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ABSTRACT

Biosensors have become increasingly utilised in the medical and pharmaceutical fields in
recent years. Surface Plasmon Resonance is one of the most often exploited phenomenon
for the development of biosensors. Typically, optical fibres are used to create biosensors.
However, the sensing properties are much improved when photonic crystal fibres are used
in place of optical fibres. In these sensors, an air-holed surface is encircled by a thin nano-
film of plasmonic metals, including gold, silver, copper, and aluminium, as well as the
plasmonic metal alloy gold-tin, which is filled with an appropriate analyte. Designing an
internal type PCF sensor with analyte and several micrometer-sized holes in the centre is
the main goal of this paper. One by one, the properties of the various plasmonic materials
are examined. Each plasmonic material's amplitude and wavelength sensitivity are
calculated. Copper, silver, gold, and aluminium all have wavelength sensitivities of
1799nmRIU!, 1830.76nmRIU™!, 1732nmRIU, and 1652nm/RIU, respectively. The
predicted wavelength sensitivity for the Gold-Tin alloy is 1532.2nmRIU".The
characteristics of these various sensors are then contrasted. The best results are seen for
gold with the same set of settings, but the thickness of the gold layer cannot be decreased
to a few nanometers. Thus, silver has been found to be the best suitable metal in terms of

stability and a wide variety of criteria.
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CHAPTER 1

INTRODUCTION

1.1 BIOSENSORS:

An analytical tool called a biosensor contains immobilised biological components
(such as enzymes or antibiotics) that, when in contact with an analyte, modify the
analyte physically, chemically, or electrically and produce a signal that may be
detected. Biosensors are those which convert biological response to electric signal.
Biological analytes including bimolecular biological structures and bacteria can be
detected by biosensors along with their concentration [1]. The physical and chemical
changes brought about by this interaction are recognised by the transducer and
translated into an electrical signal. Analyte concentration in the sample is determined
by interpreting and converting this signal. The knock-on effect occurs in optical
biosensors when any analyte or molecule is detected; this action can cause light to
be absorbed or to be emitted. Therefore, we can quantify this released light using
optical biosensors [1]. Basic examples are thermometer, stethoscope and ECG
machine. Analyte whose concentration to be measured contact with bio-receptor
gives signal and output is measurable. Biosensors are based on the principal of signal
transduction. The advantages of Biosensors are there fast response time, rapid and

continuous measurement.
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Important Parts of a Biosensor

Figure 1.1: Important components of biosensors

Image courtesy: etechnog.com

Biosensors are made up of a bio-element, a transducer, an amplifier, a processor, and
an output display device. There are many different kinds of biosensors, some of
which include conductometric, electrochemical, potentiometer biosensors and
thermometric biosensors, SPR biosensors have been used in many significant
domains, such as safety related to food and security, monitoring the environment,

and medical evaluations [2].

1.2 SURFACE PLASMON RESONANCE :

For the investigation of label-free bio-molecular interaction, it is a potent detection
method. The resonance angle is the angle at which light from the light source, which
is passing through a prism, reflects off the back of the censorship and enters a
detector.

Plasmon resonance at the surface (SPR) is a phenomenon that happens when p-
polarized or transverse magnetic light strikes a surface. This incident light causes the
electrons on the surface to oscillate the plasmonic Surface Waves. The metal-

dielectric medium interaction is where SPW are produced [3]. Electrons in the sensor



chip's metal sheet absorb light, which makes them vibrate and make them susceptible

to their surroundings.
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Figure 1.2: Representation of surface plasmon resonance

Image courtesy: thesciencenotes.com/

Under specific circumstances, the coupling of the EM waves incident on the surface

with the SPW and Total internal reflection results in the SPR [4].

This result can be identified as a dip in the SPR reflection curve because it appears as a
black band in the beam being reflected, which can be utilised to communicate details

about the sensor surface.
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Figure 1.3: Intensity dip in surface plasmon curve

Image courtsey: biosensingusa.com



Technology is frequently used to explore the interactions between probe molecules that
immobilise on the sensor surface and free analyte molecules in solution. The angular
position of the black band moves when molecular binding occurs, and a shift in the
reflectivity curve can also be seen. It gauges changes in the medium's refractive index
that come into direct contact with the sensor surface. Aqueous samples containing analyte
proteins are frequently the surface's medium of contact. After some of the refracted light
is absorbed, a dark region appears in the refracted light coming from the detector. Despite
a constant angle of incidence, the incident light's wavelength changes. Then, at a specific
the incident light's wavelength, a strong peak is seen, signifying the achievement of SPR
[5]. Because of the energy that is absorbed, the electrons in metal begin to oscillate, and
a group of electrons that have collectively absorbed energy are known as plasmons. At
specific metal contacts, a special type of electromagnetic wave known as a plasmon can

be excited.

SPR-based sensors primarily make use of the idea of the metal-dielectric contact
surface’s electron being excited. When a specific wavelength and angle of incidence
allow for phase matching. Corresponding variation in the Surface Plasmon Waves'

refractive index values is noticed. Factors that affect SPR are:

e The light's incident wave length
e Incidence angle

e The metal's and the dielectric's respective dielectric constants

The values of the incidence angle and the incident light's wavelength are determined. by
the values of the dielectric constant of the media that we utilise [4]. Spectral interrogation
is the procedure used to determine the wavelength at which a substance exhibits SPR [6].

The change in the excited electrons' wavelength has been found to correspond to rising



in the refractive index exponentially, which else enables the determination of the precise
incident light wavelengths. The SPR-based sensors have many benefits, including label-
free detection—which eliminates the need for time-consuming or expensive labelling
protocols—rapid response, measurements of analyte binding, effective light-controlling
capabilities and for the time being, true quantity detection. Gold, silver, and aluminium

are the most prevalent plasmonic materials.

These materials are grouped with copper, gold-tin alloy, and niobium nanofilm as

plasmonic materials [5].

1.2.1 PRINICIPLE OF SPR:

The SPR phenomenon operates according to the Surface Plasma oscillations theory.

Electron oscillations are attained along the surface as well as the metal-dielectric contact,
and the quantum of oscillating electrons at the surface is referred to as a plasmon [7].
Both the metal and the dielectric exhibit this exponential decline. By resolving equations
from Maxwell's theory of electromagnetism with conditions governing the boundary
surface and the metal and dielectric portions taken separately, it is possible to calculate
the polarisation of the component known as the transverse magnetic field and the
exponential decay in the electric field [8]. Fano's reasoning led to the conclusion that the
electromagnetic waves impacting on the diffraction grating surface were what excited the
electrons [9]. Additionally, the SPR-based sensors are well renowned for their accuracy
and precision in detecting even the smallest changes in the metal interface that is
commonly employed as the analyte for the SPR-based sensor as well as the dielectric

medium's refractive index.



1.3 PHOTONIC CRYSTAL FIBER:

PCF is referred to as “HOLEY FIBER” because of the presence of air gaps. It is
microstructured fiber. In order to achieve the SPR condition, a class of optical fibres are
called photonic crystal fibres (PCF) that primarily utilise plasmonic crystals in and
around their core. PCF is essentially an optical fibre with background materials with a
low regular arrangement of refractive index. The PCFs are constructed with several of
many air holes that span the extent of the fibre in order to provide a low loss dielectric-
based fibre. Modified total internal reflection in addition to photonic band gap guiding can be
used to direct light inside the PCF. Due to the presence of photonic crystals, the purpose
of PCF is to prevent the propagation of light with a specific wavelength in a particular

direction.

The PCF is based on the TIR phenomenon, which aids in the forward motion of the
light wave through the core. The cladding and inner core components of optical fibres
always have a lower refractive index than PCFs, which can vary. Because air holes are

present, cladding refraction is lower than core refraction.



Figure 1.4. The geometrical representation of the different types of PCFs. (a) D-
shaped PCF sensor with multiple holes filled with and a layer of plasmonic material
nanofilm around the D- curve. (b) PCF containing two cores along with a multiple
air hole structure with holes of varying diameters. (c¢) Single-core PCF structure with

a core at the middle and the cladding with holes of the same diameter.

1.3.1 PCF'S BENEFITS OVER OPTICAL FIBRES:

Because of their microstructure, micro-structured fibres offer a unique versatility for
modifying their characteristics and guidance capabilities. Total internal reflection is
followed by the construction of traditional optical fibres, which consists of a core

and cladding. In PCF, however, the multicore structure uses improvised total internal



reflection based on the photonic band-gap. Additionally, the presence of holes can
be used to enhance the fiber's capacity for sensing by enhancing the interactivity
between the measurement the light and the analyzer travelling through it. The most
flexible, symmetrical, and evanescent structures are seen in PCFs. In fact, it is
possible to adjust elements like the number of propagating modes, attenuation,
dispersion, and birefringence by changing the geometric parameters of the micro-
structured coating. Traditional optical fibres feature a core and cladding-based
construction that follows total internal reflection, however in PCF, the multicore

structure follows improvised total internal reflection based on the photonic band-gap

[10].

1.4 PCF BASED SPR SENSORS:

A simple, very sensitive photonic crystal fibre (PCF) temperature sensor is created
using the surface plasmon resonance (SPR) theory. Two layers of square-shaped
holes make up the majority of the sensor's covering. The essential process that allows
the sensors with implanted PCF to function relies heavily on the transient field. An
electromagnetic wave propagates further after striking a film-based core formed of
plasmonic material until it reaches the cladding zone. The primary mechanism
governing how sensors with implanted PCF function is dependent upon the transient
field. The electromagnetic wave strikes the film-based core made of plasmonic
material, and further propagation carries it to the region of cladding. The metal
surface and the field interact electrons as it reaches the cladding region, causing
oscillations at the surface. When light experiences complete internal reflection at the
affiliate of two materials with various refractive indices, free electrons on the metal

surface create coherent oscillations that culminate in the generation of plasmon



waves on the surface. The phenomenon of wavelength resonance between the
incident wave and the transmitted or produced wave allows for narrowband
resonance peaks and low propagation losses for incident light. For the net effective
mode index, additional comparisons between the core mode and surface plasmon
polarisation modes are made. The metals used to coat the cladding surface to improve
the sensor occasionally oxidise during the process, which has a detrimental effect on
the sensor's function. This can be avoided by using stable metals. Gold is the most
widely used plasmonic material in this because it is stable and doesn't oxidise during
sensing. The PCF-SPR sensor combines PCF and SPR technologies and has a
flexible structural design with high sensing sensitivity. The cladding surface is
covered with a layer of metal to improve the interactivity between the incident
transient field and the unbounded electrons of the surface be able to increase the
susceptibility of PCF-based surface plasmonic resonance sensors. For this,
plasmonic materials are typically employed to create the metal films that are used
[11]. In contrast, silver produces accurate findings and has a narrow resonance peak,
but its oxidation has a negative effect on the sensor's function. Silver is frequently
covered in a thin bimetallic coating to address the flaw. Due to its robust, stable
characteristics and hexagonal form, which inhibits oxidation, graphene is typically

utilised for this [9].

1.5 OBJECTIVE OF THE STUDY:
This study's objectives are to construct the SPR PCF sensor design using COMSOL
Multi physics, examine the simulation's findings, and compare the sensor's

sensitivity for the core and SPP modes as well as for a number of other parameters.
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The simulation examines how the net effective mode index is affected by the

wavelength, core radius, and substance of the incident light.

Figure 1.5: Advantages of PCF SPR sensors
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CHAPTER 2

METHODOLOGY

2.1 NUMERICAL MODEL:

Figure shows the initial creation of the sensor's basic schematic. The schematic design
displays the material option for the sensor. For resonance-induced electron conduction in
the presence of incoming light, different plasmonic materials have been developed. Fused
silica (S103), the second material utilised, serves as a substrate and is put outside the air
pores. Binding of the mobile molecules with the analyte in the analyte to the immobile
molecules on the thin layer caused a change in the thin object's refractive index plasmonic
material film. Also the oyuter layer contains SiO2, which acts as a shield between the
analyte and the incoming light .The thin plasmonic material film's refractive index
changes when light of a certain wavelength strikes the sensor's surface traversing the
analyte, and into the SiO; where the molecules become mobilised and affixed to the
stationary molecules of our plasmonic material silver. Version 5.6 of COMSOL Multi-
physics employs the capabilities of the FEM. The forms that are seen in figure were
created by the software. Air holes of varied diameters were used to sculpt the cladding in

the model.

Diameters of the air holes are d1, d2, and d3, with values of 400 nm, 0.8 m, and 1.6 m
correspondingly, have been taken as the parameters. The analyte's thickness is taken to
be 2 m, the plasmonic material's thickness layer to be 40 nm, and the incident wavelength

to be 0.6 m. The analyte's refractive index is equal to 1.38.
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The DL model has been utilised to figure out the silver's dielectric constant. The Sellmeir

equation can be used to determine SiO» 's refractive index [12], [13]

2 . BiA?>  ByA%> | B3A?
n“()=1+ 1-c. +/1_C2 s (1)

Where the wavelength (I) in um, B1, B2, B3, and C1, C2, C3 are the Sellmeir coefficients, and

the first term represents the square of silica's refractive index.

Now, we can use the following equation to determine the confinement loss of the sensor:
— 2m 4
pss = 8.856 X — X Im(n,zs) X 10* dB/cm (2)

Where the imaginary component of the net effective refractive index is Im(neff) and is

the wavelength (I) in um..

There are two ways to measure a sensor's sensitivity: amplitude sensitivity and

wavelength sensitivity. Use the following equation to get the wavelength sensitivity:

Sw (2) = ek 3)

Na

Where, AL denotes the shift in resonant peaks caused by the shift in refractive indices, or

Ana

The following formula is employed to determine the amplitude sensitivity.

1 da(dng

Sa (D) = — 4

a(Angy dng

The smallest variation in the measurement of the desired amount is referred to as sensor

resolution. Thus, it is crucial to calculate sensor resolution.

The following equation can be used to determine the sensor resolution.
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Angan .
R — n A}‘mm (5)

A/lpeak

Here, the following equation is used to compute the sensor resolution. The variations in the
minimal wavelength resolution, and the refractive index, and the peak shift of the resonant

wavelengths are denoted, respectively, by the letters An,, AAmin, and Apeak.

2.2 SIMULATION MODEL:

In COMSOL Multi- physics, the Wave optics module is chosen in order to move on with
the model's operation, and the time-dependent equation package is chosen under the
Study section. The following variables are introduced for resolving the DL model
equations in order to specify the model's geometry. While the operational wavelength,
which is first set at 0.6 m and is adjusted up to 2 m to see the net effective mode index,
is a variable and initially set at 0.6 m, the other necessary parameters for the model are
fixed and remain constant throughout the whole analysis of the sensor. Additionally, a
study model of the frequency domain that analyses the model along with its frequency at
various domains scales the model for the electromagnetic waves interface. The common
wavelength taken from the physics interface is used in conjunction with the polynomial

coordinate stretching type.
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CHAPTER 3

DESIGN AND MODELLING

3.1 STRUCTURAL DESIGN FOR THE THIN FILM BASED PCF SENSOR:

The basic schematic that was developed for the sensor as a starting point is shown in
Figure3.1. The schematic design displays the material option for the sensor. The sensor's
material selection is shown in the schematic design. Following the resonance condition,
the plasmonic component is composed of silver for the electrons to conduct through in the
presence of the incoming light. Fused silica (Si0O2), the second material employed, is
poured into the space outside the air holes to act as a substrate. For the electrons'
conductivity when there is the incoming light after the resonance state, many plasmonic
materials have been used. Fused silica (SiO»), the second material employed, serves as a
substrate and is deposited in the exterior area. The thin plasmonic material film's
refractive index changed resulting from the analyte's utilize to bind the mobile molecules
in the analyte to the immobile molecules within the thin layer. The outer layer also
contains SiO2, which acts as a shield between the analyte and the incoming light. The
fundamental concept is to illuminate the sensor's surface with light of a specific
wavelength, which passes from the analyte to the SiO2, where the molecules become
mobilised and attached to the silver molecules that are stationary in our plasmonic
material, changing the thin sheet of plasmonic material's refractive index. It is poured in

between the air holes. The employment of the analyte to bind the mobile molecules in the
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analyte to the immobile molecules on the thin layer caused a change in the thin plasmonic

material film's refractive index.

Si02 is also present in the outer layer to serve as a bridge between an instance and the
light being incident. The main idea is to illuminate the surface of the sensor with light of
a particular wavelength. The SiO2 molecules are mobilised and bonded to the immobile
silver molecules in our plasmonic material, changing the refractive index of the thin

plasmonic material film as the light then passes through the analyte to the SiO; layer.

Here, the COMSOL Multi-physics software version 5.6 has been used to apply the FEM.
The programme has been used to build the shapes that are seen in the figure. Air holes

with various diameters have been used in the model to shape the cladding.

- Si0, (Silica)

Plasmonic
material

- Analyte

Air

Figure 3.1: The desired sensor model is depicted schematically.

The analyte-filled structure has air holes inside of it, as seen in the picture, and the sizes

were chosen to make the construction efficient and small.
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Figure 3.2: Model structure in COMSOL

dl1, d2, and d3 are the air hole diameters, measuring 400 nm, 0.8 um, and 1.6 pm are the
parameters that have been taken. The analyte's thickness, ta, is 2 pum, the plasmonic
material layer's thickness, tg, is taken to be 40 nm, and the incidence wavelength, I, is 0.6

um. The analyte's refractive index, na, is equal to 1.38.
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CHAPTER 4

RESULT AND DISCUSSION

When the model's structure has been correctly designed, the confinement losses and
sensitivities for each material are estimated, and they are then displayed versus

wavelength for various refractive indices.

An examination of the net effective mode refractive index fluctuation for a dual core PCF

sensor based on silver thin film:

Figure 4.1 depicts the sensor's core and SPP modes (a) and (b). The magnetic fields are
observed propagating first highlighted from left to right section of the core mode, and in

the second highlighted area, from right to left.

Lines of the magnetic field in the SPP mode run from downward to upward. The
representation of the respective effective refractive indices at the wavelength by both of

these modes has been established value of =6.857E-7m.

(8=, B5E-7 m EHecthe mede index=1. 4514 Surface: Electric Seld norm (Wm) a {0I=6B5E-7 m Effective mode indeec= 1440000224241 Surtsce: Electric Aeld norm (wmi
Arrow Suriscn: Magnotic field Mo Surface: Magnatic fleld

w10 =107

=)

i i L 1 i i i i S
8 ] 4 2 =] 2 4 B ®l0%m

Fig.4.1. (a) Core mode neff=1.4514 Fig.4.1. (b) SPP mode neff=1.448-0.0022424i
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By varying the refractive index values, multiple arrangements of the created design model

can be viewed. For the many modes that can be accomplished, we have estimated the

various values of net effective refractive indices.

4.1 PHASE MATCHING:

While they are present at the edge of the plasmonic material in the SPP mode, the model's

structure for the sensor's core mode includes magnetic field lines in the x and y

dimensions. Equation (2) is used to determine the confinement loss of the sensor, and a

graph plotting the wavelength against the x- and y-polarizations is then created. The

phase matching wavelength peak value is then recorded, and the phase matching curve

(figures 4.2 and 4.3) is obtained.

= 150

0.64

Phase matching curve

0.66 0.68 0.7
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0.72

1.454
1.453
1.452
1.451
1.45

1.449
1.448

Net effective refractive indices

Figure 4.2: Core and SPP mode phase matching curve for gold nanofilm
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Phase matching curve
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Figure 4.3: Core and SPP mode phase matching curve for silver nanofilm

With wavelengths ranging from 0.5-0.65 m, the materials, confinement losses, and
refractive indices are adjusted for lower ranges of 1.25-1.30. The following curves
display the confinement loss curves that were used to determine the wavelength
sensitivity. The thickness of gold nanofilm at 40nm reveals the confinement loss curve

shown below.

Confinement loss curve
140
E 120
Py
2 100
@ 80
=]
= 60
£ 40
£ 20
S o
o
0.5 0.55 0.6
wavelength(pm)
——na=1.25 —@—na=1.26 na=1.27
—p—na=1.28 Na=1.29 =i na=1.30

Figure 4.4: Curve of confinement loss for gold nanofilm (n,=1.25-1.30)

For the silver nanofilm at a thickness of 40nm, the confinement loss curve is shown in
the following. (Figure 4.5)
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Figure 4.5: Curve of confinement loss for silver nanofilm (n.=1.25-1.30)

Figures 4.6, 4.7 and 4.8 illustrate, respectively, the confinement loss curves for nanofilms
of aluminium, copper, and gold-tin alloy with a thickness of 40 nm. Contrary to the gold
tin alloy curve, which has a more rounded confinement loss peak, aluminium and copper

have sharper peaks.
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Figure 4.6: Curve of confinement loss for aluminium nanofilm (n.=1.25-1.30)
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Figure 4.7 Curve of confinement loss for copper nanofilm (n.=1.25-1.30)
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4.2 CALCULATION OF WAVELENGTH SENSITIVITIES:

22

In the event that the refractive indices alter from na=1.25 to na=1.30, Equation (3) can be

used to calculate the wavelength sensitivities for gold, silver, and aluminium nanofilms.

The table for observed (R2-R1) and peak values .

Plasmonic | An, (R2-R1) | Alpeak | NMRIU?
material

Gold 0.05 91.538 | 1830.76
Silver 0.05 89.95 1799.00
Aluminium | 0.05 86.61 1732.20
Copper 0.05 82.60 1652.00
Gold-tin 0.05 76.61 1532.2

Table 1. Wavelength sensitivities for different materials

As a result, all three materials had wavelength sensitivities of the same order of 10°

nmRIU"!

4.3 CALCULATION OF AMPLITUDE SENSITIVITIES:

For the three materials, we have displayed the amplitude sensitivities versus wavelength.

using equation (4) to determine each material's amplitude sensitivities for the refractive

index range of 1.25 to 1.30. The estimated amplitude shows variance for various

wavelengths and refractive indices. The amplitude sensitivity is seen to increase

gradually as the wavelength is increased before dropping abruptly. Meanwhile, bigger

peaks are seen for the larger refractive indices than for the lower refractive indices.
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Figures 4.9 to 5.13 illustrate how, for each plasmonic material, amplitude sensitivity

varies in relation to wavelength for various refractive indices.

Amplitude sensitivity curve
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Figure 4.9. Amplitude sensitivity curve for gold nanofilm 7,=1.25-1.30
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Figure 4.10: Amplitude sensitivity curve for silver nanofilm #n.=1.25-1.30
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Figure 4.11. Amplitude sensitivity curve for aluminium nanofilm #7,=1.25-1.30
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Figure 4.12: Amplitude sensitivity curve for Copper nanofilm n.=1.25-1.30
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The so obtained amplitude sensitivities range for each of the plasmonic materials is noted
and compared. It is demonstrated that gold and silver are the plasmonic materials that
yield the best results after comparing the amplitude and wavelength sensitivity. These
materials are therefore commonly employed. In order creating the sensor more accessible

and suitable having favourable outcomes, aluminium nano film is suggested.
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CHAPTER 5

COMPARISON OF DIFFERENT PHOTONIC CRYSTAL FIBER:

These PCFs come in two varieties: solid core and a hollow core. This study proposes a
survey for various PCF shapes by using different background materials. Comparing the
sensitivity and confinement loss using this PCF of various shapes with various

background materials [14]

The periodic arrangement of the dielectric materials that make up the Photonic
Crystal modifies the propagation characteristics [15]-[18]. Numerous applications,
including bio-sensing, biomedical, chemical sensing, and gas sensing, use PCF. Different

PCFs have been utilised for chemical sensing in recent years [19].

5.1 SENSIBILE PHOTONIC CRYSTALS:

The sensible photonic crystal is built using a modified hexagonal structure to assess the
sensitivity of substances with lower refractive indices, such as ethanol, water, and
benzene. It measures a number of variables, including non-linearity, beam divergence,
spot size, and confinement loss. With this method, it is possible to independently change
the hole's shape, size, and distance. The air hole can also rotate. Ethyl alcohol, benzene,
and water are placed into the air holes in order to analyse various liquids. Software called
COMSOL Multi-physics was used in this case. In order to calculate the confinement loss,
a fictitious portion of the effective index neff term is employed. Here, as the outer ring

diameter value rises, the sensitivity rises as well. This technique coats the background
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with silica, and the outside rings are known as air gaps. The fibre structure's middle

contained the core fault.

5.2 RECTANGULAR HOLLOW CORE PHOTONIC CRYSTALS:

The analyser was put inside a hollow-core PCF (HC-PCF) with a rectangular shape. The
core region has air holes, and the cladding region has circular holes. By satisfying the
boundary conditions, FEM is used to implement the light directing characteristics. It has

greater sensitivity. It has low confinement loss. [20] .

5.3 OCTAGONAL PHOTONIC CRYSTALS:

In this research, an octagonal photonic crystal fibre (O-PCF) utilised to feel the liquid had
a micro-structured centre and an outer shell. By using FEM, the propagation properties
were examined. Analysis of confinement loss and sensitivity was done here. Sensitivity of

46.3% was achieved. It has low confinement loss. [21]

5.4 MULTIPLE SENSING RING PHOTONIC CRYSTAL:

This technique allowed for the chemical's detection. The backdrop substance was silicon
in the FEM analysis. To interact with the components, the light moves within the ring
construction. Based on each material's RI term, the relationship between light and that
substance. Sensitivity of 95.40% and 93.13% was achieved. [22]. Depending on the
appropriate choice of air ratios, pitch, air hole diameter, and operating wavelength, the
confinement loss can be decreased. According to the findings, three rings have a lower

RI than four rings.

5.5 ORTHOGONAL PHOTONIC CRYSTAL:

To detect ethanol, an orthogonal photonic crystal was suggested to detect liquid, elliptical

holes and a hexagonal lattice are present. Background material utilised was Pure Silica
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Gel. It has good sensitivity [23]. The core was filled with the detecting liquid, ethanol.
FEM was used to mathematically analyse confinement loss and sensitivity.
It was discovered that for the wavelength of 1.33 m, reduced confinement loss and

increased sensitivity are produced by elliptical holes in the middle region.

5.6 CIRCULAR PATTERN CRYSTAL FIBER:

Sensitivity, confinement loss, non-linearity, and effective area were calculated in this

case. [24].

The light leaking that caused the confinement loss. There were five rings in the three
circles in the core and cladding. The centre of the device was filled with several liquids,
including glycerol, ethanol, and toluene. FEM was used to analyse the sensitivity and
confinement losses. The confinement loss was brought on by the light leak. The cladding
had five rings and the core had three rings. Glycerol, ethanol, and toluene were among
the liquids present in the device's centre. The analysis of the sensitivity and confinement

losses was done using FEM.

5.7 CONCLUSION:

Several structures, including hexagonal, rectangular hollow core, octagonal, and circular-
pattern photonic structures are compared. Discovering the sensitivity and confinement
loss is the key goal. Applications for this PCF include bio-sensing, biomedical, chemical

sensing, and gas sensing.
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CHAPTER 6

SUMMARY

In the present study, we have constructed an SPR-based PCF sensor with fixed
parameters such as thickness, area, and distance as well as changeable elements such as
wavelength, refractive index, and plasmonic material. Gold, silver, aluminium, copper,
and gold-tin alloys are suitable for various plasmonic materials. We have determined the
wavelength sensitivity by plotting the confinement loss curves. Gold has the highest
wavelength sensitivity, or 1830.76 nm/RIU, followed by silver with a sensitivity of 1799
nm/RIU, and aluminium with a sensitivity of 1732 nm/RIU. The wavelength sensitivity
for copper is 1652 nm/RIU, while for the gold-and-silver alloy, it is 1532.2 nm/RIU.
When the materials' amplitude sensitivities are plotted against a change in wavelength,
silver nanofilm exhibits the finest curve. The sensor's average resolution is estimated to
be of the order of 107, So long as the right set of characteristics are specified, any material
can be used for efficient sensing. SPR-based biosensors have numerous applications,
including environmental monitoring, medical diagnostics, food safety to security, and

food analyte detection.
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CHAPTER 7

FUTURE WORK

The number of human diseases has been gradually rising for many years. We need to
develop sensing technology that is both user and sensor-friendly. The huge list of
biomarkers linked to various cancers and harmful illnesses could be useful for a robotic
biosensor technology, but it confronts a number of challenges. The focus is on obtaining
robust, cost-effective platforms for multiple analyte detection biosensors as the
instrumentation difficulty persists. Improving the high-frequency performance of
waveguide- and fiber-based SPR for a variety of applications is a different issue. The
fabrication of a practical sensor, analysis with regard to a variety of refractive indices,
implantation in devices for sensing in practical applications, and greater variety of
chemical and biological applications for analyte detection are the future potential of SPR
PCF sensors. The replacement of the existing particular equipment is the goal in the
future. To be used are the benefits of SPR-based PCF sensors, such as label-free detection,
low cost, and effective applications. Due to their complex designs, the prism-based SPR
sensors must be updated and implanted in the practical devices. The materials' inner and
outer coating-related structures have been documented thus far. The D-shaped sensors

are greatly developed for the practical applications due to the factor of sensitivity.
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1. Introduction
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E-manl add e v dtuscin (V. Simghl.
' Al e three auther Lrated exjualky.

g g 1000, 0 00 iyl o O 0002 3 1
2214-7E53 )0 1023 Elwrview Lid. AN sights reserend.

‘Wood in 1902 [2] In the experiment, a thin flm of 2 plasmanic
material was formed on top of 2 metal film Then, using SPR, a
small change in the refractive index of an organic material was
abserved after the absorption of the target gas. Additionally, the
results were shawn for a silicon glyeol copalymer film of 430.8
angstrom thickness | 2], The flm was exposed to different concen-
trations of the anesthetic gas halothane, The first-ever thearetical
approach for SPR was implemented in 1950 by Ritchie |3]. The
bicsensors that are based on Surface Plasmon Resonance have
the property of detecting the incident light due to changes in the
refractive index of the analyte present. The analyte that is uswally
taken is silica. This type of biosensor has a wide range of applica-
tians in the field of pharmacewticals and medical treatments. Tra-
dittonally, the SPR sensors had a prismebased structure and the
light incident on the prism was further detected due to the varia-
tion of parameters like the refractive index. However, the complex
and bulky structure of formery designed SPR sensors led to the
requirement of a rather compact structure. Then, the discovery of
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Photonic crystal fibers (PCF) bed to a shift in the direction of SPR
sensors [4,5). POF is superior in comparison to aptical fbers in a
way that they are micro=stroctured and wse a constant refractive
index of the dladding. The SPR-based biosensors using the PCF have
an air haled- type structure with the substrate flled all around the
air holes. Quiside, the substrate surface, there is a thin nanofilm of
1 plasmonic material present. The molecules of the film get bound
with the molecules of the analyte present outside the thin film. The
meabile malecules of the analyte, on binding with the melecules of
the plasmanic material reflect a change in the refractive index. The
wariation af refractive index with wavelength is linear and gives
the confinement loss curve in 2 gawssian form. This curve is further
uszd to determine the Sensitivity in the wavelength measurement
and thus, the Sensitivity in the amplitude mezsurement [5,7]. The
SPR sensors are categorized into b bypes, internal stroctured and
external structured. The internal structured PCF has the substrate
poured in betwesn the air holes and the analyte surrounding the
thin plasmonic material flm, whereas in the externally structured
P(F that delivers the external sensing, there is a farmation of an
analyte layer on the surface [2] The most common plasmonic
materials are Gaold, Silver, Aluminium, and niobium which are used
in the form of nanofilms. Silver has been observed to be the best
material in this field The reason for this material delivering great
results is its properties lke low optical damping and no interstate
transitions |9] Chao Liu et al perfformed a theoretical assessment
on an SPR-based PCF sensor using gold as a plasmonic materiall
The spectral and amplitude sensitivities of the sensor were
5500 nm/RIL and 3338 RIU J. tively and the sensing resclu-
tion af the sensar was 7.69 « 107 KILL The eficency for the gokd-
based sensor was high because the thickness of the gold has been
taken in a specified range |10 On the other hand, aluminum
forme a Layer of Alz Oy when taken in the presence of axygen. How-
ewver, with unigue properties, all these three types of plasmonic
materials make the sensor an efficient ane.

In this paper, we have taken a layer of silica at the outermast
surface of the sensor with a comparatively thin Lyer aof analyte
present inside it Then, there is a fabricated nanofilm of plasmonic
material, with the substrate silica poured o the internal stric-
ture with multiple micro-$ized air holes present inside to selec-
tively vary the refractive index of the analyte. The thickness of
the nanofilm taken is 40 nm. Through the Finite Element Meshing
method, the structure has been fabricated and the parameters Bke
wavelength, refractive index, thickness, and diameters of the vari-
ous air holes have been vaned and the confinement losses are thus
calculated. Then, the confinement loss curves have been platted.
The Sensitivity in the amplitude measurement curves is also plot-
ted with the main aim of differentiating between gold, silver, and
aluminium-based sensors The materials are differentisted by
warying the material and plotting the parameters to get the sensi-
tivities for the diferent plasmanic materials te get an idea of which
material is the most suitable for the Gbrication of biosensors in
medical s=nsing applications.

2. Structural design and modelling

Thee designing of the moded for the proposed sensors was initi-
ated by forming a schematic structure first that represented the
regions of the semsor having different materials as shown in
Fig. 1. The selection of plasmonic materials has been made depend-
ing on the interaction of the electrons with the incident light on
their surface. The substraie taken here is silical510;) which has
been poured inte the region between the hales and the outer sur-
face. The analyte has been taken in the mentioned area and the
function af the analyte is to 2t as a sticking agent between the
mebile and immobile maleoules. This ation of the analyte causes
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Fig. 1. Bais sruetural duggram Bse (e proposed s,

a transition in the refractive index of the plasmonic material thin
film taken. The interaction between the analyte and the ncident
light & functionakized by the layer of Si0,. The radiations in the
form of light are incident on the sensor's surface and its wave-
length is detected due to the variation in the refractive index.

The Finite Ebement Method[FEM) is the mathematical key used
with the help of COMS0L Multiphysics software version 5.6 The
structure af the model has been designed a5 represented in Fig. 2
The cladding of the fiber has been designed inthe farm of air holes.

The specified values of the diameters of different regions have
been taken to make the strocture’s functionality more efficient
and have been presented in Fig. 2

dytlydy: The values for these parameters shawing the diameter
for the designed air bholes are 400 nm, 08 pm and 1.6 pm
respectively.

ty: Far the plasmaonic material layer, the thickness is 40 nm.

1 Far the analyte, the thickness is 2 pm.

n,: The refractive index of the analyte with the value being 1.38

I: The wavelength of the incident light is, 06 pm.

The Drsde- Lorentz model has been adopted to caloulate the
refractive index of sikica [11,12,13]

From the model, the Selimeir squation for 5i0; can be given as:

B BE RE

=gt R G £-G
where mioy represents the square of the refractive index of silica, £
is the wavelengthl] in jem and By BB Cn a0y are the Sellmeir
coefficients [1].

Now, the confinement |oss of the sensor can be caboulated using
the lollowing equation [ 14],

In
Tis = B.B56 5 = IM(teg] » 10*dB/ cm (2

where & is the wavelengthil) in um and Imn, ) is the imaginary part
af the net effective refractive index.

Theere are two types of sensitivities of an SPR-hased sensor, ane
it the sensitivity in wavelength measurement and the other is s=n-
sitivity in amplitude measurement.

Far calkculating the sensitivity in the wavelength measurement,
the following equation i used, [15]

Sl ] = ‘!'—“f 3
wihere A dpe s the variation of resonant curve peaks conoerning
the variation in the refractive indices, ie., dn.

For calculating the sensitivity in the amplitude measurement,
the lollowing equation is used, [16]

1 dating
T figh iy

Sld) = i)
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Sensor resolution is defined as the smallest variation that is
ohserved i the measurement of a parameter for specfying the
semsor’s activity. To measure the resalution of the sensor, the fal
lowing equation is used [16],

'\":'!"'7.1

. .\.-'m.l

Ln

Here, An, represents the variation in the refractive index, A 2o
represents the minimum wavelength reselution and A &g i the
variation in the resonant wavelengths peak shift.

The figures, Fig. 32 and b represent the core modes of the sen
sar with the pelarization in the x- and y- directions and the Surface
Flasmon Polaritons modes of the sensar.

1. Results and discussions
Alter the sucressful structural designing of the model, the con
finement losses and sensitivities are caloulsted for sach material

and thus plotted against the wawelength for varying refractive
imdices.
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1 1. Phose matching

The core mode of the sensor contains the magnetic field lines in
%~ and y- directions inside the structure of the mode] whereas the
SPP mode containg them at the boundary of the plasmonic mate
rial. The confinement loss of the sensor is caloulated using equation
2 and thus, a graph is plotted against the wavelength for x- and ¥
polarizations respectively. Thus, the phase-matching curve (Figs. 4
and 5} ix abtaired and the peak value of the phass-matching wave
length is noted down.

The refractve indices are waried for lower ranges 125-1.30
with the materials being changed and the confinement losses are
varied taking the wavelengths ranging from 05 to 065 pm The
fellowing curves(Figs. 6 to B) show the confinement koss curves
for the calculation of Sensitivity in the wavelength measurement
given by (3], For the gold nanofilm with a thickness of 40 nm,
the [ollowing confinement loss curve is shservedFig. 6]

Far the silver nanofilm with thickness 40 nm, the fallowing con
finement loss curve is observed{Fiz 71

Far the aluminium nanofilm, copper nanofilm, and Au-tin alley
nanufilm with a thickress of 40 nm, the following confinement |oss
curve it shierved in 9, and 10 respectively. The sharper
peaks are chierved for aluminium and copper whereas the gold
tin allay curve has a rather flattened peak for confinement loss.

Phase matching curve
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Fhase matching curve
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3.2, Calrulation of wovelengtih sensitivities

The wawelength sensitivities for gold, silver, and aluminium
nanafilm when the refractive indices are varied from n, = 1.25 to
ng = 1.30 can be calculated from the confinement loss carves using
equation (3],

The Table 1 for the ohierved values of ArR2-B1) and Adps.

Thus, the wavelength sensitivities of all three materials are of
the same order, iz, 10" nmRIL-"

1.3, Coleulation of omplitude sensitivities

Caleulating the amplitude sensitivities for each matenal for the
refractive index varying from 1.25 to 1.30 and using equation (4],
we have plotted the amplitude sensitivities against wavelength
for the three matenals The amplitude thes caloulated shows vari-
atean for different wavelsngths 25 well as refractive indices. [t is
ohserved that as we increase the wavelength the Sensitivity in
the amplitude measurement first increases slowly and then
decreases sharply while for the larger refractive indices. higher
peaks are ohserved as compared to that of the lower refractive

Table 1
Woreglength sercitvirss S dilferesl suerials
Plasssonic ssaserial Asy, (R2-R1) Al nmpal !
Gald [F1E] 01538 1EI076
Sl [F1E] E195 1700
LIRSS T s Rl 173230
Copper 05 ELE0 165200
Gl -t [F1E] ThEl 15322
Amplitude sensitivity curve
- 1
S w0
E o
& -GO0EH L% hEH
£
150
B 200
E 258
S -300
] wavelengthljam)

Fig. 11, Sesairsviny in the ampbnade meisuivsest for gobd anshilm n, = 125-1.30.

Amplibada sensitrabd LAR]

Fig. 1L Sessitivary is the ampiosde measrement for dilve sasofilm s, = 1.25-
130

— =125 — 80— =126 —8— =127
—i— k=1, —— =125

Amplitude sensitivity curve

18
a
1K
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AK}

avelengthl prmj

—tl— =], 7 —tl— =1, —i—na=l F 7
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imdices. Figs 11 to 15 are showing the variation of Sensitivity in
the amplitude measurement concerning the wavelength for differ-
ent refractive indices for each plasmonic material

The thus caboulated amplitude sensitivities range is nobed down
and compared for each of the plasmonic materials. After comparing
the amplitude sensitivities and the wavelength sensitivities, it is
observed that the best resultx are abtained for the plasmonic mate-
rial Gold followed by silver. Therefore, these materials are being
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widely used. Howeser, to make the sensor affordable and mone
compatible  with good results, Alominiom nanofilm s
recommended.

d. Conclusion

In this paper, we have designed an 5PR-based PCF sensor with
constant parameters like thickness, area, distance, and variable
parameters like wavelength, refractive index, and plasmoenic mate-
rial. For different plasmonic materials, gold, silver, aluminium, cop-
per, and gold-tin alloy. We have plotted the confinement loss
curves and thus calculated the wavelength sensitivities. The max-
imum Sensitivity in the wavelength measurement is observed in
the case of gold, ie, 183076 nm/RIL, followed by silver, ie.
179% nm/RIL and then, there i the sensitivity of aluminium, ie,
1732 nm/RILL For copper, the Sensitivity in the wavelength mea-
surement is 1652 nm/RIU and for the alloy of Cold and Tin, it is
equal tr 15322 nmRIL. The amplitude sensitivities of the materi-
als are plotted with a variation in wavelength and the finest carve
can be seen in the case of silver nanofilm. The average resolution of
the sensor is calenlated to be of the order 107, Thus, each material
s suitable for effective sensing provided that an appropriate set of
parameters are chosen. The SPR-based biosensors have a wide
range of applications in biological and chemical analyte detection,
medical diagnostics, food safety to security, and environmental
manitorng.
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