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ABSTRACT 

This study presents a solid-core photonic crystal fibre (PCF) with a metallic nanolayer of gold (Au)/silver (Ag) and graphene on the 
outer surface for glucose sensing applications. Graphene nanoparticles were prepared by pulsed laser ablation in liquid (PLAL) and 
then mixed with a polyvinyl alcohol (PVA) solution to coat the PCF surface. Glucose solutions with a refractive index (RI) ranging from 
1.3475 to 1.3502 were used for evaluation. Results exhibit that the PCF sensor's sensitivity is significantly improved by incorporating 
a graphene layer onto the Au/Ag nanofilm coatings. The maximum sensitivity achieved for glucose detection in blood was 4284.243 
nm/RIU and 3775 nm/RIU, with corresponding resolutions of 1×10-5 and 1.5×10-5 for graphene on Au and Ag, respectively. 
Experimental values yielded sensitivities of 1314 nm/RIU and 1119 nm/RIU, with resolutions of 2.5×10-5 and 2.7×10-5 for graphene 
on Au and Ag, respectively. Nanomaterials were investigated using a multi-technique approach encompassing transmission electron 
microscopy (TEM), Fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy, and UV-VIS spectroscopy. TEM provided 
nanoscale visualization, revealing size, shape, and distribution characteristics. FTIR spectroscopy identified functional groups and 
bonding features, sp2 C-C bond stretching between 1580 and 1450 cm-1. Raman spectroscopy assessed structural integrity via D and 
G bands at 1350 cm-1 and 1590 cm-1. UV-vis spectroscopy elucidated optical properties. Integrating metallic Au/Ag and graphene 
layers on the PCF exterior shows excellent potential for developing susceptible bio-chemical detection devices. 
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1. INTRODUCTION 

In comparison to conventional fibre, the Surface Plasmon 
Resonance (SPR) refractive index sensor based on photonic 
crystal fibre (PCF) has gained a lot of research attention 
owing to its significant scientific applicability in the area of 
biological sample detection [1-3]. Surface Plasmon 
Resonance (SPR) is a highly sensitive optical phenomenon 
that occurs when light interacts with a thin metal film, 
typically gold (Au) or silver (Ag), and an adjacent medium, 
such as a liquid or a gas. This phenomenon has extensive 
applications in various fields, including biosensing, 
chemical sensing, and environmental monitoring [4-6] . The 
working principle of an SPR-PCF sensor involves the 
excitation of surface plasmons within the PCF structure 
through the interaction of incident light with the metal 
nanofilm [7-9]. When the PCF sensor is in contact with the 
analyte, such as a liquid sample, changes in the analyte's 
refractive index induce changes in the SPR response. These 
changes are then measured and analysed to obtain 
information about the analyte [10-12]. 

The refractive index of silica is calculated using the 
Sellmeier Equation (1) [13-15]: 

ns = √1 +
A1λ2

λ−B1
2 +
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2 +
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A1, A2, A3, B1, B2, and B3 are the Sellmeier constants 
mentioned in references [16, 17]. Drude-Lorentz model was 
employed for material dispersion of Au as shown below in 
Equation (2) [18-20]: 
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where ε∞=5.967 is the permittivity of   at high frequency and 
Δε=1.09 is a weighting factor. ωD is the plasma  frequency, 
and γD is the damping frequency, where ωD/2π= 2.113 THz, 
γD/2π=15.92 THz, ω is the angular frequency of 
transmitting light, ΩL and ΓL represent the frequency and 
the spectral width of the Lorentz oscillator, respectively. 
Furthermore, ΩL/2π=650.07 THz, and ΓL/2π=104.86 Hz. 

The complex refractive index of graphene is determined 
from Equation (3) [1]: 

𝑛𝑔 = 3 + 𝑖𝑆1
𝜆

3
 (3) 

where λ is the vacuum wavelength in µm and constant 
S1≈5.446 µm-1 [2]. 

This work aims to design and implement nanolayer PCF 
vitalizing the surface plasmon resonance for biological and 
biochemical sensing applications. 
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2. THE EXPERIMENTAL WORKS 

2.1. Preparation of Graphene PVA 

Graphene nanoparticles were obtained using Pulsed Laser 
Ablation in Liquid (PLAL) of a graphite sheet submerged in 
10 mL distilled water. Before ablation, the sheet and 
containers were cleaned with ultrasonic cleaning in distilled 
water. A Q-switched Nd: YAG laser (model FQ015-1) 
operating at 1064 nm, with a 7 ns pulse width and 5 Hz 
repetition rate, was employed to irradiate the graphite 
target vertically. The graphene nanolayer was produced 
with 800 mJ laser pulses. Various characterization 
techniques were used for the graphene nanolayer. These 
include TEM, FTIR Raman, and UV-Vis absorption. The 
graphene-PVA solution was prepared when 1 g of PVA 
powder dissolved in 100 ml of deionized water (DI) at 70°C 
for 20 minutes. Subsequently, 10 ml of graphene solution 
was added to 10 ml of PVA 10 ml of PVA solution and stirred 
slowly for 1 hour to achieve a clear, uniform solution. 
Ultrasonication was then performed to disperse graphene 
in the PVA solution. The resulting solution was immediately 
used to coat the PCF, which was previously coated with a 
gold/silver nanolayer using the sputtering method. The PCF 
was dipped into the prepared solution many times and left 
to dry at room temperature for approximately 24 hours. 

2.2. PCF Sensor 

We have proposed a photonic crystal fibre sensor based on 
the SPR phenomenon where photonic crystal fibre (ESM-
12B) is used to remove the middle portion of the PCF 
cladding. The sensor is developed using the finite element 
method (FEM) in COMSOL Multiphysics. The mesh type, 
materials, and geometries are chosen to measure the sensor 
confinement loss. The core (12 µm diameter) and the 
cladding (125 µm diameter) are made from silica glass. The 
removed cladding is coated with Au or Ag NPs (50 nm 
thickness), and then the outer fibre surface is coated with 
graphene to construct the sensor and enhance its 
sensitivity. The fibre is immersed in glucose dissolved in the 
blood (1 μm thickness) at wavelength 1520 to 1560 nm and 
RIs ranging (from 1.3476 to 1.3502). The experimental 

arrangement for the proposed photonic crystal fibre sensor 
contains different stages; the first stage is the laser source 
(Model#01 Standard type) emits wavelength (1528- 
1565 nm) and the sensing unit which is a segment of 
photonics crystal fibre (ESM-12B) made by NKT Photonics 
has always been an endless single-mode fibre deposited 
with different types of nanomaterials and the last stage was 
the optical spectrum analyzer (BaySpec's WaveCapture® 
FBGA) wavelength range (from 1525 to 1590 nm) as 
detection unit Figure 1 shows these stages. 

Figures 2 (a) and (b) show the cross-section and the sensor 
geometry, respectively, while Figure 2 (c) shows the 
materials of the core and perfectly matched layer (PML) 
made of silica, the cross-section of the proposed PCF-based 
SPR sensor. The total number of mesh elements is 158986 
and 520 vertices, as shown in Figure 2 (d). The simulation 
for modal analysis is done in the X-Y plane while the light 
propagation is along the Z-direction. 

3. RESULTS OF DISCUSSIONS 

3.1. Simulation of PCF with (Gold/ Silver) and 
Graphene NPs layer 

The PCF sensor model was proposed in this work to utilize 
surface plasmon resonance for sensing applications; 
evanescent waves created by light propagation in a fibre 
may be communicated to the PCF outer surface. The 
essential parameters for this study are the thickness of Au, 
Ag, and graphene NPs, the wavelength, and the analyte RIs. 
The 50 nm thickness of nanolayer coated the PCF sensor 
was chosen since it provided the highest performance. 
Then, it was possible to determine the wavelength and the 
RIs that varied for each liquid and neff. Then, as it depends 
on the imaginary part of neff, Im(neff) of the fundamental core 
mode and the wavelength (λ) in nm as in Equation (4) [27-
29], the confinement loss (CL) in (dB/m) was measured by: 

𝛼𝐶𝐿 = 8.686 ×
2𝜋

𝜆
× Im(𝑛eff)106 (

𝑑𝐵

𝑚
) (4) 

where Im(neff) signifies the imaginary part of the effective 
refractive index, and λ is the operating wavelength. 

 

Figure 1. The biosensor arrangement of nanomaterials-based PCF structure 
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The PCF was created via laser transmission from the fibre 
core at a wavelength between (1525 and 1560 nm). Using 
the simulation software COMSOL Multiphysics 6.1, a silica 
glass core RI resulting from Equation (1) and (gold/silver) 
layer with a thickness of 50 nm was used to design the PCF 
hypothetically. The electric field dispersion spectrum of the 
fundamental mode of glucose is shown in Figure 3 (a) at the 
confinement loss maximum and core confinement of the 
electric field. Figures 3 (b) and (c) show the SPR mode. 
Figures 4 (a) and (b) show the loss spectra calculated from 
Equation (4) when the analyte RI varies from 1.3475 to 
1.3502. The plasmon mode is affected by the RI of the 
analyte liquid, which changes the phase-matching 
wavelength between the core and plasmon modes. As the RI 
of the liquid increases, the resonance wavelength will shift 
to a longer wavelength direction (Redshift). This is due to a 
higher effective refractive index (neff) of the surface 

plasmon mode modulating the phase matching point. This 
minimizes the difference between the core-guided and 
plasmon modes and strengthens the coupling efficiency. 
The maximum confinement loss was 7.5×10-5 and  
1.73×10-5 at the PCF sensor coated with (Au-graphene and 
Ag-graphene) nanolayer, respectively. The high loss value 
refers to increased penetration through the cladding region, 
indicating the maximum energy transfer from the core-
guided mode to the SPR mode. Wavelength sensitivity 
applying the wavelength and amplitude interrogation 
method can be determined by Equation (5) [30-32]: 

Sλ =
∆λpeak

 
∆na

(nm/RIU) (5) 

where ∆λpeak and ∆na are the difference of wavelength peak 
shifts and analyte RI variation, respectively. 

 

 

Figure 2. (a) The cross-section structure of the PCF sensor, (b) Geometry of the PCF sensor, (c) The core of PCF, Au-graphene nanolayer, 
analytic layer, and PML layer, and (d) Mesh of the sensor 

 

   
(a) (b) (c) 

Figure 3. (a) The fundamental mode of PCF. (b) SPR mode of PCF coating by Ag-graphene nanolayer and (c) SPR mode of PCF coating by  
Au-graphene nanolayer 
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The proposed sensor has wavelength sensitivity of 
(4284.243 and 3775.649) nm/RIU for Au-graphene and Ag-
graphene coating PCF, respectively, as shown in Figures 5 
(a) and (b). The sensor resolution, which describes how the 
sensor detects a subtle change in the analyte RI, is another 
important parameter determined by Equation (6) [33-35]: 

R = ∆na

∆λpeak

∆λmin
(RIU−1) (6) 

where Δλmin represents the instrumental peak-wavelength 
resolution instrumental peak-wavelength resolution and is 
assumed to be 0.1 μm. We get the highest resolution of 
8.33×10−6 RIU−1 when the analyte's refractive index is 
varied from 1.3476 to 1.3502 [36, 37]. 

The developed PCF sensor demonstrates extraordinarily 
high sensitivity to the liquid analytes, and the large loss 
peak is triggered at the SPR wavelength. As a result, the SPR 
 

  
(a) (b) 

Figure 4. Variation of loss curve with RI of glucose as a function of wavelength (a) PCF coating by Au-graphene nanolayer and  
(b) PCF coating by Ag-graphene nanolayer 

  
(a) (b) 

Figure 5. Variation of resonance wavelength with different RI for glucose solution (a) Au-graphene coating PCF and  
(b) Ag-graphene coating PCF 
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has been extensively employed in optical fibre detection 
when the phase match between the core and SPR modes is 
done in PCF. 

3.2. The Experimental Results 

3.2.1. Characterization of Graphene 

The typical UV-Vis-NIR absorption spectrum of suspensions 
in the graphene nanostructures shows a plasmonic peak 
around 300 nm due to n–π* transitions of C=O [3] Figure 6 
(a). The FTIR spectrum of the graphene nanostructure was 
captured between 400 and 4000 cm-1. Figure 6 (b) exhibits 
the graphene nanostructure FTIR spectra after being 
created in water. The samples include adsorbed water, as 
shown by the comparatively large peak at 3411 cm-1, 
associated with water O—H stretching vibration mode [4]. 
A peak at 1327 cm-1 is attributed to C—H bend in CH3, 
whereas a peak at 2936 cm-1 is attributed to C—H 
stretching. Standard infrared spectra reveal that the stretch 
peak of carbon dioxide is located at 2360 cm-1 [46-49]. A 
band between 1580 and 1450 cm-1 is related to the 

stretching vibration of the hybridized sp2 c-c bond from the 
graphene lattice structure [43]. 

Figure 7 (a) shows manufactured graphene typical 
transmission electron microscopy (TEM) image [5]. The 
prepared two-dimensional material appears flat, thin and 
paper-like in this image. Additionally, the graphene 
structure can be seen as a single-layer sheet in a few 
locations and a double-layer sheet in others. As a result of 
this examination, it can be said that the method employed 
to manufacture graphene has only one or a few layers [46, 
50]. Raman spectra of the graphene are presented in Figure. 
7 (b). The main components in the Raman spectra of carbon 
are the known G and D peaks, which lie at 1200-1450 and 
1500-1600 cm−1, respectively, for visible excitation [6]. The 
D and G peaks can be easily assigned in the "molecular" view 
of carbon compounds. All polyaromatic hydrocarbons 
contain these bands. The D band results from the sp2 atoms 
in the ring breathing modes [7]. The D and G lines, which 
correspond to the produced graphene, can be seen in the 
spectra at about 1350 and 1589 cm-1, respectively, in Figure 
7 (b). 

  
(a) (b) 

Figure 6. (a) UV-vis and (b) FT-IR spectrum of graphene nanolayer 

  
(a) (b) 

Figure 7. (a) TEM of graphene nanoparticles and (b) Raman spectra of the graphene nanolayer 
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The experimental performance of the SPR-PCF sensor can 
be presented in Figure 8 (a) and (b). The transmission 
spectrum is computed when the sensor is immersed in the 
solution using the optical spectrum analyzer. A clear 
(absorption peak) appears in the transmission spectra due 
to the electromagnetic field coupling from the core mode to 
SPR mode near the Au/Ag and graphene nanolayers at the 
resonant wavelength. The transmission spectrum dip 
exhibits redshift as the analyte refractive index rises. The 
matching liquid's refractive index (RI) ranges from 1.3475 
to 1.3502. 

According to theoretical and experimental observations, the 
resonance wavelength appears to shift towards the red 
wavelength. Figure 9 (a) and (b) shows the linear fitting of 
the resonant wavelength as a function of the analyte RI. It 
can be concluded that the linear line fitting R2 value is 
0.9424, indicating good linearity and its potential 
applications in practical RI detection. Notable, as the 
resonance wavelength value increased with an increase in 
the analyte's refractive index. The experimental results 
showed that the average sensitivity of the resonance 
wavelength for PCF coated with Au-graphene is  
 

  
(a) (b) 

Figure 8. SPR curves of different glucose concentration dissolved blood (a) PCF coating with PVA Au-graphene and 
(b) PCF coating by PVA Ag-graphene layer 

  
(a) (b) 

Figure 9. Variation of resonance wavelength with different refractive indices for glucose-dissolved blood at PCF coating with  
(a) Au-graphene nanolayer and (b) Ag-graphene nanolayer 
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1314.282 nm/RIU. For PCF coated with Ag-graphene, it is 
1119.265 nm/RIU. This is for the analyte refractive index 
range of 1.3475 to 1.3502. 

The Figure of Merit (FOM) of a sensor is the ratio of its 
sensitivity to the width of its spectral range. A good sensor 
has a high FOM value, indicating a narrow full width at half 
maximum (FWHM) of the spectrum and high sensitivity. 
FOM may also be written as Equation (7) [35]: 

FOM =
Sλ

FWHM
 (7) 

The signal-to-noise ratio (SNR) is an essential measure for 
determining signal quality in the presence of noise. SNR is 
an important metric in sensor technology for evaluating the 
performance of a sensor's ability to differentiate between 
an intended signal and undesired noise. The signal-to-noise 
ratio may be calculated using Equation (8) [27]: 

SNR =
∆𝜆peak

FWHM
 (8) 

The FOM and SNR are shown in Figure 10 (a) and (b) from 
the simulation result and Figure 11(a) and (b) from the 
experimental result. The maximum value of the FOM 
obtained by simulation is 2898.55 and 1867.06 for PCF 
sensor coating by Au-graphene and Ag-graphene layers, 
respectively, and the experimental result of FOM is 744.16 
and 445.69 for PCF sensor coating by Au-graphene and Ag-
graphene layers, respectively. Also, from those figures, the 
FOM for the glucose sensor shows downward behaviour. 
The high value of FOM found for PCF is coated with 

graphene-Au. This is because gold has better plasmonic 
properties, it interacts more strongly with the analyte, and 
the materials have unique optical properties. These factors 
improve the sensor's sensitivity and responsiveness, 
resulting in more effective detection capability and a higher 
FOM. The higher FOM value observed in the simulation 
compared to the experimental result can be attributed to 
the idealized nature of simulations. Although the photonic 
crystal fibre (PCF) sensor system has a highly sensitive 
value. It is subject to different sources of error and 
uncertainty. Temperature fluctuations, changes in humidity 
and pressure, and fluctuations in the wavelength of the light 
source can lead to measurement mistakes, in addition to the 
efficiency of combining light within and outside PCF, signal 
noise, sample characteristics, calibration errors, and optical 
loss could contribute more to uncertainty, respectively. The 
maximum SNR values for glucose in the blood in simulation 
are 1.15 and 0.77 for Au-graphene and Ag-graphene coated 
PCF, and the experimental results were 0.15 and 0.17. A 
higher resolution of 2.52×10-5 and 2.5×10-5 for Au-graphene 
and Ag-graphene nanolayers, respectively. 

Figure 12 exhibits the confinement loss for the PCF sensor 
before and after adding graphene to the gold and silver 
nanolayers at RI was 1.3502. In this comparison, the loss 
values increased, and the curve shifted towards longer 
wavelengths when graphene was added. It is found that 
when the graphene layer is added to the gold and silver PCF 
sensor, the sensor sensitivity is remarkably improved. 
Table 1 gives the sensor parameters (sensitivity, FOM and 
resolution) with and without the graphene layer. 

 

 

 

 
(a) (b) 

Figure 10. The Figure of Merit and SNR for PCF sensors for (a) Au-graphene and (a) Ag-graphene coating PCF theoretical results 
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Table 1. The performance parameters for PCF sensor with and without graphene layer 

PCF Coating by Sensitivity (nm/RIU) FOM Resolution 
Au without graphene 1114.164 321.00 3.34×10-5 

Au-graphene 1314.282 744.16 2.50×10-5 
Ag without graphene 1012.364 299.00 3.30×10-5 

Ag-graphene 1119.265 445.69 2.70×10-5 
 

  
(a) (b) 

Figure 11. The Figure of Merit and SNR for PCF sensors for (a) Au-graphene and (a) Ag-graphene coating PCF experimental results

 

Figure 12. The confinement loss as a function of wavelength for 
Au and Ag with and without graphene 

4. CONCLUSION 

In conclusion, the SPR-PCF sensor has been proposed and 
examined numerically and experimentally. The surface 
plasmonic resonance PCF sensor with Au-graphene and Ag- 
 

graphene nanolayer is presented in this work. Due to the 
gold/silver and graphene nanolayers on the mid-outer 
surface of the optical fibre, the manufacturing complexity is 
reduced. Simple and real-time detection can be done using 
this sensor by directly immersing the PCF active region into 
the analyte. The comparison of simulation and experimental 
results confirms that adding graphene nanoparticles on the 
outer layer of the gold/silver nanolayer can improve the 
sensitivity of the PCF sensor. High linearity and a high 
resolution are achieved. This biosensor could be used in 
many potential and promising applications in biological and 
biochemical sensing 
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