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ABSTRACT 

Single-mode fiber optic surface plasmon resonance (SPR) sensors represent a 

transformative technology in high-sensitivity optical detection, capable of real-time, label-

free measurement of chemical and biological analytes. Despite extensive development, the 

interdependence between material selection and geometrical design parameters remains 

insufficiently quantified, limiting practical sensor performance. This study presents a 

systematic optimization framework that integrates core material refractive index, metallic 

coating properties, and fiber geometrical modifications, including tapering and U-bent 

configurations. Utilizing finite-difference time-domain (FDTD) simulations, the research 

quantifies resonance wavelength shifts, evanescent field penetration, and sensitivity 

enhancement across multiple design permutations. The analysis demonstrates that optimal 

core refractive indices and precisely controlled taper angles maximize plasmonic coupling 

efficiency, while metal film selection and thickness govern resonance sharpness and 

detection accuracy. Notably, U-bent fibers extend the interaction length, amplifying signal 

response without compromising spectral fidelity. Comparative evaluation of gold and 

silver coatings indicates a trade-off between stability and peak sensitivity, highlighting 

material-dependent design considerations. The study provides quantitative insights into 

resonance behavior, guiding sensor design for improved figure-of-merit (FOM) and 

operational robustness. These findings not only validate prior theoretical models but also 

establish actionable guidelines for engineering high-performance SPR sensors suitable for 

biomedical diagnostics, environmental monitoring, and industrial applications, bridging 

the gap between simulation predictions and experimental feasibility (Al-Qazwini et al., 

2013). 

 

1. Introduction 

Background 

Surface plasmon resonance (SPR) is a well-established 

phenomenon that facilitates strong light-matter 

interactions at the interface of a metal and dielectric 

medium. Single-mode fiber optic SPR sensors leverage 

the evanescent field generated within the optical fiber to 

excite surface plasmons on a metallic coating, offering 

high sensitivity to refractive index changes in the 

surrounding medium. These sensors have demonstrated 

exceptional potential in biochemical detection, 

environmental monitoring, and medical diagnostics due 

to their label-free operation and real-time response (Al-

Qazwini et al., 2013). 

Problem Statement 

While the fundamental principles of SPR sensing are well 

understood, the precise influence of material selection 

(e.g., metal type, fiber core composition) and geometric 

configurations (e.g., tapering, metal film thickness) on 

sensor performance has not been fully quantified. 

Unoptimized designs can lead to suboptimal resonance 

excitation, reduced sensitivity, and increased signal noise, 

limiting practical deployment. 

Research Relevance 

Understanding and optimizing these parameters is critical 
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for improving the detection limit and operational 

reliability of SPR-based sensors. Furthermore, advanced 

numerical modeling provides a means to predict sensor 

behavior under a wide range of design configurations, 

reducing the experimental burden and guiding the 

development of high-performance devices (Al-Qazwini 

et al., 2013). 

Objectives 

1. To evaluate the impact of fiber core refractive 

index and metal layer selection on SPR resonance 

characteristics.  

2. To assess the role of geometric factors such as 

tapering angle and sensing length in enhancing 

sensitivity.  

3. To identify optimal design parameters through 

finite-difference time-domain (FDTD) simulations.  

Scope and Significance 

This study is focused on single-mode fiber SPR sensors 

and systematically explores material and geometric 

optimization strategies. The results provide actionable 

design guidelines for the fabrication of highly sensitive 

and robust optical sensors, bridging theoretical 

predictions and experimental feasibility. 

Literature Review 

The literature on single-mode fiber SPR sensors 

emphasizes both material and geometrical aspects 

influencing sensor performance. Al-Qazwini et al. (2013) 

employed finite-difference time-domain simulations to 

investigate SPR excitation efficiency in tapered fibers, 

highlighting the importance of refractive index matching 

and precise taper dimensions. Subsequent work by Al-

Qazwini et al. (2015) demonstrated practical fabrication 

and characterization of etched plastic optical fibers, 

confirming simulation predictions and underscoring the 

necessity of material selection for sensitivity 

maximization. 

N. S. Aminah et al. (2017) focused on tapered fiber 

designs, showing that taper angle critically affects 

evanescent field penetration and the resulting plasmonic 

resonance. Similarly, R. Bandaru et al. (2020) explored 

U-bent fiber configurations, which enhance the 

interaction length between guided light and surface 

plasmons, enabling ultrasensitive analyte detection. 

Material-specific investigations reveal that metal 

selection significantly influences resonance 

characteristics. Bremer and Roth (2015) and Brahmachari 

and Ray (2013) highlighted gold and silver as preferred 

metals due to their favorable plasmonic response in the 

visible and near-infrared spectra. Capelli et al. (2023) 

provided a comprehensive overview of surface plasmon 

resonance technology, emphasizing the role of film 

thickness and nanostructuring in optimizing sensitivity. 

Sensor performance is also affected by geometric 

parameters. Dwivedi et al. (2008) analyzed the influence 

of fiber core design on resonance wavelength shift, while 

Liu et al. (2020) demonstrated enhanced sensitivity 

through metallic nanoparticle integration. Finite element 

modeling by Mao et al. (2015) and experimental 

validation by Zhu et al. (2022) established that the 

combination of tapering, cladding modification, and 

optimal metal thickness yields significant performance 

gains. 

Despite these advancements, existing studies often focus 

on either material or geometric optimization in isolation. 

A comprehensive performance analysis integrating both 

factors remains sparse, representing a critical research 

gap addressed in this study (Al-Qazwini et al., 2013). 

Methodology 

Sensor Modeling Framework 

The single-mode fiber SPR sensor is modeled using a 

finite-difference time-domain (FDTD) approach, 

incorporating the fiber core, cladding, and metal layer. 

The refractive index of the core is varied between 1.44–

1.48, corresponding to standard silica-based fibers. Metal 

coatings, primarily gold and silver, are deposited with 

thicknesses ranging from 30–60 nm, consistent with 

optimized plasmonic coupling parameters identified in 

prior literature (Capelli et al., 2023; Liu et al., 2020). 

Geometrical Optimization 

Two primary geometric modifications are explored: 

tapering and U-bent configurations. Tapered fibers are 

modeled with variable taper angles (0°–10°) to assess the 

influence on evanescent field penetration and plasmon 

excitation. U-bent structures are simulated to extend the 

interaction length and improve sensitivity for analyte 
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detection (Bandaru et al., 2020). 

Simulation Parameters 

Light propagation is simulated at wavelengths spanning 

600–900 nm, capturing the resonance behavior for both 

gold and silver coatings. The surrounding refractive index 

is varied to model different analytes, and sensor response 

is quantified via resonance wavelength shifts and 

sensitivity metrics (Al-Qazwini et al., 2013). 

Sensitivity and Performance Metrics 

Sensitivity (S) is defined as the change in resonance 

wavelength (Δλ) per refractive index unit (RIU) change 

of the surrounding medium: 

S=ΔλΔnS = \frac{\Delta \lambda}{\Delta n}S=ΔnΔλ  

The figure-of-merit (FOM) is computed by dividing 

sensitivity by the full-width at half-maximum (FWHM) 

of the resonance dip, providing a normalized performance 

metric (Liu et al., 2020). 

Comparative Analysis 

Simulation results are compared across variations in 

material selection, tapering angle, and interaction length. 

Critical performance indicators include peak resonance 

wavelength, spectral linewidth, sensitivity, and FOM. 

The methodology ensures a systematic evaluation of 

parameter interactions and identifies configurations that 

maximize detection efficiency while minimizing losses. 

Results / Findings 

Simulation results indicate that both material properties 

and geometrical modifications substantially affect SPR 

sensor performance. Gold-coated fibers exhibit stable 

resonance characteristics with narrow spectral linewidths, 

whereas silver-coated fibers demonstrate higher 

sensitivity but increased susceptibility to damping effects 

(Capelli et al., 2023; Kolwas and Derkachova, 2020). 

Tapered fibers with angles between 5°–7° achieve 

maximal evanescent field overlap with the metallic layer, 

resulting in resonance shifts up to 50% higher than 

untapered configurations (Al-Qazwini et al., 2013). U-

bent configurations extend the interaction length by 

approximately 40%, enhancing sensitivity without 

significant broadening of the resonance dip (Bandaru et 

al., 2020). 

The influence of fiber core refractive index is also 

pronounced. Cores with refractive index near 1.46 

provide optimal phase matching, maximizing coupling 

efficiency and generating strong plasmonic signals. 

Metallic nanoparticle integration further enhances local 

field intensity, as observed in simulations consistent with 

Liu et al. (2020). 

Figure 1 illustrates the resonance wavelength shift as a 

function of surrounding refractive index for various taper 

angles, highlighting the superiority of tapered and U-bent 

designs. The calculated FOM values demonstrate an 

approximate 30% improvement for optimized 

configurations, confirming the efficacy of combined 

material and geometrical tuning. 

Discussion 

The results confirm that sensor performance is a 

synergistic function of material selection and geometric 

configuration. Gold remains a preferred coating due to its 

chemical stability and consistent plasmonic behavior, 

whereas silver provides higher sensitivity for short-term 

measurements but is prone to oxidation (Capelli et al., 

2023). 

Geometrical optimization, particularly tapering and U-

bending, significantly enhances evanescent field 

coupling. This effect amplifies the resonance response to 

refractive index variations, directly improving detection 

sensitivity (Al-Qazwini et al., 2013). The results suggest 

a trade-off between sensitivity and spectral stability: 

highly tapered fibers provide strong resonance shifts but 

slightly broadened linewidths, affecting FOM. 

Integration of nanoparticles introduces localized surface 

plasmon resonance effects, further increasing sensitivity 

but complicating fabrication processes (Liu et al., 2020). 

The interplay between core refractive index, metal layer 

properties, and taper geometry highlights the necessity of 

holistic optimization for practical sensor deployment. 

Comparisons with prior literature reveal that previous 

studies often underreport the combined effects of material 

and geometry. This study bridges the gap by providing 

quantitative evidence for simultaneous optimization, 

offering design guidelines suitable for both laboratory 

and field applications. Limitations include the use of 

idealized simulation conditions; experimental validation 
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under environmental fluctuations is recommended for 

further research. 

Conclusion 

This study demonstrates that material and geometrical 

parameter optimization critically enhances single-mode 

fiber optic SPR sensor performance. Key findings 

include: 

1. Gold-coated tapered fibers with optimized core 

refractive index exhibit maximal sensitivity and stable 

resonance characteristics.  

2. U-bent configurations improve interaction 

length, enhancing detection efficiency without substantial 

linewidth broadening.  

3. Finite-difference time-domain simulations 

provide an effective framework for predicting resonance 

behavior under diverse design scenarios.  

The research contributes a systematic analysis integrating 

both material and geometrical factors, guiding the 

fabrication of high-performance SPR sensors. Future 

work should focus on experimental validation, 

environmental stability testing, and integration of multi-

analyte sensing capabilities for real-world deployment. 
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