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CHAPTER – 1  

INTRODUCTION 

 

1.1 Background: 

Surface plasmon resonance (SPR) is a phenomenon which occurs at the interface of a metal layer 

and a dielectric medium [1]. Surface plasmon waves (SPWs), which are collective oscillations of 

free electrons associated with the incident light, are generated when polarized light interacts with 

this metal-dielectric junction [2]. This coupling results in a significant change in the reflected 

power, known as surface plasmon resonance. It is a dynamic sensing technology with numerous 

potential applications. SPR allows for the label-free detection of biomolecular interactions in 

biomedical research and diagnostics, including protein-protein interactions [3], antibody-antigen 

binding [4], and DNA hybridization [5], as well as the real-time tracking of binding kinetics and 

sensitivities [6]. SPR provides quick and sensitive detection of pollutants and analytes and is 

utilized in environmental monitoring [7], food safety analysis, and quality control [8]–[16]. SPR 

has also been used in surface characterization [17], biosensing technologies [18]–[29], and 

material research [30]–[32], advancing numerous disciplines. SPR technologies keep advancing 

innovation and making contributions to numerous fields thanks to its capacity to provide real-time, 

label-free, and sensitive detection. 

Incorporating photonic crystal fibers (PCF) is one promising approach to SPR sensing technology. 

PCF is an advanced form of optical fiber with a particular microstructure which includes a regular 

pattern of air holes running along its length [33], [34]. Also, single-mode operation and effective 

confinement of the light within the fiber core is ensured by the microstructure of PCF, which gives 

precise control over light propagation. This distinctive design has many benefits for SPR sensing 

applications. Such as, this makes it feasible for the guided light to interact with the environment 

more effectively, thereby improving sensing capabilities [35]. Additionally, PCF offers flexibility 

in building sensors with customizable sensitivity and response by allowing the manipulation of 

parameters like pitch, ring number, and air hole size [36]. 
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The origins of surface plasmon resonance (SPR) sensors can be traced back to the early 1970s 

when Otto and Kretschmann made significant discoveries in the field [37]. These early findings 

laid the groundwork for the development of SPR-based sensing technologies. In the late 1980s, 

the Biacore system, the first commercial SPR sensor, was introduced, revolutionizing biosensing 

with its ability to detect biomolecular rapid interaction without requiring any form of lables [38]. 

The Biacore system utilized a prism-based configuration, but it faced challenges due to its bulky 

size and limited miniaturization capabilities. To address these limitations, researchers turned to 

fiber-based sensors as an alternative. Fiber-based sensors offer unique advantages such as 

nonlinearity [39], single-mode behavior [40], label-free detection [41], and portability. Among 

these fiber-based sensors, photonic crystal fiber (PCF)-based SPR sensors have gained significant 

attention. PCF-based sensors exhibit higher sensitivity and lower resonance peaks compared to 

other fiber-based sensors, resulting in improved accuracy for detecting unknown analytes. 

 

1.2 Problem Statement: 

The development of surface plasmon resonance (SPR) sensors have generated considerable 

attention due to their adaptability for a wide range of sensing applications. However, multiple 

challenges and limits in existing SPR-based optical sensors have been found, demanding more 

exploration and development. 

The complexity associated with the fabrication of these sensors is one of the key challenges [42]. 

The sensor structure is complex and difficult to fabricate due to the selective coating of metal 

layers and the entry of liquid into the air-hole surface. The fabrication process's need for exact 

control and alignment could make the production time-consuming and expensive. 

Another disadvantage of SPR sensors is their low evanescent field and severe confinement loss. 

The evanescent field is critical for identifying analyte interactions, and a weak field can result in 

decreased sensitivity and accuracy. The significant confinement loss has an effect on light 

propagation, potentially resulting in reduced signal strength and decreased sensor effectiveness. 

Furthermore, the cost of the internal sensing approach is a challenge. Internal metal-coated PCF 

sensors require fiber emptying and refilling, making the process time-consuming and labor-
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intensive. The delicate nature of the internally coated layer complicates the production process and 

demands additional processes and maintenance to ensure proper operation [43]. 

The selection of plasmonic materials becomes crucial in the case of externally metal-coated PCF 

sensors. Plasmonic materials such as gold, silver, and aluminum are widely used [44]. However, 

their oxidation susceptibility in aquatic settings might result in a loss in sensing accuracy. To 

address oxidation-related concerns, more durable and resilient plasmonic materials or surface 

coatings must be developed [45]. 

The location and size of air holes in the sensor design might have a substantial impact on 

manufacturing complexity and cost as well. In SPR sensor research, achieving the desired sensor 

performance while controlling the complexity and expense of fabrication remains a challenge.  

It is essential to address these obstacles and constraints in order to advance SPR sensor technology. 

Simplifying the fabrication process, improving sensitivity through improved evanescent field 

characteristics, and reducing overall cost are primary goals for researchers to focus on in order to 

unlock the full potential of SPR sensors in various sensing applications. 

 

1.3 Research Objectives: 

Due to conventional PCF studies growing outdated and saturated, our research focuses on 

investigating the new technique of SPR-based PCF sensors. The primary goal is to examine 

alternative SPR sensor designs and how geometric features influence their characteristics. This 

study modelled our own sensor with ideal performance parameters and investigated potential 

applications. Here are the key objectives of our research: 

1. To determine how the range of wavelengths is affected by the refractive index by 

measuring amplitude sensitivity (AS) and wavelength sensitivity (WS). 

2. Design a structure that follows the external sensing approach.  

3. Conducting an in-depth investigation of previous works on SPR-PCF sensors and their 

limits and work on the improvements. 

4. Exploring various combinations of plasmonic materials. 

5. Improving the double peak shift sensitivity (DPSS) of a sensor associated with two 

plasmonic materials. 
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6. Investigation of the performance and graphical results caused by slight modifications for 

different parameters. 

7. Propose a design which is fabrication friendly. 

 

1.4 Motivation Behind the Research: 

Surface Plasmon Resonance (SPR) has gained recognition as a strong method for label-free 

sensing in multiple fields, including biomedical diagnostics, environmental monitoring, and food 

safety [46]. SPR sensors are essential instruments for both scientific study and real-world 

applications because of their excellent sensitivity and specificity in detecting and analyzing bio-

molecular interactions. 

It is an intriguing opportunity to investigate the possibilities of SPR-based PCF sensors and address 

the issues that exist in this area. It is possible to create novel SPR sensors with greater performance, 

increased sensitivity, and a wider range of applications by utilizing PCFs' benefits and combining 

them with plasmonic materials. 

The creation of sophisticated SPR-based PCF sensors is required by an increasing need for 

sensitive and trustworthy sensing methods. These sensors offer real-time, label-free detection of 

biomolecules and analytes, which has the potential to change healthcare, environmental 

monitoring, and food safety. We aim to improve SPR-based PCF sensors and their applications by 

examining various designs, enhancing sensor characteristics, and discovering novel plasmonic 

materials. 

Furthermore, the motivation behind this research lies in the need to overcome the limitations of 

traditional SPR sensors and offer innovative solutions that can be fabricated easily, are cost-

effective, and provide accurate results. By conducting a comprehensive study on SPR-based PCF 

sensors, the gap between fundamental research and practical applications can be shortened, 

ultimately paving the way for the development of next-generation biosensors. 
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1.5 Thesis Framework: 

This thesis book is consisted of 9 chapters. An overview of them are given below. 

Chapter 2 describes the structural analysis of PCF sensors and its categories. It also explains the 

benefits of PCF over traditional optical fibers.  

Chapter 3 explains SPR, SPW, LSPR and related terminologies along with their applications and 

working principles. This chapter also describes how LSPR is advantageous over SPR and the scope 

of future work in this field.  

Chapter 4 contains the analysis of SPR and LSPR based PCF sensors. It gives an outline of 

evolution of SPR sensors from Prism-based sensors to internal sensing, external sensing and its 

various types.  

Chapter 5 discusses about the widely chosen plasmonic materials along with their background 

studies. It also explains the factors that need to be considered before choosing a plasmonic 

material.  

Chapter 6 presents the fundamental optimization and analysis terminology and formulas. 

Important equations used in design, such as the Sellmeier equation, Drude-Lorentz model for Ag, 

GZO. It portrays the necessary formulas for computing CL, AS, WS, DPSS, FWHM, FOM and 

sensor length. 

Chapter 7 represents our unique work consisting of a dual plasmonic layered sensor based on 

combination of silver and GZO. The sensor withholds highest recorded value of DPSS till date 

along with excellent spectral sensitivity and ease of fabrication with a tolerance analysis. We also 

proposed a use of regression algorithms to predict the sensitivity of the sensor of untested refractive 

indices which will help to save a lot of time and effort.  

Chapter 8 demonstrates how the sensor can be fabricated and the methods that are within reach for 

making it real. The Stack Method and the Draw Method and the Chemical Vapor Deposition 

(CVD) techniques are explained along with the experimental setup.  

Chapter 9 concludes our book with conclusion along with the future aim and improvements.  
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CHAPTER – 2 

PHOTONIC CRYSTAL FIBERS: AN OVERVIEW 

 

2.1 Introduction: 

Photonic Crystal Fibers (PCF) are a special type of optical fibers which are micro-structured whose 

core and cladding integrate a periodic arrangement of air holes or other dielectric materials. Owing 

to its distinct optical properties, photonic crystal fibers have attracted the interest of researchers 

worldwide. The idea of the formation of photonic crystal fibers originated from the efforts of 

confining light within optical fibers in more novel and effective ways. In 1987, Eli Yablonovitch 

and Sajeev John independently proposed a photonic bandgap—a frequency range in which 

electromagnetic waves cannot propagate in a periodic dielectric structure. This inspired the 

creation of structures that could regulate light propagation like semiconductor bandgaps that 

control electron flow. Philip Russell and his team at the University of Bath in the United Kingdom 

were the first to create a photonic crystal lattice within the fiber by strategically placing air holes 

at regular intervals along the fiber's length.  From then, PCF have found its way into a wide array 

of applications like biosensors, non-linear devices, communication in THz frequency, fiber lasers, 

etc. for the reason that it can contain light in hollow cores and other geometries that are challenging 

to produce with regular optical fiber.  

2.2 Structural Analysis of PCF: 

The central region of the PCF that contains and guides the light is called the core. It usually 

comprises of a periodic distribution of air holes or other dielectric materials. Surrounding the core 

is the cladding which has a lower refractive index than that of the core to ensure that light is 

confined to the core due to the phenomenon of total internal reflection (TIR). Silica is typically 

used as the background material [47]. However, there are instances of the use of Teflon [48], 

PMMA [49], TOPAS [50]–[53], Zeonex [54]–[57] and HDPE [58] in place of silica. The air holes 

in the cladding are responsible for giving PCFs their distinctive optical features such photonic 

bandgaps, dispersion characteristics, and waveguide modes. The way in which the air holes are 

arranged determines the structure of the PCF. There are examples of PCF structures in a variety of 
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geometry, including circles [59], squares [10], hexagons [19], [35], octagons [60]–[62], spirals 

[63], [64], and hybrids [65].  

Core radius, ring count, air hole diameter, and pitch (distance between air holes) are all 

customizable features of PCFs. Due to the interdependence between the RI and the guiding 

qualities of optical fibers, the RI of PCFs can be modified to improve their applicability [60]. 

 

Figure 2.1: Cross-sectional view of a PCF 

 

2.2.1 Categorization of Photonic Crystal Fibers: 

Based on guiding mechanism of light, PCF can be classified into two types: 

• Index-Guiding PCF (IG-PCF): The IG-PCFs restrict and direct light using the disparity 

in refractive index between the core and cladding. By strategically placing air holes or other 

elements in the cladding at regular intervals, we may increase the mode confinement inside 

the core.. Large mode areas, dispersion control, and birefringence are just a few of the 

distinctive qualities that index-guiding PCFs may display, making them useful in a wide 

range of applications, from high-power lasers to sensing. 

• Photonic Bandgap PCF (PBG-PCF): Light confinement and guidance in PBG-PCFs is 

possible because of the bandgap's photonic nature. Bandgaps are formed in optical fibers 

by the periodic arrangement of air holes or high-index inclusions inside the cladding, which 

block the transmission of specific wavelengths. Single-mode guidance and high-power 

transmission are only two examples of the specialized waveguiding qualities and 

applications made possible by PBG PCFs' full or partial bandgaps. 
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Based on the core design, PCFs can be divided into two types: 

• Solid Core Fibers: Solid-core fibers have a solid core and a cladding, guiding light 

through a combination of index-guiding and total internal reflection. Larger mode 

regions allow for increased power management and tunable dispersion characteristics. 

They are advantageous in the fields of telecommunication and fiber lasers but faces 

drawbacks like higher losses compared to other PCF structures. 

• Hollow Core Fibers: This type of PCF contains a core filled with air or other gases 

instead of a solid material. Since there is no solid substance in the center, hollow core 

fibers may transmit light with minimal loss all the way from the ultraviolet to the 

infrared. Compared to solid-core fibers, the air or gas-filled core allows for lower 

nonlinear effects and higher power handling capacities. Applications for hollow core 

fibers range from delivering laser beams and high-power pulses to gas sensing and 

time-resolved spectroscopy. 

 

Figure 2.2: (a) Solid Core Fiber and (b) Hollow Core Fiber 

2.2.2 Light Guiding Mechanism:  

Due to the core's higher refractive index compared to the cladding, typical optical fibers allow light 

to travel only within the core via total internal reflection. However, depending on the structure, 

photonic crystal fiber (PCF) exhibits two distinct light guiding methods. 

In solid PCFs, a modified form of total internal reflection similar to that utilized in standard fibers 

is employed. In this case, utilizing silica solid for the core allows for a higher refractive index than 
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the cladding. The refractive index of the core is lowered by a network of air capillaries in the 

cladding that surrounds it. These fibers use a technique called modified total internal reflection 

(M-TIR) to steer the light in the desired direction. 

However, the photonic band gap technique is utilized in hollow core fibers. The core of this guiding 

mechanism has air holes in it, causing its refractive index to be lower than that of the cladding. 

Therefore, the bandgap allows light to propagate. We know that only photons with a bandgap larger 

than the cladding regions are allowed through the photonic crystal. This means that the photons 

that do not go through the core evanesce in the cladding zone. 

2.2.3 Advantage of Photonic Crystal Fibers over Traditional Fibers: 

✓ While traditional fibers rely on TIR for guiding the incident light, PCF can utilize index-

guiding or photonic bandgap guiding or a combination of both to guide and confine light. 

✓ Due to the larger core size and limited mode confinement, traditional fibers experience 

larger propagation loss and increased non-linear effects while PCFs have lower 

propagation loss and optimized non-linear effects owing to their compact mode 

confinement. 

✓ Traditional fibers have limited control over their dispersion characteristics, but PCF offers 

flexible and customized dispersion mechanisms based on applications. 

✓ Whereas standard fibers are primarily tuned for telecom wavelengths, PCF may operate in 

a wide variety of wavelengths from visible to infrared to UV. 

✓ Unlike conventional fibers, whose refractive index profiles are fixed, PCFs' structural 

characteristics and air hole configurations may be modified to provide the appropriate 

optical qualities. 
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CHAPTER – 3  

SURFACE PLASMON RESONANCE 

 

3.1 Introduction: 

Surface Plasmon Resonance (SPR) is a phenomenon that occurs when light incident upon a metal-

dielectric surface, causing free electrons to collectively oscillate at the metal's surface. Surface 

plasmons are a collective oscillation that interact with incident light to produce an electromagnetic 

wave that travels along the metal-dielectric contact. 

Surface plasmons are the quantized oscillations of free electrons confined to the surface of a metal. 

The interaction between incident light and the free electrons on the metal surface is what causes 

them to form. Resonance takes place when the incident light's frequency aligns with the surface 

plasmons' natural frequency, leading to a considerable absorption or dispersion of the incident 

light. SPR is an efficient technique for detecting and sensing molecular interactions because of this 

resonance condition's heightened sensitivity to alterations in the refractive index of the surrounding 

environment. 

 

3.2 Working Principle of SPR 

Surface Plasmon Resonance (SPR) involves the excitation and detection of collective motions of 

free electrons, known as surface plasmons, at a metal-dielectric interface. In SPR, Light from an 

outside source is directed towards a metal film using a prism., and at the resonance angle, it couples 

with the surface plasmons, exciting them. These excited surface plasmons then propagate along 

the metal surface, creating an evanescent electromagnetic wave that extends into the surrounding 

medium. A portion of the incident light is reflected back from the metal film, carrying valuable 

information about molecular interactions or changes occurring at the metal surface. By monitoring 

the intensity or angle of the reflected light, researchers can analyze binding events, affinity, and 

concentration of analytes in real-time. Changes in the reflected light signal indicate variations in 

the refractive index of the medium, providing insights into biochemical interactions and molecular 
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processes. SPR offers label-free and real-time detection of molecular interactions, making it a 

powerful tool in biosensing, drug discovery, and various other applications. 

 

Figure 3.1: Creation of surface plasmons in a metal surface by the reflection and absorption of 

light 

3.3 Surface Plasmon Wave: 

A surface plasmon wave (SPW) is a collective oscillation of electrons at the interface between a 

metal and a dielectric or semiconductor material. It occurs when photons couple with the free 

electrons at the metal-dielectric interface, leading to the formation of a propagating wave that is 

bound to the surface. SPW exhibits unique properties such as strong confinement of the 

electromagnetic field to the interface and sensitivity to changes in the local environment. SPW 

plays a crucial role in various applications, including surface-enhanced spectroscopy, biosensing, 

nanophotonic, and plasmonic devices [66]. They enable the manipulation and control of light at 

subwavelength scales, opening up opportunities for compact and high-resolution optical 

technologies. 

 

3.4 Evanescent Field: 

When light is reflected at angles that are greater than the critical angle, a significant amount of its 

intensity is sent back into the medium that it is reflecting off of, known as the cladding. On the 
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other hand, a phenomenon known as the evanescent wave can be found close to contact. This is 

defined by the fact that the power of the wave decreases exponentially with increasing distance. 

For real-time surface-specific detection, this evanescent field, which only extends a short distance 

from the interface, has been brought to use. The whole internal reflection process in optical fibers 

directs the flow of light energy throughout the length of the fiber; however, a portion of the wave 

that is reflected internally travels past the core boundary and into the cladding. After the cladding 

has been removed, the evanescent wave will be able to propagate into the substances that are 

around it . This property of the evanescent wave may be controlled and in systems that contain an 

absorbing dielectric media, the powerful evanescent electric field boosts the medium's capacity to 

absorb electromagnetic radiation. 

 

Figure 3.2: Evanescent wave 

3.5 Advantages of SPR: 

Surface plasmon resonance (SPR) offers a number of benefits in a wide range of situations, 

including:  

➢ Label-Free Detection: SPR makes it possible to detect without using labels or markers 

made of molecules. This improves the experimental process, lowers expenses, and prevents 

any potential interference or analyte change. 
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➢ Real-Time Monitoring: SPR provides real-time monitoring of molecular interactions, 

allowing researchers to observe binding events, kinetics, and affinity measurements as they 

occur. This enables dynamic and kinetic analysis of biomolecular interactions. 

➢ High Sensitivity: At the metal-dielectric contact, SPR is extremely sensitive to changes in 

refractive index. It is excellent for applications like biosensing and drug discovery due to 

its sensitivity, which permits the detection of minor changes in analyte concentration. 

➢ Versatility: Small molecules, proteins, nucleic acids, and nanoparticles are just a few of 

the many items that can be used using SPR. It can be applied to research DNA 

hybridization, antibody-antigen binding, protein-protein interactions, and more 

➢ Non-Destructive and Reusable: SPR measurements can be repeated on the same sample 

without causing damage. As a result of its reusability and capacity to regenerate the sensor 

surface, SPR is a practical and sustainable method 

➢ Wide Range of Applications: SPR has uses in a wide range of industries, including life 

sciences, biotechnology, pharmaceuticals, environmental monitoring, food safety, and 

material science. It offers useful details on surface phenomena, biomolecular recognition, 

and molecular interactions. 

 

3.6 Localized Surface Plasmon Resonance 

Localized Surface Plasmon Resonance (LSPR) is a phenomenon that occurs when noble metal 

nanoparticles, such as gold or silver, interact with light at specified wavelengths. On the surface 

of certain nanoparticles, it involves the collective oscillation of free electrons known as localized 

surface plasmons [67]. Numerous applications, including sensing, imaging, and nano-photonics, 

use LSPR. 

The interaction between the incident electromagnetic field and the localized surface plasmons is 

the core of the LSPR's operation. When nanoparticles are illuminated with light, the collective 

oscillation of the free electrons is excited at a resonance frequency, resulting in a strong absorption 

and scattering of light at a specific wavelength. This resonance wavelength is highly sensitive to 

the size, shape, composition, and surrounding environment of the nanoparticles. 
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A change in the local refractive index occurs close to a nanoparticle when an analyte or molecule 

interacts with its surface. The resonance conditions are changed as a result, which shifts the LSPR 

wavelength. It is possible to identify and measure analytes with high sensitivity by maintaining an 

eye on this change in the nanoparticles' absorption or scattering spectrum. 

The resonance wavelength of LSPR sensors is strongly influenced by nanoscale changes in the 

proximity of the nanoparticles, which accounts for their remarkable sensitivity. Because of this, 

LSPR is a wonderful platform for real-time and label-free sensing applications. The LSPR 

response can be tuned, enabling customized sensing platforms for certain analytes. This is made 

possible by the nanoparticles' capacity to be controlled in terms of size, shape, and surface 

characteristics. 

 

3.7 Advantages of LSPR over SPR 

Using LSPR instead of SPR offers several significant advantages. Some of the advantages are 

listed below: 

1. Simplified optical hardware: LSPR eliminates the requirement for a prism, which lowers 

the instrument's complexity and price. 

2. Improved robustness: LSPR provides more accurate measurements since it is less 

sensitive to mechanical noise and vibration. 

3. Reduced sensitivity to variations in the bulk refractive index: LSPR is less sensitive to 

changes in the bulk refractive index, reducing the possibility of experimental data mistakes. 

4. No strict temperature control requirements: Unlike SPR, LSPR does not require precise 

temperature control, allowing instrument setup and operation simpler. 

5. Cost-effective sensor chips: Because LSPR sensor chips can be produced at a cheaper 

price, they are more readily available and economical. 

6. User-friendly and easier maintenance: Simple setup and less susceptibility to 

environmental conditions make LSPR equipment easier to use and maintain 
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CHAPTER – 4 

ANALYSIS OF SPR-LSPR BASED PCF SENSORS 

 

4.1 Outline: 

PCF sensors have attracted the interest of researchers for quite some time because of their higher 

sensitivity and lower resonance peak. To use the PCF as a sensor, the phenomenon of SPR is 

utilized. The integration of the SPR concept with PCF structures has enlarged the horizon of 

sensing. PCF sensors are now used in label-free detection [68], [69], environmental monitoring 

[70], water testing, liquid and gas sensing [71], biosensing [72], milk sensing [12], blood 

component detection [13], [14], [73], THz frequency sensors [74]–[84] and many more.  

When an incident light travels through the structure, SPR takes place in PCF sensors based on SPR 

[85]. The surface plasmon wave (SPW) is produced when the metal's surface is subjected to an 

induced evanescent field, which in turn causes the free electrons on the plasmonic layer to oscillate. 

In order to establish phase-matching between the modes, surface plasmons must be excited and 

the Surface Plasmon Polariton (SPP) and core mode must combine at a specified wavelength. A 

strong resonance peak forms at that wavelength, which depends heavily on the RI of the analyte 

[24]. 

In the case of LSPR, a coherent excitation of conduction band electrons occurs within the 

nanoparticle junctions. [86]. There has been a shift in recent years toward LSPR-based works 

rather than SPR-based ones because of the shorter decay length of the EM field [85], increased 

sensitivity, response speed, and throughput [87]. The lack of a coupling method for surface 

excitation also makes LSPR sensors suitable for miniaturization, leading to compressed sensing 

technology. 

In this chapter, we will investigate various shapes and structures of PCF sensors that have been 

used till date and some forms of sensing methods. 
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4.2 Prism based Sensors: 

The prism shaped sensors were the first mechanism which used SPR phenomenon to detect 

unknown analytes. This started with Liedberg et al. in 1983, when he developed the prism coupled 

SPR sensor for sensing unknown biomolecules [88]. Prism-based sensors have a sensing surface 

made from a metal film placed on a glass prism. The prism acts as a coupling device, directing 

light at an angle equal to the resonance angle into the metal-dielectric contact. As soon as the 

resonance condition is satisfied, surface plasmons are excited, and the reflected light intensity 

displays a sharp dip. Later, it became clear that prism-based SPR sensors were ill-suited for remote-

sensing because of drawbacks such as inaccurate sensing application and excessive bulk brought 

on by additional complex opto-mechanical elements [89], [90]. 

 

 

Figure 4.1: Prism based SPR sensor 

 

4.3 Internal Sensing Approach: 

Internal sensing type sensors were developed to overcome the difficulties of prism-based sensors. 

In this method, analytes are packed inside of air holes that have been coated with metal films [90], 

[91]. As it is challenging to coat the internal fiber holes with metal coatings and load them with 

analytes, putting a system of this type into practice is difficult. The miniscule dimensions of the 

holes are the reason for these complications. Furthermore, it is not possible to fabricate holes of 
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consistent thickness. The constant process of measuring, emptying and refilling consumes a lot of 

time and furthermore may instigate degradation in the quality of the sensor. 

 

Figure 4.2: PCF sensors based on Internal sensing approach 

 

4.4 External sensing approach: 

External sensing in PCF sensors implies a way of detecting the target analyte or parameter outside 

of the PCF structure. Light is guided to the sensing zone by the PCF, which also works as a 

waveguide to collect the signal and send it back to the detection system.  Applications where direct 

contact with the analyte is not desirable or possible can benefit from these techniques since they 

allow for remote and non-invasive measurements. Several structures have been investigated over 

the years for achieving the utmost sensitivity. Some of them will be discussed here: 

 

4.4.1 D-Shaped Structure: 

The shortcomings of prism-based sensors and internal sensing-based sensors can be mitigated by 

the use of D-shaped or exposed-core PCFs. In 2017, Wu et al. proposed an ultrasensitive and 

broadly detectable RI sensor based on a D-shaped PCF [figure 4.3 (a)]. In order to avoid the 

difficulties faced when plasmonic material is filled on the air hole, the gold layer is laid on the 

smooth, polished surface. The sensor displayed a high sensitivity of 31,000 RIU/nm with a broad 

range of analyte detection from 1.32 – 1.40 [92].  

M. E. Rahaman and his team worked on a D-shaped PCF sensor to diagnose glucose levels in the 

human body [figure 4.3 (b)]. The developed sensor was tested for a long RI range extending from 
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1.18 – 1.36. It showed a maximum wavelength sensitivity (WS) of 3,000 nm/RIU and an amplitude 

sensitivity (AS) of 243 RIU-1. The sensor showed a resolution of 3.341×10-6 RIU [93]. 

In 2018, E. Haque et al. designed a D-shaped sensor which had the potential to a WS of 20,000 

nm/RIU and a corresponding AS of 1054 RIU-1 [figure 4.3 (c)]. The sensor could function in an 

analyte range of 1.18 – 1.36. Gold was chosen as the plasmonic material to develop the SPR 

phenomenon [94]. 

 

Figure 4.3: D-shaped PCF sensors  

 

Even though D-shaped PCF can reduce the sensing complexity incurred by internal sensing 

sensors, they present a fabrication challenge because their flat portion must be polished. However, 

in fact, this form of sensor requires etching of specific areas of the surface, which further increases 

fabrication complexity and sensor costs. 

 

4.4.2 Circular Lattice Structures: 

Circular lattice structures are easy to design and can be fabricated as the plasmonic layers are 

implanted outside the PCF structures. Md. Abdul Khalek et al. devised a circular lattice PCF which 

uses the SPR phenomenon to function. The sensor was investigated from a range of 1.34 – 1.37 

and a maximum WS of 9000 nm/RIU and an AS of 318 RIU-1 was found [95]. The sensor 

configuration is shown in figure 4.3 (a). 

Q. M. Kamrunnahar and her team proposed a circular structured PCF sensor which was able to 

display a WS of 11,200 nm/RIU and a corresponding AS of 505.037 RIU-1 from an analyte range 

of 1.33 to 1.44 [96]. It is shown in figure 4.3 (b). 
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Figure 4.4: Circular lattice PCF sensors 

 

4.4.3 Hexagonal Lattice Structures: 

The hexagonal structure is defined based on the arrangement of the air holes in the cladding region.  

S.M. Abu Sufian Sunny et al. formed a PCF sensor with WS of 29,500 nm/RIU and an AS of 3060 

RIU-1. Several air holes of varying diameters were arranged in a hexagonal pattern around a central 

air hole while the gold layer was deposited outside the PCF [figure 4.5 (a)]. The sensor showed to 

work in an RI range of 1.33 – 1.43 [97]. 

Md. Mahbubur Rahman et al., in 2020, devised a PCF sensor based on SPR with hexagonal 

arrangement of air holes [figure 4.5 (b)]. The sensor displayed a maximum WS of 13,000 nm/RIU 

and an AS of 953.23 RIU-1 within a range of 1.33 – 1.37 RI [98].  

 

Figure 4.5: Hexagonal lattice PCF sensors 
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4.4.4 Square, Spiral and Trapezoidal Structures: 

Md. Nazmul Hossen et al. proposed a sensor which featured two layers of square air holes arranged 

in a symmetrical pattern [figure 4.6 (a)]. Therefore, an even greater evanescent field was produced 

by including a small air vent in its core. The central air hole in the multiple layers is intentionally 

narrower than the others. The proposed sensor was built so that connection between the core and 

SPP mode is possible to boost sensitivity. Gold was chosen as the plasmonic material to detect 

unknown analytes. The highest WS the sensor could uphold was 6000 nm/RIU and an AS of 442.11 

RIU-1 [99]. 

Md. Rabiul Hasan developed a rather unique SPR-PCF sensor where gold was chosen as plasmonic 

material for external sensing. The structure comprised of three rings and six arms, with the first 

ring intentionally designed with two missing air holes along the horizontal axis to create 

birefringence asymmetry. This configuration enhances the coupling between the x or y polarized 

mode and the surface plasmon polariton (SPP) mode, resulting in improved sensing performance 

[figure 4.6 (b)]. The sensor’s sensing performance was a WS of 4600 nm/RIU and AS of 420.4 

RIU-1 [100]. 

Suoda Chu proffered a novel sixfold photonic quasi-crystal fiber (PQF) with a trapezoidal analyte 

channel for SPR sensing where gold was to detect analytes [figure 4.6 (c)]. Unlike conventional 

D-shaped PCFs, they incorporated a trapezoidal analyte tube to study the position of the sample 

liquid height and assess fabrication method functionality. This unique design, consisting of four 

layers of air holes, offered advantages such as low confinement loss and a flattened zero-dispersion 

profile across a broader wavelength range [101].  

 

Figure 4.6: (a) Square shaped PCF (b) Spiral shaped PCF (c) Trapezoidal shaped PCF 
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CHAPTER - 5 

PLASMONIC MATERIAL SELECTION: 

 

5.1 Factors to Consider while Selecting Plasmonic Material: 

The selection of plasmonic material is a crucial step in the design of SPR/LSPR-based sensors. 

The surface plasmon resonance (SPR) is generated in a significant way by the plasmonic material. 

At the boundary between a plasmonic material (usually a metal) and a dielectric medium, electrons 

in the plasmonic material collectively oscillate. Surface plasmon resonance (SPR) is excited when 

light strikes a plasmonic substance at a particular incidence angle and wavelength. The optical 

features of the plasmonic material, such as its refractive index, electron density, and conductivity, 

determine the resonance conditions for SPR. When incoming light interacts with a plasmonic 

material, an evanescent field is formed at the metal-dielectric interface that is very sensitive to 

variations in the refractive index of the surrounding environment. The SPR response changes when 

the refractive index at the surface of the plasmonic material changes due to the binding of target 

analytes or changes in the nearby environment. Analyte interactions can be detected and 

characterized by monitoring the intensity of light as it interacts with the sample. 

However, some key factors need to be taken into account in order to choose the optimum plasmonic 

material for a given application. Some of them are: 

❖ Plasmonic Properties: Plasmonic materials can detect and analyze analytes using strong 

surface plasmon resonance (SPR) and other optical characteristics. Selecting a material 

with a plasmon resonance wavelength suitable for excitation and interaction with the target 

analyte improves a sensor's sensitivity and specificity. 

❖ Stability and Durability: Plasmonic materials should be chemically stable and durable. A 

stable plasmonic substance keeps PCF sensors performing well over time despite exposure 

to numerous analytes or environmental conditions. 

❖ Refractive Index Sensitivity: Changes in the refractive index close to the detecting region 

are used by plasmonic PCF sensors to detect analyte binding or environmental changes. 

For strong plasmon-analyte interaction and a highly sensitive sensor, the plasmonic 

material should be responsive to variations in refractive index. 
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❖ Fabrication Compatibility: Manufacturing PCFs necessitates the use of appropriate 

plasmonic materials. The material should not damage the sensor's integrity or performance 

when deposited or incorporated into the PCF framework. 

❖ Cost and Availability: For real-world applications, it's important to think about price and 

availability. By selecting low-cost and plentiful plasmonic materials, PCF sensors might 

be scaled up and brought to market. 

 

5.2 Common Plasmonic Materials: 

Metallic components are often used in plasmonic devices because of the abundance of free 

electrons in these materials, which is the source of the plasmon phenomena at optical and 

telecommunication frequencies. The negative real permittivity required of all plasmonic materials 

is provided by these free electrons [102]. Metals like gold (Au), silver (Ag), and copper (Cu) are 

frequently employed because of their plasmonic properties. Due to its larger resonance shift and 

compatibility with biomolecules and biochemicals, gold is typically chosen above other materials 

[41]. However, there are a number of issues that arise when the layer thickness of gold is altered. 

The AS decreases smoothly with increasing thickness [103] and abruptly below 10 nm, indicating 

a discontinuous layer [104]. Gold's heat evaporation process also makes its price prohibitive and 

its surface harsh [105]. Silver, on the other hand, is cheaper, has a higher quality factor than any 

other metal [102], has a resonance peak that is much more compelling than that of other plasmonic 

materials, and opposes low optical damping and zero interband transitions much like gold [106]. 

Semiconductors show considerable potential as plasmonic materials because of their easy 

manufacture and the flexibility to tune features like carrier concentration. To achieve low loss 

plasmonics in the optical frequency range, a highly doped, broad bandgap semiconductor with 

outstanding carrier mobility emerges as a top choice. Some common semiconductors used in 

optical fiber fabrication are Aluminium doped Zinc Oxide (AZO), Gallium doped Zinc Oxide 

(GZO), Indium Tin Oxide (ITO), etc. 
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5.2.1 Gold based Sensors: 

Figure 4.3, 4.4, 4.5 and 4.6 all show the use of various gold-based sensors. The sensors all exhibit 

a number of advantages like strong plasmonic resonance, high stability, low absorption loss, 

biocompatibility and fabrication flexibility. 

 

5.2.2 Silver based Sensors: 

Silver based sensors are also very popular because of the advantages they provide as explained in 

section 5.2. Han et al. proposed a birefringence PCF based SPR sensor with silver [figure 5.1 (a)] 

and obtained a WS of 16, 700 nm/RIU within a detection limit of 1.33-1.42 and a corresponding 

sensor resolution of 5.99×10-6 RIU [107]. Momota et al. suggested a hollow core circular lattice 

PCF where silver is used as plasmonic material [figure 5.1 (b)] and obtained a result of 4200 

nm/RIU WS, 300 RIU-1 AS and a sensor resolution of 2.38×10-5 RIU and 3.33×10-4 RIU 

respectively, working in the range of 1.33-1.37 RI [108]. Kumar et al. worked on a PCF sensor 

based on silver [figure 5.1 (c)] thin film that operates within 1.25-1.30 RI and obtained a WS of 

1932.09 nm/RIU and a sensor resolution of 3×10-5 RIU [109]. 

 

 

Figure 5.1: Silver based PCF sensors 

 

5.2.3 AZO based Sensors: 

AZO (aluminum-doped zinc oxide) is a viable solution for expanding the wavelength range of 

plasmonic materials. Due to its low charge carrier density and plasma frequency, AZO is effective 

at longer wavelengths, particularly in the near-infrared (NIR) range. Because of this property, AZO 

is an attractive option for plasmonic applications that call for a broad wavelength coverage. The 
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AZO Coated PCF-SPR sensor suggested by Jitendra Narayan et al. [figure 5.2] is capable of 

detecting light between 1600 and 2000 nm in wavelength and has a maximum wavelength 

sensitivity of 5000 nm/RIU when working in y-polarization mode [110]. 

 

 

Figure 5.2: AZO based PCF sensor 

 

5.2.4 GZO based Sensors: 

The exceptional characteristics of GZO (gallium-doped zinc oxide) as an alternative plasmonic 

material, such as its durability, cost-effectiveness, minimal doping requirements, and low losses at 

telecommunication wavelengths, position it as the leading choice in the field. Exploring a sensor 

using GZO as the plasmonic material has the potential to achieve extraordinary performance 

attributes such as increased sensitivity, an ultra-wide detection range for refractive index (RI) 

spanning low and high values, and reduced crosstalk (CL). K M Mustafizur Rahman et al. designed 

a GZO based PCF-SPR sensor with ultra-wide refractive index sensing owing to a WS of 17000 

nm/RIU, AS of 135 RIU-1 and the corresponding sensor resolutions of 5.88×10-6 RIU-1 and 

7.36×10-6 RIU respectively, ranging from 1.24-1.40 RI [111].  
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Figure 5.3: GZO based PCF sensor 

5.2.5 Bimetallic Materials based Sensors: 

The advantages of using bimetallic materials in PCF sensors include the capacity to tune plasmonic 

characteristics, a wider wavelength range, a stronger plasmon field, greater stability, and increased 

surface sensing. These characteristics make bimetallic materials a promising option for improving 

sensing performance in PCF-based plasmonic sensors. Again, a coating of graphene or TiO2 over 

the layer of gold or silver can help protect the valuable metallic layers from corrosion and 

oxidation. There have been instances of using gold-graphene layer, silver-graphene, silver-TiO2, 

silver-TiN combinations to protect the gold/silver layer as well as enhancing the sensing properties 

of the PCF sensor.  

5.2.5.1 Bimetallic Silver-Graphene based Sensors: 

Tianshu Li et al. recommended a refractive index (RI) sensor in the form of an H-shaped photonic 

crystal fiber (PCF) covered with Ag-graphene layers and featuring an open structure defined by 

U-shaped grooves [figure 5.4 (a)]. Maximum WS is determined to be 12,600 nm/RIU over a broad 

analyte RI range of 1.33 to 1.41 [112]. 

The D-shaped sensor proposed by Jitendra Narayan Dash et al., which uses an Ag-graphene 

combination, has a WS of up to 3700 nm/RIU and a resolution of up to 2.7×10-5 RIU [113]. It is 

shown in figure 5.4 (b). 
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Figure 5.4: Ag-graphene combination PCF sensors 

5.2.5.2: Bimetallic ITO-ZnO based Sensor: 

The sensor suggested by Kaur et al., which makes use of ITO and ZnO to improve coupling, has 

a WS of 10,000 nm/RIU and a resolution of 2×10-5 RIU [114]. It is shown in figure 5.5. 

 

Figure 5.5: ITO-ZnO based PCF sensor 

5.3 Dual Plasmonic Material based Sensors: 

The bimetallic materials-based sensors discussed in sector 5.2.5 were all incorporated for more 

enhanced sensing performance or protecting the gold/silver layer. From 2022, there were a new 

field of research undertaken where two separate plasmonic layers were used distinctly to analyze 

analytes within the same refractive index. This concurrent use of plasmonic layers enable to sensor 

to display two distinct loss peaks within the same refractive index where both the loss peaks are 

used to detect the unknown material. 
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5.3.1 Dual Plasmonic Layered PCF sensor based on Au-AZO:  

In this paper, a novel sensor based on LSPR effect is described using both Au and AZO as 

plasmonic materials. As a result of this interaction, a novel dispersion relation has emerged, and 

two different resonance peaks have been identified. The simulation results show that by optimizing 

the structural parameters, this sensor may achieve excellent sensing performance. Two different 

type of sensor structure was proposed here and the parameters were optimized by switching the 

positions of the Au and AZO layers as shown in the figure 5.6 (a). The sensor's maximum AS is 

8485.2 RIU-1 when AZO is employed as the intermediate plasmonic material, and its maximum 

WS is 46300 nm/RIU in the y-polarization direction. Not only that, but it can resolve wavelengths 

to an accuracy of 2.16 x 10-6 RIU and amplitudes to an accuracy of 1.18 x 10-6 RIU. The sensor 

has a high figure of merit (2923.2), suggesting first-rate detection precision, and shows great 

linearity (R2 = 0.99312). In addition, it is sensitive enough to identify unnamed analytes 

throughout a broad refractive index range (1.27–1.45). Consider the double peaks together for 

neighboring refractive indices, and the sensor shows a maximum sensitivity of 4400 nm/RIU for 

x-polarization mode and 16500 nm/RIU for y-polarization mode, according to the study's newly 

introduced sensing metric termed double peak shift sensitivity. The versatility of its twin peak 

sensor design makes it well suited for the sensitive and specific detection of a wide range of 

biological organic substances [115]. 

5.3.2 Dual Plasmonic Layered PCF sensor based on GZO-AZO: 

In this work, the authors suggested the use of aluminum-doped zinc oxide (AZO) and gallium-

doped zinc oxide (GZO) in parallel to create a sensor [figure 5.6 (b)] that operates on the principle 

of localized surface plasmon resonance (LSPR). Different resonance peaks and a novel dispersion 

relation are displayed by the sensor as a result of its arrangement of two plasmonic materials. The 

novel parameter introduced in [15] double peak shift sensitivity, was used to optimize the design 

parameters. The sensor parameters which showed the highest of DPSS was taken as the final value. 

The suggested sensor has the capacity to detect unknown analytes with a double peak shift 

sensitivity of 10,890.35 nm/RIU in the RI range of 1.30 to 1.41. It has a high figure of merit 

(1558.83) and impressively high amplitude and spectral sensitivities (11,609.67496 RIU-1 and 

11,088.5 nm/RIU, respectively). The sensor has a maximum limit of detection (LOD) up to the 

order of 10-11, with a maximum amplitude resolution of 8.614 x 10-7 RIU and a maximum 
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wavelength resolution of 9.874 x 10-6 RIU. Because of the limits of traditional plasmonic metals 

like gold and silver, this sensor presents a new method for investigating biological analytes such 

cancer cells, malaria-infected phases, and blood components [67]. 

5.3.3 Dual Plasmonic Layered PCF sensor based on GZO-Au: 

Using gallium-doped zinc oxide (GZO) and gold as plasmonic materials, the researchers offer a 

sensor based on LSPR technology [figure 5.6 (c)]. The combined usage of these materials causes 

the sensor design to display dual resonance peaks at separate wavelengths. The unique parameter, 

Double Peak Shift Sensitivity (DPSS) discussed in [15], is presented and utilized to fine-tune the 

sensor's structural properties for maximum performance. The highest DPSS calculated with 

COMSOL Multiphysics simulation was 11,720 um/RIU. Analytes having refractive indices 

between 1.30 and 1.40 can be detected over a wide range with the suggested sensor. With a WS of 

11,480 nm/RIU and a resolution of 8.71×10-6 RIU, it is capable of detecting analytes in the 

ultraviolet and visible light spectra. The sensor's low confinement losses allow for a broader range 

of lengths across which it can function. This innovative design has the potential for several 

applications in the ultraviolet and visible light spectrums, including very accurate biosensing [116]. 

 

Figure 5.6: (a) AZO-Au based PCF sensor (b) GZO-AZO based PCF sensor (c) GZO-Au based 

PCF sensor 

 

Thus, from the discussion in section 5.3, utilizing dual plasmonic layers offers exciting prospects 

for cutting-edge research by enabling enhanced control over light-matter interactions and 

expanding the range of achievable functionalities in various applications.  
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CHAPTER – 6 

MATHEMATICAL MODELING AND MATERIAL SPECIFICATION 

 

6.1 Introduction: 

In this chapter, we have discussed the various materials that are involved in developing PCF 

sensors based on SPR effect. Some examples of these materials are Silica (SiO2), Silver (Ag), and 

Gallium-doped Zinc Oxide (GZO). Considering its direct relationship to the sensing properties, 

the refractive index (RI) has been our primary focus in characterizing these materials on simulation 

platforms. Since the RI is equal to the square root of the permittivity, we have provided both the 

RI and permittivity equations for these materials. In addition, we have investigated a wide range 

of factors that can impact sensor performance. Confinement loss (CL), amplitude sensitivity (AS), 

wavelength sensitivity (WS), resolution, FOM, and sensor length are all examples of such metrics. 

The formulas for calculating these parameters are presented and discussed in this chapter. We can 

improve the performance of SPR-based PCF sensors by understanding and manipulating these 

parameters. 

6.2 Characterization of Materials: 

The equations used to characterize materials are discussed here. Only the materials discussed 

during the course of the research works explained in chapter 7 have been included here. It is to be 

noted that some materials have a complex effective RI. Any material's effective RI can be written 

in the complex form neff = n + jk, where n and k represent the real and complex parts of the RI, 

respectively. 

6.2.1 Silver:  

The choice of the right plasmonic material is a key step in developing SPR/LSPR-based sensors. 

Gold is often preferred due to its higher resonance shift and compatibility with biomolecules and 

biochemicals [41]. However, adjusting the thickness of the gold layer presents challenges [103]. 

The AS decreases gradually with increasing film thickness, while the film becomes discontinuous 

below 10 nm [104]. Gold is also disadvantageous due to its high cost and surface roughness 

resulting from thermal evaporation [105]. Silver, on the other hand, can be used as an alternative 
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to gold. The advantages that silver provides due to which we have given preference to it [102], 

[106]: 

❖ Silver is a cost-effective alternative to gold in plasmonic material selection.  

❖ Silver outperforms other metals in terms of quality factor. 

❖ Silver exhibits a sharper resonance peak compared to other plasmonic materials. 

❖ Silver has low optical damping and zero interband transitions, similar to gold. 

The dielectric constant of silver is given according to the Drude-dispersion model [117]: 
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Where Ag  is the dielectric constant of silver,   is the wavelength in free space, c  = 17.614 µm 

being the collision wavelength, and p  = 0.14541 μm which is the plasma wavelength. 

6.2.2 Gallium doped Zinc Oxide (GZO): 

Gallium doped Zinc Oxide, also known as GZO, is another plasmonic material used as a potential 

replacement for Ag or Au. In recent work, these transparent conductive oxides (TCO) have 

demonstrated promising results. GZO (Gallium-doped Zinc Oxide) offers several benefits over 

other plasmonic materials [118] -  

❖ Low Loss: GZO generates less loss than other plasmonic materials, which enhances sensor 

performance and sensitivity. 

❖ Higher Figure of Merit (FOM): GZO exhibits a higher Figure of Merit in the near-

infrared (NIR) region, indicating that it is more effective at detecting analytes and has 

improved sensing capabilities. 

❖ Cost-effectiveness: GZO is used in sensor designs as a replacement for expensive 

materials like gold and silver to reduce production costs without sacrificing performance. 

❖ High Carrier Concentration: GZO emerges as an excellent choice as a plasmonic 

material due to its remarkable high carrier concentration, making it highly conducive to 

efficient plasmon generation and manipulation. 

In case of GZO, the dielectric constant is formulated from the equation given by [118]:  
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Where GZO  denotes the dielectric constant of GZO. The Lorentz-Drude parameters for GZO are 

listed in table 6.1: 

TABLE-6.1: LORENTZ-DRUDE PARAMETERS FOR GZO 

Parameter GZO 

b  3.2257 

[ ]p eV  1.9895 

[ ]p eV  0.1229 

1f  0.3859 

1[ ]eV  4.050 

1[ ]eV  0.0924 

 

6.2.3 Silica (SiO2):  

Sensors based on SPR are typically made by coating PCF with a layer of plasmonic metal. Glass 

or plastics can be used to construct the PCF itself. The material of preference for PCF 

backgrounds is fused silica, also known as silicon dioxide. Due to its many beneficial 

characteristics, undoped silica is widely employed for this purpose [119]. 

❖ Silica offers excellent optical transparency at a wide range of wavelengths. 

❖ It exhibits exceptional chemical stability and does not exhibit hygroscopic behavior. 

❖ In terms of mechanical strength, silica excels; it can't be bent or pulled in any appreciable 

way. 

❖ In the near-infrared spectral region, it has low scattering and absorption loss 

(approximately 0.2 dB/km), as illustrated in Figure 6.1. 

❖ Exceptional performance is achieved through fusion splicing of silica materials. 

❖ At high temperatures, silica can be drawn into fibers that are then used in manufacturing. 

❖ Since silica has a relatively high damage threshold, laser-induced breakdown is less likely 

to occur. In fiber amplifiers, this quality is especially useful during the amplification of 

short pulses. 
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Figure 6.1: Intrinsic losses of Silica 

 

The refractive index (RI) of fused silica is determined using the Sellmeier equation provided 

below, allowing us to derive its RI property: 
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Here, the refractive index (RI) of silica, represented as silican  is dependent on the wavelength of 

light (λ) and the specific Sellmeier constants. It can be calculated with equation (6.3), and the 

Sellmeier constants listed in Table 6.2 This equation operates at a constant temperature of 25 °C 

[120], and it is important to note that its validity spans a wavelength range of 0.22 µm to 3.71 µm 

[121]. The relationship between silica's refractive index and wavelength is shown in Fig. 6.2. 

Notably, the imaginary part of the refractive index of silica is always zero, meaning that the 

refractive index of silica is always a real number. 
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TABLE 6.2: SELLMEIER CONSTANT 

Constant Value 

1B  0.69616300 

2B  0.407942600 

3B  0.897479400 

1C  0.00467914826 μm2 

2C  0.0135120631 μm2 

3C  97.9340025 μm2 

 

 

Figure 6.2: The refractive index of silica (at 25 degrees Celsius) vs light wavelength 

 

6.2.4 Air: 

Air is used to fill the voids within the Photonic Crystal Fiber (PCF) as its refractive index is close 

to 1, which means that light travels through it at the same speed it would in a vacuum. Air's constant 

refractive index allows for the detection of refraction with respect to the path of light in air. 

Refraction experiments based on Snell's Law are conducted in the atmospheric conditions 

surrounding us. 

 

Figure 6.3: Refractive index of air vs wavelength of light 
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As can be seen in Figure 6.3, the refractive index of air changes very slightly as a function of the 

wavelength of the incident light. The figure highlights that the refractive index of air is real and 

stays very close to 1. So, the RI of air was set as 1 for all calculations in our study. 

 

6.3 Performance Parameters: 

Different performance parameters that are utilized for evaluating sensor performance have been 

covered in this section. These variables include confinement loss (CL), amplitude sensitivity (AS), 

wavelength sensitivity (WS), resolution, figure of merit (FOM), and others. 

 

6.3.1 Confinement Loss (CL): 

Since it is necessary to measure all other performance metrics, confinement loss (CL) is the 

parameter that is most crucial for assessing sensor performance. The CL denotes the energy that is 

switched from core mode to SPP mode. Losses caused by the leaky nature of the modes and the 

imperfect structure of the PCF fiber are known as confinement losses. A portion of the light energy 

that is transmitted through the PCF sensor's core seeps out and reaches the metal layer region. The 

term "confinement loss" (CL) refers to the total amount of this energy leak. The following equation 

ref-Sajjad [24], [121] can be used to calculate the CL: 

 4

08.686 Im( ) 10 ( / )effk n dB cm =     (6.4) 

The wavelength is represented in the above equation, and Im( )effn  stands for the imaginary part 

of the effective RI, effn . In addition, 0k  denotes the wavenumber and can be expressed as 0

2
k




=

. The resonance state, where the frequencies of the transmitted light and the electrons in the 

plasmonic material are equal, is where the maximum CL is found. The "resonance wavelength" is 

the wavelength that causes resonance. The phase-matching condition is the state where the 

effective RI's real component of the core mode and the SPP mode are equal at resonance 

wavelength. 
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6.3.2 Amplitude Sensitivity (AS): 

Amplitude interrogation (AI) and wavelength interrogation (WI) are two techniques for 

determining the sensor's potential. The intensity-based measuring approach sometimes referred to 

as the amplitude interrogation method, uses the variance of loss depth brought on by changes in 

the analyte refractive index to identify unknown analytes. 
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Here, ( , )an  is the confinement loss for a certain sample RI whereas ( , )an   signifies 

disparity in analyte confinement loss between two adjacent refractive indices [121] 

Since it evaluates amplitude sensitivity (AS) at a fixed wavelength without requiring spectral 

manipulation, it is a straightforward approach to put into action. It is, however, sensitive to outside 

noise, which could affect sensor performance and result in inaccurate analyte detection. This 

makes the implementation of this method more expensive because additional steps are needed to 

block outside noise in order to reduce it. In contrast, the wavelength interrogation method 

additionally allows the determination of the sensor potential by the observation of variations in 

loss depth resulting from variations in the refractive index of the analyte. 

 6.3.3 Wavelength Sensitivity (WS): 

The wavelength interrogation (spectral-based measurement) method, which takes into account the 

shift of resonance wavelength, is another way to assess the performance of the sensor. When 

compared to the AI method, this method typically shows a high-sensitivity response [122] The 

phase-detection method, often known as the WI method, has the benefit of being cost-efficient. It 

does have a downside, though, and that is the difficulty of measuring sensitivity [123] The WI 

method utilizes the following formula to determine a sensor's sensitivity [121]:  
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where an  and peak  represent the difference between two neighboring analytes RI and the 

contrast in their corresponding resonant wavelengths. 
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6.3.4 Resolution: 

Resolution is a significant parameter in determining the sensor's detection capability. It measures 

the ability to identify small variations in refractive index (RI). It can take the form of a relation 

between amplitude ( ( )R A ) and wavelength ( ( )R w ) [25], [121]:  
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6.3.5 Full Width at Half Maximum (FWHM): 

FWHM (Full Width at Half Maximum) is the width of the confinement loss curve when the loss 

is half of its peak value. It is a measure of the sensing performance of the sensor and reflects how 

sharp the loss peak is. Sharper loss peaks and higher sensing performance are associated with a 

smaller FWHM. The sensor's Figure of Merit (FOM) can also be determined using FWHM. As a 

result, FWHM is an extremely important parameter to use when evaluating a sensor's performance. 

The procedure for calculating FWHM, which is commonly expressed in terms of nanometers, can 

be seen in Figure 6.4:  

 

Figure 6.4: Representation of FWHM 

6.3.6 Figure of Merit (FOM): 

In addition to amplitude sensitivity (AS) and wavelength sensitivity (WS), the figure of merit 

(FOM) can be utilized for assessing a sensor's effectiveness. The FOM is determined by dividing 
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the WS (wavelength sensitivity) by the FWHM (Full Width at Half Maximum). When sensor 

sensitivity increases and FWHM decreases, the FOM value rises, indicating that the sensor is 

highly efficient. A higher value for WS denotes a more apparent change in resonance wavelength, 

whereas a lower value for FWHM denotes a more concentrated resonance peak [121]. Because of 

this, the FOM can be utilized as a stand-in for how well a sensor works in general.  
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6.3.7 Sensor Length: 

The length of the sensor corresponding to a specific analyte refractive index (na) can be determined 

using the peak confinement loss [ ( , )an  ] of that analyte [124]. 

 
1

( )
( , )a

L cm
n 

=  (6.10) 

6.3.8 Double Peak Shift Sensitivity for structures having two consecutive 

resonance peaks: 

In certain sensor designs utilizing multiple layers of plasmonic materials, it is possible to observe 

two distinct peaks for a specific refractive index (RI) being investigated. To quantify the sensitivity 

of this phenomenon, a specific parameter called double peak shift sensitivity ( p pS − ) is introduced. 

It is defined as the difference between the peak-to-peak distances of the two resonance wavelengths 

(RW) and is related to the analyte RI [115]: 

 
2 1 2 1 3

( ) ( )
10 ( / )b ap p n p p n

p p

b a

S nm RIU
n n

   
−

− − −
= 

−
 (6.11) 

Or, 
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where, p pS −  stands for DPSS, whereas 1, bp n  and 1, ap n  represent the primary resonance 

wavelengths, and 2, bp n  and 1, ap n  describe the secondary resonance wavelengths of refractive 

indices bn  and an , respectively. 
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6.4 Conclusion: 

Throughout the preceding chapters, we have acquired knowledge about the necessary materials of 

an SPR-based PCF sensor and the performance parameters used to evaluate its efficiency. In the 

following chapters, we'll utilize the equations and performance characteristics of these materials 

to characterize and evaluate our proposed sensor construction. 
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CHAPTER – 8 

FABRICATION 

 

8.1 Introduction: 

The fabrication process of PCF SPR sensors involves the precise engineering of PCF structures to 

incorporate plasmonic elements, such as metallic coatings or nanoparticles, that facilitate the 

excitation and manipulation of surface plasmons. Target molecules can be detected with extreme 

sensitivity and precision thanks to the analysis of the analyte's response to the evanescent field 

made possible by these plasmonic components. 

Over time, several fabrication methods, from conventional procedures to cutting-edge 

nanofabrication technologies, have been developed for PCF SPR sensors. The complex PCF 

structures with clearly defined features and geometries were produced using methods such as 

chemical vapor deposition (CVD), Stack and Draw method, Atomic Layer Deposition (ALD) etc. 

Some of the fabrication techniques are discussed below. 

A number of factors, including material selection, PCF size, and plasmonic element usage, must 

be carefully taken into account during the design and production of PCF SPR sensors. The sensor's 

efficiency, sensitivity, and spatial resolution are all directly affected by these factors. 

8.2 Chemical Vapor Deposition (CVD): 

A versatile and widely used method for putting thin films and coatings onto substrates is chemical 

vapor deposition (CVD). It involves the controlled reaction of precursor gases to produce a 

chemical reaction and the deposition of a desired substance, usually at high temperatures [136]. 

The precursor gases are injected into the reaction chamber during CVD, where they conduct 

chemical reactions and generate volatile byproducts. The desired substance can now be deposited 

onto the substrate after the byproducts are taken out of the chamber. The ability to create high-

quality films with exact control over thickness, content, and shape is one of the benefits of CVD. 

A variety of materials, including metals, semiconductors, ceramics, and polymers, can be used 
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using this scalable technique. CVD is used in many fields, including semiconductor production, 

optical coatings, and surface engineering, to create functional coatings with specialized qualities 

for uses like corrosion prevention, wear resistance, and the creation of electronic devices [137]. 

 
Figure 8.1: Chemical Vapor Deposition 

 

8.3 Stack and Draw Method 

A fabrication method utilized in the fabrication of PCF is stack and draw. It entails layering 

assembled rods in various configurations, each made of various substances with unique refractive 

indices and geometries. After being heated, these rods are fused together to create a solid structure 

[132]. 

In the manufacture of PCF, the stack and draw technique has various advantages. By choosing and 

ordering the various rod materials, it first allows the precise control of the PCF's geometry and 

refractive index profile. As a result, the optical features of the PCF, such as its mode confinement 

and dispersion characteristics, can be modified to match particular application needs. 

Additionally, this technique enables the PCF structure to incorporate functional components. It is 

feasible to include dopants or nanoparticles that provide the PCF particular functionality, such as 

improved nonlinear optical properties or sensing capabilities, by carefully choosing the rod 

materials [138]. 



62 

 

The stacked rods are heated and drawn into a long, thin fiber during the fabrication process. The 

preform is lengthened and its diameter is decreased throughout this drawing process, creating a 

highly regulated and consistent PCF structure. For the drawn fiber to have the appropriate final 

PCF configuration, additional post-processing procedures like splicing, coating, or tapering may 

be applied [139]. 

The stack and draw method offer a flexible and effective method for creating PCFs with specific 

functional components and optical qualities. Due to its adaptability and accuracy, it is a commonly 

utilized method in the manufacture of cutting-edge PCF-based devices for a variety of uses, 

including telecommunications, sensing, and high-power laser systems. 

 

Figure 8.2: Stack and Draw method 

 

8.4 Experimental Setup for the Sensor: 

The experimental setup for the sensor, as illustrated in Figure 8.3, involves several components 

and procedures. Initially, a supercontinuum light source with a range of 450 nm to 1600 nm, such 

as the SuperK compact from NKTPhotonics™, is used to provide the incident light [140]. After 

passing via a polarizer and polarizer-controller, the light is then directed through the sensor using 

a single-mode fiber (SMF-28).  
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Following its passage through the sensor, the light is guided towards an Optical Spectrum Analyzer 

(specifically the AQ6370C model manufactured by Yokogawa™) utilizing a separate single-mode 

fiber [140]. The connection between the SMF-28 and the PCF sensor is established through 

splicing, which can be accomplished in two ways: either by inserting an etched SMF tip into the 

PCF or by employing the Vytran FFS-2000 splicer with filament fusion [141]. For this purpose, 

various high-efficiency SMF-PCF couplers can be utilized, offering a coupling efficiency range of 

80-90%. Inside the sensor, a strategically positioned analyte channel allows for the introduction 

and removal of liquid analytes. The analyte is injected into the channel using a programmable 

micro injection pumper, specifically the LSP01-1A model manufactured by LongerPump™ [140], 

and the outlet of the channel is connected to a waste reservoir for storing the used analyte. When 

unknown analytes are present, they induce shifts in the resonance wavelength, which can be 

detected using the optical spectrum analyzer. These shifts in wavelength peaks are subsequently 

analyzed using a computer, which displays the final output spectra of the SPR measurements. 

 

Figure 8.3: Experimental setup for our proposed sensor explained in chapter 7 
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CHAPTER – 9 

FUTURE PROSPECTS AND CONCLUDING REMARKS 

 

9.1 Future Work Scopes: 

In our research work, we utilized Silver and GZO as plasmonic materials and incorporated circular 

air holes of varying diameters in our design. Silica was predominantly employed as the background 

material. We strongly believe that there are ample opportunities for further advancements in 

various applications of PCF sensors, along with continuous improvements in fiber performance 

such as: 

• Exploring the potential of alternative plasmonic materials such as Graphene, AZO, ITO, 

etc., to enhance sensitivity and achieve improved results. 

• Optimizing the sensor specifications with Deep Learning techniques or other optimization 

algorithms. 

• Exploring different shapes of air holes other than circular, to further investigate the 

performance of the sensor. 

• Improving the Amplitude Sensitivity and FOM of the sensor. 

• Implementing multi-analyte channel-based sensors. 

• Developing metal grating-based sensors. 

• Magnetic field strength sensors and strain sensors can be approached. 

• Enhancing the fabrication process to improve design and production efficiency. 

 

9.2 Conclusion: 

In this research, we utilized surface plasmon resonance (SPR) phenomenon to identify unknown 

analytes. By manipulating certain parameters of the PCF, we can control the evanescent field and 

tailor the propagation of light through the periodic air holes in the cladding region. Incorporating 

different plasmonic materials enhances sensor sensitivity. The maximum amplitude sensitivity 

(AS) and maximum wavelength sensitivity (WS) are key parameters that determine sensor 

effectiveness. The relatively newly developed parameter, DPSS, also needs to be extensively 



65 

 

researched. Throughout the thesis, we extensively discussed our sensor design, which contributes 

to detecting pharmaceutical products, biochemicals and medical procedures. This design features 

a perfectly matched layer (PML) surrounding the fiber to absorb the scattered evanescent field. We 

employed the full vectorial finite element method (FEM) in COMSOL Multiphysics simulation 

software to conduct numerical investigations and optimize fiber parameters for optimal sensing 

performance. Our sensor exhibits remarkable sensitivity values, low confinement loss and 

tolerance towards fabrication errors. It’s simple yet strategic design facilitates practical fabrication 

using existing methods. Additionally, we explored the use of regression algorithms to predict 

sensor performance, enabling efficient and resource-saving evaluations. The use of ML algorithms 

can open new scope of research as the field is relatively newer and untouched. The proposed sensor 

holds great potential for advancements in sensing applications and medical diagnostics, owing to 

its feasible design and high sensitivity.  
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