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In this study, the reconfigurable biosensing capabilities of the one-dimensional annular photonic structure,
(AB)®CDC(AB)®, was examined theoretically. The proposed structure was made of concentric cylindrical
layers of periodically modulated refractive indices, which were restricted in one direction only.
Germanium antimony telluride (GST), which belongs to the class of phase-change materials (PCMs), was
used in the fabrication of the proposed biosensing design. The entire study was carried out in the near-
infrared region of the electromagnetic spectrum. The suggested biosensing structure was constructed
by depositing alternate periodic cylindrical layers of SiO, and Si with a central air core. An air cavity
coated on both sides by a phase-change chalcogenide material (Ge,Sb,Tes) was introduced at the
centre of the 1D annular photonic crystal to realize the (AB)°>CDC(AB)® structure. The simulation results
of the proposed work were obtained using the MATLAB computational tool taking into consideration the
modified transfer matrix method. The primary focus of this study was to measure the change in the
position and intensity of the defect mode with respect to the change in the concentration levels of
analytes containing progesterone and estradiol reproductive hormones separately in the amorphous and
crystalline phases of the Ge,Sb,Tes material. Interestingly, a strong tunability in the position of the
central wavelength of the defect mode inside the photonic band gap (PBG) was noticed during the

phase transition of the GST material from amorphous to crystalline and back. In both the phases of the
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Accepted 7th October 2022 material, our design could identify minute refractive index variations in blood samples containing
reproductive hormones at different concentrations for monitoring various gynaecological disorders in
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rsc.li/rsc-advances ratio, and quality factor were estimated to evaluate the biosensing capabilities of the proposed design.

progesterone and estradiol reproductive hormones in both
males and females. These reproductive hormones play signifi-

1. Introduction
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Hormones are one of the most important chemical messengers
used for transporting messages between different body organs
so that these organs may execute relevant activities for the
functioning of the human body."” A minute imbalance in the
hormone levels can cause severe disorders inside the body
including tumours, osteoporosis, and cardiac dysfunction.
Therefore, periodically monitoring the hormone levels is
a highly essential requirement to avoid disorders, which can
develop in the human body due to an imbalance in the
hormone levels.** The human body contains a variety of
hormones, which are deliberately used for transporting signals
to different body organs so that they can execute the desirable
work. In the present study, we focused our attention towards the
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cant roles during puberty, fertility, and sexuality throughout the
human life.* Actually, reproductive hormones are created in the
ovaries and testes of females and males, respectively. The
progesterone and estrogen hormones are essential for repro-
ductive growth and signify the sexual health of an individual.
These hormones are equally important in both males and
females and are responsible for the production of eggs in
females.*” The estrogen hormone influences several internal
activities in the human body including the thickening of the
uterine lining in females to make it ready for the probable
implantation of a fertilized egg cell. A female body releases
more estrogen hormones as compared to male bodies. They are
also responsible for maintaining the cholesterol level. Addi-
tionally, estrogen hormones are responsible for the prevention
of osteoporosis by strengthening the bones in both men and
women. During the reproductive period, the most frequent
form of estrogen hormone in females is estradiol.
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Disproportionality of the estradiol hormone in both females
and males may lead to certain diseases, including depression
and skin problems in addition to osteoporosis, which may
result in fractures in the bones. A high level of the estradiol
hormone may become the root cause of uterine and breast
cancer in females as well as gynaecomastia disease in males.>® A
low level of estradiol may lead to the development of obesity and
cardiovascular problems. On the other hand, progesterone
hormones make a significant contribution during pregnancy by
decreasing the uterine contractility through the development of
the mammary gland.”™* The interaction between these
hormones is accountable for the changes that appear in the
body during the pregnancy period. Moreover, progesterone is
also involved in various internal activities such as blood pres-
sure regulation and the control of mood swings and also helps
during relaxation and sleep. In several methods of contracep-
tion, the pairing of estrogen with progesterone is used to
suppress fertilization. Therefore, there is an essential require-
ment to monitor the levels of both these reproductive
hormones, especially in the female body, to maintain their
balance in the reproductive system for the evaluation of the
overall health.”

From the beginning of the previous century, the importance
of maintaining hormone levels in the human body was recog-
nized, and consequently considerable significant research work
associated with different kinds of innovative biosensors capable
of detecting the concentrations of various hormone levels in the
human body have been developed. Most of the biosensors that
are being used by biomedical professionals are based on
immunometric assay approaches for the accurate identification
and detection of the concentration levels of various hormones
in the body. Nonetheless, biosensors based on immunometric
assay approaches have several disadvantages, including time
efficiency, low sensitivity, accuracy rate, and selectivity."**¢
Besides, traditional pathological investigation requires experi-
enced laboratory staff and well-equipped laboratories to
conduct specific pathological tests for identifying the levels of
particular hormones in the human body."”*®* The currently
available photonic biosensing technology may provide a solu-
tion to these technological challenges in a better way.

The past few decades have witnessed the emergence of
photonic crystals (PhCs) as a promising candidate to design and
develop various optical devices with a tremendous ability to
control and manipulate the flow of electromagnetic waves
(EMWs) passing through them.' PhCs are engineered multi-
layer periodic structures in which the periodic arrangement of
the constituent material layers is in one, two, or three dimen-
sions of space. Based on the periodic arrangement of the
constituent layers, PhCs can be classified into one-dimensional
(1D), two-dimensional (2D), or three-dimensional (3D).*° The
fabrication of 1D PhCs is very simple and cost effective in
contrast to 2D and 3D PhCs, which attracted the attention of
researchers working in the field of photonic engineering to
make cost-effective photonic products to reach common people.
Actually PhCs have a tremendous capability for controlling and
manipulating electromagnetic waves because they possess
photonic band gaps (PBGs).”** The ranges of frequencies of
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incident electromagnetic radiation which lies inside PBGs are
not permitted to travel into the structure except for the radia-
tion of frequencies which lies outside.”® A break in the period-
icity of photonic structures can lead to the existence of a defect
mode with high transmittance inside the PBG of the structure
due to photon confinement inside the cavity region. The width
of the PBG and the defect mode position inside the PBG are
strongly affected by changes in the structural variables, like in
the refractive index of the materials used, the thickness of
distinct layers, and the incident angle, period number, and
nature of the polarization of incident light. The PBG charac-
teristics of 1D photonic structures are also responsible for
affecting the reflection, absorption, and transmittance proper-
ties of the structure. It is thought that the PBG-dependent
optical properties of photonic structures may be used to
improve the working of a wide range of optical devices, such as
biosensors, photodetectors, lasers, solar cells, optical switches,
and photonic waveguides.”*?® Additionally, the biosensing
abilities of annular photonic crystals (APCs) have also attracted
the attention of researchers worldwide for the development of
highly efficient photonic biosensing structures due to the effi-
ciency, rapidity, accuracy, and sensitivity found in the results of
biosensors composed of APCs. Such APCs are made up of
concentric and periodic cylindrical layers whose refractive index
variation is restricted only in one direction.””*® Moreover, the
necessity of examining the levels of reproductive hormones has
attracted us towards the development of a 1D APC-based
biosensor with the special ability to sense and detect the
reproductive hormone levels in both males and females. These
hormones are also known as sex hormones and can be easily
examined through the blood or urine samples of the patient.
Nowadays, a wide range of photonic biosensing technology-
based biosensors are available for the effective investigation
of the biological and chemical properties of the samples under
consideration. These samples are termed as analytes. For
example, Hussein et al. theoretically explored the temperature-
detection abilities of a 1D defective annular photonic crystal
(DAPC). They used a modified transfer matrix method approach
based on a cylindrical coordinate system.**** Arafa et al., on the
other hand, proposed how a 1D APC could be utilized efficiently
as an effective air purifier in the ultraviolet (UV) region of the
electromagnetic spectrum for minimizing the possibility of
spreading airborne communicable diseases, like COVID-19.*?
Moreover, Abadla et al. suggested a highly efficient Tamm/Fano
resonance-based 1D APC biosensor capable of identifying the
refractive index fluctuations of biofluids ranging from 1 to 1.5.%*
The aforementioned biosensing capabilities of 1D APC-based
structures have attracted the attention of researchers globally
for designing different types of biosensors as a low cost and
efficient alternative compared to conventional biosensing
designs.

The above-mentioned piece of remarkable research work
motivated us to explore a way by which a 1D defective annular
photonic structure could be used as a bi-stable and reconfig-
urable biosensor for the effective detection of the reproductive
hormone levels in the human body.**** Another reason behind
this motivation was to examine the bi-stable and reconfigurable
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behaviour of the 1D defective annular photonic structure with
GST-coated cavity walls similar to the work of Arafa et al., who
conducted a study on 1D planar photonic structures for the
detection of the reproductive hormones via the blood samples
of women.*"** The working principle of our proposed annular
photonic structure is based on the detection of a small change
in the refractive index of a blood sample containing reproduc-
tive hormones of different concentrations present in the sample
under consideration. To the best of our knowledge, such a kind
of bi-stable and reconfigurable biosensing device composed of
1D defective APC with GST-coated cavity walls for the detection
of the estradiol and progesterone hormone levels present in
a blood sample has not been investigated to date. This manu-
script is organized as follows. Section 1 presents the introduc-
tion to the proposed work. The design specifications are
discussed in Section 2. Theoretical formulations pertaining to
the work are given in Section 3. Section 4 deals with the results
and discussions pertaining to the work. Finally, Section 5 of this
manuscript presents the conclusion of the work.

2. Description of the proposed design

The architecture of the proposed photonic biosensing device
(AB)NCDC(AB)N is shown in Fig. 1. This device consisted of a 1D
defective APC with coated cavity walls. The letters A and B
represent the periodic and coaxial cylindrical layers of silicon
(Si) and silicon dioxide (SiO,) of the design, respectively.** The
cylindrical cavity layer D of air was surrounded on both sides by
the phase-change material (PCM) layer C,* as shown in Fig. 1.
The purpose of using identical coaxial cylindrical layers of the
germanium antimony telluride (GST) material with Ge,Sb,Te;
on either side of an air cavity layer was to protect the Si layer of
the structure from direct exposure to air and to the water
content present in the sample. Moreover, the involvement of the

ithLayer

Air Core

Fig. 1 Top view of the proposed biosensing structure made up of
concentric cylindrical layers with an air core. Here, the letters A, B, C,
and D represent cylindrical layers of Si, SiO,, GST, and air, respectively.
The symbol p; is used to represent the radial distance of the ith
cylindrical layer from the axis of the proposed biosensor.
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GST brings the additional features of bi-stability and reconfi-
gurability into our design. Actually, GST belongs to a class of
PCM that can be easily switched to amorphous and crystalline
phases by applying either electrical or optical or thermal energy
on the GST material layers by an appropriate amount. We used
the letter N to denote the period number of the proposed
structure. The thickness of the coaxial cylindrical layers A, B, C,
and D were denoted by di, d,, ds, and dp, respectively. The
notations n; and n, represent the refractive indexes of layers A
and B made up of Si and SiO,, respectively. The air cavity region
D of the proposed work was used to infiltrate the cavity region
with the sample under consideration. The refractive indices of
the GST material Ge,Sb,Te; under amorphous and crystalline
phases were represented by n, and n., respectively. The refrac-
tive indices of the samples containing estradiol and proges-
terone hormones separately were being represented by the
letters n. and n,, respectively, which were dependent upon their
concentration.

For experimental realization of the proposed work, we used
a wide-band light source at the axis of the annular photonic
structure in addition to a single mode fibre and direction
couplers. The blood sample circulation chamber was installed
near the top of the cavity layer with the facility of IN and OUT
ports. These ports were utilized for sample loading and extrac-
tion. A shift in the position of the defect mode due to changes in
the concentration levels of different reproductive hormones
present in the blood sample inside the PBG could be easily
analyzed on the computer screen with the help of an optical
spectrum analyzer and interfacing software. Moreover, we had
to comply with all the well-known sets of rules and regulations
for the preparation of reproductive hormones of different
concentration levels extracted from human blood as one of the
mandatory requirements for obtaining the desired level of
accuracy from the results biosensors.

The optimum thicknesses of the concentric and periodic
coaxial cylindrical layers A, B, C, and D were chosen as d; =
390 nm, d, = 180 nm, d; = 50 nm, and dp = 1150 nm,
respectively. The refractive indices of layers A and B were taken
as 3.3 and 1.45, respectively, in the near-infrared region of the
electromagnetic spectrum. The period number N was fixed as 5.

3. Theoretical formulation of the
proposed biosensor

This section elaborates the modified transfer matrix method in
the cylindrical coordinate system. This method describes the
interaction between the proposed structure composed of 1D
defective APC and the incident electromagnetic waves propa-
gating radially outward from the axis of the proposed structure,
as shown in Fig. 1. The structure was periodic only along the
radial direction and infinitely extended along the z direction.
The unit cell of the periodic part of the proposed design
consisted of the cylindrical layers A and B, as shown in Fig. 1.
The refractive indices and thicknesses of the A and B layers were
denoted as n; and n, and d; and d,, respectively. The radial
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distance of the ith cylindrical layer from the axis of the 1D
defective APC is as described in ref. **** and as below:

po—ﬁ—%A-i-dl i=1,3,5.2N—1
pi = i (1)
Po+§A i==0,2,4,..2N

where N represents the period number of the proposed bilayer
periodic structure composed of defective APC (AB)’CDC(AB)°.
Here, the notations i = 1, 3, 5,...2N—1 and i = 0, 2, 4,...2N are
used to represent odd and even interfaces of the ith layer of the
structure. For cylindrical kinds of Bragg waves, two configura-
tions of wave propagation corresponding to the TE and T™M
modes are possible. This work deals only with propagation of
cylindrical Bragg waves corresponding to the TE mode only. The
modified transfer matrix method used to connect the electric
and magnetic fields at the forward and backward interface of
the ith cylindrical layer of the refractive index n; of the defective
APC structure in a cylindrical coordinate system is defined as in
ref. ©*** and as below:

The elements of the matrix X; are described as

T ’ ’ .
XI(17 1) = Ekipi—l [Ym(kipi—l)Jm(kipi) - Jm(kipi—l) Ym(kil)]

(3a)
. k;
Xi(1,2) :.]E;pi—l n(kipi_y) You(kip;) = You(Kipi_y) T (Kip;)]
(3b)
. / /
X:(2,1) = _]Ekipiflpi[ym(kipi—l)‘]m(kipi)
— S wlkipi1) Y m(kipy)] (3¢)

™ ’ /
Xi(2,2) = Ekipi—l [Jm(kipi—l)Ym(kipi) = Yu(kipiy)J m(kipi)]
(3d)

The resultant transfer matrix Z connecting the first to last
interfaces of all the cylindrical layers used in the formation of
the proposed defective APC structure (AB)°CDC(AB)® can be

established as
Vgpf;
Ulpr

where Z = ZoNZoN-1++-LoZ1ZcZnZcZ1Zy. .. Zon-1ZoN-
The transmission coefficient of the proposed 1D defective
APC structure can be obtained as
4
WPOI'I;;11(k0P0)Hm2(kOPO)

V(Pi)

=% U(p,)

(4)

1
x
[(]'POSS(;Z - Zn) —JPfS,(jf) ( —J'P()Sfriézlz - Zzz)]

(5)
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where Z,4, Z1,, Z»1, and Z,, are the elements of the 2 x 2 matrix
Z representing the transfer matrix of the entire structure. The
notations p,, and py are used for denoting the admittances of the
core and the last medium of the structure, respectively. We used
the subscripts 0 and fto represent the incident and exit media of
the design, respectively. The admittance is defined as

&i i—o
P, = \/; (i=o0 and f) (6)

where ¢; and u; denote the electric permittivity and magnetic
permeability of any ith cylindrical layer of the structure. The
notations o and f represent the core (incident medium) and
substrate (exit medium) layers, respectively, of the structure.
The equation for S,,; is defined as

H/(I.Z)(kip_)

S’(;i,z) =
Hr(nl . (kip;)

(7)

The Hankel functions of the first and second kind are
denoted as the notations H'Y) and H®, respectively. Here, the
notations are representing their respective derivatives.

The transmittance of the proposed photonic biosensing
device is obtained from ref. ***** and is given by the equation
below.

T =tr* = |t]? (8)

4. Results and discussion

In this section, the results and discussions of the proposed
biosensing design composed of the defective APC are presented.
This device was capable of identifying the concentration levels
of progesterone and estradiol reproductive hormones present in
samples. Before discussing the results pertaining to the work,
first the significance of reproductive hormones along with the
concentration-dependent refractive index values of blood
samples containing progesterone and estradiol reproductive
hormones are discussed in Section 3.1.

4.1 Significance of the reproductive hormones progesterone
and estradiol, along with their concentration-dependent
refractive index values, in blood samples

The evaluation of progesterone hormones in females is an
important measure during the early stages of pregnancy as well
as in cases of irregular menstruation. The progesterone
hormone is largely responsible for the ovulation process, which
releases the mature eggs from the ovary to the fallopian tube. It
is a cyclic process through which women have to pass every
month.*** During this period, the eggs released by a woman's
body are ready to combine with a man's sperm, which is
responsible for fertilization. An excess release of the proges-
terone hormone may disturb the biological process of fertil-
ization in females. Furthermore, estradiol is another
reproductive hormone that plays a significant role in assuring
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the growth, maintenance, and development of reproductive
organs in addition to mammary glands, uterine tubes, and the
vagina throughout puberty, youth, and pregnancy. An insuffi-
cient amount of the estradiol hormone may also become a root
cause of osteoporosis, which inhibits the growth, progress, and
development of bones in the human body. Aside from that, one
of the key functions of the estradiol hormone is normalization
of a recurring interval of sexual receptivity.*?

The complex refractive index of GST under amorphous and
crystalline phases was defined in eqn (9) and (10), respectively.
Experimentally determined complex refractive index values of
GST under amorphous and crystalline phases were used to
establish the theoretical relations in eqn (11)—(14), representing
the wavelength-dependent real and imaginary parts of the
complex refractive index values of GST under amorphous and
crystalline phases. Polynomial curve fitting of degrees 4 and 5
were utilized to ensure a greater accuracy and precision between
the theoretical and experimental findings.

na = naGST + iKaGST 9)

nc = ncGST + iKcGST (10
Here, the notations naGST and kaGST represent the real and
imaginary components of the complex refractive index of GST
under the amorphous phase. The curve fitting formulas
showing the wavelength-dependent real and imaginary parts of
the complex refractive index of GST under the amorphous phase
are given as

naGST = —0.519294* + 4.35312% — 12.9842% + 15.7891 —
(11)

(12)

2.0315
KaGST = —0.293462% + 2.3145)% — 5.9547) + 4.9925

Similarly, a curve fitting formula can also be applied to
obtain the wavelength-dependent real and imaginary parts of
the complex refractive index of GST under the crystalline phase,
as given in eqn (13) and (14), respectively, below

ncGST = 1.27514% — 8.19734% + 16.1681 — 2.9464  (13)
KcGST = —0.72443)* + 5.4612°
— 13.3312%2 + 9.76122 + 1.8907  (14)

Additionally, in the near-infrared region, GST reflects
a significant contrast between the complex refractive index
values under the amorphous and crystalline phases. The capa-
bility of a change in the refractive index values of GST under the
amorphous and crystalline phases offers a novel pathway
towards developing tuneable and reconfigurable photonic
biosensors with extremely high sensitivity.

Next, we defined eqn (15) and (16) for determining the
refractive index of blood samples containing progesterone and
estradiol reproductive hormones, respectively, at different
concentrations.*>*® These relations were determined by using
cubic curve fitting applied on an experimentally observed
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refractive index of values of blood samples containing proges-
terone and estradiol hormones of different concentrations.

n, =4.2882 x 10%¢* + 2.2847 x 10°°¢

+4.5962 x 107°¢ + 1.3352 (15)
ne = 2.678 x 107%¢* + 1.7648 x 103
+3.7489 x 10 3¢ + 1.3333 (16)

Here, ¢ is used to represent the level of concentration of
progesterone and estradiol hormones present in the analyte,
measured in nmol L ". The distinct refractive index values of
blood samples containing progesterone and estradiol
hormones of different concentration present in the samples was
obtained from eqn (15) and (16), respectively. These values are
listed in Table 1 below.

4.2 Modulation in the defect mode position of the proposed
biosensor loaded with water samples corresponding to the
amorphous and crystalline phases of Ge,Sb,Tes

Here, we present the working principles of the proposed bio-
sensing device composed of defective APC. For this purpose, the
cavity region of the structure was infiltrated with water sample
with a refractive index of 1.333, and we investigated the trans-
mission properties of the proposed 1D biophotonic sensor
(AB)’CDC(AB)’, whose cavity walls were coated with the PCM
made up of GST, in order to make our proposed biosensing
design bi-stable and reconfigurable. The phase of the Ge,Sb,Te;
could be switched between the crystalline and amorphous
states by applying optical or electrical or thermal energy in an
appropriate amount at the coaxial cylindrical layers made up of
GST, i.e. the layer represented by the letter C, as previously
defined. The coherent approach based on the modified transfer
matrix method (MTMM) and MATLAB computational software
was applied to extract the results for this work. The trans-
mission spectrum of the proposed biosensor (AB)’CDC(AB)
under the crystalline phase of GST loaded with a water sample
was plotted in Fig. 2(a), where it can be seen that there existed
a single defect mode of transmittance close to unity, which was
located at the wavelength of 2220 nm inside the PBG, extending
from 2100 nm to 2350 nm.

Table 1 Distinct refractive index values of analytes containing the
reproductive hormones progesterone and estradiol at different levels
of concentration

Reproductive hormones

Progesterone Estradiol

Concentration Refractive Concentration Refractive
(nmol L) index (nmol L) index

0 1.3352 0 1.3333

40 1.3361 5 1.3413

80 1.3462 7 1.3647
120 1.3819 9 1.4190
160 1.4596 11 1.5170
200 1.5961
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(a) Water in Crystalline Phase of GST.
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(b) Water in Amorphous Phase of GST.
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Fig.2 Transmittance of the proposed 1D photonic biosensor composed of 1D defective APC infiltrated with a water sample of cavity thickness
dp = 1150 nm under the influence of (a) the crystalline phase and (b) amorphous phase of Ge,Sb,Tes.

The transmittance of the suggested design under identical
circumstances as elaborated above in the amorphous phase of
Ge,Sb,Tes was plotted and the results are shown in Fig. 2(b).
This shows that as we switched the phase of Ge,Sb,Tes from
crystalline to amorphous, the central wavelength of the defect
mode earlier located at a wavelength of 2220 nm was relocated
to a new position at a wavelength of 2420 nm. Additionally, this
change in phase of GST also advanced the PBG to a new position
between 2300 nm to 2550 nm, as shown in Fig. 2(b). The
transmittance of the defect mode under the amorphous phase
of GST inside the PBG located at 2420 nm was reduced by 80%
due to the increase in the imaginary part of the complex index of
refraction of Ge,Sb,Tes when in the amorphous phase. In both
cases, the full width at half maximum (FWHM) was narrow,
which is an essential requirement for the design of any high-
performance biosensors. Thus, it can be concluded that the
PCM-based APCs can be employed for the fabrication of
reconfigurable, bi-stable, and tuneable photonic biosensors.

4.3 Effect of changes in the concentration level of
progesterone reproductive hormones present in the blood
samples under investigation on the transmittance of the
proposed biosensor under the crystalline and amorphous
phases of Ge,Sb,Te;

In this section, we first examine the transmittance of the
proposed biophotonic sensor (AB)?CDC(AB)® loaded with blood
samples (analytes) containing progesterone hormone at
different concentration levels, 0, 40, 80, 120, 160, and 200 nmol
L', separately, under the crystalline phase of Ge,Sb,Tes. The
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transmittance plot showing the six defect modes marked by the
colours blue, red, yellow, purple, green, and light blue, corre-
sponding to analytes containing progesterone reproductive
hormone at concentration levels of 0, 40, 80, 120, 160, and 200
nmol L', respectively, inside PBG ranging from 2200 nm to
2350 nm are presented in Fig. 3(a) under the influence of the
crystalline phase of the GST material. It could be seen that as
the concentration changed from 0 nmol L™" to 200 nmol L™,
according to data present in Table 1, the respective defect
modes started to shift towards the higher wavelength side in
addition to the PBG. Moreover their intensity gradually
decreased and nearly reached 80% when the cavity was loaded
with a blood sample containing progesterone hormone at 200
nmol L™". This reduction in intensity was due to the increase in
the molecules of progesterone hormones present in the sample,
which resulted in more scattering of light inside the cavity. This
reduction in the intensity associated with a defect mode inside
PBG could easily be seen using an optical spectrum analyzer
(Ocean Optics spectrometer USB4000).

Next, efforts were made to examine the behaviour of the
proposed photonic biosensing design when its cavity was
loaded separately with blood samples containing progesterone
hormone at different concentration levels under the influence
of the amorphous phase of Ge,Sb,Tes. This study was con-
ducted to verify our claim that the proposed structure can be
used as a bi-stable and reconfigurable photonic biosensor. For
this purpose, the cavity region of the proposed 1D photonic
biosensor (AB)?CDC(AB)® composed of 1D defective APC was
infiltrated with blood samples containing progesterone

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Progesterone in Crystalline Phase of GST.

¢ =0 nmoliL
1t ¢ =40 nmol/L ]
c =80 nmol/L
¢ =120 nmol/L
¢ =160 nmol/L
08k ¢ =200 nmol/L |
@
3]
c
So6f .
£
7]
c
&
F o4l 1
02Ff 1
0, A A A A

2200 2300 2400 2500 2600 2700 2800
Wavelength (nm)

RSC Advances

(b) Progesterone in Amorphous Phase of GST.
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Fig. 3 Transmittance of the proposed 1D photonic biosensing design composed of 1D defective APC infiltrated with analytes containing
progesterone hormones at different concentration levels as 0, 40, 80, 120, 160, and 200 nmol L™, separately, inside a cavity of thickness dp =
1150 nm under the influence of the (a) crystalline phase and (b) amorphous phase of Ge,Sb,Tes. The transmittance plot shows six distinguishable
defect modes coloured here blue, red, yellow, purple, green, and light blue corresponding to analytes containing reproductive hormone

progesterone at 0, 40, 80, 120, 160, and 200 nmol L%, respectively.

hormone at concentrations of 0, 40, 80, 120, 160, and 200 nmol
L', separately, under the amorphous phase of GST. The
transmittance of the proposed biosensor loaded with analytes
containing progesterone hormone at concentrations of 0, 40,
80, 120, 160, and 200 nmol L' are plotted in Fig. 3(b). This
shows six distinguishable defect modes coloured here blue, red,
yellow, purple, green, and light blue corresponding to blood
samples containing progesterone hormones at concentrations
of 0, 40, 80, 120, 160, and 200 nmol L™, respectively, inside the
PBG ranging from 2400 nm to 2650 nm. It is evident from
Fig. 3(b) that the increase in the concentration of progesterone
present in the analyte was responsible for the movement of the
PBG and the respective defect modes located inside the PBG
towards the higher wavelength side. Surprisingly, we also noted
that all the defect modes had almost identical intensities
located inside the PBG, ranging from 2400 nm to 2650 nm. The
intensities of the defect modes were close to 80%, which would
be more than enough to be detected by an optical spectrum
analyzer used. The variation in the intensity of defect modes
associated with the different samples under investigation is one
of the major drawbacks involved with the structures used for
photonic biosensing applications. Comparisons among the
results in Fig. 3 showed that the use of Ge,Sb,Tes in the
amorphous phase overcome the drawbacks of the intensity
variation associated with the defect modes of the proposed
structure loaded with different samples with the crystalline
phase of GST. This study may also provide an insight to promote
the use of GST in the amorphous phase in the design of bio-
photonic sensors to overcome the drawbacks of the intensity

© 2022 The Author(s). Published by the Royal Society of Chemistry

variations that occur in the defect modes of photonic biosen-
sors loaded with different samples.

4.4 Effect of changes in the concentration level of estradiol
reproductive hormones present in the blood samples under
investigation on the transmittance of the proposed biosensor
when tested under the crystalline and amorphous phases of
Ge,Sb,Te;

Next, we examined the behaviour of the proposed biophotonic
sensor (AB)’CDC(AB)® loaded with blood samples containing
estradiol hormones at concentrations of 0, 5, 7, 9 and 11 nmol
L™, separately, under the influence of both the crystalline and
amorphous phases of Ge,Sb,Tes. The thickness of the cavity was
chosen as dp = 1150 nm. The respective transmittance plots of
the proposed biosensor under the influence of both the crystal-
line and amorphous phases of Ge,Sb,Tes; are shown in Fig. 4(a)
and (b), respectively. Fig. 4 shows five defect modes coloured
here blue, red, yellow, purple, and green, corresponding to
analytes containing estradiol hormones at concentrations of 0, 5,
7,9,and 11 nmol L%, respectively. The central wavelength of the
defect modes present inside the PBG of the design under the
influence of both phases of GST was modulated towards the
higher wavelength side as the concentration of estradiol
hormone in the samples increased (Fig. 4). Additionally, it could
be noticed in Fig. 4(a) that under the crystalline phase of GST,
our design displayed a reduction in the intensity of the defect
mode associated with the higher concentration samples, and
this reduction was sufficient enough to be easily detected by an
Ocean Optics spectrometer, USB4000.

RSC Adv, 2022, 12, 30335-30348 | 30341
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(a) Estradiol in Crystalline Phase of GST.
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(b) Estradiol in Amorphous Phase of GST.
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Fig. 4 Transmittance plots of the proposed 1D photonic biosensing design composed of 1D defective APC infiltrated with analytes containing
estradiol hormones at different concentrations as 0, 5, 7, 9, and 11 nmol L™, separately, inside a cavity of thickness dp = 1150 nm under the
influence of the (a) crystalline phase and (b) amorphous phase of Ge,Sb,Tes. The transmission spectra showed five defect modes coloured blue,
red, yellow, purple, and green in the figure, corresponding to analytes containing estradiol hormone at concentrations of 0, 5, 7, 9, and 11 nmol

L~ respectively.

Finally, we turned our attention to examining the behaviour
of the proposed design loaded with analytes containing estra-
diol hormones at different concentrations of 0, 5, 7, 9, and 11
nmol L', separately, under the influence of the amorphous
phase of Ge,Sb,Tes and a cavity thickness dp of 1150 nm. The
transmittance of the proposed biosensor loaded with analytes
containing estradiol hormones at the aforementioned concen-
tration levels was plotted and the results are shown in Fig. 4(b).
As can be seen in Fig. 4(b), five defect modes were distin-
guishable, here coloured blue, red, yellow, purple, and green,
corresponding to analytes containing estradiol hormones at
different concentrations of 0, 5, 7, 9, and 11 nmol L™, respec-
tively, inside the PBG extending from 2375 nm to 2640 nm. This
also reflected that as the concentration of estradiol present in
the analyte under investigation increased, the central wave-
length of the respective defect modes inside the PBG ranging
from 2375 nm to 2640 nm moved towards the higher wave-
length side. This behaviour was similar to the results in Fig. 3.
All five defect modes inside the PBG of the design originated
due to the infiltration of the cavity of the structure with analytes
containing estradiol hormones at concentrations of 0, 5, 7, 9,
and 11 nmol L™, separately. All these defect modes had an
identical intensity of 80%, as evident in Fig. 4(b). The energy
associated with each defect mode would be more than sufficient
to meet the threshold value of the detector for accurate sensing
and detection.

The comparison between the nature of transmittance of the
proposed 1D defective APC-based biosensing design (AB)’CD-
C(AB)® infiltrated with blood samples containing progesterone
and estradiol hormones of various concentration levels under

30342 | RSC Adv, 2022, 12, 30335-30348

the influence of the crystalline and amorphous phases of Ge,-
Sb,Tes as shown in Fig. 3 and 4, respectively, illustrated the bi-
stable and reconfigurable behaviour of the proposed biosensor.
Moreover, these results were also reflected in the FWHM of each
defect mode of the structure loaded with both types of blood
samples containing progesterone and estradiol hormones being
smaller in the case with the crystalline phase of Ge,Sb,Tes. A
small FWHM is always an essential requirement for the design
of sensitive photonic biosensing devices. Our study successfully
demonstrated that under both phases of Ge,Sb,Tes; the
proposed 1D defective APC-based photonic biosensor
(AB)’CDC(AB)’ was capable of identifying minute changes in
the refractive index of different blood samples containing
progesterone and estradiol hormones of various concentration
levels. The infiltration of various blood samples did not cause
any significant reduction in the intensity of the defect modes,
which makes our design suitable to be used for the accurate
sensing and detection of reproductive hormones under the
influence of both the crystalline and amorphous phases of
Ge,Sb,Tes. The involvement of the phase-change material
(PCM) in the fabrication of the structure makes our design bi-
stable and reconfigurable.

4.5 Analysis of the working performance of the proposed
biosensor

In order to examine the working performance of our suggested
1D photonic biosensing design composed of 1D defective APC,
we evaluated the sensitivity (S), figure of merit (FoM), limit of
detection (LoD), quality factor (Q), and signal-to-noise ratio
(SnR) performances of our design. These are the most

© 2022 The Author(s). Published by the Royal Society of Chemistry
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important and significant parameters in the analysis of
biosensors based on photonic, plasmonic, and photonic crystal
fibre technologies. The sensitivity is the most important of all
the parameters as it determines the change in position of the
central wavelength of the defect mode peak (A1) within the PBG
due to any change in the refractive index of the blood samples
(An) under consideration. A high sensitivity value is always
needed for the design of any high-performing photonic
biosensors. It is given by eqn (17),

A
S = — (nm per RIU)

An 17)

The parameter Q indicates how effectively a biosensor can
work, and indicates how small a change in the refractive index
of a sample could still be precisely and accurately sensed by any
biosensor. For quality biosensing applications, a high value of Q
is always preferred. It is defined as,

Q _ /\defect

~ FWHM (18)

The parameter FoM is directly proportional to the sensitivity
of any biosensing device and is inversely proportional to the
FWHM of the defect mode inside the PBG. For any biosensor to
work efficiently, a large FoM value is always required. The FoM
is defined as,

S

FOM = WAM

(19)

Besides the above parameters, two more parameters, namely
the SnR and LoD, were also investigated to appraise the effective

RSC Advances

working of the proposed biosensor, as defined mathematically
in eqn (20) and (21), respectively.

A

SR = (20)
and
FWHM
2 5(snR)"

Based on the parameters described above in eqn (17)-(21),
we evaluated the performance of our suggested 1D defective
APC-based photonic biosensing design (AB)’CDC(AB)® with
coated cavity walls loaded with analytes containing proges-
terone and estradiol of different concentration levels under the
crystalline and amorphous phases of Ge,Sb,Tes. The numerical
values of S, Q, FoM, LoD, and SnR were calculated from eqn
(17)—(21), respectively, and are summarized in Tables 2 and 3 for
when the structure was loaded with analytes containing
progesterone and estradiol at different concentration levels
under the crystalline phase of Ge,Sb,Tes, respectively.

In all this work, we used the optimized value of the cavity
layer as dp = 1150 nm. To determine this optimum value, we
measured the sensitivity of the design loaded with blood
samples containing reproductive hormones of different
concentrations with varying dp, thicknesses of 650, 750, 850,
950, 1050, 1150, and 1250 nm, separately. This process helped
us to estimate the optimum value of the cavity layer thickness.
For example, we present a plot of the sensitivity versus cavity
layer thickness of the proposed structure loaded with a blood
sample containing estradiol hormone at 7 nmol L™* under the
influence of the amorphous phase of GST in Fig. 5. This figure
shows that the sensitivity of the proposed design reached

Table 2 Different performance—evaluation parameters of the proposed biosensing design (AB)°>CDC(AB)® infiltrated with analytes containing
progesterone hormones at different concentration levels of 0, 40, 80, 120, 160, and 200 nmol L~ with the crystalline phase of Ge,Sb,Tes

c Refractive index =~ Wavelength Sensitivity FoM

(nmol L") (RIU) (nm) FWHM (nm)  (nmnmol ' L™")  Quality factor (nmolL™") LoD SnR

0 1.3352 2218 0.180 12 322.22 0.009

40 1.3361 2219 0.225 1111.11 9862.22 4938.27 1.013 x 107° 4.44
80 1.3462 2228 0.225 909.09 9902.22 4040.40 1.238 x 10°° 44.44
120 1.3819 2259 0.225 877.94 10 040.00 3901.97 1.281 x 107° 182.22
160 1.4597 2329 0.225 891.59 10351.11 3962.52 1.262 x 107° 493.33
200 1.5951 2454 0.180 908.04 13 633.33 5044.68 9.91 x 10°° 1311.11

Table 3 Different performance—evaluation parameters of the proposed biosensing design (AB)>CDC(AB)® infiltrated with analytes containing
progesterone hormones at different concentration levels of 0, 40, 80, 120, 160, and 200 nmol L~* with the amorphous phase of Ge,Sb,Tes

c Refractive index =~ Wavelength Sensitivity FoM

(nmol L1 (RIU) (nm) FWHM (nm) (nmnmol 'L™")  Quality factor (nmolL™") LoD SnR

0 1.3352 2416 0.225 10737.78 0.01125

40 1.3361 2417 0.315 1111.11 7673.02 3527.34 1.418 x 107° 3.17
80 1.3462 2426 0.315 909.09 7701.59 2886.00 1.733 x 10°° 31.75
120 1.3819 2455 0.27 835.12 9092.60 3093.03 1.617 x 107° 144.44
160 1.4597 2519 0.315 839.45 7996.83 2664.91 1.876 x 107° 326.98
200 1.5951 2628 0.495 1111.11 5309.09 2241.67 2.228 x 107° 428.28

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Sensitivity versus cavity layer thickness variations of the
proposed structure loaded with a blood sample containing estradiol
hormone at 7 nmol L™ under the amorphous phase of GST.

a maximum value of 828.03 nmol L™}, corresponding to dp =
1150 nm. Further increases in the cavity layer thickness affected
the sensitivity of the proposed APC structure; therefore, our
choice of selecting the optimum value of cavity layer thickness
as dp = 1150 nm in this work is justified.

The numerical values of S, Q, FoM, LoD, and SnR of the
proposed biosensor loaded with analytes containing proges-
terone hormone at different concentrations of 0, 40, 80, 120,
160, and 200 nmol L™ under the crystalline phase of Ge,Sb,Tes
are listed in Table 2. It can be seen in the table that the sensi-
tivity of the design varied between 877.94 nm nmol " L™},
corresponding to the blood sample containing progesterone
hormones at 120 nmol L™, and 1111.11 nm nmol ' L%, cor-
responding to the sample with a concentration of 40 nm nmol "
L~". The maximum achieved value of the FoM of the proposed
biosensor was 5044.68 nmol L~ ". This value was high, as ex-
pected. The lowest achieved LoD value was 9.91 x 10~ °. The
SnR values of the proposed design varied between 4.44 and
1311.11.
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Next, we examined the performance of the proposed struc-
ture loaded with analytes containing progesterone hormones at
concentration levels of 0, 40, 80, 120, 160, and 200 nmol L™ !
under the amorphous phase of Ge,Sb,Tes by evaluating the
parameters S, Q, FoM, LoD, and SnR as mentioned above with
the help of eqn (17)-(21), respectively. The data are listed in
Table 3 below. Comparison of the data presented in Table 2 with
Table 3 shows that under the influence of the amorphous phase
of Ge,Sb,Tes, the performance of the proposed structure loaded
with progesterone hormones at the different concentration
levels was marginally compromised due to the increase in the
imaginary part of the complex refractive index of Ge,Sb,Tes
when in the amorphous phase in comparison to in the crys-
talline phase. These observations are similar to the findings of
Arafa et al™

Next, linear curve fitting was applied on the data in Tables 2
and 3 to observe the behaviour of the changes in the position of
the defect mode corresponding to blood samples containing
progesterone hormones at different concentration levels under
the influence of the crystalline and amorphous phase of GST,
respectively. This linear curve fitting yielded two empirical
relations, eqn (22) and (23), which gave straight line plots, as
shown in Fig. 6(a) and (b), corresponding to the crystalline and
amorphous phases of GST, respectively. The empirical relations
eqn (22) and (23) as defined below are plotted in Fig. 6(a) and
(b), respectively. The straight lines plotted in Fig. 6 gave slopes
of 892.16 and 815.03, which indicated respective sensitivities of
892.16 nm per RIU and 815.03 nm per RIU under the crystalline
and amorphous phases of GST. It is clear from the slopes from
eqn (22) and (23) that the structure was more sensitive for
observing changes in the refractive index of the sample con-
taining progesterone hormones at different concentrations
under the crystalline phase of GST as compared to the amor-
phous phase.

(AB)cry = 906.52n, + 1007.2 (22)
(AB)amo = 815.03n, + 1328.4 (23)
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Fig.6 Defect mode position versus refractive index of blood samples containing progesterone hormones at different concentration levels under

the influence of the (a) crystalline and (b) amorphous phase of GST.
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where (AB)cry and (AB)amo represent the positions of the defect
mode under the influence of the crystalline and amorphous
phases of GST, respectively.

Further, we evaluated the performance of our proposed
design loaded with estradiol hormones of various concentration
levels under the influence of the crystalline phase of Ge,Sb,Tes.
The numeric values of S, Q, FoM, LoD, and SnR of the proposed
design loaded with blood samples containing estradiol
hormones at concentrations of 0, 5, 7, 9, and 11 nmol L™ under
the influence of the crystalline phase of Ge,Sb,Tes are listed in
Table 4.

The above-mentioned performance-evaluation parameters
of the proposed structure loaded with blood samples containing
estradiol hormones at different concentration levels under the
amorphous phase of Ge,Sb,Te; are listed in Table 5. Again, we
noticed that the sensing performance of the proposed structure
loaded with blood samples containing estradiol hormones at
different concentration was little bit compromised in the
amorphous phase of Ge,Sb,Tes in comparison to the crystalline
phase.

Further, efforts were made to study the behaviour of the
changes in the position of the defect mode due to changes in
the refractive index of blood samples containing estradiol
hormones at various concentration levels under the crystalline
and amorphous phase of GST by applying linear curve fitting on
the data in Tables 4 and 5, respectively, as discussed above. The
linear curve fitting yielded two empirical relations that govern
the movement of the defect mode inside the PBG of the
proposed structure loaded with blood samples containing
estradiol hormones at different concentration levels, as
described below in eqn (24) and (25), under the influence of the
crystalline and amorphous phases of GST, respectively.

(Ab)cry = 892.16m + 1027 (24)

RSC Advances

(AD)Amo = 815.39n, + 1328.3 (25)
where (AH)cry and (A5)amo represent the positions of the defect
mode under the influence of the crystalline and amorphous
phases of GST, respectively.

The above empirical relations are plotted in Fig. 7 below,
which shows straight lines corresponding to the crystalline and
amorphous phases of GST. The slopes of the lines plotted in
Fig. 7(a) and (b) were 892.16 and 815.39, respectively. This yield
that the sensitivities of the structure loaded with blood samples
containing estradiol under the crystalline and amorphous
phase were 892.16 nm per RIU and 815.39 nm per RIU,
respectively. Additionally, the structure was more sensitive
under the crystalline phase as compared to the amorphous
phase. In both cases, the sensitivity reached an ultrahigh level
compared to the results reported in ref. ** and *.

It can be clearly seen from the data presented in Tables 2 and
4 that under the influence of the crystalline phase of Ge,Sb,Te;
loaded with blood containing progesterone and estradiol
hormones at different concentration levels separately, the
sensing abilities of the proposed design were significantly
enhanced as compared to the sensing abilities of the structure
under the amorphous phase of Ge,Sb,Tes. Moreover, the
sensing ability of the structure under both phases of Ge,Sb,Tes
was sufficient for the minute and accurate detection of repro-
ductive hormones at different concentrations present in the
samples. Additionally, the involvement of GST makes our 1D
defective APC structure a bi-stable and reconfigurable
biosensor.

Thus our design can be used for the sensing and detection of
blood samples containing reproductive hormones at different
concentration levels under the crystalline and amorphous
phases of Ge,Sb,Tes. GST can be a preferable choice for the
design and development of 1D defective annular photonic

Table 4 Different performance—evaluation parameters of the proposed biosensing design (AB)>CDC(AB)® infiltrated with analytes containing
estradiol hormones at different concentration levels of 0, 5, 7, 9, and 11 nmol L™* under the crystalline phase of Ge,Sb,Tes

c Refractive index =~ Wavelength Sensitivity FoM

(nmol L™ (RIU) (nm) FWHM (nm) (nmnmol L)  Quality faccor  (nmolL™') LoD SnR

0 1.3330 2217 0.315 7038.09 0.01575

5 1.3413 2224 0.270 873.80 8237.04 3236.29 1.545 x 107° 25.93
7 1.3647 2244 0.315 858.52 7123.81 2725.46 1.835 x 10°° 85.71
9 1.4190 2292 0.270 874.81 8488.89 3240.03 1.543 x 107° 272.78
11 1.5170 2381 0.315 892.68 7558.73 2833.90 1.764 x 107° 520.63

Table 5 Different performance—evaluation parameters of the proposed biosensing design (AB)°>CDC(AB)® infiltrated with analytes containing
estradiol hormones at different concentration levels of 0, 5, 7, 9, and 11 nmol L™* under the amorphous phase of Ge,Sb,Tes

c Refractive index =~ Wavelength Sensitivity FoM

(nmol L") (RIU) (nm) FWHM (nm) (nmnmol ' L)  Quality factor  (nmolL™") LoD SnR

0 1.3330 2415 0.315 7666.67 0.01575

5 1.3413 2422 0.360 875.00 6727.78 2430.56 2.057 x 10°° 19.44
7 1.3647 2441 0.315 828.03 7749.21 2628.65 1.902 x 107° 82.54
9 1.4190 2486 0.315 828.47 7892.06 2630.07 1.901 x 107° 222.22
11 1.5170 2565 0.450 816.55 5700.00 1814.55 2.756 x 107° 333.33

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Defect mode position verses refractive index of blood samples containing estradiol hormones at different concentration levels under the
influence of the (a) crystalline and (b) amorphous phases of GST.

structure-based biosensing devices for the detection of minute
changes in the refractive index of samples under consideration.
Furthermore, an inbuilt switching property between the crys-
talline and amorphous phases of GST can open a new gateway
for the development of APC-based externally tuneable bio-

photonic devices.

Finally, before concluding this work, we present a quick
comparison between the proposed work and the earlier works of
distinguished researchers based on photonic biosensing tech-
nology. This comparison shows that the APC structures can be
better choice for designing various biosensors over planar
photonic crystals. The proposed design has a higher sensitivity,

Table 6 Comparison highlighting the sensitivity, quality factor, and FoM values of the proposed design in contrast to the earlier works of other
photonic workers

Year S (nm per RIU) Q factor FoM Frequency range Ref.
2016 34.11 — 1.1 x 10° THz 46
2017 17 3 x 10* 2.23 x 10° Visible to NIR 47
2019 53.0-90.9 — — NIR 48
2020 10 3 x 10° 15.1 Visible 49
2021 137.02-30.44 (0.12-1.43) x10* (0.2-2.7) x10* Visible 41
2021 55.55-98.92 (0.68-2.3) x10* (1.96-2.6) x10* Visible 42
This work 816.54-1111.11 (0.57-1.36) x10* (0.22-0.5) x10* NIR
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Fig. 8 Annual statistical data comparing the performance of the proposed annular photonic biosensor with earlier designed biosensors in terms
of the reported sensitivity.
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ranging from 816 to 1111.11 nm nmol " L', which represents
an ultrahigh sensitivity compared to similar kinds of biosensing
work based on planar photonic structures for the detection of
reproductive hormones.**> The orders of the Q factor and FoM
values of our design were either equal or higher compared to
those in previous works given in Table 6 below. This shows that
the suggested biosensor had a reasonably higher sensitivity and
much better performance compared to similar kinds of sensors
in other research works for the detection of reproductive
hormones in females. Fig. 8 below presents the statistical
requirements of our work in terms of sensitivity in comparison
to the similar kinds of photonic biosensing works presented in
Table 6.

5. Conclusion

In this work, we theoretically investigated the biosensing
properties of the proposed 1D defective APC-based photonic
biosensor composed of GST with the help of a modified transfer
matrix method and MATLAB simulation software. The perfor-
mance of the proposed structure loaded with blood samples
containing progesterone and estradiol hormones at different
concentration levels were separately evaluated in both the
crystalline and amorphous phases of Ge,Sb,Tes. The applica-
tion of GST in the fabrication of the proposed structure makes
our design bi-stable and reconfigurable due to the ability of the
coexistence of the dual phases of Ge,Sb,Tes, i.e. crystalline and
amorphous. In both the states corresponding to the crystalline
and amorphous phases of Ge,Sb,Tes, the sensitivity variation of
the proposed structure was between 816.54 and 1111.11 nm
nmol ™' L', which is very high. This value of sensitivity is
ultrahigh compared to the sensitivities achieved in planar
photonic biosensing designs proposed by other researchers.
This analysis shows that the application of GST under its
amorphous phase may be used to overcome the drawback of
intensity variations associated with the defect modes of
proposed structures loaded with different samples under the
crystalline phase of GST. This property may provide an insight
to promote the use of GST in its amorphous phase in the design
of biophotonic sensors with defect modes of uniform intensity
inside the PBG associated with various biosamples under
investigation.

Data availability

The results of the present theoretical work are based on MAT-
LAB simulations. All the relations and other relevant informa-
tion have been properly cited throughout the manuscript
keeping the ease of readers of the journal. The readers can easily
reproduce the results of the work with the help of theoretical
details given in the manuscript and MATLAB computational
software.
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