
Physics Open 17 (2023) 100168

Available online 22 July 2023
2666-0326/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Design and numerical analysis of a novel photonic crystal fiber based 
chemicals sensor in the THz regime 

Md Selim Hossain a, Rakib Hossen b, Syada Tasmia Alvi c, Shuvo Sen d,*, Md Al-Amin e, 
Md. Mahabub Hossain a 

a Department of Electronics and Communication Engineering (ECE), Hajee Mohammad Danesh Science and Technology University (HSTU), Dinajpur, 5200, Bangladesh 
b Department of Educational Technology (ET), Bangabandhu Sheikh Mujibur Rahman Digital University, Bangladesh Kaliakoir, Gazipur, 1750, Bangladesh 
c Department of Computer Science and Engineering, Daffodil International University, Dhaka, Bangladesh 
d Department of Information and Communication Technology (ICT), Mawlana Bhashani Science and Technology University (MBSTU), Santosh, Tangail, 1902, 
Bangladesh 
e Department of Electrical and Electronic Engineering (EEE), Daffodil International University (DIU), Dhaka, Bangladesh   

A R T I C L E  I N F O   

Keywords: 
TOPAS-Based PCF 
Hexahedron core 
EML loss 
Larger effective area 
High core power fraction 
PCF 
Scattering loss 
Etc 

A B S T R A C T   

We presented a decagonal cladding and hexahedron core-based photonic crystal fiber (PCF) to sense chemicals in 
the terahertz frequency (THz). Circular air holes (CAHs) in the cladding region make up the proposed sensor. A 
wide variety of frequencies were evaluated to analyze the sensor’s performance in terms of sensitivity, 
confinement loss, and effective material loss respectively. We designed and quantitatively analyzed the optical 
properties of our proposed hexahedron-based PCF sensor using the finite element method (FEM). Square-shaped 
air hole length, strut, and core size have also been researched to improve the performance of the proposed 
sensor’s sensing components and fabrication tolerance. At ideal conditions, the suggested PCF sensor has a 
maximum relative sensitivity of 94.65%, confinement loss of 6.01 × 10− 8 cm− 1, effective material loss (EML) of 
9.16 × 10− 4 cm− 1, and effective mode area (EMA) of 1.35 × 10− 7 m2. We are confident that the suggested 
sensor’s optimized geometrical structure will be manufacturing-friendly, as well as the sensor’s contribution to 
practical uses. Furthermore, our proposed PCF fiber will be ideal in the terahertz (THz) regions for various 
optical communication applications and medicinal signals.   

1. Introduction 

Detecting an unknown material is a fascinating topic in science, and 
finding a little particle or analyte anywhere in the world is a required 
effort. To meet society’s needs, researchers are designing and inventing 
new types of sensors. Some of these compounds are hazardous to human 
health. Chemicals of the type of ethanol are frequently used for many 
different things because it is regarded ed a main substance [1]. Alcohol 
and water are the main analytes because they make up most chemical 
solutions [2]. Alcohol is colorless and freely flowing, thus many studies 
have been done on various types of chemical sensing that are connected 
to alcohol sensing [3,4]. Therefore, a quick and accurate chemical 
sensing method is needed to ensure the protection of human health. For 
today’s fiber-optic communication, Photonic Crystal Fiber (PCF) is ad-
vantageous because it has certain distinct advantages over traditional 
fiber. Due to this, communication sectors such as telephony, various 

types of sensing, and so on are boosted [5,6]. The primary method for 
light to pass through a PCF with the least amount of confinement loss 
[7], strong nonlinearity [8–10], zero-dispersion [11], and other features 
is through total internal reflection. The PCFs have advanced to the 
forefront of liquid and dangerous chemical sensing because of these 
distinct qualities (guiding light). Along with other optical characteris-
tics, such as effective material loss (EML) [12], birefringence [7], 
dispersion, confinement loss [13,14], and absorption loss [15], PCF can 
reduce these by adjusting the air hole diameter or pitch spacing. The 
qualities listed above are examined for several types of PCF architectures 
in Refs. [16,17]. [18–20] mentions several outstanding works in 
chemical sensing. For various analyte types, various PCF sensor types 
are given in Refs. [21–26]. THz waves usher in a new age in the study of 
chemical sensing, biomedical engineering, fiber optic communication, 
and other fields [27,28]. 

The distance between infrared and microwave rays is covered by this 
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Fig. 1. Designing views of hexahedron-based PCF fiber, (a) decagonal cladding area (b) hexahedron core area. Mode field distributions for (c) polarization of x at the 
1 THz. (d) Polarization of y at the 1 THz 
Fig. 1(e): Representation of working procedure of the proposed PCF model [5]. 
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region. THz sensing has greater spatial resolution than other sensors and 
has no ionizing effects, making it more useful than other sensors [29]. In 
the THz region, several chemical sensing-related research projects have 
recently been conducted. By presenting a PCF with a folded cladding 
shape, Paul et al. [21] recently attained a sensitivity of 65.18%. Addi-
tionally, in 2017, they used a porous PCF structure to detect alcohol with 
69.09% sensitivity [30]. Using TOPAS as a backdrop material, the re-
sults were obtained for benzene, ethanol, and water, respectively [31]. 
Using hexahedron-cored PCF, the authors reported 64% sensitivity for 
liquid compounds (tabun and sarin liquids) in Ref. [32]. Kanmani et al. 
in Ref. [33] employed Polytetrafluoroethylene as background material 
and a slotted core PCF to achieve a sensitivity of 77.08%, 77.18%, and 
77.23% for benzene, ethanol, and water, respectively. There are op-
portunities to increase sensitivity because the findings of all the research 
do not indicate an acceptable degree of sensitivity. 

We presented a Hexahedron PCF in this study to reduce relative 
sensitivity and simplify fabrication by using a straightforward geometric 
design for the PCF framework. To find the best structural conditions, 
which combined high relative sensitivity, low confinement loss, and low 
effective material loss, we changed the core size and distance between 
the cladding air holes. The proposed hexahedron PCF sensor features a 
large core area that will allow a high volume of analyte to be inserted 
into the core. Additionally, a hollow core fiber’s regulated mode is 
tightly contained within the fiber’s core, this significantly minimizes the 
influence of background material on the wave-guiding characteristics of 
the fiber [23]. The suggested hexahedron PCF sensor’s relative sensi-
tivity and other optical properties have been analyzed using the finite 
element approach. 

2. Design methodology of the single mode PCF 

Fig. 1 depicts the geometry of a five-layer air trough (AH) and a two- 
layer core focus of hexahedron development. The distance is defined by 
the constraints A1 and d1 in the adjourning area which are the accurate 
arrangement method dc and Ac are constraints shown in dissimilarity in 
the rotating core area of the hexahedron. The three chemicals that make 
up refractive indices are ethanol, benzene, and water. They are centered 
on their refractive list values (chemicals). Topas, on the other hand, is 
used to contribute to high RS and high low CL. When the constraints d1/ 
A1 are enlarged, they are referred to as the air-filling ratio, which also 
aids in reducing production problems in the cover zone. Therefore, our 
PML-based D-PCF and FEM fibers, like RF, CL, AE, total energy factors, 
and an efficient mode index allow the recovery, from 0.80 tons of ter-
ahertz to 3.0 tons of THz, are clearly shown. Here, the PML (boundary 
condition) of thickness is indicated by the 8% of the maximum fiber 
diameter and optimized design parameters for core diameter (dc) = 82 
μm, core pitch (Λc) = 84 μm, five layers of cladding diameter d1 = d2 =
d3 = d4 = d5 = 320 μm and five layers of cladding pitch such as A1 = Λ2 
= Λ3 = Λ4 = Λ5 = 380 μm, The PML layer is mainly responsible for 
confining the structure properly and performing the better to achieve 
guiding properties such as the relative sensitivity, confinement loss, 
effective area, and effective mode index according to the terahertz fre-
quency wave range from 0.80 to 3.0 THz. 

In Fig. 1(e), light laser is passed through the analytic PCF core, and 
the optical spectrum analyzer (OSA) will provide data to the computer 
to analyze the optical properties like effective area, RS, CL, and effective 
mode index of the injected alcohols. Then the computer will represent 
data numerically and graphically. 

3. Results and discussions 

To identify the best sensor construction conditions, many parameters 
were adjusted while considering the relative sensitivity of the suggested 
hexahedron PCF. Cladding air hole length, structure distance between 
air holes, and change in core size were the three parameters. By 
measuring relative sensitivity, the suggested hexahedron PCF’s sensing 

ability was assessed. The following equation was applied to the calcu-
lation [18]: 

R=
na

neff
× P (1) 

Na is a representation of the sensing analyte’s refractive index. The 
sensing analyte (na) employed in our study has a 1.33 water refractive 
index. The value of neff, which indicates the guided mode’s effective 
mode index for the analyte, was acquired from the FEM approach during 
the simulation regarding various frequencies. The effective mode indices 
value for the x and y polarization modes is shown in Fig. 2 along with the 
frequency. The mathematical expression for the power factor ratio, P, is 
[34]: 

P=

[ ∫
Re(Ex,Hy,Ey,Hx)dxdy

]1

[ ∫
Re(Ex,Hy,Ey,Hx)dxdy1

x100 (2)  

Where, Ex and Ey, respectively, stand for the electric fields of the x and y 
components. Hx and Hy stand for, respectively, the magnetic field in the 
x- and y-direction. 

For equal divergences with perfect parameters and a ±2% change in 
the parameters, Figs. 2 and 3 are displayed by the RS frequency. From 
the graphical representation, it can be observed that the RS of ethanol, 
benzene and water decreases from 1.10 THz to 3 THz due to frequency 
diversity, and it behaves like an additional accumulative mode from 1.0 
THz to 0.8 THz. The numerical data associated with ethanol, benzene, 
and water, where their respective refractive indices are 1.354, 1.366, 
and 1.33 and the comparatively sensitive values for them are 92.55%, 
94.65%, and 90.30%, respectively. 

In PCF fiber, we compute the power fraction by how much power or 
energy flowing through the PCF structure. Therefore, the power fraction 
is determined by Ref. [32], 

Fig. 2. RS vs 3 chemical frequencies for both polarizations at the 
ideal conditions. 

Fig. 3. RS vs 3chemical frequencies for both polarizations at ±2% Varia-
tion Parameters. 
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η=

∫

i
SzdA

∫

all
SzdA

(3) 

Here, the nominator integration shows the region of interest such as 
core, cladding or air hole. Besides, the denominator integration discloses 
the whole cross-sectional area. 

In Fig. 4 shows the power fraction responses with the frequency for 
both polarizations at the optimal design parameters. Here, it is seen that 
the power fraction increases according to the frequency range from 0.80 
THz to 1.50 THz and then starting decreases the power fraction with the 
frequency range from 1.60 THz to 3 THz. Here, the power fraction peak 
values are 79.01, 80.02 and 76.89 for three chemicals such as Ethanol (n 
= 1.354), Benzene (n = 1.366) and Water (n = 1.330) at 1 THz (THz) 

frequency. 
The power fraction responses with the frequency are reported in 

Fig. 5 for ±2% variations with the optimum design parameters. It is also 
apparent that the peak value of power fraction is increased with the 
frequency wave range from 0.80 THz to 1.50 THz and the peak value of 
power fraction is decreased with the frequency wave pulse from 1.60 
THz to 3 THz. Here, 77.60, 78.02 and 77.03 are respectively power 
fraction peak values for the specified three chemicals such as Ethanol (n 
= 1.354), Benzene (n = 1.366) and Water (n = 1.330) at 1 THz (THz). 

Finally, from Figs. 4 and 5, we find that the peak values are different 
but the power fraction versus of frequency discloses the similar graph-
ical simulation outputs in the terahertz (THz) wave regions. 

Fig. 6 is defined with the effective mode index according to the 
frequency for x-polarization and y-polarization at the optimum design 
parameters. We visualize that the effective mode index increases with 
the frequency is increased. The peak value of the effective mode index 
value starts at 1.26 with a frequency range of 0.8 THz and the maximum 
peak value ends at 1.39 according to the maximum frequency range at 3 
THz. At 1 THz (THz), 1.29, 1.30, and 1.27 are effective mode index 
values for three chemicals as Ethanol (n = 1.354), Benzene (n = 1.366), 
and Water (n = 1.330). 

The effective mode index versus the frequency is presented in Fig. 7 
for ±2% variations with the optimal design parameters. We also see that 
the increase of frequency wave ranges with the effective mode index is 
being increased. Here, the starting peak value of the effective mode 
index is 1.26 with a frequency range of 0.8 THz and the extreme peak 
value of the effective mode index is 1.39 according to the frequency 
range of 3 THz Here, the effective mode index values are 1.31, 1.32 and 
1.28 for three chemicals such as Ethanol (n = 1.354), Benzene (n =
1.366) and Water (n = 1.330) at 1 THz (see Fig. 8). 

From Figs. 6 and 7, we see clearly that the graphical results of the 

Fig. 4. Total Power fraction vs frequencies are used to determine the 
best design. 

Fig. 5. Total Power percentage vs different frequencies ±2 Variations.  

Fig. 6. EMI for both polarizations with respect to the frequencies of 3 sub-
stances at the ideal conditions. 

Fig. 7. EMI for ±2% the best possible versions for both polarizations, accord-
ing to the frequency of 3 substances. 

Fig. 8. Effective Mode Index versus functional frequency.  
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effective mode index versus frequency displays a similar output in the 
terahertz (THz) wave pulse. 

The background material of TOPAS creates a very low EML and this 
EML is calculated by Ref. [32]: 

αea =

̅̅̅̅̅
Ɛ0

μ0

√
⎛

⎜
⎝

∫

mat
nmat |E|2 αmat dAt
⃒
⃒
⃒
⃒

∫

all
SztdAt

⃒
⃒
⃒
⃒

⎞

⎟
⎠
(
cm− 1) (4) 

In these graphical results, the EML is slightly increased with the 
frequency and EML is calculated 9.16104 cm.− 1 

We know that the effective area is the most essential optical property 
in any PCF fiber. Moreover, the larger effective area based PCF sensor 
shows the high relative sensitivity and the low confinement loss. Here, 
the effective area is defined by Ref. [31], 

Aeff =

[ ∫
I(rt)rtdrt

]2

[ ∫
I2(rt)drt

]2 ,m
2 (5)  

Where, the effective area is Aeff and the cross sectional electric field 
intensity is I(r) = |Aff |2. 

In Fig. 9 shows the effective area according to the frequency of the 
reported D-PCF fiber for optimum design parameters. Here, the effective 
area decreases with the increases frequency range from 0.8 THz to 3 
THz. In addition, the large effective area displays the high relative 
sensitivity and the low confinement loss in the terahertz (THz) wave-
guide. At operating region of 1 THz, the effective area for water, benzene 
and ethanol are 1.44 × 10− 7, 1.35 × 10− 7 m2 and 1.34 × 10− 7 m2. 

Confinement loss is another important optical characteristic in the 
PCF structure. Moreover, the low confinement loss PCF fiber displays the 
high relative sensitivity. Thus, confinement or leakage loss Lc is defined 
by Ref. [30], 

Lc = 8.686 × K0 Im
[
neff

]
(dB /m) (6) 

Here, K0 =2π
(

f
c

)
, the speed of photon is c and the frequency is f. 

Besides, the effective mode index as an imaginary part is Im (neff). 
In Fig. 10 discloses the confinement loss responses with frequency in 

the optimal design parameters. We see that the confinement loss de-
creases according to the increasing of frequency wave pulse. We also see 
that the confinement losses stay flat according to the frequency range 
from 2.10 THz to 3 THz. The confinement losses are 5.81 × 10− 08, 5.75 
× 10− 08 dB/m 6.01 × 10− 08 dB/m and 5.84 × 10− 08 dB/m for chemicals 
such as Ethanol (n = 1.354), Water (n = 1.330) and Benzene (n = 1.366) 
at 1 THz. 

In Fig. 11 displays the confinement loss according to the frequency 
for variations ±2% with the optimum design parameters. Here, we also 
see from this figure that the confinement loss is decreased with the 
increasing of frequency. In addition, the confinement losses also remain 
constant according to the frequency range from 2.10 THz to 3 THz. Here, 
7.81 × 10− 08, 7.83 × 10− 08 dB/m and 7.88 × 10− 08 dB/m are 
confinement losses for three chemicals such as Ethanol (n = 1.354), 
Benzene (n = 1.366) and Water (n = 1.330). After investigating Figs. 10 
and 11, we see that the confinement loss versus of frequency shows the 
similar graphical results. 

V-parameter displays the single mood communication, and the V- 
parameter is shown the following equation [29]: 

Fig. 9. Effective area region of PCF fiber built at different frequencies.  

Fig. 10. Optimal design parameters for PCF fiber confinement loss at various 
frequencies. 

Fig. 11. The suggested PCF fiber’s confinement loss at various frequencies with 
±2 Variations. 

Fig. 12. For the best design, different frequencies are used to compute the V- 
parameter of the developed SM-PCF. 
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V=
2πef

c

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ne2
coe − ne2

cle

√

≤ 2.045 (7)  

Where, the core and cladding area based effective mood index is defined 
by the ncoe and ncle and c is the radius of the core. 

In this graphical Fig. 12, the V-parameter is increasing with the 
frequency ranges from 0.80 to 3 THz and this V-parameter shows single 
mood communication system (V − parameter≤ 2.045) (see Fig. 13). 

Dispersion in optical fiber refers to the spreading or broadening of 
optical signals as they propagate through the fiber. This phenomenon 
arises due to the different propagation speeds of different wavelengths of 
light, causing the pulses to spread out over distance and time. The 
dispersion profile is directly impacted by the PCF’s ERI. The value of β, 
which is modality propagation constant, is derivable by means of the 
Taylor expansion in second order, as illustrated in Ref. [24]: 

β2 =
2
c

dneff

dω +
ω
c

d2neff

dω2 , [ps /THz / cm] (8) 

The propagation mode has two polarizations (x and y polarizations), 
Neff = Re (β)ω/c and ω = 2πf. The two polarizations that are utilized in 
the x and y propagation modes. In Fig. 12, it showed how to apply 

equations. The close-fitting behavior of polarization curves on both 
exerting left and right, they turned themselves is nicely shown in Fig. 12. 
In a wider frequency band, an even distribution between 0.97 THz and 
1.09 THz that is nearly nil has been observed. 

Sometimes, it is feasible to simultaneously transmit several optical 
signals with similar pulse spreads. The transmitted optical signal’s 
bandwidth can be increased thanks to the lower dispersion value. A 
flattened dispersion around zero is also seen over a more comprehensive 
frequency range of 0.97 THz to 1.09 THz. On certain occasions, it is 
possible for multiple optical signals to be transmitted at the same time, 
with their pulse spread being almost identical. The transmitted optical 
signal’s bandwidth can be increased thanks to the lower dispersion 
value. The proposed fiber exhibits this behavior with optical parameters, 
which is advantageous. 

The optimal design and designs for optical options like the RS and CL 
of the PCF have both demonstrated contrasts of around ±2%. Table 1 
demonstrates the ±2% variations’ modest sum of significant differences, 
and the RS and CL are best for unwinding. Thus, to avoid the manu-
facturer’s intricacy, we use superior plans. We are therefore prepared to 
state unequivocally that the suggested PCF, configuration is considered 
more suitable for industrial or biomedical applications, considering the 
positioning of the chemicals is involved. 

Finally, Table 2 demonstrates that the recommended optical sensor 
based on decagonal spectroscopy has a greater PCF than the other PCFs. 
As a result, when the PCF is placed, it will be crucial in optical wave-
guides as well as optical devices. 

Here, D-PCF framework’s innovative approach is a crucial element. 
The most popular construction techniques, including passenger plug, 
sol-gel, tiresome, attraction, and stack, are currently used to create PCFs. 
Recently, the method of Sol-gel [32,33] has been investigated as a means 
of improving sensor PCFs. However, this specific filling technique [42, 
43] leads to the center zones’ filling of chemicals or in any stack con-
taining PCF fibers. Superior management characteristics like RS, acci-
dents, EA, TPF, and EMI are improved because of choosing the feasible 
investigation on this particular supplemental method. 

4. Conclusion 

We proposed a decagonal cladding and a photonic crystal fiber core 
based on hexahedron (PCF) for sensory chemical applications. The THz 
frequency region proposed to sensitize chemicals by decagonal cladding 
air lights and hexahedron shaped core structure-oriented Hexahedron 
PCF. The relative sensitivity of 94.65% improved by changing the 
hexahedron core’s proposed geometrical design of the PCF at 1 THz 
operating frequency. In addition, a loss in confinement of 6.01 × 10− 8 

cm− 1 was obtained at ideal circumstances for the suggested PCF sensor, 
an effective material loss of 9.16 × 10− 4 cm− 1 and an efficient mode area 
of 1.35 × 10− 7 m2 has been gathered under ideal circumstances for the 
suggested PCF sensor. We are confident that the proposed sensor’s 
improved geometrical structure will make it easy to fabricate and that it 
will be useful in practical applications. 

Fig. 13. Dispersion curve as a function of the ideal PCF structure’s frequency.  

Table 1 
The table displays the best values around 1 THz with ±2% variations.  

Parameters 
(%) 

Relative sensitivity (%) Confinement loss (dB/m) 

Ethanol Benzene Water Ethanol Benzene Water 

+2% 93.20 95.52 91.24 7.81 ×
10− 08 

7.88 ×
10− 08 

7.83 ×
10− 08 

Optimum 92.55 94.65 90.30 5.80 ×
10− 08 

6.01 ×
10− 08 

5.75 ×
10− 08 

− 2% 91.04 93.34 88.95 7.31 ×
10− 08 

7.58 ×
10− 08 

7.70 ×
10− 08  

Table 2 
The comparison table compares the optical characteristics of the decagonal PCF structure to those of other PCFs.  

Prior in PCFs Operating region Relative Sensitivity (%) Confinement loss (dB/m) Design of structure 

Core Cladding 

PCF1 [35] f = 1 THz 60.05 1.43 × 10− 11 Rotated-Hexa circular holes Heptagonal 
PCF1 [36] f = 1.2 THz 64.00 1.12 × 10− 11 Elliptical holes Quasi 
PCF1 [37] f = 1 THz 74.54 7.72 × 10− 08 slotted core Quasi 
PCF1 [38] f = 1.3 THz 78.80 2.19 × 10− 09 Elliptical holes Quasi 
PCF1 [39] f = 1 THz 45.13 5.583 × 10− 05 Circular holes Hexagonal 
PCF1 [40] f = 1 THz 55.56 1.00 × 10− 05 Rhombic holes Hexagonal 
PCF1 [41] f = 1 THz 80.93 1.23 × 10− 11 Elliptical hole Circular 
Proposed  

D-PCF 
f = 1 THz 94.65 6.01 × 10− 08 Hexahedron Decagonal  
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