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Abstract: In this paper, a photonic crystal fiber sensor is proposed which have four-opening channels that support 

surface plasmon resonances. By detecting the optical spectrum of leakage from the fiber core to the four regions 

created on its periphery, the sensitivity of the sensor can be assessed. Gold is used as the plasmonic material in the 

infrared wavelength range on the Titanium oxide film which is used as a substrate layer to increase the coupling and 

adhesion. Influences of structural parameters on the sensor performance are investigated by the Finite Difference 

Element method. Sensitivities for refractive index of 1.34-1.44 for wavelength ranges (690-1500 nm) with maximum 

wavelength sensitivity of 25,600 nm / RIU and maximum amplitude sensitivity and 7367 ( RIU−1) and figure of merit 

(FOM) of 547 ( RIU−1) have been calculated. In addition to high sensitivity, great FOM value of this sensor is an 

important feature. This sensor can be used to identify chemicals and biomolecules. 

Keywords: Photonic crystal fiber sensor; Surface plasmon resonance;  Confinement Loss; Amplitude sensitivity; 

Fundamental mode; Refractive index. 

1. Introduction 

Due to the demand and need for optical sensors, especially for medical applications as well as the implementation of 

sensors within the integrated equations, downsizing and increasing the sensitivity of sensors in small dimensions has 

become very important [1-2]. One of the sensing mechanisms in the identification of chemicals and biomolecules as 

well as liquids is refractive index based sensor, wavelength based sensor or wavelength based sensor or amplitude 

based sensor [2].  In this regard, such optical fiber sensors will be designed and manufactured by methods such as 

Bragg interferometry and grating to monitor water pollution, detect chemicals, and so on [3-4]. 

In last two decades, surface plasmon resonance (SPR) has been used in the development of unlabeled optical sensors 

with high sensitivity [5]. Researches have been done on the application of SPR-based optical sensors using different 

structures and methods. Surface plasmon amplification is an electromagnetic mode in which an optical electric field 

with TM polarization is coupled at the boundary between a dielectric and a metal surface by electron oscillation, and 

two waves intensify, a type of two-wave interference that occurs constructively.  Increases the intensity of the 

electric field and can improve the sensor performance of an optical sensor. During Optical waves, metals such as 

gold, silver, aluminum are used to intensify the surface plasmon, but the reason for this choice is the lower losses in 

this metal than other metals. Many metals at optical frequencies have a negative dielectric constant that causes high 

surface reflectance [5-6]. That, surface plasmon resonance has been used in the development of high-sensitivity 

optical sensing.  For this purpose, a part of the fiber sheath is cut in the form of a fading field to the surrounding 

environment on the surface of the sheath, coupled and leaked out.  Using this fading wave, a change is made in the 

refractive index of the external fluid that penetrates into the grooves created.  The dielectric boundary and the coated 

metal are provided. If there is a change in the refractive index of the environment around the metal layer, it causes a 

change in the fuzzy coupling condition.  Fraction coefficient changes can be detected by changing the coupling 

conditions that cause the frequency spectrum to shift. 

till now, different optical fiber sensors based on SPR have been reported such as conventional fiber [6], fiber Bragg 

grating [7], photonic quasi-crystal fiber (PQF) [8], and photonic crystal fiber (PCF) [9]. PQF because of low loss 

[10], numerous birefringence and low nonlinearity [11], rich double-cladding features [12] is not important. 

Therefore, much endeavor has been centralized on SPR based PCF sensors (PCF-SPR) because realize 

miniaturization and system integration. PCF is a kind of micro-structured optical fiber with distinct advantages 

including the tunable effective refractive index in the fiber core, birefringence, large mode area, and flat dispersion. 

[13]. Compared with SPR based conventional optical fiber sensors [14], the sensitivity of PCF-SPR sensors is two 

orders of magnitude higher [15]. The various PCF-SPR sensors have been designed. For instance, Paul et al. 
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described a dual-core PCF-SPR sensor [16]. Tong et al. and Dash and et al. designed a D-shaped PCF-SPR sensor 

with the sensitivity of 4850 nm/RIU and 5200 nm/RIU, respectively [17-18]. M. Hautakorpi described a three-hole 

micro-structured sensor [19]. 

 To achieve high performance of PCF-SPR sensors, surface engineering of the structure has a vital role. In this work, 

a novel PCF-SPR sensor with four opening   surface channels is proposed. TiO2 and gold are chosen as the 

plasmonic materials, where the gold layer deposited on the TiO2 layer to improve the sensitivity. By optimizing the 

parameters of structure such as position and radius of surface rings, first air hole radius and thicknesses of gold and 

TiO2 films, a maximum wavelength sensitivity of 25,600 nm/RIU is attained for analyte RIs between 1.34 and 1.44. 

Our designed sensor can better meet the request for a wide detection of various analyte and may have mighty 

potential in optical sensing applications. 

2. Design and method 

The schematic diagram of the PCF-SPR sensor that is created of four-opening channels coated with TiO2 and gold 

films as plasmonic materials is presented in figure 1. Three hexagonal rows of air holes stacked in which some 

rotations have done and four holes of the second row are removed to obtain good coupling between fundamental 

core mode and those appeared at the surface of the four opening rings. Radii of holes of second and third rows are 

assumed to be, r2 = r3=0.65 μm. The distance from the center of the first ring of air holes to the core was at 2 µm, 
which is defined as pitch (Λ). The another two pitches were fixed as 1.4 Λ and 1.8 Λ for the distance from the 
second- and third-ring air holes to the core, respectively. Radii  of the cladding air holes of the first ring was 

R1=1.34 µm and Radii of the other air holes was selected to be, R2=R3=1.3 µm. These big four–opening channels 

are more conducive to the deposition of metal thin films which support SPR modes. The radii of the open ring 

channels are 1 μm and the distance of the center of these rings to the center of the fiber is RH =  4 μm. Gold and 
TiO2 layers with the thicknesses tAu and tTiO2  are deposited at the inner surface of the open rings.  

Fig. 1.

The background material of the sensor is silica glass, in which the dispersion relation is followed by Sellmeier 

equation [20]: 

n2(λ ) = 1 +
𝐵1λ2λ2−𝐶1 +

𝐵2λ2λ2−𝐶2 +
𝐵3λ2λ2−𝐶3 (1) 

where n is the RI of the fused silica, which is dependent on wavelength 𝜆. B1, B2, B3, C1, C2, and C3 are known as 

the Sellmeier constants. The values of these constants for the fused silica are: 0.69616300, 0.407942600, 

0.897479400, 0.00467914826, 0.0135120631 and 97.9340025, respectively.  

The permittivity of gold is given by Drude–Lorenz model [20].A thin layer of TiO2 is also used between gold and 

silica, which assists in reducing the adhesion problem of Au and improves the sensitivity. This layer is also helpful 

for exciting the SPR with efficiently contacting the core-guided mode to the SPR mode [21]. The dielectric constant 

of titanium oxide is calculated by the following equation [22]: 

n2TiO2(λ ) = 5.913 +
2.441×107λ2−0.803×107 (2) 

where 𝜆 is the wavelength measured in µm and nTiO2  is the wavelength-dependent RI of titanium oxide. 

The confinement loss is a crucially important performance parameter for the PCF-SPR sensor, which can be 

determined by equation [23]: α(λ) = 8.686 × k0 × Im(neff) × 10𝟒 (
𝒅𝐵𝑐𝒎) (3) 

where the imaginary effective mode index is denoted as Im(neff), the wave number is 𝐾0 =
2𝜋λ , and 𝜆 is the operating 

wavelength. Analyte sensing happen with variations of the wavelength in the surrounding environment for the bio-

targets.  

The wavelength sensitivity is another the important performance parameter of the PCF sensor, which can be 

calculated by equation [24]: 
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Sw =
∆λpeak∆na (nm/RIU) (4)

In addition, how to calculate the sensitivity of the amplitude is through the following formula [24]. 

SA=- 
1α(λ,na)

∂α(λ,na)∂na (RIU−1) (5)

Also, the figure of merit (FOM), which provides sensitivity and Full width at half maximum (FWHM), is obtained 

by equation [25]: 

FOM =
SwFWHM (RIU−1) (6)

3. Results and discussion  

This section presents numerical result of proposed SPR based photonic crystal fiber for different parameters of the 

structure. Figure 2, shows the dispersion of fundamental core and SPR modes. The dotted (solid) line shows the 

dispersion of real (imaginary) part of the effective refractive index of fundamental mode and dashed line displays 

the dispersion of SPR mode. The SPR and core‐guided modes intersected at wavelength of 1.16 μm, and a peak was 
observed at the point of intersection, where the phase matching condition is satisfied for the analyte RI of 1.43. At 

such a point, the core mode and the plasmonic mode are coupled. At the resonance wavelength, a sharp loss peak 

was observed, and unknown samples could be effectively determined by shifting this peak to a longer or shorter 

wavelength for different analyte refractive indices. 

Fig. 2.

The loss peaks for two analytes with refractive indices of 1.41 and 1.42 are shown in figure 3. For the case of 1.41, 

the loss peak occurred at the wavelength of 0.966 μm and correspondingly for the case of 1.42, it takes wavelength 
of 1.085 μm. Thus, according to equation (4), the wavelength shift between two analytes shows the wavelength 
sensitivity of 11,900 nm/RIU. 

Fig. 3.. 

In order to investigate the effect of numerous structural parameters on sensor performance and select the optimized 

values, all of the parameters are classified and explained in the following figures and tables. These calculations are 

done considering analyte RI variations of 1.43-1.44. 

To investigate the effects of TiO2 thicknes on the performance of the proposed sensor, we have showed the 

sensitivities and FOM values versus the thickness of TiO2 film in figure 4, in which the gold thickness is 30 nm and 

the radius of air cavities are supposed to be 0.6 nm. These results show that the highest wavelength sensitivity and 

FOM as 23,000 nm/R1U and 466.66 (RIU−1), that take place at tTiO2=11nm. Also this figure indicates the positive 

effect of the TiO2 layer presence on both sensitivity and FOM values. Thus, we assumed, tTiO2 =11nm as an 

optimum value in the rest of the paper. 

Fig. 4.

Similarly, in figure 5, the sensor performance in terms of sensitivity and FOM is plotted for different Au 

thicknesses.  

Fig. 5.
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As it is clear from figure 5, the maximum values of wavelength sensitivity and FOM relate to the tAu = 40 nm. It 

should be mentioned that the corresponding values are 21,700 nm/R1U and 391.66 (RIU−1), respectively.  

Finally, in figure 6, the sensor performance using of previous optimum values are examined for different values of 

the radius of the first row of air holes. It is seen from this figure and respect to the maximum values of the sensitivity 

and FOM, r1=0.67 μm is the optimum value.  

Fig.6. (a).

Now we are in a position to plot the loss spectra of the proposed PCF-SPR sensor for various analyte RI by using of 

optimized values. Loss spectra are presented in figure 7 for the wide range of analyte RI. 

Fig. 7.. 

Loss peaks have red shifts behavior and we can conclude that the proposed sensor depicts good sensitivity at higher 

refractive indices. To quantitatively show these behaviors, we have summarized the corresponding sensing 

parameters in table 1. 

Also, the amplitude sensitivities of the sensor are added in this table. To get better insight, we have shown 

corresponding amplitude sensitivities in figure 8. We see that, the proposed sensor shows the amplitude sensitivities 

for the wide range of RI of analytes.  

Table 1. Performance of proposed sensor for the analyte RI detection range from 1.34 to 1.44. 

Δ𝒏𝒂
(RIU) 

𝐒𝐖
(nm/RIU) 

𝐒𝐀
(𝐑𝐈𝐔𝟏−)

FOM 

(𝐑𝐈𝐔−𝟏)

1.34-1.35 

1.35-1.36 

1.36-1.37 

1.37-1.38 

1.38-1.39 

1.39-1.40 

1.40-1.41 

1.41-1.42 

1.42-1.43 

1.43-1.44 

1000 

1000 

2000 

2000 

3000 

4000 

7000 

11000 

18000 

25600 

68.74 

100.2 

131.6 

181 

254 

393.1 

636.2 

1001 

2636 

7367 

20.70 

21.39 

41.24 

39.34 

59.38 

73.07 

106.83 

152.77 

230.32 

547 

Fig. 8.

It can be evident from the figure that the amplitude sensitivity increases gradually with an increase of analyte RI and 

reaches the maximum value for analyte RI of 1.44 which are 7367 ( RIU−1). 

At the end, to show the performance of the proposed sensor, FOM is plotted versus the analyte RI variations in 

figure 9.  

Fig. 9.

As the RI of the analyte increases, the loss curve becomes sharper. This type of change indicates the decreasing of 

FWHM which results to the FOM increment. We obtain the maximum FOM as 547 (RIU−1) for the case of 1.43-

1.44 range. This FOM is higher than the similar work reported in recent articles [26]. 

5. Conclusions 
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In this paper, we investigate a novel design of PCF-SPR sensors with four-opening channels for an analyte sensing 

range between 1.34 and 1.44. The sensing performance of the proposed sensor is analyzed numerically by Finite 

Difference Element method (FDE). The simulation results show a maximum wavelength sensitivity of 25,600 

nm/RIU, and a low propagation loss. The maximum figure of merit (FOM) of 547 (RIU−1), is achieved within the 

analyte RI range of 1.34 to 1.44 for this design which is better than the reported existing works. In addition, the 

maximum amplitude sensitivity of 7367 ( RIU−1) is calculated. Because of the ultra-low loss and high wavelength 

sensitivity and amplitude sensitivity, the proposed sensor can be a promising candidate for application in medical, 

detecting various bio-samples in the lab-on-a-fiber platform and environmental monitoring. 
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Fig. 1. Two-dimensional cross-section view of the proposed photonic crystal fiber (PCF) sensor with RH=4 μm, r1 = 

0.67 μm. 

Fig. 2. Dispersion of the fundamental and SPR guided modes. Dotted and solid curves show the dispersion of real 

and imaginary part of fundamental mode, respectively and dashed curve shows the dispersion SPR mode. Inset a (b) 

displays the profile of electric fields for fundamental core (SPR) mode denoted by arrow for analyte RI of 1.43, tAu
= 40 nm and r1=0.67 µm. 

Fig. 3.. Loss spectrum of proposed sensor for two analytes, where tTiO2 = 12nm, tAu = 40 nm and r1=0.65 µm 
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Fig. 4. The wavelength sensitivity and FOM of proposed sensor for different TiO2 thicknesses. 

Fig. 5. The wavelength sensitivity and FOM for different Au layer thicknesses. 
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Fig.6. (a). Calculated wavelength sensitivity (left) and FOM (right) for different first air hole radii. 

Fig. 7. Confinement loss spectra for analyte RIs variation from 1.34 to 1.44. 
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Fig. 8. Spectrum of the amplitude sensitivity of the proposed sensor with optimized parameters (left) RI= 1.35-1.41, 

(right) RI=1.42-1.44. 

Fig. 9. FOM values of the proposed sensor for different analyte refractive indices. 
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