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Abstract 

In this thesis, three high-yielding plasmonic refractive index sensors are proposed to satisfy the 

current sensing demands in different sectors, for example, medical, forensic, and industrial. The 

proposed works employ a straight waveguide and octagonal ring resonator, a PCF-SPR sensor 

using symmetrical arrays of plasmonic layers, and another PCF-SPR sensor with dual plasmonic 

layers. COMSOL Multiphysics is chosen as the wave-solver, which inherently deploys the Finite 

Element Method. The re-simulations of existing structures corroborate the computational accuracy 

of COMSOL Multiphysics. Furthermore, the first two sensors fabricated through nanoimprint 

lithography technique and the stack-and-draw approach, respectively, exhibit linear correlation 

with the refractive index and the resonant wavelength. Moreover, the structural parameters of the 

plasmonic sensors are sensitive to variations. Thus, the suggested sensors undergo extensive 

simulations and optimization processes to maximize their performance. The proposed first work 

with the concentric octagonal-ring resonator exhibits a maximum sensitivity of 13157, and a high 

dip strength of 0.8311 nm/RIU is obtained after optimization. This proposed work is deployed to 

detect various types of fluids like air, optic oil, and different types of water. The proposed first 

PCF-SPR sensor displays a wavelength sensitivity of 85,300 nm/RIU and amplitude sensitivity of 

800.037 RIU-1. The device has also shown FOM of 370.8 RIU-1 which denotes high accuracy and 

reliability. A novel parameter was proposed in this work named Peak Amplitude Difference 

Sensitivity (PADS) for higher precision interrogation in case of multiple peak analysis. The 

proposed third work with dual plasmonic layer shows an initial wavelength sensitivity of 24,000 

nm/RIU and 34,000 nm/RIU for two different peaks from 2 different regions. After optimization, 

the wavelength sensitivity of the second peak was achieved 1,12,500nm/RIU which is one of the 

highest among its competitors. The amplitude sensitivity was found 1248 RIU-1. The structural 

parameters will be optimized to maximize the performance of the suggested refractive index sensor 

in future. 
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Chapter 1 

Introduction and Background 

1.1 Surface Plasmon Polariton 

In the past, optical devices operated at gigahertz velocities and had micrometer-scale dimensions. 

The development of semiconductor technology has led to a decrease in component size to the 

nanometer scale while maintaining the same operating speed. However, these developments are 

limited by issues such as heat loss and delays in time. The necessity for high-speed optical systems 

has led to the development of dielectric photonics, which provides operating frequencies in the 

PHz range and lower device dimensions. Due to light's diffraction limit, the unwieldy nature of 

dielectric photonics hinders the high-density packaging of optical instruments. Surface plasmon 

polaritons (SPPs) are developed to bridge the gap between dielectric photonics and semiconductor 

technologies, allowing for the integration of optical devices on a chip scale [1]. 

 

Figure 1.1: Formation and propagation of Surface Plasmon Polaritons (SPPs). 

SPPs are electromagnetic waves that result from the interaction of photons and oscillating electrons 

along a metal-dielectric surface, as seen in figure 1.1 [2]. These waves enhance light-metal 

interactions by efficiently coupling light to the interface. Consequently, they surpass the diffraction 

limit, enabling the nanoscale miniaturization of photonic circuits and the generation of a significant 
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localized EM field [3]. In addition, SPPs are transverse-magnetic waves that decay exponentially 

in the direction perpendicular to the interface. The dispersion relation of the wave vector
kxSPP , 

where the x-axis is the propagation direction and the z-axis is perpendicular to the interface, is 

written as [4] 

0

.d m
x m

d

k k
 




=  +                                                         (1.1) 

where, 0k
c


=  represents the wave vector in free space in this equation. The exponential decay 

characteristic of SPPs is extremely sensitive to environmental variations. This unique property has 

enabled the development of numerous SPP-based devices, including splitters, couplers, filters, and 

sensors [5, 6]. 

1.2 Surface Plasmon Resonance 

In surface plasmon resonance (SPR), incident light photons excite electrons in a metal's surface 

layer, causing the electrons to propagate in a direction parallel to the metal's surface. Figure 1.2 

illustrates the SPR phenomenon. SPR depends on the refractive index of the material near to the 

metal surface when the wavelength of the light source is constant and the metal surface is thin [7]. 

As a result, the SPR phenomenon can be disrupted by even a little shift in the refractive index of 

the sensing medium, allowing for the detection of analytes. SPR assays enable label-free, real-time 

detection by identifying analytes by measuring changes in reflected light intensity or resonance 

angle. Various types of SPR biosensors for detecting clinically relevant biomarkers have been 

developed over time, and the efficacy of SPR biosensors has been improved using various 

nanomaterials. 
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Figure 1.2: Surface Plasmon Resonance  

1.3 Refractive Index Sensors 

As RI is a significant parameter that reflects the intrinsic properties of materials, RI sensors 

have widespread use in disciplines, including petroleum, chemical, biological, food, 

pharmaceutical, and environmental monitoring. Multiple methods for detecting RI have been 

described in scientific literature.  

I. Surface plasmon polaritons (SPPs) in sensors constitute one approach [8]. SPR-based 

sensor relies on the sensitivity of the SPR wavelength to dielectric environment 

surrounding the metal structure, frequently measure the wavelength shift of the resonance 

peak or dip caused by variations in RI and employ a figure of merit to evaluate the sensing 

performance. However, this detection procedure presents some obstacles. Since the SPR 

wavelength is extremely dependent on the RI of the surrounding dielectric, a broad range 

of analyte RIs can result in substantial shifts in the SPR spectrum [9]. This necessitates an 

extensive traversing range for optical detectors, which may restrict the adaptability of RI 

sensors. 

II. The development of optical-based wireless sensors is another approach, although their 

accuracy is not yet satisfactory. For severe chemical environments and high temperatures, 

microsensors based on SiC and Si3N4 have been developed, but their complex fabrication 
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process makes them expensive [10]. Due to their compatibility with on-chip integration, 

silicon photonics-based devices have also garnered considerable interest. In silicon 

photonics, refractive index sensors employ directional couplers [11], coupled slot 

waveguides [12], and micro-ring resonators [13]. 

1.3.1 PCF based SPR Sensors 

Compared to other fiber-based sensors, PCF-based sensors offer increased sensitivity and lower 

resonance peaks, resulting in enhanced accuracy for detecting unknown analytes. In addition, the 

structural parameters of PCF can be varied to exert a greater degree of control over the transient 

field. For obtaining desirable sensing characteristics, the SPR technique is preferred. When SPR-

based technology is combined with PCF's inherent characteristics, SPR-based PCF sensors 

develop [14]. Light contacts with the fiber that excites free electrons on the plasmonic metal 

surface, resulting in surface plasmon waves (SPWs) that travel through the sensor's core and 

cladding. When the real component of the effective refractive index is the same for both the SPP 

mode and the core mode, they couple together under a phase-matching condition at a specific 

wavelength. This circumstance creates a sharper resonance peak at a given wavelength, which is 

highly sensitive to the refractive index of the analyte. Consequently, even small variations in the 

refractive index cause the resonance wavelength (RW) to shift upwards or downwards. 

Consequently, unknown analytes can be identified by monitoring the RW fluctuations of various 

analyte refractive indices. Initially, prism-based and D-shaped sensors were utilized frequently in 

SPR-based sensors, but as technology advanced, PCF sensors became the preferred option. PCF-

SPR sensors have undergone extensive development depending on whether the plasmonic metal 

layer and the analyte channel are positioned outside or inside the fiber.  

1.3.2 Waveguide based Sensors 

The metal-insulator-metal (MIM) plasmonic waveguide (WG) structure is extensively utilized for 

integrated optical circuitry. In Figure 1.3, the MIM WG is composed of two metal claddings 

surrounding an insulator. Key characteristics include fabrication simplicity and the capacity of 

confinement of light at subwavelength scales [15]. Changing the medium's refractive index even 

slightly alters the effective index of the propagating mode. The insulator-metal-insulator (IMI) 

WG is a notable plasmonic WG structure [16] that consists of metal layers sandwiched between 
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insulator claddings. Propagation losses are reduced in IMI WGs compared to MIM WGs, allowing 

them to transmit near-infrared optical power greater than 10 μm. When the criterion is met, they 

can support a transverse magnetic mode analogous to dielectric mode. In the past two decades, 

numerical simulations have been performed on MIM plasmonic WG devices for a variety of 

applications, such as temperature sensing [17], refractive index sensing [18], pressure sensing [19], 

filtering [20], and biochemical sensing [21]. The fact that refractive index sensors can monitor 

solution concentration, pH levels, and other biological and chemical parameters has attracted 

considerable research interest. These sensors facilitate accurate detection and analysis by 

stimulating the sensing element. 

 

Figure 1.3: 3D schematic of a MIM waveguide structure. 

1.4 Literature Review 

Currently, it is impossible to overstate the importance of achieving high speed and miniaturization 

in devices. To achieve high speeds, the strategy involves decreasing device size and increasing 

carrier mobility. In addition, the diminution of capacitance and interconnection is a consequence 

of the diminution of device dimensions. However, quantum effects and the difficulty of non-

uniform scaling impose certain restrictions. In the last two decades, the field of optics and 
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photonics has undergone a remarkable revolution, resulting in the emergence of numerous 

industries specializing in optical instrumentation and fiber optic communication [22]. Sensing 

technology, particularly in the realms of ring resonator-based sensing and PCF-based SPR sensing, 

is a second area of research that has attracted considerable interest. These research advancements 

are being actively applied to practical sensing applications. Moreover, ring resonators have shown 

intriguing potential for extensive applications, such as optical filters, switches, modulators, 

routing, delay lines, and detectors [23]. 

Numerous plasmonic sensors utilizing the properties of SPPs have been published over time. In 

the study by Zhao et al. [24], a refractive index (RI) sensor based on MIM architecture with Fabry-

Perot and a sensitivity of 718 nm/RIU (nanometers per refractive index unit) was presented. 

Another study [25] demonstrated a sensitivity of 986 nm/RIU using a MIM WG structure. Using 

a baffle and a cross-shaped cavity, Yang et al. [26] created a RI sensor with a sensitivity of 1100 

nm/RIU. Similarly, a MIM structure with dual concentric double square-resonators had a 

sensitivity of 1380 nm/RIU [27]. The reported sensitivity for a hexagonal cavity coupled to a bus 

WG was 1562,5 nm/RIU [28]. Moreover, a T-shaped MIM structure-based RI sensor achieved 680 

nm/RIU sensitivity [29]. 

Zhang et al. [30] developed a MIM WG coupled with two stubs and a ring resonator, with a 

sensitivity of 1268 nm/RIU. The sensitivity of a plasmonic square ring resonator was reported to 

be 1 367 nm/RIU in a separate study [31]. Su et al. exhibited a MIM waveguide coupled with an 

elliptical ring cavity with a sensitivity of 1550 nm/RIU [32]. In addition, the combination of an 

umbrella resonator and a metal baffle produced a sensitivity of 1600 nm/RIU [33]. Diest and his 

coworkers inserted two slits into the waveguide to enable the differentiation of three colors: red, 

green, and blue [34]. Butt et al. [35] reported the use of six unequal square cavities to filter white 

light into six distinct colors with a sensitivity of 700 nm/RIU. Zhang et al. [36] presented a 4-mode 

color filter with elliptical shaped resonator that had the maximum sensitivity at 608 nm/RIU and a 

FOM of 105.02. 

SPR is an advanced label-free optical sensing technology, widely employed in biosensors [37]. 

Surface plasmons are generated when an evanescent field travels through the surface of a 

plasmonic metal and a dielectric medium in response to an electrical excitation. When the 

frequencies of the free electrons and the incident light photon coincide, a resonance condition 
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happens at a certain resonant wavelength, resulting in observation of a sharp loss peak. Changes 

in the RI of the analyte cause variations in the resonant wavelength, allowing for the detection and 

measurement of the analyte. Novel designs such as Hollow Core PCF (HC-PCF) [38], dual-core 

structures [39], and twin core PCF (TC-PCF) [40] have been utilized to enhance the sensing ablities 

of SPR. These inventive designs serve as efficient platforms for biosensing applications. 

Using SPR-PCF, a novel sensor that can simultaneously measure temperature and magnetic fields 

has been developed. It includes two elliptical channels on the core fiber [41]. PCF-based SPR 

biosensors are suitable for RI-based biosensing through various optical parameters. PCFs have 

desirable characteristics including design flexibility, scalability, efficient birefringence [42], 

controllable dispersion properties [43], and a variety of nonlinear effects [42]. These 

characteristics make it possible to tailor PCFs to specific sensing requirements. This has led to an 

increase in research into SPR-based biosensing applications [44]. 

PCF SPR imaging technologies overcome the limitations, such as their cumbersome design, need 

for precise incident angles, and the presence of numerous mechanical components that can be 

adjusted. The application potential of conventional SPR sensing techniques has been hampered by 

these limitations [45]. Even a slight change in the RI caused by an unidentified analyte can shift 

the loss peak. Resonance occurs when the wavelength of the incident photons is exactly equal to 

the wavelength of the surface electrons. SPP interacts with the surrounding medium at the 

resonance frequency [46]. This SPP mode is extraordinarily sensitive to even the smallest changes 

in the RI of the analyte [47]. PCF-based SPR sensors have numerous applications, i.e, DNA 

detection [48], gas sensing [49], water sample monitoring [50], and early cancer detection [51]. 

While SPR technology can be implemented using various configurations, such as prism-based 

setups [52] and Mach-Zehnder interferometers [53], it faces challenges related to optomechanics, 

including complex and bulky systems. By employing PCF-based biosensors, these limitations can 

be circumvented. The selection of plasmonic materials is crucial to the design and development of 

PCF-SPR sensors. Due to their unique properties, plasmonic materials such as silver [54], zinc 

oxide [55], gold [56], titanium dioxide [57], and graphene [58] are utilized to fabricate SPR 

biosensors. 
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1.5 Thesis Objectives 

The objectives of the thesis: 

• Introducing innovative plasmonic refractive index sensors. 

• Exploring various plasmonic material combinations.  

• Optimizing structural parameters in order to boost sensitivity. 

• Conducting a thorough analysis of the existing research on surface plasmon resonance (S

PR) sensors and polarization filters. 

• Evaluating the efficacy of our designs by employing wavelength/amplitude interrogation 

techniques and assessing filter crosstalk.  

• Investigating the applicability of the proposed sensors in biological applications, 

specifically for detecting biochemical components. 

• Integrating external plasmonic materials to improve detection capabilities and overall 

performance. 

• Presenting our design proposal with the most effective outcomes. 

1.6 Thesis Layout 

Chapter 1 presents a concise discussion of Surface Plasmon Polaritons (SPPs) and their 

importance in nanotechnology. Devices based on SPPs, and different waveguide schemes are 

elaborately discussed. A literature review on refractive index sensors to date and the thesis layout 

are also conferred.  

Chapter 2 includes Maxwell’s equations and generalized constitutive relations. The chapter also 

discusses the features of different EM wave solving algorithms, for example, FDTD, FIT, and 

FEM. The chapter concludes with the theoretical analysis of boundary conditions and fundamental 

mode.  

Chapter 3 establishes the relationship between complex refractive index and complex relative 

permittivity. Notable plasmonic materials are designed using the Lorentz-Drude model. The 

chapter ends with the performance comparison of those materials. 
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Chapter 4 details the theories of different refractive index sensors, for example, ring resonator, 

and PCF based SPR sensors. Various performance indicators of RI sensors, such as sensitivity, 

FOM, Q-factor, and detection limit are defined.  

Chapter 5 displays our first research work on a plasmonic RI sensor along with their fabrication 

technique. Extensive simulation and optimization are performed to capitalize on the performance 

of the sensors. The sensitivity achieved is higher than all previous research so far of our knowledge. 

The sensors are then deployed in various applications, for example, biosensing, water sensing, and 

filtering.  

Chapter 6 displays another work of ours which is symmetrical array based SPR-PCF sensor with 

multiple peaks. Various fiber design parameters bimetallic layer thickness, and air hole diameters 

have been optimized to improve the sensitivity of the sensor. A novel sensing parameter, named 

Peak Amplitude Difference Sensitivity for multiple peaks has been proposed.  

Chapter 7 illustrates yet another of our designs of a PCF based SPR sensor for wideband double 

peak sensing. Extensive simulations are performed to identify the performance of the sensors. The 

sensors have been fine-tuned to obtain the highest wavelength sensitivity which is the highest 

sensitivity achieved from previous research.  

Chapter 8 concludes by summarizing and comparing all the findings with recent works. Future 

approaches for potential improvement are also mentioned.   
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Chapter 2 

Wave Theory 

2.1 Maxwell’s and Wave Equations 

2.1.1 Maxwell’s Equations 

Maxwell’s equations are a set of differential or integral mathematical expressions that depict the 

fundamental relationships between electromagnetic quantities. Maxwell's equations must be 

solved in order to conduct electromagnetic analysis. To employ the Finite Element Method (FEM) 

for this purpose, the equations are typically expressed in differential form. Maxwell's equations 

for time-varying electromagnetic fields can be written as follows: 

D
H J

t


 = +


                                                           (2.1) 

B
E

t


 = −


                                                              (2.2) 

 .D  =                                                                   (2.3) 

. 0B =                                                                    (2.4) 

where,  

E = Electric field intensity,  

D = Electric flux density,  

H = Magnetic field intensity,  

B = Magnetic flux density,  

J = Current density,  
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ρ = Electric charge density.  

These equations are commonly referred to in their electric and magnetic formulations as Maxwell-

Ampere's Law, Faraday's Law, and Gauss's Law. These are the fundamental principles that govern 

electromagnetic waves. Another essential equation in the study of electromagnetic waves is the 

continuity equation, which is written as follows: 

.J
t


 = −


                                                               (2.5) 

2.1.2 Constitutive Equation 

The characteristics of a medium within a closed system can be effectively described by constitutive 

equations, which can be written as follows:  

0D E P= +                                                                  (2.6)  

0( )B H M= +                                                               (2.7)  

J E=                                                                    (2.8)  

where, ε0, µ0, and σ denote the permittivity of vacuum, the permeability of vacuum, and the 

electric conductivity, respectively. ε0 and µ0 have the following values,  

where 0  represents the permittivity of air, 
0  represents the permeability of air, and   represents 

the electrical conductivity. The exact values of 0  and 
0  are as follows: 

7

0 4 10 /H m  −=                                                           (2.9) 

12

0 2 2

0 0

1
8.854 10 /F m

c




−= =                                                (2.10) 

where 0c  is the velocity of electromagnetic wave in a vacuum, which is the same as the velocity 

of light. Moreover, the electric polarization vector P describes the polarization of a material 
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subjected to an electric field E. Polarization P is directly proportional to the electric field E in linear 

materials. 

0 eP E =                                                               (2.11)  

here, 
e  represents the electric susceptibility.  

Similarly, the magnetization vector M describes the magnetization of a material in response to a 

magnetic field H. Magnetization M is directly proportional to magnetic field H in linear materials,  

0 mM H =                                                            (2.12) 

here, m represents the electric susceptibility.  

So, from eq. (2.6) and eq. (2.7),  

0 0(1 )e rD E E E    = + = =                                          (2.13)  

0 0(1 )m rB H H H    = + = =                                      (2.14)  

where,  

(1 )r e = +                                                         (2.15)  

(1 )r m = +                                                         (2.16)  

2.1.3 Generalized Constitutive Equations 

Certain materials can display non-zero polarization in the absence of an electric field. In more 

general circumstances, the constitutive equations for these nonlinear materials can be expressed as 

follows: 

0 r rD E D = +                                                      (2.17)  
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Certain materials can possess a non-zero electric flux density, known as the remanent electric flux 

density ( rD ), in the absence of an electric field. Similarly, certain materials can exhibit a non-zero 

magnetization when there is no magnetic field present. The constitutive equations for these 

nonlinear materials can be formulated as follows in more general situations: 

0 r rB H B = +                                                       (2.18)  

Certain materials can have a non-zero magnetic flux density known as the remanent magnetic flux 

density ( rB ) in the absence of a magnetic field. To account for the effects of an externally 

generated current, it is possible to generalize the current density expressed in equation (2.8) by 

adding an externally generated current eJ  to the constitutive equation. This connection can be 

stated as follows: 

eJ E J= +                                                           (2.19)  

2.1.4 Wave Equation 

The wave equation describes the propagation of electromagnetic (EM) waves and serves as a 

fundamental governing equation. The derivation of the wave equation for the electric component 

of an EM wave from Maxwell's equations is shown. Multiplying (2.2) by the gradient operator (∇) 

yields the following expression: 

( ) ( ) ( )
B

E B
t t

 
  = − = − 

 
                                     (2.20) 

From the equation 2.1,2.13 and 2.14, 

2

2
( )

E
E

t



  = −


                                                    (2.21) 

Considering 0, rj
t

   

= =


and 0 r  = , this equation will be 

1 2

0( ) 0r rE k E −  − =                                               (2.22) 



14 
 

Now, using the relation 
2

r = for the linear materials where   is the refractive index and 

assuming 1r = , the equation can be re-written as, 

2 2

0( ) 0E k E  − =                                                (2.23) 

2.2 Simulation Modeling 

2.2.1 Finite-Difference Time Domain (FDTD) 

The Yee Algorithm  

For the solution of EM wave problems, the finite-difference time-domain (FDTD) employs the 

Yee algorithm. The essence of FDTD is the sequential update of the electric and magnetic field 

values from the computational grid, which allows the user to move around a magnetic field 

component with an electric field and vice versa. Such a scheme reduces the complexity of curl 

rotations in Maxwell's equations significantly. In addition, only the values of adjacent cells are 

required to update the corresponding equations, thereby facilitating parallelization. In conclusion, 

the fundamental two-step computation process of FDTD consists of:  

• Updating the magnetic field components based on the electric field components of the 

previous iteration, and  

• Updating the electric field components based on the magnetic field components. FDTD 

technique begins with equations (2.1) and (2.2).  

The fields are vectors in three dimensions. Each equation can be expanded into three coupled scalar 

first-order differential equations with time and space domain derivatives. Now, the curl of 

equations (2.1) and (2.2) yields, 
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1
[ ]

1
[ ]

1
[ ]

1
[ ]

1
[ ]

1
[ ]

yx z

y xz

yxz

yx z

y x z

y xz

EH E

t z y

H EE

t x z

EEH

t x z

HE H

t y z

E H H

t z x

H HE

t x y













 
=  −

  

 
=  −

  


=  −

  

 
=  −

  

  
=  −

  

 
=  −

  

                                                          (2.24) 

The scalar equations are subsequently transformed into difference equations. The generation of 

these difference equations requires space and time discretization. Yee introduced spatial 

discretization by arranging field components within a unit cell. The electric field components are 

located along the cell's perimeter, whereas the magnetic field components are located in the cell's 

interior. This configuration produces an electric field encompassed by four magnetic field 

components (see Figure 2.2). 

 

Figure 2.1: Yee’s spatial grid [59] 



16 
 

In terms of the TEz mode of propagation, the equations are as follows: 

1
[ ]

1

1

yxz

x z

y z

EEH

t y x

E H

t y

E H

t x








=  −

  

 
= 

 

 
= − 

 

                                                               (2.26) 

 

Figure 2.2: Temporal scheme of FDTD [60]. 

Now, applying the central difference theorem, 

1 1 1 1 1 1 1
( , , ) ( , , ) [ ( , 1, )

2 2 2 2 2 2 2

1 1 1
( , , )] [ ( 1, , ) ( , , )]

2 2 2

z z x

x y y

t
H i j n H i j n E i j n

y

t
E i j n E i j n E i j n

x






+ + + = + + − + + +




− + − + + −



          (2.27) 

1 1 1 1 1 1 1 1
( , , 1) ( , , ) [ ( , 1, ) ( , 1, )]

2 2 2 2 2 2 2 2
x x z z

t
E i j n E i j n H i j n H i j n

y


+ + = + + + + + + − + − + +


(2.28) 



17 
 

 

1 1 1
( , , )

1 1 2 2 2
( , , 1) ( , , )

1 1 12 2
( , , )

2 2 2

z

y y

z

H i j n
t

E i j n E i j n
x

H i j n


 
+ + + 

= + + = + −  
  − − + +

  

             (2.29) 

The Yee algorithm must be stable during the numerical calculations; otherwise, the values of the 

electric and magnetic fields will increase exponentially and give erroneous results. The stability 

criterion is defined by the Courant–Friedrichs–Lewy condition: 

( ) ( ) ( )
22 2

1

1 1 1

t

c
x y z

 

+ +
  

                                       (2.30) 

where, ∆t = time step, ∆x, ∆y, ∆z are spatial grid increments. 

For 2D, 

( ) ( )
22

1

1 1

t

c
x y

 

+
 

                                            (2.31) 

Let, ∆x = ∆y. Now, 

( ) ( )
2 2

1

1 1

2

t

c
x x

x
t

c

 

+
 




                                             (2.32) 

Similarly, for 3D, let ∆x = ∆y = ∆z. Now, 

( ) ( ) ( )
2 2 2

1

1 1 1

3

t

c
x x x

x
t

c

 

+ +
  




                                  (2.33) 

Absorbing Boundary Condition (ABC)  
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Due to the limitation of computational power, in the FDTD simulations, a finite computational cell 

is simulated, which theoretically extends to infinity. The said boundary is an ideal absorber and 

guarantees zero reflection in interest, ensuring correct output. Such a mechanism can be done by 

padding the exits of the computational domain with artificial absorbing materials, for example, 

Berenger’s perfectly matched layer (PML) [61]. PML attenuates the fields till their values are zero 

and ensures zero reflections. 

2.2.2 Finite Integration Technique (FIT) 

Weiland et al. [62] first introduced the concept of the finite integration technique (FIT). FIT deals 

with the integral forms of Maxwell’s equations eq. (2.1) – eq. (2.4). Furthermore, the technique 

utilizes all the vector components of the E and H-field located in a double-grid system. Weiland 

[63] later reformed the FIT equations and arranged them in a matrix format, which enabled the use 

of irregular and non-orthogonal grids for computation. Furthermore, another advantage of FIT is 

the use of fewer computational memories than FDTD [64]. A one-dimensional staggered grid is 

proposed to formulate the computational domain of FIT. Let the grid has an interval of [0, K], 

where 
0 10 ,......, nx x x K=  =  is a finite sequence of n grid points. For a uniform 1D grid, let 

. 0,....,i

K
x i i m

n
=  =  is the uniform grid with a mesh size of 

K
S

n
= . Thus, the corresponding 

staggered grid is 
1

( ) , 1,......,
2

i

K
s i i m

n
= −  =  (fig. 2.3). 

 

Figure 2.3: Uniform 1D grid. 

Now, a set of corner points is defined as, 

 0 1: , ,...,c nx x x =                                                                   (2.34) 
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Therefore, the corresponding staggered grid points are formulated as, 

( )10.5 , 0,..., 1,i i is x x i n+=  + = −                                                   (2.35) 

denoting a grid increment of h/2. Therefore, the dual grid corresponding to c  is, 

 0 1: , ,...,s ns s s =                                                                (2.36) 

For a 3D staggered grid, a rectangular domain of the following expression is considered: 

   0, 0, 0,x y zk k k  =                                                         (2.37) 

Moreover, it is assumed that the 1D intervals [0, Kx], [0, Ky], and [0, Kz] are discretized by the 

following 1D grids, 

 

 

 

0 1

0 1

0 1

: , ,...,

: , ,...,

: , ,...,

x

c n

y

c n

z

c n

x x x

y y y

z z z







=

=

=

                                                          (2.38) 

which are sets of grid points in x, y, and z-direction. Thus, eight possible grids can be formed 

utilizing these 1D grids, which are described as, 

, ,x y z x y z

x y z

t t t t t t   =                                                            (2.39) 

where, tx, ty, tz = {c, s}3, c refers to the corner points and s refers to the staggered points. The grids 

mentioned above are incorporated in the numerical analysis of FIT. 

2.2.3 Finite Element Method (FEM) 

Partial differentials equations (PDEs) are primarily used to describe the phenomena of fluid 

dynamics, electromagnetics, and thermal analysis. However, these phenomena involve 

inhomogeneous media and complicated geometry. Hence, the analytical solutions of the PDEs 

become complex. Such issues can be better handled by using the finite element method (FEM). 

The FEM can design EM wave problems with accurate material interfacing, accelerated 
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convergence, adaptive meshing, and high numerical resolution than the conventional easier-to-

code algorithms, for example, FDTD, Method of Moments (MoM). Pseudo-code of the FEM can 

be built for a particular field of interest and can be applied to other fields with little to no 

modification [65]. The four-step process to analyze any problem using the FEM are [66]: 

• Discretizing the computational domain into a finite number of elements,  

• Deriving the governing equations for a particular element, 

• Assembling all the elements in the solution region, and 

• Solving the formulated equations. 

A generalized wave equation is 

2 2k g  + =                                                           (2.4) 

where g  represents the source, k  represents the wavenumber, and   is the unknown field 

potential. To simplify the problem, let k  = g  = 0. Thus, the Laplacian equation 2 0 =  is 

satisfied, and the mechanism of FEM can be illustrated. 

Discretizing the Computational Domain 

 

Figure 2.4: Finite Element Discretization 
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A 2D region with three triangular elements is taken to explain the step-by-step procedure of the 

FEM (fig. 2.4). The estimated solution of the computational domain can be written as, 

( ) ( )
1

, ,
L

m

m

V x y V x y
=

                                                             (2.41) 

where, L = 3 signifies the total number of elements. The following polynomial function can be 

used to represent Vm considering triangular element, 

( ),mV x y a bx cy= + +                                                                (2.42) 

where, a, b, c are unknown constants to be ascertained. Equation (2.42) approximates a linear 

association of Vm within the element. Thus, the E-field is also assumed to be uniform considering 

an element, 

m mE V= −                                                                            (2.43) 

Governing Equations  

Figure 2.5 depicts a single triangular element. The potential at different nodes is defined in the 

matrix form, 

 
1 1 1

2 2 2

3 33

1

1

1

m

m m

m

V x y a

V V x y b

x y cV

     
     

= =
     
         

                                                           (2.44) 
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Figure 2.5: Single Triangular Element. 

The unknown constants a, b and c can be determined as, 

1

11 1

2 2 2

3 3 3

1

1

1

m

m

m

Va x y

b x y V

c x y V

−
    
    

=
    
         

                                                       (2.45) 

Plugging the values in eq. (2.42), 

( )
3

1

,m m mi

m

V x y V
=

=                                                              (2.46) 

where, 
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( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( )( ) ( )( )

1 2 3 3 2 2 3 3 2

2 3 1 1 3 3 1 1 3

3 1 2 2 1 1 2 2 1

2 1 3 1 3 1 2 1

1
,

2

1
,

2

1
,

2

1
,

2

x y x y y y x x x y
A

x y x y y y x x x y
A

x y x y y y x x x y
A

A x x y y x x y y







=  − + − + −  

=  − + − + −  

=  − + − + −  

=  − − − − −  

                            (2.47) 

where, A is the element area, and beta is labeled as the element shape function. Furthermore, the 

energy per unit length related to the element m employing the Laplace equation is, 

2 21 1
,

2 2
m m mW E dS V dS = =                                            (2.48) 

where, from eq. (2.46), 

3

1

m mi m

m

V V 
=

 =                                                                (2.49) 

Plugging eq. (2.49) into eq. (2.48), 

  ( )  
1

,
2

t m

m m eW V C V  = 
 

                                                 (2.50) 

where, t denotes the transposed form and, 

( )

( )

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

11 12 13

21 22 23

31 32 33

. ,
m

ij i j

m m m

m m m m

m m m

C dS

C C C

C C C C

C C C

 =  

 
 

  =   
 
  



                                               (2.51) 

where, [C(m)] refers to the element coefficient matrix.  

Assembling of the Elements  
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Let, total L number of elements are assembled to form the complete solution region. The total 

energy of the assembled elements can be expressed as, 

    
1

1

2

L
t

total m

m

W W V C V
=

= =                                                      (2.52) 

Where, 

 

k

V

V
V

V

 
 
 =
 
 
 

                                                                            (2.53) 

where, k is the total nodes present in a single element. A 5×5 global coefficient considering the 

global numbering can be expressed as, 

 

11 12 13 14 15

21 22 23 24 25

31 32 33 34 35

41 42 43 44 45

51 52 53 54 55

C C C C C

C C C C C

C C C C C C

C C C C C

C C C C C

 
 
 
 =
 
 
  

                                                 (2.54) 

Equation Solving  

Minimum total energy ensures the satisfaction of the Laplace equation. Therefore, 

0, 1,2,...,
W

k
V




= =


                                                           (2.55) 

Now, from eq. (2.52) and eq. (2.54), 

1 11 2 12 3 13 4 14 5 150
W

V C V C V C V C V C
V


= = + + + +


                                   (2.56) 

Thus, the general expression is, 
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1

0
k

m mk

m

W
V C

V =


= =


                                                                    (2.57) 

Considering the 1st node as independent, 

5

1

211

1
m mk

m

V V C
C =

= −                                                                     (2.58) 

Therefore, the general form of expression is, 

1,

1 k

m mk

m m

V V C
C


 = 

= −                                                               (2.59) 

Scattering Boundary Condition (SBC)  

SBC ensures a transparent simulation window for the incoming and outgoing/scattered waves. The 

scattered waves can be expressed as,  

1. Plane scattered wave: 

( ) ( ). .

0

jk n r jk K r

scE E e E e
− −

= +                                                         (2.60) 

2. Cylindrical scattered wave: 

( )
( )

.
.

0

jk n r
jk K rscE e

E E e
r

−
−

= +                                                        (2.61) 

3. Spherical scattered wave: 

( )
( )

.
.

0

jk n r
jk K rsc

s

E e
E E e

r

−
−

= +                                                        (2.62) 

Scattering Parameters  

Scattering parameters (S-parameters) are complex quantities used to describe the different 

characteristics, for example, transmittance, reflectance, absorbance for an N-port EM device. 
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Defining voltage through the electric field is convenient in high-frequency operations. 

Furthermore, superposing the excited and reflected fields at the port generates the computed 

electric field, which can be expressed as, 

 
1 1

1

cm j j

j

E E S E
=

= +                                                                 (2.63) 

The other ports with no excitation can be expressed as, 

1

1

cm j j

j

E S E
=

=                                                                      (2.64) 

Therefore, the S-parameters can be defined, considering various orthogonal modes, as, 
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                                                           (2.65) 

and so on. Excitation of port two similarly generates S22 and S12. Thus, S-parameters for an N-port 

device are formulated as, 

11 12 1

21 22 2

1 2

N

N

N N NN

S S S

S S S
S

S S S

 
 
 =
 
 
 

                                                              (2.66) 

Transmittance can be defined as, 

2

ijT S=                                                                               (2.67) 
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S-parameters for a two-port device carries the following meanings: 

S11 = voltage reflection coefficient at the input port,  

S21 = voltage transmission coefficient from port one to port two,  

S12 = reverse voltage gain,  

S22 = voltage reflection coefficient at the output port. 

In decibels, S-parameters can be expressed as, 

( ) ( )1020 logij ijS dB S=                                                          (2.68) 

Port Analysis  

Ports are boundary conditions deployed to indicate the input and output sides. S-parameters are 

associated with the port analysis. Let E1, E2, E3 be the normalized fields. Thus, the power is equal 

in corresponding ports. Poynting vector defines this power flow and can be expressed as, 

( )*1
Re

2
avgS E H=                                                               (2.69) 

Moreover, the amount of power flowing out is defined by the normal component of the Poynting 

vector, 

( )*1
. . Re

2
avgn S n E H=                                                          (2.70) 

Mode Analysis  

Mode analysis calculates the lowest fundamental mode that propagates within the waveguide and 

can solve the propagation constant. A complex parameter is present in the phase term of the time-

harmonic representation of the E-field, 

( ) ( )( ), Re j t zE r t E r e  −=                                                     (2.71) 
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and 

z j  = + = −                                                             (2.72) 

where, 
z  is the damping along the propagating direction and β is the propagation constant.  
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Chapter 3 

Plasmonic Materials 

3.1 Refractive Index and Complex Permittivity 

Researchers investigate multiple aspects of plasmonic materials on a regular basis. Plasmonic 

materials are distinguished predominantly by their complex dielectric function, which consists of 

permittivity and permeability. Considering that metals have a negligible effect on the magnetic 

field, the permeability () is typically assumed to equal one. Consequently, the complex permittivity 

of a plasmonic material can be depicted mathematically as 

1 2( ) ( ) ( )i     = −                                                            (3.1) 

Where 
1( )   represents the real part of ( )  , which is related to polarization. A negative 

1( )    

indicates that the plasmonic character is stronger. 2 ( )   is the imaginary component of ( )  , 

which accounts for the propagation loss of SPPs. An increasing value of 2 ( )   indicates a system 

with higher losses, which represents the complex RI. We can write it as, 

1 i  = −                                                                      (3.2) 

where,   = refractive index, and   = extinction coefficient. Moreover, refractive index and 

permittivity are interrelated. Thus, 

2 2

1 1 2 1

2 2

1 2 1

1
( ) )

2

1
( ) )

2

   

   

=  + +

=  + −

                                                          (3.3) 
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3.2 Material Modeling 

In 1998, Rakic et al. conducted experiments on eleven candidate plasmonic materials and 

calculated the values required to match the parameters of two widely used models for material 

characterization in the high optical frequency range: 

the Drude model and 

the Lorentz-Drude model [67]. 

3.2.1 Drude Model 

Numerous investigations have shown that the complex permittivity equation is predominantly 

influenced by two factors: intraband effects, also known as free-electron effects, and interband 

effects, also known as bound-electron effects. The intraband effects can be defined using the Drude 

model in the following form: 

2

2

0

( ) 1
( )

p
free i


 

 
= −

− 
                                                            (3.4) 

where, p  and 
0  refer to plasma and collision frequency, respectively. 

3.2.2 Lorentz Model 

Similarly, the Lorentz model expresses inter-band effects the following way, 

2

2 2
1

( )
( )

m
i i

bound

i i ii

 
 

  =

=
− + 

                                                        (3.5) 

where, i , i , and i  are the resonant frequency, oscillator strength and damping frequency. 

3.2.3 Lorentz-Drude Model 

Summation of eq. (3.4) and eq. (3.5), therefore, constitutes eq. (3.6), the Lorentz Drude Model 

( ) ( ) ( )free bound     = +                                                            (3.6) 
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3.3 Characterization of Materials 

3.3.1 Silica (SiO2) 

Applying a layer of plasmonic metal to the surface of a photonic crystal fiber (PCF) is a typical 

method for constructing SPR-based sensors. The PCF can be composed of a variety of materials, 

including polymers and glassware. As the substrate material for the PCF, Fused Silica, also known 

as silicon dioxide, is the material of choice. Generally, an undoped form of silica is employed. 

Several advantageous characteristics distinguish silica from other glasses and polymers [68]. 

• Chemical Stability: Silica possesses exceptional chemical stability and lacks hygroscopic 

properties. 

• Optical Transparency: Silica possesses excellent optical transparency across a broad spectrum 

of wavelengths. 

• Mechanical Strength: Silica possesses exceptional mechanical strength, which makes it 

resistant to tugging and bending. 

• Minimal Losses: Silica has minimal scattering and absorption losses, approximately 0.2 dB/km, 

particularly in the near-infrared spectral region. 

• High-Temperature Compatibility: Silica can be drawn into fibers at high temperatures, 

allowing for its use in processes involving fiber fabrication. 

• Fusion Splicing: Silica exhibits outstanding performance in fusion splicing, enabling reliable 

and efficient fiber connections. 

• High Damage Threshold: Due to its high damage threshold, silica is resistant to laser-induced 

degradation. This characteristic is crucial during the amplification of brief pulses in fiber 

amplifiers. 

These characteristics contribute to the superior performance and dependability of PCFs based on 

silica in a variety of applications. RI property of fused silica is derived from Sellmeier equation 

[69]: 
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1 2 3

( ) 1silica

BB B
n

C C C

 


  
= + + +

− − −
                                     (3.7)  

Here, silican  denotes the refractive index of silica. The equation 3.7 is valid within the wavelength 

range of 0.22 m to 3.71 m [70]. Figure 3.1 depicts the relationship between the wavelength and 

the refractive index of silica.  

Table 3.1 Sellmeier Constants 

 

 

Figure 3.1: Silica RI in relation to light wavelength. 

3.3.2 Air 

Typically, the PCF's voids are filled with air. As wavelength varies, RI of air fluctuates minimally. 

However, these variations are negligible, as shown in Figure 3.2. 
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Figure 3.2: Air RI in relation to light wavelength. 

The relation of air’s RI and wavelength of light is depicted in Figure 3.2. Air's refractive index is 

always a real number with a value very near to 1. In all our research endeavors, we have therefore 

presumed that the refractive index of air is 1. 

3.3.3 Gold  

Gold is utilized as the outer layer material in SPR sensors for its advantages in comparison to other 

plasmonic materials. Gold is used extensively as plasmonic material due to the following 

advantages [71]: 

• Chemical Stability and Inertness: Gold's chemical stability and inertness are exceptional. 

• Resistance to Oxidation: It remains unoxidized in aqueous environments.  

• Sharp Resonant Peak: Even in aqueous environments, gold exhibits a distinct resonant 

peak and a notable peak shift. 

Using the Drude-Lorentz model, the dielectric constant of gold can be approximated using the 

following equation [72]: 

2 2

2 2( ) ( )

D L
Au

D L Lj j

 
 

    


 
= − −

+ − + 
                                            (3.8) 

In this equation, 
Au  represents the permittivity of gold,   represents the high-frequency 

permittivity with a value of 5.9673.   is the angular frequency, D  and 
D  are plasma and 
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damping frequencies respectively, where D  = 4227.2π THz, 
D  = 31.84π THz. Moreover,   = 

1.09 is the weighting factor while the oscillator strength is 
L  = 1300.14π THz, and spectral width 

is L  = 209.72π THz. 

 

Figure 3.3: Gold RI in relation to light wavelength. 

Equation 3.8 indicates that the dielectric constant of gold is a complex number corresponding to 

the squared value of its refractive index (RI). The RI of gold can be determined by taking the 

square root of the dielectric constant, which is also a complex value. Figure 3.3 depicts the real 

and complex components of the refractive index of gold as a function of wavelength. 

3.3.4 Aluminium doped Zinc Oxide (AZO)  

Being a suppliment plasmonic material to gold, aluminium-doped zinc oxide (AZO) with a 2% 

aluminum weight in ZnO is available. Despite its susceptibility to oxidation in humid 

environments, aluminum exhibits optimistic properties. As a plasmonic material, AZO is superior 

to gold in several ways. Notably, the presence of a thin gold layer causes islands to form. In 

addition, gold has a high plasma frequency that allows to operate in the UV or visible spectrum. 

In contrast, AZO, with its modest charge carrier density, possesses a near-IR plasma frequency. 

Due to the high penetration depth of the evanescent field in the near-infrared region, this property 

enables AZO-based SPR sensors to play a crucial role in biomedical sensing applications. 
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Additionally, the charge carrier density of AZO can be modified by adjusting the doping 

concentration, allowing for control over plasma frequency [73]. 

 

Figure 3.4: AZO RI in relation to light wavelength. 

The dielectric characteristics of AZO (2% wt) can be expressed as [73]: 

2 2

1 1

2 2

1 1

( )
( ) ( )

p

AZO b

D

f

j j

 
  

     
= − −

+ − −
                                  (3.9) 

where b  is the polarization response of core electrons (background permittivity) and has a value 

of 3.5402 and p  is the plasma frequency having a magnitude of 1.7473 eV. The other parameters, 

p , 1f , 1 , and 1 , have the corresponding values of 0.04486 eV, 0.5095, 4.2942 eV, and 0.1017 

eV. Figure 3.4 shows the real and complex parts of the effective RI of AZO as a function of light 

wavelength. 

3.3.5 Silver 

Silver is utilized as the outer layer material in SPR sensors for better optical properties. Silver is 

utilized extensively as a plasmonic material due to the following advantages: 

• Enhanced Sensitivity: Silver has excellent plasmonic characteristics in lower spectrum. 

This improves light coupling into PCF and sensor sensitivity. 
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• Low Losses: Silver has fewer optical losses than gold and other plasmonic materials. This 

feature boosts signal-to-noise ratios, improving detection limits and accuracy. 

• Broadband Response: Silver's plasmonic response spans many wavelengths, making it 

suited for broadband sensing applications. This broad reaction detects multiple analytes or 

environmental changes across a wide spectrum of light. 

• Versatility: PCF may be easily deposited with silver, simplifying production. Depending 

on sensor design and needs, it can be applied as a thin film or nanostructures.  

• Biocompatibility: Silver is biocompatible for biomedical sensing. Due to its 

biocompatibility and low cytotoxicity, biosensors and medical devices employ it. 

Silver plasmonic materials in PCF sensors offer sensitivity, low losses, wideband response, 

adaptability, and biocompatibility. These properties boost PCF sensor performance and usefulness 

in biological, environmental, and chemical sensing. 

 

Figure 3.5: Ag RI in relation to light wavelength. 

Using the Drude-Lorentz model, the dielectric constant of gold can be approximated using the 

following equation [74]: 

2 26

2 2
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( ) 1
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p n n
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n n n
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i i

 
 
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= − +
−  − + 

                                (3.10) 
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where, p  and 
n  stand for plasma and resonant frequency, respectively, while 

0 , 
n  and nf  

indicate damping constant, damping frequency, and oscillator strength, respectively. Figure 3.5 

shows the real and complex parts of the effective RI of AZO as a function of light wavelength.  
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Chapter 4 

Performance Metrics of an RI Sensor 

4.1 NanoRing Resonator  

A ring resonator is composed of a straight and loop waveguide. The loop can adopt various shapes  

(i.e., circle, oval, and racetrack). The nomenclature for most resonators is derived from the term 

"loop." Hence, a ring resonator is characterized by a coil in the shape of a ring [75]. Figure 4.1 

illustrates the configuration of a ring resonator. 

 

Figure 4.1: Ring Resonator. 

The input signal traverses the input port and accumulates in the ring waveguide. This phenomena 

is driven by the resonance condition, prior to being directed to the output port. In the opposite 

direction, it is also possible to input a signal through the output port and have it added at the input 

port, thereby functioning as an add/drop multiplexer [75]. The applications of sensing will be the 

primary focus. 

In sensing and detection applications, the optical ring resonator has come into extensive use. For 

high Q-factor, it can detect even small changes in RIs by frequency shifting. Whispering Gallery 
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Modes (WGM) form the foundation of the sensor's operating principle. Due to the resonance 

condition, as light travels through the input port, it accumulates inside the ring waveguide. The 

ring, typically composed of a material with a higher RI, such as silicon, couples with the light, 

whereas the surrounding medium, such as silica or a buffer, has a lower RI [76]. The analytes 

interact with the evanescent tails of the circulating light, changing the effective refractive index of 

the ring waveguide. This modification causes redshift of the resonator's resonance frequency, 

which enables the detection of particles or molecules via this frequency shift. Ring resonator-based 

sensing relies on this [77]. 

Not all the laser light that enters the bus waveguide couples to the ring waveguide via the coupler. 

Only specific wavelengths that satisfy the resonance condition, acting as divisors of the ring 

circumference, build up the ring waveguide. These frequencies are known as resonance 

frequencies. Resonance is defined as 

2res effm Rn =                                                          (4.1) 

where m is an integer, 𝜆𝑟𝑒𝑠 is the resonance wavelength, 𝑛𝑒𝑓𝑓 is the effective refractive index, and 

R is the ring radius [77]. 

Compared to conventional fiber-based sensors, the ring resonator's effective interaction length 

makes it a more desirable sensor. Even though the interaction length of a fiber-based sensor is 

basically its physical length, the resonating light within the ring resonator in resonance mode 

increases the effective interaction length. In addition, it increases proportionally to the Q-factor 

value (ranging from 104 to 108). The mathematical expression for the ring resonator's effective 

interaction length is [78]  

2
eff

Q
L

n




=                                                              (4.2) 

Consequently, the ring resonator's sensing performance is not dependent solely on its physical size. 

Its small footprint, ability to handle higher multiplexing levels with small analytes, and overall 

sensitivity make it an attractive sensor [78]. 
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4.2 PCF based SPR Sensor  

PCFs are optical fibers with an ordered air hole cladding surrounding a solid or hollow core [79]. 

4.2.1 Brief overview  

In recent years, extensive research has been conducted on PCF sensors for applications such as 

medical imaging, telecommunications, healthcare, spectroscopy, chemical and biosensing, 

environmental monitoring, and drug testing [80]. PCFs can be classified according to their core 

design, namely solid core fibers and hollow core fibers, as seen in figure 4.2(a,b). Adjusting the 

lattice arrangement, pitch (distance between air holes), and size of the air holes to meet specific 

design and functional needs can produce a variety of structures. Solid core PCFs have a cladding 

with a lower index and a core with a higher effective index. In contrast, hollow core fibers have a 

core with a lower index than the cladding material, and confinement of light to the core is 

accomplished via scattering and interference, resulting in the generation of an evanescent field 

within the cladding. 

 

Figure 4.2: Cross-section of (a) solid and (b) hollow core PCF. 

4.2.2 Guiding mechanisms  

Since the core's refractive index is higher than the cladding, light is confined within the core and 

transmitted by total internal reflection in a conventional optical fiber. Depending on their structure, 

photonic crystal fibers (PCFs) exhibit two distinct light-guiding mechanisms. To preserve light 

within the core, solid-core PCFs use a form of total internal reflection that is similar to that used 

in conventional fibers. This is accomplished by constructing a solid silica core that has a greater 
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refractive index than the cladding. A cladding filled with an array of air capillaries surrounds the 

core, lowering its refractive index. These fibers are also called as index guiding PCFs. Hollow core 

fibers, on the other hand, utilize the photonic band gap mechanism. The core of the fiber in this 

guiding mechanism contains air holes that lower its refractive index relative to the cladding. 

Consequently, light propagates due to the existence of a bandgap. It should be noted that only 

photons with a bandgap greater than that of the cladding region can propagate through the photonic 

crystal structure. These photons therefore remain evanescent in the cladding region, while the 

remaining photons travel through the core. 

4.3 Performance Metrics of Ring Resonator 

4.3.1 Sensitivity (S) 

 

Figure 4.3: Sensitivity calculation. 
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Sensitivity is the most important performance metric for a RI (refractive index) sensor. Sensitivity 

(S) is determined by the change in the resonant wavelength and the corresponding change in the 

refractive index, can be expressed as [81]:  

S
n

=


                                                                  (4.3) 

where ∆λ represents the change in the resonant wavelength and ∆n represents the change in the 

RI. Both redshifts and blueshifts are possible. Compared to the central blue curve, the pink curve 

in Figure 4.3 demonstrates a redshift, while the orange curve demonstrates a blueshift. 

Calculating the difference between the respective and values yields the sensitivity (S) value. 

4.3.2 Figure of Merit (FOM) 

 

Figure 4.4: Figure of Merit calculation. 

The figure of merit is a metric used to assess the efficiency of the RI sensor. A higher FOM/FOM* 

means that the sensor can easily detect resonant peaks. The formula for calculating FOM/FOM* 

is [82]: 
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SFOM
FWHM

=                                                      (4.13) 

* TFOM
T n

=


                                                    (4.14) 

Here, FWHM is the Full Width at Half Maximum. T represents the transmittance of the proposed 

sensor, whereas ∆T/∆n represents the change in transmittance (∆T) at a particular wavelength 

owing to a change in RI (∆n). The FWHM can be calculated from Figure 4.4 by averaging the 

maximum and minimum transmittance values, denoted as Thalf. Thalf intersects the transmittance 

curve at λ1 and λ2 wavelengths. The FWHM is the difference between these two wavelengths. 

4.3.3 Quality-factor (Q-factor) 

 

Figure 4.5:  Q-factor calculation. 

The quality factor (Q-factor) is a performance metric utilized in filtering applications that can be 

expressed as [83]: 

resonantQ
FWHM


=                                                             (4.15) 
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where λresonant stands for the resonant wavelength.  

 

 

Figure 4.6: (a) High Q-factor and (b) low Q-factor representation. 

Figure 4.6a illustrates a response with a sharp/high Q-factor, which makes it suitable for plasmonic 

filtering applications. Figure 4.6b, on the other hand, displays a low Q-factor response, indicating 

its ineffectiveness in filtering tasks. 

4.3.4 Detection Limit (DL) 

The detection limit is a crucial performance parameter for biosensors, representing the smallest 

change in refractive index that can be accurately detected in biosamples. The detection limit (DL) 

is calculated as follows [84]: 

minDL
S


=                                                                        (4.16) 
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Here, ∆λmin = 0.001 nm represents the minimum resolution of a cutting-edge spectrum analyzer. 

4.3.5 Dip Strength 

Dip strength refers to the difference between the transmittance peak and dip, which can be written 

as [85] 

( ) 100%peak dipD T T = −                                                  (4.17) 

4.4 Performance Metrics of PCF based SPR Sensor 

4.4.1 Conventional PCF sensors’ characteristics  

4.4.1.1 Confinement loss (CL)  

Confinement loss (CL) is a crucial performance metric for determining the efficiency of PCF 

sensors because it serves as the foundation for evaluating other metrics. It is the energy that is 

transmitted from the core mode to the SPP mode by means of modified total internal reflection 

(MTIR). Imperfections in PCF's structural design result in confinement losses, in which some of 

the light energy conveyed through the core of the PCF sensor escapes into the surrounding metallic 

layer. The CL quantifies the quantity of energy lost due to this leakage and can be calculated by 

[86]: 

 ( ) 42
( / ) 8.686 Im 10effdB cm n






 
=    

 
                            (4.18) 

where λ signifies the wavelength, and Im(neff) represents the imaginary component of the effective 

mode index. The phase-matching condition is satisfied when the real component of the effective 

refractive index for the core mode and SPP mode becomes identical at the wavelength of 

resonance. The resultant confinement loss spectrum can be applied to advancement of PCF-SPR 

sensors and polarization filters. 
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4.4.1.2 Effective Material Loss (EML)  

The effective material loss (EML) is an essential performance parameter in PCF that has a 

substantial effect on its sensing capabilities in the THz region. To quantify EML, the formula is: 

2( ) 0.63 0.13( / )dB cm   = + −  which establishes a linear relationship between frequency and 

material absorption loss [87]. This relationship demonstrates the significance of minimizing 

material absorption loss to enhance the waveguiding characteristics of the sensor. 

4.4.1.3 Relative Sensitivity  

PCF's relative sensitivity is crucial for determining its adaptability as a sensor. The following 

equation can be used to quantitatively evaluate it [88]:  

%r

eff

n
r P

n
=                                                             (4.19) 

where nr is the analyte's refractive index and neff is the effective refractive index. The power 

fraction, denoted by P, is the ratio of the power of the air hole to the total power and is expressed 

as [89]:  

( )

100
( )

e x y y x

sample

e x y y x

total

R E H E H dxdy

P
R E H E H dxdy

−

= 
−




                                      (4.20)  

Ex and Ey denote transverse electric fields, while Hx and Hy denote transverse magnetic fields for 

the fundamental guided mode. 

4.4.1.4 Effective cross-sectional area (𝑨𝒆𝒇𝒇)  

The effective area gives a reliable estimate of the core area where light is confined, and 

electromagnetic waves propagate. Using the following mathematical method [89], precise 

measurement of the effective area can be accomplished:  
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
                                                    (4.21) 

where the intensity distribution of the transverse electric field is 𝐼(𝑟) = |𝐸(𝑡)|2 

4.4.1.5 Effective refractive index (𝒏𝒆𝒇𝒇)  

The effective refractive index is the ratio between the speed of light in air and medium, taking into 

account the polarization direction of the light propagating in the guiding structure. Using the 

following formula [90], one can calculate the effective refractive index of any material:  

0

pm

effpm

zpm

c
n

v k


= =                                                      (4.22) 

where pm  is the propagation constant and 0

0

2 2v
k

c c

  


= = =  is the vacuum wave quantity. 

Here, 𝑣 represents the frequency and 0  the wavelength. 

4.4.1.6 Numerical Aperture  

The numerical aperture (NA) quantifies the ability of a fiber to interact with light. In the case of a 

PCF sensor, a larger numerical aperture is preferable because it increases light confinement within 

the core. The numerical aperture can be calculated using the following equation, where c represents 

the velocity of light, f is the frequency, and Aeff is the effective area [89]:  

2

2

1

1
eff

NA
A f

c


=

+

                                                    (4.23) 

4.4.1.7 Dispersion  

Dispersion is the spreading of light waves propagating through a fiber. There are two forms of 

dispersion: material and waveguide dispersion. Dispersion can be expressed as [91]:  
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2

2 2

2 eff effdn d n

c d c d



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= +                                                 (4.24) 

where 𝜔 represents the angular frequency and the other parameters were previously defined. 

4.4.2 SPR-PCF based sensors’ characteristics  

4.4.2.1 Amplitude Sensitivity  

Interrogation techniques based on wavelength and amplitude are typically evaluate the potential 

of a sensor. Unidentified samples can be detected by measuring the variation in loss dip caused by 

changes in the RI of the analyte. Amplitude interrogation is a technique for detecting various 

analytes.  

1( , )1
( )

( , )

a a
A

a a

n
s RIU

n n



 

−
= −


                                               (4.25) 

where ( , )an   represents the confinement loss for a particular sample RI and ( , )a an  represents 

the difference in analyte confinement loss between two adjacent refractive indices [92]. 

4.4.2.2 Wavelength Sensitivity  

The wavelength interrogation, also known as spectral-based assessment, is an additional method 

for assessing the sensor's efficacy. It relies on observing the fluctuation in the wavelength of 

resonance and typically offers greater sensitivity than the previously mentioned method. This 

technique's (WI method) phase-detection procedure is cost-effective, but assessing its sensitivity 

presents challenges [93]. Wavelength sensitivity can be measured by:  

( / )Peak

a

s nm RIU
n




=


                                                   (4.26) 

where Peak denotes the difference between successive resonant wavelengths and an represents 

the difference in RIs [94]. 
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4.4.2.3 Figure of Merit (FOM)  

In addition to AS and WS, the figure of merit (FOM) is also employed to assess the sensor's 

performance. It is merely the ratio of WS to FWHM [92]. FWHM represents the width of the 

confinement loss curve at half and dictates the sharpness of the peak loss. A sensor with a more 

sharper loss peak possesses greater sensing efficacy. The equation for FOM is  

1( )
S

FOM RIU
FWHM

 −=                                                 (4.27) 

4.4.2.4 Resolution  

Resolution is a crucial factor to determine the detection accuracy of a sensor. It is the smallest 

detectable variation in RI. The resolution can be based on amplitude (R(A)), wavelength (R(W)) 

respectively. The resolution formulas are as follows [92]: 

Amplitude resolution: 

( ) ( )a

A

n
R A RIU

s


=                                                      (4.28) 

Resolution of wavelength: 

min( ) ( )R RIU
s





=                                                    (4.29) 

where 
min represents the minimum wavelength resolution, all the terms used in these formulas 

have been previously discussed in antecedent sections. 

4.4.2.5 Novel Peak Amplitude Difference Sensitivity 

When multiple peaks are present, it is possible to establish a correlation between the amplitudes 

of different peaks at the same RI of the analyte. This correlation is utilized to define a specific 

interrogation known as Peak Amplitude Difference Sensitivity. Through the investigation of the 

variation in peak amplitudes among the multiple resonance wavelengths, a distinguishing 
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parameter for the detection of analytes is identified. The calculation of this sensitivity is 

determined by an equation, which is presented below: 

3 1 3 1 1

3 1

( ( , ) ( , )) ( ( , ) ( , ))1

( ( , ) ( , ))

p a p a p b p b

PA PA

p b p b b a

n n n n
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n n n n

       

   

−

−

− − −
=

− −
   (11) 

Where PA PAS −  represents the PADS and 1( , )p an  , and 3( , )p an   are the first and third loss peaks 

for refractive index an , 1( , )p bn   and 3( , )p bn   are the first and third loss peaks for refractive 

index bn . Here a correlation is found between even and odd peaks. Utilizing multiple peak analysis 

represents a significant advance in attaining precise, label-free detection across a broad spectrum 

of wavelengths. This implies that by employing the distinctive parameters of the odd peaks for 

detection, even though the findings are almost the same for various RIs, the distinctive parameters 

of the even peaks can validate and further verify the findings. This provides a more convenient 

method for accurately detecting any analyte than sensors that rely on a single peak. For analyzing 

multiple peaks, determining unknown refractive indices using Amplitude Sensitivity (AS) alone 

may result in a misinterpretation for multiple maximum AS values for the same refractive index 

in various wavelength regions. When applied to mass detection techniques, WS may necessitate 

substantial spectral modifications, resulting in an increase in cost. To overcome this problems, we 

proposed a novel parameter known as PADS, which takes into account for minumum two distinct 

peaks. Similar to AS, PADS compares these values to a reference value and calculates the 

unknown refractive index, but with greater precision and accuracy. 
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Chapter 5 

Modeling, Optimization and Numerical Analysis of the 

Proposed Nanoring Resonator 

This section discusses the design, optimization, fabrication, and application of a refraction index 

sensor. The sensor is designed to provide plasmonic applications with very high sensitivity. 

5.1 Sensor Design and Theoretical Analysis 

 

Figure 5.1: 2D model of the designed sensor. 

Figure 1 depicts our proposed octagonal plasmonic nanosensor, where various colors represent 

various materials. Ashes, white, and gold colors represent dielectric, air, and gold, respectively. A 

bus waveguide and an octagonal ring resonator with 32 nanorods involve the design. The resonator 

contains a material with a particular refractive index, while air fills the bus waveguide and gold 

occupies the remaining spaces. The bus waveguide (width) and a laterally coupled nanoring 

(thickness b), produces a Metal-Insulator-Metal (MIM) structure. SPP’s can go across the metal-

dielectric junction because of presence of gap (H) between the ring and the bus waveguide. The 

interior octagon has radius R. For increasing wavelength sensitivity, nanorods are strategically 
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positioned in regions with a strong electric field confinement. Before optimization, the important 

structural parameters are shown in Table 5.1. 

Table 5.1: Preliminary 2D modeling parameters. 

Parameters Symbol Values (nm) 

Width of the waveguide 𝑤ℎ 80  

Distance between outer and core radius of 

the octagonal resonator 

𝑏 50  

Core radius of the octagonal resonator 𝑅 350  

Outer radius of the octagonal resonator 𝑅 + 𝑏 400  

Radius of the nanorods 𝑟  ((2*sin(22.5/180*pi))*b)/3.5 

Gap between the waveguide and the 

octagonal resonator 

𝐻 12  

 

COMSOL Multiphysics is employed to simulate the structure. In frequency domain (ewfd) 

interface, 2-D FEM and the EM Waves are used to calculate the frequency domain transmission 

response. Subdomains of “extra fine” triangular meshes assured accuracy utilizing scattering 

boundary. A plane wave is used to activate the transverse magnetic (TM) mode of the MIM 

waveguide at its input port. The power transmittance was calculated by [95]. 

( )

( )

o

i

Output Power P
T

Input Power P
=  

Since the width of the MIM waveguide is significantly less than the wavelength of the incoming 

wave, the Surface Plasmon Polaritons (SPPs) waves are primarily carried by the waveguide's 

fundamental transverse magnetic (TM) mode. The dispersion equation for the TM mode can be 

expressed as follows [96] 
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Where 𝜀𝑑 represents the dielectric’s permittivity, 𝜀𝑚 represents the metal’s permittivity. 𝑛𝑒𝑓𝑓 

denotes effective refractive index, 𝑤ℎ represents the width of the bus waveguide, and represents 

the wavelength. The transmittance spectrum's resonant wavelength is affected by the effective 

refractive index of the nanosensor. The coupled-mode theory provides an explanation for this 

occurrence. Consequently, the resonant wavelength of the transmittance spectrum, denoted by 𝜆𝑚, 

can be expressed as [97] 

                                              
( )
( )
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/ 2

ef ef

m

n P

m


 
=

−
                                                       (3) 

where 𝑛𝑒𝑓 represents the effective refractive index,  𝑃𝑒𝑓 represents the effective route covered by 

the Surface Plasmon Polariton (SPP) in the resonator, m is a positive number, and φ represents the 

phase shift resulting from reflection on the air-metal interface. 

5.2 Initial Results and Discussion 

As shown in Equation (3), the resonance wavelength conditions (𝜆𝑚, Pef, and nef) and sensor 

performance of the proposed plasmonic nanosensor are substantially influenced by the structural 

parameters (R, r, b, and N). The nanoring's core radius is set to R = 350 nm, and the distance 

between the octagonal resonator's outer and core radii is b = 50 nm. To facilitate fabrication, 

simulations take into account the maximum number of gold nanorods as N = 32 and 2𝑟 =

2 × 
𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑜𝑢𝑡𝑒𝑟 𝑎𝑛𝑑 𝑖𝑛𝑛𝑒𝑟 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑜𝑐𝑡𝑎𝑔𝑜𝑛𝑎𝑙 𝑟𝑒𝑠𝑜𝑛𝑎𝑡𝑜𝑟

𝑘
 𝑛𝑚 , where k = 3.5. Figure 3(a-

e) depicts a comparison of nanorods of gold with N = 0, 4, 8, 16, and 32. Initial selection for this 

investigation was a MIM bus waveguide with an 80 nm width and a 12 nm gap between the bus 

waveguide and the octagonal nanoring. As depicted in Figure 3(f), the investigation of 

transmittance spectra investigates the proposed plasmonic nanosensor with and without gold 

nanorods embedded in the octagonal nanoring. 
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                        (a)                                                 (b)                                            (c) 

 

(d)                                              (e) 

 

 

 

                                                                            (f)  
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Figure 5.2: Illustration of the proposed sensor (a) without, (b) with 4, (c) with 8, (d) with 16, (e) 

with 32 nanorods and (f) The transmission spectra without (black color) and with gold nanorods 

(red, blue, purple, and olive colors). 

 

Figure 5.3: The estimated mode 3 resonance wavelength in the absence and presence of 4, 8, 16, 

and 32 gold nanorods with the variation of refractive index. 

Figure 5.3 illustrates the correlation that has been computed between the refractive index of the 

octagonal ring resonator that has been proposed and the wavelength of resonance. The findings 

illustrate a direct correlation between refractive index and resonance wavelength in all instances 

examined, including those without gold nanorods and those with 4, 8, 16, and 32 nanorods. 

To evaluate the sensor's performance and capabilities, S (sensitivity), FOM (figure of merit), Q 

factor, and dip amplitude (T) for modes 1-3 are shown in Figure 7. The sensitivity exhibits a linear 

increase as the number of nanorods increases, as shown in Figure 7. In the absence of gold 

nanorods, the refractive index sensitivity is 3628.4 nm/RIU. This sensitivity increases to 3648.4 

nm/RIU when four gold nanorods are present, 3809.2 nm/RIU when eight gold nanorods are 

present, 3,828 nm/RIU when sixteen gold nanorods are present, and 4142.4 nm/RIU when 32 gold 

nanorods are present. The addition of gold nanorods to the nanoring multiplies sensitivity by 1.13 

(or 13.4%). Higher sensitivity comes from higher resonant wavelength. So, mode 3 is the optimal 

choice for a higher sensitivity. In addition, mode 1 exhibits a higher FOM.  Increasing the number 
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of nanorods does not have a linear effect on the FOM, but by employing gold nanorods, the FOM 

can be adjusted to the desired position for mode 3. It also maintains a nearly constant Q factor, 

while modes 1 and 2 lack linearity. At last, the sensitivity is 4142.4 nm/RIU, dip strength is 

0.757822 for mode 3. Also, an FOM of 16.89 and Q factor of 18.14 for mode 1 is acceptable. 

 

(a)                                                                      (b) 

 

                                    (c)                                                                        (d) 

Figure 5.4: : (a) Sensitivity, (b) FOM, (c) Q factor, and (d) Dip Strength for 3 modes. 
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5.3 Optimization of Different Geometrical Parameters 

5.3.1 Optimization of the Nanorods 

To modify the resonant state of the nanoring, the radius of the gold nanorods (r) can be altered. In 

Figure 5.5, an increase in nanorod radius results in greater confinement and, consequently, a rise 

in the electric field's total energy. As a result, the resonance wavelength redshifts. Using an 

equation in which the radius is inversely proportional to the variable k and k is varied from 4 to 

2.5 with a decrement of 0.5, the nanorod radius is calculated. The parameters wh = 80 nm, H = 12 

nm, R = 350 nm, N = 32, and n = 1.0 are also considered. Notably, the transmittance apex displays 

a pronounced redshift. When the nanorod radius is between 9 and 15 nm, significant effects on 

transmittance dips are observed, and as the radius increases, the resonance wavelength undergoes 

a significant dispersion 

 

Figure 5.5: The transmittance spectrum of the proposed sensor with the variation of k from 4 to 

2.5 with a decrement of 0.5. 

 

5.3.2. Optimization of the Inner Radius 

Core radius of the octagon is varied during the optimization process, while the remaining 

parameters remain unchanged. Figure 5.6 depicts the variation in transmission spectrum of an 



58 
 

octagonal ring resonance as the core radius is modified while the outer radius remains unchanged 

as the core radius is altered. The resonant wavelength increases as the inner radius of the octagon 

increases. Our observations indicate that a core radius of 370 nm produces the most desirable 

results, which are characterized by a narrower decline and a longer resonant wavelength. 

Consequently, this results in highest sensitivity. 

 

Figure 5.6: The transmittance spectrum of the proposed sensor with the variation of inner radius 

(R). 

5.3.3. Optimization of the Coupling Length 

Figure 5.7 illustrates transmittance of the proposed nanosensor in relation to coupling length. 

Adjusting the coupling length from 0 to 20 nm in increments of 5 nm. As the length increases, the 

dip goes up and the resonant wavelength blue shifts. Moreover, it influences neff of the localized 

SPP modes within the coupling region. Finally, 5 nm yields the most preferable results, 

characterized by a smaller dip and a longer resonant wavelength. Consequently, this results in a 

notable increase in sensitivity. 
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Figure 5.7: The transmittance spectrum of the proposed sensor with the variation of the coupling 

length (H). 

5.4 Performance Evaluation 

Table 3. Summary after optimization 

Parameter Value before 

Optimization 

Sensitivity 

(nm/RIU) 

before 

Optimizati

on 

Dip 

Strength 

(ΔT) 

before 

Optimizati

on 

Value after 

Optimization 

Sensitivity 

(nm/RIU) 

after 

Optimizatio

n 

Dip 

Strength

(ΔT) 

after 

Optimiz

ation 

R 350 nm  

4142.4 

 

0.6759 

370 nm  

13157 

 

0.8311 k 3.5 2.5 

H 12 nm 5 nm 

n 1.0 1.32 
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(a)                                                                           (b) 

 

                                  (c)                                                                             (d)        

Figure 5.8: (a) The transmittance vs. the wavelength after the optimization process for n = 1.32 to 

1.38 with an increment of 0.01. (b) Sensitivity (c) Dip Strength (ΔT), and (d) Resonant Wavelength 

for 3 modes. 

Table 3 provides a comprehensive overview of the geometric properties that result in the highest 

sensitivity. Figure 5.8(a) depicts the transmittance spectra of the sensor after the optimization 

procedure. The resonance wavelength increases as the refractive index rises. Consequently, both 

Pef and nef rise, resulting in an increase in sensitivity. The dip strength endures a substantial 

increase during the optimization process, reaching 0.831147 for mode 1. When the ambient 

refractive index descends between 1.32 and 1.38, a significant redshift in the resonant peak and 
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the highest sensitivity of 13157 nm/RIU in mode 3 are observed. Considering a spectrum 

resolution of Δλ= 0.01, the sensing resolution in this instance is 7.6×10-8 RIU. 

5.5 Fabrication 

 

Figure 5.9: Nanoimprint fabrication process for the proposed sensor. 

Various techniques, such as focused ion beam milling (FIB), electron beam lithography (EBL), 

and nanoimprint lithography (NIL), can be used to fabricate the proposed structure. These 

maskless fabrication technologies offer a high level of resolution. Due to its low cost and high 

throughput, nanoimprint lithography (NIL) is notably advantageous for both commercial and 

academic applications [98]. Using a mold, the proposed sensor design is transferred onto a resin-

coated Si substrate. After removing the undesired resin layer with additional O2 plasma etching, 

an Ag layer is deposited onto the substrate via electron beam evaporation. In the final stage of the 

lift-off process, the imprint of the resin is eliminated by cavities [99]. The nanosensor 

manufacturing procedure is depicted in Figure 5.9. Nanofilling permits the incorporation of 

sensing materials into the device via capillary attraction. By modifying the concentration of the 

glucose solution, the refractive index can be modulated, allowing for effective sensing [100]. 

5.6 Application 

Different biological components can be identified based on their refractive indices. Various types 

of water have different refractive indices. For example, normal water has a refractive index of 
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1.33, while other types exhibit minor variations [101]. All of the previously specified water types 

have refractive indices between 1.32 and 1.38. 

In Figure 5.10, the proposed sensor, which has an octagonal shape and 32 nanorods, is illustrated 

by transmittance vs wavelength variations induced by the refractive index of each liquid type. This 

wavelength range encompasses the entire refractive index range of water and extends to certain 

other liquids, where the sensor obtains a remarkable sensitivity of 13157 nm/RIU. 

 

Figure 5.10: Transmittance spectra of the proposed sensor for detecting various fluids. 
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Chapter 6 

Modeling, Optimization and Numerical Analysis of the Proposed 

PCF-SPR Sensor 

6.1 Sensor Structure and Theoretical Analysis 

 

(a) (b) 

 

(c) 

Figure 6.1: (a) 2D structure of suggested sensor, (b) Stacked preform, and (c) Experimental setup 

for the proposed sensor. 

This study is notable for its use of arrays composed of two distinct plasmonic materials arranged 

orthogonally for the detection of an analyte. This unique structural configuration permits the 

differentiation of analytes with multiple peaks, giving the facility to select any specific peaks based 

on preferred wavelength ranges. Using arrays of distinct plasmonic materials, PCF-SPR optical 
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sensors can generate multiple peaks. Previous research has investigated the presence of multiple 

peaks associated with higher-order SPP modes, not for arrays of various plasmonic materials [102]. 

6.2 Optimization of Different Parameters 

Using FEM implemented in COMSOL Multiphysics 6, the proposed structure is evaluated. The 

study specifically analyzes four consecutive peaks, with the gold and AZO plasmonic layers 

having respective thicknesses of 30 nm and 20 nm. 

6.2.1 Thickness of Gold Plasmonic Layer  

Figure 2(a) depicts the CL of the fiber at a RI of 1.422 as the thickness of the gold layer is 

increased from 30 nm to 40 nm with 10 nm increments. It is observed that the resonance 

wavelength for the last three peaks increases predominantly with increasing gold layer thickness. 

Notably, altering the gold layer thickness between 30 nm and 40 nm results in a significant 

redshift and a reduction in propagation loss. Figure 2(c) explicitly depicts the loss spectra for a 

35 nm thick gold layer. Remarkably, with a 35 nm gold layer, the highest sensitivity is obtained, 

reaching 4,000 nm/RIU for the third peak and 20,000 nm/RIU for the fourth peak. The optimal 

thickness of the gold plasmonic layer is therefore determined to be 35 nm. 

6.2.2 Thickness of AZO Plasmonic Layer 

Figure 6.2(b) depicts the CL of the fiber varying AZO layer thickness from 20 nm to 30 nm in 5 

nm increments, assuming a refractive index (RI) value of 1.422. As shown in Figure 6.2(b), the 

confinement loss exhibits a nonlinear behavior in this frequency range, and the resonance 

wavelengths for the 1st and 4th peaks vary. The loss spectra in Figure 6.2(d) corresponds to a 25 

nm AZO plasmonic layer. At this optimal thickness, the measured loss peaks are 4.3487 dB/cm, 

21.86 dB/cm, 60.286 dB/cm, and 260.87 dB/cm, respectively. Notably, exceeding the optimal 

thickness of the plasmonic layer limits light transmission, resulting in a loss of sensitivity. 

Therefore, the optimal thickness for the AZO plasmonic layer has been determined to be 25 nm. 
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    (a)                                                                         (b) 

 

(c)                                                                       (d) 

Figure 2: CL spectra of the proposed sensor by changing (a) tg, (b) tAZO, for optimum thickness 

of (c) 35 nm gold layer, (d) 25 nm AZO layer with variation of Refractive index. 

6.2.3 The radius of Air Holes 

For a small air hole radius, an analysis of the structure with analytes having a RI of 1.422 was 

conducted. The range of the tiny radius is increased from 0.8 to 1.0 µm by 0.1 µm, as seen in figure 

6.3(a). Figure 6.3(a) indicates that CL increases with the decrement of the radius from 1.0 µm to 

0.8 µm. This effect arises because light can be redirected effectively to the cladding than to the air 

spaces [103]. Considering its superior coupling and WS, a tiny air hole with a radius of 0.9 µm 

was chosen for the optimal choice. Furthermore, the large air hole radii was increased by 0.05 µm, 



66 
 

beginning at 1.2 µm and reaching 1.3 µm. As depicted in Figure 3(b), the maximum CL for the 

large air holes with a radii of 1.25 µm is 260.87 dB/cm. Changing the radii of the large air holes 

can also reduce the peak loss. So, there are fewer surface plasmons that substantially influence the 

SPR sensor, decreases in sensitivity [104]. The maximum wavelength sensitivity (WS) value of 

85,300 nm/RIU is attained for a r2 value of 1.25 µm. So, 1.25 µm is chosen for optimum radius. 

 

                                          (a)                                                                     (b) 

Figure 3: CL spectrum for the proposed sensor by varying (a) r1, and (b) r2 

6.3 Features of the proffered sensor 

6.3.1 Multiple Resonance 

Surface plasmon resonance occurs when the frequencies of the evanescent field and electron 

vibration in a plasmonic material align. At certain wavelengths and for certain refractive indices, 

distinguishing between core mode and SPP mode becomes challenging. This means that the fiber 

has its highest absorption at that specific wavelength, leading to resonance and a notable peak in 

confinement loss. For the arrays of two distinct plasmonic materials, the proposed sensor separates 

the evanescent field into distinct segments, allowing each material to generate multiple SPP modes 

simultaneously. Figure 6.4 depicts the photo energy distribution of core and SPP modes for the 

four consecutive peaks, with SPP modes depicted in Figure 6.4(a-d) and core-guided mode in 

Figure 6.4(e-h). Multiple phase-matching conditions and peaks are observed. AZO, and gold 

plasmonic layers contribute to these multiple peaks, which resulted in the identification of four 
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phase-matching conditions and subsequent analysis of four loss peaks. Fig. 6.4(i) depicts the 

dispersion relation for the four peaks. 

 

              (a) 

 

               (b) 

 

               (c) 

 

               (d) 

 

              (e) 

 

                (f) 

 

               (g) 

 

               (h) 

 

 

(i) 

Figure 4: Optical distribution of (a - d) SPP mode and (e - h) core mode for four peaks, and (i) 

dispersion relation of the proposed sensor for RI = 1.422. 
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6.3.2 Analyte RI Detection 

The proposed sensor can detect analytes with resonance wavelengths ranging from 400 to 2000 

nm and refractive index from 1.36 and 1.423. 

Figure 6.5 depicts the CL profile observed in the suggested sensor for various analytes with 

refractive indices from 1.36 to 1.423. As the index of refraction increases, the resonant peaks 

attenuate. Due to higher sensitivity within the refractive indices ranging from 1.36 to 1.423, 

detecting the refractive index of analytes is suitable for applications such as identifying organic 

chemical substances, and accurately diagnosing diseases. Consequently, the suggested sensor has 

applications in the biomedical areas. 

 

Figure 5: Confinement loss within RI span 1.36 - 1.423. 

6.3.3 Maximum Spectral Sensitivity 

Figure 6(a-d) illustrates the WS for the four analyzed peaks at various wavelengths. The first peak 

has the highest WS at 2,000 nm/RIU, while the second and third peaks have sensitivities of 7,000 

nm/RIU and 4,000 nm/RIU, respectively. At a RI of 1.422, the greatest wavelength sensitivity for 

the fourth peak is 85,300 nm/RIU. Figure 6.6 depicts the WS for the proposed sensor for multiple 

peaks. 
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(a)                                                                       (b) 

 

                                           (c)                                                                     (d) 

Figure 6: WS of four peaks with different RIs. 

6.3.4 Maximum Amplitude Sensitivity 

Figure 6.7 illustrates the AS analysis for refractive indices ranging from 1.36 to 1.423. Within this 

range, the a maximum AS achieved is 800.037 RIU− 1 at 0.746 µm for the 2nd peak, and 793 RIU− 

1 at 1.826 µm for the 4th peak. These results highlight the efficiency and stability of our sensor. 
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                                    (a)                                                                          (b) 

 

                                     (c)                                                                              (d) 

Figure 7: AS of four peak with different RIs. 

6.3.5 Effective Calibration of the Sensor 

To calibrate a sensor effectively, it is essential to have a linear sensor. Fig. 8 shows how regression 

analysis methods are used to measure the performance of the sensor. In Fig. 8 (a-d), the resonant 

wavelengths of multiple peaks are fitted with polynomial curves, with corresponding R-squared 

values. The proposed sensor has four peaks, allowing for four distinct curve fittings. 1st peak 

achieves the quadratic fitting equation y = 25.16196 13.68314 9.48799x x− +  that yields a 

coefficient value of 2  0.997015R = , indicating a closeness to 1. 2nd  peak is described by the cubic 

equation 
3 2761.03 3139.20 4318.39 1980.49x x x− + − , with 

2  0.99978R = . Similarly, 3rd  peak is 

expressed by the cubic fitting equation y = 

3 2313.42358 1295.68036 1785.89462 819.84699x x x− + − with a coefficient of 2  0.99798R = . 
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The fifth order equation 

5 4 3 21.30405 9.05057 25.12436 34.87071 24.19766 6.71619y x x x x x= − + − + − yields a coefficient 

value of 2 0.98091R = for the fourth peak. 

 

(a)                                                                            (b)                                                                    

 

(c)                                                                        (d) 

Figure 8: Regression lines of the four peaks of resonant wavelengths at different RIs. 

6.3.6 Sensor Length 

The sensor length is illustrated in Figure 6.9. The suggested structure achieves the maximum 

sensor length of 0.233258 cm. 
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Figure 9: Sensor lengths of multiple peaks. 

6.3.7 Figure of Merit (FOM) 

A higher FOM value is required for a sensor to function properly. During model optimization, the 

proposed design attains an exceptionally high FOM of 370.8 RIU-1. This significantly greater FOM 

achieved by utilizing multiple peaks has not been investigated in prior research. Consequently, the 

efficiency of the proposed sensor surpasses that of previous sensors [46, 57]. 

6.3.8 Resolution  

The optimal amplitude resolution of 51.26 10−  RIU is achieved when the RI is maintained at 

1.422. In addition, the highest wavelength resolution obtained is 61.17 10−  RIU. Hence, the 

sensor demonstrates the ability to precisely detect on the order of 610− . 

6.3.9 Novel Peak Amplitude Difference Sensitivity (PADS) 

As indicated previously, the proposed sensor design demonstrates multiple distinct CL peaks at 

different resonant wavelengths for a certain RI. The relationship between the difference in peak 

amplitude of even and odd peaks is depicted in Figure 6.10 (a, b). Due to the existence of multiple 

peaks, the amplitude disparity between each pair of peaks rises from 1.36 to 1.422. Indicated by a 

high coefficient of correlation 
2 0.95051R = , the correlation between the difference between the 

odd and even peaks for the same analyte refractive index is highly significant, while the equation 

for the second pair of peaks remains unchanged. This indicates that the relationship is highly linear.  
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(a)                                                                        (b) 

 

Figure 10: Difference of peak amplitude of (a) odd peaks, and (b) even peaks. 

Maximum PADS of 396.175 RIU-1 was demonstrated by the proposed sensor. Figure 6.11 

illustrates the PADS for the odd peak and even peaks, with RI values ranging from 1.36 to 1.422.  

 

                                    (a)                                                                            (b) 

Figure 11: Novel PADS within RI span 1.36-1.42 for (a) odd, and (b) even peaks.  

Figure 6.11 displays the presence of two peak amplitude difference sensitivities that correspond to 

the four distinct peaks with a high correlation coefficient of 
2 0.9332R = . Consequently, either 

one of these can detect the RI of the substate. When confirmation of detection is required, the 

second parameter can be utilized. 
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6.4 Fabrication Process 

Figure 6.12 depicts the manufacturing procedure for the proposed sensor. Using the stack-and-

draw technique, the sensor's core and cladding can be constructed [105]. Initially, capillaries with 

thick and thin walls that are approximately hundred times greater than the desired size are created. 

This arrangement of capillaries and solid rods corresponds to the pattern of air holes in the 

suggested sensor. Subsequently, the cane, an intermediate preform, is shaped in accordance with 

particular specifications. Two-step photolithography is used to fabricate AZO and gold layers 

[106]. Chemical Vapor Deposition (CVD) is utilized to cover the entire fiber surface uniformly 

with one of the plasmonic layers [107]. Then, a mask is utilized to encompass selectively the 

designated area for both plasmonic layers. Two pumps are used to create the sensor layer, with 

one pump allowing analytes to infiltrate the layer and the other pump removing them [108]. Using 

these techniques, the proposed sensor can be fabricated using conventional manufacturing 

processes. 

 

Figure 12: Fabrication process for the suggested sensor. 
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Chapter 7 

Modeling, Optimization and Numerical Analysis of the 

Proposed PCF based SPR Sensor 

7.1 Sensor Design and Theoretical Analysis 

 

Figure 7.1: 2D view of the proposed PCF-SPR sensor. 

Figure 7.1 depicts the geometric structure of the proposed sensor, which was designed using the 

software COMSOL Multiphysics 6a. The illustration demonstrates that the analyte layer and the 

Perfectly Matched Layer (PML) are located outside of the cladding region to enable external 

sensing. Two opposing plasmonic layers comprised of silver and AZO (Aluminum Zinc Oxide) 

are arranged beneath the analyte layer. Silver is chosen for its ability to increase sensitivity, 

whereas AZO is chosen for its operational frequency range, which enables deeper penetration of 

evanescent waves [109]. The cladding region is composed of two concentric rings of circular air 

holes, with ten octagonal-shaped rings and two central holes within each octagonal ring. The larger 

air holes, represented by r2, are strategically placed to tightly confine light within the core, thereby 

minimizing confinement loss. As the background material, fused silica is employed. 
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7.2 Features of the proffered sensor 

 7.2.1 Double Resonance 

    

                    (a)                                           (b)                                         (c)                                           (d) 

 

(e) 

Figure 7.2: Light Energy distribution of the (a, b) SPP mode and (c, d) core mode for two 

successive peaks, respectively, and  (e) the dispersion relation of the core mode and two SPP 

modes at analyte RI of 1.4. 

When the effective refractive index in both the core guide mode and SPP mode matches with each 

other, resulting in optimal light confinement, the fiber exhibits resonance at specific wavelengths. 

This resonance is distinguished by a notable peak in the inclusion loss. Using silver and AZO as 

plasmonic materials, the SPR-PCF sensor can split the evanescent field into two distinct SPP 

modes, one for each material. Consequently, both the x-polarized and y-polarized modes exhibit 
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distinct resonant wavelengths and phase matching conditions. The distribution of the 

electromagnetic field is depicted in Figure 7.2 (a-d), where Figures 7.2 (a, b) depict the core mode 

and Figures 7.2 (c, d) depict the SPP mode. In e case of x polarization, the first loss peak is due to 

AZO, while the second loss peak is due to silver, as shown in Figure 7.2(e). 

7.2.2 Analyte RI Detection 

Our sensors can detect analytes with a refractive index between 1.34 and 1.42 in the xpol 

wavelength range of 400 to 1200 nm. We examined the confinement loss associated with these 

refractive index values through an investigation. Figure 8.5 demonstrates that as the refractive 

index increases, the loss trajectories shift to the red, resulting in peak shifts in all cases. As the 

refractive index of the analyte gradually increases, it tends to approach the value of the submerged 

cladding region in fused silica. This gradual decrease in the disparity between the core and cladding 

quantities improves their coupling. Therefore, as the propagation factors decrease, the effective 

mode index tends to decrease with the refractive index, causing the core and SPP modes to 

converge at longer wavelengths. 

 

Figure 7.3: Confinement loss within RI span 1.34-1.42 for x-pol  

7.2.3 Maximum Spectral Sensitivity 

Spectral sensitivity is a measure of the effectiveness of perception in relation to the wavelength 

or frequency of light. In Figure 7.3, it is observed that the highest sensitivity achieved for the 

first peak is 24000 nm/RIU, while for the second peak, the highest sensitivity recorded is 34000 

nm/RIU at RI = 1.42. 
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7.2.4 Maximum Amplitude Sensitivity 

To practically implement the sensor, the first step is to couple a light source with the fiber that is 

surrounded by the target analyte [45]. Afterwards, the fiber-optic is connected, allowing light to 

propagate to the proposed PCF. When the incoming wave and the surface plasmon wave have 

the same frequency, surface plasmon resonance (SPR) occurs within the PCF, leading to 

significant light absorption and the appearance of an SPR dip at the output. This resonance dip 

can be measured using an optical spectrum analyzer, and its position can shift based on minute 

fluctuations in the refractive index (RI) of the analyte. To ensure a high degree of sensitivity, the 

observations were limited to a RI of 1.42, as the peak of the clipping loss diminishes, thereby 

decreasing the amplitude sensitivity. By employing the amplitude interrogation technique, we 

were able to achieve a remarkable amplitude sensitivity of 1248 RIU-1 for y-polarization, 

demonstrating the effectiveness and dependability of our design. 

7.2.5 Resolution up to 10-6 Order 

The resolution of sensors is a vital component of their ability to detect and accurately indicate small 

changes in the refractive index (RI). The amplitude interrogation method achieves a maximum 

resolution of 62.94 10− RIU for x polarization when the RI is maintained at 1.40. 
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7.3 Optimization of Silver Plasmonic Layer 

 

Figure 7.4: CL for optimum thickness of 60 nm silver layer. 

The thickness of silver layer is critical to the sensor's performance. Changes in each of these 

parameters can cause the RW and loss peaks to vary. Here the changes in x-pol modes are 

explained because of their higher losses than that of y-pol. Figure 7.4 shows that increasing the 

thickness of silver to 60 nm pushes the peak of the losses to the right side and enhances the RW 

values. For RI of 1.41, the maximum sensitivity achieved is 1,12,500 nm/RIU which is higher 

than any other research so far our knowledge. So, the optimal thickness of the silver layer is fixed 

to 60 nm.  
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Chapter 8 

Conclusion and Future Work 

8.1 Conclusion 

The proposed waveguide-based sensor consists of dual octagonal rings and a straight waveguide. 

Extensive simulations display that the transmission spectrum shows notable shifts in resonant 

wavelengths due to alterations in nanorods, and a maximum sensitivity of 13,157 nm/RIU is 

obtained. Moreover, dip strength and sensing resolution of the sensor are 0.8311 and 7.6 × 10−8 

RIU, respectively. The tolerance capability of the structure is also studied by introducing nano slits 

on the rings and demonstrates satisfactory performance. Furthermore, the sensor proves to be 

highly sensitive for the label-free detection of different types of water, air, and optic oil. 

In case of PCF-SPR sensors, using surface plasmon resonance, we were able to determine the 

identity of the unknown analyte. The PCF-based SPR sensors have a small structure, and the 

evanescent field can be controlled by adjusting certain PCF parameters. By modifying the air 

cavity geometries, it is possible to control the propagation of light through the cladding region of 

photonic crystal fibers (PCFs). Various plasmonic materials are utilized to increase the sensors' 

sensitivity. Maximum amplitude sensitivity and maximum wavelength sensitivity are the most 

important factors in determining the effectiveness of a sensor. In this thesis, we have provided an 

in-depth analysis of all the designs we have created each of which contributes uniquely to the field 

of biosensing. Four distinctive SPR biosensor designs have been described in detail, each of which 

demonstrates outstanding sensing performance. All sensors have a precisely matched layer (PML) 

surrounding the fiber, which guarantees the absorption of the dispersed evanescent field. We 

performed numerical investigations using the full vectorial finite element method (FEM) method 

of the COMSOL Multiphysics simulation software. All parameters of the fiber have been 

optimized for optimal sensing performance. These sensors can be utilized at any temperature and 

force. Due to the simple and strategic nature of the designs, it will be simpler to fabricate them 

using the currently available techniques. As previously discussed, after optimizing all 

performance-determining parameters of the fibers, we discovered outstanding values for amplitude 
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and wavelength sensitivities (AS and WS), confinement loss, birefringence, FOM, etc. Lastly, we 

can say that our devised sensors hold great promise for sensing applications and medical 

diagnostics due to their design feasibility and high sensitivity performance. 

8.2 Future Work 

In our designs, we have mostly used circular air holes of different diameters along with different 

placements of air holes. Adding to that we also used fused silica as background material mostly 

in designing our fibers. We believe that there are many opportunities to make further 

advancements for different applications of photonic crystal fiber along with improvements in the 

performance of fibers such as 

1. Air holes of our designed second PCF based sensor can be optimized to achieve higher 

performance parameters.  

2. The thickness of different plasmonic layers will be further optimized.  

3. Different performance parameters will be optimized for better performance and detection.  

4. Suitable fabrication process for more economic operations and label free detection.  
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