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ARTICLE INFO ABSTRACT
Keywords: A waveguide-coupled surface plasmon resonance (WCSPR) sensor consisting of two D-shape
Waveguide coupled surface plasmon resonance single-mode fibers is designed and analyzed by the finite element method (FEM). The optical field

Single-mode fiber
Dual D-shape fiber
Full-width at half-minimum

of the surface plasmon polaritons (SPPs) mode is confined in the dielectric cavity between the
dual metallic thin films. Therefore, the effective refractive index of the SPP mode depends largely
on the refractive index of the analyte and an anomalous dispersion relationship is observed be-
tween the SPP mode and x-polarized core-guide mode of the dual D-shape fiber. The excitation
mechanism of surface plasmon resonance (SPR) in the coupling region is attributed to phase
matching of the two modes. Further analysis shows that the narrow bandwidth peak in the loss
spectrum of the core mode is determined by the sensor dimensions contributed jointly by the
thicknesses of the silver film, dielectric layer, and titanium dioxide film. Compared to the single-
fiber structure, the optimized dual D-shape WCSPR sensor achieves a maximum wavelength
sensitivity of 52,200 nm/RIU with a full-width at half-minimum (FWHM) of 9.47 nm and a figure
of merit (FOM) of 346.6 RIU ! in the analyte refractive index range of 1.32-1.42.

1. Introduction

Surface plasmon resonance (SPR) is a physical phenomenon that involves the excitation of surface plasmon polaritons (SPPs),
which are collective oscillations of free charges at the interface between a noble metal and dielectric materials [1]. Owing to the unique
properties such as label-free monitoring, high sensitivity, and real-time detection, SPR has garnered widespread interest and is used in
optical devices including filters [2-4], optical absorbers [5,6], fiber optic sensors [7], and optical instruments [8,9]. Furthermore, the
dependence of SPPs on the refractive index of the adjacent dielectrics renders SPR sensors ideal for a myriad of applications
encompassing biochemistry [10], industrial detection [11], and water and food safety inspection [12]. However, high sensitivity and
high factor of merit (FOM) are often not obtained simultaneously due to the limitations of conventional SPR sensing techniques.

In order to address this limitation, researchers have investigated alternative SPR modes, such as local SPR (LSPR), long-range SPR
(LRSPR) [13-15], coupled plasmon waveguide resonance (CPWR) [16], and waveguide coupled SPR (WCSPR) [17-19]. Recently,
LSPR sensors developed based on optical fibers show exaggerated sensitivity and FOM values, demonstrating great potential for ap-
plications in the field of refractive index sensing [20-23]. Among them, Pathak et al. embedded gold nanowires into a drilled
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Fig. 1. Proposed sensor fabrication process and general setup for measurement experiments.

single-mode fiber to achieve LSPR excitation and obtain ultra-high sensing sensitivity of over 90,000 nm/RIU [22]. Ma et al. designed a
multilayer plasma structure based on a platinum (Pt) grating for LSPR excitation, and the numerical structure showed a high FOM
value of 432 RIU-1 and a high refractive index sensitivity of 11,252 nm/RIU in the refractive index range of 1.33-1.41 [20]. However,
these structures rely on nanowires or gratings to achieve LSPR excitation, which makes fabrication difficult and costly to control.

Conventional LRSPR fiber sensors are constructed by adding a dielectric buffer layer (DBL) to create a refractive index environment
inside and outside the metal layer that is identical [24]. This enables the propagation length of SPP to exceed the conventional
propagation length, resulting in a significant improvement of signal-to-noise ratio and resolution at the interrogated wavelength.
However, due to the highly dependent performance of the sensors on the existence of a symmetric environment, it is not easily
applicable to different detection environments related to various biological molecules or buffer solutions. Of interest is that the LRSPR
sensor designed based on photonic crystal fiber (PCF) achieves a refractive index sensitivity of 14,700 nm/RIU and a FOM of 475 RIU ™
without adding a DBL layer [25]. However, the overly complex fiber optic structure hinders the implementation of PCF sensors, and
the complexity of the fabrication process and the presence of problems such as high errors lead to expensive production and low
success rates of MOF sensors [26].

CPWR sensors, on the other hand, add a high refractive index dielectric layer as a waveguide layer to the surface of a conventional
SPR sensor [10]. The presence of waveguide resonance modes typically results in loss curves with lower FWHM and higher
signal-to-noise ratio. However, due to the increased distance between the metal film and the analyte, the sensing sensitivity is lower
than that of conventional SPR sensor. A common feature of WCSPR sensor is the addition of a waveguide layer between two metal
layers [10]. When SPP is excited at the metal-waveguide interface, they couple into symmetric and asymmetric modes in the wave-
guide layer and then couple back to the SPP mode excited at the metal-dielectric interface. Therefore, in WCSPR devices, the symmetric
mode produces a sharper resonance peak, improving measurement accuracy while maintaining sensitivity similar to that of traditional
SPR sensors.

Here, we investigate a WCSPR sensor for refractive index detection, which consists of two common D-shape single-mode fibers with
Ag and TiO, plasmonic materials coated on the surface of the exposed core. The sensor fabrication process is based on proven fiber
optic polishing and magnetron sputtering technology, which can effectively reduce the cost and complexity of fabrication. To
determine the sensing characteristics, a numerical computational model of the sensor based on the finite element method (FEM) is
constructed using COMSOL Multiphysics software [27]. The simulation results reveal that the energy of the SPP mode is confined in the
dielectric materials between the bimetallic films. Compared to the single-fiber structure, the dual D-shape WCSPR sensor shows an
average sensitivity of 13,333 nm/RIU and maximum sensitivity of 52,200 nm/RIU in the refractive index range of 1.36-1.42,
respectively. By further optimizing the structural parameters, an average sensitivity of 6967 nm/RIU and a figure of merit (FOM) of
222.2 RIU! were achieved in the refractive index range of 1.32-1.38, both of which were improved by more than 50 %. Notably, the
loss profile at 1.34 refractive index has a FWHM as low as 9.47 nm, thus obtaining a high FOM of 327.5 RIU "}, an improvement of 170
%. Among the many refractive index sensors, the dual D-shaped WCSPR sensor demonstrates a simple structure and excellent per-
formance that promises to show great potential in the chemical and biomedical fields.

2. Principles and model

The manufacturing process of the dual D-shape WCSPR sensor is illustrated in Fig. 1. The first step is to polish off the cladding of the
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Fig. 2. (a) Dispersion relationship of the y-polarized core mode (red) and SPP mode (black) and corresponding attenuation spectrum of the y-
polarized core mode (blue); (b-d) Electric field distributions of the y-polarized core mode and SPP mode in the XY plane; (e-g) Electric field dis-
tributions of the y-polarized core mode and SPP mode in the Z direction.

single-mode fiber in layers so that the light in the core can penetrate the cladding. Silver and titanium dioxide are then plated
sequentially on the polished surface of the D-shape optical fiber by electroplating or magnetron sputtering [5]. The dual D-shape
WCSPR sensor consists of two identical D-shape fibers, and the spacing of the coating area can be precisely regulated by the depth of
the trapezoidal polishing surface. A broadband or supercontinuous light source can be used to transmit light into a single-mode fiber
(SMF). The sensor can be placed directly in the analyte and the output spectrum is detected by an optical spectrum analyzer (OSA).

COMSOL Multiphysics software, based on the finite element method, is used to study the resonance conditions. Numerical
simulation of the sensor characteristics requires a perfect matching layer (PML) at the boundary of the double D-type structure [28].
Incident light entering the PML layer during simulation can be absorbed and prevented from scattering, thus allowing simulation of the
loss of fields in infinite space. H = 5 um, tag = 40 nm, and trjo2 = 25 nm representing the distance between the polished surface and
center of the core, silver film thickness, titanium dioxide thickness, respectively. The distance between the polished surfaces of the two
D-types optical fibers is tzqy = 1.1 um. Fused silica is used as the bulk materials for the optical fiber cladding and the relationship
between the refractive index and wavelength is described by Sellmeier equation [29] :

Nyitica(A) = 1)

where A is the wavelength in micrometer, A1 = 0.6961663, A2 = 0.407943, A3 = 0.897479, B; = 0.004679, By = 0.013512, and B;
= 97.934003. The dispersion of Ag is obtained the Drude- Lorentz model [30].
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where 4, and A. denote the plasma wavelength and collision wavelength, respectively. The corresponding values for silver are:
A =1.4541 x 107 mand 1, = 1.7614 x 10~° m. The RI of TiO4 can is derived by the following equation [31]:
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Generally, the imaginary part of the effective refractive index Im(n.y) is related to the transmission loss of the mode [32]:

2
Qloss = 8.686 X 7”1"1(”@?’) x 10*  (dB/cm), 4

where a5 stands for the confinement loss, 4 is the operating wavelength with a micrometer scale, and Im(n.g )represents the imaginary
part of the complex RI. The peak value which represents the maximum energy transfer from the core-guided mode to the plasmon can
be used to locate the resonant wavelength.

To evaluate the properties of the sensor, the three key performance parameters, namely the sensitivity, FWHM of the resonance
spectra, and FOM are studied. A higher sensitivity and smaller FWHM correspond to a higher FOM indicating better quality. By means
of the central wavelength of the resonance peak for different analyte refractive indexes, the wavelength sensitivity (S;) can be eval-
uated by Eq. (5) [26]:
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Fig. 3. (a) Loss spectrum and (b) sensitivity and FOM values of single and dual D-shape fiber optic sensors.

Fig. 4. (a) Loss spectra and (b) sensitivity and FOM of the dual D-shape fiber optic sensor with different silver thicknesses.

A,
S, = M(nm / RIU) , 5)
An,

where An, and Alp.q are the variations of the analyte RI and wavelength shift of resonance peak, respectively. The properties of the
SPR-based sensor are further analyzed by determining the FOM:

S

FOM = oM

(RIU™) ®)
To ensure consistency with the sensitivity in the refractive index range, the average FWHM of two adjacent resonant peaks is used
to calculate the FOM.

3. Results and discussion

Fig. 2 shows SPP excitation of the sensor. By setting the refractive index of the analyte to 1.34, the fiber polishing depth and the
thickness of TiO2 and Ag to trjo2 = 25 nm, ta; = 40 nm, H = 5 um, respectively, and a variable gap of 1.1 um, the eigenvalues of the
guided core modes and SPP modes are simulated by sweeping the wavelength from 850 nm to 1050 nm. Owing to the asymmetrical
structure of the D-shape fiber, four different core guiding modes are present. In our analysis, only the x-even mode that can be coupled
with the SPP mode is investigated. As shown in Fig. 2(a), the effective refractive index dispersion relationship between core guide
mode and SPP mode is shown by the blue curve. The effective refractive index of the SPP mode decreases sharply with increasing
wavelength. At a wavelength of 950 nm, the core mode intersects with the SPP mode to produce an apparent loss peak indicating the
strongest coupling between the core guidance mode and SPP mode. Fig. 2(b-g) depict the electric field distribution of the core-guided
mode and plasmonic mode. Notably, the energy of the core guided mode transfers to the SPP mode resulting in a substantial
confinement loss, as illustrated by the electric field distribution diagram of the core-guided mode at 950 nm. It is evident that light is
constrained in the core guided mode and the loss is minimal at the wavelength of 875 nm. Analysis of the electric field component in
the Z direction reveals that the SPP mode in the analyte results from symmetrical coupling of the SPP mode excited on both sides of the
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Fig. 5. (a) Loss spectra and (b) sensitivity and FOM of the dual D-shape fiber optic sensor with different variable gap.

Fig. 6. (a) Loss spectra and (b) sensitivity and FOM of the dual D-shape fiber optic sensor with different TiO5 thicknesses.

metal films in the propagation direction[33]. The dual D-shape fiber structure is able to directionally excite the SPP mode of
anti-symmetric distribution of charge in the waveguide layer, unlike conventional WCSPR sensors based on metal-dielectric-metal
composite structures[34]. As a result, the loss curve rapidly detaches after a sharp rise at the resonance wavelength as the wave-
length increases, obtaining a narrow FWHM as low as 9.47 nm.

The loss curves and performance comparison of the designed single D-shape and dual D- shape sensors with 25 nm thick TiOs films
are shown in Fig. 3. The WCSPR sensor is capable of achieving an average sensitivity of 6983 nm/RIU and a maximum sensitivity of
15,000 nm/RIU in the refractive index range of 1.32-1.38 with the same structural parameters. Compared with the single D-shape
fiber, the average sensitivity is improved by 89.6 % and the maximum sensitivity is improved by 57.9 %. It is evident in Fig. 3(b) that
the sensitivity of the WCSPR sensor is significantly due to the conventional single D-shape fiber, and the FOM value is significantly
superior in the refractive index range of 1.33-1.34. Notably, the loss profile at 1.34 refractive index has a FWHM as low as 9.47 nm,
thus obtaining a high FOM of 327.5 RIU™, an improvement of 170 %.

In Fig. 4, the loss spectra of the TiO,-free dual D-shape sensor at different refractive indices are shown to investigate the effect of
silver film thickness on the sensing performance. With the increase of silver film thickness, the resonance peak broadens rapidly. Also,
the resonance wavelengths at 1.41 and 1.42 refractive indices are red-shifted from 706 nm and 817-838 nm and 1360 nm. Wavelength
sensitivity has also been increased from 11,100 nm/RIU to a maximum of 52,200 nm/RIU. Fig. 4(b) shows that the increase in silver
film thickness has a smaller effect on the FOM value and a larger effect on the sensitivity. The average sensitivity in the refractive index
range of 1.36-1.42 increased from 5016.67 nm/RIU to 13,333 nm/RIU.

Fig. 5 shows the loss spectra of the dual D-shape fiber sensor without TiOs film with different refractive indices to investigate the
effect of the spacing of the two D-shape fibers on the sensing performance. The loss curves for different refractive indices are gradually
red-shifted as the fiber spacing decreases. Apparently, the loss curve changes more significantly at 1.42 refractive index, with the
resonance wavelength red-shifted from 1095 nm to 1360 nm. The resonance wavelength peaks at different refractive indices are
enhanced at tgqp = 1.1 um, which is due to the smaller spacing between the metal surfaces on both sides and the higher coupling
strength of the SPP mode. As shown in Fig. 5(b), despite the increase in coupling strength gained, a small range of fiber spacing
variation has little effect on the wavelength sensitivity in the 1.36-1.41 refractive index range.
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Fig. 7. (a) Loss spectra and (b) sensitivity and FOM of the dual D-shape fiber optic sensor with different H.

Fig. 8. Fabrication tolerance study of the proposed sensor within a tolerance of + 5 % for TiO. thickness trj02 = 25 nm, silver thickness tsg
= 40 nm, cladding polishing depth H = 5 um and variable gap tgq, = 1.1 pm.

The effect of TiO2 film on the performance of the double-D fiber optic sensor was evaluated, as shown in Fig. 6. The loss curves,
sensitivity, and FOM are determined for different TiO5 thicknesses and refractcive indexes. As the TiO5 film thickness goes up, the loss
curves shift gradually to longer wavelengths for different refractive indexes. However, only the loss curves with resonance wavelengths
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Table 1

The tolerance study of different geometric parameters within + 5 %.
Parameter Sensitivity (nm/RIU) & FOM (RIU’I)

+5 % -5 %

TiO, thickness trio2 3940/306.85 3600/221.8
silver thickness tag 3850/204.08 3650/359.96
cladding polishing depth H 3650/207.86 3840/301.29
variable gap tyq, 3650/276.3 3900/297.26

Table 2

Comparison of the sensing properties with other reported sensors.
Sensor RI Range Average Sensitivity (nm/RIU) FOM (RIU™ 1) Ref.
Fiber/Al/Cu/DBL/analyte 1.33-1.35 6300 34 [36]
Fiber/DBL/Ag/analyte 1.33-1.41 1540 63.91 [37]
Fiber/DBL/Ag/analyte 1.333-1.363 3201 118 [13]
Fiber/Ag/DBL/analyte 1.518-1.576 6600 78 [14]
Fiber/DBL/Au/AuNPs/analyte 1.3503-1.3802 3050.19 31.12 [38]
Fiber/ DBL/Au/DBL/analyte 1.3319-1.3818 3500.6 46.55 [39]
PCF/Ag/analyte/Ag/ PCF 1.36-1.41 14,660 187 [40]
Fiber/Ag/analyte/Ag/Fiber 1.36-1.42 13,333 197 This
Fiber/Ag/TiO,/analyte/TiO,/Ag/Fiber 1.32-1.38 6967 222.2 work

less than 1500 nm can be utilized due to the interference peaks. Consequently, the maximum detectable refractive index of the sensor
decreases from 1.39 to 1.36 and the highest sensitivity decreases from 20,700 nm/RIU to 10,400 nm/RIU when the TiO thickness is
increased from 20 nm to 35 nm. Interestingly, the loss curve with the lowest FWHM shifts from refractive indexes of 1.36-1.32. The
TiO4 film enhances the electric field on the metal surface, thus increasing the peak of the loss peak and improving the FOM in the
sensing range. in particular, the TiO; film thickness of 25 nm leads to an average sensitivity of 6967 nm/RIU and an average FOM of
222.2 RIU! in the refractive index range of 1.32-1.38. Additionally, the loss curve shows an FWHM of 9.47 nm, sensitivity of
3500 nm/RIU, and FOM of 301.5 RIU! in the refractive index range of 1.33-1.35. In the refractive index range of 1.32-1.38, the
sensitivity and FOM values are improved by more than 100 % compared to SPR sensors developed on single-mode fibers. Moreover,
this sensor structure is not complex and can be made using ordinary side polishing techniques and single-mode fibers.

As shown in Fig. 7, loss profiles, sensitivity and FOM were determined for different H and refractive indices in order to evaluate the
effect of polishing depth of the fiber cladding on the performance of the dual D-shape fiber sensor. With the increase of H, the loss curve
gradually shifts to shorter wavelengths at different refractive indices. In which, the resonance wavelengths at 1.37 and 1.38 refractive
indices are shifted from 1210 nm and 1470-1137 nm and 1275 nm, respectively. Also, the peak of the resonance wavelength is
decreasing sharply, and it is obvious that the increase of the cladding thickness decreases the coupling strength of the guided mode and
SPP mode. As shown in Fig. 7(b), the increase in cladding thickness reduces the sensitivity from 26,000 nm/RIU to 13,800 nm/RIU in
the refractive index range of 1.37-1.38. However, in the refractive index range from 1.32 to 1.37, the change in cladding has little
effect on the wavelength sensitivity and only has a large effect on the FOM value.

To demonstrate the manufacturing feasibility of the proposed design, a tolerance study was performed on the sensor parameters, as
shown in Fig. 8 [35]. The structural parameters used for comparison have a wavelength sensitivity of 3700 nm/RIU in the refractive
index range of 1.33-1.34 and a FOM value of 327.4 RIU™L. Within a tolerance of + 5 %, the resonant wavelength of the optimized
parameters showed a slight shift, and the corresponding wavelength sensitivity and FOM values are shown in Table 1. Obviously, the
preparation process of the plasma film will greatly affect the performance of the sensor. Among them, the thickness of TiO has a large
effect on the loss of resonant wavelength, and the average wavelength shifts of 1.33 and 1.34 refractive indices are 20 nm and 22 nm,
respectively. but the FOM value of the proposed design is still higher than 200 RIU_l, and the sensitivity variation is small.

As shown in Table 2, we compared the fiber SPR sensors of many representative sensing structures. Obviously, the WCSPR sensor
with the dual D-shaped fiber structure stands out among many LRSPR and CPWR sensors with DBL because it provides a large dynamic
detection range, competitive sensitivity, and FOM.

4. Conclusions

An optical SPR sensor based on two D-shape single-mode fibers is designed and analyzed by the finite element method. The unique
structural design of placing the analyte in the waveguide layer greatly enhances the sensitivity to refractive index. By analyzing various
structural parameters, it is found that the sensor performance is mainly affected by the fiber spacing, metal film thickness, and TiO2
film thickness. Compared with conventional D-shape single-mode fiber SPR sensors, the average sensitivity is increased by 89.6 % and
the maximum sensitivity is increased by 57.9 % in the refractive index range of 1.32-1.38. In particular, the FWHM of the loss curve at
1.34 refractive index is as low as 9.47 nm, resulting in a high FOM of 327.5 RIU!. The results show that the single-mode fiber based
dual D-shape fiber WCSPR refractive index sensor have great potential for achieving low-cost in situ and label-free biosensing, among
other directions.
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