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A B S T R A C T   

Objective: The simple structure of single-mode fibers as a sensing platform circumvents the 
technical bottlenecks associated with manufacturing difficulties. Meanwhile, compared to pho
tonic crystal fibers, they have lower manufacturing costs and can achieve similar performance to 
other types of fibers, providing greater possibilities for mass production. The V-groove in the SMF 
destroys the original symmetry of the fiber and renders the core mode energy leak controllable, 
consequently enhancing the sensitivity and confinement loss (CL) intensity of the core mode as 
well as the resolution. The composite nanolayer (gold gas-sensitive film) combines the advantages 
of both the materials and mutual gain to strengthen the detection ability and continuously out
puts high-quality free electrons to promote mode coupling. 
Methods: A dual-resonant-peak single-mode fiber (SMF) surface plasmon resonance (SPR) gas 
sensor with a V-groove is designed for the sensitive detection of methane and analyzed by the full- 
vector finite element method (FEM). 
Results: By optimizing the structural parameters and polarization states, the SPR sensor can be 
operated in the concentration range between 0 % and 3.5 %, which can be spread across two 
transmission bands simultaneously with the maximum wavelength sensitivities being 12 nm/% 
and 8 nm/% and the corresponding resolution being 0.0083 % and 0.013 %, respectively. The 
tolerance of the structural parameters of the sensor is below 0.88 nm/μm to make manufacturing 
easier compared to conventional products. This sensor has good prospects and application po
tential in areas such as gas leakage diagnostics and environmental safety.   

1. Introduction 

Gas sensors are key components in detection systems used in medical diagnostics, environmental monitoring, public safety, and 
other applications [1,2]. For example, methane (CH4) is a greenhouse gas contributing to global warming and also poses explosion 
risks in coal mines due to its flammable nature [9]. Therefore, accurate and sensitive detection of methane is crucial and common 
sensors include photonic crystal (PC) microcavity sensors, Fabry-Perot interference (FPI) microcavity sensors, and optical fiber grating 
sensors [3–5]. However, these sensors are prone to environmental interference, have low sensitivity, and are not easy for field 
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commissioning [6,7]. 
Surface plasmon resonance (SPR) has advantages such as high sensitivity, fast detection speed, online real-time monitoring, and no 

need for special labeling [8] and several SPR-based sensing platforms of the prism and fiber types have been proposed [9]. Even though 
SPR is fairly well understood, the disadvantages of these systems are the high cost and bulky nature. As for the optical fiber sensing 
platforms, the single-mode fiber type and photonic crystal fiber type are the most attractive [10]. In particular, photonic crystal fibers 
(PCF) offer a flexible air hole layout, cutoff-free single-mode transmission, and large mode field area [11]. Yang et al. have designed a 
PCF methane sensor based on pattern interference with a sensitivity of 0.514 nm/% [12] and Liu et al. have proposed a PCF-SPR sensor 
with the polarization filtering capability that can achieve simultaneous measurement of hydrogen and methane with good sensitivities 
of − 0.19 nm/% and − 1.99 nm/% for hydrogen and methane [13]. Yang et al. have introduced a long-period photonic crystal fiber 
grating (PCF-LPG) methane sensor boasting a sensitivity of 1.078 nm/% [14] and Zhang et al. have demonstrated a sensor based on the 
cryptophane E infiltrated photonic crystal microcavity with a sensitivity of 1.67 nm/% [15]. However, in spite of the relatively flexible 
structural design and excellent transmission characteristics, there are manufacturing difficulties. In this regard, SMF has a simple 
structure and no air holes in the cladding and the production process is mature. SMF can thus be an excellent sensing medium [16,17]. 

Herein, an SPR methane sensor based on SMF is designed for high-sensitivity detection of methane. Compared to the same type of 
methane sensor, the performance of this sensor has been significantly improved [12,14]. The SMF incorporates a V-groove, the 
opening of which not only optimizes the transmission path, but also improves the momentum matching between the free electrons and 
photons. And a gold film and gas-sensing medium are formed on the V-groove to contact and detect methane. The V-groove achieves 
bidirectional coupling to amplify the SPR effect for sensitive monitoring of the changes in the gas refractive index around the SMF. The 
optimal structural parameters are derived by finite element analysis (FEM) with a wavelength sensitivity of 2–2.5 % methane con
centration as the reference. The field coupling, light field distribution, structural parameter sensitivity, and resolution of the sensor are 
studied. The sensor can accurately detect methane at concentrations of 0–3.5 % across two transmission band intervals at the same 
time. The average wavelength sensitivity and resolution are 11.14 nm/% and 6.29 nm/% and 0.0083 % and 0.013 %, respectively, and 
the FOM at any concentration is below 10.36. The series output thresholds show a technical breakthrough and the sensor has immense 
potential in many areas such as environmental monitoring and mining exploration [18]. 

2. Structural design and numerical simulation 

When light incidents from a light dense medium to a light sparse medium, total reflection occurs when the incident angle is greater 
than the critical angle of total reflection [19]. If there is a metal at the interfaces, the evanescent wave generated by total reflection will 
enter the metal and interact with free electrons to excite the surface plasmon wave (SPW) that propagates along the surface of the 
metal. The propagation constant K of the evanescent waves at the interface between the light dense medium and light sparse medium is 
determined by Eq. (1) [20]. 

K =
ω
c

̅̅̅̅̅̅̅̅
εcore

√
sin θ0 (1)  

where ω is the angular frequency of the light wave, c is the speed of light in vacuum, εcore is the dielectric constant of the core, and θ0 is 
the angle of incidence. At the metal dielectric interface, when the wavelength of the incident light meets a specific requirement 
(resonance), the free electrons on the metal surface are excited to form the propagation constant Kspw of the surface plasma wave, 
which is determined by Eq. (2) [21]. 

KSPW =
ω
c

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
εmεs

εm + εs

√

(2)  

where εm is the dielectric constant of the metal, εs is the dielectric constant of the optically sparse medium, and ω is the angular 
frequency of the light wave. 

If the propagation constants of the evanescent wave and SPW are equal, i.e. K = Kspw, the plasmonic wave on the metal surface will 
strongly couple with the evanescent wave, and most of the energy of the incident light will be converted into the energy of SPW. The 
energy of the reflected light suddenly drops and a resonant absorption peak appears in the reflection spectrum. The corresponding 
wavelength of the resonance peak is called the resonance wavelength [19]. The gold film on the surface of the SMF is extremely 
sensitive to variations in the refractive index of the surroundings, which directly affect mode coupling and can be reflected by the loss 
spectra of different analytes. The sensitivity of the plasmonic materials to changes in the gas concentration is low due to the wave
length drifts, and so a gas-sensitive film is introduced to improve the sensitivity. When a sensor coated with a film containing cryptane 
A is exposed to methane gas, small changes in the film RI result in a shift in the resonance wavelength. Based on the resonance 
wavelengths before and after the interaction with methane gas, the methane concentration can be obtained [22]. As the gas con
centration changes, the refractive index changes as well to affect the mode coupling and produce a resonance wavelength shift for SPR 
sensing [23]. 

The essence of SPR is the energy exchange between the fundamental mode and metal plasmonic mode, manifested as the variation 
of fundamental mode confinement loss (CL) with wavelength as shown in Eq. (3) [24]: 

CL =
2π
λ

20
ln(10)

Im
(
neff

)/
(dB/cm) (3) 
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where λ is the wavelength and Im(neff) is the imaginary part of the effective refractive indexes. In order to achieve methane detection 
utilizing the SMF, a dual-resonance SMF-SPR sensor with a V-groove is designed (Fig. 1). The SMF consists of a core and cladding with 
the V-groove on the cladding. The inner side of the V-groove is coated with a gold film, and the outer side is coated with a gas-sensitive 
film. The light blue area in the figure is the cladding made of silicon dioxide, and its refractive index (RI) is obtained by the Sellmeier 
equation expressed in Eq. (4) [25]: 

n2(λ) = 1+
A1λ2

λ2 − B1
+

A2λ2

λ2 − B2
+

A3λ2

λ2 − B3
(4)  

where A1 = 0.6961663, A2 = 0.4079426, A3 = 0.897479, B1 = 0.0684043, B2 = 0.1162414, and B3 = 9.896161. The green area is the 
core of the SMF-SPR sensor and RI is determined by Eq. (5) [26]: 

nd = (100/99) × ns (5)  

where ns is the refractive index of silicon dioxide. The yellow area is coated with a gold film for excitation of SPR and the dielectric 
constant of gold is calculated by Eq. (6) [27]: 

εAu(ε) = ε∞ −
ω2

p

ω(ω + iωτ)
(6)  

Where ε∞ = 9.75, ωp = 1.36 × 1016 rad/s, and ωτ = 1.45 × 1014 rad/s. The orange area is the gas-sensitive film, which was derived 
from the experiment[39]. The linear relationship between the refractive index of the films and the methane concentration was ob
tained by extensive tests in the experiments, and its RI given by Eq. (7) [28]:  

n=1.4478–0⋅.38c,                                                                                                                                                                      (7) 

Fig. 1. Cross-section of the SMF-SPR sensor.  

Fig. 2. x-pol and y-pol of c for 2 % and 2.5 %.  
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Fig. 3. (a) - (f) CL curves of the SMF-SPR sensors with different core D; CL and sensitivity: (h) First and (i) Second resonance peaks.  
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where c is the methane concentration, the film RI (n) decreases linearly with increasing methane concentration (c), which occurs 
due to the complexation reaction between cryptane A and methane molecules (cryptane A as the acceptor and methane molecules as 
the donor) in the induction film, resulting in a change in the dipole moment of cryptane A and the film RI. The dark blue area represents 
methane to be measured in the concentration range of 0–3.5 %, while the purple area is the perfect matching layer (PML) designed to 
provide the boundary conditions to limit radiation [19]. After several rounds of simulation using the finite element analysis software 
COMSOL [29], the initial parameters suitable for structural optimization are determined as follows: D = 10.0 µm, θ = 60◦, t = 20 nm, 
and t0 = 250 nm, where D is the core diameter, t is the gold film thickness, t0 is the gas sensitive film thickness, R1 is the cladding 
radius, R2 is the radius of the gas to be measured, and R3 is the perfect match layer radius. 

In order to obtain better sensing characteristics, it is important to choose the polarization direction of the fundamental mode. Based 
on the initial parameters, there are two mutually orthogonal polarization directions for the fundamental mode, i.e., x-pol and y-pol.  
Fig. 2 displays the CL spectra in the two polarization directions for gas concentrations of 2 % and 2.5 %, revealing that x-pol has two 
resonance peaks with the second one being much higher and y-pol only has a second resonance peak. As the wavelength red-shifts, the 
CL of both resonance peaks of x-pol increases first and then decreases, and the second resonance peak of y-pol exhibits a similar trend. 
The two resonance peaks of x-pol are significantly stronger than those of y-pol, indicating that x-pol has a larger evanescent field and 
stronger coupling effects with the gold film. 

Hence, x-pol is selected for subsequent structural optimization of the core diameter, V-groove angle, gold film thickness, and gas- 
sensitive film thickness. Using the wavelength sensitivity as an optimization indicator, the ratio of the resonance wavelength difference 
of the adjacent gas concentration CL spectra to the difference in the adjacent gas concentration is shown in Eq. (8) [30]: 

Sn =
Δλpeak

Δca
(8)  

where Δλpeak is the resonance wavelength difference of adjacent gas concentration CL spectra and Δca is the concentration difference of 

Fig. 4. (a) - (e) CL curves of the SMF-SPR sensors for different V-groove angles; CL and sensitivity: (f) First and (g) Second resonance peaks.  
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adjacent gases. 
In order to obtain the appropriate initial parameter values, a large number of rough simulation calculations are carried out, which 

ensures that the designed sensor can transmit mode stably and achieve the SPR effect. In addition, the extent to which each parameter 
affects the sensor performance is demonstrated in the process, and several important parameters will be further optimized for better 
performance. Based on the original parameters of the SMF, optimization is performed for core D between 7.5 µm and 10 µm. The 
optimization process is demonstrated in Fig. 3, in which (a) - (f) are the loss curves of methane for different core D and methane 
concentrations of 2 % and 2.5 %, and Fig. 3(h) and (i) present the wavelength sensitivity and CL of the first and second resonance peaks 
for different core D. 

The resonance wavelengths of both resonance peaks blue-shift with increasing core D. As D increases, the first resonant peak of the 
fundamental mode CL decreases first and then increases, and the CL reaches the lowest at D = 8 µm, indicating that photon energy can 
be effectively confined to the core to reduce the energy transfer to the SPP mode on the gold film. It is emphasized that optimization of 
core D is important, as it affects the position and intensity of the resonance peaks and the detection sensitivity. The second resonance 
peak exhibits an opposite tendency. With increasing D, the second resonance peak guide mode CL increases initially and then di
minishes. At D = 8 µm, the second resonance peak is intense and sharp, and the CL peak reaches the maximum, suggesting that the core 
energy is coupled to the SPP mode to excite SPR and increase the CL value and sensitivity of the guide mode. Therefore, D is chosen to 
be 8 µm. 

The V-groove angle is then optimized between 30◦ and 90◦, and the resonant wavelength and CL curves are presented in Fig. 3(a) - 
(e) for different θ. The results of θ optimization are summarized in Fig. 3(f) and (g) [19]. 

Fig. 4(a) - (e) show that when θ is 45◦, the SPR is difficult to excite. The first resonance peak disappears, and only the second 
resonance peak can be used for sensing. However, the sensitivity of the second resonance peak is quite low and almost negligible. When 
θ is changed from this value, both show two resonance peaks, and when θ is 30◦, the wavelength sensitivity is the highest for gas 

Fig. 5. (a) - (e) CL curves of SMF-SPR sensors for different gold film thicknesses; CL and sensitivity: (f) First and (g) Second resonance peaks.  
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Fig. 6. (a) - (e) CL curves of SMF-SPR sensors for different gas-sensitive film thicknesses; CL and sensitivity: (f) First and (g) Second resonance peaks.  
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concentrations of 2 % and 2.5 %. According to Fig. 4(f) and (g), the wavelength sensitivity of the two resonance peaks is almost 
constant when θ is larger than 45◦, indicating that the real part of the effective refractive index (Re(neff)) of the fundamental mode and 
SPP mode hardly changes with increasing angle. Therefore, there is almost no effect on the sensitivity of the sensor and the optimal 
angle θ is 30◦. 

The V-groove is coated with a gold film and gas-sensitive film, and the thicknesses of the gold film and gas-sensitive film are the 
major parameters affecting the sensing efficiency. In the structural optimization, the inside-out sequence is adopted and the gold film 
thickness is optimized first. The CL curves shown in Fig. 5 are derived for 15 nm < t < 35 nm. 

As the thickness of the gold film increases, the resonance wavelengths of both resonance peaks shift to shorter wavelengths mainly 
due to the decrease of Re(neff) of the SPP mode, but Re(neff) of the fundamental mode does not change obviously. The phase matching 
point (resonance wavelength) of the SPP mode and the fundamental mode move to shorter wavelengths. The relationship between the 
fundamental mode CL of the first and second resonance peaks and resonance wavelength is shown in Fig. 5(f) and (g). When t is varied 
from 15 nm to 35 nm, the CL peak intensities of the first and second resonance peaks decrease with increasing gold film thickness, and 
the highest wavelength sensitivity is obtained at a gas concentration of 2 % when the gold film thickness is 15 nm or 20 nm. This is 
mainly because if the gold film is too thick, the electromagnetic wave cannot easily penetrate the gold film, and coupling between the 
fundamental mode and SPP mode weakens so that SPR cannot be excited fully. When the thickness of the gold film is 15 nm, the second 
resonance peak resonance wavelength is 4038 nm. Since the requirements of the light source are quite stringent, the thickness of the 
gold film is selected to be 20 nm. 

The thickness t0 of the gas-sensitive film is then optimized. Fig. 6(a) - (e) show that for 210 nm < t0 < 290 nm, the resonance 
wavelengths of both resonance peaks move to longer wavelengths with increasing gas-sensing film thickness. The thickness of the gas- 
sensitive film is smaller than the penetration depth of the evanescent waves, and a significant portion of the light energy penetrates the 
gas-sensitive film and propagates in the nearby air, making the effective refractive index (RI) of the SPP mode on the surface of the 
metal film to increase thus producing a red-shift in the resonant wavelength. Fig. 6(f) and (g) show that the overall CL of the two 
resonance peaks decreases as the thickness of the gas-sensitive film increases, and the wavelength sensitivity peaks at a gas concen
tration of 2 % when the gas-sensitive film is 290 nm thick. Hence, the optimal t0 is 290 nm, and the maximum wavelength sensitivity of 
the two resonance peaks is 10 nm/% and 6 nm/%, respectively. 

In summary, the optimal parameters of the SMF-SPR sensor are: D = 8.0 µm, θ = 30◦, t = 20 nm, and t0 = 290 nm. 
After theoretically optimizing the structural parameters of SMF, the manufacturing complexity and difficulty are analyzed. Owing 

to the mature manufacturing technology of SMF, production of the structure can be carried out using femtosecond technology to polish 
the V-groove after manufacturing by wire drawing tower. Controlling the polishing time and pulse frequency, multiple treatments are 
performed to focus the laser to a certain distance from the beam waist into the molten silicon substrate, thus realizing a three- 
dimensional scanning of the surface and interior of the transparent silicon substrate by the laser focus. It is worth mentioning that 
here the laser only changes the physical properties of the material and has no significant effect on the performance of the sensor [31]. 
For the gold film, magnetron sputtering technique is used to get the thickness of the gold film we want by controlling the deposition 
conditions such as sputtering time, power and pressure. In order to obtain a uniform gas-sensitive film on the surface of the V-groove, 
the filling of the gas-sensitive film can be achieved using chemical vapor deposition (CVD) technology to provide minimal surface 
roughness [32]. The SMF is placed in the gas environment utilizing a fiber fusion machine to connect the SMF on both sides of the 
sensor, with one end connected to a light source and the other end connected to an optical spectrum analyzer (OSA). A data cable 
connects the OSA to the PC [19]. After turning on the light source and adjusting the appropriate wavelength, the CL curve is obtained 
on the OSA to determine the corresponding resonance wavelength. The detection process of the SMF-SPR sensor is illustrated in Fig. 7 
[33]. The unique CL curves for different methane concentrations mean that each methane concentration corresponds to a single 
resonance wavelength, and the methane concentration can be determined by calculating the resonance wavelength. 

Fig. 7. Schematic of the SMF-SPR sensor.  
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3. Results and discussion 

3.1. Coupling properties 

The essence of SPR is the energy exchange between the fundamental mode and the metal plasmonic mode, and so the light field 
distributions of these two modes are employed to explain the SPR phenomenon. Figs. 8(a) and 8(b) depict the field distributions of the 
two resonance peaks near the resonance wavelength for the fundamental mode and SPP mode. Both resonance peaks exhibit the same 
trend. Before reaching the resonance wavelength, most of the energy of the incident light is concentrated in the core. Very little energy 
is near the metal film, indicating that little energy transfer occurs between the fundamental mode and SPP mode [29]. When the 
propagation constants of the evanescent waves and SPW are equal, most of the energy of the incident light is converted into the energy 
of SPW, indicating strong coupling between the fundamental mode and SPP mode to excite SPR. After reaching the resonance 
wavelength, Re(neff) of the fundamental mode is larger than that of the SPP mode, at which time the photon energy moves back to the 
core from near the metal film, and the energy in the fundamental mode is higher than that of the SPP mode [27]. 

Fig. 9 shows the variations of the SPP mode, guide mode, and CL with wavelength, and (Re(neff)) of the guided mode, SPP first-order 
mode, and second-order mode is shown as black, red, and blue lines respectively [34]. As the wavelength increases, Re(neff) of the three 
modes decline at different rates, but they all show the same Re(neff) at 2598 nm and 3225 nm. The relationship between the CL and 
wavelength represented by the green line shows that the maximum CL peak of the first resonance peak occurs at the junction of the 
black and red lines, and the maximum CL peak of the second resonance peak is at the intersection of the black and blue lines. Hence, 
both the first and second resonance peaks meet the phase-matching conditions for the generation of SPR. 

3.2. Gas sensing 

Fig. 10 shows the relationship between the resonance wavelength and CL for different gas concentrations, revealing that the CL of 
the two resonance peaks is positively correlated with the gas concentration and that of the second resonance peak is significantly 
greater than that of the first resonance peak. Regarding the first resonance peak, before the wavelength of 2662 nm, the CL increases 

Fig. 8. Electric field distributions: (a) First resonance peak and (b) Second resonance peak of the fundamental mode and SPP mode.  

Fig. 9. Relationship between the SPP mode, guided mode, and CL with wavelength.  
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gradually with gas concentration but between 2662 nm and 2900 nm, it decreases. The second resonance peak also shows the same 
variation, and the resonance wavelengths of both resonance peaks blue-shift with gas concentrations. 

The wavelength sensitivity is defined as the ratio of the resonance wavelength difference of the adjacent gas concentration CL 

Fig. 10. Relationship between the resonance wavelength and CL for different gas concentrations.  

Fig. 11. Wavelength sensitivity and CL: (a) First and (b) Second resonance peaks for the gas concentration range of 0–3 %.  

Fig. 12. Fitted linear relationship between the resonance wavelength and gas concentration.  
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spectra to the difference in the adjacent gas concentration, as shown in Eq. (8). Fig. 11(a) and (b) summarize the wavelength sensitivity 
and CL of the first and second resonance peaks for the gas in Fig. 10 in the 0–3 % concentration range. The maximum wavelength 
sensitivity of the first resonance peak is 12 nm/% and the average wavelength sensitivity is 11.14 nm/%. The maximum wavelength 
sensitivity of the second resonance peak is 8 nm/% and the average wavelength sensitivity is 6.29 nm/%. The results indicate desirable 
sensing characteristics with those of the first resonance peak being better than those of the second resonance peak. 

By linearly fitting the resonance wavelength relationship in Fig. 10, the expression between the resonance wavelengths corre
sponding to different gas concentrations and CL peaks can be derived from Fig. 11 and expressed in Eqs. (9) and (10) [19]: 

λ1 = 2.62 − 0.0112c, 0 ≤ c ≤ 3.5 (9) 

and 

λ2 = 3.24 − 0.00617c, 0 ≤ c ≤ 3.5 (10)  

where λ1 and λ2 are the resonance wavelengths of the first and second resonance peaks, respectively, and c is the methane concen
tration. The fitted curves in Fig. 12 show that the R2 values of the first and second resonance peaks are 99.801 % and 99.854 %, 
respectively, confirming good linearity. 

Another important parameter is the resolution which refers to the ability to detect minimal changes in weak signals. According to 
Eq. (11) [35], 

Rn =
ΔnaΔλmin

Δλpeak
=

Δλmin

Sn
(11)  

where Sn is the wavelength sensitivity and Δλmin is the minimum measured value by the spectral analyzer (OSA) usually related to the 
instrument. Under the present conditions, Δλmin = 0.2 nm, and the resolution of the two resonance peaks is positively correlated with 
the gas concentration. The minimum resolution of the first resonance peak is 0.0166 % and the average resolution is 0.018 %, while the 
minimum resolution of the second resonance peak is 0.026 % and the average resolution is 0.032 %. The resolution of the first 
resonance peak is lower than that of the second resonance peak due to the high wavelength sensitivity of the first resonance peak. 
Therefore, its ability to detect weak signal changes is better than that of the second resonance peak. 

Fig. 13. Sensitivity curves of the structural parameters: (a) Core diameter, (b) Gold film thickness, (c) Gas-sensitive film thickness for a gas con
centration of 2 %. 
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3.3. Structural parameter sensitivity 

In commercial production, tolerance must be allowed for the designed parameters and features to allow for manufacturing errors 
that can affect the properties of the products. The structural parameters sensitivity, which reflects the effects of the changes in the 
optical fiber parameters on the resonance wavelength, is defined as the ratio of the change in the resonance wavelength to the change 
in the structural parameters [36]. Fig. 13(a), (b), and (c) plot the structural parameter sensitivity curves for the core diameter, gold film 
thickness, and gas-sensitive film thickness for a gas concentration of 2 %. 

Changing these parameters affects the overall structural sensitivity. With regard to the core diameter, the sensitivity of the first 
resonance peak structural parameter is significantly lower than that of the second resonance peak, and the sensitivity of the structural 
parameters of the first resonance peak shows a minimum of 0.064 nm/μm. As for the gold film, the sensitivity of the structural pa
rameters of the first and second resonance peaks decreases with gold film thickness. The sensitivity of the structural parameters of the 
two resonance peaks is the smallest when the gold film is 30 nm thick, namely 0.0286 nm/μm and 0.0404 nm/μm, respectively. 
Regarding the gas-sensitive film, the trend of the two resonance peaks is opposite to that of the gold film. The sensitivity of the two 
resonance peak structural parameters is the lowest when the gas-sensitive film is 210 nm thick, which is 0.0014 nm/μm and 
0.00115 nm/μm, respectively. By calculating the three parameters, the core diameter has the highest structural parameter sensitivity, 
indicating that the core diameter will have a greater impact on the SMF-SPR performance. Consequently, in actual manufacturing, the 
core diameter should be considered carefully. 

3.4. Figure of merit (FOM) 

Wavelength sensitivity is an important parameter to measure the performance of the sensor, but FOM is a comprehensive measure 
of sensor performance. It is defined as the ratio of the wavelength sensitivity to full-width at half-maximum by Eq. (12) [37]: 

FOM =
Sn

FWHM
(12)  

where Sn is the wavelength sensitivity and the full-width at half-maximum (FWHM) refers to the frequency band corresponding to half 
the height of the CL peak. Fig. 14(a) and (b) present the FOM and FWHM of the first and second resonance peaks for different con
centrations. We are mainly describing the relationship between FOM and gas concentration, while FWHM is only an intermediate 
parameter for calculating FOM. So the slope just describes the direction of this relationship with concentration, which has little 
practical significance. 

The first resonance peak increases initially, decreases, and then increases with increasing gas concentration. The maximum FOM is 
10.32 % at a concentration of 1.5 %. The second resonance peak exhibits the same trend as the gas concentration increases. When the 
gas concentration is 0 %, the maximum FOM is 10.36 %, indicating good characteristics for both resonance peaks. 

3.5. Signal-to-noise ratio (SNR) 

The signal-to-noise ratio (SNR) is defined as the ratio of the resonant wavelength difference of adjacent gas concentrations to the 
full-width at half-maximum (FWHM) as shown in Eq. (13) [38]: 

SNR =
ΔλR

FWHM
(13)  

where ΔλR is the adjacent gas concentration resonance wavelength difference. Fig. 15 reveals the SNR of the first resonance peak and 
second resonance peak for different gas concentrations. The trend follows that of the FOM, and the SNR of the first resonance peak at a 
concentration of 1.5 % and the second resonance peak at a concentration of 0 % are maximum at 0.00516 and 0.00518, respectively. 

Fig. 14. Figures of merit (FOM) and full-width at half-maximum (FWHM) of the (a) first and (b) second resonance peaks for different gas 
concentrations. 
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The first resonance peak at a concentration of 1.5 % and the second resonance peak at a concentration of 0 % deliver the best sensing 
performance. Table 1 compares the optical properties of recently studied methane sensors. The structural design contributes decisively 
to the performance of the sensors. A range of characteristics are listed in the table for comparison. The sensor is not only simple in 
structure but also more sensitive compared to the previous proposed sensor. Hence, the proposed sensor will present great potential in 
the field of life safety. 

4. Conclusion 

A dual resonant-peak SMF-SPR gas sensor with a V-groove is developed for methane detection. The unique V-groove and composite 
coating boost the sensing performance. By performing systematic and comprehensive parameter optimization, the figure of merit, 
signalto-noise ratio, and other parameters are determined and analyzed. The Numerical simulations show that the resolution is less 

Fig. 15. SNR of the first resonance peak and second resonance peak for different gas concentrations.  

Table 1 
Comparison of the properties of different sensors.  

Ref. Fiber 
structure 

Methane 
Sensitive film 

Detection 
Range (%) 

WS 
/ (nm/%) 

Detection 
Limit (ppm) 

Str. diagram 

[39] HC-ARF; 
SPR 

Cryptophane 
A 

0–3.5  5.54 - 

[40] 
Four ultralarge sideholes; 
PCF-SPR 

Cryptophane 
A 

0–3.5  1.99 1005 
(Δλmin = 0.2 nm) 

[14] 
PCF-LPG CryptophaneA- 

6Me 
0–3.5  1.078 1800 

(Δλmin = 0.2 nm) 

[12] 
Solid PCF; 
Modal 
interference 

Cryptophane A 0–3.5  0.514 1600 
(Δλmin = 0.2 nm) 

This work V-Groove SMF 
SPR 

Au 0–3.5  12 166 
(Δλmin = 0.2 nm) 
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than 0.017, minimum structural sensitivity is 0.0014 nm/μm, wavelength sensitivity is more than 6 nm/%, and at a methane con
centration of 0 %, the maximum FOM and SNR are 10.36 % and 0.0052. Owing to the simple design and remarkable sensing char
acteristics, the SMF-SPR sensor has large commercial potential in the detection of flammable and explosive gases. 
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