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Abstract 

Photonic crystal fiber (PCF) based surface plasmon resonance (SPR) sensors have a 

unique sensing capability and can be applied over a wide refractive index (RI) range. In 

this research work a simple yet highly sensitive multi-channel hexagonal PCF based SPR 

RI sensor for detecting multiple analytes has been put forwarded. The target analytes and 

the plasmonic materials, such as, gold (Au), Au with Tantalum Pentoxide (TaଶOହ) and 

Au with Titanium Dioxide (TiOଶ) are employed around the exterior of the sensor for the 

feasibility of the operation. Twelve circular air-holes in two layers constitute the PCF 

structure which makes the fabrication process easy and realizable. Numerical 

investigations are carried out employing a full-vector finite element method (FEM) of 

COMSOL Multiphysics to obtain the sensing performance of the PCF-SPR structure. 

After optimizing the structural parameters, the sensor achieves maximum wavelength 

sensitivity (WS) of 38100 and 21600 nm/RIU, for channels-1 and 2, respectively. For 

channel-3, the sensor achieves a maximum WS of 45800 nm/RIU. To the best of our 

knowledge, the proposed sensor achieves better performance in terms of wavelength 

sensitivity, wavelength resolution, amplitude sensitivity, amplitude resolution, figure of 

merit, etc., compared to the existing literature. Overall, the sensor achieves RI range of 

1.36 to 1.42 and within which many analytes samples fall. As a specific application, this 

multi-channel sensor may be employed to detect cancerous cells. In the case of cancerous 

cell detection, the proposed sensor achieves maximum WS and amplitude sensitivity of 

12000 nm/RIU and -2440.30 RIUିଵ, respectively, for HeLa cells. It is envisaged that the 

proposed sensor has a high potential to detect unknown RI for different chemical and 

biomedical applications due to its superior performance, simple design, and multi-analyte 

detection ability.   
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Chapter 1 

Introduction 

 

1.1 Motivation 

Surface plasmon (SP) is the quanta of oscillations of surface charges produced by the 

electric field in the boundary of dielectric and metal surfaces. SPR is an electro-optical 

activity that provides real-time observation for the binding interactions between 

biomolecule and analyte. SPR sensors have a unique sensing capability and can be applied 

over a wide RI range. SPR sensor also offers advantages such as nano/micro size, easy 

light launching, different modes-multiplexing capabilities, evanescent field penetration 

controlling ability, etc. SPR sensor covers a broad range of applications such as 

bioimaging, environmental monitoring, organic chemical sensing, telemedicine, 

colorimetric sensing, food analysis, clinical diagnostics, bioaffinity studies, drug 

development. Based on the position of the analyte in the sensor structure, there are two 

types of PCF-SPR sensing methods; firstly, the internal sensing method where particular 

analytes are injected into the internal channel. However, the internal analyte channel is 

difficult to fabricate due to the internal metal-coating process. Moreover, it is challenging 

and sensitive due to analyte injection into and ejection from the internal channels. The 

second category SPR sensor based on analyte position is the external sensing method 

where the analyte channel is placed in the exterior of the sensor structure. The external 

sensing approach provides benefits such as easy manufacturing and efficient controlling 

of the analytes' inflow and outflow. Based on the shape, the SPR sensor can be categorized 

as; circular-shaped, D-shaped top polished, D-shaped top polished with microchannel, D-

shaped with both sides polished with microchannel, etc. All of these sensors are designed 

to detect the unknown RI of a single analyte. If the sensor is capable of detecting multi-

analyte, then it is termed as a multi-analyte sensor. Generally, more than one channel is 

used to detect multi-analyte.  Multi-channel with multi-analyte sensors offer several 

advantages such as the ability to detect multiple samples on the same structure,  save time 

by quick detection ability, reduce cost by housing multiple sensors on the same platform. 
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Being motivated by the concept, we propose a multi-channel with multi-analyte PCF-

SPR sensor, which is expected to sense multiple analyte simultaneously.  

1.2 Objectives 

The overall objective of this thesis is to design a three-channel PCF-SPR sensor with a 

minimum number of circular air holes while simultaneously achieving much higher 

sensitivity, resolution, figure of merit, etc. than the existing designs in the literature. This 

objective will be achieved through the following specific aims: 

 To perform an in-depth literature review of PCF-SPR sensors with a focus 

to multi-channels and multianalytes. 

 To explore Gold (Au) along with Tantalum Pentoxide and Titanium 

Dioxide as plasmonic materials to be used with the PCF structure. 

 To design and simulate multi-channel and multi-analyte PCF sensor 

structures with circular-only air holes keeping their number minimum, 

using full- FEM. 

 To study the modal characteristics and to increase the detection range of 

sample analytes by optimizing the geometric parameters of the multi-

channel sensor with enhanced sensitivity, resolution, and linearity. 

 To validate its superiority, the performance parameters of the multi-

channel and multi-analyte sensor will be compared with those of the recent 

literature. 

 

1.3 Possible Outcome 

The possible outcome is a successful design of a simple yet highly sensitive multi-channel 

and multi-analyte sensor with superior performance outperforming all multi-channel and 

multi-analyte sensors to date. Hence, it is anticipated that the proposed sensor will have 

a high impact in detecting unknown RI for chemical, biochemical, and biomedical 

applications. 
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1.4 Methodology  

To design PCF based SPR sensor following steps will be followed: 

First, the PCF structure will be designed with commercially available COMSOL 

Multiphysics 5.5 software. FEM will be utilized to solve the Maxwell equation to 

understand and study various complex modal characteristics of the sensor. To achieve 

perfection in simulation and achieve accurate results, sensor structure will be meshed with 

extremely fine element size. Furthermore, a cylindrical, perfectly matched layer (PML) 

with scattering boundary conditions will be employed beyond the outer boundary to 

obtain accurate modal solutions. The plasmonic materials will be employed in channels. 

For example, in channel-1, Au will be used as plasmonic materials. Whereas Au with 

Tantalum Pentoxide and Au with Titanium Dioxide will be utilized in channel-2 and 

channel-3 respectively. RI of silica will be obtained by Sellmeir equation. RI of Au, 

Tantalum Pentoxide and Titanium Dioxide will be obtained by Drude-Lorentz model.  

Second, Mode analysis for different analyte RI at different wavelengths (visible to IR) 

ranges will be studied as per channel to look for resonant wavelength and CL peaks.  

Third, a numerical investigation will be carried out with the help of obtained resonant 

wavelength and CL peaks. The analysis includes wavelength interrogation, amplitude 

interrogation, finding resolution, determining the FOM, etc.  

Fourth, the results of the investigation will be compared with the recently reported similar 

types of research works to measure the weight of this thesis. In the process of 

investigation, different numerical tools will be used in this thesis. COMSOL Multiphysics 

will be used for designing, meshing, modal analysis, and result analysis. Microsoft Excel, 

Origin, CurveExpert, etc will be used to assess the performance of the multi-analyte and 

multi-channel sensor, CL, and sensitivity curve and to preserve the data collected from 

COMSOL software and plotting these data to measure various parameters. 
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1.5 Thesis Outline 

Chapter 2 will focus the literature study. Basic knowledge related to photonic PCF and 

SPR will be discussed. Furthermore, the sensing principle with photonic crystal fiber and 

the application of photonic crystal fiber sensors will be highlighted. At the end of the 

chapter literature review will be presented.  

Chapter 3 will highlight the sensor related theory and step by step sensor design 

topology. At the end of the chapter, the simulation setup will be discussed.  

The basic structure of the proposed multi-channel and multi-analyte sensor will be 

optimized in chapter 4. At the beginning of the basic structure optimization, a set of 

initial structural parameters will be utilized by previous knowledge and with an intelligent 

guess. Parameters like pitch, thickness, air-hole diameters and distance between air-holes 

will be optimized.   

Chapter 5 will describe the step-by-step optimization of three different channels of the 

proposed sensor. At the beginning of multi-channel optimization, the gap between three 

different channel will also be optimized. In the process of optimization, the confined 

structural values from the previous chapter will be utilized. As the plasmonic material is 

different for the three channels, therefore, separate optimization will be carried out as per 

channels.  

Based on the optimized parameters from last chapters, chapter 6 will highlight the 

obtained results and discuss the results with the help of different measuring parameters. 

For example, WS, AS, sensor’s resolution, merit figure, etc. At the end of the chapter, the 

achieved results will be compared with the previous research works to judge the merit of 

the proposed work.  

Chapter 7 will highlight the possible application of the proposed multi-channel and 

multi-analyte sensor. The RI of many analyte samples may fall within the achieved RI 

range of the proposed sensor. However, in this thesis, we shall highlight the detection of 

cancerous cells with different channels of the proposed sensors.  

In Chapter 8, we shall discuss the fabrication feasibility of the proposed sensor. Before 

discussing the possible fabrication techniques, we shall test the fabrication tolerance of 

the proposed model by varying different structural parameters.  
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Chapter 9 is the conclusion section, where we shall formally terminate the thesis with 

concluding remarks. Furthermore, the direction of the future research will be highlighted 

at the end. 
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Chapter 2 

Literature study  

2.1 Photonic Crystal Fiber and Surface Plasmon Resonance  

2.1.1 Photonic Crystal Fiber  

PCF, a novel type of optical fiber based on photonic crystal characteristics, has 

revolutionized the field of fiber optics by allowing for a new manner of steering light that 

is not achievable with traditional optical fibers. A photonic crystal is a microstructured 

material made up of low- and high-index materials that have been periodically shaped in 

one, two, or three dimensions with a characteristic length or period on the order of the 

wavelength. The uniform arrangement of fused silica and air holes or spaces in a simple 

PCF microstructures it transversely at a size comparable to the wavelength of the 

electromagnetic radiation directed by the fibre[10]. Fig 2.1 shows PCF with different 

lattice configuration.  

 

Fig. 2.1 (a) to (d) Schematic Diagram of PCF with different lattice configuration  
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2.1.1.1 History of PCF 

The first concept of PCF was developed by Yeh et al. in the year 1978[11]. He proposed 

cladding a fiber core with Bragg grating. This is similar to a one-dimensional photonic 

crystal. In 1992, P. Russell developed a PCF having a 2D photonic crystal with an air 

core. The first PCF was realized in 1996 by P. Russel. Since Russell's discovery, there 

has been a surge in research interest in this form of the waveguide in the realm of optical 

fiber technology. J. C. Knight, on the other hand, has created a new dimension in the 

realm of nonlinear optics by fabricating the first PCF for regulating light in the fiber [13].  

2.1.1.2 Light Guiding Mechanism Through Fiber  

 The index of refraction in fiber is a measure of the speed of light in the material. This 

index changes according to the property of the material. Beyond a certain angle, the 

refraction will cause light to be reflected from the surface. Optical fiber uses this 

reflection property to confine light in the fiber's core by choosing core and cladding 

materials with the proper index of refraction that will cause all the light to be reflected if 

the angle of the light is below a certain angle. That angle is referred to the total internal 

reflection(TIR). Beyond a certain angle, the refraction will cause light to be reflected from 

the surface. The light-guiding basic principle on which traditional optical fiber works is 

the TIR. Fig 2.2 shows the light propagation mechanism in the fiber.  

 

 

Fig. 2.2 TIR principle in guiding light through fiber. 
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2.1.1.3 Light Guiding Mechanism through PCF  

In the case of PCF, the fiber contains a massive core surrounded by an array of air-holes 

running all along the fiber length.  By selecting a core material with a higher refractive 

index than the cladding effective index, a two-dimensional photonic crystal can be used 

as a fiber cladding. A PCF with a silica solid-core surrounded by a photonic crystal 

cladding with a triangular lattice of air-holes, hollow-core PCF and their light guiding 

mechanism is shown in Fig. 2.3. These fibers, also known as index-guiding PCFs, guide 

light by modified TIR, a total internal reflection type. They do, however, differ from 

traditional optical fibers in several ways[16, 17]. 

2.1.2 Surface Plasmon Resonance  

2.1.2.1 SPR Basis 

SP are the confined waves at the boundaries between a thin metal and a dielectric that 

occur due to coupling electron-photon modes [18, 19]. SPR is a simple, direct, and label-

free optical technique for measuring refractive index changes in the vicinity of a thin 

metal layer whose conduction band electrons can be modeled as free-electron plasma. 

When light with the same wave vector as a SP is incident on a metal surface, this 

phenomenon occurs. This causes a charge density wave to propagate along with the  

 

Fig 2.3. (a) Microscopic image of solid-core PCF (b) Microscopic image of hollow-core 
PCF (c) Light guiding mechanism in solid-core PCF with modified TIR (d) Light 

guiding mechanism in hollow-core PCF with bandgap effect[16-17]. 
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metal-dielectric contact due to the collective oscillation of free electrons on the metal 

surface. SPs are collective oscillations that are sensitive to changes in the dielectric 

constant of the medium near the metal surface[20]. 

In both plasmonic metal and dielectrics, SPs are accompanied by a longitudinal (TM or 

p-polarized) electric field that degenerates exponentially. The field has its peak at the 

metal-dielectric interface for this exponential decay of electric field intensity. Solving 

Maxwell's equation for metal-dielectric kind of RI distribution yields both of these 

important characteristics of SPs being TM-polarized and exponential decrease of electric 

field. One can also prove that the SP wave propagation constant (𝐾ௌ௉) over the metal-

dielectric interface is determined by solving Maxwell's equation[21]. 

𝐾ௌ௉ ൌ
𝜔
𝑐

൬
𝜀௠ 𝜀௦

𝜀௠ ൅ 𝜀௦
൰

ଵ
ଶ

                                               ሺ𝟏ሻ 

The dielectric constants of the metal layer and the surrounding dielectric medium are 

denoted by 𝜀௠ and 𝜀௦, respectively. The velocity of light is indicated by 𝑐, and the 

frequency of incident light is denoted by 𝜔. The relationship above shows that the 

properties of the SP wave vector are affected by both media[21]. Now to generate SP 

oscillations in the metal (conductor) electrons need to be excited. So imposing the light 

(electromagnetic field) on the surface is necessary. The highest propagation constant of 

the light wave at frequency traveling through the dielectric medium is given by[21]:   

𝐾௦ ൌ
𝜔
𝑐

ඥ𝜀௦                                                     ሺ𝟐ሻ 

We know that electrical permittivity for metal is negative and electrical permittivity for 

dielectric is positive; therefore, the propagation constant of the light wave is less than the 

propagation constant of SP. As a result, direct light cannot trigger SPs at the metal-

dielectric interface, which is referred to as nonradiative SP. As a result, the momentum 

and wave vector of the exciting light in the dielectric medium should be enhanced to 

excite SPs[21]. 

2.1.2.2 Excitation of SPR 
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2.1.2.2.1 Otto Configuration  

The tail of the evanescent wave at the glass-air interface is brought into touch with a 

metal-air interface in the Otto design, which supports SPW. The presence of the metal 

has only a little effect on the evanescent wave when the gap width is large enough. A 

surface plasmon resonance condition is achieved by selecting an appropriate angle of 

incidence of the completely reflected beam within the prism. Due to radiation damping 

of the SPW, the resonance is stretched and shifted for a short gap - width, whereas a large 

gap - width leads to ineffective excitation of the SPW or no SPR condition[22]. A 

graphical representation of Otto configuration is shown in Fig. 2.4 (a) [23]. 

2.1.2.2.2 Kretschmann Configuration  

The Kretschmann method is the most prevalent configuration in which a thin metal sheet 

is evaporated on top of a glass prism. The surface plasmon resonance condition is 

achieved by adjusting the angle of incidence of the completely reflected beam inside the 

prism to a suitable value. The evanescent wave formed at the metal–glass interface must 

penetrate the metal layer in order to activate a surface plasmon at the metal-air interface 

in the Kretschmann arrangement. Because of radiation damping into the glass, if the metal 

is too thin, the SPW will be substantially damped. However, if the metal is too thick, the 

SPW can no longer be efficiently stimulated due to metal absorption. As a result, the 

thickness of the metal has a significant impact on SPW excitement[22]. A graphical 

representation of Kretschmann configuration is shown in Fig. 2.4 (b) [23]. 

 

Fig. 2.4. Surface plasmon polariton (SPP) excitation method (a) Otto configuration. (b) 
Kretschmann configuration   
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2.1.2.3 Sensing Principle 

When the real part of effective RI (𝑛௘௙௙)) of core-guided mode and surface plasmon 

polaritons (SPP) mode values coincide in SPR, resonance occurs. Maximum energy 

transfers from the core-guided mode to the SPP mode at resonance. Because the RI of the 

dielectric medium (sample) changes, the 𝑛௘௙௙ of SPP changes, resulting in a lower 

resonance peak and a shift in resonance wavelength. This means that depending on the 

RI of the sample/analyte, the phase-matching wavelength changes. The variation of peak 

loss due to the change of analyte's RI can be used to identify an unknown sample 

concentration. The major parameter for measuring the sensing performance of the PCF 

SPR sensors is the wavelength and amplitude interrogation methods. In the exterior of 

PCF structure (cladding) appropriate metal (with plasmonic property), coating will 

improve the interaction of the evanescent field with surface free electrons, which will 

boost the sensor's sensitivity. The easy interaction with the metal layer's free electrons 

results in a high coupling between the core guided and SPP modes, which improves sensor 

performance[24]. 

2.1.2.4 Photonic Crystal Fiber Based SPR Sensor 

Light propagation in PCF can be controlled as there are air-holes in the cladding region. 

PCF follows attenuated TIR for the propagation of light. Light propagation can be tuned 

in PCF by arranging different sizes of air-hole and by introducing number rings of air-

holes. PCF-SPR sensors offer several advantages such as compactness, robustness, low 

cost, label-free sensing, the capability of remote sensing, miniaturization, real-time 

sensing capability, and flexible design[25]. 

2.1.2.5 Application of SPR based sensor  

Currently, the best-known application area of SPR sensors is related to biochemical 

research, such as, in the identification of antigen–antibody interactions, enzymatic 

reactions, drug screening and forensics, the search for new bio-markers, and proteomics 

[26]. Other applications include genomics, medical diagnostics, environmental 

monitoring, food analysis, and security [27, 28]. 
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2.2 Literature Review 

Recently, some researchers have reported multi-channel and multi-analyte sensors, for 

example, P. Bing et al. proposed a two-channel PCF-SPR sensor in the RI range of 1.33-

1.40 with a wavelength range of 595-918 nm using Au (channel A) and Au with a 

dielectric (channel B)[1]. The reported sensor achieved WS of 11600 nm/RIU and 10600 

nm/RIU, for the two channels, respectively. However, it is challenging to practically 

realize the sensor due to very high CL (near to  5800 dB/cm ). Because the length of the 

sensor is inversely proportional to the CL. Furthermore, other associated loss for example 

bending loss, splicing loss, input-output loss along with high CL may give misleading 

spectra. M. F. O. Hameed et al.[6] designed a two channel sensor with narrow RI range 

(1.33-1.35) and moderate sensitivity (4750 and 4300 nm/RIU). However, it has high CL 

(300 dB/cm) and complex design due to the presence of three types of air-holes. In 2020, 

A. Yasli et al. [3] reported a two channel sensor with rannow RI range (1.33-1.36) and 

low sensitivity (2500 and 3083 nm/RIU). Furthermore, the design of this sensor is 

complex due to the presence of the four types of air-holes.   V. Kaur et al. designed a two-

channel PCF-SPR senor based on Au with an internal analyte channel in the wavelength 

range of 813-1100 nm range in the RI range from 1.30-1.40[5]. The reported sensor 

achieved 1000 nm/RIU and 3750 nm/RIU WS in channel-1 and channel-2, respectively, 

whereas, in the case of AS, channel-1 and channel-2 achieved only 0.5 RIUିଵ and 40 

RIUିଵ, respectively. Again, this sensor has CL as high as 5449 nm/RIU, making it 

challenging to realize practically. Furthermore, internal sensing, on the other hand, has 

several disadvantages, including fabrication difficulty due to internal metal coating, slow 

operation, and time-consuming analyte handling in the analyte channel[29]. Again in 

2020, A. Yasli et at. proposed a two-channel sensor with narrow RI range (1.34-1.37) and 

lower sensitivity (4100 and 3700 nm/RIU). This sensor has high confinement loss (500 

dB/cm) [9]. R. Otupiri et at. reported a four channel sensor emplying Au and TaଶOହ with 

narrow RI range (1.33-1.35) and low sensitivity (4600 and 2300 nm/RIU). This sensor 

also has high CL (480 dB/cm) [4]. S. I. Azzam et al. designed a four channel sensor. The 

achieved RI range of this sensor is only 1.33-1.34 and it has very high CL (1400 dB/cm) 

[8]. Firoz Haider et al. reported an Au-coated grapefruit PCF sensor with three channels. 

Channel-1 was working in the 1.33-1.35 RI range with WS of 2000 nm/RIU, channel-2 

working in the 1.36-1.38 RI range with WS of 3000 nm/RIU, and channel-3 exhibiting 

higher performance, in the 1.39-1.42 RI range with a maximum WS of 18000 nm/RIU[7]. 
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As can be seen, all three channels do not perform equally well. Moreover, internal coating 

and sensing pose additional challenges, as mentioned above. All these reported multi-

channel and multi-analyte sensors have significantly higher CL, hence, the usable fiber 

length will not be practical. Furthermore, these sensors suffer from lower sensitivity and 

non-uniform performance among the channels. Additionally, the achieved RI range of the 

reviewed literature is quite narrow.  Thus, multi-channel with multi-analyte sensors 

require further research to achieve practically realizable CL, wider RI range, higher 

sensitivity (both wavelength and amplitude), a higher FOM, and similar better 

performance in all the channels.  

 

2.3 Summary 

This chapter discusses the basic knowledge regarding the PCF and SPR. At the end of the 

chapter, the literature review related to multi-channel and multi-analyte sensing is 

presented to identify the research gap. In the next chapter, sensor-related theory and step-

by-step optimization will be carried out.  
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Chapter 3 

 

Sensor Related Theory and Step by Step Design  

 

3.1 Sensor Related Theory  

The basic structure of the PCF-SPR based sensor is the silica. The RI of silica varies with 

the wavelength of incident light. For simulation purpose the wavelength dependent 

Sellmier equation will be used to calculate its RI. Sellmier equation was utilized to obtain 

the RI of fused silica[30]: 

𝑛ଵሺ𝜆ሻ ൌ ඨ1 ൅
𝑎ଵ𝜆ଶ

𝜆ଶ െ 𝑏ଵ
ଶ ൅

𝑎ଶ𝜆ଶ

𝜆ଶ െ 𝑏ଶ
ଶ ൅

𝑎ଷ𝜆ଶ

𝜆ଶ െ 𝑏ଷ
ଶ                                 ሺ𝟑ሻ 

where 𝒂 and 𝒃 are the Sellmier coefficients for silica glass as given below: 

𝑎ଵ ൌ  0.6961663, 𝑎ଶ ൌ  0.4079426,  𝑎ଷ ൌ  0.8974794 

𝑏ଵ ൌ  0.0684043 µm, 𝑏ଶ ൌ  0.1162414 µm, 𝑏ଷ ൌ  9.896161 µm 

The main plasmonic material of the proposed sensor is Au. However, the thickness of Au 

varies in different channels. Au layer thickness, t୅୳ in channel-1, channel-2, and channel-

3, respectively as the primary plasmonic material which is subject to the step-by-step 

optimization. Several methods such as sputtering, thermal evaporation, electron-beam 

technique, etc. can be used to deposit Au on the exterior surface of the sensor. The 

permittivity of Au is given by the following expression[31]: 

𝜀஺௨ ൌ 𝜀ஶ െ
𝜔஽

ଶ

𝜔ሺ𝜔 ൅ 𝑗𝛾஽ሻ
െ

Δ𝜀 Ω௅
ଶ

ሺ𝜔ଶ െ Ω௅
ଶሻ ൅ 𝑗Γ௅𝜔

                                    ሺ𝟒ሻ 
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where, 𝜀஺௨ ൌ  permittivity of gold,   𝜀 ஶ ൌ 5.9673 ൌ  permittivity at high frequency.  The 

angular frequency ൌ 𝜔 ൌ 2𝜋𝑣/𝜆, where 𝑣 is the velocity of light.  𝜔஽ and 𝛾஽ are the 

plasma frequency and damping frequency, respectively, whereas 𝜔஽/2𝜋 ൌ

2113.6 THz and 𝛾஽/2π ൌ  15.92 THz. The weighting factor ൌ Δ𝜀 ൌ 1.09 . While 

Ω௅/2𝜋 ൌ 650.07 THz and Γ௅/2𝜋 ൌ 104.86 THz are the oscillator strength and spectral 

width of the Lorentz oscillators, respectively. 

 

TaଶOହ is a transparent metal oxide with a high fusion point, wider spectrum range, low 

loss (waveguide loss ~ 1 dB/cm), high melting point. A thin layer of TaଶOହ along with 

Au will be used in channel-2 along with Au layer. Due to TaଶOହ overlayer, additional 

field energy is required to excite a strong enough plasmon for sensing which ultimately 

shifts the resonance wavelength than using only Au in the channel. Thus using  TaଶOହ 

overlayer in the channel-2 makes a difference with channel-1 in terms of resonance 

wavelength. Consequently, using TaଶOହ in the channel-2 will make simultaneous 

detection possible. Appropriate thickness layer of TaଶOହ was deposited over the Au layer 

in channel-2 which will be confirmed by step-by-step optimization. RI of TaଶOହ is 

calculated from[32]:  

𝑛்௔మைఱ
ൌ 1.878 ൅

178.4 ൈ 10ଶ

𝜆ଶ ൅
52.7 ൈ 10଻

𝜆ସ                                 ሺ𝟓ሻ 

where n is the RI of TaଶOହ and   𝜆 represents the wavelength in nm.  

 

TiOଶ, a photocatalytic material, exhibits lossy mode resonance under certain 

conditions[33]. TiOଶ is a transparent and has a higher RI which can be used as a transition 

metal. As a result, a huge number of electrons can be created at the metal–dielectric 

interface's surface[34, 35]. TiOଶ layer provides protection and adhesion to the Au layer 

and prevents flake off [36]. Appropriate TiOଶ layer coating on the PCF-SPR sensor 

enhances RI sensitivity and redshifts the resonant wavelength towards the 

telecommunication wavelength region[37]. Using TiOଶ along with Au layer in the 

channel will result different resonant wavelength than using only Au. Achieving different 

resonant wavelength among the channel for the same RI is important because, it would 

allow the channel to sense analyte simultaneously. A detail study of TiOଶ layer thickness 

on the performance of the sensor will be discussed in the subsequent chapter. Appropriate 
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thickness layer of TiOଶ will deposited over the Au layer in channel-3 which will be 

confirmed after step-by-step optimization. Wavelength dependent RI of TiOଶ was 

calculated with the following formula[34]:  

𝑛ଶ ൌ 5.913 ൅
2.441 ൈ 10଻

ሺ𝜆ଶ െ 0.803 ൈ 10଻ሻ
                                             ሺ𝟔ሻ 

where n is the refractive index of TiOଶ and λ represents the wavelength in µm.  

 

The evaluation of a PCF-SPR sensor is based on CL. To calculate the CL of the sensor, 

the imaginary part of the RI (𝑛௘௙௙) is used. CL describes the SPR sensor’s performance 

[30, 31]. CL of the sensor can be calculated as[38]: 

𝛼௅ைௌௌ ൌ 8.686 ൈ
2𝜋
𝜆

𝐼𝑚ሺ𝑛௘௙௙ሻ ൈ 10ସሺ𝑑𝐵/𝑐𝑚ሻ                              ሺ𝟕ሻ 

where λ is the operating wavelength in μm and 𝐼𝑚ሺ𝑛௘௙௙ሻ represents the imaginary part 

of the effective RI. 

 

When the RI of analyte or sample changes then the resonant wavelength of the sensor 

changes. Utilizing this change, the sensitivity of the sensor can be measured. The change 

in resonance wavelength in nm with respect to the change in RIU of the target analyte is 

defined as WS[5]. Sensor’s WS is calculated as[39]:  

𝑠ఒ ൌ
Δ𝜆௣௘௔௞

Δ𝑛௔
                                                                     ሺ𝟖ሻ 

where 𝑆ఒ denotes the WS and expressed in nm/RIU, Δ𝜆௣௘௔௞ is the wavelength peak shift  

in nm for any 𝑛௔ variation and Δ𝑛௔ is the variation between two adjacent 𝑛௔. 

 

The sensor's resolution is its capability to observe the slightest difference in the target 

analyte[40]. The sensor’ resolution can be calculated with the help of wavelength 

interrogation method. The  wavelength resolution of the sensor is given by the following 

equation[41]: 

𝑅ሺ𝑅𝐼𝑈ሻ ൌ Δ𝑛௔ ൈ
∆𝜆௠௜௡

Δ𝜆௣௘௔௞
                                                       ሺ𝟗ሻ 
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where Δ𝑛௔ ൌ 0.01 ሺconsidered in this workሻis the variation between two neighboring 

𝑛௔,  Δ𝜆௠௜௡ is the minimum spectral resolution which was considered as 0.1 nm  and 

Δ𝜆௣௘௔௞ denotes the shift in resonant wavelength peak. 

 

AS is an interrogation method that is executed at a single operating wavelength. Spectral 

manipulation is not required in AS investigation and thus its operation is simple and offers 

lower cost[42]. The AS of the sensor can be measured by the following equation[43]: 

𝑠஺ሺ𝜆ሻሺ𝑅𝐼𝑈ିଵሻ ൌ െ
1

𝛼ሺ𝜆, 𝑛௔ሻ
ൈ

𝜕𝛼ሺ𝜆, 𝑛௔ሻ

𝜕𝑛௔
                                        ሺ𝟏𝟎ሻ 

where 𝛼ሺ𝜆, 𝑛௔ሻ is the CL value for any 𝑛௔ at specified 𝜆,  𝜕𝛼ሺ𝜆, 𝑛௔ሻ is the CL difference 

for a specified 𝜆 between two adjacent analyte RIs and 𝜕𝑛௔ is the difference between two 

adjacent analytes RI. 

 

FOM is one of the sensing performance indicators where higher FOM means greater 

detection accuracy[44]. The performance of the proposed sensor was evaluated in terms 

of FOM for the three channels. FOM can be measured by the following equation[45]: 

𝐹𝑂𝑀 ൌ
𝑆ఒ

𝐹𝑊𝐻𝑀
                                                                   ሺ𝟏𝟏ሻ 

where 𝑆ఒ is the WS calculated in nm/RIU and FOM is measured in RIUିଵ. Length of 

FWHM is calculated from the CL curve. FWHM is de-abbreviated as the full width at 

half maximum which is calculated in nm. 
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3.2 Step by Step Design Topology 

Most of the multi-channel sensors have either two channels or four channels. However, 

this research work aimed at designing a tri-channel sensor. Therefore, to keep the 

structure simple, three analyte channels with uniform channel depth were planned. Also, 

the design ensures that all three channels get equal light-matter interaction. Thus air holes 

are arranged in such a way that incident light can reach towards three channels equally. 

 

 

Fig. 3.1. Step-by-step design procedure of the proposed sensor. (a) Truncating a 
regular PCF with core (b) Corresponding loss spectra of the sensor with the structure 

shown in (a). (c) and (d) Modified structure and Corresponding CL spectra as per 
new design 
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Fig. 3.1 shows the step-by-step design procedure of the structure for the proposed multi-

channel PCF-SPR sensor. Firstly, keeping in mind that sufficient interaction should take 

place between the core-guided mode and the SPP mode, a segment of the PCF, including 

the hexagonal core was cut (see Fig. 3.1(a)) to form the initial structure). The primary 

structure exhibits SP resonance with a wavelength range from 750 nm to 800 nm for the 

analyte RI range 1.38-1.39 only (see Fig. 3.1(b)). Because of the shorter RI range and 

limited operating wavelength region, this structure is not acceptable.    

 The leakage of the the core guided mode needs to be made more lossy to find SP 

resonance for a broad RI range in a wider operating wavelength region. To do this, the 

core size was made bigger by shifting core air-holes outward. Similarly, to reduce index 

contrast in the cladding region the cladding air-hole is also shifted towards the cladding 

region. Furthermore, to ensure more interaction between the core-guided mode and 

plasmonic mode, the size of air-holes in between the channels were made half the initial 

structure. The outcome of this modification is the structure in Fig. 3.1(c) (bottom left). 

As can be seen from Fig 3.1 (d) that the SP resonance takes place for a more 

comprehensive RI range of 1.37–1.42. Furthermore, the operating wavelength (690-1170 

nm) has increased significantly. Hence, the structure as shown in Fig. 3.1(c), (bottom 

row) is considered as the reference structure whose structural parameters will now be 

tuned over a range to achieve optimum sensor performance.  

Fig. 3.2 depicts a cross-sectional schematic of the proposed PCF-SPR sensor (reference 

structure), along with the geometric parameters that are to be optimized. It consists of 

twelve circular air-holes in two layers. The inner layer constitutes the core, and the outer 

layer the cladding. Air-holes are of two sizes with a diameter dଵ ൌ 1 μm and dଶ ൌ

0.5 μm respectively.   
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Larger air-holes in a pair are placed 120଴ apart to make three distinct channels. The 

beginning and end of a pair of larger air-holes demarcate one channel. The right channel 

(from the center) is marked a channel-1, and it is consecutively marked as channel-2 and 

channel-3 counter-clockwise. Inter channel gap for this multi-channel sensor is 

considered as d୥ ൌ 1 μm. In between two pairs of larger air-holes a pair of smaller air-

holes are placed just to help the evanescent field couple with the plasmonic mode for 

stronger light-matter interaction. Distance between two air-holes in any pair is considered 

as dଷ ൌ 1.5 μm. The Pitch, Λ ൌ 2 μm is employed for the structure. Center of inner air-

holes are spaced apart from center of the core with a distance dସ ൌ 3.5 μm. As shown in 

the following section, the optimal values of geometric parameters such as dଵ, dଶ, dଷ, dସ, 

d୥, and Λ are obtained after an extensive investigation by varying them over a range and 

evaluating their effect on the sensor performance. Fig. 3.3 shows the electromagnetic 

field distribution of SPP modes and fundamental core modes for channel-1, channel-2, 

and channel-3, respectively. The color bar at the right of Fig. 3 indicates the field intensity 

distribution of normalized mode.  

 

 

 

Fig. 3.2. The proposed multi-channel Sensor's cross-section schematic, 
demonstrating several geometric parameters. 
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3.3 Simulation Setup  

To study the complex modal properties of the analyzed structures, the Web Optics module 

of commercially available FEM-based software COMSOL Multiphysics was used. 

Furthermore, in COMSOL, the sensor’s structure was meshed with extremely fine 

element size under ‘physics-controlled mesh’ scheme to get accurate results. With 423049 

numbers of degree of freedom the sensor structure was solved. The features of mesh 

statistics are as follows, the number of vertices = 61409, number of elements = 122062, 

minimum element quality = 0.3945, Average element quality = 0.8705, and mesh area = 

194.1 μmଶ. Also, a cylindrical anisotropic perfectly matched layer (PML) of 1 µm 

thickness with scattering boundary conditions was employed beyond the outer boundary 

to obtain accurate modal solutions.   

3.4 Summary  

This chapter described the sensor’s related theory. Various measuring parameters for the 

evaluation of sensor’s performance with formula has been explained. Then, step by step 

design topology of the proposed sensor has been elaborated. At the end of the chapter, 

the simulation setup for the proposed PFC-SPR multi-channel with multi-analyte sensing 

has been narrated. In the coming chapter, sensor’s basic structure optimization will be 

described.  

 
Fig. 3.3 Electromagnetic field distribution. (a-b) y-polarized core guided and SPP 

modes for nୟ ൌ  1.41 in channel-1 (c-d) y-polarized core guided and SPP modes for 
nୟ ൌ  1.41 in channel-2 (e-f) x-polarized core guided and SPP modes for nୟ ൌ  1.41 

in channel-3.
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Chapter 4 

Sensor’s Basic Structure Optimization  

4.1 Pitch optimization  

At the beginning of  reference structure optimization, an initial value of structural 

parameters such as Au layer thickness, t୅୳ ൌ 50 nm, the diameter of larger air-hole, dଵ ൌ

1.0 μm, the diameter of smaller air-hole, dଶ ൌ 0.5 μm, and distance between adjacent air-

holes, dଷ ൌ 1.5 μm were set.  To find the optimal value, the pitch, Λ ൌ

2.2, 2.0, and 1.8 μm was varied. Fig. 4.1 shows the CL plots of varying pitch. For pitch, 

Λ ൌ 2.2 μm the sensor achieves a maximum WS of 22000 nm/RIU with a RI range of 

1.39-1.42. In the case of, pitch, Λ ൌ 2.0 μm the sensor achieves a maximum WS of 23000 

nm/RIU for an RI detection range of 1.37-1.42.  Finally, for pitch, Λ ൌ 1.8 μm the sensor 

achieves the maximum WS of 20000 nm/RIU with an RI range of 1.37-1.42. Considering 

the more comprehensive RI range and higher WS, pitch, Λ ൌ 2.0 μm was considered 

optimal for the proposed sensor Note that, the distance of nearest air-holes from the 

center, dସ is related to the pitch (Λ). Thus, with the optimization of pitch (Λ) the distance 

dସ has automatically been optimized.  

 

Fig. 4.1 Pitch variation effect on the basic structure. CL spectra for pitch, Λ = 1.8, 
2.0, and 2.2 μm for RI of 1.41-1.42. 
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4.2 Optimization of Air-holes (𝒅𝟏 and 𝒅𝟐) 

In the proposed sensor, there are two types of air-holes such as larger air-hole with a 

diameter dଵ and smaller air-hole with a diameter dଶ. Total eight combinations of 

diameters of the two sizes of air-holes were varied to find the best pair. During the 

optimization process, the pitch Λ ൌ 2 μm, and Au layer thickness, t୅୳ ൌ 50 nm were 

kept as fixed. As a general pattern, it can be seen that increasing the diameter of larger 

air-hole reduces CL, and decreasing the diameter of smaller air-hole increases CL. The 

reason is, reduced smaller air-holes allures more light towards the plasmonic layers for 

increased light-mater interaction.  Different measuring parameters that were obtained 

during the air-hole diameter optimization investigation are tabulated in Table 4.1. As can 

be seen from the table that for dଵ ൌ 1.0 μm, dଶ ൌ 0.4 μm and for dଵ ൌ 1.0 μm, dଶ ൌ

0.5 μm performances are very close considering RI range, WS, AS, and FOM. However, 

based on the criteria of higher average FOM and lower maximum CL dଵ ൌ 1.0 μm, dଶ ൌ

0.5 μm are considered as optimal air-hole diameters for larger and smaller air-holes, 

respectively.  

 

 

TABLE 4.1  AIR-HOLES DIAMETER (Dଵ AND Dଶ) VARIATION EFFECT 

𝐝𝟏 

(µm) 

𝐝𝟐 

(µm) 

Max. WS 

(nm/RIU) 

Max. FOM 

ሺ𝐑𝐈𝐔ି𝟏ሻ 

Avg. FOM

(𝐑𝐈𝐔ି𝟏ሻ 

RI Range

(RIU) 

Max. CL

(dB/cm) 

0.8 0.5 23000 460.00 277.50 1.38-1.42 67.422 

0.8 0.4 23000 460.00 277.50 1.38-1.42 77.899 

1.0 0.4 23000 383.33 228.88 1.37-1.42 66.129 

1.0 0.5 23000 383.33 236.66 1.37-1.42 56.53 

1.0 0.6 22000 314.28 215.19 1.37-1.42 48.978 

1.2 0.4 23000 342.85 215.90 1.37-1.42 57.587 

1.2 0.5 23000 287.50 198.76 1.37-1.42 48.353 

1.2 0.6 22000 275.00 229.16 1.38-1.42 41.249 
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4.3 Au Thickness layer (𝒕𝑨𝒖) optimization 

The performance of the PCF-SPR sensor depends significantly on the thickness of the 

plasmonic layer. The thickness of the Au layer of the reference structure needs to be 

optimized because it would serve as the initial thickness layer in the three channels of the 

proposed multi-channel and multi-analyte sensor.  Au layer thickness, t୅୳ ൌ

45, 50, 55, and 60 nm were varied to find optimal thickness. Fig. 4.2 shows the plot of 

WS as a function of wavelength for thickness variation. For Au layer thickness, t୅୳ ൌ

45, 50, and 55 nm, the reference structure showed a similar response in maximum WS 

(23000 nm/RIU). However, with Au layer thickness, t୅୳ ൌ 45 nm, the detectable RI 

range is 1.38-1.42, and thus it is discarded. Because for Au layer thickness, t୅୳ ൌ

 50 and 55 nm, the detectable RI range is 1.37-1.42. However, with Au layer thickness, 

t୅୳ ൌ 50 nm, the maximum FOM (383.33 RIUିଵ) and average FOM (236.66 RIUିଵ) are 

higher than the maximum FOM (255.55 RIUିଵ) and average FOM (196.11 RIUିଵ), which 

results with t୅୳ ൌ  55 nm. In the case with Au layer thickness, t୅୳ ൌ  60 nm, for RI 1.42, 

no resonance was obtained; consequently, the RI range reduces (1.37-1.41) along with 

maximum WS (12000 nm/RIU). Thus Au layer thickness, t୅୳ ൌ 50 nm was considered 

as the optimal value for the reference structure. 

 

Fig. 4.2. Variation of Au layer thickness on the reference structure. (a) CL spectra for 
t୅୳ ൌ 45 nm for RI range of 1.38-1.42. (b) CL spectra for t୅୳ ൌ 50 nm for RI range of 
1.37-1.42. (c)  CL spectra for t୅୳ ൌ 55 nm for RI range of 1.37-1.42. (d) CL spectra for 

t୅୳ ൌ 60 nm for RI range of 1.38-1.41. 
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4.4 Optimization of distances between adjacent air-holes (𝒅𝟑) 

The distance between adjacent air-holes was varied to see the impact on the reference 

structure and to find the optimal distance while keeping the core diameter unchanged. As 

such, distance, dଷ ൌ 1.5, 2.0 and 2.5 μm was varied while keeping the pitch Λ ൌ 2 μm, 

Au layer thickness, t୅୳ ൌ 50 nm, larger air-hole diameter dଵ ൌ 1.0 μm, and smaller air-

hole diameter dଶ ൌ 0.5 μm as fixed. The consequence of varying distance between 

adjacent air-holes on CL is plotted as a function of wavelength for RI of 1.41-1.42 for y-

polarized modes, as shown in Fig. 4.3. With the distance between adjacent air-holes, dଷ ൌ

1.5 μm, the sensor achieves the maximum WS of 23000 nm/RIU with a RI range of 1.37-

1.42. The sensor performs better with the distance, dଷ ൌ 2.0 μm as it shows the maximum 

WS of 27000 nm/RIU but at the cost of the sensor’s reduced RI range (1.38-1.42). With 

distance, dଷ ൌ 2.5 μm, the maximum WS (34000 nm/RIU) increases further but at the 

higher cost of the sensor’s reduced RI range (1.39-1.42). RI range of the reference 

structure is significant because it would contribute to the RI range of multi-channel with 

multi-analyte senor. Thus considering the RI range distance between adjacent air-holes, 

dଷ ൌ 1.5 μm was considered as the optimal distance.  

 

 

Fig. 4.3. Effect of variation of distance between adjacent air-holes, dଷ. Plot 
showing CL spectra for dଷ ൌ 1.5, 2.0 and 2.5 μm for RI of 1.41-1.42 
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4.5 Summary  

Chapter 4 describes the step by step optimization of the sensor’s basic structure. This 

optimized structure will serve as the reference structure. In the next chapter channel 

specific optimization will be carried out where the parameters of the reference structure 

will be used. In the process of reference structure optimization, initially pitch was 

optimized followed by diameters of the air-holes. Finally Au layer thickness (𝑡஺௨) and 

distances between air-holes (𝑑ଷ) were optimized. In the next chapter different channels 

of sensor will be optimized.  
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Chapter 5 

 

Multi-channel Optimization  

 

5.1 Preferred state of polarization and SPP mode selection   

In the process of simulation it was found that both x and y-polarization is exhibited. Both 

the modes can be utilized to find out the performance of the sensor. However, 

investigating and studying the both polarization a bit time consuming. By observing the 

CL plots, it is possible to decide the preferred mode of polarization. In the actual sensing 

operation with optical spectral analyzer and computer connected with it, CL and state of 

polarization are very important. Because, if the resonance peak is not that sharper it will 

be blurred within the other associated noise. Fig. 5.1 shows the CL profiles for x and y-

polarization modes for the three channels. Due to the geometric position of Au film in 

channel-1, the y-polarization state is stronger than x-polarization as shown in Fig. 5.1 (a). 

Consequently, loss peak is more prominent in y-polarization than x-polarization in 

channel-1. As a result, the SPR effect excited by the coupling of the core mode and the 

SPP mode will be stronger in y-polarization than in x-polarization. Similarly, due to 

positional polarization states of metal (Au) and oxide layers (𝑇𝑎ଶ𝑂ହ 𝑎𝑛𝑑 𝑇𝑖𝑂ଶ), loss 

peaks (see Fig. 5.1  (b) to (c)) related to y and x-polarization are more prominent in 

channel-2 and channel-3, respectively. It is because of arrangement of air-holes, position 

of channels, plasmonic material coatings in the channels and the structural design of the 

sensor. Thus, considering the coupling efficiency due to polarization advantage, y, y and 

x-polarization will be utilized for channel-1, channel-2, and channel-3, respectively for 

further study.  
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Fig. 5.1. State of polarization (x and y) and associated loss spectra. (a) – (c) CL spectra for 
𝑛௔ ൌ 1.41 for channel-1, 2 and 3 respectively. 
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As shown in Fig. 5.2 (a) to (c) that there exists a first-order SPP mode (SPP-1), a second-

order SPP mode (SPP-2), and a third-order SPP mode (SPP-3). Fig. 5.2 (d) shows the 

SPP modes analysis. The imaginary part of the effective index to which core mode CL is 

proportional is also included in the figure and shown as red color. The effective index of 

the SPP-3 mode (light green color) is much lower and it does not interact with the core 

mode, and hence it can never couple to it and thus be discarded. SPP-1 (violet color) 

interacts with the core mode but does not represent any CL peaks, and it is not 

distinguishable. SPP-2 (sky blue) mode and core mode interact and match at the 

wavelength of 950 nm. Consequently, CL peaks appear at 950 nm. Thus, in further study, 

the SPP-2 mode will be utilized. 

 

 

Fig. 5.2. SPP modes analysis for channel-1. (a) SPP-1 mode. (b) SPP-2 mode. (c) SPP-
3 mode. (d) Interaction of y-polarized core mode with different SPP modes. 
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5.2 Optimization of Channel-1(With Au)  

The investigation started with the metal thickness for channel-1 at t୅୳ ൌ 45 nm. As a 

general trend, increasing the Au layers increases the WS. However, increasing the Au 

layer thickness beyond t୅୳ ൌ 55 nm, decreases the WS and FOM. Table 5.1 summarizes 

all quality parameters for varying the Au layer thickness for channel-1. As it can be seen 

from Table 5.1 that, performance with Au layer, t୅୳ ൌ 55 nm is quite distinctive 

considering maximum WS, average WS, maximum FOM, average FOM, and RI range. 

Thus,  Au layer thickness, t୅୳ ൌ 55 nm is the optimal value for channel-1. Fig. 5.3 

illustrates the effect of varying thicknesses on the CL. 

 

 

 

Fig. 5.3. Variation of Au layer thickness, t୅୳ in the channel-1 of the proposed 
multi-channel and multi-analtye sensor. 
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5.3 Optimization Inter-channel gap (𝒅𝒈)  

The gap between channels, d୥ has an impact on the performance of the sensor. The gap 

between the channels was varied as, d୥ ൌ 1.0, 1.5 and 2.0 μm to find the optimal value. 

It can be seen in Table 5.2 that with the increase of the gap between channels, FOM and 

AS deteriorate. Because an increase in channel gap not only decreases the plasmonic 

layers, but also shrinks the analyte channels. Furthermore, with the increase in channel 

gap, average WS, maximum AS, and the RI range decreases. Thus, the gap between 

channels, d୥ ൌ 1.0 μm was selected as the optimal value. This value would be used for 

further investigation for  channel-2 and channel-3 of the proposed sensor.  

 

TABLE 5.2. PERFORMANCE PARAMETER AS A RESULT OF VARYING INTER 

CHANNEL GAP (𝐝𝐠)  

Gap between 

channels 

(𝐝𝐠ሻ 

Max. WS

(nm/RIU)

Avg. WS

(nm/RIU)

Max. FOM

ሺ𝐑𝐈𝐔ି𝟏ሻ 

Avg. FOM

(𝐑𝐈𝐔ି𝟏ሻ 

Max. AS 

(𝐑𝐈𝐔ି𝟏ሻ 

RI Range

(RIU) 

1.0 μm 38100 15125 635.00 308.75 -582.68 1.37-1.42

1.5 μm 38100 15100 544.28 283.98 -579.45 1.38-1.42

2.0 μm 38100 15025 544.28 260.44 -576.85 1.38-1.42

TABLE 5.1. PERFORMACE PARAMETERS FOR VARYING Au LAYER 
THICKNESS 

Au Layer 

Thickness 

(𝐭𝐀𝐮ሻ 

Max. CL

(dB/cm) 

Max. WS

(nm/RIU)

Avg. WS

(nm/RIU)

Max. FOM

ሺ𝐑𝐈𝐔ି𝟏ሻ 

Avg. FOM 

(𝐑𝐈𝐔ି𝟏ሻ 

RI Range

(RIU) 

45 nm 44.364 23000 11000 460 272 1.37-1.42

50 nm 33.03 23000 11250 383 258.33 1.38-1.42

55 nm 49.535 38100 15125 635 274.85 1.37-1.42

60 nm 43.984 37000 12600 462.5 232.28 1.37-1.42
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5.4 Optimization of Channel-2 (With Au and 𝑻𝒂𝟐𝑶𝟓) 

The plasmonic materials of channel-2 are Au and TaଶOହ. Total eight combinations of Au 

and TaଶOହ layer thickness variations were investigated to find the optimal layers in 

channel-2. All important findings on the thickness optimization of channel-2 are tabulated 

in Table 5.3. The investigation started with Au layer thickness, t୅୳ ൌ 35 nm along with 

a layer of TaଶOହ, tTa2O5 = 15 nm. As a general pattern, it was observed that the increasing 

Au layer thickness increases the WS. However, increasing the Au layer thickness beyond 

50 nm reduces the WS. It can be seen that all the thickness combinations do not result 

same RI range. Wider RI range should be given preference because it will cover more 

analyte sample.  As it can be seen from the Table 5.3 that with t୅୳ ൌ 50 nm and 𝑡்௔మைఱ
 ൌ

 10 & 15nm, the sensor achieves same wide RI range. However, with t୅୳ ൌ 50 nm and 

𝑡்௔మைఱ
 ൌ  10 nm the sensor achieves better WS.  Again, CL is an important parameter 

which has impact on the performance of the sensor. Considering the wide RI range, 

minimum CL, maximum WS   t୅୳ ൌ 50 nm and 𝑡்௔మைఱ
 ൌ  10 nm were found to be 

optimal layers for channel-2. 

 

 

TABLE 5.3. PERFORMANCE PARAMETERS AS A RESULT OF VARYING Au 

AND 𝐓𝐚𝟐𝐎𝟓 LAYER THICKNESSES 

Au Thickness 𝐓𝐚𝟐𝐎𝟓 

Thickness 

Max. CL 

(dB/cm) 

Max. WS 

(nm/RIU) 

RI Range 

(RIU) 

35 nm 15 nm 91.978 12000 1.39-1.42 

40 nm 10 nm 60.672 16000 1.38-1.42 

40 nm 15 nm 58.732 15000 1.39-1.42 

40 nm 20 nm 56.508 14000 1.39-1.42 

45 nm 10 nm 36.487 17000 1.38-1.42 

45 nm 15 nm 36.76 16000 1.38-1.42 

50 nm 10 nm 28.289 21600 1.37-1.42 

50 nm 15 nm 26.552 20400 1.37-1.42 
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5.5 Optimization of Channel-3 (With Au and 𝑻𝒊𝑶𝟐)  

Channel-3 was designed with Au and TiOଶ. The plasmonic layers in this channel were 

optimized by varying the thicknesses. As it can be seen from Table 5.4, a total of eight 

combinations of Au and TiOଶ layer thicknesses were investigated to find the best 

combination. Initially, it was considered the findings with a broader RI range (1.36-1.42), 

and then priority was given to the maximum WS, and maximum FOM. From the Table 

5.4, it is clear that channel-3 performs best with Au layer thickness, t୅୳ ൌ 45  nm and 

TiOଶ layer thickness, t୘୧୓మ
ൌ 10 nm. With this thickness combination, channel-3 also 

achieves remarkable performance in the case of AS. Thus for channel-3, Au layer 

thickness, t୅୳ ൌ 45  nm and TiOଶ layer thickness, t୘୧୓మ
ൌ 10 nm combination is the 

optimal values. 

 

5.6 Summary  

This chapter describes multi-channel optimization. Initially the preferred polarization 

mode selection and desired SPP mode selection was done. Later plasmonic materials in 

three channels were optimized. Next chapter describes the results obtained and its 

chronological discussion.  

TABLE 5.4. PERFORMANCE PARAMETERS AS A RESULT OF VARYING AU 

AND 𝐓𝐢𝐎𝟐 LAYER THICKNESSES 

Au 

Thickness 

𝐓𝐢𝐎𝟐 

Thickness 

Max. CL

(dB/cm)

Max. WS

(nm/RIU)

Max. FOM

ሺ𝐑𝐈𝐔ି𝟏ሻ 

Max. AS 

(𝐑𝐈𝐔ି𝟏ሻ 

RI Range

(RIU) 

35 nm 15 nm 187.79 29000 966.66 -2503.84 1.36-1.42

40 nm 10 nm 92.31 34000 680.00 -1666.08 1.36-1.42

40 nm 15 nm 92.278 14000 466.66 -1462.19 1.36-1.41

45 nm 10 nm 88.956 45800 572.50 -1230.08 1.36-1.42

45 nm 15 nm 55.941 18000 450.00 -1142.87 1.36-1.41

50 nm 10 nm 60.30 43000 450.00 -965.52 1.36-1.42

50 nm 15 nm 39.085 17000 340.00 -945.11 1.36-1.41

55 nm 10 nm 41.50 37000 375.00 -669.22 1.36-1.42
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Chapter 6 

 

Result and Discussion  

 

6.1 Optimized parameters  

After detailed investigation of all the parameters, the optimized common structural 

parameters for three channels are Λ = 2.0 μm, dଵ ൌ 1.0 μm, dଶ ൌ 0.5 μm, dଷ ൌ 1.5 μm, 

dସ ൌ 3.5 μm, and d୥ ൌ 1.0 μm. Besides, the channel-specific optimized parameters are, 

t୅୳ ൌ 55 nm (channel-1), t୅୳ ൌ 50 nm and t୘ୟమ୓ఱ
ൌ 10 nm (channel-2), and t୅୳ ൌ

45 nm and t୘୧୓మ
ൌ 10 nm (channel-3). 

 

6.2 Phase-matching and Dispersion curve analysis  

With these optimized parameters for the proposed sensor, Fig. 6.1 (a) to (c) shows the 

dispersion relations for 𝑛௔ ൌ 1.41 for channel-1, channel-2, and channel-3, respectively. 

Due to the different specific geometric positions of the plasmonic layer in the channels, 

one polarized mode is stronger than the other. Thus in the study of optimized sensor 

performance, y-polarization will be considered in channel-1 and channel-2. In the case of 

channel-3, x-polarization was considered. From the dispersion relation, it can be seen that 

phase matching has been established. The wavelengths where core-guided modes and 

SPP modes are phase-matched, are indicated with a dotted line (from the intersection 

point down to the horizontal axis). At this point, the wave vectors of the two modes are 

equal, and a sharp CL peak appears because the plasma absorbs maximum core energy.  
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Fig. 6.1. Sensor’s wavelength-dependent dispersion relation for SPP mode and core-
guided mode, for nୟ ൌ 1.41. (a) Channel-1 with y-polarization. (b) Channel-2 with y-

polarization. (c) Channel-3 with x-polarization. 
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6.3 CL Analysis 

Proposed sensor exhibits much lower loss. CL is related to the length of the sensor. Lower 

the CL it is better for the realization. In the case of channel-1, the lowest CL 3.8071 dB/cm 

is achieved for RI 1.37. For channel-2, CL of 5.2678 is achieved by for RI of 1.37. For 

RI of 1.36 for channel-3, CL of 10.62 dB/cm is achieved.  Highest CLs of 49.535 dB/cm 

(channel-1), 28.289 dB/cm (channel-2) and 88.956 dB/cm (channel-3) achieved by the 

three channels of the multi-channel and multi-analyte sensor are much lower than other 

multi-channel sensors those are reported previously[1-3, 6-9, 12, 29]. 

6.4 Wavelength Sensitivity Analysis 

For channel-1 for y-polarized mode, when RI changes from 1.37 to 1.38, 1.38 to 1.39, 

1.39 to 1.40, 1.40 to 1.41 and 1.41 to 1.42 sensor achieves WS of 3900, 4800, 6700, 10900 

and 38100 nm/RIU respectively. For channel-2 for y-polarized mode, when RI changes 

from 1.37 to 1.38, 1.38 to 1.39, 1.39 to 1.40, 1.40 to 1.41 and 1.41 to 1.42 sensor achieves 

WS of 2900, 4400, 6200, 9600 and 21600 nm/RIU respectively. For channel-3 for x-

polarized mode, when RI changes from 1.36 to 1.37, 1.37 to 1.38, 1.38 to 1.39, 1.39 to 

1.40, 1.40 to 1.41 and 1.41 to 1.42 sensor achieves WS of 3400, 4300, 6000, 7900, 13300 

and 45800 nm/RIU respectively. For channel-1, the resonance peak appears at 690, 729, 

777, 844, 953, and 1334 nm for RI of 1.37, 1.38, 1.39, 1.40, 1.41 and 1.42 respectively. 

For channel-2, the resonance peak appears at 700, 729, 773, 835, 931, and 1147 nm for 

RI of 1.37, 1.38, 1.39, 1.40, 1.41 and 1.42 respectively. For channel-3, the resonance peak 

appears at 720, 754, 797, 857, 936, 1069, and 1527 nm for RI of 1.36, 1.37, 1.38, 1.39, 

1.40, 1.41 and 1.42 respectively. To summarize, the proposed sensor achieves maximum 

WS of 38100 nm/RIU, 21600 nm/RIU, and 45800 nm/RIU for channel-1, channel-2, and 

channel-3, respectively. Achieved maximum WS of the proposed multi-channel and 

multi-analyte sensor as per channels is much higher than the multi-analyte sensor 

previously reported in [1-3, 6-9, 12, 29]. For practical sensing average WS is very 

important. Proposed sensor achieves average WS of  12880 nm/RIU, 8940 nm/RIU and 

13450 nm/RIU for channel-1, channel-2 and channel-3, respectively which also much 

higher than many sensors. CL plots for channel-1, channel-2 and channel-3 are depicted 

in Fig. 6.2.  
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Fig. 6.2. CL plots for the optimized sensor. (a) Channel-1 for RI of 1.37-1.42. 
(b) Channel-2 for RI of 1.37-1.42. (c) Channel-3 for RI of 1.36-1.42. 
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6.5 Amplitude Sensitivity Analysis  

 

 

Fig. 6.3. AS spectra for the optimized sensor. (a) Channel-1 for RI of 1.37-1.41. (b) 
Channel-2 for RI of 1.37-1.41. (c) Channel-3 for RI of 1.36-1.41. 
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For channel-1 and for y-polarization, AS of 324.75, -448.40, -558.28, -582.68, and -293.51 

RIUିଵ  achieved for RI of 1.37, 1.38, 1.39, 1.40 and 1.41 respectively. For channel-2 and 

for y-polarization, AS of -427.14, -635.54, -919.48, -969.57, and  -561.27 RIUିଵ  achieved 

for RI of 1.37, 1.38, 1.39, 1.40 and 1.41 respectively. For channel-3and for x-polarization, 

AS of -536.69, -722.29, -975.40, -1230.08, -1163.75, and  -191.84 RIUିଵ  achieved for RI 

of 1.36, 1.37, 1.38, 1.39, 1.40 and 1.41 respectively. In the case of AS, the sensor achieves 

a maximum AS of 582.68 RIUିଵ, 969.57 RIUିଵ, and 1230.08 RIUିଵ for channel-1, channel-

2, and channel-3, respectively. Channel-specific performance in the AS is quite distinctive 

and better than those are reported previously in [7, 8, 29] . Fig. 6.3 shows the AS plots for 

the three channels.  

6.6 Sensor Resolution   

For channel-1 and for y-polarization, for RI of 1.37, 1.38, 1.39, 1.40 and 1.41, the sensor 

achieves wavelength resolution of  2.56 ൈ  10ିହ, 2.08 ൈ 10ିହ, 1.49 ൈ 10ିହ, 9.17 ൈ

 10ି଺, and 2.62 ൈ 10ି଺ RIU respectively. For channel-2 and for y-polarization, for RI of 

1.37, 1.38, 1.39, 1.40 and 1.41, the sensor achieves wavelength resolution of   3.45 ൈ 10ିହ, 

2.27 ൈ 10ିହ, 1.61 ൈ  10ିହ, 1.04 ൈ 10ିହ, and 4.63 ൈ 10ି଺  RIU respectively. For 

channel-3 and for x-polarization, for RI of 1.36, 1.37, 1.38, 1.39, 1.40 and 1.41, the sensor 

achieves wavelength resolution of  2.94 ൈ 10ିହ, 2.33 ൈ 10ିହ, 1.67 ൈ 10ିହ, 1.27 ൈ

10ିହ, 7.52 ൈ 10ି଺, and  2.18 ൈ 10ି଺  RIU respectively. Similarly, proposed sensor 

achieves maximum wavelength resolution for the three channels are 2.62 ൈ 10ି଺ RIU 

(channel-1), 4.63 ൈ 10ି଺ RIU (channel-2), and 2.18 ൈ 10ି଺ (channel-3) also much lower 

than the previously reported sensors. For channel-1 and for y-polarization, for RI of 1.37, 

1.38, 1.39, 1.40 and 1.41, the sensor achieves amplitude resolution of  3.08 ൈ  10ିହ, 

2.23 ൈ  10ିହ, 1.97 ൈ 10ିହ, 1.72 ൈ  10ିହ, and 3.41 ൈ 10ିହ RIU respectively. For 

channel-2 and for y-polarization, for RI of 1.37, 1.38, 1.39, 1.40 and 1.41, the sensor 

achieves amplitude resolution of   2.34 ൈ 10ିହ, 1.57 ൈ 10ିହ, 1.09 ൈ 10ିହ, 1.03 ൈ 10ିହ, 

and 1.78 ൈ 10ିହ  RIU respectively. For channel-3 and for x-polarization, for RI of 1.36, 

1.37, 1.38, 1.39, 1.40 and 1.41, the sensor achieves amplitude resolution of  1.86 ൈ  10ିହ, 

1.38 ൈ 10ିହ, 1.03 ൈ  10ିହ, 8.13 ൈ 10ି଺, 8.59 ൈ 10ି଺, and 5.21 ൈ 10ିହ RIUିଵ 

respectively.  
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In the case of maximum amplitude resolution for channel-1, channel-2, and channel-3, the 

sensor achieves  1.72 ൈ 10ିହ RIU, 1.03 ൈ 10ିହ RIU and 8.13 ൈ 10ି଺ RIU, respectively.  

6.7 FOM Analysis  

From Table 6.1, it can be seen that as a general trend, FOM increases with the increase 

in RI. The proposed sensor achieves a maximum FOM of 635 RIUିଵ, 432 RIUିଵ, and 

572.5 RIUିଵ for channel-1, channel-2, and channel-3, respectively. All the maximum 

FOMs in the three channels are higher than those sensors previously reported[7]. 

6.8 Summary of Important Data 

Important data related to the sensor characteristics is appended below in Table 6.1.  

 

 

 

TABLE 6.1 SUMMARY OF SENSOR’S PERFORMANCE IN THREE CHANNELS 

Ch RI of 
Analyte 

Pol. 
Mode 

Reso. 
Wav. (nm)

Wav. Sen. 
(nm/RIU) 

AS. 
𝐑𝐈𝐔ି𝟏 

FOM 
𝐑𝐈𝐔𝟏 

CH-1 
Au 

1.37 y-pol. 690 3900 324.75 139.2 
1.38 y-pol. 729 4800 448.40 160 
1.39 y-pol. 777 6700 558.28 167.5 
1.40 y-pol. 844 10900 582.68 272.5 
1.41 y-pol. 953 38100 293.51 635 
1.42 y-pol. 1334 NA NA NA 

CH-2 
Au and 𝐓𝐚𝟐𝐎𝟓 

1.37 y-pol. 700 2900 427.14 119 
1.38 y-pol. 729 4400 635.54 220 
1.39 y-pol. 773 6200 919.48 206.67 
1.40 y-pol. 835 9600 969.57 320 
1.41 y-pol. 931 21600 561.27 432 
1.42 y-pol. 1147 NA NA NA 

CH-3 Au and 𝐓𝐢𝐎𝟐 1.36 x-pol. 720 3400 536.69 170 
1.37 x-pol. 754 4300 722.29 143.33 
1.38 x-pol. 797 6000 975.40 300 
1.39 x-pol. 857 7900 1230.08 263.33 
1.40 x-pol. 936 13300 1163.75 332.5 
1.41 x-pol. 1069 45800 191.84 572.5 
1.42 x-pol. 1527 NA NA NA 
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6.9 Polynomial Fitting Curve 

There exists a relationship between resonance wavelength and values of target analyte RI. 

Expressing this relation in an analytical interpretation helps to understand the continuous 

relation between RI and resonance wavelength. Fig. 6.4 (a) to (c) depict the changing 

trend of the resonance wavelength as RI increases along with polynomial curve-fitting. 

The corresponding polynomial regression equation, the correlation coefficient, Rଶ and 

other parameters are indicated in the respective figures for channel-1 to channel-3.  

 

 

Fig. 6.4. Polynomial curve fitting. (a) For channel-1 (b) For channel-2 (c) For channel-3 
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6.10 Performance Comparison 

The proposed sensor's performance is compared to that of previously reported multi-

channel sensors. The overall RI range of the proposed sensor is from 1.36 to 1.42. The 

average WS of the proposed sensor, an important parameter for practical sensing, is 

significantly high ((12880 nm/RIU (channel-1), 8940 nm/RIU (channel-2) and 13450 

nm/RIU (channel-3)). Important comparative parameters of literature reviewed multi-

channel sensors and other multi-channel sensors are tabulated in Table 7 to compare with 

the performance of the proposed sensor. From Table 6.2, it is evident that the maximum 

CL of the proposed sensor is remarkably less which says that useable fiber length utilizing 

this sensor is practical. As it can be seen, from Table 6.2, the performance of the proposed 

multi-channel and multi-analyte sensor is distinctive and shows better results in the all 

the fields such as WS, WS resolution, AS, AS resolution FOM, and so on. 
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TABLE 6.2. COMPARATIVE PERFORMANCE ANALYSIS OF PROPOSED SENSOR  

Description 
(Number of ch, 
material used) 

RI Range WS (nm/RIU) AS. (𝐑𝐈𝐔ି𝟏) Highest CL
(dB/cm) 

Two, Au and Au  with a 
dielectric layer[1] 

1.33-1.40 11600 (ch-1)
10600(ch-2)

NA 5800 

Two, Au coated [2] 1.33-1.39 6100(ch-1) 

2300(ch-2) 

NA 775 

Two, Au and Silver 
(Ag) [3] 

1.33-1.366 2500(ch-1) 

3083(ch-2) 

NA 110 

Four, Au, Au and 
TaଶOହ [4] 

1.33-1.36 2300(ch-1) 

4600(ch-2) 

NA 480 

Two, Au [5] 1.30-1.40 1000(ch-1) 

3750(ch-2) 

0.5(ch-1) 

40(ch-2) 

5449 

Two, Au and Ag [6] 1.33-1.35 4500(ch-1) 

7500(ch-2), 

NA 300 

Three, Au coated [7] 1.33-1.35 
1.36-1.38 
1.39-1.42 

2000(ch-1) 

3000(ch-2) 

18000(ch-3)

95(ch-1) 

 184(ch-2) 

 427(ch-3) 

340 

Four, Au [8] 1.33-1.34 2200(ch-1) 

2400(ch-2), 

2200(ch-3), 

2400(ch-4) 

- 1450 

Two, Au and Ag [9]  1.33-1.37 6000(ch-1), 

7000(ch-2) 

- 500 

Two, Au and TiOଶ [12] 1.46-1.485 23000(ch-1) 820 818 

One, Au and 
Graphene(experimental)
[14]  

1.3330-1.3688 2290 - 73 

One, Au 
(experimental)[15]  

1.3348-1.3673 2331.9 - 35 

Three, Au, Au with  
TaଶOହ,  and Au with  
TiOଶ[Our work] 

1.37-1.42(ch-1) 38100(ch-1) 582.68(ch-1) 49.53(ch-1)

1.37-1.42(ch-2) 21600(ch-2) 969.57(ch-2) 28.28(ch-2)

1.36-1.42(ch-3) 45800(ch-3) 1230.08(ch-3) 88.95(ch-3)
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6.11 Working Principle of the Proposed Sensor 

 The proposed sensor is spliced with the optical spectrum analyzer and optical tunable 

source (OTS) through single-mode fiber (SMF) for practical sensing application. With 

the help of a pump, the analyte inflow to and outflow from the sensor can be controlled. 

Interaction of analyte with incident light from OTS generates spectra in the optical 

spectrum analyzer, which is further analyzed and interpreted in the connected computer. 

The proposed sensor can work both in simultaneous and non-simultaneous detection 

mode. To detect unknown analytes simultaneously, the sensor needs to have a 

considerable gap in the resonance wavelength among the channel for the same RI. Use of 

different plasmonic materials (TiOଶ and TaଶOହ ) in the channel aid in creating that gap. 

When the sensor is operated in non-simultaneous detection, only one channel is used, and 

other channels are kept vacant filled with air (RI =1.00). When the sensor is operated for 

simultaneous detection mode, all the channels are filled with different analytes. Due to 

the same resonance wavelength (729 nm) in channel-1 and channel-2 for RI of 1.38, the 

sensor will work in non-simultaneous detection mode. In the rest of the cases, the 

proposed sensor can operate in simultaneous mode. However, it will be very rare during 

actual sensing operation that all the three channels are filled with the same RI value.  

6.12 Summary  

This chapter discusses result of the proposed multi-channel and multi-analyte sensor. In 

the process of result evaluation, both wavelength and amplitude interrogation methods 

were employed. Besides, sensor’s resolution (both wavelength and amplitude) and FOM 

were also calculated. To measure the merit of the proposed research work, results were 

compared with contemporary works related to multi-channel sensors. At the end of 

chapter working principle of the proposed sensor was discussed. In the next chapter, 

specific application of the proposed sensor will be discussed.  

 

 



45 
 

Chapter 7 

Sensor’s Application  

7.1 Probable Application of the Proposed Sensor 

The overall RI of the proposed sensor is from 1.36 to 1.42. As it can be seen from the 

Table 7.1 that a lot of chemical, biochemical, and bio samples fall with the range of 

achieved RI  range of the proposed sensor.  Anyone of the following sample can be sensed 

with the proposed sensor. However, it will be prudent to use similar type of sample to get 

optimum benefit from the proposed sensor.  

TABLE 7.1 RI (1.36-1.42) OF DIFFERENT ANALYTES FOR  MULTI-CHANNEL 
SENSOR 

List of Analyte  RI Ref 

Silicone Oil 1.393 [46] 
Kerosene 1.39 [46] 
Cytoplasm 1.39 [47] 
Platelet 1.39 [47] 
Red Blood Cell 1.40 [47] 
Ethanol 1.361 [46] 
Acetone 1.36 [46] 
20% Glucose solution in water 1.3635 [46] 
White blood cell 1.36 [29] 
Haemoglobin 1.36 [29] 
Liver (Human) 1.369 [46] 
Sugar solution, 25% 1.3723 [46] 
Acetic Acid 1.37 [46] 
Propylene 1.36 [46] 
Hexane 1.37 [46] 
Heptane 1.38 [46] 
Trichlorofluoromethane refrigerant R-11 1.37 [46] 
Ethanol 1.361 [46] 
Blood (Jurkat) 1.376 [48, 49] 
Cervical (HeLa) 1.368 [48, 49] 
Adrenal glands (PC12) 1.381 [48, 49] 
Breast (MDA-MB-23) 1.385 [48, 49] 
Breast (MFC-7) 1.387 [48, 49] 
Skin (Basal) 1.360 [48, 49] 
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7.2 Specific Application - Cancerous Cell Detection   

The proposed sensor may potentially be employed to detect cancer disease. Human cells 

are made of mostly water and protein. For example, blood plasma is composed of 90% 

water and 10% protein.  Malignant cells have a higher refractive index than healthy cells 

because of more protein in the nucleus of an affected cell for fast cell division. Using the 

RI of healthy and infected malignant cells as a marker, this sensor is expected to detect 

cancer of various human cells. However, there is a possibility of false negative results 

using this sensor.  Table 7.2 lists down the RI of healthy and infected malignant cells of 

the human body along with various cancer detection sensing performances according to 

channel. As can be seen that, in all the cases, the proposed sensor performs remarkably. 

In the case of wavelength interrogation, Jurkat cell, PC-12 cell, MDA-MB-23 cell, MCF-

7 cell, HeLa cell, and Basal cell achieves WS of 6700, 8000, 8000, 8000, 12000, 7700 

nm/RIU, respectively. Similarly, in amplitude interrogation, Jurkat cell, PC-12 cell, 

MDA-MB-23 cell, MCF-7 cell, HeLa cell and Basal cell achieves AS of -646.12, -715.17, 

-1141.61, -1160.57, -2440.30, and -1960.32 RIUିଵ respectively. In the case of cancer 

detection, the proposed sensor achieves the highest FOM of 600 RIUିଵ for HeLa cell. 

Achieved results related to cancer detection are superior to those reported in[50, 51]. WS 

and AS plots related to cancerous cell detection is shown in Fig. 7.1.  

TABLE 7.2 PERFORMANCE OF THE SENSOR IN DIAGNOSING CANCEROUS 
CELLS OF HUMAN BODY 

Ch Type of Cancer Cell RI Reso. 
Wav. 
(nm)

Loss Peak 
shift (nm)

WS 
(nm/RIU)

AS 
(𝐑𝐈𝐔ି𝟏)

Ch-1 Blood (Jurkat)-Normal 1.376 710 Ref 6700 -646.12
Blood (Jurkat)-Cancerous 1.390 777 67 - -
Adrenal glands (PC12)- Normal 1.381 730 Ref 8000 -715.17
Adrenal glands (PC12)- 
Cancerous 

1.395 810 800  - 

Ch-2 Breast (MDA-MB-23)- Normal 1.385 760 Ref 8000 -1141.61
Breast (MDA-MB-23)- 
Cancerous 

1.399 840 80 - - 

Breast (MCF-7)- Normal 1.387 750 Ref 8000 -1160.57
Breast (MCF-7)- Cancerous 1.401 830 80 - -

Ch-3 Cervical (HeLa)- Normal 1.368 750 Ref 12000 -2440.30
Cervical (HeLa)- Cancerous 1.392 870 120 - -
Skin (Basal)- Normal 1.360 720 Ref 7700 -1960.32
Skin (Basal)- Cancerous 1.380 797 77 - - 
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7.3 Summary  

This chapter discussed the specific application of the proposed multi-channel and multi-

analyte sensor. Initially a list of analyte was presented which can be sensed with the help 

of the proposed sensor. Later from that list, a group of similar analyte (various cancerous 

cells of human body) was chosen to sense with the help of proposed multi-channel and 

multi-analyte sensor. Next chapter discusses the fabrication feasibility of the proposed 

sensor.  

 

 

 

 

Fig. 7.1. CL and AS spectra for the cancerous cell detection. (a) CL plots for 
healthy and cancerous Jurkat and PC-12 cell in Channel-1. (b) CL plots for healthy 
and cancerous MCF-7 and MDA-MB-23 cell in Channel-2 (c) CL plots for healthy 
and cancerous Basal and HeLa cell in Channel-3. (d)  AS plots for PC-12, Jurkat, 

MCF-7, MDA-MB-23, Basal and HeLa cells. 
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Chapter 8 

Fabrication Feasibility of the Sensor  

8.1 Fabrication Tolerance Test 

It is nearly impossible to fabricate the PCF SPR sensor with its exact structural 

parameters. Usually, ±1% deviation from the desired structural parameter values may 

take place during fabrication [52]. The proposed sensor is tested with -5% to +5% 

variation from the optimized parameters (dଵ, d୥, Λ, dଶ and t୅୳) for channel-1 and for RI 

of 1.41. It can be noticed from Fig. 8.1 that the sensor has a good tolerance level. 

 

 

 

Fig. 8.1. CL loss profile for -5% to +5 % variation in structural parameters such as, 
𝑑ଵ, 𝑑௚, 𝛬, 𝑑ଶ and 𝑡஺௨  for RI of 1.41 in channel-1. In addition, loss curve (red color) is 

shown for RI of 1.41 of proposed sensor for channel-1. 
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8.2 Fabrication Steps of the Proposed Sensor 

PCF of the proposed sensor can be fabricated with several techniques such as stack-and–

draw[53], sol-gel casting[54], injection molding[55], and die-cast process[56]. However,  

the standard stack-and-draw technique offers many advantages such as lower cost, faster 

production, cleaner fabrication, and more flexibility[57].  In this method at first thick 

solid silica rods are drawn to make thinner silica rods. The same thick silica rods are 

drilled to form capillaries and then drawn to make thinner capillaries. The size of the 

capillaries is controlled by feeding rate and drawing speed. Usually, capillaries are cut 

into 11 to 15 inches in lengths for preform. Capillary ends are sealed at one end to remove 

interstitial holes. Before staking the capillaries inside a jacket tube, the outer wall of 

capillaries needs to be cleaned by acetone followed by iso-propanol (IPA) using lint-free 

tissues. Cleaned capillaries are then stacked in a jacket tube using a pair of hexagonal jigs 

in the shape of a desired lattice. The capillary stack is  moved from the short jacket tube 

into a longer one. A glass handle is normally attached to the preform with the help of a 

high-temperature 𝐻ଶ െ 𝑂ଶ fuel burner. Preform is passed through silica softening 

 

Fig. 8.2.  Illustrations showing step-by-step stack-and-draw method for fabricating 
proposed multi-analyte and multi-channel sensor. 
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temperature (1500଴ – 17,00଴ C) several times to get it softened. The preform is then 

pulled down to a cane scale. To fabricate PCF with different core size and lattice distance, 

another glass tube is used to jacket the cane. By carefully controlling temperature and 

speed of the drawing tower, preferred sizes of the fibers are made at this stage. If the size 

of the air-holes and lattice distance need to be corrected, then it is done by further 

jacketing. Finally, the cane is produced and cut according to the desired length [57]. Three 

analyte channels can be developed with the help of the side polishing technique [58]. 

Finally, Au can be deposited on the three channels of the sensor using several methods, 

for example, sputtering, thermal evaporation, and electron beam technique[59]. Over the 

Au layer, 𝑇𝑎ଶ𝑂ହ layer in channel-2 may be deposited by nanoparticle layer deposition 

method[60]; 𝑇𝑖𝑂ଶ layer in channel-3 may be deposited with the help of a DC magnetron 

sputtering system[33]. 

 

8.3 Summary  

This chapter discusses the fabrication feasibility of the proposed multi-channel and multi-

analyte sensor. To test the stability of the simulated designed േ 5% tolerance test was 

carried out for the different structural parameters. The test was found quite stable. Later, 

some fabrication techniques were discussed to realize the propsed sensor. Next chapter 

will conclude the thesis. 
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Chapter 9 

Conclusion and Future Works 

9.1 Conclusion 

In conclusion, a highly sensitive multi-channel and multi-analyte PCF-SPR sensor with 

Au (channel-1), Au with TaଶOହ (channel-2), and Au with TiOଶ(channel-3) materials is 

designed and analyzed in the visible to Near Infrared wavelength region. Channel-1 (Au) 

achieves a WS of 38100 nm/RIU, AS of  -582.68 RIUିଵ and a FOM of 635 RIUିଵ. 

Channel-2 (Au with TaଶOହ) achieves a maximum WS of 21600 nm/RIU, maximum AS 

of -969.57 RIUିଵ and an FOM of 432 RIUିଵ. Channel-3 achieves a maximum WS of 

45800 nm/RIU, maximum AS of -1230.08 RIUିଵ and an FOM of 572.5 RIUିଵ. These 

values supersede previously reported multi-channel and multi-analyte sensors and 

guarantee better performance. Additionally, for cancer detection, in case of HeLa cell 

sensor achieves WS of 12000 nm/RIU, AS of -2440.30 RIUିଵ and a FOM of 600 RIUିଵ. 

Furthermore, the reported sensor offers many advantages, such as, better sensitivity 

performance in all three channels, lower cost, reusability, external sensing approach with 

large-analyte channels, simple manufacturing potential, etc. Thus, the proposed sensor 

proves itself as a promising competitive candidate in the field of multi-analyte detection 

and biosensing. 

The proposed work has several limitations that can be addressed in the subsequent scope 

of research. For example the cross talk amongst the channels was not investigated. 

Furthermore, various losses such as insertion loss, attenuation loss, coupling loss, input-

output loss etc. were not studied to keep the scope of the work limited. However, in future 

with a new scope these losses may be calculated which would further validate the 

credibility of this research work.  
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9.2 Scope of the Future Work 

This research work used noble plasmonic material Au as the main material. In channel-2 

and channel-3 over the Au layer TaଶOହ and TiOଶ were used respectively. Instead of Au, 

other materials may be used to look for performance improvement as a scope of future 

work. For example, Ag, Copper, Aluminium etc. may be used. As an overlayer Silicon 

Nitride (SiଷNସ) or graphene may be used.  Furthermore, instead of traditional plasmonic 

material, alternative plasmonic material,  for example, aluminum-doped zinc oxide, 

gallium doped zinc oxide, indium tin oxide, titanium nitride, etc may be used.  

 

Future works may also be conducted by varying the design, design parameter, method of 

sensing (internal or combination of external and internal). In the case of variation in 

design, number of air-holes, air-hole size, value of pitch etc. may be explored to find 

enhanced results. This work is based on external sensing channel which is placed at the 

exterior of cladding. However, internal sensing channel may be explored to look for new 

results. Furthermore, combination of internal and external sensing channel may give more 

flexibility and it may increase capability of the sensor as the number of channels will 

increase. Additionally, internal and external sensing combination may widen the range of 

RI which would cover more variety of analyte.   
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