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A PCF sensor is proposed for chemical (e.g., glycerol, acetic acid, and water) sensing 
through Zeonex fiber material. We investigate relative sensitivity, effective are, effective 
material loss, and confinement loss to analyze the sensor performance. The proposed 
sensor offers the relative sensitivity of almost 97.7% for glycerol, 96.25% for acetic acid, 
95.28% for water at frequency 3.5 THz. In addition, the sensor possesses small effective 
material loss and tiny confinement loss that are important characteristics of an efficient 
chemical sensor. Furthermore, the modern fabrication techniques are well fitting for the 
fabrication of the presented sensor.  
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1. Introduction  
 
Glycerol, acetic acid, and water are three of the mostly used liquids or chemicals in the 

chemical industries nowadays. These chemicals have numerous uses in our daily household jobs. 
However, these chemicals can be hurtful consequences to human health if they are used 
improperly. For example, Glycerol may cause serious damage to red blood cells of human blood 
when improper amount of it is used for medication. Also, the inappropriate use of Acetic acid may 
injure various human internal organs, human skin, and eyes. In addition, water, the most plenteous 
liquid in earth is mostly used in industry among all the liquids, but if it is not properly used or 
discharged, it may cause water pollution and that may imbalance the ecosystem. Therefore, 
precious sensing of these chemicals is worthy. Up to date, several techniques have been reported to 
sense various chemicals [1-6]. However, these techniques are not enough efficient. So, to obtain an 
efficient sensor for chemical sensing, still research is going on. 

Recently, Photonic Crystal Fiber (PCF) has attracted the attention of academia as well as 
industry for its unique possibility in optical sensing field [7- 13]. PCF sensors are seemed 
appealing among researchers for their incredible characteristics, for instance, small size, sensor 
design flexibility, and robustness. In case of PCF sensor, the sensing characteristics namely 
relative sensitivity (RS), effective area (EA), effective material loss (EML), confinement loss, and-
so-on, can be engineered by tuning the core-clad hole size, shape, and position, etc. Numerous 
research works have already been published to sense various chemicals, or liquids [7-10]. Earlier 
silica glass was vastly preferred as optical media while very recently Teflon, Topas and Zeonex 
have become preferable to the researchers especially in terahertz (THz) regime [10-15]. Among all 
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of them, Zeonex has attended more demand for its extraordinary optical properties, for instance, 
low absorption loss (only 0.2 cm-1 in THz frequency range), better light confinement, and on top of 
these it offers constant refractive index (1.53) within the THz regime [10-12]. So, for the chemical 
or liquid sensing purpose, Zeonex is one of the best candidates especially when the sensor is 
operated in THz regime [10-12].  

In recent times, numerous research articles have been published on chemical sensing 
through PCF [16-23]. Ademgil and Shyqyri proposed a liquid sensor with a RS of 23.8% [18]. 
Ademgil presented an octagonal PCF sensor to sense three liquids (water, ethanol, and benzyne), 
and that sensor offered the RS of around 25.1% [19]. Asaduzzaman and his research group 
reported a PCF based ethanol sensor with a RS of around 29.3% [20]. Arif et al. suggested another 
liquid sensor with a RS of 48.5% [21]. Later on, for ethanol detection, Asaduzzaman et al. found 
the RS of approximately 49.2% with another sensor structure [22]. Afterwards, Podder et al. 
proposed another PCF sensor to detect Ethanol and they achieved a RS of 54% [23]. Furthermore, 
Arif et al. reported a liquid sensor with the RS of 53.4% [24]. Paul et al. proposed a folded 
cladding porous shaped PCF sensor with a RS of 64.2% with tiny confinement loss (CL) [25]. 

Recently, the researchers have experienced that the performance of PCF based analyte 
sensors is much better while they are operated in THz regime [26-35]. Sultana et al. has published 
an article on THz alcohol sensor, and they found the relative sensitivity of 68.9% with high 
birefringence (0.0176) [26]. Al-Shafi and Sen have proposed an octagonal core chemical sensor 
and they attained the RS of around 78% [27]. Ahmed et al. reported a blood component sensor 
with a significant improvement in sensitivity and they found 80.9% RS with negligible CL [28]. 
Islam and his research group have reported a THz PCF sensor to sense three chemicals namely 
water, ethanol, and benzene and that sensor model has offered a sensitivity of approximately 
85.7% [29]. Later on, the same research group presented a cyanide sensor with the RS of almost 
85.8% [30]. Hossain et al. also reported a cyanide sensor in the terahertz regime, and they 
achieved a sensitivity of almost 88.5% [31]. In this article, a rectangular core PCF model is 
proposed for sensing glycerol, acetic acid, and water and the possible fabrication techniques for 
this proposed sensor have also been reported. 

 
 
2. Sensor model and fabrication opportunities 
 
COMSOL Multiphysics v5.3 is used to design and simulate the presented sensor model. 

The presented sensor structure is shown in Figure 1. Zeonex is used as fiber material and water is 
chosen as analyte for this work. The sensor structure includes total fifteen rectangular holes where 
the central rectangular hole is used as core region and another fourteen rectangular holes 
surrounded the central core hole are taken as clad region. The length of core hole, L = 480 μm 
whereas the width of the core hole, W= 380 μm. In the cladding region, the width of all rectangles 
(R1-R14) is L μm whereas, the length of R1 and R2 is 4.4*W μm, the length of R3, R4, R5 and R6 
is 4.4*W μm, the length of R7, R8, R9 and R10 is 3.55*W μm, and the length of R11, R12, R13 
and R14 is 2*W μm. A perfectly match layer is applied just next to the cladding region, and 
perfectly matched layer (PML) absorbs the outgoing light waves. The PML is around 9% of the 
radius of the fiber material and Zeonex is also used as PML layer. Once the sensor structure is 
attained then the mesh analysis is accomplished by selecting the Physics-controlled mesh and the 
“finer” mesh is chosen in this work. The complete mesh consists of 86448 domain elements and 
6024 boundary elements. The mesh view of the proposed sensor is presented in Figure 2. After 
accomplishing the mesh analysis, the sensor is simulated for specific chemical and Figure 3 shows 
the mode power distribution of the sensor for different chemicals.  

Initially the PCF fabrication technique was limited to the stack and draw method [36]. 
However, the stack and draw method was not able to fabricate different complex PCF structures 
[37]. Therefore, currently numerous PCF fabrication techniques have been reported, for example, 
drilling [38], sol-gel [39], extrusion [40] and 3D-printing [41]. Among these techniques, the sol-
gel method is useful for the fabrication of circular holes while the 3D-printing and extrusion 
techniques potentially execute the fabrication of square, rectangular, and elliptical holes. In 
addition, it has been reported that the Max Plank Institute has already accomplished the fabrication 
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of rectangular holes [42]. Since the presented sensor model consists of rectangular holes, it can be 
fabricated by using the 3D-printing and extrusion techniques.  
 
 

 
 

Fig. 1. The PCF sensor structure. 
 
 

 
 

Fig. 2. Mesh view of PCF sensor. 
 

 
3. Results and discussions 
 
Aimed to investigate the optimal outcomes of the sensor, the core-clad holes size is 

retained affixed, while the strut (the spacing between any two consecutive rectangular holes) is 
varied. The sensing properties of sensor are analyzed for three different struts (14 μm, 9 μm, and 5 
μm) and for three different analytes (water, acetic acid, and glycerol). To sense the sensor 
performance for different analytes, they are given to the core of the sensor and the investigation is 
accomplished for the operating frequency of 1.2 THz to 3.6 THz. 

It is well known that the RS of the sensor represents the sensing capacity of any refractive 
index (RI)-based PCF sensors. The key instigator of sensing is the RS which can be quantified as 
follows [24, 30, 31]: 

 
                                                        𝑟𝑟 =

𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒

× 𝑃𝑃                                                                          (1)                  

 
where, 𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 denotes the refractive index of analyte that is 1.47 for glycerol, 1.37 for acetic 
acid, 1.33 for water. Also, 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 presents the effective mode index of the sensor. Hence, 𝑃𝑃 denotes 
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the core power fraction and it is measured in terms of the integration of the electric field (E) and 
magnetic field (H) as follows [24, 30, 31]: 
 

                                               𝑃𝑃 =
∫ 𝑅𝑅𝑒𝑒�𝐸𝐸𝑥𝑥𝐻𝐻𝑦𝑦−𝐻𝐻𝑥𝑥𝐸𝐸𝑦𝑦�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 

∫ 𝑅𝑅𝑒𝑒�𝐸𝐸𝑥𝑥𝐻𝐻𝑦𝑦−𝐻𝐻𝑥𝑥𝐸𝐸𝑦𝑦�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
× 100                                                        (2) 

 
The RS of the sensor largely depends on the core power fraction that is obtained from Eq. 

(2). The higher the core power fraction focuses the higher the RS. The core power fraction of the 
sensor depends on the core size as well as the spacing between any two holes (strut).  

 
 

 

 

 
 

Fig. 3. Mode power distribution for a) water, x polarization; b) water, y polarization; c) acetic acid, x 
polarization; d) acetic acid, y polarization; e) glycerol, x polarization; f) glycerol, y polarization. 

 
 
Figure 4 shows the core power fraction vs core width variation. It is found that the core 

power fraction is increasing for a moderate value of core width (up to 380 um). Again, keeping the 
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core size fixed, the strut width is changed in order to realize the sensor performance. For each 
chemical, the strut of the sensor is changed for three times. Then we also change the chemical for 
each strut and higher core power fraction is observed for the chemical with higher refractive index 
(glycerol). The core power fraction vs strut width variation is shown in Figure 5. The higher core 
power fraction is found to increase very fast with increasing operating frequency for each 
chemical. After a moderate value of the operating frequency the change in core power fraction is 
very tiny. Figures 6-11 show the RS of the sensor for three different chemicals. The sensitivity is 
found to increase with increasing operating frequency because the core power fraction is larger for 
higher frequency. Also, for the chemical with higher RI (glycerol) offers higher sensitivity. The 
cause is that the light confinement in core with higher indexed chemical (glycerol>acetic 
acid>water) is better. Besides, slightly higher relative sensitivity is found in y polarization and the 
reason behind this is that effective refractive index (𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒) comes to be smaller in y polarization 
mode when compared with x polarization mode for any specific operating frequency for this PFC 
sensor. The relative sensitivity is found almost 96.03% for glycerol, 92.45% for acetic acid, 
89.05% for water in x polarization and it is found almost 96.4% for glycerol, 92.9% for acetic 
acid, 89.6% for water in y polarization while strut is 14 um and operating frequency is 3.5 THz. 
The relative sensitivity is found almost 97.35% for glycerol, 95.75% for acetic acid, 94.7% for 
water in x polarization and it is found almost 97.7% for glycerol, 96.25% for acetic acid, 95.28% 
for water in y polarization while strut is 9 um and operating frequency is 3.5 THz. The relative 
sensitivity is found almost 98.2% for glycerol, 97.35% for acetic acid, 96.78% for water in x 
polarization and it is found almost 98.5% for glycerol, 97.78% for acetic acid, 97.4% for water in 
y polarization while strut is 5 um and operating frequency is 3.5 THz.  

The sensor structure that has the strut of 9 𝜇𝜇m is considered as “optimal” design. The 
reason is that this design affords high sensitivity and there is sufficient spacing between any two 
adjacent holes which is an important issue for the fabrication of the PCF sensor. 

 
   
 

 
 

Fig. 4. Core power fraction vs core width for different chemicals at strut=14 μm and operating frequency  
is 2 THz. 
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Fig. 5. Core power fraction vs strut width for different chemicals at core width=380 μm and  
operating frequency is 2 THz. 

 
 

 
 

Fig. 6. Sensitivity of PCF sensor for different chemicals in x direction while strut=14 μm. 
 
 

 
 

Fig. 7. Sensitivity of PCF sensor for different chemicals in y direction while strut=14 μm. 
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Fig. 8. Sensitivity of PCF sensor for different chemicals in x direction while strut=9 μm. 
 
 

 
 

Fig. 9. Sensitivity of PCF sensor for different chemicals in y direction while strut=9 μm. 
 
 

 
 

Fig. 10. Sensitivity of PCF sensor for different chemicals in x direction while strut=5 μm. 
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Fig. 11. Sensitivity of PCF sensor for different chemicals in y direction while strut=5 μm. 
 
 
After having the optimal sensor structure, we also analyze the EA, EML, and CL profile 

for this sensor. In the case of EA, EML and CL, we haven’t found any significant asymmetry and 
for this reason in this work, we have presented these results in one axis (i.e., x axis). The area of 
any sensor where the light wave confines effectively is called EA. It can be analyzed as follows 
[24]: 

 
                                            𝐸𝐸𝐸𝐸 = [∫ 𝐼𝐼(𝑦𝑦)𝑦𝑦𝑦𝑦𝑦𝑦]2

[∫ 𝐼𝐼(𝑦𝑦)2𝑑𝑑𝑑𝑑]2
                                                                            (3) 

 
where 𝐼𝐼(𝑦𝑦) denotes the transverse electric field intensity. Figure 12 shows the EA profile of this 
sensor for various operating frequency. Comparatively high EA is found for the analyte with lower 
refractive index (water) and the reason behind it is for the lower indexed analyte (water), the light 
wave through the core region goes spread-out. The EA of this sensor is found around 1.045×105 

µm2 for water, 1.040×105 µm2 for acetic acid, and 1.012×105 µm2 for glycerol at operating 
frequency 3.5 THz. 

 

 
 

Fig. 12. Effective Area of PCF sensor for different chemicals. 
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Effective Material Loss is a performance limiting factor of a PCF sensor. The performance 
of the sensor is improved by a reduced EML. The EML of the proposed sensor can be calculated 
as follows [30, 31]: 

 

                                     𝐸𝐸𝐸𝐸𝐸𝐸 = �
∈0
𝜇𝜇0

× �∫
𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚|𝐸𝐸|2𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

�∫ 𝑃𝑃𝑧𝑧𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎 �
�                                               (4) 

 
where  ∈0  denotes permittivity, and  𝜇𝜇0  denotes permeability in free space. The parameter, 
𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the refractive index of Zeonex and 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  is the bulk absorption loss of Zeonex. 
Also, 𝑃𝑃𝑧𝑧 represents the pointing vector in 𝑧𝑧 direction and  Pz = 1

2
(E × H∗)z� where, 𝐸𝐸 denotes the 

electric filed, and 𝐻𝐻∗ stands for the complex conjugate of the magnetic field. 
Figure 13 shows the EML profile of the proposed sensor. The EML of the sensor goes 

higher for the higher operating frequency and the reason is theoretically realized in ref. [35]. 
Again, for higher indexed analyte (glycerol), the EML is higher. The EML is found around 0.0103 
cm-1 for water, 0.0113 cm-1 for acetic acid, 0.0130 cm-1 for glycerol at operating frequency 3.5 
THz. 

 

 
 

Fig. 13. Effective Material Loss of PCF sensor for different chemicals. 
 
 
Confinement loss (CL) also limits the PCF sensor performance. The confinement loss 

depends on the operating frequency (f), the speed of light (c), and the imaginary value of effective 
RI of the sensor. It can be calculated as follows [30, 31, 34]: 

 
                                                                  𝐶𝐶𝐶𝐶 = 4𝜋𝜋𝜋𝜋

𝑐𝑐
× 𝐼𝐼𝐼𝐼�𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒�                                                                   (5) 

 
The CL of this sensor is shown in Figure 14. The CL decreases as operating frequency is 

increased. For increasing frequency, the light power confines strongly within the core region 
(through chemicals) that offers lower confinement loss. Again, for higher indexed chemical 
(glycerol), the CL becomes lower. The CL is found only 2.52×10-14 cm-1 for water, 1.12×10-14 cm-1 
for acetic acid, and 0.55×10-14 cm-1 for glycerol at frequency 3.5 THz.  
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Fig. 14. Confinement loss of PCF sensor for different chemicals. 
 
 

Now, we present the comparative study of sensing properties of recently published 
chemical sensors in Table 1. 

 
Table 1. Sensing properties comparison between the proposed sensor and related previous works. 

 

Ref. Operating 
Region RS EA  EML CL 

[19] 1.5 𝜇𝜇m 25.1% ------------ ------------- 1.32 ×10-9 cm-1 

[21] 1.33 𝜇𝜇m 48.5% ------------ ------------ 1 ×10-9 cm-1 

[24] 1.3 𝜇𝜇m  53.4% 3.93 um2 ------------ 3.7×10-11 cm-1 

[27] 1.0 THz 78.06% ------------ ------------- 3.02 ×10-8 cm-1 

[30] 2.0 THz 85.80% ------------ 0.023 cm-1 1.6×10-9 cm-1 

[31] 1.3 THz  88.50% --------- 0.005 cm-1 1.2×10-13 dB/cm 

Proposed 
sensor 3.5 THz 97.7% 1.012×105 µm2 0.0130 cm-1  2.52×10-14 cm-1 

 
 
4. Conclusions 
 
A PCF sensor is proposed where both the core and the cladding region are consisted of 

rectangular holes. Here, we instigate the sensing performance of the sensor in Terahertz regime 
(from 1.2 THz to 3.8 THz). Glycerol, acetic acid, and water are preferred as sensing analytes and 
Zeonex is taken as fiber material for this work. In an effort to inspect the functioning of the sensor, 
we enumerate the sensing characteristics of PCF such as RS, EA, EML, and CL. Our proposed 
sensor provides the RS of almost 97.7% for glycerol, 96.25% for acetic acid, 95.28% for water at 
operating frequency 3.5 THz. In addition, the EA of 1.045×105 µm2 for water, 1.040×105 µm2 for 
acetic acid, and 1.012×105 µm2 for glycerol are availed by our proposed sensor at operating 
frequency 3.5 THz. Besides, the sensor offers minor EML and a little CL which reveals our 
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proposed sensor as an efficient chemical sensor. Additionally, the modern fabrication techniques 
are congenial for the fabrication of the presented chemical sensor.  
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