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ABSTRACT

Numerous techniques and technologies have been proposed for the detection and identification of hazardous chemicals that can harm the
lungs and respiratory system as well as the central nervous system and kidneys when inhaled. Most practical techniques can be carried out
by extraordinary professionals in well-equipped facilities. A reliable, simple, highly sensitive, and feasible sensing technique is still required.
A potential sensor for these harmful chemicals is the photonic crystal fiber (PCF), which achieves several unique properties. A square-core
PCF sensor is proposed in this work for the detection of detrimental gases (tetra-chloro silane, tetra-chloro methane, turpentine, and tin
terra-chloride) in the THz region. The cladding region is divided into three rings, and each ring has rectangular and square air holes.
Within the operating region, we have found a relatively high sensitivity of 96.185% along with 95.407% core power fraction, 0.2211 numeri-
cal aperture, and a low effective area of 154 470 um? at 1.9 THz frequency. Ignorable confinement loss of 3.071 x 10™"* cm™ and effective
material loss of 0.007 72 cm™" have been also found. Additionally, the current manufacturing techniques guarantee the viability of the pro-
posed PCF sensor’s manufacture. These obtained results demonstrate that the proposed sensor can be effectively employed for applications
involving hazardous chemical compounds, gases, and biosensing.

€6'85'60 €20T dunf 0¢

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0152927

I. INTRODUCTION vapor form, can damage the liver and kidneys as well as the central
nervous system. Long-term exposure can be fatal. Tetra-chloro

terra-chloride (SnCly), and turpentine (C,oH,q) are chemical com- silane, often known as silicon tetrachloride, is an inorganic chemi-
pounds that are widely used in the industrial sector.”” The chemi- cal having the formula SiCl,. It is a volatile colorless liquid that
cal compound tetra-chloro methane is also known as carbon fumes in the air. It is used for the production of silica and high-

tetrachloride. It is a colorless liquid with a sweet fragrance. At  purity silicon for industrial applications. In China, pollution from
lower temperatures, it has no combustion potential. Due to safety silicon tetrachloride manufacture has been linked to the rise in the

Tetra-chloro methane (CCly), tetra-chloro silane (SiCly), tin

and environmental concerns, it has now been phased out of use in ~ solar cell demand. According to the Material Safety Data Sheet, the
cleaning agents, fire extinguishers, and as a precursor to refriger- inhalation of silicon tetrachloride results in burning sensation and
ants. High levels of carbon tetrachloride exposure, including its sore throat. Tin terra-chloride is a colorless hygroscopic liquid
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inorganic compound. It fumes upon contacting the air. It is used as
a precursor to other tin compounds. It was utilized in World War I
as a chemical compound because when it comes into contact with
air, it produces an irritating dense smoke. This smoke is not fatal.
Turpentine is a substance made by distilling resin from living trees,
primarily pines. It serves primarily as a specialized solvent but can
also serve as a raw material for the chemical synthesis. As an organic
solvent, its vapor can harm the lungs and respiratory system as well
as the central nervous system and kidneys when inhaled.

Numerous techniques and technologies have been proposed
for the detection and identification of hazardous substances. High
detection sensitivity has been attained using liquid chromatogra-
phy.” However, this practical technique can be carried out by
extraordinary professionals in well-equipped facilities. With
required tools, this process needs preparation, which makes it time-
consuming. We require a reliable, highly sensitive, and feasible
approach because of these factors. Up to now, the development of
optical techniques is widely going in the field of analytical chemis-
try. A potential sensor for these harmful chemicals is photonic
crystal fiber (PCF). PCF achieves several unique properties, includ-
ing increased stability, design resilience, relative ease of use, robust-
ness, etc. Due to these properties, PCF can be used in several
applications.”” These applications were not possible with usual
optical fibers.” Researchers have become interested in the applica-
tions of PCFs more and more due to their unique properties. To
improve sensing performance, researchers have recently proposed a
range of PCF-based chemical sensor architectures.”'® The transi-
tion region of electronics and photonics can be established after
linking the gap between microwave and infrared regions. This can
be achieved with the terahertz (THz) frequency spectrum. This
range of frequencies can offer some surprising potentials for the
characterization of skin cancer detection, biological material detec-
tion, detection of explosives, and most significant chemical
sensing.'”'® Recently, a PCF-based sensor was proposed for the
detection of sulfur dioxide as one of the major air pollution con-
tributors. The numerical investigation was carried out in the spec-
tral range from 0.8 to 1um. A highest sensitivity of 59.34% was
obtained in this work.'” In another work, a side-polished birefrin-
gent PCF was proposed for sensing applications. The polished face
of the PCF structure is coated with an indium tin oxide layer to
stimulate surface plasmon. The analytes were placed on the flat face
of the PCE.”’ More fields can be coupled to the ITO-dielectric
interface due to the structure’s birefringence. A sensitive PCF for
the detection of humidity was proposed and numerically analyzed.
The cladding of the PCF was coated with a graphene layer and a
silver film. The outermost layer is coated with an agarose gel mate-
rial to form a layer that is very sensitive to moisture.”’ The above-
mentioned detrimental chemicals serve as silent executioners and
pose a serious threat to people’s health.””*’ Therefore, a robust and
perfect detection method for these harmful compounds is urgently
needed. To cope with this issue, we propose a square-core PCF as a
chemical detector.

In this paper, a square-core PCF is proposed and numerically
analyzed for the detection of different chemicals, namely, CCly,
SiCly, SnCly, and CyoHj6. The primary objective of constructing the
proposed sensor is to detect detrimental chemicals that can be
widely found in the industry sector. They can seriously harm
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people when exposed to them. Cancer and damage to the liver,
kidneys, eyes, and nervous system are few of the consequences of
the exposure. The remaining sections of this article are arranged as
follows. Section II describes the proposed sensor design parameters.
The fabrication feasibility is also provided in this section.
Section III highlights the calculation techniques for various PCF
optical properties. The results from the current study are thoroughly
discussed in Sec. IV, and we also compare these results with earlier
published works. A brief conclusion is provided in Sec. V.

Il. DESIGN CONSIDERATION
A. Model design

The design mechanism of the proposed sensor is described in
this section. Typically, two steps are required to fully investigate the
issue. The first step is using the finite element method to design
the elementary structure, while the second one is to plot the
various optical properties. The proposed PCF has a square core (s;)
with 470 um side length and is designed with air cavities in both
square and rectangular shapes in the cladding region. The cladding
region has three rings. Four squares (s,) and four rectangles (r;) are
organized in the first ring of the cladding area, with each square
having a side length of 240 ym and each rectangle having a height
and width of 500 and 240 um, respectively. Four identical squares
(s2) of a side length of 240 um and four identical rectangles (r) are
grouped in the second ring of the cladding area. The height and
width of each rectangle (r,) are 1120 and 240 um, respectively. The
third ring in the cladding region is composed of four rectangles
(r3), each 220 um in width and 850 um in height. The fiber has a
radius of 1250 m, and a 125um thick PML is applied to prevent
light scattering from the fiber. We have chosen a 10% radius of the

entire fiber as the PML since an ideal selection of PML is necessary |
for effective loss measurement. All the parameters employed in the ¢

PCF-based sensor are displayed in Table I. Any type of sensing
application raises questions about fiber material selection. Zeonex
has been chosen as the fiber material for our investigation. This
polymer material was chosen for several reasons. First, it exhibits a
constant refractive index (REIX) of 1.53 in the THz regime.
Second, it shows a minimal bulk absorption loss and a higher glass
transition temperature. Figures 1(a) and 1(b) show the proposed
structure, and its extremely fine mesh is shown in Fig. 1(c). The
extremely fine mesh is applied, and it is found to have 13078
domain elements and 1636 border elements.

B. Fabrication feasibilities

One of the most significant issues in sensor usability is its fab-
rication feasibility. To ensure safe production without any damage,
researchers are working to keep their designs as straightforward as
they can. 3D printing, extrusion, stack and drilling, capillary stack-
ing, and solgel are some of the widely utilized fabrication tech-
niques used for PCF manufacturing. Solgel technique and capillary
stacking make it simple to create circular-shaped PCFs. Some struc-
tures, such as PCFs with rectangular, elliptical, or square shapes,
can be fabricated using extrusion and 3D printing technologies.
The proposed structure has been selected to guide the light tightly
inside the PCF core and to detect these harmful chemicals since
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TABLE I. The parameters used in the proposed PCF.

Length of s, 470 um
Length of s, 240 um
Height of r; 500 um
Width of r, 240 um
Height of r, 1120 um
Width of r, 240 um
Height of r3 850 um
Width of r3 220 um
Distance between the core and air holes 35um
Distance between adjacent air holes 20 um
R 1250 um
PML 125 um
OZeonex 02cm™!
NZeonex 1.53
NsiCly 1.411 56
nccl, 1.461
NCHye 1.472
NsnCly 1.5086

they have relatively high REIX. The Max Plank Institute recently
produced a variety of complex-designed PCF structures. Since our
proposed PCF sensor contains square and rectangular air holes, the
aforementioned technologies, more notably the 3D printing and
extrusion techniques, ensure the fabrication possibilities of this pro-
posed sensor.

11l. METHODOLOGY

The chemical analyte is first introduced into the PCF core in
order to begin the analysis. The speed of light in a medium is
determined by its REIX. The performance of the sensor can be
assessed based on specific sensing properties such as confinement
loss, relative sensitivity, effective area, power ratio, and effective
material loss. Relative sensitivity is the most significant characteris-
tic. Typically, sensing is carried out by comparing the REIX. To
calculate the relative sensitivity, one must calculate the light inten-
sity that directly interacts with the sensor analyte. The power ratio
(PF), which is used to measure the light extent associated with the
analytes in the core, has a substantial impact on relative sensitivity.
The power factor is given by’

PF — janalyte Re{ExHy - HxEy}dxdy
Latal Re{ExH;V - HxEy}dxdy ’

%, (1)

where the amount of light propagating in the core and total cross-
sectional regions of the PCF are represented by the numerator and
denominator, respectively.

The following equation is used to determine the relative sensi-
tivity (RS) to an analyte where 7, and n. are the analyte and the
effective modal REIX,"

RS =" PF, %. @)
Heff
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Confinement loss (CL) is the loss that results from the optical
confinement decreasing due to the cladding-core configuration of
the PCF. The amount of light that is collected by air holes of the
cladding area serves as a measure of this loss. When the CL is
lowelr,1 8the sensor quality will be higher. The CL is calculated by
using

CL = 8.686 x ko x Im ginary(ne) x 1072, cm™}, 3)

where ko = 27/A, A is the light wavelength and Imginary(ngy) is
the imaginary part of the modal REIX.

Sometimes, light can propagate out from the analyte in the
core region. The zone where analyte sensing is most efficient is
known as the effective area (EA) sometimes denoted as Aqg. A
high-power density in the zone can be created by a lower EA with a
significant nonlinear effect. A.¢ can be expressed as'®

([1Edxdy)”

eff = j|E4|dxdy > qm=. (4)

A substantial amount of loss can be added to a PCF sensor

due to the background substance. The loss that comes from the

background substance is called effective material loss (EML). It can

be dramatically reduced by reducing the amount of background
substance. EML can be evaluated using'’

€0
- fmut nmutamut|E‘2dA
)UO 1

EML = ] , cm o, (5)
LHE(E < H )szl

where #,, = 1.53 and ¢, = 0.2 cm™! are the REIX and bulk :

absorption parameter of zeonex. t, and g, are the free space per-
meability and permittivity.

The numerical aperture (NA) is the largest allowable angle of
incidence of injected light. The NA value depends on EA, light
speed (c), and operation frequency (f). Since it measures how well
a fiber can confine radiation, a greater value for it is anticipated.
NA is given by'”

—1/2

NA = (1 + nf*Aeg/c) (6)

IV. RESULTS

In this section, the performance of the PCF sensor is exam-
ined numerically. Four chemical materials are considered, namely,
SiCly, CCly, CioHys, and SnCly. To measure the effectiveness of the
designed PCF sensor, some optical properties (effective mode
index, power factor, relative sensitivity, effective area, numerical
aperture, effective material loss, and confinement loss) are investi-
gated in the spectral region of 1-2 THz. The main aim of the
current work is the detection of four chemicals
(SiCly, CCly, CyoHys, and SnCly) in both polarization directions
(x-polarized and y-polarized). All the above-mentioned PCF prop-
erties depend on the effective mode index that is illustrated in
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PML

Zeonex

Analyte

Air

FIG. 1. (a) Cross-sectional representation of the proposed PCF sensor, (b) schematic diagram of the proposed PCF, and (c) extremely fine meshing output with 13 078

domain elements and 1636 boundary elements.
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y-polarized

(b)

—=—SiCl,
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o C10H1B
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Frequency (THz)

FIG. 2. Effective mode index of SiCly, CCls, C1oH4e, and SnCl, in (a) x-polarized and (b) y-polarized.
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FIG. 3. Representation of the field distribution of the proposed PCF at f=1 THz. x-polarization is shown in Fig. 3 (a),

(@), (
Fig. 3 (b), (d), (f), and (h). The analytes are SiCl, (a) and (b), CCl4 (c) and (d), C10H1s () and (f), and SnCl, (g) and (h). The color scales represent the electric field
norm (V/m) and the red arrows indicate the magnetic fields.
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FIG. 4. Power factor of SiCl,, CCly, C1oH1s, and SnCl, in (a) x-polarized and (b) y-polarized.

Fig. 2 for x- and y-polarizations for all analytes. The effective mode
index ranges between 1.375 and 1.49 for all analytes and polariza-
tions, which is relatively close to refractive indices of the analytes.
This is a good sign that indicates a sensor of high sensitivity. The
mode field distribution for these analytes is displayed in Fig. 3 at
1.9 THz frequency. The figure shows light propagation through
these analytes in x- and y-polarizations. Only a small portion of
the light leaves the core region; therefore, loss is expected to be
limited. The greatest light confinement is displayed in the black-red
region. As one approaches the core border, the intensity gradually

96 |-x-polarized -
—~ () 1
= aa . e ]
= /k‘i# ————,
= o2 / ——sicl,
2 ——cC0l,
g | -/./.-——'—ﬂ\-\-\-\ e C1OH16
= @l ——SnCl,
o)
[}
X 86 .
1.0 1.2 14 1.6 1.8 2.0
Frequency (THz)

decreases, and the red arrow indicates the direction in which light
travels. The power fraction as a function of the light frequency is
plotted in Fig. 4. Since the light is well-contained inside the square

core, the power fraction is high. In x-polarized,
93.37%, and 95.41% power fractions are, respectively, obtained for
SiCly, CCly, CioHjs, and SnCly, respectively, at 1.9 THz frequency.
For y-polarized, the power fractions for SiCly, CCly, CyoHjs, and
SnCly are 85.999%, 92.52%, 93.38%, and 95.407%, respectively, at

1.9THz frequency. For an efficient sensor, the
should be as high as possible.

86%, 92.509%,

power fraction
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FIG. 5. Relative sensitivity of SiCl,, CCly, C4oH4e, and SnCly in (a) x-polarized and (b) y-polarized.
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FIG. 6. Effective area of SiCl,, CCls, C1oH16, and SnCl, in (a) x-polarized and (b) y-polarized.
The main performance parameter is sensitivity, and high sen- The effective area (Agy) profile for SiCly, CCly, CioHys, and
sitivity can be attained by careful design. Figure 5 illustrates the rel- SnCly is shown in Fig. 6. The effective area shows a systemic behav-

ative sensitivity of SiCly, CCly, CioHjs, and SnCly analytes in ior with the frequency. It shows a continuous decrease with increas-
x-polarization [Fig. 5(a)] and y-polarized modes [Fig. 5(b)]. In ing frequency. This behavior is due to the compactness of TE mode
both polarizations, the sensitivity ranges between 86.522% and inside the core zone with increasing frequency. Since the effective

96.185% for SiCl, and SnCl,, respectively. The highest sensitivity of ~ area is the region where sensing is most efficient and a high-power <
the proposed PCF sensor can be obtained with the SnCl, analyte density in the zone can be created by lowing the effective area, &
that is extremely high sensitivity. The reason behind the variation reduction in Ay is desired for increasing the sensing performance. §
in the sensitivity of different analytes is the variation of the REIX. Figures 6(a) and 6(b) reveal the effective area of SiCls,, CCly, g
A higher REIX analyte leads to better sensitivity. CyoH,6, and SnCl for both polarizations, respectively. The effective §
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FIG. 7. Numerical aperture of SiCls, CCly, C4oH4e, and SnCly in (a) x-polarized and (b) y-polarized.
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FIG. 8. Effective material loss of SiCl,, CCly, C1oH1s, and SnCl, in (a) x-polarized and (b) y-polarized.

areas of SiCly, CCly, C;oH;6, and SnCl, are 121760, 145270,
148 900, and 154 460,um2 in x-polarized and 121762, 145281,
148 903, and 154 471 um? in y-polarized, respectively.

The numerical aperture behavior is shown in Fig. 7. It shows a
behavior similar to that of the effective area. It also shows a contin-
uous decrease with increasing frequency. It ranges between 0.2 and
0.36 for all analytes for x- and y-polarizations. The best value for
the numerical aperture should be as high as possible.

During propagation, each PCF device experiences some losses.
Two of the most significant losses are effective material and con-
finement losses. An efficient PCF sensor must have minimum
losses to perform well. The variation in the effective material loss
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=
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()]
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with the frequency is shown in Fig. 8. Two significant conclusions
can be drawn from the figure: (1) the effective material loss exhibits
very small values of about 0.0075 to 0.03 and (2) it shows a little
dependence on the frequency.

The second type of optical loss that a PCF device experiences
through the propagation of light is confinement loss. A very small
value of the confinement loss is required. Figure 9 shows the con-
finement loss of the proposed PCF sensor for the four analytes for
x- and y-polarizations. Initially, a higher confinement loss is
attained for SiCl, at a frequency of f=1THz. With the increment
in the frequency, the confinement loss decreases and shows
neglected values of the order of 107'*. At 1.9 THz frequency, the
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FIG. 9. Confinement loss of SiCls, CCl, C4oH1e, and SnCl, in (a) x-polarized and (b) y-polarized.
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TABLE II. Performance comparison between the most recently published PCFs and the current work.
Reference RS (%) A (um?®) CL (cm™) EML (cm™) PF (%) NA
24 94.9 1x107°
25 56.65 532x107*
26 95.30
27 57.61 10.48 x 10°
28 88.65 5.45 x 10° 9.162x 10710 0.005
29 94.50
30 81.70 1x107° 0.023
31 91.5 397 340 487x107 1! 0.004
32 90+1 5x10* 107161 0.02
33 92.3 209930 594x 1071 0.006
34 922 93754 6.52x 1071 0.0117 0.194
35 94.2 3.13 x 10° 1.28x107"3 0.0059 93.25 0.177 07
This paper 96.185 154 470 3.071x 107 0.007 72 95.407 0.2211
obtained confinement loss is found as 2.0994 x 1074, ACKNOWLEDGMENTS

0.90567 x 107", 2.2704 x 107", and 4.4567 x 10™"* cm™" for SiCl,,
CCly, CyoHis, and SnCly, respectively, in x-polarized. In
y-polarization, the confinement loss is 0.15581 x 1074,
22078 x 107", 0.48434 x 107", and 3.071 x 10~ cm™" for SiCls,
CCly, CioH;6, and SnCly, respectively.

Table II compares several optical characteristics of the current
sensor to earlier research in order to show the effectiveness of our
suggested sensor. The current PCF sensor shows higher relative
sensitivity, higher power fraction, and higher numerical aperture. It
also shows a low effective area, effective material loss, and confine-
ment loss compared to most published articles.

V. CONCLUSIONS

In this work, we have investigated the use of a PCF sensor to
identify harmful gases (SiCly, CCly, CioH6, and SnCly). The pro-
posed PCF has a square core and is designed with air cavities in
both square and rectangular shapes in the cladding region. The
cladding consists of three rings. Four squares and four rectangles
are organized in the first ring of the cladding area. Four identical
squares and four identical rectangles are grouped in the second
ring. The third ring is composed of four rectangles. The fiber has a
125um thick PML applied to prevent light scattering from the
fiber. The analysis has been conducted using COMSOL 5.6 that is
based on the finite element method. The proposed sensor has
shown satisfactory performance when operating in the spectral
range of 1-2THz. A relatively high sensitivity of 96.185% along
with 95.407% core power fraction, 0.2211 numerical aperture, and
a low effective area of 154 470 um? at 1.9 THz frequency have been
obtained. Ignorable confinement loss of 3.071x 10™"*cm™" and
effective material loss of 0.00772cm™" have been also found.
When compared with the recently published PCF work, it shows
superior performance. After evaluating its performance, we can
claim that the proposed sensor can be an effective candidate in the
fields of hazardous chemical compound detection, gas detection,
and biosensing.

The authors are thankful to the Deanship of Scientific
Research at Najran University for funding this work under the
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