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Abstract: An Ag-graphene layers-coated H-shaped photonic crystal fiber (PCF) surface plasmon
resonance (SPR) sensor with a U-shaped grooves open structure for refractive index (RI) sensing
is proposed and numerically simulated by the finite element method (FEM). The designed sensor
could solve the problems of air-holes material coating and analyte filling in PCF. Two big air-holes
in the x-axis produce a birefringence phenomenon leading to the confinement loss and sensitivity
of x-polarized light being much stronger than y-polarized. Graphene is deposited on the layer of
silver in the grooves; its high surface to volume ratio and rich π conjugation make it a suitable
dielectric layer for sensing. The effect of structure parameters such as air-holes size, U-shaped grooves
depth, thickness of the silver layer and number of graphene layers on the sensing performance of the
proposed sensor are numerical simulated. A large analyte RI range from 1.33 to 1.41 is calculated
and the highest wavelength sensitivity is 12,600 nm/RIU. In the linear RI sensing region of 1.33 to
1.36; the average wavelength sensitivity we obtained can reach 2770 nm/RIU with a resolution of
3.61 × 10−5 RIU. This work provides a reference for developing a high-sensitivity; multi-parameter
measurement sensor potentially useful for water pollution monitoring and biosensing in the future.

Keywords: photonic crystal fibers; surface plasmon resonance; H-shaped optical fiber; liquid
refractive index; graphene

1. Introduction

Surface plasmon resonance (SPR) is considered one of the most promising sensing technologies
in environmental protection [1,2], chemical reaction monitiring [3], biomedical sensing [4] and other
photonic devices [5,6] due to its advantages being of label-free, accurate and of high sensitivity.
SPR occurs when an evanescent wave matches free electrons on a metal surface. A narrow absorption
peak can be obtained at the resonance wavelength, which is very sensitive to any changes of the
refractive index (RI) of the medium. The earliest SPR sensing devices were prism based [7,8], such as
the Kretschmann–Raether prism, which can realize a detection limit up to 10−6 RIU. Even though the
prism can achieve high sensitivity, it has the disadvantage of costly integration, limited mechanical
reliability and difficulties in mass production [9]. Optical fiber-based SPR sensors have been studied
by researchers in recent years due to their advantages of easy miniaturization, remote sensing and
in-situ monitoring [10]. In most fiber-based SPR sensors, the fiber is tapered or side polished and the
exposed part is coated with a noble metal layer to produce SPR [11]. Gold and silver are the most
common metals used in sensing layers. Gold is the most suitable plasmonic material because of its
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high biocompatibility and chemical stability when exposed to an aqueous and humid environment.
Silver shows a sharper resonance peak compared to gold, hence it has higher detection accuracy, but it
is prone to oxidation. Graphene has a π orbitals forming a dense cloud that could block the gap within
its atomic rings. This results in a repelling field which can prevent metal surface oxidation [12,13].
Graphene also has the advantage of a high surface to volume ratio, and broad band optical and
plasmonic properties, so many researchers prefer to use this material above the metal layer in SPR
sensors [14,15].

Photonic crystal fibers (PCF) have advantages such as minimized size, tunable geometric
parameters and birefringence phenomena, which make them a suitable choice for SPR-based sensors.
Moreover, by changing the geometric parameters of the PCF structure, the effective RI of its core-guided
mode can phase match the plasmon mode. Hassani and Skorobogatiy [16] firstly combined a
microstructure optical fiber with microfluidics, and the effective RI of the core-guide mode could be
tailored by changing the geometrical parameters of the structure, which helps in phase matching of
core-guided mode and plasmon mode. Three years later Yu et al. [17] designed a microstructure fiber
sensor with selectively metal-coated air holes to replace the full air holes-coated sensor. This approach
will not only reduce the gold consumption by half, but also has the potential to reduce the material
absorption losses at other wavelengths where there is no resonance effect. In the above- mentioned
sensors, the analyte needs to be filled inside the voids of the fiber, and the metal layer fabrication
process is challenging. In recent years, many researchers have employed the D-shaped PCF with metal
and analyte directly deposited on the exposed section. Erdmanis et al. [18] presented an H-shaped SPR
optical fiber sensor that can achieve a wavelength sensitivity of 5000 nm/RIU. Dash et al. [4] proposed
a graphene-Ag-coated D-shaped PCF-SPR sensor with birefringence phenomenon, which wavelength
sensitivity can reach 3700 nm/RIU with a resolution of 2.7 × 10−5 RIU. In 2018, Luan et al. [19] designed
a D-shaped PCF with a laterally accessible hollow-core. A side-opening channel is introduced to allow
the analyte to gain access into the hollow-core (the sensing region), which also provides a possibility
for real time sensing. For these external approaches, the air-holes in the PCF are no longer used as
microfluidic channels for the sensing application [20].

In this paper, we design an H-shaped PCF-SPR sensor to detect analyte RI. Two symmetrical
U-shaped grooves are punched through the second layer of the air-hole on the y-axis. The open grooves
are directly coated with Ag-graphene layers, which simplifies the preparation process of the sensing
layer coating, meanwhile eliminating the need to inject the analyte in advance. The asymmetrical
structure leads to a birefringence phenomenon whereby the confinement loss and sensitivity of
x-polarized light is much stronger than for y-polarized. The sensor performance can be numerically
analyzed by changing the air-hole size and the thickness of the material layers. An analyte RI range
from 1.33 to 1.41 is calculated, and the average wavelength sensitivity we obtained is 2770 nm/RIU
with a resolution of 3.61 × 10−5 RIU in a linear RI range of 1.33–1.36.

2. Structure Design and Simulated Modeling

The H-shaped PCF-based SPR sensor designed in this paper is shown in Figure 1. The PCF
consists of two layer air-holes in a hexagonal layout. The center air-hole can lower the effective RI of
core-guided mode to be in phase with the plasmon mode. There are two big air-holes in the first layer,
leading to a strong birefringence phenomenon and coupling of a particularly polarized light with the
metal dielectric interface. Two symmetrical U-shaped grooves can be fabricated by a femtosecond laser
micromachining technique [21] or using the hydrofluoric acid solution etching method [22]. Silver is
used as plasmonic material for coating on the grooves surface so as to generate an ample amount of
plasmonic effect. Graphene is deposited on the silver layer to protect it from oxidation and control the
plasmon mode. The silver layer coating can be realized by the chemical vapor deposition technique [23]
and for the graphene coating procedure we refer to [24].
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Figure 1. Schematic of the designed Ag-Graphene coated PCF-SPR sensor. 

The parameters of the designed structure are Λ = 2 μm, dc/Λ = 0.5, d1/Λ = 0.5, d2/Λ = 0.9, d3/Λ = 0.8,  
tAg = 40 nm and tgraphene = 4.08 nm, where Λ is the gap between two air-holes, dc, d1, d2, d3 are diameter 
of the air-holes in the PCF shown in Figure 1, tAg is the thickness of the silver layer and tgraphene is the 
thickness of the graphene layer. The PCF structure can be numerically simulated by the finite element 
method (FEM) using COMSOL Multiphysics software. We use perfectly matched layers (PML) [25] 
as the boundary condition and the total number of mesh elements is 561,069. The simulation for 
modal analysis is done in the XY plane and the light propagation is along the Z direction. The fiber 
material is fused silica and the RI is determined using the Sellmeier equation [26]: 
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Figure 1. Schematic of the designed Ag-Graphene coated PCF-SPR sensor.

The parameters of the designed structure are Λ = 2 µm, dc/Λ = 0.5, d1/Λ = 0.5, d2/Λ = 0.9, d3/Λ = 0.8,
tAg = 40 nm and tgraphene = 4.08 nm, where Λ is the gap between two air-holes, dc, d1, d2, d3 are diameter
of the air-holes in the PCF shown in Figure 1, tAg is the thickness of the silver layer and tgraphene is the
thickness of the graphene layer. The PCF structure can be numerically simulated by the finite element
method (FEM) using COMSOL Multiphysics software. We use perfectly matched layers (PML) [25] as
the boundary condition and the total number of mesh elements is 561,069. The simulation for modal
analysis is done in the XY plane and the light propagation is along the Z direction. The fiber material is
fused silica and the RI is determined using the Sellmeier equation [26]:

n2(λ) = 1 +
A1λ2

λ2 − B1
+

A2λ2

λ2 − B2
+

A3λ2

λ2 − B3
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where A1 = 0.696166300, A2 = 0.407942600, A3 = 0.897479400, B1 = 4.67914826 × 10−3 µm2,
B2 = 1.35120631 × 10−2 µm2 and B3 = 97.9340025 µm2. The RI of graphene can be calculated by
the following equation [14]:

ng = 3 +
i× 5.446µm−1

× λ

3
(2)

where λ is the vacuum wavelength. In Figure 1 tgraphene = 4.08 nm, the number of graphene layers is
L = 12. Each single layer of graphene has a thickness of 0.34 nm. The RI of silver can be calculated by
the Lorentz-Drude model.

3. Results

3.1. Birefringence Phenomenon

Asymmetrical structure leads to a birefringence phenomenon. The dispersion relations and
electric field distribution of the core-guided mode and the plasmon mode are shown in Figure 2 with
the analyte RI 1.33. The blue Gaussian-like solid curve represents the imaginary pars of the effective
index of x-polarized core-guided mode with wavelength of the incident light, and the blue dotted curve
represents the imaginary pars of the effective index of the y-polarized core-guided mode. The black
solid line and dotted line represent the real parts of the effective RI of x-polarized core-guided mode
and the y-polarized mode, respectively. The red line represents the plasmon mode. Resonance occurs
when the real parts of the core-guided mode matches with the plasmon mode at a specific wavelength.
Points (c) and (d) shown in Figure 2 represent the electric field distribution of the resonance position in
the x-polarized and y-polarized directions, respectively.
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Figure 2. Dispersion relations and electric field distribution of core-guided modes and the plasmon 
mode with na = 1.33. (a) x-polarized core mode at λ = 500 nm; (b) y-polarized core mode at λ = 500 nm; 
(c) y-polarized core mode at λ = 590 nm (phase matching point); (d) x-polarized core mode at  
λ = 615 nm (phase matching point); (e) Plasmon mode at λ = 650 nm. 
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where Sλ is wavelength sensitivity, ∂λpeak is the peak wavelength shift and ∂na is the variation of 
analyte RI. SA is the amplitude sensitivity and α (λ, na) is the confinement loss in the case na = 1.33. 
When the RI of the analyte varies from 1.33 to 1.34, the x-polarized peak has a higher wavelength 
sensitivity (2300 nm/RIU) than the y-polarized one (1900 nm/RIU). Figure 3b shows the relationship 
between amplitude sensitivity and wavelength, conirming the the x-polarized peak has a higher 
amplitude sensitivity (34.64 RIU−1) than the y-polarized one (23.56 RIU−1). For SPR-based RI optical 
fiber sensors, the x-polarized peak is more suitable than the y-polarized one, and the birefringence 
phenomenon can be used in multi-parameter measurements in the future. 

Figure 2. Dispersion relations and electric field distribution of core-guided modes and the plasmon
mode with na = 1.33. (a) x-polarized core mode at λ = 500 nm; (b) y-polarized core mode at λ = 500 nm;
(c) y-polarized core mode atλ= 590 nm (phase matching point); (d) x-polarized core mode atλ = 615 nm
(phase matching point); (e) Plasmon mode at λ = 650 nm.

Confinement loss is used to estimate the sensor performance and can be defined as follows [27]:

aloss(
dB
m

) = 8.686×
2π
λ
× Im[ne f f ] (3)

where λ is the operating wavelength and Im[neff] is the imaginary part of the effective RI of the
core-guided mode.

Figure 3a shows loss spectra of x-polarized and y-polarized mode when the analyte RI varies
from 1.33 to 1.34. The plasmon mode is affected by the RI of the analyte liquid, so that changes the
phase matching wavelength between the core mode and plasmon mode. As the RI of the liquid
increases, the resonance wavelength will shift to a longer wavelength direction. We can calculate
that the confinement loss of x-polarized mode is 1.795 × 102 dB/cm, while the y-polarized peak is
1.123 × 10 dB/cm. Wavelength sensitivity and amplitude sensitivity can be used to evaluate sensor
performance. They are defined as follows [28]:

Sλ(nm/RIU) =
∂λpeak

∂na
(4)

SA(RIU−1) =
1

a(λ, na)
×
∂a(λ, na)

∂na
(5)

where Sλ is wavelength sensitivity, ∂λpeak is the peak wavelength shift and ∂na is the variation of analyte
RI. SA is the amplitude sensitivity and α (λ, na) is the confinement loss in the case na = 1.33. When the
RI of the analyte varies from 1.33 to 1.34, the x-polarized peak has a higher wavelength sensitivity
(2300 nm/RIU) than the y-polarized one (1900 nm/RIU). Figure 3b shows the relationship between
amplitude sensitivity and wavelength, conirming the the x-polarized peak has a higher amplitude
sensitivity (34.64 RIU−1) than the y-polarized one (23.56 RIU−1). For SPR-based RI optical fiber sensors,
the x-polarized peak is more suitable than the y-polarized one, and the birefringence phenomenon can
be used in multi-parameter measurements in the future.
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of 0.9555. As analyte RI increases from 1.33 to 1.41, the effective RI of the plasmon mode becomes 
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that the confinement loss will increase and achieve higher sensitivity. The highest wavelength 
sensitivity is 12,600 nm/RIU at 1.41. If the spectrograph resolution is 0.1 nm, the minimum resolution 
of the sensor is 7.94 × 10−6 RIU. Compared with other similar works, the designed sensor exhibits 
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(a) (b) 

Figure 4. (a) Loss spectra of the designed sensor when na varies from 1.33 to 1.35; (b) Relationship 
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Figure 3. (a) Loss spectra of x-polarized and y-polarized with analyte RI = 1.33 and 1.34; (b) Amplitude
sensitivity of x-polarized and y-polarized.

3.2. RI Sensitivity of the Sensor

An analyte RI range from 1.33 to 1.41 is calculated to investigate the sensing performance of the
designed sensor. Figure 4a shows the loss spectra variation at the RI range of 1.33 to 1.35 in steps of
0.005. As the RI increaes, the resonance wavelength shifts to the longer wavelength direction and the
peak loss increases. As shown in Figure 4b, the fitting line is divided into two parts and RI = 1.36
is regarded as a turning point. The red line at the RI range of 1.33–1.36 has an average wavelength
sensitivity of 2770 nm/RIU, with the corresponding R2 value of 0.9947. The blue line at the RI range of
1.36–1.41 has an average wavelength sensitivity of 6057 nm/RIU, with the corresponding R2 value of
0.9555. As analyte RI increases from 1.33 to 1.41, the effective RI of the plasmon mode becomes more
and more close to the core-guided mode (≈1.45), and the phase matching becomes easier, so that the
confinement loss will increase and achieve higher sensitivity. The highest wavelength sensitivity is
12,600 nm/RIU at 1.41. If the spectrograph resolution is 0.1 nm, the minimum resolution of the sensor
is 7.94 × 10−6 RIU. Compared with other similar works, the designed sensor exhibits comparable
sensitivity and resolution, as shown in Table 1.
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Table 1. Performances of other PCF-SPR sensors.

Characteristics RI Range
(RIU)

Wavelength
Sensitivity (nm/RIU)

Resolution
(RIU) Ref.

Graphene-Ag coated D-shaped PCF
sensor 1.33–1.37 3700 2.7 × 10−5 [4]

Exposed-core grapefruit fiber based
SPR sensor 1.33–1.42 13500 7.41 × 10−6 [9]

Graphene-Ag coated outer surface of
PCF 1.33–1.37 N/A 4 × 10−5 [14]

PCF-SPR sensor with enhanced
microfluidics 1.33–1.34 N/A ~10−6 [16]

Selectively coated PCF-SPR sensor 1.33–1.41 5500 1.82 × 10−5 [17]
SPR sensor based on H-shaped fiber 1.32–1.33 5000 2 × 10−5 [18]

Au coated PCF with laterally
accessible hollow-core 1.46–1.47 7200 1.38 × 10−5 [19]

Graphene-Ag coated PCF sensor 1.33–1.35 2520 3.97 × 10−5 [27]
Au coated dual core PCF sensor 1.33–1.51 6021 1.66 × 10−5 [29]

Au coated side-polished FMF-SPR 1.333–1.404 4903 2.04 × 10−5 [30]
SPR sensor based on exposed-core

PCF 1.33–1.42 16400 6.1 × 10−6 [31]

This work 1.33–1.41 12600 7.94 × 10−6 N/A

3.3. Investigation of Various Structural Parameters

The influence of structure parameters of H-shaped PCF such as air-holes size, U-shaped grooves
depth, the thickness of silver layer and number of graphene layer on the sensing performance of the
proposed sensor can be numerically simulated.

As shown in Figure 5a, the resonance wavelength red-shifts slowly and the confinement loss
increases obviously with the dc/Λ change from 0.3 to 0.6. The core-guide mode can be influenced by the
size of the center air-hole, and a larger air hole will lower the effective RI of core-guided mode and make
it closer to the analyte RI. When the RI changes from 1.33 to 1.34, with the increase of dc, the amplitude
sensitivity has a slightly raise, to 33.31, 33.88, 34.64 and 35.75 RIU−1 respectively. The wavelength is
also increased according to the Figure 5b. When dc/Λ = 0.3, 0.4, 0.5 and 0.6, the wavelength sensitivities
are 2100, 2200, 2300 and 2500 nm/RIU, but as described in [31], when the dc is too large, the incident
light will not be confined well in the core, the mode coupling will weaken and the peak loss will
decrease, so we choose dc/Λ = 0.5 in this work.
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Keeping other parameters unchanged, the results when the d3 diameter increases from 0.6 to 0.8
are shown in Figure 6. These two air-holes in the first layer represent the asymmetrical structure of the
sensor, which can affect the birefringence significantly. According to the results shown in Figure 6a,b,
when d3/Λ increase from 0.6 to 0.8, the resonance wavelength shifts from 611 to 615 nm, while the
amplitude remains nearly unchanged.

The open structure of the H-shaped fiber has two symmetrical U-shaped grooves, which are
fabricated from the edge of the fiber to the center of the second layer air-holes in the y-axis direction.
The original depth of H is from the center of air-hole to the edge of fiber, then we also analyze the effect
of an H depth decrease to 0.3 and 0.5 µm. As shown in Figure 6c, the confinement loss will decrease
when H increases, and the resonance wavelength shifts to the shorter wavelength with the grooves
closer to the fiber core. The polarization characteristics can be affected by the depth of grooves, and as
shown in Figure 6d, the amplitude sensitivity decreases slightly when H increases.
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Figure 6. (a) Loss spectra of the designed sensor when d3/Λ = 0.6, 0.7 and 0.8 with na = 1.33;
(b) Amplitude sensitivities of the proposed sensor when d3/Λ = 0.6, 0.7, 0.8 with na = 1.33; (c) Loss
spectra of the designed sensor when H changed with na = 1.33; (d) Amplitude sensitivities of the
proposed sensor when H changed with na = 1.33.

The material layer thickness could affect the plasmon mode and thus change the sensor’s
performance. Figure 7a,b depicts the variation in the loss peak with the thickness of the silver layer,
keeping L = 12, d3/Λ = 0.8, dc/Λ = 0.5. When the silver layer thickness increases from 20 nm to 50 nm,
the loss spectra dampens obviously and shifts to a longer wavelength, and the amplitude also decreases
from 56.37 RIU−1 to 24.54 RIU−1 as shown in Figure 7b. Part of the core-guided mode is used to
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overcome the damping loss, hence the interaction between the core-guided mode and the plasmon
mode decreases. The corresponding wavelength sensitivities are 1800, 2200, 2300 and 2600 nm/RIU
as tAg increases from 20 nm to 50 nm. We can find that the amplitude sensitivity and wavelength
sensitivity present opposite changes, which should be optimized before using the sensor in practice.

Figure 7c,d shows the variation in loss peaks when the number of graphene layers (L) changes
from nine to fifteen (L = 9 to L = 15). Other parameters such as tAg = 40, d3/Λ = 0.8, dc/Λ = 0.5
remain constant. The resonance peak shifts to the longer wavelength and becomes broadened with an
increase in the number of graphene layers. The peak broadening is caused by the imaginary part of the
dielectric constant of graphene dominance, so that the damping loss increases and less energy couples
to the plasmon mode. Like with the silver layer, the amplitude sensitivity will decrease from 46.42 to
27.12 RIU−1 as the graphene becomes thicker, and the wavelength sensitivity increases from 2200 to
2400 nm/RIU. A thinner graphene layer can provide a shaper resonance peak but lower wavelength
sensitivity, so in this paper we choose L = 12 (tgraphene = 4.08 nm).
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Figure 7. (a) Loss spectra of the designed sensor when tAg = 20, 30, 40 and 50 nm with na = 1.33;
(b) Amplitude sensitivities of the proposed sensor when tAg = 20, 30, 40 and 50nm with na = 1.33;
(c) Loss spectra of the designed sensor when L = 9, 12 and 15 with na = 1.33; (d) Amplitude sensitivities
of the proposed sensor when L = 9, 12 and 15 with na = 1.33.

Considering the difficulty to control the thicknesses of silver and graphene layers precisely during
fabrication, the influence of manufacturing tolerance is analyzed in detail. As shown in Figure 7a–d,
a 10% tolerance of the silver layer thickness will lead to the wavelength sensitivity increasing 53 nm/RIU
and the amplitude sensitivity decreasing by 2 RIU−1. Similarly, a 10% tolerance of the graphene layer
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thickness will lead to the wavelength sensitivity increasing 30 nm/RIU and the amplitude sensitivity
decreasing by 2.9 RIU−1. Thus we can know that the sensitivity caused by the silver layer thickness
is much stronger than that caused by the graphene layer thickness, and the wavelength sensitivity
variation is much larger than that of amplitude.

4. Conclusions

An Ag-graphene SPR-based H-shaped PCF RI sensor has been numerically simulated by the
finite element method (FEM). This structure realizes the coupling of plasmon mode and core-guided
mode. When SPR occurs, parts of the light will be transferred from the core of the fiber to the
metal-dielectric interface so as to realize analyte liquid RI sensing. A birefringence phenomenon
leads to the loss peak in x-polarized mode being higher than in y-polarized mode, which can be used
in multi-parameter measurement. The U-shaped grooves open structure we propose simplifies the
preparation process of the material layer, while eliminating the need to inject the analyte in advance.
The wavelength and amplitude sensitivity can be affected by changing the structure of the PCF.
When evaluating the performance of the sensor in practice, the thickness of the coating material should
be selected reasonably. The wavelength sensitivity we obtained is as high as 12,600 nm/RIU with a
resolution of 7.94 × 10−6 RIU. This structure provides a reference for the development a high-sensitivity,
multi-parameter measurement sensors for use in water pollution monitoring and bio-sensing.

Author Contributions: Conceptualization, T.L. and X.Y.; Data curation, T.L.; Formal analysis, T.L. and X.Y.;
Funding acquisition, X.L. and L.Y.; Investigation, T.L.; Methodology, T.L.; Project administration, L.Z. and
X.L.; Resources, L.Z. and L.Y.; Supervision, L.Z., X.L. and L.Y.; Validation, X.Y.; Writing-original draft, T.L.;
Writing-review & editing, L.Z. and X.Y. All authors have read and agree to the published version of the manuscript.

Funding: This research was funded by the Key Projects of the National Natural Science Foundation of China,
Grant Number 61735002.

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

References

1. Raghunandhan, R.; Chen, L.H.; Long, H.Y.; Leam, L.L.; So, P.L.; Ning, X.; Chan, C.C. Chitosan/PAA based
fiber-optic interferometric sensor for heavy metal ions detection. Sens. Actuators B Chem. 2016, 233, 31–38.
[CrossRef]

2. Li, N.; Zhang, D.; Zhang, Q.; Lu, Y.; Jiang, J.; Liu, G.L.; Liu, Q. Combing localized surface plasmon resonance
with anodic stripping voltammetry for heavy metal ion detection. Sens. Actuators B Chem. 2016, 231, 349–356.
[CrossRef]

3. Zhao, Y.; Lei, M.; Liu, S.X.; Zhao, Q. Smart Hydrogel-based Optical Fiber SPR Sensor for pH Measurements.
Sens. Actuators B Chem. 2018, 261, 226–232. [CrossRef]

4. 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]

5. Yu, P.Q.; Chen, X.F.; Yi, Z.; Tang, Y.J.; Yang, H.; Zhou, Z.G.; Duan, T.; Cheng, S.B.; Zhang, J.G.; Yi, Y.G.
A numerical research of wideband solar absorber based on refractory metal from visible to near infrared.
Opt. Mater. 2019, 97, 109400. [CrossRef]

6. Wang, Y.Y.; Qin, F.; Yi, Z.; Chen, X.F.; Zhou, Z.G.; Yang, H.; Liao, X.; Tang, Y.J.; Yao, W.T.; Yi, Y.G. Effect of slit
width on surface plasmon resonance. Results Phys. 2019, 15, 102711. [CrossRef]

7. Singh, P. SPR Biosensors: Historical Perspectives and Current Challenges. Sens. Actuators B Chem. 2016, 229,
110–130. [CrossRef]

8. Lam, W.W.; Chu, L.H.; Wong, C.L.; Zhang, Y.T. A surface plasmon resonance system for the measurement of
glucose in aqueous solution. Sens. Actuators B Chem. 2005, 105, 138–143. [CrossRef]

9. Yang, X.C.; Lu, Y.; Wang, M.T.; Yao, J.Q. An Exposed-Core Grapefruit Fibers Based Surface Plasmon Resonance
Sensor. Sensors 2015, 15, 17106–17114. [CrossRef]

10. Guo, X. Surface plasmon resonance based biosensor technique: A review. J. Biophotonics 2012, 5, 483–501.
[CrossRef]

http://dx.doi.org/10.1016/j.snb.2016.04.020
http://dx.doi.org/10.1016/j.snb.2016.03.042
http://dx.doi.org/10.1016/j.snb.2018.01.120
http://dx.doi.org/10.1007/s11468-015-9912-7
http://dx.doi.org/10.1016/j.optmat.2019.109400
http://dx.doi.org/10.1016/j.rinp.2019.102711
http://dx.doi.org/10.1016/j.snb.2016.01.118
http://dx.doi.org/10.1016/j.snb.2004.04.088
http://dx.doi.org/10.3390/s150717106
http://dx.doi.org/10.1002/jbio.201200015


Sensors 2020, 20, 741 10 of 10

11. Zhang, M.Z.; Zhu, G.X.; Lu, L.D.; Lou, X.P.; Zhu, L.Q. Refractive index sensor based on ultrafine tapered
single-mode nocladding single-mode fiber structure. Opt. Fiber Technol. 2019, 48, 297–302. [CrossRef]

12. Salihoglu, O.; Balci, S.; Kocabas, C. Plasmon-polaritons on graphene-metal surface and their use in biosensors.
Appl. Phys. Lett. 2012, 100, 213110. [CrossRef]

13. Bunch, J.S.; Van der Zanda, A.M.; Verbridge, S.; Frank, L.W.; Tanenbaum, D.M.; Parpia, J.M.; Craighead, H.D.;
Mceuen, P. Electromechanical Resonators from Graphene Sheets. Science 2007, 315, 490–493. [CrossRef]
[PubMed]

14. Dash, J.N.; Jha, R. Graphene-Based Birefringent Photonic Crystal Fiber Sensor Using Surface Plasmon
Resonance. IEEE Photonics Technol. Lett. 2014, 26, 1092–1095. [CrossRef]

15. Wang, L.F.; Ren, K.Y.; Sun, B.; Chen, K.X. Highly Sensitive Refractive Index Sensor Based on Polymer
Long-Period Waveguide Grating with Liquid Cladding. Photonic Sens. 2019, 9, 19–24. [CrossRef]

16. Hassani, A.; Skorobogatiy, M. Design of the Microstructured Optical Fiber-Based Surface Plasmon Resonance
Sensors with Enhanced Microfluidics. Opt. Express 2006, 14, 11616–11621. [CrossRef]

17. Yu, X.; Zhang, Y.; Pan, S.S.; Shum, P.; Yan, M.; Leviatan, Y.H.; Li, C.M. A selectively coated photonic crystal
fiber based surface plasmon resonance sensor. J. Opt. 2009, 12, 015005. [CrossRef]

18. Erdmanis, M.; Viegas, D.C.; Hautakorpi, M.; Novotny, S.; Santos, J.L.; Ludvigsen, H. Comprehensive
numerical analysis of a surface–plasmon- resonance sensor based on an H-shaped optical fiber. Opt. Express
2011, 19, 13980–13988. [CrossRef]

19. Luan, N.N.; Zhao, L.; Lian, Y.D.; Lou, S.Q. A High Refractive Index Plasmonic Sensor Based on D-Shaped
Photonic Crystal Fiber with Laterally Accessible Hollow-Core. IEEE Photonics J. 2018, 10, 1–7. [CrossRef]

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

21. Brakel, A.V.; Grivas, C.; Petrovich, M.N.; Richardson, D.J. Microchannels machined in microstructured
optical fibers by femtosecond laser. Opt. Express 2007, 15, 8731–8736. [CrossRef] [PubMed]

22. Kostecki, R.; Ebendorff-Heidepriem, H.; Davis, C.; McAdam, G.; Warren-Smith, S.; Monro, T.M. Silica
exposed-core microstructured optical fibers. Opt. Mater. Express 2012, 2, 1538–1547. [CrossRef]

23. Sazio, P.J.A.; Correa, A.A.; Finlayson, C.E.; Hayes, J.R.; Scheidemantel, T.J.; Baril, N.; Jackson, B.R.; Won, D.J.;
Zhang, F.; Margine, E.R.; et al. Microstructured optical fibers as high-pressure microfluidic reactors. Science
2006, 311, 1583–1586. [CrossRef] [PubMed]

24. Li, W.; Chen, B.J.; Meng, C.; Fang, W.; Xiao, Y.; Li, X.Y.; Hu, Z.F.; Xu, Y.X.; Tong, L.M.; Wang, H.Q.; et al.
Ultrafast All-Optical Graphene Modulator. Nano Lett. 2014, 14, 955–959. [CrossRef]

25. Berenger, J.P. A Perfectly Matched Layer for the Absorption of Electromagnetic Waves. J. Comput.Phys. 1994,
114, 185–200. [CrossRef]

26. Akowuah, E.K.; Gorman, T.; Ademgil, H.; Haxha, S.; Robinson, G.K.; Oliver, J. Numerical Analysis of a
Photonic Crystal Fiber for Biosensing Applications. IEEE J. Quantum Electron. 2012, 48, 1403–1410. [CrossRef]

27. Zakaria, R.; Kam, W.; Ong, Y.S.; Yusoff, S.F.A.Z.; Ahmad, H.; Mohammed, W. Fabrication and simulation
studies on D-shaped optical fiber sensor via surface plasmon resonance. J. Mod. Opt. 2017, 64, 1443–1449.
[CrossRef]

28. Yang, X.C.; Lu, Y.; Liu, B.L.; Yao, J.Q. Analysis of Graphene-Based Photonic Crystal Fiber Sensor Using
Birefringence and Surface Plasmon Resonance. Plasmonics 2016, 12, 489–496. [CrossRef]

29. Bing, P.B.; Huang, S.C.; Sui, J.L.; Wang, H.; Wang, Z.Y. Analysis and Improvement of a Dual-Core Photonic
Crystal Fiber Sensor. Sensors 2018, 18, 2051. [CrossRef]

30. Dong, J.L.; Zhang, Y.X.; Wang, Y.J.; Yang, F.; Hu, S.Q.; Chen, Y.F.; Zhu, W.G.; Qiu, W.T.; Guan, H.Y.;
Lu, H.H.; et al. Side-polished few-mode fiber based surface plasmon resonance biosensor. Opt. Express 2019,
27, 11348–11360. [CrossRef]

31. Yang, X.C.; Lu, Y.; Wang, M.T.; Yao, J.Q. SPR Sensor Based on Exposed-Core Grapefruit Fiber with Bimetallic
Structure. IEEE Photonics Technol. Lett. 2016, 28, 649–652. [CrossRef]

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.yofte.2019.01.008
http://dx.doi.org/10.1063/1.4721453
http://dx.doi.org/10.1126/science.1136836
http://www.ncbi.nlm.nih.gov/pubmed/17255506
http://dx.doi.org/10.1109/LPT.2014.2315233
http://dx.doi.org/10.1007/s13320-018-0520-y
http://dx.doi.org/10.1364/OE.14.011616
http://dx.doi.org/10.1088/2040-8978/12/1/015005
http://dx.doi.org/10.1364/OE.19.013980
http://dx.doi.org/10.1109/JPHOT.2018.2873826
http://dx.doi.org/10.1016/j.snb.2016.11.113
http://dx.doi.org/10.1364/OE.15.008731
http://www.ncbi.nlm.nih.gov/pubmed/19547208
http://dx.doi.org/10.1364/OME.2.001538
http://dx.doi.org/10.1126/science.1124281
http://www.ncbi.nlm.nih.gov/pubmed/16543454
http://dx.doi.org/10.1021/nl404356t
http://dx.doi.org/10.1006/jcph.1994.1159
http://dx.doi.org/10.1109/JQE.2012.2213803
http://dx.doi.org/10.1080/09500340.2017.1293858
http://dx.doi.org/10.1007/s11468-016-0289-z
http://dx.doi.org/10.3390/s18072051
http://dx.doi.org/10.1364/OE.27.011348
http://dx.doi.org/10.1109/LPT.2015.2503801
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Structure Design and Simulated Modeling 
	Results 
	Birefringence Phenomenon 
	RI Sensitivity of the Sensor 
	Investigation of Various Structural Parameters 

	References

