
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
8:

18
:1

0 
PM

. 
 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
View Journal  | View Issue
Hybrid Tamm pla
aPhysics Department, College of Science, Jouf

Arabia
bTH-PPM Group, Physics Department, Facu

Suef, 62512, Egypt. E-mail: ahmed011236@
cElectrical Engineering Department, College

University, Kuwait City, Kuwait
dPhysics Department, Faculty of Science, Ben
ePhysics Department, College of Science,

University (IMSIU), Riyadh, 11623, Saudi A

Cite this: RSC Adv., 2022, 12, 28985

Received 6th July 2022
Accepted 30th September 2022

DOI: 10.1039/d2ra04184g

rsc.li/rsc-advances

© 2022 The Author(s). Published by
smon resonance excitation
towards a simple and efficient biomedical detector
of NaI solution

T. A. Taha,a Hussein A. Elsayed,b Ahmed Mehaney, *b Ali Hajjiahc

and Ashour M. Ahmed de

This work presents a theoretical verification for the detection of Sodium iodide (NaI) solution with different

concentrations in the vicinity of Tamm plasmon (TP) resonance. The proposed sensing tool is constituted of

{prism/Ag/cavity/(GaN/CaF2)
15/air}. The essential foundation of this study is based on the displacement of

the TP resonance by varying the concentration of an aqueous solution of sodium iodide (NaI) that fills

the cavity layer. The resonant TP dip is shifted downwards the shorter wavelengths with the increment of

the Ag layer thickness. Nevertheless, the resonant TP dip is shifted upwards to longer wavelengths with

the increment of NaI refractive index/concentration. Also, the sensitivity of the sensing tool decreases

with the increment of the NaI refractive index. However, the minimum result is not less than the value of

9913 nm RIU−1 for a concentration of 25%. Finally, the performance of our sensor in the form of the

quality factor, detection limit, and figure of merit showed significant improvements in designing a high-

performance liquid and biosensor.
1. Introduction

The scientic and industrial communities are always working
on the design and fabrication of stable and reliable sensing
devices applicable for monitoring many physical, biological,
and chemical phenomena. In recent years, optical-based
sensors received considerable attention as a result of their low
cost, high levels of safety and also high efficiency. In this regard,
these types of sensors are mainly designed and fabricated based
on the changes in optical characteristics such as reectivity,
transmittivity and absorbance.1 These changes could be gener-
ated as a result of specic chemical, physical or biological
characteristics. Therefore, many of the complex interactions
could be simply analyzed and claried using these simple
instruments.

In this context, the excitation of Tamm plasmon (TP) reso-
nance at the interface between a thin metallic layer of denite
thickness and a multilayer periodic structure like photonic
crystals (PCs) could be the mainstay for the above-mentioned
University, P.O. Box 2014, Sakaka, Saudi

lty of Science, Beni-Suef University, Beni-

science.bsu.edu.eg; themaida@ju.edu.sa

of Engineering and Petroleum, Kuwait

i-Suef University, Beni-Suef, 62512, Egypt

Imam Mohammad Ibn Saud Islamic

rabia

the Royal Society of Chemistry
sensors.1–5 Hence, PCs as articial periodic designs in one, two,
or three dimensions are capable of the formation of some stop
frequency bands along the spectrum of the incident electro-
magnetic waves.6–8 These bands are likely dened as photonic
band gaps (PBGs).6–10 In addition, PCs with a broken periodicity
have signicant progress through the process of photon local-
ization.11,12 Thus, the appearance of the PBGs and photon
localization grants PCsmore sparkle to be the mainstay inmany
different applications. PCs are designed and fabricated for
optical switches and reectors,13–15 communication systems,16,17

camouage,18 renewable energy and solar cells,19–25 and chem-
ical, physical, and biomedical sensors.26–32 However, the trans-
mittivity of PC structures including resonant peaks has
a limited response to the variations of some physical, chemical,
or biological parameters like temperature, pressure, and
concentration. Therefore, the creation of TP resonance through
PC designs could offer a signicant response to this limited
response. In particular, TP resonance is characterized by
a relatively high sensitivity against any biological, physical, or
chemical variations. Meanwhile, the presence of wide PBGs
leads to some exibility in the creation of TP resonance modes
without any coupling with other resonant modes.33–35 In this
regard, the excitation of TP resonance modes based on PC
structures received considerable attention on both theoretical
and experimental levels.1,33–40 In this research, we intend to
present a theoretical verication for the detection of NaI solu-
tion with different concentrations in the vicinity of TP reso-
nance. Also, this research study is introduced for sensing NaI
concentrations due to the signicant importance of NaI in
RSC Adv., 2022, 12, 28985–28996 | 28985
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many elds. Notably, NaI is of great potential interest through
nuclear medicine diagnostics.41 Meanwhile, NaI has a signi-
cant role in the scintigraphy and therapy of the thyroid gland
beside the biosynthesis of thyroid hormone.42 In addition, the
treatment of iodine deciency due to poor nutrition could be
investigated using a solution of NaI mixture.41–43 For the
monitoring of NaI, we have designed a cavity layer between
a thin layer of Ag and a one-dimensional PC structure. Then, the
suggested design is enclosed by a prism on its top surface to
enhance the total reection through the design and a substrate
from the air on its bottom surface. Therefore, the proposed
sensing tool is constituted as, {prism/Ag/cavity/(GaN/CaF2)

15/
air}. The essential foundation of this study is based on the
displacement of TP resonance modes by changing the aqueous
NaI concentrations through the cavity layer. Firstly, the cavity
layer is lled with the pure water solution, so the TP resonance
mode appears at a specic wavelength. As the water solution
inside the cavity is replaced with NaI solution with different
concentrations, the TP resonant mode will be displaced to new
wavelengths. Therefore, the detection of NaI could be investi-
gated relative to the shi in TP resonance positions. The
numerical results are demonstrated in the vicinity of the
transfer matrix method (TMM). For the best possible perfor-
mance of this sensing tool, a wide optimization procedure for
the thicknesses of the cavity and Ag layers and angle of inci-
dence is investigated.
2. Sensor design and theoretical
analysis

In what follows, we describe the suggested design of our
proposed sensor. Fig. 1 shows the schematic representation of
this sensor in which the cavity layer of a denite thickness (db) is
dipped in between a thin layer of Ag metal with the thickness
(da) and a one-dimensional PC structure. Here, the one-
dimensional PC structure contains 15-unit cells each of them
Fig. 1 The suggested design of NaI sensor that constituted as, {prism/A

28986 | RSC Adv., 2022, 12, 28985–28996
composed of gallium nitride (GaN) and calcium uoride (CaF2)
with thicknesses (dc) and (dd), respectively. Then, a prism and
substrate from the air are surrounding the proposed design.

To simulate the route of the incident electromagnetic waves
through the suggested design, the Transfer Matrix Method
(TMM) is used. In fact the TMM is investigated to describe the
response of the electric and magnetic elds through the
multilayer structures as a function of the wave vector, refractive
indices, and thicknesses of the constituent materials.44–46 Then,
the result of this perception appears in the form of a 2 � 2
matrix. Finally, the optical characteristics of the designed
structure such as transmittivity and reectivity could be ob-
tained in the vicinity of the basic elements of this matrix. In this
regard, through a given direction (Z) as the direction of propa-
gation, the electric and magnetic eld's components for the TE
mode of polarization are described as:44–46

Ej(z) ¼ Uj exp(−ikjz) + Vj exp(ikjz) ¼ Ey+ + Ey− (1a)

HjðzÞ ¼ �i
u

vE

vz
¼ �kj

u

��Uj exp
��ikjz

�þ Vj exp
�
ikjz
��

(1b)

With kj ¼ k0nj cos qj ¼
�
2p
l

�
ðnj cos qjÞ to dene the wave

vector component along the Z direction as a function of the
incident angle (qj), the refractive index (nj) and the wavelength
of the incident radiation (l), then, Uj and Vj as the amplitudes of
the elds components. Now eqn (1b) can be written in a more
generalized form in the vicinity of eqn (1a) as:

HjðzÞ ¼ kj

u

�
Eyþ � Ey�

� ¼ zj
�
Eyþ � Ey�

�
(2)

Then, the combination of eqn (1) and (2) can lead to the
following matrix formalism: 

EjðzÞ
HjðzÞ

!
¼
 

1 1

zj �zj

! 
Eyþ
Ey�

!
(3a)
g/cavity/(GaN/CaF2)
15/air substrate}.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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With,  
Eyþ
Ey�

!
¼ 1

2

0
@ 1 z�1j

1 �z�1j

1
A EjðzÞ

HjðzÞ

!
(3b)

By applying eqn (3) through a distinct layer j of the designed
sensor whose thickness is described as, thickness dj ¼ Z2 − Z1,
the response of the electric and magnetic elds through the
upper and lower surfaces of this layer are given as, 

Ey1þ
Ey1�

!
¼
 
exp
�
ikjdj

�
0

0 exp
��ikjdj�

! 
Ey2þ
Ey2�

!
(4)

Then, by substituting eqn (4) into eqn (3), we have:
0
@ E1ðzÞ

H1ðzÞ

1
A ¼

0
@ 1 1

zj �zj

1
A
0
@Ey1þ

Ey1�

1
A

¼
0
@ 1 1

zj �zj

1
A
0
@ exp

�
ikjdj

�
0

0 exp
��ikjdj

�
1
A
0
@Ey2þ

Ey2�

1
A

¼ 1

2

0
@ 1 1

zj �zj

1
A
0
@ exp

�
ikjdj

�
0

0 exp
��ikjdj�

1
A
0
B@ 1 z�1j

1 �z�1j

1
CA
0
@ E2ðzÞ

H2ðzÞ

1
A

¼

0
B@ cos

�
kjdj
� �iz�1j sin

�
kjdj
�

�izjsin
�
kjdj
�

cos
�
kjdj
�

1
CA
0
@ E2ðzÞ

H2ðzÞ

1
A ¼ Wj

0
@ E2ðzÞ

H2ðzÞ

1
A

(5)
Here, Wj describes the characteristic matrix of a distinct layer j
that denes the electric and magnetic eld components
through this layer. Therefore, the matrix that governs the
interaction of the electromagnetic waves through the whole
designed structure is given as a product of the matrices
regarding each constituent layer as:

W ¼
 
W11 W12

W21 W22

!
¼
Ys
j¼1

wj ¼ �wAg

��
wcavity

�ðwGaNwCaF2
ÞN (6)

Such that, W11, W12, W21 and W22 are the elements of the
matrix that governs the interaction between our designed
sensor and the incident radiation. This matrix is given as
a combination of the matrices of the Ag layer, cavity layer and
the periodic structure of N periods in which each unit cell
contains two layers from GaN and CaF2. Therefore, the structure
reectivity could be described as:44–46

R ¼
�����
�
W11zp þW12zszp

�� ðW21 þW22zsÞ�
W11zp þW12zszp

�þ ðW21 þW22zsÞ

�����
2

(7)
© 2022 The Author(s). Published by the Royal Society of Chemistry
Here, the two coefficients zp ¼ np cos qP and zs ¼ ns cos qs stand
for the prism as the starting medium and substrate material,
respectively. In this regard, the refractive index of the Ag layer
can be expressed based on the Drude model such as:47

nAg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� u2

p

u2 þ igu

s
(8)

where u, uP and g describe the incident frequency, the plasmon
frequency of Ag, and the damping constant of Ag,
respectively.

On the other side, the fabrication procedure of such a device
received a signicant contribution. Meanwhile, there are many
previous works concerning the fabrication and study of one-
dimensional photonic crystal devices.48–50 Controlling the thick-
ness of the layers during the fabrication process of the proposed
sensor is a very important point for any sensor design. For the
fabrication of the design, prism/Ag/cavity/(GaN/CaF2)
15/air layers,

an ultra-smooth Ag layer is deposited on the prism by using the
thermal evaporation technique.51 Then, a polyimide polymer lm
is prepared on the prism/Ag by polymerization of the m-phenyl-
enediamine monomer. Polyimide has high heat resistance, excel-
lent mechanical properties, and good optical transparency.52 Aer
that, the GaN/CaF2 multilayer lms are deposited on prism/Ag/
polyimide. Good crystalline GaN layers can be prepared by using
liquid metal gallium surface-conned nitridation reaction at room
temperature.53 High optical quality CaF2 layers can be grown easily
by using magnetron sputtering at low temperatures (<100 �C).54

The whole multilayer structure is now congured as prism/Ag/
polyimide/(GaN/CaF2)

15/air. The polyimide layer can be removed
easily by chemical etching.55 Hence, the cavity in a stack of
multilayers structure can be carried out for the formation of prism/
Ag/cavity/(GaN/CaF2)

15/air.
3. Numerical verifications and
discussions

In this section, we demonstrate the numerical representations
that support the dependence on the TP resonance for
RSC Adv., 2022, 12, 28985–28996 | 28987
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a relatively highly-performance sensor for NaI detection. The
suggested structure is designed to show the route of the inci-
dent electromagnetic waves with wavelengths in the near IR. In
the absence of the Ag cavity layer, our design is congured as
{prism/cavity/(GaN/CaF2)

15/air}. Here, the cavity layer with
thickness ¼ 5 mm is lled with a water solution. Also, the
refractive indices of a prism (SCHOTT), GaN and CaF2 are
considered based on the Sellmeier dispersions formula as the
following:47,56–58

np ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1:55625l2

l2 � 0:0102
þ 0:23977l2

l2 � 0:04693
þ 0:94789l2

l2 � 69:837

s
(9)

nCaF2
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 0:43739l2

l2 � 0:00174
þ 0:44921l2

l2 � 0:00783
þ 0:15207l2

l2 � 0:01241
þ 13:002l2

l2 � 4039:76

s

(10)

nGaN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3:6þ 1:75l2

l2 � 0:0655
þ 4:1l2

l2 � 318:9796

s
(11)

In addition, the cavity layer is lled with a water solution.
Moreover, the thicknesses of GaN and CaF2 in each unit cell of
the one-dimensional PC structure are equivalent to 100 nm and
900 nm, respectively. We can expect from eqn (10) and (11) that
there is a relatively high contrast in the refractive indices of
CaF2 and GaN materials. This contrast leads to the appearance
of a relatively wide PBG through near IR that extends from 1436
nm to 1618 nm with 182 nm in bandwidth for the normal
incidence case as shown in Fig. 2. The appearance of this PBG
could be of interest in the observation of TP resonance without
coupling with other dips. Furthermore, the presence of a cavity
layer on the top surface of PCs does not lead to the creation of
Fig. 2 The reflectivity of the suggested structure that configured as,
{prism/(GaN/CaF2)

15/air} in the absence of the Ag layer and for the
normal incidence case.

28988 | RSC Adv., 2022, 12, 28985–28996
any defect modes through the PBG. Here, the absence of defect
modes could be due to the large thickness of the cavity layer. In
particular, the appearance of the defect mode within the PBG is
strongly dependent on the quarter-wave stack condition. In
another way, the formation of a defect mode through the PBG
could be obtained by considering the thickness of the cavity
layer in nanometers. However, the choice of this large thickness
of the cavity may be preferred from a manufacturing point of
view and could lead to more simplicity during the detection as
well. Also, the design of the cavity layer as a cap layer on the top
surface may represent a second reason.

Then, by including a thin layer of Ag with thicknesses ¼ 30
nm, the nal conguration of our design becomes, {prism/Ag/
cavity/(GaN/CaF2)

15/air}. As mentioned before, the refractive
index of the Ag layer is investigated based on Drude model for
which up(Ag)¼ 1.367� 1016 rad s−1 and g(Ag)¼ 2.73� 1013 rad
s−1.59 Fig. 3 shows signicant changes in the structure reec-
tivity by including Ag and cavity layers. The gure shows the
formation of two reectance dips in the wavelength's domain
from 1485 nm to 1626 nm. These dips appeared in the vicinity of
the PBG due to the TP resonance. The rst dip is located at 1485
nmwith reectivity¼ 22%.Whilst the second one is observed at
1626 nm with reectivity ¼ 13.4%. The possible quantization of
the free electrons at the interface between Ag and cavity layers
represents the mainstay of the creation of TP resonance
modes.60 In other words, the resonant TP dips with low group
velocity come as a result of the strong coupling between the
evanescent modes present in the periodic dielectric multilayer
of the PC and the surface plasmon resonance in the Ag layer.61,62

These dips could be of interest through the detection proce-
dure. However, the appearance of only one TP resonance is
more preferred than the case of two dips.35,61 Usually, the
appearance of more than one peak or dip is preferred in
applications like lters and multiplexers.7,12,15 However, in
applications like sensors, it is highly desirable for any design to
adjust one peak as an indicator for the input parameter rather
Fig. 3 The reflectance spectrum of the suggested NaI sensor that
configured as, {prism/Ag/cavity/(GaN/CaF2)

15/air} for normal inci-
dence case.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The response of TP resonance versus the change in the
thickness of the Ag layer.

Fig. 6 The shift in the position of TP resonance mode relative to the

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
8:

18
:1

0 
PM

. 
 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
than two or more peaks. In addition, when the spectrum shows
two peaks, sometimes this makes a conict in determining
which one is related to the change of the input parameter (like
concentration, temperature, etc.). In addition, the appearance
of two or more peaks through the spectrum may lead to some
conict, especially with the variation of the analyte concentra-
tion. Thus, the coincidence between two different concentra-
tions at the same spectral wavelength due to the presence of two
resonant peaks may be present. Moreover, most previous
studies of different sensors adopted only one peak to determine
the properties of the materials of interest.2,4,11,35

Therefore, the dependence on the effect of the angle of
incidence in producing only one TP resonance mode through
the reectance spectrum could be of potential concern. Aer
the optimization process, we investigated in Fig. 4 the appear-
ance of only one TP resonance mode at an angle of incidence ¼
50� for TE polarization. The gure claries that the produced TP
dip is located at 1964 nm with reectivity ¼ 0.4%. Thus, the
oblique incidence for TE polarization with the angle of inci-
dence (qp) ¼ 50� reects the optimum condition in our study.
Physically, when the electromagnetic waves interact with our
structure at qp ¼ 50�, an evanescent mode could be produced
due to the penetration of a small portion of the reected light at
the interface between the Ag layer and prism.63,64 This evanes-
cent wave comes from the coherent oscillations of free electrons
through the Ag layer relative to the alternating electric eld of
the incident electromagnetic radiation.65,66 In particular, the
electric eld associated with this evanescent wave leads to the
excitation of surface plasmon waves at the interface between the
cavity and Ag layers. This condition could lead to the creation of
a single hybrid Tamm plasmon/surface plasmon resonance
mode through the wavelengths of interest. Therefore, this dip
represents the core axis during the detection procedure of NaI.
Then, to complete the optimization procedure for the most
possible high performance, we have discussed in Fig. 5 and 6
the optimum values for Ag and cavity layers. Fig. 5 claries the
Fig. 4 The reflectivity of the proposed design in the case of the
oblique incidence for TE mode of polarization at an angle of incidence
¼ 50�.

variation in the cavity layer thickness from 3.5 mm to 5.2 mm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
response of the TP resonance modes against the change in the
thickness of the Ag layer. Here, the resonant TP dip is shied
downwards the short wavelengths with the increments of Ag
layer thickness as shown in the gure. However, the most
suitable thickness of the Ag layer that could provide a relatively
high performance is investigated at 30 nm. Thus, the optimum
value of the Ag layer thickness is 30 nm.

In particular, the metal layer is used to support the surface
plasma wave in the proposed structure. The surface plasmon
resonance (SPR) can be described as a damped harmonic
oscillator (DHO) driven by the electric eld component of the
incident light. In this context, there are many types of damping
may be effective in the SPR mode such as bulk damping and
surface damping. The Plasmon-damping rate can be extracted
from the resonance linewidth.67 The low loss in the energy of
plasma waves is desirable for many plasmonic devices such as
sensing, imaging, and spectroscopy. Minimizing loss of
RSC Adv., 2022, 12, 28985–28996 | 28989
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plasmonic metal is a critical parameter for strong connement
and thus high-quality SPR. For highly damped plasmons, the
plasmon wave may be vanish and the SPRmode is lossy because
of the oscillations dying out. The Ag has the lowest bulk-
damping coefficient compared with other plasmonic metals in
the optical range due to the imaginary component of its
dielectric function being very small. The strong coupling of the
external optical eld with the plasmon wave (photon–electron
interaction) suppressed the electron energy loss.68 Therefore,
optimizing the Ag thickness allows the maximum transfer of
energy from the light beam to the plasmon wave, which
generates the highest coupling between the plasmon wave and
the evanescent wave. There is a high oscillating strength of free
electrons at the optimum Ag thickness with narrow bandwidth.
The reduction of the oscillating strength of plasma electrons
due to damping (plasmon decay via coupling with the radiation
eld) is correlated to the increase of the linewidth of the peak.
Hence, the excellent coupling reduces the electron energy loss
and the width of the peak due to the effect of damping, which
makes the proposed structure more suitable for sensor
applications.

Then, to include the optimum thickness of the cavity layer,
we replaced the water in the cavity with NaI solution. Mean-
while, the refractive index of NaI solution is tted based on
some experimental data at 23 �C according to the following
equation:69
Fig. 7 The shift in the TP resonancemode relative to the change in the
concentration of NaI solution.

Table 1 Sensitivity (S), quality factor (QF), detection limit (DL) and figure

C (%) nNaI lTP (nm)
Intensity
(%) FWHM (nm

0.0 1.335 1758.10 1.35 1.04
5.0 1.3404 1836.04 0.54 1.02
10 1.3469 1920.79 0.09 0.99
15 1.3547 2008.71 0.14 0.96
20 1.3637 2090.70 1.89 0.78
25 1.3739 2143.72 10.51 0.31

28990 | RSC Adv., 2022, 12, 28985–28996
nNaI ¼ 1.335 + 0.09511C + 0.2425C2 (12)

where C represents the concentration of NaI through a water
solution. Thus, we obtained in Fig. 6 the optimum thickness of
the cavity layer relative to the change in the concentration of NaI
solution from 0 to 10%. The gure discusses the sensor sensi-
tivity in the form of the shi that occurred for the TP mode with
the change in the cavity layer thickness from 3.5 mm to 5.2 mm.
At 4.5 mm, a maximum shi of 162 nm in the position of the TP
resonance mode is obtained due to the change in NaI concen-
trations from 0 to 10%. Therefore, the optimum thickness of the
cavity layer is considered at 4.5 mm through this study. In this
context, we have discussed the performance of our proposed
sensor based on this optimum condition in which the angle of
incidence ¼ 50� and the thicknesses of Ag and cavity layers are
30 nm and 4.5 mm, respectively.

Now, Fig. 7 reects the shi in the position of TP resonance
mode due to the variations in the concentration of NaI solution
from 0 to 25%. The gure shows that the resonant dip is shied
upwards the longer wavelengths with the variation of NaI
concentration. As the concentration changes from 0 to 5, 10,
and 15%, the reectance dip is shied from 1758.1 nm to
1835.5 nm, 1920.8 nm, and 2008.7 nm, respectively. For further
increase in NaI concentration to 20 and 25%, the TP resonance
is still shied upwards to 2090.7 nm and 2182.1 nm, respec-
tively. Moreover, the reectivity of the resonant dip is almost
constant, especially at concentrations smaller than 20%. Here,
the shi of the resonant dip results due to the change in the
optical path length with the increase of NaI concentrations. In
this context, at constant thicknesses of the constituent mate-
rials and the angle of incidence, the wavelength of the TP
resonance mode increases to match the increase in the refrac-
tive index of NaI as a result of the increase in its concentra-
tion.70,71 This scenario leads to the verication of a constant
phase condition (4c ¼ 2pnbdb cos(qb)/l).71

In the midst of the investigated results in Fig. 7, we present
in Table 1 the parameters that highlight the performance of the
proposed NaI sensor. Table 1 indicates the performance of our
sensor in the vicinity of calculating the sensitivity (S), quality
factor (QF), detection limit (DL) and gure of merit (FoM).
These parameters are calculated based on the following
relations:72–75

S ¼ DlTP
DC

(13a)
of merit (FoM) values of the proposed NaI sensor

) S (nm RIU−1) QF
DL �
10−6 FoM

— 1688.67 — —
14 433.38 1787.73 3.56 14 053.66
13 672.11 1922.89 3.65 13 687.03
12 721.56 2070.96 3.81 13 115.83
11 589.07 2661.86 3.39 14 755.07
9913.30 6902.78 1.57 31 920.74

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The change in the values of FWHM of TP resonance with the
variations in the refractive index of NaI solution.
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QF ¼ lTP

FWHM
(13b)

DL ¼
�
1

S

�0BB@2ðFWHMÞ54
3ðDlTPÞ

1
4

1
CCA (13c)

FoM ¼ S

FWHM
(13d)

Such that, lTP describes the wavelength of the TP resonance
mode, DlTP indicates the shi in the position of TP mode and
FWHM describes the full width at the half maximum of the TP
resonance mode.

Finally, we have graphically considered the performance of
our sensor as indicated in Fig. 8–13 based on the numerical
results in Table 1. Fig. 8 shows the change in the position of the
Fig. 8 The position of TP resonance as a function of refractive index
for NaI solution.

Fig. 9 The sensitivity of the proposed sensing tool versus the change
in the refractive index of NaCl solution.

© 2022 The Author(s). Published by the Royal Society of Chemistry
TP mode regarding the change in the refractive index of the NaI
solution. The gure shows that the position of the resonant TP
dip is shied upwards the longer wavelengths as the refractive
index of NaI increases. In general, the resonant TP dip is shied
from 1758.1 nm to 2143.73 nm due to the change in NaI
concentration from 0.0 to 25%. This change could be described
by the quadratic tting of the numerical results in Fig. 8
according to the following equation:

lTP ¼ −148038n2NaI + 411024nNaI − 283123, R2 ¼ 0.9997 (14)

Therefore, at a specied value of lTP, both the refractive
index and concentration of NaI could be obtained based on eqn
(12) and (14). Then, Fig. 9 describes the sensitivity of our
sensing tool versus the variation in the refractive index of NaI.
The gure shows that the sensitivity decreases with the increase
of the NaI refractive index. However, the value is still exceeding
9913 nm RIU−1. This response could be described in the vicinity
of the following tted equation:
Fig. 11 The dependence of QF on the refractive index of NaI solution.

RSC Adv., 2022, 12, 28985–28996 | 28991
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Fig. 13 The response of the figure of merit versus the refractive index
of NaI solution.

Fig. 12 The detection limit of the proposed sensor with respect to the
change in the refractive index of the NaI solution.
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S ¼ 2 � 106(nNaI − 1) − 944654n2NaI, R
2 ¼ 0.999415

Aer that, we discussed in Fig. 10 the response of the FWHM
of TP resonance versus the change in the refractive index of NaI
solution. The gure indicates that the FWHM is slightly
decreasing with the increase of the refractive index, especially at
nNaI smaller than 1.3547. Then, a sharp decrease could be
investigated at larger values. Here, the decrease in FWHM leads
to a sharp prole of the TP resonance mode. In this regard, the
plasmon resonance of metal is sensitive to its surrounding
environment (local refractive index). Therefore, the damping
rate depends on the interface between the Ag layer and NaI
solution.76 This is due to the adsorption of NaI molecules on the
Ag surface which affects the polarizability and propagation of
the plasmonic wave. This type of damping is called chemical
interface damping (CID).77 The chemical interface damping
(CID) refers to the observation that the same Ag layer in
T R 7 7 8 8 8 8 3 4 8 8 8 O

28992 | RSC Adv., 2022, 12, 28985–28996 © 2022 The Author(s). Published by the Royal Society of Chemistr
y
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different chemical environments displays differences in the
plasmon line width. Hence, the refractive index of the NaI
solution plays an important role in the linewidth of the reso-
nance mode. The NaI solution is polarized in response to the
resulting electric eld of the plasmon wave. In addition, the
polarization of materials is determined by the dielectric func-
tion. The imaginary part of the dielectric function for NaI salt is
almost zero over the wavelength range 1700–2200 nm and so the
NaI solution is considered lossless.

With increasing the refractive index (concentration) of the
NaI solution, the permittivity and polarizability of the NaI
solution will increase. A material with high permittivity polar-
izes more in response to an applied electric eld than a material
with low permittivity, thereby storing more energy in the
material. This leads to accelerating the resonance energy
transfer from the Ag layer into GaN/CaF2 multilayer lms, and
consequently decreasing the loss and lowering FWHM. Thus,
the performance of our sensor in the form of the quality factor,
detection limit and gure of merit is expected to provide
signicant improvements.

Then, we plotted in Fig. 11 the dependence of the quality
factor on the refractive index of the NaI solution. The gure
indicates that the values of QF increase with the increase of the
NaI index, especially at nNaI larger than 1.3547. This response
could be understood in the vicinity of eqn (13b) and Fig. 10 as
a result of the strong dependence of QF on the values of FWHM.
Meanwhile, the maximum value of QF (6902) is investigated at
nNaI ¼ 1.3739 (relative to a concentration of NaI ¼ 25%) in
which the smallest value of FWHM is obtained. Moreover, the
dependence of QF on the index of NaI according to the tting of
the numerical results as:

QF ¼ 2 � 1011n5NaI − 1 � 1012n4NaI + 4 � 1012n3NaI − 5

� 1012n2NaI + 4 � 1012nNaI − 9 � 1011, R2 ¼ 1 (16)

Then, Fig. 12 and 13 clarify the response of DL and FoM,
respectively against the refractive index of NaI solution. Fig. 12
provides relatively small values of DL that decrease with the
increase of the NaI refractive index. In this context, our sensor
could receive a DL of 0.157 � 10−6 that supports the efficient
performance of this sensor. In addition, the gure of merit
increases with the refractive index due to the decrease in the
values of FWHM as shown in Fig. 13. Here, our sensor provides
a value of FoM over 31 900.

Finally, the investigated results could be of interest towards
considering our proposed sensor as a promising platform for
NaI detection and sensing. In particular, Table 2 supports this
idea compared to its counterparts in optical, photonic and
phononic devices.78–83
4. Conclusions

In this work, we proposed a PC design with the conguration
{prism/Ag/cavity/(GaN/CaF2)

15/air} as a highly sensitive tool for
the detection of NaI solution at different concentrations.
Signicant changes in the transmission spectra of the proposed
structure were produced depending on Ag and cavity layers. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
most suitable thickness of the Ag layer that could provide
a relatively high performance is investigated at 30 nm. A
maximum shi of 162 nm in the position of the TP resonance
dip is obtained due to the change in NaI concentration from 0.0
to 10%. As the concentration changes from 0 to 05, 10%, and
0.15, the TP resonance dip is shied from 1758.1 nm to 1835.5
nm, 1920.8 nm, and 2008.7 nm, respectively. For further
increase in NaI concentration to 20 and 25%, the TP resonance
dip is still shied upwards to 2090.7 nm and 2182.1 nm,
respectively. The values of QF increase with the increment of
NaI refractive index, especially at nNaI larger than 1.3547. The
proposed sensor is a promising platform for NaI sensor detector
and sensing especially when compared with its counterparts in
optical, photonic and phononic devices.
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polaritons in a metal coated porous silicon photonic
crystal, Opt. Mater. Express, 2018, 8(9), 2774–2781.

41 S. Ravera, A. Reyna-Neyra, G. Ferrandino, L. M. Amzel and
N. Carrasco, The sodium/iodide symporter (NIS):
molecular physiology and preclinical and clinical
applications, Annu. Rev. Physiol., 2017, 79, 261–289.

42 D. P. Carvalho and A. C. F. Ferreira, The importance of
sodium/iodide symporter (NIS) for thyroid cancer
management, Arq. Bras. Endocrinol. Metabol., 2007, 51(5),
672–682.

43 E. Darrouzeta, S. Lindenthal, D. Marcellina, J.-L. Pellequere
and T. Pourcher, The sodium/iodide symporter: State of
the art of its molecular characterization, Biochim. Biophys.
Acta, 2014, 1838, 244–253.

44 S. J. Orfanidis, Electromagnetic Waves and Antennas. Rutger
University (2008).

45 M. Born and E. Wolf, “Principles of Optics Electromagnetic
Theory of Propagation, Interference and Diffraction of Light”,
Cambridge University Press Archive, (1999).

46 A. M. Ahmed, M. Ahmed and A. Hussein, Elsayed “Detection
of toluene traces in exhaled breath by using a 1D PC as
a biomarker for lung cancer diagnosis”, Eur. Phys. J. Plus,
2021, 136, 626.

47 A. Alabastri, S. Tuccio, A. Giugni, A. Toma, C. Liberale,
G. Das, F. De. Angelis, E. Di. Fabrizio and R. Zaccaria,
Molding of plasmonic resonances in metallic
nanostructures: dependence of the non-linear electric
permittivity on system size and temperature, Mater, 2013,
6, 4879–4910.

48 H. Shen, Z. Wang, Y. Wu and B. Yang, One-dimensional
photonic crystals: fabrication, responsiveness and
emerging applications in 3D construction, RSC Adv., 2016,
6, 4505–4520.
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