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Abstract—A surface plasmon resonance-based arc-shaped photonic crystal fiber high-sensitivity
refractive index (RI) sensor is proposed. An open arc-shaped analyte channel is produced at the top
of the fiber to facilitate RI detection of the analyte, and a gold film is coated inside the arc-shaped
structure to stimulate mode coupling. The performance of the sensor is analyzed by using the finite
element method (FEM). The results have demonstrated that the sensor can detect a sensing range of
1.35-1.42 with maximum RI sensitivity of 24900 nm/RIU and resolution of 4.01x10~% RIU. Furthermore,
the highest figure of merit (FOM) of 661.71 RIU™! is obtained. Additionally, the effects of air hole size
and air hole distance on sensitivity are investigated. Finally, the proposed sensor characterizes great
potential in biomedical, chemical, and other fields due to its excellent performance.

1. INTRODUCTION

Surface plasmon resonance (SPR) technology is a highly sensitive, real-time monitoring of molecular
interactions based on optical principles. Since the SPR effect is highly sensitive and accurate, it is
often applied in desalination [1-5], minerals recovery [6, 7], power generation [8], steam generation [9],
imaging [10-14], light-to-heat conversion [15-20], fiber-optic sensing [21, 22], and other applications [23—
27]. Most commercial SPR sensors are based on prism structures; however, such structures have
the disadvantages of bulky structures and costly equipment, restricting the widespread use of SPR
sensors [28]. To solve a series of problems caused by the prism structure, Jorgenson and Yee proposed
the first SPR-based optic fiber sensor in 1993 [29]. Compared with the traditional SPR sensors, SPR-
based fiber optic sensors have the advantages of simple construction, high sensitivity, remote detection,
etc., then researchers carry out more and more intensive research on SPR-based optic fiber sensors.
With the intensive research on SPR-based optic fiber sensors, photonic crystal fibers with high
birefringence, high degrees of freedom, and excellent transmission characteristics have attracted a
lot of attention from researchers. SPR-based photonic crystal fiber sensor is also widely applied in
temperature sensing [30, 31], RI sensing [28, 32-34], biological sensing [22], etc. Chen et al. proposed a
D-shaped photonic crystal fiber sensor based on surface plasmon resonance with a maximum sensitivity
of 11055 nm/RIU in the sensing range of 1.2-1.29 [33]. Yan et al. proposed a V-shaped photonic crystal
fiber RI sensor based on surface plasmon resonance with a maximum sensitivity of 18000.5 nm/RIU in
the sensing range of 1.47-1.52 [34]. These structures have been proposed to increase the Contact area
between the analyte and the sensor and to improve the performance of the sensor. The performance
derived from the sensor reveals that the performance of the sensor still needs to be improved. To
increase the contact area between the analyte and the sensor and to improve the sensor performance,
an arc-shaped photonic crystal fiber sensor based on surface plasmon resonance is proposed in this
paper.
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In this work, a surface plasmon resonance-based RI sensor for arc-shaped photonic crystal fibers
is proposed. The proposed arc structure can increase the contact area between the analyte and the
sensor to enhance mode coupling. The proposed tapering diameter structure in photonic crystal fibers
is also important for sensor performance enhancement. The research results indicate that the maximum
RI sensitivity of the sensor can reach 24900 nm/RIU, and the resolution is 4.01 x 10" RIU in the
sensing range of 1.35-1.42. The maximum FOM of the sensor is 661.71 RIU™!. The effect of each
structure in the sensor on the performance of the sensor was investigated, and the optimal parameters
were selected. Finally, the proposed sensor exhibits excellent performance by comparing the sensitivity,
FOM, resolution, and sensing range of different sensors

2. SENSOR STRUCTURE AND NUMERICAL MODELING

The cross-section of the proposed arc-shaped photonic crystal fiber (PCF)-SPR sensor is illustrated in
Figure 1. The proposed PCF-SPR structure consists of three layers of regularly arranged air holes. The
first layer of six air holes with a distance of r1 = 1.7 um is arranged in a positive hexagonal shape with
a diameter of d1 = 0.7 um and the second and third layers of air holes with radius 2 = 3.6 um and
r3 = 5.5 um arranged in a fan shape with a diameter d2 = 1 um and d3 = 1.4 um, respectively. An
arc-shaped channel is fabricated at the top of the PCF, located at a distance of A = 3.5 um from the
center of the PCF structure, and the radius of the fiber core is 7 = 6.5 um. To assure the accuracy of the
calculation, the outermost layer of the fiber core employs a perfectly matched layer as the absorption
boundary condition. The six air holes in the first layer have a very important adjustment function for
mode coupling and sensitivity enhancement. The sensor’s mode coupling is improved by designing a
structure with fewer vertically oriented air holes.

Figure 1. Cross section of the proposed arc-shape structure PCF-SPR sensor.

The background material of the arc-shaped PCF-SPR RI sensor is pure silica, and its RI can be
obtained by the Sellmeier equation [35].
0.696166)2 N 0.4079426\ N 0.8974794)\> )
A2 —0.06840432 A2 —0.11624142 )2 — 9.8961612

where A\ denotes the wavelength of the incident light and n denotes the RI of silica. The dielectric
constant of the gold film coated on the surface of the arc-shaped structure can be obtained by the
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Drude-Lorentz model [36].
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where €4 is the high-frequency dielectric constant of gold; w is the angular frequency of light; wp
and vp are the plasma frequency and damping frequency, respectively; €1 and I'y are the frequency

and spectral width of Lorentz oscillator, respectively; Ae is the weight factor. The confinement loss of
different analytes can be calculated by the following equation [36].

EAu = €o0 —

2
a = 8.686 x Tﬂ x Im(neg) x 10* (dB/cm) (3)

where Im(n.g) denotes the imaginary part of the effective RI. The sensitivity and FOM of the sensor
can be expressed by Equations (4) and (5) [37].

A

S (nm/RIV) = AA:;“ (4)

FOM (RIU™!) = S (5)
FWHM

where FWHM denotes the full width at half-maximum of loss spectra. The performance of the sensor
is also evaluated by the wavelength resolution [38].
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where AApin is the minimum spectral resolution set as 0.1 nm.

R= (6)

3. PERFORMANCE ANALYSIS AND STRUCTURE OPTIMIZATION

SPR occurs when the core mode of the PCF-SPR RI sensor and the surface plasmon polarization (SPP)
mode couple at a specific wavelength, and the evanescent field excitation of the metal-free electrons
of the incident light couples the energy from the core mode to the SPP mode [39]. The proposed
structure is asymmetric, which also leads to an enhanced birefringence effect in the PCF sensor so that
the confined field in the PCF has two fundamental modes in the orthogonal axis (X- and Y-polarization
core mode) [32]. Figure 2 illustrates the confinement loss spectra of the core mode in the Y (black line)
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Figure 2. Confinement loss spectra and dispersion relations for sensor core mode and SPP mode at
RI n = 1.41.
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and X polarization (X-pol) (red line) directions and the dispersion curves of the SPP mode and core
mode in the Y-pol direction for an analyte RI of n = 1.41. It can be concluded that the resonance
intensity in the Y-pol direction is much stronger than that in the X-pol direction, and a loss peak is
formed at A = 0.862 um. Therefore, the Y-pol direction is chosen to investigate the sensor performance
in the following investigation. At the resonant wavelength A = 0.862 um, the effective refractive indexes
of the SPP mode in the Y-pol direction and the core mode in the Y-pol direction are equal in the real
part, and this intersection point is called the phase matching point, and the loss of the Y-pol core mode
reaches the maximum at this point.

Figure 3 illustrates the electric field distribution in the Y-pol direction at wavelength A = 0.8 um,
A = 0.862 um, and A = 0.9 um, and the electric field distribution in the X-pol direction at wavelength
A = 0.862 um. It can be noted that only little energy couples from the core mode to the SPP mode
in the Y-pol core mode at A = 0.8 um, and a large amount of energy is still constrained to the core
mode. The coupling level in the Y-pol direction is much larger than that of X-pol at A = 0.862 um as
the wavelength increases, and the Y-pol core mode couples the most energy to the Y-pol core mode at
this wavelength. Finally, the energy of the SPP mode in the Y-pol direction at wavelength A = 0.9 pm
is gradually coupled to the Y-pol core mode as the wavelength increases.

A=0.8pm A=0.862 pm A=0.9um A=0.862 pm

Figure 3. The electric field distribution of the (a), (b), and (¢) Y-pol core mode, (d) X-pol core mode
at n = 1.41.

Changes in sensor structure lead to changes in sensor performance; therefore, sensor performance is
improved by optimizing the structure of the sensor. To ensure consistency, other parameters were kept
constant, and only one experimental parameter was changed in the subsequent simulation experiments.
The subsequent optimization process for the sensitivity calculation uses refractive indexes of n = 1.41
and n = 1.42.

As shown in Figure 4(a), the loss spectrum has a redshift with the increase of the air hole size
dl, and the loss peak is almost unchanged. This phenomenon is caused by the increase of the air hole
diameter d1, which decreases the mode field area of the core mode, resulting in a change of the phase
matching point and a redshift of the loss spectrum. Figure 4(b) illustrates the influence of different
parameters d1 on the sensitivity, and it can be concluded that the size of d1 has a great influence on
the sensitivity of the sensor. Finally, considering the FWHM of the loss spectrum and sensitivity, the
optimal value is d1 = 0.7 um.

Figure 5(a) indicates that the loss spectrum has a blueshift, and the peak loss decreases as rl
increases. When r1 = 1.6 um, the loss spectrum forms two loss peaks. This is attributed to the fact
that the size of r1 directly affects the mode field area of the core mode, and the variation of r1 also
affects the mode coupling between the core mode and the SPP mode. Therefore, the size of r1 plays a
very important role in adjusting the mode coupling of the sensor. Figure 5(b) illustrates the effect of
the change in 71 on the sensitivity. It can be observed that the size of r1 has a very big impact on the
sensitivity. After comprehensive consideration of the size of r1 on the FWHM of the loss spectrum and
the impact of sensitivity, r1 = 1.7 um is the optimal value.

Figure 6(a) illustrates the influence of the variation of h on the loss spectrum. It can be noted from
the figure that the peak loss decreases, and the FWHM increases with the increase of h. The major
reason for this phenomenon is that the increase of h increases the distance between the core mode and
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Figure 4. (a) Loss spectrum and (b) sensitivity under different parameters of d1.
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Figure 5. (a) Loss spectrum and (b) sensitivity under different parameters of r1.

the surface of the gold film, resulting in the reduction of the loss of the core mode. Figure 6(b) illustrates
the effect of the size of h on the sensitivity of the sensor. The optimal value of & is 3.5 um based on the
comprehensive consideration of FWHM and sensitivity.

Figure 7 illustrates the variation of RI sensitivity with RI at gold film thickness t4, = 28 nm,
tay = 30nm, and tg, = 32nm. The corresponding sensitivity is 24900 nm/RIU, 22000 nm/RIU,
and 18000 nm/RIU respectively. Therefore, the optimal value is t4,, = 28 nm after a comprehensive

comparison. Finally, the optimal parameters obtained are d1 = 0.7 um, r1 = 1.7 um, h = 3.5 um, and
tAn = 28 nm.
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Figure 6. (a) Loss spectrum and (b) sensitivity under different parameters of h.
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Figure 7. The influence of gold film thickness ¢4, on sensor sensitivity.

4. ANALYSIS OF THE OPTIMIZED RESULTS

Figure 8(a) depicts the Y-pol core mode loss spectrum in the RI range of 1.35-1.42. It can be observed
that the loss spectrum has a redshift, and the loss peak increases as the RI increases. This phenomenon
is attributed to the increase of RI causing a redshift of the phase matching point, resulting in a redshift
of the loss spectrum. Figure 8(b) depicts the polynomial fit to the resonant wavelength at different
refractive indices. The polynomial fitting coefficient is 0.98909.

The calculation of the performance of the RI sensor can be obtained from Table 1. According to
the calculation, the maximum sensitivity of the sensor is 24900 nm/RIU; the corresponding resolution
is 4.01 x 107 RIU; and the maximum FOM is 661.71 RIU~L.

The performance of the sensors compared to different structures is presented in Table 2. The
proposed sensor exhibits very excellent performance by comparing the performance of sensors with
different structures.
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Figure 8. (a) Loss spectrum in Y-pol core mode in the RI range of 1.35-1.42. (b) Polynomial fitting

curve of resonant wavelength with RI.

Table 1. Sensor performance for analyte RI of 1.35-1.42.

RI Apeak Loss Peak Sensitivity Resolution FWHM FOM
(nm) (dB/cm) (nm/RIU) (RIU) (nm) (RIU7Y)
1.35 585 31 1800 5.55 x 107° 37.88 47.51
1.36 603 44 2300 4.34 x 107° 32.41 70.97
1.37 626 65 3000 3.33 x 107° 31.34 95.72
1.38 656 101 4100 2.43 x 107° 28.41 144.32
1.39 697 194 6200 1.61 x 107° 22.39 276.91
1.4 759 218 10300 9.7 x 1076 20.28 507.89
1.41 862 224 24900 4.01 x 1076 37.63 661.71
1.42 1111 275 / / / /

Table 2. Comparison of the performance of various structural sensors.

RI Max sensitivity Resolution FOM
Structure 1 Ref.
range (nm/RIU) (RIU) (RIUTY)
D-shaped PCF 1.2-1.29 11055 / / [33]
V-shaped PCF  1.47-1.52 18000.5 / / [34]
D-shaped PCF  1.26-1.38 5626.86 1.78 x 107° / [40]
D-shaped PCF  1.23-1.36 18000 5.56 x 1076 / [41]
TC-NCF 1.16-1.43 12400 8.06 x 1076 / [42]

Arc-shaped PCF  1.35-1.42 24900

4.01 x 1076 661.71 This work
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5. CONCLUSION

In summary, an arc-shaped photonic crystal fiber RI sensor based on surface plasmon resonance is
proposed. The performance of the sensor was investigated by the FEM in COMSOL software. The
optimal parameters of the sensor were obtained. According to the calculation, the maximum sensitivity
of the sensor is 24900 nm/RIU; the corresponding resolution is 4.01 x 107% RIU; and the maximum
FOM is 661.71 RIU™!. The proposed arc structure increases the contact area between the analyte and
the sensor, and the sensor performance is improved by using an optimized tapering air hole structure.
Finally, RI sensors have a wide range of applications, and the proposed sensors have great potential in
medical application, environmental monitoring, and other fields owing to its excellent performance.
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