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Abstract

A D-shaped photonic crystal fiber (PCF)-based plasmonic sensor is proposed for detecting refractive index (RI) variations
within the range of 1.33—1.38. The center hollow core has formed using Bezier curves, which confines light within the core
by the principle of photonic band gaps. An analyte is injected into a core to adjust its refractive index. Light propagating in
the air core is affected by the analyte filled in the core, causing plasmon waves to be produced on the metal surface. On top
of this structure, a chemically stable gold (Au) metal layer is placed as a plasmonic material. Numerical studies are carried
out using the finite element method (FEM). The gold layer thickness is optimized and obtained an average sensitivity of
5600 nm/RIU. The sensor’s sensitivity is enhanced by sandwiching graphene between an analyte and a gold film. The average
sensitivity of the sensor increases by 2000 nm/RIU after graphene is incorporated, having reached 7600 nm/RIU according
to the results obtained. The sensor can efficiently detect slight variations in the analyte indices and, thus, it is used in various

chemical and biosensing applications.
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1 Introduction

Photonic crystal fiber (PCF)-based devices have been
developed in recent years due to their flexibility and con-
trollability. Unlike optical fiber, PCF has a flexible struc-
ture and a number of desirable properties, such as endless
single mode, high nonlinearity, high birefringence, large
mode field size, ease of filling material, low transmission
loss, and controllable dispersion [1-3]. Hollow-core PCF
(HCPCF) and non-hollow-core PCF (NHCPCEF) are the two
most common types of PCF [4, 5]. In HCPCEF, array of air
holes in center act as a core and the silica material is filled
in cladding regions with air holes. In NHCPCEF, instead
of air holes, it has a silica core that is surrounded by air
holes [6]. HCPCF use the photonic bandgap (scattering)
method for signal propagation, whereas NCHCF uses the
index guiding method (total internal reflection). In both
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cases, the difference in refractive index causes the PCF
to act as a waveguide, allowing a particular band of light
to pass through it [7]. The bands of light propagated can
be controlled by adjusting the size and position of the air
holes [8].

PCFs are most often used in communications, but their
uses have since grown to include sensors [9], polariza-
tion filters [10], multiplexer and demultiplexer [11], and
other fields. A PCF can be used as a sensor by using the
surface plasmon resonance (SPR) concept. Metals such
as gold (Au), silver (Ag), copper (Cu), aluminum (Al),
indium (In), and sodium (Na) are capable of producing
surface plasmons (SPs) at the metal and dielectric bound-
ary. These SPs have an oscillating nature and, under cer-
tain resonance conditions, have a tendency to propagate
at metal surfaces [12]. Because of its higher sensitivity to
the refractive index (RI) of the substrate in contact with
plasmonic material, SPR techniques are commonly used
in many sensing applications. The accuracy and resolu-
tion of sensor detection are affected by sensitivity, which
is one of the most critical performance parameters of sen-
sors. The PCF-surface plasmon resonance (SPR) sensor’s
sensitivity can be increased by coating plasmonic material
on the inner wall of air holes, which is a difficult task. To
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address these problems, D-shaped PCF sensors have been
proposed; the top circular portion of the fiber with air holes
has been fully removed and then polished. The polished
surface is coated with plasmonic material and a sensing
layer. Air holes are placed at regular intervals to guide the
light propagation in a specific direction [13]. A dual-core
D-shaped PCF sensor was proposed by Md. Nazmus et al.
The gold thickness was optimized, and a wavelength sensi-
tivity of 8000 nm/RIU was obtained [14]. Emranul Haque.
et.al., designed a SPR-based PCF sensor. A gold (Au) layer
was coated in an open ring placed in top of the D-shaped
PCEF structure for simple detection. RIs of analyte ranging
from 1.18 to 1.36 and 20,000 nm/RIU wavelength sensitiv-
ity and 1054 RIU™! maximum amplitude sensitivity were
obtained [15].

Rather than increasing the thickness of the metal film,
nanomaterials, such as graphene, are incorporated with the
metal surface and decrease the cost or narrow down the
spectrum. When in contact with an analyte, efficient charge
transfer can cause strong coupling and increased sensitiv-
ity at the metal-graphene interface, which can lead to an
increase in SPR [16]. As a result, a variety of PCF struc-
tures have been proposed. For example, Bin Li et al. pro-
posed an SPR-based liquid refractive index sensor by depos-
iting a controllable thickness gold film and then coating it
with graphene. After the addition of graphene, the sensor’s
sensitivity increases by 390 nm/RIU, resulting in a final
sensitivity of 2290 nm/RIU [17]. A graphene-Au-coated

photonic crystal fiber (PCF) sensor had been developed by
Hongyan Yang et al. Meanwhile, graphene on gold can sta-
bly adsorb biomolecules and increase SPR; it can improve
sensor sensitivity achieving wavelength sensitivity of
4200 nm/RIU and amplitude sensitivity of 450 RIU~! [18].

We propose a plasmonic sensor based on a D-shaped
HCPCEF with a center core built using Bezier curves that can
detect small RI variations in analyte over a range of 1.33-1.38
in this paper. This sensor is used for biosensing applications
due to its wide range of RI variations. The finite element
(FEM) approach is used to conduct numerical investigations.
Simultaneously, various optimization strategies, such as gold
and graphene layer thickness, are calculated. An optimal plas-
monic sensor structure is obtained. Coating graphene between
an analyte and the gold film improves the sensor’s sensitivity.
The average sensitivity of the sensor increased by 2000 nm/
RIU and reached 7600 nm/RIU. Following the introduction
chapter, Sect. 2 summarizes the D-shaped fiber design. The
results of various optimization techniques are discussing in
Sect. 3. Finally, in Sect. 4, we conclude the outcome and pos-
sible progress based on the results.

2 Modeling of D-Shaped HCPCF Sensor

Figure 1 shows a schematic diagram of the proposed
D-shaped HCPCF sensor. A hexagonal structure with
0.6-um diameter air holes (d1) arranged in a triangular

Fig.1 Schematic diagram of the
proposed D-shaped hollow core
photonic crystal fiber sensor
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lattice, and the lattice constant (A) (distance between the
centers of successive air holes) of 0.8 um. Instead of tra-
ditional circles, the middle hollow core is a complicated
Bezier polygon structure. Bezier polygon structures are
derived using a circular lattice structure with air holes of
0.6-pm diameter, and the lattice constant (A) of 0.8 pm
by keeping an angle of separation of 45° each between
them.

The fiber’s core is a Bezier polygon structure that
works in Dirac mode, a new light trapping technique.
The Dirac mode’s unique power-law profile allows for

Fig.2 The simulated (a)
x-polarized core mode, (b)
y-polarized core mode, (c)
coupling mode, (d) 1-SPP
mode, (e) 2-SPP mode, (f)
3-SPP mode, and (g) real and
imaginary parts of ng; as a func-
tion of wavelength for analyte
RI of 1.33

(d)

loose lateral containment, allowing for long-range inter-
action between multiple cores. This property leads to the
novel coupling and sensing properties for use in optical
couplers, laser arrays, and fiber sensors [19]. By filling
the air core with the analyte, the hollow core fiber can be
used as a sensor.

To construct a D-shape, the top circular portion of the
fiber with air holes has been fully removed. Gold is used as
a plasmonic material because it is chemically stable. The
gold layer that has a thickness of 30 nm is placed on the
top of the structure. Because of its high surface-to-volume
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ratio, broadband optical, and plasmonic properties [20],
graphene is coated between the analyte and the gold layer
to improve sensing efficiency. Graphene has a thickness
of 15 nm. The indices of the analyte put in the core affect
light propagation through the air core. The formation of
surface plasmon polaritons (SPP) causes light coupled
from the core mode to the gold surface. At this phase
matching point, the wave vectors of both the light wave
and the plasmon wave are the same, so the optimum cou-
pling is observed. The sensor’s smaller central air hole of
0.4-pm diameter (d2) is allows the passing wave to pen-
etrate and enter the metal—dielectric interface, which can
excite more free electrons. Scattering boundary conditions
are established to minimize scattering losses to achieve
higher accuracy. The COMSOL Multiphysics software,
which is based on the finite element method (FEM), is
used for simulation and performance analysis. The pro-
posed D-shaped PCF sensor can be directly fabricated
either by halfway stacking [21] or by fabricated a regular
PCF followed by mechanical side polishing methods [22].
The desired gold layer and graphene layer can be deposited
using the chemical vapor deposition method [23]. The ana-
lyte can be filled in the center air hole by vacuum pumping
technique [24] or infiltration method [25].

The refractive index values for base silica and gold
are obtained using the Sellmeier equation [26] and Lor-
entz—Drude model [27]. The complex refractive index
equation of graphene is [28]

_3+iC)A

I’Lg 3

where n, denotes the RI of graphene, 4 (um) is the wave-
length, and C, ~ 5.446 um~".

3 Results and Discussion
3.1 Mode Coupling

A change in the RI of the analyte causes a shift in the phase
matching point of plasmon mode and core mode. As a

consequence, the resonance wavelength varies depending
on the analyte RI, determining the PCF’s sensing opera-
tion [29]. The electric field distributions of x-polarized core
mode and y-polarized core mode, respectively, are shown
in Fig. 2a, b, where the light is restricted to the core region.
In y-polarization, the coupling efficiency between the SPP
mode and the core mode is higher than in x-polarization.
Therefore, we consider a y-polarized core mode for study.
Figure 2c depicts the coupled modes. At the moment, the
core mode is phase-matched with the plasmon mode, a reso-
nance peak will appear, and the energy in the core mode will
be transferred to the plasmon mode. There exists a first-order
SPP mode, a second-order SPP mode, and a third-order SPP
mode in the PCF sensor that are as shown in Fig. 2d-f.

Figure 2g represents the dispersion relation between the
fundamental mode and SPP mode. The real and imaginary
values of the effective mode index (n.4) and as a function
of wavelength for analyte RI of 1.33 are represented. We
found that as the wavelength increases, the real part of the
ng; of the core guided mode decreases. At a wavelength of
1160 nm, a slight tilt (S curve) in the real value of n.; indi-
cates that the fiber’s core mode is in resonance with the plas-
mon mode. As a result, a portion of the light is coupled into
the SPP mode, resulting from loss in fundamental mode. At
this point, the imaginary value of n reaches its maximum
value, which is the resonance wavelength (1160 nm).

Confinement loss [30] is an important parameter to con-
sider when evaluating the sensor’s performance, and is
defined as

40 X I x Im n.z) x 10*
A X In(10)

Confinement Loss =

(dB/cm)
where Im (n) is the imaginary part of effective mode index.

3.2 Numerical Examination on the Varying
Thicknesses of the Gold Layer

The thickness of metal has a significant effect on the effi-
ciency of plasmonic sensors. The gold film thickness affects
the sensor’s confinement loss and resonance wavelength.
Table 1 shows the analysis of the different thicknesses of

Table 1 Analysis of the sensor
for the different thicknesses of

Refractive index (n)=1.33

Refractive index (n)=1.34

gold layer for refractive index

Gold layer thick- Resonance wave-

Confinement Resonance wave- Confinement Sensitivity

1.33 and 1.34 ness (nm) length (nm) loss (dB/cm) length (nm) loss (dB/cm) (nm/RIU)
10 1120 590.25 1100 522.47 2000
20 1140 625.05 1120 556.55 2000
30 1160 675.35 1100 602.33 6000
40 1180 633.76 1140 486.88 4000
50 1180 547.95 1140 416.28 4000
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the gold layer. Figure 3a depicts the comparison of the dif-
ferent thicknesses (10, 20, 30, 40, and 50 nm) of gold films.
It shows that the confinement loss of PCF decreases as the
gold film thickness increases.

The sensitivity of sensor [31] can be calculated by

A/1Peak
S, = A—na (nm/RIU).
AZpea 18 the shift in resonance wavelength and An,, is the
shift in analyte RI value.

From Table 1, the maximum sensitivity of 6000 nm/RIU
is observed for 30-nm gold layer thickness. S0, dyq =30 nm
is used for further analysis to improve sensing performance.

Figure 3b represents the loss spectrum of the proposed
sensor coated with gold for different analyte RIs rang-
ing from 1.33 to 1.38 with a step value of 0.01. As the RI
increases, the resonance wavelength shifts towards shorter
wavelengths. For the analyte RI value of about 1.34, the
observed minimum confinement loss is 502.33 dB/cm at a
resonance wavelength of 1100 nm. And the maximum con-
finement loss of 1006.16 dB/cm has been noticed at a peak
resonance wavelength of 880 nm for an RI value of 1.38.
These results describe that for the analyte RI value of 1.38,
the phase-matching condition has been realized between the
core mode to SPP mode at resonance wavelength 880 nm.
And the maximum energy transfer takes place between core
and SPP mode.

3.3 Numerical Examination on the Varying
Thickness of Graphene Layer

As mentioned previously, graphene is layered on the gold
film; efficient charge transfer can take place in the gold-
graphene interface. The resonance wavelength can be
modified by increasing SPR. And the sensor’s sensitivity
has increased. The thickness of the graphene with gold film
(dgo1q=30 nm) affects the sensor’s confinement loss and
resonance wavelength. Table 2 represents the analysis of
the different thickness of graphene layer along with the gold
layer (dyy g =30 nm). Figure 4a shows the comparison of the

thickness of 5, 10, 15, 20, and 25 nm graphene. It shows that
as the graphene thickness increases, the sensor’s confine-
ment loss also increases.

From Table 2, the maximum sensitivity of 8000 nm/
RIU is observed for graphene thickness of 5 and 15 nm,
but the peak gets broaden in 5-nm thickness. Broadening
of loss peak may reduce the detection accuracy. Therefore,
dyraphene = 15 nm is using for better sensing performance.

Figure 4b shows the dispersion relation between the
fundamental mode and SPP mode. The real and imaginary
values of the effective mode index (n.y) and as a function
of wavelength for analyte RI of 1.33 are represented. We
observed that as the wavelength increases, the real part of
the n g of the core guided mode decreases. At a wavelength
of 1340 nm, a deep tilt (S curve) in the real value of n g indi-
cates that the fiber’s core mode is in resonance with the plas-
mon mode. As a result, a portion of the light is coupled into
the SPP mode, resulting from loss in fundamental mode. At
this point, the imaginary value of n reaches its maximum
value, which is the resonance wavelength (1340 nm).

Figure 4c represents the loss spectrum of the proposed
sensor coated with gold and graphene for different analyte
RIs ranging from 1.33 to 1.38 with a step value of 0.01. As
the RI increases, the resonance wavelength shifts towards
shorter wavelengths. For the analyte RI value of about 1.38,
the observed minimum confinement loss is 421.70 dB/cm at
a resonance wavelength of 960 nm. And the maximum con-
finement loss of 2695.36 dB/cm has been noticed at a peak
resonance wavelength of 1340 nm for an RI value of 1.33.
These results describe that for the analyte RI value of 1.33,
the phase-matching condition has been realized between the
core mode to SPP mode at resonance wavelength 1340 nm.
And the maximum energy transfer takes place between core
and SPP mode.

3.4 Comparative Analysis of With and Without
Graphene Layer

The sensor structure was compared with and without gra-
phene coating using the same structural parameters. Fig-
ures 2g and 4b show the real and imaginary values of

Table 2 Analysis of the sensor
for the different thicknesses of

Refractive index (n)=1.33

Refractive index (n)=1.34

graphene layer along with gold Graphene layer ~ Resonance
layer thickness of 30 nm for thickness (nm)  wavelength
refractive index 1.33 and 1.34 (nm)

5 1360

10 1320

15 1340

20 1300

25 1300

Confinement  Resonance Confinement  Sensitivity (nm/
loss (dB/cm) wavelength loss (dB/cm) RIU)
(nm)
1571.86 1280 1558.02 8000
2264.90 1260 2471.98 6000
2695.36 1260 2631.22 8000
2206.78 1240 2154.61 6000
2271.87 1240 2277.60 6000
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Fig.5 Resonance wavelength vs 1400 .
analyte RI for sensor sensitivity
measurement
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effective mode index (n.y) as a function of wavelength
for analyte RI of 1.33 when the sensor is coated with gold
(dgo1a=30 nm) and gold along with graphene (d,,q =30 nm
and dyyopene = 15 nm). A tilt (S curve) in the real value of n g
shows that the core mode of the fiber is in resonance with
the plasmon mode. A portion of the light is coupled into the
SPP mode, and hence, there is a loss in fundamental mode.
In Fig. 4b, the real value of n; has a long drift than a n;
value in Fig. 2g, which shows that gold along with graphene
has a high resonance wavelength of SPR than the gold alone
structure; this leads to enhanced sensitivity.

For further analysis, Figs. 3b and 4c represent the loss
spectrum for different analyte RIs ranging from 1.33 to 1.38

| |
1.35 1.36 1.37 1.38

Analyte Refractive Index

with a step value of 0.01 for both structures (with and with-
out graphene). It shows when the sensor has coated with a
gold layer, the resonance wavelength ranging from 880 to
1160 nm. Its maximum sensitivity is 6000 nm /RIU, and its
average sensitivity is about 5600 nm/RIU. After graphene
has layered, the resonance wavelength ranging from 960 to
1340 nm. The maximum sensitivity is 8000 nm/RIU, and
its average sensitivity is about 7600 nm/RIU. Compared to
the results of sensitivity, the presence of graphene enhances
the sensitivity and improves the performance of detection.
Figure 5 illustrates the variation in sensitivity for the
different wavelengths. It shows that sensitivity reaches the
maximum value of 8000 nm/RIU for the gold layer thickness

Table 3 Performance comparison with previously reported D-shaped plasmonic sensors

Material used  RI detection range (n) ~ Sensitivity (nm/RIU)

Authors Year Structure used

Hongyen Yangetal. [18] 2021 D-shaped PCF sensor
Xiangtai Xi et al. [29] 2020 D-shaped SPR biosensor
Bin Lietal. [17] 2019 D-shaped RI sensor
Singh et al. [27] 2019 D-shaped sensor

Junxia Sun et al. [30] 2019 D-shaped SPR sensor
Guowen An et al [28] 2018 D-shaped RI sensor

Our proposed work D-shaped Hollow core PCF sensor

Gold-graphene  1.32-1.41 4200
Gold-graphene  1.33-1.36 1223
Gold-graphene  1.33-1.36 2290
Gold-graphene  1.32-1.35 5666
Gold-graphene  1.33-1.36 1539
Gold-graphene  1.33-1.39 4391
Gold-graphene  1.33-1.38 For Gold: 5600

For gold and graphene: 7600
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of 30 nm coated with a graphene layer thickness of 15 nm. It
is due to the enhancement of the confined electric field onto
the top surface of the sensor.

Performance comparison with previously reported
D-shaped plasmonic sensors is detailed in Table 3. Our pro-
posed sensor structure yields a sensitivity value of 7600 nm/
RIU, which is much better than the previously reported sen-
sors [17, 18, 28, 32-34].

4 Conclusion

In conclusion, we proposed a D-shaped hollow-core PCF-
based plasmonic sensor, with the analyte filled in the central
core. By changing the analyte’s RI, the resonance wave-
length has changed. SPR is initially generated by the gold
film, but with an optimized gold layer thickness, sensitiv-
ity has improved. In the refractive index range of 1.33 to
1.38, an average sensitivity of 5600 nm/RIU has obtained.
After that, we coated a graphene layer between the analyte
and the gold film. The sensor’s average wavelength sensi-
tivity increased by 2000 nm/RIU and reaching 7600 nm/
RIU. It is proven that graphene can be used to not only
prevent gold from oxidation but also, to improve sensing
efficiency. Since the sensor can detect minor changes in
analyte indices, it can be used in various chemical and bio-
sensing applications.
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