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A novel, to our knowledge, photonic quasi-crystal fiber surface plasmon resonance methane sensor with high
sensitivity is designed and analyzed. The dual eccentric-core D-shaped structure enhances the surface plasmon res-
onance effect. The groove is fabricated on the D-shaped surface, and then zinc oxide and gold films are sequentially
deposited on the surface of the grooved structure. Finally, a methane-sensitive film is deposited. The effects of the
structural parameters on the sensing properties are analyzed by finite element analysis. The results show that the
optimal sensitivity and average wavelength sensitivity are 140 nm/% and 71.43 nm/% for methane concentrations
in the range 0f 0%—3.5%. Owing to its small size, high sensitivity, and real-time online monitoring capabilities, the

sensor has significant commercial potential in methane leakage detection.
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1. INTRODUCTION

In the field of energy security and environmental monitoring,
methane sensors play a crucial role in these fields; hence, the
miniaturization of sensors has become a research hotspot [1-3].
The common gas sensors are catalytic combustion-type
methane gas sensors [4], electrochemical methane sensors [5],
semiconductor methane sensors [6], absorption spectroscopy-
based methane sensors [7], and refractive index-sensitive
fiber-optic methane sensors [8]. These methane sensors suffer
from various drawbacks. For instance, the catalytic combustion-
type sensor requires a specific operating temperature, and the
performance is influenced by the other combustible gases.
The electrochemical sensor has a relatively short operating life
and is sensitive to humidity, while the semiconductor sensor
exhibits poor stability, and the optical absorption spectroscopy-
based sensor is expensive [9,10]. Hence, researchers have been
attempting to develop refractive index-sensitive optical fiber
methane sensors. In this type of sensor, the refractive index of the
methane-sensitive material varies with methane concentration.
In recent years, optical fiber surface plasmon resonance
(SPR) sensing technology has experienced rapid development
since it has advantages such as resistance to electromagnetic
interference, high sensitivity, good stability, and long-distance
transmission capability. Additionally, SPR is very sensitive to
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the refractive index of the medium being measured, rendering it
suitable for methane detection [11,12]. However, the traditional
prism SPR refractive index sensors are bulky, consequently lim-
iting the application scope, in addition to the relatively poor
sensitivity. In order to miniaturize the structure and improve
the sensing properties, SPR sensors based on microstructured
fibers have been proposed. Besides the flexible structure, these
sensors exhibit enhanced SPR, which enables high-sensitivity
detection of methane [13] and has garnered commercial interest
[14,15]. Liu et al. [16] have designed a photonic crystal fiber
(PCF)-based SPR methane sensor with a methane-sensitive film
deposited inside the oversized air holes in the cladding, boasting
a sensitivity for methane of —1.99 nm/%. However, this sensor
requires plasmonic materials and methane-sensitive films to be
coated on the inner wall of the air holes, consequently making
the fabrication process complex. Liu ez a/. [17] have proposed
a PCF-based methane sensor with a dual-core structure with
the methane-sensitive film cryptophane-E coated on the groove
surface, showing a methane detection sensitivity of 4.60 nm/%.
Xiao er al. [18] have designed an anchor-shaped PCF-SPR
gas sensor composed of a gold film and cryptophane-A as
the plasmonic and methane-sensitive materials, respec-
tively. The average methane sensitivity is —4.84 nm/%. To
further improve the sensitivity, Xu ez /. [19] have designed a
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dual-core D-shaped PCE. The gold film and methane-sensitive
film cryptophane-E are deposited on the open circular surface
sequentially, and the methane sensitivity is 11.52 nm/%. These
studies reveal that the plasmonic materials play a crucial role in
the sensitivity. Liu ez a/. [20] have compared the effects of dif-
ferent coating materials (Au-TiO,, Au-MgF,, and Au-ITO) on
the sensing performance and proposed a photonic quasi-crystal
fiber (PQF) SPR sensor based on a double-layer Au-TiO, film.
In the methane concentration range of 0%-3.5%, the maxi-
mum wavelength sensitivity and average wavelength sensitivity
are 40 nm/% and 34.74 nm/%, respectively.

Herein, a dual eccentric-core D-shaped structure PQF-SPR
methane sensor is designed. The gold film, zinc oxide film, and
methane-sensitive film cryptophane-E are sequentially coated
on the polished air holes. The dual-core modes can provide a
stronger evanescent field, which effectively enhances the SPR
excitation efficiency and generates a more sensitive resonance
response. In the methane concentration range of 0%-3.5%, the
maximum wavelength sensitivity reaches 140 nm/%. Its sensing
performance is significantly better than the aforementioned
sensors.

2. STRUCTURE AND ANALYSIS

The cross-sectional structure of the dual eccentric-core
D-shaped PQF-SPR sensor is depicted in Fig. 1(a). It is based
on the eight-fold PQF structure, as shown in Fig. 1(b). The
cladding consists of five layers of air holes, and two air holes
are removed from the second layer to form the dual eccentric-
core structure. The diameter of the upper two air holes in
the third layer is &3, the diameter of the upper air holes in
the fourth layer is 4, and the diameter of the remaining air
holes is d>. The lattice spacing of the PQF is A, and the two
upper air holes in the fifth layer are removed. The preformed
rod of the designed PQF can be processed by laser drilling.
Then the fiber can be fabricated through drawing. The fiber
can be polished to form a D-type structure with a polishing
depth of 4 by conventional polishing [21,22]. The top air
holes in the fourth layer form the groove structure. Zinc oxide
(ZnO) and gold (Au) films with thicknesses of #7,0 and z,
are deposited sequentially on the groove by magnetron sput-
tering [23] or chemical vapor deposition (CVD) [24]. Finally,
the methane-sensitive film cryptophane-E with a thickness of
tcp4 is deposited. The initial parameters of the structure are as
follows: A =3 um, d) =2.6 um, dp =2 um, d3 = 1.2 um,
d.=3.5um, tcys=>500nm, £y, =27 nm, 7,0 = 10nm,
and # = 6.8 um. The radius of the PQF is R =9 um, and the
outermost layer is a perfect match layer. The PQF is made of
silica, and its refractive index variation with wavelength can be
calculated using the Sellmeier dispersion relation [25]:
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where A represents the operating wavelength with the unit in
um. A; =0.6961663, A, =0.4079426, Az =0.8974794,
B; =0.0684043, B, = 0.1162424,and B; = 9.896161.

The dielectric constant of gold is given by the Drude—Lorentz
model [26]:
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Fig. 1. (a) Cross-section of the PQF-SPR sensor and (b) eight-fold

Penrose PQF structure.
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where €5 =5.9673 represents the high-frequency dielectric
constant of gold, Ae = 1.09 is the weighting factor, and w p /27
and yp/27 represent the plasma frequency and damping fre-
quency with values of 2113.6 and 15.92 THz, respectively.
[';/2m =104.86 and Q;/2m =650.07 THz are the spec-
tral width and spectral frequency of the Lorentz oscillator,
respectively.

Zinc oxide (ZnO) is a semiconductor material with a wider
bandgap and high electron mobility, which is higher than that
of other similar materials [27]. The higher electron mobility
is conducive to the rapid response of the optical fiber sensors.
Meanwhile, it has excellent electrical properties and chemical
stability [28], and the Au~ZnO composite films can enhance
the sensing performance of the sensor. The dielectric constant of
ZnO can be derived using the Drude model [29]:
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where €4, =3.40 is the high-frequency dielectric con-
stant, w, =2 x 10" Hz is the plasma frequency, and y =
1.5 x 104 Hz is the damping frequency. Cryptophane-E
is a cage-like molecule. When methane molecules enter the
cage-like structure, the dipole moment is altered, result-
ing in refractive index variations in the sensitive film. In the
methane concentration range between 0% and 3.5%, the
refractive index n of the sensitive film changes linearly with the
methane concentration C_CHy, as shown by the following
relationship [30]:

n=1.448 — 0.0046C_CHj. (4)

When the methane concentration changes, the refractive
index variation is manifested as a shift in the loss spectrum of
the PQF-SPR sensor. By analyzing the relationship between the
peak wavelength of the loss spectrum and methane concentra-
tion, the methane concentration can be determined [31]. The
relationship of the loss spectrum of the PQF-SPR sensor is [32]

CL (d—B> = 8686 x 2% x Im(na) x 10°,  (5)
cm A
where ky=2m /A is the wave number, and Im(n.) is the
imaginary part of the effective refractive index. To evaluate
the performance of the sensor, the wavelength sensitivity of the
methane sensor is typically defined as [33]
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where AC_CHy represents the change of the methane concen-
tration, and AX is the wavelength shift corresponding to the
peak value of the loss spectrum.

3. RESULTS AND DISCUSSION

Figure 2 shows the loss spectrum of the sensor for a methane
concentration of 0.5% and the dispersion relations of the core
mode and surface plasmon polariton (SPP) mode. The red solid
line and red dashed-dotted line represent the real part of the
effective refractive index of the y-polarized core mode and SPP
mode, respectively. These two curves intersect at 950 nm, where
the phase-matching condition is satisfied, and the core mode
excites the SPP mode. Figure 2(a) exhibits the electric-field
distribution of the y-polarized core mode. The two core modes
are coupled to Au—ZnO on the groove surface through the gap
of the air holes. The electric field is enhanced on the groove
surface, which is close to the fiber core. Hence, the dual-core
structure improves the coupling strength between the core
mode and SPP mode. Meanwhile, the SPP mode is also partially
coupled back to the fiber core, as shown in Fig. 2(b). As a result,
the transmission loss of the y-polarized core mode reaches the
maximum, which corresponds to the peak in the loss spectrum
indicated by the black solid line. Similarly, the loss spectrum
of the x-polarized core mode is calculated and shown by the
black dashed-dotted line in Fig. 2(b). Compared with the loss
spectrum of the y-polarized core mode, the loss spectrum of the
x-polarized mode is negligible. Therefore, the wavelength shift
corresponding to the peak of the loss spectrum of the y-polarized
core mode is used to evaluate the performance of the methane
Sensor.

The properties of the PQF-SPR methane sensor are influ-
enced by the plasmonic material and the structure of the PQE
To achieve the optimal methane-sensing characteristics, the
structural parameters of the sensor are optimized systematically.
The wavelength sensitivity of the y-polarized core mode is used
as the evaluation index. The effect of the gold film thickness 75,
on the sensitivity is first analyzed. The loss spectra for different
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Fig. 2.  Loss spectrum of the PQF-SPR sensor and dispersion

relationship of the core mode and SPP mode with (a) showing the
electric field diagram of the y-polarized core mode and (b) electric-field
diagram of the SPP mode.
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Fig.4. (a) Lossspectraand (b) resonance wavelengths and sensitivi-
ties for different values of #7,0.

gold film thicknesses for methane concentrations of 0% and
0.5% are shown in Fig. 3(a). As the gold film thickness #, is
changed from 23 to 31 nm, the loss spectrum shifts toward
longer wavelengths because the effective refractive index of the
core mode is only affected by the structural parameters of PQF,
which are almost constant. In contrast, the effective refractive
index of the SPP mode increases with the gold film thickness,
causing the intersection point (phase-matching point) of the
core mode and SPP mode dispersion curves to shift. Therefore,
the resonance wavelength redshifts. Figure 3(b) shows the
resonance wavelength and wavelength sensitivity for different
gold film thickness. The wavelength sensitivity increases and
then decreases with increasing gold film thicknesses. When
fay = 27 nm, the resonance wavelength shifts from 1010 nm
for C_CH4 = 0% to 950 nm for C_CHy = 0.5%, achieving
the maximum wavelength sensitivity of 120 nm/%. Therefore,
taw = 27 nm is selected.

Similarly, the thickness of the zinc oxide (ZnO) film is opti-
mized. When 7,0 is varied between 4 and 12 nm, the effects of
different ZnO film thicknesses on the loss spectrum are shown
in Fig. 4(a). A larger #7,0 causes the phase-matching point of
the y-polarized core mode and the SPP mode to shift toward a
shorter wavelength, showing a blueshift in the loss spectrum.
Figure 4(b) shows the impact of different ZnO film thicknesses
on the wavelength sensitivity of the sensor. When 77,0 = 6 nm,
the resonance wavelength shifts from 1030 nm for 0% methane
concentration to 960 nm for 0.5% methane concentration,
exhibiting the optimal wavelength sensitivity of 140 nm/%.

Figure 5(a) shows the effects of different polishing depths /4
on the loss spectrum. The loss spectrum shifts toward longer
wavelengths as 4 is increased from 6.6 to 7.0 um. This is because
the effective refractive index of the core mode decreases with
increasing polishing depth 4, thereby producing a redshift of
the phase matching point. At the same time, a larger / causes the
plasmonic medium on the D-shaped surface to be closer to the
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ties for different values of 4.
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Fig.6. (a) Loss spectra and (b) resonance wavelengths and sensitivi-
ties for different values of 4.

two fiber cores to enhance the coupling between the y-polarized
core mode and the SPP mode, resulting in an increase in the
loss peak. Figure 5(b) presents the resonance wavelength and
wavelength sensitivities for different polishing depths /. When
the methane concentration is increased from 0% to 0.5%, the
sensitivities for # = 6.6 um, / = 6.8 um, and /» =7.0 um are
60 nm/%, 140 nm/%, and 100 nm/%, respectively. Therefore,
h = 6.8 pum s selected as the optimal value.

The size of the groove, which directly affects the position of
the plasmonic materials, corresponds to the original pore size
d. . Figure 6(a) shows the loss spectra for different diameters .
when the methane concentration is changed from 0% to 0.5%.
Asd. goesup from 3.2 to 3.6 pm, the loss spectrum shifts toward
longer wavelengths, and the loss peak increases with increasing
d.. This is mainly because a larger 4. expands the coating area
of the surface plasmonic materials and reduces the distance
between the SPP mode and the y-polarized core mode, thereby
enhancing the surface plasmon resonance effect. Figure 6(b)
presents the resonance wavelength and wavelength sensitivities
for different d.. When 4. = 3.6 um, the sensor shows the high-
est sensitivity with the largest loss peak and narrowest full-width
at half-maximum (FWHM). Therefore, 4. = 3.6 wm is selected
as the optimal parameter.

The air holes in the PQF play a key role in confining the fiber
core mode, and their size directly affects the coupling between
the core mode and the SPP mode as well as the effective refrac-
tive index of the core mode. In particular, the upper two air
holes with a diameter of 43 and the plasmonic materials affect
the sensing properties. Figure 7(a) shows that the loss spectrum
shifts toward a shorter wavelength as &3 is increased from 1.1 to
1.5 um, and the loss peak gradually decreases. This is because a
bigger o3 narrows the coupling channel between the core mode
and the SPP mode. The fiber core mode is better confined in
the fiber core, and the energy coupling between the core mode
and the SPP mode weakens, resulting in a decrease in the loss
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Fig. 8. (a) Loss spectra for different methane concentrations and
(b) resonance wavelengths and fitted curve.

peak. When the methane concentration is increased from 0%
to 0.5%, the wavelength sensitivities for different &3 values are
shown in Fig. 7(b). The wavelength sensitivities increase initially
and then decrease with increasing d5. The maximum sensitivity
isobserved fordz = 1.2 um.

According to the above analysis and optimization, the opti-
mal structural parameters of the sensor are determined as
follows: A =3 um, 4y =2.6 um, dp =2 um, d3 = 1.2 um,
d. = 3.6 um, tcy4 = 500 nm, #a, = 27 nm, #7,0 = 6 nm, and
b = 6.8 um. As the methane concentration is varied from 0%
to 3.5% with a step size of 0.5%, the loss spectra are shown in
Fig. 8(a). With increasing methane concentration, the loss spec-
tra shift toward shorter wavelengths, and the loss peaks decrease
continuously. This is because the decrease in the resonance
wavelength reduces the imaginary part of the refractive index
of gold and absorption loss. Figure 8(b) shows the variation of
the resonance wavelengths with increasing methane concentra-
tion. The resonance wavelength of the loss spectrum blueshifts
due to the decrease in the refractive index of the methane-
sensitive film as the methane concentration is increased. The
effective refractive index of the SPP mode decreases, while the
effective refractive index of the core mode does not change. A
curve with a fitting degree of 99.6% can be established to fit the
relationship between the resonance wavelength and methane
concentration. It means that the methane concentration can be
measured continuously in the range of 0%—3.5% with maxi-
mum and average sensitivities of 140 nm/% and 71.43 nm/%,
respectively.

Table 1 compares the properties of methane sensors reported
recently. It is evident that the PQF-SPR methane sensor
described in this paper has better wavelength sensitivity due
to the dual eccentric-core D-shaped structure. The maximum
wavelength sensitivity and average wavelength sensitivity are
also superior, indicating strong potential for high-sensitivity



Research Article Vol. 42, No. 10 / October 2025 / Journal of the Optical Society of America A 1575

Table 1. Comparison of the Properties of Our Sensor with Those of Recently Reported Sensors

Sensing Concentration Max. Wave Sensitivity Average Wave Sensitivity
References Methodology Range (%) (nm/%) (nm/%)
Ref. [16] Internal (PCF) 0%-3.5% —1.99 N/A
Ref. [17] External (PCF) 0%—-3.0% 4.60 N/A
Ref. [18] External (PCF) 0.5%-3.0% —4.84 N/A
Ref. [19] External (PCF) 0%-3.5% 11.52 N/A
Ref. [34] External(PCF) 0%-3.5% 6.39 6.643
Ref. [20] External (PQF) 0%-3.5% 40 34.73
This work External (PQF) 0%-3.5% 140 71.43

methane detection in environmental monitoring, climate
research, industrial safety, and environmental protection.

4. CONCLUSION

A highly sensitive dual eccentric-core D-shaped PQF-SPR
methane sensor is designed and analyzed. The sensor utilizes a
special air hole arrangement to create the dual eccentric-core
effect and employs an Au—-ZnO composite film to improve
SPR. The methane-sensitive substance cryptophane-E is coated
on the surface of the plasmonic material to enable methane
concentration detection. Finite element analysis is performed to
determine the effects of the structural parameters on the sensing
characteristics and to optimize the structure. The optimized
sensor delivers excellent methane-sensing performance. In the
methane concentration range of 0%-3.5%, the maximum
wavelength sensitivity and average wavelength sensitivity are
140 nm/% and 71.43 nm/%, respectively. The results reveal a
new approach for the design of high-sensitivity methane sensors,
and the sensor has great application potential in methane gas
detection.
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