
Received 26 October 2023, accepted 14 November 2023, date of publication 20 November 2023,
date of current version 27 November 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3334685

Graphene-Based Surface Plasmon Resonance
Sensor for Water Salinity Concentration
Detection Using Multiple Light Source Techniques
KHANDAKAR MOHAMMAD ISHTIAK , SAFAYAT-AL IMAM , (Member, IEEE),
AND QUAZI D. M. KHOSRU
Department of Electrical and Electronic Engineering, Bangladesh University of Engineering and Technology, Dhaka 1205, Bangladesh

Corresponding author: Quazi D. M. Khosru (qdmkhosru@eee.buet.ac.bd)

This work was supported by the Department of Electrical and Electronic Engineering, Bangladesh University of Engineering
Technology (BUET).

ABSTRACT A Graphene-based surface plasmon resonance sensor is proposed for rapid water salinity
concentration detection and operates with a new multiple light source technique. The proposed sensor
consists of a CaF2 prism coupled with incident light of five different wavelengths. This multiple-source
technique significantly increases the sensor detection accuracy and overall performance for the 1% to 30%
water salinity concentration detection. The proposed sensor achieved a noticeably higher value sensitivity
of 397.71 (deg./RIU), a Quality Factor of 99.50 (1/RIU), and a Figure of Merit of 94.82. The sensor also
obtains a wide range of detection accuracy of 0.199 to 0.498 (1/deg.) while maintaining a considerably low
minimum reflectance of 0.05 (normalized) for the whole salinity detection range. In addition, all of those
performance parameters and results are compared to the most recent relevant works. The proposed salinity
sensor obtained a significantly high sensitivity, a wide range of detection accuracy with higher efficiency, and
overall improved performance. This impressive performances of the proposed Graphene-based SPR sensor
for measuring water salinity level exhibited the highest sensitivity, wide range, high accuracy, efficiency, and
reliability to detect water salinity concentration.

INDEX TERMS Graphene, sensor, surface plasmon resonance, salinity concentration, sensitivity, quality
factor, figure of merit, detection accuracy.

I. INTRODUCTION
Water is the most crucial substance for human survival.
Human cells contain about 70% water, making up the
majority of the human body. Pure drinking water is the
foundation fromwhich all bodily fluids are derived, including
blood, lymph, saliva, digestive enzymes, urine, etc. [1].

Water’s potential utility extends to all forms of life,
including providing humans with a safe and reliable drinking
water supply and helping farmers with their agricultural
irrigation needs. Almost 97% water on Earth is salt water,
only 3% is fresh water is drinkable [2], [3]. More over two-
thirds of the fresh water on Earth is locked up in glaciers
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and polar ice caps. The majority of the remaining unfrozen
freshwater is contained in underground aquifers, with only a
trace amount found in the atmosphere or on the surface.

Water is getting increasingly scarce and polluted on Earth.
Population expansion, industrialization, and climate change
are all contributing to a global water crisis. As a result of
global warming, the weather has changed and the sea level
is rising at an alarming rate. The current rate of increase is
4.62 mm per year (or 0. 0.182 inches), which is expected to
continue increasing in the future [4]. As one moves closer to
the seaside, the water supply changes, becoming saltier. It has
serious consequences for food production and drinking water.

Salinity in water is detrimental to the health of all
kinds of life. Water’s salinity must be lowered before
it can be utilized for human consumption, agricultural
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irrigation, or manufacturing. The mass ratio of the dissolved
components in a particular volume of saltwater is known as its
absolute salinity and is expressed in milligrams per kilogram
or parts per thousand. In general, saltwater with a salinity of
35% at 0◦ is considered to be neutral [5]. The amount of
oxygen that can be found in water depends on its salinity.
As salt content rises, less oxygen can be dissolved in the
liquid medium. In comparison at the same temperature, the
oxygen solubility in seawater is approximately 20% lower
than in fresh water. Consuming salt water has been linked
to number of medical issues, including high blood pressure,
diarrhea, cholera, skin infections, slow new-born growth, and
even death. So, it is crucial to determine the salinity level
before consuming, farming with, or otherwise utilizing the
water for health-related purposes.

Water salinity is traditionally measured using the elec-
trical conductivity of chloride ions since conductivity is
proportional to ion concentration. However, this method of
measurement is compromised by interference from other
contaminating ions [6], [7]. This technique is vulnerable to
corrosion and current instability as a result of electrolysis.
Recently, ultrasonography and chemical reactions have
been established as innovative approaches to characterizing
salinity. There are several other techniques that can be
used, such as gravimetric analysis and chlorinity titration.
Gravimetric determination involves evaporating a sample of
water and then weighing the dry residue to determine its
salinity. All of these methods of measurement are used to
determine saline levels with great precision, however they all
necessitate the use of an expert’s hand and are not portable.

Optical methods are one of the most promising strategies
that traction the scientists and researchers for use in a variety
of sensors and biosensor devices. Surface plasmon resonance
(SPR) technique is one of the optical methods which gained
the attention of scientists for water salinity detection due to
its many advantages over other methods, such as its high
sensitivity, very high detection accuracy and fast response to
minute changes in the refractive index of the sensing layer
analyte, its need for only a small amount of sample, its
repeatability, its absence of labels, and its real-time detection
capabilities [8], [9], [10], [11], [12], [13], [14], [15]. The
SPR techniques rely on the correlation between the refractive
index and salt concentration in saltwater [16].
There are various type of surface plasmon resonance

based optical sensors depending on the structure pattern
and applied-light coupling techniques. Diffraction-coupled,
waveguide-combined, prism-paired and fiber-optic SPR sen-
sors are only few of the many types of SPR sensors available
[17], [18], [19], [20]. The prism-coupled SPR sensors are
simple to manufacture, they are recommended over fibre
optic SPR sensors. There are two types of configurations are
used in SPR technique, Kretschmann configuration and Otto
configuration [21], [22]. The Kretschmann apparatus uses a
metal coating on a prism’s surface to simulate directed or
dripping waves, whereas in the Otto setup, air is employed to
mimic errant or faulty waves. When an electromagnetic (EM)

wave penetrates a material at an angle larger than its critical
angle, it excites surface plasmon polaritons, which in turn
form surface plasmon waves (SPWs) at the prism-metal (P-
M) interface (SPPs). When the wave vector of the evanescent
wave (EW) and the SPW at the metal-dielectric (M-D)
contact are the identical, the SPWs will excite the EW. The
EW intensity rapidly decreases in directions perpendicular
to the P-M contact [23]. As a result, the SPWs then oppose
the plasmon and converting its light energy into reflected
light. Resonant oscillations of SPW are influenced by the
surface refractive index (RI), leading to poor reflectivity [24].
This means that the SPR sensor may pick up extremely
subtle shifts in the amount of reflected light. The sensitivity
(S) and figure of merit (FOM) analyses as well as the
Attenuated total reflection (ATR) method were employed
to evaluate the RI shifts [24]. Using SPWs-oriented SPR,
scientists have shown that the angular interrogation method
reliably yields precise sensitivity ratings for any detection
method [25], [26], [27], [28].

FIGURE 1. The proposed SPR biosensor for salinity concentration n
detection.

According to the literature review, the surface plasmon
resonance-based sensor can designed to detect particular
targeted objects like – different cancer cells, different types
of bacteria and virus, different types of gas or chemical,
etc., where an analyte is used as a layer to trap or bond the
targeted sample to detect [11], [27], [28], [29], [30], [31],
[32], [33]. The analyte layer is a material that has optical
properties, which means refractive index. When a targeted
sample is attached or creates a bond with the analyte, the
refractive index of the analyte changes. This variation is
not directly measurable. Then, the sensitivity is measured or
detection is done by measuring the relativity response curve
for changing the background media’s refractive index [27],
[28], [29], [30], [31], [32], [33]. There is another type of
surface plasmon resonance-based sensor which is used to
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detect and measure the sample values such as - hemoglobin
level in the blood, glucose level in blood, glucose level in
urine and chemical concentration levels, etc., where need to
measure different concentration level based on the applied
sample to the sensing medium [10], [12], [34], [35], [36],
[37], [38]. The concentration level of the sample is directly
related to the refractive index of the sample. The sensor
needs to be calibrated with sample data sets to measure the
concentration level accurately. Due to this reason, the sensor
design needs to be analyzed and optimized with predefined
or known data sets. Due to this reason, the sensor design
needs to be analyzed and optimized with predefined or known
data sets. The target of the proposed design is to achieve the
highest possible detection accuracy and overall performance.
Therefore, the proposed structure is analyzed and calibrated
with a known data set for accurate detection and precision
measurement of the applied sample.

This paper presents a new surface plasmon resonance
biosensor based on thin graphene layer for rapid detection
of water salinity level with very high sensitivity and
accuracy. The proposed sensor is consisting of five different
layers as order of prism, ZnO, Ag, Si and Graphene.
A CaF2 prism is connected to the biosensor as a substrate,
which couples incident light of five different wavelengths
- 633nm, 643.8nm, 690nm, 700nm, and 720nm. This new
multiple source technique significantly enchanted the sensor
performance to detect the water salinity with very high
detection accuracy. This sensor is capable of measuring 1%
to 30% water salinity concentration at a constant pressure
of 0 kg/cm2 and a temperature of 20◦C for all five different
wavelengths of incident light sources, which greatly increases
the accuracy of the salinity detection. In a sensing medium,
the surface refractive index will shift due to the presence of
salt water. To detect the presence of salt water, the salinity
concentration is determined by measuring this change in
the sensing medium and comparing it to other performance
metrics. The proposed new SPR salinity sensor demonstrated
the maximum sensitivity, quality factor, full width at half
maximum, figure of merit, and detection accuracy for water
salinity concentration level detection.

II. DESIGN MODEL AND METHODOLOGY
In this section, we describe the design considerations and
methodology for the proposed water salinity concentration
sensor.

A. DESIGN CONSIDERATION OF SPR SALINITY SENSOR
Fig. 1 present a Graphene-based SPR water salinity sensor
structure. The proposed SPR sensor has five layers, the first
layer of which is a CaF2 prism. As a substrate, a CaF2 prism
couples incident light with five distinct wavelengths (λ) of
633nm, 643.8nm, 690nm, 700nm, and 720nm. In the realm of
optical sensors, the refractivity of the prism has a direct effect
on the sensor’s sensitivity.With a minor change in the sensing
medium, a prism with a low RI can attain a larger change in
angle of reflection [29], [39]. Using a prism with a lower RI

will allow for greater sensitivity. Prisms of the BK7, FK51a,
SF10, and SF11 types are the most popular and commonly
used. In comparison to other prism materials, CaF2 prisms
have a relatively low RI [30].

FIGURE 2. 3D representation of the relation between reflectivity, incident
angle and incident light wavelengths with 0% to 30% water salinity
variation.

The second layer consists of a dZnO = 10 nm thin ZnO
layer as deposited on the CaF2 prism’s surface. The ZnO-
based sensor demonstrates substantially higher performance
parameters than conventional sensors [31]. Due to poor
adhesion between the metal layer and the prism, SPR
biosensor sensitivity is reduced [40]. Compared to other
adhesion materials like Cr, Cu, etc. [41], several studies
have shown that ZnO, which functions as an active adhesive
layer between the prism and the metal layer, significantly
boosts the sensor’s performance when it comes to SPR
measurements [42]. In order to counteract this loss of
sensitivity, a layer of ZnO was placed on top of the CaF2
prism. Large changes in resonance angle are caused by the
ZnO layer’s increased plasmonic impact through effective
light trapping and augmentation of light trapping capabilities
[43]. Additionally, the ZnO layer also protects the silver layer
from oxidation [44].

Traditional SPR biosensor architecture frequently uses
a thin surface of plasmonic materials for the SPR sensor.
Plasmonic materials, such as gold (Au) and silver (Ag), etc.,
are deposited on top of the prism or separated from it by
a thin oxide layer to facilitate the propagation of SPs [45],
[46]. These materials have a sharply-sharpened reflectance
curve that is narrow in the near-infrared and infrared range
(IR), making them particularly sensitive [47]. Because it
exhibits a stronger resonance angle change in response to
the RI variance of the sensing medium and offers a higher
sensitivity, gold is preferred as a metal layer for SPR sensors.
In various conditions, gold is more resistant to oxidation and
corrosion, which suggests inertness and chemical stability
[48], [49]. The disadvantage, however, is that biomolecules
do not adhere well to gold, which reduces the sensitivity of
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TABLE 1. Refractive index and corresponding water salinity concentration for proposed SPR sensor.

the traditional SPR biosensor. Alternatively, silver (Ag) thin
film employed in SPR sensor as a sensing substrate yields
superior accuracy than gold because silver produces sharpest
SPR peak with stronger contrast, i.e. the parameter FWHM
of silver is less than gold based sensor [46], [47], [48]. This
result shows superior accuracy than gold. Compared to a
gold-coated SPR sensor, a silver-coated SPR sensor has a
better sensitivity. However, when in contact with the sensing
medium, Ag’s poor chemical stability causes oxidation and
corrosion issues. There are numerous ways to increase the
adsorption in order to get over these issues, including the
use of nanoparticles and nanoholes, metallic nano slits, and
biomolecular recognition elements (BRE) [46]. Ag layer with
dAg = 45 nm thickness is constructed above the ZnO layer
and used as the plasmonic layer due to its sharpest SPR peak,
better sensitivity, and smaller FWHM.

The silicon is further deposited as the next layer over the
Ag. A very thin Si layer thickness of dSi = 2 nm is deposited
by using the CVD method [50]. The Si layer enhances the
mobility of the electrons and increase the ability to absorb
maximum the light at resonance angle to produce a sharp
resonance dip [51].
On the following layer, a monolayer Graphene nanosheet

with a thickness of dG = 0.34 nm is fabricated using the
thermal chemical vapor deposition (CVD) method above
the Si layer [50]. Graphene’s unique structural, optical, and
biocompatible property has attracted researchers in the field
of biosensing [42]. Graphene is essentially a thin sheet of
carbon atoms organized in a 2D honeycomb lattice [52].
Since graphene absorbs biomolecules more strongly due to
the π-staking interaction in the hexagonal cells of grapheme
and the carbon-based ring structure in biomolecules, the
total sensitivity of the sensor is increased [53]. Graphene
has been used in certain SPR experiments, and this data
demonstrates that its high surface-to-volume ratio makes it an
ideal platform for studying biomolecular interactions. As a
result of its vast detection area and the ease with which
a wide range of aromatic biomolecules may be uniformly
functionalized via π -π contact (Van der Waals force),
it is improving overall performance [49], [54]. Specifically,
among extant nanomaterials, graphene has a surface area
of 2,630 m2/g and a rich π -conjugation structure, making
it suitable for direct interaction with biomolecules [42],
[55]. Moreover, graphene’s large real component of dielectric
constant allows it to effectively absorb the energy of incoming
light. Up to 2.3% of incoming light is absorbed by monolayer
graphene, and this percentage rises with the number of
graphene layers. In the L layer of graphene, it can be as high
as L×2.3% [56], [57]. Increased sensitivity in SPR-based

sensors has been suggested as a potential use for graphene
[58], [59]. Due to the fact that oxygen atoms cannot flow
through 2D nanomaterials like graphene, which act like
a shield the metallic layer from oxidation (environmental
corrosion) [60], [61].

The last layer is a sensing medium. A cuvette is connected
on top of the graphene layer. It provides a passage to the water
sample to detect the salinity concentration. The variation
of the refractive index of the sensing medium indicates the
salinity concentration present in the water sample.

The performances of the proposed sensor are directly
related to the possibility of the practical implementation
and fabrication feasibility of the structure. The complexity
of the design procedure and the manufacturing challenges
are increasing the cost of the production. Due to recent
developments of different nano scale fabrication techniques,
the complex fabrication challenges are easily overcome and
cost are minimized to acceptable range. In this work, a CaF2
prism is used as a substrate. A ZnO layer can be uniformly
deposit as a thin adhesion layer on the prism surface by
using sol-gel spin coating method or ion plating sputtering
technique [62], [63], [64]. The Ag layer is deposit as next
layer about the ZnO layer, by using one of the different
popular methods like - vacuum thermal coating procedure,
activated reactive type physical vapor deposition (ARE-PVD)
or vacuum evaporation-deposition [65], [66], [67]. A very
thin Si layer is deposited above the Ag layer. A uniform
Si nanolayer coating with high efficiency and little surface
roughness can be achieved by using thermal chemical vapor
deposition (CVD) method [68], [69]. A monolayer Graphene
nanosheet with a thickness of dG = 0.34 nm can be deposited
using the thermal chemical vapor deposition (CVD) method
above the Si layer [69], [70], [71]. All of those standard
fabrication techniques are commercially available and mass
amount of device production may be minimizing the design
and fabrication cost.

The operational performance of a SPR sensor is highly
depend on the thickness of the sensor. When an incident
input light is applied to the surface of the prism coated
with a thin metal layer at a resonance angle, a plasma is
created due to oscillation of mobile electrons at the surface
of the metal layer. Then the wave vector of the incident
light matches the wavelength of the surface plasmons,
the electrons resonate and an evanescent wave penetrates
through the metal film. The amplitude of this evanescent
field wave decreases exponentially with distance from the
interface. The wavelength of the evanescent field wave
is the same as that of the source incident light wavelength.
The evanescent field decays over a distance of about one light

130604 VOLUME 11, 2023



K. M. Ishtiak et al.: Graphene-Based SPR Sensor for Water Salinity Concentration Detection

FIGURE 3. Thickness of ZnO and Ag layer variation based on minimum reflectance (Rmin) considering Si (2nm), Graphene (0.34nm) layers are kept
fixed (a) 633 nm wavelength source and 1% salinity, (b) 720 nm wavelength source and 1% salinity, (c) 633 nm wavelength source and 30%
salinity, (d) 720 nm wavelength source and 30% salinity.

wavelength from the surface. Theoretically, an evanescent
electrical field associated with the plasma wave travels
for a short distance (∼300 nm) [72], [73]. Therefore, the
proposed structure thickness of around 57.34nm with 633nm
to 720nm wavelength light sources, the proposed sensor
works perfectly without blocking any input laser light.

In addition, some of the research articles present a
comparison of theoretical and experimental works. Those
articles proposed a sensor with 40∼80nm Ag layer thickness
and fabricated experimentally [65], [74], [75]. Another
research article proposed a sensor with multilayer periodic
structure of 230 nm thickness, which is analysis both
theoretical and experimentally [76]. All of those research
articles represent both theoretical and experimental results
that are nearly identical [65], [74], [75], [76].

B. SPR SENSOR PARAMETERS
The proposed salinity concentration sensor consists of five
different layers and measure the water sample salinity for
five different incident light source wavelengths. All the

performance parameters are measured and compared for
five different light sources which increase the detection
accuracy, reliability and overall performance of the biosensor.
According to Cauchy equation - The refractive index of any
material is related to its incident light wavelength (λ). The
variation of the incident light wavelength (λ) can change
the refractive index of any material [77]. The RI of CaF2
prism is calculated by using following Equation (1), as
shown at the bottom of the next page, which is related with
wavelengths (λ) [61].
The refractive index of each layer such as ZnO, Ag, Si and

Graphene thin layers are calculated and selected from verified
experimental works to justify the feasibility of the sensor
construction [78], [79], [80], [81], [82]. The refractive index
of sensing mediums is varying from 1.33 to 1.33699 for
water salinity concentration variation of 0% to 30% present
in Table 1 [12]. In this work, the refractive index of the
CaF2 prism is 1.4329, 1.4327, 1.4321, 1.4318, and 1.4315 for
633nm, 643.8nm, 690nm, 700nm, and 720nm input light
wavelength [61]. For the ZnO layer, the refractive index of the
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ZnO layer is 1.9888, 1.9861, 1.9775, 1.9736, and 1.9701 for
633nm, 643.8nm, 690nm, 700nm, and 720nm input light
wavelength [78].

According to the experimental works, the refractive indices
of each other layers of the proposed structure are also varied
with the input light wavelengths [77], [78], [79], [80], [81],
[82]. This variation of the sensing medium RIs is measured
for all five wavelengths (λ) of 633nm, 643.8nm, 690nm,
700nm, and 720nm of the incident light source. Fig. 2 rep-
resents the reflectivity (normalized) variation with incidence
angle (deg.) curve for all five incident light wavelengths
with 0% to 30% water salinity concentration variation. All
those response curves obtain very low minimum reflectance
below the normalized value of 0.05. The response curve of
the proposed structure shows, the resonance angle for each
incident light source moves to a higher value with increasing
the salinity concentration. In addition, the resonance angle
for each salinity concentration level move to a lower value
with increasing the incident light source wavelengths (λ).
For the 633 nm wavelength, the obtained resonance angle
is 82.48◦ and 85.26◦, which is a 2.78◦ variation for 0% to
30% water concentration variation. For 720 nm wavelength,
the obtained resonance angle is 77.04◦ and 78.5◦, which
is a 1.46◦ variation for 0% to 30% water concentration
variation. The sensitivity is defined as the ratio of the reso-
nance angle shift with their corresponding refractive index
variation. Therefore, the sensitivity of the proposed sensor
is also varied with variations of the incident light source
wavelengths (λ).

C. SPR SENSOR METHODOLOGY
Fig. 1 depicts the proposed structure for measuring the water
salinity concentration with five monochromatic light sources
of different wavelengths (λ) of 633nm, 643.8nm, 690nm,
700nm, and 720nm. To measure the water salinity, it is
essential to detect and measure the absorption at resonance
angle accurately. Therefore, the absorption is detected and
analyzed using Fresnel multilayer reflection theory and the
transfer matrix method (TMM). A CaF2 based prism is
proposed, and its reflection spectrum is analyzed numerically
as the incoming photons travel through the structure.
This establishes the concept of plasmon resonance at the
surface of a prism metal (P-M) with evanescent wave (EW)
accrete.

When an evanescent wave (EW) travelling in the x
direction passes between ZnO and Ag layers, its incident
wave vector (kx) has a propagation constant (PC) in the x-
direction. The resonant condition is sensitive to the incoming
light angle θ . Equation (2) and Equation (3) describe the
resonance condition, where the wave vector of SPs (kspwv)

coincides with the PC of the lowest reflection (kx).

kx = kspwv (2)

2π
λincident light

(
npsinθSPR

)
=

2π
λincident light

√√√√ n2Agn
2
s

n2Ag + n2s
(3)

The mathematical representation of SPR resonance angle
(θSPR) expressed in Equation (4).

θSPR =

sin


√√√√√ n2Agn
2
S

n2CaF2 (n
2
Ag

+ n2S )




−1

(4)

where nCaF2, nAg, and nS are the RI of CaF2 prism, Ag layer
and sensing medium, respectively. The angular modulation
method is used to analyses the proposed structure. In addition,
the reflectivity of P-polarized incident light wave was
analyzed using the Fresnel multilayer reflection theory and
the transfer matrix method. The surface plasmon resonance
curve is a plot showing the relationship between the incidence
angle (θ ) and the sum of the reflected intensities (RP) [80],
[81]. Equation (5) and Equation (6) give the mathematical
equation of total reflected intensity (RP), and the reflection
coefficient (qP):

Rp = qpq∗
p =

∣∣qp∣∣2 (5)

qp =
(M11 +M12nN ) − (M21 +M22nN )
(M11 +M12nN ) + (M21 +M22nN )

(6)

where M is the SPR sensor’s characteristics matrix [83], [84].
Equation (7) and Equation (8) provide a description of the
transverse RI and characteristics matrix, respectively.

nk =

√([
µk
εk

])
cos θk =

√√√√εk −
(
npsinθ

)2
ε2k

(7)

Mif =

[∏N−1

k=2

(
cosβk −i sinβk

−inksinβk cosβk

)]
if

=

[
M11 M12
M21 M22

]
(8)

In addition, the kth layer’s arbitrary stage constant (βk ) and
wave impedance (zk ) can be calculated using Equation (9) and
Equation (10), respectively [85].

βk =
2π
λ
nk cos θk (zk − zk−1) =

2π
λ
dk

√
εk −

(
npsinθ

)2
(9)

zk =
kxnkcosθk(

2πc/
λincidentlight

)
ε2k

(10)

nCaF2 =

(
0.567588λ2

λ2 − 0.0502632
+

0.4710914λ2

λ2 − 0.100392
+

3.8484723λ2

λ2 − 34.649042
+ 1

) 1
2

(1)
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FIGURE 4. Thickness of ZnO and Ag layer variation based on sensitivity (S) considering Si (2nm), Graphene (0.34nm) layers are kept fixed
(a) 633 nm wavelength source and 1% salinity, (b) 720 nm wavelength source and 1% salinity, (c) 633 nm wavelength source and 30% salinity,
(d) 720 nm wavelength source and 30% salinity.

where εk and dk stand for the kth layer’s permittivity and
thickness, respectively. Finally, we can calculate the kth
layer’s input angle θk as:

θk =
1

cos
(√

1 −

(
nk−1

/
nk

)
(sinθ)2

) (11)

D. SPR PERFORMANCE PARAMETER
Sensitivity (S) is one of the most essential performance
evaluation parameters for SPR biosensors. The ratio of
the resonance angle (1θ res) variation with rescpect to the
change in the RI (1n) is used to determine the sensitivity.
Equation (12) defined sensitivity as.

S =
1θ res

1n
(12)

To evaluate the overall efficacy of SPR sensors, a number
of additional crucial factors must be considered. Full width
at half maximum (FWHM), Quality Factor (QF), Figure of

Merit (FOM), and Detection Accuracy (DA) are frequently
used to evaluate the performance of SPR sensors [10], [11].
These parameters are described as follows -

FWHM = (θmax − θmin) (13)

QF =
S

FWHM
(14)

FOM = S ×
1 − Rmin
FWHM

(15)

DA =
1

FWHM
(16)

E. SENSOR CALIBRATION, MAINTENANCE AND
OPERATIONAL RANGE
The specific target of this work is to design a highly accurate
and sensitive SPR sensor for water salinity detection. For
this reason, the proposed sensor is designed by analysis
and calibrated with a known data set for accurate detection,
and precision measurement, and obtained very high overall

VOLUME 11, 2023 130607



K. M. Ishtiak et al.: Graphene-Based SPR Sensor for Water Salinity Concentration Detection

FIGURE 5. Thickness of Ag and Si layer variation based on minimum reflectance considering ZnO (10nm), Graphene (0.34nm) layers are kept fixed
(a) 633 nm wavelength source and 1% salinity, (b) 720 nm wavelength source and 1% salinity, (c) 633 nm wavelength source and 30% salinity,
(d) 720 nm wavelength source and 30% salinity.

performance parameters for the applied water sample. The
maximum accurate detection range of this sensor is 0% to
30% water salinity concentration, which is related 1.33 to
1.33699 refractive index variation of the applied water
sample. The proposed sensor can be used to detect and
measure any other object within the range of the refractive
index of the sample between 1.33 to 1.33699. Due to the
optimization of the sensor for only water salinity detection,
these refractive index ranges limit the detection range and
accuracy of the proposed sensor for other object detection
rather than water salinity.

Furthermore, if considering the water sample containing
other elements, or interfering with unwanted elements such
as chemical or biological agents, due to this condition the
sensor-obtained results may be varied differently for different
wavelengths of the input light sources. Because of the
presence of unknown or unwanted elements in the sample
water, the refractive index of the applied sample varied
by different random values for all five input wavelengths.

The measured data is now compared with the premeasured
calibrated data and the calculated percentage of salinity
concentration with a finite accuracy range. Therefore, in this
condition, the measuring accuracy may be decreased but the
probable value of the concentration level can be measured.

The durability of any device is a very important factor
for long-term use. Regular maintenance increases the per-
formance and longevity of the device. The proposed sensor
device can be used multiple times with high durability.
No further calibration and maintenance are needed for
multiple or long-term uses. Before using the sensor, the
sensing layer only needs to be cleaned by using acetone
or purified water as regular maintenance. Which indicates
very low operational costs and very high usability in any
environment.

The power consumption of the sensor related to the laser
sources, reflected light detector and the processing unit. Due
to advance of modern electronics, all of these components
are operating around 6 to 12 volts DC supply with very
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FIGURE 6. Thickness of Ag and Si layer variation based on sensitivity considering ZnO (10nm), Graphene (0.34nm) layers are kept fixed (a) 633 nm
wavelength source and 1% salinity, (b) 720 nm wavelength source and 1% salinity, (c) 633 nm wavelength source and 30% salinity, (d) 720 nm
wavelength source and 30% salinity.

low amount of power consumption. Therefore, the proposed
sensor can be used as a portable device to measure the water
salinity concentration level.

III. OPTIMIZATION AND ANALYSIS OF DIFFERENT
PERFORMANCE PARAMETERS
In this section, the optimal thickness of each layer is
determined by observing the effect on the performance
parameters of the proposed device. The different perfor-
mance parameters such as Minimum Reflectance (Rmin),
Sensitivity (S), Quality factor (QF), etc. are considered to
identify the optimum thickness of each layer. Using angular
interrogation method and MATLAB iterative simulation, the
optimum thickness is determined by measuring the minimum
reflectance (Rmin). Here, the proposed structure is design
considering the value of Rmin less than 0.05 (normalized)
with achieving highest possible all others performance
parameters. The ANSYS Lumerical simulator was used to
conduct A Finite-Difference Time-Domain (FDTD) analysis,

which confirmed the accuracy of the analytical solution
obtained by means of the Transfer Matrix Method (TMM).
The outcomes from the two approaches were virtually
identical.

A. THICKNESS OPTIMIZATION OF DIFFERENT LAYER
The performances of any sensor are depending on vari-
ous performance parameters such as Sensitivity, Minimum
Reflectance, Full width at half maximum, Quality factor,
Figure of Merit, Detection Accuracy, etc. In addition to
enhanced the overall performance with maintaining the range
of the parameters, the structure needs to be optimized
by considering all performance parameters. The proposed
structure is based on five different layers including the prism.
Therefore, author optimized the proposed structure thickness
by considering all performance parameters using iterative
optimization method. Here, presented variation of Rmin and
S for minimum and maximum salinity concentration level
which is 0% and 30% with lower (633nm) to higher (720nm)

VOLUME 11, 2023 130609



K. M. Ishtiak et al.: Graphene-Based SPR Sensor for Water Salinity Concentration Detection

FIGURE 7. The impact of graphene and silicon layers on the proposed sensor (a) minimum reflectance versus incident light wavelength for 1%
water salinity concentration, (b) minimum reflectance versus incident light wavelength for 30% water salinity concentration, (c) sensitivity
versus incident light wavelength for 1% water salinity concentration, (d) sensitivity versus incident light wavelength for 30% water salinity
concentration.

incident light source wavelengths (λ). Here, the proposed
structure is design considering the value ofRmin less than 0.05
(normalized value) or 5% with achieving higher all others
performance parameters.

Fig. 3 and Fig. 4 shows the optimization of ZnO and
Ag layers based on the Rmin and S. Both figures show, the
minimum reflectance with optimum sensitivity achieved for
ZnO layer at thickness of dZnO = 10 nm and Ag layer at
thickness of dAg = 45 nm, considering Si (dSi = 2 nm)
and Graphene (dG = 0.34 nm) layers are kept fixed.
Fig. 3 shows, the Rmin is much more sensitive with Ag layer
thickness compare to ZnO layer thickness. Fig. 4 shows,
the S is increasing with increasing both Ag and ZnO layer
thickness.

Fig. 5 and Fig. 6 shows the optimization of Ag and Si
layers based on the minimum reflectance and sensitivity,
considering Ag (dAg = 45 nm) and Graphene (dG = 0.34 nm)
layers are kept fixed. Fig. 5(a) and Fig. 5(c) shows, the Rmin is
much more sensitive with Si layer thickness compare to Ag
layer thickness, when the incident light source wavelength
is 633nm. Fig. 5(b) and Fig. 5(d) shows, when the incident
light source wavelength is 720 nm the Rmin is more sensitive
with Ag layer thickness compare to Si layer thickness. Fig. 6
shows, the S is increasing with increasing both Ag and ZnO
layer thickness. Despite the fact that, the S is decreasing with
changing the thickness of Ag layer at thickness of dAg =

45 nm and Si layer at thickness of dSi = 2 nm shown in
Fig. 6(a) and Fig. 6(c). Therefore, the minimum reflectance
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FIGURE 8. Variation of graphene layers with incident light wavelengths, (a) minimum reflectance, and (b) sensitivity.

FIGURE 9. Temperature variation of proposed sensor, (a) minimum reflectance, and (b) sensitivity.

with optimum sensitivity achieved for Ag layer at thickness
of dAg = 45 nm and Si layer at thickness of dSi = 2 nm.

B. IMPACT OF GRAPHENE AND SILICON LAYER
The graphene creates a significant impact on sensitivity as
well as on minimum reflectance. Graphene layers or silicon
layers can be used to increase the sensitivity of a sensor,
which has been already mentioned and analysed by many
research articles [53], [86]. The impact of graphene and
silicon layers on the proposed sensor is presented graphically

in Fig. 7. The minimum reflectance and sensitivity of the
proposed structure are compared with the ‘proposed structure
without graphene layer’ and ‘proposed structure without
silicon layer’ to investigate the impact of graphene and
silicon layer. Fig. 7(a) and Fig. 7(b) presents the minimum
reflectance versus incident light wavelength for 1% and
30% water salinity concentration. The figure shows very low
minimum reflectance when both silicon and graphene are
considered as a part of the proposed structure. Without a
graphene layer, the value of minimum reflectance is very
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TABLE 2. Minimum Reflectance and Full Width at Half Maximum of the proposed sensor at different wavelengths and water salinity concentration.

TABLE 3. Sensitivity and Detection Accuracy of the proposed sensor at different wavelengths and water salinity concentration.

TABLE 4. Quality factor and Figure of Merit of the proposed sensor at different wavelengths and water salinity concentration.

high and increases rapidly with the increase of incident light
wavelength. This is not acceptable for any sensor design.
Without a silicon layer, the minimum reflectance is a slightly
higher value compared with the proposed structure. This
indicates that using a silicon layer also reduces the value of
minimum reflectance and improves the sensor performance.
Fig. 7(c) and Fig. 7(d) represent the sensitivity versus
incident light wavelength for 1% and 30% water salinity
concentration. Both figures show the proposed structure
obtained the highest value for all salinity concentrations
including for all five incident light wavelengths. The structure
without a graphene layer shows lower values of sensitivity for
all cases compared to the proposed structure. Therefore, using
a graphene layer increased the sensitivity of the proposed
structure.

C. PERFORMANCE ANALYSIS OF MULTIPLE GRAPHENE
LAYERS
Many researchers already focus on Graphene-based struc-
tures for sensors due to many promising advantages.
Graphene layers are used to increase the sensitivity of the
sensors. Fig. 8(a) shows the minimum reflectance variation
with incident light wavelength for different numbers of

graphene layers. The sensor without a graphene layer obtains
larger Rmin for higher incident light wavelengths, which is
a 0.17 to 0.29 normalized value. On the other side, the
proposed sensor with two and three graphene layers shows
much higher Rmin for lower incident light wavelengths.
This Rmin is decreasing with the increase of the incident
light wavelengths. Here, only single graphene layer-based
structure shows an overall low Rmin for any incident light
wavelengths with maintaining a higher sensitivity. Fig. 8(b)
represents the sensitivity of the sensor for graphene layer
variation. The S is moving to a higher value with an increment
of the graphene layer. In the meantime, the S is starting
to decrease with increasing the incident light wavelengths.
Therefore, a single graphene layer is selected for the sensor
to obtain a balanced low Rmin with maintaining a higher S.

D. EFFECT OF TEMPERATURE VARIATION
Temperature is an essential factor in any device performance.
In this work, a 20◦C fixed temperature is considered for all
salinity concentration levels and five different wavelengths
of incident light sources. The literature review, for 633nm
wavelength the refractive index of water varies from 1.333 to
1.3174 for 0◦C to 100◦C temperature variation [87]. Here,
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FIGURE 10. Comparison between proposed sensor performance with recent existing (a) sensitivity, (b) quality factor, (c) detection accuracy
and, (d) figure of merit.

for 1◦C temperature variation, the refractive index varies
0.000156 or 0.0156% only. The refractive index of each layer
also varies with temperature variation [71], [88], [89], [90],
[91], [92], [93], [94]. The variation of sensor performance
with temperature variation is presented in Fig. 9 (a) and
Fig. 9(b).

Fig. 9(a) shows, that the minimum reflectance of the
sensor is sensitive to temperature variation for all salinity
concentration levels. The value of minimum reflectance
of the proposed sensor is slightly higher when the sensor
operates near 0◦C temperature. The value of minimum
reflectance decreases exponentially with increasing the
sensor operating temperature. Fig. 9(b) shows the sensitivity
of the sensor decreases with increasing the sensor operating

temperature for all salinity concentration levels. Considering
both response curves, the proposed sensor obtained the best
measuring performance when the device operates between
15◦C to 40◦C temperature.

IV. RESULTS ANALYSIS AND PERFORMANCE
COMPARISON
The different performance parameters such as Rmin, FWHM ,
S, DA, QF and FOM of proposed SPR-based water
salinity concentration sensor are presented in Table 2-4.
All those performance parameters are measured for salinity
concentration variation of 0% to 30% including the incident
light source wavelength variation of 633nm to 720nm. For
633 nm wavelength, the obtained resonance angle is 82.48◦
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and 85.26◦, which is 2.78◦ variation for 0% to 30% water
concentration variation. Here the resonance angle varies by
0.092◦ for per percentile concentration variation. For 720 nm
wavelength, the obtained resonance angle is 77.04◦ and
78.5◦, which is a 1.46◦ variation for 0% to 30% water
concentration variation. Therefore, the resonance angle varies
by 0.048◦ for per percentile concentration variation. For
both lower and higher input wavelengths, those values are
significantly higher compared with relevant reference works
[10], [12]. In addition, those values also showed higher values
as compared to other recent SPR sensor devices [14], [27],
[48], [51].

From Table 2, the result shows that, the Rmin for all
measured condition is lower than 0.05 (normalized) value,
which is one of the required conditions for accurate
detection. Table 3 represent that, the S of the proposed
sensor is increase with salinity concentration increases and
decrease with incident light source wavelength increases.
Furthermore, the DA the proposed sensor is decrease with
salinity concentration increases and increase with incident
light source wavelength increase. The observation of other
performance parameters such as QF and FOM are represent
in Table 4. The results show, QF and FOM are almost same
value due to very low value Rmin. Both QF and FOM are
nearly same value with salinity concentration variation, and
increase with incident light source wavelength increases.

The comparison of performance parameters of proposed
water salinity concentration sensor with recent related works
are presented in Fig. 10(a) to Fig. 10(d). All those perfor-
mance parameters are compared for maximum to minimum
range including the average values of all measured condition.
Fig. 10(a) shows that, the proposed sensor achieved 30.4%
to 35.96%, 97% to 172.91% and 100.94% to 174.5%
increased S compared to existing work 1, existing work 2 and
existing work 3. Fig. 10(b) present that, the proposed SPR
sensor is more selective and accurate for detection due to
55.67% to 75.57%, 289.75% to 316.49% and 283.14% to
307.47% higher QF compared to existing work 1, 2 and 3,
respectively.

The proposed structure obtained 0.199 to 0.498 (deg−1)
DA which is 21.34% to 32.53%, 23.48% to 159.11% and
19.04% to 153.83% enhanced range compared to existing
work 1, 2 and 3, respectively. The detection accuracy
is directly related to the angle difference of a particular
reflectivity curve when a sample is applied to the sensor
for measurement with a single input source. For any sensor,
a high value of detection accuracy means sharper the SPR
spectral curve which indicates more reliability and accuracy
of the device for measurement or detection. In addition,
the detection accuracy is not only measuring or detecting
parameters used for measurement and detection. For accurate
detection with precision measurement, all other parameters
such as Sensitivity, Minimum reflectance, Quality Factor,
and Figure of Merit are also simultaneously measured. All
measured parameters are compared with pre-measured data
for final output.

The FOM factor is depending on both Minimum
Reflectance and Quality factor. Table 2-4 shows, the structure
obtained very low Rmin which is below 5% for all measuring
condition. As a result, the sensor achieved higher value of
FOM which is 48.48% to 102.82%, 271.68% to 296.01% and
265.1% to 288.22% enhanced compared to existing work 1,
2 and 3, respectively. Therefore, the proposed SPR salinity
concentration sensor is shows very high overall performance
with working five different input source wavelengths which
make the sensor much more accurate, efficient, reliable to
detect water salinity concentration.

V. CONCLUSION
In this work, a new Graphene-based surface plasmon
resonance sensor is presented for rapid water salinity
concentration detection. The proposed sensor is optimised to
operate for five different wavelength of input light sources.
This new multiple source technique significantly increases
the detection precision of the sensor, and meantime improve
the overall performance of the sensor to detect the water
salinity concentration. The sensor can detect water salinity
concentration of any water sample by measuring different
performance parameters and compare with previously mea-
sured data to identify the salinity level with high accuracy.
The proposed SPR sensor achieved very high Sensitivity
of a range of 197 to 397.71 (deg./RIU) with maintaining
very low minimum reflectance, which is 0.05 (normalized)
for whole salinity detection range. The sensor attains higher
range of Quality Factor as 79.01 to 99.50 (1/RIU) and
Figure of Merit of 75.04 to 94.82, due to very low value
of minimum reflectance. The sensor also covers a wide
range of detection accuracy of 0.199 to 0.498 (1/deg.),
which is significantly higher value compare to the relevant
recent works. Additionally, the proposed sensor demonstrated
remarkably improved overall performances with five times
increased detection precision compared to recent sensors.
Therefore, this proposed SPR-based sensor for measuring the
salinity level of water exhibited highest sensitivity, quality
factor, figure of merit and detection accuracy.
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