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Abstract: This study introduces a sensor using Photonic Crystal Fiber (PCF) and Surface Plasmon Resonance (SPR)
technology. Gold (Au) was applied as a thin coating on a PCF, which had been previously coated with a chemically
stable gold compound that exhibits plasmonic properties. The thickness of the gold coating was 40nm. The
performance metrics, such as sensitivity (including wavelength sensitivity and amplitude sensitivity) and resolution,
were assessed by simulation via the COMSOL program. The suggested sensor was developed utilizing the finite
element method and then subjected to numerical analysis. The findings indicate that the surface of Photonic Crystal
Fiber when coated with Au, functions as a sensor for detecting the refractive index (IR) of expired pharmaceutical
samples. Research is conducted on the effects of the structural parameters on the resonant spectra with the aim of
enhancing sensing performance. The highest amplitude sensitivity recorded was 31.2 RIU-1, whereas the maximum
resolution reached was 6x10-5 RIU. These measurements were obtained within the detection range of 1.383 to 1.399.
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1. Introduction

Many fields rely on optical fiber sensors, including academia, environmental monitoring, and the field of
communication technology. Reasons for this include their size, sensitivity, electrical passivity, immunity
to electromagnetic interference, bandwidth, and suitability for use in tip-based sensing applications. The
majority of these optical sensors detect changes in the refractive index (RI) of a gas or liquid by measuring
differences in optical characteristics [1]. The reflectance index (RI) is a crucial metric for characterizing
the optical characteristics of fluids. Biotechnology methods [2] also provide important information on
drug/DNA interaction and cell growth [3], and this has led to the advancement of RI sensors for use in
numerous sectors, including water salinity assessment [4]. Photonic Crystal Fiber (PCF) sensors utilize the
propagation of surface plasmons. Due to their high sensitivity, ease of integration, rapid reaction, and
immediate findings, they are extensively employed for refractive index monitoring.

When p-polarized light and surface plasmons (SP) reach a phase-matching condition, they stimulate a
charge density oscillation at the interface between a metal and a dielectric element, this optical phenomenon
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is known as surface plasmon resonance (SPR) [5-9]. PCF-SPR sensors, which integrate the benefits of PCF
technology and plasmonic science, have been devised to monitor environmental conditions [10], ascertain
solution concentration [11], facilitate water quality control, aid in biomedical treatment [12], identify gases,
assist in health diagnostics, and further [13].The evanescent field is the key of PCF-SPR's sensing
mechanism. When light of a particular wavelength penetrates the PCF's fiber core and partly passes through
its cladding, a transient field is generated. Surface plasmon waves arise from the interaction between
electrons in a plasmonic metal surface (such as copper, gold, silver, or aluminum) with evanescent fields.
Once the core guiding mode's refractive index (RI) approaches that of the SPPi modes, phase matchings
take place, and the two modes are now linked. [14, 15].

PCF-SPR technology addresses the limitations of traditional prism-based SPR sensing, such as large
size, the need for precise incidence angle, and many mechanical parts. These limitations restrict distant
sensing capabilities and limit the range of applications [16]. Based on sensor assessment, two different
sensing modalities are distinguished: interior and outside. The analyte is cast off to charge up the air hole
or a metal coating is put around the core in internal sensing or sensing based on nanowires. Positioning
plasmonic material outside to act as a sensing medium for exterior applications including D-shape, slit, and
microchannel sensors is an additional way to use plasmonic material [17].

A D-shaped PCF sensor based on SPR that was covered by a 40 nm gold layer was suggested by Jassam
et al. [18]. Its highest resolution was 4 x 10-5 RIU, and it had an amplitude sensitivity of 99.2 RIU-1 within
the detection range of 1.351-1.363. A PCF~SPRr sensor was developed by Mahmood et al. and
demonstrated an impressive sensitivity of 164.3 nm/RIU throughout the 1.33-1.3431 analyte refractive
index range. The coating that the researchers applied to the air holes was made of plasmonic material,
namely gold. They then used analyte samples to fill up these gaps [19]. This effort, however, used an
internal sensing approach to substantially improve the sensor's performance. Therefore, by effectively
integrating the core-guiding mode with the SPP mode, the performance of the sensor was improved. Due
to their small fiber diameter, complicated structure, and tiny air hole diameter, most of the PCF
conformations that have been studied were challenging to produce. While the majority of PCF-SPR sensors
have undergone mathematical analysis, ESM-12-02 has been subjected to analysis in conjunction with the
finite element technique (FEM) for SPR. The manufactured PCF has six air holes organized in a regular
pattern around a tiny core. When it comes to sensor resolution and amplitude sensitivity, the suggested
framework could provide the greatest sensitivity available.

2. Theoretical investigation and design of sensors

A. Sellmeier Equation

The suggested sensor mostly utilizes silica in its fabrication. All of the openings in the structure are devoid
of any substance and are instead occupied by air. The refractive index of silica is defined by equation 1
[20].

a, 22 a,A? az A?
Nsitica =1+ )Lzl_b1 + Azz_bz /123—b3 (1)
Silica's refractive index, denoted as N, is dependent on the wavelength, A, which is measured in pm. The
Sellmeier constants for silica are represented by the sets (al, a2, a3) and (b1, b2, b3) correspondingly.
a1=0.6961663, a2=0.4079426, a3= 0.8974794.

B. Drude—Lorentz Model

At higher frequencies, the real and imaginary components of the dielectric constant cannot be estimated
using the Drude model. By expressing the interband effect (IB) as the sum of Lorentzian functions, it may
be avoided.
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A simple representation of the frequency-dependent dielectric function is &(w)=eDrude(w)+elB(w).
Equation 2 may be used to express the dispersion relation of gold, a noble metal, using the Drude-Lorentz
model [21].

Sau = &g
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In this case, eAu stands for the gold substance's permittivity, whereas goo is the gold's permittivity at a high
frequency, which is 5.9673. You may express the angular frequency, ®, as ® = 2ac / A, where c is the speed
of light in a vacuum. At 2113.6 THz, the plasma frequency is ®D/2x, while at 15.92 THz, the damping
frequency is yD/2m. At 1.09, the weighting factor Ag is set. The Lorentz oscillators have an oscillator power
of 650.07 THz and a spectral width of 104.86 THz. While Q. and I'. are the oscillator strength and spectral
width of the Lorentz oscillators

3. Photonic Crystal Fiber designed for Endlessly Single Model

The Single-Mode Solid Core PCF, especially the ESM~12~02 type provided by Thorlabs Assembly, has a
stable mode field diameter and shows negligible loss across a wide range of wavelengths from 200 nm to
over 2000 nm. An industry standard, the ESM-12-02 has an outside length of 125 um and is well-matched
with most fiber equipment. When it came to sensors, interferometers, and applications that needed short
wavelengths like visible light and ultraviolet (UV) radiation, the ESM-12-02 was the way to go. It could
produce wideband radiation in a single spatial mode. The physicochemical features of ESM-12-02 are listed
in Table 1.

Table 1. Physical properties of PCF.

Photonic crystal fiber Properties

Core diameter 10.2um
Holes diameter 2.46pum
Pitch 7.8um
Outside diameter 125um

125um

PML

Silica
Air
5
8 Gold
>
X-polar - Anaiyte

Fig. 1: Cross-sectional observation of the suggested sensor.
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The NKT Photonics ESM-12 PCF is specifically engineered to function as a single-mode fiber, maintaining
a constant outside length of 125 pm. It works with any fiber tool that is widely used. Figure 1 displays a
graphic representation of the PCF~SPR sensor created by the use of the COMSOL MULTPHY SICS tool.
After the PCF received a 40 nm covering of plasmonic matter, such as gold, the sample was deposited onto
it. As the boundary media, a Perfectly Matched Layer (PML) was used to effectively absorb the scattered
light that was directed toward the surface of the fiber. The PML is a round sheet with a thickness of 12 pum
in the proposed construction. The convergence experiments were effectively conducted and subsequently
adjusted to produce more precise results by adjusting the PML width and mesh sizing.

4. Results and Discussion

When a specified wavelength is produced by the phase of the Surface Plasmon Polariton mode and core
controlling in a certain material, resonance results. The connection between the basic mode for y-
polarisations and the dispersion of the Second Surface Plasmon Polariton (SSPP) mode is shown in Figure
2. Another thing that this picture shows with the red line is the structure's general propagation mode's
confinement loss. An evident decrease in intensity at the specific wavelength of 658 nm was observed,
indicating the alignment of the core with the 2nd surface plasmon polariton mode. Consequently, the SPP
mode acquires the most amount of energy from the fundamental core mode. In the y-polarization, Figure 2
shows the distribution of the electric field for the phase-matching core mode (b) and the fundamental core-
guiding mode (a).

The results were obtained with the analyte having a refractive index of 1.383 and a phase-matching
condition used. Even small changes in the analyte's refractive index might have a significant impact on the
loss of depth. The suggested PCF sensor's loss spectrum is shown in Figure 3 for different n, values.
Redshift occurred as the peak shifted towards longer wavelengths as the depth of loss increased. This is so
because the phase matching point varies with increasing effectual refractive index of the surface plasmon
mode. This results in a decreased difference between the core-guided mode and the plasmon mode, hence
improving the efficiency of coupling. The maximum attenuation coefficient of 5.79 dB/cm was observed
at a wavelength of 658 nm, corresponding to a refractive index of 1.383. The power transmission between
the core and SPP phases was more intense as the loss depth increased. The result was caused by an elevation
in the refractive index of the substance being analyzed. Therefore, the resonant spectrum was further

limited.
/ (a) -
\

Fig. 2: Electric field distributions at na =1.383 in (a) core-guided mode, (b) SPP mode (y-polarized).
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When the refractive index of the analyte increases as shown in Figure 4 the peak loss reduces. This is due
to a poorer coupling efficiency caused by a larger variance between the plasmon mode and core guided and
a decreased nefr Of the plasmon mode that varies the phase corresponding point.
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Fig. 3: Dispersion relation between core guiding mode and the second Surface plasmon mode.
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Fig. 4: The confinement loss spectrum of the proposed Photonic Crystal Fiber (PCF) Surface Plasmon
Resonance (SPR) sensor varies as the analyte's refractive index (RI) increases from 1.383 to 1.399.
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Amplification consideration and wavelength approaches may be employed to evaluate the operation of the
planned sensor. Equation (3) is applicable for the calculation of wavelength sensitivity [22]:

Sw(h) = peak @3)

Ang,

The resonant peaks and the fluctuation in the analyte's refractive index are represented by the values of AL
peak and Ana, respectively.

The proposed sensor is sensitive to wavelengths of 1667 nm/RIU for na = 1.383, 1.389, and 1.395. The
resonant wavelength peaks occur at 10 nm for variations in the refractive index of the analyte within the
ranges of 1.383-1.389, 1.389-1.395, and 1.395-1.399. These ranges indicate the intervals amongst the points
of resonant wavelength. The sensor's resolution is a crucial feature that characterizes its ability to spot even
the slightest alteration in the refractive index of the analyte. The resolution (R) of the suggested sensor was
denoted by Eq. 4 [22]:

Anax AAmin
- AApeak [RIU] (4)
The variables in the issue are as follows: The slightest spectral resolution is denoted by AAmin, While the
greatest shift in the resonant wavelength peak is represented by Ahpeax. The change in refractive index (RI)
of the analyte or sample is represented by n.. The greatest resolution achieved was 6x10° RIU, based on
the assumptions that An, (change in refractive index) is 0.006, Akmin (Minimum change in wavelength) is
0.1, n, (refractive index) is 1.399, and Akpeak (Change in peak wavelength) is 10 nm. Finding the sensor's
amplitude sensitivity is possible with the help of Equation (5) [22]:
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Fig. 5: The amplitude sensitivity changes as the wavelength varies, while the refractive index of the
sample increases from 1.383 to 1.399.
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In contrast to da (A, na), which represents the change in confinement loss among two analyte samples with
identical refractive indices, a (A, na) represents the analyte's confinement loss at a certain refractive index.
The level of reactivity of different analyte/sample refractive indices is shown in Figure 5. The maximum
amplitude sensitivity values were 16 RIU™, 23.34 RIU*, and 31.2 RIU™ for refractive index variations of
the analyte/sample within the ranges of 1.383-1.389, 1.389-1.395, and 1.395-1.399, respectively.

5. Conclusion

This study utilizes a Photonic Crystal Fiber sensor that operates on the principle of surface Plasmon
Resonance (PCF-SPR) to identify expired medication samples. The sensor is designed by applying a gold
layer to the air hole located on the right side of the PCF core. Analyzing the resonant wavelength or
confinement loss spectrum peak with the actual component of the effective index of the core guiding mode
and surface plasmon mode may help identify the unknown material. The Finite Element Method (FEM)
was used to examine the basic mode sensor characteristics. The maximum wavelength at which the sensor
is sensitive is 1667 nm/RIU, and the maximum amplitude at which it is sensitive is 31.2 RIU™. These
sensitivities were observed within the detecting range of 1.383 to 1.399. The suggested sensor has the
potential to function as a biosensor, thanks to its simple design and exceptional sensing capabilities.
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