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ABSTRACT 
 

Since decades ago, the PCF-based surface plasmon resonance (SPR) sensor has attracted 

increased attention due to its unique properties, including compact size, simple light transmission 

via the fiber core, control over light propagation, design flexibility, and excellent sensing ability. 

The D-shaped PCF-based SPR sensing phenomenon is extensively employed in sensing 

applications for liquid detection, chemical detection, and biomolecular interaction in medical 

diagnostics. Although the D-shaped PCF based SPR sensor demonstrates great sensitivity, its 

main limitation is the requirement for deep polishing depth, which makes fibers more fragile in 

the manufacturing environment. This thesis investigates how to enhance existing PCF sensors 

based on SPR and how to employ a better understanding of their physical and sensing principles 

to suggest new design concepts and ideas with smaller polishing depth. A systematic approach 

was used to look at several structural factors, such as the location, optical characteristics, shape, 

and thickness of the metal components, that might affect how well a sensor performs. In this paper, 

we have proposed a graphene embedded photonic crystal fiber (PCF) based surface plasmon 

resonance (SPR) sensor for multi-analyte detection simultaneously.  The graphene layer improves 

the sensing performance due to their high surface to volume ratio.  The proposed sensor is 

numerically investigated where channels are coated with gold and graphene layers. Top and 

bottom side of the fiber etched down to make it double sided D-shape. The double D-shaped 

structure works based on external sensing mechanism and facilitate to utilize the multi-analyte 

detection approach. The proposed fiber consists with six air holes, and two of them are used as 

fiber cores by filling up with the high refractive index (RI) liquid of 1.46. The fiber is fabricated 

using stack-and-draw fiber fabrication method.  The finite element method (FEM) approach is 

used to investigate the fiber's characteristics and sensing performance numerically. Due to 

asymmetry of the fiber structure, the proposed sensor demonstrates polarization dependency and 

exhibits sensing phenomena for the x-polarized mode. The sensor can detect the unknown analyte 

RI at the detection range of 1.32 to 1.42. The sensing range is separated into two groups such as 

Ch-1 (RI from 1.32 to 1.37) and Ch-2 (RI from 1.38 to 1.42) to demonstrate multi-analyte 

detection phenomena. The proposed sensor exhibits the maximum wavelength and amplitude 

sensitivities of 14,000 nm/RIU and 1922 RIU-1, respectively. Also, the effects of structural 

parameters on the sensor performance, such as graphene layer thickness, gold layer thickness, air 
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holes, fused silica, and diameter are numerically investigated. Consequently, we may anticipate 

that the demonstrated sensor with multi-analyte detection capacity will make it more promising 

choice for medical diagnostics, biochemical, and organic chemical detection. 
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CHAPTER 1: INTRODUCTION 
 

1.1 Introduction 

Researchers have made significant efforts in recent decades to research the surface plasmon 

resonance (SPR) phenomena both experimentally and conceptually. Surface plasmons are 

created when the free electrons on a surface of the metal collectively oscillate in response to a 

waveform. This resonant interaction is what gives rise to surface plasmons. After then, Surface 

plasmon are intensely bounded on the metal-dielectric interface, leading to an increase in the 

electric field strength[1]. Additionally, the SP effect also has the unique quality of being highly 

sensitive to little changes in refractive index. Since 1996, PCFs have received widespread 

optical transmission[2]. According to experts, Light propagation in PCFs may be controlled by 

enclosing micro-nano size air gaps in the shape of photonic crystals, since photonic crystals 

can affect electromagnetic waves of a given wavelength in a fiber. PCFs' superior design 

flexibility means that their dispersion, birefringence, nonlinearity may be fine-tuned by 

modifying the air pore configuration[3]. PCFs' superior design flexibility means that their 

dispersion, birefringence, nonlinearity may be fine-tuned by modifying the air pore 

configuration. These features make PCFs extremely appealing in a variety of contexts, leading 

to many applications in areas such as gas-based nonlinear optics, atom and particle guiding, 

ultrahigh nonlinearities, rare-earth doped lasers, and sensing fields[4]. Currently, Stack-and-

Draw method is the most widely used method of PCF fabrication as it has proven to be mature 

and highly flexible in assembling complex meshes from stackable units of acceptable size and 

form[5]. This method also enables the simple inclusion of solid, bare, or doped glass. PCFs 

include intrinsic microstructure channels that allow for the infiltration or selective infiltration 

of functional materials (gas, solid, or liquid) to modify light-matter interactions. Additionally, 

PCFs may also be processed similarly to regular optical fibers using techniques including by 

side polishing, rotation, slots, and coating technologies; this significantly broadens PCFs' 

potential uses[6].  

Although the first SPR-based biosensor, a prism-based device, was developed in 1983 for 

biological applications and released commercially in 1990[7], the technology has since 

undergone significant development. Prism-based SPR sensors have several drawbacks, 

including bulkiness, a few numbers of acceptance angles, and poor real-time remote sensing 

performance [8]. To overcome all of the drawbacks of traditional prism-based SPR, a PCF-
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based SPR sensor has been developed[9]. The PCF-based SPR sensor has characteristics like 

compact size, high sensing accuracy, extensive detection range, and design flexibility[10]. It is 

a combination of plasmonic materials with photonic crystal fiber technology. 

When using a photonic crystal fiber (PCF) for SPR, light travels down the fiber's core and 

creates an evanescent field as it exits the cladding [11]. The SPR generated by the coupling of 

the evanescent field with the metal layer is useful for the detection of previously undetected 

analytes. It was reported in 1993 that surface plasmon resonance may be used in a fiber-optic 

chemical sensor[12]. 

1.2 Motivation 

Prism coupling-based biosensors are widely employed due to their ease of use. However, it is 

heavy and contains moving optical and mechanical parts, which limits its application in remote 

sensing. In contrast, PCF offers design flexibility, small size and lightweight can be used for 

remote sensing applications, and exhibits birefringence, low confinement loss, nonlinearity, 

etc. Consequently, PCF replaced prism-based SPR sensing techniques where prisms were 

bulky and hard to fix the angle of incidence of light. In addition, PCF-based SPR sensors exhibit 

more sensitivity than prism-based SPR sensors. Furthermore, a small change in the RI of an 

analyte may be detected by observing a shift in 4 major peak wavelengths. That's why surface 

plasmon resonance biosensors based on photonic crystal fibers are the most effective and 

versatile option. To see where PCF-based SPR sensors are most often and extensively 

employed, refer to Fig1.1. 

 

               Fig 1.1: Variety areas of PCF based SPR sensor [13]. 
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1.3 Problem statement 

    Numerous reports have been made on PCF-based SPR sensors so far. In spite of this, most 

suggested designs are very complicated and difficult to fabricate. Some issues that may arise 

include the metal layer coating of selective holes and liquid penetration into selective air holes, 

both of which increase hole size to roughly 1-2 m [14]. Internal sensing, exterior sensing, and 

the D-shaped sensing approach are the three broad categories into which all published PCF 

based SPR sensor investigations may be sorted in order to examine the sensing performance 

[15]. The internal 5 sensing technique is quite complicated because it needs coating the inner 

surface of selected holes (typically a few nm and up to 1-2 m in diameter) with metals and 

infiltrating the sensing analyte (or liquid) into selective holes[16]. All the metallic coating and 

analyte may be applied outside, making the external sensing technique more straightforward 

than the internal sensing approach[17]. The major issue with D-shaped PCF is that the gap 

between the metal layers must be decreased to only a few micrometers by polishing about half 

of the fiber structure, at which point the fiber becomes exceedingly brittle[18]. In addition to 

the aforementioned issues, most PCF-based SPR sensors are designed with very small air holes 

ranging from about a few nm to 1-2 m in diameter, which is also complicated in practice. 

Another challenge is that D-shaped sensors require very precise polishing to accurately obtain 

the micron distance between the D-surface and the core, as well as a very flat and smooth 

surface[19]. 

➢ How to make a PCF based SPR sensor with higher sensitivity by external sensing approach?  

➢ How to reduce the polishing depth of the fiber compared to the conventional D-shaped 

fibers? 

1.4 Objectives 

 The internal sensing strategy is challenging to manufacture, while the exterior sensing 

approach has limited sensitivity. Additionally, current D-shaped PCF sensors have great 

sensitivity but need deep polishing, which weakens the fiber. Since ordinary D-shaped fibers 

need more polishing depth, the goal of this work is to build an external sensing PCF-based SPR 

sensor with improved sensitivity. In specific, the objectives of this study are: 

i) To design a PCF structure suitable for SPR external sensing that provides higher 

sensitivity but requires smaller polishing depth. 

ii) To evaluate performance of the proposed sensor by simulation.  
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CHAPTER 2: LITERATURE REVIEW AND TECHNICAL 

BACKGROUND 
 

2.1   overview 

    SPR sensing technique are widely used for sensing which is works based on 

interaction on light coupling at a dielectric metal surface. This chapter provides a 

comprehensive overview of SPR phenomena, the methodology behind standard 

prism-based SPR sensors, and the issues that arise from using them. The fundamental 

basic of PCF and their sections are also briefly discussed. A detailed overview of the 

PCF structure implementation is given. Lastly, PCF based SPR sensors are reviewed 

critically in the last section.  

2.2   Surface Plasmon and Surface Plasmon Resonance 

2.2.1   Surface plasmon 

 

     Surface Plasmons are coherent delocalized electron oscillation that exist at the interface 

between any two materials, Where the permittivity of one material is negative other is positive. 

Hence, the total density of charge in the conductor is zero. Surface plasmons travels at the 

interface of two medium and decays in both direction perpendicular to the interface. In the 

figure shown the wave travels in X direction and the decays travels in Z direction. This moving 

process will induce a longitudinal oscillation in the conductor and this is known as plasma 

oscillation known as surface plasmon[20]. 
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Fig 2.1: Plasmon oscillation in the metal [21]. 

 

2.2.2   Surface Plasmon Resonance 

    The phenomenon of surface plasmon resonance (SPR) occurs when incoming light photons 

at a certain angle of incidence excite electrons in the metal surface layer, which subsequently 

travel parallel to the metal surface[22]. The angle at which SPR occurs at thin metal surfaces 

is determined by the refractive index of the substance immediately next to the surface. Since 

SPR may be avoided by slightly altering the reflecting index of the sensing medium, this opens 

the door to sensitive analyte detection. The basic principle of SPR is based on incoming p-

polarized light or transverse magnetic (TM) light of a certain frequency and plasmonic 

materials. When the surface electron are coincide, free electrons at the surface will fluctuate. 

For the oscillation of electrons, The Surface Plasmon Wave (SPW) is initiative with metal-

dielectric interface which spread towards the surface. SPRW can be calculated by this 

equation[23], 

 

                                             𝛽 =
𝜔

𝐶
√ 𝜀𝑀𝜀𝐷

𝜀𝑀+𝜀𝐷

  
                                               2.1 

 

Where ω is the angular frequency, c is the speed of light, 𝜀𝑀 defines dielectric permittivity’s 

of metal and 𝜀𝐷 is the dielectric surface. According to the above equation, the characteristics 

of SPW is entirely dependent on the two material which are metal and dielectric media. 
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Fig 2.2: Localized SPR when field (light) interacts with the plasmons [24]. 
 

2.3   Surface plasmon resonance sensing technique 

2.3.1   conventional Prism based SPR Configuration 

     Prism-based Conventional SPR sensor used to concentrate the incident light. When TM 

light or P polarized are strikes on a prism-metal dielectric interface, The reflection is measured 

as a function of angle of incidence. However, there is a sharp dip at a fixed angle of incident 

light called the resonance angle. The angular interrogation method is used to detect unknow 

analyte by measuring the shift of resonance wavelength. Based on the angular mechanism, 

auto-configuration and Kretschmann-configuration sensing techniques have been developed. 

 

2.3.1.1   Otto-configuration for SPR sensing 

     Otto-configuration sensing technique are developed in 1968, which involved placing a 

prism and metal in a gap and then filling the gap with the sample liquid [25]. The attenuated 

total reflection (ATR) technique is used in an Otto configuration. The evanescent wave (EW) 

is generated when light with p-polarization strikes the prism-dielectric interface, and at a 

certain angle, the evanescent wave excites the surface plasmon wave at the metal-dielectric 

interface. 
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Fig 2.3: Otto-configuration for SPR sensor[26]. 

When the wave-vectors of an evanescent wave and a surface plasmon wave are aligned, a 

decrease in the intensity of the reflected wave is seen at that angle. In this state, the EW is able 

to transmit energy to the SPW. Here we calculate the evanescent field's wave vector Kev at the 

prism-dielectric contact, where it is: 

                                        𝑘𝑒𝑣 =
𝜔

𝑐
√𝜀𝑔 sin 𝜃 ………………………………………….2.2 

Where ω denotes the frequency of incident light, C denotes the speed of light, 𝜀𝑔 denotes the 

dielectric constant of the material of the prism and the incident angle is θ. 

The Otto-configuration has been useful for investigating the absorption properties of single 

crystal metal surfaces. One disadvantage of the Otto configuration is that it requires the prism 

and metal layer to be positioned with a limited spacing for the coupling to be effective. Through 

the process of resolving this issue, a new configuration (dubbed the Kretschmann 

configuration) is introduced. 

 

2.3.1.2   Kretschmann-configuration for SPR sensing 

     Kretschmann-configuration for SPR sensing technique are introduced in 1968 where the 

prism and metal layer is attached together between the prism and metal layer there was no gap; 

sample liquids were placed outside the metal layer[27]. For this reason surface plasmon excited 

by the evanescent field wave as like as Otto- configuration. When the wave vectors of the 

surface plasmon wave and the evanescent wave coincided at a certain angle, resonance was 

produced. 
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Fig 2.4: Kretschmann configuration for SPR sensor [28]. 

 

Under these resonance conditions, a drop in the intensity of the reflected light also 

developed. The incident light wave vector, kg is defined as the wave vector of light traveling 

down the prism's surface, while the evanescent field wave vector, Kev is described as, 

                                           𝑘𝑒𝑣 = 𝑘𝑔 sin 𝜃 =
𝜔

𝑐
√𝜀𝑔 sin 𝜃  ……………………….. 2.3 

The fundamental limitation of the Kretschmann-configuration is that the metal layer must be 

parallel to the prism surface, making it inapplicable to curved surfaces like a metal cylinder or 

a metal sphere. This is a contributing factor to the configuration's lack of widespread adoption 

[29]. 

2.3.2   Photonic crystal fiber surface plasmon resonance 

     The advancement of PCF and plasma science have been combined to create the PCF-based 

SPR sensor [14]. Photonic crystal fiber is a novel kind of optical fiber (PCF). Like typical 

optical fiber, it has a core and cladding, but in PCF, the cladding portion is made up of periodic 

air holes that can control how light is distributed. PCFs are also known as micro-structured 

optical fibers (MOFs) or holey fibers (HFs) [30]. It was not possible to combine the photonic 

crystal fiber-dependent SPR sensor with the conventional fiber optic SPR concept first. The 

PCF-sensing SPR's theory is particular to the kinds of structures. The modified total internal 

reflection (M-TIR) or photonic band gap (PBG) effects govern how light travels through PCFs 

[31]. Overall, light spreads wider through the middle of the fiber and many of the fields. Surface 

plasmon waves are generated when ephemeral plasmon fields interact with free electrons in the 



9 
©Daffodil International University 
 

metal layer and then propagate along the metal-dielectric contact. Up to a certain refractive 

index, the core-guided mode and the SPP mode are coupled at the same wavelength. This 

wavelength corresponds to a severe loss point for both the core-guided mode (actual value) and 

the SPP mode [10]. Phase-matching resonance disorder is another name for this condition. In 

order to function, the SPR sensor needs a metal component with a high number of unpaired 

electrons. The negative permittivity needed for plasmonic materials comes from such free 

electrons. 

2.4   Fiber Optic Technology 

2.4.1   Conventional optical fiber  

      Fiber optics, often known as optical fibers are frequently used in transmission of data or 

the directional guiding of light.[32] Each optical fiber has three parts: a core, a cladding, and a 

coating or buffer. The center portion of the optical fibers is called core which is made of glass 

and it is covered by a layer called cladding[33]. The core is a dielectric barrel-shaped pole. In 

terms of their structure, a refractive index of the core is greater while the cladding has a lower 

refractive index. which keeps light ray always within the core of optical fibers[33]. During the 

manufacturing of the optical fibers, protective layers of plastic are uniformly applied to the 

entire length of the fiber. The refractive index of the coating is higher than that of the cladding 

and core, to attenuate any undesirable light in the cladding[34]. This coating can be removed 

when desired, The coating gives protection to the fibers from external influences and absorbs 

shear forces. These coatings are usually colored to identify individual fibers in a multi-fibers 

cable[35]. The physical structure of a current optical fiber is seen in Fig:2.5. As a result, the 

optical fiber may be classified into two broad categories: single mode and multimode. Single-

mode optical fibers have a particularly narrow core diameter (typically 9 m), which restricts 

the transmission of light to a single wavelength[35]. Therefore, the attenuation is much reduced 

due to the lack of light leakage, and the signal may travel great distances. Single-mode fiber is 

commonly utilized by telecommunications companies, cable TV providers, and government 

agencies for runs longer than a few hundred meters. In contrast, multimode optical fibers have 

a larger core diameter (often 50 m or 62.5 m) that allows for the propagation of many modes 

of light [36]. Data transmission rates are improved because of the larger amount of light that 

may flow through the center at any given time. 
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Fig 2.5: Conventional Optical fiber structure[36] 

Multimode fibers are often utilized for short-range applications within data centers, LANs, and 

similar networks because to the dramatic loss in signal strength over longer distances caused 

by increased dispersion and attenuation levels[37]. Multimode fibers may be broken down into 

two basic styles. 

 

Fig 2.6: Multimode and Single-mode optical fiber[38]. 

2.4.2   Photonic crystal fiber 

      Since the mid-1990s, photonic crystal fibers (PCFs), also known as micro structured optical 

fibers (MOFs) or holey fibers (HFs), have been the focus of extensive research and have 

significantly impacted traditional fiber optics[39]. The PCF is a single optical fiber material 

made up of tiny air channels that run the length of the fiber. In order to make a low index 

cladding, air-holes are drilled into a silica basis, and the center is commonly made by either 

removing the central air-hole from the foundation or drilling a bigger air-hole in its place[40]. 

Cross sections of PCFs are typically either air-silica cladding around a robust silica core or air-

silica cladding around a hollow core, as seen in Figur2.7. The guiding effects of total internal 

reflection (index guides) and photonic band gaps (PBG index guides) are maintained while 
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light travels through PCFs [41]. The PCFs' guiding process and modal features are distinct 

according to the air-holes' configuration, which includes the air-holes' number, size, form, and 

division. This endows PCF with a host of distinctive properties, such as single-mode operating 

throughout a broad wavelength range, a massive mode area, and atypical dispersion. 

 

Fig 2.7: (a) Hollow core fiber cross-section (b) Solid core fiber cross-section [42] 

2.5   PCF Structure Implementation 

2.5.1   Geometrical definition   

     Based on the angular arrangement of air holes, PCF structures may be hexagonal, square, 

octagonal, decagonal, or a hybrid. In addition, as shown in Fig. 2.8, the apex angle of a triangle 

in a PCF with a hexagonal structure will be 60 degrees, whereas those of a PCF with an 

octagonal or decagonal structure will be 45 degrees and 30 degrees, respectively. Furthermore, 

the PCF's air holes are arranged in a periodic pattern, where d is the hole's diameter. The 

distance between any two consecutive airholes is called the pitch, and it is denoted by A. 

 

 

                                         

       (a)                                                 (b)                                                    (c) 

Fig 2.8: (a) Cross-section of hexagonal (600 angle) PCF, (b) Cross-section view of octagonal 

(450 angle) PCF, (c) cross-section view of decagonal (360 angle) PCF. 
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2.5.2   Background material 

     The next phase, following the PCF's design, is to determine what parts will build up the 

final model. Both the core and the cladding of the fiber are typically made of fused silica 

(SiO2). Air holes with a refractive index of 1 may be found in the cladding region (around the 

core). According to the Sellmeier equation, we can characterize the distribution of the refractive 

index in silica[43]. 

                     𝑛2(𝜆) = 1 +
𝐵1𝜆

2

𝜆2−𝑐1
+

𝐵2𝜆
2

𝜆2−𝐶2
+

𝐵3𝜆
2

𝜆2−𝐶3
     ………………………………………   2. 4 

where n denotes the dependent on wavelength refractive index of fused silica (in m). In the 

Sellmeier equation, the constants B1, B2, B3, C1, C2, and C3 are as follows: 

B1=0.69616300, B2=0.407942600, B3=0.897479400, C1=0.00467914826, 

C2=0.0135120631, C3=97.9340025. 

 

2.6 Performance Analysis Parameters 

 Confinement Loss: The confinement loss is used to explore all performance boundaries. 

From the imaginary component of the real effective index, the confinement loss may be 

calculated. Leakage of modes is equated with a loss of confinement. Although the core and 

cladding of PCF have the same effective refractive index (na=1.44), the cladding is made up 

of air holes with a distinct refractive index (na=1). Because of the limited number of air holes 

in the cladding, PCF guiding modes are inherently inefficient. If the cladding is made up of an 

unlimited number of air-holes, then PCFs will not experience any confinement losses. To put 

it theoretically, PCFs suffer from confinement losses due to the fact that their cladding is 

necessarily limited in size. Confinement losses can't affect a fiber with an infinite cladding. 

The core diameter, air-hole lattice, pitch, and ring count all play significant roles in the 

confinement loss. We may calculate the confinement loss at a given wavelength[44]; 

                                             𝒂(ⅆ𝑩 ∕ 𝒄𝒎) = 𝟖𝟔𝟖𝟔 ×
𝟐𝜫

𝝀
× 𝐈𝐦(𝒏𝒆𝒇𝒇) × 𝟏𝟎𝟒 …..…………………   2.5 

where λ represents the active wavelength and Im(neff) represents the imaginary component of 

the core mode's refractive index. Having a large confinement loss is bad for a sensor. Changes 

to the PCF structural parameters and the amount of air hole rings in the cladding area may be 
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used to fine-tune the confinement. Reduced confinement loss is achieved by the use of air hole 

rings to focus the core light inside the core.  

Wavelength Sensitivity:  Using wavelength interrogation, we can determine how sensitive a 

PCF-based SPR sensor is to certain wavelengths. To determine the wavelength sensitivity, use 

the following equation (Rifat et al., 2018):    

                                                  𝑆𝜆(𝑛𝑚 ∕ 𝑅𝐼𝑈) = 𝛥𝜆𝑃𝑒𝑎𝑘 ∕ 𝛥𝑛𝑎  ……………………………..………..  2.6 

where Δλ represents the dispersion of the resonant wavelength and Δna represents the RI shift 

due to the analyte. However, the detection approach is complicated since the wavelength 

interrogation method manipulates the spectrum to acquire the sensitivity. 

Amplitude Sensitivity: Amplitude sensitivity is an alternative method for evaluating sensor 

efficiency. In contrast to getting the wavelength sensitivity, which requires spectral 

manipulation, the amplitude sensitivity may be obtained using the amplitude interrogation 

technique, which is both straightforward and cost-effective. Here is an equation for determining 

amplitude sensitivity [46].  

                                                                       𝑺𝑨 = −
𝟏

𝜶(𝝀,𝒏𝒂)

𝝏𝜶(𝝀𝒏𝒂)

𝝏𝒏𝒂
  ……………………………  2.7 

where 𝜶(𝝀𝒏𝒂) represents the loss in transmission at any wavelength and 𝝏𝜶(𝝀𝒏𝒂) represents 

the difference in propagation loss between two spectral losses. 

Sensor Resolution:  The resolution of the sensor is another performance sensing metric that 

reveals the sensor's sensitivity to detect changes in the RI of the analyte. Sensor resolution is 

proportional to the sensor's wavelength sensitivity. Resolution is determined by the following 

equation[47]. 

                                                    R(𝑅𝐼𝑈) = 𝛥𝑛𝑎 × 𝛥𝜆𝑚𝑖𝑛/𝛥𝜆𝑝𝑒𝑎𝑘  …………………………………   2.8  

where Δna represents the variation in RI of the analytes, Δλmin specifies the lowest possible 

spectral resolution, and peak denotes the largest possible variation in the resonant wavelength. 

For example, if Δna = 0.01, Δλmin = 0.1, and Δλpeak = 100 nm, then the sensor resolution is 

predicted to be 1105 RIU, indicating that it can detect a 105 RIU difference in the RI of the 

analyte. 

Figure of Merit (FOM): Basically, figure of merit is a metric that measures how well a sensor 

performs. The FOM is determined using the sensor's FWHM, or full width at half maximum. 
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As the analyte RI rises, the loss spectrum widens, causing the FWHM value to drop. The 

sensitivity of a sensor is also a factor in determining how much FOM is worth. However, using 

the following equation FOM may be calculated[48]: 

                                                                           𝑭𝑶𝑴 =
𝑺(

𝒏𝒎

𝑹𝑰𝑼
)

𝑭𝑾𝑯𝑴(𝒏𝒎)
   …………………………………………………… 2.9 

where S represents the wavelength interrogation sensitivity and FWHM the full width at half 

maximum. 

Birefringence: A sensor's polarization dependence is described by its birefringence features. 

Depending on its construction, a sensor may exhibit sensing response in either a single- or dual-

polarization mode. For a complete definition of birefringence (B) qualities, we may use the 

equation[49], 

                                                                     B = | nx- ny |    ……………………………………………………………. 2.10 

where nx and ny stand for the real refractive indices of the x and y polarized modes,    

respectively. For a given magnitude of the dissimilarity between the x and y polarized modes, 

the value of B will rise proportionally. This striking contrast suggests that the sensor is capable 

of high light coupling and substantial forward shifting of the resonant wavelength in a single 

polarization mode, which may be x or y polarization mode. If B is always the same or close to 

zero, then the sensor is polarization independent (it may be used for sensing in any polarization 

mode). 

 

2.7  Literature Review on PCF based SPR Sensors 

      The performance of SPR sensors has been significantly improved due to a number of 

notable works published during the last few decades. Medical diagnostics, biomolecular 

detection, and antibody-antigen interaction are only few of the sensing areas where the PCF-

based SPR sensor has excelled[45]. Initially, prisms were utilized for SPR sensors; however, 

PCF based SPR sensors began attracting more attention owing to their advantages (small size, 

distant sensing capability, etc.). In addition, the miniaturization of PCF-based SPR sensors 

facilitates their incorporation into existing systems[14]. For the first time in 2006, the idea of 

an SPR sensor based on a MOF was offered. This sensor would have a PCF structure consisting 

of two concentric rings[50] .To facilitate the flow of the analyte, (Rifat et al.) presented a sensor 

with a gold coating on the inside and a wide air hole Figure 2.9 (a). The sensor has a maximum 
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sensitivity of 11,000 nm/RIU (wavelength) and 1420 RIU-1 (amplitude) in the 1.33-1.42 

analyte detection range[10]. By coating the analyte channels with gold and titanium dioxide 

(TiO2),[51] presented a single hexagonal layer-based SPR sensor Figure 2.14 (b). Maximum 

sensitivity is 370 RIU-1 and resolution is 2.70 x 105 RIU. Qin et al. presented a polymer PCF-

based SPR biosensor with a reported wavelength sensitivity of 4354.3 nm/RIU.           

         (a)                                                                                   (b) 

 

 

Fig 2.9: (a) & (b) Cross-section view of the sensor and selective air hole metal 

coating[10][51]. 

 A second PCF is presented with the same basic arrangement, but this time the sensitivity is 

increased by using a graphene-silver bimetallic layer, resulting in a maximum sensitivity of 

2520 nm/RIU and a resolution of 3.97×10-5 RIU [52]. Kaur et al. have recently published a 

multichannel PCF based SPR sensor with two sensing layers. The two gold-coated layers have 

a maximum sensitivity of 1000 nm/RIU and 3750 nm/RIU to light at those wavelengths [53]. 

In their study, Guowen et al. looked at an ultra-wide PCF sensor with a covering made of a 

triangular lattice and four large-size air holes serving as analyte channels[54]. The suggested 

sensor has an analyte RI sensing range of 1.30-1.79. Filling the inner air-holes with analyte and 

selectively metal-coating the air-holes are, nevertheless, difficult and labor-intensive processes. 

A PCF sensor in the form of a letter "D" is the answer to this predicament. 

Many researches have shown that D-shaped PCF-based SPR sensors perform well in terms of 

detecting range, wavelength, and amplitude sensitivity[55]. D-shaped sensors are challenging 

to make due to the exact polishing necessary for the liquid channel layer. Many researches have 

shown that D-shaped PCF-based SPR sensors perform well in terms of detecting range, 

wavelength, and amplitude sensitivity[56]. D-shaped sensors are challenging to make due to 

the exact polishing necessary for the liquid channel layer.  
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Fig 2.10: Cross section view of external sensing approach (a) Rectangular corebased PCF 

sensor (Islam et al., 2019b), (b) spiral PCF sensor[46] (c) Schematic of the designed exposed-

core grapefruit fiber based SPR sensor [20], (d) microfluidic slotted based sensor for multi-

analytes detection[57]. 

Graphene, a man-made 2D nanomaterial that has attracted a lot of interest since its creation 

over a decade ago, is particularly useful for SPR-based sensors due to its exceptional capacity 

to absorb biomolecules[58]. Graphene is a kind of carbon that is so thin that just one atom can 

be seen through it. Atoms are arranged in such a way that they form a honeycomb-like 

hexagonal lattice[59]. It demonstrates strong optical conductivity from near to mid-infrared 

(NMR) frequency due of its inter-band transition. It has a significant surface-to-volume ratio 

which facilitates good biocompatibility. It also exhibits good compatibility with active metals 

(Au, Ag, and Cu) due to its rich π–π stacking which enhances the sensitivity of SPR-based 

sensors[60]. Recently, various graphene-based sensors have been proposed. Among them, 

Song et al. (2010) reported the fabricated work in which a thin sheet of graphene is coated on 

Au to make it a substrate material. It is used as a biomolecular recognition element (BRE) for 

the functionalization of the gold surface so that the biomolecule adsorption can be increased 

on the gold surface[61]. Although graphene is extensively used as a 2D material but apart from 

that, another 2D material exists such as MoS2 which belongs to transition metal 

dichalcogenides (TMDs)[62]. It brings out much attention because of its better optical 

absorption and band gap tunability which is also comparable with graphene.  
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Fig 2.11: (a) A microchannel based D-shaped PCF sensor[48] (b) D-type PCF based SPR 

sensor for sensing analyte RI and temperature [63]) 

Currently, most SPR-based sensors use an external sensing method in which the analyte is 

directly deposited on a grease-polished surface. This method improves real-time sensing 

because it eliminates the covering or filling of air pores[64]. The D-shaped PCF structure is 

useful for external sensing. Recently, several D-shaped sensors have been reported. Among 

these, a D-shaped optical sensor is described by[65]. The fat layer on top of the PCF is coated 

with gold. SPR effects were observed between the basic mode and SPP modes, allowing one 

to track changes in the analyte's RI. Therefore, for RI values ranging from 1.43 to 1.46, we 

were able to determine an average wavelength sensitivity of 7700 nm/RIU and a resolution of 

1.30 x 105 RIU[66]. To test the PCF's sensing capabilities, the researchers varied the thickness 

of the gold coating. With a sensitive resolution of 9.53 x 106 RIU, it was determined that the 

best sensitivity was obtained for the RI value range of 1.33 to 1.38, where the sensitivity 

plateaued. For their RI sensor proposal a D-shaped PCF with a fatty, side-polished part as the 

active area and coated it with a gold coating. Sensing performance is improved by adjusting 

the thickness of the gold layer and the diameter of the largest air hole. After modeling, the 

highest achievable sensitivity was 31,000 nm/RIU, giving an effective sensor resolution of 3.31 

105 RIU. Also, the use of sonar causes a significant wavelength shift in the resonance 

frequency, which improves analyte detection. 
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CHAPTER 3: METHODOLOGY 
 

3.1   Introduction 

     In this chapter, the design of the proposed PCF-based SPR double side D shape sensor 

design is explained in detail. This chapter also includes a description of the numerical 

characterization of the proposed model and the optimization method. 

3.2   Design Structure 

     We present a D-shaped planar carbon fiber (PCF) based SPR sensor with high sensitivity 

and low polishing effort. The majority of the reported D-shaped PCF-based SPR sensors are 

built on a foundation of intensive polishing. However, the fiber's fragility makes it difficult to 

achieve a high polishing depth in the production process. Therefore, a microchannel was added 

as a liquid channel into the suggested design to enhance the contact between the core and the 

metal surface. This helps by decreasing the polishing depth, increasing the light coupling 

intensity, and decreasing the likelihood of fiber break. Figure 3.1(a) is a cross-sectional 2D 

view of the proposed PCF sensor. The fundamental issue with the design in Fig 3.1(a) is the 

complexity of manufacturing that results from the need to create a microchannel with such a 

square lattice air - holes arrangement. 

Therefore, the airholes was adopted to construct the proposed double-side D-shaped PCF-based 

SPR sensor for a better light-guiding mechanism via core and cladding. Fibers may be 

manufactured using the stack-and-draw fiber drawing process. This process is easy to use and 

very efficient for creating long-length fibers, unlike other fiber fabrication strategies including 

extrusion, sol-gel casting, injection molding, and drilling. In Figure 3.1(a), we see a cross-

section of the planned sensor's microchannels, which are covered with plasmonic metals.  
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Fig 3.1: (a) a cross-sectional 2D view of the PCF sensor. (b) Verification of multianalyte 

operation feasibility. 

We have finalized the optimum value for regular air hole diameter (d) which is 1.95 µm. The 

proposed PCF consists of constant center-to-center spacing (pitch size, ∧) of two air holes 

located next to each other. After validating the pure fiber for several pitches, we selected the 

optimum pitch to be 2.028 µm. In terms of performance, we showed that an Au nanolayer with 

a width (t) of 35 nm exhibited improved sensitivity. We used graphene layer nanoparticle 

deposition upon the Au layer because the Au coating is adhered to the silica using a thin 

adhesive layer of graphene. 

After choosing the materials from the COMSOL library, the optical parameter complex 

refractive index must be entered by hand. The correct material has been inserted, the whole 

electric field has been laid out using the Electromagnetic Waves Frequency Domain (ewfd) 

physic interface, and the electric field displacement model has been selected as the refractive 

index model. 

3.3   Boundary setting 

     Determining boundaries is a major challenge in numerical simulations. Propagation loss is 

critical to the performance of an SPR sensor implemented in PCF. The imaginary part of the 

effective refractive index, the Im[neff] value, is used to determine propagation loss. As the 

light that passes, part of it is dispersed and reflected by the surface, which dampens the effect. 

As a result, PML boundary conditions are often utilized to minimize surface reflections when 
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light is emitted toward the boundary and absorbed at the surface. As a result, the reflected light 

is absorbed by the PML layer to prevent the false-positive response (Fig 3.2). 

                                                                                                         PML LAYER 

 

 

                                                  Fig 3.2: PML boundary layer 

 

3.4   Messing 

The area of computation may be divided into a limited number of tiny triangular or rectangular 

sections known as mesh. In order to assess the robustness of a system, meshing is a crucial 

factor. Widening the mesh in the numerical region where light travels allow for a more precise 

examination of the distribution. For each mesh type, the number of mesh components is 

indicated by the mesh size. Increasing the mesh's element count helps the numerical simulation 

immensely. This implies the statistical region may be narrowed down to a more manageable 

size, increasing the test's potential for accuracy. Meshes are seen in Fig 3.3 
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Fig 3.3: Mesh 

 

3.5   Plasmonic Materials for the Proposed Sensor 

The sensitivity of a PCF-based SPR sensor may be improved by the addition of plasmonic 

metal. When it comes to SPR sensors, a plasmonic substance is required because of its ability 

to release many electrons. The fundamental structural component of the suggested D-shaped 

sensor is fused silica (SiO2). High mechanical strength against pulling, a broad wavelength 

range, low absorption, and low dispersion are all characteristics of fused silica. Equation 2.8 is 

used to describe the silica's refractive index. Also, gold (Au) is used mostly as a plasmonic 

material because of its chemical stability and shows large resonance peak shift. However, the 

dielectric constant of gold can be evaluated using Equation 2.9. In practice, the gold layer 

cannot attach properly on the silica. So, graphene is used as an adhesive layer, which causes a 

greater forward shift in the resonance wavelength. A major difficulty during fabrication is 

pinpointing exactly where on the PCF surface the Au layer should be applied. It is common 

practice to deposit the gold layer through chemical vapor deposition[67]. In addition, a novel 

ALD technique has recently been revealed that precisely coats a tiny gold layer in a curved 

surface. 
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3.6 Research Model 
 

 

Fig 3.4: Basic simulation layout for the proposed sensor 

A simplified workflow of the computational method used in this study is shown in Figure 3.2. 

The FEM is studied, calculated, and implemented in COMSOL Multiphysics. Initially, all the 

structural characteristics are used to create a D-shaped PCF sensor in COMSOL Multiphysics. 

Plasmonic material is used to create surface plasmon phenomena at the metal-dielectric contact 

(graphene, gold). After the design is finished, the sensor's structural properties are optimized 

so that it can work at its best. When all of the design parameters are optimized, the final design 

is produced. The computational analysis data are taken from COMSOL and entered into 

MATLAB to examine the sensor's sensing performance. A redesign of the design will be 

carried out if the sensor's performances are not adequate when compared to the literature 

evaluation. The procedure will thereafter come to an end if the findings are acceptable.  

 

3.7    Numerical Tools 

Due to a shortage of available experiments, simulation-based solutions have been developed 

for a wide range of difficult, real-world situations. Using simulation software, a close numerical 

solution may be found. Errors in the numerical solution in comparison to the experimental 

solution are tolerable but not to be ignored. In this case, numerical findings provide the basis 
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for the approximations. For numerical analysis, the finite element technique may be utilized 

with Maxwell's equations. 

The COMSOL Multiphysics is a universal platform that can perform eigen-frequency and 

modal analysis. This software has several features include 2D and 3D AC/DC circuit modeling, 

acoustics, electrochemistry, fluid-flow, frequency-dependent equation solving, the finite 

element approach, multiphysics coupling, and more. COMSOL Multi-physics version 5.4 is 

used to design the suggested D-shaped PCF structure. since it allows for the definition of 

boundary conditions and sub-domains with the appropriate parameters for resolving electric 

and magnetic field issues. Version R2016a of MATLAB® is a high-level programming 

language and interactive environment for visualization and numerical calculation. Its capacity 

for numerical calculation has been used to evaluate performance metrics such as interrogation 

modes, birefringence, and confinement loss. As compared to conventional programming 

languages, the tools and built-in math functions provide numerous ways to arrive at a solution 

more quickly. 
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CHAPTER 4: RESULT AND DISCUSSION 
 

4.1   Introduction 

The PCF-based SPR sensor's detection process is wholly dependent on fiber-based light-

guiding phenomena. The maximal SPP excitation at the metal-analyte interface for a certain 

wavelength, known as the resonant wavelength, is spontaneously endorsed by the penetrated 

evanescent field when the resonance condition is fulfilled. As a result, a strong confinement 

loss spectrum emerges and changes in response to analyte RI fluctuation. This occurs as a result 

of the core and plasmon modes' true effective mode indices crossing at that same optical 

frequency. 

 

Fig 4.1:  Distribution of electric fields for core-guided mode and SPP mode (a & c) at 

analyte RI 1.36 for channel 1 and (c & d) at analyte RI 1.41 for channel 2. 

 

4.2   Multi-analyte Sensing 

Figure 4.1 shows that the x-polarized mode has a stronger light coupling intensity than the y-

polarized mode. Figures 4(a-c) and 4(b-d) show the electric field distributions of core-directed 

and SPP modes for RI of 1.36 and 1.42, respectively. Figure 4.2 (a) illustrates the matching 

phenomenon as well as the loss spectrum for channels 1 and channel 2 after they have been 
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infiltrated with analyte with RI values of 1.36 and 1.42. Maximum energy from core mode 

transmitted to SPP occurs at 616 nm and 870 nm for the corresponding RIs in x-polarized mode 

when the phase-matching phenomenon occurs. The core-guided mode is represented by real 

(neff), while the SPP mode is represented by y-polarization, as shown in Fig. 4(a). The true 

(neff) wavelength of the core-guided mode and the SPP mode intersect at 870 nm (when RI is 

1.42) in the solid orange line and dashed orange line. 

 

Fig 4.2: (a) Satisfied phase-matching condition for multi-Analyte detection. (b) Birefringence 

characteristics 

 However, the resonant wavelength for the analyte RI of 1.36 is 616 nm, where the orange 

dotted line and orange dashed line, representing the real(neff) of core-guided mode and SPP 

mode, meet. To demonstrate the proposed sensor's simultaneous multi-analyte detection 

capacity, we have selected two distinct RIs for sensing channels and provided phase-matching 

conditions in a single loss spectrum. In addition, the sensor shows stronger coupling and a 

sharper loss spectrum in x-polarization than in y-polarization (Figure 4.2 (a)). Therefor the 

sensor's efficacy was analyzed by focusing on the x-polarized mode, where coupling is very 

high. According to Fig. 4.2 (a), it appears that single SPP mode induced to couple with the core 

mode while the other one is left off for a certain RI (table in Fig4.2(a)) Because, depending on 

the sample RI at different spectral wavelengths, the core mode and the plasmon mode couple 

independently to the two liquid channels. This shows that channel 1 and channel 2 fluids are 

respectively responsible for the first and second peaks of the single loss spectrum. The 

confinement loss (α) at a specific wavelength is evaluated by 2.5. The functional wavelength 

is expressed in micrometers, and the value of Im(neff) shows the imaginary component of the 

effective mode RI. 
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Table 1. Performance information of the proposed multi-analyte operation 

 

 Fig. 4.2 (b) shows the structure's strong birefringence property for analytes with RIs of 1.36 

and 1.42 when they are filled in various channels. The mathematical equation by 2.10 describes 

a structure's birefringence. It has been observed that the suggested sensor exhibits high 

birefringence around the resonant wavelength of RI 1.36 and RI 1.41, with values of 3.3×10-

4 and 1.3×10-4, respectively. This indicates the sensor has a strong polarization dependence 

and may operate in either the x- or y-polarization mode. In addition, when both channels are 

filled with low and high analyte RI [68], the propagating light causes the birefringence values 

to display an irregular spectrum (see Figure 4b). To confirm the viability of real-time operation, 

a spectrum study of multi-analyte sensing is conducted by concurrently altering analyte RI[69]. 

 

Fig 4.3: For multi-analyte detection, (a) right shift of SPR with any increase in RI of the 

infiltrated liquid, (b) amplitude sensitivities for different RIs. 
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D
S

C
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 1.33 x-pol.     22     620      20      2,000    5×10-5  109 34 59 

 1.34 x-pol.     23     640      20      2,000    5×10-5  172 40 50 

 1.35 x-pol.     24     660      20      2,000    5×10-5  280 44 45 

 1.36 x-pol.     38     680      20      2,000    5×10-5  493 23 87 

 1.37 x-pol.     47     700     N/A       N/A      N/A  N/A 19 N/A 

 

D
S

C
-2

 

 1.38 x-pol.     48     730      40      4,000   2.5×10-5 1066 25 160 

 1.39 x-pol.     59     770      50      5,000   2.0×10-5 1348 24 208 

 1.40 x-pol.     73     820      80      8,000   1.3×10-5 2291 28 286 

 1.41 x-pol.    115     900    130     13,000   7.7×10-6 1865 27 481 

 1.42 x-pol.    149    1030     N/A       N/A       N/A  N/A 46 N/A 
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Figure 4.3 (a) displays the loss spectra for paired analyte implantation. The full visible RI range 

(1.33-1.42) is separated into two groups, one for penetration in channel 1 and the other for 

penetration in channel 2. We chose lower RI samples between 1.33 and 1.37 for channel 1, and 

higher RI samples between 1.38 and 1.42 for channel 2. The analyte with RI 1.42 shows the 

largest energy transfer and strongest coupling in a multi-analyte operation, with a loss depth of 

149 dB/cm. The lowest coupling occurs at analyte RI 1.33, where the modal loss is just 22 

dB/cm at 620 nm. The most obvious wavelength difference is noticed between RI 1.41-1.42, 

which corresponds to 149 nm. This sensor has a maximum wavelength sensitivity of 13000 

nm/RIU at RI 1.41. A sensor's sensitivity is determined by the tight coupling between the core 

guided mode and the SPP mode. The strong connection between the core-guided mode and the 

SPP mode is heavily dependent on the refractive index contrast between the fiber-core and the 

analyte RI[70]. The refractive index disparity between the core-guided mode and the SPP mode 

is considerable for lower analyte RI (na = 1.33), and as a consequence, most of the light 

confines in the fiber-core. However, when analyte RI increases, the refractive index difference 

between the core mode and the SPP mode becomes extremely tiny. Because of this slight 

variation in RI contrast, the sensor has less light confinement in the core and more light 

coupling at the metal surface, resulting in larger confinement loss. The sensor becomes 

increasingly sensitive and displays a considerable resonant wavelength shift even for minor RI 

fluctuations due to strong coupling at increased analyte RI. 

 

Fig 4.4: (a) Loss peaks and 2nd order polynomial fitting of the resonant wavelength with 

respect to RI, (b) the relation between FOM and FWHM at individual RI. 

 

The magnitude of sensor resolution defines the smallest detectable change in RI and is 

evaluated by the equation as 2.8. We determined that the optimal sensor resolution is 7.7×10-6 

y = 54167x2 - 144952x + 97611
R² = 0.9804
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RIU. Another cost-effective sensor performance metric is amplitude sensitivity, since spectral 

interpolation is unnecessary here. Fig. 4.3 b illustrates the amplitude sensitivities of all detected 

analytes, which are measured using the equation 2.5. The sensor has the lowest and maximum 

amplitude sensitivity for analyte RI values of 1.35 and 1.40, which approximate to about 109 

and 2291 RIU-1, respectively. The fitting of a second-order polynomial curve is shown in Fig. 

4.4 (a), where the R2 value was calculated to be 0.9804, which is exceptionally near to unity. 

This suggests that a fast-calculating method is sufficient for achieving high precision. Figure 

4.4 (b) displays the figure of merit (FOM) and full width at half-maximum (FWHM) values 

for several analytes. The FOM indicates the output efficiency of the sensor and is defined as 

the ratio of wavelength sensitivity and respective FWHM. For this sensor, the FOM value may 

reach a maximum of 474 RIU-1 at its highest point. 

Table 2. Performance information of the proposed single analyte operation. 

 

4.3   Single-analyte sensing 

     Our proposed sensor can also detect a single analyte which reduce the chance of a false-

positive result. The detection of a single analyte may be accomplished in one of two ways: 

either by infiltrating liquid sample (analyte RI) into just one channel and leaving the other 

channel empty, or by filling both channels with the same analyte RI.  

 

Analyte 

    RI 

Polarization 

      mode 

 

Peak Loss 

  (dB/cm) 

Res.Peak 

   Wave. 

    (nm) 

Res.peak 

  Shift 

  (nm) 

Wavelength 

 sensitivity 

  (nm/RIU) 

Wavelength 

resolution 

(RIU) 

Amp. 

 sens. 

(RIU-1) 

 1.33 x-pol.       42   620    20    2,000 5×10-5  132 

 1.34 x-pol.       45   640    10    1,000 1×10-4 204 

 1.35 x-pol.       48   650    30     3,000 3.3×10-5 351 

 1.36 x-pol.        64   680    20     2,000 5×10-5   501 

 1.37 x-pol.        87   700    30     3,000 3.3×10-5 858 

 1.38 x-pol.       102   730    40     4,000 2.5×10-5 1,296 

 1.39 x-pol.       120   770    50     5,000 2.0×10-5 2,033 

 1.40 x-pol.       181   820    70    7,000 1.4×10-5 2,063 

 1.41 x-pol.       190   890    130   13,000 7.7×10-6 1,813 

 1.42 x-pol.       234   1020     N/A      N/A N/A  N/A 



29 
©Daffodil International University 
 

 

Fig 4.5: (a) phase matching at RI 1.41 (b) Birefringence character of the sensor. 

Figure 4.5 displays the confinement loss curves and verifies the phase-matching requirement 

for x- and y-polarized light transmission when both channels are filled with RI 1.41liquid.  Fig 

4.5 (a) demonstrates that the loss component of y-polarization is lower and flatter than that of 

x-polarization. Due to the less intense nature of this investigation, y-polarization analysis is 

omitted. Figure 4b illustrates the strong birefringence characteristic of the structure for analyte 

RI of 1.41 while using a single-analyte sensing (both channels were filled with the same 

analyte). For the proposed sensor, high birefringence of 1.45×10-4 is observed at the resonant 

wavelength of RI 1.41. In addition, birefringence values exhibit a regular spectrum (see Figure 

4.5 (b)) as a result of real - time coupling of propagating light with both channels containing 

the same analyte RI. Figure 4.6 shows the loss spectrum for increasing the analyte RI from 1.33 

to 1.42 in the single-analyte sensing system (both channels were filled with the same analyte) 

in comparison to the multi-analyte sensing system. Because the SPP mode turns on at the same 

frequency (both channels correspond to the same analyte RI) for both channels Fig. 4.6(a). In 

contrast to RI 1.42, which exhibits a maximum loss magnitude of 234 dB/cm at 1020 nm, the 

analyte RI 1.33 has a minimum loss depth of 42 dB/cm at 620 nm (see Table 2).  Due to the 

fact that the wavelength sensitivities obtained are very stable (100 nm/RIU variation at most), 

and the spectral location of these peaks has not changed more than 2 nm (at worst) in the reverse 

direction from those of multi-analyte trials. Tables 1 and 2 may provide this statistic as well as 

additional comparable sensing information. The amplitude sensitivities of all analytes are 

shown in Fig. 8b, with the maximum amplitude sensitivity of 2063 RIU-1 at RI 1.40. 

 

 

1.45

1.453

1.456

1.459

0

8

16

24

780 840 900

E
ff

e
c

ti
v

e
 R

I

B
ir

e
fr

in
g

e
n

c
e

Wavelength (nm)

x-pol.
y-pol.

1.451

1.4517

1.4524

1.4531

0

70

140

210

750 850 950 1050

E
ff

e
c

ti
v

e
 R

I

lo
s

s
 (

d
B

\c
m

)

wavelength (nm)

Core mode, y-pol.

Core mode, x-pol.

Core mode, x-pol.

SPP  mode, x-pol.

(a) (b)

Core mode, RI=1.41

SPP mode, RI=1.41



30 
©Daffodil International University 
 

. 

Fig 4.6: For single analyte sensing while both channels are filled by the same analyte (a) 

Loss spectrum with the change of analyte RI variation from na = 1.33 to 1.42, and (b) 

amplitude sensitivities. 

The results of single analyte detection using each sensing approach are shown in Table 2. From 

Table 1 we can observe that the wavelength sensitivities have not much changed, the SPR 

wavelength has changed by 1 nm, and the amplitude sensitivity has decreased. Consequently, 

the decreased amplitude sensitivities restrict the sensing effectiveness of the one channel 

injected method for detecting one analyte at a time. However, fiber-based sensors have a 

propensity to provide false-positive findings at times, and it is critical to eliminate these 

undesirable false responses. The single channel filled single RI sensing technique has minimal 

losses and may be used to identify false positive responses when sensitivity is not an issue. 

Furthermore, the signal-to-noise ratio (SNR) and detection limit (DL) are essential 

performance indicator factors. For the sensor, we use the following formulae to calculate the 

SNR and DL[71] 

𝑆𝑁𝑅 =
𝛥𝜆𝜌𝑒𝑎𝑘

𝛥𝜆1
2

 

𝐷𝐿 =
𝑅

𝑠𝜆
 

Where DL represents the smallest quantity of analyte that the proposed sensor can properly 

𝛥𝜆𝜌𝑒𝑎𝑘 detect and peak represents the difference between resonant peaks. 
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Table 3. Performance comparison of the proposed double D-shaped plasmonic sensor 

for multi-analyte detection. 

 

4.4    Sensor tolerance & optimization 

 Parameter optimization is an essential step to obtain the best sensing response from a sensor. 

The proposed sensor is optimized by calibrating both channels using the identical analyte RI 

of 1.40. Impacts of Au layer thickness (t) variation on confinement loss and resonant peaks 

relocation are shown in Fig. 4.7 (a), and effects on amplitude sensitivity when analyte RI varies 

from 1.40 to 1.41 are depicted in Fig. 4.2 (b). 

 

Fig 4.7: (a) Loss curves resulted from gold layer thickness variation and (b) relevant 

amplitude sensitivities. 
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Transmission losses are reduced and the resonant peaks shift further forward when the Au 

thickness increases, as seen in Fig. 4.7(a). The confinement losses of the sensor are 143 dB/cm 

for RI = 1.40 and 179 dB/cm for RI = 1.41 at t = 30 nm. For every 0.01 change in RI, the 

resonant wavelength shifts from 780 nm to 840 nm. Propagation losses of 181 and 190 dB/cm 

are observed at resonance wavelengths of 820 and 890 nm, respectively, with a thickness of 35 

nm. Peaks develop at 810 nm and 900 nm when the Au film thickness is 40 nm, indicating 

further loss depth degradation. Intensified plasmonic layer thickness leads to corresponding 

phase shifts of resonant wavelengths due to increased effective modal index. In contrast, 

substantial losses are generated by a thinner Au layer because more light may pass through it 

and couple with the sensing medium. As illustrated in Fig 4.7(b), a thin metal layer may display 

improved amplitude sensitivity. When the Au nano-layer is fattened from 30 nm to 35 nm, the 

sensitivity declines from 1886 RIU-1 to 2062 RIU-1 at analyte RI 1.41, as shown in Fig. 4.7(b). 

As a result, we choose 35 nm as the ideal Au layer thickness. We considered production 

tolerances in order to enhance operational efficiency. 

 

Fig 4.8: Tolerance investigation by changing (a) pitch size (Λ=2.028μm) and (b) airholes 

diameter (d=1.95μm). 

The transmission loss varies with pitch size (Ʌ) at RI = 1.41, as seen in Fig. 4.8(a). In the worst-

case scenario, the sensor exhibits a modest resonant wavelength dislocation of 3 nm for a 

±10 deviation in the pitch from the optimal value (2.028 m). For a pitch size of 10% of the 

ideal value, the confinement loss increases to 247 dB/cm, and for a pitch size of -5%, the 

confinement loss decreases to 46 dB/cm. The spectrum of losses is shown to diminish 

progressively with increasing pitch sizes and vice versa. Therefore, the pitch size may be used 
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as a controllable parameter in SPR characteristics. The ideal value (1.95 um) is seen for the big 

diameter (d) and has the sharpest propagation loss peak, as illustrated in Fig. 4.8. (b). Even a 

reduction in diameter by 10% and an increase in diameter by -5% from that selected size had 

little to no impact on the spectrum peaks and their independent placements. 

 

 

Fig 4.9: (a) Graphene layer variation of RI 1.41 (b) Amplitude sensitivity of Graphene layer 

 

The ideal value (1.95 um) is seen for the big diameter (d) and has the sharpest propagation loss 

peak, as illustrated in Fig. 4.8. (b). Even a reduction in diameter by 10% and an increase in 

diameter by -5% from that selected size had little to no impact on the spectrum peaks and their 

independent placements. Fig.4.9 shows the graphene layer variation where 4.9 (a) shows 

confinement loss and 4.9(b) shows the wavelength sensitivity. 
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CHAPTER 5: CONCLUSION AND FUTURE WORK 
 

5.1   Conclusion  

We present a graphene-integrated, double-D shaped photonic crystal fiber (PCF) based 

plasmonic sensor for simultaneous detection of multi analytes. The typical stack-and-draw 

approach was used to create the double D-shaped PCF, and the SEM picture was used in the 

computational analyses. The D-shape was formed by etching down both the top and bottom 

surfaces of the fiber. The external sensing technique used by the double D-shaped structure 

facilitates a multi-analyte detection approach. Graphene's high surface-to-volume ratio 

enhances its sensing capabilities. The suggested sensor shows sensing phenomena for the x-

polarized mode, and also reveals polarization dependence due to the asymmetry of the fiber 

structure. The sensor has a detection range of 1.33-1.42, within which it is able to detect the 

unknown analyte RI. To illustrate multi-analyte detection phenomena, the sensing range is split 

into two groups, Ch-1 (RI from 1.33 to 1.37) and Ch-2 (RI from 1.38 to 1.42). The sug sensor 

has a maximum wavelength sensitivity of 13,000 nm/RIU and an amplitude sensitivity of 2291 

RIU-1. 

5.2   Limitation 
 

     To create the proposed sensor, some limitations were taken into consideration throughout 

the design process. Even though the D-shaped sensor has a high sensing response, the research 

has some limitations. Specifically 

1. To get a D shape in a fiber, precise polishing is necessary during fabrication. 

2. When the distance between the core and the sensing channel is minimized, As a result 

the interaction of light with metal increases, leading to both high propagation loss and 

high sensitivity. The sensing length of the proposed sensor is reduced due to high 

propagation loss. 

3. Only numerical analysis is used to determine how well a sensor is performing. We were 

unable to construct and characterize the suggested sensor due to a lack of appropriate 

manufacturing facilities. 
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5.3   Future Work 

     The use of PCFs in combination with SPR sensing technology is an exciting development 

in the field of biosensing. The literature assessment indicates that theoretical and numerical 

simulation form the backbone of the majority of the suggested work. Because of this, 

researchers are still trying to figure out how well each proposed sensor really works. To be 

sure, future efforts will focus on 

1. Using an external sensing strategy in the design of a sensor may help cut down on both 

propagation loss and design complexity. 

2. Making a PCF sensor and identifying its properties for use in experiments. 

3. Performance comparison between the outcomes of the simulation and the findings of the 

experiment. 

The SPR sensor based on PCF shows great promise for detecting chemical and biological 

analytes. As fabrication methods advance, researchers will explore more into PCF-based SPR 

sensor performance. The PCF based SPR sensor will soon be one of the most widely used 

optical biosensing technologies, with applications in medical diagnostics, food safety, liquid 

testing, environmental monitoring, and even security. 
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