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A B S T R A C T   

Objective: Optical fiber sensing technology develops rapidly and is widely used. In order to design 
a SPR sensor with better performance and easy production, a new type D-MOF sensor with low 
loss, high sensitivity and simple structure is proposed. 
Methods: The full vector finite element method (FEM) was used to optimize the structure pa
rameters by using the multi-physics analysis software COMSOL, and the performance of the 
structure was systematically analyzed. 
Results: The sensor operational wavelength spans the visible and infrared range (430 nm to 7200 
nm). The refractive index detection range of 1.00–1.42, the maximum wavelength sensitivity and 
the optimal resolution are 60,000 nm/RIU and 1.67 × 10− 6 RIU− 1, respectively, and the 
maximum limiting loss peak is 64.99 dB/cm. In addition, MOF-SPR sensors have large tolerance 
and low sensitivity of structural parameters in actual manufacturing. It has great application 
potential in biosensing and other fields.   

1. Introduction 

Surface plasmon resonance (SPR) is prevalent in many devices including absorbers, polarizers, and sensors in biomedicine, 
environmental monitoring, and chemical analysis [1–8] because of the rapid response, non-destructiveness, non-invasiveness, and 
high sensitivity to changes of analyte refractive indexes (RIs) [9–11]. The conventional prismatic SPR sensor relies on the total internal 
reflection (TIR) prism in the Kretschmann [12] and Otto [13] configurations as the optical couple. However, it has drawbacks such as 
complex apparatus, large volume, and susceptibility to mechanical influence [14,15]. Hence, smaller sensors with remote sensing 
capabilities are desirable. SPR sensors composed of ordinary optical fibers have been proposed [16] but it is challenging to control the 
coupling between the surface plasmon polaron (SPP) mode and core-guided mode and coupling losses and potential cross-sensitivity 
problems are prevalent. In comparison, the microstructured optical fiber (MOF) offers the flexibility to adjust the refractive indexes of 
the fiber core and cladding to more easily attain the phase matching conditions between the core-guided mode and surface plasmon 
mode. In addition, MOF-SPR sensors have other advantages such as single mode without cutoff, wide bandwidth, and high coupling 
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efficiency [17] and excitation of SPR can be achieved by selectively coating the MOF with a metal film or embedding metal nanowires 
[18]. However, the former process is relatively complex, and ensuring the uniformity of the metal coating can be challenging. On the 
other hand, metal nanowires fabricated on the outer surface of the fiber are more controllable in terms of dimensions and uniformity is 
usually not a concern, rendering them more viable in practice [19]. 

In order to improve the performance of the sensor, the choice of plasma material is very important. At present, silver, copper, and 
gold are selected as plasma materials to excite SPR in a large number of literatures. Silver has higher resonance peak, but its high 
oxidizing hindered its wide application in water environment. Copper faces the same problem. In addition, gold is not as conductive as 
silver and is expensive [16]. With the emergence of new plasma materials, indium tin oxide (ITO) has entered people’s vision, and it 
has the advantages of oxidation resistance, low material cost, photoelectric characteristics controllable, and low loss in the infrared 
range, which greatly overcomes the shortcomings of traditional metal materials [20]. Therefore, ITO is selected as the plasma material 
in this paper. 

The air holes of PCF are usually several microns in diameter, and the deposition of metal layers on their inner and outer surfaces 
requires high precision and complex processes [21]. Compared with metal thin films, nano-scale metal nanowires are small in size, 
which can limit their electrons and generate quantum effects, so they have strong absorption capacity for visible and near-infrared light 
[22]. Moreover, the nanowires structure simplifies the fabrication process [23]. Over the past few decades, the role of nanowires in 
sensing enhancement has been explored and further advances in technology have been made to make sensing structures simpler and 
more reliable [24,25]. 

In recent years, a variety of PCF-SPR sensors with nanowire structures have been proposed and numerically analyzed by the finite 
element method. In 2018, Liu et al. proposed a SPR probe based on photonic crystal fiber with gold nanowires as the plasmonic 
material. The maximum spectral sensitivity and confinement loss of the probe are 6000 nm/RIU and 120 dB/cm, respectively, and the 
detective RI range is between 1.27 and 1.36 [26]. In 2020, Tong et al. designed a biosensor based on SPR technology using silver 
nanowires as the sensing medium. Its maximum spectral sensitivity of 16000 nm/RIU, RI detection range of 1.32–1.38 and 
confinement loss peak of 350 dB/cm can be achieved [27]. In 2021, Kadhim et al. described a quasi-D-shape optical fiber sensor 
embedded with Au nanowires with a wavelength sensitivity of 14500 nm/RIU, RI detection range of 1.33–1.41, and confinement loss 
peak of 283.86 dB/cm [28]. However, these MOF sensors tend to show significant confinement losses consequently limiting their 
suitability in long-distance transmission. Additionally, their sensitivity is not high enough and the detectable RI range is rather narrow. 
To overcome these limitations and broaden the application scope, it is essential to develop MOF-SPR sensors with low confinement 
loss, high sensitivity, and a wider RI range. 

Herein, an SPR-RI sensor based on MOF comprising external ITO nanowires is designed and analyzed by the full-vector finite 
element method (FEM). The sensor has fewer air holes in the cladding to simplify the manufacturing complexity and reduce the 
production cost. The external nanowires are positioned on both sides of the fiber to address the issue of coating inhomogeneity. The 
results reveal that the sensor has a maximum confinement loss of 64.99 dB/cm, average wavelength sensitivity (WS) of 15,571.23 nm/ 
RIU, wide analyte refractive index (RI) detection range of 1.00–1.42, and maximum WS of up to 60,000 nm/RIU. The structure has 
excellent stability and can be operated in a wide wavelength range spanning 430 nm to 7200 nm. Owing to its simple structure, flexible 
design, convenient fabrication, and diverse functionalities, the sensor has significant practical potential. Our results demonstrate a 
notable breakthrough and innovation pertaining to the design and functionality of SPR sensors. 

2. Design and theory of the MOF-SPR RI sensor 

Surface plasmon resonance (SPR) is an optical phenomenon that occurs at the interface between the metal and medium [29]. When 
total internal reflection of incident light occurs at the interface with different refractive indexes, the evanescent wave is generated to 
produce coherent free electron oscillation on the metal surface and surface plasmon polaron (SPP) [30]. When the angle of the incident 
light is appropriate or the wavelength reaches a certain value, the incident light resonates with the plasmons on the metal surface, and 
a part of the energy of the incident light is transferred to the surface plasmons to propagate along the interface to form the surface 
plasma wave (SPW), resulting in a reduction of the energy of the reflected light [31] which can be observed from the transmission 
spectrum. When the refractive index of the medium on the metal surface changes, the resonant wavelength changes thus enabling the 
detection of small changes in the refractive indexes. To sum up, the MOF-SPR sensor makes use of a combination of micro-optical fiber 
technology, surface plasmon technology, and nanomaterials [32]. 

Fig. 1. Cross-section of the MOF-SPR sensor.  
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The cross-section of the MOF-SPR RI sensor is depicted in Fig. 1. The analyte solution is placed on the outer surface of the optical 
fiber cladding for the detection of RIs [19]. The cross-sectional structure is arranged in a square lattice, and the diameter of the 
cladding is 32 µm. There is a central air hole and four elliptical air holes in the cladding. The small air hole in the center of the fiber is 
mainly used to reduce the effective refractive index of the base film for better phase matching, whereas the four elliptical air holes 
provide better light confinement. The diameter of the central small air hole is d1 = 1.6 µm, the major axis of the elliptical air hole is a =
12 µm, and the minor axis is b = 4 µm. Both sides of the fiber are polished to form two planes with a distance of H = 10.5 µm from the 
middle of the polished surface to the center of the fiber. In order to stimulate surface plasmon resonance, an indium tin oxide nanowire 
is placed at the middle point of the polished surface. The diameter of the indium tin oxide nanowire is d2 = 1.6 µm, and it is tangent to 
the middle point of the polished surface. The sensor is made of silica, and the combination of silica and indium tin oxide improves the 
sensing properties of the MOF-SPR sensor. The sensor is designed with a perfect matching layer (PML) and the refractive index of PML 
is the same as that of silica. The refractive index of silica is calculated by Eq. (1) [33]: 

n(λ) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
A1λ2

λ2 − B1
+

A2λ2

λ2 − B2
+

A3λ2

λ2 − B3

√

, (1)  

where A1 = 0.696166300, A2 = 0.407942600, A3 = 0.897479400, B1 = 4.67914826 × 10− 3 µm2, B2 = 1.35120631 × 10− 2 µm2, and 
B3 = 97.9340025 µm2 and λ is the wavelength of the incident light in vacuum. The wavelength dependence of the dielectric constant of 
the ITO films is calculated according to the Drude model [20] by Eq. (2): 

εm(λ) = ε∞ −
λ2λc

λ2
p(λc + iλ)

, (2)  

where λp = 5.6497 × 10− 7 m and λc = 11.21076 × 10− 6 m are the plasma wavelength of ITO and collision wavelength of ITO, 
respectively, ε∞ = 3.80 is the dielectric constant of the infinite value of ITO frequency, and λ is the working wavelength in μm. 

The confinement loss with a unit of dB/cm is an important property of the sensor and calculated [34] by Eq. (3): 

αloss = 8.686 ×
2π
λ

Im(neff ) × 104, (3)  

where λ is the wavelength in µm, Im(neff) is the imaginary part of the effective refractive index of the fundamental mode, and αloss is the 
confinement loss value. The wavelength sensitivity is calculated by the wavelength inquiry method and amplitude inquiry method. 
The wavelength sensitivity with a unit of nm/RIU [35] is calculated by Eq. (4): 

Sλ(λ) =
Δλpeak

Δna
, (4)  

where Δλpeak is peak wavelength shift, Δna is the variation of the refractive index (RI). The amplitude sensitivity is calculated by Eq. (5) 
[36]: 

SA(RIU− 1) = −
1

α(λ, na)

∂α(λ, na)

∂na
, (5)  

where α(λ, na) is the confinement loss of the analyte RI and ∂α(λ, na) is the difference of the confinement loss of two adjacent RI of two 
analytes. 

The figure of merit (FOM) is another important parameter of the SPR fiber optic sensor to gauge the overall performance. The FOM 
is calculated by Eq. (6) [37]: 

FOM =
Sn

FWHM
, (6)  

where Sn is the wavelength sensitivity and FWHM is the full-width at half-maximum that represents the band length corresponding to 
half the height of the formant [38]. The resolution is another important parameter that is determined by Eq. (7) [39,40]: 

R(RIU) = Δna × Δλmin
/

Δλpeak, (7)  

where Δλpeak refers to the peak wavelength displacement, Δna is the variation of analyte RI, and Δλmin is the spectrometer resolution 
which is generally set at 0.1 nm. 

The finite element method is adopted to analyze the structure based on the COMSOL multi-physics software. The simulated region 
is a free triangular mesh and to improve the accuracy, a hypothetical perfect matching layer (PML) is introduced to the edge of the 
analyte to absorb the scattered energy [41]. 
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3. Mode selection and optimal structural parameters 

In sensing, the optical fiber usually has two modes: X mode and Y mode. The X mode is further divided into the X odd mode and X 
even mode, and the Y mode is into the Y odd mode and Y even mode [42]. Fig. 2(a), (b), (c), (d), and (e) display the electric field 
distributions of the odd mode of X, even mode of X, odd mode of Y, even mode of Y, and SPP mode, respectively. 

Fig. 2(f) and (g) are the electric field diagrams under the mode coupling of single D-type and double D-type sensors, respectively. 
Fig. 2(f) shows the fiber sensing structure with unilateral polishing (single D-type). The electric field diagram reflects that in the single 
D sensing structure, the energy in the fiber core is transferred to only one side of the nanowire. Compared with the single D-type sensor 
structure, the energy in the fiber core is transferred to the nanowires on both sides of the structure at the same time, which greatly 
improves the coupling efficiency between fundamental mode and plasmonic mode, further stimulates the SPR better, and improves the 
output characteristics of the sensor. 

Fig. 2. (a-d) Electric field distributions of the base films in different modes and (e) Electric field distributions of the SPP mode corresponding to the 
X even mode, (f) and (g) are the electric field diagrams under the mode coupling of single D type and double D type sensors respectively, (h) and (i) 
are the loss plots of the single D and double D types, respectively. 
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Fig. 2(h) and (i) show the loss curves of the single D-type sensing structure and the double D-type sensing structure under the same 
condition at different refractive indices, respectively. Through the comparison, it can be seen that the loss peak of the resonance 
coupling curve for the single D-type sensing structure rises first and then decreases with the analytes RIs increasing, and the overall 
does not have monotonicity. In the double D-type sensing structure, the loss peak of the resonance coupling curve increases with the 
increase of refractive indices, which has strict monotonicity. It has important guiding value for the sensor to present outstanding 
optical performance [16]. 

To sum up, the double D-type sensing structure is finally selected for research and analysis. 
Fig. 3. (A) CL spectra of the X even mode and X odd mode; (B) CL spectra of the Y even mode and Y odd mode; (C) Dispersion 

relations of the fundamental core mode, SPP mode, and confinement loss spectra for na = 1.10; (D) Loss curve with RIs in the range of 
1.19–1.24, and the electric field diagrams corresponding to the resonance loss peaks. 

As shown in Fig. 3 (C), the coupling mechanism between the fundamental mode and the plasmonic mode is described, including 
curves and electric field distributions, which are the basis for subsequent analysis of sensor performance and applications. In general, 
the physical parameters of dispersion and confinement loss are related to the real and imaginary parts of the effective refractive index, 
respectively. The black and blue dashed lines represent the Re(neff) of the plasmonic mode and the fundamental mode, and the red 
dashed lines represent the fundamental mode CL associated with Im(neff). As the wavelength gradually increases, the Re(neff) of the 
two modes decreases at different rates, having the same Re(neff) at 6490 nm, and at the same time, the maximum loss peak appears at 
the intersection of the two curves, which meet the phase matching conditions [17]. Inset (a), (b) and (c) show the electric field dis
tribution for the different cases. Before coupling occurs, the energy is present only at the core (inset (a)) and the ITO nanowire (inset 
(b)). After coupling, a part of the energy is transferred from inside the core (inset (a)) to the nanowires (inset (b)) to further achieve 
resonance (inset (c)). Therefore, the combination of relation curve and electric field distribution illustrates the basic principle and 
significance of SPR. 

The loss curves and the electric field distributions with the analyte RIs in the range of 1.19–1.24 are shown in Fig. 3 (D). Inset (a)-(f) 
stand for the electric field diagrams at the resonance loss peaks of detective RIs region between 1.19 and 1.24. This figure is indicated 
the weakening of the coupling effect between modes as the analyte RIs gradually increases. 

The influence of different structural parameters on the sensing properties is analyzed for an analyte RI of 1.33. Fig. 4(a) shows the 
confinement loss spectra for different diameters of the central air hole d1. When d1 is 1.6 µm, the confinement loss peak is the highest. 
When the limiting loss peak is in a lower range, structural parameters with higher confinement loss peaks are obtained to better excite 
surface plasmon resonance (SPR). Therefore, d1 = 1.6 µm is selected. As shown in Fig. 4(b) and (c), when the long axis a and short axis 
b of the elliptical air hole are changed from 9 to 13 µm and 1–5 µm, respectively, the resonance wavelength blue-shifts and the 
confinement loss peaks change. The change of the major axis has a small effect on the confinement loss peak, but the change in the 
minor axis b has a relatively large influence on the confinement loss peak. When a is 12 µm, the confinement loss peak is the largest so 
that SPR can be excited more effectively. Hence, 12 µm is selected as the optimal value of the long axis of the elliptical air hole. 
Although the confinement loss peak of the minor axis b of 4 µm is not as large as that of the minor axis b of 5 µm, the wavelength 
sensitivity of the minor axis b of 4 µm is high. After consideration, b of 4 µm is selected as the optimal value of the minor axis of the 
elliptical air hole. Fig. 4(d) presents the influence of different diameters of the indium tin oxide nanowires on the constrained loss 
spectra. When the nanowire diameter d2 is varied from 0.8 µm to 1.6 µm, the change in the nanowire diameter has little effect on the 
confinement loss peaks. When d2 is 1.6 µm, the confinement loss is relatively large and the wavelength sensitivity is high. Hence, 
1.6 µm is selected as the optimal value for the nanowire diameter. Fig. 4(e) shows the influence of different polishing degrees on the 
confinement loss spectra. When the distance H from the middle of the polished surface to the center of the fiber is varied from 10.5 µm 
to 14.5 µm, the change in H has little influence on the confinement loss peaks. When H is 10.5 µm, the sensor has the maximum 
confinement loss peak and highest wavelength sensitivity. By considering the manufacturing difficulty, 10.5 µm is chosen as the 
optimal value of H. All in all, the structural sensitivity is small consequently giving rise to large tolerance or margin of error in 
manufacturing which can be made simpler and more cost-effective [43]. In summary, the optimal structural values of d1, a, b, d2, and H 
are 1.6 µm, 12 µm, 4 µm, 1.6 µm, and 10.5 µm, respectively. 

The characteristics of the sensor are determined using a refractive index step size of 0.01 in the RI range of 1.00 RIU to 1.42 RIU. As 
the refractive index goes up, the resonance wavelength blue-shifts, and the peak of the confinement loss decreases gradually with 

Fig. 3(. A) and (B) show the confinement loss curves of the X even and X odd modes as well as the Y even and Y odd modes as a function of the 
wavelength for a refractive index of na = 1.33, respectively. The X even mode and X odd mode show the confinement loss peaks at 3.92 µm and 
3.90 µm, respectively, and the Y-even mode and Y-odd mode at of 4.8 µm. The resonant wavelength of the Y mode is obviously longer thereby 
requiring a stronger light source. In addition, the confinement loss peak of the X mode is smaller than that of the Y mode, and the detection distance 
of the X mode is longer. The advantages of the X mode are obvious and the X mode is thus chosen in our investigation. Compared to the confinement 
loss peaks of the X-odd mode and X even mode, that of the X odd mode is slightly smaller, but the wavelength sensitivity of the X-even mode is 
higher resulting in better sensing performance. Therefore, the X-even mode is selected to analyze the characteristics of the sensor. 
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Fig. 4. Dependence of CL on wavelengths for different structural parameters.  
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Fig. 5. CL spectra with changing wavelengths for different analyte RIs: (a) 1.00–1.09, (b) 1.10 − 1.19, (c) 1.20–1.29, (d) 1.30–1.39, and (e) 
1.40–1.42; (f) Fitted linear relationship between the resonance wavelength and analyte refractive index; (g) Wavelength sensitivity of the formants 
for different analyte refractive indexes. 
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increasing refractive indexes. When the refractive indexes are between 1.00 and 1.11, the peak confinement loss does not change 
significantly. However, when the refractive index is between 1.12 and 1.42, the confinement loss peak decreases gradually because 
SPR occurs when the core guide mode and SPP mode meet the phase-matching conditions. When the liquid analyte refractive index 
changes, the phase-matching conditions change as well resulting in a blue shift in the resonance wavelength. The confinement loss for 
refractive indexes between 1.00 and 1.42 are shown in Fig. 5(a), (b), (c), (d), and (e). The CL values are calculated by Eq. (3). The 
naconfinement loss spectra increase initially and then decrease as the wavelength blue-shifts. The variation in the analyte refractive 
indexes with resonance wavelength and the nonlinear fitting in Fig. 4(f) reveal a good continuous response. The adjusted R of the fit is 
0.99754 indicating the ability to accurately detect the analyte. The polynomial fit for the refractive index range from 1.00 to 1.42 is: 
λR(nm) = 202404.91 − 518861.92na + 462704.19n2

a − 138975.76n3
a . For 1 ≤ na ≤ 1.42, where λR represents the resonance wave

length and na is the refractive index of the solution being measured. The effective refractive index range is 1.00–1.42. When the 
refractive index is greater than 1.42, the CL is close to zero and the CL curves are irregular while the wavelength sensitivity diminishes 
greatly. The wavelength sensitivity is proportional to the refractive index in the range of 1.00–1.41. The wavelength sensitivity is 
calculated by Eq. (4). When the RI of the liquid changes from 1.40 to 1.41, the maximum wavelength sensitivity is 60,000 nm/RIU, and 
when the RI changes from 1.00 to 1.01, the minimum wavelength sensitivity is 4000 nm/RIU. The mean wavelength sensitivity in the 
refractive index range of 1.00–1.42 is 15,571.43 nm/RIU. Fig. 5(g) summarizes the wavelength sensitivities for different analytes 
refractive indexes shown in (a)-(e). 

Although it is common to use the wavelength sensitivity to determine the sensing performance, processing of the CL spectra for 
different analytes is quite complicated. In fact, it can be accomplished by observing different analytes for a fixed wavelength change of 
the transmission light power. This simpler and less costly method is amplitude questioning. The amplitude sensitivity is calculated by 
Eq. (5) and the amplitude sensitivity is shown in Fig. 6. The amplitude sensitivity for most na increases first and then decreases. In 
addition, the wavelength blue-shifts with increasing RIs. The maximum amplitude sensitivity is observed for na of 1.40, indicating that 
the sensor is extremely sensitive to analytes with na of 1.40. 

In practical applications, owing to inevitable variations in the actual operation, temperature, stress, and other external factors, the 
actual performance of the optical fiber may deviate from the theoretical predictions. In fact, small changes in the optical fibers may 
lead to significant changes in the sensing characteristics [43] and MOF-SPR sensors with large manufacturing tolerance or margin of 
error are more practical. Here, the structural parameter sensitivity is adopted to analyze the stability of the SPR sensor from the 
perspective of commercial production. The lower the structural sensitivity, the greater the tolerance, and the better the stability of the 
sensor. For na equal to 1.33, the structural sensitivity of the small central air hole diameter d1, major axis a, minor axis b of the ellipse, 
outer indium tin oxide nanowires diameter d2, and distance H from the midpoint of the polished surface to the center of the fiber is 
determined and discussed. As shown in Fig. 7(a) to (e), with respect to the resonant wavelength shown in the diagram, only tiny 
changes are observed for these parameters. For example, when d2 changes from 0.8 µm to 1.4 µm, the resonance wavelength hardly 
changes, and when d2 changes from 1.4 µm to 1.6 µm, the resonance wavelength only changes slightly. Therefore, the sensor sensi
tivity has large manufacturing tolerance and the stability is good. 

Fig. 6. Amplitude sensitivity of the resonant peaks.  
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Fig. 7. Structural parameter sensitivity: (a) Diameter of the central air hole, (b) Major axis of the elliptical air hole, (c) Minor axis of the elliptical air 
hole, (d) Diameter of the ITO nanowires, and (e) Polishing depth H for an analyte refractive index of 1.33. 
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The resolution is another key entity dictating the ability to detect minimal changes [44]. According to Eq. (7), the resolution is 
inversely proportional to the wavelength sensitivity. Fig. 8(a) and (b) show the resolution and linear fit of the formants, respectively. 
When the analyte refractive indexes increase, the resolution of the formants decreases gradually and the ability to detect weak signal 
changes improves gradually. The optimal resolution is 1.67 × 10− 6 RIU and the empirical equation is R(RIU) = − 5.11 × 10− 5 

+ 7.22 × 10− 5 na with R2 of 96.63%. 
The figure of merit (FOM) is often used to evaluate the overall performance of the sensor. The larger the FOM, the better the 

comprehensive performance of the MOF-SPR sensor [43]. The FOM can be calculated by Eq. (6) and Fig. 9 shows the FOM changes at 
the resonance peak. When na is less than or equal to 1.40, the FOM increases gradually with refractive indexes, but when na is greater 
than or equal to 1.40, FOM decreases. When na is 1.40, FOM is the largest indicating the best sensing performance here. 

Table 1 compares the optical properties of MOF-SPR sensors recently investigated. The choice of plasmonic materials is very 
important to the sensor performance. The table lists a series of sensors with conventional gold, silver, as well as novel ITO nanowires as 
the sensing mediums. Compared with the previously proposed sensors, this sensor can detect large RI analytes in a wider visible-to- 
infrared wavelength region with higher sensitivity. Therefore, the recommended sensor delivers better output peculiarity perfor
mance in the field of biochemical sensing. 

The analysis of manufacturing tolerance can well analyze the error caused by the manufacturing process difference to the structure, 
and can reflect the stability and feasibility of the device [45]. General manufacturing tolerances range from ± 2% to ± 10%. As shown 

Fig. 8. Resolution of the MOF-SPR sensor and linear fitting.  

Fig. 9. Variations of FOM with analyte RI.  
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in Fig. 10, we analyze the manufacturing tolerance of ± 5% of the proposed sensor. Fig. 10(a) is the long axis analysis diagram of the 
elliptical air hole. When a changes at about 12 µm, the resonance wavelength does not change, and the resonance loss changes by 
0.21 dB/cm; Fig. 10(b) shows the short-axis analysis diagram of the elliptical air hole. When b changes at about 4 µm, the resonance 
wavelength changes by 20 nm and the resonance loss changes by 0.73 dB/cm; Fig. 10(c) is the analysis diagram of the diameter of the 
central air hole. When d1 changes at about 1.6 µm, the resonance wavelength does not changed, and the resonance loss changes by 
1 dB/cm; Fig. 10(d) shows the nanowire diameter analysis diagram. When d2 changes at about 1.6 µm, the resonance wavelength does 
not change, and the resonance loss changes by 0.42 dB /cm; Fig. 10(e) is the D-type polishing depth analysis diagram. When H changes 
at about 10.5 µm, the resonance wavelength does not changed, and the resonance loss changes by 0.44 dB /cm. These changes are 
essentially negligible compared to itself. In summary, the sensor can effectively reduce the appropriate interference due to the 
manufacturing process. 

4. Conclusion 

A surface plasmon resonance (SPR) microstructured fiber (MOF) sensor containing indium tin oxide (ITO) nanowires is designed 
and analyzed. The sensor has many distinct advantages such as low loss, high sensitivity, and wide RI detection range (430 nm to 
7200 nm). The maximum wavelength sensitivity and resolution for na = 1.40 are 60,000 nm/RIU and 1.67 × 10− 6 RIU− 1, respec
tively. The low confinement loss facilitates long-distance transmission and detection of a wide range of analyte RIs (1.00 – 1.42). More 
importantly, the simple design with high structural tolerance reduces the manufacturing complexity and cost. In the near-infrared 
regime, the penetration depth of the evanescent field is greater and the sensor has enormous potential in NIR bio-molecular and 
organic applications. 

Table 1 
Performance comparison with recently reported sensors.  

Refs. Fiber structure Metal RI 
range 

Sensitivity 
(nm/RIU) 

Resolution 
(RIU) 

Str. diagram 

[21] Dual PCF Au 1.13–1.35 17,500 5.71 × 10− 6 

[25] 
Ex-core PCF Au 1.33–1.40 14,200 7.04 × 10− 6 

[26] 
Single-core PCF Au 1.27–1.36 6,000 1.67 × 10− 5 

[27] 
Dual-core PCF Ag 1.32–1.38 16000 6.25 × 10− 6 

[28] 
D-shaped PCF Au 1.33–1.41 14,500 6.90 × 10− 6 

Ours Dual-core MOF ITO 1.00–1.42 60,000 1.67 × 10− 6 
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Fig. 10. Manufacturing tolerance analysis. (a) Major axis of the elliptical air hole, (b) Minor axis of the elliptical air hole, (c) Diameter of the central 
air hole, (d) Diameter of the ITO nanowires, and (e) D-type polishing depth H analysis. 
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