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Simultaneous Sensing of Dual Analyte with
Photonic Crystal Fiber Based Liquid Sensor

H. ADEMGIL

Abstract— This article proposes three novel models of
photonic crystal fiber (PCF) based dual liquid sensor. The
performances of Z-Model, X-Model, and V-Model structures
have been evaluated by applying the well-known full vectorial
finite element method (FV-FEM) where boundaries are defined
with perfectly matched layers (PMLs). The proposed models
have been investigated with two types of analyte arrangements
(A-Type and B- Type) in the core region. The birefringence and
the sensitivity levels of proposed sensors have been studied where
core holes are filled with water (n=1.33) and ethanol (n= 1.354).
Our numerical results have shown that X-Model and Z-Model of
A-Type sensor is an ideal structure for water and ethanol
sensing, respectively.

Index Terms— Birefringence, evanescent sensing, Optical
Sensor, photonic crystal fiber

I.  INTRODUCTION

OPTICAL FIBERS were initially established for
telecommunication  applications. = However, their
application areas are not limited with this sector. Progressively
it can be employed in different areas competently. Photonic
crystal fiber (PCF) is another class of optical fiber in light of
the properties of photonic crystals [1]. They comprise of a
silica core, encompassed by an occasional cluster of air-holes
positioned alongside the full extent of the fiber structure. On
account of its capacity to confine the light in hollow cores or
with repression qualities unrealistic in traditional optical fiber,
PCF is presently discovering applications in various sectors.
These microstructured fibers have demonstrated virtues in
various fields such as communication [1], nonlinear optics [2],
high power technology [3] and sensing [4-5].

Features such as small dimension, light weight,
electromagnetic interference resistance, potential for remote
sensing and design flexibilities make PCFs stand out for
sensing applications [6]. In PCFs, by modifying the structural
design parameters such as hole to hole distances, air hole
dimensions, air hole shape, and pattern geometry unique
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propagation features can be achieved. Previously conducted
studies have demonstrated that by choosing the suitable design
parameters it is possible to control some key propagation
properties such as dispersion, birefringence, nonlinearity, and
confinement losses for wide wavelength range [5, 7-8].

Previous studies have shown that liquid and gas sensors are
the most desirable sensing samples in industrial and biological
practices [4, 6]. In recent years, especially PCF based liquid
sensors have attracted great interest especially in bio/chemical
solutions. Generally, water, alcohol or benzene types of
materials are the major solutions utilized in these processes
[9].

Hollow core Photonic Band Gap (PBG) and index guiding
are the two well-known guiding mechanisms in PCF
structures. It is well known that PBG type PCFs are an ideal
candidate for gas sensing applications. Contrariwise, index
guided PCF structures are appropriate for liquid sensing
solutions. In PCF based sensors evanescent field is the vital
component for sensing performance [10-11].

The optical mode of the index guided PCF structures are
mainly confined at the centre of the core region. In index
guided PCF based sensor designs, biological and chemical
liquid samples (analyte) are hosted by air holes around the
core region. In this regard, the sensing process is determined
by the evanescent interaction between the guided mode and
the analyte. Due to direct interaction of PCF core and sensing
material (analyte) the evanescent PCF structures are
considered as intrinsic sensors [10-11].

Initially, Monro et al. [11] proposed the evanescent-wave
PCF sensor formation. Furthermore, Cordeiro et al. [10] has
verified that the PCF structure with analyte filled holes are
boosting the light mode interaction with the analyte to be
detected.

Recent studies have demonstrated that different core and
cladding configurations of PCF based sensors can be used for
various sensing applications. Naeem et al. [I2] have
experimentally shown that two core PCF can be employed for
strain and temperature sensing. Moreover, temperature and
stress sensors with alcohol filled holes are experimentally
demonstrated by Shi et al. [13] In addition, PCF structures for
water-ethanol [14] and water, ethanol and benzyne [15]
solutions are proposed theoretically. On the other hand, PCF
structures in the terahertz spectrum are proposed theoretically
for sensing blood components [16] and analytes such as
ethanol and benzyne. Birefringence feature is commonly
intended for polarization control in fiber based optical sensors
and devices [17]. Additionally, highly birefringent fibers are
emerging the polarization mode interference [18-19]. Such
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fiber structures are ideal candidate for hydrostatic pressure
sensors [18]. The numerical results in Islam et al. [19] have
shown that high birefringent chemical sensor with relatively
high sensitivities can be achieved with rectangular structured
air holes. However, on the experimental point of view, due to
sharp edges of rectangular air holes and complex design
parameters this structure can be challenging [19].

The intention of this work is to propose highly birefringent
PCF based sensor with dual analyte sensing ability. Unlike
previous studies, in order to achieve birefringence, the
symmetry of the PCF structure is broken with different analyte
arrangements in the core region. Best to my knowledge, dual
analyte sensing with such PCF core arrangements have not
been studied and compared in the past.

Il. DESIGN AND METHODOLOGY

Fig. 1 expresses the geometry of the proposed design of
PCF based optical sensors. In this work, numerical simulations
are engaged with commercial software Comsol Multiphysics.
FV-FEM is engaged to analyze the various propagation
characteristics of PCF based optical sensor [7, 11]. Perfectly
match layers (PML) are engaged as boundary condition. The
composition of the cladding air holes is hexagonal, where
silica (n = 1.45) is used as background material. The cladding
zone is formed by 3 rings of 54 circular air hole, where the
hole diameter (d) is fixed to 2pum, and hole to hole distance
(A) of cladding air holes is set to 2.4 pum. Proposed PCF
structure contains 19 analyte filled holes in the core region
where center to center distance of core holes is set to 1.4 um.
As can be seen from the fig. 1, internal core holes are filled
with two different analytes. Structures are denoted as Z-
Model, X-Model, and V-Model where core hole diameters are
fixed to 1.2 pm. The simultaneous detection of two liquid
analytes is possible with this core arrangement. Due to the
asymmetric refractive index (RI) arrangement in the core
region, considered amount of birefringence can also be
achieved. The numerical results are calculated for two types of
analyte arrangement (A4-Type and B- Type). Analyte fillings
are detailed in Table 1, where, Water (n, = 1.33) and Ethanol
(na = 1.354) are considered.

The structural geometry of PCF is very precise as the cross
sectional area is divided into sub-domains. Numerical
simulations of proposed PCF models are carried out with
triangular sub-domains. The FV-FEM procedure is applied
with Maxwell’s equations. The well-known wave equation is
written as [7, 10-11, 20];

VX ([s]"'WVX E — kZn?[s]E =0 (1)

the electric field vector is denoted by E, where the wave
number in free space is ky = 27/4 and n is the refractive index
of the silica background . The anisotropic PML is described
with [s] and 4 is the operating wavelength.

Birefringence is one of the key parameters that is beneficial
and advantageous for various applications of optical fibers.
Birefringence is defined as the absolute difference of effective
refractive index of x and y polarized fundamental modes [17-
19]:
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ng‘ff, and nsz are denoting the effective refractive indices
of polarization modes.

(0)
Fig.1. Schematic view of; (a) Z- Model PCF sensor, (b) X- Model PCF sensor
and (c) V- Model PCF sensor.

On the other hand, the sensing performance of the liquid
sensor can be predictable by calculating the relative sensitivity
of the introduced PCF models. Briefly, the interaction volume
of the guided mode and liquid analyte is indicating the relative
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sensitivity. This key parameter can be mathematically
described with the formula below [7, 10,19];

Nag

Neff

r =

X f (€)

The analyte index and the effective refractive index of the
guided light mode are denoted with n, and n.y, respectively.
The ratio of the power flow through the specified domain is
denoted as f, where it is calculated with the formula given
below [7, 10, 19];

f __ (sample) [ Re(ExHy— EyHy) dx dy
 (total) [ Re(ExH}— EyHy)dx dy

x 100 4)

1. NUMERICAL RESULTS AND DISCUSSION

The dual analyte PCF models with analyte parameters
presented in Table | are numerically investigated. It can be
seen from the table that, in A-Type sensor models the primary
core holes (X1, Z1, and V1) and secondary core holes (X2, Z2,
and V,) are filled with 1.33 and 1.354 R1 analyte, respectively.
On the other hand, analyte filling of core holes are contrary in
B- Type sensor models.

TABLE |
PCF SENSOR ANALYTE ARRANGEMENTS
Sensor Model A-Type B - Type
Sensor Sensor
Z — Model Z1 1.33 1.354
Z, 1.354 1.33
X — Model X1 1.33 1.354
X2 1.354 1.33
V — Model V1 1.33 1.354
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Fig. 2. Variations of effective refractive index for proposed Z, X and V models
of PCF sensor.
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———— X-Model

Effective Refractive Index

The variations of effective refractive index of proposed
structures relate with operating wavelength is presented in Fig.
2. These figures indicate that the effective refractive index of
both types of sensors is decreasing with increasing
wavelength. In 4- Type sensor, effective index of Z-Model is
higher than other models, where X-Model reaches higher
levels in B-Type sensor. It is worth noting that the effective
refractive index of both sensor types are varying between
1.384- 1.371 for wide wavelength range.
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Fig. 3. Electric field distribution at A = 1.1um, where, (a) Z- Model and (b) X-
Model of A- Type PCF sensor.
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The amount of light and liquid analyte interactions are
presented in Fig. 3. Further, substantial interaction between
the guided mode and analyte filled holes are illustrated.
Figures show the field profile of the x-polarized HE;; mode
for Z- Model and X-Model of A- Type PCF sensor. The amount
of light mode and analyte interaction can be associated with
the level of sensitivity coefficient of the PCF sensor models.
The birefringence is the momentous propagation feature of the
PCF based optical sensors. The asymmetric liquid fillings of
core holes are triggering refractive index differences between
the x-y polarized modes. As expected, considered amount of
birefringence can be realised in Fig. 4 (a) & (b). The V-Model
sensor contains the lowest birefringence values for both sensor
types. On the other hand, X- Model and Z- Model show
similar performances for both types. However, it is worth
noting that birefringence level of proposed structures reaches
2 times improved performance with A- Type sensor. Fig.4 (b)
indicates that, at shorter wavelengths birefringence of Z-
Model is slightly higher than X-Model where this is contrary
at longer wavelengths. This variation can be associated to the
effective refractive index differences of x-y polarized modes
where x- polarized mode of Z-Model is getting closer to y-
polarized mode at longer wavelengths.
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Fig. 4. Variations of birefringence for proposed Z, X and V models of PCF
sensor.

Copyright © BAJECE

ISSN: 2147-284X

Finally, Fig. 5 (a) & (b) shows the variations of sensitivity
coefficient with respect to operating wavelength. It can be
observed from both figures that the relative sensitivity is
increasing at longer wavelengths. This phenomenon can be
linked to improved interaction between analyte and guided
mode. As expected [7, 10, 19], sensitivity coefficient level of
higher index analyte (Ethanol) is moderately higher than lower
index analyte (Water). Our proposed structures are almost 2
times more sensitive to Ethanol compared to water at broad
wavelength range.
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Fig. 5. Variations of sensitivity coefficients for proposed Z, X and V models of
PCF sensor.

Table II briefly describes the overall performance of sensor
types. It can be seen that X-Model of A-Type sensor shows
overall better performance (high birefringence and high
sesnsitivity) for water (n,= 1.33) sensing. On the other hand,
Z-Model of A-Type sensor is more desirable for ethanol (n,=
1.354) sensing. More specifically, if we are only considering
the sensitivity, Z-Model of A-Type and X-Model of B-Type
sensor shows better performance for ethanol (n, = 1.354)
sensing. Conversely, X-Model of A-Type and V- Model of B-
Type sensor for water (n, = 1.33) sensing.

Previously, various kinds of PCF based structures are designed
and analyzed with commercial software packages. Various
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numerical methods [7, 10, 19, 21] are employed. These
numerical modelling methods are very popular in
computational electromagnetism, where they provide accurate
and reliable results. However, on experimental point of view
development of proposed models still needs to be discussed.
In our proposed structures, for high flexibility and low
fabrication cost, same diameter air holes with conventional
hexagonal arrangement are used in the cladding area. For the
same reason, diameter of core holes is kept fixed. Smooth
operability of the optical sensor depends on effective analyte
(Water & Ethanol) filling. The unique selective filling
technique [22-23] permits infiltration of the air holes within
PCF structure [24]. Also, previous experimental studies [25-
26] have demonstrated that cladding and core holes can be
liquid filled. Therefore, fabrication of proposed structures is

viable with the current advances in nano-fabrication
techniques.
TABLE II
OVERALL PERFORMANCE OF PROPOSED SENSORS
Biref. Analyte | Sensing
. 1.33 Low
- Z - Model High 1354 High
g9 . 1.33 High
> N _
':.E 5 X - Model High 1354 | Medium
1.33 Medium
V - Model Low 1354 High
. 1.33 Medium
. Z - Model Medium 1354 High
== 1.33 Low
>0 _ a .
:3_'0 § X - Model Medium 1354 High
1.33 Medium
V - Model Low 1354 High

IV. CONCLUSION

In this work, numerical analyses of dual analyte PCF based
sensor models have been investigated with different core
arrangements. This study has been proposed in favour of
liquid sensing. Birefringence of proposed sensor types reaches
up to 10 levels, where a sensitivity coefficient of ethanol
varies between 32%-42%. On the other hand, a sensitivity
coefficient of water varies between 8% - 25%. Numerical
results have shown that X-Model and Z-Model of A-Type
sensor is an ideal structure for water and ethanol sensing,
respectively. Thus, with such steady performance, the
proposed dual analyte PCF structure can be employed for
liquid sensing and other biological and chemical applications.
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