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Abstract: In this study, a dual—core D-shaped photonic crystal fiber (PCF) surface plasmon resonance
sensor coated with gold grating is designed and analyzed using the finite-element method (FEM).
The surface plasmon resonance (SPR) effect between the fiber core modes and surface plasmon
polariton (Spp) modes is used to measure the analyte refractive index. The effects of the PCF
structure parameters (polishing depths, large holes, and small holes) and grating parameters (grating
heights, grating periods, and grating duty) are discussed, and a two-feature interrogation method
that combines wavelength and intensity interrogations is introduced to enhance the resolution. The
results show that the grating and dual-core play important roles in enhancing the sensor properties.
The proposed sensor achieves an average wavelength sensitivity of 994.5 nm/RIU when the analyte
refractive index increases from 1.33 to 1.37. Furthermore, a maximum amplitude sensitivity of
181.049 RTU~! is obtained. The two-feature interrogation is determined to have a resolution of
2.03 x 10~° RIU, which is better than the wavelength and amplitude interrogations. The proposed
sensor has a good sensing performance and is highly suitable for practical applications.

Keywords: dual-core; photonic crystal fiber; grating; finite element method

1. Introduction

Optical fiber-based surface plasmon resonance (SPR) has attracted considerable at-
tention from researchers owing to its advantages of anti-electromagnetic interference,
small-size, and real-time monitoring [1-3]. In recent years, optical fiber-based SPR sensor
technology has been widely used in areas such as food quality detection, chemical analyte
analysis, magnetic field detection, and environmental measurements [4-9]. In addition,
SPR biosensors are already in the stage of large-scale application [10,11]. Compared with
prism-based SPR sensors (Kretschmann configuration), optical fiber-based SPR structures
exhibit a compact size, low cost, and high degree of integration, which can enable their
application in narrow spaces, remote measurements, distributed measurements, and real-
time detections [12-14]. With the development of photonic crystal fiber (PCF) sensors, it
has been found that the fiber core can be designed to have a large mode field diameter,
increasing the interaction volume between light and samples, and improving sensitivity.
Consequently, someone proposed that SPR could be combined with PCF to achieve a
better effect [15-17]. PCF has the advantages of a large mode area, flexible control, and
high birefringence owing to its unique microstructure; hence, the SPR-PCF sensor can
achieve improved sensing performance. SPR-PCF sensors can be realized by selectively
filling liquid or coating metal inside an air hole. Chaudhary presented a PCF with two
small air holes along the horizontal axis [18]. By investigating the filter characteristics,
the proposed PCF showed single-polarization filtering in two communication bands of
1.63 and 1.378 pm. These features make it possible to realize a link between optical fiber
sensing and communication. Guo presented an SPR-PCF refractive index sensor with a
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nanoscale metal film coated on one side of cladding air holes [19]. The metal film could
effectively eliminate interference between adjacent channels. The result shows that an
average refractive index of 1931.03 nm/RIU (Refractive Index Unit) is obtained with a
wide range of 1.35-1.46 by using the nanoscale metal film. Yang presented a symmetrical
dual-layer SPR-PCF sensor with airholes arranged in a specific pattern and coated with a
composite material [20]. The energy was divided into four channels coupled with surface
plasmon polariton (Spp) modes, which enhanced the interaction between the plasmonic
and fundamental modes, resulting in a maximum figure of merit (FOM) of 480 RIU 1. Tt
can be seen that the SPR-PCF sensor exhibits good performance when the air holes are filled
with the composite material. However, in practical applications, this is a highly challenging
and difficult task to accomplish.

To achieve better sensing performance, the D-shaped PCF is fabricated by side-
polishing any region of the cladding side of the fiber, which improves the sensitivity of the
fiber core mode to the external analyte refractive index. In recent studies, the optimization
of the fiber core and metal film of a D-shaped PCF has been an important direction, such as
some relevant studies that have been conducted to access the effectiveness of structural
parameter optimization [21]. To optimize the fiber core, Sakib presented a highly sensitive
dual-core D-shaped PCF sensor [22]. The pitch parameter and gold film thickness were
optimized at 1.9 um and 30 nm, respectively, and the maximum wavelength and amplitude
sensitivities could reach 8000 nm/RIU and 700 RIU!, respectively. Jabin presented a
dual-core D-shaped PCF with a splitting barrier between the two fiber cores [23]. The guide
characteristics of the dual-core and single-core models were compared, and the results
showed that the sensing performance of the dual-core model outperformed the single-core
model. Singh presented an SPR D-shaped PCF sensor with a dual-core symmetrically
polished surface [24]. Micro-openings were introduced, and four separate flat sensing chan-
nels were investigated; the results showed that the maximum refractive index resolution
could reach up to 4.37 x 10~® RIU. The introduction of a grating is an effective method
for optimizing metal films. Lu presented a D-shaped PCF SPR sensor coated with gold
grating [25]. Modulation of the resonance wavelength and enhancement of the refractive
index sensitivity were investigated, the results showed that a resolution of 5.98 x 10~ RIU
could be obtained in the refractive index range of 1.36-1.38. Fang presented a highly sensi-
tive D-shaped PCF sensor based on Ag-TiO, composite micro-gratings [26]. The response
characteristic of the refractive index was studied using the finite element method (FEM),
and a maximum FOM of 480 RIU~! could be obtained for optimal parameter optimization.
The above research indicates that optimizing the fiber core or introducing grating can
enhance the sensing performance of the D-shaped PCEF, including sensitivity, resolution,
and linearity. Therefore, it is crucial to study the sensing characteristics when these two
optimization methods are combined.

In this work, we propose a dual-core D-shaped SPR-based PCF coated with a grating
for refractive index sensing. Through a comparison between the original D-shaped PCF and
the proposed structure, it has been demonstrated that the use of a dual-core enhances the
excitation ratio, while the introduction of a grating improves the sensitivity. The working
range can be optimized in the visible light wavelength region by optimizing structural
parameters. A two-feature (2F) interrogation method was used to improve the sensing
resolution. By taking advantage of the SPR effect occurring on the dual-core and grating, a
reasonable sensor was used for refractive index detection of 1.33-1.37, with good linearity
and resolution. The proposed performance has great potential for bio-sensing applications.

2. Design and Theoretical Method

The proposed structure consists of silica and a circular air hole with an external coating
of gold grating and an analyte layer. By utilizing the stack-and-draw fabrication technique
to fabricate the PCF, followed by side polishing, the PCF can be further processed using
the electrochemical deposition method to construct the grating. As shown in Figure 1a,
silica was used as the background material for the proposed PCFE. The arrangement of the
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air holes was formed by three rings of air holes, with two air holes removed in the second
row. There were two types of air holes (large and small). The large holes help confine the
light within the fiber core, while the small holes enable the light wave to penetrate and
reach the metal-analyte interface, which excites more free electrons. An evanescent field
can be easily produced due to the dual-core structure. Gold and silver films are the most
suitable plasmonic materials for exciting SPR. While silver films may be more cost-effective
to fabricate, gold films are typically preferred due to their chemical stability, as silver films
are more susceptible to oxidation. Therefore, a gold film was coated on the flat surface of
the proposed dual-core PCF. A gold grating was fabricated using photolithography, and
the analyte was placed on the flat outer surface of the grating. The cross-section of the
proposed D-shaped PCF is shown in Figure 1b. The polishing depth is ds = 2.5 um, the pitch
(distance between large holes) is P = 1.9 um, the diameter of large holes is d; = 0.95 pum,
the diameter of small holes is d» = 0.475 um, the grating height is g = 0.05 pum, the grating
period is A =1 um, and the duty ratio is # =a/A = 0.5 (a denotes the grating width). The
analyte refractive index ranged from 1.33 to 1.37. The wavelength-dependent refractive
index of the silica background is defined as [27].

A1A? AxA? AzA?
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M

where A1 = 0.6961663, Ap = 0.4079426, A3 = 0.8974794, B1 = 0.0684043, B, = 0.1162424,
and B3 = 0.8974794 are Sellmeier coefficients. The permittivity of gold can be obtained by
Drude—Lorentz model and is defined as [28]:

e e w? _ Ae-OF o)
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where &, is the metal permittivity, and e, = 5.9673 for gold material. Ae = 1.09 is the
weighting factor, wp /27 =2113.6 THz and yp /27 = 15.92 THz are the plasma frequency
and damping frequency, respectively. I'. /27 = 104.86 THz and Qg /27 = 650.07 THz are the
spectral width and spectral frequency of the Lorentz oscillator, respectively. The loss can be
defined as [29]:

21 4
o = 8.686 x TIm(neff) x 10* dB/cm 3)

where A is the light wavelength and Im(n,g) is the imaginary part of the effective refractive
index, and both L and A are measured in the unit of dB/cm. The diffraction at a metallic
diffraction grating provides excess in-plane momentum to compensate the wave vector mis-
match between the incident wave and surface plasmon wave (SPW). The match condition
of wave vector is expressed as [30]:

2 2
EmMa kot sin 0yes + m—n 4)

+k
N e+ n2 A

where 6,5 is the resonant angle of incidence, 1, is the refractive index of the analyte, which
is in contact with the surface of the grating, m is an integer represent the diffraction order.
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Figure 1. (a) The 3D view and (b) cross section of the proposed D-shaped PCF.

3. Results and Discussions

When the incident light is transmitted through the fiber core and a phase-matching
condition is met, Spp is excited on the metal surface. The electric field of the core and Spp of
the D-shaped PCF were simulated using FEM-based COMSOL Multiphysics software [31].
Figure 2 shows the simulation mesh division; a mesh composed of 15,306 domain elements
and 985 boundary domain elements was constructed. Figure 3 depicts the relationship
between the effective refractive index and the loss of the fundamental fiber core mode and
Spp mode when the analyte has a refractive index of ne = 1.33. When light propagates, if
the direction of the electric field vibration does not change, the projection of the electric
field in the xy plane will form a straight line, called linearly polarized light. If light enters
the xz plane, it can be decomposed into two components. The polarized light generated
on the x-axis is the TM wave, which is the p-polarized light; the polarized light generated
on the y-axis is the TE wave, which is the s-polarized light. It can be seen that only the
y-polarized mode is considered because the loss of the y-polarized mode is larger than the
loss of the x-polarized mode. The effective refractive index curves of the Spp mode (black
dotted line) and fundamental fiber core mode (black solid line) coincide at a wavelength of
708 nm. A sharp loss peak can be observed in the loss spectra of the core mode (red solid
line) at the resonant wavelength, indicating that the maximum energy is transferred from
the core mode to the Spp mode.

s
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Figure 2. The mesh division of the proposed D-shaped PCF.
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Figure 3. Dispersion relations of the fundamental fiber core mode and Spp mode at analyte 1, = 1.33.

3.1. Sensitivity

The effects of grating and dual-core structures on wavelength sensitivity and ampli-
tude sensitivity were investigated, and the performance of the grating-assisted sensor was
analyzed. The transmission spectra of the structures with and without gratings are shown
in Figure 4a. The differences in the sensitivity between the two structures were compared.
The wavelength sensitivity is denoted as [32-34]:

Sy(nm/RIU) = Aii‘f:“ 5)
where AApeqy is the difference between the two resonant wavelengths and An, is the change
in the analyte refractive index. When the refractive index increases from 1.33 to 1.35, the
resonant wavelength of the conventional structure is red-shifted from 606 nm to 612 nm
for the gold film with a thickness of 50 nm. A sensitivity of 6 nm/0.02 RIU = 300 nm /RIU
was achieved. Meanwhile, when the gold grating is coated on the flat surface of the dual-
core D-shaped PCF, the resonant wavelength is red-shifted from 694 nm to 706 nm. In
other words, a sensitivity of 600 nm/RIU can be obtained, which is two times that of a
conventional structure. The response of the loss amplitude to the refractive index is also an
important performance indicator. For the conventional structure, the loss changed from
42.247 dB/cm to 74.532 dB/cm when the refractive index increased from 1.33 to 1.35. The
proposed structure exhibited a change in loss from 502.07 dB/cm to 993.25 dB/cm with the
same refractive index variation (1.33 to 1.35). The amplitude sensitivity is denoted as [35]:

1 ow(A ng)
a(A,ng)  ong

SA(RIUTY) = (6)
where a(A, 1) is the loss when the analyte refractive index is 1, and 0 a(A, n,) is the loss
difference of two loss spectra due to adjacent analyte refractive indexes. The amplitude
sensitivities of the conventional and proposed structures were computed using Equation
(6). The resonance loss values at wavelengths A1 = 606 nm and A; = 694 nm were used to
compute the amplitude sensitivity. Theoretical calculation results in amplitude sensitivities
of —28.82 RIU~! and —60.2869 RIU ! for the conventional and proposed structures, respec-
tively. The results show that the wavelength and amplitude sensitivities can be enhanced
by introducing a gold grating.
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Figure 4. (a) Wavelength-dependent loss spectra of gold grating and gold film with refractive index
from 1.33 to 1.35, and (b) Wavelength-dependent loss spectra of single-core and dual-core with
refractive index from 1.33 to 1.35.

Using the same method, the role of the dual-core assisted sensor was analyzed.
Figure 4b shows the variation in the transmission spectra of the single- and dual-core
structures. For the single-core structure, the resonant wavelength difference was 8 nm,
as the resonance wavelength was red-shifted from 696 nm to 704 nm, for the dual-core
structure, a wavelength variation of 12 nm was observed, indicating that the wavelength
sensitivities were 400 nm/RIU and 600 nm/RIU, respectively. Moreover, the amplitude
sensitivities were 25.4776 RTU~! and 48.9044 RIU~!. The results show that the dual-core
can enhance the sensor performance, because of the changes of the refractive index can
upon the energy between the two cores of the fiber directly [36].

From the above discussion, it is clear that gratings and dual-cores are two essential
factors that promote sensor capability. Figure 5a shows the change in the loss peak as the
analyte refractive index increases from 1.33 to 1.37. The resonance wavelength is red-shifted,
the loss increases, and Table 1 shows the detailed changes, which are favorable for the
detection of the analyte refractive. In addition, as the coupling efficiency between the core
mode and Spp mode increases, more energy is transferred from the fiber core to the metal-
dielectric interface, resulting in more peak loss. Figure 5b shows the amplitude (Amp.)
sensitivity with the analyte refractive index variation from 1.33 to 1.37, and the maximal
sensitivities of —(1/130.75) x [(130.75 — 275.69)/0.01] = 98.818 RIU !, 126.493 RIU !,
156.065 RTU~!, and 181.049 RIU~! are obtained by using Equation (6).

1500 . . 600 . : .
——n,=133 S 500l —— =133 i
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Figure 5. (a) Response curve of confinement loss as a function of wavelength for refractive index
from 1.33 to 1.37, and (b) Amplitude sensitivity with varied refractive index.
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Table 1. Changes of loss peak with different refractive indexes of the analyte.
RI of Analyte (RIU) 1.33 1.34 1.35 1.36 1.37
Wavelength (nm) 694.11 701.47 708.26 719.35 733.89
Loss (dB/cm) 502.07 743.33 993.25 1225.22 1480.66

3.2. Two-Feature (2F) Resolution
Two-feature (2F) sensitivity can be computed using Ref. [37], and is given by Equation (7).

VAX? + Ay?
— =7 7
Sor A @)
where An, =0.02 (1.33~1.35), Ax = 14.15 nm, and Ay = 491.18 dB/cm. The 2F sensitivity is
higher than the single wavelength sensitivity and Amp. Sensitivity; however, the units of
Ax and Ay are different. Therefore, the 2F resolution Ryp is used to describe the sensing
performance, and it can be denoted as [37]:

. Bnme ®)
NINEEUNE

It is assumed that the minimum resolutions of the spectrometer are 0.02 nm
and 0.05 dB (the sensing length of 1 cm). Approximately Al = Ax/0.02 nm = 707 change in-
tervals in the wavelength and Al, = Ay/0.05 dB = 9823 change intervals in the peak loss were
obtained. The results show that Rop = 2.03 x 10~ RIU can be obtained, which is better than
the 5.98 x 10~® RIU (wavelength resolution) and 6.53 x 10~> RIU (amplitude resolution).

Further, a comparison of the proposed work with the previous reports is made. Table 2
shows the sensing type, detection range, linearity, resolution, and related references.

Ry =

Table 2. A comparison with previous reports.

Detection

Sensing Type Range Linearity Resolution (RIU) Ref
All-glass endless single-mode PCF 1.33-1.37 0.9544 6.53 x 107> [37]
D-shaped PCF with two micro-openings 1.33-1.37 0.9712 8.51 x 107° [38]
Single-mode eccentric-core D-shaped PCF 1.33-1.37 0.9308 4.72 x 107° [39]
D-shaped PCF with a gold layer covered by a TiO, layer 1.36-1.41 0.9355 3.33 x 107° [40]
Gold grating assisted D-shaped fiber 1.34-1.38 0.9890 1.31 x 107° [41]
D-shaped PCF with graphene-gold deposited platform 1.33-1.39 0.9574 2.28 x 107> [42]
1.33-1.34 2.075 x 107°
. . 1.34-1.35 0.9742 1.998 x 107°
Dual-core D-shaped PCF coated with gold grating 134136 2157 % 10-6 Present work
1.36-1.37 1.956 x 1076

The high sensitivity of the proposed structure is realized because of the common role
of the dual-core structure, small air-holes, and grating. First, the design of the dual-core
increases the effective interaction length of the core mode and Spp mode, and it reduces
the average distance between the top edge of the core mode field and the interface of the
gold metal, enhancing the coupling efficiency of the core mode and Spp mode. Second,
when the small air-holes located above the top of the dual-core are kept fewer than the
other holes, the mode field penetration gaps of the sensing channel become larger, which
facilitates greater energy transfer to the cladding region. Third, evanescent waves can be
enhanced by introducing a gold grating, which increases the sensitivity of the structure.
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3.3. Investigation of the Proposed Sensor

The influence of the parameters of the proposed sensor on sensing performance was
analyzed. In this section, two perspectives are discussed: the PCF structural parameters
and gold grating structural parameters.

3.3.1. Effects of PCF Structural Parameters

It is necessary to ensure that the PCF structural parameters are based on practical PCF
fabrication. Figure 6a shows the change in confinement loss with different polishing depths
and that the loss peak of the fiber core mode is inextricably linked to the polishing depth.
When the polishing depth increases from 2.1 um to 2.9 um, the resonance wavelength
is blue-shifted, the loss peak of the fiber core first increases slightly from 967.31 dB/cm
to 993.25 dB/cm, and then the loss peak decreases to 576.14 dB/cm because of the weak
coupling between the fiber core mode and the Spp mode. The reason for the slightly
increased loss at ds = 2.5 pm may be the improper mode guidance at the polishing depth.
Therefore, considering that the fiber core can easily break at a smaller polishing depth,
ds = 2.5 pm was used for further analysis. Figure 6b shows the change in confinement loss
with different large hole diameters, dq, ranging from 0.6 um to 1.4 um. It can be observed
that the diameter of the large holes has a slight influence on the confinement loss spectrum.
The diameter d; = 2.5 um of the large holes is chosen because of the maximal loss. Figure 6¢
shows the change in the confinement loss with different small hole diameters, d,, ranging
from 0.300 um to 0.600 pm. The loss peak is red-shifted, and the phase-matching point
moves towards the region of shorter wavelengths. The resonant wavelength d = 0.475 pm
corresponds to the peak, which is because the ability to confine and store optical energy is
weakened by the small holes.

3.3.2. Effects of Gold Grating Structural Parameters

The gold grating plays an important role in the improvement of sensing performance.
Therefore, it is necessary to discuss the influence of the structural parameters of the grating
on spectral changes. The variation of confinement loss with different grating heights is
shown in Figure 7a. When the grating height increases from 0.03 pm to 0.07 pm, the
resonance wavelength is blue-shifted from 749 nm to 681 nm, and the loss peak diminishes
gradually diminishes from 1080.32 dB/cm to 881.41 dB/cm due to the higher damping
loss. Around hg = 0.05 um, the variation of peak loss is found to be minimum, therefore,
hg = 0.05 um is taken for further analysis. This phenomenon occurs because as the grating
height increases, more light energy from the fiber core is used to overcome the damping loss,
resulting in a shift of the resonance wavelength towards a shorter wavelength. Figure 7b
shows the change in confinement loss with different grating periods. With the increase
in grating period from 0.6 um to 1.4 pm, the resonance wavelength is red-shifted and
accompanied by a variation in modal loss. The peak loss first increases up to A = 1.0 um
and then decreases. A slight variation of peak loss is observed between A = 0.8 pm and
A =1.4 um. As the maximum loss was observed, A = 1.0 um was used for the following
analysis. This phenomenon occurs because the grating period can modulate the resonance
wavelength. Using the characteristic, D-shaped PCF sensors coated with gratings can
operate at the expected wavelengths. Figure 7c shows the effect of the grating duty on the
loss spectrum of the sensor. When the grating duty increases from 0.3 to 0.7, the resonance
wavelength is red-shifted, and a sufficient increase in peak loss can be observed at # = 0.5.
Therefore, 77 = 0.5 was taken to analyze the performance of the sensor. This phenomenon
occurs because the resonance wavelength width and amplitude height are related to the
fill factor of the grating. For example, in the fabrication of photoelectric devices, the ideal
spectral curve can be obtained by tuning the grating duty.
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The structure of the proposed dual-core D-shaped PCF exhibited a better sensing
performance than the original PCF, making it an ideal candidate for sensing external
environment or biosensing application. The optical spectrum or sensitivity can be modified
by changing the appropriate parameters.

In the current stage of the work, the performance parameters have already reached
satisfactory levels, and further optimization of sensor parameters will be carried out in
subsequent work.

4. Conclusions

A dual-core D-shaped photonic crystal fiber (PCF) surface plasmon resonance sensor
coated with gold grating was proposed for refractive index measurements. Using the
FEM, the optical sensing properties were analyzed in terms of wavelength and amplitude
sensitivity. The effects of the proposed PCF structural parameters (polishing depth, diam-
eter of the large holes, and diameter of the small holes) and the gold grating structural
parameters (grating height, grating period, and grating duty) on the sensing performance
were discussed. A refractive index sensing range of 1.33~1.37 was achieved in the visible
region, and an average wavelength sensitivity of 994.5 nm/RIU. The amplitude sensitivity
attained the highest value of 181.049 RIU ! with an analyte refractive index of 1.37. Further,
a 2F interrogation method was used to improve the performance. Compared with the
original PCF, the optical sensing response indicates that the proposed PCF sensor is a po-
tential candidate for application in water quality testing, biochemical sensing, and external
environmental monitoring. Similarly, there were benefits to the appropriate operating
wavelength and sensitivity. This work is a promising candidate in the field of laser, sensor,
and optical communication systems.
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