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sor design using a 1D defective
annular photonic crystal for the detection of
creatinine concentration in blood serum

Sakshi Gandhi,a Suneet Kumar Awasthi *a and Arafa H. Alyb

A new biophotonic sensor composed of a porous silicon (PSi)-based one-dimensional (1D) defective

annular photonic crystal (APC) was designed and theoretically investigated using a modified transfer

matrix method (TMM) in terms of cylindrical coordinates. The proposed biosensor was found to be

capable of sensing very minute variations in the refractive index of blood serum samples of different

creatinine concentrations. It can be considered as a useful tool for diagnosing mild to chronic kidney

diseases by measuring the creatinine concentration in the blood serum samples of patients. The

biosensor design [(AB)N/2D(AB)N/2/Si] is composed of two 1D APCs (AB)N/2 associated with a defect layer

D of a blood serum sample of thickness dd whose creatinine concentration is to be determined. Both 1D

APCs are made up of two alternate PSi layers A and B with porosity ratios of 34% and 87%, respectively.

Moreover, our proposed biophotonic sensor demonstrated a high value of sensitivity (S) between 637.73

and 640.29 nm per RIU, a quality factor (Q) between 1.51 � 105 and 0.74 � 105, and a figure of merit

(FOM) between 2.6 � 104 and 1.96 � 104 RIU, corresponding to a blood serum sample whose creatinine

concentration varied between 80.90 to 85.28 mmol L�1. The limit of detection (LOD) was of the order of

10�6 RIU. This low value LOD confirmed that our biosensor is capable of noticing any minute change in

the wavelength up to an order of 10�6. Compared with previous works, the proposed biosensor design

can be easily realized and offers high performance at normal incidence, which allows overcoming the

complications involved while achieving a high value of sensitivity in planar PC-based biosensor designs

at oblique incidence. Beside this, there is also a possibility to explore this work further for the

development of various APC-based biosensing designs with the aim to study various human body fluids.
1. Introduction

Photonic crystals (PCs) are periodic structures and have
attracted widespread attention due to their potential and useful
applications in modern photonic technology, which is a fast
developing eld of research.1–7 The concept of PCs was intro-
duced by the pioneering work of photonic bandgaps (PBGs) by
Yablonovitch and photon localization by John.8,9 PCs are
composed of composite multilayer structures, in which the
modulation of refractive index occurs in spatial directions, such
as one-dimensional (1D), two-dimensional (2D), and three
dimensional (3D) directions in space. One of the promising
characteristics of PCs is the control of the propagation of the
electromagnetic waves of different frequencies due to the exis-
tence of PBG, which is an optical analogy of the electronic
bandgap (EBG) in solids.10,11 The PBG consists of frequency
regions in which the propagation of electromagnetic waves
ce and Engineering, Jaypee Institute of

UP, India. E-mail: suneet_electronic@

Suef University, BeniSuef, Egypt

the Royal Society of Chemistry
(EMWs) is not allowed due to Bragg scattering. The frequencies
of incident EMWs outside are not attenuated and are allowed to
pass through the structure. The breaking of the periodicity by
inserting a defect layer inside PC generates a defect mode inside
PBG due to the connement of EMWs through the defect layer
molecules.12–14 The position of these defect modes can be further
modulated inside PBG depending on the refractive index and
thickness of the defect layer region. This remarkable property of
tuning the defect mode inside the PBG of defective PCs has
inspired various research groups worldwide in their attempts to
develop high-performance biosensors.15–20 These biosensors are
remarkably attractive to the biomedical and biochemical elds due
to their tremendous sensing and detecting capabilities.21–24 PC-
based biosensors have been widely designed and fabricated for
the detection of temperature, hydrostatic pressure, acoustic waves,
and magnetic elds.25,26

In addition to conventional planar 1D PCs, annular photonic
crystals (APCs) have attracted much attention in recent years
due to the outstanding results from theoretical ndings and the
improved fabrication techniques.27–30 Basically, an early study
by Kaliteevski et al. attracted the attention of various research
groups toward APCs aer they studied the propagation of
RSC Adv., 2021, 11, 26655–26665 | 26655
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electromagnetic waves inside APCs with the help of a modied
transfer matrix method for cylindrical multilayer structures.31

Many researchers have since carried out innovative work
showing better sensing capabilities for APC structures in
comparison to planar photonic structures.32–34 Moreover high-
performance APC-based sensor designs using different mate-
rials are easy to realize and have promising applications in the
eld of laser emission, optical communication, and optoelec-
tronics.35–37 For example Mehaney et al. proposed a high-
performance biophotonic design capable of sensing chemical
and biomedical uids that was composed of 1D ternary APCs,
which worked at the Tamm/Fano resonance state and exhibited
a sensitivity (S) of 6770 nm per RIU with a quality (Q) factor of
662.38 A high-performance temperature sensor design using 1D
defective APCs with a sensitivity of 11 nm per 1000 �C and
a gure of merit (FOM) of 0.218 per �C was proposed by Abdulla
et al.39 The aforesaid piece of excellent research work opened
a new gateway for designing 1D APC-based biosensors capable
of detecting minute changes in the chemical or biological
properties of a sample by producing a readable signal to diag-
nose various diseases in the human body efficiently and rapidly
in comparison to the available conventional methods, which
tend to be time consuming and highly expensive.

A biosensor is a compact device capable of detecting changes in
biological or chemical systems by producing a signal proportional
to the concentration of the analyte to be examined.40,41 A typical
biosensor consists of ve parts: (1) the substance in the liquid
form, called the analyte, which needs to be examined; (2) the
bioreceptor to characterize the analyte; (3) the transducer, which
produces a measurable optical, electrochemical, magnetic or
electrical signal, depending on the bioreceptor interaction; (4) the
electronic circuit, which processes and prepares the transduced
signal for display; and (5) arguably the most important part of any
biosensor, which is the combination of the hardware and soware
that allows displaying the results in a user-friendly manner.42–45

In the past few decades, porous materials have attracted
much attention due to their potential in a wide range of elds,
from opto-to-microelectronics, optics, biomedicine, and uid
and gas sensing applications, etc.46–48 Porous silicon (PSi) is one
suchmaterial, in which nanometric tiny pores are embedded on
the silicon wafer by an electrochemical etching technique under
the inuence of an electric current in a hydrouoric acid elec-
trolyte.49 Due to its considerable surface area and versatile
surface chemistry, PSi reects amazing optical, mechanical,
and electronic properties, such as high optical sensitivity. The
above-mentioned qualities make PSi a suitable candidate for
designing both planar and annular PCs. Besides this, the
fabrication of PSi with a modulating porosity can be easily
achieved by variation of the electric current density during the
electrochemical etching process, which allows a precise control
over the properties of the PSi material layer.50 Moreover it is an
economical, fast, and simple one-step process.

Nowadays, optical biosensors based on photonic crystal
technology have been widely used in medical elds because of
their accuracy, cost effectiveness, easy handling, and quick
response.51–53 These biosensors are used as an important diag-
nostic tool for nding kidney-, sugar-, and heart-related
26656 | RSC Adv., 2021, 11, 26655–26665
diseases by examining the concentration of creatinine,
glucose, and cholesterol, respectively, in the uids of the
human body. Themetabolic processes in a biological system are
responsible for producing waste products due to the normal
breakdown of muscle cells, called creatinine. Hence the extraction
of creatinine from biological systems is very important. This
operation is done by healthy kidneys, which take creatinine out of
the blood and put it into the urine to exit the body. When the
kidneys are not working well, creatinine builds up in the blood,
and so monitoring the creatinine level in the blood is a very
important step for gaining preliminary knowledge of the kidney
functioning. It also helps to identify kidney infections and diseases
from a moderate to advanced level. The two most popular
conventional methods for determination of the creatinine
concentration in blood and urine are Jaffe's method and the
enzymatic method.54 Both the Jaffe and enzymatic methods have
been found to be able to meet the analytical performance
requirements in routine use. However, the enzymatic method was
found to have a better performance for low creatinine levels.

The present work aimed to extend the ndings revealed by
Aly et al. and to study the performance of a biophotonic sensor
for the detection of the creatinine concentration in blood
serum, based on a 1D defective planar photonic crystal of
sensitivity of 306.25 nm per RIU at an oblique incidence of 85�.55

In PCs, it is very difficult to adjust the angle of incidence for
obtaining the optimum results. Therefore, an attempt was
made here to achieve better biosensing results at normal inci-
dence in comparison to the aforementioned piece of excellent
work of Aly and co-workers.55 In this work, we investigated
theoretically a 1D defective APC structure for the detection of
the creatinine concentration in blood, with a sensitivity between
637.73 and 640.29 nm per RIU at normal incidence depending
on the concentration level of creatinine in the blood serum
ranging between 80.9 and 85.28 mmol L�1.

The theoretical model and formulation of the proposed 1D
defective APC-based biophotonic sensor capable of detecting
the creatinine concentration in blood serum with the help of
a modied transfer matrix method for cylindrical multilayer
structures are detailed in Section 2. The Results and discussions
pertaining to the work performed for studying the transmission
characteristics of the proposed biophotonic sensor are given in
Section 3. Finally, the Conclusions are mentioned in Section 4.
To the best of our knowledge, this is rst time 1D defective APC
has been used for detecting the creatinine concentration in
blood serum, with an average sensitivity of 638.91 nm per RIU,
which could help to diagnose kidney dysfunction in patients.
2. Biosensor design and theoretical
analysis

The proposed biosensor consisted of a 1D annular photonic
crystal with defects. This design utilized periodic cylindrical
coaxial multilayers, which allowed a core of radius r0. The
refractive index of each cylindrical layer of this biosensor was
modulated periodically as a function of the radial distance from
the axis of symmetry, as shown in Fig. 1. In the proposed design
© 2021 The Author(s). Published by the Royal Society of Chemistry
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[(AB)N/2D(AB)N/2], the two APCs, namely APC1 and APC2, were
joined together through a cylindrical defect layer D of thickness
dd and refractive index nd. The periods of both the APCs struc-
tures were N/2. The entire structure [(AB)N/2D(AB)N/2/substrate]
was fabricated over a substrate of refractive index nf. Here A and
B represent PSi coaxial cylindrical layers of porosity P1 and P2,
respectively. The thickness and refractive index of PSi layers A
and B were d1, d2 and n1, n2, respectively. The radial distance (ri)
between the axis of the symmetry of the structure and the outer
edge of the concentric cylindrical layer i is given by:28–30

ri ¼

8>><
>>:

ro þ
k � 1

2
dþ d1; k ¼ ð1; 3; 5;.; 2N

0 � 1Þ

ro þ
k

2
d; k ¼ ð0; 2; 4;.; 2N

0 Þ
(1)

here, d (¼d1 + d2) and N0 (¼N/2) are used to describe the period
and period number of both APC1 and APC2. The magnetic
permeability of the PSi layer was assumed to be 1 due to its non-
magnetic behavior. APC1 and APC2 were both composed of two
alternate PSi layers of different porosities. The effective refrac-
tive index of PSi layers is governed by Burgmann's effective
medium approximation as:38,49,50

P ¼ nv
2 � neff

2

nv2 þ 2neff 2
þ ð1� PÞ nSi

2 � neff
2

nSi2 þ 2neff 2
¼ 0 (2)

here nv, nSi, and neff represent the refractive indices of the voids
of the PSi layer, silicon wafer, and PSi layer, respectively. The
Fig. 1 (a) Schematic design of the 1D defective APC structure with an
inner core radius r0 and refractive index n0. The refractive indices of
two alternate materials of the structure are n1 and n2 of thicknesses d1
and d2, respectively. The defect layer has a thickness dd and refractive
index nd. The radii of the cylindrical layers of refractive indices n1, n2,
nd, and nf are r1, r2, rd, and rf, respectively. Here, the subscripts d and f
are used to represent the defect and substrate layers of the APC
structure, respectively. (b) Cross-sectional view of the 1D defective
APC structure under consideration.

© 2021 The Author(s). Published by the Royal Society of Chemistry
effective refractive index (neff) of the PSi layer is dependent on
the porosity ratio (P) and the refractive index of the analyte (nv)
to be lled inside the hollow pores of both the PSi layers A and
B. Eqn (2) can be rewritten to obtain an expression for the neff of
the PSi layer in terms of nv, nSi, and P as:38,49

neff ¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ 8nSi2nv2

pq
(3)

here, M ¼ 3P(nv
2 � nSi

2) + (2nSi
2 � nv

2).
In order to obtain more accurate simulation results, we

considered the dispersive properties of silicon as:50

nSi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 10:6684293l2

l2 � 0:3015164852
þ 0:00304344748l2

l2 � 1:134751152
þ 1:54133408l2

l2 � 11042

s

(4)

where l is the wavelength of incident light in mm. The ndings
of the present work are based on previous experimental
work,38–40 in which the porosities of the PSi layers A and B were
taken to be P1 (¼32%) and P2 (¼87%), respectively. The porosity
range of the PSi layer from 32% to 87% has already been ach-
ieved and fabricated experimentally by the electrochemical
etching of silicon wafer with the help of hydrogen uoride as an
electrolyte.38

Now we considered the propagation of a cylindrical electro-
magnetic wave moving radially outward from the axis of
symmetry, i.e., r ¼ 0 (z axis), of the structure and coming out
through cladding (i.e., Si substrate). This means we can omit the
derivatives of the elds with respect to the z axis in the following
wave equation corresponding to the TE mode in a cylindrical
coordinate system as:28–30

r
v

vr

�
r
vEz

vr

�
� r2

1

m

vm

vr

vEz

vr
þ v

v4

�
vEz

v4

�
þ u2m3r2Ez ¼ 0 (5)

Eqn (5) can be solved by separation of the variables to get Ez,
which is dependent on r and 4 as:

Ez(r, 4) ¼ V(r)F(4) ¼[CJm(kr) + DYm(kr)]exp(im 4) (6)

where Jm and Ym are the Bessel and Neumann functions,
respectively, corresponding to the azimuthal number m. Here,
k ¼ u

ffiffiffiffiffi
m3

p
is the wavenumber of the propagating cylindrical

electromagnetic wave inside a material of permittivity 3 and
permeability m.

The azimuthal part of the magnetic eld H4 can be obtained
using Maxwell's curl equation.

V � E ¼ �jumH as

H4ðr;4Þ ¼ UðrÞfð4Þ ¼ �ip�CJ 0
mðkrÞ þDY

0
mðkrÞ

�
expðim 4Þ (7)

here, p ¼ ffiffiffiffiffiffiffiffi
m=3

p
is the intrinsic impedance of the medium, and

J
0
mY

0
m are the rst-order derivatives of the Bessel and Neumann

functions, respectively.30 The transfer matrix, which connects the
electric and magnetic elds in the jth layer of refractive index nj at
interfaces rj�1 and rj, is given as28–30 (assuming rj�1 ¼ rj):�

V
�
rj
	

U
�
rj
	 
 ¼ Mj

�
V
�
rj�1

	
U
�
rj�1

	

RSC Adv., 2021, 11, 26655–26665 | 26657
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�
V
�
rj
	

U
�
rj
	 
 ¼

�
Mjð1; 1Þ Mjð1; 2Þ
Mjð2; 1Þ Mjð2; 2Þ


�
V
�
rj�1

	
U
�
rj�1

	 
 (8)

here, the elements of Mj are given as:

Mjð1; 1Þ ¼ p

2
kjrj�1

�
Y

0
m

�
kjrj�1

	
Jm

�
kjrj

	� J
0
m

�
kjrj�1

	
Ym

�
kjrj

	�

Mjð1; 2Þ ¼ j
p

2

kj

rj
rj�1

�
Jm

�
kjrj�1

	
Ym

�
kjrj

	� Ym

�
kjrj�1

	
Jm

�
kjrj

	�

Mjð2; 1Þ ¼ �j p
2
kjrj�1pj

�
Y

0
m

�
kjrj�1

	
J

0
m

�
kjrj

	� J
0
m

�
kjrj�1

	
Y

0
m

�
kjrj

	�
Mjð2; 2Þ ¼ p

2
kjrj�1

�
Jm

�
kjrj�1

	
Y

0
m

�
kjrj

	� Ym

�
kjrj�1

	
J

0
m

�
kjrj

	�

In order to nd the total transfer matrix of the proposed
structure [(AB)N/2D(AB)N/2/substrate], we have to consider the
product of the transfer matrix of each cylindrical layer, as
described below in accordance with Fig. 1.

X ¼
�
X11 X12

X21 X22



¼ X2NX2N�1 X1XDX1X2 X2N (9)

The transmission coefficient of the proposed 1D defective
APC is given by:30

t ¼ 4

pr0H
1
mðk0r0ÞH2

mðk0r0Þ

� 1h�
jp0S

ð1Þ
m0X11 � X21

	� jpf S
ð2Þ
mf

��jp0S
ð1Þ
m0X12 � X22

	i (10)

here X11, X12, X21, and X22 are the elements of the total transfer
X. The admittances of the core and substrate layers are p0 and pf,

respectively, and are given by pj ¼
ffiffiffiffiffi
3j

mj

r
; where j takes the values

of 0 and f, corresponding to the core and substrate, respectively.
The expression of Sml is given as:30

S
ð1;2Þ
ml ¼ H

0ð2Þ
m ðklrlÞ

H
ð1;2Þ
m ðklrlÞ

; l ¼ 0; f : (11)
Fig. 2 The color map distribution of the effective refractive index of the
and porosity ratio (P).

26658 | RSC Adv., 2021, 11, 26655–26665
where H(1)
m , H(2)

m , H
0 ð1Þ
m ; and H

0ð2Þ
m are the rst and second kind of

Hankel functions and their rst-order derivatives, respectively.
Finally the transmittance of the proposed 1D defective APC is
obtained by:

T ¼ tt* ¼ jtj2 (12)

3. Result and discussions
3.1. Determination of the effective refractive index of the PSi
layers

Braggeman's effective medium approach was applied in eqn (3)
to obtain the porosity (P) and void refractive index (nv) depen-
dent effective refractive index (neff) of the PSi layer. The poros-
ities of the PSi layers chosen here were already determined and
experientially realized in various previous research works.49,50

Thus the fabrication of our proposed sensor design based on
the porosities of 34% and 87% of PSi layers was considered
experimentally possible. The dependence of neff of the PSi layer
on both P and nv both was plotted in a color map distribution, as
shown in Fig. 2, with the help of MATLAB simulations. It is
evident from Fig. 2 that the neff of the PSi layer increased with
the increase in the refractive index of the material in the form of
the liquid to be poured into the voids of the PSi layers at
a particular value of P. On the other hand, neff decreased as we
increased P from 0.30 to 0.87 at a given value of nv. The
maximum value of neff was achieved corresponding to P ¼ 30%
at nv ¼ 2.662, whereas the lowest value of neff was achieved with
P ¼ 87% at nv ¼ 2.565. Thus increasing the refractive index of
the voids increases the neff of the PSi layer, while increasing the
porosity ratio decreases the neff of the PSi layer. This unique
ability of controlling the neff of the PSi layer makes it suitable to
be used in the designing of high-performance biophotonic
sensors.

3.2. Biophotonic sensor design

The proposed biophotonic sensor design, as shown in Fig. 1, is
composed of two 1D APCs joined together through a cylindrical
porous silicon layer (neff) dependent on the refractive index of void (nv)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Details of the porous silicon material layers used in the
proposed design

Layer description Porosity (%) Thickness (mm)

First PSi layer (A) 34 0.2
Second PSi layer (B) 87 0.6

Table 2 Creatinine concentration in various blood serum samples and
their refractive indices

Creatinine blood
cerium concentration (mmol L�1)

Refractive index
(nd) (RIU)

80.90 2.661
81.43 2.655
82.30 2.639
83.30 2.610
84.07 2.589
85.28 2.565
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defect layer of air in which various blood serum samples have to
be poured one by one for determining the creatinine concen-
tration of each sample. Both the 1D APCs used in the proposed
design consisted of binary layers of PSi of different porosities, as
per the data given in Table 1.

The entire 1D defective APC structure is sandwiched between
the hollow core of the radius r0 and the silicon cladding of the
inner radius rf, as shown in Fig. 1. The whole structure is sur-
rounded by air. The analyte (blood serum sample whose creat-
inine concentration is to be determined) is allowed to ow over
the top surface of the proposed design so that the air inside the
pores of PSi layers is replaced by blood serum samples of
various creatinine concentrations while the defect layer region
Fig. 3 The transmission spectra of 1D APC [(AB)18/Si] as a function of th
creatinine concentration 80.9, 81.43, 82.3, 83.3, 84.07, and 85.28 mmol
ratios 34% and 87%, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
is also lled with the same blood serum sample in accordance
with Table 2. The purpose of selecting the porosity ratio of the
PSi layers A and B of both APCs as 34% and 87%, respectively,
was to get the maximum refractive index contrast, as shown in
Fig. 2, which is an essential requirement for getting larger PBG
in the operating wavelength range of the incident electromag-
netic spectrum between 2000 and 2600 nm. A large PBG is an
essential requirement for the better performance of the
proposed biosensor design, as it allows the defect mode to be
modulated within this PBG so that a variety of samples with
minute variations in the concentration of creatinine can be
examined. It is necessary take a special precaution while pour-
ing blood serum into the pores of PSi layers in that the pressure
of the blood serum sample uid should be kept as low as
possible to prevent any internal damage to the PSi layers.38
3.3. Numerical results

Herein the period number was chosen as N ¼ 18 for the 1D
defective APC conguration [(AB)N/2D(AB)N/2/Substrate]. The
core radius r0 was taken to be 10 mm, which is very large
compared to the thickness of the individual layers of the
defective APC structure. The large value of r0 ensures that the
behavior of the APCs is similar to that of the planar PCs at
normal incidence. In this study, the azimuthal number m was
set to 0 and only normal incidence is thus discussed to over-
come the difficulties that can arise at the time of characteriza-
tion corresponding to the normal incidence.

In order to elaborate, for the numerical results showing the
performance of the 1D defective APC structure, we studied the
transmission spectra of perfect periodic and defective APCs, as
shown in Fig. 3 and 4, respectively. Fig. 3 shows six wide PBGs of
zero transmission in the short wavelength of the infrared region
of the electromagnetic spectrum corresponding to six blood
e wavelength corresponding to six different blood serum samples of
L�1 at normal incidence. Here, A and B represent PSi layers of porosity

RSC Adv., 2021, 11, 26655–26665 | 26659
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Fig. 4 The transmission spectra of 1D defective APC [(AB)9/D/(AB)9/Si] as a function of thewavelength corresponding to the blood serum sample
of creatinine concentration 80.9 mmol L�1 at normal incidence. Here, D represents a defect layer of thickness dd ¼ 100 nm.
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serum samples of various creatinine concentrations in accor-
dance with Table 2. These six samples of blood serum were
poured into the voids of both PSi layers of an APC without
defects, one by one separately. It could also be observed in Fig. 3
that as the creatinine concentration in the blood serum sample
increased from 80.9 mmol L�1 to 85.28 mmol L�1 (as per the data
given in Table 2), the higher and lower band edges (lh and ll,
respectively) of all the six PBGs were shied toward the lower
wavelength side with almost a constant PBG width (Dl¼ lh – ll)
(Table 3). This is due to reason that the effective refractive index
of the PSi layer of porosity ratio 34% had a high value of 3.2 and
was almost constant, whereas the neff of the PSi layer of porosity
ratio 87% varied between 2.8 to 2.68, depending on the refrac-
tive index of the blood serum samples of different creatinine
concentrations, as evident in Fig. 2. This P and nv dependent
behavior of the neff of the PSi layer changed the refractive index
constant between the PSi layers of the structure. This change in
the refractive index contrast between the PSi layers was
compensated by shiing the respective PBG toward the lower
wavelength side.
Table 3 PBGs of the biophotonic sensor loaded with various blood
serum samples (q0 ¼ 0�)

Creatinine blood
serum
concentration
(mmol L�1)

Lower edge
of PBG ll (nm)

Higher edge
of PBG lr (nm)

Width of PBG
Dl ¼ lh � ll (nm)

80.90 2082 2509 427
81.43 2079 2504 425
82.30 2070 2493 423
83.30 2055 2472 417
84.07 2044 2456 412
85.28 2032 2439 407

26660 | RSC Adv., 2021, 11, 26655–26665
Next, we studied the transmission spectra of the 1D defective
APC's structure [(AB)N/2/D/(AB)N/2/substrate] at normal inci-
dence, as shown in Fig. 4. Here the defect region of width dd ¼
100 nm was lled with the blood serum sample of creatinine
concentration 80.90 mmol L�1. The transmission spectra
showed a transmission peak of intensity 96.59% located at
2159 nm within the PBG of the defective APC, which was almost
the same as observed in Fig. 3. Further the blood serum samples
of different creatinine concentrations in accordance with Table
2 were poured into the voids of the PSi layers as well as in the
defect layer region of the structure one by one, and we observed
the effects of these samples on the intensity and location of the
defect mode inside the PBG. It can be noticed in Fig. 5 that as
the creatinine concentration in the blood serum samples
increased, the PBG edges and position of the defect mode inside
the PBG corresponding to each sample were shied toward the
lower wavelength side due to the decrease in the reective index
contrast between both PSi layers of the structure (Fig. 2). Thus
all the wavelengths of the incident radiation which lie inside the
PBG were completely prohibited, except the wavelength corre-
sponding to the defect mode. The mobility of the defect mode
inside the PBG, due to each blood serum sample, could also be
interpreted by the concept of standing waves as D ¼ pl ¼ Neffg.
Here, the symbols D, p, Neff, and g are used to represent the
optical path difference, an integer, the effective refractive index
of the cavity region, and the geometrical path difference,
respectively. The proposed biosensor exhibited a sensitivity of
about 464.2 nm per RIU at normal incidence, corresponding to
a defect layer thickness dd¼ 100 nm, which is reasonably higher
than the planar photonic crystal-based biosensor with a sensi-
tivity of 306.25 nm per RIU proposed by Aly et al. at an oblique
incidence of 85�.55 Moreover, the Q factor, FOM, and LOD of the
proposed biosensor were 1.28 � 105, 3.06 � 104, and 4.14 �
10�6, respectively(at q0 ¼ 0�).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The transmission spectra of 1D defective APC [(AB)9/D/(AB)9/Si] as a function of the wavelength corresponding to six different blood
serum samples of creatinine concentration 80.9, 81.43, 82.3, 83.3, 84.07, and 85.28 mmol L�1 at normal incidence. Here, D represents a defect
layer of thickness dd ¼ 100 nm.
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Next, efforts were made to increase the sensitivity of the
proposed biosensor further by increasing the thickness of the
defect layer. The increase in the thickness of the defect layer (dd)
also increased the geometrical path difference, which in turn
improved the sensitivity. Fig. 6 and 7 show the transmission
spectra of the proposed biosensor corresponding to defect layer
thicknesses of 200 nm and 300 nm, respectively, at normal
incidence, displaying that the increase in the thickness of the
defect layer region causes the positions of the respective defect
modes to shi to the higher wavelength side. This increase in
Fig. 6 The transmission spectra of 1D defective APC [(AB)9/D/(AB)9/Si]
serum samples of creatinine concentration 80.9, 81.43, 82.3, 83.3, 84.07
layer of thickness dd ¼ 200 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the thickness of the defect layer region also alters the amplitude
of each defect mode slightly. Due to the increase in dd ¼ 100 nm
to 200 nm, the average sensitivity was raised from 464.2 nm per
RIU to 525.90 nm per RIU, respectively. The sensitivity of the
proposed biosensor attained a maximum value of 638.90 nm per
RIU corresponding to a value of dd of 300 nm. Further increasing
the value of dd resulted in a decrease in the sensitivity of the
proposed design. Moreover the proposed biosensor design with
various blood serum samples exhibited an efficient average
sensitivity of around 638.90 nm per RIU at normal incidence. Thus
as a function of the wavelength corresponding to six different blood
, and 85.28 mmol L�1 at normal incidence. Here, D represents a defect

RSC Adv., 2021, 11, 26655–26665 | 26661
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Fig. 7 The transmission spectra of 1D defective APC [(AB)9/D/(AB)9/Si] as a function of the wavelength corresponding to six different blood
serum samples of creatinine concentration 80.9, 81.43, 82.3, 83.3, 84.07, and 85.28 mmol L�1 at normal incidence. Here, D represents a defect
layer of thickness dd ¼ 300 nm.
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the sensitivity of our structure is more than twice the sensitivity of
305.25 nm per RIU at 85� incident angle achieved by Aly et al.55 in
their design composed of a 1D planar PC.

Fig. 8 shows how the average sensitivity (nm per RIU) of the
proposed design varied with the thickness of the defect layer
(dd) region. It was seen that the sensitivity increased with dd and
followed the linear lling equation S ¼ 0.8594dd + 365.04. Here,
the square of the correlation factor (R2) between the linear curve
tting and simulated data was 0.9618. The calculated R2 was
0.9618, which indicates a high linearity of the proposed
biosensor in comparison with the recent work by Aly et al.,55

where they reported R2 ¼ 0.93967. Moreover, the value of dd was
optimized at 300 nm as the maximum, because further
Fig. 8 Sensitivity (S) of the proposed 1D defective APC-based biosenso

26662 | RSC Adv., 2021, 11, 26655–26665
increases in the value of dd disturbed the performance of the
proposed biosensor due to the appearance of more new peaks
inside the PBG.

Further, we also analyzed the dependence of the defect mode
position as a function of the refractive index value of the defect
layer (nd), which was the same as nv in the proposed design. The
position of each defect mode inside the respective PBG
increased linearly with increasing the refractive index of the
blood serum sample poured into the voids of the PSi layers and
also into the defect layer region (nd ¼ nv) of the structure. The
linear tting between the refractive index of the blood serum
samples (nd¼ nv) and the respective position of the defect mode
inside their PBGs are presented in Fig. 9. The linear tting of the
r as a function of the defect layer thickness (dd).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The defect mode position of the 1D defective APC-based biosensor as a function of the defect layer refractive indices corresponding to
six different blood serum samples of creatinine concentration 80.9, 81.43, 82.3, 83.3, 84.07, and 85.28 mmol L�1 inside their respective PBGs at
normal incidence.
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simulated data of the proposed biosensor [(AB)N/2/D/(AB)N/2/
Substrate] can be given according to the following equation.

ldefect (nm) ¼ 64nd (RIU) + 760, (R2 ¼ 0.9999)
3.4. Analysis of the performance of the biophotonic sensor
under optimum conditions

From the above discussions, the optimum conditions are N ¼
18, dd ¼ 300 nm, and q0 ¼ 0�. In order to illustrate the perfor-
mance of our proposed biosensor composed of 1D defective
APC in the presence of various blood serum samples of different
concentrations, we calculated the S, Q factor, FOM, and LOD
values of our biophotonic sensor. These parameters are very
important for evaluating the efficiency and performance of any
biosensor. The parameters can easily be obtained with the help
of the following expressions:49,50

Sensitivity,

S ¼ Dl

Dn
(13)
Table 4 Biophotonic sensor analysis loaded with different blood serum

Creatinine blood
serum concentration (mmol L�1) n (RIU)

Peak wavelength
(nm)

80.90 2.661 2468.7497
81.43 2.655 2464.9233
82.30 2.639 2454.7113
83.30 2.610 2436.1679
84.07 2.589 2422.7019
85.28 2.565 2407.2818

© 2021 The Author(s). Published by the Royal Society of Chemistry
Quality factor,

Q ¼ ldefect

FWHM
(14)

Figure of merit,

FOM ¼ S

FWHM
(15)

Limit of detection,

LOD ¼ ldefect

20� S �Q
(16)

where the refractive index of the blood serum sample (nd ¼ nv ¼
2.661 RIU) at a creatinine concentration of 80.90 mmol L�1 and
the corresponding peak wavelength of the defect mode were
used as references to obtain Dl and Dn for various blood serum
samples, where Dl ¼ ldefect (corresponding to each sample) �
ldefect (at 80.9 mmol L�1) and Dn ¼ nd (corresponding to each
sample) � nd (at 80.9 mmol L�1). Here, FWHM represents the
full width of half maximum of the defect at that mode.
samples

S (nm per RIU) FWHM (nm) Q � 105
FOM �
104 (RIU)

— 0.0164 1.51 —
637.7333 0.0245 1.01 2.60
638.1091 0.0245 1.00 2.60
638.8588 0.0246 0.99 2.60
639.5528 0.0245 0.99 2.61
640.2906 0.0327 0.74 1.96

RSC Adv., 2021, 11, 26655–26665 | 26663
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Table 5 Comparison of the numeric values for the sensitivity, FOM, and LOD of the proposed design with previous designs for evaluating the
performance of the proposed biophotonic sensor design using a 1D defective APC structure

Year S (nm per RIU) FOM (RIU) LOD � 10�6 Frequency range Ref.

2017 180 — — Near infrared (NIR) 56
2019 25.7–45.06 — — NIR 57
2019 42–43 — — NIR 58
2020 306.25 (1.5–10.3) � 104 1.04 Visible to NIR 55
2021 71–75 — — NIR 59
2021 51–150.6 153.5–14 036.8 — Visible 60
This work 637–640.3 (1.96–2.6) � 104 (1.9–2.6) NIR —
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Table 4 summarizes all the above data for the proposed
biosensor corresponding to dd ¼ 300 nm at q0 ¼ 0�. The
sensitivity of the proposed biosensor ranged from 637.73 nm
per RIU to 640.29 nm per RIU, corresponding to the sample with
a creatinine concentration between 81.43 and 85.28 mmol L�1 under
consideration. The average sensitivity of the proposed 1D defective
APC structure [(AB)N/2/D/(AB)N/2/Substrate] was about 638.90 nm per
RIU. Thus, the proposed biosensor designwas capable ofmeasuring
the change in the refractive index ofmany body uids effectively and
provided a high value of sensitivity as compared to many sensor
designs reported earlier.53–55 The Q factor and FOM of our design
varied between (1.51 to 0.75) � 105 and (2.60 to 1.961) � 104 RIU,
corresponding to samples of creatinine concentration varying from
80.90 to 85.28 mmol L�1, respectively.

Finally, the LOD of the proposed biosensor was calculated with
the help of eqn eqn (16). The value of the LODvaried between (1.92 to
2.55)� 10�6 RIU, corresponding to a sample of concentration 80.80
to 85.28 mmol L�1. This value is very low as per desire, which makes
our biosensor capable of resolving very small changes in the refrac-
tive index of samples in which we want to nd the creatinine
concentration in the blood serum of the patient to be investigated.
Moreover, Table 5 compares the ndings of the proposed 1D
defective APC-based biophotonic sensing designs with the previous
works based on 1D defective planar photonic crystals recently carried
out by various research groups worldwide. This comparison high-
lights how the APC-based designs may be a better alternative for
high-performance biophotonic sensors at normal incidence, which is
not possible with conventional 1D defective planar photonic designs
at normal incidence. It is evident from Table 5 that the proposed
biosensor possessed high sensitivity and amuch better performance
in contrast to the recent research works mentioned in Table 5.
4. Conclusion

In this study, we successfully investigated and theoretically
developed a high-sensitivity biophotonic sensor capable of
sensing creatinine concentration in various blood serum
samples. The proposed design was composed of a 1D defective
APC. The modied TMM approach was applied to investigate
the performance of the biosensor at normal incidence. The
biosensing technique of this sensor utilized the tuning of the
defect mode inside the PBG of the transmission spectra of the
1D defective APC at normal incidence depending upon various
blood serum samples. The maximum sensitivity of 640.29 nm
26664 | RSC Adv., 2021, 11, 26655–26665
per RIU at 85.28 mmol L�1 was found with the optimum value of
the defect layer of thickness of 300 nm, which has not been
achieved in ordinary photonic sensors at normal incidence. The
proposed idea may be explored to develop various biosensor
designs capable of investigating various body uids for getting
instant and accurate results in medical science.

Conflicts of interest

There are no conicts to declare.

References

1 J. D. Joannopoulos, S. G. Johnson, J. N. Winn and
R. D. Meade, Photonic Crystals: Molding the ow of Light,
Princeton University Press, 2008, pp. 1–22.

2 J. C. Knight, J. Broeng, T. A. Birks and P. S. J. Russell, Science,
1998, 282, 1476–1478.

3 C. M. Bowden, J. P. Dowling and H. O. Everitt, J. Opt. Soc. Am.
B, 1993, 10, 280.

4 S. K. Awasthi, A. Mishra, U. Malaviya and S. P. Ojha, Solid
State Commun., 2008, 146, 506–509.

5 S. K. Awasthi, Indian J. Phys., 2021, DOI: 10.1007/s12648-020-
01939-5.

6 S. K. Awasthi, R. Panda and L. Shiveshwari, Phys. Plasmas,
2017, 24, 072111.

7 L. Shiveshwari and S. K. Awasthi, Phys. B, 2020, 597, 412360.
8 E. Yablonovitch, Phys. Rev. Lett., 1987, 58, 2059–2062.
9 S. John, Phys. Rev. Lett., 1987, 58, 2486–2489.
10 S. K. Awasthi, R. Panda and L. Shiveshwari, Phys. Plasmas,

2018, 25, 052103.
11 S. K. Awasthi, U. Malaviya and S. P. Ojha, J. Opt. Soc. Am. B,

2006, 23, 2566–2571.
12 A. Nagaty, A. Mehaney and A. H. Aly, Chin. Phys. B, 2018, 27,

094301.
13 A. H. Aly, H. A. Elsayed and C. Malek,Opt. Appl., 2018, 48, 53–

64.
14 A. Mishra, S. K. Awasthi, P. Singh, U. Malaviya and S. P. Ojha,

J. Mod. Opt., 2012, 59, 601–610.
15 A. H. Aly, H. A. Elsayed, A. A. Ameen and S. H. Mohamed, Int.

J. Mod. Phys. B, 2017, 31, 1750239.
16 S. R. Qutb, A. H. Aly and W. Sabra, Int. J. Mod. Phys. B, 2021,

35, 2150012.
17 S. E. S. Abd El-Ghany, W. M. Noum, Z. S. Matar, Z. A. Zaky

and A. H. Aly, Phys. Scr., 2020, 96, 035501.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04166e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 8
/2

1/
20

24
 6

:2
6:

14
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
18 A. Mehaney, A. Nagaty and A. H Aly, J. Supercond. Novel
Magn., 2018, 31, 4173–4177.

19 A. H. Aly and A. Mehaney, Indian J. Phys., 2017, 91, 1021–
1028.

20 A. H. Aly and H. A. El Sayed, J. Mod. Opt., 2017, 64, 871–877.
21 A. H. Aly and Z. A. Zaky, Cryogenics, 2019, 104, 102991.
22 M. Yunianto, A. N. Permata, D. Eka, D. Ariningrum,

S. Wahyuningsih and M. Ahmad, Mater. Sci. Eng., 2017,
176, 012014.

23 N. Ayyanar, G. T. Raja, M. Sharma and D. S. Kumar, IEEE
Sens. J., 2018, 18, 7093–7099.

24 J. Raveendran, P. E. Resmi, T. Ramachandran, B. G. Nair and
T. G. Satheesh Babu, Sens. Actuators, B, 2017, 243, 589–595.

25 A. H. Aly, S. M. Shaban and A. Mehaney, Appl. Opt., 2021, 60,
3224–3231.

26 A. H. Aly, A. Nagaty, Z. Khalifa and A. Mehaney, J. Appl. Phys.,
2018, 123, 185102.

27 H. Kurt and D. S. Citrin, Opt. Express, 2005, 25, 10316–10326.
28 A. A. Ameen, H. ElSayed and A. H. Aly, RSC Adv., 2021, 11,

14915–14921.
29 V. V. Nikolaev, G. S. Sokolovskii and M. A. Kaliteevskii,

Semiconductors, 1999, 33, 147–152.
30 C.-A. Hu, C.-J. Wu, T.-J. Yang and S. L. Yang, Opt. Commun.,

2013, 291, 424–434.
31 M. A. Kaliteevski, R. A. Abram, V. V. Nikolaev and

G. S. Sokolovski, J. Mod. Opt., 1999, 46, 875–890.
32 X. Sun and A. Yariv, Opt. Express, 2007, 15, 17323–17333.
33 S. K. Srivastava and A. Aghajamali, Phys. B, 2016, 489, 67–72.
34 J. Scheuer, W. M. J. Green, G. A. DeRose and A. Yariv, IEEE J.

Sel. Top. Quantum Electron., 2005, 11, 476–484.
35 T.-W. Chang, H.-T. Hsu and C.-J. Wu, J. Electromagn. Waves

Appl., 2011, 25, 2222–2235.
36 L. Jiang and X. Li, Optik, 2016, 127, 916–919.
37 A. E. Khalil, A. H. El-Saeed, M. A. Ibrahim, M. E. Hashish,

M. R. Abdelmonem, M. F. O. Hameed, M. Y. Azab and
S. S. A. Obayya, Opt. Quantum Electron., 2018, 50(158), 1–12.

38 A. Mehaney, M. M. Abadla and H. A. Elsayed, J. Mol. Liq.,
2021, 322, 114978.

39 M. M. Abadla, H. A. Elasyed and A. Mehaney, Phys. E, 2020,
119, 1140201.

40 P. Mehrotra, J. Oral Biol. Craniofacial Res., 2016, 6, 153–159.
41 A. Zaky and A. H. Aly, Appl. Opt., 2021, 60, 1411–1419.
© 2021 The Author(s). Published by the Royal Society of Chemistry
42 M. El Beheiry, V. Liu, S. Fan and O. Levi, Opt. Express, 2010,
18, 20702–22714.

43 S. Kim, J. Lee, H. Jeon and H. J. Kim, Appl. Phys. Lett., 2009,
94, 133503.

44 V. S. Y. Lin, K. Motesharei, K. P. S. Dancil, M. J. Sailor and
M. R. Ghadiri, Science, 1997, 278, 840–843.

45 K. V. Sreekanth, S. Zeng, K. T. Yong and T. Yu, Sens.
Actuators, B, 2013, 182, 424–428.

46 C. P. Verma, K. Asokan, P. K. Kanaujia, M. Adnan, D. Kanjilal
and G. V. Prakash, Appl. Surf. Sci., 2020, 535, 147696.

47 S. A. Jenie, S. Pace, B. Sciacca, R. D. Brooks, S. E. Plush and
N. H. Voelcker, ACS Appl. Mater. Interfaces, 2014, 6, 12012–
12021.

48 R. J. Martin-Palma, V. Torres-Costa, M. Arroyo-Hernández,
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