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Abstract— Using finite element method, a novel photonic
crystal fiber (PCF) based surface plasmon resonance (SPR)
sensor, capable of detecting multiple samples simultaneously, is
designed and analyzed in this paper. Applying perfectly
matched layer boundary condition, maximum wavelength
sensitivity of 22,000 nm/R1U, amplitude sensitivity of 1629 RI1U-
Land an ultra-wide range refractive index (RI) from 1.17 to 1.43,
are reported for detecting gaseous and liquid materials. These
features will open to design, analyze, fabricate, and test Lab-on-
Chip (LOC) devices for plant science, food safety, environment
analysis, and medical diagnosis.

Keywords— Lab-on-chip, wavelength sensitivity, amplitude
sensitivity, SPR sensor.

I. INTRODUCTION

Photonic crystal fiber (PCF) based surface plasmonic
resonance (SPR) sensor has become a promising research
field for researchers due to the outstanding tunable optical
properties of PCFs, wide sensing ranges, and comprehensive
applications including environment monitoring, gas
detection, disease detection, bio-imaging, bio-medical,
bioengineering, chemical sensing, and so on [1]. Very
recently, researchers have been thinking about designing a
unique sensor chip using novel LOC technology that will be
useable for medical diagnosis, food safety, plant science, and
environmental analysis [2]. Plasmons refer to the collective
vibrations of charge that occur at the boundary among the
dielectric and metallic substances. These vibrations result in
the generation of highly strong local fields in the surrounding
area of charged particles. The phenomenon of collective
charge oscillations occurring at the outermost interfaces,
commonly referred to as plasmonic surface waves (PSW),
can be effectively guided over the interface in the form of a
propagating wave called surface plasmon polariton (SPP)
[11]. SPPs are being designed and controlled between metal
and dielectric interfaces in such a way so that most of the
optical power is transformed from core-guided mode to SPP
modes which result a sharpened resonance peak to execute
resonance phenomena in the group XI materials of periodic
table [3]. SPPs can be created between metal and dielectric
interfaces by coupling the electromagnetic field into highly
charged particles of plasmonic materials, such as gold, silver,
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copper, and aluminum. To produce an intense excitation of
plasmon waves on the PCF surface, the appropriate choice of
plasmonic materials is also crucial. As a result of its
sharpened resonance peak and not having an inter-band
transition, Silver is said to be a great plasmonic substance.
However, the material’s excessive oxidation properties
prevent its broad use in agueous environments. On the other
side, gold shows a significant shift in the resonance peak and
is a chemically durable metal [3]. Internal and external are
two sensing mechanisms in terms of placement of the analyte
inner or outer surface of the PCF. Internal sensing
mechanisms are difficult in real-time detection. The
disadvantages of the internal sensing strategy can be
overcome by external sensing, which is why it is chosen.
Researchers focused on PCF-based SPR sensors utilizing
tunable optical properties of PCFs for improving the
sensitivity of the label-free detection capability of SPR
sensors. A PCF-based dual-core SPR sensor was suggested
by Mahfuz et al. where a maximum wavelength sensitivity
wavelength sensitivity (WS) of 28,000 nm/RIU was achieved
within the RI range of 1.33-1.42 [4]. Hasan et al. [5]
presented a dual-polarized spiral PCF sensor, where the
highest WS was 4600 nm/RIU and the maximum amplitude
sensitivity (AS) was 420.4 RIU™ for the analytes ranging
from 1.33-1.38. By optimizing geometry parameters, the
highest WS of 25000nm/RIU and AS of 1411 RIU™ for the
samples ranging from 1.33-1.38 was proposed by Islam et al.
[6]. All the recently published articles [4]-[6] were capable
of detecting a single analyte at a time and also, the sensing
range is narrow. Multi-analyte detection approach has gained
interest in detecting multiple analytes at a time due to its rapid
detection capacity and cost-efficiency. A small number of
articles were published related to the multi-analyte approach
in recent years. Articles [7], [8] have shown better
performance in terms of WS and AS, where multiple analyte
detection techniques have been addressed. However, the
sensing ranges of those published articles related to multi-
analyte were very narrow. In what follows, multianalyte
detection schemes require to study further and open a new
horizon of research nowadays [8].

This manuscript proposes a PCF-based SPR sensor that has
the ability to detect multiple analytes simultaneously with an



extremely wide sensing range. The design showed the highest
AS of 1629 RIU* and WS of 22000 nm/RIU with an ultra-
wide range of 1.17-1.43, which covers gaseous and liquid
materials. Compared to recently published articles, for the
first time, this model exhibited multiple analytes detection
capability with a broad range of samples, which covered bio-
sensing, chemical sensing, and other lower refractive indices
detection applications. Since the proposed sensor covers an
ultra-wide sensing range of RI, it will be a suitable candidate
for LOC technology by replacing the used traditional prism-
based SPR sensor.

I1. DESIGN PROCEDURES OF THE PROPOSED MODEL

With fused silica serving as a backdrop material, the
geometry of the suggested sensor is depicted in Fig. 1(a). The
light is controlled by 14 periodic air holes surrounding the
core. The optimum size of the pitch is taken at 3 um, where
the other parameters including the air hole depend on its
pitch. To control the light properly, air holes with two
different sizes are chosen. A layer of 40 nm gold is employed
on silica in each channel that is separated by silica. Fig. 1(b)
and (c) depict the core-guided mode and SPP mode light
confinement, respectively.
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Fig. 1: (a) 2-dimensional cross-sectional view, (b) and (c) are
the core and SPP mode respectively

I1l. EQUATIONS

Different types of materials are being used to design sensors.
Due to its flexibility, cheaper price, long-range transparency,
and availability, fused silica is one of the most popular glass
materials sensor applications. Fused silica is the PCF
backdrop material, and it may be described from the

Sellmeier equation [12].
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The light wavelength is expressed as A in micrometers,
and the RI of the fused silica is shown as n (A). The given
reference [13] contains the values of the Sellmeier constants
(Bi and Ci). The evanescent field is essential to the SPR
sensor's functioning mechanism. This evanescent field can be
made even stronger by changing the structure. Strong light
propagation strikes the metallic layer, causing electrons that
are free on the outermost layer of metal to be stimulated. The
detecting capacity of the plasmonic sensor is greatly
influenced by the choice of plasmonic material. Because of
its improved environmental stability and intrinsic inertness,
Au is a frequently used plasmonic material.

Consequently, Au film has been chosen that is coated to the
PCF sensor's outside surface. The dielectric function of gold
(Au) is derived from the Drude-Lorentz model [10].
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€ 4y Stands for the permittivity of gold, whereas €., =
5.9673 indicates the high-frequency permittivity [10]. The
performance evaluation of the presented sensor is conducted
by analyzing the CL properties of different analytes, which are
determined using the equation [14], [15]:

dB
CL (%> = 8.868 X k, X Ip[nesr] x 10* (3)

The symbol k, represents the open space wave propagating
number, and the operating wavelength is represented by 2m/\.
Im(ner) refers to the imaginary part of the effective mode
index. The sensitivity due to wavelength shifting of the sensor
is determined by applying the following equation [14]:

WS = lpeak
An,

where An, and Alpeak represent the wavelength variation of
the resonance peak and the RI fluctuations of the two
neighboring analytes. There is an additional important
investigation known as AS. When the RI level of the analytes
approaches that of silica, the coupling energy increases,
leading to a corresponding rise in AS. The AS can be
calculated by using the following equation.

_ 1 sa(l, ny)
AS(RIU)™! = Tty en (5)

Sensor resolution (SR) is an essential parameter for
assessing the ability of sample RIs to identify minor
fluctuations. The SR can be calculated by using the following
expression, which is taken from [10].

SR = (RIU) = Ang X Adpin/DApear (6)
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IV. SIMULATION RESULTS AND DISCUSSION

Fig. 2(a) and (b) depict the CL vs wavelength curves in the
range of RI 1.17-1.43 where CL is increasing concerning
wavelength, where a single analyte is used on both channels.
A maximum CL of 176 dB/cm is observed at the operating
wavelength of 1.20 um at RI of 1.43, where the highest WS
22,000 nm/RIU is found for RI 1.42. AS vs wavelength,
curves are demonstrated in Fig. 2(c), (d) where the highest AS
is attained 1628 RIU™* at RI 1.42.

Fig. 3(a) and (b) exhibit loss and AS concerning
wavelength, where the RIs of Ch-1 were kept unchanged and
RIs of Ch-2 were varied. Fig. 3(a) and (b) show that Ch-1 does



not exhibit sensitivity due to not changing the refractive index,
whereas the other channel exposes sensitivity causing the RIs
of Ch-2 to get varied.
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Fig. 2: (@), (b) Loss and (c), (d) AS with the change of
wavelength in the range of Rl 1.17-1.43, where the single
analyte is used on both channels
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Fig. 3: (a) and (b) are loss and AS with respect to wavelength
while the RI of the Ch-1 kept fixed at 1.38 while the RIs of
Ch-2 are varied from 1.41 to 1.43.
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Fig. 4: The RIs of Ch-1 are changed from 1.38-1.40 where
RI1 of Ch-2 kept same at 1.42 in Fig. (a) and (b).



As a result, the resonant wavelength gets a shift, whereas the
resonant wavelengths of the Ch-2 remain constant shown in
Fig. 4 (a) and (b).
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Fig. 5: Rls of both channels are varied in (a) and (b).

It is also observed that in Fig. 5(a) and (b) resonant
wavelengths are shifted for both channels due to varying the
Rls of both channels. The outstanding performance of the
proposed model regarding WS, AS, and sensing range is
investigated. compared to recent published articles [7], [8] on
multianalyte detection sensors. In ref. [7], within 1.33 to 1.40
sensing range, AS and WS were found 807 RIU™* and 12,000
nm/RIU, respectively whereas in ref. [8] AS and WS were
reported as 1119 RIU™ and 12,800 nm/RIU respectively in the
sensing range of 1.33 to 1.43 RIU. The reported results of the
proposed one indicate the superiority.

TABLE |I: The proposed design's outcomes with the RI
variation

1.25 0.56 -13.51 500 20
1.26 1.64 -16.77 500 20
1.27 1.80 -20.27 500 20
1.28 1.39 -23.51 500 20
1.29 2.30 -26.06 500 20
1.30 2.53 -32.62 500 20
131 291 -38.87 1000 10
1.32 3.45 -47.93 1500 6.67
1.33 4.33 -56.86 2000 5
1.34 5.05 -711.77 2000 5
1.35 5.94 -95.14 2000 5
1.36 7.43 -120.24 2000 5
1.37 10.14 -190.83 2000 5
1.38 13.35 -258.52 2000 5
1.39 18.49 -408.03 4000 25
1.40 26.62 -601 6000 1.67
141 38.70 -938.38 12000 0.83
1.42 61.22 -1628.21 22000 0.45
1.43 176.12 - - -

RI CL AS(RIUY) ws SR (x10%)
(dB/cm) (nm/RIU)
1.17 0.39 -4.61 1000 10
1.18 0.41 -5.52 1000 10
1.19 0.42 -6.04 1000 10
1.20 0.43 -7.08 500 20
121 0.44 -7.87 500 20
1.22 0.46 -9.1 500 20
1.23 0.48 -10.28 500 20
1.24 0.52 -11.85 1000 10

Table 1 displays the suggested sensor's results where CL, AS,
and WS are compared with the corresponding RI. Notably,
the sensor can detect a wide range of RI. So, it can be said
that the sensor will be usable for LAB-on-Chip applications.
On the other hand, table 2 demonstrates the comparison of
recently published articles with the proposed model.

TABLE II: Comparison of recently published articles with the
proposed design

Sensing Range | AS (RIU™Y) WS (nm/RIU) Ref.
1.33-1.40 807 12,000 7
1.33-1.43 1119 12,800 [8]
1.32-1.42 2606 20,000 [9]
1.33-1.42 427 18,000 [10]
1.17-1.43 1629 22,000 Proposed

V. CONCLUSION

The proposed model showed maximum WS (22000
nm/RIU) and AS (1628 RIU™?) at RI of 1.42 and the wide
range of Rl (1.17-1.43). This high sensitivity of the proposed
multi-analyte detection sensor may be used to remove the
constrain of limited sensitivity of level-free detection
capability of traditional SPR sensors in LOC application.
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