ohpeak represent the difference between two different strain values and the

contrast in their corresponding resonant wavelengths.

54 Conclusion

By now, we have become familiar with all the materials required to construct an SPR based
PCF sensor. We have also become familiar with the parameters that are needed to estimate
the sensor performance. These materials’ characterization equations and performance
parameters are used in the following chapters, where we have discussed our proposed

sensor structure and their performance.
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Chapter 6

Proposed Design-1: Highly Sensitive and Birefringent

Biosensor with Low Loss

6.1 Introduction

This chapter has discussed a novel, perfectly hexagonal lattice PCF biosensor based on
SPR. To design and investigate the influence of several initial geometric parameters on the
sensor's sensing properties, the FEM based commercially available COMSOL Multiphysics
version 5.3a is used. A 20 nm layer of chemically stable plasmonic material gold (Au) is used
to make the excitation possible between the core and plasmonic modes. A thin film of TiO: is
placed on the glass surface, which allures the field from the core guided mode and assists in
the fiber's adhesion of gold (Au). By exploiting the geometric parameters, simulation results
show a maximum WS of 16000 nm/RIU and 17000 nm/RIU for x-polarization and y-
polarization, respectively, due to the dielectric refractive index (RI) variation from 1.33to 1.41.
It is shown that the highest obtained AS of the proposed sensor reaches 4596 RIU and 4557
RIU, respectively, for x-polarization and y-polarization with the maximum CL of 3.73 dB/cm
and 4.48 dB/cm. Additionally, the maximum sensor resolution (amplitude) of 2.18x10 and
2.19x10, the maximum sensor resolution (wavelength) of 6.25x10° and 5.88x10° for x- and
y-polarization modes, respectively and maximum birefringence of 8.8984x10 is attained. The
sensing range of our proposed sensor is determined to be 1.33-1.41, which includes various
chemical solutions and biochemical agents, for instance, blood plasma (1.35), RBC (1.40),
WBC (1.36), hemoglobin (1.38), intestinal mucosa of human (1.329-1.338), 10% glucose
solution (1.3477), acetone (1.36), human liver (1.369), and so on [85], [99]. So it is needless to
mention that our proposed sensor will play a vital role in the chemical and medical industry by

properly detecting these essential biochemicals.
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6.2  Structural Design and Theoretical Modelling

Figure 6.1 (a) depicts the 2D cross-sectional view of our introduced design, having
several clusters of circular-shaped air holes in the cladding region and a single rectangular air
hole in the core. The cladding region consists of six such clusters of air holes arranged in a
hexagonal manner. The clusters are 60 degrees apart and have a radius of 1.5xp from the center
of the core, where p is equal to 1.55 um. Each cluster consists of five small circular-shaped air
holes, each having a diameter of d. The air holes are placed 72 degrees apart from each other.
Moreover, the center of any air hole has a distance of ‘a’ from the cluster's center. A rectangular
air hole that has a height (h) of 0.4 um and a width (w) of 0.22 pm is placed at the exact center
of the fiber, which helps to create an asymmetry in the formation and guide the waves towards
the surface, thus improving the sensing capabilities [100]. Also, this air hole provides the core
power with the opportunity to couple with the surface that creates a birefringence effect on the
sensor. Due to the smaller air holes with diameter d, light confined in the core mode interacts
with the plasmonic mode and links the core and plasmonic mode.

Fused silica is chosen as the background material of this sensor, which can be
characterized by equation 5.1. A perfectly matched layer (PML) expressed as temL is the
outermost layer of the biosensor, which can absorb the radiated energy. Just beneath that, there
is an analyte layer whose thickness is depicted as ta has a remarkable impact on sensing
performances, and during simulation, we have assumed it to have a constant thickness of 1.5
um. The thickness of a thin layer of gold (Au) is denoted as tg, and this layer is used to reduce
the loss of light propagation through the sensor. On top of that, the deposition of a TiO> film
proliferates the surface plasmonic excitation by assisting the adhesion of Au. After multiple
observations by varying the parameters, we found optimum values of tem = 1.50 um, ty = 20
nm, tt =10 nm, ta = 1.50 um, rc = 2.2xp, h=0.4 pm, w=0.22 um, p = 1.55 pm, p1=1.5%p, a =
0.65 um and d = 0.45xp. The optimization of these parameters is elaborately discussed later in

this chapter.
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Figure 6.1: (a) Cross-sectional view of the proposed PCF sensor; (b) Optical field distribution

of i. x-polarized core mode, ii. y-polarized core mode, iii. x-polarized SPP mode, iv. y-
polarized SPP mode; (c) Dispersion relation between SPP mode and core-guided mode at
analyte Rl = 1.40

6.3  Sensor Performance Investigation and Optimization of
Different Geometrical Parameters

6.3.1 Guiding Properties and Dispersion Characteristics

The optical field distribution of the proposed sensor for core mode and SPP mode
is shown in figure 6.1 (b). The insets (i) and (ii) of figure 6.1 (b) show the field distribution
of the core-guided mode at analyte RI 1.40 for x- and y-pol, respectively. Field distribution
of the SPP mode at analyte RI 1.40 for x- and y-polarization modes are shown in the insets
(i) and (iv) of figure 6.1 (b), respectively. Figure 6.1 (b) portrays strong coupling for both
the polarization modes. Thus, both polarizations are taken into account while investigating
the sensing performance since the proposed sensor experiences birefringence due to its
structure's asymmetry. The presence of the rectangular air hole at the center of the fiber

causes this asymmetry.
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Resonance occurs if the evanescent field frequency harmonizes with the frequency
of the electrons of the plasmonic material. The effective index of core-guided mode and
SPP mode becomes the same at this matching frequency, and a notable confinement loss
peak occurs. This event is known as the phase-matching phenomena, where maximum
energy is transferred from core-guided mode to SPP mode [76]. The confinement loss (CL)
can be calculated using equation 5.8. The dispersion relation of the proposed sensor at
analyte RI 1.40 is illustrated in figure 6.1 (c). It is visible from figure 6.1 (c) that phase
matching phenomena occur at the wavelength of 0.82 pum, which is also termed as
resonance wavelength. This resonance wavelength changes with the small variation of
analyte RI. Due to the increase in analyte RI, the resonance wavelength shifts to the right,
whereas it shifts to the left when the analyte RI is decreased. These shifts are often cited as
red-shift and blue- shift, respectively [76]. The shift of resonance wavelength due to analyte
RI variation from 1.33 to 1.41 for x- and y-polarization modes is manifested in figure 6.2

(@) and (b), respectively.
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Figure 6.2: Loss spectrum for analyte Rl from 1.33 to 1.41 for (a) x-pol, (b) y-pol; and
Amplitude sensitivity for analyte RI from 1.33 to 1.40 for (c) x-pol, (d) y-pol

It can be noticed in figure 6.2 (a) and (b) that the loss depth rises as the analyte RI is
increased. The lowest CL is 0.538 dB/cm, and the highest CL is 11.35 dB/cm at analyte RI
of 1.33 and 1.41, respectively, for x-polarization mode. For y-pol, the lowest CL is 0.583
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dB/cm, and the highest CL is 12.36 dB/cm at analyte RI of 1.33 and 1.41, respectively. In
this work, we limit our investigation up to analyte RI of 1.41 as analyte RIs’ higher than
1.41 show very high loss, and, sometimes, the loss peak cannot be detected accurately. It
is to be mentioned that throughout this book, the term ‘sensitivity’ refers to ‘surface
sensitivity’ as we intend our sensors to be a biosensor [101].

Figure 6.2 (c) and (d) depict the stated sensor's amplitude sensitivity at analyte RIs
from 1.33 to 1.40 for x- and y-polarization modes, respectively. The maximum AS (1694
RIU?) for x-pol is obtained at analyte Rl 1.40. Maximum WS of 16000 nm/RIU is also
obtained at this analyte RI for x-pol. So the optimum RI is taken as 1.40 for x-pol. For y-
polarization mode, the maximum AS (1517 RIU?) is found at analyte RI 1.39, and the
maximum WS (17000 nm/RIU) is obtained at analyte R1 1.40. The AS of RI 1.39 (1517
RIUY) is slightly higher than that of 1.40 (1444 RIU™), but the WS for 1.39 (8000 nm/RIU)
is much lower than the WS of 1.40 (17000 nm/RIU). So, considering the WS, we choose
RI 1.40 as the optimum for y-pol. Here, the AS and the WS are calculated using equations
5.9 and 5.10, respectively.

The maximum resolution of the proposed sensor is calculated using equation 5.11,
and the values are found to be 6.25x10° and 5.88x10° for x- and y-pol, respectively, at
analyte RI 1.40. It is mention-worthy that the influences of external noise have not been
considered while calculating the resolution. Hence, the resolution stated in this book is the
maximum expected resolution in the absence of external noise and, according to ref. [101],
this resolution can be termed as ‘maximum theoretical resolution.” Moreover, in practical
applications, the sensor’s resolution may differ from the stated value depending on the
signal to noise ratio.

The proposed sensor showed a maximum birefringence of 8.8984x10* at analyte
Rl 1.40, calculated by equation 5.12. Figure 6.3 (a) exhibits the proposed sensor’s
birefringence as a function of wavelength at analyte R1 1.40. It is to be mentioned that the
high birefringence of a sensor introduces the necessity of extreme caution while placing
the sensor for practical applications to avoid curvatures or twist in it. It is because any
amount of twist changes the sensitivity of the sensors that are polarization-dependent [102].

The regression line of an excellent sensor should have a high linearity response.
Figure 6.3 (b) shows the linear fitting and quadratic polynomial fitting of the resonant
wavelengths as a function of analyte Rl from 1.33 to 1.41. It is visible from figure 6.3 (b)
that the proposed sensor shows the fitting response R? = 0.8427 and R? = 0.9908 at linear

fit and second-order polynomial fit, respectively, which indicates better linearity.
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The performance of a sensor severely depends on various geometrical parameters
such as gold layer thickness, TiO2 layer thickness, analyte layer thickness, air hole
diameter, etc. These parameters must be optimized to obtain the maximum sensitivity of
the sensor. While optimizing one parameter, other parameters must be kept constant. The
initial values of different geometrical parameters of the proposed sensor was set as TiO>
layer thickness (t)) = 5 nm, gold layer thickness (t;) = 30 nm, analyte layer thickness (ta) =
1.50 um, PML layer thickness (temi) = 1.50 um, height of rectangular air hole (h) = 0.4
pm, width of rectangular air hole (w) = 0.18 um, p = 1.65 pum, air hole distance from the
center of any cluster (a) = 0.65 um, air hole diameter (d) = 0.40%p, distance of each cluster
from the center of the fiber (p1) = 1.50%xp, and fiber radius (r¢) = 2.20xp. Then these
parameters were optimized, starting with the gold layer thickness. Though the optimization
of different geometrical parameters was done for both x- and y-pol, the results and curves

of only x-pol have been shown in this literature while discussing the optimization process.
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Figure 6.3: (a) Birefringence and effective RI as a function of wavelength at analyte RI of
1.40; (b) Regression lines of the resonance wavelength as a function of analyte RI; (c) Loss
spectra for tg= 15 nm, 20 nm, and 25 nm at analyte RI of 1.40 (solid lines) and 1.41 (dashed
lines); and (d) Amplitude Sensitivity for tg= 15 nm, 20 nm, and 25 nm at analyte R1 of 1.40
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6.3.2 Optimization of Gold Layer Thickness.

The gold layer generates the SPW. Thus the thickness of this layer has a
considerable impact on the performance of the sensor [103]. Moreover, the gold layer
thickness influences the resonance wavelength. Figure 6.3 (c) displays the shift of
resonance wavelength due to the change in gold layer thickness. A red-shift in the loss peak
can be noticed when the thickness is increased. The loss peak also increases with an
increase in thickness due to the high damping loss of gold. A thicker gold layer generates
more surface electrons, which helps in increasing the sensitivity. However, a very thick
layer of gold (e.g., 25 nm) obstructs the EM waves from interacting with the analyte layer,
reducing the sensitivity. The maximum AS (4021 RIU™) is obtained for the thickness of 20
nm, which can be seen in figure 6.3 (d). So we select 20 nm as the optimized thickness of

the gold layer.

6.3.3 Optimization of TiO Layer Thickness

In this design, a thin TiO2 layer is used between the fiber and the gold layer to
improve the adhesion of gold. Note that oxide of other metal could have been used instead
of TiO2. The reason behind using the oxide of titanium is the low loss and corrosion
resistive nature of titanium. Using nitride of titanium instead of oxide results in very high
CL and very low AS [104]. Hence, we preferred using TiO2 over any other metal oxide or
nitride. The thickness of the TiO. layer also alters the loss depth and the sensing
performance of the sensor. Figure 6.4 (a) shows the change in loss depth due to the variation
of TiO- layer thickness. The loss depth increases, and a red-shift of resonance wavelength
occurs when t; is raised. Nevertheless, a thicker TiO> layer (15 nm) broadens the loss peak,
as shown in figure 6.4 (a), which results in a lower AS. AS for different values of t; are
depicted in figure 6.4 (b). The maximum AS (4197 RIUY) is obtained for t: = 10 nm.
Considering the AS, the optimized value of TiO> layer thickness is selected as 10 nm.
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Figure 6.4: (a) Loss spectra for tt=5 nm, 10 nm, and 15 nm at analyte RI of 1.40 (solid
lines) and 1.41 (dashed lines); (b) Amplitude Sensitivity for t: =5 nm, 10 nm, and 15 nm at
analyte RI of 1.40; (c) Loss spectra for rectangular air hole and circular air hole with d; =
0.09 pm, 0.18 um, and 0.36 um at analyte RI of 1.40 (solid lines) and 1.41 (dashed lines);
(d) Amplitude Sensitivity for rectangular air hole and circular air hole with d> = 0.09 um,
0.18 pum, and 0.36 um at analyte RI of 1.40

6.3.4 Effect of Different Core Structure

The rectangular air hole has an immense influence on the sensing performance of
the sensor since it is responsible for generating the birefringence. Moreover, it helps in
pushing the EM waves towards the analyte layer. Hence the height and width of the
rectangular air hole must be selected prudently to achieve better sensitivity. Before
optimizing these parameters, we will check the effect of replacing this rectangular air hole
with a circular air hole having a diameter d». For different values of d», the loss depths are
shown in figure 6.4 (c), whereas figure 6.4 (d) exhibits the AS. It can be observed that the
AS improves with the increase of d, and for d, = 0.36 um, AS (4188.2 RIU™) is almost

equivalent to the AS (4196.7 RIU™Y) for a rectangular air hole. However, the circular air
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hole gives zero birefringence. Thus we decide to retain the rectangular air hole. It is to be

mentioned that we did not raise d2 above 0.36 pm as that resulted in a very high loss.

6.3.5 Optimization of Height and Width of the Rectangular Air Hole in
the Core

Now we will optimize the height and width of the rectangular air hole. After careful
investigation, the maximum AS (4197 RIU™) is found at h = 0.4 pm. Thus, we select 0.4
pm as the optimum height and seek to optimize the width. After simulating for various
values of widths, the optimized width is affirmed to be 0.22 pm. At w = 0.22 pm, the
maximum AS is obtained to be 4238 RIU™. Loss depths and AS for different values of
height and width are shown in figure 6.5. From this figure, it can be seen that CL increases
with the increase of height and width. As increasing height or width increases the area of
the air hole, the air hole is able to push more EM waves towards the cladding. As a result,

an increase in CL is observed.
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Figure 6.5: (a) Loss spectra for h = 0.25 pm, 0.40 um, and 0.60 pm at analyte RI of 1.40
(solid lines) and 1.41 (dashed lines); (b) Amplitude Sensitivity for h = 0.25 pum, 0.40 pum,
and 0.60 pum at analyte RI of 1.40; (c) Loss spectra for w=0.18 pum, 0.22 um, and 0.26 pum
at analyte R1 of 1.40 (solid lines) and 1.41 (dashed lines); (d) Amplitude Sensitivity for w
=0.18 pum, 0.22 pm, and 0.26 pm at analyte RI of 1.40
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6.3.6 Optimization of ‘p’

The value of p also has a significant impact on the sensing performance as various
parameters are dependent on this. The initial value of the p was selected as 1.65 pm. First,
we increase it to 1.75 um and see that the AS gets reduced. So we decrease the value of p
and calculate AS at p = 1.55 um and 1.45 um. The AS values for p = 1.65 pum, 1.55 pum
and 1.45 um are 4238 RIU, 4572 RIU, and 3778 RIU! respectively. The loss depths for
different values of the p are shown in figure 6.6 (a). It is clear from figure 6.6 (a) that CL
decreases due to the decrement of p. It is because the reduction of p brings the clusters
closer to each other, which helps in better confinement of EM wave. Thus CL decreases,
and AS increases (for changing p from 1.65 pum to 1.55 um). However, for p = 1.45 um,
the sensitivity reduces since the clusters become so stuffed that the EM waves do not get
enough channel width to interact with the analyte layer. Figure 6.6 (b) shows the AS for
different values of p. As maximum AS is obtained for p = 1.55 um, we choose this as the

optimum value of p.
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Figure 6.6: (a) Loss spectra for p = 1.65 um, 1.55 um, and 1.45 pum at analyte R1 of 1.40
(solid lines) and 1.41 (dashed lines); (b) Amplitude Sensitivity for p = 1.65 pum, 1.55 um,
and 1.45 um at analyte RI of 1.40; (c) Loss spectra for d = 0.45xp, 0.40xp, and 0.35%p at
analyte RI of 1.40 (solid lines) and 1.41 (dashed lines); (d) Amplitude Sensitivity for d =
0.45xp, 0.40xp, and 0.35xp at analyte RI of 1.40
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6.3.7 Optimization of Air Hole Diameter ‘d’

At the fixed value of p and other parameters, we adjust the diameter of the air holes
and observe the effect on AS. The diameter was set to d = 0.40xp initially, which showed
AS of 4572 RIU. Now we reduce the diameter to 0.35xp and see that the AS becomes
4685 RIU. Nevertheless, this improvement in AS comes with a tradeoff, which is the
radical increment of loss peak. The loss increases as the smaller air holes cannot confine
the EM waves properly. The loss becomes almost 2.9 times the initial loss, whereas the AS
becomes 1.02 times the initial AS. The loss depths are shown in figure 6.6 (c), and the AS
curves are shown in figure 6.6 (d). Due to the massive increase in loss depth, 0.35xp cannot
be taken as the optimal diameter. Hence we increase the diameter and set it to 0.45xp. At
this diameter, AS increases slightly, whereas the loss decreases to a great extent due to the
better confinement of EM waves by the larger air holes. Since an improved AS with lower
CL is obtained for an increase in diameter, the diameter should be increased further.
However, a further increment of d results in the overlapping of air holes. Thus we select
0.45xp as the optimized diameter at which AS is found to be 4596 RIU™.

Till now, we have optimized all the essential geometrical parameters of the proposed
sensor. It is to be mentioned that we have also investigated the effect of varying a, p1, and
re and discovered that the sensor gives the best performance at the initial values of these
parameters. Hence the optimization of these parameters is not presented. Moreover, we did
not address the optimization of geometrical parameters for y-polarization mode.
Nevertheless, we have performed the optimization for y-pol simultaneously with x-pol and
ascertained that the optimized values of these parameters are the same for both polarization

modes.

6.3.8 Sensor Performance at Optimized Parameters

After optimization, the proposed sensor exhibited a maximum AS of 4596 RIU™*
for x-pol and 4557 RIU™ for y-pol. Table 6.1 presents a performance comparison of the
proposed sensor with the existing sensors. It is indisputable from Table 6.1 that our
proposed sensor exhibits low loss and improved performance in terms of AS, WS,

resolution, and birefringence.
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Table 6.1 Performance comparison of the proposed sensor-1 with prior sensors

L AS Resolution Resolution
0SS
Ref. B (Amplitude) (Wavelength) Biref.
(dB/cm) (RIU™ (nm/RIV)
(RIV) (RIV)
[105] 19.9 118 8.47x10° 1000 1.00x10* -
[106] 60 72.47 1.38x10* 2520 3.97x10° -
[107] 449.91 442.11 2.26x10° 6000 1.66x10° -
[97] 700.05 318 3.14x10° 9000 1.11x10° -
[108] - - - 1131 8.84x10° 7.5%x10*
[83] - 1415 7.07x10° 62000 1.61x10° 1.2x10°3
[85] - 1411 7.09x10° 25000 4.00x10°® 1.6x10°
[22] - 1420 7.00x10° 11000 9.10x10° -
[76] - 1506 6.64x10° 30000 3.33x10°® -
[109] - 1739.26 5.75x10 9600 1.04x10° -
[110] - 2044 4.89x10° 12000 8.33x10°® -
[90] - 2050 4.88x10° 111000 9.00x10” -
This x-pol  3.73 4596 2.18x10° 16000 6.25x10 R
.898x10°
Work  y-pol  4.48 4557 2.19x10° 17000 5.88x10

The simplistic formation of the stated PCF sensor makes its fabrication process
straightforward. The standard Stack-and-Draw method can be employed to fabricate the
circular-shaped air holes [83]. Fabrication of the rectangular-shaped air hole can be
achieved using an extrusion technique and 3D printing technology [83]. The thin gold and
TiO2 coating can be implemented using chemical vapor deposition (CVD), high-pressure
microfluidic chemical deposition, and wheel polishing methods [85]. Besides, the thin layer
of gold can be coated on the curved surface using the atomic layer deposition (ALD)
method [76] as well.

6.4 Conclusion

To summarize, we can say that we have a unique, highly birefringent, efficient PCF-
SPR biosensor in this proposal. The arrangement of the clusters of circular air holes in the
cladding region helps in maintaining a very high sensitivity. The FEM of COMSOL
Multiphysics was used to simulate and optimize the structural parameters, and that is how we

obtained the best output. As a result, we managed to achieve a very high amplitude sensitivity
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(AS) of 4596 RIU* and 4557 RIU™ for x- and y-polarization, respectively, using the amplitude
interrogation method and a remarkable wavelength sensitivity (WS) of 16000 nm/RIU and
17000 nm/RIU for x- and y-polarization respectively applying the wavelength interrogation
method. Moreover, the numerical value of the birefringence is found 8.8984x10 at refractive
index 1.40, where the overall sensing range is from 1.33 to 1.41. The ultra-high sensitivity of
this SPR biosensor is thought to contribute extensively to the detection of unknown
biochemical analytes. In the next chapter, we will discuss another highly sensitive sensor
having a rectangular air hole at the center.
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Chapter 7

Proposed Design-2: Highly Birefringent Gold Coated

Sensor Having Six Air Holes

7.1 Introduction

This chapter presents a unique and simply designed Surface Plasmon Resonance-based
PCF biosensor that shows high sensing performance. Like the design discussed in the preceding
chapter, this design also has a thin layer of gold (Au) surrounding the fiber. The strategic
arrangement of the circular shaped air holes inside the fiber enhances the overall performance
of the sensor. After precisely investigating the various fiber parameters, the maximum
amplitude sensitivity was found to be 3.35x10% RIU™ for x-polarization and 5.00x10° RIU™*
for y-polarization in a sensing range of refractive index 1.33-1.41. The sensor exhibited a
maximum birefringence of 2.23x10° and a maximum wavelength sensitivity of 3.00x10*
nm/RIU and 3.25x10* nm/RIU for x- and y-polarization, respectively. The sensor resolution
(amplitude) is found to be 2.98x10° for x-polarization and 2.00x10° for y-polarization,
whereas the sensor resolution (wavelength) is 3.33x10° and 3.08x107 for x-polarization and
y-polarization, respectively. Moreover, we obtained a high figure of merit of 4.48x102 RIU™!
for x-polarization and 4.44x102 RIU* for y-polarization. The sensor proposed in this chapter
shows much higher sensitivity and birefringence than the sensor discussed in the previous
chapter. Moreover, it has the advantage of being simple structured. This sensor has six air holes
in the core, whereas the previous one had thirty air holes. For simplicity in design and high
performance, the biosensor discussed in this chapter also has a wide range of applications in

the field of sensing unknown biomolecules and organic substances.

7.2 Structural Design and Theoretical Modelling

As we can see in figure 7.1 (a), we present a circular shaped lattice structure, which
is simple in terms of geometric arrangement. The whole design and performance
investigation has been done using the software COMSOL Multiphysics 5.3a. The outer

structure of the fiber has several layers, starting with a 1.50 um thick artificial absorbing
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layer called Perfectly Matched Layer (PML), denoted as temc in the figure, which is used
to avoid reflection of electromagnetic waves at the interface. Under the PML layer is the
layer through which we will pass the biochemical analyte for detection, termed as ta. The
thickness of this layer is selected as 1.50 um. We have two thin consecutive layers of gold
(Au) and TiO2 being termed as tq and t; in the figure, respectively. Here, the metallic layer
of gold has been chosen to be the plasmonic material because it is chemically stable and
gives broader shifts in resonance wavelength, and the TiO. layer has the function of
improving the attachment of the gold layer with the fiber [85].

-0-Loss (x-pol) -==SPP mode (y-pol)

6 =0=Loss (y-pol) ®=Core mode (y-pol)|____
5 1145
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Figure 7.1: (a) Proposed biosensor model in 2D view; (b) Light energy distribution of i.
core mode (x-polarization), ii. core mode (y-polarization), iii. SPP mode (x-polarization),

iv. SPP mode (y-polarization); (c) SPP-core-guided mode dispersion relation at analyte RI
=1.39

In the cladding region, we have six circular-shaped air holes having two different
diameters. The three larger air holes’ diameter is denoted as di, and its numerical value is
2.145 um. The three smaller air holes’ diameter is designated as ds, and its value is 1.375
pum. The gap between the subsequent air holes is given to maintain electromagnetic field
flow towards the metal. All the air holes’ centers are at a distance of 1.50xp from the fiber's
geometric center, and L denotes this distance. Right at the fiber's geometric center, we have
a rectangular air hole with a width (w) and height (h) of 0.18 um and 0.4 pm, respectively.
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We chose a rectangular-shaped air hole instead of a circular-shaped air hole at the center,

intending to create a birefringence.

7.3  Analysis of Sensor Performance and Optimization
Geometrical Parameters

7.3.1 Guiding Properties and Dispersion Characteristics

Figure 7.1 (b) portrays the proffered sensor’s light energy allotment for core mode
and SPP mode. At analyte RI 1.39, energy allotment of the core mode for x- and y-
polarization are displayed in figure 7.1 (b) (insets i-ii). The insets (iii) and (iv) are the SPP
mode's energy disposition for x- and y-polarization, respectively. It is noticeable from
figure 7.1 (b) that tight confinement of light takes place in the core for both x- and y-
polarization modes. A robust core mode-SPP mode coupling is formed for both polarization
modes because of the reciprocal evanescent field-plasmonic metal interaction. However,
the coupling for y-polarization is stronger in contrast with the coupling for x-polarization.
It is to be mentioned that stronger coupling results in higher accuracy of unknown analytes
detection. Figure 7.1 (c) illustrated the core-SPP dispersion correspondence when analyte
R1was set to 1.39. The CL, along with the real values of the effective RI for both SPP mode
and core mode, were plotted. The red and blue lines correspondingly represent the CL for
x-and y-polarization modes. The black and green lines delineate the real values of effective
RI for core mode and SPP mode. It is clear from the figure that 0.765 um is the resonance
wavelength at which phase-matching eventuates, and the utmost energy is resettled to SPP
mode from the core mode [76]. Hence the CL is also maximum at this point.

7.3.2 RI Optimization

Different geometrical parameters of the PCF, for instance, gold film width (tg), TiO2
film width (t;), height (h) and width (w) of the rectangular air hole, diameters (ds, di) of the
small and large air holes, pitch (p), etc. directly controls the performance of the sensor.
Thus the values of these parameters must be selected prudently to procure an elite sensing
performance. Initially, these parameters were set as tg =30 nm, tt=5nm, h=0.4 um, w =
0.18 um, ds = 1.375 um, di = 2.145 um and p = 1.65 um. However, the sensor may not
exhibit the utmost performance at these magnitudes of the geometrical parameters. Hence
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adjustment of these parameter magnitudes must be made. The optimization process should
be carried out at a fixed R1 of the analyte at which the highest sensitivity is obtained for the
initial values of the parameters. When the parameters are set to their initial values, the effect
of adjusting analyte RI from 1.33 to 1.41 is illustrated in figure 7.2.
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Figure 7.2: CL for different dielectric refractive indices (1.33-1.41) for x- and y-
polarization (a-b); AS for different dielectric refractive indices (1.33-1.40) for x- and y-
polarization (c-d)

Figure 7.2 (a-b) illustrates the change in CL due to RI variation for x- and y-
polarization, respectively. It is glanceable that the RW resettles to the right as the analyte
Rl is increased. Any amendment to analyte RI effectuates a change in the nes (real) of SPP
mode, which in terms results in either red-shift or blue-shift of the RW [76]. Considering
the shift of RW, the maximum WS of the proffered sensor is found to be 3.00x10* nm/RIU
for x-polarization and 3.25x10* nm/RIU for y-polarization. Figure 7.2 (c-d) demonstrates
the effect of RI variation on the AS for x- and y-polarization. It is evident from figure 7.2
(c) and (d) that the highest sensitivity is obtained at RI = 1.39 for both polarization modes
when the parameters were set to their initial values. Hence the optimization of the geometric
parameters will be done at RI = 1.39. As mentioned earlier, the coupling for y-polarization
is stronger than the coupling for x-polarization. Thus, we will focus on y-polarization mode

while optimizing the geometrical parameters.
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Our sensor's maximum resolution is obtained at analyte RI 1.40, and the
corresponding values for x- and y-polarization are found to be 3.33x10 and 3.08x10°,
assuming dAmin = 0.1 nm in equation 5.11. Note that while estimating the resolution, the
external noise effects were not appraised. Therefore, the resolution mentioned above is the
maximum expected resolution, which can also be termed ‘maximum theoretical resolution’
[101]. Moreover, depending on the amount of external noise, the sensor’s resolution will

fluctuate during practical applications.
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Figure 7.3: (a) Regression lines of the RW; (b) Birefringence and effective Rl at dielectric
RI of 1.39 for optimized parameters; (c) CL for dissimilar thicknesses (tg) of gold film at
dielectric refractive indices of 1.39 and 1.40; and (d) AS for dissimilar thicknesses (tg) of

gold film at a dielectric refractive index of 1.39

The linearity response of the regression line also indicates the sensor performance.
An excellent sensor shows a high linearity response of the regression line. The linear (black
line) and the 2" order fitting (blue line) of the RW are shown in figure 7.3 (a). R? values
of 0.90105 and 0.98996 are obtained for the linear fitting and the quadratic polynomial
fitting, respectively, indicating better linearity.

The figure of merit (FOM) of this sensor was measured by equation 5.13. For
analyte R1 1.33-1.40, the obtained FWHMs are 22.88, 25.56, 25.41, 29.17, 32.16, 36.79,
43.87, 66.90 nm for x-polarization and 22.66, 26.58, 26.35, 28.24, 30.98, 35.43, 45.38,
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73.14 nm for y-polarization. The obtained FWHMs are very low, and as a result, our sensor
shows high FOM. The maximum FOM is obtained at analyte Rl 1.40, and the
corresponding values for x- and y-polarization are 4.48x102 RIU and 4.44x10% RIU™.,

7.3.3 Gold Layer Thickness Optimization

The fundamental operation of a biosensor depends on the plasmonic material gold.
The evanescent field interacts with the gold layer's electrons and generates a surface
plasmon wave (SPW), which helps in the identification of an unidentified dielectric. Hence
this layer’s thickness (tg) has a significant impression on the sensor performance. The
results of varying the gold layer thickness (tg) on CL and AS is demonstrated in figure 7.3
(c) and (d), respectively. The CL decreases with the reduction of tg as gold has high
damping loss property. Since a thinner gold layer enhances the analyte-evanescent field
interaction, the sensor sensitivity rises with the reduction of tg. Nevertheless, the skin depth
limitation of the surface plasmon causes a decrement of AS when an extremely thin (tg =
15 nm) gold layer is applied [83]. The highest AS is obtained for t; = 20 nm. Hence, the
optimum gold layer thickness is elected to be 20 nm.

7.3.4 TiO2 Layer Thickness Optimization

In between the fiber and the gold layer, a thin film of TiO2 is smeared to enhance
the adhesion of gold. The TiO> layer improves the sensing capability of the sensor by
providing additional electrons to the surface [85]. Hence, without this layer, the sensor
exhibits low AS. However, if a thick layer of TiOz is applied, the AS decreases as the
evanescent field cannot appropriately interact with the analyte layer. The CL and the AS
for different thicknesses of the TiO; layer are manifested in figure 7.4 (a-b). As more energy
is required to excite the additional electrons provided by the TiO> layer, the CL increases
with the increase of t.. The maximum AS is obtained for t; =5 nm, and thus 5 nm is selected

as the optimum TiO> film thickness.
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Figure 7.4: (a) CL for dissimilar thicknesses (t;) of TiO> film at dielectric refractive indices
of 1.39 and 1.40; and (b) AS for dissimilar thicknesses (t;) of TiO2 film at dielectric
refractive index of 1.39; (c) CL for dissimilar heights (h) of rectangular air hole at a
dielectric refractive indices of 1.39 and 1.40; and (d) AS for dissimilar heights (h) of
rectangular air hole at a dielectric refractive index of 1.39

7.3.5 Rectangular Air hole Dimensions Optimization

The rectangular air cavity plays a vital role in the identification of incognito
dielectrics as it pushes the evanescent field from the core to the outer analyte layer. This
air hole also generates birefringence by introducing asymmetry in the design. When the
height (h) of this air hole increases, it can deflect more evanescent field towards the sensing
layer. As a result, the CL increases along with the AS. Figure 7.4 (c) and (d) show the effect
of varying h on CL and AS, respectively. It can be seen that when the height is increased
to 1.4 pum from 1.2 um, the AS improves insignificantly, whereas the CL rises to a drastic
extent. Considering the tradeoff between CL and AS, we decided to select 1.2 pum as the
optimum height. The width (w) of this air hole has a similar effect on the CL and the AS.
These effects are demonstrated in figure 7.5 (a-b). The CL and AS also increase when w is

increased from its initial value. However, for w =0.30 um, the sensor shows a poor guiding
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property. Hence the loss peak broadens, which in terms results in diminished AS. Thus, w

=0.24 um is selected as the optimized width.
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Figure 7.5: (a) CL for dissimilar widths (w) of rectangular air hole at dielectric refractive
indices of 1.39 and 1.40; and (b) AS for dissimilar widths (w) of rectangular air hole at a
dielectric refractive index of 1.39; (c) CL for dissimilar diameters (ds) of small air hole at
dielectric refractive indices of 1.39 and 1.40; and (d) AS for dissimilar diameters (ds) of

small air hole at a dielectric refractive index of 1.39

7.3.6 Circular Air Hole Diameters Optimization

The air hole diameters ds and d; have an immense impact on the sensing
performance since these air holes create channels to guide the evanescent field towards the
analyte layer. Larger air cavities are capable of confining the light better in the core, which
results in lower CL. The larger the air holes, the narrower the channels between the core
and the cladding. On the other hand, smaller air holes provide broader channels and higher
CL. However, a suitable width of the channels must be allowed to facilitate proper
dielectric-evanescent field interaction. It is to be stated that extensive channels lead to poor
guiding property due to the scattering of light, and the sensitivity drops to a great extent.
Hence, the diameters of the air holes should be selected accordingly to obtain a suitable
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channel width. After careful investigation, it is affirmed that the sensor exhibits the best
sensitivity when ds is chosen as 1.375 pum, and d, is selected as 1.98 um. The effect of

varying the ds and d, are displayed in figure 7.5 (c-d) and figure 7.6 (a-b), respectively.
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Figure 7.6: (a) CL for dissimilar diameters (di) of large air hole at dielectric refractive
indices of 1.39 and 1.40; and (b) AS for dissimilar diameters (di) of large air hole at a
dielectric refractive index of 1.39; (c) CL for dissimilar values of pitch (p) at dielectric
refractive indices of 1.39 and 1.40; and (d) AS for dissimilar values of pitch (p) at a

dielectric refractive index of 1.39

7.3.7 Pitch Optimization

Since the parameter ‘p’ controls the distance between the air holes, it has an
impression on the sensor performance. The originating magnitude of p was picked to be
1.65 um. As p is reduced from its initial value, the air holes come closer to each other. As
a result, the CL deteriorates due to the better confinement of light. However, for p = 1.55
pm, the air cavities become abutting to each other, which results in very narrow channels,
and the light cannot interact with the analyte layer properly. Since the loss peak broadens

for p = 1.55 um, the AS drops drastically. Suitable channel width is achieved when p is
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fixed to 1.60 um. Thus, the optimum magnitude of p is elected to be 1.60 um. The CL and

AS for non-identical magnitudes of p are manifested in figure 7.6 (c-d).

7.3.8 Sensor performance at Optimized Parameters

At the optimized values of the geometrical parameters, the proposed sensor
exhibited an extremely high AS of 5.00x10% RIU? for y-polarization. The AS for x-
polarization was also measured using the same parameter values, and the AS was
ascertained to be 3.35x10% RIU™L. There exists a considerable difference in sensitivity
between x- and y-polarization modes. This difference in sensitivity occurs due to the
sensor's high birefringence property, which can be estimated by equation 5.12. A very high
birefringence of 2.23x10 was achieved from our proposed sensor. At analyte RI 1.39, the
proposed sensor's birefringence is displayed in figure 7.3 (b). Note that any amount of twist
in a highly birefringent sensor alters the sensitivity [102]. Hence to avoid any curvatures or
twist, a highly birefringent sensor should be handled with extreme caution during practical

applications.

Table 7.1 Performance comparison of the proffered sensor-2 with the prevailing sensors

Resolution Resolution
AS WS FOM .
Ref. _ amp. wave. i Biref.
(RIU) ((RIB)) (nm/RIU) ((RIU)) (RIUY)
[108] - - 1.13x10°  8.84x10° - 7.5x10™

[83] 1.42x10°  7.07x10°  6.20x10°  1.61x10° 9.58x102  1.2x10°
[85] 1.41x10°  7.09x10°  2.50x10°  4.00x10° 5.02x102  1.6x10°
[76] 151x10°  6.64x10°  3.00x10*  3.33x10°  5.08x102 -
[109]  1.74x10®° 5.75x10®  9.60x10°  1.04x10° - -
[110]  2.04x10° 4.89x10®  1.20x10*  8.33x10° - -
[90] 2.05x10°  4.88x10°  1.11x10°  9.00x107 - -
[84] 459x10°  2.18x10®  1.70x10*°  5.88x10° - 8.898x10™
[111]  5.65x10®° 1.77x10®  850x10°  1.18x10° - -
This x 3.35x10° 2.98x10®  3.00x10°  3.33x10°  4.48x10?
work y 500x10° 2.00x10°  3.25x10*  3.08x10°  4.44x10% 2.23x10°
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Our proposed sensor showed an outstanding overall performance in contrast with
the existing sensors. A performance contrast between our sensor and the existing sensors
is presented in table 7.1. To the best of our knowledge, the birefringence of our sensor is
higher than all other sensors. Note that our sensor has a lower WS than some of the existing
sensors [83], [90]. Nevertheless, our proposed sensor has much higher AS and
birefringence than those sensors. The sensor proposed in ref. [111] has an AS higher than
our sensor. However, it is inferior to our sensor in terms of WS and birefringence.
Considering AS, WS, resolution, FOM, and birefringence, it is indisputable that our

proposed sensor exhibits improved performance than the existing sensors.

14 Conclusion

In this chapter, we have investigated a simple circular lattice design with a delicate
layer of gold as the plasmonic material, maintaining the external sensing in a preferred way so
that the evanescent waves can remarkably intensify the resonance effect. An appended layer of
TiO2 is exploited to benefit the adherence of gold on fiber. The exploited and optimized
structural parameters exhibit improved numerical values of amplitude sensitivity of 3.35x10°
RIU? and 5.00x10° RIU? respectively for x- and y-polarization as well as wavelength
sensitivity of 3.00x10* nm/RIU and 3.25x10* nm/RIU respectively for x- and y-polarization
modes in the sensing range from RI 1.33-1.41. Also, using amplitude and wavelength
interrogation methods, the numerical values of the sensor resolution (amplitude) is found to be
2.98x10° for x-polarization, and 2.00x10° for y-polarization and sensor resolution
(wavelength) is 3.33x10® for x-polarization and 3.08x10 for y-polarization. Moreover, a
maximum birefringence of 2.23x10° is obtained that indicates the higher sensing
characteristics. Furthermore, this design has the required feasibility to fabricate because of
having only circular shaped air holes. Due to having the desired capability like high sensitivity
and easy operation, we firmly believe that our recommended PCF based sensor will sense any
unknown biomolecules with accuracy. The following chapter will discuss another highly

sensitive birefringent sensor that does not require any rectangular air hole in the core.
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Chapter 8

Proposed Design-3: Ultra-Sensitive & Highly

Birefringent Biosensor without Rectangular Air Holes

8.1 Introduction

We proffer in this chapter a distinctive, facile to fabricate, and highly sensitive photonic
crystal fiber biosensor based on the phenomenon of surface plasmon resonance. Our prototype
has a strategic pattern of circular air holes inside the fiber, which leads to a superior sensing
performance. The evaluation of all the sensor characteristics has been discharged by employing
the finite element method (FEM) of COMSOL Multiphysics. The gold (Au) layer just around
the fiber acts as the plasmonic material, and the TiO- increases the adhesivity of the gold layer
and the fiber. After optimizing all the fiber parameters, we derived a maximum amplitude
sensitivity and wavelength sensitivity of 5060 RIU™ and 41500 nm/RIU, respectively, with a
maximum sensor resolution of 2.41x10° for wavelength and 1.98x10° for amplitude.
Moreover, the maximum figure of merit procured was 1068.7, and the maximum birefringence
was found to be 1.568x103, The overall analyte sensing range is from refractive indices 1.32
to 1.43, and the sensor has a fabrication tolerance limit of £10%. Additionally, our sensor’s
temperature and strain sensitivities are estimated to be 0.75 nm/°C and 3 pm/ug, respectively
along with a resolution (temperature) of 1.33x10 °C. In the previous two chapters, we have
analyzed two sensors having birefringence. Both of them required a rectangular air hole at the
core to create birefringence, and rectangular air holes are difficult to fabricate. The sensor
discussed in this chapter exhibits considerable birefringence without any rectangular air hole,
which makes the fabrication easier. With its enhanced performance in terms of sensitivity, we
believe that this SPR based PCF biosensor can potentially contribute to the detection of

unknown analytes and medical diagnostics applications.

8.2 Structural Modelling

The performance of a sensor highly depends on its structure. The structural design, i.e.,

the air holes' placement inside the core, determines the sensor's guiding characteristics,
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regulating the sensor performance. For the sensor discussed in this chapter, a hexagonal lattice-
based PCF structure with circular air holes and a gold coating is adopted for the external
sensing-based SPR sensor. Figure 8.1 delineates the 2D cross-section of our proffered sensor.
The interspace between the centers of two vicinal air cavities is defined as pitch and is
symbolized by ‘p.” Two different diameters (di, dc) of air holes are utilized for their
advantageous behavior. In the cladding region, two hexagonal-shaped clusters, consisting of
ten circular-shaped air holes with a bore of di, are put down opposite each other along the
horizontal axis. Besides, six air holes with the same diameter d; create two v-shaped
arrangements deposited along the vertical axis as mirror reflections. The prudent disposition of
the air holes, having di diameter, assists in forming four channels for the propagation of light
from core to plasmonic mode. With the help of the concept perceived from the literature [83],
[85], [90], the scaled-down corner air holes with a diameter of dc are employed to limit the
confinement loss since these air holes avert light scattering from the focal point of the sensor.
The numerical value of these air holes diameter (dc = 0.15 um) has also been selected in
accordance with the previously mentioned works. The constituent of the fiber is determined to
be fused silica (SiO2), which can be characterized by equation 5.1. There are several metals,
such as copper (Cu), gold (Au), silver (Ag) that are utilized as the plasmonic material. Among
them, gold shows chemically stable behavior in an aqueous environment and responds with a
higher resonance peak. A thin gold layer is employed to encompass the cladding section, and
the film thickness is denoted as tg. A thin layer of TiO2, having a thickness of t;, is laminated
in the midst of the fiber and the gold layer to reinforce their traction. Besides having nontoxic
and compatible characteristics, this TiO. layer also improves the interaction between the
analyte layer and the plasmons at the surface. Since the analyte layer thickness (ta) is less
significant in terms of sensing performance [32], an arbitrary thickness of 1.2 um is decided
for this layer. Here, an artificial perfectly matched layer with a thickness of tpme = 1.5 pm is
utilized at the outer portion of the computational area to absorb the scattered evanescent field.
In a practical sensor, the PML layer is absent as it is employed only for better simulation
purposes. After optimization, regular air hole diameter, pitch, gold and TiO> layer thicknesses
were found to be d; = 0.95 pum, p = 1.00 um, tg = 20 nm, t; = 10 nm respectively.

62



~_
o

—~

Y

Y
A
/N
Y,
A
=
A
v
-
A
]

Thick-wall

=0 =0 = = apill:

I rML @ < o capillary
[ Analyte @O - 0.0

] Gold ‘» <> <> 4> hs 4> s 4} 4 Thin-wall
B o, @ < =@ capillary
I silica 00 « O

i | < E <.>
[ Air Solid rod

e
A
v
LA
Y,
A

=
A

\

v
A

v
A

Figure 8.1: (a) Proposed sensor 2D cross-sectional view, (b) Proposed PCF stacked preform

structure

8.3 Experimental Setup of the Proposed Sensor

Figure 8.2 depicts the experimental setup for this sensor. Initially, the incident light is
launched from a supercontinuum light source having a spectrum range of 450 nm to 1600 nm.
For this purpose, SuperK compact, NKTPhotonics™ can be used [112]. Later the light is
transported through the polarizer that is accompanied by a polarizer-controller. With the help
of a single-mode fiber (SMF-28), the polarized light then passes through the sensor. After
passing through the sensor, the light then goes to an Optical Spectrum Analyzer (AQ6370C,
Yokokawa™) via single-mode fiber [112].

A method called splicing has made it possible to couple the sensor with SMF-28 in a
proper manner. The splicing can be done using the Vytran FFS-2000 splicer employing the
filament fusion method, and the SMF and the PCF can be aligned using manual-mode
translational and rotational alignment [113]. Another splicing method can be employed that
connects the SMF and the PCF by inserting an etched SMF tip into the PCF, and this method
has reported a coupling efficiency of 84.5% [114]. Moreover, researchers have reported many
high-efficiency SMF-PCF couplers that can be used for our purpose as well [115], [116].
Therefore, our proposed sensor can be connected to an SMF with a coupling efficiency range
of 80-90%.

As shown in figure 8.2, an analyte channel is implanted at a suitable position to facilitate
the liquid analyte inlet and outlet. The analyte is injected inside the channel through a
programmable micro injection pumper (LSPO1-1A, LongerPump™) [112]. The channel’s

outlet is connected with a waste reservoir, where the used analyte will be stored. The existence
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of several unknown analytes causes the resonance wavelength to shift towards higher or lower
wavelengths. Through the optical spectrum analyzer, these spectrums can be detected. Lastly,
the wavelength peak shifts are inspected via a computer where the final achieved SPR output
spectrums are exhibited.

Computer

Polarizer Controller
Waste Reservoir ¢y ¢1et

: ==

- 2

= SME-28

OSA(optical spectrum analyzer)
(AQ6370C, Yokokawa™)

Polarizer SMF-28

Light Source
(SuperK compact, NKTPhotonics)

_

Pump
(LSP01_1A)

[] Goldlayer [ ] Analytelayer

TiO, layer
] 2y * Analyte molecules
[ silica

I:l Air * Molecules interacting with gold

Proposed PCF Sensor

Figure 8.2: Experimental setup schematic of the proffered sensor for practical sensing

applications

8.4  Performance Analysis of the Proposed Sensor

An accepted approach for analyzing the sensor performance is to optimize various
geometrical parameters of the sensor and then evaluate the sensor behavior by varying the
analyte RI. The optimization process incorporates keeping all parameters unaltered and varying
one particular parameter in succession. This approach has been followed in many works [32],
[85], [90], [117] reported to date. Therefore, we also followed this approach for the
performance analysis of our propounded sensor. The geometrical parameters of our work

include pitch magnitude (p), Au (tg) and TiO2 (t;) layer widths, and diameters d: and d. of the
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air chambers, which were tuned to tg = 25 nm, t; = 10 nm, p = 1.00 pm, d1 = 0.90 um and d¢ =

0.15 um at the initial stage of optimization.

8.4.1 Guiding Properties and Dispersion Characteristics

A PCF can function as an SPR sensor when the light disseminated through its core
interacts with the externally laminated metal layer and spawns the surface plasmon wave.
In order to procure an enhanced sensing performance, the evanescent field should be
maneuvered appropriately towards the metal layer so that it can easily interface with the
metal layer electrons. The EM field dispersal of our lodged sensor for both x- and y-
polarization modes are illustrated in figure 8.3. Tight confinement of light, which indicates
low CL, can be realized from figure 8.3 (a) and (b). It is evident from figure 8.3 (c) and (d)
that our suggested sensor manifests excellent guiding property due to the judicious
placement of air holes. Appropriate evanescent field-metal layer interaction forms a robust
core mode-SPP mode linkage. Note that, here, x-polarization (x-pol) and y-polarization (y-
pol) mode refers to the response of the sensor due to the incidence of x-polarized light and

y-polarized light, respectively.

O O
(a) (b) (©) (d)

Figure 8.3: EM field dispersal of (a) core mode (x-pol), (b) core mode (y-pol), (c) SPP
mode (x-pol), (d) SPP mode (y-pol)

The core mode-SPP mode dispersion relevance at analyte R1 of 1.37 is elucidated
in figure 8.4. The real portion of effective RI (nerr) of both core mode and SPP mode
decreases as the wavelength of the incident light increases. It can be realized from figure
8.4 that the nefr (real) of SPP mode has a higher decrement rate by contrast. Hence, the lines
indicating the nes (real) intersect at a specific wavelength, termed as resonance wavelength.
This condition is referred to as the phase-matching condition, and at this condition, the

frequencies of the evanescent field and the metal electrons become identical. As a result,
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resonance occurs, and energy transplant from core mode to SPP mode reaches the
maximum, which gives a sharp peak in the CL curve. It can be observed from figure 8.4
(a) and (b) that, in our case, 0.665 pm is the RW, and the CL is maximum at this point for
both x- and y-polarization. However, x-pol shows higher CL compared to y-pol, which
implies stronger coupling for x-pol. Therefore, the optimization of the parameters will be

carried out, focusing on the x-polarization mode.
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Figure 8.4: SPP-Core mode dispersion relation at analyte RI of 1.37 for (a) x-polarization;

(b) y-polarization

8.4.2 Analysis of Gold (tg) and TiO: (t) film thicknesses

By generating the SPW, the gold film triggers the sensing ability in a PCF, and the
TiO2 film reinforces it by engendering ample electrons at the surface [90] and by enhancing
the adhesion of gold with the fiber. Therefore, these layers have a consequential impact on
sensor performance. The thicknesses of these films unequivocally govern the RW shift and
the CL peak. It is glanceable from figure 8.5 (a) and (b) that contraction of either the gold
layer or the TiO; layer effectuates a scaling down of the nest (real) of SPP mode, which
catalyzes a blue-shift of RW.

The reduction of ty from its inceptive value (25 nm) enhances the sensitivity since
a thinner gold film facilitates a smooth analyte-evanescent field interaction. However, for
a skinny gold layer (tg = 15 nm), the sensitivity drops owing to the CL peak broadening and
the skin depth limitation of the surface plasmons [83]. Therefore, 20 nm is determined to

be the optimum thickness of the gold film since the highest AS is attained at this thickness.
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Figure 8.5: Core-SPP mode dispersion relation for different thicknesses of (a) gold layer,
(b) TiO2 layer
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Figure 8.6: (a) Confinement loss curves at analyte R1 of 1.37 (solid lines) and 1.38 (dashed
lines) for tg = 15 nm, 20 nm, 25 nm; (b) Amplitude Sensitivity curves for tg = 15 nm, 20
nm, 25 nm at analyte RI of 1.37

The TiO2, having a high RI, plays the role of a transition metal and helps in alluring
the evanescent fields from the core [90]. As a consequence, the sensitivity escalates on
account of an augmented plasmonic metal-evanescent field interaction. Moreover, a thicker
TiO> film leads to elevated CL, which can be visualized from figure 8.7 (a). However, if a
very thick layer of TiO2 is smeared, the sensitivity diminishes as the evanescent field cannot
interact properly with the analyte. In the case of our design, a TiO> film of 10 nm thickness
facilitates the metal-evanescent field interaction and exhibits an excellent sensitivity. Thus,
10 nm is chosen as the optimum thickness for TiO> film. The effect of altering tg and t; on

CL (inset ‘a’) and AS (inset ‘b’) can be realized in figure 8.6 and figure 8.7, respectively.
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Figure 8.7: (a) Confinement loss curves at analyte R1 of 1.37 (solid lines) and 1.38 (dashed
lines) for tt=5 nm, 10 nm, 15 nm; (b) Amplitude Sensitivity curves for tt=5 nm, 10 nm,
15 nm at analyte RI of 1.37

8.4.3 Analysis of pitch (p) and air hole diameter (d1)

Air cavities are stationed inside the PCF to incarcerate the light in the core region.
These air holes also aid in ushering the light towards the plasmonic layer via specific
channels. Hence the diameter (d1) of these air holes and the interspace between two vicinal
air holes, termed as pitch (p), bridles the CL. Note that the RW is immune to the changes
in these two parameters, and this fact can be perceived from figure 8.8 (a) and 8.9 (a).
Widening the air holes comes with the advantage of upgraded confinement and guiding of
light, which in terms minimizes the CL and ameliorates the sensitivity. On the other hand,
shrinking the air holes gives rise to CL and deteriorates the AS due to the impaired guiding
property. Therefore, the diameter (d1) of the air cavities are upraised to a value of 0.95 um
from the preliminary value of 0.90 um. Further expansion of air cavities is halted to avert
their overlapping and to mitigate the fabrication complexity. Figure 8.8 (a-b) delineates the
phenomena mentioned above.

In our design, the disposition of air holes is executed in such a way so that enlarging
the pitch prompts the clusters to occupy more area, which in terms lowers the CL by
improving the light confinement. Nevertheless, the AS gets truncated as a tradeoff. The
downgrading of AS can be explicated by the fact that the light cannot interact appropriately
with the plasmonic layer due to the shrinkage of the channels towards the metal layer.
Moreover, reduction of pitch is not feasible since that results in the imbrication of air holes.
The pitch value for our design is preferred as 1.00 um considering all aspects. Figure 8.9

(a-b) manifests the consequences of pitch alteration on the CL and AS, respectively.
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Information regarding the optimization of various parameters at analyte R1 of 1.37 is given
in Table 8.1.
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Figure 8.9: (a) Confinement loss curves at analyte R1 of 1.37 (solid lines) and 1.38 (dashed
lines) for p=1.00 um, 1.05 um; (b) Amplitude Sensitivity curves for p=1.00 um, 1.05 um
at analyte RI of 1.37

Table 8.1 Optimization of different parameters of proffered sensor-3 at analyte R1 1.37

Parameter Dimension Peak CL (dB/cm) AS (RIUY)
tg 15 nm, 20 nm, 25 nm 7.15,7.51, 7.09 744.4,795.6, 681.8
tt 5nm, 10 nm, 15 nm 7.27,7.51, 9.37 714.4,795.6, 783.8
ds 0.85 um, 0.90 um, 0.95 um 8.41,7.51, 6.66 788.4, 795.6, 800
p 1.00 pm, 1.05 pm, 6.66, 6.37 800, 783
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8.4.4 Sensor Performance at Optimized Parameters

Incognito analyte detection methodology of a sensor incorporates monitoring the
CL and the shift of RW. The more alteration in the CL and RW, the better the sensor
performance. Figure 8.10 (a-b) depicts the variation in CL and RW due to the change in
analyte RI for x- and y-polarization modes. The CL proliferates, and the RW relocates to
the right when analyte RI is raised and vice-versa. We conducted the sensor performance
analysis in the RI range of 1.32-1.43 with an interval of 0.01, and the RW shifts were
noticed to be 10 nm, 10 nm, 15 nm, 20 nm, 20 nm, 25 nm, 35 nm, 50 nm, 75 nm, 145 nm,
305 nm for x-pol and 10 nm, 10 nm, 15 nm, 20 nm, 20 nm, 25 nm, 35 nm, 50 nm, 80 nm,
170 nm, 415 nm for y-pol. The sensor exhibited an average WS of 6454.55 nm/RIU and
7727.27 nm/RIU for x- and y-pol, respectively, which are comparatively high compared to
the most other existing SPR based sensors. The maximum shift in RW (305 nm for x-pol
and 415 nm for y-pol) is achieved when analyte RI is adjusted from 1.42 to 1.43. A
distinctly steep WS of 30500 nm/RIU (x-pol) and 41500 nm/RIU (y-pol) results from this
massive RW shift. The exorbitant value of WS is a manifestation of higher detection
accuracy, which connotes excellent sensor resolution. The max resolution (wavelength) of
our sensor is found to be 3.28x10° for x-pol and 2.41x10°® for y-pol. Amendment of analyte
RI deliberately influences the CL characteristics, which thereby revamps the AS to a
substantial extent. Figure 8.10 (c-d) render information regarding the adaptation of AS to
the modification of RI for x- and y-pol. It is indisputable that the AS is proportionate to RI,
and with the increase of R1, AS also improves. However, at analyte R1 of 1.43, the CL peak
curtails along with a broadening of the peak, which effectuates a drastic truncation in AS.
Regardless of that, a max AS of 5060 RIU (x-pol) and 4735 RIU (y-pol) is achieved at
an analyte RI of 1.41, whereas the corresponding average AS is 1327 RIU and 1266.5
RIU. Additionally, the max resolution of our sensor in terms of AS is noted to be 1.98x10°
® for x-pol and 2.11x10°® for y-pol. The average AS, the maximum AS, the resolution
(wavelength), and the resolution (amplitude) of our proposed sensor surpasses almost all

other existing sensors.
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Figure 8.10: Confinement loss curves for analyte Rl from 1.33 to 1.43 for (a) x-pol, (b) y-
pol; and Amplitude sensitivity curves for analyte RI from 1.33 to 1.42 for (c) x-pol, (d) y-

pol
Table 8.2 Performance of proposed sensor-3 for analyte Rl 1.32-1.43
RW WS Resolution
. CL (dB/cm) () (hm/RIU) (WS) AS (RIUT) FWHM FOM Biref.
(x10%) (x10) (x10%)
X y X y X y X y X y X y X y
1.32 2.6 1.9 525 525 1.0 1.0 100 100 210 214 20 18 51 55 1.297
1.33 31 2.3 535 535 1.0 1.0 100 100 260 263 20 18 50 56 1.297
1.34 3.6 2.8 545 545 1.0 1.0 66.7 66.7 275 273 21 19 71 79 1.485
1.35 4.5 3.6 560 560 2.0 2.0 50 50 428 441 20 18 98 109 1.620
1.36 4.9 4.2 580 580 2.0 2.0 50 50 574 592 24 21 83 96 1.761
1.37 6.7 5.8 600 600 25 25 40 40 800 806 23 21 111 121 1.987
1.38 9.7 8.4 625 625 35 35 286 286 1202 1171 22 21 161 169 2.40
139 146 125 660 660 5.0 5.0 20 20 1614 1810 23 22 222 226 2.851
140 219 205 710 710 75 8.0 133 125 3313 3139 25 25 301 325 3.913
141 469 418 785 790 145 17.0 6.9 588 5060 4735 25 28 583 600 6.58
142 103 99.3 930 960 305 415 328 241 862 488 29 39 1068 1053 15.68
143 553 564 1235 1375 - - 14.23

In addition to the upgraded AS and WS, our proposed sensor evinced magnificent
results in terms of FOM. For distinct analyte RIs in the range of 1.32-1.42, the FWHM
ranged from 17 nm to 40 nm, which are reasonably low. Lower FWHM implies a sharper

resonance peak, which is a prerequisite for an eminent sensor. Moreover, as mentioned
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earlier, our sensor presents top-notch WS. Therefore, our sensor manifests astounding FOM
values, among which the maximum value is obtained to be 1068.7 (x-pol) and 1053.7 (y-
pol) at analyte R1 of 1.42. FWHM and FOM values for individual RI are provided in Table

8.2.
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Figure 8.11: (a) Plotting of RW and sensor length with varying analyte RI; (b) Plotting of
birefringence and nes (real) as a function of lambda

The RW for varying analyte Rl is plotted in figure 8.11 (a), which also includes the 4"
order polynomial fitting curve. The fitting curve, which has the coefficient of determination
R? = 0.9973, can be expressed by the equation y = A + Bx + Cx? + Dx® + Ex*. Here, x
denotes the analyte RI, y symbolizes the RW, and A, B, C, D, and E coefficients have the
corresponding values of 90145.03, - 265103.73, 292333.28, - 143257.03, and 26323.65.
The prominent R? value embodies the enhanced performance of the sensor. Figure 8.11 ()
also displays the sensor lengths for different RI. Sensor length, being inversely proportional
to the CL, contracts with the increment of RI. It is understandable from the figure that
sensors having a length in the order of millimeter to centimeter can be utilized in practical
sensing applications.

As a supplementary performance parameter, we study the birefringence of our sensor.
In works reported early on [61], [83], [118], a rectangular air hole was implemented to
instigate birefringence. The introduction of a rectangular air hole comes with the tradeoff
of fabrication complexity. Having that said, our sensor shows a max birefringence of
1.568x107 at analyte RI 1.42 without the usage of a rectangular air hole. The strategic
placement of circular air holes in our design assisted in attaining a noticeable birefringence
without additional fabrication intricacy. The birefringence of our sensor at analyte R1 1.42
is plotted in figure 8.11 (b).
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We carried out the sensor performance evaluation in the Rl range of 1.32-1.43. This
range of RI is of the essence because numerous essential biological agents and biochemical
solutions have RI in this range. Some of the prominent analytes that can be identified by
our sensor are acetone (1.36), silicone oil (1.403), ethanol (1.361), 50% sugar solution
(1.42), glucose solution in water (10% solution = 1.3477, 20% solution = 1.3635), ethylene
tetrafluoroethylene (1.403), White Blood Cell (1.36), human liver (1.369), blood plasma
(1.35), human urine concentration (1.3415-1.3464), human intestinal mucosa (1.329-
1.338), Red Blood Cell (1.40), hemoglobin (1.38), cervical cancer cell (HeLa), skin cancer
cell (Basal), blood cancer cell (Jurkat), adrenal gland cancer cell (PC12), breast cancer cells
(MDA-MB-231 and MCF-7) (1.36-1.40) and so on [85], [99], [117], [119]. Note that the
previously reported SPR based biosensors have a sensing range indistinguishable from our
sensor [32], [83], [85], [90], [117], [118]. The values of different performance parameters
of the sensor at different R1 is available in Table 8.2. Table 8.3 compares our proposed

sensor and existing sensors in terms of AS, WS, resolution, birefringence, and FOM.

Table 8.3 Comparison between the proposed sensor-3 and the existing sensors in terms of

AS, WS, resolution, FOM, birefringence and sensing range

Amplitude Wavelength .
o . Resolution .

Sensitivity (RIU Sensitivity FO . Sensing

Ref. (RIV) Biref.
b (nm/R1U) M range

Max.  Average Max. Average  Amplitude  Wavelength
[27] 6829 2978.3 28000 6555.56  1.46x10° 3.57x10% 2800 - 1.33-1.42
[31] 1411 683.8 25000 9200 7.09x10°8 4.00x10® 502  1.60x10° 1.33-1.38
[12] 1170 - 34000 - 8.55x108 2.94x108 310 - 1.32-1.41
[29] 2050 - 111000 - 4.88x10® 9.01x107 - - 1.33-1.43
[30] 1415 497.3 62000 11400 7.07x10°8 1.61x10°® 1140 1.20x10° 1.33-1.43
[26] 780 - 16000 6666 1.28x10°® 6.25x108 400 - 1.40-1.46
[45] - - 1131 - - 8.84x10° - 7.50x10*
[20] 1506 734.83 30000 9000 6.64x108 3.33x10°8 508 - 1.33-1.39
[41] 1189.5 - 13000 - 8.41x10°8 7.69x10°6 - 2.80x10°  1.33-1.40
[28] 4596 - 17000 - 2.18x10°8 5.88x10°® - 8.90x10* 1.33-1.41

This X 5060 1327 30500 6454.55  1.98x10° 3.28x10°8 1068
Work y 4735 1266.5 41500 772727  2.11x10° 2.41x108 1053

1.57x10°  1.32-1.43
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8.4.5 Fabrication of the Proposed Sensor and Fabrication Tolerance
Investigation

Fabrication is an important aspect of our proposed sensor since we have conducted
a simulation-based study only. The pre-eminent performance of the proposed sensor will
have no significance if the sensor is not practically accomplishable. For that reason, we
suggest fabrication techniques that can be implemented to forge our sensor at this juncture.
We have configured our sensor in such a way so that the stack-and-draw method can be
implemented to manufacture the sensor [120]. The circular air holes can be originated by
drilling the capillary rods at the preform stage with the help of an ultrasonic mill [32]. The
preforms can be stacked after drilling, as shown in figure 8.1 (b), and then they can be
drawn using a drawing tower [120]. Solid, thin-wall, and thick-wall rods can be used in the
stack to form the different sized air cavities. After assembling the fiber framework, thin
layers of TiO2 and gold needs to be varnished on it. Atomic layer deposition (ALD), wheel
polishing, high-pressure microfluidic chemical deposition, and chemical vapor deposition
(CVD) methods can be adopted to overlay the fiber with thin gold and TiO> films [32],
[76], [85], [117]. Hence, our sensor can be easily fabricated using existing fabrication
technologies.

However, these fabrication techniques cannot achieve precise dimensions while
manufacturing the sensor. Generally, there is always +1% or £2% variations from the
desired structure dimensions, which introduces the necessity of fabrication tolerance (FT)
analysis [117]. We have done the FT analysis for our sensor by modifying d: and dc by
+5% and +10% from their optimum value, which allows an extensive range of errors during
the fabrication process. Figure 8.12 (a-b) shows that £5% and £10% variation of d1 and d.
do not change the RW. Thus, the WS of our proposed sensor remains unaltered even after
+10% calibration of the design parameters. The CL is rectified marginally due to these
tuning. Nevertheless, this CL alteration occurs for all RI, and hence, the relative change in
AS is minimal. A maximum change of 1.26% and 1.34% in the AS is observed due to a
10% reduction of dc and di. Thus, we can deduce that due to the error in fabrication, our
sensor performance will not differ by more than 3% of the stated values. The changes found
in CL, RW, WS, and AS during the FT analysis are displayed in Table 8.4.

74



10 y T 10
- _10% - _10%
gt (a) A 5% (b) 5% 1g
g 'u",f'!. —-optimum (d 1) ,l':'d‘. —-0ptimum (dc) g
= of i/ : * +5% 10 &
= —=- +10% =
2 47 14 2
S S
27 12
() ==imctanine . — " ! '
0.5 0.55 0.6 0.65 0.7 05 0.55 0.6 0.65 0.7
Lambda(pm) Lambda(um)

Figure 8.12: CL spectrum at analyte RI 1.37 with a variation of £5% and £10% in (a)

parameter ds, (b) parameter dc

Table 8.4 Fabrication Tolerance Analysis of proposed sensor-3 at analyte RI 1.37

Variation of d1 Variation of dc

Change in % change % change
CL RW AS CL RW AS
dimension (dB/cm) (nm) (RIUY) in (dB/cm) (nm) (RIUD) in
AS AS
-10% 8.322 600 789.234 1.34% 8.437 600 789.876 1.26%
-5% 7.467 600  795.877 0.51% 7.499 600 797.235 0.34%
0% 6.663 600  799.921 0% 6.663 600 799.921 0%
+5% 5.891 600  796.726 0.40% 5.918 600 798.720 0.15%
+10% - - - 5.257 600 794.364 0.69%

8.4.6 Temperature and Strain Response Investigation

Till now, we have investigated the sensor characteristics at constant temperature
and zero strain. However, it is necessary to study the sensor behavior when the temperature
is not constant and when the sensor is undergoing any strain. The temperature and strain
analysis will help us determine whether the sensor can be utilized at different temperatures
and strains.

The temperature response is essential since the environment temperature may not
be constant while the sensor is being used. So it is necessary to know the amount of
deviation in the sensor performance due to the temperature variation. To investigate the
temperature response, we have used ethanol as the temperature-sensitive analyte. The
melting and boiling points of Ethanol are -114.1°C and 78.37 °C. The environmental
temperature also varies in this range. In between the melting point and boiling point, the RI
of ethanol varies from 1.403 to 1.343, according to equation 5.7. This RI range is almost

identical to the sensing range of our sensor. Hence, we select ethanol as the analyte. The
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CL curves of the sensor for temperatures -70°C to 70°C are shown in figure 8.13 (a). It can
be visualized from figure 8.13 (a) that the RW shifts to the left as the temperature is
increased. The RW as a function of temperature is plotted in figure 8.13 (b). Figure 8.13
(b) also depicts the linear fitting curve of RW, which has an R? value of 0.96923 and a
slope of -0.75. The fitting curve’s high linearity response indicates that the RW changes
almost linearly as the temperature is varied. The slope of the curve depicts that the
sensitivity (temperature) of our sensor is 0.75 nm/°C. The sensor’s resolution (temperature)

is found to be 1.33x10? °C, assuming &Amin = 0.1 nm in equation 5.16.
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Figure 8.13: (a) CL spectrum of ethanol analyte for temperature variation from -70°C to

70°C, (b) plotting of RW with varying temperature
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Figure 8.14: (a) CL spectrum for strain variation from 0 pe to 2000 pe at analyte RI 1.41,
(b) plotting of RW with varying strain

Strain response analysis is needed because the flow of analyte around the sensor
will generate a force on the sensor, which in terms will engender strain. Therefore, the
sensor performance may deviate from the estimated performance. With an increase of
strain, the RI of the silica decreases while the RI of air remains constant [121]. Moreover,
the strain applied to the sensor does not affect the analyte RI. Therefore, any value of

analyte RI can be chosen. We have selected the analyte RI as 1.41 for our strain analysis
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since our sensor exhibited maximum AS at that analyte RI value. For constant analyte RI
of 1.41, the CL of the sensor for different values of strain in the range of 0-2000 g is
illustrated in figure 8.14 (a). With the increase of the strain, the RW shifts to the right. The
RW for different strains and their linear fitting curve is manifested in figure 8.14 (b). It is
realizable from figure 8.14 that the sensor performance deviates linearly along with the
increased strain. The strain sensitivity of our sensor is found to be 0.003 nm/pe or 3 pm/pe.
This indicates that the RW will deviate by an amount of 3 pm (0.003 nm) when the strain
is increased by 1 pe. The deviation of RW due to the strain alteration is negligible.
Therefore, we can conclude that our sensor performance can withstand any strain generated
due to the analyte flow.

Our sensor shows a splendid performance compared to other sensors even after
considering the downgrading of sensitivity because of fabrication limitation. Moreover, our
sensor performance deviates insignificantly due to the temperature and strain variation. The
mechanism behind this outstanding performance is the prudent plasmonic material
selection and the strategic positioning of air holes in the core. The light is appropriately
guided towards the metal layer to create a robust plasmonic effect, and thus upgraded

sensing performance is attained in terms of AS, WS, resolution, birefringence, and FOM.

8.5 Conclusion

To recapitulate, we lodge a novel SPR-PCF biosensor with high sensitivity and a
fabrication-friendly model that can be contrived through the Stack-and-Draw method. The
clustered arrangement of the circular-shaped air cavities in the cladding sector paves the way
towards a better plasmonic effect. All the parameters of the fiber have been regulated to achieve
the best sensing performance. Our proposed biosensor paraded a maximum amplitude
sensitivity of 5060 RIU™ and a wavelength sensitivity of 41500 nm/RIU along with a maximum
sensor resolution of 2.41x10 for wavelength and 1.98x10°® for amplitude. Additionally, our
sensor shows a max FOM of 1068.7 and a birefringence of 1.568x103. Moreover, a 10%
change in the parameters degrades the performance by not more than 3%. The sensor can be
utilized at any temperature and under any amount of strain. This sensor promises a great deal
of advancement in sensing applications and medical diagnostics for its feasibility in design and
high performance regarding sensitivity. In the upcoming chapter, we will discuss a highly
sensitive sensor and compare its performance for two different plasmonic materials, gold and
AZO.
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Chapter 9

Proposed Design-4: Performance Analysis of a
Biosensor Employing Gold/AZO

9.1 Introduction

We present a simple, unique, and highly sensitive surface plasmon resonance (SPR)
based photonic crystal fiber (PCF) biosensor in this chapter. Besides having very high
sensitivity, our proposed sensor is also fabrication friendly. The sensors of the previous
chapters utilized gold as the plasmonic material. For the sensor of this chapter, gold (Au) or
AZQO (aluminium doped zinc oxide) can be utilized to create excitation between the two modes
(core and plasmonic). We have tried to vary different parameters of the PCF, and we observed
in simulation results a very high amplitude sensitivity of 4358.09 RIU™, the maximum
wavelength sensitivity of 21000 nm/RIU, a high figure of merits of 729 with a sensor resolution
of 4.76x10°RIU and 2.29x10° RIU for wavelength and amplitude respectively when gold was
utilized as the plasmonic material. Replacing gold by AZO resulted in the corresponding values
of 3908 RIU%, 1700 nm/RIU, 792, 5.88x10°RIU, and 2.56x10°° RIU. Analyte refractive index
ranges between 1.33-1.42 for gold and 1.31-1.39 for AZO. We believe the high performance
of our proposed SPR based PCF biosensor in terms of sensitivity will bring a promising

advancement in the field of unknown analytes detection and biological organic chemicals.

9.2  Structural Design and Numerical Analysis

The performance evaluation has been done using the Finite Element Method. The
physics-controlled mesh having a total of 153575 degrees of freedom with fine element size
has been used here in order to get the maximum precision in the simulations where the overall
structure consists of 21922 numbers of elements with minimum element quality of 0.3965,
average element quality of 0.8072, an element area ratio of 0.001044, and mesh area of 152.6
pm?,

In figure 9.1, we can see that a perfectly matched layer (PML) is applied so that it soaks
up outgoing waves without reflecting any wave to the bounded domain. Below the PML layer

is the unknown analyte layer, which is to be detected. Just beneath the analyte layer, chemically
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stable and non-reactive gold (Au) or AZO (2% wt. of Al in ZnO) can be placed as the plasmonic

layer. The fiber material used in this design is chosen to be silica (SiOz).

[ pve
B siiica
- Analyte

|:| Plasmonic Material

|:’ Air

Figure 9.1:Cross-sectional view of our suggested circular-shaped PCF biosensor

As we can see in the figure, there are air holes of two different sizes in this structure.
They are circular air holes with diameters d; and d2, which are set to 1.60 pum and 1.66 pum,
respectively. The air holes are arranged symmetrically inside the fiber to create a plasmonic
effect by deflecting the EM wave from the center towards the metal. Here, the center-to-center
distance between the two adjoining larger air holes is denoted by A, and that between the large
and small air holes is A1. Plasmonic layer thickness is represented by tg. The numerical values

of A1, Az, and tg are 1.803 um, 2 pm, and 25 nm, respectively.

9.3  Sensor Performance Analysis

9.3.1 Guiding Properties and Dispersion Characteristics.

When light travels through the core, some of it goes through the cladding region,
and it is called the evanescent field. Interaction between this field and metal surface
generates surface plasmon wave (SPW). Matching of the frequencies between the two
modes, core mode and surface plasmon polariton (SPP) mode, will result in an explicit
confinement loss peak [7]. A significant change in the loss characteristics occurs due to any
small change of the liquid analyte. Detection of an unknown analyte is possible with the

usage of either the shift of resonance peak or the loss variations. The propagation properties
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independent of polarization are ensured by applying a gold or AZO (2% wt) coating outside
the PCF. Our suggested biosensor supports fundamental mode and some higher-order
modes also. Further investigation in this chapter is done considering the fundamental mode
[105]. Note that we will start our investigation with gold (Au) being the plasmonic material.
Later, we will analyze the sensor performance using AZO (2% wt) and compare the
performances for both materials.

For our proposed PCF, the coupling between the core and SPP modes for the y-
polarized mode is stronger than the coupling for the x-polarized mode. A stronger coupling
means that the evanescent field can interact with the outer sensing layer with ease resulting

in accurate detection of unknown analytes.

B n aA B a B
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Figure 9.2: Fundamental mode field profile of (a) x-polarized fundamental core mode, (b)

y-polarized fundamental core mode, (c) x-polarized SPP mode, (d) y-polarized SPP mode

The dispersion relation between SPP and core mode with analyte Rl na= 1.36 is
displayed in figure 9.3. Simulation software COMSOL 5.3a provided the effective
refractive index of the two modes for various operating wavelengths. The real values of the
effective refractive indices were plotted as a function of wavelength. This plotting gave the
dispersion curves of the two modes (core and SPP).

The wavelength at which the nest of SPP and core mode intersects with one another
is called resonance wavelength (RW), and the intersection is known as phase matching.
From figure 9.3, we can see that 0.655 pm is the resonance wavelength. At this resonance
wavelength, maximum energy is transferred from the core-guided mode to the SPP mode.
As a result, a sharp peak occurs in the CL. We can see in figure 9.3 that higher loss occurs
in the y-polarized core mode. Robust interaction between the evanescent field and the SPP
mode is obtained when CL is higher. Moreover, this improves the sensing performance

prominently.
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Figure 9.3: Dispersion relation between SPP and core mode at na= 1.36 for (a) x-pol; (b)

y-pol

Sensor performance can be considered as a function of all the parameters of a PCF.
Moreover, smooth interaction between the evanescent field and the plasmonic film depends
on these parameters. Thus, these parameters must be selected carefully. These parameters
include plasmonic film thickness (tg), analyte layer thickness (ta), PML layer thickness
(tpmo), air hole diameters (d1, d2). While optimizing these parameters, we measured the CL,
WS, and AS for different values of any particular parameter. The optimal value for any
particular parameter was selected depending on CL, AS, and WS values. Initially, we used
the following design parameters tg = 40 nm, ta = 0.97 um, tem = 0.98 pum, d1 = 1.60 pm, d>
= 1.90 pum, and optimized them one by one. During the entire optimization process, we

have used Au as the plasmonic material.

9.3.2 Gold Layer Thickness Optimization

The plasmonic film thickness, which is denoted by tg, influences the sensor
performance greatly. We kept other parameters constant and modified ty. Loss depth
variation with the change of tg for na = 1.36 and na = 1.37 in Xx-polarization and y-
polarization is plotted in figure 9.4 (a) and 9.4 (b), respectively. The AS variation with the
change of tq for na = 1.36 in x-polarization and y-polarization mode is plotted in figure 9.4
(c) and 9.4 (d), respectively. Figure 9.4 indicates that CL decreases, and AS increases with
the decrease of ty and shifts the resonance peak towards shorter wavelengths. Gold has high
damping loss, and hence the reduction of gold layer thickness results in lower CL.
Moreover, a thinner gold layer makes the interaction between the evanescent field and
analyte layer easier, and as a result, higher sensitivity is achieved. However, AS gets

reduced for an extremely thin gold layer (20 nm) because of the skin depth restriction of
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the surface plasmons [83]. We obtained AS of 323.37 RIU %, 489.09 RIU %, and 450.71
RIU™ for thickness 20 nm, 25 nm, and 30 nm, respectively, for x-polarization. For y-
polarization, the AS values were 326.44 RIU™Y, 492.65 RIU™?, and 454.35 RIU Y,
respectively. At 25 nm, we obtained the maximum AS, which is 489.09 RIU™? for x-
polarization and 492.65 RIU™! for y-polarization. Thus, 25 nm was selected as the optimum

value of tg for further analysis.
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Figure 9.4: CL curves for tg = 20 nm, 25 nm, 30 nm at RI of 1.36 and 1.37 for (a) x-
polarization, (b) y-polarization and AS curves for tg =20 nm, 25 nm, 30 nm at RI of 1.36

for (c) x-polarization, (d) y-polarization

9.3.3 Analyte Layer Thickness Optimization

Considering the sensor at the optimum plasmonic film thickness, we then optimize
the analyte thickness ta. First, we increase ta from 0.97 um to 1.00 um. As we increased ta,
the AS of the sensor decreased. So we decrease ta to 0.94 um. The reduction of ta resulted
in a minor improvement of the AS. As the change in AS due to the change in ta is negligible,
we decided to keep ta unchanged. So we choose the analyte layer thickness ta to be 0.97
um. It is mention-worthy that if we keep decreasing ta, AS keeps increasing, and at ta =
0.30 pm, maximum AS can be obtained. However, this massive shrinkage of the analyte
layer results in leakage of EM waves into the PML layer. Moreover, if we proceed with ta
= 0.30 um, the CL and AS curves show double peaks, creating complexity in further
analysis. Thus, we do not reduce analyte layer thickness to that extend and proceed with
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0.97 um. Loss depth variations with the change of ta for n, = 1.36 and na = 1.37 in Xx-
polarization and y-polarization modes are plotted in figure 9.5 (a) and 9.5 (b), respectively.
The amplitude sensitivity changes with the change of ta for na = 1.36 in x-polarization and
y-polarization modes are illustrated in figure 9.5 (c) and 9.5 (d), respectively. All the curves
overlapped with each other as the CL and AS are very close to each other. Thus only one
curve could be seen. Nevertheless, all the curves could be distinguished separately after
zooming to a certain extent. In figure 9.5, the zoomed view of a portion of both the CL and

AS curves are shown.
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Figure 9.5: CL curves for ta = 0.94 um, 0.97 um, 1.00 um at RI of 1.36 and 1.37 for (a) x-
polarization, (b) y-polarization and AS curves for ta = 0.94 um, 0.97 um, 1.00 um at RI of

1.36 for (c) x-polarization, (d) y-polarization

9.3.4 PML Layer Thickness Optimization

After finding the optimum value for ta, now we optimize PML layer thickness,
which is denoted by tpme. While doing so, we keep ta fixed at 0.97 um. For different values
of the PML layer thickness, the CL and AS of our sensor is illustrated in figure 9.6. The
values of AS obtained by setting temi to 0.96 um, 0.98 pm, and 1.00 pum, are 488.81 RIU™,
489.08 RIU™, and 489.09 RIU?, respectively for x-polarization and 492.36 RIU™, 492.62
RIU?, and 492.65 RIU™, respectively for y-polarization. We can see that AS does not
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change significantly with the change of tpmL. S0 we resume our investigation with the initial

value of tpmr, which is 0.98 um.
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Figure 9.6: CL curves for tpme = 0.96 pm, 0.98 um, 1.00 um at R1 of 1.36 and 1.37 for (a)
x-polarization, (b) y-polarization and AS curves for teme = 0.96 pm, 0.98 pm, 1.00 um at
RI of 1.36 for (c) x-polarization, (d) y-polarization

9.3.5 Air Hole Diameters Optimization

Until now, we have optimized plasmonic layer thickness, analyte layer thickness,
and PML layer thickness. Now we will change the diameters of the core air holes to find
out their optimum values. We begin with varying d> while all other parameters are kept
unchanged. The CL and AS characteristics curves of the sensor for d> = 1.62 pm, 1.66 um,
and 1.70 um are shown in figure 9.7. We can observe that the CL decreases as d2 is
increased. This incident occurs since larger air holes help in better confinement of the EM
waves in the fiber core. However, the increment of d» reduces the channel width between
the core and the cladding. Moreover, when d> is set to a value higher than 1.66 um, the EM
waves cannot interact with the analyte layer appropriately due to very narrow channels. As
a result, AS gets reduced. Enough channel width should be allowed for proper interaction
and to obtain better sensitivity. Figure 9.7 (c) and (d) shows that the maximum AS is

obtained for d2 = 1.66 um. Thus, 1.66 um is selected as the optimized value of d>.
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Figure 9.7: CL curves of the suggested sensor for d>=1.62 um, 1.66 pum, 1.70 um at RI of
1.36 and 1.37 for (a) x-polarization, (b) y-polarization and AS for d>=1.62 pm, 1.66 pum,
1.70 pm at RI of 1.36 for (c) x-polarization, (d) y-polarization
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Figure 9.8: CL curves of the suggested sensor for d1=1.56 pum, 1.60 um, 1.64 um at RI of
1.36 and 1.37 for (a) x-polarization, (b) y-polarization and AS curves for d;=1.56 pum, 1.60
pm, 1.64 um at RI of 1.36 for (c) x-polarization, (d) y-polarization
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After finding the optimized value of d2, we then optimize d:. While optimizing do,
the value of di was kept fixed at 1.60 um. For di= 1.60 um, AS is 518.644 RIU* and
520.443 RIU for x and y polarization, respectively. Now we increase the value of di to
1.64 um. For this value of d1, AS decreases to 515.403 RIU™ for x-polarization and 516.75
RIU for y-polarization. So we decrease di to 1.56 pm and find out AS to be 517.04 RIU"
! for x-polarization and 519.1 RIU"! for y-polarization. The characteristic curves of CL and
AS for all these values of di are plotted in figure 9.8. We can see from figure 9.8 that the
maximum AS is obtained at d;= 1.60 pum for both the polarization modes. Thus we select

1.60 pum as the optimum value for ds.

9.3.6 Sensor Performance for Gold at Optimized Parameters

As we have found the optimum values of our proposed sensor's geometrical
parameters, now we will observe the effect of changing the analyte Rl when Au is the
plasmonic material. We focused on the RI range from 1.33 to 1.42 in this analysis. Note
that previously reported SPR sensors have the same RI range [71], [83], [127], [84], [85],
[94], [122]-[126].

Figure 9.9 illustrates the variation in CL and AS for different values of the analyte
Rl when gold is used. These values were calculated using equations 5.8 and 5.9,
respectively. The values of resonance wavelengths are shifted from 0.54 pm to 0.55 pum,
0.55 pm to 0.56 pm, 0.56 pm to 0.58 um, 0.58 um to 0.60 um, 0.60 um to 0.62 um, 0.62
um to 0.66 pum, 0.66 pum to 0.71 um, 0.71 pm to 0.81 um, and 0.81 um to 1.02 pm with the
change of analyte Rl from 1.33t0 1.34, 1.34t0 1.35, 1.35t0 1.36, 1.36 to 1.37, 1.37 to 1.38,
1.38 to 1.39, 1.39 to 1.40, 1.40 to 1.41, and 1.41 to 1.42 respectively with the optimum
parameters.

From figure 9.9, we observed that AS changes with the change of analyte na. It can
be seen that the amplitude sensitivities are 201.29 RIU™, 269.43 RIU™?, 379.75 RIU Y,
518.64 RIU1,529.58 RIU %, 1069.26 RIU™, 1758.12 RIU %, 4358.09 RIU %, 112.06 RIU*
for x-polarization and 200.74 RIU™, 270.64 RIU ™%, 380.25 RIUY, 520.44 RIU?, 523.14
RIU™, 1082.27 RIU %, 1805.42 RIU %, 3871.27 RIU%, 101.67 RIU* for y-polarization for
na = 1.33,1.34, 1.35, 1.36, 1.37, 1.38, 1.39, 1.40 and 1.41. We achieved the highest AS of
4358.09 RIU™ for x-polarization and 3871.27 RIU for y-polarization with analyte na =
1.40. These values are higher than the recent article values shown in Table 9.3.
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Figure 9.9: CL curves for plasmonic material Au in the RI range from 1.33-1.42 in (a) x-
polarization and (b) y-polarization and AS curves in the RI range from 1.33-1.41 in (c) x-
polarization and (d) y-polarization; with tg = 25 nm, ta = 0.97 pm, teme = 0.98 pum, d1 = 1.60
pm, dz = 1.66 pm

Now using equation 5.10, we measure the wavelength sensitivities for different
values of na. We found WS to be 1000 nm/RIU for na = 1.33 and 1.34; 2000 nm/RIU for
na = 1.35, 1.36, and 1.37; 4000 nm/RIU for na = 1.38; 5000 nm/RIU for na = 1.39; 10000
nm/RIU for na = 1.40 for both x- and y-polarization. For na = 1.41, WS is 21000 nm/RIU
for x-polarization and 20000 nm/RIU for y-polarization. The highest WS obtained in this
work is 21000 nm/RIU for x-polarization mode for changing the analyte RI from 1.41—
1.42.

The resolution of the sensor is measured using equation 5.11. We found RI
resolution 1x10, 1x10, 5x10°°, 5x10°, 5x10°, 2.5x107°, 2x10°, 1x10°, and 4.76x10"
® RIU for analyte RI 1.33, 1.34, 1.35, 1.36, 1.37, 1.38, 1.39, 1.40 and 1.41 respectively
assuming OAmin = 0.1 nm. The highest RI resolution is 4.76x10° RIU for n, = 1.41 in x-
polarization and 5x10°® RIU for y-polarization.

Having a high linearity response of the regression line makes a sensor exceptional.
It shows that the sensor can be implemented having a proportional relationship between
resonance wavelength and analyte RI. Figure 9.10 (a) illustrates the 4™ order fitting line for

our proposed sensor for plasmonic material gold. The fitting curve gives an R? value of
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0.9991, and it proves that the sensor has high linearity. In the fitting curve equation, x and

y indicate the refractive index and the resonance wavelength, respectively.
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Figure 9.10: Regression lines of the resonance wavelength with the variation of analyte RI

for (a) plasmonic material gold; (b) plasmonic material AZO (2% wt)

Table 9.1 Summary of the important parameter values of the proposed gold-coated sensor-

4 for different values of RI

. ) Full-Width .
Peak Amplitude Wavelength Resolution Half Figure of
a
wavelength sensitivity sensitivity (Wavelength) ) Merit
(um) (RIUY) (nm/RIV) (RIV) Maximum (FOM)
m - nm
RI H (FWHM)

X y X y X y X y X y X y

133 054 054 20129 200.74 1000 1000 1x10* 1x104 188 188 53 53

134 055 055 26943 270.64 1000 1000 1x104 1x10* 186 186 54 54

135 056 056 379.75  380.25 2000 2000 5x10® 5x10°° 195 194 102 103

136 058 058 518.64 520.44 2000 2000 5x10° 5x10° 202 202 99 99

137 060 0.60 529.58 523.14 2000 2000 5x10® 5x10°° 214 211 93 95

138 062 0.62 1069.26 1082.27 4000 4000 2.5x10 25x10% 219 218 183 184

139 066 066 1758.12 180542 5000 5000 2x10° 2x10° 22 222 227 225

140 0.71 0.71 4358.09 3871.27 10000 10000 1x10° 1x10® 26 25 384 399

141 081 0.81 11206 101.67 21000 20000 4.76x10°® 5x10° 288 328 729 609

142 102 1.01 = - - - = = o - - -
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The FOM is a crucial parameter that indicates the overall performance of a sensor.
FWHM and FOM for different analytes are shown in Table 9.1. From table 9.1, we can see
that FWHM increases with the increase in analyte RI. However, FWHM for our proposed
sensor is comparatively very low. Lower FWHM means a higher FOM. The highest FOM
of our sensor for x and y polarization were 729 and 609, respectively. This high FOM is
also an indication that the sensor performance is improved. It is to be mentioned that a
higher FOM indicates a better detection limit [85].

Table 9.1 represents the performance evaluation of our biosensor (when gold is
used) on the basis of WS, AS, FOM, resolution for different values of RI. From the table,
we can see that maximum AS of 4358.09 RIU and 3871.27 RIU%, maximum WS of 21000
nm/RIU and 20000 nm/RIU, a maximum FOM of 729 and 609, a maximum resolution
(wavelength) of 4.76x10° RIU and 5x10° RIU, and a maximum sensor resolution
(amplitude) of 2.29x10° RIU and 2.58x10°° RIU are obtained for the x and y polarizations

respectively.

9.3.7 Sensor Performance for AZO at Optimized Parameters

We now replace the plasmonic material gold with AZO (2% wt) and estimate the
sensor performance at the optimized parameters i.e. tg = 25 nm, ta = 0.97 pm, tpm. = 0.98
pm, d1 = 1.60 pm, d2 = 1.66 um. Figure 9.11 illustrates the variation in CL and AS for
different values of the analyte RI when AZO is used. We can visualize from figure 9.11
that the RI range is now 1.31-1.39 instead of 1.33-1.42. So we can say that AZO based
sensors enable us to detect analytes with lower RI. For AZO based sensor, the maximum
AS was found to be 3908 RIU™? for x-polarization and 3047 RIU for y-polarization at
analyte RI 1.37. These AS values correspond to the maximum resolution (amplitude) of
2.56x10® RIU and 3.28x10° RIU for x and y polarizations. These AS and resolution
(amplitude) values are considerably high. However, they are a bit lower than the gold-based
sensor. The maximum WS of the AZO based sensor is 1600 nm/RIU (x-polarization) and
1700 nm/RIU (y-polarization), which are very low compared to the gold-based sensor. The
resolution (wavelength) for AZO based sensor is estimated to be 6.25x10° RIU and
5.88x10° RIU for x- and y-polarizations. It is clear that AZO does not provide much RW
shift. However, it shows very sharp CL peaks, which results in very low FWHM. Hence,
the FOM values of AZO based sensor is higher than that of the gold-based sensor. Our

sensor exhibits maximum FOM values of 792 (x-pol) and 685 (y-pol) when gold is replaced

89



by AZO. Additionally, the AZO-based sensor's linearity response is much improved than
that of the gold-based sensor. Figure 9.10 (b) depicts the 2" order fitting line of RW as a
function of analyte RI, and it is understandable from the figure that the fitting line of AZO
coated sensor shows an improved R? value (0.9994) at a lower order.
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Figure 9.11: CL curves for plasmonic material AZO in the RI range from 1.31-1.39 in
(a) x-polarization and (b) y-polarization and AS curves in the RI range from 1.31-1.39 in
(c) x-polarization and (d) y-polarization; with tg = 25 nm, ta = 0.97 um, tpme = 0.98 pum, d
=1.60 pm, d2 = 1.66 pm

Table 9.2 Summary of the important parameter values of the proposed AZO coated sensor-

4 for different values of RI

Peak Amplitude Wavelength Resolution Full-Width Figure of
wavelength sensitivity sensitivity (Wavelength) H-alf Merit
RI (um) (RIUY (nm/RIV) (RIV) Maximum (FOM)
(FWHM)
X y X y X y X y X y X y
131 0.46 0.46 546 560 700 700 1.43x10*% 1.43x10* 5.9 5.8 118 120
132 0467 0467 642 664 800 800  1.25x10* 1.25x10* 567 551 141 145
133 0475 0475 789 820 800 800 1.25x10* 1.25x10* 55 518 145 154
134 0483 0483 1000 1069 1000 1000 1.0x10*  1.0x10* 542 519 184 192
135 0493 0493 1259 1372 1100 1100 9.09x10° 9.09x10° 5.16 459 213 239
136 0504 0504 1748 1912 1200 1200 8.33x10° 8.33x10° 5.1 441 235 272
137 0516 0516 3908 3047 1500 1500 6.67x10° 6.67x10° 3.94 332 380 451
138 0531 0531 2321 2294 1600 1700 6.25x10° 5.88x10° 2.02 248 792 685
139 0547 0.548 - - - - - - - - - -
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Table 9.3 Comparison of the performance of the proposed sensor-4 with previously

published sensors

Maximum Sensor Maximum Sensor
Wavelength Resolution Amplitude Resolution
PCF-SPR Sensor o (Wavelength) L (Amplitude) FOM
Sensitivity Sensitivity
(hm/RIV) (RIV) (RIUY) (RIV)
Ref. [20] 5000 2.00x10° 167 5.98x10° -
Ref. [110] 12,000 8.33x10° 2044 4.89x10° -
Ref. [77] 4200 2.38x10°% 300 3.33x10°% 4783
Ref. [84] 17000 5.88x10°6 4596 2.18x10°6 -
Ref. [122] 15180 5.68x10° 498 2.01x10° -
Ref. [85] 25000 400106 1411 7.09x10° 502
Ref. [124] 4600 2.17x10°% 420.4 2.38x10° -
Ref. [128] 20000 5.00x10° 1054 9.49x10°¢ -
Ref. [129] 51000 1.96x10° 1872 5.34x10° 566
Ref. [22] 11000 7.00x10° 1420 7.04x10° 407
Ay XPO 21000 4.76x10° 4358.09 2.29x10°¢ 729
— coated 1) 20000 5.00x10°¢ 3871 2.58x10°¢ 609
Design ngo POl 1600 6.25x10°5 3908 2.56x10¢ 792
coated 1) 1700 5.88x10°5 3047 3.28x10°6 685

Table 9.2 shows the performance evaluation of our biosensor (when AZO is used)
on the basis of WS, AS, FOM, resolution for different values of RI. From the above analysis
and comparison between the gold-coated sensor and AZO coated sensor, we can say that
gold and AZO has their advantages and disadvantages as plasmonic material. The gold-
based sensor can be used to detect analytes with higher RI, and AZO can be implemented
for analytes with comparatively lower RI. Depending on the sensing requirement,
plasmonic material can be chosen as either gold or AZO since both of them exhibits very
high AS, resolution and FOM.
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Table 9.3 shows a detailed performance comparison between our sensor and the
prior sensors. We can see that in terms of WS, AS, resolution, FOM, etc., our proposed

sensor is better than most of the previous gold-based and AZO based sensors.

9.4 Conclusion

A very simple circular-shaped SPR based PCF biosensor is proposed that has a high
sensing capacity. We have optimized all the functional parameters to achieve maximum
performance on the basis of AS, WS, resolution, etc. The finite element method (FEM) is
utilized to perform all the numerical calculations. Arrangement of air holes is made in a
manner so that these can guide the evanescent field to interact actively with the metal. A
perfectly matched layer is formed to restrain electromagnetic waves from leaking out of the
fiber. The proposed sensor offers a maximum FOM of 729, a maximum AS of 4358.09
RIU with a sensor resolution of 2.29x10° RIU, a maximum WS of 21000 nm/RIU, and a
sensor resolution of 4.76x10® RIU for the plasmonic material gold. For plasmonic material
AZO (2% wt), the corresponding values are 792, 3908 RIU™, 2.56x10® RIU, 1700 nm/RIU,
and 5.88x10° RIU. We have seen very few sensors having a sensitivity and FOM as high
as ours, so we firmly believe our PCF will contribute a lot in sensing unknown biological
and biochemical analytes. With this chapter, we conclude the discussion on our proposed
SPR based PCF biosensors.
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Chapter 10

Fabrication

10.1 Introduction

Our designing these SPR sensors aims to reduce the fabrication difficulties and get a
high sensitivity with low peak loss. The optical fiber designs with more straightforward
fabrication procedures and developed sensing activities should be given importance over the
sensors having a complicated fabrication process. Designing SPR sensors have some main
mottos. Ease fabrication is one of them. So, the fabrication of surface plasmon resonance
sensors has to be as simple as possible and be price-friendly. Usually, the PCF having the
desired core structure is fabricated using the Stack and Draw method. After that, the metal layer
coating is given using various methods such as Atomic Layer Deposition method, Chemical

Vapor Deposition method, etc. These methods are discussed in the next sections of this chapter.

10.2 Stack and Draw Method

This method is one of the easiest ways which has been used for the fabrication of PCFs.
For stacking glass rods, tubes, capillaries (different shapes), a macroscopic element of a fiber
optic element (i.e., fiber) stack and draw method has been used. This fabrication method has
been discussed in detail in the literature [120]. A brief summary of the process is given in this
section.

As we can see in figure 10.1, the fabrication procedure of a PCF is shown nicely. The
fabrication starts with a fiber preform. Several silica capillary tubes are stacked to make PCF
preforms, and the rods are utilized to form the desired air/silica structure. This placement
method of preform allows a high level of design flexibility as both the core size and shape as
well as the index profile throughout the cladding region can be controlled.

After constructing the desired preform, it is drawn to a fiber in a conventional high-
temperature drawing tower, and hair-thin photonic crystal fibers are readily produced in
kilometer lengths. Through careful process control, the air holes retain their arrangement
through the drawing process, and even fibers with very complex designs and high air filling
fractions can be produced.
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Finally, a protective jacket is provided to the fibers as a coating which ensures robust
handling of the fibers. The final fibers are comparable to standard fiber in both robustness and

physical dimensions and can be both striped and cleaved using standard tools.

<+<— Capillary

Preform

Heating zone

// [) = Jacket Fiber Spool

. «<— PCF Preform )

Figure 10.1: llustration of the stack-and-draw method

10.3 Atomic Layer Deposition Method (ALD)

To achieve thin film growth, atomic layer deposition (ALD) uses a series of two or
more surface reactions that are repeated cyclically [130]. This advantage over other deposition
methods opens up a wide variety of possibilities. Although ALD was historically used
predominantly in the electronic semiconductor industry, with advances in recipe creation, it is
now considered for broader applications in energy, climate, and sustainability research. ALD
is based on molecular precursors undergoing sequential surface reactions separated by an inert
gas purge. The reactants are separated in this manner until the adsorbed species react at the
surface in a self-limiting, gas-phase-free process. The ALD method has the ability to precisely
monitor the thickness of deposited films at an atomic level by varying the number of deposition
cycles. Another important feature of ALD is the self-limiting nature of the surface reactions
that occur during deposition, which prevents multilayer growth (i.e. allows control of film
thickness) and makes studying surface grafting and/or film growth mechanisms easier [131].

A diagram of the ALD growth cycle is depicted in the figure 10.2.
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10.4  Chemical Vapor Deposition Technique (CVD)

In the SPR sensor, some roughness will be found on the metal surface. For minimizing
roughness, this technique has been employed. Chemical vapor deposition (CVD) is such kind
of a method of vacuum deposition that is used to create high-quality, high-efficiency solid
materials. In the semiconductor industry, the process is also used to make thin films. CVD is
also classified into different operating conditions, physical characteristics of vapor, substrate
heating, etc. In this method, a coating is provided on the heated substrate with the help of
thermally induced reactions at the substrate surface. During these reactions, reagents are
supplied in gaseous form. Such technique is useful in ALD at depositing highly thin layers of
material. CVD technique is also used for membrane coating, which is important for water
treatment, and as these coatings are quite uniform and thin that they do not need sabot

membrane pores.
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Chapter 11

Future Work and Conclusion

11.1  Socio-Economic Impact of PCF based SPR Sensors

The PCF-SPR biosensors we have proposed have a significant impact on medical
science and research. We can have a look at some of the mentionable uses as follows:

v We can use them to perform DNA and RNA assays

v The presence of deadly viruses like dengue can be detected rapidly in blood samples.

v" We can use them for assaying antibody-antigen, bacteria, virus, mMRNA, hemoglobin,
hormone, protein, etc.

v To determine the presence of harmful gases such as H2S from a complex mixture.

v' Different types of tests can be completed within two to ten minutes, so the duration of
testing is greatly reduced.

v' Samples of only a few nanograms of molecules are needed, so the overall cost is
reduced.
The only alternatives are the commercial instruments that cost tens of thousands of

dollars; thus, we can save a lot of money by using them to our advantage.

11.2  Future Work Scope

In almost all of our designs, we have used gold as the plasmonic material and generally
used circular air holes. We also used TiO- for better adhesion of gold. We generally used silica
as the background material. However, in the future, the following advancement in this sector
can be done:

& Use of different plasmonic materials such as graphene, AZO, TiN, etc., to search
for better sensitivity and better results.

& Although only circular and rectangular air holes were used in the designs of this
book, there can be other types of air holes that may give better results, and these
can be tested in the future.

% The same designs can be implemented on a D-shaped PCF to investigate the

sensor performance.
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% Magnetic field strength sensors and strain sensors can be approached.
% Multi-analyte channel-based sensors can be implemented.

& Metal grating-based sensors can be implemented.

11.3 Conclusion

To recapitulate, it can be easily said that biosensors are very important to detect
biological and biochemical analytes. Here, we have used the surface plasmon resonance
phenomenon to determine the unknown analyte. PCF-based SPR sensors are small in structure,
and by altering certain parameters of the PCF, we can control the evanescent field. The cladding
region in PCFs has periodic air holes which guide the electromagnetic field, and thus the
propagation of light can be controlled by modifying the air hole geometries. Different
plasmonic materials are used to enhance the sensitivity of the sensors. The main parameters
that determine the effectiveness of a sensor are the maximum amplitude sensitivity and
maximum wavelength sensitivity. In this thesis, we have done an elaborate discussion on all
the designs we have created, and all of them contribute to the field of biosensing in different
ways. We have mentioned in detail four particularly unique SPR biosensor designs, all of them
showing excellent sensing performance. All the sensors have a perfectly matched layer (PML)
encompassing the fiber, which ensures the absorbance of the scattered evanescent field. We
used the full vectorial finite element method (FEM) method of COMSOL Multiphysics
simulation software to perform the numerical investigations. All the parameters of the fiber
have been regulated to achieve the best sensing performance. These sensors can be utilized at
any temperature and under any amount of strain. As the designs are simple and done
strategically, it will be easier to practically fabricate them with the existing methods. After
optimization of all the performance determining parameters of the fibers, we have found
excellent values of amplitude and wavelength sensitivities (AS and WS), confinement loss,
birefringence, FOM, etc., as we have seen in the earlier discussions. Lastly, we can say that our
designed sensors promise a great deal of advancement in sensing applications and medical

diagnostics for their feasibility in design and high-performance regarding sensitivity.
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