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SENSING APPLICATIONS

A circular photonic crystal fiber including slotted core (SC-PCF) is proposed for chemical
sensing application. The full vectorial finite-element method (FEM) has been applied for a
numerical investigation by altering geometrical metrics in the interval of wavelengths from 0.7
to 1.5 pm. An optimized structure is selected by investigating the proposed PCF. The main
focus of this research is to find out the hazardous and toxic chemicals. The proposed structure
shows a relative sensitivity of 47.08% and a confinement loss of 3.11 x 10~° dB/m at the

same time.
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1. Introduction

Photonic crystal fibers (PCFs) are ones consist-
ing of periodically arrangeed tiny air holes in a
cladding, and the core region contains a silicon back-
ground of materials with low and high refractive
indices [1]. It is a low-loss dielectric medium that
runs all over the entire fiber length. With the con-
tribution of PCFs, the modern fiber optic tech-
nology has greatly emerged in recent years. PCFs
have some unique properties. For that reason, re-
searchers have a high attraction to PCEF. It con-
tains cylindrical air holes in the cladding that are
periodic. It is a single or multimode fiber. In the
core materials, air or silica is present. On the other
hand, the cladding materials are silica-air micro-
structures.

PCFs can be divided into two categories such as
photonic bandgap (PBG) fibers [2, 3] and index guid-
ing (IG) fibers [4, 5]. A PBG fiber is a microstructure
of periodic elements and a core of low-index materials
(hollow core). Light is guided by a photonic bandgap
principle. On the other hand, an IG fiber is a solid-
core conventional fiber. In an IG fiber, light can be
guided through a low-index core by the photonic crys-
tal reflection of a cladding.
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PCFs can be used as liquid or chemical sensors
[6-8], filters [9], switches [10], gas sensors [11-14],
and electro-optical modulators [15] etc. The first fab-
ricated PCF was hexagonal [16]. Nowadays, a lot of
PCFs such as octagonal [17], decagonal [18], with hon-
eycomb cladding [19], circular [20], and hybrid shaped
[21] are designed to achieve better guiding properties.

In the modern advance manufacturing technology,
PCFs have a lot of guiding properties such as the
high relative sensitivity [22], high nonlinear effect [23],
high birefringence [24], and ultra-flattened dispersion
[25]. PCFs can be used for the optical communica-
tion [26], nonlinear optics [27], high-power technol-
ogy [28], spectroscopy [29], supercontinuum genera-
tion [30], and sensing applications like chemical and
gas sensings.

In 2007, Yue et al. used elliptical holes and got
a high birefringence. In 2011, J. Park et al. [31] in-
creased the relative sensitivity for chemical sensing
applications with hexagonal arrangement of air holes.
They improved the sensitivity to 5.09% from 4.79%;
the confinement loss to 1.25 dB/m from 32.4 dB/m
as compared to prior PCFs [32]. In 2014, H. Ademgil
[33] proposed the performance of liquid sensors and
found better sensing properties with low confinement
loss for O-PCF as compared with H-PCF.

In this paper, SC-PCFs, where the arrangement
of the core is of slotted shape, have been proposed,
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and their guiding properties are numerically inves-
tigated. Finally, it is found that SC-PCFs increase
the relative sensitivity as compared to prior PCFs
for chemical sensing applications over a wide range
of wavelengths.

2. Geometrical Structure
of the proposed SC-PCF

Figure 1 shows the transverse cross-section of the pro-
posed SC-PCF. From Fig. 1, it is clear that the pro-
posed SC-PCF is circular shaped with three rings of
holes in the cladding region, where the first, second,
and third rings of a hole includes 6, 12, and 18 circu-
lar air holes, respectively. The diameters of the first,
second, and third rings were the same assumed as
d. The distance between the centers of two adjacent
air holes is called a pitch. The hole-to-hole distance
of two adjacent air holes in the cladding is denoted
by A;. The circular area of the core region is defi-
ned as D.

The proposed SC-PCF contains three slotted core
holes in the core, where the major and minor axes of
the holes are assumed as da and db. The pitch be-
tween two adjacent holes of the core is denoted by

Fig. 1. Transverse cross-section of the proposed SC-PCF
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A. The core holes are filled with ethanol (with a re-
fractive index of 1.354). The thickness of the perfectly
matched layer (PML) of a proposed SC-PCF is set
around 10% between the inner and outer parts hav-
ing a silica background. The refractive index of silica
varies according to the Sellmeier equation.

3. Synopsis of Numerical Method

The full vectorial finite-element method (FEM) is ap-
plied to the circular perfectly matched layer (PML)
to investigate the proposed SC-PCF. The propaga-
tion characteristics and optical properties of the leaky
modes can be evaluated, by using PML’s boundary
condition in a wide interval of wavelengths from 0.7 to
1.5 pm. To model the background material, the Sell-
meier equation is used. The refractive index of silica
varies with the variation of the wavelength according
to the equation

B2
A)=4/1
n(A) \/ +/\2—C'1+

where n is the refractive index of silica, A (um) is the
wavelength, and B;, (i = 1, 2, 3,) and C;, (i = 1, 2,
3) are the Sellmeier coefficients. Using the anisotropic
PML, the following vectorial equation is derived from
Maxwell’s equations:
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where Ky = 27 /) is the wave number in free space, n
is the refractive index of the domain, F is the electric
field, [s] is the PML matrix, [S]~! is an inverse matrix
of [s], and X is the operating wavelength. The leaking
of light from the core to exterior materials results
in the confinement loss L, which can be obtained
from the imaginary part of neg, by using the following
equation. The confinement loss
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Lo = ———Tm(neg) x 10° ~ 8.686 KoIm (g ) x 10°.
C 111(10)/\ m(nﬁ)x 0 8.686 om(nff)x 0
(3)

The relative sensitivity coefficient measures the inter-
action between light and the material to be sensed,
and it can be calculated through the equation

Ty
r =

g, ()
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Fig. 2. Power flow distribution in the proposed SC-PCF

where n, is the refractive index of the sample
(ethanol) to be sensed, and neg is the modal effective
index; f is the percentage ratio of a power within
the core and the total power, and it is also known
as the power distribution function. With the use of
Poynting’s theorem, it can be expressed as follows:

f o fsample Re(EwHy - EyHX)da:dy
j;:otal Re(EzHy - EyHX)dmdy ’

(®)

where E, and H, are the transverse electric and mag-
netic fields, £, and H, are the longitudinal electric
and magnetic fields. Using the finite-element method
(FEM), the mode field pattern (E,, H,, E,, H,) and
the effective index nqg are calculated.

4. Result and Discussions

The optical properties of the proposed SC-PCF vary
according to the geometrical parameters. The guiding
properties with regard for the geometrical parameter
have been investigated, by using the software COM-
SOL Multiphysics 5.0. The power flow distributions
of z- and y-polarizations for ethanol at the operating
wavelength A = 1.33 yum are shown in Fig. 2. The fig-
ure shows that the interaction of light occurs through
the core region, where the analyte is present. The fig-
ure also indicates that the mode field is tightly con-
fined at the core region.

Figure 3 illustrates a variation of the slotted core
area diameter, which is responsible for changing the
guiding properties of the SC-PCF structure. The core
area diameter variation means a variation of the size
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Fig. 3. Relative sensitivity versus the wavelength for D =
=220 pm, D =2.10 ym, D = 0.73 pm
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Fig. 4. Relative sensitivity versus the wavelength for different
diameters of cladding holes; d = 2.90 um, d = 2.8 um

of slots with respect to the wavelength. The relative
sensitivity does not change a lot with a variation of
D. The sensitivity increases sharply with the wave-
length.

Figure 4 describes the impact of changing the
cladding hole diameters. For the bigger diameter for
cladding air holes, the sensitivity is relatively high,
and it increases gradually with the wavelength. In ad-
dition, the proposed PCF shows a higher confinement
loss for small diameters of air holes.
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Comparison of the simulated results and the structure

shape for the proposed PCF and prior PCFs for ethanol at A = 1.33 pm

PCF Sensitivity (%) Confinement loss Core Shape Cladding Shape
Proposed PCF 47.08 3.11 x 1072 Slotted Circular
Prior PCF1 23.05 5.74 x 10~ Circular hole Circular holes in octagonal configuration
Prior PCF2 23.75 2.4 x 104 Elliptic holes Elliptic holes in hexagonal configuration
60 proposed model presents the high sensitivity as a
55 chemical sensor. It also shows a lower confinement
& | loss. Due to the advancement of nanotechnology, the
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Fig. 5. Relative sensitivity versus the wavelength for different
pitch values

Figure 5 shows that a little bit impact on the
relative sensitivity occurs for changing the pitch
value. The figure clearly shows that the relative sen-
sitivity increases linearly from the 0.7-pmwavelength
to the-1 pum one, and then it increases gradually. The
comparison between previous and proposed PCFs has
been shown in Table. From Table, it it is seen that
the proposed PCF shows a higher relative sensitivity
and a lower confinement loss at the same time. The
fabrication of such type of PCF is challenging. For
the fabrication of a crystalline or amorphous struc-
ture, the extrusion technique [30] can be used. So,
to extrude the slotted-core area of the proposed SC-
PCF, this method can be used. Drilling and drawing
[31] and the sol-gel method [32] can be used to fabri-
cate the proposed PCF. A structure with experimen-
tal demonstration that it can be used as a chemical
sensor with core filled with chemicals (Ethanol) was
proposed by Zhang et al. [32].

5. Conclusion

We have numerically demonstrated that a slotted-
core PCF can be used for sensing applications. The
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proposed PCF can be fabricated. Guiding properties
of the SC-PCF has been analyzed to reveal the pro-
posed structure usability. The main goal of this re-
search is to detect low-index chemicals.
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BOJIOKHO KPYI'OBOTI'O ITEPEPI3Y

3 ®OTOHHUM KPUCTAJIOM I HIIJIMHOBWIHOIO
CTPYKTYPOIO JJId BUABJIEHHA

XIMIYHX PEHOBUH

Pezmowme

3alpoOnoHOBAHO BOJIOKHO KPYTOBOrO IMEPETHHY 3 (DOTOHHUM
KPHUCTAJIOM 1 NIJIMHOBUIHOK CTPYKTYPOIO JIjisl BUSIBJIEHHS Xi-
MiYHUX pedoBHH. BUKOpHCTAHO 3arajibHUI BEKTOPHHUI MeETO[
KIHI[EBUX €JIEMEHTIB JJIsl 4YHCEJbHUX PO3PaxyHKIB 3 MiHJIH-
BOIO reoMeTpiero B iHTepBasi nosxkuH xBuwib 0,7-1,5 Mmxm. dAk
pe3yJabraT, BUOPAHO ONTHUMAJIbHY CTPYKTypy. OcHOBHUII Ha-
NIPSIMOK Ifi€l pOOOTH MOJISIra€ y BHUABJICHHI IIKIJINBUX TOKCH-
YHAX PEYOBHH. 3allPOIIOHOBAHA CTPYKTypa Ma€ BiJHOCHY dy-
Tnusicts 47,08 % i, B TOil ke uac, 3aracaHHsi KOH(alHMeEHTa
3,11-107° aB/m.
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