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Abstract

In this paper a refractive index sensor based on micro-structured optical fiber has
been proposed using Finite Element Method (FEM). The designed fiber has a
hexagonal cladding structure with six air holes rings running around its solid core.
The air holes of fiber has been infiltrated with different liquids such as water ,
ethanol, methanol, and toluene then sensor characteristics like ; effective refractive
index , confinement loss, beam profile of the fundamental mode, and sensor
resolution are investigated by employing the FEM. This designed sensor
characterized by its low confinement loss and high resolution so a small change in
the analyte refractive index could be detect which is could be useful to detect the
change of the information of the biological molecule reaction and also in medical
applications in fields like toxins, drug residues, vitamins, antibodies, proteins and
parasites.

Keywords: MOF, FEM, RI- MOF sensor

T pad) GLIY) o siel LS Jalaa Quninia asaail $asnall pualinll Ay aladdul
Gyg Saall AlSgl) cld

" aaa) el 0w ¢ dgana a L) S ¢ dgana k) Jal
Glad) calary ¢ Janssl) L) Aaalall Al S Ayigl) 4l KN cAall 33gaY) ol duuvia il
Ghal) calary clsall Cagmy s La gl i€l o glall 5)055"
Glad) calany oLl and castall A0S alaiy Aaala”

dadal)

Lbad) Jlpull L) D lalaa Gl Appay Gl Guustie ppal &5 adid) Gl
Ll clila Fis e IS uland) 4liy Saay paad) Calll 3aasall jualial) diph e slaeYl
(Jl) ol Jio dilide LSl D lalae 13 Jilpus Clsadl 038 Lo 2 ccalall il Joa Jad
randl ld el L) dalae a5 Guuatiall 13 dgpeall paibiadd) 4l &5 . alsills Jsilial)
O ol Adle Ay AL jeas iledy G aead) (eeatid) L Geeaid) 28 QS Ewlld) LS
ool il Gund b age 13y el gy dusad Ky Jlaall LS Jalae 8 asy
¢ il Ay gaV) Cliliag asand) e SIS gAY Ayl ciligaill b Gl dagdgul) gl
Ly il Galiaall alual)

*Email: aseelibrahim208@gmail.com
1577



Mahmood et al. Iragi Journal of Science, 2018, Vol. 59, No.3C, pp: 1577-1586

DSV Jalaa (amsaia c23nal) jualiall Aigyla g oLl A0l 33 gyl Caall) rdalisall chLIK))
gs,Silal) Al @ A padl il

Introduction

Optical fiber sensors have wide applications in science, the environmental monitoring, and
communication technology this is due to their compact in size, high sensitivity, electrical passiveness,
immune to electromagnetic interference, wide bandwidth as well be made convenient for tip-based
sensing. Most of these optical sensors measure the variations of optical properties because of a change
in the refractive index (RI) of a gas or a liquid [1]. Measuring the RI of fluids is very important; so as
to depict the optical properties of fluids which is lead to evolution of RI sensors for applying in many
fields such as the salinity of water measurement [2], and biotechnology processes [3] also provide
important acquaintance on drug/DNA interaction and growth of the cell [4]. Anew type of optical
fiber had been developed in the beginnings of nineteenths, called Micro-Structured Optical Fibers
(MOF) or Photonic Crystal Fibers (PCFs), in which air holes were developed along the fiber structure
[5]. Micro- Structured could be classified according to the guiding mechanism to; index- guiding and
band-gab MOF’s. The first type, the core is solid and the cladding is represented by two- dimensional
lattices of air holes running along the entire length of the fiber. The RI of the index —guiding MOF is
higher than the cladding, so the light will be guided inside the fiber core by means of total internal
reflection [6], while in band-gap type the light will be guided by a two- dimensional photonic band-
gab because the core in these fibers is air or (hollow core) which its refractive index less than the
refractive index of cladding. Due to the band- gab phenomena specific frequencies of light that
propagate along the fiber are not allowed to escape from the core but will be reflected and
constructively interference inside the core and destructively interference in the cladding [7]it,
Figure -1 shows some types of MOFs.

SUSPENDED HOLLOW KAGOME
CORE CORE

Figure 1-Some typical structures of MOFs (A) Solid Core-MOF, (B) Suspended core MOF; (C)
Hollow Core-MOF, and (D) Kagom’e HC-MOF [8].

The unique properties of MOFs lead to developed different and new schemes of optical RI-sensors;
a microfluidic RI sensor based solid-core PCF presented by Wu et al. , the RI sensitivity was circa
38,000 nm/RIU [9]. Park et al. implemented a MOF-based reflection kind refractometer insensitive to
temperature for Rl measurement the sensitivity was 850 nm/RIU [10], and Li et al. [11] attained an
optimum sensitivity of 1629 nm/RIU by developing instead a tapered-PCF in transmission. In
addition, the unique geometrical structure of MOF allows tuning of propagation properties of the fiber
via alteration the air hole position, size and shape [8]. The Sensitivity and the confinement loss
considered as the main guiding properties of MOF sensors. Several simulation works that used FEM
have been published to gain sensitivity at a maximum and confinement loss at a minimum suitable
grade in the environmental and biological sensing applications. Olyaee et al. designed index-guiding-
MOF for gas sensing and they achieved lower dispersion, confinement loss and nonlinear effect
simultaneously [12]. Cordeiro et. al submitted a new concept for evanescent sensing application in
which both the core and the cladding are micro- structured [13]. Octagonal- MOF with smaller loss
and the higher prorated sensitivity coefficient for three analytes like Water, Ethanol and Benzene had
been submitted by Ademgil [14].
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Kawser et al. designed an O-PCF structure with high relative sensitivity and low confinement loss and
investigated the effects of different parameter variations on propagation properties over a wide
wavelength range [15], also high sensitivity, high nonlinearity, high birefringence and low
confinement loss MOF submitted by Arif et al. 2017 which both core and cladding are micro-
structured the core of the MOF structure is designed with two rows of supplementary elliptical air
hole.
Materials and Methods

In this work, an index guided MOF with hexagonal shaped air holes rings in the cladding area had
been designed. The number of air hole rings were six, normalized air hole size (d/A) was 0.4, hole to
hole spacing (A) circa 7.5um, air hole diameter (d) 4 um, and core diameter (p) 10 um, Figure-2
shows the designed fiber.
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Figure 2-Schematic illustration of the proposed MOF.

Finite Element Method (FEM) with Perfectly Matched Layer (PML) boundary condition is
depended for the analysis of the structure with a FEM based simulation software COMSOL
Multiphysics 4.4, FEM provides the effective investigation of MOF dispersion, amplification and
nonlinear properties. Moreover, the complex formula of FEM so beneficial, for instance, to evaluate
the MOF leakage or confinement losses, because of the finite number of air-hole rings in the cladding
lattice, the following equation with a magnetic field formulation can be derived from the Maxwell
equations [16]:

Vx (urlVxE)—kieE=0 (1)

This is an eigen value equation, the eigen values are (8/k,) the effective indices(neff), and the

eigenvectors are the electric field components (Ey, E, E,). In (1), (E) represent the electric field, (ko)
represent the wave number in vacuum, and (&,) and (u,) are the dielectric permittivity and magnetic
permeability tensors, respectively [16].

The modal analyzes performed on the x-y plane cross sectional MOF structure as the wave is
propagating in the z direction. The MOF cross-sectional in the transverse X — Y plane is divided into
triangular elements with different shapes, sizes, and refractive indices. Any type of geometry,
inclusive the MOF air-holes, as well as the characteristics of the medium, can be precisely described.
In particular, the FEM is adequate for analyzing fibers with nonperiodic air-hole arrangements. As
well as, it provides a full-vector analysis which is requisite to model MOFs with large air-holes and
high index changes, and to predict precisely their properties.

The attenuation resulted from the waveguide geometry is called the confinement losses or leakage
losses L. ; confinement losses originates from the finite width of the cladding structure. This is an
extra type of losses that happened in single material fibers especially in MOFs because they are
commonly made of pure silica, L, in dB/m is given by [17]

L = —20logyo e *o™[mers] = 8,686k Im[n, /] )

1579



Mahmood et al. Iragi Journal of Science, 2018, Vol. 59, No.3C, pp: 1577-1586

where (k) is the propagation constant in free space, and Im[n] is the imaginary part of the complex
effective refractive index (ngg).

In this work, the air holes of the designed MOF was infiltrated with water, ethanol, methanol, and
toluene then confinement loss, the effective refractive index, and the sensor resolution have been
studied for each case.

Results and discussion

To analyze the sensor characteristics, a large analyte RI range from 1to 1.48 is investigated at 1-1.7
um wavelength. The MOF cladding which is a two-dimensional photonic crystal with 6- rings of the
hexagonal lattice air holes in the silica matrix have been infiltrated with different liquids (water,
ethanol, methanol, and toluene) which have different refractive indices. Then the numerical analyses
on some propagation characteristics of the proposed MOF structures in fundamental mode have been
studied.

Figure-3, shows the electric field profile for wavelengths ((a) 1, (b) 1.55, (¢) 1.3, and (d) 1.7 um) in
absence of the analyte, while Figure-4 shows the real part of the effective index Re (n.s) variations
with the operating wavelength, and Figure-5 shows the confinement loss behavior with wavelength
which is remains at around 0 dB/m due to high confinement of mode.

Figures-(6,9,12, 15) show the electric field profile for wavelengths ((a)1, (b)1.55,(c)1.3, and (d) 1.7
um)) of samples infiltrated with analyte water, ethanol, methanol, and toluene respectively. It can be
noted that the electric field is fundamentally confined in the MOF core region.

Figures-(7,10,13, 16) illustrates the variation of the real part of the effective index Re (n.s) with the
operating wavelength, for samples infiltrated with water, ethanol, methanol, and toluene respectively,
At longer wavelengths, Re (ne) is low, while it is inversely proportional wavelength.

Figures- (8, 11, 14, 17) shows the confinement loss against wavelength for the proposed MOF
structure infiltrated with water, ethanol, methanol, and toluene respectively.

The refractive index resolution (R) of the corresponding sensor can be obtained as: [18]
R = AnaAAmin/A/lpeak 3)

Where A),in peak-wavelength resolution is assumed to be A, = 0.1 nm, An, the variation of
the analyte refractive index, and AA,, the variation of the peak wavelength.

according to above equation, the resolution for the submitted sensor is about 2.33x10” RIU, 6 x10°
71.27 x107 RIU, 1.48 x10”" RIU and 6.9 x10” RIU for samples infiltrated with air, toluene, methane,
ethanol, and water respectively.
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Figure 3- Electric field profile of the MOF without analyte with different wavelength,(a) 1pm (b) 1.3
pm, (¢) 1.55 ym and (d) 1.7 pm.

&

H'H"

1580



Mahmood et al. Iragi Journal of Science, 2018, Vol. 59, No.3C, pp: 1577-1586

1.4450

1.4445 |- e ]

Realn L
Fa
/

1.4435 |- T -

1.4430 |- ~_

1.4425

L L L L L L L
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
wavelength (um)

Figure 4-The real part of n.¢ of the fundamental mode as a function of operated bandwidth.
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Figure 5- The simulated L. of the fundamental mode as a function of operated band width.
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Figure 6-Electric field profile of the MOF infiltrated with water of different wavelength,(a) 1um, (b)
1.3 pm, (c) 1.55 pm and (d) 1.7 pm.
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Figure 7-The real part of neg of the fundamental mode as a function of operated bandwidth.
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Figure 8- The simulated L. of the fundamental mode as a function of operated band width.
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Figure 9-Electric field profile of the MOF infiltrated with ethanol of different wavelength,(a) 1um,
(b) 1.3 pm, (c) 1.55 pm
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Figure 10-The real part of n.g of the fundamental mode as a function of operated bandwidth.
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Figure 11-The simulated L. of the fundamental mode as a function of operated bandwidth.
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Figure 12- Electric field profile of the MOF infiltrated with methanol of different wavelength,(a)
1um, (b) 1.3 um, (¢) 1.55 pm and (d) 1.7 um.
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Figure 13-The real part of n.g of the fundamental mode as a function of operated bandwidth.
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Figure 14-The simulated L. of the fundamental mode as a function of operated bandwidth
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Figure 15-Electric field profile of the MOF infiltrated with toluene of different wavelength,(a) 1um,
(b) 1.3 pm, (c) 1.55 pm and (d) 1.7 pm.
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Figure 16-he real part of ng of the fundamental mode as a function of operated bandwidth.
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Figure 17-The simulated L. of the fundamental mode as a function of operated band width.

The characteristics of the effective refractive index of the proposed structures have been studied.
The numerical investigation for all samples shows the effective index profiles of the proposed micro-
structured fiber at different wavelengths. An increase in the operating wavelength results in a linear
decrease in effective indices. The confinement losses calculated according to eq. 2, from the results for
empty samples high confinement had been obtained; no leakage loss obtained. For the infiltrated
samples the confinement loss is increase by the increasing of wavelength; this could be explain as
effective refractive index of the fundamental mode began to reach to refractive index of pure silica (at
shorter wavelength) propagation become parallel to the fiber axis so the interaction with holly
structure will be minimized.

Conclusion

A refractive index sensor based on MOF with hexagonal lattice was suggested. Numerical analysis
of the designed fiber is carried out by FEM. For all samples the effective refractive index was
decreased with increasing of the wavelength range, also the fundamental modes are highly confined in
core region for the samples infiltrated with liquids which their RI is less than the RI of silica (it's about
10 dB/m); the light is propagate according total internal reflection , while for toluene sample with RI
is about 1.48 which is higher than the RI of silica the modes will be widely leakage out of the MOF
core (confinement loss about 10°° dB/m) the light will be guided according photonic band gap effect,
also this sensor has a high resolution (about 107 RIU). This MOF RI-sensor could be used in various
medical and environmental sensing applications using different fluids analytes due to its high
resolution and low confinement loss.
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