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Abstract In this paper, a photonic quasicrystal fiber plasmonic refractive index sensor is numerically
analyzed. The fiber core is infiltrated with six hypothetical liquids, the refractive indices of which vary from
1.44 to 1.49. The reason for filling the core with different refractive indexes of liquids is that a changeable
refractive index of the core is an option to adjust the sensor performance at different intervals of analyte
refractive index. Due to changes in the core refractive index, a large RI detection range from 1.38 to 1.53 is
obtained and the sensor exhibits maximum spectral sensitivity of 10,000 nm/RIU. The properties of the
refractive index sensor are calculated using the finite element method. The geometrical parameters of the
sensor such as analyte height and gold thickness are also evaluated. The proposed sensor has a tunable
capability which can be suitable for RI detection of biomedical liquid analytes in various ranges of refractive

indices.

INDEX TERMS Finite element method, Photonic quasicrystal fiber, Refractive index sensor, Spectral
sensitivity, Surface plasmon resonance, Tunable refractive index sensor.

I. INTRODUCTION

Surface Plasmon resonance waves are free electron
oscillations at the interface of dielectric and a thin metal layer
[1]. These evanescent waves are highly sensitive to refractive
index changes of the medium near the surface of a metal
layer. Surface Plasmon resonance (SPR) sensing has a great
potential for various applications such as biosensing [2],
bioimaging [3] medical diagnostics [4], biochemical and gas
detection [5], [6]. Among the various methods of measuring
the refractive index of different materials. SPR based fiber
optic sensors have significant advantages over alternative
methods such as electrochemical transistors [7], these
advantages are remote sensing, long lasting, real time
monitoring and ease of use. Also, the sensitivity of the
surface plasmon waves to analyte changes is much higher
than other methods. Conventional SPR sensors have the Otto
and Kretschmann configuration based on prisms [8]. These
sensors are bulky and are not suitable for remote sensing
applications. In comparison, photonic crystal fiber-based
sensors have the advantages of small size, flexible design,
and remote sensing capability [9]. Consequently, in recent
years, photonic crystal fiber-based surface Plasmon
resonance (PCF-SPR) sensors have received significant
research attention. There are a great number of papers have
been published in this field [10], [11], [12], [13]. As a few
examples, M. Liu et al. proposed a high sensitivity SPR
biosensor with the analyte RI range of 1.4 to 1.43 [14]. Rifat
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et al. reported a D-shaped PCF-SPR sensor in the visible to
NIR wavelength range [15]. Most of the plasmonic photonic
crystal-based structures are limited by the refractive index of
the fiber material, which is usually fused silica. In this case,
the detected refractive index (RI) range remains within the
refractive index range of silica. Therefore, the sensor's ability
to detect the RI range of analyte that is higher or lower than
silica decreases. Monfared et al. proposed a D-shaped fiber
optic plasmonic biosensor for high refractive index detection
[16]. In the work, the photonic crystal fiber core is filled with
the analyte whose refractive index is the target of detection
to shift the RI detection range to higher indices. However, by
placing the analyte in the core, the surface between metal and
analyte separates and these sensors are not a suitable options
for some applications such as biomolecular interaction
detection. To the best of our knowledge, most of the
refractive index sensors utilize structural changes for tunable
sensing. For example, the output characteristics of the
localized surface plasmon-based sensors can vary with size
and shape of nanoparticles [17]. These structural changes are
reported in ring resonators [18] and MDM waveguide-based
sensors [19].

Once a sensor is made, characteristics are fixed. That is why,
many plasmonic sensors are designed and each operating in
a limited and specific RI range. The need for tunable sensors
for sensing different refractive index ranges especially high
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indices, is still a major challenge in the design of plasmonic
Sensors.

In this paper, a high sensitive rectangular channel photonic
quasicrystal fiber-based (PQF) plasmonic refractive index
sensor is proposed. The fiber core is filled with a reference
liquid, which affects the regulation of sensor performance in
detecting wide ranges of refractive indices. The numerical
solution approach has been used for the fiber analysis.
Although, there are some analytical methods for measuring
the refractive index of materials, among which is the
combination of semi-analytical model that is applied to
predict the SPP generation in nanoledge plasmonic device
and FDTD modelling for detection of refractive indices of
common solvents [20], but these analytical models
inevitably have to apply limiting assumptions that reduce the
accuracy of the results. As another example, is analytical
modeling of refractive index sensor based on Fabry-Perot
Interforemeter [21]. In the paper, the spectral response of
microcavity is modelled by using the characteristic matrix
method. In most of these analyzes, the authors had to use
accurate numerical analysis or practical experiments to prove
the accuracy of their analytical approach. In this paper, the
FEM method is used to solve the Maxwell equations. Due to
the complex structure of photonic crystal fibers and the
periodic profile of the cladding refractive index, there is no
clear boundary between the core and the cladding refractive
index, so to obtain accurate modal analysis of the fiber, we
have to solve equations by numerical methods such as FEM,
which is possible through softwares such as Comsol
Multiphysics. Thus, the FEM method is used for simulation
where the number of complete mesh is 25196 domain
elements and 1730 boundary elements. In the following, the
geometry of the structure and the effect of RI variations in
the core is investigated and spectral sensitivity with detection
range is analyzed. Then, the influence of the analyte height
on the profile of the sensor is studied. Finally, the effect of
metal layer thickness has been reported.

Il. THE GEOMETRY OF THE STRUCTURE
The cross section of the proposed refractive index sensor is
shown in Fig. 1. The structure is six-fold PQF includes 4 layers
of air holes that surround the core area. By examining different
geometrical parameters and evaluating the desired resilt, the
parameters are obtained: the diameter of the air hole is d -1
um, the core diameter, and the pitch of d.=2.8 um, A=2 pm
respectively. The radius of the entire sensor is 9 pm. The
channel height including air is h=6.1 um and analyte height is
h.=0.45 pum. A gold layer with a thickness of tay=0.05 um is
applied as plasmonic material.

The refractive index of fused silica is calculated by the
sellmeier equation [22]:

n(/1)=\/1+ By By B 1)

A%2-c;  A%2-c,  A%2-C3
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where A is an operating wavelength in micrometer. The
constants are B/= 0.69616300, B.= 0.407942600, Bs=
0.897479400, C;= 0.00467914826, C>= 0.0135120631 and
C5=97.9340025

A thin gold film is employed as a plasmonic material. The
dielectric properties of the Au layer are described by the Drude
- Lorentz model [23]:

ey Ae0}
w(w+jYp) (w2-02)+jriw

au = €w (2)
where w=2nc/A, €x=5.9673, wp/2n=2113.6 THz, yp/2n=15.92
THz, 4¢=1.09, I'./2n=104.86 THz and Q./27=650.07 THz,
respectively.

The air refractive index is set to 1 and the core liquid
refractive index (nc) varies from 1.44 to 1.49. A perfectly
matched layer (PML) is used as a virtual radiation absorber.
The performance of the proposed sensor is measured by the

confinement loss (CL) spectrum of the fundamental mode by
using (3) [24]:

da
L(52) = 8686 x ;s Im(n ) x 10* 3)

where Im(neff) is the imaginary part of the effective
refractive index of the mode.
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FIGURE 1. (a) Geometrical structure of the proposed PQF. (b) Sensor
schematic diagram.

lll. RESULTS AND DISCUSSION:

Surface Plasmon resonance occurs when the energy of the
core mode becomes coupled to the plasmonic mode resulting
in a peak in the confinement loss spectrum. This condition
occurs when the real part of the effective refractive index of
the core mode is equal to the real part of the effective refractive
index of the plasmonic mode. Fig 2 shows the effective
refractive indices of the core mode, plasmonic mode, and the
confinement loss curve for the analyte refractive index of n.=
1.45 and the core refractive index of nc-1.46. There is a peak
in the confinement loss spectra at 967 nm.

The Plasmon resonance peak is sensitive to the
surrounding dielectrics. In this work, the spectral sensitivity
characteristics are investigated for the liquid core whose
refractive index varies from 1.44 to 1.49. The core can be a
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liquid solution whose refractive index is approximately
constant in the operating wavelength range of the sensor [25].
Therefore, a tunable refractive index sensor is designed by
changing the core material.
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1.49, as the refractive index of the core increases, the detection
range moves to higher refractive indices. Thus, at n.=1.49, the
sensor detection capability increases to measure the analyte RI
of 1.53. The resonant wavelength range and spectral
sensitivity are listed in the table as well.

TABLE |. Sensitivity data of PQF-SPR based Sensor

Core RI Resonant Minimum Maximum

RI detection wavelength wavelength wavelength

(nc) range(na) range(nm) sensitivity sensitivity
(nm/RIV) (nm/RIV)

1.44 1.43-1.46 980-1130 4000 6000

1.45 1.38-1.47 750-1090 1000 10000

1.46 1.40-1.47 750-1030 2000 9000

1.47 1.44-1.49 890-1040 3000 3000

1.48 1.44-1.51 850-1070 3000 4000

1.49 1.46-1.53 870-1110 3000 4000

1.435 * .
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FIGURE 2. Distribution of the effective refractive index of the sensor and
confinement loss diagram. (d=2 pm, dc=2.8 pm, ha=0.45 pm, tau=0.05 pm,
na=1.45, nc=1.46)

The spectral sensitivity of the sensor is expressed as
[26]:

A ea
S, = AAka (nm/RIU)

“
where AApeak is the change of confinement loss peak
wavelength and 4n. is the change of analyte refractive index.
The confinement loss spectrum of different analytes for
n=1.47 is shown in Fig. 3. As presented in Fig. 3, with
increasing of na, CL peak of the spectrum moves towards the
longer wavelength and almost constant spectral sensitivity of
3000 nm/RIU and detection range of 1.44 to 1.49 is achieved
for the core refractive index of 1.47.
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The highest sensitivity of 10,000 nm/RIU is obtained for nc
of 1.45, the RI detection range being also wide in this case.

The channel intended for filling the analyte is a rectangular
area, 4 micrometers wide. In order to investigate the effect of
sample size, different heights of the analyte were analyzed. to
evaluate the effect of analyte height on sensor performance,
the spectral characteristics of the sensor have been
investigated in different analyte heights of 0.35, 0.4, 0.45, 0.5,
and 0.55 pym with n=1.48 ,and n.=1.48. According to the
results, the resonance wavelength depends on the height of the
analyte and shifts with changes in height. Consequently, for
proper separation of sample refractive index and according to
the highest sensitivity reported, the height of the analyte must
be fixed at a constant value. Fig. 4 shows that by enhancing
the analyte height, CL peak value increases and the resonant
wavelength shifts towards higher wavelengths.
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FIGURE 3. Fundamental mode confinement loss from na=1.44 to 1.49. (d=2
pm, de=2.8 um, ha=0.45 pum, ta;=0.05 pm, nc=1.47)

Sensitivity data of the sensor is reported in Table I, which
shows sensor spectral output for core refractive index varies

from 1.44 to 1.49. It is observed that for nc intervals of 1.45 to
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FIGURE 4. Confinement loss spectrum of the proposed sensor for analyte
height variation of ha from 0.35 to 0.55 pm. (d=2 pm, dc=2.8 pm, ta,=0.05 pm,
na=1.48, n.=1.48)

Metal film is an important geometric parameter in the
optical properties of plasmonic sensors. Fig. 5 shows the
dependence of optical confinement loss on the gold film
thickness. As shown in the figure, by changing the thickness
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of the gold layer, coupling between the core mode and
plasmonic mode is changing. Confinement loss is investigated
for three different thicknesses. It is observed that the coupling
reduces with decreasing thickness of the gold layer.
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FIGURE 5. Dependence of confinement loss on the gold film thickness. (d=2
pm, de=2.8 um, ha=0.45 pm, na=1.45, n.=1.46)

IV. CONCLUSION

A tunable and highly sensitive PQF-SPR refractive index
sensor is proposed and numerically investigated using the
FEM method. Variation in the core refractive index makes the
sensor able to detect different ranges of analyte refractive
indices. This feature is suitable for detecting analytes,
especially with a high refractive index. A maximum spectral
sensitivity of 10,000 nm/RIU and a large detection range from
1.38 to 1.53 are achieved. This proposed sensor has the
potential to detect an extensive range of biological and
chemical liquid analyte RIs by changing the refractive index
of the liquid inside the core.
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