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ABSTRACT

We proffer in this research a distinctive, facile to fabricate, and highly sensitive photonic
crystal fiber (PCF) biosensor based on the phenomenon of surface plasmon resonance (SPR).
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. After the optimization of
all the fiber parameters, we derived a maximum amplitude sensitivity (AS) and wavelength
sensitivity (WS) of 2202.64 RIU ' and 140,500 nm/RIU, respectively, with a maximum
sensor resolution 7.11 x 10”7 for wavelength and 4.54 x 10~ * for amplitude. Moreover, the
maximum figure of merit (FOM) procured was 2285. The overall analyte sensing range is
from refractive indices 1.31 to 1.40, and the sensor has a fabrication tolerance limit of +5%
for the gold layer variation and +2.5% for both of the air holes. 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 in applications of medical

diagnostics.
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CHAPTER 1

INTRODUCTION

1.1 Background

A biosensor is an analytical device that integrates a biological sensing element (enzyme,
antibody, or nucleic acid) with a physical transducer (mass, optical, or electrochemical),
where the resultant signal is further turned into an electronic one (figure 1.1). [1]. Biosensors'
application field has expanded tremendously in recent years as a result of its strong and
sophisticated research potential. Biosensors may be classified into six types depending on the
signal transduction method: mass, optical, magnetic, electrochemical, thermal, and
micromechanical sensors. The optical sensors [2—5] are the most amazing breakthroughs in
sensing applications. Optical biosensors have specific benefits over conventional profiling
methods used to monitor and analyze molecular interactions. It is the most prevalent sort of
biosensor that has caught the researcher's interest. The biosensor has been referred to as an
analytical device that integrates a biological sensing element (enzyme, antibody, or) for the
past couple of decades due to its wide range of applications in various established fields such
as drug discovery, healthcare, food quality control, biotechnology industry, and
environmental safety monitoring [6]-[10]. It has immediate sensing capabilities, making it a
highly efficient and modern sensor. Furthermore, the sensors' compact size, high sensitivity,
accuracy, immunity to external disturbance, and cost-effectiveness have made them a popular

choice among the research community.

N\

| Analyte ——» Bioelement [  Transducer
H .

R_/ Biosensor

Electrical
Signal

Figure 1.1: A biosensor’s schematic representation
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Corning Glass Works created optical fiber in 1970. Then, GaAs semiconductor lasers were
developed to transmit light across fiber optic networks. Following that, in 1975, the initial
fiber optic framework was developed, which used GaAs semiconductor lasers. The second
age of fiber optic communication began in the mid-1980s, when scientists experimented with
InGaAsP semiconductor lasers. With technological advancements, fiber optic communication
has now reached its fifth age, with correspondence frameworks using the DWDM (Dense
Wave Division Multiplexing) approach to increase data speeds. Optical biosensors are mostly
dependent on the strength of light or magnetic fields produced by biological interactions. The
primary operating concept of this biosensor is to convert incident light rays into electrical
signals capable of detecting the strength of electromagnetic waves and sensing changes in the
related analyte. The scientists used a variety of methods, including 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]. This optical technology may be classified into two types based on its sensing
methodology. The first is a label optical biosensor, which comprises fluorescence-based
biosensors that need several detection techniques. This technique also includes washing
processes and reagent additions. However, it has several disadvantages, such as toxic waste,
reduced efficiency, short-term stability, time consumption, biomolecule degradation, and so
on. The other one is well-known for its label-free technology. It can provide real-time
monitoring without the requirement for labeling. Furthermore, this technology may provide a
signal directly without the need for additional probes with labels to deliver the signals [17,
18]. SPR, resonant mirrors, and interferometers use label-free technologies to improve
accuracy and efficiency. SPR-based optical sensors have played a significant role in the
advancement of fiber-optic communication. Over the last few decades, surface plasmon
resonance-based biosensors have had a significant influence on a wide range of real-world
applications. Surface plasmons are described as the development of a quantized TM
(transversely magnetic) p-polarized electromagnetic wave caused by the coupled oscillation
of electrons occurring at the metal-dielectric contact [19]. Surface plasmon resonance occurs
when the incident wave's wave vector matches that of the surface plasmon [20]. SPR is
primarily caused by the incidence of a transverse magnetic (TM) wave, which excites
electrons at the metal-dielectric contact. As a result, a surface plasmon wave (SPW) emerges

and propagates across the core-cladding area. In this case, at a specific wavelength, leaky
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core mode couples with surface plasmon polariton (SPP) mode. This wavelength is referred
to as resonance wavelength 3 (RW), and the condition is known as the phase-matching
condition [21]. The analyte refractive index (RI) influences the SPP mode and
phase-matching state, and a little change in the ambient RI might cause the RW to diverge to
a higher or lower wavelength. Thus, the analyte may be precisely recognized by observing
the variation of the resultant RW while considering various analyte RI [22]. SPR-based
optical sensors have piqued the interest of researchers due to their distinct and
well-established properties, high resilience, small and uncomplicated probe construction, and
increased sensitivity. Because of its favorable nature, SPR sensors are being examined in a
variety of domains, such as preserving water quality and food safety. Because of their
advantageous behavior, SPR sensors are being investigated in a variety of fields, including
water quality monitoring, food safety observation, glucose inspection, medical diagnostics,
real-time monitoring, gas detection, biosensing, strain sensing, and temperature sensing
[6]-[10], [23]-[27]. Furthermore, SPR technology enables the combination of nano-electronic
and nano-photonic components, resulting in ultra-compact optoelectronic devices [28], [29].
The study of SPR-based biosensors began in 1983 when Liedberg et al. developed SPR
biosensors in the domains of gas detection and biosensing [23] and described the
prism-coupling approach. Prism-based SPR sensors use the point cross-examination
approach. However, the prism-based SPR sensor is unsuitable for use in distant sensing since
it has several optical and mechanical components, making the sensor unwieldy in size. To
address these limitations, researchers have replaced the prism with fiber, which has gained
popularity due to promising properties such as atypical dispersion, high nonlinearity, endless
single-mode behavior, label-free detection, adjustable high birefringence, and high integrity
and portability [30], [31]. Thus, fiber-based sensors are appropriate for distant sensing.
Following extensive study, an upgraded version of the sensor is developed, known as a
photonic crystal fiber (PCF)--based SPR sensor. It has higher sensitivity and lower resonance
peaks than conventional fiber-based sensors [32—37], resulting in greater accuracy when
detecting an unknown analyte. Furthermore, the PCF-based sensors may certainly claim a
greater authority on the transient field by adjusting structural factors like pitch, the bore of the

air holes, and the total count of various shaped rings and air cavities.
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1.2 Problem Statement

Researchers are interested in SPR sensors due to its potential for many sensing applications
and promising properties. SPR-based optical sensors have been studied extensively. Sensors
primarily use two types of sensing systems. The traditional kind of PCF sensor is internally
metal-coated, which involves coating the metal film internally [38]. The drawbacks of this
technique include the time-consuming process of emptying and refilling the fiber.
Furthermore, the thin interior coating complicates manufacture and structural design. It
requires additional procedures and maintenance to function optimally, making it unsuitable
for easy sensing. A D-shaped PCF sensor with enhanced construction is proposed to
overcome obstructions. However, this sort of sensor increases manufacturing complexity
[39]. To get a correct output, the flat piece requires precise polishing, making the production
process both challenging and costly.

The contemporary sensing technique is the externally metal-coated PCF, which places the
metal coating outside the fiber. Gold, silver, and aluminum are the most often utilized
plasmonic materials for sensing processes. Oxidation of plasmonic materials in an aqueous
environment can reduce sensing accuracy [40]. The placement and size of air holes impact
the sensor's manufacturing complexity and cost. To summarize, the limitations of previously

described SPR-based sensors are:

The drawbacks of previously published SPR-based sensors are summarized below:
e Complex design
e Fabrication challenges
e Increased confinement loss
e Weak evanescent field
e Inaccurate sensing behavior

e Expensive costing

1.3 Research Objective

The optical sensors' initial phase focused on the transmission sector. However, the most
recent EML value (0.009) is the lowest [41]. Further reducing the value is pointless since it
will complicate the design structure. The same scenario applies to confinement loss and other

factors. As a result, the transmission field has reached saturation, leaving little room for
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improvement. Researchers are shifting their focus away from transmission applications in
favor of SPR, which offers more promising research options.
Our research aimed to explore the impact of innovative PCF biosensor designs based on SPR.

The research goals are as follows:

> Measure amplitude sensitivity (AS) and wavelength sensitivity (WS) as refractive
index changes the wavelength range.

> Conducting extensive literature review on SPR sensors.

> Using plasmonic materials outside of the PCF structure improves detection accuracy
and performance.

> Analyzing the impact of tiny parameter changes on performance and graphics.

> Simulated various parameters by varying the thickness of fiber layers, including gold,
titanium dioxide (TiO,), and analyte.

> Comparison of our proposed PCF-SPR sensors with other sensors from various

journals.

1.4 Motivation

Researchers have emphasized the benefits of SPR-based PCF sensors. The sensitivity of this
sensor depends on the evanescent field sent toward the cladding region through the core. This
causes free electrons to oscillate, resulting in SPW along the metal-dielectric surface. When
phase matching occurs, even little changes in analyte RI can have a significant impact.
Changing the RI causes oscillations in RW, which may be shown graphically. SPR is
considered an unexplored field. This sector has significant potential for additional
development. As a result, scientists continue to work to maximize its utility. These biosensors
offer sensitive, compact, and high-frequency monitoring without the need for
time-consuming sample preparation. These sensors have a wide range of applications,
including biochemistry, biotechnology, healthcare, and security. This technique's versatility
allows for wide-ranging ramifications. Therefore, it's important to prioritize the development
of this technology. This sensor's proven analytical process produces accurate results in a few
minutes, unlike prior sensors that were sensitive, time-consuming, and costly to maintain.
These biosensors can detect bacteria, viruses, antibodies, DNA, mRNA, RNA, hormones,

hemoglobin, and proteins. Future research potential includes applications in electronics,
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physics, medical analysis, and software, indicating promising behavior. Currently, SPR is

considered the most promising scientific field.

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; provides a full examination of PCF and its categories. This part also examines the
historical context. The reasons for the development of PCF-based sensors, as well as their
superiority over alternative approaches, are discussed here. Finally, the methodology,

approach, and software used to generate the graph and simulations are described.

Chapter 3; provides a brief introduction of SPR technology. Here, information on the
operating principle of SPR is mentioned. This chapter also provides an overview of the

evanescent field, SPP, SPW, resonance, and SPR-based sensor application.

Chapter 4; offers an analysis and thorough information on SPR-based PCF sensors and why
they have become a popular choice among the researcher community. Different types of
sensors, such as prism-based, D-shaped, and sensors based on multiple sensing approaches
(internal and external), are also discussed. This article compares many types of sensors that
use the plasmonic materials gold and silver, as well as the need for additional coatings

(graphene, TiN, and TiO,).

Chapter 5; discusses the fundamental concepts and equations that are important for
optimization and analysis. The Sellmeier equation (for silica RI), the Drude-Lorentz model
equation (for gold RI), and the equation for TiO, RI are all defined. Important criteria for
maximizing sensor performance include FOM, amplitude sensitivity, confinement loss,
wavelength sensitivity, resolution, birefringence, 7 sensor length, strain, and temperature

sensitivity, all of which are described in this chapter.

Chapter 6: discusses the design and theoretical modeling of an SPR-based PCF, including

parameter optimization, dispersion characteristics, sensor calibration, sensor length
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expansion, resolution, linearity, double resonance, DPSS performance, and comparison to

previous work.

Chapter 7: The manufacturing of the sensor is proposed here. The article discusses the stack

and draw approach and CVD technology.

Chapter 8: This chapter concludes the thesis book. A summary of future goals has been
offered.

Chapter 9: Description of the CO-PO attributes of the thesis is provided in this section.
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CHAPTER 2

LITERATURE REVIEW

In the field of optical communication and bio-sensing, SPR based PCFs have proven to be
immensely effective for myriad applications[17][18]. When a photon beam falls on the core
of the PCF, the electromagnetic field reaches the region of the cladding in a partial manner
due to which the surface electrons on the plasmonic materials get excited upon the interaction
of the evanescent field with the plasmonic metal surface. When the frequency of the
evanescent field matches with the frequency of the oscillation of the electrons on the surface,
resonance phenomenon is created which gives rise to a CL peak. At resonant condition,
highest energy transfer occurs between the core mode and the SPP mode and the real part of
their refractive indices matches. A shift in the position of the peak at the resonant wavelength
occurs when the variation of the RI of the analyte is observed. This propagates the way for a
wide range of analyte detection using SPR-PCF sensors. The effectiveness of PCF-SPR
sensors in the THz regime has paved the way for enhanced bio-sensing and improved THz
waveguide propagation applications. The numerical study and proposition of a hollow-core
PCF optical cancer detection sensor using Finite Element Method (FEM) in the COMSOL
Multiphysics v5.5 environment have been performed that displays an extremely high RS of
99.9314%, 99.9257%, 99.9169%, 99.9277%, 99.9243%, and 99.9302%, with a reduced
effective material loss of 8.09 x 10" cm ™, 8.79 x 10° cm ™', 9.88 x 10 cm ™!, 8.55 x 1073
cm! 896 x 10°cm™! |, and 8.24 x 107° cm™! for breast cancer type-2, cervical cancer, skin
cancer, adrenal gland cancer, blood cancer, and breast cancer type-1 respectively at a
frequency region of 3.0 THz, while displaying an extremely low confinement loss of 6.1 x
107" dB/cm[19]. A sectored circular PCF having topas as background material has been
proposed that displays an average sensitivity is 92.14% and CL value of 2.308 x10” c¢m
along with EML values of 0.009598/cm for RI=1.33, 0.009620/cm for RI=1.34, 0.009624/cm
for RI=1.35, 0.009658 cm' for RI=1.36, 0.009694 cm' for RI=1.37 at 1.5 THZ
frequency[20]. Moreover, Rahman et al. conducted the numerical investigation of a with
octagonal hollow-cored PCF structure surrounded by symmetrical air holes in the cladding
capable of improving the identification of all tested blood components (RBC, hemoglobin,
WBC, plasma, and water) by nearly 99 % with the attainment of a negligible CL value of
10-16+1 dB/cm at 4.5 THz operating frequency[21]. Furthermore, 19 Rahman et al. again
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proposed a PCT geometry with polarization maintaining attributes while displaying
extremely low EML of 0.013/cm and 0.020/cm in modes of x and y-polarization,
respectively, a flattened dispersion value of +0.020 ps/THz/cm and +0.065 ps/THz/cm at
frequency of 1 THz in the x and y-polarization modes respectively, and detecting liquid
chemicals, such as, methanol, ethanol, benzene, and cholesterol, and air pollutants, such as,
dioxin, cyanide, hydrogen sulfide, and nitrogen oxide [22]. Islam et al. have proffered a
sensor with hexagonal outlined porous cladding with vacant core with high bi-refringence
value, capable of detecting cyanides at THz regime, utilizing Zeonex as the material in the
background; the numerical investigation of the proposed sensor being performed using FEM
exhibits very high sensitivity of 99.75%, extremely small confinement loss of 0.5 x 107"
cm' |, and a considerably low and flat dispersion of 0.12 ps/THz/cm[23]. Furthermore, a PCF
sensor based on optical fiber with rectangular air holes in both the core and cladding has been
demonstrated by Khan et al. which depicts low loss and increased sensitivity for the detection
of volatile impurities in Ethanol with the highest efficacy. The simulation performed for the
mentioned sensor using FEM exhibited RS of 99.15%, 99.36%, and 99.41% with
confinement loss values of 5 x 10~ 7 dB/cm, 2 x 10" ' dB/cm and 1.17 x 10~ ' dB/cm,
Effective Material Loss (EML) of 0.00065 cm™ ', 0.00085 cm™ ', and 0.00068 ¢cm™ ' for
Ethanol, Methanol, and Benzene respectively at 2.2 THz frequency band[24]. The
experimentation of a Zeonex based hexagonal packing PCF sensor with a wheeled structure
for porosities of 85%, 90%, and 98% in the regions of 0.2 to 2.0 THz has been performed; the
sensor is capable of detecting cow and camel milk with RIs of 1.3459 and 1.3423
respectively and has shown the highest sensitivity of 81.16% and 81.32%, EML constituting
values 0of 0.033013 cm ! and 0.03284 cm™ !, trivial values of CL of 8.675x 10 ¥ cm™ , 1.435x
10" cm™ for camel and cow milk respectively, a high value of 81.573% for core power
fraction, and 0.256 as the numerical aperture value[25]. Moreover, a hexagonal cladding
structured, Topas-based PCF sensor with hollow core and air cavities structured with square
shapes in both the core and the cladding, investigated through FEM in COMSOL v5.3a
software is presented by Islam et al. showing sensitivity of 99.39% for RBC, 99.27% for
hemoglobin, 99.12% for WBC , 99.03% for plasma, and 98.79% for water, least CL of
1.124x107" dB/cm for RBC, 9.557x107'® dB/cm for hemoglobin, 7.242x107" dB/cm for
WBC, 1.114x107'® dB/cm for plasma, and 2.515x107"* dB/cm for water in y-polarization with
optimized design conditions in the 2-5 THz frequency range along with optimal
characteristics, such as, low EML, high bi-refringence, increased effective area, extensively

low and flattened dispersion, and large divergence of beam[26]. 20 Moreover, a PCF
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biosensor with two hollow air cavities of square shape enclosed by four air channels of
rectangular shape residing in the region of cladding has been proposed for an effective
detection of amino acids using THz waves and the scrutiny of the sensor’s characteristics
applying FEM in COMSOL Multiphysics has depicted extremely high RS with values of
99.97% for phenylalanine, 99.98% for tryptophan and histidine, 99.95% for methionine, and
99.93% for lysine, extremely trivial CL values of 4.72x10 cm™" for tryptophan along with
other mentionable optical propagation properties, such as, low EML, enlarged effective
modal area, and flat dispersion with near-zero value for optical design parameters at 3.4 THz
frequency[27]. A fabrication-friendly hexagonal shaped THz PCF-based chemical sensor
with a core that’s hollow and air lattices that are symmetrically hexagonal in the cladding
section that exhibits extensively elevated performance in THz regime (almost 99% at 3 THz)
for the detection of ethanol, methanol, water, and benzene has also been proffered and the
numerical investigation has been performed using FEM in COMSOL Multiphysics
v.5.3a[28]. Furthermore, another Topas based PCF sensor with six head star structure,
hexagonal shaped hollow core, and fabrication feasibility has been proposed by Mou et al. for
methanol detection, which displays extensively high sensitivity of 98.4%, extremely low CL
of 3.34x10-19 cm™ , and very low material absorption loss of 0.002 cm™ at 3 THz operating
frequency[29]. The performance analysis of an octagonal shaped hollow cored sensor having
cladding structure with eight head stars for cholesterol detection in THz frequency regions
using FEM in COMSOL Multiphysics has been performed and the proposed sensor displayed
very high sensitivity of 98.75 %, CL as low as 3.14 x 10 cm™' , and EML value as low as
0.0008 cm™ at the frequency of 2.2 THz [30]. A PCF design with octagonal shaped cladding
design for THz transmission has been presented that exhibits an EML as low as 0.007 cm™ at
0.5 THz frequency, an extremely high birefringence value of 0.06, a value of about 4x10° m?
for effective area, a value of 70 % for core power fraction with a diameter of 290 micro meter
for the core having a core porosity of 80% at the frequency regime of 1.6 THz, and a
flattened dispersion of variation 0.3 + 0.1 ps/THz/cm within 0.7-2.1 THz which is a
significantly large frequency range of [31]. Besides, Islam et al. proffered a PCF design with
slotted core with unsymmetrical air holes structures for the achievement of a high modal
bi-refringence of 0.0911 and air holes arranged compactly in five hexagonal layers in the
cladding region to attain a low EML value of 0.025 cm™'.; the design exhibited core power
fraction value of 52%, CL as low as 1.05 x 10"/cm, and a flat dispersion of 0.65 + 0.05
ps/THz/cm in the 0.5 to 1.6 THz frequency range[18]. A fabrication 21 friendly PCF

structure with a square core and four symmetrical air fragments in the cladding section
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arranged in a circular manner suitable for THz sensing and waveguide application has been
demonstrated by Mou et al. where the structure displays extremely low EML of 0.009 cm™ ,
near zero 0.35 ps/THz/cm flattened + 0.05 ps/THz/cm dispersion for waveguide operation at
1 THz, an enhanced effective area of 9.56x10-7 m? , and a core power fraction as high as
53.159% at optimal design conditions. Additionally, the PCF design is capable of detecting
toxic environmental pollutants with an incredible proportion of 91.5 %, 89.8 %, 89 %, 89.5
%, and 89.6 % for dioxin, toluene, hydrogen sulfide, nitrogen dioxide, and sodium cyanide
respectively[32]. Rahman et al. have proposed another Topas based PCF geometry where
core and cladding are compartmentalized by a few number of rectangles with air fragments of
core and cladding arranged in a circular manner for ease of fabrication; numerical
investigation using FEM in COMSOL Multiphysics v.5.3a depicted an extensively low EML
of 0.0153 cm™ , extremely flat dispersion of + 0.010 (ps/THz/cm), an ultra-low confinement
loss of 0.0014 cm™ at optimum 1 THz operating frequency, and an extensively flattened
dispersion variation of + 0.01 (ps/THz/cm)[33]. Furthermore, Islam et al. have proposed a
hollow cored Zeonex based PCF structure with an enhanced level of cladding asymmetry
introduced by using a brick-like structure with identical square shaped air cavities and
numerical investigation of the proposed fibre using FEM in COMSOL Multiphysics v.5.3
showed very high sensitivities of 98.6%, 98.7%, 98.8%, 98.83% and 98.9%, and ultra-low
confinement loss of 5.5 x 10~ /cm for RI=1.33, 3.25 x 10 /cm for RI=1.34, 1 x 10~° /cm for
RI=1.35, 7.75 x 10"%cm for RI=1.36 ,and 5.5 x 107'%cm for RI=1.37 at optimal design
conditions along with other favorable propagation characteristics, such as, enlarged effective
modal area, very high birefringence, and an extremely low EML[34]. Rahman et al. has
presented another air cored 450 rotational square lattice PCF design for THz waveguide
which gives very low EML values of 0.016 cm™ and 0.013 ¢cm™ at 1 THz and 0.8 THz
respectively, and an average core power fraction of around 40 % for core porosity of 81% in
the frequency range of (0.6 to 1.8) THz with the highest core power fraction being
58.88%][35]. A porous core rotate hexagonal PCF structure has been proposed for the purpose
of increasing the efficiency and reliability of THz transmission and the numerical analysis of
the design using FEM and PML displayed an ultra-low EML of 0.049 cm™ , an extremely
high power fraction of 43% at an operating frequency of 1 terahertz, around zero extensively
flat dispersion, and single mode properties[36]. Similarly, a Topas based PCF design
consisting of only rectangular slots has been presented whose numerical analysis using 22
FEM demonstrated significant properties, such as, a flat dispersion of 0.22 = 0.01 ps/THz/cm,
a low value of EML ranging from 0.009/cm to 0.01/cm in the range of frequency of
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0.77-1.05 THz, a high birefringence, single mode operation, and extremely low confinement
loss which ensures the efficient transmission of THz signals by preserving their
polarization[37]. For the purpose of application in THz range, a hybrid cored, fabrication
friendly PCF with only circular air holes in the core and the cladding has been proffered that
exhibits an extremely low confinement loss of 107 cm™ , an extensively low EML of 0.035
cm™' due to the bulk absorption loss of Topas, a flat dispersion with an almost zero value of
0.07 ps/THz/cm for operation in single-mode[38]. Again, with a view to ensuring
polarization maintaining applications in THz transmission, a PCF geometry potentially to be
fabricated by implementing the capillary stacking and sol-gel technique and consisting of
octagonal cladding structure has been investigated for THz wave guidance that concurrently
depicts a significant birefringence value in the 0.8-1.05 THz frequency range with single
mode operation, the birefringence value being ~0.043 at 0.73 THz operating frequency due to
the prevailing unsymmetrical structure in the core arising by the coexistence of both elliptical
and circular air holes, and a trivial EML value of 0.044/cm[39]. A PCF design with elliptical
array shaped core with rectangular cladding has also been proposed for the purpose of
polarization maintenance and multi-channel communication of THz waves; the simulations
from the proposed design using FEM displayed a high birefringence value of 0.063 at 1.5
THz due to asymmetry of air holes in both core and cladding, an EML as low as 0.06/cm at
0.6 THz, an extremely flat dispersion variation of plus minus 0.02 ps/THztm in the 1.05-1.5
THz frequency range due to compact geometry and different air hole sizes in the cladding,
and 46% as the core power fraction value at 1.1 THz for y polarization[40].Another Zeonex
based PCF design with Kagome lattice, diamond shaped core with porous structure has been
proffered for the purpose of both polarization maintenance and biomedical imaging
applications in THz regime whose numerical analysis using FEM shows a high numerical
aperture of 0.48, a high birefringence value of 0.039, a negligible EML of 0.078/cm at 1.1
THz, a flattened dispersion of 1.07 + 0.05 ps/THz/cm, , and a CL as low as 1.39 x 10 /cm
for 30 % porosity at x-polarization mode[41]. For the purpose of efficient THz transmission,
a porous-core circular PCF, also termed as PCCPCEF, has been designed, was simulated using
full vector FEM and PML, and its outcomes were a low EML value of 0.043 cm™' , an acutely
high core power fraction of 47%, an overly flattened dispersion variation of 0.09 ps/THz/cm,
and a confinement loss with a trivial value 23 of 10-2.5 cm” along with single mode
operation properties[42]. Moreover, for THz wave guidance, a Topas based hybrid porous
core octagonal lattice PCF has been numerically investigated using full vector FEM and

displays an EML as low as 0.04 cm™ , maximum core power fraction of 50.4% at a core
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diameter of 350 pm and operating frequency of 1 THz at 81% porosity, and an acutely
flattened dispersion of 0.10 ps/THz/cm within the frequency range 0.95-1.15 THz[43]. For
polarization maintaining guidance of THz waves, an investigation of the numerical properties
of slotted-porous core microstructure polymer fiber was performed that showed a high modal
birefringence of ~0.08 because of the existing asymmetry inside the core introduced by
rectangular slotted air holes, a very low EML of ~0.08 cm™ for 35 % porosity and core
diameter of 350 um at 1 THz frequency, a flat dispersion value of 0.85 £+ 0.05 ps/THz/cm for
y-polarization in the frequency range of 1.16-1.5 THz[44]. Additionally, a porous-core
octagonal photonic crystal fiber (PC-OPCF) is proposed for THz transmission that displays a
low EML value of 0.047 cm™ , a power transmission of 49% through core air holes, and a
flattened dispersion variation of 0.15 ps’THztm at 1 THz operating frequency and a core
diameter of 345 um when its numerical analysis has been done in COMSOL Multiphysics
v4.2, and making it an efficient medium for THz wave transmission[45]. A novel PCF
Biosensor with high sensitivity in the region covering the visible and near infrared (IR) bands
and fabrication-friendliness is proposed in this study which comprises a singular lattice layer
of hexagonal shape comprising air-slots of only circular structure. The suggested design has
an x-polarization mode sensor resolution of 2.4x10¢ , a peak WS of 41,000 nmRIU™" | and a
maximum AS of 1072.5 RIU™ [46] Recent years have seen a substantial increase in interest in
the use of photonic crystal fibers to detect alcohol in beverages. Islam et al. proposed a novel
Zeonex-based PCF for alcohol detection, which exhibited remarkable characteristics in the
terahertz frequency band. The fiber was characterized using the FEM, and results of
simulation showed a remarkable RS value of 88.6%, as well as a very low EML of
0.0222/cm, and negligible CL of 3.63 10"/cm at 1.9 THz operating frequency[46]. Using
comparative analysis of AS as the metric of sensitivity, the first study that suggested a
biosensor for identification of blood components in the frequency regions comprising the
near-infrared and visible spectrum bands demonstrates higher AS of 5078.99 RIU™ . In this
case, Al-doped ZnO is taken into consideration as a plasmonic material to boost sensor
performance and design extensibility [47]. SPR based PCF sensors have made incredible
progress during the past ten years. Islam et al. [30] presented a straightforward circular SPR-
24 PCF sensor with x-polarization mode. The proposed sensor's maximum AS and WS
values are 1757.3 RIU"! and 32,000 nmRIU™ , respectively. The design they have proposed
also depicts a significantly low value sensor resolution value of 1.428x10° |, 587.2 as FOM
value, and maximum birefringence of 0.004. New directions in sensing research have been

made possible by the coupling of PCF sensors with plasmonic materials. Due to its stability
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and chemical inertness, gold is a material that is highly favored in the plasmonic field.
Because they may be made using common methods like stack and draw and still offer great
sensitivity, simple and easily constructed structures are very desirable. Islam et al. presented a
number of unique solid core photonic crystal fibers in their study that are intended to take
advantage of the surface plasmon resonance (SPR) phenomena. These fibers were designed
with a specialized circular cladding structure that not only made manufacturing them easier
but also improved their sensing capacities[48]-[50]. The geometric properties of the photonic
crystal fiber (PCF) can affect the sensor's performance since they have a direct bearing on
how the plasmonic layer surface interacts with the evanescent field. The square lattice design
is widely regarded as the easiest to construct lattice structure. The insertion of annular
airholes in the square lattice has shown to be a noteworthy improvement in the context of
biosensors, demonstrating outstanding sensitivity and resolution[48]. Specifically, for
biological sensing applications, a unique structure with two arrays of six small airholes on
each side and two arrays of two large airholes on each side displayed higher sensitivity. When
compared to other structures, this particular design produced a higher level of sensitivity,
making it an attractive option for biomedical sensing applications[49]. The addition of
airholes with the same radius has considerably simplified the production of the biosensor
design. With this design decision, the core mode and plasmonic mode may more easily
couple, which facilitates efficient coupling and results in high amplitude and wavelength
sensitivity. The regularity in the size of the airholes ensures the biosensor's reliable and
optimal performance[50]. The use of a hexagonal lattice structure with a greater quantity of
rods in the context of surface plasmon resonance (SPR)-based photonic crystal fibers (PCFs)
enables additional versatility in design for both the core and cladding. This structural design
gives the PCF more control over its optical properties and capabilities, allowing for better
performance in SPR applications for sensing. The greater the number of rods, the easier it is
to manipulate the modal properties and interact with the plasmonic layer, resulting in both
increased sensitivity and efficiency of the PCF- SPR sensor[46], [51]-[54]. In the biosensor's
cladding region, an intelligent arrangement of air holes, including hexagonal- 25 shaped
groups and v-shaped configurations, has been applied[51]. The development of four channels
for efficient light transmission from the core to the plasmonic mode is facilitated by these air
holes of a specified dimension. The cladding's clustered pattern of circular-shaped air spaces
contributes to improved plasmonic effects. The use of an Al-doped ZnO (AZO) coating as the
plasmonic material improves the performance and flexibility of the design of the sensor. The

modified design has better amplitude sensitivity, resolution, and FOM. The inclusion of an
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extraneous AZO layer to the sensor construction improves design flexibility and optical
tuning that outperform the metal films used traditionally[52]. The use of a TiO, coating and a
novel twin spider core arrangement in a biosensor design led to better gold adhesion to the
fiber[53]. An unusual structure consisting of two clusters that are V-shaped generating the
shape of an eye is used in the cladding section of one design. These clusters have a
symmetrical arrangement along a horizontal line in the opposite direction. A thin gold layer
with an island pattern of development is used to improve the sensor's performance. A
carefully aligned ring-shaped layer is also used to decrease surface exposure effects[55]. One
sensor can sense analyte, magnetic field, and temperature by the virtue of a new trigonal
cluster-based configuration of circular air holes within the fiber that enables effective
interaction with the environment[56]. In a study, a square lattice and solid core SPR-based
PCF sensor with extremely low loss and appropriate sensitivity are proposed and examined.
Along with its ability for magnetic field and temperature detection, the sensor also exhibits an
exceptionally high external strain sensitivity of 4.00 pm /ug[57]. In a study, a dual cluster and
dual array design is used for the suggested structure. In order to successfully direct the
electromagnetic (EM) wave to the surface and improve the overall sensing performance, the
air holes within the fiber are strategically placed[58]. There are significant gains in
performance metrics with the suggested PCF design, which has elliptical air holes and a
perfectly circular shape[59]. When the elliptical, rectangular, and circular air holes that were
developed are compared, it is found that they produce the best outcomes. In one study, the
central airhole was purposefully chosen to be rectangular rather than the more typical circular
shape in order to create birefringence. This innovative design decision causes asymmetry in
the structure of the photonic crystal fiber, which results in an altered reaction to polarization
and increased birefringence[60]. To induce birefringence in the photonic crystal fiber, another
design comprises hexagonally arranged clusters of circular airholes in the cladding, as well as
a rectangular airhole in the middle[61]. It is noteworthy how PCF-SPR sensors are applied in
communication. In a D-shaped PCF with a micro-opening, a unique broadband single
polarization filter has been successfully developed using SPR[62]. The advancement of SPR-
26 PCF has found a new direction with the implementation of double resonance using two
plasmonic materials[63]. The simultaneous use of two materials using localized surface
plasmon resonance has been used to enhance the detection range of the sensor. In this work,
we have proposed an LSPR based PCF sensor that uses the concurrent application of gold
and GZO in order to create two peaks at two distinct wavelengths. The evolution of two

peaks occurs due to the splitting of the evanescent field as it interacts with the surface
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plasmons. Our proffered sensor introduces a broadened working range both in the ultra-violet
and the visible spectrum range which was never observed in any of the literatures stated
above. Therefore, the uniqueness, efficacy, and novelty of the sensor for the diverse

biosensing field can be strongly established.
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CHAPTER 33

PHOTONIC CRYSTAL FIBER

3.1 Introduction

Photonic-crystal fiber (PCF) is a kind of optical fiber with superior waveguiding capabilities.
It outperforms ordinary optical fibers in terms of light confinement. PCF applications include
fiber optic interchanges, fiber lasers, non-linear devices, high-control transmission, gas
sensors, and data transmission at THz frequencies. PCFs consist of a microstructured
arrangement with undoped silica as the backdrop material and air holes throughout the fiber.
The core is the center portion, whereas cladding refers to the surrounding area. However, this
study does not just employ silica as the backdrop material [42]. Crystal fibers like Teflon
[43], PMMA [44], TOPAS [45], [46], and HDPE [47] are widely utilized. TOPAS is
considered the best material for waveguide propagation due to its exceptional water barrier
qualities [46] and biosensing capabilities [48]. Birefringence is an important characteristic for

sustaining polarization in porous fiber sensing applications [49].

The core and cladding areas of a PCF significantly impact fiber performance. The
honeycomb cladding construction was first proposed by J. Laegsgaard et al. [50]. As design
freedom and fabrication capabilities improved, the number of designs expanded significantly.
Efficiently executed designs include square [51], hexagonal [52], octagonal [53], spiral [54],
and circular [55]. Porous core fibers have received significant attention for their capacity to
sustain low EML (effective material loss), high birefringence, and greater power into the core
area [57]. Photonic crystals may be used to create a diverse range of PCF designs with

positive outcomes.

3.2 PCF in Brief

A traditional optical fiber has a core with a greater refractive index than its cladding. Doping
a high refractive index material in the core area increases its refractive index compared to
silica cladding. Germanium is commonly used to enhance the refractive index of the core,

whereas fluorine is typically used to lower it.
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Photonic Crystal Fiber is a low-loss dielectric media made out of a periodic pattern of small
air holes that run the whole length of the fiber [58]. PCF's core traps light, providing a more
efficient waveguide for photons than ordinary optical fibers. PCF has a solid silica core that
guides the optical signal. The core is encircled by a periodic air-hole array in the cladding.
Since the effective cladding index is lower than the core refractive index, light may be steered
by total internal reflection down the silica fault core. Air-holes contribute to low index
cladding, and the core is often made by creating a bigger air hole or eliminating one from the
center. PCFs may be designed with many parameters such as core radius, number of rings, air
hole diameter, and pitch. Modulating these factors can improve the guiding qualities of
optical fibers, which are influenced by the refractive index. Modulating these parameters can
improve the guiding qualities of optical fibers, as the refractive index of PCFs is affected by

design freedoms [59].

Refractive index
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Figure 3.1: Cross-sectional view of a Photonic Crystal Fiber

3.2.1 Classification of PCF

Traditional fiber optics have a continuous difference in refractive indices between the core
and cladding regions. Refraction allows light waves to readily move over the core area.
However, increasing the distance of propagation leads to increased transmission loss. To
improve communication quality over long distances, we recommend using repeaters and

amplifiers. Photonic crystal fibers (PCF) have superior wave-guiding capabilities because
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light waves are confined within the core area, unlike typical optical fibers. Photonic crystal
fibers benefit from increased flexibility and lower manufacturing costs due to their backdrop
material. PCFs have a superior manufacturing method than regular optical fibers. Photonic

crystal fibers are commonly divided into two classes:

o Index-Guiding Fibers: These fibers have a solid core, similar to traditional ones.

Total internal reflection causes light waves to become trapped within the core.

e Photonic Bandgap (Air Guiding) Fibers: These fibers have periodic microstructures
and a low index material core. The core has a lower refractive index than the cladding
area composed of photonic crystals. Light waves are steered via fibers using photonic

bandgap, which differs from total internal reflection.

3.2.2 High Index Guiding Fibers

M-TIR is the acronym for total internal reflection in optical fibers.

The structure consists of a high-index core made of pure silica and a low-refractive index
microstructure. Photonic crystal fibers vary from standard optical fibers due to their very
wavelength-dependent cladding. The high dependence of the refractive index on wavelength
allows for the fabrication of unending single-mode fibers that support just one mode
regardless of wavelength. We can readily change the dispersion characteristics of optical
fibers, allowing for the construction of irregular dispersion at visible wavelengths. Photonic
crystal fiber technology can generate coherent super-continuums due to its tiny cores and
comparable phase-matching conditions to existing sources. Optical fibers with large
mode-field widths may now have controlled refractive-index profiles, allowing for better

beam-quality guiding and amplification.

3.2.3 The Bandgap effect

This optical fiber differs from M-TIR guiding fibers in terms of mechanism and qualities.
PBG fibers' cladding area is strategically micro-structured to create photonic bandgaps. Light
rays of particular wavelengths cannot flow through the fibers. PBG fibers develop core areas

by producing defects in their structure, allowing light to easily propagate. The faulty region
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forms a low index guiding core, allowing light to readily travel through. Photonic bandgap
fibers provide significant advantages over typical fibers because to their low index-guiding
properties, opening up new possibilities. This technology allows us to route light waves via

air or any appropriate gas through the fiber material.

3.2.4 Hollow-Core and Solid-Core Fibers

One of the unique types of photonic bandgap fibers is the hollow-core fiber. The
electromagnetic field is limited to an air-filled core. Air-core fibers, like other photonic
bandgap fibers, only guide light in a narrow spectrum. Fibers typically guide about 1550 nm
and have a common bandwidth of 200 nm. The anti-guiding core area is underneath this one.
Guided light waves via hollow cores have several uses, including high power delivery
without fiber damage, gas sensing, and low-loss guiding across vacuums. Hollow core fibers
offer unique advantages over regular fibers. They are more helpful because of their low

susceptibility to bending, Kerr effect, temperature fluctuations, and Faraday effect.

Furthermore, they possess strong dispersive features, such as anomalous dispersion values.
The dispersion of photonic bandgap fibers is mostly determined by wave-guide dispersion,
since the material inside the core has a minor role. Another form of photonic bandgap guiding
fibers is solid-core PBG fibers. This type of fiber contains a solid core and high-index areas
embedded in silica coating. These fibers can only transmit light waves within a specific
spectral range. Filtering with a core doped with rare earth material, such as Yb, allows for
easy amplification and lasing at a newer wavelength with lower fiber gain (12). The laser
community benefits from the combination of doped-solid-core photonic bandgap fiber and its

dispersive properties, opening up new options.

Figure 3.2: Cross-sectional view of (a) Solid Core Fiber, (b) Hollow Core Fiber
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CHAPTER 4

SURFACE PLASMON RESONANCE

4.1 Introduction

Surface plasmon resonance (SPR) occurs when the frequency of photons and electrons on a
surface matches. A surface plasmon resonance (SPR) sensor detects variations in the
refractive record at a specific spot. This biosensor focuses on measuring fabric adsorption

onto flat metal surfaces, such as gold or silver, or metal nanoparticles.
4.2 Working Principle of SPR

SPR procedures energize and distinguish collective motions of free electrons (known as
surface plasmons) in which light is focused onto a metal film through a glass crystal, and the
resulting reflection is recognized at a specific angle of propagating light, forming a faint line
within the reflected beam containing a wealth of data. A shift in the reflectivity bend
indicates an atomic official event occurring on or near the metal film, or a conformational
change within the atoms bonded to the film. Analysts may think about atomic official events

and official energy without having to worry about a name.
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Figure 4.1: A light is impacted by a prism on a metal film and the reflected beam is captured

and analyzed
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4.3 Reason of Interest in SPR Technology

SPR-based biosensors have gained popularity among researchers due to their high robustness,
sensitivity, and proven properties. Potential applications for SPR technology include food
safety, protection, medical testing, bimolecular analyte detection, and medical diagnostics
[60]. PCF-enabled SPR modes are popular for sensing applications due to their ability to
adjust optical characteristics by design, lightweight nature, and tunable birefringence. [20],

[61]-[65].

4.4 Implementation of SPR

SPR can be utilized in a variety of applications. SPR is often used in medical diagnostics,
such as for hepatitis B virus.

SPR has also been used to identify biomolecules. SPR has been used to analyze many
biological substances. Viruses in blood samples may readily be detected. SPR detects
molecular interactions in real-time and without labeling. Traditional sensors require labels for
detection and only offer information on binding specificity and affinity. SPR, on the other
hand, provides information on specificity, affinity, kinetics, thermodynamics, and
concentration of interactions for various compounds. The existence of hazardous gasses in a
complicated combination. This biosensor enables quick and cost-effective detection of

presence in complicated mixtures.

4.5 Advantages of SPR

SPR technology has improved the accuracy and ease of tracking limited activity on a
subatomic level compared to other bio-detecting devices available. Here are some of the key
advantages of adopting surface plasmon resonance.
e SPR detects contrasts in the refractive record, eliminating the requirement for a label.
Real-time observations can reveal bio-subatomic collaboration among proteins,

DNA/RNA, and tiny particles.
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e SPR investigations need small sample sizes with negligible test results. By using less
expensive materials, researchers and medical practitioners may make surface plasmon
reverberation more accessible and cost-effective.

e SPR allows for the reuse of sensor chips. Sensor chips play a crucial role in
bio-detection and immediately impact the data. It's crucial to note that sensor chips
may be reused, as their efficiency and execution rely heavily on them.

e Surface Plasmon reverberation can handle complicated samples, including rough
instances, for research purposes. SPR has been utilized for evaluating investigations
in several contexts, including serum analysis.

e SPR technique enables real-time monitoring of biomolecule interactions at minimal

cost. It has several applications in the pharmacological and therapeutic fields.

4.6 Success Rate and Drawbacks

The high success rate of high sensitivity SPR is a very compelling incentive to use it.
Developing small molecule medications is expensive and time-consuming. Due to low
success rates of existing sensors, there is a need to develop new methods for measuring
activity rapidly and precisely. However, SPR biosensor technology has several downsides as
well. Biosensors require active biological molecules to function properly. Biosensors require
an active molecule to provide a signal, unlike other analytical methods like mass
spectrometry or UV spectrometry, which can define a chemical regardless of its state.
However, while biosensor devices are simple to use, they may be challenging to develop and
implement. To begin, remember that biosensors rely on the Biosensor equipment and are
simple to operate, however planning and conducting an experiment requires considerable

biochemistry knowledge.
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CHAPTER 5§

SPR BASED PCF SENSORS

5.1 Introduction

PCF-based sensors have higher sensitivity and lower resonance peaks than other fiber-based
sensors, resulting in greater accuracy when detecting unknown analytes. Furthermore, by
adjusting structural factors such as pitch, bore of air holes, and total count of various shaped
rings and air cavities, PCF-based sensors may undoubtedly get a deeper understanding of the
transient fields. SPR is the recommended approach for achieving the desired sensing
qualities. When SPR-based technology combines with benign features, it produces the ideal
SPR-based PCF sensors. Such a sensor uses SPR and is activated when light travels through
the fiber. As a result, the generated evanescent field falls on the plasmonic metal surface,
causing the free electrons to oscillate.Thus, the SPW becomes agitated and moves along the
core-cladding area. At a certain wavelength, the SPP mode combines with the core mode to
provide phase-matching between two modes with an equal real fraction of effective RI.
During this scenario, a sharper resonance peak is obtained at that specific wavelength, which
is heavily dependent on analyte RI. As a result, every little change in RI causes the resonance
wavelength (RW) to move upward or downward. Thus, an anonymous analyte may be
detected by observing the variation of the RW for different analyte RlIs. The first level of
SPR-based sensors is prism-based and D-shaped sensors. After extensive investigation, PCF
sensors were implemented. It has a long history owing to its development process. The
plasmonic metal layer and the analyte channel through which the material to be diagnosed are
conveyed are retained outside or within the fiber, depending on the kind of sensor. The
history, variation, and division of PCF sensors using the SPR method are briefly detailed in

the following segments.

5.2 Prism based Sensor

In 1983, Liedberg et al. used a prism-coupled SPR biosensor in biosensing fields to detect
unknown gasses [23]. The investigation of SPR-based biosensors began then. In prism-based

SPR sensors, light was passed through the prism at a precise angle. When light strikes the
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metal surface, a surface plasmon wave (SPW) forms as a result of the metal's active valence
electrons absorbing the incident light. Later, it was discovered that prism-based SPR sensors
had several limitations, such as inaccuracy in sensing applications and bulkiness in size due
to additional sophisticated opto-mechanical elements, rendering them unsuitable for distant

sensing [67], [68].

5.3 Internal Sensing based Sensor

The internal sensing type sensor was developed to control obstructions in prism-based
sensors. Internal sensing involves coating air pores with metal sheets and packing analytes
within them, as seen in Figure 5.1. [67]-[70].

The first type's practical application is challenging due to the difficulty of coating internal
fiber holes with metal coatings and filling with analytes. Small holes pose difficulty.
Additionally, keeping a consistent thickness of the perforations is not practical for production.
Additionally, the process of measuring, emptying, and replacing the fiber takes time.
Furthermore, repeated filling and emptying might cause a decline in the sensing capabilities

of the sensor.
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Figure 5.1: Internal Sensing based Sensors

5.4 D-shaped Sensor

D-shaped or exposed-core PCFs can overcome the limitations of prism-based and internal
sensing devices [71]-[74]. D-shaped PCFs allow for direct deposit of metal and analyte on the
exposed surface, simplifying sensor construction and analyte changes (see figure 5.2).
However, the flat section of D-shaped PCFs requires polishing, making production
challenging. In fact, this form of sensor requires etching certain sections of the surface, which

complicates fabrication and increases cost.
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Figure 5.2: D-shaped Sensors

5.5 External Sensing based Sensor

External sensing is the favored approach for analyte detection due to its superior sensing
capabilities and ease of manufacture (75, 76). Internal sensing and D-shaped PCF have
limitations. It offers possibilities for cleaning and reusing sensors. In contrast to internal
sensing, which involves placing the metal coating within the air pores, external sensing does
not require any pre-sampling processes. See figure 5.3-a. The sensor clings to the analyte

solution and performs as expected within minutes.

5.6 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 5.3 (b) [77]. Though silver is one of the most conductive
materials, it 1s 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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5.7 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 oxidation 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 5.3

(©)[79].
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Figure 5.3: (a) External Sensing based sensor, (b) Silver based sensor, (c¢) Silver-Graphene

based sensor, (d) Silver-Gold based sensor

5.8 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 5.3-d) has an easier fabrication process due to

large micro-fluidic slots [80].
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5.9 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 5.4-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].

5.10 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 5.4 (b) [83].

5.11 Bimetallic Gold-TiO, 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 higher RI than the fiber and provides strong coupling between the
leaky core guided and the plasmonic mode whenever placed on the glass. Therefore, this

layer improves sensing performance. A sensor having Gold-TiO, coating is displayed in

figure 5.4 (c) [85].
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Figure 5.4: (a) Silver-TiN based sensor, (b) Gold based sensor, (c) Gold-TiO, based sensor,
(d) ITO based sensor

5.12 ITO 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 5.4 (d) [38].
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CHAPTER 6

MATERIAL CHARACTERIZATION AND
MATHEMATICAL FORMULATION

6.1 Introduction

In this chapter, we have discussed the different materials that are used in designing the
SPR-based PCF sensors. Silica (Si0O,), Titanium dioxide (TiO,), 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.

6.2 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 the upcoming chapters.
Note that some materials have a complex effective RI. The effective RI of any material can
be represented in the complex form of neff = n + jk, where n and k denote the RI's real and

complex parts.

6.2.1 Silica (SiO,)

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
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Silica, also known as silicon di-oxide, is vastly preferred as the 24 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]:

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 nearIR
spectral region. This characteristic can be realized from figure 6.1.

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.

1.6 - . : . .
14} -+ Rayleigh scattering /ru
————— IR absorption |
1.2} — -{otai {0s3es f(
£
=
as]
=
wl
ol
2
0! : : , —
1 Py 1.2 1.3 1.4 1.5

wavelength (pm)

Figure 6.1: Intrinsic losses of silica

The RI property of the fused silica is extracted from the Sellmeier equation given below [9]:

, B A’ B,A B’ (5.1)
n,.(A) = (l+— +—= +—
jr-_(._-l E-_FE i- _(‘-'I
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Here, ng;., represents the RI of silica, and the value of ny,, depends on the wavelength of
light (A) and the Sellmeier constants. The Sellmeier constants are listed in table 5.1. It is to be
mentioned that equation 6.1 is valid for the wavelength range of 0.22 um to 3.71 um [85].
This formula can be used to estimate the silica RI at a constant temperature of 25°C [87].
Figure 6.2 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 6.1 - Sellmeier Constants:

Constant Value
B, 0.69616300
B2 0.407942600
B3 0.897479400
C, 0.00467914826 um?
C2 0.0135120631 pm?
Cs 97.9340025 pm?

Refractive Index of Silica

Imin

0.5 1 1.5 2 2.5 3 3.5 4
Lambda( gzm)

Figure 6.2: Silica RI as a function of light wavelength (temperature 25°C)

When T denotes the temperature in Celsius (“C) scale, the temperature-dependent Silica RI

Ngiica €N also be estimated using the modified Sellmeier equation given below [25]:
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n'an=(1.31552+6.90754x107°T)

(0.788404 + 23.5835x10° T A°
A7 —(0.0110199+0.584758x107°T")

. (0.91316+0.548368x10° 14"
A7 =100

(6.2)
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Figure 6.3: 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 manifested in figure
6.3. It is realizable from figure 6.3 that the silica RI increases as the temperature is raised.
The above two equations evaluate the silica RI when the applied strain is null. However,
when the fiber undergoes any amount of strain, the RI 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...- = ”.-.'.'u'm' [I - P":':] (63)

[

where ng);,, and n'y;., are the silica RI without strain and with strain, €z denotes the applied

strain, and Pe is the elastic-optic constant. It is to be mentioned that Pe has a magnitude of
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0.22 for silica [88]. For varying strain in the range of 0-2000 pe, the silica RI is exhibited in

figure 5.4. It is realizable that silica RI reduces with the increase of strain.
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Figure 6.4: Silica RI as a function of strain (light wavelength 600 nm, temperature 25°C)

6.2.2 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 6.5.
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Figure 6.5: Air RI as a function of light wavelength

Figure 6.5 displays the relationship between the air RI 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.
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6.2.3 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]:

e Gold is chemically stable and inert.

e Gold does not get oxidized in an aqueous environment.

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

environment.
e The dielectric constant of gold can be estimated from the Drude-Lorentz model, and it

can be described as below [89]:

@, B As LY,

E, =&, — . — —
alw+ jy,) (@ =L )+ jl w

Aw

(5.4)

In this equation, €Au represents the permittivity of gold, ex represents the
high-frequency permittivity with a value of 5.9673. o is the angular frequency, ®D
and yD are plasma and damping frequencies respectively, where wD = 4227.2n THz,
vD = 31.84n THz. Moreover, Ae = 1.09 is the weighting factor while the oscillator
strength is QL = 1300.14x THz, and spectral width is 'L = 209.72n THz.
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Figure 6.6: Gold RI as a function of light wavelength
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It is clear from equation 6.4 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 6.6.
6.3 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.

6.3.1 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,xIm(n_ )x 10*(dB / cm)
' (6.8)

6.3.2 Amplitude Sensitivity (AS)

The sensor potential can be measured using two methods, known as the amplitude
interrogation method (Al) and the wavelength interrogation (WI) 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
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(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]:

S, = “1 cee(Ad,m,) (RIUY)
a(A,n) on,

(6.9)

The AI 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 33 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.

6.3.3 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 WI

method [85]:

§,=A4d ., " An (nm! RIL)

peak

(6.10)

where An, and AL, represent the difference between two neighboring analytes RI and the
contrast in their corresponding resonant wavelengths. Usually, this method exhibits a 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].
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6.3.4 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 dAmin, and dApeak being the RW

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

R =% (pyiyy
oA (6.11)

peark

6.3.6 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 6.10

gives an idea about how to determine the FWHM. Usually, FWHM is measured on a

nanometer scale.
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Figure 6.7: Representation of Full Width at Half Maximum

6.3.7 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
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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) (6.13)

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 35 indicates a

sharper resonance peak. Therefore, FOM gives an idea about the overall sensor performance.
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CHAPTER 7
PROPOSED DESIGN: DESIGN OF A HIGHLY SENSITIVE
PHOTONIC CRYSTAL FIBRE SENSOR FOR DETECTING
BIOCHEMICAL ANALYTES

7.1 Introduction

Surface plasmons, the quantized rise of transversely magnetic (TM) p-polarized
electromagnetic waves at the metal-dielectric interface due to the combined oscillation of
electrons, have revolutionized sensing technologies, particularly through the phenomenon of
surface plasmon resonance (SPR).[1] Initially proposed by Kretschmann-Raether, SPR
sensors have traditionally relied on bulky prism-based configurations, which, despite their
sensitivity, present challenges in terms of size, complexity, and suitability for remote sensing

applications. [23]

In response to these limitations, researchers have turned to innovative sensor designs utilizing
photonic crystal fibers (PCFs) for SPR sensing. PCFs offer distinct advantages, including
high sensitivity, lightweight, low propagation loss, and tunable optical parameters, making
them ideal for various sensing applications across multiple domains, including water and
food quality control, medical diagnostics, environmental monitoring, and chemical detection.

[54-56]

Recent advancements in PCF-based SPR sensors have led to the exploration of diverse
measurement schemes such as long-period fiber gratings (LPFG), Fabry-Perot
interferometers (FPI), in-fiber modal interferometers, and liquid-filled PCFs.[23] Among
these, PCF Bragg gratings (PBG) have emerged as versatile sensing platforms, attracting

significant attention for their performance in sensing applications.

Researchers have proposed various PCF structures, including square, octagonal, hexagonal,
hybrid, and decagonal geometries, to facilitate core-guided leaky-mode propagation for
SPR-based sensing.[35] Two primary categories of SPR-based PCF sensors have been

identified: internally metal-coated sensors, where analytes are contained within the fiber
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holes coated with metal films, and externally metal-coated sensors, where the metal coating is

applied to the outer surface of the PCF.

While internally metal-coated sensors face challenges in fabrication complexity and
maintenance, externally metal-coated sensors offer advantages in terms of ease of fabrication,
cleaning, and reusability. Gold, silver, and aluminum are commonly used as plasmonic

materials in these sensors, each offering unique advantages and challenges. [45]

Notably, aluminum-doped zinc oxide (AZO) has emerged as a promising alternative to gold
due to its chemical stability and near-infrared plasmon frequency, making it particularly
suitable for biomedical sensing applications. [34] Despite its potential, challenges remain in
optimizing sensor performance, including maximizing sensitivity and resolution while

minimizing fabrication complexity and material limitations.[47]

In this context, we propose a novel circular-shaped cladding-based tri PCF SPR biosensor
design, incorporating thin layers of gold on the outer plane for enhanced sensitivity and
flexibility. Through numerical investigations, we evaluate the sensor's performance metrics,
including resolution, wavelength sensitivity, amplitude sensitivity, figure of merit, and
linearity, aiming to contribute to the advancement of SPR sensing technologies with a

practical, commercially viable sensor design.

7.2 Structural Modelling

A sensor's structure has a significant impact on its performance.The sensor's guiding
properties are determined by the structural design, which controls the sensor's performance
by positioning the air holes inside the core. A hexagonal lattice-based PCF structure with
circular air holes and a gold coating is adopted for the external sensing-based SPR sensor. Fig
7.1 shows the e 2D cross-section of this sensor. Different diameters (d1, d2) of air holes are
utilized for its advantageous behavior. In the cladding region, there are three pentagonal
clusters, each consisting of 5 air holes. In each cluster, 3 air holes have diameter (d=1.15 um)
and 2 air holes have diameter (d=1.30 um). For convenience, the air holes with 1.30 um
diameter are considered as larger holes and the one with diameter 1.15 um is considered as
small holes. There are 9 holes with a diameter of 1.30 um and whereas there are 6 holes with

a diameter of 1.15 um. There is a symmetrical distribution of the holes where in every
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segment there are 3 big circles and 2 smaller circles. The prudent disposition of the air holes,
having d1 diameter, assists in forming four channels for the propagation of light from core to
plasmonic mode. The fiber is made of fused silica (SiO,) Gold is chosen due to its chemical
stability in aqueous environments and its higher resonance peak. A thin layer of gold, with
thickness denoted as tg, is applied around the cladding section. Although the thickness of the
analyte layer is not crucial for sensing performance, a thickness of 1.2 pum is chosen
arbitrarily for this layer. An artificial PML layer with diameter of 4 um is utilized at the outer
portion of the computational area to absorb the scattered field. In a practical sensor, the PML
layer is absent as it is employed only for better simulation purposes. So, finally after
optimization, regular air hole diameters and gold layer thicknesses were found to be 1.15 um,

1.30 um and 20 nm respectively.

B Perfectly matched layer
B Analyte Layer
[ 1Gold Layer

B Fused Silica

[ TAirHoles

Figure 7.1: Structural Model of the Proposed Design
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7.3 Experimental Setup

The experimental arrangement for this sensor begins with the initiation of incident light
emitted by a supercontinuum light source with a spectrum spanning from 450 nm to 1600 nm,
typically facilitated by the SuperK compact from NKTPhotonics™. This light is then guided
through a polarizer, controlled by a polarizer controller, and transmitted via a single-mode
fiber (SMF-28) into the sensor. Subsequently, the light passes through the sensor and is
directed towards an Optical Spectrum Analyzer (AQ6370C, Yokokawa™) through another
single-mode fiber. [54]

To ensure proper coupling between the sensor and the SMF-28, a method called splicing is
employed. This splicing process can be conducted using the Vytran FFS-2000 splicer,
employing the filament fusion technique, with alignment facilitated manually through
translational and rotational adjustments. Alternatively, another splicing method involves
connecting the SMF and the PCF by inserting an etched SMF tip into the PCF, boasting a
reported coupling efficiency of 84.5%. Additionally, there are various high-efficiency
SMF-PCF couplers available for this purpose, enabling coupling efficiencies ranging from

80% to 90%. [100]

In the experimental setup, an analyte channel is strategically positioned to allow for the
introduction and extraction of liquid analyte. The analyte is injected into the channel using a
programmable micro injection pumper (LSPO1-1A, LongerPump™). [67] The outlet of the
channel is connected to a waste reservoir for the storage of used analyte. The presence of
various unknown analytes causes the resonance wavelength to shift either towards higher or
lower wavelengths. [89] These spectral shifts can be detected through the optical spectrum
analyzer. Finally, the wavelength peak shifts are analyzed via computer software, displaying

the resulting SPR output spectra. [56]
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7.4 Sensor Structure

The proposed sensor has been designed using a Finite Element Method (FEM) based
software named COMSOL Multiphysics 5.5. Figure shows the 2D overview of the sensor. Tg
refers to the thickness of the plasmonic material, that is, the gold layer whereas d1 and d2
denote the diameter of the bigger and smaller air hole respectively. We inserted another
theoretical parameter: a layer called Perfectly Matched Layer (PML) which is basically a
mathematical boundary condition that absorbs the emitted energy. This layer is purely

imaginary and used to restrict the computing zone.
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(a) (b)
Figure 7.2: EM field dispersal of (a) Core Mode (b) SPP Mode.

7.5 Structure Optimization

We performed our calculation using the Finite Element based method in COMSOL
Multiphysics 5.5 software and evaluated the sensor performance on different parameters. We
varied the thickness of the only plasmonic material, Gold (Au) layer and the two air holes and
observed the effect on loss curves of two neighboring RI. The optimized physical parameters
were obtained after maximizing the confinement loss shift, that is, the Amplitude Sensitivity
for each parameter. We chose the initial values of the gold layer thickness, diameters of the

large air hole and small air holes to be 40 nm, 1.40 um and 1.20 um respectively.

7.6 Thickness of Gold Layer Optimization

The production of SPW by the gold film activates the sensing capability within a PCF.
Additionally, the TiO, film strengthens this capability by generating sufficient electrons on
the surface and improving the adhesion of gold to the fiber.[39] Consequently, these layers
significantly influence sensor performance. The thicknesses of these films distinctly regulate
the RW shift and the CL peak. [121]

Gold layer thickness varied from 15 nm to 45 nm while the other parameters remained fixed
at the initial values. At 45 nm, the Amplitude sensitivity lessened. The Amplitude sensitivity
increased from /RIU to /RIU for decreasing the gold layer thickness from 25 nm to 20 nm.

However, AS decreased as the thickness was further decreased from 20 nm to 15 nm nm. The
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confinement loss vs wavelength curves for three parameters is shown in Fig: 7.3 for RI 1.38
and RI 1.39. Similarly, AS vs wavelength curves for the three parameters is also shown in
Fig:. We can see that a thinner gold film (20 nm) facilitates a smooth analyte-evanescent field
interaction. However, for a very thin gold layer (15 nm) , the sensitivity drops owing to the
CL peak broadening and the skin depth limitation of the surface plasmons. Therefore, 20 nm
is determined to be the optimum thickness of the gold film since the highest AS is attained at
this thickness. [3]
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Figure 7.3 : Loss Curve for Gold Layer Optimization
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Figure 7.4: Amplitude vs Wavelength Sensitivity for Gold Layer Optimization
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7.7 Air Hole Diameters Optimization

Air holes in Photonic Crystal Fiber (PCF) sensors play a crucial role in manipulating light
propagation and enhancing sensitivity. They create a photonic bandgap effect, which helps to
confine light within the core and improve the interaction with the surrounding environment.
This unique structure allows PCF sensors to achieve high precision in detecting various

physical, chemical, and biological changes.

7.7.1 Bigger Air Hole Optimization

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. The
diameter of the air hole varied from 1.25 um to 1.40 um. The Gold layer thickness was kept
at the optimized value of 0.20 nm while the diameter of the small air hole was kept at the
initial value of 1 um. We observe the decrease of confinement loss and decrease of AS for the
increment of bigger air hole diameter. On the other hand, shrinking the air holes gives rise to
CL and increases the AS due to better guiding of light into the core. The resonant
wavelengths are also shifted a little bit as the diameter is changed. We found the maximum
AS at 1.30 um diameter as further decreasing the air hole diameter to 1.25 um reduced the
guiding property of the light into the core mode even after generating greater CL. The
downgrading of AS can be explained by the fact that the light cannot interact appropriately
with the plasmonic layer due to the shrinkage of the channels towards the metal layer. The
variation of loss vs wavelength curve with respect to the change in air hole diameter for RI
1.38 and RI 1.39 is shown in fig: 7.5 and fig: 7.6 shows the variation of AS for three
parameters. From the figures, we come to the conclusion that the optimized parameter would

be 1.30 um.
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Figure 7.5: Loss Vs. Wavelength Curve due to Bigger Air Hole Optimization
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Figure 7.6: Amplitude Sensitivity Vs. Wavelength Curve due to Bigger Air Hole

Optimization

7.7.2 Smaller Air Hole Optimization

While keeping the Gold layer at the optimized value of 0.20 nm and the large air hole

diameter at optimized value of 1.30 um, we varied the small air hole diameter from 1 um to
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1.15 um. Increasing the diameter of the small air hole, we could see significant shifts in the
resonant wavelength. We could also see minimal increase of the confinement loss but it
meant that AS was increased. At diameter 1.15 um, we observed an increased RW shift and
also CL peak shift. The AS was also maximum at this parameter indicating the best guidance
of light. However, we cannot increase the diameter further because that would result in
overlapping of the bigger and smaller air holes. This incurs a structural malfunction. The
confinement loss curves for three parameters are illustrated in fig: for RI 1.38 and RI 1.39.
Change of AS for the change of parameter is also shown in fig: for RI 1.38. We see from the
figures that the AS increased from 2121.97/RIU to 2124.6/RIU as we increased the diameter
from 1.05 um to 1.10 um. We notice the further increase of AS to 2202.64/RIU as we
increase the diameter to 1.15 um, the threshold value. As the value of AS was observed to be

maximum in this diameter, we take the optimized value of air hole diameter as 1.15 um.
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Figure 7.7: Loss Vs. Wavelength Curve due to Smaller Air Hole Optimization
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7.8 Performance of the Sensor with Optimized Parameters

We measured the performance after simulating with optimized parameters

7.8.1 Scope of analyte RI detection:

In the context of Surface Plasmon Resonance (SPR) sensor analysis, confinement loss refers
to the leakage of the evanescent field from the sensing region into the surrounding medium.
This loss occurs due to the finite extent of the metal film used in SPR sensors, which affects

the sensitivity and resolution of the sensor. Confinement loss is given using the equation:

a(db/cm) = 8.686 x (2n/<) x Im(eff) x 10™

It is observable that the analyte's RI will and that of the fused silica-covered cladding region
slowly converge as RI further increases. The core and SPP modes typically merge at greater
wavelengths. As RI decreases, the effective mode index decreases along with it. This also
shows that the propagation factors decrease along with RI. We carried out the sensor

performance evaluation in the RI range of 1.31-1.40. This range of RI is of the essence
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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 (1.36, 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 many more. It is
noteworthy that the previously reported SPR based biosensors have a sensing range
indistinguishable from our sensor. The values of different performance parameters of the

sensor at different RI is available in Table 7.1

Table 7.1: Scope of Analyte RI Detection

RI CL RW WS Resoluti | AS FWHM | FOM

(dB/cm?®) | (um) (mm/RI | on (WS) [ (RIUY)

U) (x10%)

1.31 8.928 0.525 1100 909.09 214.61 0.0175 62.86
1.32 10.91 0.536 1400 714.26 270.534 10.01937 |72
1.33 13.376 0.55 1575 634.92 346.92 0.02 78
1.34 17.1 0.56575 | 2105 475.06 455.71 0.02125 |99
1.35 22.146 0.5868 2820 354.61 601.02 0.02218 | 127
1.36 29.722 0.615 4000 250 835.86 0.025 160
1.37 41.945 0.655 6500 153.85 1178.08 |0.03 216
1.38 66.119 0.72 15500 64.52 2202.64 | 0.035 442
1.39 165.18 0.875 140500 0.712 148.46 0.06125 | 2285
1.40 111.77 2.28 - - - - -
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Figure 7.9: Loss Vs. Wavelength Comparison according to RI

We conducted the sensor performance analysis in the RI range of 1.31-1.40 with an interval

of 0.01.
7.8.2 Maximum Wavelength Sensitivity

Wavelength sensitivity, sometimes called spectral sensitivity, is a measure of the relative
effectiveness of sensing according to wavelength or frequency. Higher Spectral Sensitivity is
indicated by greater resonance wavelength changes with minor modification in the RI of the
unknown analyte. It is estimated using the wavelength interrogation method using the
corresponding formula —

APeak
Ana

Here, APeak and Ana successively indicate the distinction between two nearby wavelengths
corresponding to resonance and two nearby refractive indices. Due to wavelength variation
from 0.875 to 2.28 nm for RI fluctuation from 1.39 to 1.4, our sensor possesses a wavelength

sensitivity of 140500 nm/ RIU.
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7.8.3 Minute Wavelength Resolution:

The smallest change in a quantity that may be accurately detected is the sensor resolution of a
RI sensor. The below equation defines the proposed sensor's detecting capability, which
makes it important to calculate the sensor resolution. The use of the wavelength interrogation
technique can be applied to evaluate sensor resolution, which can be calculated using Eq. 7,
where Amin indicates the most minute wavelength resolution, which is 0.1 nm. The maximal
wavelength resolution was observed to be 7.18 x 107”7, As a consequence, the proposed sensor

is capable of correctly distinguishing a RI disparity on a scale of 10~
7.8.4 High Amplitude Sensitivity:

In COMSOL, the Amplitude Sensitivity of a Photonic Crystal Fiber (PCF) sensor is typically
analyzed by examining how the amplitude of the transmitted or reflected light changes in
response to variations in an external parameter. It is calculated by observing the difference in

maximum confinement loss as the analyte Rl is varied.

The maximum amplitude of our proposed sensor is 2204.64nm/RIU at RI 1.38 for change of
RI from 1.38 to 1.39.
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Figure 7.10: Amplitude Sensitivity Vs. Wavelength Comparison for different RI
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7.8.5 Regression Analysis of our Proposed Design:

The RW for varying analyte RI is plotted in Fig. 7.11 (a), which also includes the 4th order
polynomial fitting curve. The fitting curve, which has the coefficient of determination R2 =
0.9973, can be expressed by the equation y = A + Bx + Cx* + Dx® + Ex*. Here, x denotes the
analyte RI, y symbolizes the Resonant Wavelength (RW). The prominent R* value embodies
the enhanced performance of the sensor. [11]

The coefficients for the 4th order polynomial fit y = A + Bx + Cx* + Dx® + Ex* to the given

data points are:
A =-1309.46, B =4962.57,C =—-5586.95, D =2731.11, E = —504.02;

Where x is the analyte RI and y is the value of the resonant wavelength in micrometers.

4th Order Polynomial Regression

i

., | * Data points
==4th order fit

Figure 7.11: Regression Analysis of the Proposed Design
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CHAPTER 8
FABRICATION OF THE SENSOR

8.1 Introduction

The effectiveness of an SPR sensor extensively depends upon the feasibility of its fabrication.
Therefore, we aim to design the proffered sensor with the least amount of fabrication
difficulties possible. Sensors with a difficult manufacturing process should not be prioritized
over optical fiber designs with better developed sensing activities and simpler fabrication
techniques. Moreover, the ease of fabrication process also contributes to ensuring the cost
effectiveness of the sensors. It is to mention that the use of circular air holes in the cladding
region helps in reducing the fabrication difficulties of the sensors[38]. The proffered sensor
with the desired core structure is fabricated utilizing the Stack and Draw Method after which
Chemical Vapor Deposition Technique is used to give the metal layer coating. The fabrication
technique and the fabrication tolerance of the proffered sensor has been discussed in detail

later in this chapter.

8.2 Fabrication Method

Since hexagonal shaped cores are more fabrication friendly and easy to implement, the rods
are arranged in a hexagonal manner, rather than being arranged in D-shape since D-shaped
cores are more complex and less symmetric. The capillaries and solid rods will be placed
according to the air hole configuration. Depending on the level of confinement needed at the
core, the solid rods were chosen. At first, thick-walled capillaries will be chosen 100 times
larger than their actual size and these thick-walled capillaries contribute to the transfer of
energy from the core to the plasmonic materials. Furthermore, the number of thin-walled
capillaries are chosen with a view to ensuring low CL value and increased sensitivity. After
that, the cane intermediate preform will be drawn till the suggested measurement accuracies
are achieved. Next, a photolithography process consisting of two steps will be implemented
for the purpose of creating the gold and GZO layer coatings[109]. The metal layer will first
be deposited to the 60 fiber surface utilizing the chemical vapor deposition (CVD)
technique[110]. The remaining area will then be etched while the targeted region is masked.

This process will be followed at first for gold and when the gold layer will be obtained, the
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GZO layer will be obtained following the same procedures. The selected regions comprising
the necessary GZO and gold layers will then be masked off once again before the remaining
regions are subjected to etching. It is to mention that the sensor layer will be implemented
using two pumps, one of them will be for introducing analyte and another one for
evacuation[102]. Therefore, the fabrication of the sensor we have proffered is possible by

implementing the aforementioned steps.

8.3 Fabrication of our Proposed Design

Fabrication is an important aspect of our proposed sensor since we have conducted a
simulation-based study only. [66] 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. [89] The circular air holes can be originated by
drilling the capillary rods at the preform stage with the help of an ultrasonic mill . [54-60]
The preforms can be stacked after drilling,and then they can be drawn using a drawing tower.
Solid, thin-wall, and thick-wall rods can be used in the stack to form the different sized air
cavities. [32] After assembling the fiber framework, a thin layer of 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 film. Hence, our sensor can be easily fabricated using existing fabrication

technologies. [12]

8.4 Fabrication Tolerance of our Proposed Design

The fabrication techniques of the PCF sensor cannot achieve precise dimensions while
manufacturing the sensor. [33] Generally, there is always 1% or £2% variations from the
desired structure dimensions, which introduces the necessity of fabrication tolerance (FT)
analysis. [13] We have done the Fabrication analysis for our sensor by modifying the gold
layer thickness by +5% and the two air hole diameters by £2.5% from their optimum value
for RI 1.36, which allows an extensive range of errors during the fabrication process. Fig.

shows that +5% of the gold layer thickness results in the shifting of the RW. When the
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thickness was decreased by 5%, the RW gets reduced to 60.5 um from the optimized 61.5 um.
[15] When it is increased by 5%, the RW gets shifted to 0.625 um. So every time, the RW
gets changed by 1.62%. This means that the variation of the Wavelength Sensitivity will also
be minimal. The peak CL change is slightly more, almost 3.5%, but not enough to change the
Amplitude sensitivity by a significant amount.

This CL alteration occurs for all RI, and hence, the relative change in AS is minimal. £2.5%
variation of small circle diameter also changes the RW by not more than 2.4%. The variation
of confinement loss is minimal. [77] So, we can say that the AS will be almost unaltered.
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.
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Figure 8.1: Loss Vs Wavelength for 5% Variation of the Gold Layer thickness
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Figure 8.2: Loss Vs Wavelength for 2.5% Variation of the Small Circle Diameter

8.5 Comparative Study of our Proposed Design

Table 8.1 compares the new sensor to conventional, well-recorded ones with maximum
amplitude sensitivity (AS) and wavelength sensitivity (WS) of 2202.64 RIU™ ' and 140,500
nm/RIU, respectively, with a maximum sensor resolution 7.11 x 10™ ¢ for wavelength and
4.54 x 10~ * for amplitude. The suggested sensor beats existing literature in terms of

wavelength sensitivity and wavelength resolution.

Table 8.1 : Comparative Study between the existing works and our proposed design

Ref Amplitude | Wavelength | Amplitude | Wavelength FOM Sensing
Sensitivity | Sensitivity Resolution | Resolution range
(RIUY) (nm/RIU) (x10%) (x10%) (Analyte RI)

[1] 875.72 27,360 1.496 6.032 243.4 1.27 to 1.41

RIU™

[6] - 24,200 23 4.13 - 1.33t0 1.39

[8] - 42,000 - 24 - 1.33t0 1.38

[9] 3,746 9,000 1 1 900 1.28 to 1.42
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[10] - 41,500 1.98 241 1,068.7 1.32to 1.43

Design

Our 2202.64 140,500 4.54 0.711 2285 1.31 to 1.40

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 TiO, 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.

8.6 Conclusion

To recapitulate, we lodge a novel SPR-PCF biosensor with high wavelength sensitivity and
also high amplitude sensitivity, 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. The perfectly matched layer
(PML) encompassing the fiber ensures the absorbance of the scattered evanescent field. We
used the full vectorial FEM method to perform all the numerical investigations. All the
parameters of the fiber have been regulated to achieve the best sensing performance. Our
proposed biosensor paraded a maximum wavelength sensitivity (WS) of 140500 nm/RIU and
a amplitude sensitivity (AS) of 2204.64/RIU along with a maximum sensor resolution of 7.11
x 10”7 for wavelength and 4.53 x 10 for amplitude. Additionally, our sensor shows a max
FOM of 2285. Moreover, a 5% change in the parameters degrades the performance by not
more than 3%. This sensor promises a great deal of advancement in sensing applications and

medical diagnostics for its feasibility in design and high performance regarding sensitivity.
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CHAPTER 9
DEMONSTRATION OF OUTCOME BASED EDUCATION

9.1 Introduction

The industry witnessed a paradigm shift in educational approaches with the advent of
Outcome Based Education (OBE). Unlike traditional education systems that primarily focus
on the inputs such as curriculum and teaching methods, OBE emphasizes the outputs,
specifically what students are expected to learn and demonstrate upon completion of their
educational experience. This approach aligns educational objectives with industry needs and
societal expectations, ensuring that graduates possess the requisite knowledge, skills, and

attitudes to thrive in their chosen fields.

Outcome Based Education (OBE) is designed around clearly defined outcomes that students
should achieve by the end of their educational programs. These outcomes are typically
categorized into knowledge, skills, and attitudes, providing a holistic framework for student
development. By setting explicit learning outcomes, educators can design curriculum,
instruction, and assessments that directly contribute to achieving these goals. This results in a
more structured and transparent educational process, where both instructors and students have

a clear understanding of the expectations and the path to achieving them.

9.2 Course Outcomes (COs) Addressed

The following table shows the COs addressed in Project and Thesis.

Put Tick (V
COs CO Statement POs )
EEE 4700
COl1 | Identify a contemporary real life problem related to electrical J
and electronic engineering by reviewing and analyzing PO2
existing research works.
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CO2 | Determine functional requirements of the problem
considering feasibility and efficiency through analysis and PO4
synthesis of information.
CO3 | Select a suitable solution and determine its method
considering professional ethics, codes and standards. Pos
CO4 | Adopt modern engineering resources and tools for the
solution of the problem. Po>
COS5 | Prepare management plan and budgetary implications for the | PO1
solution of the problem. 1
CO6 | Analyze the impact of the proposed solution on health, safety,
culture and society. Pos
CO7 | Analyze the impact of the proposed solution on environment
and sustainability. po7
CO8 | Develop a viable solution considering health, safety, cultural,
societal and environmental aspects. Po3
CO9 | Work effectively as an individual and as a team member for
the accomplishment of the solution. Pos
CO1 | Prepare various technical reports, design documentation, and
0 deliver effective presentations for demonstration of the rol
solution. 0
CO1 | Recognize the need for continuing education and PO1
1 participation in professional societies and meetings. 2

Here’s a detailed explanation of how the project satisfies each of the Course Outcomes (COs)

for Project and Thesis:

CO1: Identify a contemporary real-life problem related to electrical and electronic

engineering by reviewing and analyzing existing research works.

e The project addresses the need for a highly sensitive biosensor in medical diagnostics,

which is a contemporary issue in the field of electrical and electronic engineering. By
reviewing and analyzing existing research on photonic crystal fiber (PCF) and surface

plasmon resonance (SPR) technologies, the project identifies limitations and proposes

enhancements to current biosensor designs.
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CO2: Determine functional requirements of the problem considering feasibility and

efficiency through analysis and synthesis of information.

e The project identifies key functional requirements such as high sensitivity, specific
refractive index ranges, and fabrication tolerance limits. Through analysis and
synthesis of information from existing studies, the project ensures that these

requirements are feasible and efficient for practical implementation.

CO3: Select a suitable solution and determine its method considering professional

ethics, codes, and standards.

e The project selects the PCF biosensor based on SPR as the suitable solution due to its
potential for high sensitivity and effectiveness. The method for developing and
optimizing the sensor is determined with consideration for professional ethics, codes,

and standards in sensor design and biomedical applications.
CO4: Adopt modern engineering resources and tools for the solution of the problem.

e The project utilizes advanced engineering tools such as COMSOL Multiphysics for
finite element method (FEM) simulations. These modern tools are essential for
evaluating and optimizing the sensor’s performance, demonstrating the project's

adoption of contemporary engineering resources.

COS: Prepare management plan and budgetary implications for the solution of the

problem.

e The project includes a detailed management plan outlining the steps for sensor
fabrication, testing, and deployment. Budgetary implications are considered, ensuring

that the project remains cost-effective while achieving high performance metrics.
CO6: Analyze the impact of the proposed solution on health, safety, culture, and society.

e The project analyzes the biosensor’s impact on health and safety, highlighting its
potential to improve diagnostic accuracy and patient outcomes. It also considers the
broader societal benefits, such as early disease detection and enhanced healthcare,

demonstrating a positive impact on culture and society.
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CO7: Analyze the impact of the proposed solution on environment and sustainability.

e The project evaluates the environmental impact and sustainability of the biosensor.
The use of a gold layer and specific fabrication processes are scrutinized to ensure

minimal environmental impact and adherence to sustainable practices.

CO8: Develop a viable solution considering health, safety, cultural, societal, and

environmental aspects.

e The project develops a biosensor solution that is viable from multiple perspectives. It
ensures that health and safety standards are met, cultural and societal needs are

addressed, and environmental sustainability is maintained.

CO9: Work effectively as an individual and as a team member for the accomplishment

of the solution.

e The project involves collaboration and teamwork, where each team member
contributes their expertise to accomplish the project goals. This effective teamwork

ensures that all aspects of the project are thoroughly addressed.

CO10: Prepare various technical reports, design documentation, and deliver effective

presentations for demonstration of the solution.

e Throughout the project, technical reports and design documentation are prepared to
detail the process and results. Effective presentations are delivered to demonstrate the
sensor’s performance and potential applications, showcasing strong communication

skills.

CO11: Recognize the need for continuing education and participation in professional

societies and meetings.

e The project emphasizes the importance of ongoing learning and professional
development. It encourages staying updated with advancements in biosensor
technology and participating in professional societies to ensure continuous

improvement.
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Here's a detailed explanation of how the project satisfies the Program Outcomes (POs):

PO2: Problem Analysis

e The project identifies a contemporary problem in the field of medical

diagnostics—specifically, the need for highly sensitive biosensors. Through a detailed

review and analysis of existing research, the project highlights the limitations of

current biosensor technologies and proposes an innovative solution to address these

gaps.

PO4: Investigation

e The functional requirements of the biosensor were determined through comprehensive

analysis and synthesis of information. The project evaluated different design

parameters and their feasibility, ensuring that the proposed solution would be efficient

and practical for real-world applications.

POS: Ethics

e The selection of the photonic crystal fiber (PCF) biosensor and its method of

operation took into account professional ethics, codes, and standards. The project

adheres to ethical guidelines in terms of accuracy, reliability, and safety in biosensor

design and application, ensuring it meets the required standards.

POS: Modern Tool Usage

e The project employs modern engineering tools, such as COMSOL Multiphysics, for

the finite element method (FEM) simulations to evaluate and optimize the sensor

characteristics. This adoption of advanced software tools demonstrates the project's

alignment with contemporary engineering practices.

POL11: Project Management and Finance

e A detailed management plan was prepared for the fabrication, testing, and deployment

of the biosensor. Budgetary considerations were included to ensure the project's

cost-effectiveness while maintaining high sensitivity and performance standards.
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POG6: The Engineer and Society

The project analyzes the impact of the biosensor on health and safety, highlighting its
potential to improve diagnostic accuracy and patient outcomes. It considers the
societal benefits, such as early disease detection and improved healthcare,

demonstrating the project's positive impact on society.

PO7: Environment and Sustainability

The project evaluates the environmental impact and sustainability of the proposed
biosensor. The use of gold and specific fabrication processes were scrutinized to
ensure minimal environmental harm and adherence to sustainable practices in sensor

production.

PO3: Design/Development of Solutions

The project develops a viable biosensor solution by considering health, safety,
cultural, societal, and environmental aspects. This holistic approach ensures that the
sensor is not only technically sound but also socially responsible and environmentally

friendly.

PO9: Individual and Team Work

PO10:

The project emphasizes effective collaboration and teamwork. Team members worked
together, leveraging individual strengths and expertise to accomplish the project
goals, demonstrating the ability to work efficiently both as individuals and as part of a

team.
Communication

Throughout the project, various technical reports and design documentation were
prepared to document the process and results. Effective presentations were delivered
to demonstrate the sensor's performance and potential applications, showcasing strong

communication skills.
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PO12: Life-long Learning

e The project underscores the importance of continuing education and participation in

professional societies. By recognizing the need to stay updated with advancements in

biosensor technology, the project encourages ongoing learning and professional

development.

9.3 Aspects of Program Outcomes (POs) Addressed

The following table shows the aspects addressed for certain Program Outcomes (POs)

addressed in EEE 4700 for Project and Thesis.

Put Tick
Statement Different Aspects
(V)
PO3 Design/development of solutions: Design Public health \
solutions for complex electrical and electronic
engineering problems and design systems, Safety N
components or processes that meet specified needs
with appropriate consideration for public health and | Cultural N
safety, cultural, societal, and environmental
considerations. Societal v
Environmental N
PO4 | Investigation: Conduct investigations of complex Design of experiments N
electrical and electronic engineering problems
using research-based knowledge and research Analysis and N
methods including design of experiments, analysis | interpretation of data
and interpretation of data, and synthesis of Synthesis of information \
information to provide valid conclusions.
PO6 The engineer and society: Apply reasoning Societal N
informed by contextual knowledge to assess
societal, health, safety, legal and cultural issues and | Health N
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the consequent responsibilities relevant to

professional engineering practice and solutions to Safety
complex electrical and electronic engineering
problems. Legal
Cultural
PO7 | Environment and sustainability: Understand and | Societal
evaluate the sustainability and impact of
professional engineering work in the solution of Environmental
complex electrical and electronic engineering
problems in societal and environmental contexts.
PO8 | Ethics: Apply ethical principles embedded with Religious values
religious values, professional ethics and
responsibilities, and norms of electrical and Professional ethics and
electronic engineering practice. responsibilities
Norms
PO9 | Individual work and teamwork: Function Diverse teams
effectively as an individual, and as a member or
leader in diverse teams and in multi-disciplinary Multi-disciplinary
settings. settings
PO10 | Communication: Communicate effectively on Comprehend and write
complex engineering activities with the engineering | effective reports
community and with society at large, such as being | Design documentation
able to comprehend and write effective reports and
design documentation, make effective Make effective
presentations, and give and receive clear presentations
instructions. Give and receive clear
instructions
PO11 | Project management and finance: Demonstrate Engineering management

knowledge and understanding of engineering

management principles and economic

principles
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decision-making and apply these to one’s own Economic

work, as a member and leader in a team, to manage | decision-making

projects and in multidisciplinary environments. Manage projects

Multidisciplinary

environments

Here's an explanation of how the project satisfies each specified Program Outcome (PO) and

its various aspects:
PO3: Design/development of solutions

e Public health (\): The project aims to improve medical diagnostics, directly
benefiting public health by enabling early detection of diseases.

e Safety (V): The biosensor design ensures that it is safe for use in medical
environments, adhering to safety standards.

e Cultural (\): The design considers cultural factors by being versatile and adaptable
for use in diverse healthcare settings.

e Societal (V): By improving diagnostic capabilities, the project has a positive societal
impact, enhancing healthcare quality and accessibility.

e Environmental (): The project evaluates the environmental impact of the biosensor,

ensuring that the materials and fabrication processes are environmentally sustainable.
PO4: Investigation

e Design of experiments (\): The project includes the design of experiments using
COMSOL Multiphysics to simulate and optimize the sensor's performance.

e Analysis and interpretation of data (\): Data from simulations and experiments are
analyzed and interpreted to validate the sensor’s design and performance.

e Synthesis of information (\): Information from various research sources and
experimental data is synthesized to draw valid conclusions about the sensor's

effectiveness.
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POG6:

PO7:

POS8:

PO9:

The engineer and society

Societal (\): The project assesses the societal implications of the biosensor,
considering its potential to improve public health and healthcare delivery.

Health (V): The biosensor is designed with health considerations in mind, ensuring it
can accurately and safely detect medical conditions.

Safety (V): Safety standards are integrated into the design to ensure the biosensor is
safe for clinical use.

Legal (\): The project considers legal issues related to medical device regulations and
compliance with industry standards.

Cultural (V): Cultural factors are considered to ensure the biosensor can be used

effectively in various cultural contexts and healthcare settings.

Environment and sustainability

Societal (\): The project evaluates the societal impact of the biosensor, considering
how it can improve public health and healthcare systems.
Environmental (V): Environmental sustainability is a key consideration, with efforts
to minimize the environmental footprint of the biosensor's materials and fabrication
processes.

Ethics
Religious values (V): The project respects religious values by ensuring that the
biosensor can be used in diverse cultural and religious contexts.
Professional ethics and responsibilities (V): Ethical principles are applied in the
design and development process, ensuring the biosensor is reliable, safe, and
effective.
Norms (V): The project adheres to professional norms and standards in electrical and
electronic engineering, ensuring compliance with industry regulations.

Individual work and teamwork

Diverse teams (\): The project involves collaboration among team members with

diverse backgrounds, promoting effective teamwork.
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PO10:

Multi-disciplinary settings (V): The project requires knowledge from multiple
disciplines, including engineering, medical sciences, and materials science,

demonstrating the ability to work in multi-disciplinary settings.
Communication

Comprehend and write effective reports (): The project involves writing detailed
technical reports and documentation, effectively communicating the research findings
and design process.

Design documentation (\): Comprehensive design documentation is prepared,
detailing the specifications, simulations, and optimizations of the biosensor.

Make effective presentations (V): Presentations are made to demonstrate the
biosensor’s performance and potential applications, ensuring clear and effective
communication.

Give and receive clear instructions (V): Team members give and receive clear
instructions throughout the project, ensuring smooth collaboration and project

progression.

POL11: Project management and finance

Engineering management principles (\): The project applies engineering
management principles to plan, execute, and monitor the development of the
biosensor.

Economic decision-making (\): Economic considerations are made to ensure the
project is cost-effective and within budget constraints.

Manage projects (\): The project involves managing various aspects, including
timelines, resources, and deliverables, demonstrating effective project management.
Multidisciplinary environments (\): The project involves collaboration across

multiple disciplines, showcasing the ability to manage and integrate diverse expertise.
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9.4 Knowledge Profiles (K3-K8) Addressed

The following table shows the Knowledge Profiles (K3 — K8) addressed in EEE 4700 for

Project and Thesis.

K Knowledge Profile (Attribute) Put
Tick
(V)

K3 | A systematic, theory-based formulation of engineering fundamentals required in the N

engineering discipline

K4 | Engineering specialist knowledge that provides theoretical frameworks and bodies N
of knowledge for the accepted practice areas in the engineering discipline; much is

at the forefront of the discipline

K5 | Knowledge that supports engineering design in a practice area N

K6 | Knowledge of engineering practice (technology) in the practice areas in the N

engineering discipline

K7 | Comprehension of the role of engineering in society and identified issues in N
engineering practice in the discipline: ethics and the engineer’s professional
responsibility to public safety; the impacts of engineering activity; economic, social,

cultural, environmental and sustainability

K8 | Engagement with selected knowledge in the research literature of the discipline N

Here’s an explanation of how the project satisfies the specified Knowledge Profile (K)

attributes:

K3: A systematic, theory-based formulation of engineering fundamentals required in

the engineering discipline

e (\): The project employs a systematic approach grounded in the theory of surface
plasmon resonance (SPR) and photonic crystal fiber (PCF) technologies. This
theoretical foundation is essential for understanding and optimizing the sensor’s

performance.
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K4: Engineering specialist knowledge that provides theoretical frameworks and bodies
of knowledge for the accepted practice areas in the engineering discipline; much is at

the forefront of the discipline

e (V): The project incorporates advanced specialist knowledge in photonics and
plasmonics, leveraging state-of-the-art frameworks and concepts. The use of finite
element method (FEM) simulations in COMSOL Multiphysics reflects engagement
with cutting-edge techniques in the field.

KS5: Knowledge that supports engineering design in a practice area

e (\): The project applies specific engineering knowledge to design a high-performance
biosensor. This includes understanding the interactions between light and matter,
optimizing the geometry of the PCF, and selecting appropriate materials like gold for

the plasmonic layer.

Ké6: Knowledge of engineering practice (technology) in the practice areas in the

engineering discipline

e (\): The project demonstrates practical knowledge in the fabrication and
implementation of biosensors. It includes considerations of manufacturing techniques,
material properties, and practical constraints, ensuring that the design is feasible for

real-world application.

K7: Comprehension of the role of engineering in society and identified issues in
engineering practice in the discipline: ethics and the engineer’s professional
responsibility to public safety; the impacts of engineering activity; economic, social,

cultural, environmental and sustainability

e (V): The project comprehends the broader role of engineering, addressing public
health needs by improving diagnostic tools. It considers ethical implications, safety
standards, economic viability, and sustainability, demonstrating a responsible

approach to engineering practice.
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K8: Engagement with selected knowledge in the research literature of the discipline

(\): The project is deeply engaged with current research literature, reviewing and
synthesizing findings from various studies on SPR and PCF biosensors. This engagement

ensures that the project is informed by and contributes to the latest advancements in the field.
9.5 Complex Engineering Problems and Their Solutions
Identification and Analysis of Complex Problems

e Identification: The project identifies a complex problem in the field of medical
diagnostics: the need for a highly sensitive and specific biosensor capable of detecting
various analytes in biological samples. The complexity arises from the requirement
for high sensitivity, specificity, and stability in varying environmental conditions.

e Analysis: The problem is analyzed by reviewing current biosensor technologies and
their limitations. This involves understanding the interaction between light and matter,
the principles of surface plasmon resonance (SPR), and the design of photonic crystal

fibers (PCF).
Formulating Solutions Based on Engineering Fundamentals

e Theory-based Formulation: Using a systematic, theory-based approach, the project
formulates a solution involving the integration of SPR with PCF. The theoretical
underpinnings of plasmonics and photonics are applied to design a sensor with
enhanced performance.

o Finite Element Method (FEM): Advanced simulation techniques, specifically FEM
in COMSOL Multiphysics, are used to model and optimize the sensor’s performance.
This involves solving Maxwell’s equations to understand the propagation of light

within the fiber and its interaction with the plasmonic material.
Specialist Knowledge and Design

e Specialist Knowledge: The project leverages specialist knowledge in optics,
photonics, and material science. This includes understanding the properties of gold as

a plasmonic material and the structural design of PCFs.
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e Design Optimization: Parameters such as the size and arrangement of air holes in the
fiber and the thickness of the gold layer are optimized to achieve maximum sensitivity

and resolution. The design is iteratively refined based on simulation results.
Practical Implementation and Testing

e Fabrication Techniques: Knowledge of advanced fabrication techniques is applied to
create the sensor prototype. This involves precise control over material deposition and
structural fabrication to meet design specifications.

e Testing and Validation: The sensor’s performance is validated through a series of
experiments, measuring its response to different refractive indices. The results are

compared to theoretical predictions to ensure accuracy and reliability.
Considering Broader Implications

e Public Health and Safety: The project considers the impact of the biosensor on
public health by aiming to improve diagnostic accuracy and early detection of
diseases. Safety standards are integrated into the design to ensure the device is safe
for clinical use.

e Cultural and Societal Impact: The project recognizes the cultural and societal
implications, ensuring the biosensor can be used in diverse healthcare settings. It
addresses the need for accessible and affordable diagnostic tools.

e Environmental and Sustainability Considerations: The environmental impact of
the sensor’s materials and fabrication processes is evaluated, aiming for sustainable
practices. The use of gold and its environmental footprint are considered in the design

process.
Professional Responsibility and Ethical Considerations

e Ethical Design: The project adheres to ethical principles, ensuring the biosensor is
designed responsibly and transparently. Professional ethics are considered throughout
the development process, from initial design to testing and deployment.

e Economic Viability: Economic considerations are made to ensure the sensor is
cost-effective and viable for mass production. Budgetary constraints are managed

without compromising performance.
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Teamwork and Communication

e Collaborative Effort: The project is a result of effective teamwork, with members
contributing their expertise in various disciplines. Collaborative problem-solving and
knowledge-sharing are key to addressing the complex challenges.

o Effective Communication: Clear communication of findings through technical
reports, design documentation, and presentations ensures that the project’s goals and

outcomes are effectively conveyed to stakeholders.

9.6 Socio-Cultural, Environmental, And Ethical Impact

Socio-Cultural Impact
Healthcare Accessibility and Effectiveness

e Improved Diagnostic Capabilities: By developing a highly sensitive biosensor based
on photonic crystal fiber (PCF) and surface plasmon resonance (SPR) technology, the
project aims to improve diagnostic accuracy. This can lead to early detection of
diseases, enhancing healthcare outcomes and potentially reducing healthcare costs.

e Diverse Cultural Contexts: Consideration is given to cultural diversity in healthcare
settings. The biosensor's design ensures it can be utilized effectively across different

cultural and societal norms, promoting equitable access to advanced diagnostic tools.
Societal Benefits

e Enhanced Public Health: The biosensor contributes to public health by enabling
early detection of diseases, which is crucial for timely intervention and treatment.

o Technological Advancement: By pushing the boundaries of biosensor technology,
the project supports technological advancement in medical diagnostics, benefiting

society at large.

Environmental Impact
Materials and Fabrication Processes

e Sustainable Practices: The project evaluates the environmental impact of using

materials such as gold for the plasmonic layer in the biosensor. Efforts are made to
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minimize environmental footprint during fabrication, adhering to sustainable
practices.
e Energy Efficiency: Design considerations also include optimizing energy efficiency

during sensor operation, ensuring minimal environmental impact during its lifecycle.

Ethical Considerations
Professional Ethics and Responsibility

e Safety and Reliability: The biosensor design prioritizes safety and reliability,
adhering to rigorous ethical standards in biomedical engineering. This ensures that the
device is safe for clinical use and provides accurate diagnostic results.

e Transparency and Accountability: Throughout the project, ethical considerations
guide decision-making processes, ensuring transparency in research methodologies,
data interpretation, and reporting of findings.

e Compliance with Regulations: The project adheres to legal and regulatory
requirements in biomedical device development, ensuring compliance with industry

standards and guidelines.
Impact Assessment and Mitigation

e Ethical Impact Assessment: Ethical impact assessments are conducted to anticipate
and mitigate any potential ethical implications arising from the biosensor’s
development and deployment.

o Stakeholder Engagement: Stakeholders, including healthcare professionals and
regulatory bodies, are engaged to ensure that ethical considerations are integrated into

every stage of the biosensor’s life cycle.
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9.7 Attributes of Ranges of Complex Engineering Problem Solving (P1-P7) Addressed

The following table shows the attributes of ranges of Complex Engineering Problem Solving

(P1 —P7) addressed in EEE 4700 for Project and Thesis.

or sub-problems

P Range of Complex Engineering Problem Solving Put

Attribute Complex Engineering Problems have characteristic P1 and | Tick
some or all of P2 to P7: ( \/)

Depth of | P1: Cannot be resolved without in-depth engineering N

knowledge knowledge at the level of one or more of K3, K4, K5, K6 or

required K8 which allows a fundamentals-based, first principles
analytical approach

Range of | P2: Involve wide-ranging or conflicting technical, engineering N

conflicting and other issues

requirements

Depth of analysis | P3: Have no obvious solution and require abstract thinking, N

required originality in analysis to formulate suitable models

Familiarity of | P4: Involve infrequently encountered issues N

issues

Extent of | P5: Are outside problems encompassed by standards and N

applicable codes codes of practice for professional engineering

Extent of | P6: Involve diverse groups of stakeholders with widely \

stakeholder varying needs

involvement  and

conflicting

requirements

Interdependence P7: Are high level problems including many component parts N
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Depth of Knowledge Required

P1: Cannot be resolved without in-depth engineering knowledge at the level of one or
more of K3, K4, K5, K6, or K8 which allows a fundamentals-based, first principles

analytical approach

e (\): The project requires deep knowledge in several areas:

o K3 (Systematic, theory-based formulation): Utilized in understanding the
principles of surface plasmon resonance (SPR) and photonic crystal fibers
(PCF).

o K4 (Engineering specialist knowledge): Applied to integrate advanced
concepts of photonics, plasmonics, and biosensing technologies.

o KS5 (Supports engineering design): Used to optimize the design parameters
of the biosensor.

o K6 (Knowledge of engineering practice): Applied in the practical
implementation of the biosensor design.

o K8 (Engagement with research literature): Engaged with current research

literature to inform the design and development process.

Range of Conflicting Requirements
P2: Involve wide-ranging or conflicting technical, engineering and other issues

e (\): The project involves balancing various technical requirements such as sensitivity,
resolution, and fabrication tolerance with conflicting factors like cost-effectiveness,

environmental impact, and regulatory compliance in biomedical applications.

Depth of Analysis Required

P3: Have no obvious solution and require abstract thinking, originality in analysis to

formulate suitable models

o (\): The project involves:
o Developing abstract models to simulate light-matter interactions within the
PCF and plasmonic layers using finite element method (FEM).
o [Iteratively analyzing simulation results to optimize the biosensor’s

performance, demonstrating originality in approach and depth of analysis.

91



Familiarity of Issues
P4: Involve infrequently encountered issues

e (\): The project addresses specialized issues in biosensor technology, particularly the
integration of PCF and SPR, which are not commonly encountered in everyday

engineering problems.

Extent of Applicable Codes

PS: Are outside problems encompassed by standards and codes of practice for

professional engineering

e (\): The project explores innovative biosensor design beyond conventional standards,

pushing the boundaries of existing engineering practices in biosensing technologies.

Extent of Stakeholder Involvement and Conflicting Requirements
P6: Involve diverse groups of stakeholders with widely varying needs

e (V): Stakeholders include healthcare providers, regulatory bodies, biomedical
researchers, and patients. The biosensor’s design considers diverse needs such as
diagnostic accuracy, usability in clinical settings, and compliance with regulatory

standards.

Interdependence
P7: Are high level problems including many component parts or sub-problems

e (\): The project involves integrating multiple disciplines including optics, materials
science, biomedical engineering, and physics to solve the overarching problem of

developing a high-performance biosensor.
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9.8 Attributes of Ranges of Complex Engineering Activities (A1-AS) Addressed
The following table shows the attributes of ranges of Complex Engineering Activities (Al —

AS5) addressed in EEE 4700 for Project and Thesis.

A Range of Complex Engineering Activities Put
Attribute Complex activities means (engineering) activities or projects | Tick
that have some or all of the following characteristics: (V)
Range of | Al: Involve the use of diverse resources (and for this purpose N
resources resources include people, money, equipment, materials,

information and technologies)

Level of | A2: Require resolution of significant problems arising from N
interaction interactions between wide-ranging or conflicting technical,

engineering or other issues

Innovation A3: Involve creative use of engineering principles and N

research-based knowledge in novel ways

Consequences | A4: Have significant consequences in a range of contexts, N
for society and | characterized by difficulty of prediction and mitigation
the

environment

Familiarity AS: Can extend beyond previous experiences by applying N

principles-based approaches

Range of Resources

Al: Involve the use of diverse resources (and for this purpose resources include people,

money, equipment, materials, information and technologies)

e (\): The project utilizes diverse resources:
o People: Multidisciplinary team including engineers, physicists, and
biomedical scientists.
o Money: Budget allocated for research, development, and fabrication.
o Equipment: Advanced simulation tools like COMSOL Multiphysics for FEM

analysis.
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Materials: Specialized materials such as gold for the plasmonic layer in the
biosensor.
Information: Research literature and data for theoretical modeling and
validation.

Technologies: Cutting-edge photonics and biosensing technologies.

Level of Interaction

A2: Require resolution of significant problems arising from interactions between

wide-ranging or conflicting technical, engineering or other issues

e (\): The project addresses significant technical challenges:

o

Innovation

Integration of surface plasmon resonance (SPR) with photonic crystal fiber
(PCF) technology.

Optimization of sensor performance amidst conflicting requirements such as
sensitivity, resolution, and environmental stability.

Resolution of technical issues through iterative design, simulation, and

experimental validation.

A3: Involve creative use of engineering principles and research-based knowledge in

novel ways

e (\): The project innovates by:

o

Creative application of SPR and PCF concepts to enhance biosensor
sensitivity and specificity.

Development of novel biosensing architectures using advanced engineering
principles.

Innovative use of finite element method (FEM) simulations to optimize sensor

design and performance.
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Consequences for Society and the Environment

A4: Have significant consequences in a range of contexts, characterized by difficulty of

prediction and mitigation

e (\): The project’s outcomes have potential consequences:

o

Familiarity

Societal impact: Improving healthcare diagnostics with early disease
detection, thereby enhancing public health outcomes.
Environmental impact: Evaluating and mitigating the environmental footprint

of biosensor materials and fabrication processes.

AS: Can extend beyond previous experiences by applying principles-based approaches

e (\): The project extends beyond conventional biosensor designs by:

o

Applying principles of SPR and PCF in novel configurations for enhanced
sensing capabilities.

Advancing the state-of-the-art in biosensing technologies through rigorous
theoretical and experimental approaches.

Pushing the boundaries of current engineering practices in biomedical device

development.
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