
Vol.:(0123456789)

Plasmonics 
https://doi.org/10.1007/s11468-024-02348-8

RESEARCH

Advanced Dual‑Core Photonic Crystal Fiber Plasmonic Biosensor: Unveiling 
High Sensitivity and Practical Feasibility for Biochemical Detection

Sapana Yadav1 · D. K. Dwivedi1 · Pooja Lohia2 · Yadvendra Singh3

Received: 10 April 2024 / Accepted: 5 May 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
The article proposes a dual-core photonic crystal fiber-based plasmonic biosensor. Two prominent hexagonal lattices with 
circular air holes along with plasmonic material and analyte sensing layer have been deposited on the outer surface of the 
fiber to make the practical applications feasible. A thickness of 30 nm of noble plasmonic material silver has been applied to 
excite the surface plasmons. A 5-nm-thin titanium dioxide (TiO2) layer has also been observed as an adhesive layer between 
the silica glass and silver. The behavior of the sensor has been examined employing the mode solver-based finite element 
method (FEM). The proposed sensor gives responses of maximum amplitude sensitivity of 98.67764 RIU−1 and maximum 
wavelength sensitivity of 14,090 nm/RIU in the y-polarized propagation mode, employing the amplitude and wavelength 
interrogation methods, respectively. Furthermore, with the variation of concentration of β-LG, it shows maximum amplitude 
sensitivity of 110.59998 RIU−1 and WS of 5303.253 nm/RIU. Owing to the straightforward design and maximum sensitivity, 
the proposed sensor can be applicable to detect biological and biochemical samples.
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Introduction

In recent decades, photonic crystal fiber (PCF) has sup-
planted traditional fiber optics, and with technological pro-
gress, it has increasingly integrated with surface plasmon 
resonance (SPR) to offer exceptional sensing capabilities 
and user-friendly functionality [1]. PCF-based SPR sensors 
have some advantages as compared to the traditional prism-
based sensors. In prism-based sensors, SPR takes place at 
specific incident angles of incoming light, necessitating 
various mechanical components, whether fixed or mov-
able, to achieve these conditions [2, 3]. This mechanical 

complexity adds bulkiness to the complete experimental 
setup. To overcome these limitations, in 1993, Jorgenson 
introduced PCF-SPR-based bioinstrumentation [4]. On the 
contrary, PCF offers several advantages, including cost-
effectiveness, compactness, and robustness making it a 
desired choice for sensing detection and higher sensitivity 
as compared to the fiber and prism based SPR sensors. 
Furthermore, PCF sensors offer the significant advantage 
of easy resonance wavelength (RW) tuning by adjusting 
various parameters (such as air hole size and pitch dis-
tance) during fabrication [5]. Selecting the right plasmonic 
material is also crucial to achieve strong excitation of plas-
mon waves on the PCF surface. In the literature, gold is 
often favored as the greatest striking plasmonic material 
in PCF-based sensors due to its high chemical stability 
and biocompatibility [6]. Gold exhibits a larger resonance 
wavelength shift than other plasmonic materials. However, 
it is worth noting that this choice can lead to broader reso-
nance peaks which gives low sensing range. Silver can be 
used as a noble plasmonic material to address this issue, 
offering narrower resonance peaks and attaining higher 
sensitivity with better detection accuracy (DA) [7]. None-
theless, silver is susceptible to rapid oxidation in humid 
environments, potentially compromising the accuracy of 
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analyte detection. To overcome the rapid oxidation of the 
silver and to enhance surface to volume ratio, a few nanom-
eters thick TiO2 coating has been incorporated on the top 
of the silver layer. By harnessing the unique properties of 
PCF, SPR-based sensors employ a range of sensing mecha-
nisms. These include slotted-based, nanowire-based, and 
both external and internal metal coating-based approaches 
[8, 9]. Among these techniques, internal and external metal 
coating-based sensing methods are the most generally 
employed [9–11].

Lately, this approach has gained extensive popularity for 
photonic crystal fiber-surface plasmon resonance sensing 
applications due to its simple and highly practical iden-
tification capabilities [12]. When assessing sensitivity, it 
is crucial to contemplate a design that enables a stream-
lined manufacturing process while attaining outstand-
ing high-performance features [13]. In a study by Wang 
et al. a PCF-SPR design based on a D-shaped biosensor 
demonstrated a wavelength sensitivity (WS) of 3340 nm/
refractive index unit (RIU) [14]. However, achieving such 
high sensitivity often requires excessive surface polishing, 
which can pose manufacturing challenges. In another study 
focused on external detection, Hasan et al. reported a sen-
sor with a maximum amplitude sensitivity (AS) of 371.5 
RIU–1 and a WS of 4600 nm-RIU–1, although, in this study, 
the AS was not as high compared to some other designs. 
Recently, there has been research on surface plasmon 
resonance-based diamond ring optical fiber sensors. This 
study introduced a diamond ring PCF-SPR sensor, demon-
strating a maximum WS of 6000 nm/RIU within a sensing 
range spanning from 1.33 to 1.39 RIU [14]. Additionally, 
another open ring channel-based PCF-SPR biosensor was 
studied in the same study, which showcased its capability 
to detect small variations in refractive indices (RI) of real-
time analytes, ranging from 1.23 to 1.29 RIU. This sensor 
exhibited an average WS of 5500 nm-RIU−1 and an AS of 
333.8 RIU–1 [15]. The envisioned exhibition of the PCF 
holds significant promise for refractive index (RI) sensing 
applications, thanks to its noteworthy sensing capabili-
ties. Biosensors play a crucial role in various fields such 
as healthcare, environmental monitoring, and food safety 
by providing real-time and sensitive detection of biological 
and biochemical substances. However, existing biosensor 
technologies often face limitations in terms of sensitivity, 
practicality, and ease of fabrication [16]. Addressing these 
limitations while introducing novel features is essential for 
advancing biosensor capabilities. The proposed dual-core 
photonic crystal fiber-based plasmonic biosensor addresses 
these limitations through several novel features and design 
choices like Plasmonic Enhancement, Compact and Practi-
cal Design, Simplified Fabrication, High Sensitivity, and 
Versatility. Further, several numerical methods have been 
developed for biosensing applications. Various advantages 

like ease of operation and design, a lower identification 
threshold, provide electrochemical biosensor. To identify 
the change in mass due to biomolecular interaction pro-
poses piezoelectric sensor using the piezoelectric effect. To 
check the thermodynamic changes that emerge as a result 
of the cascade effect of physiological effect can be utilized 
as temperature biosensors. Recently, optical biosensing has 
gained significant attention as a technique in the field of 
biosensing. The operation of optical biosensors relies on the 
principle that the detection of an analyte molecule initiates a 
series of events leading to either the emission or absorption 
of light. Surface plasmon resonance (SPR), luminescence, 
absorption, and fluorescence are various techniques for bio-
sensing in optical biosensors.

Milk infections are currently an important threat to public 
health, particularly among babies [17]. Lactoglobulin (β-LG) 
is a compact, globular-form allergenic protein present in the 
milk of various mammals. Therefore, considering β-LG, a 
key allergen, for diagnosis is a preferred choice. The β-LG 
monomer has a standard size of diameter 3 nm, comprising 
162 amino acid residues, and possesses a molar mass of 
18.40 k Da. Numerous biosensors to identify milk proteins, 
particularly β-LG, have been proposed [18]. The present 
paper explores a theoretical analysis of a SPR sensor based 
on DC-PCF. The sensor design presents a hexagonal lattice 
structure with circular air holes, which contributes to its sim-
plicity. Sensor’s performance has been investigated employ-
ing the Finite Element Method (FEM) with a circular Per-
fectly Matched Layer (PML) boundary condition [19]. The 
sensor identifies lower concentration of the biomolecules 
with the property of PCF-SPR in considerably limiting the 
electric field in the narrower small RI core area. Accomplish 
all the investigation using β-LG molecules in a liquid state 
as a particular case; however, the outcomes may be applied 
to identify other tiny molecules as well. The core switched 
to β-LG molecules, creating an adlayer of the biomolecule. 
Hence, the RW shifts spectrally because of β-LG molecule 
concentration. The present system depends on the very pre-
cise spectral interrogation technique, which quantifies vari-
ations in the biosamples refractive index and thickness of 
affinity layer by monitoring spectral shifts in the RW. How-
ever, a more realistic approach has been devised and used 
to measure the refractive index of an adlayer produced via 
surface sensing. Through optimization of structural param-
eters, enhanced sensitivity in terms of amplitude sensitiv-
ity, wavelength sensitivity, and Figure of Merit (FOM) have 
been achieved. Present analysis is geared toward maximizing 
these key sensor characteristics. The highly sensitive nature 
of this sensor, combined with its straightforward structure, 
offers promising prospects for practical implementation in 
various optical sensing applications [20]. By employing the 
FEM numerical approach, the optical and dielectric charac-
teristics of the offered biosensor as it guides electromagnetic 
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waves in the Vis–NIR spectrum within the fiber core have 
been analyzed. The “Introduction” section presents the state 
of art of the present work. A brief outline of the device’s 
geometry and the fundamental physical principles govern-
ing its operation is presented in the “Design and Theoretical 
Backdrop” section. The “Formulation and Theoretical Inter-
pretation” section provides a detailed explanation of the spe-
cific FEM techniques utilized in this study. Moving forward, 
the “Optimization of Sensor” section includes results and 
discussion, which is devoted to the analysis and discourse 
on the obtained outcomes. The “Performance analysis of the 
sensor” section shows experimental fabrication possibility. 
Finally, the concluding remark is presented in the “Fabrica-
tion Feasibility and Applicability” section.

Design and Theoretical Backdrop

Design Considerations

The sensor is designed using the Finite Element Method 
(FEM) in COMSOL Multiphysics 5.1 [21]. Upon launching 
the program, a two-dimensional model (2D) is selected for 
the space dimension. The chosen physics is Electromagnetic 
Wave, Frequency Domain (ewfd), and the study type is set 
to mode analysis. Subsequently, the geometries, materials, 
and mesh type are specified to measure the sensor’s confine-
ment loss based on the imaginary portion of the effective 
refractive index (neff) of the fundamental mode. The cross-
sectional view of the proposed sensor with different layers 
is shown in Fig. 1a. The two hexagonal rings are organized 
by lattice air holes, maintaining consistent center-to-center 
distances referred to as the pitch (p). The phase-matching 
properties can be made easier by a smaller air hole with 
a diameter of (dc) in the middle. To implement the dual-
core scheme, two of the inner ring’s air holes are eliminated. 
Regular air holes have a (d) diameter. Four scaled-down (d2) 
and two scaled-up (d1) air holes in the outlying ring help to 
create a robust coupling between the surface plasmon polari-
tons (SPPs) wave. These air holes result adequate space to 
propagate light effectively through the metal-dielectric sur-
face and improve sensitivity [6].

For practical sensing, a schematic experimental setup 
is depicted in Fig. 1. An optical tunable source (OTS) is 
required to launch the incoming light, and a polarizer 
accompanying a polarizer controller is required to transmit 
the light. Through single-mode fiber (SMF), linearly polar-
ized light has been launched into the proposed sensor. A 
splicing method can be initiated in the proposed sensor to 
couple the SMF. The inlet and outlet of the liquid analyte 
are aided using an analyte flow tube that lies at the exter-
nal border. It is possible to preserve the analyte intake and 
outflow by employing a pump. The change in the effective 

refractive index of the plasmonic mode owes shift in the 
signal’s wavelength, which occurs with the interaction of 
the analyte and ligand. The optical spectrum analyzer (OSA) 
is employed to compute the transmitted light, linked with a 
sensor by other SMF. With the help of an output spectrum, 
the shifting of wavelength can be noticed and examined on 
the computer. Blue shift occurs when the RW shifts toward 
the lower wavelength; on the contrary, shift toward the large 
wavelength is known as red shift.

Selection of RI

Fused silica has been employed as the background material 
whose wavelength-dependent refractive index can be evalu-
ated employing the following Sellmeier Eq. (1) [22].

where ns ( � ) is refractive index at a specified wavelength 
( � ) in (µm) and � represents the wavelength of light source. 
B(i=1,2,3) and C(i=1,2,3) denote material-particular coefficients 
that can be taken from reference [23]. The variation of RI of 
fused silica changes 1.28 × 10−5 (per degree Celsius) only 
in response to temperature. Consequently, in typical envi-
ronments with no significant temperature fluctuations, the 
impact of temperature can be disregarded.

The sensor’s plasmonic component consists of a small 
silver layer. The Drude model is suitable for determining the 
dielectric permittivity of silver metal. This model analyti-
cally approximates the dielectric function associated with 
intra-band transitions of conduction electrons as they inter-
act with an electromagnetic wave. When experienced in an 
electric field, the dielectric function is further modified by 
the polarization of electrons in the innermost coatings of 
noble metals, indicating optical shift from the valence bands 
to conduction bands. The expression of the Drude model for 
a thin silver film is followed by Eq. (2) [7]:

The symbol denotes �Ag the dielectric constant of sil-
ver,�∞ = 5.9673 high frequency permitivity, �D plasma fre-
quency, � angular frequency and �D damping frequency, Δ� 
weight coefficient, ΩL oscillator strength, and ΓL Lorentz 
oscillator’s frequency width. The merits have been used 
from the reference.

Between the Ag layer and the silica glass, a thin TiO2 
coating has been utilized. The Ag has weak adherence with-
out the TiO2 coating and easily flakes off with light pres-
sure. The required adherence can be provided by a coating 
of TiO2. Additionally, TiO2 film has a maximum refractive 
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index and functions as a transition metal that can produce a 
significant number of electrons at the surface. This generates 
a potent evanescent wave that pulls the core mode into the 
SPP mode and intensifies their interaction. The RI of TiO2 
film can be obtained employing the Eq. (3) [24].

where nTiO2
 denotes the RI of TiO2 and � represents the oper-

ating wavelength (µm). On the outer surface of the PCF, 
it is crucial for the biosensor to deposit consecutively Ag 
and TiO2 layer. The refractive index (np) of β-LG can be 

(3)nTiO2

2 = 5.913 +
2.441 × 107

λ2 − 0.803 × 107

formulated employing a two term Cauchy Eq. (4) given 
below [20]:

where the intercept B for β-LG has been taken 1.568.
For different concentration of β-LG in water, the dielectric 

constant of the bio-sample (ϵse) can be calculated employing 
Maxwell-Garnet effective medium theory with the help of 
Eq. (5) [20].

(4)np = B +
9.6 × 10103

�2

(5)
∑

m

∈m − ∈se

∈m + 2∈se

v
m

= 0

Fig. 1   a 2D illustrative cross-sectional view and b developmental layout of the offered sensor
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From this equation, vm and (∈m = n2
m

 ) denote volume 
fraction of the mth component and the dielectric constant, 
respectively.

The unit cell of β-LG protein layer (restricted in the core 
area) forms a consistent cubic layer that contains spherical 
β-LG molecules along with water molecules. The dielec-
tric molecule of this effective layer ( ∈x ) can be determined 
employing superposition principle with the help of Eq. (6) 
[20].

From this equation, �water  and (∈p = n2
p
) denote water 

molecule and dielectric constants of β-LG. While vp , vt , 
and vwater signify the volume employed by spherical β-LG 
molecule, total volume of the cubic unit cell, and volume 
employed by water molecules, respectively.

The molar concentration of β-LG per layer can be evalu-
ated employing given Eq. (7) below [20]:

The molar mass and mass of a β-LG molecule is 18,400 
gmol−1 and 1.88 g ×10−20 , respectively. On supposing the 
β-LG molecules dilation in 1 ml of water, the molar concen-
tration of β-LG monomer can be calculated as 0.75 fM. The 
molar concentration for a single layer including dimers will 
be doubled to 1.5 fM. The density of β-LG protein molecule 
has been used as 1.33 g/cc in the proposed work.

Alteration of molar concentration M in g/ml:

With the help of this Eq. (9), molar concentration can 
be simply transformed into g ml−1 concentration easily by 
multiplying the molar mass of the molecule.

Formulation and Theoretical Interpretation

Numerical simulation methods are valuable tools for 
designing and predicting the optical behavior of biosen-
sors. These methods permit for a quick initial assessment 
of sensor performance and allow insights into the included 
optical event, all while lowering optimization and develop-
ment. In reference to transmitting waves through intricate 

(6)∈x =
∈pvp + �watervwater

vt

(7)Molarity =
No. of moles of �-LG

Volume of solution

(8)No. of moles of �-LG =
Mass of �-LG

Molar mass of �-LG

(9)
Concentration = molar mass ×molar concentration (gml−1)

1 M of �-LG = 1 mole l−1 of �-LG 1 mole l−1 × 18400 gmole−1

= 18400 gl−1 = 18.4 gml−1

structures, the finite element method (FEM)-based COM-
SOL Multiphysics 5.4 is the preferred choice.

A key advantage of FEM is its exceptional adaptability. 
It permits a precise representation of all geometry and 
the seamless inclusion of materials with intricate, time-
dispersive, and anisotropic characteristics. In comparison 
to conventional resolution techniques, FEM enables the 
handling of complex material properties and introduces 
novel opportunities for analysis of nonlinear properties 
[25].

To enhance the performance of element quality and per-
formance accuracy, extremely fine mesh element size with 
electromagnetic wave frequency domain (ewfd) has been 
used during simulation. The complete mesh consists of 
151,616 domain elements and 17,592 boundary elements. 
The properties of mesh elements are defined here: to 
ensure better simulation accuracy, the complete mesh area 
consists of 397 μm2 and average element quality 0.2919. 
The number of vertex, triangular, and edge elements are 
84, 17,432, and 150,416, respectively. To investigate the 
characteristics of confinement loss for distinct analytes can 
be formulated using the given Eq. (10) [26]:

Here, � expresses the operating wavelength (μm) and 
neff effective refractive index. It has been noticed that 
owing to the change in analyte’s RI (1.36 to 1.41), hav-
ing 0.001 step size shows significant impact on the loss 
spectrum. For na = 1.36, a smaller loss spectrum,whereas 
for na = 1.41, higher loss spectrum has been achieved. The 
higher power switches from core mode to SPP mode when 
the loss spectra are high. In general, the SPP mode shows 
high sensitivity when varying the RI of analytes. Sensi-
tivity can be calculated for a particular wavelength with 
amplitude interrogation technique from the given Eq. (11) 
[4]:

Here, �(�, na) shows propagation loss, �(�, na) the loss 
difference, and na dielectric RI.

To investigate the wavelength sensitivity employing 
wavelength interrogation method to improve the sensor 
performance, Eq. (12) can be employed [27]:

Here, Δ� and Δna represent the wavelength change of 
the peak resonance. The sensor resolution is an important 
parameter for detecting the small changes in analyte RIs. 
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It shows the identification capability of the offered sensor. 
The realization of the resolution of the sensor is expressed 
using Eq. (13) [28]:

Here, Δ�min and Δ�peak represent the small spectral reso-
lution and resonant peak shift. Sensor resolution is evaluated 
with negligible instrumental noise and extra noise generated 
by external disturbances. Figure of Merit (FoM) is also a 
crucial parameter. It can be expressed to evaluate the detec-
tion limit of the sensor with the help of Eq. (14) [29]:

Here, FWHM expresses full width at half maximum. For 
better detection limit, FoM should be high. It can be noticed 
that if the sensitivity rises and FWHM lowers, high FoM is 
achieved from the equation.

Optimization of Sensor

To measure the performance of the sensor, y-polarized fun-
damental core mode is preferred due to sharp and high loss 
peak in this propagation direction. The interpretation of the 
offered sensor can be calculated with optimized different 
geometrical parameters inclusive of silver (tAg) and TiO2 
layer thickness, pitch (p) size, and air hole diameters d1, d2, 
and d, respectively. To evaluate the impact of the perfor-
mance change, a specific parameter has been changed while 
placing the other parameters constant.

Effect of Phase Matching and Distribution  
of EM Field

Photonic crystal fiber-based surface plasmon resonance 
works on the principle of guided evanescent field. Appropri-
ately designed geometry of the core and cladding enhances 
the evanescent field propagation toward the metal surface. 
The free electrons get excited by the propagated wave that 
is incident on metallic film. When the wavelength or fre-
quency of the guided core field is equal to the wavelength 
or frequency of the surface electrons, it generates SPW. The 
generated SPWs have been notably sensitive to the near RI. 
So, to identify the variation in RW, amplitude, local RIs, and 
spectral mode are monitored appropriately. For a specific 
analyte with a rise of the wavelength, the effective RI of the 
core mode decreases significantly. In Fig. 2, the character-
istics of phase matching of core and SPP mode have been 
depicted for RI of na = 1.40. Hence, it is noticed that the 
effective RI of the core (real portion) and SPP mode index is 

(13)RS = Δna ×
Δ�min

Δ�peak
(RIU)

(14)FoM =
Sensitivity

FWHM

(

RIU−1
)

equal and cut at wavelength 0.85 μm. So, 0.85 μm expresses 
a phase-matching wavelength, and resonance occurs at this 
position. Maximum power shifts from core mode to SPP 
mode at the resonance point can be seen as a sharp loss 
peak. With the rise of analyte RI, the resonance point has 
shifted red.

Effect of Silver and TiO2 Thickness Variation

The thickness of the silver layer has a crucial role in the 
loss and sensitivity as the thickness of the metal layer has 
a remarkable effect on the RW change. Sensitivity and CL 
peak depend on metal film thickness. Hence, the effect of 
change of Ag thickness on the complete sensing perfor-
mance has been evaluated. With variation in Ag thickness 
for different analyte refractive index na = 1.39, 1.40, 1.41, 
confinement loss peak has been investigated, respectively. 
From Fig. 3a, CL peak expresses a red shift with a rise of 
tAg varying from 45 to 55 nm. The maximum peak has been 
observed for thin layer of silver which results in strong cou-
pling. From Fig. 3b it has been observed that for the value of 
tAg = 55 nm, the AS peak is maximum with the fixed thick-
ness of TiO2 layer tt = 5 nm. So, the optimized thickness of 
the silver film is 50 nm. The effect of variation in the TiO2 
(tt) film thickness on CL spectra for na = 1.39, 1.40, 1.41 is 
displayed in Fig. 3c. From Fig. 3d, the maximum AS peak 
is observed on the tt = 5 nm film thickness. So, 5 nm is the 
optimized thickness of the tt.

Effect of Pitch Variation

The impact of different pitch size on the loss peak and ampli-
tude sensitivity is shown in Fig. 4. Hence, the loss spec-
trum reduces with an increase in pitch size because it raises 
the RI difference between core and cladding. Furthermore, 
increasing size of pitch results in a blue shift and reduces CL 
depth. CL spectra has been plotted and observed for different 
pitch changing from 2.9, 3, 3.1 μm for na = 1.39, 1.40, 1.41, 
respectively. The maximum CL spectra have been obtained 
for the pitch value of 2.9 μm as shown in Fig. 4a. At the 
value of pitch (p) = 3.1 μm, the maximum AS peak has been 
observed as shown in Fig. 4b. On the contrary, the sensing 
region has been restricted from 1.33 to 1.41. So, the pitch 
(p) = 3.0 μm is optimized pitch of the sensor.

Effect of Air Hole Diameter Variation

The maximum AS has been attained for dc = 0.145p because 
of strong coupling of core and SPP mode. So, dc is opti-
mized center diameter. The effect of regular air hole diam-
eter d on CL spectra is expressed in Fig. 5a. It is clear that 
with increase of d from 0.5p, 0.6p, and 0.7p, the CL spectra 
has been increased for 0.6p and reduced for 0.7p, although 
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no change has taken place in RW. From Fig. 5b, the highest 
AS peak has been observed for na = 1.39, 1.40, and 1.41, 
respectively. The impact of variation in the air hole diam-
eter d1 is shown in Fig. 5c. It has been noticed that the 
CL spectra has been decreased, when diameter d1 has been 
scaled up from 0.7p to 0.8p which results in a redshift and 
conversely results in scaling up of d1 from 0.8p to 0.9p. 
To maintain the proper spaces between the external ring 
and the metal surface, optimized air hole diameters are 
d = 0.6p and d1 = 0.8p. From Fig. 5d, it has been observed 
that the highest AS peak occurs with 0.7p, 0.8p, and 0.9p 
for na = 1.39, 1.40, and 1.41, respectively. Apart from this, 
the effect of air hole diameter d2 contrast in the CL spec-
trum has been shown in Fig. 5e. It has been noticed that 
unchanged scaled-down air holes show inconsistency in the 
CL spectrum. Increasing the value of d2 = 0.05p, 0.1p, and 

0.15p shows a blue shift. Figure 5f shows that for d2 = 0.1p, 
maximum AS has been achieved. So, d2 = 0. 1p is the opti-
mized diameter.

Sensing Performance with Variation of Different 
Analyte RIs

The CL and AS of the offered sensor employing optimized 
model parameters have been illustrated for various na with 
Eqs. (4) and (6) as shown in Fig. 6. The significant increase 
of na results in a small change of RI difference between core 
guided and plasmonic mode. Therefore, most evanescent 
waves travel through the cladding area rather than the core 
portion. Consequently, light the coupling improves through 
the metal surface and effectively interacts with the dielectric 
medium. So, the CL spectrum increases slowly and shifts 

(a)

Fig. 2   a The phase matching effects and b–d EM field distributions for na = 1.40
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toward red. As the changing of analyte refractive index 
from na = 1.36 to 1.41, CL spectrum shifts toward maxi-
mum wavelength and significantly increases the RW peak 
as shown in Fig. 6.

Performance Analysis of the Sensor

After optimization of the sensor performance with the ana-
lyte medium refractive index, the proposed sensor has been 

Fig. 3   a, c Confinement loss spectrum. b, d Amplitude sensitivity with the change in thickness of silver (tAg) and TiO2 (tt) layers

Fig. 4   a CL spectra. b Amplitude sensitivity with variation of pitch (p) size
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Fig. 5   a, c, and e CL spectra. b, d, and f The spectrum of AS with variation of d, d1, and d2
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employed to identify the bio-samples. For this purpose, dif-
ferent concentrations of the β-LG have been considered for 
the further analysis. The CL and AS can be noticed for the 
proposed sensor with variation of concentration of β-LG in 
Fig. 7. The spectral transition in resonance wavelength with 
variation in β-LG concentration (%) has been illustrated. In 
this instance, protein molecules have been filled throughout 
the height of the core area. In this situation, the spectral shift 
experiences a nearly exponential growth as the concentration 
of protein molecules rises.

Fabrication Feasibility and Applicability

The manufacturing process for the PCF sensor is notably 
intricate in comparison to traditional optical fibers. Various 
well-established fabrication methods, such as sol–gel, injec-
tion modelling, chemical vapor deposition (CVD), capillary 
stacking, atomic layer deposition (ALD), stack-and-drilling, 

stack-and-draw, 3D printing, wheel polishing method 
(WPM), and extrusion techniques, are widely recognized 
[30]. A computer-controlled mill employing the drilling 
technique has been utilized to create air holes in the solid 
rod and solid tube, drawing them to form inside and outside 
air holes fibers, respectively [31]. Silver has been coated on 
the external layer of the microfiber employing the chemi-
cal vapor deposition (CVD) technique, while TiO2 has been 
coated on the inner layer of the fiber. To identify the unspeci-
fied sample with the effect of the metal surface a thickness of 
(0.5p) sensing layer has been positioned on the outer part of 
the silver layer. A thickness of 0.5p (10% of PCF’s diameter) 
of a circular PML layer prevents the unapproved reflection 
of the light and absorbs the approaching evanescent wave 
from the PCF scattering boundary condition (SBC) which 
has been carried out.

For instance, an experiment briefly describes an 
Ag–TiO2-coated nanostructure in [32], changing the size 
and parameters of the layer. Furthermore, in the realm of 

Fig. 6   Performance characteristics of the sensor. a CL spectra w.r.t the wavelength. b Amplitude sensitivity w.r.t the wavelength. c Wavelength 
sensitivity w.r.t the variation of na
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fabrication, several surface plasmon resonance-based optical 
fiber sensors with Au-deposited [33] and MgF2/TiO2-coated 
optical filters have been experimentally demonstrated [34].

In summary, the proposed sensor’s extended operating 
wavelength period enhances its appeal for both telecom-
munications and sensing applications due to its short loss 
profile, concise, fabrication facility, and minimal back-
reflection. For the application purpose, PCF-based SPR 
sensors find utility in bioimaging, organic chemical sens-
ing, gas sensing, liquid sensing, tuberculosis detection, 
disease detection, glucose monitoring in urine, pregnancy 
testing, medical diagnostics, and environmental monitoring 
[35]. The suggested sensor, with an operating analyte rang-
ing from 1.36 to 1.41, is well-suited for application as a 

biosensor. Many biological analyte’s refractive indexes fall 
within this range, including tuberculosis cell sensing ranging 
from 1.345 to 1.349 [36], pregnancy testing ranging from 
1.335 to 1.343 [37], cancer cell detection ranging from 1.36 
to 1.38 [38], alcohol sensing ranging from 1.333 to 1.3611 
[39], and various blood component sensing (1.33–1.40) [24]. 
Consequently, the broad span of analytes and high sensing 
performance position the suggested sensor as a promising 
profile across numerous SPR-based biosensor application 
areas. For different range of RI and concentration of the ana-
lyte, the performance parameters are investigated in Tables 1 
and 2, respectively. The performance parameter comparison 
in Table 3 has been incorporated with the recently reported 
articles.

Fig. 7   a CL spectra. b Ampli-
tude sensitivity. c Spectral shift 
in the resonance wavelength 
for distinct concentration with 
changing adlayer thickness in 
the core

Table 1   Performance parameters of the proposed sensor for various analyte RI

na CL (dB-cm−1) �(μm) Δ�(nm) WS (nm-RIU−1) ASmax (RIU−1) FWHM (nm) FOM (RIU−1) Rs (RIU)

1.36 7.71929 0.64443 05.91 591 67.95469 108.65488 05.43924 0.09154
1.37 12.96491 0.65034 52.33 5233 58.32204 75.46785 69.34078 0.80465
1.38 20.52631 0.70266 57.63 5763 3.41883 93.77383 61.45637 0.82168
1.39 21.22807 0.76029 90.23 9023 98.67764 71.33425 126.48903 1.18751
1.40 42.17543 0.85052 140.90 14,090 32.27955 82.90835 169.94669 1.65731
1.41 55.78947 0.99142 NA NA NA 84.91609 NA NA
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Conclusion

The present paper offers a dual-core PCF-based SPR biosen-
sor to identify the different concentration of in β-LG in the 
solution FEM-based numerical simulation methods which 
are a valuable tool for designing and predicting the opti-
cal behavior of biosensors. These approaches enable a swift 
prime evaluation of sensor performance and offer insights 
into the optical phenomena included and also lower the opti-
mization and development expenses. In this regard of trans-
mitting waves through intricate structures, the finite element 
method is the preferred choice. The comparison in Table 3 
shows highest wavelength sensitivity of the proposed sensor 
with existing sensors. The proposed sensor gives maximum 
98.67764 RIU−1AS and 14,090 nm/RIU WS in the analyte 
sensing RI spectra from 1.36 to 1.41. It offers high FOM of 
169.94669 RIU−1. It also offers maximum AS of 99.14327 
RIU−1 and WS of 5970.73171 nm/RIU with changing the 
concentration of β-LG.
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