o’ .
veel materials
ve w

Article

A Multi-Parameter Integrated Sensor Based on Selectively
Filled D-Shaped Photonic Crystal Fiber

Dan Yang !, Tiesheng Wu 1-2-3*, Yiping Wang 2-3(, Weiping Cao !, Huixian Zhang !, Zhihui Liu !

and Zuning Yang !

check for
updates

Citation: Yang, D.; Wu, T.; Wang, Y.;
Cao, W,; Zhang, H.; Liu, Z.; Yang, Z.
A Multi-Parameter Integrated Sensor
Based on Selectively Filled D-Shaped
Photonic Crystal Fiber. Materials 2022,
15,2811. https://doi.org/10.3390/
ma15082811

Academic Editor: Ahalapitiya H

Jayatissa

Received: 20 February 2022
Accepted: 9 April 2022
Published: 12 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Guangxi Key Laboratory of Wireless Broadband Communication and Signal Processing, School of
Information and Communication, Guilin University of Electronic Technology, Guilin 541004, China;
dyang_guet@163.com (D.Y.); weipingc@guet.edu.cn (W.C.); hxzhang_guet@163.com (H.Z.);
zhihuil_guet@163.com (Z.L.); zuning_yang@163.com (Z.Y.)

Key Laboratory of Optoelectronic Devices and Systems of Ministry of Education and Guangdong Province,
College of Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, China; ypwang@szu.edu.cn
Guangdong and Hong Kong Joint Research Centre for Optical Fiber Sensors, College of Optoelectronic
Engineering, Shenzhen University, Shenzhen 518060, China

*  Correspondence: tieshengw@163.com

Abstract: We propose and numerically investigate a multi-parameter integrated sensor based on
a selectively filled D-shaped photonic crystal fiber (PCF). The simple structure can be used to
comprehensively detect refractive index, magnetic field, temperature, and voltage. According to the
surface plasmon resonance and directional coupling effect, the PCF is coated with a gold nano-film
to detect the refractive index of the external environment. In addition, magnetic fluid (water-based
Fe30y), toluene, and nematic liquid crystal (NLC E7) are selectively filled into different cladding
air holes of the D-shaped PCF to realize the different sensing of the magnetic field, temperature,
and voltage. The measurement of refractive index, magnetic field, temperature, and voltage are
independent of each other, so these four parameters can be measured simultaneously. The sensing
characteristics of the proposed structure are investigated systematically by the finite element method.
The results show that the sensitivities of refractive index, magnetic field, temperature, and voltage
are 4600 nm/RIU, 1.375 nm/Oe, 15.143 nm/°C, and 0.971 nm/V, respectively. The presented design
based on materials selectively filled with D-shaped PCF might enable promising application in
multi-parameter optical sensing.

Keywords: multi-parameter; D-shaped photonic crystal fiber; sensor; selective filling

1. Introduction

Surface plasmon resonance (SPR) is a physical optical phenomenon occurring on
the interface between metal and dielectric [1-4]. It is extremely sensitive to changes in
permittivity of the metal and dielectric, and the structural shape [5-8]. This feature provided
a highly sensitive optical sensing technology that can be used for real-time detection and has
been widely used in biochemical sensing applications [9]. In recent years, the PCF sensor
based on the SPR effect has attracted extensive attention [10-20]. In 1993, Jorgenson et al.
first proposed the SPR fiber optic sensor with an RI resolution of 7.5 x 10~# RIU [21]. In
2019, Bing et al. proposed and analyzed a D-shaped PCF sensor with elliptical air holes with
a high Rl sensitivity of 10,200 nm/RIU [22]. Amiri et al. studied the graphene oxide effect
on the performance of the D-shaped SPR fiber sensor. The sensitivity of this structure is up
to 833.33 nm/RIU, and the response of graphene oxide shows an increase in sensitivity [23].
In 2021, Tian et al. discussed a quasi-D-shaped PCF biosensor whose RI sensitivity is
up to 12,000 nm/RIU when the RI range is 1.21~1.32, and the maximum resolution is
8.33 x 107° RIU [24]. At the same time, Bing et al. designed a highly sensitive dual-sample
channel PCF sensor, which can be used for synchronous detection. The sensor adopted a
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structure with a large D-shaped air hole and a long vertical distance from the fiber core.
The corresponding wavelength sensitivity was 16,200 and 15,800 nm/RIU [25]. Mitu et al.
designed a two-dimensional PCF RI sensor based on SPR for pregnancy detection. This
sensor can obtain a good sensitivity response in urine observation, and the sensitivity
response, linewidth sensitivity, and resolution are 68,051.344 nm/RIU, 314 RIU!, and
9.39 x 107° RIU, respectively [26]. Ayyanar et al. proposed a phase-change material,
reconfigurable biosensor based on PCFs for tunable and enhanced RI sensing in the near-
infrared region. The average bulk Rl sensitivities of the crystalline and amorphous phases
obtained by this sensor are 17,600 nm/RIU and 8000 nm/RIU, respectively [27].

However, the above SPR fiber sensors can only detect one parameter. Suppose multiple
parameters can be detected in one sensor simultaneously, and the sensing of various
parameters is independent of each other; in that case, the integrated performance of the
sensor can be optimized effectively for real-environment applications. In 2018, Dong et al.
designed a dual-parameter sensor based on a D-shaped fiber for detecting magnetic field
and temperature simultaneously [28]. In 2019, Ying et al. designed a liquid crystal (LC)-
filled D-shaped PCF sensor for RI and temperature detection. When the Rl range is 1.0~1.6
and the temperature range is 15~50 °C, the Rl sensitivity and the maximum temperature
sensitivity of the sensor are 2275 nm/RIU and 9.09 nm/°C, respectively [29]. In 2020, Jiang
et al. proposed a polarization filter based on an LC-filled PCE, which has the characteristics
of miniaturization and high bandwidth, and the crosstalk can reach 177.34 and 203.43 dB
when the wavelengths are 1.31 and 1.55 pum, respectively. Moreover, the bandwidth is as
high as 1200 nm in the wavelength range of 1.2~2.4 um [30]. In 2021, Taghizadeh et al.
theoretically and experimentally investigated a magnetic field sensor based on a tapered
PCF Mach-Zehnder interferometer assisted by magnetic fluid (MF). The sensor’s magnetic
field and strain sensitivity are —0.072 nm/mT and 1 pm/ e, respectively [31]. In the same
year, Mo et al. designed a selectively filled D-shaped PCF sensor to simultaneously measure
magnetic field intensity and temperature. Its sensitivity can be up to 0.14274 nm/Oe and
—0.229 nm/°C, respectively [32]. It is well known that SPR sensors are widely used in
various biological systems from proteins, oligonucleotides, oligosaccharides, and lipids
to small molecules, phages, viral particles, and cells. However, through SPR detection
it is difficult to distinguish non-specific adsorption, sensitive to interference factors such
as temperature, electromagnetic field, or sample composition. Therefore, it is especially
important to design a class of SPR fiber optic sensors that can simultaneously detect ambient
temperature, electric field and voltage.

In this work, we propose a multi-parameter integrated sensor based on a selectively
filled D-shaped PCEF. It is designed according to the principle of the directional coupling
effect caused by the selective filling of the PCF and the SPR effect caused by polishing
and plating gold nano-film on the surface of the PCF. The sensor characteristics are nu-
merically investigated using COMSOL Multiphysics software. We analyzed the effects of
RI coefficient, magnetic field intensity, temperature, voltage, air hole diameter, air hole
diameter filled with different materials, hole spacing, gold nano-film thickness, and polish-
ing depth on the features of the D-shaped PCF in detail and found that these parameters
have significant effects on the strength of the mode coupling. The air hole diameter in the
structural parameters has a more significant effect on temperature sensitivity. The results
show that the average refractive index sensitivity of the sensor is up to 4600 nm/RIU
with the refractive index range of 1.33~1.42. The magnetic field sensitivity can be up to
1.375 nm/Oe for the magnetic field range of 75~275 Oe. The temperature sensitivity reaches
15.143 nm/°C at the range of 15~50 °C. When the voltage range is 0~70 V, the voltage
sensitivity is 0.971 nm/V. The sensor proposed in this paper can well break through the
limitation of single-parameter measurement of traditional sensors and achieve the pur-
pose of comprehensive sensing of multiple parameters (RI, magnetic field, temperature,
and voltage).
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2. Models and Theories

The multi-parameter sensing structure based on a selectively filled D-shaped PCF is
described in Figure 1. The hole spacing A = 8 um, and air hole diameter d = 0.42 x A. The
diameters of the air holes that are filled with MF, toluene, and LC are expressed as d1, d and
d3, respectively, and di = dp = d3 = d. One side of the PCF was polished, and the polishing
depth & = 11 um. A gold nano-film was coated on the polishing plane, and the thickness
t = 40 nm. Unless otherwise stated, the next discussions are primarily according to these
parameters. The analytical liquid is on the gold nano-film (on the D-shaped surface), so
the gold nano-film can be used as an SPR layer to excite surface plasmon polarons (SPPs).
When the RI of the liquid is changed, the corresponding SPR loss peak drifts, thus realizing
the RI sensing measurement of the sensor. The air hole filled with MF (water-based Fe3zOj),
designated as channel 1 realizes the sensing measurement of the magnetic field. The air hole
filled with toluene named channel 2 realizes the sensing measurement of the temperature.
The air hole filled with LC, channel 3, realizes the sensing measurement of the voltage. The
resonance wavelength peaks and wavelength shifts corresponding to the three channels
are different, and referring to the two-parameter sensitivity matrix [32], the simultaneous
sensing and detection of the magnetic field, temperature, and voltage can be achieved.

h

Glod
Silica

El Magnetic fluid
Liquid crystal

Toluene

Figure 1. Structure diagram of the selectively filled D-shaped PCFE.

The background material of the D-shaped PCF is silicon dioxide whose RI can be
obtained using the Sellmeier Equation [33]:

0.696166312 N 0.4079426 2 N 0.8974794 2
A2 — (0.0684043)% A2 — (0.1162414)> A2 — (9.896161)*

n?(A) =1+ 1

where A is the wavelength, whose unit is pm.
The RI of gold nano-film is calculated according to the Drude-Lorentz model [34]:

wp? B Ne- O
w? +iwyp  (w?—O?) +ilLw

€40 = €0

@)
where w represents the angular frequency, €., represents the complex permittivity, and as
w — 0, £ = 5.9673. wp represents the plasma frequency, p is the damping coefficient,
(), and I'y, are the oscillator strength and spectral width, and Ae = 1.09 is the weighting

coefficient. In addition, the units of wp, yp, ()1, and I'y, are cm L
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MF is a colloidal solution, and water-based Fe;O4 was used in this paper. Under the
action of a magnetic field, the thermal and magnetic energy of nanoparticles plays a key
role in forming magnetic columns in ferrofluid. The RI of MF is mainly affected by external
temperature and magnetic field strength and is attributed to the formation of magnetic
columns [35]. The RI can be described using the Langevin function [36]:

H—Heny T
T «(H — Hep)

nve(H, T) = [ns — n,] |coth(a + 1, (3)
where 715 and 7, are the RI of magnetic field intensity in saturation and critical states,
respectively, where ng = 1.4704, n, = 1.462. H,, is the critical magnetic field, H represents
the applied magnetic field, and the unit is Oe, where H > H,;;; T is the thermodynamic
temperature, its unit is °C, and « is the fitting parameter.

As a temperature-sensitive material, toluene is often used for temperature sensing,
and its RI is mainly affected by temperature. The RI of toluene is calculated using the
Sellmeier equation [37]:

6990.31 2.1776 x 108
2T T

n(A) = 1.474775 + — (T —20.15) 4)
where A represents the wavelength of the incident light in um, T represents the ambient
temperature in °C, & = 5.273 X 10~%/°C, which is the temperature sensitivity coefficient.

LC is a voltage-sensitive medium, and its Rl is mainly affected by voltage, followed
by temperature. The RIs 7 and 1, of LC under varying temperature and wavelength can
be obtained using the following formula [34]:

B C
neoero‘i‘ﬁ‘i‘ﬁ

2t e ©)

where 7, and n, represent the extraordinary and ordinary RI, respectively. Ae, Be, Ce, Ao, Bo,
and Co are Cauchy coefficients, which are sensitive to temperature. When the temperature
is 20 °C, the values of Ae, Be, Ce, Ao, Bo, and Co are 1.6993, 0.0085, 0.0027, 1.4998, 0.0067,
and 0.0004, respectively. The relation of these coefficients and temperature can be obtained
from [34]. When there is applied voltage, the orientation angle of the LC molecule will be
deflected, and the deflection angle is expressed as follows [34]:

0 V < Ve

0 = _ _ (©)
{g —2tan~! [exp(—‘go‘ycc)} V>Ve

where Vc is the threshold voltage in V, and the LC molecules start to deflect when V > Ve.
In addition, if the voltage V reaches saturation, 8 ~ 90°. The relationship between Rl and 0
is expressed as [34]
N NeMg

V162 cos? 0 + ng?sin? 0

The effective RI of plasma mode is greatly affected by the change of RI of liquid near

the gold film but has little effect on the effective RI of the fiber core mode. Therefore,
there is a resonant wavelength shift when the two modes satisfy the wave vector matching
condition. Therefore, the effective RI of the liquid can be detected by measuring the offset
of the resonance wavelength. The RI sensitivity is shown as follows:

n

@)

AA
S RIU) = — 8
”(nm/ ) An ( )
Similarly, the RIs of the filled sensitive materials (MF, toluene, and LC) vary with
external magnetic field strength, temperature, and voltage, respectively, which means that
the resonance peak will shift to different wavelength positions, so the measurement of
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these three parameters can be realized by the resonance wavelength offsets. According
to the definition, the calculation formulas for magnetic field strength, temperature, and
voltage sensitivity are as follows:

Sp(nm/Oe) = AAAIl_IH )
St(nm/T) = AA/\;T (10)
Sy(nm/V) = AA/\;V (11)

Therefore, the relationship between resonance wavelength shift, magnetic field in-
tensity change, temperature change, and voltage change can be expressed by the sensitiv-

ity matrix:
AL AA AA
Al A%\}JH AA)\%T AAA‘]/V AH S1(H) Si(T) S1(V) AH
A, = AAI%IH AA%T AA‘Z/V AT = | S2(H) S3(T) S2(V) AT (12)
AA3 X\%H AA%T 2\3/‘/ AV S3(H) S3(T) S3(V) AV
where A)\i,j, i=1,2,3,j=H, T,V is the resonance wavelength offset caused by the magnetic

field strength, temperature, and voltage change in the channel of the three filled materials.
AH, AT, and AV are the variations of the above three parameters, respectively.

AH Si(H) Si(T) Si(V) \ ' [ &N
AT | = | S2(H) Si(T) S(V) AM; (13)
(AV) (53(H) S3(T) S3(V)) (A)\a)

Inverting the sensitivity matrix in Equation (12), we can obtain the sensing matrix:

From Equation (13), we can obtain the changes of the magnetic field strength, tem-
perature, and voltage by measuring the resonance wavelength offsets and thus achieve
simultaneous detection.

For PCF sensors, the greater the sensitivity, the larger the full width at half maximum
(FWMH) of the loss peak and the lower the resolution of the sensor. Therefore, in order to
fully understand the performance of the sensor, the quality factor figure of merit (FOM) is
introduced, which is as follows [38]:

S

FOM = svam

(14)

Similarly, the quality factor Q is also an important parameter to characterize the sensor
performance, which can be expressed as follows:

AA
Q= FWHM (15)
In the field of waveguide optics, constraint loss can be expressed as [39]:
27
a(dB/cm) = 8.686 x 5 X Im(nef¢) (16)

where A is the light wavelength, and Im(n.4) represents the imaginary part of the effec-
tive RIL.

For the experiment, we prepared the proposed sensor structure using the femtosecond
laser-assisted selective infiltration of PCF and the wheel polishing setup to realize the
side-polishing of the PCF. Selective material filling of the PCF includes three steps: (1) con-
ventional fusion splicing and laser cleaving, (2) selective laser drilling, and (3) infiltration.
The PCF was first spliced with a section of SMF using a conventional fusion splicer. Then
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the spliced fiber sample was cleaved near the splicing point by the fs laser. After the
laser-cleaving process, the spliced end of the PCF was fully blocked by a section of SMF.
The air-holes to be selectively filled were then opened up by direct fs laser drilling from the
cleaved end of the fiber sample. Finally, the drilled fiber end was immersed into the liquid
to be infiltrated. Once the infiltration procedure was completed, the SMF introduced in the
step 1 was cut off using a conventional fiber cleaver [40,41]. By repeating the above steps,
magnetic fluid, toluene, and nematic liquid crystal were selectively filled into different
cladding air holes of the PCF. After that, we used the wheel polishing setup to realize the
side-polishing of the PCEF. In the fiber polishing system, the grinding wheel was fastened
on a 3D mechanical platform that could move along the X, Y, and Z directions. The polish-
ing length and polishing depth were easy to set up and operate accurately via computer
program. After completion of the polishing process, gold thin films were deposited on
the flat surface of the D-shaped PCF by a fiber magnetron sputtering coating machine [9].
Thus, the work of fabricating the proposed sensor was accomplished.

3. Simulation Results and Analysis

In this work, the sensing performances of the D-shaped PCF were numerically simu-
lated using COMSOL Multiphysics software. Figure 2 depicts the sensing characteristic
curve of the D-shaped PCF based on SPR and directional coupling when n =1.41, T =20 °C,
H =250 Oe, and V = 30 V. When the phase-matching condition is reached between the
plasma mode and the fiber core mode, the SPR effect will occur [42]. At this time, most fiber
core energies are transferred to the metal layer, and the fiber core loss increases, resulting
in a resonance peak, as shown in peak 1 in Figure 2, and the resonance wavelength is
A =873 nm. Peak 2 is a coupling peak caused by the directional coupling effect between
the fundamental mode and the waveguide filled with MFE. At this time, most of the energy
of the fiber core is strongly coupled into the waveguide filled with MF, so there will be
a loss peak, and the corresponding resonance wavelength at this time was A = 1066 nm.
Similarly, peak 3 and peak 4 are the coupling peaks caused by the directional coupling
effect between the fundamental mode and the waveguide filled with toluene and LC, and
the corresponding resonance wavelengths were A = 1451 nm and A = 2042 nm, respectively.
In addition, the mode field distribution diagrams of peak 2, peak 3, and peak 4 were inter-
cepted, respectively, as illustrated in the inset of Figure 2. It can be known from physical
phenomena that the directional coupling effect will occur at the resonant wavelength. By
comparing the four peaks, it can be found that the coupling strengths of the four peaks are
different from each other. Therefore, the sensing of different parameters can be realized by
detecting the wavelength shift corresponding to different loss peaks.

Figure 3a shows the loss spectrum at which the RI of the analytical solution is 1.39,
1.40, and 1.41 when H =250 Oe, T =20 °C, and V = 30V, respectively. From the simulation
results in Figure 3a, it can be found that the resonant wavelength redshifts and the coupling
strength increases when the RI of the analyzed liquid increases. This is because the change of
RI of liquid near the gold film will affect the effective RI of the excited surface plasma wave.
When n changed initially from 1.39 to 1.40, the displacement of the resonant wavelength
was calculated as 54 nm, and when it changed to 1.41, the displacement of resonant
wavelength increased to 79 nm. In addition, changing the RI of the analytical solution does
not affect the position of other arbitrary peaks, this is because the RI change of the liquid
near the gold film has no effect on the RIs of the MF, toluene, and LC. Moreover, the other
peaks have larger absorption intensity, and the peaks are narrower. When the magnetic
field, temperature, and voltage remain unchanged, the relationship between the resonant
wavelength corresponding to the SPR-based loss peak and n is demonstrated in Figure 3b.
From Figure 3b, we can observe that the resonant wavelength changed linearly with the RI
first and then increased sharply when the RI was in the range of 1.33~1.42. The average RI
sensitivity in this range was 4600 nm/RIU. The resonance wavelength changed from 590 to
1004 nm, the FWHM changed from 25 to 70 nm, the calculated RI sensitivity varied from
1500 to 13,100 nm/RIU, the FOM changed from 60 to 187.14 RIU ! and Q changed from
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0.6 to 1.87 when the RI changed from 1.33 to 1.42. Therefore, the RI sensitivity, FOM and Q
value all increase with the increase of RI, and the RI sensing of the device is not influenced
by the external magnetic field, temperature, and voltage.

180
160
140

Loss (dB/m)

pr—
o B N 00 O D
SO O O O O

300 1000 1200 1400 1600 18002000
Wavelength (nm)

Figure 2. The loss spectrum of the core guide mode of the D-shaped PCF when n = 141,
H =2500e, T =20 °C, and V = 30V, the insets are the mode field distribution of peak 2, peak
3, and peak 4, respectively.

— __1000F
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Figure 3. When H =250 Oe, T =20 °C, and V = 30 V, under different Rls, (a) the loss spectrum of the
core guide mode, (b) the variation relationship between the resonance wavelength corresponding to
peak 1 and RIL.

Figure 4a shows the loss spectrum at the magnetic field strengths of 150, 200, and
250 Oe whenn =141, T =20 °C,and V =30V, respectively. When the magnetic field strength
increased, the directional coupling peak caused by the MF filled with air hole redshifted,
and the peak value also increased gradually. The reason is that changes in the magnetic field
alter the RI of the channel, thereby affecting the RI of the directionally coupled waveguide
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mode, resulting in a change in energy coupling. At the same time, it can be clearly found
that the shift of the resonance wavelength is reduced, which can be obtained from Figure 4b.
Similarly, changing the magnetic field strength did not affect the position of any other
peaks; this is because the change of magnetic field intensity has no effect on the Rls of the
liquid near the gold film, toluene and LC. Figure 4b describes the relationship between the
resonance wavelength and the magnetic field strength. When RI, temperature, and voltage
remain unchanged, the resonance wavelength first changes linearly with the magnetic
field strength and then gradually tends to be saturated. According to Figure 4b, when the
magnetic field strength is in a smaller range, the linearity is better, the shift of the resonance
wavelength with the magnetic field is more obvious, and the magnetic field sensitivity is
higher. The average magnetic field sensitivity was 1.375 nm/Oe in the range of 75~275 QOe.
The resonance wavelength changed from 801 to 1076 nm, the FWHM changed from 12
to 4 nm, the calculated magnetic field sensitivity varied from 3.6 to 0.4 nm/QOe, the FOM
changed from 0.3 to 0.1 Oe™!, and Q changed from 7.5 to 2.5 when the magnetic field
strength changed from 75 to 275 Oe. The magnetic field sensitivity, FOM, and Q value all
decreased with the increase of magnetic field strength. In conclusion, when the structural
parameters were unchanged, the magnetic field sensing of the device was not affected by
the external RI, temperature, and voltage.

180 — T T T r r : .
160 F —— H=1500e (a) £ 10501 (b) |
140} —— H=2000e =
E120} —— H=2500e 51000
~ L
g 100} T 950}
g 80F z
S o} z 200
40r S gs0}
20} g
0h . . : . y . 800 . . . .
800 100012001400160018002000 100 150 200 250
Wavelength (nm) Magnetic field (Oe)

Figure 4. Whenn =141, T =20 °C, and V = 30 V, under different magnetic field strengths, (a) the loss
spectrum of the core guide mode, (b) the variation relationship between the resonance wavelength
corresponding to peak 2 and the magnetic field strength.

Figure 5a shows the loss spectrum with the voltages of 10, 30, and 50 V when n = 1.41,
H =250 Oe, and T =20 °C, respectively. As shown in Figure 5a, the directional coupling
peak caused by the LC filled with air hole redshifted with the increase of voltage, and the
drift of the resonance wavelength decreased, but the coupling strength changed little. The
analysis of changing the magnetic field strength showed that the RI of the channel will
change with the change of the voltage, which will affect the effective RI of the directional
coupled waveguide mode, resulting in a change in the coupling of energy. In addition,
changing the magnitude of the voltage does not affect the position of any other peaks, this
is because the change of voltage has no effect on the RIs of liquid near the gold film, toluene
and MF. Figure 5b plots the relationship between the resonance wavelength and the external
voltage. Clearly, in the voltage range of 0~50 V, the resonant wavelength becomes more
sensitive and has a good linearity with the increase of the voltage. When the resonance
wavelength no longer changes, the voltage reaches saturation state. The average voltage
sensitivity was 0.971 nm/V in the range of 0~70 V. The resonance wavelength changed from
1990 to 2058 nm, the FWHM changed from 9 to 16 nm, the calculated voltage sensitivity
varied from 1.6 to 0.1 nm/V, the FOM changed from 0.178 to 0.006 V~!, and Q changed
from 1.78 to 0.06 when the voltage changed from 0 to 70 V. The voltage sensitivity, FOM,
and Q value all decreased with the increase of voltage. In conclusion, the voltage sensing
of the device was not influenced by the external RI, magnetic field, and temperature.
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Figure 5. When n =1.41, T =20 °C, and H = 250 Oe, under different voltages, (a) the loss spectrum of
the core guide mode, (b) the variation relationship between the resonance wavelength corresponding
to peak 4 and the voltages.

Figure 6a shows the loss spectrum at the temperatures of 15, 20, and 25 °C when
n =141, H =250 Oe, and V =30V, respectively. From Figure 6a, we can see that when
the temperature increases gradually, except for the loss peak caused by SPR, which does
not shift, the other three loss peaks are blue-shifted, and the coupling strength decreases.
This is because the RI of the liquid near the gold film is not affected by temperature, while
the RIs of MEF, toluene, and LC all change with temperature, resulting in a shift in the
coupling peak. In addition, the resonance wavelength corresponding to peak 3 has the
largest shift, that is, the temperature sensitivity is the largest. Figure 6b—d plot the variation
curve of the resonance wavelengths corresponding to peak 2, peak 3, and peak 4 with the
temperature, respectively. It can be inferred from the figure that the resonant wavelengths
corresponding to the coupling effect caused by the air holes filled with MF and toluene
are all linearly related to temperature, while the resonant wavelength corresponding to
the coupling effect caused by the air hole filled with LC is linear in the range of 15~35 and
40~50 °C. According to the calculation, the temperature sensitivities corresponding to peak
2 and peak 3 were 4 and 15.143 nm/°C, respectively, and the sensitivity corresponding to
peak 4 was 2 and 4.6 nm/°C in the two temperature ranges, respectively. Since toluene
is more sensitive to temperature, the air hole filled with toluene was used as the temper-
ature sensing channel. The resonance wavelength changed from 1538 to 1008 nm, the
FWHM changed from 7 to 3 nm, the calculated temperature sensitivity varied from 17.2 to
16.8 nm/°C, the FOM changed from 2.46 to 5.6 °C~!, and Q changed from 12.29 to 28
when the temperature changed from 15 to 50 °C. The FOM and Q value all increased with
the increase of temperature. According to Equations (12) and (13), the sensing matrix for
detecting changes in external magnetic field strength, temperature and voltage can be
obtained. When the temperature was 15~35 and 40~50 °C, respectively,

-1
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AV 0 2 0971 As )
0727 0 0 AN
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0 0 1030 Als
AH 1375 4 0\ '/ an
AT | = o 15143 0 Ay
AV 0 46 0971 Als as)
0727 0 0 AN
= | —0192 0066 —0313 A,
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Figure 6. (a) The loss spectrum of the core guide mode with three different temperatures when
n =141, H = 250 Oe, and V = 30 V. The variation relationship between the resonant wavelength
corresponding to different peaks and temperature: (b) peak 2, (c) peak 3, and (d) peak 4.

In conclusion, the sensor based on the selectively filled D-shaped PCF proposed in this
paper can not only detect the four parameters of RI, magnetic field strength, temperature,
and voltage simultaneously but also has high sensitivity.

Next, we discuss the structural parameters’ influence on the sensing characteristics of
the selective filled D-shaped PCF in this paper. The sensing performances can be changed
by optimizing the structural parameters to optimize performance. The RI of the analysis
solution was fixed at 1.41, the magnetic field strength was 250 Oe, the temperature was
20 °C, and the voltage was 30 V.

When other structural parameters of the D-shaped PCF remained unchanged, core
loss spectra under different air hole diameters d, dy, d, and d3 are described in Figure 7a—d,
respectively. As observed, when the air hole diameter d increased, the position of the
resonance peak caused by SPR did not change and the FWHM decreased, while the other
three coupling peaks due to directional coupling were all redshifted, and the FWHM of
peak 2 and peak 3 both remained unchanged basically, but the FWHM of peak 4 increased,
and the peak value of the four peaks decreased accordingly. This is because the equivalent
RI of the cladding will decrease as the air hole diameter increases so that the RI difference
between the fiber core and the cladding will increase, the fiber core area will have a
stronger ability to limit the energy, resulting in a reduction in the loss of the fiber core
guide mode. Furthermore, when only the air hole diameter d; changed, it was found
that only the position and value of the corresponding coupling peak changed and the
other three peaks did not change. When d; increased, the corresponding coupling peak
redshifted, and the peak value increased simultaneously. The reason is that the real part of
the effective RI of the waveguide will increase when air hole diameter increases, which will
cause the redshift of the wave vector matching point. Thus, the air hole diameter can be
adjusted as required to change the wavelength position when directional coupling occurs.
The analysis of changing the air hole diameter d; and d3 was the same as that of d;. To
obtain the air hole diameter’s influence on the sensing characteristics in a more specific
manner, Figure 7e-h were plotted. Figure 7e-h describe the variation of the resonance
wavelength with RI, magnetic field, temperature, and voltage under three different air hole
diameters d, respectively. As can be obtained from Figure 7e, the three variation curves
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basically coincided with each other under different air hole diameters, indicating that the
air hole diameter has little influence on RI sensitivity. Considering that the position of the
corresponding loss peak remains unchanged and the FWHM decreases, the FOM and Q
values both increase. In Figure 7f, the three curves are basically parallel, indicating that
the air hole diameter also has little influence on the magnetic field sensitivity. Similarly,
considering that the variation of the corresponding loss peak drift is the same and there
is no change in the FWHM, the FOM and Q value both remain the same. It can be
seen from Figure 7g that when the air hole diameters 4 was 0.40 A, 0.42 A, and 0.44 A
(A =8 pm), the corresponding resonant wavelengths were basically linear with temperature,
and the sensitivity was calculated as 13.657, 15.143, and 16.457 nm/°C, respectively. It was
found that the temperature sensing sensitivity of the sensor became higher when d increased.
Therefore, the temperature sensitivity can be improved by increasing the size of d. Moreover,
the shift of the corresponding resonant peak increases, while FWHM remains the same, so
FOM and Q values both increase. In Figure 7h, the analysis is the same as that of Figure 7f.
The difference is that the FWHM increases, resulting in a decrease in FOM and Q value. The
effect of air hole diameter variation on sensitivity is shown in Table 1.
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Figure 7. The loss spectrum of the core guide mode under different air hole diameters (a) d, (b) dy,
(c) dp, and (d) d3. The variation relationship between the resonance wavelength and the external
parameters under different air hole diameters d (e) RI, (f) magnetic field, (g) temperature, and
(h) voltage.

Table 1. Effect of air hole diameter variation on sensitivity.

Air Hole Resonance Wavelength (nm) .Sensitivity
Diameter (um)  peak 1 Peak 2 Peak 3 Peak 4 (nmI/{IiIU) Fiel\I/[(;‘(g:rflt/l(C)e) Tea&e/roa(t:l)lre X:)Illtxg;
0.40A 874 980 1366 1912 4600 1.450 13.657 0.928
0.42A 873 1066 1451 2042 4600 1.375 15.143 0.971
0.44A 873 1153 1561 2178 4600 1.280 16.457 1.014

Figure 8a indicates the loss spectrum when the hole spacing A was 7.5, 8.0, and 8.5 um,
respectively. As described in Figure 8a, as A increased, the coupling intensity of the loss
peak caused by SPR increased and the FWHM also increased, but the position of the
resonance wavelength was hardly affected, indicating that the hole spacing has little effect
on the Rl sensitivity, and the FOM and Q values both decrease. The other three loss peaks
all blue-shift with the increase of the hole spacing A, which has little impact on the coupling
strength of the loss peaks caused by filling with MF, but the coupling strengths of the loss
peaks caused by filling toluene and LC all increase, and the variations of the three loss peaks
drift are not much different. Moreover, the FWHM of the loss peaks caused by filling with
MF and toluene remains the same, but FWHM of the loss peak caused by filling with LC
increases. The effects of hole spacing on magnetic field sensitivity, temperature sensitivity,
and voltage sensitivity are shown in Figure 8b-d. In Figure 8b, the three variation curves
are basically parallel. In Figure 8c, the three curves are basically coincident. Figure 8d is
the same as Figure 8b. In conclusion, the hole spacing has little effect on the RI, magnetic
field, temperature, and voltage sensitivity. The FOM and Q value of the loss peaks caused
by filling with MF and toluene shows no change, while the FOM and Q value of the loss
peaks caused by filling with LC decreases. Therefore, the sensitivity, FOM, and Q value
cannot be improved by optimizing the hole spacing. The effect of hole spacing variation on
sensitivity is shown in Table 2.
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Figure 8. (a) The loss spectrum of the core guide mode with different hole spacing A. The variation
relationship between the resonance wavelength and the external parameters (b) magnetic field,
(c) temperature, and (d) voltage.

Table 2. Effect of hole spacing variation on sensitivity.

Resonance Wavelength (nm) Sensitivity
Hole Spacing RI Magnetic Temperature Voltage
{m) Peakl — Peak2  Peakd  Peakd  (pin geld (amOe)  (amO) oV
7.5 877 1077 1459 2058 4600 1.360 15.200 0.985
8.0 873 1066 1451 2042 4600 1.375 15.143 0.971
8.5 875 1056 1441 2027 4600 1.410 14.943 0.942

Figure 9a describes the loss spectrum under three different metal nano-film thicknesses.
As shown in Figure 9a, the increase of the metal nano-film thickness leads to the redshift
of the peak wavelength, the decreases of the resonance peak value and the increase of
FWHM. Furthermore, the resonance wavelength shifted from 842 to 895 nm when metal
nano-film thickness increased from 35 to 45 nm. Figure 9b describes the relationship curve
of the resonance wavelength with RI. The three variation curves are basically parallel, the
variations of the loss peak drift are not much different, and the Rl sensing sensitivity can be
calculated by the slope of the curve. As seen in Figure 9b, the sensitivity of the D-shaped
PCF with respect to the RI sensing has a small difference under different gold nano-film
thicknesses, while the FOM and Q values decrease, so the change of metal film thickness
has little influence on the sensitivity of RI sensing except for the sharpness, peak position,
and height of the SPR peak. Therefore, changing the metal nano-film thickness cannot
enhance the RI sensitivity but can adjust the FOM and Q value.
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Figure 9. (a) The loss spectrum of the core guide mode under different metal nano-film thicknesses.
(b) The variation relationship between the resonance wavelength and 7.

Figure 10 depicts the loss spectrum when the polishing depth & was 10, 11, and 12 um,
respectively. It can be found that when other parameters remain unchanged, the change of
the polishing depth & has little impact on the position of the resonance wavelength, but with
the gradual increase of the /1 value, the absorption intensity of the loss peak decreases and
FWHM increases. This is because increasing the polishing depth will reduce the evanescent
wave energy of the fiber core reaching the surface of the metal layer, then the SPR effect
will become weaker, but it will not change the dispersion curve of the plasmon mode on
the surface of the metal layer. Therefore, it has little influence on the effective RI of the
fiber core. Accordingly, the position of the resonance wavelength will not change basically.
Therefore, changing the polishing depths cannot enhance the RI sensitivity but can adjust
the FOM and Q value.
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Figure 10. The loss spectrum of the core guide mode under three polishing depths.

In order to prove that the designed sensor has good sensing performance, the perfor-
mance of the RI, magnetic field, temperature, or voltage sensor of the structure proposed
in this paper is compared with other structures in Table 3. Compared with other types
of sensors, the sensor structure proposed in this paper not only achieves four-parameter
sensing but also has higher sensing sensitivity, which plays an important role in the field of
environmental detection and integrated optoelectronic devices.
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Table 3. Performance comparison of different sensors.

Sensor Tvpe RI Sensitivity Magnetic Field Temperature Voltage Sensitivity
yp (nm/RIU) Sensitivity (nm/Oe)  Sensitivity (nm/°C) (nm/V)
Graphene-gold coated
structure [43] 4200 ) ) )
Based on Mach-Zehnder
interferometer [44] ) 0.072 —0.080 )
Double-core D-shaped
structure [45] - 0.0779 1.151 -
D-shaped structure [32] - 0.14274 —-0.229 -
Based on reflective
Fabry-Perot [46] ) 1.02602 ) )
Structure of this work 4600 1.375 15.143 0.971

References

4. Conclusions

In summary, we proposed and numerically investigated a multi-parameter sensor
based on a selectively filled D-shaped PCF according to the sensing mechanisms of SPR
and directional coupling effect, which can simultaneously detect four parameters of RI,
magnetic field, temperature, and voltage. The advantage of this sensor is that it can effec-
tively solve the problem of cross-sensitivity among the four parameters and the limitation
of single-parameter detection. Therefore, the sensor provides a new idea for the multi-
functional sensing field. According to the simulation analysis, when the refractive index
range was 1.33~1.42, the average refractive index sensitivity of the sensor was 4600 nm/RIU,
and when the magnetic field range is 75~275 Oe, the magnetic field sensitivity can be up to
1.375 nm/QOe. Moreover, when the temperature range was 15~50 °C, the temperature sensi-
tivity was 15.143 nm/°C, and when the voltage range was 0~70 V, the voltage sensitivity
was 0.971 nm/V, higher than some other published sensors [32,43-46]. Therefore, it can be
concluded that the sensor based on the material-selectively filled D-shaped PCF designed
in this paper has important application value in fiber communication, fiber sensing, and
many other fields.

Author Contributions: Conceptualization, D.Y. and T.W.; methodology, D.Y., TW., YYW. and W.C;
software, D.Y.; validation, YW., W.C., H.Z. and Z.L.; formal analysis, Z.Y.; investigation, Z.Y.; re-
sources, T.W.; data curation, Z.L.; writing—original draft preparation, D.Y.; writing—review and
editing, TW. and W.C,; visualization, H.Z.; supervision, Z.L.; project administration, Z.Y.; funding
acquisition, T.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (61805051);
the Natural Science Foundation of Guangxi Province (AD18281047, 2018GXNSFBA281145,
2019GXNSFFA245002, 2020GXNSFAA297192); and the Dean Project of Guangxi Key Laboratory
of Wireless Broadband Communication and Signal Processing (GXKL06190118, GXKL06160102).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Wang, S.; Li, S. Surface plasmon resonance sensor based on symmetrical side-polished dual-core photonic crystal fiber. Opt. Fiber
Technol. 2019, 51, 96-100. [CrossRef]

2. Homola, J.; Yee, S.S.; Gauglitz, G. Surface plasmon resonance sensors: Review. Sens. Actuators B Chem. 1999, 54, 3-15. [CrossRef]

3. Xiao, G,; Lj, J,; Pan, Y,; Yang, H. Significantly enhanced sensitivity using a gold aperture arrays-dielectric hybrid structure in
optical fiber sensor. J. Phys. Commun. 2018, 3, 015005. [CrossRef]


http://doi.org/10.1016/j.yofte.2019.04.008
http://doi.org/10.1016/S0925-4005(98)00321-9
http://doi.org/10.1088/2399-6528/aaf6d2

Materials 2022, 15, 2811 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Hao, F,; Nordlander, P. Efficient dielectric function for FDTD simulation of the optical properties of silver and gold nanoparticles.
Chem. Phys. Lett. 2007, 446, 115-118. [CrossRef]

Zhang, Y.; Yuan, J.; Qu, Y,; Zhou, X,; Yan, B.; Wu, Q.; Wang, K,; Sang, X.; Long, K.; Yu, C. Design of diamond-shape photonic
crystal fiber polarization filter based on surface plasma resonance effect. Chin. Phys. B 2020, 29, 034208. [CrossRef]

Caucheteur, C.; Guo, T; Albert, J. Review of plasmonic fiber optic biochemical sensors: Improving the limit of detection. Anal.
Bioanal. Chem. 2015, 407, 3883-3897. [CrossRef]

Hassani, A.; Skorobogatiy, M. Design criteria for microstructured-optical-fiber-based surface-plasmon-resonance sensors. J. Opt.
Soc. Am. B 2007, 24, 1423-1429. [CrossRef]

Fan, Z. A Tunable High-Sensitivity Refractive Index of Analyte Biosensor Based on Metal-Nanoscale Covered Photonic Crystal
Fiber with Surface Plasmon Resonance. IEEE Photon. J. 2019, 11, 1-14. [CrossRef]

Wu, T,; Shao, Y.; Wang, Y.; Cao, S.; Cao, W.; Zhang, F; Liao, C.; He, J.; Huang, Y.; Hou, M.; et al. Surface plasmon resonance
biosensor based on gold-coated side-polished hexagonal structure photonic crystal fiber. Opt. Express 2017, 25, 20313-20322.
[CrossRef]

Tian, M.; Lu, P; Chen, L.; Lv, C.; Liu, D. All-solid D-shaped photonic fiber sensor based on surface plasmon resonance. Opt.
Commun. 2012, 285, 1550-1554. [CrossRef]

Luan, N.; Wang, R.; Lv, W.; Yao, J. Surface plasmon resonance sensor based on D-shaped microstructured optical fiber with hollow
core. Opt. Express 2015, 23, 8576-8582. [CrossRef]

Zhou, X,; Li, X; Li, S.; An, G.-W,; Cheng, T. Magnetic Field Sensing Based on SPR Optical Fiber Sensor Interacting with Magnetic
Fluid. IEEE Trans. Instrum. Meas. 2018, 68, 234-239. [CrossRef]

Patnaik, A.; Senthilnathan, K.; Jha, R. Graphene-Based Conducting Metal Oxide Coated D-Shaped Optical Fiber SPR Sensor. IEEE
Photon Technol. Lett. 2015, 27, 2437-2440. [CrossRef]

Melwin, G.; Senthilnathan, K. High sensitive D-shaped photonic crystal fiber sensor with V-groove analyte channel. Optik 2020,
213, 164779. [CrossRef]

Dash, J.N.; Jha, R. On the Performance of Graphene-Based D-Shaped Photonic Crystal Fibre Biosensor Using Surface Plasmon
Resonance. Plasmonics 2015, 10, 1123-1131. [CrossRef]

Yu, H.; Chong, Y.; Zhang, P.; Ma, ].; Li, D. A D-shaped fiber SPR sensor with a composite nanostructure of MoS2-graphene for
glucose detection. Talanta 2020, 219, 121324. [CrossRef]

Rifat, A.A.; Ahmed, R.; Yetisen, A.K,; Butt, H.; Sabouri, A.; Mahdiraji, G.A.; Yun, S.H.; Adikan, FEM. Photonic crystal fiber based
plasmonic sensors. Sens. Actuators B Chem. 2017, 243, 311-325. [CrossRef]

Guo, Y,; Li, ].; Wang, X.; Zhang, S.; Liu, Y.; Wang, ].; Wang, S.; Meng, X.; Hao, R; Li, S. Highly sensitive sensor based on D-shaped
microstructure fiber with hollow core. Opt. Laser Technol. 2020, 123, 105922. [CrossRef]

Xiao, G.; Ou, Z; Yang, H.; Xu, Y.; Chen, ].; Li, H.; Li, Q.; Zeng, L.; Den, Y.; Li, ]. An Integrated Detection Based on a Multi-Parameter
Plasmonic Optical Fiber Sensor. Sensors 2021, 21, 803. [CrossRef]

Tong, K.; Guo, J.; Wang, M.; Dang, P.; Wang, F.; Zhang, Y.; Wang, M. An optical fiber surface plasmon resonance biosensor for
wide range detection. Eur. Phys. J. Appl. Phys. 2017, 80, 11201. [CrossRef]

Jorgenson, R.C.; Yee, S.S. A fiber-optic chemical sensor based on surface plasmon resonance. Sens. Actuators B Chem. 1993, 12,
213-220. [CrossRef]

Bing, P.; Huang, S.; Sui, J.; Wang, H.; Ren, Y. A sensor based on D-shaped photonic crystal fiber with elliptical holes. Mod. Phys.
Lett. B 2019, 33, 32. [CrossRef]

Amiri, LS.; Alwi, S.AK,; Raya, S.A.; Zainuddin, N.A.M.; Rohizat, N.S.; Rajan, M.M.; Zakaria, R. Graphene Oxide Effect on
Improvement of Silver Surface Plasmon Resonance D-Shaped Optical Fiber Sensor. J. Opt. Commun. 2019. [CrossRef]

Tian, J.; Xu, C.; Cui, S.; Ma, L.; Fu, Y. A Photonic Crystal Fiber-Based Biosensor with Quasi-D-shaped Layout and ITO-Graphene
Combination. Plasmonics 2021, 16, 1451-1460. [CrossRef]

Bing, P; Wu, G.; Li, Z; Yuan, S.; Zhang, H.; Xu, J.; Yao, J. A high-sensitivity dual-sample synchronous detection photonic crystal
fiber sensor. Mod. Phys. Lett. B 2021, 35, 18. [CrossRef]

Mitu, S.A.; Ahmed, K.; Al Zahrani, F.A.; Grover, A.; Rajan, M.S.M.; Moni, M.A. Development and analysis of surface plasmon
resonance based refractive index sensor for pregnancy testing. Opt. Lasers Eng. 2021, 140, 106551. [CrossRef]

Ayyanar, N.; Sreekanth, K.V.; Raja, G.T.; Rajan, M.S.M. Photonic Crystal Fiber-Based Reconfigurable Biosensor Using Phase
Change Material. IEEE Trans. NanoBiosci. 2021, 20, 338-344. [CrossRef]

Dong, Y.; Wu, B.; Wang, M.; Xiao, H.; Xiao, S.; Sun, C.; Li, H,; Jian, S. Magnetic field and temperature sensor based on D-shaped
fiber modal interferometer and magnetic fluid. Opt. Laser Technol. 2018, 107, 169-173. [CrossRef]

Guo, Y;; Li, J.; Li, S.; Liu, Y.; Meng, X.; Bi, W.; Lu, H.; Cheng, T.; Hao, R. Amphibious sensor of temperature and refractive index
based on D-shaped photonic crystal fibre filled with liquid crystal. Lig. Cryst. 2019, 47, 882-894. [CrossRef]

Jiang, L.H.; Zhang, G.X.; Zhang, Y.Y.; Zou, ]. H.; Wang, C.; Qi, Y.F; Hou, L.T. A miniaturized and high-bandwidth polarization
filter based on a plasmonic and liquid crystal offset core photonic crystal fiber. Opt. Quantum. Electron. 2020, 52, 9. [CrossRef]
Taghizadeh, M.; Bozorgzadeh, F.; Ghorbani, M. Designing magnetic field sensor based on tapered photonic crystal fibre assisted
by a ferrofluid. Sci. Rep. 2021, 11, 14325. [CrossRef]

Mo, X.; Lv, J.; Liu, Q.; Jiang, X.; Si, G. A Magnetic Field SPR Sensor Based on Temperature Self-Reference. Sensors 2021, 21, 6130.
[CrossRef]


http://doi.org/10.1016/j.cplett.2007.08.027
http://doi.org/10.1088/1674-1056/ab683c
http://doi.org/10.1007/s00216-014-8411-6
http://doi.org/10.1364/JOSAB.24.001423
http://doi.org/10.1109/JPHOT.2019.2915235
http://doi.org/10.1364/OE.25.020313
http://doi.org/10.1016/j.optcom.2011.11.104
http://doi.org/10.1364/OE.23.008576
http://doi.org/10.1109/TIM.2018.2834222
http://doi.org/10.1109/LPT.2015.2467189
http://doi.org/10.1016/j.ijleo.2020.164779
http://doi.org/10.1007/s11468-015-9912-7
http://doi.org/10.1016/j.talanta.2020.121324
http://doi.org/10.1016/j.snb.2016.11.113
http://doi.org/10.1016/j.optlastec.2019.105922
http://doi.org/10.3390/s21030803
http://doi.org/10.1051/epjap/2017170254
http://doi.org/10.1016/0925-4005(93)80021-3
http://doi.org/10.1142/S0217984919503974
http://doi.org/10.1515/joc-2019-0094
http://doi.org/10.1007/s11468-020-01344-y
http://doi.org/10.1142/S0217984921503061
http://doi.org/10.1016/j.optlaseng.2021.106551
http://doi.org/10.1109/TNB.2021.3065006
http://doi.org/10.1016/j.optlastec.2018.05.041
http://doi.org/10.1080/02678292.2019.1686777
http://doi.org/10.1007/s11082-020-02515-1
http://doi.org/10.1038/s41598-021-93568-z
http://doi.org/10.3390/s21186130

Materials 2022, 15, 2811 17 of 17

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Monfared, Y.E. Refractive Index Sensor Based on Surface Plasmon Resonance Excitation in a D-Shaped Photonic Crystal Fiber
Coated by Titanium Nitride. Plasmonics 2019, 15, 535-542. [CrossRef]

Wu, T; Yang, D.; Liu, Z,; Yang, Z.; Cao, W.; Wang, Y. Multifunctional optoelectronic device based on liquid crystal selectively
filled flat-plate photonic crystal fiber. Optik 2021, 250, 168328. [CrossRef]

Nallusamy, N.; Zu, P; Raja, R.V.].; Arzate, N.; Vigneswaran, D. Degenerate four-wave mixing for measurement of magnetic field
using a nanoparticles-doped highly nonlinear photonic crystal fiber. Appl. Opt. 2019, 58, 333-339. [CrossRef]

Hong, C.; Horng, H.E.; Yang, S.Y. Tunable refractive index of magnetic fluids and its applications. Phys. Status Solidi (c) 2004, 1,
1604-1609. [CrossRef]

Samoc, A. Dispersion of refractive properties of solvents: Chloroform, toluene, benzene, and carbon disulfide in ultraviolet,
visible, and near-infrared. . Appl. Phys. 2003, 94, 6167—-6174. [CrossRef]

Haider, F.; Aoni, R.A.; Ahmed, R.; Miroshnichenko, A.E. Highly amplitude-sensitive photonic-crystal-fiber-based plasmonic
sensor. J. Opt. Soc. Am. B 2018, 35, 2816-2821. [CrossRef]

Liu, Q.; Li, S.; Chen, H.; Fan, Z.; Li, ]. Photonic Crystal Fiber Temperature Sensor Based on Coupling Between Liquid-Core Mode
and Defect Mode. IEEE Photon. ]. 2015, 7, 4500509. [CrossRef]

Wang, Y.; Liao, C.R.; Wang, D.N. Femtosecond laser-assisted selective infiltration of microstructured optical fibers. Opt. Express
2010, 18, 18056-18060. [CrossRef]

Huang, Y,; Wang, Y,; Zhang, L.; Shao, Y.; Zhang, F.; Liao, C.; Wang, Y. Tunable Electro-Optical Modulator Based on a Photonic
Crystal Fiber Selectively Filled with Liquid Crystal. J. Light. Technol. 2019, 37, 1903-1908. [CrossRef]

Ramya, K.C.; Monfared, Y.E.; Maheswar, R.; Dhasarathan, V. Dual-Core Twisted Photonic Crystal Fiber Salinity Sensor: A
Numerical Investigation. IEEE Photonics Technol. Lett. 2020, 32, 616-619. [CrossRef]

Yang, H.; Liu, M.; Chen, Y.; Guo, L.; Xiao, G.; Liu, H.; Li, J.; Yuan, L. Highly Sensitive Graphene-Au Coated Plasmon Resonance
PCF Sensor. Sensors 2021, 21, 818. [CrossRef] [PubMed]

Li, X.-G.; Zhou, X.; Zhao, Y.; Lv, R.-Q. Multi-modes interferometer for magnetic field and temperature measurement using
Photonic crystal fiber filled with magnetic fluid. Opt. Fiber Technol. 2018, 41, 1-6. [CrossRef]

Wang, ].-K.; Ying, Y.; Gao, Z.-].; Cheng, S.-Y.; Si, G.-Y. Surface plasmon resonance (SPR) based temperature and magnetic field
sensor in a dual-core D-shaped photonic crystal fiber (PCF). Instrum. Sci. Technol. 2021, 50, 271-287. [CrossRef]

Zhao, Y.; Wang, X.-X.; Lv, R-Q.; Li, G.-L.; Zheng, H.-K.; Zhou, Y.-F. Highly Sensitive Reflective Fabry—Perot Magnetic Field Sensor
Using Magnetic Fluid Based on Vernier Effect. IEEE Trans. Instrum. Meas. 2021, 70, 7000808. [CrossRef]


http://doi.org/10.1007/s11468-019-01072-y
http://doi.org/10.1016/j.ijleo.2021.168328
http://doi.org/10.1364/AO.58.000333
http://doi.org/10.1002/pssc.200304388
http://doi.org/10.1063/1.1615294
http://doi.org/10.1364/JOSAB.35.002816
http://doi.org/10.1109/JPHOT.2015.2404911
http://doi.org/10.1364/OE.18.018056
http://doi.org/10.1109/JLT.2019.2894910
http://doi.org/10.1109/LPT.2020.2987949
http://doi.org/10.3390/s21030818
http://www.ncbi.nlm.nih.gov/pubmed/33530437
http://doi.org/10.1016/j.yofte.2017.12.002
http://doi.org/10.1080/10739149.2021.1994417
http://doi.org/10.1109/TIM.2020.3017245

	Introduction 
	Models and Theories 
	Simulation Results and Analysis 
	Conclusions 
	References

