
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/1
5/

20
26

 8
:0

8:
21

 P
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
View Journal  | View Issue
Photonic crystal
aElectrical Engineering Department, College

Kingdom of Saudi Arabia
bPhysics Department, Faculty of Science, Ben

E-mail: ahmed011236@science.bsu.edu.eg;
cPhysics Department, College of Science, Jouf

Arabia
dPhysics and Engineering Mathematics Depa

Menoua University, Menouf 32952, Egypt
eInformation Systems Department, College

Systems, Najran University, Najran, Saudi A
fDepartment of CSE, Rangamati Science

Bangladesh
gDepartment of Computer Science and Engin

Dhaka, Bangladesh
hPhysics Department, College of Science,

University (IMSIU), Riyadh 11623, Saudi Ar

† Electronic supplementary informa
https://doi.org/10.1039/d3ra00308f

Cite this: RSC Adv., 2023, 13, 6737

Received 15th January 2023
Accepted 20th February 2023

DOI: 10.1039/d3ra00308f

rsc.li/rsc-advances

© 2023 The Author(s). Published by
nanostructure as a photodetector
for NaCl solution monitoring: theoretical
approach†
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In this research, we have a theoretical simple and highly sensitive sodium chloride (NaCl) sensor based on the

excitation of Tamm plasmon resonance through a one-dimensional photonic crystal structure. The

configuration of the proposed design was, [prism/gold (Au)/water cavity/silicon (Si)/calcium fluoride

(CaF2)
10/glass substrate]. The estimations are mainly investigated based on both the optical properties of

the constituent materials and the transfer matrix method as well. The suggested sensor is designed for

monitoring the salinity of water by detecting the concentration of NaCl solution through near-infrared (IR)

wavelengths. The reflectance numerical analysis showed the Tamm plasmon resonance. As the water

cavity is filled with NaCl of concentrations ranging from 0 g l−1 to 60 g l−1, Tamm resonance is shifted

towards longer wavelengths. Furthermore, the suggested sensor provides a relatively high performance

compared to its photonic crystal counterparts and photonic crystal fiber designs. Meanwhile, the sensitivity

and detection limit of the suggested sensor could reach the values of 24 700 nm per RIU (0.576 nm (g l)−1)

and 0.217 g l−1, respectively. Therefore, the suggested design could be of interest as a promising platform

for sensing and monitoring NaCl concentrations and water salinity as well.
1 Introduction

Nowadays, the research of detecting and sensing water salinity
is attracting much attention from researchers due to its
importance for many potential areas such as offshore oil
exploration, seasonal climate prediction, solar engineering,
military engineering, shing, and marine environment
monitoring.1–4 In addition, the quality of pure water determines
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human health and that of other living organisms that is
monitored in industrial and agricultural applications.

Various techniques are used to determine the salinity of the
water where it can bemeasured by somemethods such as physical
and chemicalmethods.5Researchers used refractivity phenomena,
density, and conductivity for salinity measurements in the case of
using physical methods. While in chemical methods, directly
determine the concentration of both NaCl and magnesium (Mg)
dissolved in seawater.5 It is worth mentioning that the physical
methods are more convenient and faster, but they are affected by
electrical interference due to their association with electrical
measurements.5,6 From this point, the optical techniques are used
instead to determine and monitor the water salinity.

From the optical techniques, the most popular one is the
photonic crystal periodic structure.7–12 Photonic crystals (PCs)
have the possibility to control the electromagnetic waves prop-
agation with different frequencies. One of the most important
features which exhibited by the PC designs is the photonic band
gap (PBG). Within this feature, specic frequencies of the
electromagnetic waves cannot propagate through the PC
design. By breaking the periodicity of PC designs, the conne-
ment of light can be achieved where some resonant modes have
appeared in the resulted optical spectra.

In the literature, the salinity level in salt solutions are deter-
mined using the photonic crystal optical ber.13–17 Besides, many
reports devoted attention towards the usage of the defective PC
RSC Adv., 2023, 13, 6737–6746 | 6737
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designs for detecting the salinity of seawater. For instance, in ref.
18, the authors reported about the salinity sensing based on
a defective PC design. In their work, the transmittance spectrum
is presented based on using a one dimensional (1D)-PC composed
of fused silica and seawater. Also, the authors in ref. 19 have re-
ported 1D-defective PC design for simultaneous detection of both
seawater salinity and temperature in the vicinity of the 2 × 2
transfer matrix method (TMM).

Furthermore, the physical Tamm plasmon (TP) resonance
phenomena was demonstrated in PC designs for many sensing
purposes. Basically, Tamm resonance results from the interac-
tion of the incident electromagnetic waves at the interface
between a metal and Bragg mirror.20,21 There have been many
previous reports about the demonstration of the TP resonance
feature in PC designs such as in ref. 20–23. TP resonance
showed high sensitivity and quality factor in the optical sensing
techniques of PC structures.24–28 For the above-mentioned
reasons, we try in this research to make a TP resonance/1D PC
sensor to detect the concentrations of salt solutions in water. It
is known that the salt level in the saltwater can be specied and
indicated by the level of NaCl which, in turn, indicates the most
predominant substance in salt water. Accordingly, in our study,
we theoretically present the principle of the salinity sensing of
NaCl solution based on the TP resonance feature. The current
optical salinity sensor is constructed on a defective PC design.
Various concentrations of NaCl samples will be injected into the
respective cavity in the proposed PC design. Through simula-
tion, we can obtain a resonance (Tamm resonance) peak, which
has the tunability feature by adjusting the concentration of the
NaCl samples. Finally, the performance of current salinity
sensor is presented by investigating some important factors
such as the sensitivity and the quality factor.
2 Theoretical methodology of the
considered sensor
2.1 Model design and TMM formulization

Here, we analyze the theoretical modeling of the
proposed salinity sensor. Fig. 1 shows multilayers from
Fig. 1 Three dimensions representation of the suggested NaCl sensor t

6738 | RSC Adv., 2023, 13, 6737–6746
silicon (Si)/calcium uoride (CaF2) conguration of the
1D-PC scheme.

The NaCl solution samples will be injected into a cavity inside
the proposed PC design where it is set between a metallic layer of
gold (Au) and Si/CaF2 multilayers. The metallic layer located on
the design top surface is necessary for appearing the Tamm
resonance in the resulted PBG as we mentioned previously in the
introduction. In the front, a prism receives the incident electro-
magnetic waves. Now, the whole proposed salinity sensor will
have a conguration, [prism/Au/water cavity/(Si/CaF2)

N/glass
substrate], where N describes the structure's periodicity.

By using the well-known TMM, the optical parameters of the
current salinity sensor are estimated as follows.29–31 According
to this method, the electric and magnetic components in the Z-
direction for the TE mode take the following form:

Ej(z) = Gj exp(−ikjz) + Hj exp(ikjz) = Ey+ + Ey− (1)

HjðzÞ ¼ �i
u

vE

vz
¼ �kj

u

��Gjexp
��ikjz

�þHjexp
�
ikjz
��

¼ kj

u

�
Eyþ þ Ey�

� ¼ Gj

�
Eyþ � Ey�

�
; where kj ¼ k0nj cos qj

(2)

Then, the electric and magnetic components can be
described by the matrix formalization as follows. 

EjðzÞ
HjðzÞ

!
¼
 

1 1

rj �rj

! 
Eyþ
Ey�

!
;

 
Eyþ
Ey�

!

¼ 1

2

 
1 rj

�1

1 �rj�1
! 

EjðzÞ
HjðzÞ

!
(3)

Here, eqn (1)–(3) will reformulated to give the eld components, 
Ey1þ
Ey1�

!
¼
 
exp
�
ikjdj

�
0

0 exp
��ikjdj�

! 
Ey2þ
Ey2�

!
(4)

This can be done when the incident waves interact with
a distinct layer having a thickness of dj = Z2 − Z1. According to
eqn (3) and (4) we nd that,
hat configured as, [prism/Au/water cavity/(Si/CaF2)
N/glass substrate].

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In these equations, fj gives the relation between the electric
andmagnetic elds components along the two sides of the layer
j, qj describes the incident angle, and Kj represents the wave
vector. Then, the total characteristic matrix for all the structure
layers that interact with the incident waves can be described as
follows.

F ¼
 
F11 F12

F21 F22

!
¼
Yk
j¼1

Fj (6)

Aer that, the estimated reectance of the incident electro-
magnetic waves is given as follows,

R ¼
����ðF11rP þ F12rsrPÞ � ðF21 þ F22rsÞ
ðF11rP þ F12rsrPÞ þ ðF21 þ F22rsÞ

����
2

(7)

Here, the two coefficients rp and rs stands for the prism as the
incident and substrate media, respectively. For the transverse
electric (TE)-polarization case, these coefficients are given by
the forms; rp = np cos qP and rs = ns cos qs.

In our calculations, the Drude model formulates the
permittivity of Au layer as follows.32,33

3m ¼ 1� uP
2

u2 þ igu
(8)

where u, uP and g are the frequency of the incident radiation,
Au plasmon frequency, and Au damping constant, respectively.
Then, the dielectric function of NaCl based on Sellmeier equa-
tion as a function of the wavelength (300–2500 nm) and the
concentration of the aqueous solution NaCl (0–360 g l−1) can be
described as follows.34

nðc; lÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a0 þ a1l

2

l2 � l1
2
þ a2l

2

l2 � l2
2
þ a3l

2

l2 � l3
2

s
þ a4c� a5c

2 (9)

where l represents the wavelength and c describes the
concentration of NaCl. In this equation, the values of the tting
coefficients are a0 = 0.4130, a1 = 1.32, a2 = 1, a3 = 0.0244, a4 =
2.07 × 10−5, a5 = −1.75 × 10−7, l1

2 = 8.79 × 103, l2
2 = 1.1 ×

108, and l3
2 = 6.09 × 104.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.2 Materials and fabrication considerations

The CaF2, Si, and Au materials were used to design the proposed
sensor,mainly because of the physical and chemical properties of
these materials. Calcium uoride (CaF2) is a good insulator with
an ultra-wide bandgap, a relatively high dielectric constant, a low
absorption coefficient, and a wide range of transmission wave-
lengths (130 nm to 10 mm).35,36 Moreover, it has good stability,
a high melting point, insoluble material, exceptional hardness,
and inertness. CaF2 is a raw material used in the production of
optical glasses, anti-reection coatings, excimer lasers, beam
splitters, agriculture fertilizers, and dental preparations. Silicon
(Si) is known to be an indirect semiconductor material. It has
a high refractive index, a high band gap, good mechanical
stability, a high visible absorption coefficient, very low emission
efficiencies, and a low thermo-optic coefficient. It is widely used
in a lot of important, modern optical and electronic devices, such
as solar cells, transistors, optical bers, photodiodes, photo-
sensors, microprocessors, memory circuits, and integrated chips.
Gold (Au) is a noble transition metal, which has the highest
electrical conductivity and thermal conductivity, and it has
strong chemical stability compared with silver due to its noble
metal. Au has unique surface plasmon resonance (SPR) proper-
ties. Due to its promising qualities, it is widely used in electro-
optical applications, such as photocatalysis, nanoelectronics,
biomedicine, medical imaging, nonlinear optics, and solar cells.

For the fabrication of the proposed sensor, an Au layer was
deposited on the prism by using the RF sputtering method.37

Next, a polyimide (PI) polymer layer was prepared by using the
chemical vapor deposition (CVD) technique on the prism/Au.38

Then, Si/CaF2 multilayer lms were grown on prism/Au/PI. The
periodic Si/CaF2 multilayer structures can be deposited at room
temperature by using the molecular beam epitaxy (MBE).39,40

The Si/CaF2 multilayer structures were studied in many
previous experimental works.41,42 The whole multilayer struc-
ture is now congured as prism/Au/PI/(Si/CaF2)

10/air. The cavity
in a stack of multilayers structure can be formed by using
chemical etching for the PI polymer layer. The nal structure is
prism/Au/cavity/(Si/CaF2)

10/air.
RSC Adv., 2023, 13, 6737–6746 | 6739
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3 Numerical verifications and
discussions

Herein, we have demonstrated numerical validations of the
current design through the above theoretical analysis. The
investigated results describe the reectivity of the designed
structure through near IR wavelengths. The choice of such
wavelengths is due to the presence of TP resonance through this
wavelength region. Here, the design has the conguration,
[prism/Au/cavity layer/(Si/CaF2)

10/air]. First, we designed
a multilayer structure or PC of 10-unit cells to investigate the
PBG through the wavelengths of interest. In this regard, the
usage of Si and CaF2 in the design of this structure is logical
choice to obtain the PBG easily. In particular, these materials
have a high contrast in their refractive indices. Such contrast
could lead to a wide PBG at the proposed wavelengths. Fig. 2
supports this strategy. The gure describes the response of the
indices of refraction of these materials through the incident
Fig. 3 The reflectivity at normal incidence (q = 0 deg.) for the structu
CaF2)

10/substrate with cavity thickness = 5 mm and Au thickness = 20 n

Fig. 2 The response of the indices of refraction of Si and CaF2 through
near IR wavelengths.

6740 | RSC Adv., 2023, 13, 6737–6746
radiation. Here, the refractive index of Si is almost constant
whatever the increase of wavelengths of the incident radiation.
Specically, its value received its maximum (3.49) at 1400 nm
and then decreases slightly till gets 3.44 at 2500 nm.43 In
contrast, CaF2 has a refractive index of 1.42.44 Therefore, the
presence of a wide PBG could be investigated. In particular, the
presence of a wide PBG could be helpful during the observation
of the position of TP resonance and its shis as well.

Then, Fig. 3 displays the reectance spectrum of the PC that
congured as, [prism/(Si/CaF2)

10/substrate] at normal inci-
dence. Here, the thickness of Si and CaF2 layers are proposed as
100 nm and 900 nm. Furthermore, the substrate is designed
from glass having a refractive index of 1.52. Fig. 3 demonstrates
the formation of the PBG with a width of 425 nm where their
edges from the le side to the right one are located at 1456 nm
and 1881 nm, respectively. However, a PBG with this width has
a little interest specically TP resonance modes are highly
sensitive to variation of refractive indices due to NaCl concen-
tration variations.

To simulate the detection of NaCl, we have introduced
a 20 nm thin metallic layer and a cavity layer of water with
a thickness of 5 mmon the PC top surface (see Fig. 1). Hence, the
last visualization of our design was, [prism/Au/water cavity/(Si/
CaF2)

10/substrate]. In this regard, the Au layer refractive index
could be investigated from eqn (8) in which uP = 1.323 × 1016

and g = 1.26 × 1014.45 Fig. 3B shows the appearance of three
sharp dips with intensities 4.3%, 1.07%, and 0.04% in the
reectance spectrum at wavelength positions of 1483.33 nm,
1651.77 nm, and 1859.34 nm, respectively. These sharp reec-
tance dips could be due to TP resonance. Such resonance is
introduced through the reectance spectrum of multilayer
structures or PCs because the free electrons' oscillations are
quantized at the interface between the thin metallic layer and
cavity.46 Physically, the sharp TP resonant modes (the three
sharp dips) with a high resonance in the water cavity is due to
the coupling between two elds. One eld is a narrowmode and
this is due to the plasmon resonance in the metallic layer and
the other one through the evanescent elds present in the Bragg
mirror.47 To sum up, it means that the narrow TP modes that
res (A) prism/(Si/CaF2)
10/substrate and (B) prism/Au/water cavity/(Si/

m.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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appear in the liquid cavity come from the hybridization between
the narrow plasmon mode of the metal layer and evanescent
modes of the dielectric layers, producing slow-guided modes
(three narrow dips) of low group velocity.48,49 Therefore, these
resonance modes could be sensitive against the refractive index
variations with concentration. Therefore, the detection of NaCl
solution is correlated with the shi of these dips with the
variations in the concentration of the used analyte. However,
the presence of only one resonance dip through the reectance
spectrum could offer more simplicity besides overcoming any
conict during the detection procedure unlike the case of two or
three dips.

Thus, we aimed to investigate only one TP resonance
through the reectance spectrum. In this context, the role of the
angle of incidence could be crucial. Thus, we consider TE mode
of polarization at the oblique incidence in which the incidence
angle is equivalent to 50°. Fig. 4A shows the intensity of the
reection for prism/(Si/CaF2)

10/substrate structure, which is
about 100% within the spectrum range at an angle of 50°. This
is because the angle is now close to the critical angle and a total
internal reection (TIR) occurred. Physically, the optical path
length (OPL) of a light ray moving through a medium is given by
the product of the refractive index of the medium and the
geometric length of the ray. The OPL is a very important in
determining the phase shi of the light and governs diffraction
and interference of light as it propagates. Based on Bragg's law,
the bandgap of the PC structure could be due to the destructive
interference of multiple reections of light at each interface
between the layers of the crystal. As the angle incident angle
increase from 0 to 50°, the OPL changes, and hence the number
of constructive interference increase and the number of peaks
that can be localized in the cavity layer increases as well. This
means that the number of localized resonance states increases.
At an angle of 50°, only one dip starts to appear in the spectrum,
and this is logic because the angle now is close to the critical
angle. Then, all dips disappeared, and the intensity of the
reection is about 100% due to the total reection.

On the other hand, for [prism/Au/water cavity/(Si/CaF2)
10/

substrate] designed structure, only one dip started to appear in
Fig. 4 (A) The reflectivity of the TE polarization at the angle of incidence=

water cavity/(Si/CaF2)
10/substrate with cavity thickness = 5 mm and Au t

© 2023 The Author(s). Published by the Royal Society of Chemistry
the spectrum, as shown in Fig. 4B. When there is a light beam
incident on the prism with an incident angle greater than the
critical angle, a very small portion of light can penetrate the Au-
prism interface and generate an evanescent wave [https://
scitation.aip.org/content/contributor/AU0025156].50 This
evanescent wave energized the surface plasmon wave (SPW).
Therefore, the reectivity of the incident beam will drop to
zero, thereby leading to a single TP resonance.

The choice of such condition is coming aer the optimiza-
tion of the angle of incidence. Therefore, at 50°, a single TP
resonance appears through the wavelengths of interest as
shown in Fig. 4. From this gure, the dip showed a reectivity of
1.82% where it is located at lTP = 1681.55 nm. Moreover, the
change in optical path length produces a change in both the
number and position of the reectance dips with the increase of
incidence angle. As a result, this dip will be the key axis during
the detection procedure of our study.

The thickness of the Au layer has a strong effect on the TP
resonance mode and sensor performance. The optimum value
of the Au layer is shown in Fig. 5. Fig. 5A displays that the
resonant TP dip is shied downwards the lower wavelengths
with increasing the Au layer's thickness from 5 nm to 40 nm.
The intensity of dip reectivity of the TPmode has a low value at
the Au layer with a thickness of 20 nm, as shown in Fig. 5B. This
condition corresponds to an excellent coupling of the TP reso-
nance by reducing the electron energy loss and the narrow
width of the dip. Therefore, the optimum value of the Au layer's
thickness is 20 nm, which provides a relatively high sensor
performance.

Meanwhile, there a large difference between the defective PC
designs such as the results presented in ref. 18 and our PC
design. Notably, Chaves et al. discuss the role of 1D PCs in the
detection and monitoring of water salinity based on the inclu-
sion of a defect layer in the middle of the designed PCs.18 By
introducing the defect layer, a resonant mode is introduced
through the PBG due to the broken periodicity of the designed
PC structure. Then, its position can be shied with the variation
of the saline solution concentration as a result of the changes in
the OPL of the incident radiation with the refractive index of the
50° for the structures (A) prism/(Si/CaF2)
10/substrate and (B) prism/Au/

hickness = 20 nm.
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Fig. 5 The effect of change the thickness of the Au layer on the(A) reflection spectrum (B) intensity of reflection at of TP resonance.
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defect layer. In contrast, our study is essentially based on the
localization of TP resonance due to the deposition of a thin
metallic layer on the top surface of a 1D PCs. In fact, we believe
that the suggested design could be of a potential interest
compared to the conventional 1D defective PCs due to its rela-
tively high performance. Then, the inclusion of a cavity layer
between the thin metallic layer and the 1D PCs does not provide
any chance for introducing a resonant and its role is limited for
the inclusion of the analyte. In particular, this layer is classied
as a cap layer that could provide some effects on the path length
of incident radiation.

Thus, the position of TP resonance is expected to change
signicantly by immersing different concentrations of the NaCl
through the cavity as shown in Fig. 6. In this regard, the
proposed structure has been designed for detecting the NaCl
concentration in water at room temperature (25 °C). Notably,
within a small range of temperatures from 20 to 60 °C, the
thermo-optic (TO) coefficients for Si, CaF2, and Au are very
small. Moreover, some of the experimental verications of PC
structures on Si are insensitive to the little temperature changes
Fig. 6 The reflectivity of TP resonance at different values of NaCl
concentrations.

6742 | RSC Adv., 2023, 13, 6737–6746
especially that is close to room temperature.51 This means that
the thermal effect on the sensor's behavior can be negligible in
the temperature regime of interest for the working device.

Thus, at 10 g l−1 of NaCl, the resonance dip (TP resonance)
changed from 1681.55 to 1685.75 nm. A small increase in the
refractive index of the cavity with increasing the NaCl concen-
tration produces the shi in the wavelength position of TP
resonance. Such an effect could lead to the change in the optical
path length of the incident radiation. For more increase in the
concentration of NaCl to 20 g l−1, 30 g l−1, 40 g l−1, 50 g l−1 and
60 g l−1, the resonance dip is shied upwards to wavelength
positions of 1690.55 nm, 1696.05 nm, 1702.1 nm, 1708.84 nm,
and 1716.13 nm, respectively, as shown in Fig. 6 and the color
map in Fig. 7. Moreover, the reectance values of these dips is
slightly increasing with the increase of NaCl concentration.
Meanwhile, the reectivity increases from 1.82% to 2.42% as
the concentration increases from 0 g l−1 to 60 g l−1, respectively.
Here, our design is characterized by a relative high sensitivity to
the concentration variations despite the very little increase in
the refractive index of the cavity with the increments of NaCl
concentrations as shown in Fig. 8. Such a result could make our
Fig. 7 A color map for the reflectivity of TP resonance at different
concentrations of NaCl solution.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The index of refraction for NaCl solution with the wavelengths
of the incident radiation.
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design very promising in the detection and sensing of NaCl
concentration and salinity as well compared to other physical
methods and techniques.

Aer that, the TP resonance position regarding NaCl
concentration was plotted in Fig. 9. The gure indicates that the
increase in the NaCl concentration leads to a signicant shi in
the position of TP resonance towards the higher wavelengths.
Accordingly, the TP resonance position increases at increasing
the NaCl concentration. This response can be described by
tting the numerical results as depicted in Fig. 9. The quadratic
tting leads to a relatively high coincidence with the investi-
gated numerical results in Fig. 9. Such tting could be mathe-
matically described according to the following equation:

TP position (nm) = 0.003125C2 + 0.38918C + 1681.55 (10)

This equation reveals that the concentration of NaCl solution
can be simply obtained based on the TP resonance position. In
Fig. 9 The resulted relation between the spectral position of TP
resonance and the NaCl concentration according to a quadratic fitting.

© 2023 The Author(s). Published by the Royal Society of Chemistry
other words, at a distinct wavelength of TP resonance, eqn (10)
can be solved to obtain the exact value of NaCl concentration.

Then, the performance of the designed structure is manda-
tory to determine the validity of such structure as an effective
sensor for the monitoring and detecting of NaCl concentration
and salinity as well. Thus, there are many different parameters
that can highlight the sensor performance such as sensitivity
(S), gure of merit (FM), detection limit (DL), signal to noise
ratio (SNR) and quality factor (QF). These parameters are widely
described and analyzed analytically in many literatures.42–46 The
mathematical formulas of these parameters can be calculated
from the following relations:52–56

S ¼ DlTP
DC

(11)

QF ¼ lTP

FWHM
(12)

DL ¼
�
1

S

	0BB@2ðFWHMÞ54
3ðDlTPÞ

1
4

1
CCA (13)

FoM ¼ S

FWHM
(14)

where lTP is the wavelength of the TP resonant mode, DlTP
describes the TP mode displacement and the FWHM represents
the full width at the half maximum of the resonant mode.

Then, the performance of the designed structure is manda-
tory to determine the validity of such structure as an effective
sensor for the monitoring and detecting of NaCl concentration
and salinity as well. In this regard, Fig. 10 describes the sensi-
tivity of our design against the concentration of NaCl solution.
The value of sensitivity is equivalent to the TP resonance shi
due to the change in NaCl concentration. Fig. 10 shows a linear
increase of sensitivity with the NaCl concentration. Here, the
value of S can reach 0.576 nm (g l−1) as the concentration of the
Fig. 10 The response of the sensor sensitivity regarding the
concentration of NaCl solution.
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NaCl solution is equivalent to 60 g l−1. Such value is seemed to
be very promising through the detection procedure especially in
the monitoring of low concentrations. In addition to that, it
could give a positive indication towards other parameters like
the detection limit and quality factor as well. Therefore, we have
Fig. 11 The impact of NaCl concentration on the values of QF.

Fig. 12 The impact of NaCl concentration on the values of DL.

Table 1 The performance of our designed sensor compared to other d

The designed structure
Sensit
(nm/R

Photonic crystal biosensor 1118
Photonic crystal cavity 3300
1D-porous silicon photonic crystals 6770
Photonic crystal cavity and ber loop ring-down technique 450
Photonic crystal containing graphene 1179
Photonic crystal covered with a perforated gold lm 17
Cavity photonic crystal 777
Photonic crystal cavities 656
[Prism/Au/water cavity/(Si/CaF2)

10/substrate] 24 700

6744 | RSC Adv., 2023, 13, 6737–6746
plotted in Fig. 11 the change in the quality factor against the
concentration variations. As you see from eqn (11)–(14), the
values of sensitivity and QF in Fig. 10 and 11, respectively,
increases due to the changes in the spectral position of TP
resonance. Therefore, the displacement of the TP mode (DlTP)
increases with NaCl concentration, which, in turn, makes the
sensitivity and QF values increase with NaCl concentration as
well. Here, QF describes the ratio between the wavelength of TP
resonance relative to the full width at half maximum (FWHM).
In this context, the presence of sharp dips with small values of
FWHM leads to high values of QF. Fig. 11 indicates that the
values of QF have a nonlinear increase with the increments of
NaCl concentration. Such response is mainly connected with
the values of the spectral position of the TP resonance and
FWHM as well at a specied concentration of the NaCl solution.
In particular, the changes in the concentration values leads to
a signicant effect on the refractive index of the cavity layer.
Meanwhile, a different response of the OPL of the incident
waves in the vicinity of the FWHM and TP spectral position is
expected. In this regard, the QF has the value of 686.452 at NaCl
concentration of 60 g l−1. Then, Fig. 12 shows the detection
limit of the proposed sensor versus the variations of NaCl
concentration. Such parameter has an important role on the
sensors' performance. DL is strongly depending on the position
of TP resonance, S, and QF. The Fig. 12 claries that the values
of DL are approximately decreasing linearly with the concen-
tration. DL provides a minimum value of 0.217 g l−1 at
concentration = 60 g l−1. In addition, DL records relatively low
values as a result of the high values of S and QF as well. In
particular, low values of DL support the high performance of
sensors.

Finally, to the best of our knowledge, the proposed design
could be of signicant interest as a promising platform for the
detection and monitoring of NaCl concentration and salinity as
well. Specically, our designed sensor provides a relatively high
performance compared to its counterparts in photonic and
optical techniques as listed in Table 1. As illustrated in Table 1,
the proposed sensor in this study has achieved a good reason-
able performance compared to other designs in the literature
according to the obtained performance parameter values. Based
on Table 1, the introduced design has a high sensitivity value of
24 700 (nm/RIU), which is considered higher than the values of
previous designs. Also, the proposed sensor demonstrated a DL
esigns in the literature

ivity
IU) QF DL (RIU) Reference

Not mentioned 10−3 57
103 10−5 58
662 Not mentioned 59
Not mentioned ∼1.6 × 10−4 60
Not mentioned ∼2.2 × 10−5 61
3 × 104 Not mentioned 62
2576 Not mentioned 63
2719 Not mentioned 64
686.5 5.91 × 10−6 Our design

© 2023 The Author(s). Published by the Royal Society of Chemistry
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value of 5.91 × 10−6, which is better than that of previous
designs. In addition, the proposed sensor showed a QF value of
686.5, which is an acceptable value compared to other designs.
4 Conclusions

To sum up, we have demonstrated a theoretical excitation of TP
resonance in the interface between Au layer and cavity layer for
sensing and detection of NaCl concentrations in water. In this
regard, the structure of the design, [prism/Au/water cavity/(Si/
CaF2)

10/substrate]. Moreover, the TMM and the optical charac-
teristics of the constituent materials represent the main
elements in obtaining the numerical investigations. Accord-
ingly, at normal incidence, the numerical results demonstrated
three TP dips at three different wavelengths. However, the
increase in angle of incidence = 50° is crucial in reducing the
number of dips to one. Such a strategy could be simpler for the
detection of NaCl concentrations. As the water cavity is lled
with NaCl of different concentrations ranging from 0 g l−1 to
60 g l−1, TP resonance is shied towards the longer wave-
lengths. Accordingly, the suggested design provides a high
performance compared to some previous PC and PC ber
designs. The sensitivity and detection limit of the suggested
sensor could receive the values of 24 700 nm per RIU (0.576 nm
(g l−1)) and 0.217 g l−1, respectively. These obtained values
could make our sensing tool a promising platform for the
sensing and monitoring of NaCl concentration and salinity as
well.
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