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 )ٌَسْفَعِ انهَّوُ انَّرٌٍَِ آيَنٌُا يِنْكُىْ ًَانَّرٌٍَِ أًُتٌُا انْعِهْىَ دَزَجَاخٍ ًَانهَّوُ تًَِا تَعًَْهٌٌَُ خَثِيرٌ(

 صدق الله انعهً انعظٍى

 .١١: اٌَح سٌزج المجادنح  
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 إلى خانك انكٌٌ... إلى انري َستعين تو ًَتٌكم عهٍو

 زتً ً خانمً إلى يٍ تٍده كم شً... إلى 

 إلى سٍد انكائناخ... محًد صهى الله عهٍو ًآنو انطٍثين انطاىسٌٍ

 عهٍيى افضم انصلاج ًانسلاو

 الله زحموإلى ًاندي انعصٌص... 

 إلى ًاندتً... أطال الله في عًسىا

 حثا ًاعتصاشا .…لى اخٌتً ًاخٌاتً ا

 إلى أصحاب انفضم اندائى... أساترتً انكساو 

 إلى تهدي انعصٌص... انعساق انعظًًٍدٌنتي انغانٍح... حفظيا الله يٍساٌ

  ءالإهدا
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َتمدو كًا  سسانحانه الحًد لله ًانشكس عهى فضهو ًعهى تٌفٍمو ننا في إنجاش ىر

 ((ا.د.ٌٌَس محًد عطٍح شس  ))بخانص انشكس ًالايتناٌ الى الاستاذ الم

يٍ َصائح ًتٌجٍياخ حسصاً  ٌهعهى كم يا لدي(           ًاََسح )شٌنة صثاح تدٌ

 تانصٌزج المطهٌتح ياًتمديم سسانح عهى انجاش ىرا ان ىيني

ًجمٍع كادز انمسى لجًٍع أساترتً انكساو الى زئاسح لسى انعهٌو ً كًا أتمدو تانشكس 

 اندزاسح داز سنٌاخانرٌٍ كاٌَا يعً عهى ي
 

 

 

 

 الشكر والتقدير 



 
IV 

 

Table of Contents 

No. Contents Page 

 I الآية القرآنية 

 II الإهداء 

 IV الشكر والتقدير 

 Contents V 

 List of Figures VII 

 List of Tables X 

 List of Abbreviations XI 

 Abstract XIII 

1 Chapter One: Introduction 1 

1-1 Literature Review 3 

1-2 Photonic crystal fibers 8 

1-2-1 Types of Photonic crystal fibers 9 

1.2.1.1 One-Dimensional (1D) PCF 9 

1.2.1.2 Two-Dimensional (2D) PCF 10 

1.2.1.3 Three-Dimensional (3D) PCF 11 

1-3 Applications of the photonic crystal fiber 12 

1-4 Types of Samples 18 

1-5 Aim of the Research 24 

2 Chapter Two: Physical phenomena 25 

2-1 Introduction 25 

2-2 Plasmonic 25 

2-3 Maxwell's Equations and Wave Equation 26 

2-4 Surface Plasmon Polaritons (SPP) 28 

2-5 Plasmonic Materials 32 

2-6 Photonic crystals 32 

2-7 Numerical Simulation in Photonic Crystal Fiber 38 

3 Chapter Three: COMSOL Simulation and Structural design 38 

3-1 COMSOL Simulation 38 

3-2 Optimization of the Biosensor's Structural 46 

3-3 Performance Characteristics of the Biosensor 53 



 
V 

 

3-4 Comparison of silver and gold plasmonic response 58 

4 Chapter Four: Results and Discussions 62 

5 Chapter Five: Conclusions 72 

 References 74 

List of Figures 

Figure Content Page 

Figure 1.1 Internal structure of photonic crystal fiber. 8 

Figure 1.2 Example of 1D PCF. 10 

Figure 1.3 Example of 2D PCF. 11 

Figure 1.4 Example of 3D PCF. 13 

Figure 1.5 PCF D-shaped for the detection of cancer cells. 13 

Figure 1.6 Single mode fiber (SMF) for the detection of Shigella 

bacteria. 

15 

Figure 1.7 Optical fiber for the detection of biological specimen. 15 

Figure 1.8 U shape with MoS₂ and gold film for the detection of IgG 

protein. 

16 

Figure 1.9 Biosensor is composed of a prism and gold film. 17 

Figure 1.10 PCF sensors with glass grating. 17 

Figure 1.11 Breast cancer cell. 19 

Figure 1.12 Blood cancer cell. 20 

Figure 1.13 Adrenal glands tumor. 21 

Figure 1.14 HIV virus. 22 

Figure 1.15 Glucose structure. 23 

Figure 2.1 Plasmonic wave at the surface of metal and dielectric. 25 

Figure 2.2 Geometric diagram for a SPP propagating at the interface 

between metal and dielectric when excited by the TM wave. 

29 

Figure 2.3 A frequently used solid-core photonic crystal fiber design. 33 

Figure 2.4 (a) 1D, (b) 2D, and (c) 3D elements. 35 

Figure 2.5 Higher-order H (∇×)-conforming finite-element functions on 

a tetrahedron. 

37 

Figure 3.1 2D axisymmetric icon in COMSOL. 38 

Figure 3.2 Select Physics window in COMSOL. 39 

Figure 3.3 Select Study window in COMSOL. 39 



 
VI 

 

Figure 3.4 Diagram of the proposed PCF sensor design. 40 

Figure 3.5 Mesh diagram of the proposed PCF sensor design. 41 

Figure 3.6 Experimental setup of the proposed PCF sensor design. 41 

Figure 3.7 Display the field distribution for X-polarization at λ = 620 

nm. 

43 

Figure 3.8 Display the field distribution for Y-polarization at λ = 630 

nm. 

44 

Figure 3.9 Display the field distribution for a, b SPP mode for 

Y-polarization; c, d phase matching condition and loss 

spectrum. 

45 

Figure 3.10 (a) Display the field distribution for Y-polarized light; (b) 

confinement loss variation with refractive index (RI) of 1.35 

for d = 0.3 μm, Λ = 0.9 μm. 

46 

Figure 3.11 (a) Display the field distribution for Y-polarized light; (b) 

confinement loss variation with RI = 1.35 for d = 0.3 μm, Λ = 

1.2 μm. 

47 

Figure 3.13 (a) Display the field distribution for Y-polarized light; (b) 

confinement loss variation with RI = 1.35 for d = 0.9 μm, Λ = 

0.9 μm. 

48 

Figure 3.14 (a) Display the field distribution for Y-polarized light; (b) 

confinement loss variation with RI = 1.35 for d = 0.6 μm, Λ = 

0.9 μm. 

49 

Figure 3.15 (a) Display the field distribution for Y-polarized light; (b) 

confinement loss variation with RI = 1.35 for d = 0.3 μm, Λ = 

0.9 μm. 

49 

Figure 3.16 Effect of gold layer thickness on (a) surface plasmon 

resonance effect; (b) the loss spectra at t<sub>g</sub> = 20 

nm. 

51 

Figure 3.17 Effect of gold layer thickness on (a) surface plasmon 

resonance effect; (b) the loss spectra at t<sub>g</sub> = 40 

nm. 

52 

Figure 3.18 Effect of gold layer thickness on (a) surface plasmon 

resonance effect; (b) the loss spectra at t<sub>g</sub> = 60 

52 



 
VII 

 

nm. 

Figure 3.19 Effect of gold layer thickness on (a) surface plasmon 

resonance effect; (b) the loss spectra at t<sub>g</sub> = 80 

nm. 

53 

Figure 3.20 (a) Amplitude sensitivity for analyte RIs from 1.32 to 1.39; (b) 

polynomial fit of resonance wavelengths versus refractive 

index change. 

54 

Figure 3.21 (a) Wavelength sensitivity and resolution for analyte RIs from 

1.32 to 1.39; (b) FWHM and FOM as a function of analyte RI. 

55 

Figure 3.22 Analyte RIs range from 1.32 to 1.39 in terms of 

signal-to-noise ratio (SNR) and detection limit (DL). 

56 

Figure 3.23 Comparison of silver and gold sensor confinement loss 

spectrum at (a) RI = 1.32, (b) RI = 1.33. 

58 

Figure 3.24 Comparison of silver and gold sensor confinement loss 

spectrum at (a) RI = 1.34, (b) RI = 1.35. 

59 

Figure 3.25 Comparison of silver and gold sensor confinement loss 

spectrum at (a) RI = 1.36, (b) RI = 1.37. 

59 

Figure 3.26 Comparison of silver and gold sensor confinement loss 

spectrum at (a) RI = 1.38, (b) RI = 1.39. 

60 

Figure 3.27 Comparison of silver and gold sensor confinement loss 

spectrum at RI = 1.4. 

60 

Figure 3.28 Amplitude sensitivity (SA) (a) silver plasmonic material; (b) 

gold plasmonic material. 

61 

Figure 3.29 (a) Analyte RIs with confinement loss spectra between 1.32 

and 1.42; (b) amplitude sensitivity between 1.32 and 1.4. 

63 

Figure 3.30 (a) Sensor confinement loss spectrum for HeLa cells; (b) 

amplitude sensitivity for HeLa cells. 

64 

Figure 3.31 (a) Sensor confinement loss spectrum for Jurkat cells; (b) 

amplitude sensitivity for Jurkat cells. 

65 

Figure 3.32 (a) Sensor confinement loss spectrum for PC12 cells; (b) 

amplitude sensitivity for PC12 cells. 

66 

Figure 3.33 (a) Sensor confinement loss spectrum for MDA-MB-231 cells; 

(b) amplitude sensitivity for MDA-MB-231 cells. 

66 



 
VIII 

 

Figure 3.34 Amplitude sensitivity for MDA-MB-231 cells. 67 

Figure 3.35 (a) Sensor confinement loss spectrum for MCF-7 cells; (b) 

amplitude sensitivity for MCF-7 cells. 

68 

Figure 3.36 Amplitude sensitivity for MCF-7 cells. 68 

Figure 3.37 (a) Sensor confinement loss spectrum for HIV-infected 

blood; (b) amplitude sensitivity for HIV-infected blood. 

69 

 

List of Tables 

Table Content Page 

Table 1 Parameters for equations 1 and 2. 38 

Table 2 Performance parameters of the proposed biosensor for 

various analyte refractive indices. 

57 

Table 3 Refractive index values for normal and malignant cells. 64 

Table 4 Performance comparison of the proposed sensor with 

previously published models. 

71 

 

List of Abbreviations 
elbaT mraa eTuF 

AIDS emoenuAi yccerqiAenmnArme deriuqcA 

UmC yqoqre-tqucnrn mrnF  

UC yqrenrAcArF fqCC 

LC tAFAmFnqr fncnF 

mEF tnrnFA toAcArF eAFnqi 

mOF tnneuA qe eAunF 

mHWF Full Width at Half Maximum 

HIV secir yccerqiAenmnArme nnueC 

CPSL fqmionlAi deueimA eoiCcqr lACqrirmA  

RIL rAiu-yreuiuAi  

OPO rmFnmio dmAmFuec erioelAu 



 
IX 

 

SBP enqFqrnm ciri oim 

SUm enqFqrnm yueCFio tnoAu 

SLE eiuFnio tneeAuArFnio toeiFnqr 

SFC eAueAmFoe eiFmnAi fieAu 

LI lAeuimFniA yriAR 

LIC lAeuimFniA yriAR mrnF 

SA ecmonFeiA dArCnFninFe  

PMm dnrnoA eqiA tnoAu 

PRL dnnrio-Fq-rqnCA liFnq  

PSS deueimA eoiCcqr eqoiunFqr 

PSL deueimA eoiCcqr lACqrirmA 

Sλ oiiAoArnFn dArCnFninFe 

eE cuirCiAuCA toAmFunm 

eIR cnFirnec rnFuniA 

eF cuirCiAuCA einrAFnm 

eO cuirCequciFnqr rmFnmC 

 

 

 

 

 

 

 

 

 

 

 



 
X 

 

Abstract  

This thesis presents design of a biosensor based on a surface plasmon resonance 

(SPR) photonic crystal fiber (PCF) for sensitive detection. light is confine in a 

single mode within the core by a lattice of air holes, the fiber is covered by circular 

gold film. The performance of the sensor evaluated using numerical simulations by 

COMSOL 6.3. The proposed design was enhanced by optimizing measurements 

such as air hole diameter (d), lattice pitch (Λ), and gold layer thickness (tg) to 

increase the confine loss of light. The optimized device proved good ampltude 

sensitivity(Sλ) around a spectrum of biological analytes: 7,333 Mm/RIU for HeLa 

(cervical cancer), 5,500 nm/RIU for Jurkat (T lymphocyte cancer), 5,000 nm/RIU 

for PC12 (adrenal tumor), 6,250 nm/RIU for the HIV virus, 8,571 nm/RIU for 

MDA-MB-231 (breast cancer), 7,692 nm/RIU for MCF-7 (breast cancer), 3,857 

nm/RIU (HIV infection ) and 4,000 nm/RIU for Glucose solution. Subsequently, 

this PCF-SPR presents a hopeful and cost-efficient alternative to conventional 

diagnostic techniques such as surgical biopsy, medical imaging, and chemical 

assays, with the ability to easier disease detection.  
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Chapter One Introduction 

1-Introduction: 

Surface Plasmon Resonance (SPR) biosensing is one of the influential methods for 

detecting biomolecular interactions. Essentially, this technique is built upon an 

attractive phenomenon: stimulating surface plasmons, which are basically 

collective oscillations of electrons, at the surface of a very metal layer, typically 

gold or silver, gold deposited on a dielectric substrate silicon dioxide. The incident 

light interacts with this electron at the resonance condition, Changes in the 

refractive index (RI) adjacent to the metal surface have a significant impact on this 

resonance condition [1]. The resonance condition is influenced by a measurable 

shift in the index due to molecule binding events, which leads to highly sensitive 

detection [2]. For clinicians, the influence of this technology lies in its sensitivity. 

It allows the detection of crucial disease markers at minute levels; it’s this 

sensitivity to refractive index shifts making it a cornerstone in diverse medical 

areas from diagnostic analysis and pathogen discovering to the critical search for 

biomarkers that can guide treatments [3-5]. SPR’s remarkable optical properties 

have led to wide-ranging applications beyond medicine in fields like biochemistry, 

optoelectronics, and nanophotonics. 

    The SPR sensor's performance depends on the choice of plasmonic metal. Silver, 

aluminum, and copper are metals that can support surface plasmons, but their 

practical application is often hindered by rapid oxidation in aqueous environments, 

which can lead to performance degradation [4-8]. Despite the ability of graphene 

or titanium dioxide coatings to passivate these metals, they can still complicate and 

cost the fabrication process [6-10]. Gold has become the most important material 

in the field due to its exceptional chemical inertness and stability, ensuring 

consistent performance even though it has a slightly lower resonance Sharpness 

compared to silver [8-11].       
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    Thin layers of gold or silver are often deposited onto optical surfaces for SPR 

implementations fibers [12]. The effectiveness of the surface is determined by the 

thickness of the metal layer, the propagation of Plasmon waves at dielectric-metal 

interfaces has a significant effect on it. performance of these sensors, when a light 

undergoes complete internal reflection with the material, these waves are excited 

[12]. Recent investigations into surface plasmon resonance (SPR) sensors utilizing 

photonic crystal fibers (PCFs) have concentrated on enhancing sensitivity and 

expanding the detection range. For instance, a D-shaped PCF configuration 

achieved an impressive sensitivity of 22,400 nm/RIU for analytes with a low 

refractive index (1.27–1.37) [13].           

    Furthermore, a hybrid sensor that combines both intrinsic and extrinsic 

techniques showed a scalability that was wide (RI: 1.33–1.40) [14], with reported 

sensitivity levels of 10,000 and 12,000 nm/RIU, respectively. Many studies have 

been concentrated on particular ranges of refractive indices with designs. A two-

channel open-loop photonic crystal fiber (PCF) sensor achieved a sensitivity of 

11,055 nm/RIU [15], whereas another design functioning in the mid-infrared 

reported a sensitivity of 11,000 nm/RIU [16]. Within the biological buffer range 

(RI: 1.33–1.39), various geometric configurations have shown effectiveness: 

concave sensors reached a sensitivity of 9,314 nm/RIU [17], while D-shaped 

configurations attained a sensitivity of 8,920 nm/RIU [18], moreover, designs have 

been employing square lattices [19] and multi-cavity structures [20] have been 

exhibited exceptional sensitivities exceeding 140,000 nm/RIU, thus pushing the 

boundaries of performance across broader refractive index ranges. 

    In recent years, fiber-optic sensing (FOS) has concerned major interest for 

biosensing applications, primarily determined by its promise of high sensitivity, 
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fast detection times, and non-destructive testing [21]. A standout type within this 

field is plasmonic fiber optic sensors. These devices not only capture the core 

strengths of FOS but also combine the remarkable sensitivity of plasmonics and 

incorporated multiplexing, achieving this without the need for complex and 

expensive add-ons. Consequently, biosensors that employ Surface Plasmon 

Resonance (SPR) on a fiber-optic platform are seen as especially attractive, 

demonstrating significant commercial promise for use in chemistry and the life 

sciences [22, 23]. 

1-1 Literature Review 

   To explain the evolution of the Photonic Crystal Fiber (PCF) biosensors in terms 

of how the technology has evolved, this review provides a summary of the 

development of the biosensors with the year of research simplified and structured 

to explain how the technology has evolved.  

   Akowuah et al. (2012) gave a critical theoretical basis of multi-analyte 

detection. Their suggested PCF structure was probably to have several sensing 

channels or one channel with the ability to support several resonant channels. They 

showed (via intense numerical simulations (usually with the Finite Element 

Method)) that various resonant peaks in the transmission spectrum could 

independently and simultaneously respond to a change in the refractive index of 

two different analytes in separate channels or be bound to two different 

biomolecules[24]. 

   Wong et al. (2013) succeeded in bridging the gap between a generic refractive 

index sensor and a real biosensor. In this case they employed a PCF that had thin 

coating of gold film (the plasmonic material) on a substrate and then functionalized 

the gold surface with a special protein, which is most likely a special antibody or 



 

 
4 

 

Chapter One Introduction 

detector protein. It is such a functionalization layer that makes the sensor specific. 

A localized increase in the refractive index at the gold surface is produced when 

the target analyte (e.g., a complementary antibody or antigen) of a solution binds to 

this receptor protein. Such variation is observed as a change in SPR resonance 

condition. Their research showed that PCF-SPR platforms could be adapted to 

highly selective biological sensing, the requirement to apply PCF-SPR in clinical 

and research settings, by proving that such platforms could detect these particular 

molecular interactions with high accuracy[25]. 

   Sharma and Sharan (2014) oriented their sensor design to a more direct and 

realistic medical use, namely non-invasive glucose monitoring in urine. The sensor 

is designed and optimized to work in the distinct range of the refractive index of 

physiologically important glucose levels in urine. This was a milestone as a 

general-purpose sensor was no longer used but rather an application-specific 

device was used. It reflected a directional trend towards the practical diagnostics of 

the medical world using the PCF-SPR technology, as it is no longer the laboratory 

parlor curiosity, a device with a prospect of controlling a disease such as diabetes 

[26]. 

   Rifat et al. (2016) proposed a D-shaped PCF design was suggested by Rifat et 

al., where the fiber was flattened on one of the sides, and directly put on this flat 

outer surface it was deposited with gold. The analyte was then merely applied on 

the surface of the fiber. This external sensing or open-loop system made the sensor 

operation extremely simple, reusable and greatly reduced the fabrication process. 

This philosophy of design has been extended to various studies since its inception 

because it possesses feasible merits. The critical parameter optimization was 

considered [27].  
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   In 2017 by Hasan et al. The thickness of the layer of metal (in this case, gold) is 

a major parameter that determines the coupling efficiency between the light 

propagated in the fiber and the surface plasmids in an SPR sensor. In case the layer 

is excessively thin, the plasmonic field is weak; in case it is excessively thick, the 

light cannot couple through the layer effectively. The effect of gold layer thickness 

on sensitivity was modeled and analyzed in detail by Hasan et al. They could 

produce a high level of sensitivity of 2,200 nm/RIU [28]. 

   In 2018, Chakma et al. reporting the design (hexagonal lattice PCF with a large 

central air hole) and numerical analysis of a highly sensitive surface plasmon 

resonance (SPR) biosensor based on a simple photonic crystal fiber (PCF) 

structure, authors reported a maximum sensitivity of 9000 nm/RIU for an analyte 

refractive index (RI) range of 1.33 to 1.37 [29]. 

   In 2019, Hossain et al. developed a biosensor to track the level of glucose in the 

blood. The sensor design was a hexagonal lattice PCF that had a gold coating layer 

on the outer surface in the shape of the D. These findings showed that the sensor 

proposed in the study had a high wavelength sensitivity of 4000 nm/RIU within the 

biological range of refractive index at which glucose can be detected (1.33 to 1.39) 

[30]. 

   Arunya Revathi and Rajeswari (2020) have designed and numerically 

analyzed a dual-core Photonic Crystal Fiber (PCF) sensor optimized to be used as a 

chemical sensor. The sensor structure proposed had a two-core structure, which 

was achieved by not allowing air holes in the pattern of a hexagonal lattice, the 

outermost coating of the fiber was covered with a thin gold film to produce Surface 

Plasmon Resonance (SPR). They declared that they could detect the analytes with 



 

 
6 

 

Chapter One Introduction 

the refractive indices between 1.33 and 1.37 with a maximum sensitivity of 10,000 

nm/RIU [31]. 

    In 2021, Esfahani Monfared and Qasymeh proposed a novel, label-free 

biosensor, which is a graphene-coated photonic crystal fiber (PCF) that is designed 

to detect the components of blood. The sensor proposed was made in the shape of 

D with the flat surface covered by the silver layer, covered by a graphene layer. 

They found that the sensitivity of this hybrid material structure was high with a 

wavelength sensitivity of up to 5000 nm/RIU to detect plasma and red blood cells 

with a refractive index range of 1.35 to 1.40 [32]. 

    Rahman, Rana, and Anower (2022) paid attention to the creation of a Photonic 

Crystal Fiber (PCF) biosensor that is straightforward and inexpensive. The design 

proposed made use of a hexagonal lattice design using a single and selectively 

gold-coated microchannel, their findings showed that their relatively simple design 

could be used to achieve a high wavelength sensitivity of 6000 nm/RIU over a 

range of refractive index of 1.32 to 1.37 [33]. 

   In 2023, Fakhri et al. proposed a photonic crystal fiber (PCF) sensor with a 

particular medical goal the early diagnosis of cancer. A square-lattice PCF 

structure was used to design the sensor. Its main innovation was the inclusion of 

gold nanoparticles (AuNPs) in the channels of the fiber, that is, they were able to 

detect the cancer cells with a maximum sensitivity of 5500 nm/RIU and a high 

amplitude sensitivity of 480 RIU 
-1

 [34]. 

   The sensor design discussed in 2024 by Chaity had a hexagonal lattice design 

with a layer of gold placed on the outer to support surface plasmon resonance 

(SPR). The size and pitch of the air holes were made optimal and were designed in 

such a way that they maximized the performance. The sensor had a sensitivity of 
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24, 285 nm/RIU with Breast Cancer Type 2, with high sensitivities in other 

cancers, such as Skin Cancer (20,000 nm/RIU) and Blood Cancer (17,000 

nm/RIU) [35]. 

    In 2025, Rizk, El-Gohary, presented a new design of sensors with a special 

cavity, which had an ovoidal (egg-like) shape and was located inside the center of 

the fiber core and was covered with a stack of silver-graphene that excited surface 

plasmon resonance (SPR) to detect cancer cells.They found that the unique ovoidal 

(egg-shaped) cavity design was able to detect all types of cancer cells with a high 

wavelength sensitivity of up to 6000 nm/RIU [36].  

   In 2025, Hasanein, El-Gohary, and Obayya presented the sensor design 

featured a dual-core PCF structure, The sensing mechanism utilized a gold film to 

generate surface plasmon resonance (SPR). Using the Finite Element Method 

(FEM) for numerical analysis, the researchers demonstrated that their design could 

achieve ultra-high sensitivity for both hormones concurrently. They reported a 

maximum wavelength sensitivity of 12,400 nm/RIU for progesterone and 11,800 

nm/RIU for estradiol within a physiologically relevant refractive index range [37].  

    In 2025, Gupta, Kumar, and Srivastava considered the use of photonic crystal 

fiber (PCF) sensors in other areas than the biomedical one, the paper proposed and 

analyzed numerically a simple metal-coated PCF sensor that would detect different 

chemicals and gases used during industrial processes in real-time. Their findings 

indicated that the sensor recorded a high sensitivity of the wavelength of up to 

8,500 nm/RIU [38]. 

   Shukla, Kumar, and Tripathi (2025) have performed a comparative analysis of 

performance of two dissimilar plasmonic materials in Surface Plasmon Resonance 

Photonic crystal Fiber (SPR-PCF) based biosensors to detect cancer cells. Two 
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different sensor designs were proposed and numerically assessed in the study: one 

with a traditional silver coating and the other with a coating of tin-based. Their 

findings showed that although the silver-coated sensor had high sensitivity of 

8,200 nm/RIU[39]. 

1-2 Photonic crystal fibers 

   The advent of step-index fiber made significant changes by increasing the speed 

and ease of communication in our life [40]. Since then, various PCF structures 

have been demonstrated and investigated in different fields of research [41]. Fibers 

with an internal periodic structure made of capillaries occupied by air are the 

Photonic crystal fibers (PCFs). The defects in fibers crystal structure gives light a 

clear passage to propagate through. A number of unique features that are 

impossible to get in the regular fibers can be obtained from the new type of optical 

fibers PCFs by mixing the properties of optical fibers and photonic crystals [42]. 

The Internal structure of a PCF is illustrated in the Fig. )1.1(.  

 

                          Figure (1.1): Internal structure of photonic crystal fiber[42]. 

   The waveguide is capable of confining electromagnetic waves in two literal 

dimensions, and on the other hand allowing the wave to propagate in an axial 

direction [43]. A typical feature of all index-guiding PCFs is the core comprised of 

solid silica and surrounded by micro structured cladding. The efficacy index 
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refractive of the cladding is lower than the core due to the occurrence of air-holes 

and light is being directed on the basis of the property of total internal reflection. 

PCF can be fabricated with fusing silica or undoped silica (SiO2) and the active 

devices can be fabricated by adding dopants in a similar fashion as the 

conventional fiber. Multi Materials have been filled either a single air hole or a 

number of air holes at various points. This results in interesting plasmonic behavior 

of so-called plasmonic PCF. 

1.2.1 Types of Photonic crystal fibers  

     Photonic crystal fibers are classified into three main categories: one-

dimensional, two-dimensional and three-dimensional photonic crystal fibers. 

1.2.1.1 One-Dimensional (1D) PCF 

      In 1DPCFs, the periodic modulation of the refractive index occurs in one 

direction only, while the refractive index variations are uniform for other two 

directions of the structure. A case of one-dimensional photonic crystal fiber 

application is the Bragg mirror, which is usually used in dielectric mirrors and 

optical switch, etc. [44]. The PBG appears in the direction of periodicity for any 

value of refractive index contrast i.e., difference between the dielectric constant of 

the materials. In other words, there is no threshold for dielectric contrast for the 

appearance of a PBG. For smaller values of index contrast, the width of the PBG 

appears very small and vice versa. However, the PBGs open up as soon as the 

refractive index contrast is greater than one (n1 /n2 > 1), where n1 and n2 are the 

refractive index of the dielectric materials. A defect can be introduced in a 1DPCs, 

by making one of the layers to have a slightly different refractive index or width 

than the rest. The defect mode is then localized in one direction however it is 

extended into other two directions. An example for such a 1DPCF is the well-
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known dielectric Bragg mirror consisting of alternating layers with low and high 

refractive indices, as shown in Figure (1.2) [45]. 

 

 

Figure (1.2): Example of 1D PCF [45] 

 

1.2.1.2 Two-Dimensional (2D) PCF 

Structure(s) that are periodic in two different directions and homogeneous in third 

direction are called 2DPCF, which is shown in Figure (1.3a). In most of the 

2DPCFs, the PBG occurs when the lattice has sufficiently larger index contrast. If 

the refractive index contrast between the cylinders (rods) and the background (air) 

is sufficiently large, 2D PBG can occur for propagation in the plane of periodicity 

perpendicular to the rod axis. Generally, 2DPCFs consist of dielectric rods in air 

host (high dielectric pillars embedded in a low dielectric medium) or air holes in a 

dielectric region (low dielectric rods in a connected higher dielectric lattice) as 

shown in Figures (1.3b). PBG is provided by the dielectric rods in air host on the 

Transverse Magnetic (TM) mode wherein E field is polarized perpendicular to the 

plane of periodicity. In one plane of periodicity, the air holes of a dielectric region 

provide (Transverse Electric) TE mode in which H field is polarized perpendicular 

to the plane of periodicity [46]. 
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                                     Figure (1.3): Example of 2D PCF[46] 

1.2.1.3 Three-Dimensional (3D) PCF 

      A 3D PCF is a dielectric structure which has periodic permittivity modulation 

along three different axes, provided that the conditions of sufficiently high 

dielectric contrast and suitable periodicity are met, a PBG appears in all directions 

which is shown in Figure (1.4a) and (1.4b). Such 3D PBGs, unlike the 1D and 2D 

ones, can reflect light incident from any direction. In other words, a 3D PBG 

material behaves as an omnidirectional high reflector. Due to the challenges 

involved in fabricating high-quality structures for the scale of optical wavelengths, 

early PCs are performed at microwave and mid-infrared frequencies [47, 48]. With 

the improvement of fabrication and materials processing methods, smaller 

structures have become feasible, and in 1999 the first 3DPC with a PBG at 

telecommunications frequencies is reported [49, 50]. Since then, various lattice 

geometries have been reported for operation at similar frequencies [51]. 

 

 

a b 
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                              Figure (1.4): Example of 3D PCF [51] 

 

 

1-3 Applications of the photonic crystal fiber  

      This section describes numerous approaches for improving SP RI biosensors in 

biosensing applications.  In recent years, SP-based sensors have stood out from 

these devices because they can detect minor changes in the refractive index (RI) of 

the sensing material in an environment. They have also received a lot of attention 

in biosensing applications because various biomaterials, liquid analytes, and gases 

(i.e., different cancerous cells, blood components) have specific RI values. 

1.3.1 Photonic-crystal fibers sensor D-shaped 

  The sensor is shown in Figure (1.5) where the analyte is placed in the center core 

of the fiber and is surrounded by air holes in the backdrop of Silica under the SP 

resonant conditions. PCF D-shaped that has been coated with Titanium Nitride 

(TiN) in place of the conventional gold and silver metallic layers. This can be 

attributed to a high melting point, chemical stability and conductivity of TiN. This 

a b 
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sensor had a maximum spectral sensitivity of -16275 nm/RIU numerically, an 

amplitude sensitivity of 206.25 RIU
-1

, and a maximum FOM of 147.9 RIU
-1

, and 

operated in the RI range of 1.44-1.52 [52]. 

 

                                 Figure (1.5) PCF D-shaped for the detection of cancer cells [52] 

1.3.2 Single mode fiber sensor with 7 cores 

    The sensor is shown in Figure (1.6) where design consists of single mode fiber 

(SMF) that is spliced with seven cores of MCF that are hexagonally arranged as 

illustrated in Fig. 1.6. In the design, LSPR excitation was done using gold and 

MoS2 NPs and these were also used to enhance the performance of the sensor. The 

sensor was created and experimented to identify germs in a liquid. These findings 

indicate that the sensor was able to detect the presence of Shigella bacteria in linear 

proportions 1:109 Colony-Forming Unit/mL (CFU/mL) in the 5 minutes with a 

detection limit of 1.56 CFU/mL [53]. 
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              Figure (1.6) single mode fiber (SMF) for the detection of Shigella bacteria[53]. 

 

1.3.3 Single mode fiber sensor with 1 core 

      Figure (1.7) illustrate optical fibers used as SP RI sensors. The biological 

specimen is detected by using the optical fiber's evanescent waves, which are then 

exposed to the metal-dielectric contact to stimulate SPP. This is achieved by 

replacing a section of the cladding material with a metallic layer or metallic 

nanostructure. The sensing material layer is often the dielectric layer that comes 

after the metal layer [54]. 
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                        Figure (1.7) optical fiber for the detection of biological specimen[54] 

1.3.4 Optical fiber sensor U shape  

    Figure (1.8) employe U shape with MoS2 and gold film in order to detect human 

IgG protein, a modified optical fiber biosensor. To prepare the sensor, the coatings 

of the fiber were taken off to reveal the core after which they were bent into a U 

shape. The authors tested the performance of two versions, that is, fiber-MoS2-

Gold film and fiber-gold film MoS2. The sensitivity of the former sensor setup 

(6184.4 nm/RIU) was found to be 25% higher than the latter (6184.4 nm/RIU) with 

a DL of 19.7 ng/mL when the assay was used to detect human IgG. To begin with, 

experimental apparatus was employed in the production and identification of the 

alcohol solutions with different refractive indices of 1.3314, 1.3423, 1.3537, 

1.3593, and 1.3623. After the preparation and testing of a human IgG solution [55]. 
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            Figure (1.8) U shape with MoS2 and gold film for the detection of IgG protein [55]  

1.3.5. A prism photonic sensor  

    A simple biosensor is composed of a prism with a thin coating of gold film as 

shown in Fig. (1.9). It works on the principle of the prism-coupled attenuated total 

reflection technique that drives a surface plasmon resonance (SPR) by coupling a 

field of electromagnetic radiation to surface plasmon waves. The sensor is able to 

reach a range of sensitivity of 2056-5893 nm/RIU which is similar to other 

wavelength-modulated SPR sensors [56]. 
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Figure (1.9) biosensor is composed of a prism and gold film[56]  

 1.3.6. A grating photonic sensor 

       Figure (1.10) shows a 1-D barium flint glass grating pattern on a thin layer of 

gold on a silicon nitride substrate is used in the design of the sensor.   Because of 

the connection between the incident plane wave and the surface plasmon wave, this 

design's reflection spectrum shows a strong, narrow rejection band at normal 

incidence.  the design used to detect blood glucose based on the influence of 

change refractive index, the sensor achieved a sensitivity of ~2600 nm/RIU and a 

quality factor of ~1500 [57]. 

 

                                                 Figure (1.10): PCF sensors with glass grating [57] 
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1.4 Types of Samples  

1.4.1. Breast cancer (MDA-MB-231) 

   Breast cancer is a condition in which a number of cells in the breast start to 

proliferate in an unexpected and unregulated manner. These cells may develop into 

a tumor or lump. Although both genders are susceptible to it, it is prevalent among 

women. The positive aspect is that, there are a lot of breast cancers which can be 

treated successfully, particularly when it is detected at an early stage through such 

means as self-exams or mammogram (a special type of x-ray). The methods of 

treatment may involve surgery, radiation or medication. It is quite significant to 

know the symptoms and consult a physician concerning screening.  

    MDA-MB-231 is the name of an exceptionally significant cell line of human 

breast cancer that scientists use. These were cells derived out of the tumor of a 

patient and can be allowed to grow indefinitely in a laboratory as shown in Fig. 

(1.11). They are said to be extremely aggressive and the ability to spread and they 

are the main device used to study a form of breast cancer that is hard to cure. Due 

to the unresponsiveness of such cancer to typical hormone treatment, scientists rely 

on MDA-MB-231 cells to test novel medicines and learn how cancer cells invade 

other systems of the body. To put it in brief, they are a critical model of seeking 

superior treatment of aggressive breast cancer [58]. 
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                                     Figure (1.11): Breast cancer cell[58] 

1.4.2 Blood cancer (JURKAT cells) 

    Blood cancer is an illness, which begins in your blood or bone marrow cells, 

which is the spongy inner of your bones where blood is produced. In normal body, 

the blood cells multiply and perish in a moderated manner. However, in the case of 

blood cancer this process is interfered with. The body produces massive numbers 

of defective blood cells which are not functional as shown in Fig. (1.12). These 

unhealthy cells fill space occupied by the healthy blood cells and the body 

struggles to fight off infections, supply oxygen to the body and stop bleeding. 

Blood cancer is of various types such as leukemia and lymphoma. The therapies 

are meant to kill the cancerous cells and may involve chemotherapy, radiations or a 

transplant of the stem cells. 

 JURKAT cells are a well-known and significant device used by the scientists. 

These are a series of human blood cells that were cloned off a leukemia patient. 

Such cells are immortal i.e. they can develop and multiply in an artificial 

laboratory indefinitely. The JURKAT cells are used in the world by scientists who 
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study the immune system and test new medications on cancer, as well as learn how 

illnesses behave [59]. 

  

 

 

              Figure (1.12): Blood cancer cell[59] 

1.4.3 Adrenal glands (PC12) 

   Adrenal glands are a pair of small glands, which are located on the top of the 

kidneys. They are meant to produce significant hormones that aid your body to 

cope with stress, high blood pressure, and salt levels. Adrenal cancer is extremely 

rare and, in this case, the cells within one of these glands begin to grow out of 

control and create a tumor as shown in Fig. (1.13). In some cases, this tumor may 

lead to the gland producing an excess of hormones that may have such symptoms 

as high blood pressure, weight gain, or feeling very weak. It is so rare that this will 

make doctors carry out a number of tests in order to diagnose it. Surgery may be 

done to extract tumor and, in some cases, additional treatment is required.  
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    PC12 is a cell line that is widely applied in the laboratory research by scientists. 

These cells were initially cloned out of a tumor of the adrenal gland of a rat. The 

greatest aspect of PC12 cells is that under the appropriate conditions, they can 

behave like nerve cells (neurons). PC12 cells cease to divide and extend into long 

and branching extensions when scientists place in them a particular growth factor, 

the manner in which neurons grow. Due to this fact, they are highly convenient and 

more easily studied model of the processes of growth of nerve cells, their 

communication and survival. PC12 cells have been of particular use in the study of 

the nervous system such as in Parkinson disease and nerve regeneration studies 

[60]. 

 

                                         Figure (1.13): Adrenal glands tumor[60]. 

 

 

 

1.4.4. HIV virus 
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     HIV Once an individual has been infected with the HIV, it implies that the 

virus has found its way in his or her blood. The primary victim of HIV is a 

particular form of white blood cell, known as a CD4 cell, that is a key commander 

in the immune system of the body against infection as shown in Fig. (1.13). The 

virus enters these cells and replicates itself into millions of copies with the help of 

these cells. In the process, it kills the CD4 cells. In a span of years, when the 

infection is left untreated by means of medication, the virus over time destroys so 

many of these cells, to the point that the immune system becomes extremely weak. 

By that time the body will not be able to resist the widespread diseases and the 

infection develops a stage known as the AIDS. Nowadays, HIV-positive people are 

able to lead a long and healthy life with appropriate treatment keeping the virus in 

control [61]. 

 

                                          Figure (1.14): HIV virus[61] 

 

1.4.5. Biochemical materials 
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   Biochemical materials the natural chemical components of living organisms are 

known as biochemical materials. These are the substances and molecules that are 

necessary for life. Consider them the components and mechanics of each and every 

cell in your body. the formula of Glucose is C6H12O6.as shown in Fig. (1.15). It is 

made from water and carbon dioxide during photosynthesis by plants It is used by 

plants to make cellulose, in energy metabolism, glucose is the most important 

source of energy in all organisms. Glucose circulates in the blood of animals as 

blood sugar[62].  

 
                                             Figure (1.15): Glucose structure [62]. 

1-5 Aim of the Research  

The main objective of the study is to design, numerically model, and characterize a 

highly sensitive biosensor using a Photonic Crystal Fiber (PCF) platform in 

combination with Surface Plasmon Resonance (SPR), to detect and differentiate 

between various biological analytes with particular emphasis made on different 
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types of cancer cells and viruses. This objective is further subdivided into some 

main goals:  

To Propose a Novel Sensor Design: To prepare a special circular PCF design with 

an optimized air-hole lattice and a circumferential gold film being strategically 

located in order to excite plasmids on the surface efficiently.  

To Compare Plasmonic Metal Performance: To compare and defend the choice 

of gold over silver as the plasmonic material on the basis of chemical stability, 

sharpness of resonance, one needs to note that silver may be sharper than gold as a 

resonant material, but poorer as an oxidizer because of its chemical activity.  

To Optimize Structural Parameters: To probe the essential design parameters 

systematically and find optimal values of the key parameters in the design, such as 

air hole diameter (d), lattice pitch (ᴧ), and gold layer thickness (tg), to find 

Maximum sensor performance measures such as sensitivity and resolution.  

To Test Performance with Specific Analytes: To critically assess the 

performance of the sensor by in vitro simulation of sensor response to various 

clinically relevant targets, such as cancer cells (HeLa, Jurkat, PC12, MDA-MB-

231, MCF-7), HIV virus and general biochemical molecules. To measure the key 

performance indicators, such as wavelength sensitivity (Sλ), amplitude sensitivity 

(SA) and resolution (Rλ) and Figure of Merit (FOM) to prove that the sensor is 

better than the existing designs. 
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2.1 Introduction 

   The interaction of light and matter in nanostructured metallics gave rise to the 

emergence of plasmonics, a fresh and creative area of photonics. Thin plasmonic 

circuits made of the same metal can transport optical signals and electric currents, 

enabling the combination of the advantages of electronics and the greater 

technological advantages of photonics on the same chipset [63]. Many studies have 

concentrated on studying Surface Plasmon Polaritons (SPPs) in recent years [64]. 

The SPPs exhibit remarkable optical characteristics of metallic nanostructures, 

allowing for manipulation of light beyond the diffraction limit, which presents 

exciting possibilities for the use of optical interconnections at the nanoscale. 

Nevertheless, the SPPs often experience significant losses due to the internala 

bsorption inveterate in the metal. Low losses photonic devices can be obtained 

from common dielectric materials. Hence, combining plasmonic technology along 

with common photonic devices on similar chips is considered the best choice to 

take the advantages of each technology [64]. 

2.2 Plasmonic 

An electromagnetic transverse mode wave called a surface plasmon wave travels 

along the boundary between metal and dielectric. As a result of free charge 

oscillation in metal, plasmonic waves are light waves that are trapped at the 

conductor's surface. The electromagnetic fields and charges of plasmonic waves 

scattered on the metal's surface and in its dielectric are shown in Figure (2.1), 

where x denotes the direction of propagation [65]. 

 

       Figure (2.1): Plasmonic wave at the surface of metal and dielectric [65]. 

   At the same frequency, the surface plasmon wave number is greater than the light 

wave number. The SP wave's restriction to the surface is to blame for this [ 65]. It 
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is necessary to correct this mismatch in order to couple light into the SP mode. The 

most popular method sends the light wave into the prism using prism coupling. 

Due to the greater refractive index of the prism, the light wave vector is higher in 

the prism and can match the SP wave vector. In the second technique, an SP wave 

is locally excited using a topological defect, such as a hole in the surface. Grating 

coupling is a different technique for energizing the SP wave [66]. Diffracted 

incident light's wave vector can match the SP wave vector.A binding between the 

SP wave and the dielectric metal surface is resulted that leads to an exponential 

decay of the electric field. The plasmonic wave will propagate down the surface 

once it has been stimulated, but due to metal absorption loss, its intensity will 

rapidly diminish [66]. 

2.3 Maxwell’s Equations and Wave Equation 

  The Maxwell's equations define the electric (E) and magnetic (H) fields 

characteristics in the media. They are represented by four partially differentiated 

equations. The E and H may be expressed in the frequency domain by substituting 
 

  
    , as 

∇           (1) 

∇         (1) 

∇         (1) 

∇         (1) 

When the vector values E and H resemble, respectively, ε = ε0εr, and μ= μ0 μr the 

vectors of the magnetic and electric fields. The medium electromagnetic 

charactristics are determined by the tensor of permittivity, and the permeability of 

the waveguide material. The open space permeability and permittivity are              

ε0 =8.854×10
-12

 F/m and μ0 = 4π×10
-7

H/m, respectively. εr is the relative 

permittivity, while μr is the permeability of the waveguide material. During this 

study, μr is treated as one [ 67]. 

   To obtain the wave equations, it is assumed that an optical waveguide is taken 

which is only capable of supporting electric or magnetic part only. The curl of the 

magnetic field may be taken in this study to remove the electric field in derivation 
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and replace it with the use of Eq. (1a). Therefore, the vector of magnetic field can 

be modeled by a vector wave equation, as: 

 

∇     
  ∇       

                                          (2) 

Where k0 represents the free space wave number which can be found from 

(  
        ). If one of the material axes is in the direction of the waveguide, the 

concept of anisotropic material is introduced where its permittivity tensor can be 

revealed as [68]: 

 𝛁  (𝑩𝑨)  𝛁𝛁  𝑨  𝑩𝛁   𝑨          )3( 

For isotropic materials (           ) are equals, also (                          . 

During the current study, all waveguide materials is treated as isotropic. By using 

the following identity of vectors), the wave Eq. (2) may rephrase as: 

∇      
        

  ∇    ∇      (4) 

In the transversal plane, the vector wave Eq. (4) may express as: 

∇       
            

  ∇      ∇        (5) 

Where, t denotes transversal components.     represents the transversal 

components of relative dielectric tensor, which can be defined by 

    *
      
      

+ 
 (6) 

When the divergence equation (∇    ) is applied, it is possible to get the 

longitudinal magnetic component (Hz) from the transversal two components (Hx 

and Hy), where the z-dependence is presented by e
-jβz

 for all field vectors. 

   
 

  
 
   

  
 

   

  
   (7) 

  is the propagation constant. Using the Eqs. (5) and (6), with divergence relation 

∇.H = 0, the full vector eigenvalue equation can be obtained, after some algebraic 

manipulations, as follows 

 

[
      

      
] [

  

  
]    [

  

  
]  (8) 
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where    ,    ,     and     are the differential operators that could be identified 

through the following equations [68]   
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When all three components of the magnetic field (H) are defined, the electric flux 

density (D) can be calculated from (         ), which gives: 
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The electric field is calculated from D by applying (E =   
−1

 D) as follows:  
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2.4 Surface Plasmon Polaritons (SPP)  
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  The surface plasmon polaritons are excited electromagnetic waves that travel 

along the interface plane between metals and a dielectric media. Such a vacuum is 

known as the surface plasmon polariton (SPP). The amplitude of this 

electromagnetic pulse exponentially decays in every medium with distance of the 

interface. The SPP wave electromagnetic field is restricted to the surrounding area 

near the interface between the metal and the dielectric medium. Thus, this captivity 

develops an improvement to the electromagnetic wave which results in an 

astonishing sensitive surface property of the SPPs. This property is widely used in 

examining adsorbates on a surface roughness while it is used in several chemo- and 

bio-sensor applications [69]. 

2.4.1 Planar SPPs 

   When a surface-plasmon polariton (SPP) propagates in a metal dielectric 

interface, the electromagnetic field is not simply the wiggle of the vacuum; it is the 

special mode of Maxwell equations that is required to obey the physics both within 

the metal and the dielectric surrounding of the metal. These fields are extinct 

infinitely far from the interface [70]. An SPP wave induced by a TM wave is 

shown in Figure (2.2) at the metal-dielectric interface. Figure (2.2) shows a planar 

metal-dielectric configuration. 

 

 

Figure (2.2): Geometric illustration of a surface plasmon polariton (SPP) propagating at the - 

dielectric medium interface when stimulated by a transverse magnetic (TM) wave. [69,70]. 
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Taking into account the (TM) wave, in which the SSP propagates in the direction 

of z-axis- while the magnetic field exists outside the plane. The electric and 

magnetic fields in the dielectric medium (for     ,) can be given by: 

                         
⃗⃗ ⃗⃗  (

   
 

   

)                                                           (13) 

                                              
⃗⃗⃗⃗  ⃗  (

 
   

 
)                                        (14) 

When      , i.e in metals, the electric and magnetic fields can be expressed by: 

                                            
⃗⃗ ⃗⃗  ⃗  (

   
 

   

)                              (15) 
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)                                        (16) 

From Maxwell’s equation we have 

                                          ∇    
⃗⃗⃗⃗    

  ⃗ 

  
                            (17) 

Where the subscript i denotes the materials,  ⃗  and  ⃗⃗  are the electric [V/m], 

magnetic [A/m] fields, respectively.   represents the dielectric permittivity. It can 

be expanded as: 
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applying equations 18 and 19 to the metal structure, we have 

                                                
   

  

   

   
 

   

  

   

   
                     (20) 

the applied of the boundary condition at the interface, where Ezm=Ezd and Hym=H 

yd, provides                                           
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The wavevectors are associated with: 

                                                   
    

     
 

 
              (22) 

From eq. (2.21) and (2.22), we find 
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Substituting Eq. (21) and (23) into Eq. (24) yields 
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        and         

  , The dielectric-metal interface's SPP 

dispersion relation can be found by: 
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The previous equations produce the dispersion features of the SPPs in a planar 

interface the standard Sellmeier expansion may evaluate the frequency-dependent 

dielectric function of the dielectric medium   . On the otherside, the Drude model 

can obtain the complex frequency dependent dielectric function of metal   [70]. 

The Drude model gave a convenient description of the dispersion relation of metal 

over a wide range of frequencies [71, 72]. The complex dielectric function may be 

represented as  

                                                                                 (28) 

with: 

                                                  
  

 

       
                           (29) 

   √
   

 

   
 is the frequency of plasma,    represents the electron density,   is the 

electron charge,   is the electron mass, and    is the permittivity of free space. 

The electrons restore around their equilibrium positions due to a typical 
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electrostatic oscillation.    
 

    
 is the damping frequency where   is the 

electron lifetime in seconds [70]. The permittivity of high frequency limit is     By 

separating the real from the imaginary part.  
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2.5 Plasmonic Materials  

    Silver (Ag) and gold (Au) are the elements most frequently used as plasmonic 

materials. The advantage of using Ag is that it has little loss in the visible and near 

infrared (NIR) bands. Though, when it is related to nanoscaled-fabrication, dispite 

the degradation of Ag is relatively high, the threshold thickness for its homogenous 

continuous films is about (12-13 nm), which is considered as main barriers for 

transformation optics (TO), and for the other micro and nano-based devices. The 

substitute plasmonic materials such as Aluminum (Al) and Copper (Cu) appears 

promise because of its low cost and abundance. Furthermore, these two-materials 

exhibit surface plasmon resonance in the UV and visible frequencies, respectively. 

Though, these two elements have high optical and plasmonic losses compared to 

Ag and Au hence, confining their usage in several applications. Alternatively, due 

to their plasmonic potential, other nanometals, such as potassium, sodium and 

lithium, have revealed a high absorption efficiency along with very low losses of 

the inter-band transition at optical wavelengths [73]. 

     Silver Nano rods have sparked a lot of scientific attention because of their 

exceptional optical qualities. These Nano rods have the advantage of being able to 

fine-tune their optical absorption properties by changing their aspect ratios [74].  

2.6 Photonic crystal 

   Photonic crystal fibers (PCFs)also known as holey, microstructure, or micro-

structured fibers are not guided by a graded glass composition; rather a lattice of 

microscopic air hole is carefully engineered that extends the full length of the fiber 

(see Figure 2.3). The initial stage in fabrication is usually the so-called stacked -

tube technique: a preform is built by assembling a bundle of solid silica rods and 

hollow capillaries. This preform is initially fed through a fine cane (approximately 

1mm diameter) and pulled once more to the ultimate standard optical-fiber size 
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(typically 125mm diameter). PCFs can be prepaed to control an extensive range of 

optical behavior as tuned dispersion or a highly nonlinear behavior [75, 76] 

 

 

                Figure (2.3):  solid-core photonic crystal fiber for melty designs(A-I) [75] 

2.7 Numerical Simulation in Photonic Crystal Fiber 

A number of methods can be used to model the behavior of photonic crystal fibers. 

There are numerous approaches for simulating the behavior of photonic crystal 

fibers. 

2.7.1 The Finite Element Method (FEM) 

Partial differential equations (PDEs) can be numerically solved using a different 

method called the finite-element method (FEM). The main usage of the (FEM) is 

to simulate the characteristics of optical effects and device in the context of Nano-

optical devices. The main benefits of finite-element methods include the accurate 

representation of complex geometric properties in real-world complications, the 

provision of highly precise results in comparatively short computation times due to 

superior convergence features, and the high stability with widespread applications 

of this method by using various settings of simulation [77]. 
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2.7.1.1 Characteristics of FEM 

The widespread adoption of finite element methods was linked to a number of 

significant traits and advantageous qualities, which are summarized as follows:  

• The FEM is more flexible and can represent any arbitrary cross-section with 

greater accuracy.  

• The FEM methodology is very adaptable, and one of its key strengths is the 

simplicity with which the location and size of any air hole may be changed to meet 

specific requirements. 

• The cross-section of the structure and waveguide is splitted into a finite number 

of components throughout the FEM.  

• Transfer of constructions made up of various material forms is possible since the 

material qualities of adjacent elements need not be equivalent.  

• It is possible to successfully meet boundary needs including discontinuous 

surface loads and mixed boundary circumstances.  

• Various shapes, sizes, and types of elements can be used in the same space, 

allowing the system to make the best use of the finite elements that are available. 

2.7.1.2 Types of Elements  

Finite elements can be categorized into (1D, 2D, or 3D). Selection of element is 

based on the dimensionality of the problem 1D elements in 1D problems and 2D 

elements in 2D problems. An important illustration of a two-dimensional element 

is the three-node triangle. In 3D problems, the basic component is the tetrahedron, 

which consists of four nodes; one node per corner of the tetrahedron (Figure 2.4(c) 

[78]. The values in any other point within the element are then estimated with 

functions of these nodal values. Nodes can be divided into external and internal. 

The external nodes are those that are found at the edges of an element whereas the 

internal nodes are those found in the interior of the element. Another difference is 

drawn between a primary and secondary node. Primary nodes are where the 1D 

elements end or where the corner of the 2D and 3D elements are. Secondary nodes 

refer to the nodes that are mounted on the element sides, i.e. not on its corners [78]. 
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                      Figure (2.4): (a) 1D; (b) 2D; and (c) 3D elements [78]. 

 

2.7.1.3 Mathematical Formulation 

The discretization of partial differential equations (PDE) using the finite element 

approach is both mathematically accurate and elegant [78]. Its basic idea is that the 

FEM is used to approximate the PDE rather that to create a sub-space with finite 

dimension of the original solution that has infinite dimension space with 

appropriate accuracy. The issue is resolved on this sub-space, which is space with 

finite-elements. The infirm PDE formulation is another concept of significance in 

FEM. 

Typically, physical principles are expressed in what is known as a "strong form," 

such as frequency domain of Maxwell's equations Eq (1). The equations in eq. (1) 

are not closed. Although the electric and magnetic fields are related to the electric 

displacement (D = εE). and the magnetic flux density (B = µH), it is possible to 

derive only one equation concerning the electric field: 

𝛁     𝛁             (32) 

the electromagnetic field is generated by electric current J,Using FEM, the electric 

field equation must be placed in infirm formulation. Firstly, it is tested on a 

vectorial function Ø and integrated on ℝ
3
: 
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∫  𝛁     𝛁         
  

   ∫   
  

 (33) 

The evaluation based on integration by parts, and a supposition of disappearance of 

the electric field at infinity, yields: 

∫ 𝛁      𝛁         
  

   ∫   
  

 (34) 

To have a compact expression of the Maxwell’s equations weak form, the linear 

and bilinear forms are introduced: 

       ∫ 𝛁      𝛁         
  

            ∫   
  

 (35) 

The Maxwell’s equations weak form is shown as: 

Find E   H (𝛁  ) such that 

                    𝛁    (36) 

Given that field E is a solution to Maxwell Eq. (1), then it also represents a 

solution for the infinite-dimensional of the variational formulation [79]. 

 

2.7.1.4 Finite-Element Discretization 

The variational formulation of Maxwell equations can only be defined on a finite 

element subspace of finite dimension. Vh, Vh = N < . 

Find Eh   Vh such that: 

                            (37) 

where Eh = ∑   
 
     . The investigation of the variational problem with all of the 

basis elements provides a linear system of equations: 

∑ (     )   

 

   

 (  )              (38) 
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 ei is expansion coefficients of the electric field, and  (     ) is scattered matrix 

can be determine using effective scattered LU solvers. The creation of the 

fundamental functions i is a crucial component of FEM. A triangulator divides the 

realm of interest into a number of little patches for their definition. The ability to 

breakdown essentially arbitrary geometries using unstructured meshes and various 

patches, such as the 2D shapes of triangles and quadrilaterals and 3D shapes of 

prisms, tetrahedrons, pyramids, and bricks, is a key advantage of FEM. It is 

acceptable to employ even curved that called isoparametric elements. The process 

of developing Maxwell's equations is difficult. In order to reach to well-

constructed problems without creating false solutions, the characteristics of the two 

differential operators (∇.) and (∇×) that exist in Maxwell's relations is identified 

[80]. 

 

Figure (2.5): Higher-order finite-element functions that conform to H (∇×) on a tetrahedron 

[80] 
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3.1 COMSOL Simulation 
   COMSOL Multiphysics® version 6.3 was used to build the simulation. A 

photonic crystal fiber (PCF) is made up of microstructured optical fibers that guide 

light, whereas a step index fiber directs light through the high refractive index of 

the core. 

3.1.1 Dimension of Space 

   The model was constructed using a 2D axisymmetric space dimension, which we 

can select when opening a new file in the COMSOL Multiphysics program. The 

2D axisymmetric icon looks like this in Fig. (3.1). 

 

 

                              Figure (3.1): select space Dimension 

 

3.1.2 Defining Physics and Study  

   The next step is to choose which kind of physics will be used in the simulation 

after the spatial dimension has been defined. In the "Select Physics" window are 

optics, wave optics, electromagnetic waves, Frequency Domain (emfd) as shown in 

Fig. (3.2). 

 

                          

Our choice 
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                                 Figure (3.2): Select Physics window in COMSOL 

 

   Selecting the kind of study was the next step after defining physics. Figure (3.3) 

shows the ―Select Study‖ window 

                                  

 
 

                                         Figure (3.3): Select Mode Analysis 
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3.1.3 Structural design 
    The two-dimensional cross-sectional shape of our single-core (PCF) sensor 

concept is depicted in Fig. (3.4). There are two separate circulars of the air hole in 

the microstructure. The core-cladding boundary is defined by an inner ring of eight 

circular holes, while the evanescent field is improved and its overlap with the 

surface plasmonic layer is improved by an outer rectangle arrangement of six 

holes. In this schematic, parameter (d) represents larger air hole diameter, and (Λ) 

signifies pitch, or center-to-center distance from the fiber's core to neighboring 

holes. Figure (3.5) shows the mesh diagram of proposed design model. As Fig. 

(3.6) shows, broadband light (500–1100 nm) polarizes and couples via a single-

mode fiber (SMF) into the photonic crystal fiber (PCF). An analyte inlet directs 

samples to the gold-coated sensing region for interaction. Resonance shifts in 

transmitted spectra are precisely detected utilize an optical spectrum analyzer 

(OSA) to ensure accurate measurements. 
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               Figure (3.4). Diagram of the proposed PCF sensor design. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 Figure (3.5). Mesh diagram of the proposed PCF sensor design. 
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               Figure (3.6).  An experimental configuration for the proposed PCF sensor design. 

   It is necessary to compute the dielectric constant εG of Au in order to determine 

its refractive index. The Drude-Lorentz model, which is provided by the following 

equation, is used for this: [81, 82] 

   √ 
  

 √  
  

    

            
 

                                        

(39) 

   The refractive index (     
) for fused silica [83] is determined utilizing the 

Sellmeier equation, which is articulated as follows: 

     
 √     

 √  ∑
   

 

     

 

   

 

                  

(40) 

where the parameters for equations 1 and 2 given in Table1  

                 

Table 1. parameters of equations 1 and 2[82, 83] 

λc (m)   λp  (m)  A1 A2 A3 B1(μm
2
) B2(μm

2
) B3(μm

2
) 

8.9342× 10
–6

 1.6826×10
–7

 0.6962 0.408 0.89 0.00468 0.0135 97.934 

 

   It is important to calculate the amount of confinement loss (dB/cm) by using the 

imaginary part           of the refractive index ) RI) and the unit of   is (nm), 

which can be determined by: [84, 85] 

                ⁄                  (41) 

The equation that shows how light waves travel and interacts with materials is as 

follows: 
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   ∇     
            (42) 

  the electric field of light waves,    the wave number, n (x, y) the refractive index 

everywhere in the x–y plane in the region occupied by the core [86]. Figs. (3.7) 

and (3.8) display the confinement loss spectra for the core mode under x- and y-

polarization. 

 

 

Figure (3.7)   Display the field distribution for x -polarization at λᵣ = 620 nm.  
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Figure (3.8)   Display the field distribution for y-polarization at λᵣ = 620 nm. 

 

   The corresponding E-field distributions in Figs. (3.9a) and (3.8b) visualize this 

energy transfer, showing guided light penetrating the cladding to excite SPPs at the 

resonant wavelength. A resonant loss peak for Y-polarized light at 630 nm 

signifies the phase-matching condition, where the real effective indices of the core 

and SPP modes converge as shown in Figs. (3.9c) and (3.9d). Maximum energy 

transfer from the core mode to the surface plasmon polariton mode on the gold 

layer is made possible by this convergence. 
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Figure (3.9) Display the field distribution for a, b SPP mode for Y-polarization. c, d phase 

matching condition and the confinement loss spectra for the core mode under X- and Y-

polarization at analyte RI 1.35 
     

      A comparison of the confinement loss in Figs. (3.9c) and (3.9d). reveals 

stronger core-to-SPP coupling for Y-polarized light, as evidenced by its 

significantly higher loss peak relative to the X-polarized case. This indicates more 

efficient energy transfer for the Y-polarization. Consequently, all subsequent 

analyses of sensor performance were conducted using Y-polarized light. 
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3.2 Optimization of the Biosensor's Structural  
     3.2.1 Optimization of the pitch parameter (Λ) 

    The confinement loss is significantly influenced by variations in the pitch 

parameter (Λ), Figures (3.10a), (3.11a), and (3.12a) show E-field distributions with 

varying pitch (Λ). The spectral loss exhibits an inverse correlation with the pitch; 

the loss decreases as Λ increases. The calculated peak CL values for pitches of 0.9 

μm, 1.2 μm, and 1.8 μm are 294.8 dB/cm, 293.9 dB/cm, and 219.2 dB/cm, 

respectively as shown in Figs. (3.10b), (3.11b), and (3.12b). Notably, the resonant 

wavelength remains stable and does not shift with changes in (Λ). Based on the 

peak confinement loss values, the optimal parameter for the proposed design is 0.9 

μm. 

     

 

 

 
 

Fig. (3.10 a) Display the field distribution for Y-polarized light (b) Confinement loss variation 

with a refractive index (RI) of 1.35 for; air hole diameter d=0.3 μm, and pitch Λ=0.9 μm. 
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Figure (3.11) a. display the field distribution for Y-polarized light b Confinement loss variation 

with a refractive index (RI) of 1.35 for; air hole diameter d=0.3 μm, and pitch Λ=1.2 μm. 
 

  

 

 

Figure (3.12) a. display the field distribution for Y-polarized light b Confinement loss variation 

with a refractive index (RI) of 1.35 for; air hole diameter d=0.3 μm , and Λ=1.8 μm. 

 

 

 

0

50

100

150

200

250

300

350

550 600 650 700
C

o
n

fi
n

m
en

et
 L

o
ss

 (
d

B
/c

m
) 

Wavelength (nm) 

b 

0

50

100

150

200

250

550 600 650 700

C
o
n
fi
n
m

e
n
e
t 

L
o
s
s
 (

d
B

/c
m

) 

Wavelength (nm) 

b a 



Chapter three                                                                  COMSOL 
Simulation 
 

 
48 

 

 

 3.2.2 Optimization of the air hole diameter (d) 

    Confinement loss (CL) was the key metric used to optimize the sensor's 

structural parameters. Figures (3.13a), (3.14a), and (3.15a) show E-field 

distributions with varying air hole diameter (d). The impact of the large air hole 

diameter (d) on the CL spectrum is shown in Figures (3.13b), (3.14b), and (3.15b). 

The results show a clear inverse relationship: as the hole diameter increases, the 

peak confinement loss decreases significantly. The peak CL values for diameters 

of 0.3 μm, 0.6 μm, and 0.9 μm are 291.70 dB/cm, 103.47 dB/cm, and 15.51 

dB/cm, respectively. the resonant wavelength remains stable and does not shift 

with changes in (d). The proposed design's optimum parameter is 0.3 μm, as 

determined by peak confinement loss values. 

 

 

 

 

 

Figure (3.13 a) display the field distribution for Y-polarized light b Confinement loss variation 

with a refractive index (RI) of 1.35 for; air hole diameter d=0.9 μm , and Λ=0.9 μm. 
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Figure (3.14) a. display the field distribution for Y-polarized light b Confinement loss variation 

with a refractive index (RI) of 1.35 for; air hole diameter d=0.6 μm , and Λ=0.9 μm. 

 

 
  

Figure (3.15 a). display the field distribution for Y-polarized light b Confinement loss variation 

with a refractive index (RI) of 1.35 for; air hole diameter d=0.3 μm , and Λ=0.9 μm. 
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(SPP) mode. Figures (3.16a), (3.17a), (3.18a) and (3.19a) show the effectiveness 

of the thickness of the metal layer to generate surface plasmon resonance effect. 

Figures (3.16b), (3.17b), (3.18b) and (3.19b) show presents the confinement loss 

(CL) spectra for gold layers of 20, 40, 60, and 80 nm, obtained using a fixed core 

diameter of 0.3 μm, pitch of 0.9 μm, and analyte refractive index of 1.35. The 

corresponding resonance peaks exhibit CL values of 227.18 dB/cm (20 nm), 291.7 

dB/cm (40 nm), 79.9 dB/cm (60 nm), and 26.44 dB/cm (80 nm). 

   The surface plasmon wave (SPW) propagation constant, which is defined by, 

quantitatively describes the resonance phenomena. [87]: 

    
 

 
√

       
 

        
 
 

(43) 

where    the dielectric constant of gold (   =          + i         ) and      
the 

refractive index of SiO₂.  Surface plasmon polaritons are excited when the 

condition                

    is satisfied, enabling efficient energy transfer to free 

electrons and generating the observed loss peaks. The sensor operates by detecting 

shifts in this resonance condition.  

    Figure 4 analysis reveals non-monotonic confinement loss with gold thickness 

Initial loss increase from 20 nm to 40 nm follows by significant decrease at 60 nm 

and 80 nm, we attribute this to increasing metal thickness reducing evanescent 

field penetration depth, thereby weakening analyte overlap and diminishing 

confinement loss. Among tested values, we selected 40 nm gold layer as optimum 

thickness, providing best compromise between sharp resonance peak and high loss 

sensitivity. 
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Figure (3.16) Effect of gold layer thickness on a. surface plasmon resonance effect b. the loss 

spectra at d =0.3 μm, Λ =0.9 μm, RI = 1.35 and tg=20 nm 
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Figure (3.17) Effect of gold layer thickness on a. surface plasmon resonance effect b. the loss 

spectra at d =0.3 μm, Λ =0.9 μm, RI = 1.35 and tg=40 nm 

 

 

 
 

 

Figure (3.18) Effect of gold layer thickness on a. surface plasmon resonance effect b. the loss 

spectra at d =0.3 μm, Λ =0.9 μm, RI = 1.35 and tg=60 nm 
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Figure (3.19) Effect of gold layer thickness on a. surface plasmon resonance effect b. the loss 

spectra at d =0.3 μm, Λ =0.9 μm, RI = 1.35 and tg=80 nm    

   3.3 Performance Characteristics of the Biosensor     
 

    Amplitude sensitivity is a key performance metric for biosensors. It is derived 

from the sensor's power loss spectrum at a specific wavelength in relation to the 

refractive index (RI) of the analyte. The amplitude sensitivity (SA)  is given by the 

following equation [83]: 

 
 
[  𝑅

  
]  

 

𝛼    
𝑎
 
(
 𝛼    

𝑎
 

  
𝑎

 ) 

(44)  

Here, ∂α(λ,na)is the change in confinement loss, and α(λ,na) is the confinement loss 

at a specific wavelength for an analyte RI of na. 

    Fig. (3.20a) displays the amplitude sensitivity of the proposed sensor for various 

analyte RIs. The peak SA increases gradually as the RI rises from 1.32 to 1.39, 

reaching a maximum value of 96.29 RIU⁻¹ for an RI change from 1.37 to 1.38. 
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Conversely, a further increase in RI from 1.38 to 1.39 causes the peak SA to 

decrease to 92.6 RIU⁻¹. The SA values for other analytes are provided in Table 2. A 

polynomial fitting of the resonance wavelengths for analyte RIs ranging from 1.32 

to 1.4 is presented in Fig. (3.20b).  

 
 

Figure (3.20) a. Amplitude sensitivity for analyte RIs from 1.32 to 1.39.  b. Polynomial fit of 

resonance wavelengths versus refractive index change. 

 

    The sensor's wavelength sensitivity (Sλ) was calculated using the expression: 

[83] 

  [     𝑅]   
    𝑎 

  𝑎
 

(45)  

       is the shift in ―resonance wavelength‖ resulting from a change in (   ). 

     As depicted in Fig. (3.21a), Sλ exhibits a non-linear relationship with the analyte 

RI. After an oscillatory trend between RI values of 1.33 and 1.37, the sensitivity 

increases markedly from approximately 3,000 nm/RIU to 8,000 nm/RIU as the RI 

rises from 1.37 to 1.40. This great sensitivity shows that the sensor can pick up on 

even the smallest changes in refractive index.  
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   One of the parameters is the wavelength resolution (Rλ) which is the minimum 

detectable change in RI. It is calculated as: [88] 

 
 
[  𝑅]  

  
 
   

   

  
    

  
(46)  

   For this calculation, ∆na= 0.01 and the minimum spectral resolution ∆λmin is 0.1 

nm. The resolution sharpens (decreases) at higher RIs, achieving an optimal value 

of 1.2×10⁻⁶ RIU for the change from 1.39 to 1.40, corresponding to the peak 

wavelength sensitivity of 8,000 nm/RIU as shown in Fig. (3.21a). 

   The Figure of Merit (FOM), which evaluates the overall sensor performance, It 

can be expressed as the wavelength sensitivity divided by the resonance peak's full 

width at half maximum (FWHM): [83] 

𝑀𝑂𝐹[U R
  

]  
 
 

MH F
 

(47)  

     Figure (3.21b) illustrates the relationship between FWHM and FOM across a 

range of analyte RIs. As summarized in Table 2, the sensor achieves a maximum 

FOM of 291.6 RIU⁻¹ at an RI of 1.38, while the broadest resonance (FWHM = 29 

nm) occurs at an RI of 1.39. A narrower (FWHM=24) at an RI of 1.36, signifying 

superior sensor performance. 
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Figure (3.21) a Wavelength sensitivity and resolution for analyte RIs from 1.32 to 

1.39.  b FWHM and FOM as a function of analyte RI. 

 

   The sensor's performance is further characterized by its Signal-to-Noise Ratio 

(SNR) and Detection Limit (DL) are shown in Fig. (3.22). The SNR is defined as 

[89]: 

   [  ]  
  

    

MH F
 

(48)  

    An inverse correlation exists between FWHM and SNR; a narrow resonance 

(low FWHM) results in a higher SNR, with a maximum value of 2.75 dB achieved 

in this design. 

   The Detection Limit (DL), representing the smallest detectable change in analyte 

concentration or refractive index, is calculated as [89]: 

  [  ]  
  MH F

3  (   )
1

4

 
(49)  

   Consequently, the DL varies with the analyte RI. The proposed biosensor has a 

minimum detection limit of 12.2 at RI of 1.38 and a maximum of 35.4 at RI of 

1.32. 
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Figure (3.22) Analyte RIs range from 1.32 to 1.39 in terms of signal-to-noise ratio (SNR) and 

detection limit (DL). 

 

Table 2: Performance parameters of the proposed biosensor for various analyte refractive 

indices. 

RI λr 

(nm) 

Sλ 

(nm/RIU) 

Rλ (RIU) SA 

(RIU⁻¹) 

FWHM 

(nm) 

FOM 

(RIU⁻¹) 

SNR 

(dB) 

DL 

(nm) 

1.32 580 1000 1.00×10⁻⁴ 39.6 38 26.3 0.260 35.4 

1.33 590 1000 1.00×10⁻⁴ 52.4 34 29.4 0.290 30.8 

1.34 600 3000 3.33×10⁻⁵ 58.6 34 88.2 0.880 23.4 

1.35 630 2000 5.00×10⁻⁵ 68.7 31 64.5 0.645 23.1 

1.36 650 4000 2.50×10⁻⁵ 79.9 24 166.7 1.670 14.1 

1.37 690 3000 3.33×10⁻⁵ 96.3 23 130.4 1.300 14.3 

1.38 720 7000 1.43×10⁻⁵ 92.6 24 291.7 2.900 12.2 

1.39 790 8000 1.25×10⁻⁵ 87.1 29 275.9 2.758 15.0 

1.40 870 - - - - - - - 

 

3.4 Comparison of silver and gold plasmonic response 

3.4 .1.Comparison of silver and gold the confinement loss spectrum 

   In this section we compare the confinement loss spectrum of sensors with silver 

and gold coating. Our study is founded on one significant performance parameter; 

sensor confinement loss spectrum. Such analysis only reveals the extent of loss of 

0

0.5

1

1.5

2

2.5

3

3.5

0

5

10

15

20

25

30

35

40

1.32 1.33 1.34 1.35 1.36 1.37 1.38 1.39

S
N

R
[ 
d
B

] 
  

D
L
[n

m
] 

Analyte RI 

DL[nm]



Chapter three                                                                  COMSOL 
Simulation 
 

 
58 

 

light intensity that occurs as the light crosses through the metallic surface of the 

sensor. A higher confinement loss and a narrow FWHM would mean a more 

efficient sensor. Comparing this spectrum of gold and silver in different conditions 

we are able to determine which material yields a more favorable measurement on 

high sensitivity. Figures (3.23 a-b), (3.24 a-b), (3.25 a-b), (3.26a) and (3.27) 

reveal that silver has a higher, sharper, narrower and lower wavelength 

confinement loss peak. Gold on the contrary tends to have a slightly lower and 

broader peak. This behavior can be explained by considering the complex dielectric 

function, ε(ω) = ε₁(ω) + iε₂(ω). Figure 3.26 (b) shows a different behavior 

compares with Figures (3.23 a-b)- (3.27) the resonance wavelength does not 

change. Instead, loss spectra of silver and gold coincide at a refractive index of 

1.39. the reason for this behavior is that at Re(neff)=1.39 lead to the phase 

matching point will be identical for silver and gold.   The imaginary part, ε₂, 

represents optical losses (absorption). A larger ε₂ leads to greater damping of the 

Surface Plasmon Polariton (SPP). This damping broadens the resonance peak in 

the spectrum larger the resonance linewidth (FWHM). Gold has a significantly 

larger ε₂ than silver in the visible and near-infrared regions, primarily due to 

interband transitions (electrons moving from the filled d-bands to the conduction 

sp-band). This is the primary reason for gold's broader resonance peak and the 

secondary reason is the design and distribution of the air holes PCF. 

    The shift of the confinement loss peak for Silver to short wavelength, this is 

because the real part, ε₁, determines the plasma frequency and thus the resonant 

wavelength. The more negative ε₁ is, the shorter the resonant wavelength for a 

given geometry. Silver has a more negative ε₁ than gold in the visible range, which 

is why its resonance is typically at a shorter wavelength for an identical structure. 
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Figure (3.23)1 Comparison of silver and gold Sensor confinement loss spectrum at (a)RI=1.32, 

(b)RI=1.33, 
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Figure (3.24) Comparison of silver and gold Sensor confinement loss spectrum at (a)RI=1.34, 

(b)RI=1.35 

  

Figure (3.25) Comparison of silver and gold Sensor confinement loss spectrum at (a) RI=1.36, 

(b) RI=1.37 
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Figure (3.26) Comparison of silver and gold Sensor confinement loss spectrum at (a) RI=1.38, 

(b) RI=1.39 

 

 

Figure (3.27) Comparison of silver and gold Sensor confinement loss spectrum at RI=1.4 

 

3.4 .2. A comparison of Amplitude Sensitivity in silver and gold  

   The sharpness of plasmonic sensor resonance peak determines the amplitude 

sensitivity of the sensor. Silver tends to have better amplitude sensitivity than gold 

because it has more distinct and sharp resonance behavior. 

According to Equation 44, the variations on the refractive index of the analyte. 

that are one minute will make a huge difference in the signal loss  𝛼    𝑎  at a 

given wavelength. This huge shift in loss is directly proportional to an increased 

calculated amplitude sensitivity (SA). While Gold's Performance: The slope of this 

larger peak is less steep. This therefore means that a shift in the refractive index of 
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wavelength. This reduced response results to reduced calculated amplitude 

sensitivity. 

 
 

 

Figure (3.28) Amplitude Sensitivity (SA)(a)Silver plasmonic material (b)Gold plasmonic 

material.                   
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4.Results and Discussion 
   The sensor's performance was evaluated by measuring the confinement loss 

across analyte refractive indices from 1.32 to 1.40, as shown in Fig. (3.29) a. The 

analysis shows a strong positive correlation, with the resonant wavelength 

changing significantly as the refractive index increases. The resonant peak, a direct 

indicator of the sensor's high sensitivity to refractive index variations, changes by 

310 nm within this range, from 590 nm to 900 nm. The peak amplitude of the 

containment loss also shows a clear trend, rising monotonously with the refractive 

index from 1.32 to 1.39. However, at a refractive index of 1.39, the amplitude 

begins to decrease. As shown in Figure 8a, the refractive index reaches a maximum 

of 1.40, and a significant drop in peak amplitude occurs, with the full width 

increasing at half the maximum (FWHM). This suggests a possible decrease in 

detection accuracy or a deviation from the optimal coupling efficiency at the upper 

limit of the sensor's dynamic range.    As seen in Fig. (3.29) b, the amplitude 

sensitivity (SA) was determined across this RI spectrum. The sensitivity was 

evaluated for certain intervals at a resonance wavelength of 800 nm. The 

sensitivity is 126. 6 RIU⁻¹ for a shift in RI from 1. 32 to 1. 33. This value rises 

significantly to 985. 58 RIU⁻¹ for a variation in RI. from 1. 38 to 1.39, Highlighting 

the sensor's outstanding ability to detect minute changes in the refractive index. 

The amplitude sensitivity decreases dramatically to 443. 7 RIU⁻¹ When the 

refractive index is increased to 1.40, this indicates a nonlinear response system at a 

higher refractive index. 

   The sensor's versatility is demonstrated by its ability to respond to a wide range 

of important vital signs. For example, the refractive index of normal human serum 

ranges between 1.38 and 1.41. [89], while malignant cells like MCF-7 have a 

higher RI. of about 1. 40 [90,91], which suggests a shift in metabolism. The sensor 
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can successfully identify a wide range of compounds including chemicals like 

ethanol and acetone (RI ~1. 36 [92]), milk (RI 1. 35–1. 38 [93]) and basic. Its 

ability to detect a wide range of chemical and biological markers based on RI 

changes makes this method very promising for use in biomedical diagnostics, food 

safety, and environmental monitoring. 

 

 

Fig. (3.29) a. an Analyte RIs with Confinement Loss spectra between 1.32 and 1.42; b. 

Amplitude Sensitivity (SA) between 1.32 and 1.4. 
     

   Paramount application involves disease detection, where typically stable blood 

RI becomes altered by pathogen or malignant cell presence. As Table 3 quantifies, 

this biosensor design effectively discriminates between healthy and diseased cells 

by exploiting these specific refractive index differences. 
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Table 3. Refractive index values for normal and malignant cells. 

     We first demonstrated sensor functionality through HeLa cell detection shown 

in Fig. (3.30) a. Clear distinction observes between states: normal HeLa cells (RI = 

1.368) and malignant ones (RI = 1.392). This difference manifests optically as 

redshift in resonance wavelength for maximum loss from 660 nm to 880 nm. This 

220 nm shift represents critical high sensitivity indicator, quantified by wavelength 

sensitivity 7,333 nm/RIU and amplitude sensitivity 1942.79 RIU⁻¹ shown in Fig. 

(3.30) b. 
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(RI) 

Refs 

Hela (cervical cancer) 1.368 1.392 [ 94] 

Jurkat (blood cancer) 1.376 1.39 [ 95] 

PC12 (adrenal glands cancer) 1.381 1.395 [ 95] 

MDA-MB-231 (breast cancer type 

1) 

1.385 1.399 [ 95] 

MCF-7 1.387 1.401 [ 91,94] 

Type Normal Cell HIV infected Ref. 

Human immunodeficiency virus 1.35 1.42 [95] 

Type Conc. 0% Conce. 40% Ref. 

Glucose solution 1.33 1.4 [ 96] 
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Fig. (3.30) a Sensor confinement loss spectrum for HeLa cells; b Amplitude sensitivity for HeLa 

cells. 
    

We further validated sensor performance with Jurkat cells shown in Fig. (3.31) a. 

Malignant Jurkat cell (RI = 1.39) induces shift to 800 nm from 690 nm resonance 

of healthy cell (RI = 1.376). This 110 nm shift corresponds to wavelength 

sensitivity 5500 nm/RIU. We also recorded amplitude sensitivity 1157.63 RIU⁻¹ 

shown in Fig. (3.31) b. 

 

 

 Fig. (3.31) a Sensor confinement loss spectrum for Jurkat cells; b Amplitude sensitivity for 

Jurkat cells. 
  

  For PC12 cells, sensor similarly distinguishes between normal (RI = 1.381, λr = 

730 nm) and malignant (RI = 1.395, λr = 800 nm) states shown in Fig. (3.32) a. 

The 70 nm shift corresponds to wavelength sensitivity 5,000 nm/RIU, 

complemented by amplitude sensitivity 985.58 RIU⁻¹ shown in Fig. (3.32) b. 
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Fig. (3.32) a Sensor confinement loss spectrum for PC12 cells; b Amplitude sensitivity for PC12 

cells. 

   MDA-MB-231 cell analysis revealed one of most significant shifts shown in Fig. 

(3.33) a. Resonance shifted from 770 nm (normal, RI=1.385) to 890 nm 

(malignant, RI=1.399)— 120 nm shift yielding high wavelength sensitivity (Sλ) 

8,571 nm/RIU. Amplitude sensitivity (SA) was 672.63 RIU⁻¹ shown in Fig. (3.33) 

b. Furthermore, this configuration achieved optimal resolution 1.16 × 10⁻⁵ RIU, 

highlighting its good precision. 

 

 
 

Fig. (3.33) a Sensor confinement loss spectrum for MDA-MB-231 cells; b Amplitude sensitivity 

for MDA-MB-231 cells.  

0

100

200

300

400

500

600

700

640 740 840 940

C
o
n
fi
n

m
e
n
e
t 
L
o
s
s
 (

d
B

/c
m

) 

Wavelength (nm) 

 Normal PC12 cell
Malignant PC12 cella 

-1200

-1000

-800

-600

-400

-200

0

200

650 700 750 800 850 900

S
A

 [R
IU

-1
] 

Wavelength (nm) 
b 

0

50

100

150

200

250

300

350

400

450

500

625 725 825 925 1025

C
o
n
fi
n

m
e
n
e
t 
L
o
s
s
 (

d
B

/c
m

) 

Wavelength (nm) 

Normal MDA-MB-231 cell

Cancer ous MDA-MB-231 cell
a 

-800

-700

-600

-500

-400

-300

-200

-100

0

100

200

620 720 820 920

S
A

 [R
IU

-1
] 

Wavelength (nm) 

b 



 

 
67 

 

Chapter Four                                                          Results and Discussions 

  Sensor performance for MCF-7 cells shown in Fig. (3.34) a. Resonant wavelength 

shifted from 780 nm (RI=1.387) to 880 nm (RI=1.401), 100 nm shift 

corresponding to wavelength sensitivity 7,692 nm/RIU and amplitude sensitivity 

586 RIU⁻¹ shown in Fig. (3.34) b, with resolution 1.4 × 10⁻⁵ RIU. 

  

Fig. (3.34) a Sensor confinement loss spectrum for MCF-7 cells; b Amplitude sensitivity for 

MCF-7 cells. 

   Sensor capability extends to viral detection, as demonstrated with HIV-infected 

blood samples. We observed significant 270 nm shift, from 630 nm (normal blood, 

RI=1.35) to 900 nm (infected sample, RI=1.42) shown in Fig. (3.35) a. This shift 

corresponds to high wavelength sensitivity 3,857 nm/RIU and resolution 2.59×10⁻⁶ 

RIU. We also achieved amplitude sensitivity 804.9 RIU⁻¹ shown in Fig. (3.35) b, 

enabling highly accurate pathogen detection. 
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Fig. (3.35) a Sensor confinement loss spectrum for HIV-infected blood; b Amplitude sensitivity 

for HIV-infected blood. 

 

    Beyond cellular detection, sensor effectively quantified biochemical 

concentrations. For Glucose solution, concentration-dependent RI change from 

1.33 to 1.4 induced 280 nm shift (from 600 nm to 880 nm), as shown in Fig. (3.36) 

a. This corresponds to wavelength sensitivity 4,000 nm/RIU, amplitude sensitivity 

825.59 RIU⁻¹ as shown in Fig. (3.36) b, and resolution 2.5×10⁻⁶ RIU these values 

exceed cell detection performance. 

 
 

Fig. (3.36) a Sensor confinement loss spectrum for Glucose solution; (b) Amplitude sensitivity 

for Glucose solution. 
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    Collectively, results demonstrate versatile, high-performance detection across 

diverse analytes. Sensor achieves outstanding wavelength sensitivity for MDA-MB 

231 cells and HIV, while demonstrating superior amplitude sensitivity for HeLa 

cells as shown in Fig. (3.37). Observed sensitivity reduction at RI=1.40 attributes 

to deviation from ideal core plasmonic mode coupling, common phenomenon near 

such sensors operational limit.  

 

                                 Fig. (3.37) Amplitude sensitivity for all case studies. 
   

 Combined outcomes from detecting various cell types, viruses, and biochemical 

samples highlight proposed biosensor impressive adaptability and high sensitivity. 

Although absolute sensitivity values differ based on analyte-specific RI range, 

sensor consistently delivers strong, measurable optical response. This versatility 

positions it as highly promising tool for broad sensing application spectrum. Table 

4 provides a complete comparison of the proposed PCF-SPR biosensor's 

performance to current state-of-the-art devices. Our sensor architecture 

consistently outperforms competitors across multiple cancer cell lines and key 

sensing parameters, according to this comparison research. The proposed sensor 

-2000

-1500

-1000

-500

0

500

520 620 720 820 920

S
A

 [
R

IU
-1

] 

Wavelength (nm) 

SA(Glucose solution.)

SA(MDA-MB-231 cell)

SA(Jurkat cells)

SA(MCF-7 cell)

SA(PC12 cell)

SA(HIV virus)

SA(Hela)



 

 
70 

 

Chapter Four                                                          Results and Discussions 

greatly improves wavelength sensitivity (Sλ) compared to existing literature for 

most cell types.  

    The most striking improvement is observed in wavelength sensitivity (SA), 

where the proposed sensor significantly outperforms existing literature for the 

majority of cell types. The Sλ values for MDA-MB-231 are 8.571 nm/RIU and for 

HeLa are 7.333 nm/RIU, indicating an improvement by a factor of roughly 1.8 and 

2.1, correspondingly, compared to the figures documented by Ashrafian et 

al.[32].Similarly, for MCF-7 and Jurkat cells, our sensor demonstrates a 

substantial enhancement, with sensitivity values that are considerably greater than 

those found in prior studies [97, 98, 99]. This remarkable improvement in Sλ can 

be attributed to the optimized geometry of the PCF, which enhances the evanescent 

field overlap with the plasmonic gold layer and the analyte, thereby amplifying the 

resonant wavelength shift upon biomarker binding.    Regarding amplitude 

sensitivity (SA), the sensor demonstrates strong and highly competitive 

performance, although there is greater variability between different cell lines. It 

achieves exceptional SA values of 1,157.63 RIU⁻¹ and 1,942.7 RIU⁻¹ for Jurkat 

and HeLa cells, respectively. The sensitivity of HeLa cells indicates an increase of 

approximately 30% compared to the highest value previously recorded in studies 

[89]. While the amplitude sensitivity for other cell lines, such as MDA-MB-231 

and MCF-7, is slightly lower than some documented figures, it remains within a 

highly competitive range, confirming the reliable performance of the sensor across 

various biological targets.   Regarding amplitude sensitivity (SA), the sensor 

exhibits strong and competitive performance, albeit with increased variability 

among different cell lines. It attains remarkable SA values of 1,157.63 RIU⁻¹ for 

Jurkat cells and 1,942.7 RIU⁻¹ for HeLa cells. The sensitivity of HeLa cells 

demonstrates an approximate 30% enhancement relative to the highest value 

documented in the literature [89]. The sensor's specificity for other cell lines, 
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including MDA-MB-231 and MCF-7, is marginally lower than certain reported 

values, yet it remains within a highly competitive spectrum, affirming the sensor's 

dependable efficacy across diverse biological targets. 

   This work significantly broadens the application range of PCF-SPR sensors by 

creating unprecedented performance benchmarks for other essential analytes, in 

addition to identifying established cancer cell lines. The sensor has a high 

wavelength sensitivity (3,857 nm/RIU) for finding HIV-infected blood, which is a 

big improvement over the limited work that came before it [96]. The sensor can 

also detect glucose solutions with a sensitivity of 4,000 nm/RIU and a resolution of 

2.5×10⁻⁶ RIU, which is better than previous sensor designs [102, 103]. This means 

it could be used for precise biochemical monitoring. 

Table 4. Performance comparison between the proposed sensor and previously 
published models. 
 

epytalle ) Att lanA)  ryPymAlAP    fllAPyluPA ePALe  kuP  rPO 

rAty) APaleyt  ypeAP)  Sλ (UI//mn)  433333[97]  30500[89]  70333 

SA(/mnR¹) 757[97]  10481[89]  10942379 

/IRt noitU )/mn)  9370  ×10⁻⁵[97]  1319  ×10⁻⁵[89]  1336 × 10⁻⁵  

ruPOyl)dtrrB  ypeAP)  Sλ (UI//mn)  10428357[98]  30571[89]  50500 

SA (/mnR¹)  396329[98]  10057[89]  10157363 

/IRt noitU )/mn)  7300  ×10⁻⁵[98]  2300  ×10⁻⁵[89]  9310 × 10⁻⁶  

r 1n)eBPApyt  ypeAP)  Sλ (UI//mn)  10428357[98]  50000[101]  50000 

SA (/mnR¹)  489366[98]  575334[101]  985358 

/IRt noitU )/mn)  7300  ×10⁻⁵[98]  2300  ×10⁻⁵[101]  2300 × 10⁻⁵  

ADe-Ad-n31(dPAyel 

 ypeAP)  

Sλ (UI//mn)  70857[99]  40785[89]  80571 

SA (/mnR¹)  985[99]  974316[89]  673 

/IRt noitU )/mn)  2  ×10⁻⁵[99]  1349  ×10⁻⁵[89]  1316 × 10⁻⁵  

A M-7(dPAyel  ypeAP)  Sλ (UI//mn)  70141[100]  6042836[101]  70692 

SA (/mnR¹)  270[100]  7663361[101]  586 

/IRt noitU )/mn)  239  ×10⁻⁵[100]  1355  ×10⁻⁵[101]  1340 × 10⁻⁵  

Infected HIV Sλ (UI//mn)  225[96]  AN 30857 

SA (/mnR¹)  AN AN 80439 

/IRt noitU )/mn)  AN AN 2359  ×10⁻⁶  

ntuereA ertullrp 

 

Sλ (UI//mn)  20300[103]  20800[102]  40000 

SA  (/mnR¹)  AN AN 825359 
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/IRt noitU )/mn)  AN AN 235  ×10⁻⁶  
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5 Conclusions 

 

       Overall, the results of this paper verify the effectiveness of the circular photonic 

crystal fiber (PCF) architecture in the implementation of a high-performance 

surface plasmon resonance (SPR) biosensor. It is designed using a gold layer 

because it has good plasmonic properties and has a uniform air-hole lattice in order 

to maximize light-matter interaction. The effectiveness of using a circular photonic 

crystal fiber (PCF) architecture to create high performance surface plasmon 

resonance (SPR) biosensors are confirmed by this work. In order to maximize 

light-matter interaction and create a sturdy, fabricable platform, the design makes 

use of homogeneous air-hole lattice and gold film, which have strong plasmonic 

capabilities. 

     Our results indicate that the optimal air hole diameter, pitch and gold layer 

thickness for our proposed design were 0.3 μm and 0.9 μm and 40 nm, 

respectively, based on peak confinement loss values, where the optimized device 

proved good wavelength sensitivity (Sλ). Additionally, confinement loss spectrum 

in silver exhibits a smaller and very sharp resonance peak than in gold. The 

spectrum of gold in general is red shifted and has greater loss at most wavelengths 

because it is more inherently absorptive. Thus, in optical performance terms, silver 

will offer a better loss spectrum, however this has to be weighed against its low 

environmental stability.        

    The sensor demonstrated outstanding results in the detection of various 

important analytes, such as HIV, biochemical substances, including glucose 

solutions and several cancer cell lines, (HeLa, Jurkat, PC12, MDA-MB-231, and 

MCF-7). The sensor showed the ability to detect even the smallest changes in 

refractive index through the use of spectral and amplitude interrogation techniques. 
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Notably, it obtained superior wavelength sensitivity of 8,571 nm/RIU with 

resolution of 1.16 × 10⁻⁵ RIU for MDA-MB-231 cells (breast cancer) and record 

amplitude sensitivity of 1,943 RIU⁻¹ and resolution 1.36 × 10⁻⁵ RIU for HeLa cells 

(cervical cancer). In addition, the design demonstrated great performance on Jurkat 

cells (blood cancer), where it reached a resolution of 9.10 × 10
-6

 RIU and with 

glucose solution where it reached 2.5 × 10
-6

 RIU. The sensor is capable of 

detecting a diverse array of needed analytes such as different cancer cell lines, the 

human immunodeficiency virus (HIV), as well as biochemical solutions such as 

glucose solution.  

   The sensor also showed that it could detect very small changes in the refractive 

index by using spectral and amplitude interrogation techniques. It set a new record 

for amplitude sensitivity at 1,943 RIU⁻¹ and a new record for resolution at 1.36 × 

10⁻⁵ RIU for HeLa cells (cervical cancer). It also set a new record for wavelength 

sensitivity at 8,571 nm/RIU and a new record for resolution at 1.16 × 10⁻⁵ RIU for 

MDA-MB-231 cells (breast cancer). The proposed biosensor marks a substantial 

improvement in the field of biosensors. Three key performance characteristics, 

namely: (1) High accuracy, which makes it potentially effective in enhancing 

diagnostic performance in the field of medical diagnostics and bioanalytical 

sciences; (2) high wavelength sensitivity, which is higher than in a few studies; and 

(3) high amplitude sensitivity to simple cancer cell lines have been seen. 
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:الخلاصة  

و ْزا انعًم يغخشعشًا دٌٍٕاً يبخكشًا ٌعخًذ عهى أنٍاف بهٕسٌت فٕحٍَٕت يضٔدة بطبمت رْبٍت دائشٌت،  (PCF) ٌمُذ ِّ

ًج الأنٍاف بذٍث حذصش انعٕء فً انُٕاة عبش  .(SPR) ٌٔعًم ٔفك يبذأ سٍٍَ انبلاصيٌٕ انغطذً ِّ ً صُ

ي ٌٔضٌذ يٍ حفاعم انًجال انعٕئً يع شبكت يُخظًت يٍ انفخذاث انٕٓائٍت، يًا ٌعًٍ انخشغٍم فً ًَػ أداد

 .غبمت الاعخشعاس

، دٍث حى COMSOL Multiphysics 6.3 نخذمٍك الأداء الأيثم، أجُشٌج يذاكاة عذدٌت باعخخذاو بشَايج

 ، ٔعًُك انغشاء انزْبً(Λ) ، ٔانًغافت بٍٍ يشاكضْا(d) حذغٍٍ انًعهًاث انُٓذعٍت الأعاعٍت: لطش انفخذاث

(tg). ٍٍعهى حعظٍى فمذاٌ الإشاسة فً انًُطمت انًذصٕسة، ْٕٔ يا ٌعكظ شذة انخفاعم بٍٍ  سكَّض انخذغ

 .انعٕء ٔانبلاصيَٕاث انغطذٍت

حخخهف باخخلاف انعٍُت انبٍٕنٕجٍت.  (Sλ) أظٓشث انُخائج أٌ انًغخشعش انًذغٍَّ ًٌخهك دغاعٍت غٕنٍت يشحفعت

، ٔنخلاٌا عشغاٌ (RIU) خش/ٔدذة اَكغاسَإَي 73333بهغج  (HeLa) فبانُغبت نخلاٌا عشغاٌ عُك انشدى

كًا عجم  5,000 UI//mn (PC12) ٔنخلاٌا عشغاٌ انغذة انكظشٌت 5,500 UI//mn (Jurkat) انذو

 73692 UI//mn، ٔ(MDA-MB-231) نخلاٌا عشغاٌ انثذي UI//mn 83571انًغخشعش دغاعٍت 

 3,857 (HIV) ًُاعت انبششٌت، بًٍُا بهغج انذغاعٍت نفٍشٔط َمص ان(MCF-7) نخلاٌا عشغاٌ انثذي

UI//mn  43000، ٔنًذهٕل انجهٕكٕص UI//mn 

مخشح يٍ دٍث انذغاعٍت يماسَتً بخمٍُاث اعخشعاس عابمت، يًا ٌجعهّ بذٌلاً  ًُ حظُٓش ْزِ انمٍى حفٕق انًغخشعش ان

انٍم عًهٍاً ٔيُخفط انخكهفت عٍ انطشق انخشخٍصٍت انخمهٍذٌت كانخضعت انجشادٍت ٔانخصٌٕش انطبً ٔانخذ

انكًٍٍائٍت. إظافت إنى رنك، ٌخٍُخ ْزا انًغخشعش إيكاٍَت انكشف انًبكش عٍ الأيشاض بغٕٓنت ٔدلت، يًا ٌفخخ 

 .آفالاً ٔاععت فً حطبٍماث انخشخٍص انذٍٕي
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