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ABSTRACT

Over the last few years for sensing applications in terahertz regime photonic crystal fiber (PCF) has gained attention 
quite extensively. The optical characteristics of photonic crystal fiber can be controlled by fine-tuning of the structural 
parameters like core radius and effecctive area. In this context, a terahertz sensor based on a hollow-core photonic crystal 
fiber has been developed for chemical identification in the terahertz frequency range with very low loss. The proposed 
structure contains hexagonal manner sectored suspension type cladding and hexagonal manner sectored core region, all 
the sector are formed by zeonex based struts. To investigate the optical characteristics of developed design, finite element 
method (FEM) based COMSOL multiphysics v.5.4a software has been used. The simulation result shows the sensitivity 
of 83.37% and 83.63% at the optimum condition in x-polarization mode for ethanol and benzene respectively with 
low effective material loss of 0.0291 cm−1 and low confinement loss of 1.87×10-13 cm-1. Moreover, the developed design 
implementation is possible in the existing fabrication method. Physical features and comparative performance analysis 
are also showed in this research.
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1. Introduction

Benzene and ethanol are widely used in industrial chemicals. 
Benzene is found in crude oil and is a major part of gasoline. 
In industry, it is used to make plastics, resins, synthetic fibers, 
rubber lubricants, dyes, detergents, drugs etc. Ethanol is 
used extensively as a solvent in the manufacture of varnishes 
and perfumes as a preservative for biological specimens and 
as a fuel and gasoline additive. Benzene and ethanol cause 
harmful effects on the bone marrow and can cause a decrease 
in red blood cells, leading to anemia and many long term 
damage to the human body. It can also cause excessive 
bleeding and can affect the immune system, increasing 
the chance of infection. An accurate amount of chemical 
reaction in the industry provides human safety as well as 
production efficiency. So the amount of benzene and ethanol 
concentration in every step of use needs to be precise. So 
the accurate detection of those chemicals is a very important 
factor. During the last several decades, development of optical 
fiber technology blessed the telecommunication sector [1, 2] 
and chemical analyst sensing area [3, 4]. Photonic crystal 
fiber (PCF) is the smart version of optical fiber and has 
some identical properties [5]. In the year of 1996, Knight 
first introduced PCF for its novel characteristics [6]. PCF is 
a special kind of fiber where artificial frequent capillaries 
occur. Characteristics of optics are mainly guided by the 
size and quantity of microstructure capillaries of air holes 
[7] and several structural diversities. In recent years sensing 
chemical and gas analysis through photonic crystal fiber has 
become a hot topic among the researchers. To increase the 
performance of photonic crystal fiber in the field of chemical 
sensing, researchers have given much effort on this topic [8, 
9]. Sensing characteristics of the fiber base sensor is varying 
with the position and size of air holes in the core region as well 

as the cladding region [10, 11]. Confinement loss, sensitivity 
dispersion, and effective material loss (EML) are considered 
as main optical properties among all their optical properties 
for liquid and chemical identification. Birefringence of 
high value is always recommended for various applications 
[12,13]. Researchers around the world are conducting 
research to maximize the sensitivity of PCF and minimize 
the confinement loss [14]. As a result, different types of 
microstructure core and cladding based PCF have been 
introduced with high sensitivity along with low confinement 
loss. A few years ago PCF sensor with elliptical type air 
hole at the center position was proposed by Asaduzzaman 
et al where relative sensitivity of 49.71% for ethanol along 
with birefringence of 0.0015 and confinement loss of 2.75 
× 10-10 dB/m were published [15]. In 2017 a folded shaped 
porous core silicon-based PCF was proposed whose relative 
sensitivity was 69% with 5×10-11 dB/cm confinement loss 
for benzene [16]. In 2019, a hexagonal shaped and hybrid 
microstructure PCF was proposed by Md. Ahasan Habib 
in which relative sensitivity was reported to be 78.07% 
with low confinement loss of 7.4×10-11 cm-1 for benzene 
and ethanol [17]. In this work, a terahertz sensor based on 
a hollow-core photonic crystal fiber has been proposed for 
chemical identification in the terahertz frequency range with 
very low loss. The proposed structure contains hexagonal 
manner sectored suspension type cladding and hexagonal 
manner sectored core region, 

2. Physical Insight of The Proposed  Sensor

Fig.1 represents the 2D transverse cross-sectional view of 
the proposed PCF structure as well as an amplified view of 
the core area. The cladding of the reported PCF is composed 
of six symmetrical air slices which are organized circularly. 
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The core portion is also formed by six equal size and same 
pattern square holes. The main purpose of choosing this 
type of structure is to decrease the interaction of light with 
the background material which helps to reduce losses and 
improve sensitivity. In the proposed PCF structure, the 
selected length and height of air slice are L=605 μm and 
h=766 μm respectively at an optimum core radius of C=170 
μm. Cladding and core Strut width of the PCF is considered 
14μm and 12μm as highest to manage fabrication tolerance. 
Six triangular-shaped core air hole is settled between the 
inner side of the core circle and outer side of the core air 
hole.  For ignoring unwanted electromagnetic radiation by 
the environment, a perfectly matched layer (PML) has been 
taken as a boundary condition to the outer structure of the 
fiber. As background material in fiber, zeonex is preferred as 
it shows relatively better characteristics at 0.1 THz to 3THz  
with constant refractive index of 1.53.

Fig.1. Cross section of the proposed terahertz PC-PCF sensor with 
its amplified version of the core.

Fig. 2. E-field distribution for (a) x-polarization, benzene 
(b) y-polarization, benzene (c) x-polarization, ethanol (d) 
y-polarization, ethanol.

3. Simulation Results and Discussion

Simulation has been carried out using COMSOL 
Multiphysics for benzene and ethanol. The electrical field 

circulation of the PCF for both chemicals is shown in Fig. 
2. The tight confinement of light through the center region 
of the proposed structure is confirmed by Fig. 2 for both 
chemicals.

Modified Beer-Lambert law has been used to resolve the 
sensing capacities of the proposed structure, which is 
determined by the interaction between the light and aimed 
chemical samples. The following mathematical equation 
represents the characteristic of this situation [18]

𝐼𝐼(𝑓𝑓) = 𝐼𝐼0(𝑓𝑓)𝑒𝑒𝑥𝑥𝑝𝑝[−𝑟𝑟𝛼𝛼𝑚𝑚 𝐼𝐼𝐶𝐶] 																(1)

Here, I(f) indicates the intensities of light at the presence of 
chemical  and  I0(f) indicates at the absence of  chemical. Co-
efficient of sensitivity and material absorption are denoted 
by r and αm respectively. Operating frequency and light in 
the fiber are denoted by f and Ic.

The absorbance can be calculated by [19]

A = log �
𝐼𝐼(𝑓𝑓)
𝐼𝐼0(𝑓𝑓)� = −𝑟𝑟 𝛼𝛼𝑚𝑚 𝐼𝐼𝐶𝐶  

                  (2)

The relative sensitivity r to be expressed by the following 
Eq. [20],

r = nr
𝑅𝑅𝑒𝑒 [neff ]

× k  
                             (3)

Where, 𝑛𝑛𝑟𝑟 stands for the refractive index of the chemical 
analyte to be detected. Using this equation, the refractive 
index of benzene and ethanol are found to be 1.366 and 1.354 
respectively. Here, 𝑛𝑛eff represent the guided mode effective 
refractive index and K is the total power fraction inside the 
core section [21], where,

𝐾𝐾 =
∫ 𝑅𝑅𝑒𝑒𝐶𝐶𝑎𝑎𝑚𝑚𝑝𝑝𝑙𝑙𝑒𝑒 (𝐸𝐸𝑚𝑚 𝐻𝐻𝑛𝑛 −𝐸𝐸𝑛𝑛 𝐻𝐻𝑚𝑚 ) 𝑑𝑑𝑥𝑥 𝑑𝑑𝑦𝑦

∫ 𝑅𝑅𝑒𝑒 (𝐸𝐸𝑚𝑚 𝐻𝐻𝑛𝑛 −𝐸𝐸𝑛𝑛 𝐻𝐻𝑚𝑚 ) 𝑑𝑑𝑥𝑥 𝑑𝑑𝑦𝑦𝑡𝑡𝐴𝐴𝑡𝑡𝑎𝑎𝑙𝑙
  

                    (4)

In above equation Hm and Em represent the transverse 
component of magnetic field and electric field respectively. 
Also Hn and En are denoted for longitudinal component of 
magnetic field and electric field respectively.

Fig. 3 & Fig. 4 showed relative sensitivity of the suspended 
design for both ethanol and benzene at optimum ±2 condition 
for x-polarization mode. Optimum±2 condition means all 
the numerical parameter of the proposed structure varied 
this percentage excluding PML. ±2% variation has been 
taken because variation of the parameter value can happen 
during standard fabrication process. Fig. 3 & Fig. 4 show the 
maximum sensitivity to be 83.37% and 83.63 % for ethanol 
and benzene respectively at f=1.5THz. As it can be seen 
from the figures that sensitivity becomes stable around 1.5 
THz, so it has been considered as the optimum frequency. 
This result is better than most recently reported research 
work [22-24].
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Fig. 3. Relative sensitivity of benzene with respect to frequency for 
x-polarization of reported PCF

Fig. 4. Relative sensitivity of ethanol with respect to frequency for 
x-polarization of reported PCF

Fig. 5 & Fig. 6 represent the relative sensitivity of proposed 
structure for both ethanol and benzene at optimum frequency 
for y-polarization mode with optimum ±2% condition. 
Figure confirmed that 1.5THz frequency is the maximum 
sensitivity area for both the chemicals.  Sensitivity increases 
and decreases slightly in numerical ±0.8% of maximum 
sensitivity.

Fig. 5. Relative sensitivity of benzene with respect to frequency for 
y-polarization of reported PCF

Fig. 6. Relative sensitivity of ethanol with respect to frequency for 
y-polarization of reported PCF

Confinement loss of HC-PCF can be calculated from the 
following equation [27].

αCL = 8.686 ×
2πf

c
Im(neff ) 

                 (5)

Here, c is the velocity of light at free space, f is operating 
frequency and Im(neff) is the imaginary part of the effective 
refractive index of the guided mode.

Fig. 7 shows the confinement loss with respect to frequency. 
As can be seen, confinement loss decreases with the increase 
of frequency since the mode field starts to confine tightly 
in the core area with increasing frequency. At the optimum 
reported condition confinement loss found to be 1.87×10-
13 cm-1 and 2.46×10-13 cm-1 for benzene and ethanol 
respectively which are better than previously published 
research work [25-27].

Fig. 7. Confinement loss of proposed PCF with variation of 
frequency for ethanol and benzene.

At the time of operation, another kind of optical fiber loss is 
the effective material loss (EML). This loss happened due 
to the background polymer material. It is one of the main 
concerns to minimize material loss by choosing a good 
background material. EML of the proposed structure can be 
calculated by the following equation [28].
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𝛼𝛼𝑒𝑒𝑓𝑓𝑓𝑓 = �
𝜀𝜀0
𝜇𝜇 0

�∫ 𝑛𝑛𝑚𝑚𝑎𝑎𝑡𝑡𝑚𝑚𝑎𝑎𝑡𝑡 |𝐸𝐸|2𝛼𝛼𝑚𝑚𝑎𝑎𝑡𝑡 𝑑𝑑𝐴𝐴

∫ 𝑆𝑆𝑧𝑧𝑎𝑎𝑙𝑙𝑙𝑙 𝑑𝑑𝐴𝐴
�  

                 
(6)

Where αeff is denoted for EML, ϵ0 and μ0 indicate the relative 
permittivity and relative permeability respectively in free 
space, nmat is denoted for refractive index of background 
material, αmat stands for absorption loss of zeonex , Sz is the 
sign pointing vector of  z-component. 

Fig. 8. Effective area of suggested PCF according to frequency 
variation for ethanol and benzene.

Figure 8 represents the EML of proposed fiber with respect 
to frequency. It gives the confirmation of effective material 
loss to be increased with increase of frequency and EML of 
benzene is slightly lower than ethanol. At the frequency 1.5 
THz EML calculated for both benzene and ethanol is 0.0290 
cm-1 and 0.0291 cm-1 respectively. This value is lower than 
previously reported work [26].

Fig. 9. Sensitivity of benzene and ethanol for both polarization 
mode with respect to core radius.

Now the relative sensitivity of the proposed fiber for 
ethanol and benzene are showed in figure 9 for both x and 
y polarization mode with respect to core radius at frequency 
1.5THz. It shows that for both chemicals and for both 
polarization, core radius of 170 µm gives the maximum 
sensitivity. Figure 10 represents the confinement loss with 
respect to the core radius. It states that confinement loss 
decreases with increment of core radius until 170 µm, 
from where it becomes almost constant. The value of the 
confinement loss at 170 µm is found to be 1.87×10-13 cm-1 
and 2.46×10-13 cm-1 for benzene and ethanol respectively.

Fig. 10. Confinement loss for benzene and ethanol with variation 
of core radius.

For the implementation of PCF, THz guided lightwave faces 
another loss named bending loss which can be determined 
by following equation [29],

𝛼𝛼𝐵𝐵𝐿𝐿 = 1
8

�2𝜋𝜋
3

× 1
𝛽𝛽𝐴𝐴 𝑒𝑒𝑓𝑓𝑓𝑓

𝐹𝐹 �2
3

𝑅𝑅𝑏𝑏
�𝛽𝛽 2−𝛽𝛽𝐶𝐶𝑙𝑙

2 �
2 3�

𝛽𝛽 2 �  
               

(7)

where, effective area is represented by Aeff , Rb is denoted for 
bending radius, propagation constant is β = 2πnco/λ , and βcl 
= 2πncl/λ, core refractive index is nco and cladding refractive 
index is ncl 

The bending loss with respect to frequency is shown in Fig. 
11 at Rb=1 cm and Rb=2 cm for both ethanol and benzene. 
It confirms that bending loss decreases with increasing 
frequency. Numerical value for the reported PCF is negligible 
which is 7.31804×10-36 cm-1 and 1.35782×10-34 cm-1 for 
benzene and ethanol at Rb =1 cm at 1.5 THz . For the Rb=2 
cm, bending loss is 6.56878×10-72 cm-1 and 2.41875×10-69 
cm-1 at 1.5 THz.

Fig. 11. Bending loss of proposed PCF for benzene and ethanol at 
Rb=1cm and Rb=2cm
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Fig. 12. Effective area `of suggested PCF according to frequency 
variation for ethanol and benzene.

Effective area is the core area covered by interaction of light. 
High value of effective area is always appreciated for PCF 
which depends on the strut size and air hole. Reported fiber 
effective area is calculated by following expression [30],

𝐴𝐴𝑒𝑒𝑓𝑓𝑓𝑓 = [∫ 𝐼𝐼(𝑟𝑟)𝑟𝑟𝑑𝑑𝑟𝑟 ]2

[𝐼𝐼2(𝑟𝑟)𝑑𝑑𝑟𝑟 ]2   
 

(8)

Where I(r) = ⌈Et⌉2   stands for the transverse electric intensity 
distribution of total cross-section of the fiber. The effective 
area of the reported photonic crystal fiber is presented in Fig. 
12 which shows that a decrease of effective area increases the 
operating frequency. Another property of photonic crystal 
fiber is dispersion. Low and flattened dispersion is always 
recommended for good optical fiber as the transmission 
depends on dispersion. Effective refractive index directly 
affects the dispersion. This is also a reason behind taking 
zeonex as host material as it has a constant refractive index 
up to 3 THz. Waveguide dispersion of the proposed fiber can 
be determined by following equation [31],

   
𝛽𝛽2 = 2

𝑐𝑐

𝑑𝑑  𝑛𝑛𝑒𝑒𝑓𝑓𝑓𝑓
𝑑𝑑𝑤𝑤

+ 𝑤𝑤
𝑐𝑐

𝑑𝑑2𝑛𝑛𝑒𝑒𝑓𝑓𝑓𝑓
𝑑𝑑𝑤𝑤 2   

                    
(9)

Where w = angular frequency, speed of light is c at free 
space. Effective refractive index of proposed optical fiber is 
denoted by neff. The dispersion of the reported optical fiber 
is shown in Fig. 13 with the variation of frequency.  It is 
seen that suggested PCF has enough flattened behavior from 
1.4 THz to 1.9THz frequency. Numerically, dispersion of 
the suggested optical fiber is 0.55±0.10 ps/THz/cm for both 
ethanol and benzene. Comparison among existing photonic 
crystal fibers and the proposed PCF is shown in Table 1. 
From Table 1 it is clear that the proposed PCF achieved some 
noticeable improvement in sensitivity of chemicals as well 
as optical fiber loss.

Fig. 13. Dispersion of suggested fiber for both chemical with 
respect to different frequency.

Table 1: Comparison among previously Reported and 
proposed designs.

Year Sensitivity
(%)

CL
(dB/m)

EML
(cm1)

Frequency
(THz)

Ref.

2017 53.35% 1.6×10-10 --- 1.33 [22]

2018 57.91% 1.6×10-3 --- 1.33 [21]

2017 65.18% 5×10-9 --- 1.55 [23]

2019 78.5 % 1.15×10-9 0.028 1.7 [24]

2019 79.2% 3.2×10-9 0.0389 1.5 [26]

Proposed 83.6% 8.11×10-12 0.029 1.5

 4. Fabrication options

There are different kinds of fabrication methods invented 
for symmetrical and asymmetrical structure. Stack and 
draw sol-gel, capillary extrusion, and 3D printing process 
are made their place at the microprocessing sector [32,33]. 
National Oceanography Centre and optoelectronics research 
center Southampton, UK exposed the extrusion and 3D 
printing fabrication process for suspended geometry [34]. 
As our geometry formed with 6 symmetrical sectored core 
and cladding in a circular manner, 3D printing and extrusion 
fabrication process should be suitable for the proposed 
suspended geometry.

5. Conclusion

A different kind of suspended geometry is established 
with numerical analysis for developed PCF. For suggested 
optical fiber design, numerical result gives the provenance 
of high preference. Proposed geometry shows extremely low 
confinement loss of 1.8×10-12 cm-1 and very low effective 
material loss of 0.029 cm-1. It also showed a high sensitivity 
of 83.6% and 83.3% for benzene and ethanol respectively. 
Moreover proposed microstructure geometry can be easily 
fabricated by existing technology. So we can hope, it will 
bring significant development in the sector of PCF base 
chemical detection and THz wave propagation.
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