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Abstract

An ultra-sensitive photonic crystal optical fiber sensor based on surface plasmon resonance (SPR) is designed and analyzed.
The D-shaped optical fiber is symmetrically coated with two layers of gold along the Y-axis, and the pores inside the fiber
follow the PCF stacking structure. The D-symmetric double gold layer structure is based on the surface dissociative excita-
tion resonance excitation mechanism, and the Y-symmetric double gold layer design enhances the electromagnetic coupling
at the metal-medium interface, providing more stable excitation conditions for the SPR effect. This structure can effectively
modulate the propagation characteristics of the surface plasma wave, thereby improving the response of the sensor to changes
in refractive index. The sensing characteristics are investigated using the finite element method. It shows ultra-high sensitivity
and low loss, as exemplified by a maximum wavelength sensitivity of 70,000 nm/RIU, an average wavelength sensitivity of
5150 nm/RIU in the RI range between 1.23 and 1.43. In addition, the sensor has a resolution of 1.43 x 10~7 RIU, a factor of
merit (FOM) of 834.4 RIU™', and a maximum loss of only 2.59 dB/cm, greatly improving optical transmission efficiency. The
outstanding results suggest immense in various applications, including biosensing, virus detection, and organic chemistry.
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Introduction

Surface plasmon resonance (SPR) is highly sensitive to the
external refractive index (RI) and has been widely applied
to biomedicine and environmental monitoring [1, 2]. How-
ever, the traditional prism-coupler-based SPR sensor is
unwieldy and intricate, rendering it impractical for remote
measurements [3, 4]. Accordingly, device miniaturization is
highly important [5]. The photonic crystal fiber (PCF) is a
two-dimensional photonic crystal [6] with the core consist-
ing of solid silica or air holes and the cladding containing
regularly distributed air holes [7]. Hence, it has a porous or
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microstructure [8]. The PCF offers a number of advantages,
such as its small size, resistance to electromagnetic interfer-
ence, and flexible cladding [9]. In fact, the PCF-based SPR
sensor has been demonstrated to offer high-performance RI
sensing and has attracted considerable research and com-
mercial interest [10, 11], for instance, medical diagnostics
[12, 13], biomolecular analysis [14, 15], antigen—antibody
interactions [16], and security and environmental monitor-
ing [17].

A variety of PCF structures have been proposed, includ-
ing double D-shape structures [18, 19], H-shaped structures
[20], and multi-channel sensing structures [21]. These struc-
tures can be broadly classified into two categories: internal
sensing and external sensing. In internal sensing, the pores
in the fibers are selectively filled with the analyte, whereas
in external sensing, the analyte is deposited on the surface of
the sensor. However, thin metal film deposition and analyte
injection into specific holes can be challenging and time-
consuming in comparison with the use of surface coatings.
Therefore, it is more practical to adopt external sensing [22].

Parthiban et al. have proposed a PCF sensor with a
composite film composed of Ag and MgF, [23], showing
a maximum wavelength sensitivity of 20,000 nm/RIU, but
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the sensitivity is not satisfactory. Gold, as the plasmonic
medium, produces a more pronounced resonance peak shift
than other metals. Su et al. have designed a PCF sensor
coated with a gold ring [24], showing a maximum wave-
length sensitivity of 35,943 nm/RIU, but the gold adds to
the cost. Mohammad et al. have proposed a PCF sensor
coated with the Au-TiO, composite film [25] polished on
both sides, showing a maximum wavelength sensitivity of
61,000 nm/RIU. However, it exhibits a maximum loss of
600 dB/cm and a low transmission efficiency. Herein, a sym-
metrical D-type PCF structure is designed. The gold film is
symmetric along the Y-axis and partially deposited on the
D-shaped surface to enhance the SPR. The choice of depos-
iting the gold film in the partially polished area is based on
the excitation conditions and the light field distribution char-
acteristics of the surface equipartition exciton resonance.
Partial deposition allows precise control of the electromag-
netic field coupling strength at the metal—dielectric interface
and avoids over-absorption or scattering of the optical field
caused by full-area deposition. This design concentrates the
SPR effect in the critical sensing region, which improves the
modulation efficiency of the optical signal by the refractive
index change. If a gold film were to be deposited over the
entire polished area, excessive gold coverage would cause
the optical field to be strongly absorbed by the gold layer,
which would reduce sensitivity and increase losses. Moreo-
ver, the complexity would be greatly increased, increasing
the difficulty and cost of the preparation process and poten-
tially introducing more uncontrollable factors (e.g., uneven
thickness of the gold film), which is detrimental to the sta-
bility and reproducibility of the sensor. Our analysis shows
that this structure has excellent characteristics, including
a maximum wavelength sensitivity of 70,000 nm/RIU, an
average wavelength sensitivity of 5150 nm/RIU, a figure of
merit (FOM) of 834.4 RIU™!, and a maximum loss of only
2.59 dB/cm in the wavelength range between 0.49 and 1.52.
The sensing characteristics are superior to those of similar
RI sensors reported previously, rendering the sensor suitable
for a wide range of applications, including biosensing, virus
detection, and organic chemistry.

Structure and Analysis

Figure 1 (a) and (b), respectively, depict the two-dimensional
and three-dimensional cross sections of the PCF-SPR sen-
sor. The simulation process is carried out using COMSOL
Multiphysics v6.1 software, and the numerical analysis
is performed using the finite element method. In order to
accurately simulate the light propagation and surface plas-
mon resonance effects of the photonic crystal fiber sensor,
the computational domain covers the entire D-shaped fiber
and the surrounding medium area. The outer computational
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Fig.1 (a) Cross-section of the PCF-SPR sensor; (b) three-dimen-
sional view; (¢) transmission; and (d) stacked structure

domain is extended by 10 pm in all directions to ensure that
the boundary conditions do not affect the internal electro-
magnetic field distribution. A perfectly matched 1-pm thick
layer is used in the boundary conditions to effectively absorb
the outgoing light and prevent reflections from affecting the
simulation results. A free tetrahedral mesh is used to sub-
divide the model, and to improve computational accuracy,
local encryption is applied to the core region of the opti-
cal fiber, the gold film layer and the contact region of the
medium to be measured. The model contains 22 domains, 92
boundaries, and 90 vertices. The simulation uses a frequency
domain solver with approximately 72,000 total degrees of
freedom, covering both electric and magnetic field compo-
nents. The accuracy of the results is ensured by a residual
convergence criterion during the solution process. In the
analysis, the radius of the fiber is r= 7.5 um, and the air
holes are arranged in accordance with the structure of the
PCF stack, as illustrated in Fig. 1 (d). The radius of the larger
aperture, d,, is 1.4 um, while that of the smaller aperture, d,,
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is 0.9 um. Two 28-nm-thick gold films are deposited by mag-
netron sputtering or chemical vapor deposition (CVD) on
the surface with a Y-axis symmetry. The outer layer serves
as the perfect match layer to absorb scattered light and pre-
vent scattering. As shown in Fig. 1 (c), the analyte droplet
is placed on the surface, and the single-mode optical fiber
is connected on both ends. Light emitted from the source
passes through the sensor and reaches the spectrometer,
which outputs the data to a computer for analysis.

The finite element method is employed to determine the
characteristics of the sensor. The main body of the sensor
is composed of SiO,. The RI variation with wavelength can
be calculated using the Sellmeier dispersion relation [26]:

2 AR A, 22 A3 4%
- silica — 1= AZ—B% + 12_35 + AZ—B% (1)

where A1 =0.6961663, A2 =0.4079426, A3 =0.8974794,
B1 =0.0684043, B2 =0.1162424, and B3 =9.896161. The
dielectric constant of gold is determined according to the
Drude-Lorentz model [27]:
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where 5.9673 is the high-frequency permittivity of Au; 1.09
is the weighting factor; and wp/2x and y,/2x are the plasma
frequency and damping frequency with values of 2113.6
THz and 15.92 THz, respectively. I';/2x= 104.86 THz and
Q/27x= 650.07 THz are the spectral width and spectral fre-
quency of the Lorentz oscillator, respectively.

Results and Discussion

The confinement loss (CL) spectrum is derived by the fol-
lowing equation [28]:

CL(dB/cm) = 8.686 X 27” X Im(ny) % 10* 3)

where “n,;” represents the imaginary component of the
effective RI of the fiber mode field. Figure 2 (a) presents the
CL spectrum for an analyte R/ of 1.42. The red solid line
and red dashed line represent the real part of the effective
RI of the y-polarized fundamental mode and the SPP mode,
respectively. The two lines intersect at a wavelength of 825
nm. This indicates that the phase-matching condition for
surface plasmon resonance is satisfied, resulting in the cou-
pling of the y-polarized fundamental mode to the SPP mode.

As shown in Fig. 2 (b and c), at the resonant wavelength,
the y-polarized fundamental mode is confined within the
fiber core, and the energy distribution of the SPP mode is
close to the gold film. The loss spectrum of the x-pol funda-
mental mode, indicated by the black dashed line in Fig. 2 (a),
is smaller than that of the y-polarized fundamental mode,

which depends strongly on the localization of the plasmonic
medium. Therefore, the sensor must be able to receive inci-
dent light polarized in the y direction. In the subsequent
optimization process, the loss spectrum of the y-polarized
fundamental frequency mode is adopted.

The wavelength sensitivity (WS), which serves as an
essential metric to gauge the efficacy of the sensor, is defined
as the ratio of the discrepancy of the resonant wavelengths
for different refractive indexes to the disparity in the refrac-
tive indexes themselves [29]:

S(A,n) = %(nm/RIU) &)

The wavelength resolution (R) reflects the sensitivity of
the sensor to minor alterations in wavelength and the capa-
bility to discern subtle changes in the RI of the analyte. A
lower resolution indicates a greater sensitivity to alterations
in the RI as shown in the following [30]:

R= JAURIV I

— Dy
YAV T, (RIU) ®)

Conversely, a narrower full-width at half-maximum
(FWHM) of the loss spectrum corresponds to a higher reso-
lution, which can be quantified by the quality factor, the
figure of merit (FOM) defined as follows [31]:

s -
FOM = 2 (RIU™") (6)

The various structural parameters of the sensor are opti-
mized beginning with the thickness of the gold film. When
the incident light wave traverses the optical fiber and inter-
acts with the metal film, free electrons in the film oscillate
collectively in response to the electric field creating a sur-
face plasmonic wave. According to the principle of surface
plasmon resonance, when a light wave is transmitted along
an optical fiber and interacts with a metal film layer, the free
electrons in the metal film generate collective oscillations
due to the excitation of the electromagnetic field of the light
wave. These oscillations in turn excite the surface plasma
wave. As the core medium of energy conversion, the thick-
ness of the gold film directly affects the energy coupling
efficiency between the photonic crystal fiber and thus greatly
affects the sensing performance. Five gold film thicknesses
ranging from 26 to 34 nm are analyzed. Figure 3 (a) shows
notable shifts in the spectra with different film thicknesses,
and Fig. 3 (b) compares the sensitivity, revealing the best
sensitivity when the gold film thickness is 28 nm. Conse-
quently, this value is adopted in the subsequent investigation.

The polishing depth is then optimized. The polishing
depth determines the proximity of the fiber surface to the
external material to be measured, and thus the strength of
the interaction between the Swift field and the material to be
measured. Figure 4 (a) shows the loss spectra for polishing
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Fig.2 a Limiting loss spectrum of the PCF-SPR sensor for an analyte RI of 1.42; b electric field distribution of the y-polarized mode; ¢ electric
field distribution of the SPP mode; and d electric field distribution of the x-polarization mode

depths of 3.1, 3.3, 3.5, and 3.7 pm, disclosing the significant
impact of the polishing depth on the resonance wavelength
and loss. Figure 4 (b) shows that the sensor delivers the best
performance when the polishing depth is 3.5 pm, which is
adopted in the subsequent study.

The effects of the size of the air holes are analyzed.
According to the fiber theory, varying the aperture size
changes the effective refractive index distribution within
the fiber cross section. This in turn modulates the degree of
optical field confinement and the transmission characteris-
tics. Changes in the optical properties described above are
directly related to sensor sensitivity, resonant wavelength,
and other key performance metrics. The larger air holes
are optimized first, and 1.2, 1.3, and 1.4 pm are chosen as
the radii. Figure 5 (a) and (b) show the loss spectrum and
wavelength sensitivity of the sensor versus aperture radius,
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respectively. The sensor shows the optimal sensitivity when
the air hole radius is 1.4 pm, which is used in our subsequent
analysis.

The dimensions of the small air apertures are optimized
using 0.8, 0.9, and 1 pum in the analysis. Figure 6 (a) presents
the loss spectra, while Fig. 6 (b) shows the sensitivity. The
optimal characteristics are achieved when the radius is 0.9
pm, and this value is chosen.

By adopting the gold layer thickness (,,) of 28 nm, pol-
ishing depth (d) of 3.5 pm, large air hole radius (d;) of 1.4
pm, and small air hole radius (d,) of 0.9 pm, and wavelength
range between 500 and 1600 nm, excellent transmission
characteristics, high sensitivity, and optimal performance
are accomplished. Our analysis reveals that the sensor deliv-
ers the most favorable performance between 800 and 1550
nm. In the coating process, magnetron sputtering technology
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(a)

(b)

Fig.3 a Loss spectra for different gold film thicknesses; b comparison of the sensitivity of gold films with different thicknesses

(a) (b)

Fig.4 a Loss spectra for different polishing depths; b comparison of the sensitivity for different polishing depths

can be used, which is a mature physical vapor deposition
technology, through the use of magnetic field constraints on
the movement of electrons in a high-vacuum environment,
so as to make argon gas ionization and bombardment of the
gold target, the gold atoms will be sputtered onto the sub-
strate to form a thin film. During the magnetron sputtering
process, we can precisely control the thickness and uniform-
ity of the gold film by precisely controlling the parameters
such as sputtering power, time, air pressure, and the distance
between the target material and the substrate to realize the
high-precision control of the thickness of the 28-nm gold
film. And the high-precision chemical-mechanical polishing

technology can be used in the polishing process. This tech-
nology flattens the surface of the sample by applying a cer-
tain pressure between the sample and the polishing pad, and
using a polishing solution containing abrasive particles and
chemical reagents, under the combined effect of grinding
and chemical reaction. By precisely controlling factors such
as polishing time, pressure, polishing solution composition,
and flow rate, good control of the 3.5 pm polishing accuracy
can be achieved. The photonic crystal fiber structure and
thin film deposition process used in this study are based on
mature technologies. Optical fiber drawing and polishing can
be standardized by automated equipment, and magnetron
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(a)

(b)

Fig.5 a Loss spectra for different d,; b comparison of the sensitivity for different d,

(a) ®)

Fig.6 a Loss spectra for different d,; b comparison of the sensitivity for different d,

sputter deposition technology has also been widely used in
industrial production, which can meet the precision require-
ments of large-scale manufacturing. At the same time, the
design simplifies the structure and reduces the special pro-
cess, which reduces the manufacturing difficulty and cost.
Figure 7 (a) and (b) show the tendency to shift toward
longer wavelengths with progressively larger peaks as the
RI increases. As the refractive index of the external environ-
ment increases, the interaction between the Swift field at
the fiber surface and the surrounding medium is enhanced.
For photonic crystal fiber-optic sensors based on resonance
of surface-isolated excitations, as the ambient refractive
index increases, the effective refractive index of the isolated

@ Springer

excitations on the surface of the gold film increases accord-
ingly. According to the dispersion relation of light, the
increase in the effective refractive index causes the reso-
nance wavelength to shift towards the long wavelength direc-
tion, i.e., a red shift occurs. At the same time, due to the
stronger interaction between the ambient refractive index
and the optical field inside the fiber, more light energy is
coupled into the surface equi-excitator modes, leading to an
increase in the transmission loss of light in the fiber. This is
due to the fact that under resonance conditions, the optical
field energy is transferred from the conduction mode of the
fiber to the surface equi-discrete exciton mode, which weak-
ens the intensity of the light transmitted in the fiber and thus
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Fig.7 a Loss spectra for RIs between 1.23 and 1.43; b loss spectra for RIs between 1.35 and 1.43; ¢ variation of resonance wavelengths for
refractive indexes of 1.23—1.43; d resolution of the PCF-SPR sensor; and e FOM for different analyte RIs

manifests itself as an increase in loss in the loss spectrum.
In the refractive index range of 1.42 to 1.43, the coupling
between the guided mode and the surface-isolated exci-
ton mode of the fiber reaches a more optimal state, which
makes the effective refractive indices of the two modes more

matched, thus increasing the coupling efficiency between
the modes. When the mode coupling is enhanced, a small
change in the ambient refractive index causes a large shift
in the resonance wavelength, which in turn improves the
sensitivity of the sensor. The maximum loss of the sensor
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Table 1 Table 1 Comparison of the sensing characteristics of different sensors

Refs. Metals WS Range of na Structures
Year
(nm/RIV)
[32] Au 2021 4200 1.32-1.41
[33] Au 2021 12719 1.43-1.49
[34] Au-TiO, 2022 6000 1.33-1.39
[35] Au-TIO, 2023 12500  1.37-1.41
[36] Au 2024 8000 1.33-1.39
Thiswork  Au 2024 70000  1.23-1.43
is only 2.59 dB/cm, indicative of low energy loss during  Conclusion

transmission as well as high transmission efficiency. Figure 7
(c) shows that the resonance wavelength increases with R/
because the effective RI of the SPP mode rises, whereas the
effective RI of the fiber-core mode remains largely unal-
tered. According to Eq. (4), the sensor exhibits a maximum
sensitivity of 70,000 nm/RIU and an average sensitivity of
5150 nm/RIU in the RI range of 1.23-1.43. In addition, the
resolution is significantly lower. According to Eq. (5), the
resolution for RI= 1.42 is 1.43 x 1077, as shown in Fig. 7
(d). Moreover, Eq. (6) shows that the FOM is 834.4 RIU™!
at RI= 1.43 (Fig. 7(e)), confirming the excellent sensing
characteristics.

Table 1 compares the properties of our sensor with those
of similar PCF-SPR sensors in the recent. The superiority
of our sensor is demonstrated.

@ Springer

A PCF-SPR sensor coated with a gold film with high
sensitivity and low loss is designed and analyzed using
the finite element method. In the analyte refractive index
range between 1.23 and 1.43, the maximum and average
wavelength sensitivities of the sensor are 70,000 nm/RIU
and 5150 nm/RIU, respectively. Furthermore, it exhibits a
resolution of 1.43 x 1077 and an FOM of 834.4 RIU™!. The
performance of the RI sensor is superior to that of similar
sensors in the literature, rendering it suitable for a variety
of applications, including biosensing, virus detection, and
organic chemistry.
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