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Abstract A photonic crystal fiber (PCF)-based surface plas-
mon resonance (SPR) probe with gold nanowires as the plas-
monic material is proposed in this work. The coupling char-
acteristics and sensing properties of the probe are numerically
investigated by the finite element method. The probe is de-
signed to detect low refractive indices between 1.27 and 1.36.
The maximum spectral sensitivity and amplitude sensitivity
are 6 x 10° nm/RIU and 600 RIU ™", respectively, correspond-
ing to a resolution of 2.8 x 107> RIU for the overall refractive
index range. Our analysis shows that the PCF-SPR probe can
be used for lower refractive index detection.

Keywords Photonic crystal fiber - Surface plasmon
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Introduction

Surface plasmon resonance (SPR) is a unique optical phenom-
enon arising from optical excitation of charge-density
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oscillations localized at the interface between a metallic layer
and dielectric surface under p-polarized light radiation [1]. As
a direct sensing technology, SPR has received much attention
because of the excellent sensitivity to changes in refractive
indices of the surrounding dielectrics and have potential ap-
plications in many fields such as environmental monitoring
[2], food safety [3], and biological substance detection [4].

The milestone prototype for SPR sensing proposed by
Kretschmann in 1968 was based on the total internal reflection
effect of the prism configuration [5]. The p-polarization or
transverse magnetic (TM) light impinges a prism coated with
plasmonic materials (Au, Ag, Cu, Al, etc.), and the evanescent
wave excites the surface plasmon polaritons (SPP) wave [6].
In 1983, Liedberg et al. reported an SPR sensor for biosensing
and gas detection [7] and since then, SPR sensing technology
has experienced sustainable development in terms of minia-
turization and integration based on total internal reflection
effect. Since the fiber-based SPR sensors were firstly explored
in the early 1990s, many optical fiber SPR sensors with di-
verse structures such as D-shape, cladding, and TFBG-based
have been proposed and investigated experimentally and the-
oretically [8—12]. Compared with the prism Kretschmann con-
figuration, the fiber-based SPR sensors not only are miniatur-
ized without bulky mechanical components but possess a
compact structure suitable for remote sensing. Therefore, the
fiber-based SPR sensors can overcome the drawback of bulky
conventional SPR configurations.

In recent years, much effort has been devoted to the design
of photonic crystal fiber-based SPR (PCF-SPR) [13—-16]. The
sensing mechanism of PCF-SPR is based on coupling of a
leaky core mode to the plasmonic mode along a metalized
fiber microstructure. The sensing performance of PCF-SPR
sensors depends on the metallic materials. Among the various
types of plasmonic materials, gold and silver are the most
common ones due to their relatively low loss in the visible
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and near-infrared region. This low loss enables the monitoring
of high energy transfer on the surface of plasmonic materials
during SPR. Many PCF-SPR sensors with diverse structures
have been proposed and numerically analyzed. One of the
aims of PCF-SPR design is to broaden the detection range of
refractive indices for wide applications. R. Otupiri et al. pre-
sented a biosensor with a thin gold layer on the inner surface
of the microfluidic slots, and a spectral sensitivity lower than
2000 nm/RIU could be obtained for the refractive index range
of 1.33-1.34 [17]. Shuai et al. described a multi-core holey
fiber-based plasmonic sensor which possessed an average sen-
sitivity 0£2929 nm/RIU for the refractive index range between
1.33 and 1.42 [18]. Zhang et al. developed a multi-core pho-
tonic crystal fiber SPR sensor with a sensitivity of 3300 nm/
RIU, and the refractive index range was 1.41-1.42 [19]. Luan
et al. proposed a microstructured optical fiber-based SPR sen-
sor with silver nanolayer as the sensitive material, and a sen-
sitivity of 1600 nm/RIU was achieved for the detection refrac-
tive index range of 1.46—1.62 [20]. Based on these typical
examples, one can see that previous work on PCF-SPR sen-
sors has mainly concentrated on the refractive index range
larger than 1.33 [21-25]. To our best knowledge, little effort
has been devoted to PCF-SPR sensors for lower refractive
index detection. Low refractive index detection (1.27-1.33)
based on PCF-SPR sensing technology exhibits a great poten-
tial for mesoporous silica [26], Si nanopillars [27], and elec-
trophoretic medium [28] in the application field of solar cell
and display devices. In addition, one of the great challenges
for PCF-SPR sensors is to manufacture metalized microstruc-
ture in such a small core of PCF. From the perspective of
device fabrication, it is a good alternative to synthesize gold
nanowires on the surface of fiber core for the sensor.

Herein, a novel PCF-SPR probe with a gold nanowire
placed on the outer wall of the fiber core is presented. A large
annular analyte channel is designed around the fiber core, and
it is intrinsically the detection zone of the probe. The key per-
formance of the probe is investigated by the finite element
method (FEM) based on the COMSOL Multiphysics software.
The detection range of refractive indices is set to be 1.27-1.36,
and a maximum spectral sensitivity of 6 x 10> nm/RIU is
achieved. The sensor with the proposed structure is relatively
easy to produce because the gold nanowires are on the outer
surface of the fiber core.

Simulation Model

The cross-section of the proposed probe is divided into three
parts as shown in Fig. 1. The inner part is silica and arranged
with 16 air holes, and the analyte channel coated with a gold
nanowire is designed as the second part. Pure silica is set as
the background materials of the probe, and the Sellmeier equa-
tion is applied to calculate the chromatic dispersion [23].
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Fig. 1 Schematic diagram of the PCF-SPR probe

A=15um,d, =15 um, r,=5 um, and r, = 0.32-0.4 um
represent the distance between adjacent air holes, width of the
analyte channel, radius of the silica core, and air holes, respec-
tively. The radius of the gold nanowires (r) is 0.13-0.2 pum.
The air holes with a diameter of 0.8 um are introduced into the
fiber core to reduce the effective refractive index of the core-
guided mode to ensure efficient coupling between the core-
guided and plasma modes. The refractive indices of the ana-
lyte (ny) vary from 1.27 to 1.36, and the dielectric constant of
gold is defined by the Drude mode [15]. The finite element
method (FEM) based on the COMSOL Multiphysics software
is used to investigate the mode characteristics. An artificial
boundary condition of the perfectly matched layer (PML) is
added to the outer computational region to absorb the radia-
tion energy. The computational region is meshed with free
triangles consisting of 2530 elements and the number of
boundary elements is 1299. It is noted that the coupled mode
theory is applied to the study of coupling between the plas-
monic and core-guided modes [16]. The confinement loss is
defined as follows:

2
(lloss = 8.686 x Tﬂlm(mﬁ) % 10*(dB/cm), (1)

where A represents the wavelength of the incident light in
vacuum with a unit of micrometer (um). It is proportional to
the imaginary part of the effective refractive index. The peak
indicates the largest energy transmission from the core-guided
mode to the plasmonic mode, and it can be used to locate the
resonance wavelength.

The hexagonal air holes confine most of the energy, and a
part of the energy penetrates the channel filled with the analyte
to excite the plasmon mode of the gold nanowires. There is a
strong dependence of the real part of the mode loss on the
effective refractive index of the sample, thus making the
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wavelength of phase matching between the core-guided and
plasmon modes sensitive to the changes in the analyte refrac-
tive indices.

Results and Discussion

Figure 2a shows the dependence of real parts and imaginary
parts of the effective refractive indices of the fundamental
mode on wavelengths. The black and blue curves represent
the imaginary and real parts, respectively. The imaginary part
of the effective refractive index of the probe is closely related
to the mode loss, whereas the real part shows the refractive
index in the usual sense. As shown in Fig. 2a, the imaginary
part of the refractive index increases initially and then de-
creases with increasing wavelength. In terms of energy aggre-
gation of the fiber core, an obvious peak occurs at 870 nm
when the refractive index of the analyte is 1.35, indicating
strong coupling between the plasmonic mode and core guided
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Fig. 2 a Dependence of real parts and imaginary parts of the effective
refractive indices of the fundamental mode on wavelengths. b Electric
field intensity distribution of the fundamental mode, where the arrows

represent the direction of the electric field

mode. The electric field intensity distribution of the funda-
mental mode is presented in Fig. 2b.

The radius of the gold nanowires is one of important pa-
rameters affecting the strength and position of the resonance
peaks, and so, gold nanowires with different radii are consid-
ered here. Figure 3 presents the optical loss spectra of the
probe for different radii of gold nanowires. The refractive
index of the surrounding medium is set to be n, = 1.35.
Obviously, the resonance wavelength in the near-infrared re-
gion moves to longer wavelengths as the gold nanowire radius
increases from 0.13 to 0.2 um. The resonance wavelength
shift is approximately 25 nm. There is large energy loss on
the surface of gold wires when the radius is between 0.13 and
0.2 pm, indicating that there is an optimal radius for each
wavelength. In addition, the resonance intensity decreases
gradually with increasing gold nanowire radius and the max-
imum drop in the intensity is approximately 60 dB/cm. This
phenomenon can be explained as follows. The skin depth of
gold is about 20-30 nm. When the radiuses of gold nanowires
increase, the fiber core mode becomes effectively screened
from the plasmon, resulting in a low coupling efficiency and
low sensitivity [15].

The fiber core with air holes works as a low refractive index
cladding ensuring transmission of mode guidance. The sixteen
air holes arranged in the hexagonal array in the probe reduce
the refractive index of the core and so the phase matching
condition between the core mode and plasmon can be met.
Figure 4 shows the dependence of the confinement loss on the
size of air holes for different wavelengths. The strength depth
increases with the size of the air holes. Larger air holes pro-
mote expulsion of the modal field from the fiber core leading
to larger modal presence close to the interface of gold and
subsequently higher propagation loss. Furthermore, the wave-
length red shifts as the air holes become bigger. An obvious
absorption peak occurs at 870 nm, and the resonance strength
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Fig. 3 Optical loss spectra for different radii of gold nanowires
A=15um,d,=1.5um, r.=5 um, r, =0.36 um, and n, = 1.35)
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Fig. 4 Dependence of the loss spectra on the radius of the air holes
(A=15um,d,=1.5um, 7. =5 um, n,=1.35, and r, = 0.2 um)

can reach about 73 dB/cm when the radius of the air hole is
0.4 pum.

To determine the effects of the silica core radius on the
properties of the proposed probe, the calculated loss spectra
are plotted in Fig. 5. The resonance wavelength moves to-
wards longer wavelength, and the resonance strength in-
creases remarkably as the radius of silica core increases from
4.8 to 5.1 um. When the radius of the silica core is 5.1 pm,
there is more leakage of the fundamental mode into the gold
nanowire at 850 nm. It can be concluded that plasmonic exci-
tation on gold nanowires is stronger for certain core radii.

Figure 6 shows the optical loss spectra of the probe for
different analytes. The resonance wavelength increases from
640 to 960 nm while the refractive index of the analyte chang-
es from 1.27 to 1.36. The corresponding wavelength shift is
approximately 320 nm, indicating that the resonance wave-
length can be tuned to the near-infrared region. Moreover, the
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Fig. 5 Loss spectra of the probes with different silica core radii
(A=1.5pum,d,= 1.5 um, r, = 0.36 um, n; = 1.35, and , = 0.2 um)
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Fig. 6 Loss spectra of the fundamental mode for different analytes
(A=1.5pum,d,= 1.5 um, r, = 0.36 um, . = 5 pum, and r, = 0.2 um)

resonance strength shows a positive relationship with the re-
fractive index from 1.27 to 1.36. When the refractive index is
1.36, the resonance strength can be up to 120 dB/cm.

In order to determine the properties of the PCF-SPR probe,
the amplitude sensitivity is considered and can be expressed as
[15]

S — 1 da(An)

aOn) on (RIU™). (2)

The transmission loss a(A,n) refers to the confinement loss
Qoss- Figure 7 shows that the amplitude sensitivity varies with
the wavelength at a refractive index of 1.35. The amplitude
sensitivity increases first and then decreases with increasing
wavelength and S, can reach about 600 RIU ! at a wave-
length of 960 nm. The spectral sensitivity of the probe is
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Fig. 7 Amplitude sensitivity of the probe (A = 1.5 um, d, = 1.5 um,

7,=036 um, 7. =5 pm, and r, = 0.2 pum)
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calculated by detecting the shift in the resonance peaks for
different refractive indices of the analytes. The formula for
Ssp (M) is as follows [29]:

AN cak
SSP()\) = A:l

(nm/RIU), (3)

where AM,c. and An, represent the resonance wavelength
changes and analyte refractive index variation, respectively.
When the refractive index of the sample is in the range of
1.27-1.33, each change of 0.01 in the refractive index will
shift the loss spectrum curve by 23.5 nm on the average,
indicating that the spectral sensitivity of 2350 nm/RIU can
be attained. Similarly, the spectral sensitivity is approximately
6 x 10° nm/RIU when the refractive index of the sample varies
between 1.33 and 1.36. The refractive index resolution (R) of
the probe is calculated by the following eq. [30]:

R = AngAin/ AMpeak.- (4)

Here, A),..x = 36 nm is the average wavelength shifts for
the refractive index ranges from 1.27 to 1.36. The wavelength
resolution is assumed to be A\, = 0.1 nm [16, 17, 19, 21].
When the variation in the analyte index is 0.01, a sensing
resolution of 2.8 x 10> RIU is accomplished for the refractive
index range between 1.27 and 1.36.

Conclusion

A PCF-SPR probe with gold nanowires as the plasmonic ma-
terial is proposed for low refractive index detection. The probe
possesses one large size microfluidic channel which can avoid
channel interference with each other. This structure is easy to
produce as there is only one gold nanowire close to the silica
core. The probe has high sensitivity in the low refractive index
range between 1.27 and 1.36, and the spectral sensitivity is
approximately 2350 nm/RIU for the refractive index range be-
tween 1.27 and 1.33. The spectral sensitivity is 6 x 10°> nm/RIU
for analyte refractive indices from 1.33 to 1.36. A sensing res-
olution of 2.8 x 10~ RIU is realized for the overall refractive
index range detection. Our analysis shows that the PCF-SPR
probe has large potential in low refractive index detection.
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