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ABSTRACT 

 

This work proposes Surface Plasmon Resonance based Photonic Crystal Fiber for cancer 

detection. Both the proposed sensors are refractive index sensors that is highly sensitive 

towards change in refractive index of the analyte. Here the analyte used is a solution of 

blood cells from an infected body and a healthy body. So, by comparing the change in 

refractive index of both the analytes, sensitivity of the proposed sensors are determined. 

Fibers are simulated by the Finite element method (FEM) in COMSOL Multiphysics 

Software. Black Phosphorous is used as a plasmonic material along with gold and 

Titanium Dioxide, that significantly increases the sensitivity of the proposed sensors. 

Cancer infected cells refractive ranges from 1.38 to 1.41 in refractive index and that 

healthy cells ranges from 1.36 to 1.39 .This high sensitivity values at such minute change 

in refractive index displays the potential of the sensors. All the required fabrication 

process are suggested to show the possibility of making such sensors for real world 

applications.  
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CHAPTER 1 

INTRODUCTION 

 

1.1. PHOTONIC CRYSTALS 

 

From the start of human civilisation, humans are trying to eliminate the 

darkness. Edison’s light bulb, fire, etc. are a very few ways of light sources that 

were thought of. We were dependent on such old light sources like incandescent 

bulb, fluorescent light sources even after having such high level sophisticated 

technologies. These light sources are known to waste 80-90% of the electrical 

energy input. For the improvement U.S. Academy of Sciences compiled a report 

citing LEDs as lighting sources will give the major impact on the economy both in 

saving and lighting as well [1]. Here comes the concept of photonic crystals which 

is very important in the making of such efficient LEDs. Semiconductors based light 

emitters are the most appropriate choice in the making of such LEDs. These 

materials are the best known materials to man which has an internal quantum 

efficiency of 90%. But unfortunately, only 3-20% of the light could escape the 

material and the remaining light was trapped inside the material (Fig-1(a)). 

Whereas laser diodes have developed in a tremendous manner. Many devices have 

shown a total efficiencies of around 50% and above. But they waste a lot of light 

that can be used or not be emitted, if photonic band gap principles were applied.  

 

Therefore, a requirement for improving the ability of the effectiveness of 

LEDs was felt. Photonic crystals came to the picture for addressing the problem of 

extraction of light, altering the light generation process in the material, operating 

characteristics improvement of the laser diodes. Photonic crystal promises 

improvement both in case of LEDs and lasers. Their ability to control the flow of 

light, to concentrate light and to enhance the light matter interaction is very 

surprising [1]. 

 



 

2 
 

The way electrons are to semiconductor crystals in the similar way photons 

are to photonic crystals [1]. The photons having an energy range are unable to 

penetrate in the crystal, and gets reflected. 

 

1.2. MAKING OF PHOTONIC CRYSTALS 

 

1.2.1. Lithography:  

Through lithographic means some of the impressive progress are made with 

planar structures. Photolithography cannot be used for the sizes of the lattice 

periodically between 220-735 nm, instead electron-beam lithography is a perfect 

alternative. This method is used by several groups of people to generate patterns to 

use in the visible to near infrared red region [1]. Many groups have successfully 

generated triangular pattern using multiple exposer holography. This technique 

known as ‘multiple exposer holography’ is used to actually generate two-

dimensional periodic structure. 

 

1.2.2. Masking:  

2-D photonic crystals consisting of a set of small holes is the most appropriate 

structure that is etched deeply in the semiconductor material. Conventional wet 

etching is not used as this needs an anisotropic and deep etching with a very high 

resolution. Selection of a suitable mask layer is very important. The solution is to 

generally use the resist after the development. During the etching process the resist 

erodes constantly, however the etch depth that can be obtained is limited, mainly 

for the high-resolution pattern that requires thin resists. Therefore a dielectric 

pattern-transfer is added for deeper etching. Using fluorine chemistry given layer 

can be patterned by plasma etching. Thickness chosen for this layer is ranges from 

100-200 nm; the thickness of the mask decides the amount of plasma it can hold 

and how deep the semiconductor can be etched and the semiconductor can be etcher 

deeper. Thinner mask implies the thinner resist can be used to pattern, achieving a 

higher resolution.  

 

 

1.2.3. Dry etching:  
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GaAs/AlGaAs semiconductors has a standard etch chemistry is chlorine 

based by using Cl2 or SiCl4. Out of all the dry etchning techniques the most 

appropriate method is chemical assisted ion-beam etching. Chemically assisted 

ion-beam etching is the most appropriate dry etching technique. It usually has a 

ratio greater than 20:1. A energy beam that is collimated is impinged on the sample, 

results in an improved RIE lag and directionality. Non selective etching or vertical 

sidewalls are both achieved with CH4/H2, it is caused by the build-up of polymer 

that clogs the small features. This problem is solved by using chlorine chemistry 

[1].  

 

1.2.4. Electrochemistry 

Electrochemistry also known as anodic etching and growth, is an alternative 

method to produce 2-D lattices. It has an impressive aspect ratio for both silicon 

and alumina. Previous researchers have closely approximated the goal of an 

“infinitely high” set of holes. “Infinitely high” is a term to understand in context of 

wavelength. Due to the generally “macroscopic” feature size of the 

electrochemically etched holes, these materials are known as the “microporous” 

silicon. Structures smaller than this is produces by technique of anodic growth.  

 

 

1.2.5. Vertical Selective Oxidisation 

Etching of holes and slots in a material is done to create a high refractive 

index contrast. Removal of material will leave the surface pierced that will make it 

difficult to deposit mirrors and contacts afterwards. The devices may go through 

premature aging because of chemical reaction in the exposed surface. Materials 

having this issues are removed by using the technique of selective oxidisation. The 

lattice produced by this technique, maintains the physical integrity of the material 

and hence produces an “all-solid” microstructure. 

 

 

1.2.6. Membranes 

The above techniques assumes that the light is confined in a “Laser-like” 

semiconductor heterostructure. This approach has a lot of advantages like 
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mechanical stability, simplicity and it allows current injection. The actual 

drawback of this technique is that the light is weakly confined by the limited 

refractive index contrast that is available with a semiconductor heterostructure, and 

given the opportunity, will scatter into the substrate. This loss of scattering can be 

minimised by designing it carefully. It cannot be completely removed unless the 

refractive index contrast between the cladding and the waveguide core is increased 

[1]. 

 

1.3. OPTICAL FIBER 

 

 An optical fiber is a hollow structured waveguide made up of dielectric 

material in which light can travel from one place to another i.e. information can be 

guided from one place to another using the phenomenon of total internal reflection 

(TIR). Total internal reflection is the phenomenon in which light striking at 

interface of two medium (e.g. water to air) is not refracted into the second medium 

but get reflected back into the first medium. The two necessary conditions for TIR 

to occur are:  

 

a) The light must travel from a medium with lower wave speed (high 

refractive index) to a medium with higher wave speed (high refractive index).  

b) The angle of incidence on the interface (boundaries) of the two medium 

must be greater than the critical angle (𝜃𝑐).  

                     

 

Fig. 1.1 Total Internal Reflection (TIR)  
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           An optical fiber comprises of 

1.3.1. Core   

It is a high refractive index (n1) region in an optical fiber made up of silica or 

any other dielectric medium. The light guidance takes place inside the core region 

of the fiber with the help of TIR.  

 

1.3.2. Cladding  

The low refractive index (n2) region surrounding the core region is called 

cladding. Cladding is generally made up of silica or any other optically transparent 

material having lower refractive index than that of core.  

                                          

                                                 .  

1.4. TYPES OF OPTICAL FIBER  

 

Optical fiber can be classified on the basis of their structural design. Fibers 

are mainly classified as:  

 

1.4.1. Single-Mode Fiber 

The core diameter in such fibers is reduced to a limit such that they allow 

only fundamental mode to propagate through them. These fibers have the core 

Fig. 1.2 Cladding and Core of an Optical Fiber 
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diameter of few wavelengths as compared to the wavelength of light propagating 

into the fiber. These fibers do not exhibit modal dispersion hence are more 

compatible for long range communications.  

 

1.4.2. Multi-Mode Fiber   

Optical fibers which allows multiple modes of light to propagate through 

them are known as multimode fibers. The diameter of core in multimode fibers is 

larger than wavelength of light propagating through them. The number of modes 

that can propagate through them is directly proportional to the diameter of core i.e. 

with the increase in diameter of core the number of propagating modes also 

increases and vice versa. Multimode fibers can be further classified into two 

categories as follows.  

 

1.4.2.1. Step Index Fiber  

The optical fibers in which the refractive index profile of core and cladding 

regions are constant are known as step index fibers. The refractive index of core 

region is higher than that of cladding region. Thus, at the interface of core and 

cladding regions, there is sharp and sudden decrease of refractive index. These 

fibers can be fabricated using Vapour phase deposition method [2].  

Due to difficulties in dispersion engineering and large effective mode areas 

of step index fibers, they are not much used for supercontinuum generation. The 

schematic diagram of refractive index profile of step index fiber is shown in figure. 

                                                    
Fig. 1.3 Step Index Fiber with its Refractive Index Profile 
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1.4.2.2. Graded Index Fiber  

The optical fibers in which the refractive index profile gradually decreases as 

we move from core region to cladding region are known as graded index fibers. 

The gradual decrease in the refractive index of graded index fibers helps in 

achieving low modal       dispersion and hence graded index fibers are used in long 

haul communications. The refractive index profile for the graded index fibers 

(parabolic) is shown in figure.  

        

1.4.3. Special Fibers: Photonic Crystal Fiber  

Photonic crystal fibers are holey fibers which uses photonic crystals for the 

cladding and core. The core region is high index region and cladding consists of 

air holes arranged in a certain manner which reduces the refractive index of 

cladding region. Photonic crystal fibers are more efficient than conventional fibers 

as the refractive index of the core and cladding region can be  changed easily either 

by changing the arrangement or shape of air holes in the cladding region or by 

altering size of air holes in the cladding region. Losses in photonic crystal fibers 

are also low as compared to conventional fibers. PCFs can be mainly classified in 

two categories.  

 

1.4.3.1. Index Guided PCF  

In index guided PCF modes of light propagate core in the same way as in 

conventional fibers i.e. by the phenomena of total internal reflection. The core of 

the fiber is made up of high refractive index material and cladding consist of air 

 Fig. 1.4 Graded Index Fiber with its Parabolic RIP 
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holes with the same dielectric material as that of core. As the cladding region now 

has air holes in it, thus due to the presence of air holes the effective refractive index 

of the cladding region decreases. As the refractive index of core is higher than that 

of cladding region, hence the leakage of light energy to the cladding region is 

minimized. The refractive index profile and the fundamental mode guidance of 

index guiding PCF is shown in figure.  

 

1.4.3.2. Band Gap Guided PCF  

In bandgap guided PCF, the core is made hollow through which the modes 

of light can propagate utilizing the photonic band gap effect. This effect arises from 

the periodic structure of air holes in the cladding region and is analogous to the 

formation of band gaps 8 in solid state physics in the presence of periodic potential. 

The light in the core region is guided as cladding prevents the propagation of some 

wavelengths and effectively reflects those in the core region. The core of the fiber 

can be hollow i.e. air filled or can be filled with liquid or gases [4] resulting in the 

increase in non-linearity which can help in various non-linear applications. The 

fabrication of the index guided PCF is comparatively difficult but fiber can be 

realized by using stack and draw technique [5]. 

 

 

 

 

 

Fig. 1.5 (a) Side View of Index Guiding PCF [3] 

(b) Fundamental Mode in Index Guiding PCF 

[www.optics.ansys.com] 

https://optics.ansys.com/hc/en-us/articles/360042798953-Modes-of-a-photonic-crystal-fiber
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CHAPTER 2  

 

PHOTONIC CRYSTAL FIBER 

 

 

Photonic Crystal Fiber (PCF) based sensor, interferometer and grating based 

biosensor and resonator based biosensor [6]. PCFs are a class of optical fiber that 

uses a periodic structure of air holes within the cladding to confine light. This 

structure creates unique properties not found in traditional optical fibers, such as 

tailored dispersion characteristics, high birefringence, and enhanced nonlinearity 

[7], PCFs can be utilized for both light guiding and fluid flow channels. Due to 

these results samples interact significantly with light. Due to the addition of the 

bio-sensing, they can bind efficiently with the biomolecular targets. Intense 

interaction between the sample and light is achieved for the detection of the 

particular sample, due to the small size of the core and cladding air holes. Sensing 

needs very small samples of fluid volume. Small volume consumption is of great 

interest in chemical and biological applications. 

 

PCFs are fabricated by using either Stack and Draw Technique or Extrusion 

Fabrication Process. Different types of materials are used for the fabrication of 

PCFs such as fluoride glasses, chalcogenide glasses, silica and polymers. These 

properties give rise to a large number of applications like terahertz communication, 

terahertz-based sensors, refractive index sensors, pressure sensors, electric and 

magnetic field sensor [8], super continuum generation, high-power fiber lasers, 

fiber components for metrology and spectroscopy, etc. 

 

2.1. TYPES OF PHOTONIC CRYSTAL FIBER 

 

2.1.1. Solid Core 

Fiber with cladding having a lower refractive index than that of the core is a 

solid core photonic crystal fiber. Due to the higher refractive index of the core than 

that of the cladding these fibers can undergo TIR. 
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2.1.2. Hollow Core 

Hollow core photonic crystal fiber works on a reverse theory than the solid 

core photonic crystal fiber. In such fibers the core is hollow acting as a defect such 

that a certain frequency of light pass through it called the Photonic band gap. As 

the core, it has a lower refractive index compared to the cladding.  

                                                                                

2.1.3. Porous core 

In this case the core is porous which means the core comprises of a lot of 

pores or voids to be precise, which affects the propagation of light across the fiber. 

Different configurations of the voids such as the size, arrangements and frequency 

of these holes can be used to achieve different optical properties. 

       

                            

Fig 2.1 (a) Solid Core PCF, (b) Hollow Core PCF [9] 

Fig 2.2 Porous Core PCF [10] 
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2.2. ADVANTAGES OF PCF 

 

PCFs are known for its tunability in optical properties which helps in 

precisely controlling the propagation of light. Different design of the crystal lattice 

can help the researchers to obtain different optical properties such as birefringence, 

dispersion, nonlinearity etc. PCFs are compact in size and light in weight. Some 

fibers are polarization maintaining where the is to have specific control over the 

polarization, and PCFs serves the purpose. PCFs are already known to work on the 

principle of TIR. But they also perform on guiding mechanism which are 

commonly used in multiple fields such as nonlinear optics. 

 

2.3. FABRICATION 

 

PCFs have a very complex design. Now, the present world is full of different 

new technologies and advancements that allows comparatively easier fabrication 

of such difficult result. Various ways are used in the fabrications of PCFs such as 

sol-gel [11], extrusion [12], stack and draw [13], gas- pressurization, capillary 

stacking and 3D printing [14]. Different types of air holes such as elliptical, 

rectangular, circular etc. are designed by this new technology called 3D printing.  

             

                            

 

Fig 2.3 Stack & Draw Fabrication Method for PCF Sensors [15] 
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CHAPTER 3 

 

SURFACE PLASMON RESONANCE AND IT’S 

ASSOCIATION WITH PCF 

 

 

3.1. SURFACE PLASMON RESONANCE 

 

When light travels through a thin metal film, like gold or silver, the electrons 

at the metal surface starts to oscillate collectively in response to the light. This 

oscillation of electrons is called a “surface plasmons”.When the natural frequency 

of these oscillations matches the frequency of the incident light, it is called 

“resonance”. When a light beam traveling from higher refractive index and hits the 

interface of a lower RI material. Due to total internal reflection (TIR) the light 

bounces back to the material with higher refractive index. This reflection of light 

to the higher refractive index is prevented by applying a thin layer of a conducting 

metal like silver, gold etc. Evanescent wave is generated as a small part of the 

reflected light is converted into electric field. The free electrons at the metal 

surface, known as Surface Plasmons (SPs) interacts with these evanescent waves 

as they penetrates through the metal surface. Electrons get excited as the 

momentum of the SPs and the light photons are equal in magnitude and direction 

at a given incident energy. These SPs as soon as they interact with light photons 

starts oscillating and resonating, producing Surface Plasmon Polaritons (SPP). 

SPPs combines electromagnetic waves (polaritons) with the oscillation of charged 

particles (SPs) in the metal with in the dielectric or air, as shown in Fig. 3.1. This 

free charged particles having resonate oscillation in metals at the metal–air 

interface or metal–dielectric is known as SPR. As  SPR is generated by a portion 

of light, therefore not all the light incident on the surface can be said to have 

completely reflected. So there is always a decrease in the intensity of the reflected  

light as SPR appears.  
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3.2. SPR BASED PCF SENSOR 

 

Surface plasmon resonance (SPR)-based sensors have recently been designed 

and developed for applications in the area of medical diagnostics, biological 

sensing, and environmental monitoring. Due to the minimal size of the PCF core 

and air holes in the cladding, the intense interaction between the sample and light, 

sensing needs very small samples of fluid volume. The consumption of volume of 

sample is extremely small. Small volume consumption is of great interest in 

chemical and biological applications. Previously there was a sensor i.e., prism-

based SPR sensors, which have drawbacks such as bulkiness, complex design, 

massive cost, and limited reliability. To overcome these drawbacks, PCF-based 

SPR sensors have grown more dominant in the field of optical sensing due to their 

design flexibility. 

 

                                                                  

 

Fig 3.1 Schematic View Surface Plasmons Travelling along a Metal-

Dielectric Boundary [16] 

Fig 3.2 Prism based SPR Sensor 

[www.jacksonimmuno.com] 

Fig 3.3 Example of SPR 

based PCF Sensor [17] 

https://www.jacksonimmuno.com/secondary-antibody-resource/immuno-techniques/an-introduction-to-surface-plasmon-resonance/
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The prism is replaced by the fiber in the PCF-based SPR sensor. The 

excitation of SPs is created by the fiber coupling instead of the prism coupling. In 

the figure, we have a PCF based SPR sensor where analyte works as the lower 

refractive index material and fused silica as the higher refractive index material.  

 

The main benefits of adopting PCF-SPR sensors are their large detection 

range, improved light confinement, adjustable dispersion, compact size, and 

extremely sensitive characteristics. A PCF-SPR sensor’s sensitivity is heavily 

dependent on plasmonic materials such as silver, gold, aluminum, copper, bismuth, 

and palladium. 

In comparison to other plasmonic materials, gold (Au) exhibits high chemical 

stability. 

 

3.2.1. Advantages of SPR based PCF Sensors 

SPR based PCF sensors are known to enhance light matter interactions, 

which leads to a more efficient energy transfer and better sensitivity in a lot of 

devices. Light propagation through these sensors obeys photonic band gap effect 

or the modified TIR.  We can control the light propagation through the sensor just 

by altering the air hole geometry and altering the number of rings. These sensors 

can be incorporated in microscales as they are very compact. By optimizing PCF 

SPR geometry, one can achieve optimum evanescent fields due to it’s flexibility in 

design. For example by using different types of PCF SPR sensors such as 

octagonal, hexagonal, square, hybrid, etc. the core guided leaky mode propagation 

can be controlled. Propagation of light in single mode can be obtained by 

optimizing the core-cladding diameter and propagation, which results in sensitivity 

enhancement.   

 

3.2.2. Disadvantages of SPR based PCF Sensors 

These sensors are very difficult to build due to their complex structure. They 

also very fragile and delicate. These makes them very expensive in terms of 

manufacturing. Integration of such sensors are also a very big issue to overcome. 

They are very sensitive they get easily influenced by the environment. The data 

interpreted by such sensors are very complicated as well 



 

15 
 

 

CHAPTER 4  

 
PLASMONIC MATERIALS  

 

 

As discussed earlier the generation of surface plasmons, and the way they are 

responsible for the SPP modes of the sensor. These plasmonic materials are some 

metal-like materials that is responsible for the interaction between the light and the 

electrons of the metal. 

 

4.1. GOLD 

 

Gold and silver are the most known and common plasmonic material due to 

their unique optical properties. When the free electrons of the metal is exposed to 

light it tends to interact with it and collectively oscillates at certain wavelengths. 

This leads to the phenomenon discussed earlier known as Surface Plasmon 

Resonance. Use of such plasmonic material results in strong absorption and 

scattering of light. Making them useful in different types of applications such 

imaging, bio sensing, etc. 

 

4.2. TITANIUM DIOXIDE 

 

TiO2 are also considered as one of the prominent plasmonic materials. They 

does the same functioning as any other plasmonic material like gold or silver. As a 

result they are used in such sensors to enhance the sensitivity. But also have a 

unique adhesive property that enables them to be used as a binding element 

between the fiber and any other plasmonic material like gold. 
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4.3. BLACK PHOSPHORUS 

 

One of the 2-D plasmonic material that amazing optical and electrical 

properties including high charge carrier mobility, smaller work function, binding 

of molecules is better on the sensor’s surface [18] and direct band gap.  BP is known 

for enhancing the sensitivity of a sensor as at specific wavelengths it can interact 

with light  due to its property of direct bandgap [19]. Transmission of signal is 

faster and efficient resulting in quick response and enhanced sensitivity as its 

charge charrier mobility is very high. Smaller work function makes it easier for the 

incident electrons to excite the surface electrons. It can tightly bind the molecules 

on its surface as a result it plays an important role in binding biological molecules 

like DNA, Chemical analytes, Blood cells etc., which eventually increases its bio 

sensing properties. As it is a 2D plasmonic material it has a very minute thickness 

of 0.53nm, so to make it work multiple layers of BP is used on the sensor. Such 

small layers of BP are made by different processes such as Pulse Layer 

Precipitation, Liquid Peeling, Mechanical Peeling etc. Mechanical peeling is used 

most commonly where thin layers of BP are extracted of a bult material using some 

tools. This is cost friendly method and requires no big equipments. In liquid peeling 

a large piece of BP is kept in a liquid and Ultrasound waves are projected on it 

resulting in the projection of a large quantity of such thin BP layers. BP is used in 

SPR based PCF sensors for enhancement of its sensitivity, biomolecule detection, 

clinical applications, environmental monitoring, it doesnot let the plasmonic 

materials to get oxidized.    

 

                  

Fig 4.1 (a) 3D Representation. (b) Lateral View. (c) Top 

View of a 0.53nm Thin BP Layer [20] 
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CHAPTER 5 

 
BIOSENSING APPROACH 

 
 

The body is made up of millions of microscopic cells, each of which 

functions as a completely different living organism. Every single cell in our body 

works collectively with every other cell to form our tissues and organs. An 

illustration of this cooperation can be seen in the process by which cells divide. 

They then begin to regenerate when it becomes necessary to fix damaged or dead 

cells. When the process of cellular replication becomes unregulated, cancer 

develops. Each cell has a nucleus and the nucleus contains a huge bunch of 

chromosomes, whereas these chromosomes are made of genes in the form DNA 

strands containing coded messages that guide the cell about the work they will 

perform. And this is how the information of the presence of dead cells reach the 

brain and the cells undergoes the process of cell division [21]. During cell division 

mutation occurs i.e., when due to smoking or any other external factor this process 

of cell division gets mislead and without any instructions cells starts to grow 

abruptly. Forming a lump known as cancer. This is how cancer starts in the body, 

stays and grows without the host knowing. And as soon as it is discovered it is 

already in a stage where no treatment can help with the recovery. Cancer is actually 

growth of cells in an abnormal way which changes the usual gene replication and 

eventually it becomes a multiple cell system that dis-balances the cell replication 

in the body. It becomes such a huge cell group that it can invade any tissues in any 

parts of the body. It can then infect the entire organ system, causing a painful death 

of the host [21]. 

So, early detection of cancerous cell is one of the most talked topic. 

Generally, people can go for MRI (Magnetic Resonance Imaging), PET-CT 

(positron emission tomography-computed tomography), Biopsy, X-ray, CT scan 

etc. to regularly monitor cancerous presence in the body but they have a list of 

disadvantages like slow, complicated and inefficient procedures, with a lot of 

radiation exposer, and need of a lot of trained people to operate equipment making 

it more and more expensive.  
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Sensing techniques for detection of cancer over the years have evolved a lot. 

Some of them are Colometric biosensors; Fluorescence based biosensor; 

Resonance based optical sensing such as SPR and LSPR based sensing; Fibre based 

sensor such as PCF(Photonic Crystal Fiber) based sensor, interferometer and 

grating based biosensor and resonator based biosensor. Among all these SPR 

sensors are considered very efficient due to its sensing technique and high 

sensitivity toward its analytes [22]. So in this designed biosensor we are using a 

combination of Photonic Crystal Fiber (PCF) and Surface Plasmon Resonance 

(SPR) to detect early cancer cells in the body.  

The infected counterpart of the healthy cells shows an increase in refractive 

index (RI) as the protein content in the nucleus of the infected cell increases. Cancer 

cells have many types. Skin cancer (Basal Cell), Blood Cancer (Jurkat), Adrenal 

gland cancer (PC-12), cervical cancer (HeLa cell), Breast Cancer (type 1 & 2) etc. 

The RI of healthy Basal cell, Jurkat, PC-12, HeLa cell lies between 1.36 to 1.39. 

Whereas, the infected counter part of these cells shows an increase in RI and lies 

within 1.38 to 1.41 [23, 24, 25]. These healthy and infected cell forms the sample 

analyte for our analysis and based on their RI difference we will calculate the 

sensitivity of the infected cell with respect to the healthy cell. 
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CHAPTER 6 

 

SIMULATIONS AND COMSOL MULTIPHYSICS 

SOFTWARE 

 
 

6.1. SIMULATION  

In the recent time specialized softwares are used for computational 

simulations to evaluate the initial analysis before physically fabricating it. Different 

Multiphysics software such as RP Fiber, COMSOL Multiphysics, Ansys 

Multiphysics are used for such purposes. These analysis helps us to be aware of the 

performance of the designed fiber in various altered conditions to know make the 

most out of it. These softwares gives us an insight on different possibilities of fiber 

that can be designed which might not be feasible to fabricate at the moment 

providing valuable guidance for future developments. This way thorough research 

can be done on the reliability on an innovative fiber design before it fabrication 

that makes it very reasonably helpful for practical uses.  

6.2. COMSOL MULTIPHYSICS SOFTWARE 

 

COMSOL Multiphysics is a finite element analysis. As the laws of physics 

for time-dependent and space-dependent are generally expressed in partial 

differential equations (PDEs). But of various geometries and problems theses PDEs 

are not possible to be solved by analytic methods. Instead, based on some 

discretization an approximation of such equation can be created. This way they are 

approximated with some numerical model equations that are solved using 

numerical methods. These solutions are the approximation of the real solution to 

the PEDs. These approximations are generally commuted by Finite Element 

Method (FEM). 
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COMSOL Multiphysics software is a solver, and simulation software 

package for various physics and engineering applications, especially coupled 

phenomena and multi-physics. The software facilitates conventional physics-based 

user interfaces and coupled systems of partial differential equations (PDEs). 

COMSOL provides an IDE and unified workflow for electrical, mechanical, fluid, 

acoustics, optics and chemical applications. Besides the classical problems that can 

be addressed with application modules, the core Multiphysics package can be used 

to solve PDEs in weak form. An API for Java and LiveLink for MATLAB and 

LiveLink products for major CAD software can be used to control the software 

externally. An Application Builder can be used to develop independent custom 

domain-specific simulation apps. Users may use drag-and-drop tools (Form Editor) 

or programming (Method Editor). COMSOL server is a distinct software for the 

management of COMSOL simulation applications in companies. Several modules 

are available for categorization according to the applications areas of Electrical, 

Mechanical, Fluid, Acoustic, Chemical, Multipurpose, and Interfacing. 

                                           

                                                        

     

                                                             

6.3.  NUMERICAL ANALYSIS  

Various types of mathematical equipments are available in these simulation 

software having advanced algorithms to evaluate fiber performances. Some of 

them are listed below: 

Fig 6.1 COMSOL Multiphysics Software  
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6.3.1. Finite Element Method:  

This method is used to obtain approximate solutions through numerical 

techniques for boundary value problems for partial differential equation (PDE) and 

also for solving integral equations. It converts complex problem into smaller 

components called finite elements and achieves the required solution. The entire 

physical domain is parted into finite numbers of elements, and are interconnected 

at nodes. This process is called meshing. 

 

6.3.2. Finite Difference Time Domain Method:  

FDTD is a method developed in the 1920 by A. Thom  for simulations of 

one, two, three dimensional models. These method was previously used to solve 

hydrodynamic problems. By using central difference approximations FDTD 

changes differential equations into difference equations. Iteratively these 

difference equations are solved in an advanced manner. Within the solution region 

the value of these dependent variables at a defined points are known by the 

neighbouring points. 

 

6.4.  PROPERTIES DEFINING A PCF  

PCF is designed by various properties and parameter that are used in 

simulations Some of them are listed below:  

 

6.4.1. Effective Mode Index  

An average refractive index is maintained by the PCF due to its design, when 

light travels through it. Effective mode index is actually the average refractive 

index. Mathematical representation of effective mode index is shown below [26]: 

 

𝑛𝑒𝑓𝑓 =  
𝛽

𝑘𝑜
                                                      (6.1) 
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6.4.2.  Confinement Loss  

Generally PCFs are designed in a way such confinement of radiation is 

maximum at its core. But due to various reasons light scatters out of the core i.e., 

radiation escapes the core and a confinement loss is obtained. Confinement loss is 

calculated by the given equation[27]: 

 

                 𝐿𝑜𝑠𝑠 (
𝑑𝑏

𝑐𝑚
) = 8.686 ×

2𝜋

𝜆
× 𝐼𝑚(𝑛𝑒𝑓𝑓) × 104                     (6.2) 

 

Here ko is the propagation constant, lm(neff) is the imaginary part of the 

effective RI.   

6.4.3. Effective Mode Area 

Effective mode area refers to the key zone where sensing is performed. 

Effective mode area attributes the spatial distribution of the guided optical mode. 

It is given by [28]: 

 

              𝐸𝑀𝐴 =
(∬ |𝐸|2𝑑𝑥𝑑𝑦)2

∬ |𝐸|4𝑑𝑥𝑑𝑦
                                              (6.3) 

 

6.4.4. Effective material loss  

It refers to the material loss due to absorption of material and scattering 

between the cladding and core of the fiber. It helps to determine the amount of light 

absorbed by a fiber. This is the ratio of the integral of the dielectric material of the 

fiber to the integral of the cross section of the entire fiber, which is [29]: 

 

𝛼𝑒𝑓𝑓 = √
Ɛ0

µ0
(

∫ 𝑛𝑚𝑎𝑡|𝐸|2𝛼𝑚𝑎𝑡𝑑𝐴𝑚𝑎𝑡

|∫ 𝑆𝑧𝑑𝐴
𝑎𝑙𝑙

|
)                                 (6.4)3 
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CHAPTER 7 

 

BLACK PHOSPHORUS-BASED SLOTTED D-

SHAPED PCF SPR SENSOR FOR CANCER 

DETECTION1 
 

 

7.1. Introduction 
 

Our body has millions of cells, every one of which is a microscopic unit that 

is both autonomous and fully functional on its own. Together, these cells form 

tissues and organs which enable the body to perform its functions. One of their most 

important functions is to regenerate, which they can do by cell division, in order to 

replace dead or damaged cells. This process is controlled and regulated, but when 

this regulation is broken because of some mutation, mostly because of some 

harmful external influence like smoking, these cells start dividing without control, 

and this leads to cancer [21, 30, 31] . When we talk about cancer, it is about “out of 

the norm’ uncontrolled cell growth which interrupts cell interplay between injuring 

white blood cells synthesis and organ disposition, resulting in the disarray of 

organs, severe damage to the body systems and alter rate of functionality with great 

chances of death. 

 

The deadliest disease requires early diagnosis. Early detection is very 

important for cancer. Existing detection methods like MRI, PET-CT, biopsy, X-ray, 

and CT scan are used regularly but all have major limitations. Some of them include 

being complex [32], time intensive [33], costly, heavy on radiation [34], and 

necessitting specialized healthcare professionals . This need has spurred the 

development of newer biosensing technologies aimed at improving the efficiency 

and sensitivity of cancer detection. 

 

                                                           
1 A part of the results presented in this chapter have been reported in a research publication: 
Bhuyan, Arhee, et al. "Black Phosphorus-Based Slotted D-Shaped PCF SPR Sensor for Cancer 

Detection." Plasmonics (2024): 1-13. 
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Colorimetric biosensors, fluorescence-based biosensors and other types of 

sensors with grating and resonator-based instruments [6] as well as SPR have been 

developed. Among all these sensors, surface plasmonic resonance (SPR) based 

sensors are considered very efficient due to its label-free sensing mechanism and 

deliver higher sensitivity toward its analytes [22]. 

 

Superlattice structures (SS ) occur when light interacts with thin films of 

metals like gold or silver, producing an evanescent wave that interacts with the free 

electrons oscillating on the surface of the metal, which creates surface plasmons 

(SPs). Surface plasmon polaritons, or SPPs, are created and oscillate in Electron 

Cloud of the Metal (ECM) when the incident light matches the oscillation 

frequency. The energy of the SPPs is proportional to the amount of reflected light, 

hence a decrease in light intensity indirectly indicates an increase in plasmonic 

energy, making it possible to precisely identify the medium's SPR. These conditions 

are known to oscillate with the ingoing biosystem, which makes probing efficient 

for multi-purpose biosensing applications. 

 

The use of PCFs also improves the efficiency of SPR sensors. They consist 

of a singular crystal containing physical channels along its whole length which 

allow light to propagate perpendicular to the fiber axis. These structures change 

energy distributions in light for non-linear optical applications [7]. They allow this 

with high refractive index and low friction which PCFs possess. The air gaps, 

together with the low-friction material, can also reduce the amount of liquid that 

needs to be tested, which is very important in medicine. 

 

New designs of the PCF-SPR sensors have made it much easier to detect 

cancer. Different researchers have used different shapes of air holes, core structures, 

and even gold as plasmonic materials for their designs.  

 

The sensor discussed within the text integrates gold, titanium dioxide (TiO₂), 

and black phosphorus (BP) as cloaking or plasmonic materials. In this case, gold 

was used due to its biocompatability, stability, and resilient corrosion [35], whereas 

TiO₂ holds the role of an anchor layer. BP is a new 2D material and further enhances 

sensor performance owing to its direct bandgap, tunable properties, elevated charge 
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carrier mobility, and strong molecule binding. These properties greatly enhance 

sensor sensitivity and response time [18, 19].    

 

Each layer of BP with a thickness of 0.53 nm is multiplied to evaluate its 

influence on SPR response, or more generally how the sensitivity shifts with 

refractive index changes. Detection is designed for differentiating healthy cells and 

cancer-invaded tissues by means of RI comparison (Refractive Index). It’s well 

known that cancer cells usually have higher RI values compared to normal ones 

because of enhanced protein content within the nucleus. Basal, Jurkat, HeLa, and 

PC-12 are well known healthy cells which have RIs in a range of 1.36 to 1.39 while 

their infected counterparts will have range from 1.38 to 1.41 [23]. It is these changes 

in RI that enables the proposed biosensor to achieve specificity and sensitivity. 

7.2. DESIGN OF PROPOSED PCF BASED SPR BIOSENSOR 

 

Figure 1 is the cross -sectional demonstration of the proposed biosensor. 

Different geometric parameters were chosen and placed in a way to create a passage 

for the interaction between core mode and the SPP mode of the sensor. In this 

designed sensor, two types of air holes are used, first is oblong air holes and second 

one is circular air holes. The PCF consists of two sets of oblong air holes: one has 

a height and width defined as H and W whereas the other slanted oblongs has same 

width and but height attains the magnitude of H’=1.35×H. The slanted oblongs are 

at an angle of 60º with each other. Therefore, as to direct the evanescent field to 

the plasmonic layers (Gold-TiO2), the first type of oblong air holes are placed in a 

horizontal manner. Smaller air holes having diameter (dc) are placed near the 

vicinity of the core to prevent any extent of leakage of light. The thickness of TiO2 

(tTi) used is 12 nm for the initial analysis and similarly gold layer has a thickness 

(tg) of 50nm. Here, seven layers of BP is used each of thickness 0.53 nm united 

giving a total thickness of 3.71 nm to initiate the investigation.  

The series of plasmonic layers over the PCF are as TiO2, then gold (Au) over 

which thin films of BP are layered. TiO2 is known to enhance the sensitivity by 

behaving as an adhesive between the fiber and gold layer. The bio-sample analyte 

is injected over the gold layer using “selective filling approach” and then a 
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Perfectly Matched Layer (PML) layer is added. The main purpose of adding PML 

to prevent any reflected radiation to be scattered. 

A concentration of 30% - 70% is for healthy cells and 80% of concentration 

is used for infected cancerous cells in the analyte for detection. Table 7.1 shows 

the refractive indices of the healthy and the infected cells. 

 

 

 

 

For the fundamental material, the proposed sensor is composed of fused 

silica. It is crucial to determine the refractive index of fused silica which is done be 

using the known wavelength-dependent Sellmeier Equation, which states a 

relationship between wavelength and the refractive index, and helps to find the 

refractive index of fused silica at different wavelengths. The equation of Sellmeier 

equation is given as [36]: 

 

Cancer 

Type 

Name 

of the 

cell 

Refractive 

Index of 

healthy 

cell 

Refractive 

Index of 

infected 

cell 

References 

Skin Basal 

cell 

1.360 1.380 

[24, 25] 

Blood Jurkat 1.376 1.390 

Adrenal 

gland 

PC12 1.381 1.395 

Cervical HeLa 1.368 1.392 

Breast 

cancer-

Type1 

MDA-

MB231 

1.385 1.399 

Breast 

cancer-

Type 2 

MCF7 1.387 1.401 

Table 7.1 

Refractive Index of Various Cancerous Cell with their Cancer Types 

and References. 
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𝑛(𝜆) = √1 +
0.696163𝜆2

𝜆2 − 0.0046791486
+

0.4079426𝜆2

𝜆2 − 0.0135120631
+

0.8974794𝜆2

𝜆2 − 97.934003
    (7.1) 

 

λ here represents the optical wavelength (in µm) and n(λ) represents the 

refractive index of fused silica.  

                                  

Drude–Lorentz model is used here to compute the dielectric constant of gold. 

The Drude-Lorentz model expression is as follows [37] 

𝜀𝐴𝑢 = 𝜀∞ −
𝑤𝐷

2

𝑤(𝑤 + 𝑗𝛾𝐷)
−

∆𝜀. 𝛺𝐿
2

(𝑤2 − 𝛺𝐿
2) + 𝑗𝛤𝐿𝑤

                         (7.2) 

                                                             

Here, 𝜀Au represents permittivity of gold, 𝑤 = 2πc/λ is the angular frequency, 

where c is the speed of light. 𝜀∞= 5.9673, wD/2π = 2113.6 THz, γD/2π = 15.92 THz, 

ΩL/2π = 650.07 THz, ΓL/2π = 104.86 THz, ∆𝜀 =1.09. The refractive index of TiO2 

is determined by the following equation [8] 

(a) 

(b) 

Fig.7.1 (a) Proposed PCF SPR Bio-Sensor, (b) Proposed Experimental Setup of 

the Proposed PCF SPR Sensor 
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𝑛𝑇𝑖𝑂2
= √5.913 +

2.441 × 107

𝜆2 − 0.803 × 107
                                     (7.3) 

Here, 𝑛𝑇𝑖𝑂2
 is the refractive index of TiO2 and λ represents optical 

wavelength. 

The refractive index of Black Phosphorous used in the sensor is measured 

with the help of the polynomial fitted equation [38] 

𝑛(𝜆) = 𝐴 + 𝐵
104

𝜆2
+ 𝐶

109

𝜆4
                                            (7.4) 

  𝑘(𝜆) = 𝐷 × 10−5 + 𝐸
104

𝜆2
+ 𝐹

109

𝜆4
                                     (7.5) 

Here n(λ) is the real part, and k(λ) is the imaginary part of the refractive 

index, and A= 3.57, B=6.79, C=39.99, D=3206, E=0.521, F=10.26 are constants. 

7.3. FABRICATION POSSIBLILITIES FOR THE 

PRESENTED SENSOR 

 

The proposed PCF SPR sensor can be fabricated through procedures, such as 

stack-and-draw, injection molding as well as through sol-gel casting, etc. Stack and 

Drawing is the most used method for the fabrication because of its versatility and 

as it has the most inexpensive casting [39]. Stack and draw, sol–gel methods, 

capillary stacking are used for making fibers with circular air holes. A preform is 

generated by stacking a small length capillary with a known diameter into a larger 

diameter glass tube. Then cane is formed with the help of the preform, and a fiber 

having a definite diameter draws the cane into it. By shutting one end of any air-

holes of the cane, air hole size can be changed. On the other hand, 3D printing, and 

extrusion methods have the potential to fabricate complex airhole (rectangular, 

oblong) within PCF structures. The previous research works had already proposed 

rectangular and oblong air holes with their fabrication techniques and feasibility 

[40, 41]. Thermal evaporation, Radio frequency sputtering, Chemical Vapour 

Deposition (CVD), Wet Chemical Deposition are the different methods may be 

used to deposit thin layers of metals like TiO2 and gold [42].  CVD technique may 

be preferred for generating homogeneous metal layer with nm-range thickness 

(tg) 

(t

ti 
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[43]. BP is fabricated using various techniques like mechanical exfoliation, liquid-

phase exfoliation, electrochemical exfoliation etc. [44]. Using selective filling 

approach, analyte or the cell samples can be filled over the plasmonic layer into the 

sample channel [45]. The discussion covers all the processes and ways by which 

the proposed biosensor can be fabricated. 

7.4. DISPERSION RELATION OF THE BIOSENSOR 

 

The COMSOL Multiphysics software is employed for stimulating the SPR-

PCF sensor using FEM (Finite Element method). FEM works with the Maxwell’s 

equations to get the real and imaginary parts of the effective modal index (neff). The 

real part of neff describes the guided light modes (core and SPP modes). Whereas 

the imaginary part does the analysis over the losses incurred in the fiber. The 

confinement loss (CL) can be obtained by te previously explained equation 6.2. 

 

                            

Dispersion relationship is taken in the y-polarisation as all the plasmonic 

materials lies on the top of the sensor. Figure 7.2 shows the respective core mode, 

SPP mode and SPR mode. The dispersion relationship between core mode and SPP 

Fig. 7.2 Dispersion Curve for the Core and SPP Mode for 

PC12 Cancerous Cells 

Max. Conf. 

Loss 

Phase matching 
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mode is also shown in fig. 7.2. In the figure, neff  is marked on the right side and 

confinement loss is marked on the left side. The blue curve is taken in the range 

from 980 nm to 1050 nm that corresponds to the confinement loss. Whereas, the 

neff for the core and the SPP modes are denoted by the light green and the red line 

respectively over a range of wavelengths. The figure provides information that the 

peak for the confinement loss of the core mode is arrived as 290 dB/cm at 1050 

nm, and both the curves for real part of the neff for core and SPP mode meets at the 

exact same wavelength. The point at which both these curves meet each other is 

known as the phase-matching position and simultaneously maximum loss observed 

that defines the resonance (SPR) condition. At that particular point, maximum 

energy is transferred from the core mode to the SPP mode, and indicates coupling 

between both the modes. 

To evaluate the wavelength sensitivity of any cell the following equation is 

used [47] 

𝑆𝜆 (
𝑛𝑚

𝑅𝐼𝑈
) =

Δ𝜆𝑃𝑒𝑎𝑘

Δ𝑛𝑎
                                            (7.6) 

Here, Δ𝜆𝑃𝑒𝑎𝑘 represents the difference between the peak wavelengths of the 

healthy and the infected cells, Δ𝑛𝑎 represents the difference in the refractive index 

between the healthy and the infected cell. 

 

7.5. RESULT AND DISCUSSION OF THE PROPOSED PCF 

SPR SENSOR 
 

 

7.5.1. Optimisation of the Plasmonic Materials and Geometrical 

Parameters 

The optimisation of the structural parameters of different constituents 

involved in the proposed slotted PCF to be done in this section. Therefore, it is 

ideal to investigate different values of the parameters that can provide maximum 

sensitivity.  Here, PC-12 (Cervical Cancer) is taken as the base cancer type for 

optimising the structural parameters, where 1.381 and 1.395 are the refractive index 

of normal and the infected cell for PC-12. The respective change in the refractive 

index is 0.014. 
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7.5.1.1. Gold (Au) Thickness Optimization 

The    given study given study conducted about the effects of thickness of 

gold (tg). The gold thickness hugely affects the sensing performance of the sensor. 

The optimal thickness of the gold is determined by varying it in the range of 35 

nm-55 nm at a difference of 5 nm. Figure 3 depicts the graphical representation of 

confinement loss versus the wavelength with the varying thicknesses. 

 

 

 

 

 

Table 7.2 is a systematic representation of the variations of peak wavelengths 

(WL) and confinement loss (CL) in the healthy and unhealthy refractive indices 

tg (nm) Max. CL 

(Normal cell) 

(dB/cm) 

Max. CL (Infected 

cell) 

(dB/cm) 

∆WL 

(nm) 

Sensitivity 

(nm/RIU) 

35 588.52 523.63 75 5,357.14 

40 358.76 589.04 80 5,714.29 

45 230.62 522.44 85 6,071.43 

50 145.99 258.39 90 6,428.50 

55 96.16 136.08 85 6071.53 

Fig. 7.3 CL Spectra for Various Gold Thicknesses (tg) at RI of 1.385 and 

1.391 

 

Table 7.2  

Optimization of Thickness of Gold Layer (tg) 
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with respect to the thickness of gold, as observed in the figure. From the figure, it 

is interpreted that with the increment of the thickness of the gold layer, the 

interaction of the incident light with the analyte gets minimized, which results in 

decrement in the peak loss. Whereas, thin layer of gold disrupts the sensor 

performance due to high confinement loss. From the table it is clear that out of all 

the thicknesses, 50nm gold has the maximum change in the wavelength (∆WL) 

which delivers maximum sensitivity. With the increase in the tg, the peak loss value 

is decreased. Therefore, the optimum thickness for gold will be taken as 50nm, 

which shows a moderate loss magnitude for convenient  

 

7.5.1.2. TiO2  Thickness Optimisation 

                                            

 

    

TiO2 is known as a remarkable plasmonic material that would definitely alter 

the sensor’s performance. The optimal thickness of the TiO2 (tTi) is determined by 

varying it in the range of 8 nm-14 nm at a difference of 2 nm keeping the gold 

thickness optimal at 50 nm. Figure 4 depict the graph of confinement loss versus 

the wavelength with the varying thicknesses. Table 7.3 is a systematic 

representation of the variations of wavelengths and confinement loss (CL) in the 

healthy and unhealthy refractive indices with respect to the thickness of TiO2 (tTi). 

Since, TiO2 is applied as sensitivity enhancer and as an adhesive, therefore it has 

minor influence on the confinement loss. The confinement loss suffers minor 

decrement with the increase of thickness of TiO2. In addition, thicker layer tends 

Fig. 7.4 CL Spectra for Various TiO2 

Thicknesses at RI of 1.385 and 1.391 
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to generates some extra loss peaks which should be avoided for appropriate sensing 

performance. From the table it is clear that, out of all the thicknesses 12 nm has the 

maximum change in the wavelength (∆WL). Optimising the thickness of Titanium 

Dioxide increased the wavelength sensitivity from 6,428.571 nm/RIU to 7142.857 

nm/RIU. Therefore, the optimum thickness for further analysis of TiO2 be 12 nm. 

 

 

 

  In the proposed biosensor, two types of oblong air holes are present where 

one is dependent on the other. Optimal width and height of the oblong air hole will 

be determined in this section, as these air holes are highly responsible for altering 

the sensitivity. Here the height and width of the air hole will be varied keeping the 

optimal thickness of gold and TiO2 as 50nm and 12nm respectively 

 

7.5.1.3. Width (W) Optimization 

 

The optimal width of the oblong air hole is determined by varying it in the 

range of 1.05 µm -1.15 µm at a difference of 0.05 µm. Figure 7.5 depict the 

graphical representation of confinement loss versus the wavelength with the 

varying width. 

Table 7.4 displays the systematic representation of the variations of 

wavelengths and confinement loss (CL) in the healthy and unhealthy refractive 

indices with respect to the width of oblong air hole (WL). 

 

tTi (nm) Max. CL 

(Normal cell) 

(dB/cm) 

Max. CL (Infected 

cell) 

(dB/cm) 

∆WL 

(nm) 

Sensitivity 

(nm/RIU) 

8 162.03 290.82 90 6,428.57 

10 145.99 258.39 90 6,428.57 

12 137.25 229.42 100 7,142.86 

14 126.56 238.82 85 6,071.53 

Table 7.3 

Optimisation of Thickness of TiO2 Layer 

(tTi). 
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As the width increases from 1.05 µm to 1.15 µm the light confinement gets 

stronger in the core and made it difficult to reach towards the plasmonic material, 

which eventually reduces the interaction between the core and the plasmon mode, 

ultimately minimize the confinement loss and affects the sensitivity. From the table 

it is clear that out of all the width values, 1.1µm has the maximum change in the 

wavelength (∆WL). Therefore 1.1 µm width is taken as optimal magnitude for 

further analysis. 

 

7.5.1.4. Height (H) Optimization  

The optimal height of the oblong air hole is determined by varying it in the 

range of 1.9 µm - 2.1 µm at a difference of 0.05 µm. Figure 7.6 and Table 7.5 

provides the systematic representation of the variations of confinement loss with 

wavelength in the healthy and unhealthy refractive indices with respect to the 

W 

(µm) 

Max. CL 

(Normal       

cell) 

(dB/cm) 

Max. CL 

(Infected 

cell) 

(dB/cm) 

∆WL (nm) Sensitivity 

(nm/RIU) 

1.05 142.66 341.43 90 6,428.57 

1.1 137.25 229.43 100 7,142.86 

1.15 126.97 182.92 95 6,785.71 

Fig. 7.5 CL spectra for Various Width of the Oblong Air 

Hole (W) at RI of 1.385 and 1.391 

 

Table 7.4 

Optimisation of Width of the Oblong Air Hole (W) 



 

35 
 

height of oblong air hole. From 1.85 µm to 2.05 µm, no major obstruction is faced 

by core mode to make a proper interaction with the plasmon mode ultimately shows 

no change in the observed sensitivity with minor decrement in the confinement loss 

since, increasing height especially upper oblong air holes blocks the core mode to 

interact with SPP mode. Therefore, to ensure a nominal confinement loss, 2 µm 

height is taken as optimized value. 

 

                  

                       

          

 

 

 

 

 

 

 

 

 

 

 

H 

(µm) 

Max. CL 

(Normal       

cell) 

(dB/cm) 

Max. CL 

(Infected 

cell) 

(dB/cm) 

∆WL 

(nm) 

Sensitivity 

(nm/RIU) 

1.85 201.50 372.33 100 7,142.86 

1.90 179.14 318.27 100 7,142.86 

1.95 157.42 270.85 100 7,142.86 

2.0 137.24 229.42 100 7,142.86 

2.05 118.3138 178.46 80 5,714.29 

Fig .7.6 CL Spectra for Various Height of the Oblong Air 

hole H at RI of 1.385 and 1.391 

 

Table 7.5 

Optimisation of Height of the Oblong Air Hole (H) 
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7.5.1.4 Circular Hole Radius (r) Optimization 

 

The optimal radius of the circular air hole is determined by varying it in the 

range of 0.35 µm – 0.45 µm at a gap of 0.05 µm. Figure 7.7 along with table 6 

shows the systematic representation of the variations in the confinement loss in the 

healthy and unhealthy refractive indices with respect to the width of circular air 

hole. As it is noticeable from the table that all the radius corresponds to the same 

change in the peak wavelength with negligible variation in loss, that is because the 

circular air holes are not playing major role in interaction of the light with the 

plasmonic materials and also are not connected in any way with the core They are 

just placed to obstruct the core field from leaking outside core region. Therefore, 

by maintaining a nominal loss and fabrication possibilities, 0.4 µm is considered as 

the optimum radius. 

 

                                          

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.7 CL Spectra for Various Radius of the Circular 

Air Hole (r) at RI of 1.385 and 1.391 
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7.5.1.5. Black Phosphorus (BP) optimisation 

Black phosphorus are thin layers of 2-D plasmonic material that has a fixed 

monolayer thickness of 0.53 µm. Here in this section, number of BP layers used 

will be optimised. As the thickness is very small, the range of the thickness used is 

5-9 layers at a difference of 2. Figure 7.8 shows the change in confinement loss 

versus wavelength with the varying BP layers. 

 

When black phosphorus layers are increased, the sensitivity of the sensor 

increases rapidly but the FWHM (Full Width Half Maximum) also increases. From 

table 7.7, it is observed that sensitivity increases in the beginning and then 

decreases with the increase in the number of layers of BP. Therefore, the optimum 

number of layers for black phosphorus for the proposed biosensor will be taken as 

7 (seven). 

 

r 

(µm) 

Max. CL 

(Normal       

cell) 

(dB/cm) 

Max. CL 

(Infected cell) 

(dB/cm) 

∆WL 

(nm) 

Sensitivity 

(nm/RIU) 

0.35 137.26 231.10 100 7,142.86 

0.4 137.24 229.42 100 7,142.86 

0.45 137.23 228.01 100 7,142.86 

Fig. 7.8.  CL Spectra for Various Number of 

Layers of BP at RI of 1.385 and 1.391 

Table 7.6 

Optimisation of Radius of Circular Holes (r) 
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7.5.2. Sensor Performance 

While studying the sensitivity analysis at different cancer cell through the 

presented PCF SPR sensor, different sets of loss spectrum were found which are 

listed in the fig 7.9 (a) to (f). In the figure, we have marked the spectra for healthy 

cells in blue and infected cells in red. It can be seen evidently that all the cells have 

gone through a wavelength shift, when infected counter parts are associated. The 

wavelength shift for PC12 is observed as130 nm, for Jurkat (~85 nm), for basal cell 

(~95 nm), for HeLa (~130nm), for MCF-7, we calculated a shift of 160 nm, and 

for MDA-MB-231 cell, the respective shift is 150 nm. The former data provides a 

sensitivity of 9285.71 nm/RIU, 6071.43nm/RIU, 4750nm/RIU, 5416.67nm/RIU, 

11,429nm/RIU, 10,714nm/RIU respectively. The BP layers increased the 

sensitivity by 30%. This shows that the proposed biosensor is suitable for cancer 

detection.  

Table 7.8 represents the comparison of this work with the recently published 

work to give a clear view on the reliability of the sensor. This proves that the 

proposed sensor can detect any minute change in the refractive index in the cell of 

a human body and gives required sign of any cancerous presence. 

 

No. of BP 

layers 

(bp) 

 

Max. CL 

(Normal       

cell) 

(dB/cm) 

Max. CL 

(Infected 

cell) 

(dB/cm) 

∆WL 

(nm) 

Sensitivity 

(nm/RIU) 

5 108.37 192.39 100 7,142.86 

7 283.12 290.81 130 9,285.71 

9 362.55 336.34 75 5,357.14 

Table 7.7 

Optimisation of Number of BP Layers (BP) 
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(a) (b) 

(c) (d

) 

(e) (f) 

Fig.7.9 Loss Spectra of (a) HeLa (Cervical Cancer); (b) Basal Cell (Skin 

Cancer); (c) PC12 (Adrenal Gland); (d) Jurkat (Blood Cancer); (e) MDA-MB-

231(Breast Cancer Type-1); (f) MCF-7 (Breast Cancer Type-1) 
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Reference Cancer Type 
Wavelength 

Sensitivity(nm/RIU) 

[10] 

Skin 3,500 

Cervical 5,000 

Blood 5,714 

Adrenal Gland 6,429 

Breast Type-1 7,143 

Breast Type-2 7,143 

[11] 

Skin 3,150 

Cervical 4,333.33 

Blood 4,642.86 

Adrenal Gland 5,500 

Breast Type-1 6,428.57 

Breast Type-2 7,142.86 

[12] 

Skin 3,750 

Cervical 5,417 

Blood 6,071 

Adrenal Gland 7,500 

Breast Type-1 9,643 

Breast Type-2 11,429 

[13] 

Skin -- 

Cervical 5500 

Blood 6000 

Adrenal Gland 7571.43 

Breast Type-1 9428.57 

Breast Type-2 10714.28 

[34] 

Skin 3800 

Cervical 5008.33 

Blood -- 

Adrenal Gland -- 

Breast Type-1 6214.28 

Breast Type-2 -- 

Proposed PCF SPR 

sensor 

Skin 4,750 

Cervical 5417 

Blood 6071 

Adrenal Gland 9286 

Breast Type-1 10,714 

Breast Type-2 11,429 

   
 

 

 

 

 

  

Table 7.8 

Comparison of Proposed Work with Past Research Works 
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7.6. CONCLUSION 

 

The proposed slotted PCF SPR sensor is designed with two types of oblong 

air holes and circular air holes that shows a high sensitivity towards detection of 

cancerous cells. In the proposed sensor a 50nm thick layer of Gold and 7 layers of 

Black Phosphorus with a monolayer thickness of 0.53nm is used as plasmonic 

materials. Titanium Dioxide (TiO2) is used as an adhesive between the fiber and 

gold having thickness (~12 nm), but it also has remarkable plasmonic properties 

leading to its contribution in the enhancement of sensitivity. COMSOL 

Multipurpose software is used to determine the sensor’s performance using finite 

element method (FEM). All the different parameters involved in the calculations 

are optimised to achieve the atmost accuracy. The proposed sensor can detect six 

kinds of cancer cells (PC12, HeLa, MDA-MB-231, Jurkat, basal, MCF-7).  The 

sensor achieves a very high sensitivity of MCF-7 for the cell 11,429 nm/RIU. 
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CHAPTER 8 
 

DESIGN AND ANALYSIS OF BLACK PHOSPHORUS 
LAYERED SPR-PCF BIOSENSOR FOR DETECTION 

OF CANCER CELLS2 

 

8.1. INTRODUCTION 

 

Cancer is one of the most prominent diseases for millions of deaths. It is 

estimated to have 9.6 million deaths due to cancer [48], [49]. The rapid growth of 

aberrant cells, which surpasses the normal limit, causes Cancer. When genetic as 

well as epigenetic alterations occurs in the somatic cells which results in abnormal 

growth in the cells. Our body is made up of millions of cells, these cells get 

changed. Our body has a mechanism which requires signals to the brain from each 

cell. When there is a missing signal the brain starts multiplying cells abruptly, 

which forms a lump or a tumor. But some cancers do not form a solid lump but 

they start with the help of bloodstream. This can spread all over the body as these 

cells penetrate skin tissues and infect nearby organs. Early cancer detection saves 

a lot of lives, time, and money. On the other hand, traditional detection techniques 

for cancer are very expensive and, most importantly, less accurate. Therefore, a 

better counterpart of these sensors should be adopted to make sensing more reliable 

and economical and so, researchers, scientists, and doctors are trying to find a way 

out of this painful illness. 

The phenomena in which light hits the surface of a metal like Gold, 

Aluminium, etc., at a certain angle, electrons at the metal surface start to oscillate; 

these oscillating electrons are known as “Surface Plasmons”. When the oscillating 

frequency matches the frequency of the incident light, surface plasmon resonance 

takes place. Photonic Crystal Fiber (PCF) structures have a periodic structure of air 

                                                           
2 A part of this chapter has been presented in 16th International Conference on Fiber Optics and Photonics 
(PHOTONICS) 2024, 12-15th December 2024, IIT Kharagpur, West Bengal, INDIA. The full length paper is 
communicated for the same. 
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holes within the cladding to confine light better than traditional fibers. This 

structure helps to create unique properties that are hardly found in traditional fibers 

such as tailored dispersion characteristics, high birefringence, and enhanced 

nonlinearity. So, on combining the two aspects, one can get a very efficient fiber 

sensor that can yield us enhanced results. Generally, these sensors are made up of 

circular lattice [50]. In this proposed work, we have proposed a D-shaped PCF SPR 

sensor. The design consists three cubical air holes and spherical air holes with two 

different diameters. Cubical air holes are currently being worked on in recent 

literatures and capable of showing amazing results [51]. A Gold layer is used as a 

plasmonic material which shows a narrow and sharp loss curve, and hence shows 

clearer and higher wavelength sensitivities. TiO2 layer is used as an adhesive 

between the fiber and the gold layer, and due to this, Au is found to be less prone 

to biomolecule adsorption. 7 layers of Black Phosphorus with monolayer thickness 

0.53nm, is also used enhance the sensitivity. BP is a new type of 2-D material 

which is stacked on the top of the fiber as multiple layers. It increases the sensitivity 

by attracting larger number of infected cells from the analyte.  

8.2. PROPOSED PCF DESIGN 

The structure of proposed SPR-PCF sensor is shown in Fig. 1. It consists of 

three types of air holes are distributed in the cladding, that are cubical air holes 

with sides l=2 µm and two types of spherical air holes with diameters d1=0.8 µm 

and d2=0.4 µm. A plasmonic metal layer of Gold and TiO2 is placed above the flat 

surface of the sensor design. The thickness of gold film used is 30 nm and the 

thickness of TiO2 is 10 nm, where it is used as an adhesive between the structure 

and gold layer. A definite number of Black Phosphorus layers are placed above the 

gold layer to increase the sensitivity of the sensor to detect cancer cells. The 

thickness of one layer of BP is taken as 0.53nm, and 7 such layers are used. An 

analyte layer of thickness a = 1 µm and Perfectly Matched Layer in cylindrical 

geometry of thickness p = 1.2µm is used. The refractive index of the measured 

medium, that is analyte is defined as na. 
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 The dielectric constant of the Plasmonic material that is gold is calculated 

using the Drude Lorentz Dispersion Model, which is then used to find refractive 

index of gold [46, 51], 

 

ϵAu = ϵ∞ −
ωD

2

ω(ω + jγD)
−

Δϵ ΩL
2

ω2 − ΩL
2 + jΓLω

                    (8.1) 

 

Here, ϵ∞ is the permittivity at high frequency with magnitude 5.9673. γD is 

the damping factor for free electrons with magnitude ~ 2π × 15.92 THz, ωD (~ 2π 

× 2113.6 THz) is the frequency by which the free electrons move in a metal when 

interrupted by light. ω is the frequency of light, or in case if an RI sensor, it is 

dependent on wavelength of light. ΓL (~ 2π × 104.86 THz) is the damping factor 

for bound electrons, ΩL (~ 2π × 650.07 THz) is the frequency of bound electrons 

which are vibrating when light disturbs them, and Δϵ is the change in permittivity 

due to vibration of bound electrons. 

Fused Silica is used as a base material of sensor and PML, whose RI can be 

determined by the Sellmeier equation, because Fused Silica’s refractive index is 

wavelength dependent. 

 

n2(λ) = 1 +
B1λ2

λ2 − C1
+

B2λ2

λ2 − C2
+

B3λ2

λ2 − C3
                          (8.2) 

 

Fig. 8.1 Proposed PCF SPR Sensor (left) Resonant Mode Field at 0.63 µm (right) 
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where λ is the wavelength of light and B1=0.696163, B2=0.4079426, 

B3 =0.8974794, C1=0.0684043, C2=0.1162414, C3=9.896161 are constants. 

A thin layer of TiO2 acts as an adhesive between PCF structure and plasmonic 

material that is gold here. The RI of TiO2 is calculated using the following formula, 

where λ is in the Å units: 

 

𝑛2 = 5.913 +
0.2441

𝜆2 − 0.0803
                                    (8.3) 

 

The RI of Black Phosphorus is calculated using the Cauchy absorbent 

formula in which λ is taken in nm units. The following equation gives the real and 

imaginary parts of R.I of BP [38], 

 

n(λ) = A + B
104

λ2
+ C

109

λ4
                                           (8.4) 

 

k(λ) = D × 10−5 + E
104

λ2
+ F

109

λ4
                                (8.5) 

 

Here, n(λ), and k(λ) are the real and imaginary part of the refractive index 

respectively, and A=3.57, B=6.79, C=39.99, D=3206, E=-0.521, and F=10.26 are 

constants. 

The confinement loss which tells about the amount light leaked from the PCF 

core can be calculated using the previously explained equation 6.2. 

The performance of the sensor is calculated with the help of 

wavelength sensitivity, using the following equation, 

 

Sw(nm/RIU) =
Δλpeak

Δna
                                                             (8.6) 

 

where, Δλpeak is the change in peak wavelength when effective RI is changed 

around the PCF and Δna is the change in refractive index of analyte. 
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8.3. RESULTS AND DISCUSIONS 

We have examined the three cancer cells, which consists of blood, skin and 

cervical cancerous components named Jurkat, Basal, HeLa cell respectively.  The 

respective loss profiles are displayed in fig. 2. The enhanced sensitivity is observed 

for both the scenarios. The blood cancer cell is detectable with sensitivity of 

7142.86 nm/RIU, skin cancer cell can be sensed at wavelength sensitivity of 5000 

nm/RIU and similarly, cervical cancer can be detected with 8333.33 nm/RIU of 

wavelength sensitivity. 

 

                      

Table 1 shows the comparison of proposed sensor with some previous works 

published in past years. The table also contains the refractive indices of healthy and 

infected cells of respective cancer cells which are required to do the simulations on 

the SPR-PCF sensor. 

 

Fig. 8.2 Loss Profile of Healthy and Infected Cell of (a) Jurkat (b) 

Basal (c) HeLa 

(a) (b) 

(c) 
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PCF Design Cell Name 

RI of Cells 
Sensitivity 

(nm/RIU) Healthy 

Cell 

Infected 

cell 

Dual Core 

Double Polished 

PCF-SPR [52] 

Jurkat 1.376 1.390 5714 

Basal 1.36 1.38 3500 

HeLa 1.368 1.392 5000 

Dual Core PCF 

Biosensor [53] 

Jurkat 1.376 1.390 6071 

Basal 1.36 1.38 3750 

HeLa 1.368 1.392 5417 

Proposed Sensor 

Jurkat 1.376 1.390 7142.86 

Basal 1.36 1.38 5000 

HeLa 1.368 1.392 8333.33 

8.4. Conclusions 

A D-shaped SPR based PCF biosensor is designed with cubical and spherical 

air holes to detect blood (Jurkat), skin (Basal) and cervical (HeLa) cancer. Au film 

as a plasmonic material and TiO2 as an adhesive and 7 layers of BP have been used 

to enhance the sensing power of the biosensor. The sensor is able to achieve 

sensitivity of 7142.86 nm/RIU, 5000 nm/RIU and 8333.33 nm/RIU for Jurkat, 

Basal and Hella cells. respectively. So, it can be used as better counterpart in cancer 

sensing. 

 

 

 

 

 

 

 

 

Table 8.2  

Performance of Proposed Cancer Cell SPR based PCF Sensor. 



 

48 
 

CHAPTER 9 

 

 

CONCLUSION AND SCOPE FOR FUTURE WORK 

 
 

 CONCLUSION 

 
In this work, we have studied and designed Surface Plasmon Resonance 

based Photonic Crystal Fiber to detect cancer with biosensing approach. The 

proposed sensors are refractive index sensor, which when subjected to change in 

refractive index of an analyte can show high sensitivity. Different types of airholes 

are used to explore their impact on the sensors performance. Oblong air holes and 

rectangular air holes are used in different configurations and a special 2D 

plasmonic material called black phosphorous is used along with gold and TiO2 to 

detect different cancer cells including blood cancer, cervical cancer, adrenal gland 

cancer, breast cancer type I and type II. They are then simulated and numerically 

analysed in COMSOL Multiphysics software to analyse all the required optical 

properties of both the proposed designs.  

 

 SCOPE FOR FUTURE WORK 

 

In the research work further, I shall work on the following topics:  

1. Using the COMSOL Multiphysics software, my sole aim is to focus on designing 

of PCF Sensors based on SPR for the detection of cancer cell.  

2. Second priority is set to obtain maximum sensitivity. 

3. In the future, I am intending to work on different other emerging plasmonic 

material such as Germanene, Graphene, MoS2, MXenes, etc., over a vast number 

of biological applications. To understand the further improvement of medical 

analysis og such diseases in all aspects possible.  
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