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A B S T R A C T

To achieve sensing of low refractive indexes (RIs) in the near-infrared region, a novel series-wound structure
with dual gold nanowires is designed and the photonic crystal fiber (PCF) sensor based on surface plasmon
resonance (SPR) is investigated. Numerical simulation by the finite element method (FEM) reveals that the odd
mode for y-polarization has better sensing properties due to the more prominent shift of the confinement loss
peak. The PCF-SPR sensor can realize a broad range of detection for low RIs changing from 1.13 to 1.35. The
maximum spectral sensitivity of 17500 nm/RIU and optimal resolution of 5.71 × 10−6 RIU are observed for RIs
between 1.34 and 1.35. Thus, the proposed sensor can be applied in environmental engineering, biochemical
analysis and healthcare fields due to its ultrahigh sensitivity for analytes with low RIs in the near-infrared region
and fabrication simplicity.

Introduction

Surface plasmon resonance (SPR) refers to an electromagnetic
phenomenon that occurs at the interface between metals and dielectric
materials as a consequence of free electron oscillations initiated at the
interface by total reflection of light [1]. Owing to outstanding features
such as label-free monitoring, high sensitivity [2] and real-time detec-
tion [3], SPR technology has been applied to many types of optical
devices including filters [4–6], optical absorbers [7,8], fiber sensors
[9–11] and optical instruments [12,13], even to some optical meta-
material sensing applications [14–18]. Furthermore, in SPR excitation,
the energy of the incident light is absorbed by the surface plasmon wave
(SPW) at the metal (usually silver or gold) - dielectric interface then an
obvious resonant peak appears which is sensitive to slight variations in
the surroundings. Since the propagation constant of the surface
plasmon wave is mainly related to the refractive index of the analyte
[19], SPR is a powerful technique to monitor analytes in real time.
Much effort has focused on sensing of refractive indexes (RIs) based on
the surface plasmon resonance technique for applications such as

environmental monitoring [20], medical diagnostics [9] and food
safety [1].

The prismatic SPR configuration firstly proposed by Krestchmann
[21] involved a metallic film evaporated on the glass block. However,
this type of sensing system has limitations with respect to remote
monitoring because of the bulky apparatus. With these recent advances
in fabrication and SPR sensing technologies, optical fiber configurations
have drawn a great deal of attentions due to the miniaturized structure,
fabrication simplicity, low manufacturing cost, and high sensitivity. In
particular, photonic crystal fiber (PCF) sensors based on SPR (PCF-SPR)
[22–24] have been studied on account of their excellent characteristics
including endless single-mode, controllable birefringence, and high
confinement [25,26]. For example, Dash et al. [26] proposed an SPR
biosensor based on PCF and used indium tin oxide (ITO) as the con-
ductive layer in the sensor that boasted a sensitivity of 2000 nm/RIU for
RIs between 1.33 and 1.35 in the near-infrared region. Liu et al. [27]
designed a PCF-SPR sensor with core–shell Ag-Au nano-composite
materials with a sensing range of 1.33 ~ 1.38, average sensitivity of
5940 nm/RIU, and resolution of 1.68 × 10−5 RIU. Singh and Prajapati
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[28] developed a D-shape PCF-SPR sensor with gold-graphene layers on
the surface. The sensitivity reached 33500 nm/RIU and the effective RI
resolution was as high as 2.98 × 10−5 RIU for analyte RIs between 1.32
and 1.40. Hasan et al. [29] reported a gold-coated PCF-SPR sensor with
a maximum sensitivity of 2200 nm/RIU and resolution of 3.75 × 10−5

RIU in the sensing range from 1.33 to 1.36. Although the stack-and-
stack method [21] and side polishing technique [30] are typically
employed to prepare the specific structures of PCFs, it remains a chal-
lenge to deposit metallic materials on the surface of PCF or the inner
surface of air holes precisely for a miniaturized PCF structure. Recently,
most of PCF-SPR sensors are mainly applied to sensing of refractive
indexes above 1.33 [29,30]. While the applications for low refractive
index detection [3,20] are relatively infrequent, which can be used to
detect analytes with RIs below 1.30, such as sevoflurane [31], liquid
CO2, and fluorine-containing organics [32]. Considering the technical
challenge in fabrication and difficulty in low refractive index detection
of species, it is crucial to identify the proper structure in order to ex-
pand the application of PCF-SPR sensors in environment monitoring,
biochemical testing, food safety, and so on.

Herein, a novel PCF-SPR sensor based on the series-wound structure
with dual gold nanowires is proposed and analyzed. Compared to
previous studies [32–34], this sensor offers many promising benefits.
For avoiding performance degradation caused by oxidation, gold is
chosen as the plasmonic materials. Unlike the complicated procedures
reported in the literatures such as depositing gold layer on the inner or
outer surfaces of the photonic crystal fiber, this nanowire structure
simplifies the fabrication process and makes this PCF-SPR sensor more
practical in the sensing applications. By optimizing the structural
parameters of the air holes (size, pitch, and species) and gold nanowires
(size and number), a maximum spectral sensitivity of 17500 nm/RIU is
obtained for analytes with low refractive indexes from 1.13 to 1.35 in
addition to a resolution of 5.71 × 10−6 RIU. As the resonant wave-
length of the sensor spans from 865 nm to 1675 nm in the near-infrared
region, it is applicable to a myriad of applications in environmental
engineering, biochemistry, and healthcare.

Design theories and numerical simulation of sensor

The numerical simulation and design of the series-wound structure
are conducted by the COMSOL Multiphysics software based on the fi-
nite element method (FEM). Fig. 1 shows the schematic diagram of the
sensor which consists of PCFs with a series-wound dual symmetrical
eccentric-core structure. This structure is more possible to manufacture
due to its fabrication simplicity. Furthermore, the ends and sensing
region of this sensor should be packaged in order to support and fix the
structural platform, which can provide the possibility to detect analytes
stably in practical sensing applications. Pure silica is selected as the

background materials and the cladding structure is composed of a series
of regular hexagonal air holes. Such cladding structure can limit the
light loss and ensure the transmission of fundamental mode. Based on
the principle of total internal reflection, the incident light transmits in
the PCF and support the evanescent field to excite SPR [1,9,19]. Be-
sides, an optical coupler can be considered to link the single mode fiber
(SMF) with this sensor in order to transmit light in practice. For this
dual eccentric-core structure, incident light can be used more efficiently
and produce the coupling effect. There are two types of air holes with
different diameters and the six smaller air holes are placed in the outer
layer. The diameter (d2) of the six smaller air holes is 0.8 μm and the
rest of the air holes have a larger diameter (d1) of 0.9 μm. The distance
between air holes (Λ) is 1.5 μm. Compared to silver, gold is chosen as
the surface plasmon materials to initiate surface plasmon polaritons
(SPPs) due to its better chemical stability. Moreover, to simplify the
fabrication process, a symmetric gold nanowires configuration is de-
signed and they are mounted on the place between two adjacent silica
core fibers instead of forming a gold film on the inner surface of the air
holes. The radius of the gold nanowires (Rg) is 0.2 μm and the disper-
sion of gold (Au) is determined by Drude model as follows [27]:
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where εAu denotes the permittivity of gold, ε∞ = 5.9673, ωD/
2π = 2113.6 THz, γD/2π = 15.92 THz, Δε = 1.09, ω = 2πc/λ re-
presents the angular frequency and ΓL/2π and ΩL/2π are 104.86 THz
and 650.07 THz, respectively. The refractive index of fused silica is
defined by Sellmeier equation [3]:
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where n is the refractive index of silica, λ is the wavelength of the in-
cident light in micrometer, A1 = 0.6961663, A2 = 0.4079426,
A3 = 0.8974790, B1 = 0.0684043 μm, B2 = 0.1162414 μm, and
B3 = 9.8961610 μm.

In this study, an artificial boundary condition is preset to increase
the computational accuracy and there is a perfectly matched layer
(PML) with a thickness of 2 μm to absorb the radiation energy. The
confinement loss is an important parameter to evaluate the properties
of the sensor and calculated by the following equation [20]:

= × ×α π
λ

n dB cm8.686 2 Im[ ] 10 ( / )Loss eff
4

(3)

where λ is the operating wavelength on the micrometer scale and Im
[neff] represents the imaginary part of the effective index.

Results and discussion

Owing to the dual cores in the series-wound structure, the even
mode and odd mode are excited concurrently for both x-polarization
and y-polarization. When the phase matching condition between the
core mode and SPPs mode is satisfied, the energy is transferred from the
dual cores of fibers to the gold nanowires leading to the loss peak.
Fig. 2a-d show the electric field distributions of the core mode at the
resonant wavelength of 1405 nm for the RI of 1.33. The arrows refer to
the direction of the electric field and the effective refractive indexes of
the four modes are: 1.3938 + 1.4650E-5i (Fig. 2a, odd mode for x-
polarization), 1.3893 + 0.0011522i (Fig. 2b, even mode for x-polar-
ization), 1.3937 + 5.2117E-4i (Fig. 2c, odd mode for y-polarization),
and 1.3944 + 7.9937E-5i (Fig. 2d, even mode for y-polarization,), re-
spectively. The imaginary part of the effective refractive index of the
even mode for x-polarization and odd mode for y-polarization is larger
indicating that the SPP modes couple with the core modes more dom-
inantly. The comparison of the confinement loss peak shift for the even
mode (x-polarization) and odd mode (y-polarization) is shown in
Fig. 2e for RIs between 1.33 and 1.34 and the blue and red curves show

Analyte   

PML    

SiO2    

Air  

Gold   

Rg

2d d1

Fig. 1. Schematic diagram of the PCF-SPR sensor.
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the variations of the confinement loss for even mode (x-polarization)
and odd mode (y-polarization), respectively. In comparison with that
for x-polarization, the shift of the confinement loss peak of the odd
mode for y-polarization is higher for the same change in analyte RIs
from 1.33 to 1.34. Therefore, the odd mode for the y-polarization is
chosen to evaluate the performance of the sensor in the following
analysis.

Fig. 3 presents the dispersion relationship between the core mode
and SPP mode for RI of 1.32. The real parts of the effective mode in-
dexes of the core mode and SPP mode are shown as purple and blue
solid lines, respectively. Both of them decline with increasing wave-
length and the relationship of the confinement loss with wavelengths is
revealed by the red dotted line. The insets (a), (b), and (c) show the
energy distributions of the core mode, SPP mode, and phase matching
point, respectively. In the case of resonance, there is strong coupling
between the core mode and SPP mode and a distinct loss peak appears
at 1340 nm with equal effective mode indexes of the core and SPP
modes.

The structural parameters play critical roles in the sensing perfor-
mance including the variation of the resonant wavelengths for different
RIs and the confinement loss. The analysis to determine the optimal
structural parameters is carried out for analyte RI of 1.34. Fig. 4 pre-
sents the confinement loss spectra for different air hole diameters. With
increasing size of air holes from 0.7 μm to 1.0 μm, there is a slight red-
shift and the largest loss peak is observed for d1 = 0.9 μm, and

d2 = 0.8 μm. It is due to the domination of Re(neff) of the SPP mode
while the Re(neff) of the core mode remains almost unchanged when the
air hole size increases. As a consequence, the coupling energy of the SPP
mode becomes larger than that of other modes. Besides, the loss does
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Fig. 2. Electric field distributions of the core mode for x-polarization and y-polarization: (a) Odd mode for x-polarization, (b) Even mode for x-polarization, (c) Odd
mode for y-polarization, and (d) Even mode for y-polarization; (e) Variation of the loss for even mode of x-polarization and odd mode of y-polarization for RIs
between 1.33 and 1.34.
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not reach the maximum for the case of d1 = d2 as shown by the purple
curves in Fig. 4a and b. The influence of different pitches (Λ) of the air
holes is also studied and the corresponding confinement loss spectra are
shown as Fig. 5. The resonant wavelength moves to a shorter wave-
length as the pitch (Λ) is enlarged to 0.02 μm. Then the most distinctive
loss peak corresponds to the pitch (Λ) of 1.50 μm. It is noted that the
loss is not changed regularly as structural parameters vary. It is ex-
plained by the fact that the larger pitch (Λ) can increase the transmis-
sion path for energy from cores to gold nanowires, then the confine-
ment loss reaches maximum value. While the pitch (Λ) enlarges further,
the energy will be concentrated in the cores, thus the coupling between
the fundamental mode and the SPP mode becomes weaker, leading to
the decrease of the confinement loss. Hence, in accordance with Figs. 4
and 5, the optimal parameters of air holes are: d1 = 0.9 μm,
d2 = 0.8 μm, and Λ = 1.50 μm.

Surface plasmon resonance is usually excited by metallic materials.
In this study, both gold nanowires and silver nanowires are investigated
in order to obtain the better resonance effects. The comparison and
analysis of metallic materials are obtained at the case of R = 0.20 µm.
As shown in Fig. 6a, the dotted lines and solid lines describe the con-
finement loss spectra for silver nanowires and gold nanowires, respec-
tively. Gold nanowires show evident variations for the same change in
the RIs and the loss is larger than that of silver nanowires. Besides, gold
nanowires render the sensor more reliable due to the smaller

vulnerability to oxidation. The effects of different radii of gold nano-
wires on the confinement loss spectra are analyzed. Fig. 6b presents the
confinement loss spectra for gold nanowire radii from 0.16 µm to
0.22 µm and the resonant wavelength shifts from the short wavelength
to the long wavelength. The mechanism is that Re(neff) of the core mode
remains almost constant, whereas Re(neff) of the SPP mode increases
with gold nanowire radii. In the case of Rg = 0.20 μm, the coupling
strength reaches the maximum between the core mode and SPP mode as
a distinct peak appears in the confinement loss spectrum.

SPR depends on the plasmonic materials, so the size and quantity of
gold nanowires are simulated to optimize the structure. Fig. 7a presents
the confinement loss spectra of a single gold nanowire for RIs between
1.31 and 1.35 and the comparison of different gold nanowires is shown
as Fig. 7b. Although there is a red-shift with increasing RIs for the single
gold nanowire (Fig. 7a), the coupling energy is weaker than that of dual
gold nanowires. The insets (c) and (d) reveal the energy coupling be-
tween the core mode and SPP mode for a single gold nanowire and dual
gold nanowires, respectively. The energy is much stronger in inset (d)
as evidenced by the resonant peaks for dual gold nanowires. In addi-
tion, the resonant wavelength moves to longer wavelengths in the near-
infrared region for dual gold nanowires and the sensing performance of
the single fiber with the same structural parameters is also analyzed.
Fig. 8a shows the comparison of the confinement loss between the
single-PCF structure and series-wound PCFs structure for analyte RIs
between 1.32 and 1.34. The sharp peaks in the confinement loss are
observed from the dual PCFs with a series-wound structure. It is likely
because more energy is transferred to the gold nanowires as a result of
the larger energy from the dual cores. As shown in Fig. 8b, the electric
field distributions of the core mode for the single-PCF structure and the
series-wound PCFs structure are compared. The y-polarized mode has
been analyzed and it is found that the coupling energy of the series-
wound PCFs structure is much larger than that of the single-PCF
structure.

Fig. 9 displays the confinement loss spectra of the sensor for dif-
ferent analyte RIs. The resonant wavelength red-shifts with increasing
analyte RIs and the detection range is quite broad ranging from 1.13 to
1.35. The corresponding resonant wavelengths change from 865 nm to
1675 nm. In addition, the resonance intensity increases gradually with
RIs and the strongest coupling between the core mode and SPP mode
occurs at 1500 nm for an RI of 1.34 as indicated by the dominate re-
sonant peak. When the refractive index of the analyte increases further
from 1.34 to 1.35, the resonant wavelength moves to the long wave-
length range and the confinement loss peak falls dramatically. It is
because the phase matching point moves to the longer wavelength for
larger RIs and energy transferring weakens from the core mode to SPP
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mode for RIs between 1.34 and 1.35.
To evaluate the sensing performance, the spectral sensitivity is an

important parameter and calculated by the following equation [16,35]:

=S
λ

n
nm RIU

Δ
Δ

( / )peak

a (4)

where Δna is the variation of RIs and Δλpeak is the difference of the
wavelength peak shifts. The maximum shift of 175 nm is indicated in
Fig. 9b when the RIs are varied from 1.34 to 1.35. According to Eq. (4),
the maximum spectral sensitivity of 17500 nm/RIU is accomplished.
Resolution is another critical parameter and determined by the fol-
lowing equation [28,36]:

=R n λ
λ

RIUΔ Δ
Δ

( )a
peak

min

(5)

where Δλmin represents the wavelength resolution(0.1 nm), Δλpeak is the
shift of the confinement loss peak in terms of the wavelength, and Δna
refers to the step for the variation of the analyte RI (0.01). As Δλpeak is
95 nm when the RIs are varied from 1.33 to 1.34, the resolution is
calculated to be 1.05 × 10−5 RIU. Therefore, according to this equa-
tion, the optimal resolution of the sensor is 5.71 × 10−6 RIU for RIs
between 1.34 and 1.35. The figure of merit (FOM) is another important
parameter to assess the sensing properties and is expressed as follows
[16,17]:

=
−FOM Sensitivity

FWHM
RIU( )1

(6)

where FWHM is the full-width at half-maximum of the confinement loss
peak. The comparison of FOM for different gold nanowires is presented
in Fig. 10a. The best FOM of 186.19 RIU−1 is observed from dual gold
nanowires for an RI of 1.34. The FOMs of dual gold nanowires is thus
higher than that of one gold nanowire for analyte RIs ranging from 1.31
to 1.34, revealing that the series-wound structure with dual gold na-
nowires delivers the optimal sensing performance. It can be attributed
that dual gold nanowires enlarge contact areas to excite the surface
plasmon resonance, which can provide the surface plasmon wave
(SPW) easily. Furthermore, the dual-PCFs structure also generates a
coupling effect to make the sensing performance much better and
higher. Fig. 10b shows the relationship of the resonant wavelength for
analyte RIs between 1.12 and 1.36 and the polynomial fit of the re-
sonant wavelengths shows an R–square value of 0.99713.

Conclusion

To address the needs for high-sensitivity detection in the near-in-
frared region, a novel PCF-SPR sensor for a series-wound structure with
dual gold nanowires is designed and analyzed by the COMSOL
Multiphysics software based on the finite element method (FEM). The
results reveal that the odd mode for y-polarization is more readily de-
tected due to the larger Δλ (95 nm) for the same change in the analyte
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RI from 1.33 to 1.34. A high spectral sensitivity of 17500 nm/RIU and
resolution of 5.71 × 10−6 RIU are obtained for low RIs between 1.13
and 1.35. Furthermore, the sensor boasts a wide detection bandwidth
for multifarious RIs in the near-infrared region from 865 nm to
1675 nm. Owing to these outstanding properties, the PCF-SPR sensor
with the series-wound structure has great potential in sensing applica-
tions pertaining to environmental monitoring, biochemical detection,
and food safety.
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