Open Access Baghdad Science Journal P-1SSN: 2078-8665
Published Online First: September 2022 2023, 20(2): 616-621 E-ISSN: 2411-7986

DOI: http://dx.doi.org/10.21123/bsj.2022.6730

Photonic Crystal Fiber Pollution Sensor Based on the Surface Plasmon
Resonance Technology

Fatima Fadhil Abbas* Soudad S. Ahmed

Department of Physics, College of Science, University of Baghdad, Baghdad, Irag.
*Corresponding author: fatimafadhel. Abaas1104@sc.uobaghdad.edu.ig
E-mail addresses: soudadbassam@gmail.com

Received 5/11/2021, Revised 2/4/2022, Accepted 4/4/2022, Published Online First 20/9/2022
Published 1/4/2023

'© BY This work is licensed under a Creative Commons Attribution 4.0 International License.

Abstract

Photonic Crystal Fiber (PCF) based on the Surface Plasmon Resonance (SPR) effect has been
proposed to detect polluted water samples. The sensing characteristics are illustrated using the finite element
method. The right hole of the right side of PCF core has been coated with chemically stable gold material to
achieve the practical sensing approach. The performance parameter of the proposed sensor is investigated in
terms of wavelength sensitivity, amplitude sensitivity, sensor resolution, and linearity of the resonant
wavelength with the variation of refractive index of analyte. In the sensing range of 1.33 to 1.3624,
maximum sensitivities of 1360.2 nm/RIU and 184 RIU ' are achieved with the high sensor resolutions of 7
x10° RIU and 5.4x 107 RIU using wavelength and amplitude interrogation methods, respectively. The
proposed sensor could be established to detect various refractive index (RI) of pollutions in water.

Keywords: Optical Fiber Sensor, Optical Fiber Surface Plasmon Resonance, Photonic Crystal Fiber,
Polluted Water.

Introduction:

PCFs are divided into two categories depending polarized light and SP®.Combining the advantages
on their light-guiding mechanisms: solid core of PCF technology with plasmonic science, PCF-
photonic crystal fibers (SC-PCFs), which use a  SPR sensors have been developed, for a wide range
Modified Total Internal Reflection (MTIR) and of potential applications such as water testing’, food
hollow core photonic crystal fibers (HC-PCFs) safety, solution concentration measurement®,
which use the Photonic Band Gap (PBG) effect’. environmental monitoring, biomedical treatment®,

PCF have received a lot of interest in recent  gas detection, medical diagnostics, and so on®. The
years due to unique features that are not attained in sensing mechanism of PCF-SPR is generated by
traditional optical fibers such as small size, which means of an evanescent field. When light of a
reduces electromagnetic interferences as well as  specific wavelength is incident on the fiber core of
high sensitivity, electrical passiveness, improved  the PCF and some of the fields pass through the
stability and fast optical response 2. Furthermore, cladding, an evanescent field is formed. When
PCF configuration is very flexible, with several evanescent fields interact with free electrons in a
parameters to control: including the shape and plasmonic metal layer like silver, gold, copper, or
diameter of the air hole, the lattice pitch, and the aluminum, the surface plasmon wave is created.
refractive index of the glass®*. In contrast, other ~ The core guided and Surface Plasmon Polariton
physical characteristics may also be measured, SPP_modes are now coupled, and the core guidance
including temperature, pressure, acceleration and mode's RI (real value) is similar to that of the SPP
monitoring of hydrocarbons, etc.’. mode, which is known as phase matching -2, PCF-

SPR refers to surface Plasmon resonance SPR technology overcomes conventional prism-
and is defined as an optical phenomenon that occurs based SPR sensing challenges including bulky
when p - polarized light excites a charge density  construction, accurate incident angle as well as a
oscillation at the metal-dielectric interface by large number of moving mechanical components,
achieving the phase matching state between the p - which limit the remote sensing and broad range of
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applications 3. Based on sensor evaluation, there
are two different types of sensing approaches:
internal sensing approaches and external sensing
approaches. The analyte is used to fill the air hole in
the internal sensing or nanowire-based sensing, and
a metal layer is coated around the core. Placing the
plasmonic material externally is another approach to
external sensing medium, such as microchannel
sensors, slit sensors, and D-shape 4.

Rifat et al., 2018 investigated an internally
silver-coated PCF as an SPR sensor with a
wavelength sensitivity (Sw) equal to 300 nm/RIU
and an amplitude sensitivity (Sa) equal to 418 RIU™
within a sensing range of 1.46-1.49 RIU®. The
same researchers improved the sensitivity and
detection range of the internally coated sensor by
introducing a bigger cavity inside the fiber core!?.
Mahmood et al., 2018. proposed PCF-SPR sensor
with maximum sensitivity of 164.3 nm/RIU in the
sensing range of analyte RI 1.33-1.3431, which
uses plasmonic material such as gold to coat air
holes and filled with analyte sample 6. Muhammed
et al. presented a hollow core photonic crystal fiber
as a water quality sensor with a core of PCF filled
with various concentrations of H»O, and DO in
water, with relative sensitivity decreasing with
increasing concentration and varying between 97
percent and 67 percent for H,O, solution and
between 80 percent and 41 percent for D;O, where
relative sensitivity is dependent on effective
refractive index profile’.

In this study, however, sensor performance was
significantly improved by using an internal sensing
approach. As a result, obtaining effective coupling
between the core - guiding mode and the SPP mode
can improve the sensor's performance. Up to date,
most demonstrated PCF- SPR sensors have also
been mathematically investigated, and the majority
of reported PCF conformations were difficult to
fabricate because to their small diameter of air hole,
complicated structure, and small diameter of fiber.
In this study, the numerical resulted are studied by
using the finite element method (FEM) through
COMSOL MULTIPHYSICS (v 5.4) to investigate
performance parameter of ESM-12-02 PCF based
on SPR. The cross section of fabricated PCF
consists of a solid core surrounded by a periodic of
six arrays of air holes. The hole on the right side of
solid core is selected and coated with a chemically
stable material such as gold before being filled with
analyte to prevent the oxidation due to the
infiltration of air holes with polluted water samples.
Theoretical Analysis and Sensor Design
Sellmeier Equation

In the construction of the proposed sensor,
essentially silica is used. All of the holes in the
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structure are empty, i.e., filled with air. The
refractive index of silica is determined by the eq.1
17.

2 2 2
NSiliCﬂ =1+ ;;l_lbl + ;;z_lbz + )_‘:?’_lbg
N is the refractive index of silica that depends on
wavelength, A is the wavelength in pm, and the
Sellmeier coefficients for silica are (a1, a,, as) and
(b1, b2, bs)respectively .
a:=0.6961663, a,=0.4079426, as= 0.8974794,
¢1=0.0684043 pm?, c,= 0.1162414 pm? and
€3=9.896161 pm2,
Drude-Lorentz Model
Drude model is not suited at higher frequency
regime for calculating the real and imaginary part of
dielectric constant (¢). The interband effect (IB)
may be nullified as a sum of Lorentzian functions,
the dielectric function depending on a frequency
can simply be expressed as
&(w)=eDrude(w)+cIB(w) 8. Thus, the dispersion
relation of Au as the noble metal could be expressed
using Drude-Lorentz model as Eq.2

Ae.?

w(w+jyp) a (w2-0}H)+jMw
Where ea, denotes the permittivity of the gold
material and &, is the gold permittivity at a high
frequency that has a value of 5.9673. o is the
angular frequency which may be expressed as o=
2mc /A, ¢ is the velocity of light in vacuum. wp2n
=2113.6 THz and yp2n=15.92 the plasma and
damping frequency respectively .Ae is the
weighting factor and equal to1.09. I'/2n = 104.86
THz is the spectral width and Q./271=650.07 THz is
the oscillator strength of the Lorentz oscillators.

wp

au = €0 T

Structural Design and Analysis

Photonic crystal fiber (PCF) model (ESM-12) made
by NKT Photonics has always been an endless
single mode fiber with outer diameter of 125pum and
is compatible with all common fiber tools.Fig.1. a
shows a scanning electron microscope (SEM) image
of a fabricated (ESM-12) PCF with a lattice
constant (A) of 7.8 um and an air hole diameter (d)
of 4.5 pum. Fig.1.b illustrations a schematic of the
proposed PCF-SPR sensor, which was created using
the Finite Element method (FEM). Perfectly
Matched Layer (PML) is circular layer with
thickness 12pum in the proposed structure was used
as the boundary condition for absorbing scattering
lights toward the surface of fiber. Convergence tests
also were successfully completed, optimized with
the PML thickness and mesh size for more accurate
results. The analyte is filled into the air-hole (d1),
which is then coated with 40 nm thickness layer of
plasmonic material such as gold.
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Figurel. b. cross section views of (ESM- 12) PCF

Electrical -filed distribution of fundamental
core - guiding mode, (phase matching) core mode
and 2" SPP mode for y-polarization mode are
shown in Figs. 2(a)-2(c), respectively. The phase
matching between core guiding mode and surface
Plasmon polarization (SPP) mode produces
resonance at a specified wavelength for a given
analyte/sample. Fig.2.d shows the dispersion
relation between the second SPP mode and the
fundamental core mode when RI is 1.36, tay = 40
nm around the resonant frequency in y-polarizations
mode. The confinement loss of the propagation
mode of the overall structure is also shown in
fig.2(d) (black line). At the resonant wavelength of
626 nm, where the core guided fundamental mode
and the 2" SPP mode intersect, a sharp loss peak
occurs. As a result, the basic core mode transfers
the most energy to the SPP mode. The confinement
loss can be obtained by using Eq.3°:

o(52) = 8.686 X ko Im(ners) X 10°
where Im(nes) is the imaginary part of the effective
mode index and Ko is the wave number.
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Figure 2. Electric field distributions at na
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core guiding mode and the second Surface
plasmon mode.
These results were obtained using a phase matching
condition and a refraction index of 1.3624 for the
analyte. The loss depth is greatly influenced by
small changes in the analyte RI. The proposed PCF
sensor's loss spectrum with different n, is displayed
in Fig.3. As the loss depth increases, the peak shifts
toward longer wavelengths (redshift). This is
because an increased effective refractive index(nef)
of surface plasmon mode modulate phase matching
point with reduces the difference between core
guided mode and plasmon mode which makes the
coupling efficiency stronger. For n, =1.3624 at 626
nm, the maximum loss depth occurs and equal to
4.13(dB/ cm) and the power exchange between the
core and SPP modes increases as the loss depth
increases, owing to an increase in Rl of analyte
resulting in a narrow resonant spectrum.
When the refractive index of the analyte is
1.33,1.3433,1.3542 and 1.3624 the resonant peaks
of wavelength is 580,600,610 and 620nm
respectively, which are shown in Fig.4 with linear
fitting.
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Figure 3. The confinement loss spectrum of the
proposed PCF SPR sensor variation with
increase analyte RI from 1.33 to 1.3624.
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Figure 4. Resonant wavelength versus refractive
index
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The suggested sensor's performance can be
evaluated using both interrogation methods:
wavelength and amplitude interrogation methods.
The wavelength sensitivity may be calculated using
the Eq.4°:

Adpeak

Sw@) = Ap—na

A)peak and An, denote the shift in resonance peaks
and analyte RI, respectively.

For n. of 1.33,1.3433, and 1.3542, the
proposed sensor has wavelength sensitivity of
1360.2 nm/RIU™L, The peaks of resonant wavelength
are 20, 10, and 16 nm, respectively, for analyte RI
variations of 1.33-1.3433, 1.3433-1.3542, and
1.3542-1.3624. Another important parameter is the
sensor's resolution, which describes how the sensor
detects a small change in the analyte RI. Resolution
(R) of proposed senser was given by Eq.5 %:

R= Al’la X A}Lmin /A}Lpeak [RIU] ..........

Where n, represents analyte RI variation,
the minimum spectral resolution is represented by
Ahmin and Alpeac represents peak shift of the
maximum resonant wavelength. The maximum
resolution of proposed sensor is 5.125x10° RIU,
assuming An, = 0.0082, Akmin= 0.1, Ahpeac= 16 nm,
and n, =1.3642. The following Eqg.6 can be used to
calculate the sensor's amplitude sensitivity *°:

_ _ 1 oda(dng) 1
Sa(A) = ang  ong [RIU]

Where a (A, na) represent the confinement
loss of analyte at a given refractive index Rl and da
(A, ny) denotes the difference in confinement loss
between two analytes with adjacent refractive
indexes. Fig 5. shows the amplitude sensitivity of
various analyte refractive index RI. The maximum
amplitude sensitivity was 95.6 RIU?, 179 RIUY,
and 184 RIUY, respectively, when the analyte RI
variation range was 1.33-1.3433, 1.3433-1.3542,
and 1.3542-1.3624.
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Figure 5. Amplitude sensitivity as a function of
wavelength when refractive index n, of analyte
increasing from 1.33 to 1.3624
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Conclusion:

Photonic Crystal Fiber sensor based on
surface Plasmon Resonance (PCF-SPR) numerically
is exploited in this work to detect polluted water
sample by coating air hole in the right side of PCF
core with gold layer. The unknown analyte can be
detected from the resonant wavelength or the peak
of confinement loss spectrum matching the real part
of effective index of core guiding mode and surface
plasmon mode. The sensor parameters of the
fundamental mode have been studied by employing
the FEM. The maximum wavelength sensitivity is
1360.2 nm/RIU and amplitude sensitivity is 184
RIUY in the sensing range of 1.33 (distilled water)-
1.3624 (polluted water) is found. The suggested
sensor may be used as a pollution sensor due to its
simple structure and great sensing characteristics.
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