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Abstract: A novel liquid-infiltrated photonic crystal fiber model applicable in liquid sensing for
different test liquids—water, ethanol and benzene—has been proposed. One core hole and three air
hole rings have been designed and a full vector finite element method has been used for numerical
investigation to give the best results in terms of relative sensitivity, confinement loss, power fraction,
dispersion, effective area, nonlinear coefficient, numerical aperture and V-Parameter. Specially, the
assessed relative sensitivities of the proposed fiber with water, ethanol and benzene are 94.26%,
95.82% and 99.58%, respectively, and low confinement losses of 1.52 x 1011 dB/m with water,
1.21 x 10712 dB/m with ethanol and 6.01 x 10~'® dB/m with benzene, at 1.0 um operating wave-
length. This novel PCF design is considered simple and can be easily fabricated for practical use,
and the assessed waveguide properties has determined the potential applicability in real liquid
sensing applications.

Keywords: photonic crystal fiber; liquid sensing; relative sensitivity; confinement loss

1. Introduction

Photonic crystal fiber (PCF) gained tremendous interest from researchers and man-
ufacturers in the past few decades, after it was first introduced in the late 1990s [1]. This
popularity arose due to its flexibility, in term of structural design, allowing air holes of
different shapes and sizes to be embedded into the PCF, in order to manipulate different
properties of the fiber. Refractive indices of the fibers can be uniquely changed to produce
a desired effect, and correspond to certain optical properties [2]. This is in contrast to a
conventional optical fiber, which is limited to altering refractive indices of the core and
cladding only. A common photonic crystal fiber design is made up of pure silica glass, with
air holes incorporated in the fiber axis. PCF generally has a high-index core within an air
hole filled cladding, to give a hybrid of air-silica fiber with lower overall refractive index in
its cladding than the refractive index in its core [3].

Some parameters that can be freely changed on a PCF are the design of its core
and cladding, diameter of the integrated holes, number of air holes, and lattice pitch [4].
With these changes, remarkable results in optical properties are possible, such as high
relative sensitivity, low confinement loss, high nonlinearity and single-modeness of the
fiber. Consequently, the PCFs can potentially be applied in various optical applications,
such as communication, as well as industrial and medical sensors [5-7]. An example of PCF
utilization in such sectors are refractive index (RI) PCF sensors where recently an annular-
core photonic crystal fiber (AC-PCF) was introduced to detect different concentrations
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of glucose [8]. In addition, an octagonal PCF-based RI sensor has also been introduced
to measure moisture content of transformer oil [9]. These significantly demonstrate the
flexibility of PCF to be used for different sensor applications.

Many researchers have also suggested PCFs for other liquid sensing applications,
such as in reference [10], where a liquid sensor for water, ethanol and benzene with a PCF
design of three rings cladding and three elliptical holes in its core has been introduced. The
simple PCF sensor exhibits confinement losses in the order of 107 dB/m, 10~8 dB/m and
10~ dB/m with water, ethanol and benzene, respectively, and sensitivities of 62.60% with
water, 65.34% with ethanol; and 74.50% with benzene, at 1.3 pm operating wavelength.
Ahmed and Morshed [11] have proposed a PCF sensor design of 5 rings cladding and
9 holes in its core, using water, ethanol and benzene as test analytes. The liquid sensing PCF
exhibits sensitivities of 45.05%, 46.87% and 47.35% with water, ethanol and benzene, respec-
tively, at 1.33 um operating wavelength. Additionally, at the same operating wavelength,
confinement losses are about 10~1° dB/m with water and 10~ 1% dB/m with ethanol and
benzene. A circular lattice PCF with 3 rings cladding and 16 holes in its core, has also been
developed by Asaduzzaman et al. [12] for water, ethanol and benzene liquid sensing. At
wavelength of 1.33 pm, the elaborate PCF sensor exhibits sensitivities of 48.85%, 49.14% and
49.29% with water, ethanol and benzene, respectively, and confinement losses in the range
of 1077 to 10719 dB/m with all three liquid analytes. Another three rings liquid-infiltrated
sensor has been proposed by Islam et.al [13] that exhibits acceptable values in sensitivities
of 48.19% with water, 53.22% with ethanol and 55.60% with benzene. The design of the
cladding air holes is of hexagonal arrangement and the PCF includes seven holes in its core;
with the reported sensitivity values obtained at a wavelength of 1.33 pm. A different group
of researchers [14] have proposed a PCF with 5 layers of cladding air holes and 9 holes in
its cores, operating at 1.33 um wavelength for sensing water, ethanol and benzene. The
octagonal lattice sensor exhibits losses in the order of 107! dB/m with all three liquid
analytes, and relative sensitivities of 52.07% with water, 56.75% with ethanol and 58.86%
with benzene. A porous core PCF with 5 rings cladding has been presented by Sen et al. [15],
with sensitivities of 57.0% with water, 57.18% with ethanol and 57.27% with benzene for
liquid sensing application. The results are assessed at operating wavelength of 1.33 um,
with confinement losses in the order of 10710 dB/m with water, and 107! dB/m with
ethanol and benzene. Remarkably, another group of researchers [16] have demonstrated
impressive results from their PCF design (with a hexagonal lattice of 5 layers cladding and
a hexagonal-shaped core), which exhibits relative sensitivities of 88.93% with water, 91.87%
with ethanol and 97.89% with benzene. Additionally, confinement losses of this sensor
have been determined to be about 10~1? dB/m with all the three sensing liquids: water,
ethanol and benzene. However, these admirable results are obtained, by having a great
number of air holes along the fiber axis, which is a huge drawback during fabrication. On
that note, references [10-16] have proposed photonic crystal fibers with large number of air
holes in their axis and have incorporated intricate core designs, which consequently would
make the PCFs difficult to manufacture and may lead to many errors during fabrication.

From the literature [10-16], it can be seen that good results, in terms of relative
sensitivities and confinement losses, have been demonstrated from their PCFs, however,
these have been obtained at the expense of intricate designs. In contrast, the proposed
liquid sensor in this paper is a simple novel PCF, consisting of a uniform circular core holes
and 36 air holes in its cladding, arranged in three rings of a hexagonal lattice structure.
The design exhibits excellent results, with large power fraction, high relative sensitivity,
low confinement loss, almost flattened chromatic dispersion, low effective area, high
nonlinearity, and low numerical aperture. Relative sensitivities of the PCF with water,
ethanol and benzene are 94.26%, 95.82% and 99.58%, respectively, and confinement losses
are 1.52 x 1011 dB/m with water, 1.21 x 10712 dB/m with ethanol and 6.01 x 10716 dB/m
with benzene, at wavelength of 1.0 um. Furthermore, the PCF with all the three liquid
analytes is able to operate as a single mode fiber.
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2. Design

The proposed PCF sensor is a novel photonic crystal fiber design, in which the core
of the structure is designed with one uniform circular air hole. Its core is placed on the
cross-sectional center of the fiber, and the cladding constitutes the majority of the fiber
structure, with multiple air holes positioned throughout the axis of the cladding region.
A full vector finite element method (FEM) with perfectly matched layer (PML) has been
implemented to simulate the proposed model. FEM is a numerical analysis method that
has the capability of simulating and studying photonics structures. Figure 1 presents the
proposed PCF model for liquid sensing application.

Figure 1. Design of the PCF-based sensor for liquid sensing.

Diameter of the air holes in the core and cladding is uniform, and is denoted as d.
The core hole shall be infiltrated with liquid to serve the purpose of sensing the unknown
analyte being inserted, with the cladding holes kept completely hollow. In the cladding,
a total of 36 uniform-sized air holes is arranged in a hexagonal manner, with three rings.
The distance between adjacent cladding air holes is known as the pitch, denoted as p.
Perfectly matched layer (PML) is a boundary layer, which provides a conditional technique
to evaluate propagation characteristics of leaky modes in PCFs. It aids in the absorption
of leaked waveguide from the fiber and prevents light from being reflected back into the
cladding and core.

The background material of the fiber has been selected to be pure silica. The cor-
responding air holes in the cladding are arranged with pitch distance p = 1.8 um, with
each cladding air holes and core holes having a diameter 4 = 1.78 pm. Moreover, the
PML outside the fiber structure is elevated to be 10% of the cladding diameter to meet the
boundary condition. Diameter of the total fiber: core, cladding and PML, is 14.4 um.

3. Methodology

The proposed PCF is used for liquid sensing application, with various unknown liquid
analytes to be injected into the core of the fiber for detection. Operating wavelength of
the proposed PCF is between 0.6-2.0 yum. For this study, only three (3) different liquid
analytes: water, ethanol and benzene, have been selected for testing the proposed PCF
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design for liquid detection. Figure 2 shows the refractive indices of the selected analytes
at different operating wavelengths [17-20]. The refractive index of the core when injected
with the analytes (i.e., refractive indices of water, ethanol and benzene) is higher than the
cladding (n ~ 1.00), therefore, the guiding mechanism for this liquid-infiltrated PCF is
through modified total internal reflection (m-TIR).

1.6 —m———m———v—-v+—v———v———a—

—a— Water
i —o— Ethanol 1
—i— Benzene
1'5 kg " p N .
1.4} -

sk T

Refractive Index

1.2 Py [] A [ A [ Py [ Py [ A [ A
06 08 10 12 14 16 18 2.0

Wavelength (um)

Figure 2. Refractive index of liquid analytes: water, ethanol and benzene, at 0.6-2.0 um operating
wavelengths.

The field distribution of the proposed PCF has been numerically analyzed using a
full vector finite element method (FEM) in COMSOL Multiphysics software version 5.5.
This simulation method divides the PCF geometry into small homogeneous triangular
segments, known as meshing. The FEM process then utilizes Maxwell’s wave equation
to solve these segments by accounting for neighboring subspaces. Overall, 58,833 mesh
vertices, 111,868 triangular elements, 5438 edge elements and 156 vertex elements have
been used. The proposed PCF has an element area ratio of 0.007912, and total mesh area of
162.8 um?.

The optical properties that have been evaluated are effective refractive index, power
fraction, relative sensitivity, confinement loss, chromatic dispersion, effective area, non-
linear coefficient, numerical aperture and V-Parameter; these properties are assessed to
determine the practicability of the proposed PCF.

With silica as background material and the core hole that has been injected with the
test analytes, the effective refractive index ¢ can be quantified and modelled using the
Sellmeier’s equation given by [21]:

BiA2 ByA2 ByA2
eir(h) = \/1 tv_gtre-—gtie—qg @

where A is the operating wavelength, and B(;-1 2,3) and C(i_1 5 3) are Sellmeier coefficients of
the specific material.
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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 particular region to that of the
total fiber, expressed as [22,23]:

p_ (sample) [ Re(ExHy — E,Hy)dxdy 100 ®
(total) [ Re(ExHy — EyHy)dxdy

where Ey and E; are the transverse electric fields of the guided mode, whilst Hy and Hy are
the magnetic fields of the guided mode.

Relative sensitivity S determines the efficiency of the PCF of its practicability which
gives an insight on the interaction between light and test liquid analyte. It is defined
as [22,23]: ;

T
o x P (©)]

S:

where 1, is the refractive index of the sensed material.

The confined light in the PCF is characteristically leaky, leaking from the core to the
cladding and this is referred to as confinement loss L. It measures the extent of loss of
light from the core region of the fiber, and can be quantified by [24,25]:

407

_ 6
LC - ln(lo)/\lm[nefd X 10 (4)

where Im[n.g] is the imaginary part of effective mode index.
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 [25,26]:

A d?

D = _EWRe[neff] %)

where c is the speed of light and Re[n] is the real part of effective refractive index.
Effective area Af quantifies the cross-section area covered by the PCF in transverse
dimensions, and is defined as [22,25,27]:

(%, [ |EPdxdy)®
I [0 El dxdy

Nonlinear coefficient is a measure of the ability of the fiber to confine high intensity

light, and is defined as [25,28]:
27 1y )
p— —_— 7
i ( A ) (Aeff @

where 15 is the nonlinear refractive index.
Numerical aperture NA is a measure of the ability of the PCF to collect the incident
light into the fiber, and is defined as [29,30]:

Aetf = (6)

NA = 1 8)

/1+ ”Aefff
where f is the operating frequency.

V-Parameter V¢ examines whether the PCF is single-mode or multimode fiber, and it

is expressed as [31,32]:

27y
Veff = c f 71%0 - n%l (9)

where r is the radius of the core, n, is the effective refractive index of core and 1, is the
effective refractive index of cladding.
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4. Results and Discussion

Performance of the proposed PCF with water, ethanol and benzene has been analyzed
by considering different optical parameters including power fraction, relative sensitivity,
confinement loss, dispersion, effective area, nonlinear coefficient, numerical aperture and
V-Parameter. The test analytes, with refractive indices given in references [17-20], are filled
into the core region and the PCF is simulated for a range of operating wavelength between
0.6-2.0 pm. Figure 3 shows the mode profile of the PCF with different analytes at operating
wavelength of 1.0 pm, which show the interaction of light with the liquid analytes present
in the core region of the fiber. The figure demonstrates that light is closely confined within
the core of the PCF.

(a) (b) (c)

Figure 3. Mode profile of the proposed PCF with (a) water, (b) ethanol and (c) benzene, at wavelength of 1.0 pm.

Effective refractive indices of the proposed PCF sensor with the sensing liquid analytes
(water, ethanol and benzene) are illustrated in Figure 4. It demonstrates that effective refractive
index decreases linearly with respect to an increase in wavelength. This is based on the
phenomenon that electromagnetic signal with smaller wavelength consistently propagates
through high refractive index region, whilst electromagnetic signal with longer wavelength
has stronger capacity to overflow to the cladding region of the PCF. As compared to water
and ethanol, the refractive index of benzene is slightly higher, hence, the effective refractive
index of the proposed PCF with benzene is the highest, followed by ethanol and then, water.

1.5 ¥ ) b v i L} b L} b L} s L}

1.2F 4

—a— Water

—o— Ethanol
—t— Benzene

1.1 2 [l 2 [l 2 [l Py [l 2 A 2 [l P
06 08 10 12 14 16 18 2.0

Wavelength (um)

Effective Refractive Index

Figure 4. Effective refractive index of the proposed PCF with liquid analytes: water, ethanol and
benzene.
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The relationship between power fraction of the proposed PCF with water, ethanol
and benzene, and operating wavelength is shown in Figure 5. It can be seen that power
fraction of the PCF with benzene decreases as wavelength increases. However, power
fractions of the PCF with water and ethanol initially increase at lower operating wavelength
of 0.6 to 0.7 um, before decreasing. The optical power goes through the proposed core
for the propagation mode, and the decreasing behavior is due to light leaking from the
core volume to the surrounding cladding as wavelength increases. Power fractions of
the proposed PCF with water, ethanol and benzene are taken at operating wavelength of
1.0 um, henceforth, all optical properties are taken at that wavelength as well. At 1.0 um,
the power fractions of the PCF are 91.60% with water, 93.06% with ethanol and 96.69%
with benzene.

100 v T v T v T v T v T v T

\o
9]

\©
(=]

)
W

—a— Water
—o— Ethanol
[ == Benzene

75 A [ Py (] A [ [ A [l [ "

Power Fraction (%)
=)
(=]

06 08 1.0 1.2 . 14 1.6 . 1.8 2.0
Wavelength (um)

Figure 5. Power fraction of the PCF sensor for water, ethanol and benzene against wavelengths.

Figure 6 shows the relationship between relative sensitivity and operating wavelength
of the proposed PCF, with all the liquid analytes. It can be observed from the figure
that benzene exhibits the highest relative sensitivity of nearly 100% for all operating
wavelengths. On the other hand, water and ethanol also display high sensitivity, with
relative sensitivity increasing from 0.6 to 1.0 pm and then, subsequently decreasing as
wavelength further increases. Relative sensitivity is closely related to the refractive index
of the test analytes. Therefore, the proposed PCF with benzene has the highest sensitivity
as it has a higher refractive index and followed by ethanol and benzene. At wavelength
of 1.0 pm, sensitivities of the proposed PCF with water, ethanol and benzene are 94.26%,
95.82%, 99.58%, respectively.

Confinement loss is a measure of loss of light leaking from the core to the outer region,
and the behavior of confinement loss of the proposed PCF with water, ethanol and benzene
in relation to operating wavelength, is shown in Figure 7. In theory, confinement loss
generally increases with respect to wavelength, as more light tends to leak out of the core
into the cladding as wavelength increases. This can be seen in the figure below. However,
as benzene has a higher refractive index than water and ethanol, confinement loss of the
proposed PCF with benzene is also much lower. The confinement losses of proposed
PCF with water, ethanol and benzene are 1.52 x 10711 dB/m, 1.21 x 10712 dB/m and
6.01 x 10716 dB/m, respectively, at 1.0 pm.
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Figure 6. Relative sensitivity of the PCF sensor with water, ethanol and benzene, at different operating

wavelengths.
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Figure 7. Confinement loss of the PCF sensor with water, ethanol and benzene, for different operating
wavelengths.

Figure 8 shows chromatic dispersion of the proposed PCF with water, ethanol and
benzene, with respect to operating wavelength. It can be observed from graph that chro-
matic dispersion increases as wavelength increases from 0.6 to 0.8 um, before it decreases
as operating wavelength is further increased, with all the liquid analytes. Moreover, dis-
persions are almost similar with all the three analytes, and with confinement losses at
very low value. The values of dispersion of the proposed PCF with water, ethanol and
benzene are —0.0086 ps/nm.km, —0.00832 ps/nm.km and —0.0099 ps/nm.km, respectively,
at wavelength of 1.0 um.
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Figure 8. Chromatic dispersion of the PCF sensor with water, ethanol and benzene, for different

operating wavelengths.

The relationship between effective area and wavelength of the proposed PCF with
water, ethanol and benzene, is illustrated in Figure 9. Effective area of the proposed PCF
with the selected liquid analytes increases almost linearly with an increase in operating
wavelength, as seen in the figure. Water has the highest effective area, followed by ethanol,
and then benzene. Essentially, effective area is the measure of how much cross-sectional
area is covered by the PCF in the transverse dimension. This is deduced by the electric
fields in the fiber, and this property increases as wavelength increases. At wavelength of
1.0 um, the effective areas of the proposed PCF are 2.230 um? with water, 2.089 um? with
ethanol and 1.708 um? with benzene.

3.00

2.75

A
NE —a— Benzene
= 2.50
~
&
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o
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2
=
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Figure 9. Effective area of the PCF sensor with water, ethanol and benzene, for different operating

wavelengths.
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Figure 10 shows the relationship between nonlinear coefficient and operating wave-
length of the proposed PCF sensor with the liquid analytes. It can be observed that
nonlinear coefficient of the PCF with water, ethanol and benzene decreases non-linearly as
wavelength increases. From Equation (7), it shows that nonlinearity is inversely propor-
tional to effective area, which is evident when comparing Figures 9 and 10 as they show
contrasting behavior to one another. Since refractive indices of water and ethanol have
almost similar values, nonlinear coefficients of the proposed PCF with the two analytes are
also almost similar. Benzene has a slightly higher nonlinear coefficient value. The nonlinear
coefficients of the proposed PCF with water, ethanol and benzene are 84.55 W~ 1km ™!,
90.26 W 'km~! and 110.39 W~ 'km~!, at 1.0 um, respectively.

240 -—r 7T
L —a— Water
—o— Ethanol

(o)
S
<

—d— Benzene

[a—y
(=2
(=]

120

R
<

N
—

0 P [l P [l P [l P [l P ] 2
06 08 10 12 14 16 18 2.0
Wavelength (um)

Nonlinear Coefficient (W‘lkm'l)

Figure 10. Nonlinear coefficient of the PCF sensor with water, ethanol and benzene, for different
operating wavelengths.

In this liquid sensing PCE, it is desirable to obtain a high numerical aperture, to
deduce its efficiency for sensing application. This property is dependent on the effective
refractive index, which is the refractive index difference between the core and the cladding.
Figure 11 illustrates the relationship between numerical aperture of the proposed PCF
with water, ethanol and benzene, and operating wavelength. It can be observed that
numerical aperture with these liquid analytes increases as wavelength increases. At higher
wavelength, numerical aperture is greater. Numerical apertures of the proposed PCF with
water, ethanol and benzene are 0.3534, 0.3636 and 0.3963, respectively, at wavelength of
1.0 um.

Figure 12 demonstrates the relationship between V-Parameter of the proposed PCF
with all liquid analytes and operating wavelength. V-Parameter is the property that
determines whether the proposed PCF is operating in either single-mode or multi-mode. It
is desirable to operate in a single-mode operation, to deter from any multi-mode distortions.
As seen from the figure, all liquid analytes: water, ethanol and benzene, are operating well
as a single-mode fiber as all values are below 2.405 [31]. V-parameter generally decreases
as wavelength is increased. The V-parameters of the PCF at 1.0 um are 1.806 with water,
1.747 with ethanol and 1.980 with benzene.
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Figure 11. Numerical aperture of the PCF sensor with water, ethanol and benzene, for different
operating wavelengths.
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Figure 12. V-Parameter of the PCF sensor with water, ethanol and benzene, for different operating
wavelengths.

Moreover, to give allowance in fabrication, a tolerance analysis is performed by
varying selected structural parameters: its pitch size and diameter of the holes and examine
the effect of these variations on the optical properties: relative sensitivity and confinement
loss. Analysis in the order of 1% and +2% has been applied on the parameters of the
proposed PCE, is shown in Table 1. It can be seen that with a change of £1% and £2% on the
global parameters, only slight changes of about £0.05, £0.05 and £0.01 for the proposed
PCF with water, ethanol and benzene, respectively, in terms of relative sensitivities and
variations of about £0.21 x 1071, £0.51 x 1072 and +0.50 x 107! for the proposed
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PCF with water, ethanol and benzene, respectively, in terms of confinement losses, in
comparison to relative sensitivity and confinement loss obtained with the optimum global
parameters. This proves that with a slight variation in fabrication, the optimum values can
still be maintained.

Table 1. Comparison among the variation in global parameters on optimum parameters at A = 1.0 pm.

Change in Global Relative Sensitivity (%) Confinement Loss (dB/m)
Parameters Water Ethanol Benzene Water Ethanol Benzene
+2% 94.29 95.86 99.59 1.73 x 10~ 11 141 x 10712 5.82 x 10716
+1% 94.27 95.84 99.58 1.61 x 10711 1.35 x 10712 5.95 x 10716
Optimum 94.26 95.82 99.58 1.52 x 10711 1.21 x 10712 6.01 x 10716
—1% 94.23 95.80 99.57 1.41 x 10711 1.11 x 10712 6.39 x 10716
—2% 94.21 95.77 99.57 1.32 x 10711 1.04 x 10712 6.51 x 10716

Lastly, a comparison between the proposed fiber and prior liquid infiltrated PCF is
presented in Table 2. It can be observed from the table that the proposed PCF demonstrates
the highest relative sensitivity and confinement loss, with all the liquid analytes. In
comparison to the PCFs in references [10-16], it can be seen that the proposed PCF produces
the best results: highest sensitivity, lower confinement loss, smaller dispersion, high
nonlinearity and higher numerical aperture.

Table 2. Comparison of structure and performance among prior PCFs and proposed PCF at A = 1.0 um.

No. of Structure Rel?t.i v'e Confinement Dispersion Nonl'in.ear Numerical
. Sensitivity Coefficient
Rings N Loss (dB/m) (ps/nm-km) L1 Aperture
Core Cladding (%) (W= km™)
. 59.9 (W) ~1077 (W) —0.0104 (W) 99 (W)
Ref. [10] 3 3 core holes (f;r;‘iaar }(;il:f 62.7 (E) ~10~8 (E) —0.0101 (E) 109 (E) -
& 78.8 (B) ~10-11 (B) —0.0115 (B) 138 (B)
. 43.3(W) ~10-13 (W)
Ref. [11] 5 9 core holes (frllr;‘if };‘::f 4431 (E) ~10~14 (E) - - -
& 47.2 (B) ~10715 (B)
. 46.3 (W) ~10=2 (W)
Ref. [12] 3 1}?0‘31226 Clricrtﬂcai:l‘eoles 46.5 (E) ~10~° (E) - - -
46.9 (B) ~10~10 (B)
. 47 5(W) 56.1 (W)
Ref. [13] 3 7 core holes Clrllrf:ia; };cr’ll:ls 51.6 (E) - - 56.2 (E) -
& 542 (B) 56.5 (B)
. 44.2 (W) ~10713 (W) 4.2 (W)
Ref. [14] 5 9 core holes Clifco‘iltzr 2;’155 47.3(E) ~10-13 (E) - 4.4 (E) -
& 52.5 (B) ~10-13 (B) 49 (B)
. 57.3 (W) ~1078 (W) 9.80(W)
Ref. [15] 5 Porous core f;r;‘iaar }é‘r’ll:f 57.7 (E) ~1079 (E) - 10.4(E) -
8 57.9 (B) ~10~9 (B) 11.9(B)
) 91.2 (W) ~10-11 (W) 53.1 (W) 0.284 (W)
Ref. [16] 5 1 core hole C“icr‘:lcai:l‘;’les 94.0 (E) ~10-13 (E) - 525 (E) 0.291 (E)
97.5 (B) ~10710 (B) 58.9 (B) 0.312 (B)
. 94.26 (W) ~10711 (W)  —0.0086 (W)  84.55 (W)  0.3534 (W)
Pr‘l’)%olfed 3 1 core hole Clrllrfl‘ia: };cr’ll:ls 95.82(E) ~10712(E)  —0.00832 (E) 9026 (E)  0.3636 (E)
& 99.58 (B) ~10~16 (B) —0.0099 (B) 11039 (B)  0.3963 (B)

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

In this sensing application, the hollow core hole needs to be injected with the liquid
analytes. The infiltration of liquid into the core of the PCF can be accomplished through se-
lective air hole filling technique [33], which has been experimentally studied by researchers
with much success. The technique is capable of injecting liquids into the micro-structured
core and cladding holes in the PCF. Other methods for injecting liquid analytes, that
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have been proposed by various researchers include using multi-step injection-cure-cleave
process [34], fusion splicer [35], and lateral filling [36].

5. Conclusions

A novel PCF based sensor with one liquid-infiltrated core hole and 36 cladding air
holes arranged in a hexagonal lattice of three layers, has been proposed for liquid sensing
application, with water, ethanol and benzene used as test analytes. A full vector FEM has
been utilized for numerical analysis of the proposed PCF and assessment on waveguide
properties in terms of power fraction, relative sensitivity, confinement loss, chromatic
dispersion, effective area, nonlinear coefficient, numerical aperture and V-Parameter have
been performed. The optimal results are obtained at 1.0 um and depicts high sensitivities
of 94.26% with water, 95.82% with ethanol and 99.58% with benzene, and high confinement
losses of 1.52 x 10711 dB/m, 1.21 x 10712 dB/m and 6.01 x 10~ dB/m with water,
ethanol and benzene, respectively. Furthermore, the proposed sensor operates as a single
mode fiber with the three analytes. Ultimately, the results obtained above exemplify that
the proposed fiber has the capability to be applied in optical communication and sensing
applications in industrial and medical sectors, as used in this paper.
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