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Abstract

Terahertz (THz) spectroscopy is becoming a powerful technique for non-destructive,
label-free chemical sensing with applications ranging from medicinal research to security
screening. Enhancing THz spectroscopy’s sensitivity and selectivity is crucial to maxi-
mizing its potential. In this work, we offer a novel optical fiber design, square shape core
PCF that is tailored to exploit improved optical features at exterior in the THz region. This
analysis suggests that a square shape and three layers with square air apertures for the
cladding and core would be ideal. The mathematical analysis is carried out at THz wave
dissemination utilizing FEM and boundaries circumstance of the Perfectly Matched Layer.
Using the simulation method, the constructed square PCF sensor achieves very high
relative sensitivity (94.45%, 94.80%) at 2 THz for two compounds: ethanol (n =1.354), and
benzene (n =1.36). On the other hand, the low confinement loss (CL) values for the same
two compounds at 2 THz are 1.17 x 10-% dB/m, and 1.32 x 1 0% dB/m, in that order. We
also looked at the potential applications of this special fiber in a variety of fields, including
environmental monitoring, chemical sensing, and biomedical diagnostics. The square PCF
with square core has hitherto unexplored opportunities for the development of extremely
selective and sensitive THz spectroscopic devices with important social consequences in
domain of THz perception of chemicals.

Introduction

PCF is substantial development in optical transmission technology. Because of its distinc-

tive form and regular shifting RI, PCF offers tight control over light propagation. The fiber’s
unique composition allows for previously unimaginable variations in flexibility. It can also
use shifts, micro structures, and other techniques to enclose photons in its courses. Its latter
features transformed several companies, such as healthcare as well as telecommunications.
Remarkable flexibility of PC Fiber with regard to light control propels developments in robust
information transfer as well as broad spectrum of detector technologies [1,2]. Different time
different scholars utilized fiber successfully [3,4]. M.A Eid et al. also using optical fiber on
different application [5-7]. This detection is still leading the way of detection technologies this
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time because it uses unique characteristics to monitor large variety of substances very rapidly
as well as precisely alongside least visual data. Fellows measure the amount of heat exertion,
elasticity, and even fluctuations inside RI with incredibly high accuracy with utilizing way
light engages through its surroundings. This sensors utilize an effective patterning arrange-
ment of PC Fiber, but these also has benefits of small size, portable, unable to withstand
radiation disruption, additionally able to work amid challenging circumstances. PCFs have
several benefits, including high sensitivity and design flexibility, but they also have drawbacks.
Fabrication is complicated and expensive because precise air hole or other structure layouts
require advanced manufacturing techniques that are hard to scale for mass production. PCF
performance stability may also be affected by external factors including temperature varia-
tions and mechanical stress. Hollow-core PCFs, while effective for some sensing applications,
can have higher confinement losses and be more susceptible to air hole pollutants, which can
impair sensor accuracy over time. PCF integration into current systems may require spe-
cialised connectors and equipment, increasing deployment complexity and expense. These
limitations emphasize the need for continued research to improve PCF durability, scalability,
and practical integration, combining promise potential with real-world limits. Those mea-
surement is helpful tools for many different industries, including aerospace, monitoring the
environment, medical care, and construction assessments, because of their high degree of
adaptability and versatility. Its flexible attribute transcends monitoring and encourages cre-
ativity [8,9]. PCF may be categorized into a trio dependent on the architecture of core. PCFs
with porous, solid, and hollow cores are available. Every group can be implemented at the
domains for contact in order to guarantee higher security and speedier information transfer.
The robust center of The PCF is not appropriate for sensing purposes [10]. The responsive-
ness of the detector can be improved with more core area, but it is important to recognize
that PCF manufacture is a difficult process. A sizable core region is made available for signal
transmission by the hollow-core PCF [11,12]. A variety of THz wave routes were proposed
by researchers, including insulating, parallel-plate, metal-based, and general fiber wave lines.
For direct THz wave applications in sensing and telecommunication from the source to the
destination [13]. However, because they absorbed less energy than traditional waveguides,
PCFs in the THz area provided better characteristics for signal propagation among them [14].
The term “terahertz spectrum” refers to electromagnetic (EM) waves that have frequencies
between 0.1 and 10 THz [15,16].Terahertz frequencies are situated among observable lights
and the radio wave FRs region in the electromagnetic spectrum [17]. Gamma radiates and
X- radiates are two classes of greater-frequency EM waves which have the ability to propagate
outside of the confines of space over long distances, but they also have a tendency to Ionized
alloys as well as living biomaterials. Consequently, high-frequency electromagnetic radiation
has the potential to cause a multitude of lethal diseases, affecting both humans and animals.
However, because terahertz domain lies as opposed to non-ionizing electromagnetic signals,
it possible effectively employed in a wide range of medicine and biology [18,19].To transport
THz waves from beginning to end, fellows presented range of THz varieties of waveguides,
Included in this category are metals waveguides, Bragg fibres, parallel-plate waveguides,
and insulating waveguides [20-22]. Over the past many years, number of fellows has paired
distinct PCF types with varied sensing samples in an effort to extreme accuracy employing the
THz band. Hossain et al. [23]. “Gas detection with low refractive index by a surface plasmon
resonance fiber device” was first described by T. Allsop et al [24]. “Examining and analyzing
liquid crystal coated photonic crystal fiber interferometers” was the reccommendation made by
Ginu et al [25].

Various substances can be detected using PCE For instance, Singh and Kaur [26] detect
blood components with a maximal RS of 66.47% and a CL of 1.19x 10" dB/m. The RS of
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85.8% and CL of 1.62 x 107 dB/m were achieved by Islam et al. [27] when sensing toxic
compounds. In, 2024, With an RS of 91.76% and a CL of 3.50 x 10" dB/m, Kundu et

al. [28] detect fuels. In the same year, Noor et al. [29] demonstrated the ability to iden-
tify milk from a variety of animal species with an RS of 88.8% and a CL of 2.04 x 10~
dB/m. Two other terahertz-range PCF detectors were introduced in 2015 by Haxha and
Ademgil [30] and Morshed et al. [31]. In 2023, the idea of THz band petrol sensing was
also presented by Ferdous et al. [28]. Shakya and Singh developed a biosensor in 2022

and a penta core PC-SPR RI sensor in 2023 [32,33] used different methodologies. Using
small elliptical-shaped air holes, the scientist was can obtain highest RS of 49.17% and
obtained birefringence values for ethanol,benzene, and water are 0.001513, 0.001514, and
0.001474, respectively. In 2018, a terahertz hollow-core PCF detector was introduced, with
Zeonex serving as the fiber basis [34]. There has been a proposal for another THz sensor
Kagome-styled exterior siding [35]. Ferdous presented heptagonal air hole circular core in
2021 [36] for terahertz spectrum fuel adulteration detection. The suggested structure like-
wise has maximum RS of 96.87%and high CL of 8.10355x 10~ dB/cm [37]. Several PCF-
based terahertz detector variations was discussed as well as examined in 2021 [38] in order
to ascertain existence of different narcotics, hazardous substances, and blood substances.
“A simple PCF-based sensor design with enhanced birefringence and high sensitivity for
measuring sulphur dioxide gas” is carried out by Asma et al. [39]. “Using THz spectros-
copy to reveal new information about oil goods: a combined RI rectangular core PCF
viewpoint identifying,” was the recommendation made by Zannat et al. [40]. “Terahertz
spectrum petrochemical sensing: a photonic crystal fiber refractive index hybrid structure
approach” was presented by Noor and colleagues [41].

PCF can be used to implement detectors in chemical sensing applications which is
extremely tender to shifts in RI of nearby media. This is capable of accomplished by applying
detecting substance which engages with target analytes on fiber’s outside. The transmission
spectrum of the optic transitions as a result of analyte engagement with detecting material,
that changes refractive index of roughly in the middle of fibre. To determine the analyte’s con-
centration, this shift can be quantified. In recent times, the accuracy of ethanol detection has
gained significance for a range of uses, such as industrial, medicinal, and food preservation.
Ethanol can be found in drinking alcohol, spirits, and grain alcohol. Ethanol finds applica-
tion in beverages, fuels, antifungal hand sanitizing gels and use in industry. It is necessary to
guarantee that ethanol content is in a precise ratio. Determining the precise concentration of
ethanol is essential to minimize the adverse effects.

Benzene is a well-known carcinogen that can cause blood issues including leukemia. Fur-
ther more, it may affect the brain and spinal cord at high exposure levels, leading to uncon-
sciousness, nausea, and vomiting. Benzene is one volatile organic compound (VOC) that
could contribute to air pollution. It is also a component of gasoline and can contaminate the
environment and water ways if consumed or leaked. Ethanol is generally considered safe for
humans to consume when used in moderation. However, excessive binge drinking can lead to
alcohol contamination, liver inflammation, and reliance.

In this work, a novel square-cored square-type PCF for terahertz-based chemical sensing
is suggested and examined quantitatively. This design’s produced square PCF sensor shows
exceptional relative sensitivity (94.80%, and 94.45%) at 2 THz optimal frequency for two dif-
ferent compounds: benzene, and ethanol. On the other hand, at 2 THz, the NA of ethanol, and
benzene are, with very little loss, 0.312, and 0.313 for the same two compounds. This proposed
PCF’s square-core and each its round air openings make it easy to assemble using recently
established manufacturing techniques. The fuel business may find great use for this highly
susceptible square-shaped core-based PCF that will be implemented soon.
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Methodology

The simulations were conducted using COMSOL Multiphysics 6.2 in this study. This software
offers a flexible platform for modeling the electromagnetic behavior of PCFs, enabling the
precise control of design parameters such as core geometry, cladding structure, and material
properties. We were able to optimize the performance of the PCF sensor in the terahertz range
by analyzing light propagation characteristics, including confinement loss, relative sensitivity,
and effective area, using the finite element method (FEM) within COMSOL. The findings of
this study were substantiated by the detailed analysis and validation of the sensor’s design that
COMSOL: robust simulation capabilities facilitated. Central region of proposed framework
is shaped of square and packed full of two distinct kinds of chemicals: benzene (RI=1.36)

and ethanol (RI=1.354) [42]. According to Fig 1a, This design starts with a core that has air
openings all around it. Cladding region be mixed-use design made up of numerous square
and circular air gaps configure in predetermined design on cladding layer. The square core
was chosen for this PCF design because of its capacity to improve the performance of THz
sensing applications, particularly for the detection of benzene and ethanol. The square geom-
etry provides numerous benefits, such as enhanced light-matter interaction and polarisation
stability, in contrast to circular or hexagonal cores. The corners of the square core contribute
to the increased surface area, which in turn enhances the interaction between the analyte and
the guided light, thereby increasing sensitivity. This geometry also naturally supports two
orthogonal polarisation modes, which is essential for accurate THz sensing. This enhances
polarisation stability and reduces noise. Furthermore, the square core enhances field confine-
ment and facilitates a more consistent field distribution, which leads to reduced confinement
losses. This design flexibility allowed for the optimal calibration of the PCF’s parameters,
thereby maximising its sensitivity to the target analytes in the THz spectrum.

Cladding zone consists of one layer of square-shaped cladding encompassed by massive
quantity of air apertures arranged in hybrid structure, as well as circular-air gaps accompanied
by various dimensions on superior and inferior aspects of core. We use an air-filling fraction
(AFF) of 0.985 to maximize confinement of and simplify manufacturing process. The AFF is
the ratio of M to P, in which M denotes dimensions of air openings in cladding region and P
approximates their distances between the cells. To achieve good relative sensitivity and mini-
mal CLs, ZEONEX (RI=1.53) has been utilized as the PCFs sole component. There is a square
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Fig 1. (a) Square-core prototype of the proposed PCF shown schematically (b) An illustration of a square core
PCF mesh shown schematically.

https://doi.org/10.1371/journal.pone.0320805.9001
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form for the PML Layer also. PML is utilized to prevent electromagnetic radiation from enter-
ing the structure from the outside. The core dimension of a square is 0.7 x p, and the cladding
is half of d. First inner ring’s round air holes have a diameter of d1. The structure’s succeeding
rings are likewise composed of circular apertures a diameter of d2, where d2=16 xd1 and

“p” is a variable that varies from 240 to 310 um. A Perfectly Matched Layer (PML) with a
thickness of 0.2 times the pitch (p) was implemented at the boundary. This PML configura-
tion facilitates the absorption of outgoing waves and reduces reflections, hence enhancing the
precision of propagation characteristic analysis.

A triangle mesh serves as a representation of the design’s whole topology. The element
count is 18,738, with triangles totaling 18,738, edge elements 2,370, and vertex elements 252.
Element quality fraction is 0.007309, area of mesh is 1.508, and element quality minimum
is 0.4696, average is 0.8158, as well as vertex count of mesh is 9,424. To understand sensing
properties like sensitivity, CL, NA, EML, and effective area,these elements are essential. Trian-
gular mesh, which is believed to record full object’s layout is shown in Fig 1b. As the detecting
analyte, one of two compounds benzene or ethanol is employed. The modeling process then
proceeds at several operation stages, spanning from 1.2 to 2.4 THz. Mode matching affects
light coupling efficiency between fibre sections or optical components and sensor accuracy,
making it a possible problem for the proposed PCF sensor. If the PCF’s guided mode profile
doesn’t match other fibres or devices, interface losses may limit sensitivity and cause incon-
sistent results. PCFs with unusual core geometries, where mode shape might differ greatly
from single-mode fibres, are especially affected by this issue. Optimising core size, shape, and
refractive index contrast can increase mode compatibility. Mode adapters or tapering por-
tions can improve mode matching, boost light transfer, and reduce signal loss. Optimising
these features improves the sensor’s accuracy and reliability, ensuring consistent performance
across configurations and applications. The high relative sensitivity for ethanol and ben-
zene detection in this specific hollow-core PCF design is influenced by a number of critical
factors. Initially, the square core geometry increases the coupling between the THz wave and
the target gases by providing additional surface area at the corners, thereby enhancing the
light-analyze interaction. The photonic band gap effect is further enhanced by the meticu-
lously optimized configuration of the triangular air holes in the cladding, which minimizes
propagation losses and increases light confinement. This, in turn, contributes to stronger
field localization in the core. Furthermore, the specific material selection, Zeonex, provides
temperature compensation, guaranteeing consistent sensor performance in a variety of envi-
ronmental conditions. The efficient propagation of light is facilitated by the low confinement
loss (CL) at 2 THz, which maintains the signal’s intensity for precise refractive index measure-
ments. Lastly, the sensor’s sensitivity in the terahertz region is optimized by the precise tuning
of the PCF parameters, including the pitch and air hole diameter, which assures a high level
of responsiveness to the refractive index changes caused by ethanol and benzene. The square-
core PCF sensor has substantial potential in the field of biomedical diagnostics, particularly in
the detection of biomolecules or disease markers at THz frequencies. The distinctive square
core geometry enables the detection of subtle changes in the refractive index that are induced
by biological samples, such as proteins, DNA, or cancerous cells. This interaction between
light and matter is essential. The sensor’s high sensitivity enables the precise detection of these
bio molecular changes, facilitating the early diagnosis of conditions such as cancer, diabetes,
or infectious diseases. The sensor is non-invasive due to its compact design and capacity to
operate in the THz region, making it a promising alternative to conventional methods such as
PCR or biopsy, which can be time-consuming or necessitate sample extraction. Additionally,
the Zeonex material’s temperature compensation guarantees consistent performance in the
diverse environments that are characteristic of biomedical applications, thereby improving
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reproducibility and reliability. This square-core PCF sensor is an appealing instrument for
real-time monitoring and point-of-care diagnostics in clinical settings due to its minimal
sample preparation, high sensitivity, and portability. Increased sensor robustness to external
conditions like temperature and humidity is essential for stability and accuracy in practical
applications. Temperature variations can change the refractive indices of the PCF’s core and
cladding materials, affecting sensitivity and measurement errors. Temperature-compensating
compounds like Zeonex or low-thermal-sensitivity polymers could stabilise the sensor’s
performance throughout a variety of temperatures. Moisture in the air holes of hollow-core
PCFs can impede light transmission and increase signal loss, therefore humidity control is
crucial. Protective coatings or hydrophobic surface treatments can reduce PCF moisture
absorption. The sensor can also be protected from environmental changes by sealing or
climate-controlling it. These protective measures improve the sensor’s accuracy and reliability
in different environments, making it more robust for real-world applications.

Fig 2 shows the directed properties which characterizes photonic concentration of y as well
as x modes at the optimal FRs of 2 THz. The substantially enhanced confinement of lite in
middle region makes square PCF structure more sensitive to x and y polarization. Evidently,
different polarizations cause light passing through fiber to have varying intensity. Conse-
quently, there are significant fluctuations in the fiber’s reactivity with regard to its RS, CL, with
other characteristics. Furthermore, the illumination level received by center region from two
pol is approximately equal in this configuration. The power distribution is shown in Fig 2 for
a particular set of attribute iterations.

A PML border scenario is used in all of the research we did. Permittivity and permeability
that are aeolotropic and composite-valued made it possible to identify PML as a material.
PML covers the outer rim of the simulation and absorbs all incoming waves. Guided material
of detectors among the PM Layer with the outer of core is made of Zeonex. There are many
benefits, including minimum material loss, high temperature prejudice, and steady RI while
the PML constitutes a tenth of target fiber’s circ. Temperature, humidity, and mechanical
vibrations may affect the sensor’s sensitivity and stability. Temperature variations may influ-
ence the refractive index of fibre materials or analytes, affecting sensor responsiveness and
accuracy. Moisture intrusion into air holes in hollow-core PCFs can impact light propagation
and signal loss. Bending or external pressure can distort the fibre structure, affecting light
confinement and performance. To make the sensor more resilient, these environmental effects
must be studied and protective coatings, temperature-compensating materials, or structural
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Fig 2. Field distributions for x- and y-pol modes at f = 2 THz, both vertically and horizontally.
https://doi.org/10.1371/journal.pone.0320805.g002
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reinforcements added. The sensor would be more reliable in real-world situations and flexible
for varied applications in controlled and dynamic environments. The structural configuration
and material selection of this proposed PCF sensor design are distinctive, and they have been
specifically designed for THz sensing applications. In contrast to conventional PCFs, this
design is characterized by a hollow square core that is encased in a Zeonex cladding, which
results in reduced dispersion and improved thermal stability in the THz range. Creating a cus-
tomized bandgap that enhances light confinement and optimizes sensitivity to target analytes,
such as ethanol and benzene, the square air pores in the cladding layer are arranged in two
distinct diameters (d1 and d2). The boundary reflections are further reduced by employing

a Perfectly Matched Layer (PML) boundary with a thickness of 0.2 times the pitch (p). This
enables more accurate simulations and improved detection accuracy. This innovative method
capitalizes on the PCF structure’s capacity to interact with analytes through refractive index
shifts, resulting in substantial enhancements in sensitivity and performance. Consequently, it
is well-suited for environmental monitoring and other THz sensing applications.

Results and analyses

Numerical assessments are conducted on the proposed square PCF using the COMSOL Mul-
tiphysics software, and we explain our findings thoroughly to guarantee which signal is con-
fined by liquids or chemicals in order to achieve the desired outcomes. Ethanol and benzene
are examples of low RI chemicals or liquid that are used to seal the holes in the middle of the
construction. Instead of thesis publications which was first recommended to use in chemical
sensors, illustrations or graphic representations were used. To delineate sensor characteristics
including sensitivity, effective area, EML, CL, and NA.

Before calculating RS response, it is essential to comprehend characteristics of PCF being
employed as detector. RS response of PCF demonstrated its sensing abilities, which were
suggested. A PCF’s RS is its ability to adapt its optical properties to modifications in its sur-
roundings, Like changes in pressure or temperature. A number of variables, such as PCF’s
architecture, its wavelength, and medium’s characteristics, determine the material’s relative
sensitivity to other substances. Because of its huge surface area and limited core size, PCF fre-
quently shows better RS than conventional optical fibers. As per Beer-Lambert’s law, changes
in bond between matter and sources of radiation a linear disparity in RS. Here is an equation
you may use to find RS value of a sensor([43]:

— n’ 0,
r=—"xp%
Ny

where p is the power fraction, n_is real component of sensing analytes RI; and n  is guided
mode RL.This expression [43] Can be utilized for calculating power percentage.

J e R(E,H, — EH )dxdy
p=
ftotal Re (ExHy - Eny )dxdy

Here, H and H_ represent elements of realm fields of magnetism across x and y pathways,
respectively, and E and E_ represent the elements of the electromagnetic field along the same
routes. Fig 3a displays the sensitivity curve with respect to frequencies. For proposed PCEF-
based RI detector, we have run a numerical THz regime study in the 1.2-2.4 THz range. RS
curve points progressively and downhill decreases in frequency span as frequency increases.
RS of benzene and ethanol reaches its maximum at 2 terahertz and begins to deteriorate at 2.2
THz, as is also shown.
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Our proposed square PCF for pitch at THz frequency is shown in Fig 3b along with RS
responses. As pitch variable is raised from 240 to 310 um, the light confinement increases and
reaches its highest level at 290 um. The graphic also shows that benzene have maximum RS,
whereas Ethanol has the lowest. At optimal pitch and frequency, the projected square PCF
has peak relative sensitivity values of 94.45%, and 94.80% for ethanol, and benzene, respec-
tively. The square air apertures in the cladding were strategically positioned to improve light
confinement and reduce propagation losses, thereby enhancing the sensor’s optical properties
in the terahertz (THz) region. The photonic band gap effect is more effectively controlled by
square-shaped apertures, which restrict the light within the core area, thereby minimizing
confinement loss and enhancing field localization in the core. This configuration guarantees
that a greater portion of the THz wave interacts with the analytes (ethanol and benzene),
thereby increasing the sensitivity. Furthermore, the sensor maintains a high sensitivity of
94.45% and 94.80% across a range of THz frequencies by meticulously optimizing the dimen-
sions and spacing of these square apertures. This is achieved by effectively tailoring the guid-
ing properties to align with the refractive index shifts caused by ethanol and benzene. This
design decision guarantees consistent performance for the targeted analytes throughout the
THz spectrum by enabling a stable and robust response.

In PCFs, CL refers to the amount of optical power that escapes core of fiber and goes into
the cladding area. The outermost material of PCFs is composed of regular rows of air gaps
or high-index impurities, which create a photonic band-gap and limit the radiation that can
enter the core. It is possible to precisely CL(Lc), by modifying specific structural components.
According to [43], actual relation that matches the constraint is presented.

_ 4w (n )xlo"’dB
c_ln(IO);t Eer

In this instance, frequency is f and lights speed is c. Fig 4a shows the link between con-
finement loss and frequency in an ideal setting. Fig 4a illustrates the relationship between CL
and frequency, which is unmistakably inverse. CL decreases with frequency, suggesting that
higher-frequency modes have better confinement within the optical system and less energy
leakage. After 2 THz, CL is nearly nil. This phenomenon highlights the advantages of system
at greater wavelengths, including less signal attenuation and more efficient transmission. This
group includes two substances: ethanol, and benzene.
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https://doi.org/10.1371/journal.pone.0320805.9004

Fig 4b shows how the level of CL rapidly falls as the pitches in um increase for different
pitches. It shows rise in pitch and frequency, CL value falls. Under optimum conditions for
our proposed square PCF, CL of detector for benzene, and ethanol are 1.32x 10 dB/m, and
1.17 x 107 dB/m, accordingly. The sensor’s overall performance and detection accuracy are
considerably improved by the low CL at 2 THz, which ensures that a greater portion of the
THz wave energy is effectively contained within the hollow-core PCE This is essential for the
detection of minor refractive index changes caused by the presence of Benzene and Ethanol,
as it results in stronger light-analyse interactions. The sensitivity and reliability of the sensor
are enhanced by a low CL, which reduces energy leakage into the cladding and maintains
the integrity of the THz signal as it propagates through the fibre. The sensor can detect even
subtle variations in the refractive index by minimizing losses, resulting in higher detection
accuracy. This is especially crucial for the precise and consistent identification of target gases
at 2 THz, thereby guaranteeing that the sensor operates at its best across a range of analyte
concentrations.

EML in PCF is another important metric that can be caused by both intrinsic and external
variables. The specific amount of material loss in a PCF is dictated by its design, manufacturing
processes, and operational environment. Scientists and producers strive to minimize material
loss by refining fibre’s design, arrangement of materials, and manufacture techniques. To find
the exact EML in specific PCF structure, it often takes experimental characterization and mea-
surement techniques tailored to the fiber’s properties. The EML equivalent equation is [43].

E[' dA

max

e )2
[0] f A namat
I

7 2/, 8.dA
Where E is electromagnetic fields modality and &, is foreground material’s loss factor. Under
ideal conditions, Fig 5a and b illustrate how the EML fluctuates for various THz frequencies
and pitches based on construction and operating conditions.

The decreasing properties of loss across larger core is shown in the above figures. Zeonex’s
wider core can absorb less energy since increased illumination can navigate it with reduced
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Fig 5. With respect to (a) the signal frequency at fixed pitch of 290 um and (b) pitch at f=2 THz, EML of sensing analytes that was supplied is displayed.
https://doi.org/10.1371/journal.pone.0320805.9005

impediments. Higher frequency radiation stays securely contained throughout core, as already
demonstrated. Consequently, the EML of proposed device decreases with rising frequency and
pitch, as shown in Fig 5a and b.

Fig 5a show frequency increases and the EML of suggested sensors diminishes. The &,
parameter is close to 0.2cm™ up to the frequency of 2 THz and then its gets higher. Fig 5b
shows that the EML is increased as the pitch for fixed core PCF sensors is increase. These fig-
ures detail square PCF fiber’s offered effective mode index reactions with terahertz frequency,
as well as the pitch of the EML for benzene (0.0071189 cm™) and ethanol (0.0074747 cm™).

An important guiding variable, NA of a sensor determines highest accepting slant of fiber
for incoming light. Usually, the effective RI between fiber’s core and the medium is measured
to find the NA in PCFs. It is determined what highest angle is that light can efficiently go
through the fiber while being steered along core. An incident ray’s NA is sine of highest angle
that it can have for all inside reflections in core of a fiber. By applying formula in, we can find
the NA of this particular optical detector type [43] as:

Where A stands for operational surface region of detecting analytes with A  for appropriate fre-
quency. The numerical aperture using the THz FRs of suggested square sensor for the ideal con-
ditions is shown in Fig 4. With increasing frequency comes a narrower numerical aperture. Fig
6a displays NA relates to changes in frequency. The data show that frequency rise, but NA falls.
In Fig 6b, Numerical aperture falls as the pitch value increases. For benzene, and ethanol, the NA
values at optimal pitch p=290 pm and frequency f =2Terahertz are 0.313, and 0.312, respectively.
Furthermore, an analysis of a detecting fiber’s EA under distinct employed situations is
now underway. The entire area that the light stream passes through is measured using EA,
which works in a barometer. Area in a fiber’s longitudinal plane where the energy of signal is
dispersed is called its effective area. PCFs may be able to store signal by means of conjunction
of photonic bandgap and complete introspection due to their unique microstructure. Because
PCFs are contained in a way that makes its EA considerable smaller on par with ordinary
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fiber, they can be used for a variety of purposes. This expression to be utilized to determine
EA [44]:

4 [f](r)rdr]2
T (r)m’r]2

Where the propagation brought on by the compound being sense’s electromagnetic field is
expressed as I(r) = E~

Fig 7 chosen sensing analyte’s EA for a constant pitch of 290 um and a variable pitch of
Fig 7a shows expected EA of the square PCF as an estimate of frequency for most suitable
settings. It shows how EA of this design decreases with increasing operational frequency. In
lattice of PCE, wavelength of light drops with increased light frequency, resulting in reduced

g : g L 0.3 T T T T T T
0.35 —— Benzene 1
o 0.4 —— Benzene 1 g —#— Ethanol
] —#— Ethanol g 034r
= -
5] -]
& Zo3f
= 035} =
.E S 032F
) ot
2 £
= 031F
7. L =
0.3 Z
03F
0.25 a 0.29 1 L M
1.2 1.4 1.6 1.8 2 2.2 2.4 240 250 260 270 280 290 300 310
Frequency [THz] pitch [pum]
a b

Fig 6. NA of proposed detecting analytes is found with respect to signal bandwidth at constant pitch 290 um and b pitch at f=2THz.
https://doi.org/10.1371/journal.pone.0320805.9g006
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Fig 7. EA is measured as a function of (a) frequency at a constant pitch of 290um and (b) pitch at a constant f = 2 THz.
https://doi.org/10.1371/journal.pone.0320805.g007
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geographical time.EA decreases as a result of the photonic crystal structure’s narrower
spacing brought about by the shorter spatial period. Fig 7b shows EA responses at proposed
sensor for optimal pitch at f =2THz.

Increasing pitch causes the effective area to expand. A larger pitch essentially creates
a wider core region by increasing the apparent area between the air gaps. Bigger core size
facilitates greater confinement of photonic strength within core, hence increasing effective
area. EA for ethanol, and benzene at the optimal frequency and pitch were 6.728 x 107 m?,
and 6.694 x 107 m?, accordingly. PCFs have a bright future with potential for improvements
in performance and applications. Research is improving fabrication methods to lower costs
and make complicated PCF structures more economical for large-scale production. Advanced
polymers and nano-composite coatings may improve PCF thermal and chemical resilience,
making them suited for harsher settings. Design innovations like hybrid PCFs with solid and
hollow-core areas could modify light-matter interactions and increase sensitivity for special-
ised sensing applications. Functionalised PCFs with biocompatible coatings may enable pre-
cise, non-invasive diagnostic instruments in biomedicine. PCFs will bridge the gap between
laboratory research and real-world applications in environmental monitoring, telecommu-
nications, and healthcare as they evolve. Despite the PCF sensor’s high sensitivity, analyte
interaction can limit its effectiveness, especially for low concentration detection and fast
response times, according to the study. Light-analyte interaction is limited by fibre shape and
air hole distribution around the core. Increased core surface area or cladding air hole design
and size could improve light confinement and analyte interaction, increasing sensitivity.
Additionally, matching the core and cladding materials to the target analytes’ refractive index
could boost interaction strength, allowing the sensor to detect even smaller changes. Coatings
or functionalized surfaces on fibres could improve selectivity and sensitivity by binding target
molecules. These adjustments may increase the PCF’s sensitivity, making it more useful in
more applications.

Comparison with previous works

Chemicals detection is important and in great demand in the industrial and practical sectors.
Examples of this include the detecting of water, benzene, ethanol, and other organic com-
pounds. Chemical concentration levels can be determined using only a handful of established
procedures. But they are expensive, tedious, and made of mistakes easily. Researchers have so
zeroed in on sensors based on PCF as a means of measuring chemical concentrations. Some
writers have recently introduced many kinds of PCF-based sensors for ethanol, benzene, and
water detection, among other compounds. Results from comparing these works to other pub-
lished studies and tweaking the ideal parameters for offered square PCF detector operating at
2 THz are displayed in Table 1. At 1.6 terahertz frequency, a kagome-structured PCF-based
detector with rectangular organized air openings were suggested in [45] with shown RS of
85.6%, 85.7%, and 85.9%. In [46], a hybrid PCF detector with a CL of 2.53 x 10" dB/m and
the greatest 89% RS was presented, using solely benzene as an analyte. Sen et al. sense ethanol,
benzene and water with RS 82.26% and CL 6.07 x 10 dB/m in FRs 1 THz [47]. Igbal et al.
detect Ethanol with RS 91.50% and CL is 1.51 x 10' dB/m in FRs 2 THz [48].

This research shows that a square PCF-based detector can tell the difference between

ethanol and benzene as two separate chemicals. Main parts of the sensor’s form are a round air
hole and a square cover with a square air hole. The square core made it possible for almost no
confinement loss for the two chemicals above, which helped the sensor’s RS go up by 94.80%
and 94.45%, accordingly. Assessment with other PCF-based chemical sensors is shown in
Table 1.
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Table 1. A study comparing results of earlier published sensors with that of suggested sensor layout.

Citations PCF’s layout Analysts Frequency (THz) Sensitivity (%) CL (dB/m) EML (cm™)

PCF [45] Kagome-designed with air holes that are constructed in a rectangle | Water 1.6 THz 85.6% 4.5x10% -
Ethanol 85.7% 1.71x 10 -
Benzene 85.9% 1.02x10% -

PCF [46] HC PCF alongside rectangular core Benzene 1.7 THz 89% 1.15x10% 0.02

PCF [47] Hexagon clad as well core Ethanol 1THz 81.46% 5.85x 10 -
Benzene 82.26% 6.07 x 10
Water 79.22% 5.84x10%

PCF [48] Rectangular-based structured Ethanol 2 THz 91.50% 1.51x 1012 0.0064

PCF [49] Square clad alongside octagon core Water 1.3 THz 90.65% 1.88x10% 0.0136
Ethanol 91.93% 2.00% 10 0.0146
Benzene 93.06% 2.12x10% 0.0156

PCF [50] PCF-based Octagonal Chemical Sensor Design Ethanol 1THz 91.25% 5.95x 10 0.0131
Benzene 93.80% 5.94x 10 0.0133

This An square cladding with a square core Ethanol 2THz 94.45% 1.17x10%

PCF 0.0074
Benzene 94.80% 1.32x10% 0.0071

https://doi.org/10.1371/journal.pone.0320805.t001

A thorough literature study shows that the proposed PCF sensor architecture has many
benefits over previous structures. Kagome-designed PCFs with rectangular air hole configu-
rations [45], hexagonal and rectangular cores [46,47], and rectangular or square cladding with
octagon or rectangular cores [48,49] have been studied. These systems offer good sensing but
lack the optimal structure for THz applications. In contrast, the suggested PCF uses a square
core and square cladding air holes of different diameters to improve light confinement and
THz sensing refractive index sensitivity. This square-clad, square-core structure optimizes
mode field distribution and simplifies production, improving sensitivity and confinement loss.
This sensor is designed with Zeonex coating for temperature stability, which is important for
applications in different environments. These enhancements make the proposed PCF sensor
ideal for high-sensitivity target analyte detection, overcoming the limitations of previous works.
The Finite Element Method (FEM) and PML boundary conditions were employed to simulate
the propagation of THz waves, but they encountered numerous obstacles. Accurately modeling
the interaction of THz waves with the intricate structure of the hollow-core PCE, particularly
with the square core and air aperture geometry, was one of the primary challenges. In order to
prevent interference with the propagation of waves within the fibre, it was essential to ensure
that the PML boundaries effectively absorbed outgoing waves without producing reflections.
Furthermore, the FEM simulations necessitated fine-tuning the mesh resolution to achieve pre-
cise results without computational overburden, as THz waves are highly sensitive to the fiber’s
geometry. The precise calibration of the PML layers was another challenge, as it was necessary
to prevent numerical artifacts at the boundary from distorting the simulation results. In spite
of these obstacles, the simulation parameters were meticulously optimized to enable accurate
predictions of the wave behavior and sensor performance in the THz region. In comparison to
current THz sensing technologies, the hollow-core PCF sensor that has been proposed provides
a number of specific advantages for environmental monitoring. Initially, its extraordinary sen-
sitivity, particularly in the context of detecting gases such as benzene and ethanol, allows for the
more precise detection of contaminants at even the lowest concentrations. The square core and
triangular air hole configuration improve confinement and enhance light-analyte interaction,
enabling more dependable measurements in intricate environmental conditions. Furthermore,
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the sensor’s capacity to function efficiently in the THz region guarantees that it can identify a
wide variety of chemical substances with minimal interference from background noise. The
sensor’s stability and reliability in fluctuating environmental temperatures are further enhanced
by the use of Zeonex for temperature compensation, a critical factor in outdoor or real-time
monitoring. The PCF sensor’s compact and efficient design renders it more suitable for portable
and cost-effective deployment in a variety of environmental monitoring applications, including
hazardous substance detection and air quality monitoring, in contrast to conventional methods
that may necessitate bulky equipment or are restricted by sensitivity.

Lastly, this part talks about how to make a recommended square core sensor. In the past
few years, distinct construction PCFs have been developed via a range of methods, such as
sol-gel, extrusion, stacking, jacketing, collapsing, and drawing with a standard drawing tower
[51]. One of the several process types used in [52] is sol-gel, which allows for a high degree
of design control over the core’s size and shape. If the goal is to make the fiber we proposed,
then can use this sol-gel to do it. It works for any sort of fiber. Table 1 displays the results of a
comparison between the recommended fiber’s key properties and a number of other struc-
tural designs discussed in the literature; this will show how this fiber is superior to the ones
that have come before. These technologies could potentially enable hybrid core forms and
multi-layered cladding structures, which could improve light confinement and sensitivity.
These approaches can also combine doped polymers or nano-composite architectures to
improve fibre thermal and chemical stability. These novel fabrication methods may make
high-performance PCF sensors more affordable and suitable for environmental sensing and
biological diagnostics. Experimental validation of the simulation results is an essential stage
in verifying the practicality and performance of the square-core PCF sensor. Experimental
validation would likely entail the fabrication of the PCF sensor using the optimised simulation
parameters and its subsequent testing under controlled conditions with known concentra-
tions of ethanol and benzene in the terahertz region. The accuracy and reliability of the design
would be guaranteed by measuring the sensor’s response to these target gases and comparing
it to the simulation predictions. This PCF sensor has substantial potential for environmental
monitoring in real-world applications, including the detection of hazardous gases and the
measurement of air quality in industrial or urban settings. Furthermore, its non-invasive
nature and high sensitivity render it appropriate for biomedical diagnostics, particularly for
the early detection of diseases through the identification of biomarkers in biological samples.
Additionally, the sensor’s portability, stability, and compactness render it an appealing choice
for portable devices. This enables point-of-care applications in healthcare settings and offers
a promising future for widespread use in both environmental and medical sectors. Practical
implementation requires integrating the PCF sensor with terahertz (THz) sources and detec-
tors, but more research is needed to assure smooth operation and optimal performance. THz
systems have distinct mode profiles and require high precision to avoid coupling losses, mak-
ing it difficult to efficiently couple THz waves into and out of the PCF sensor. To maintain sig-
nal intensity and sensitivity, the PCF, THz source, and detector must be aligned. Misalignment
might lower detection accuracy. Couplering methods like specialised interfaces or tapered
fibre ends may increase light transfer. Compact and portable THz sources and detectors make
the arrangement more field-friendly. These integration issues can be resolved to improve the
sensor’s usage in environmental monitoring and biomedical diagnostics.

Conclusion

In order to identify ethanol and benzene, an square shape and core chemical sensors is created
and modeled in this study using COMSOL Multiphysics. So that it can absorb EM-energy
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released by the sensor, a PML was built and used. We describe an square PCF that is capable of
terahertz waveguide frequency analyte detection. Both the PML boundary condition approach
and the FEM method are used to accurately complete all numerical calculations. Outstanding
photonics characteristics of offered square PCF sensor include lower confinement losses of
1.17x107% dB/m, and 1.32x 10" dB/m for ethanol, and benzene at 2 terahertz frequency range,
and better relative sensitivity of 94.45%, and 94.80%. Rather, there are certain drawbacks to this
arrangement, including mode matching, compatibility with different materials, restricted analyte
interaction, and susceptibility to the environment. Future work can focus on environmental
resilience, integrating with THz-sources and sensors, and improving fabrication methods. By
resolving these issues and following these avenues of future investigation, domain of THz chem-
ical identification using square-core square-shaped PCF may be significantly ahead of, making it
a valuable instrument in a variety of scientific, industrial, and security applications.

Author contributions

Conceptualization: A. H. M. Iftekharul Ferdous.

Data curation: Md. Golam Sadeque, Suchana Aktar Tithi, Md. Safiul Islam.
Formal analysis: Diponkar Kundu, Md. Galib Hasan, Md. Zakirul Islam Sarker.
Investigation: Md. Golam Sadeque, Suchana Aktar Tithi, Md. Safiul Islam.

Methodology: Md. Golam Sadeque, Suchana Aktar Tithi, Md. Safiul Islam, A. H. M.
Iftekharul Ferdous.

Project administration: A. H. M. Iftekharul Ferdous.

Resources: Diponkar Kundu, Md. Galib Hasan, Md. Zakirul Islam Sarker.
Software: Md. Golam Sadeque, Suchana Aktar Tithi, Md. Safiul Islam.
Supervision: A. H. M. Iftekharul Ferdous.

Validation: A. H. M. Iftekharul Ferdous, Diponkar Kundu, Md. Galib Hasan, Md. Zakirul
Islam Sarker.

Visualization: A. H. M. Iftekharul Ferdous, Diponkar Kundu, Md. Galib Hasan, Md. Zakirul
Islam Sarker.

Writing - original draft: Md. Golam Sadeque, Suchana Aktar Tithi, Md. Safiul Islam.
Writing - review & editing: Diponkar Kundu, Md. Galib Hasan, Md. Zakirul Islam Sarker.

References

1. Giallorenzi T, Bucaro J, Dandridge A, Sigel G, Cole J, Rashleigh S, et al. Optical fiber sensor technol-
ogy. [EEE J Quantum Electron. 1982;18(4):626—65. https://doi.org/10.1109/jqe.1982.1071566

2. GroBwig S, Graupner A, Hurtig E, Kiihn K, Trostel A. Distributed fibre optical temperature sensing tech-
nique - a variable tool for monitoring tasks. 2001. https://doi.org/10.13140/RG.2.1.4295.376 1

3. Sorathiya V, Lavadiya S, Faragallah OS, Eid MMA, Rashed ANZ. D shaped dual core photonics crystal
based refractive index sensor using graphene—titanium-—silver materials for infrared frequency spec-
trum. Opt Quant Electron. 2022;54(5). https://doi.org/10.1007/s11082-022-03700-0

4, Mohammad A, Alzaidi MS, Eid MMA, Sorathiya V, Lavadiya S, Patel SK, et al. First order surface
grating fiber coupler under the period chirp and apodization functions variations effects. IJEECS.
2022;25(2):1020. https://doi.org/10.11591/ijeecs.v25.i2.pp1020-1029

5. Eid MMA, Sorathiya V, Lavadiya S, Parmar J, Patel SK, Ali SA, et al. CWDM communication system
based inline erbium-doped fiber amplifiers with the linear geometrical polarization model. Journal of
Optical Communications. 2021;45(s1):s431-43. https://doi.org/10.1515/joc-2021-0033

6. Eid MMA, Sorathiya V, Lavadiya S, Helmy A, Rashed ANZ. Technical specifications and spectral per-

formance characteristics of dispersion flattened fiber (DFF) in optical fiber systems. Journal of Optical
Communications. 2021;45(s1):5s393-405. https://doi.org/10.1515/joc-2021-0063

PLOS ONE | https://doi.org/10.1371/journal.pone.0320805 March 28, 2025 15/18



https://doi.org/10.1109/jqe.1982.1071566
https://doi.org/10.13140/RG.2.1.4295.3761
https://doi.org/10.1007/s11082-022-03700-0
https://doi.org/10.11591/ijeecs.v25.i2.pp1020-1029
https://doi.org/10.1515/joc-2021-0033
https://doi.org/10.1515/joc-2021-0063

PLOS ONE

Hollow-core PCF for terahertz sensing: Ethanol and benzene detection

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Eid MMA, Sorathiya V, Lavadiya S, Said Abd El-Hamid H, Rashed ANZ. Wide band fiber systems and
long transmission applications based on optimum optical fiber amplifiers lengths. Journal of Optical
Communications. 2021;45(s1):s347-57. https://doi.org/10.1515/joc-2021-0020

Broeng J, Mogilevstev D, Barkou SE, Bjarklev A. Photonic Crystal Fibers: A New Class of Optical
Waveguides. Optical Fiber Technology. 1999;5(3):305-30. https://doi.org/10.1006/ofte.1998.0279

Becker M, Werner M, Fitzau O, Esser D, Kobelke J, Lorenz A, et al. Laser-drilled free-form silica fiber
preforms for microstructured optical fibers. Optical Fiber Technology. 2013;19(5):482-5. https://doi.
org/10.1016/].yofte.2013.06.001

Habib A, Rashed ANZ, El-Hageen HM, Alatwi AM. Extremely Sensitive Photonic Crystal Fiber—
Based Cancer Cell Detector in the Terahertz Regime. Plasmonics. 2021;16(4):1297-306. https://doi.
org/10.1007/s11468-021-01409-6

Russell PStd, Hélzer P, Chang W, Abdolvand A, Travers JC. Hollow-core photonic crystal fibres

for gas-based nonlinear optics. Nature Photon. 2014;8(4):278-86. https://doi.org/10.1038/
nphoton.2013.312

Habib A, Anower S, Haque I. Highly sensitive hollow core spiral fiber for chemical spectroscopic appli-
cations. Sensors International. 2020;1:100011. hitps://doi.org/10.1016/j.sint.2020.100011

Shobug MdA, Noor KS, Sagaya Raj AG, Ramkumar G, Padmanaban P, Mallan S, et al. Fuel quality
assurance based on hybrid hexagonal circular hollow core PCF sensing through management of
terahertz region operation. J Opt. 2024. https://doi.org/10.1007/s12596-024-01756-7

Habib MdA, Reyes-Vera E, Villegas-Aristizabal J, Anower MdS. Numerical Modeling of a Rectan-
gular Hollow-Core Waveguide for the Detection of Fuel Adulteration in Terahertz Region. Fibers.
2020;8(10):63. https://doi.org/10.3390/fib8 100063

Yang X, Zhao X, Yang K, LiuY, Liu'Y, Fu W, et al. Biomedical Applications of Terahertz Spectroscopy
and Imaging. Trends Biotechnol. 2016;34(10):810-24. https://doi.org/10.1016/j.tibtech.2016.04.008
PMID: 27207226

Habib MdA, Anower MdS. Design and numerical analysis of highly birefringent single mode fiber in
THz regime. Optical Fiber Technology. 2019;47:197—-2083. hitps://doi.org/10.1016/j.yofte.2018.11.006

Eid MMA, Habib MdA, Anower MdS, Rashed ANZ. Hollow Core Photonic Crystal Fiber (PCF)-Based
Optical Sensor for Blood Component Detection in Terahertz Spectrum. Braz J Phys. 2021;51(4):1017—
25. https://doi.org/10.1007/s13538-021-00906-7

Siegel PH. Terahertz Technology in Biology and Medicine. IEEE Trans Microwave Theory Techn.
2004;52(10):2438-47. https://doi.org/10.1109/tmtt.2004.835916

Gezimati M, Singh G. Terahertz Imaging and Sensing for Healthcare: Current Status and Future
Perspectives. IEEE Access. 2023;11:18590-619. https://doi.org/10.1109/access.2023.3247196

McGowan RW, Gallot G, Grischkowsky D. Propagation of ultrawideband short pulses of terahertz
radiation through submillimeter-diameter circular waveguides. Opt Lett. 1999;24(20):1431-3. https:/
doi.org/10.1364/01.24.001431 PMID: 18079825

Atakaramians S, Afshar V. S, Monro TM, Abbott D. Terahertz dielectric waveguides. Adv Opt Photon.
2013;5(2):169. https://doi.org/10.1364/20p.5.000169

Gallot G, Jamison SP, McGowan RW, Grischkowsky D. Terahertz waveguides. J Opt Soc Am B.
2000;17(5):851. https://doi.org/10.1364/josab.17.000851

Md Hossain S, Sen S. Design and Performance Improvement of Optical Chemical Sensor Based
Photonic Crystal Fiber (PCF) in the Terahertz (THz) Wave Propagation. Silicon. 2020;13(11):3879-87.
https://doi.org/10.1007/s12633-020-00696-8

Allsop T, Neal R, Davies EM, Mou C, Bond P, Rehman S, et al. Low refractive index gas sensing
using a surface plasmon resonance fibre device. Meas Sci Technol. 2010;21(9):094029. hitps://doi.
org/10.1088/0957-0233/21/9/094029

Rajan G, Mathews S, Farrell G, Semenova Y. Characterization of liquid crystal coated photonic crystal
fiber interferometers. SPIE Proceedings. 2010;7726:77261U. hitps://doi.org/10.1117/12.854262

Singh S, Kaur V. Photonic crystal fiber sensor based on sensing ring for different blood components:
Design and analysis. 2017 Ninth International Conference on Ubiquitous and Future Networks
(ICUFN). 2017399-403. https://doi.org/10.1109/icufn.2017.7993816

Islam MdS, Sultana J, Dinovitser A, Ahmed K, Ng BW-H, Abbott D. Sensing of toxic chemicals using
polarized photonic crystal fiber in the terahertz regime. Optics Communications. 2018;426:341-7.
https://doi.org/10.1016/j.0ptcom.2018.05.030

Kundu D, Enzamam-Ul-Haque Md, Ferdous AHMI, Noor KS, Islam MdS, Hossain S, et al. Propaga-
tion Characteristics Based Three Dimensional Refractive Index Configurations in Photonic Crystal

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0320805 March 28, 2025 16/18



https://doi.org/10.1515/joc-2021-0020
https://doi.org/10.1006/ofte.1998.0279
https://doi.org/10.1016/j.yofte.2013.06.001
https://doi.org/10.1016/j.yofte.2013.06.001
https://doi.org/10.1007/s11468-021-01409-6
https://doi.org/10.1007/s11468-021-01409-6
https://doi.org/10.1038/nphoton.2013.312
https://doi.org/10.1038/nphoton.2013.312
https://doi.org/10.1016/j.sintl.2020.100011
https://doi.org/10.1007/s12596-024-01756-7
https://doi.org/10.3390/fib8100063
https://doi.org/10.1016/j.tibtech.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27207226
https://doi.org/10.1016/j.yofte.2018.11.006
https://doi.org/10.1007/s13538-021-00906-7
https://doi.org/10.1109/tmtt.2004.835916
https://doi.org/10.1109/access.2023.3247196
https://doi.org/10.1364/ol.24.001431
https://doi.org/10.1364/ol.24.001431
http://www.ncbi.nlm.nih.gov/pubmed/18079825
https://doi.org/10.1364/aop.5.000169
https://doi.org/10.1364/josab.17.000851
https://doi.org/10.1007/s12633-020-00696-8
https://doi.org/10.1088/0957-0233/21/9/094029
https://doi.org/10.1088/0957-0233/21/9/094029
https://doi.org/10.1117/12.854262
https://doi.org/10.1109/icufn.2017.7993816
https://doi.org/10.1016/j.optcom.2018.05.030

PLOS ONE

Hollow-core PCF for terahertz sensing: Ethanol and benzene detection

29.

30.

31.

32.

33.

34.

35.

36.

37

38.

39.

40.

41.

42,

43.

44.

45.

46.

Fibers for Terahertz Range Petroleum Sensing. Braz J Phys. 2024;54(5). https://doi.org/10.1007/
$13538-024-01530-x

Noor KS, Iftekharul Ferdous AHM, Bani MostM, Sadeque MdG. Floral-core terahertz photonic crystal
fiber bio-sensor: An exclusive approach to recognizing milk from various animal species. Applied Food
Research. 2024;4(2):100481. https://doi.org/10.1016/j.afres.2024.100481

Ademgil H, Haxha S. PCF Based Sensor with High Sensitivity, High Birefringence and Low Confine-
ment Losses for Liquid Analyte Sensing Applications. Sensors (Basel). 2015;15(12):31833—-42. https://
doi.org/10.3390/s151229891 PMID: 26694408

Iftekharul Ferdous AHM, Islam MS, Noor KS, Bani MM, Badhon NU, Enzamam-UI-Haque M. Har-
nessing THz Technology: Biosensor for Highly Accurate Cervical Cancer Cell Detection via Refractive
Index. Cell Biochem Biophys. 2024;82(3):2095-106. https://doi.org/10.1007/s12013-024-01318-5
PMID: 38789661

Shakya AK, Singh S. Novel Merger of spectroscopy and refractive index sensing for modelling hyper
sensitive hexa-slotted plasmonic sensor for transformer oil monitoring in near-infrared region. Opt
Quant Electron. 2023;55(9). https://doi.org/10.1007/s11082-023-05016-z

Kumar Shakya A, Singh S. Design of novel Penta core PCF SPR RI sensor based on fusion of IMD
and EMD techniques for analysis of water and transformer oil. Measurement. 2022;188:110513.
https://doi.org/10.1016/j.measurement.2021.110513

Islam MdS, Sultana J, Rifat AA, Dinovitser A, Wai-Him Ng B, Abbott D. Terahertz Sensing in a

Hollow Core Photonic Crystal Fiber. IEEE Sensors J. 2018;18(10):4073-80. https://doi.org/10.1109/
jsen.2018.2819165

Islam MdS, Sultana J, Ahmed K, Islam MR, Dinovitser A, Ng BW-H, et al. A Novel Approach for Spec-
troscopic Chemical Identification Using Photonic Crystal Fiber in the Terahertz Regime. IEEE Sensors
J. 2018;18(2):575-82. https://doi.org/10.1109/jsen.2017.2775642

Jibon RH, Ahmed M, Abd-Elnaby M, Rashed ANZ, Eid MMA. Design mechanism and performance
evaluation of photonic crystal fiber (PCF)-based sensor in the THz regime for sensing noxious chemi-
cal substrates of poultry feed. Appl Phys A. 2022;128(2). hitps://doi.org/10.1007/s00339-022-05302-9

Ferdous AHMI, Anower MdS, Musha A, Habib MdA, Shobug MdA. A heptagonal PCF-based oil
sensor to detect fuel adulteration using terahertz spectrum. Sensing and Bio-Sensing Research.
2022;36:100485. hitps://doi.org/10.1016/j.sbsr.2022.100485

Islam MR, Naser AMA, Jaba FZ, Anzum F, Iftekher ANM, Khan MRH, et al. Design of a hexagonal
outlined porous cladding with vacant core photonic crystal fibre biosensor for cyanide detection at
THz regime. IET Optoelectronics. 2022;16(4):160—73. https://doi.org/10.1049/0te2.12067

Bin Murshed Leon MJ, Disha AS. A simple structure of PCF based sensor for sensing sulfur dioxide
gas with high sensitivity and better birefringence. Sensors International. 2021;2:100115. https://doi.
org/10.1016/j.sintl.2021.100115

Jokar MH, Naraghi A, Seifouri M, Olyaee S. Photonic crystal bio-sensor for highly sensitive label-free
detection of cancer cells. Opt Quant Electron. 2023;55(7). https://doi.org/10.1007/s11082-023-04921-7

Kundu D, Hossain MdS, L. TM, Sahoo S, Karthikeyan S, Ramkumar G, et al. Terahertz Square Core
Photonic Crystal Fiber Sensor: Revolutionizing Efficient Blood Cell Detection Through Refractive
Index Sensing Based on Surface-Enhanced Spectroscopic Properties. Plasmonics. 2024;19(5):2715—
28. https://doi.org/10.1007/s11468-023-02182-4

Ademgil H, Haxha S. PCF Based Sensor with High Sensitivity, High Birefringence and Low Confine-
ment Losses for Liquid Analyte Sensing Applications. Sensors (Basel). 2015;15(12):31833—-42. hitps://
doi.org/10.3390/s151229891 PMID: 26694408

Habib MdA, Reyes-Vera E, Villegas-Aristizabal J, Anower MdS. Numerical Modeling of a Rectan-
gular Hollow-Core Waveguide for the Detection of Fuel Adulteration in Terahertz Region. Fibers.
2020;8(10):63. https://doi.org/10.3390/fib8 100063

Islam MS, Ferdous AHMI, Noor KS, Bani MM. Designing hollow-core PCF sensors for high-
performance terahertz detection of NaCN and KCN. Heliyon. 2024;10(18):e37681. https://doi.
org/10.1016/j.heliyon.2024.e37681 PMID: 39315239

Islam MdS, Sultana J, Ahmed K, Islam MR, Dinovitser A, Ng BW-H, et al. A Novel Approach for Spec-
troscopic Chemical Identification Using Photonic Crystal Fiber in the Terahertz Regime. IEEE Sensors
J. 2018;18(2):575-82. https://doi.org/10.1109/jsen.2017.2775642

Habib MdA, Anower MdS, Abdulrazak LF, Reza MdS. Hollow core photonic crystal fiber for chemical
identification in terahertz regime. Optical Fiber Technology. 2019;52:101933. https://doi.org/10.1016/].
yofte.2019.101933

PLOS ONE | https://doi.org/10.1371/journal.pone.0320805 March 28, 2025 17/18



https://doi.org/10.1007/s13538-024-01530-x
https://doi.org/10.1007/s13538-024-01530-x
https://doi.org/10.1016/j.afres.2024.100481
https://doi.org/10.3390/s151229891
https://doi.org/10.3390/s151229891
http://www.ncbi.nlm.nih.gov/pubmed/26694408
https://doi.org/10.1007/s12013-024-01318-5
http://www.ncbi.nlm.nih.gov/pubmed/38789661
https://doi.org/10.1007/s11082-023-05016-z
https://doi.org/10.1016/j.measurement.2021.110513
https://doi.org/10.1109/jsen.2018.2819165
https://doi.org/10.1109/jsen.2018.2819165
https://doi.org/10.1109/jsen.2017.2775642
https://doi.org/10.1007/s00339-022-05302-9
https://doi.org/10.1016/j.sbsr.2022.100485
https://doi.org/10.1049/ote2.12067
https://doi.org/10.1016/j.sintl.2021.100115
https://doi.org/10.1016/j.sintl.2021.100115
https://doi.org/10.1007/s11082-023-04921-7
https://doi.org/10.1007/s11468-023-02182-4
https://doi.org/10.3390/s151229891
https://doi.org/10.3390/s151229891
http://www.ncbi.nlm.nih.gov/pubmed/26694408
https://doi.org/10.3390/fib8100063
https://doi.org/10.1016/j.heliyon.2024.e37681
https://doi.org/10.1016/j.heliyon.2024.e37681
http://www.ncbi.nlm.nih.gov/pubmed/39315239
https://doi.org/10.1109/jsen.2017.2775642
https://doi.org/10.1016/j.yofte.2019.101933
https://doi.org/10.1016/j.yofte.2019.101933

PLOS ONE

Hollow-core PCF for terahertz sensing: Ethanol and benzene detection

47.

48.

49.

50.

51.

52.

Sen S, Abdullah-Al-Shafi Md, Kabir MA. Hexagonal photonic crystal Fiber (H-PCF) based optical
sensor with high relative sensitivity and low confinement loss for terahertz (THz) regime. Sensing and
Bio-Sensing Research. 2020;30:100377. https://doi.org/10.1016/j.sbsr.2020.100377

Igbal F, Biswas S, Bulbul AA-M, Rahaman H, Hossain MdB, Rahaman MdE, et al. Alcohol sensing
and classification using PCF-based sensor. Sensing and Bio-Sensing Research. 2020;30:100384.
https://doi.org/10.1016/j.sbsr.2020.100384

Ferdous AHMI, Akter B, Priya A, Leo LM, Prabu RT, Sathi BN, et al. Octagonal PCF with Square-Core
for Surface Enhanced Spectroscopic Properties: a New Frontier in Terahertz Chemical Sensing. Plas-
monics. 2023;19(3):1257-68. hitps://doi.org/10.1007/s11468-023-02074-7

Walid A, Roy T, Hasan MdM, Rahman M, Hossain MdK. Design and performance analysis of a highly
sensitive photonic crystal fiber based plasmonic sensor. Opt Quant Electron. 2024;56(6). htps://doi.
org/10.1007/s11082-024-06981-9

Ahasan Habib Md, Shamim Anower Md, Rabiul Hasan Md. Highly birefringent and low effective mate-
rial loss microstructure fiber for THz wave guidance. Optics Communications. 2018;423:140—4. https://
doi.org/10.1016/j.optcom.2018.04.022

Vempatapu BP, Kanaujia PK. Monitoring petroleum fuel adulteration: A review of analytical methods.
TrAC Trends in Analytical Chemistry. 2017;92:1-11. https://doi.org/10.1016/j.trac.2017.04.011

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0320805 March 28, 2025 18/18



https://doi.org/10.1016/j.sbsr.2020.100377
https://doi.org/10.1016/j.sbsr.2020.100384
https://doi.org/10.1007/s11468-023-02074-7
https://doi.org/10.1007/s11082-024-06981-9
https://doi.org/10.1007/s11082-024-06981-9
https://doi.org/10.1016/j.optcom.2018.04.022
https://doi.org/10.1016/j.optcom.2018.04.022
https://doi.org/10.1016/j.trac.2017.04.011

