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Abstract: A highly sensitive non-complex cored photonic crystal fiber sensor for hazardous chemical
sensing with water, ethanol, and benzene analytes has been proposed and is numerically analyzed
using a full-vector finite element method. The proposed fiber consists of a hexagonal core hole and
two cladding air hole rings, operating in the lower operating wavelength of 0.8 to 2.6 µm. It has been
shown that the structure has high relative sensitivity of 94.47% for water, 96.32% for ethanol and
99.63% for benzene, and low confinement losses of 7.31 × 10−9 dB/m for water, 3.70 × 10−10 dB/m
ethanol and 1.76 × 10−13 dB/m benzene. It also displays a high power fraction and almost flattened
chromatic dispersion. The results demonstrate the applicability of the proposed fiber design for
chemical sensing applications.

Keywords: photonic crystal fiber; chemical sensor; relative sensitivity; confinement loss

1. Introduction

In both industry and academic sectors, photonic crystal fibers (PCFs) are one of the
most interested research areas in the field of fiber optics. The huge popularity of PCF arises
from its characteristics of low loss in optical signal, more flexibility and lower weight [1].
These benefits mean that various materials can be incorporated to form the structure of
the PCF to promote a photonic band gap and modified total internal reflection (m-TIR)
propagation mode due to the high refractive index difference. It, additionally, is not
restrained to communication applications but also can be effectively employed in different
promising applications, such as astronomy, security and imaging [2,3]. Moreover, PCF can
be used in diverse chemical and biological sensing applications such as temperature [4],
pressure [5], mechanical [6], gas [7] and liquid [8] sensors. PCF can be employed as a sensor
by incorporating the core air holes with different test analytes; thus, it is applicable in
various sectors. One of the most popular operations of PCF in the field of sensing includes
its use as a chemical sensor, where a group of pioneering researchers have introduced
diverse designs with varying performance over the years.

A group of researchers [9] introduced a sensor design composed of three layers of
cladding air holes in a circular lattice with an array of elliptical holes as the core for
chemical sensing, with ethanol as the test analyte. The relative sensitivity was 29.25% and
confinement loss was in the order of 10−7 dB/m, acquired at 1.5 µm operating wavelength.
In reference [10], a hexagonal grid PCF sensor, with four cladding air hole rings and a
single core elliptical hole, for liquid detection with a water analyte, has been proposed. It
shows values of λ = 1.3 µm, low relative sensitivity of 41.37% and an order of 10−10 dB/m
for confinement loss. Bin Murshed Leon et al. [11] also proposed a PCF design with water
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as the test analyte. The design of the PCF structure consists of four rings of cladding
air holes in a hexagonal arrangement and an array of nine circular holes designated as
the core. Such a sensor design allowed a relative sensitivity of 44.45% and confinement
loss of approximately 10−7 dB/m at a 1.3 µm operating wavelength. The same research
group [12] also introduced a design with four cladding air hole rings and four circular
holes arranged as the core of the fiber, with a similar liquid analyte: water. At an optimum
wavelength of 1.3 µm, it results in a low relative sensitivity of 49.13% and confinement
loss of order 10−5 dB/m. Islam et al. [13] suggested a chemical analyte sensor with water,
ethanol and benzene, which yielded relative sensitivity results of 48.19%, 53.22% and
55.56% for water, ethanol and benzene, respectively, achieved at a wavelength of 1.3 µm.
Then, reference [14] reported relative sensitivities of 56.75% for water, 52.07% for ethanol
and 58.86% for benzene and a confinement loss of approximately 10−5 dB/m for all the
test analytes, at λ = 1.33 µm, with five ring cladding holes in an octagonal lattice and nine
core holes in a square configuration, proposed as the PCF chemical sensor. A PCF structure
with three cladding air hole rings has also been proposed by Maidi et al. [15]. In contrast
to the comparatively simple chemical sensor with water, ethanol and benzene marked on
the three elliptical core holes, the PCF exhibits decent results, with relative sensitivities of
62.60%, 65.34% and 74.50% for water, ethanol and benzene, respectively, with confinement
losses in the order of 10−7 dB/m, 10−8 dB/m and 10−11 dB/m for water, ethanol and
benzene, respectively, at λ = 1.3 µm. Notably, a group of researchers [16] recommended
an impressively performing PCF structure of one hexagonal core and five cladding rings
in a circular form for chemical sensing, demonstrating high relative sensitivities. Relative
sensitivities of 88.93%, 91.87% and 97.89% were achieved for water, ethanol and benzene,
respectively, and the confinement losses for the PCF were in the order of approximately
10−10 dB/m for all test analytes. These values were obtained at an optimum wavelength
of 1.55 µm. In the literature [9–16], researchers focused on implementing elaborative PCF
structures, which consist of intricate core designs and multiple layers of cladding holes to
produce good outcomes in the simulated optical parameters. With such expressive designs,
this increases the difficulty of manufacturing the PCFs and may affect the sensing results
due to the fabrication tolerances. Fabrication of PCFs is subject to manufacturing errors and
prone to issues such as inaccuracy of hole sizes due to the irregular shape and positioning
of the desired holes [17,18]. Furthermore, a single inaccuracy in an air hole will affect
surrounding air holes as well, which can be problematic in elaborate designs with intricate
fiber core structures and numerous air holes [19].

In this work, a noncomplex PCF structure is proposed that maintain impressive results
of optical properties, particularly its relative sensitivity and confinement loss. Results of
the effective refractive index, relative sensitivity, power fraction, confinement loss and
chromatic dispersion are investigated, as well, over the infrared region from 0.8 to 2.6 µm
operating wavelength. Water, ethanol and benzene are selected as the test analytes for
the study.

2. Design

The sensing principles for PCF sensors are based on the interaction between the optical
signal and the analyte in the propagation core region [20]. The evanescent field of light
is imposed on the PCF and extends to the located analyte to be sensed. The presence of
cladding air holes allows near-total confinement of light to promote sufficient light–analyte
interaction. Thus, an appropriate geometry of the proposed PCF sensor was configured
and is presented in Figure 1, which consists of a core, cladding and the perfectly matched
layer (PML). Silica was chosen for the background material established for the cladding
and PML, marked in red and blue colors, respectively. Likewise, the white color indicates
air for the cladding air holes and the test analytes are shown in yellow at the core.
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Figure 1. Schematic of the design proposed for the PCF.

The core of the fiber is a hollow hexagonal hole, where the selective test analyte is
suggested to be administered for chemical sensing. The corner-to-corner length of the
hexagonal hole is denoted as l. The cladding consists of multiple air holes positioned
throughout its region, and each circular air hole is denoted as d. To offer a symmetrical
design, the cladding holes are situated equidistantly from each other, with a pitch distance
denoted as Λ = 3.0 µm and air-filling fraction (AFF) of 0.97. The cladding has a total of
18 air holes arranged in 2 rings. The PML is imposed on the fiber structure to absorb light
leaked from the core and cladding region. The dimension of the core l = 3.32 µm, and the
diameter of each cladding air hole d = 2.91 µm. The PML is enhanced to be 10% of the fiber
diameter to meet the boundary condition. The proposed PCF sensor can detect various
chemical analytes; however, the selected test analytes in this paper are water, ethanol
and benzene. The air-filling fraction of the cladding is kept at a high value to acquire an
optically dense core compared to the cladding, which preserves the modified total internal
reflection (m-TIR) as the guiding mechanism.

There are various possible fabrication methods that have been introduced, such as the
sol–gel technique [21], stacking [22], drilling [23], 3D printing [24] and extrusion [25]. The
fabrication of this PCF sensor design can be performed using the extrusion method as it
allows the fabrication of intricate designs with high accuracy. Additionally, the infiltration
of the test chemical analyte into the hollow holes can be achieved by using the selective
infiltration technique, which has been experimentally introduced by researchers [26–30].
This technique is capable of injecting liquids into the micro-structured core and cladding
holes in the PCF. Numerous methods for injecting liquid analytes have been proposed by
researchers throughout the years, including the multi-step injection-cure-cleave process [26],
fusion splicer [27], lateral filling [28], femtosecond laser micromachining [29] and focused
ion beam micromachining [30].

3. Methodology

A simulation of the proposed PCF has been conducted applying the full-vector finite
element method (FV-FEM) for numerical analysis using COMSOL Multiphysics software
version 5.5. A finer meshing type has been selected for the design to be correctly mapped.
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The complete mesh consists of 14,370 triangular elements, 1352 edge elements and 86 vertex
elements. The proposed PCF is intended for detecting chemicals, particularly water, ethanol
and benzene. Figure 2 shows the refractive index of silica and the test analytes (water,
ethanol and benzene) with respect to a micrometer wavelength of 0.8–2.6 µm [31–34].
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Evaluation of the performance and practicability of the proposed PCF design is con-
ducted through investigating the respective optical properties: effective refractive index,
relative sensitivity, power fraction, confinement loss and chromatic dispersion.

With silica as the background material, hollow air holes and core holes that have been
set with the test analytes, the effective refractive index neff can be quantified and modeled
using Sellmeier’s equation given by [35]:

neff(λ) =

√
1 +

B1λ2

λ2 − C1
+

B2λ2

λ2 − C2
+

B3λ2

λ2 − C3
(1)

where λ is the operating wavelength and Bi and Ci (i = 1,2 and 3) are the Sellmeier coeffi-
cients for the specific material.

Relative sensitivity S determines the practicability of the PCF sensor to detect analytes
by matching the refractive indices and achieved by measuring the light intensity that
interacts with the analyte to be detected. It is defined as [15,36,37]:

S =
nr

neff
× P (2)

where nr is the refractive index of the sensed material and P is the power fraction. The
variation in relative sensitivity is closely related to the effective refractive index and
power fraction.

Power fraction P is a measure of the amount of power flowing through the PCF at a
specific region, and it is defined as the ratio of power in a chemical-filled region to that of
the total fiber by integration. It is expressed by Poynting’s theorem as [15,36,37]:

P =
(sample)

∫
Re
(
Ex Hy − Ey Hx

)
dxdy

(total)
∫

Re
(
Ex Hy − EyHx

)
dxdy

× 100 (3)
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where Ex, Ey and Hx, Hy are the transverse electric and magnetic fields of the guided mode,
respectively. The integral in the numerator is selected over the analyte at the core, whilst
the integral in the denominator is over all fiber regions.

Confinement loss Lc describes the phenomenon of leakage of light from the core to the
cladding, contributed by the structural design of the fiber. It quantifies the portion of light
loss from the core area to the cladding, and is defined as [38–40]:

Lc =
40π

ln(10)λ
Im[neff]× 106 (4)

where Im[neff] is the imaginary part of the effective mode index. The variations in the
operating wavelength and effective refractive index determine the confinement loss.

Chromatic dispersion D is a measure of the light-guiding capabilities of the fiber and
the degradation of the mode in the fiber. It is defined as [10,38,40]:

D = −λ

c
d2

dλ2 Re[neff] (5)

where c is the speed of light and Re[neff] is the real part of the effective refractive index.

4. Results and Discussion

Figure 3 illustrates the mode profiles for the different chemical-infiltrated analytes in
the core, with an operating wavelength of 1.3 µm. The interaction of light occurs through
the core region, with the mode field completely confined at the core for all three test
analytes: water, ethanol and benzene.
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Theoretically, the effective refractive index decreases with an increase in the operating
wavelength, and a similar trend is established as well for the proposed PCF shown in
Figure 4, with the effective refractive index declining as the operating wavelength is
increased, for all the selected analytes: water, ethanol and benzene. This behavior arises
where smaller electromagnetic wavelengths propagate through the high refractive index
region. Moreover, it can be observed that the effective refractive index of water is the lowest,
followed by ethanol and benzene, being the highest, as established from their respective
refractive indices, as seen in Figure 2.

It can be seen from Figure 5 that the relative sensitivity for benzene decreases over
the scale of set wavelengths from 0.8 to 2.6 µm; however, the trend for water and ethanol
increases from 0.8 to 1.3 µm and then subsequently decreases as the wavelength is increased
further. Relative sensitivity is closely related to the effective refractive index and power
fraction; hence, benzene has the highest relative sensitivity, followed by ethanol and water.
At the operating wavelength of 1.3 µm, relative sensitivities are 94.47%, 96.32% and 99.63%
for water, ethanol and benzene, respectively. Since the operating wavelength of 1.3 µm
yielded the optimum relative sensitivities for water and ethanol, other optical properties
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for the proposed PCF were considered at this optimum wavelength. Moreover, as seen
from Figure 1, the dimension of the core hole is larger than the surrounding air holes in
the cladding, which allows more test analyte to be injected into the core hole; this leads to
a stronger interaction between light and the test analyte. Hence, the PCF leads to higher
relative sensitivity.
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Figure 6 shows the power fraction of the proposed PCF sensor against different
operating wavelengths for water, ethanol and benzene. The amount of power flowing
through at the core of the PCF is quantified with this property. It can be seen that the power
fractions for water and ethanol present an increasing behavior initially as the operating
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wavelength increases between 0.8 and 1.3 µm, before drastically decreasing with further
increases in the operating wavelength, whereas the power fraction trend for benzene
decreases as the wavelength increases. The decreasing behavior results in optical power
leaks from the core region to the surrounding cladding as the wavelength increases. The
proposed PCF yields power fractions of 92.91%, 94.64% and 97.84% for water, ethanol and
benzene, respectively, at a wavelength of 1.3 µm.
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Figure 7 demonstrates the relationship between confinement loss and operating wave-
length. Confinement loss is a measure of light leakage from the core to the cladding, and,
in theory, confinement losses generally increase as light tends to leak out of the cladding
with respect to the increase in operating wavelength; this characteristic can be seen in the
figure. Confinement losses are 7.31 × 10−9 dB/m for water, 3.70 × 10−10 dB/m for ethanol
and 1.76 × 10−13 dB/m for benzene, at an operating wavelength of 1.3 µm. Furthermore,
with the benefit of a definite hexagonal core and surrounding air hole configuration, it
influences the careful confinement of light, as seen in the results.

Figure 8 shows the relationship between the chromatic dispersion of the proposed
PCF and the operating wavelength with water, ethanol and benzene. It can be observed
that the obtained dispersion is especially low and nearly flattened for all test analytes.
This indicates a good result in the interaction between the light signal and the chemical
analytes. At a 1.3 µm wavelength, the chromatic dispersions are −0.0053 ps/nm.km for
water, −0.0049 ps/nm.km for ethanol and −0.0045 ps/nm.km for benzene. This evaluation
of chromatic dispersions is achieved due to the narrow width of the waveguide.

Additionally, regarding the fabrication of the proposed PCF sensor, a tolerance analysis
is performed by varying the global parameters—the pitch and diameter of the holes—and
examining the effects on the variations in the optical properties: relative sensitivity and con-
finement loss. Analyses in the order of ±1%, ±2% and ±4% are applied on the parameters
of the proposed PCF, which is shown in Table 1. A very small effect is seen on the optical
properties. In terms of the values of relative sensitivities and confinement losses, they
decrease as the percentage variations are increased and they increase when the variations
are decreased.
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Figure 9a–c show the relative sensitivity variations of order ±1%, ±2% and ±4%
for water, ethanol and benzene, respectively. Meanwhile, Figure 10a–c illustrate the vari-
ations in confinement loss in the order of ±1%, ±2% and ±4% for water, ethanol and
benzene, respectively. With such modification made to the dimensions of the pitch and
air holes’ diameter, Figures 9 and 10 demonstrate minute alterations in the results of the
optical properties.
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Lastly, a comparison between prior PCF chemical sensors and the proposed PCF
design is presented in Table 2. It can be observed from the table that the proposed PCF has
a comparatively simple layout of a single core hole with two cladding rings, in contrast
to the prior PCFs with additional cladding rings and intricate core designs. With regard
to the design, the proposed PCF demonstrates the highest relative sensitivity and low
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confinement loss, with all the chemical analytes. Therefore, the novelty of the proposed
PCF is the simplicity of design, which aids in the ease of fabrication and leads to better
numerically analyzed results.

Table 2. Comparison of structure and performance among prior PCFs and proposed PCF at λ = 1.3 µm.

No. of Rings
Structure Relative

Sensitivity (%)
Confinement
Loss (dB/m)Core Cladding

Ref. [9] 3 6 core holes Circular holes in circle 26.23 (E) ~10−8 (E)
Ref. [10] 4 1 core hole Circular holes in hexagon 41.37 (W) ~10−10 (W)
Ref. [11] 4 9 core holes Circular holes in hexagon 44.45 (W) ~10−4 (W)
Ref. [12] 4 4 core holes Circular holes in hexagon 49.13 (W) ~10−5 (W)

Ref. [13] 3 7 core holes Circular holes in hexagon
48.19 (W)
53.22 (E)
55.56 (B)

-

Ref. [14] 5 9 core holes Circular holes in octagon
52.07 (W)
56.75 (E)
58.86 (B)

~10−13 (W)
~10−13 (E)
~10−13 (B)

Ref. [15] 3 3 core holes Circular holes in hexagon
62.60 (W)
65.34 (E)
74.50 (B)

~10−7 (W)
~10−8 (E)
~10−11 (B)

Ref. [16] 5 1 core hole Circular holes in hexagon
90.14 (W)
93.85 (E)
98.11 (B)

~10−10 (W)
~10−10 (E)
~10−10 (B)

Proposed PCF 2 1 core hole Circular holes in hexagon
94.47 (W)
96.32 (E)
99.63 (B)

~10−10 (W)
~10−10 (E)
~10−10 (B)

where W refers to water, E refers to ethanol and B refers to benzene.

5. Conclusions

The proposal of a simple PCF sensor for hazardous chemical detection has been intro-
duced, which is composed of a single hexagonal hole for the core and 18 imposed cladding
air holes, positioned in a hexagon-shaped lattice. Operating at the lower wavelengths
of 0.8–2.6 µm, the designed chemical sensor with water, ethanol and benzene has been
numerically analyzed with the aid of a FV-FEM simulation method on COMSOL Multi-
physics to investigate its optical properties: effective refractive index, relative sensitivity,
power fraction, confinement loss and chromatic dispersion. The optimum results have
been obtained at a 1.3 µm operating wavelength, with high relative sensitivities of 94.47%,
96.32% and 99.63% for water, ethanol and benzene, respectively, and confinement losses
of 7.31 × 10−9 dB/m, 3.70 × 10−10 dB/m and 1.76 × 10−13 dB/m for water, ethanol and
benzene, respectively. The investigated results are noteworthy as they indicate the practica-
bility of the proposed PCF for sensing applications in the medical sector, chemical industry,
security and defense by sensing unknown analytes, as well as in optical communication
through the desirable results of chromatic dispersion. Furthermore, this research shall
potentially proceed to fabrication and experimental testing as future work.
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