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Abstract
This paper presents a performance comparison of heterostructure surface plasmon reso-
nance (SPR) biosensors for the application of Novel Coronavirus SARS-CoV-2 diagno-
sis. The comparison is performed and compared with the existing literature based on the 
performance parameters in terms of several prisms such as  BaF2,  BK7,  CaF2, CsF,  SF6, 
and  SiO2, several adhesion layers such as  TiO2, Chromium, plasmonic metals such as Ag, 
Au, and two-dimensional (2D) transition metal dichalcogenides materials such as BP, Gra-
phene,  PtSe2  MoS2,  MoSe2,  WS2,  WSe2. To study the performance of the heterostructure 
SPR sensor, the transfer matrix method is applied, and to analyses, the electric field inten-
sity near the graphene-sensing layer contact, the finite-difference time-domain approach is 
utilized. Numerical results show that the heterostructure comprised of  CaF2/TiO2/Ag/BP/
Graphene/Sensing-layer has the best sensitivity and detection accuracy. The proposed sen-
sor has an angle shift sensitivity of 390°/refractive index unit (RIU). Furthermore, the sen-
sor achieved a detection accuracy of 0.464, a quality factor of 92.86/RIU, a figure of merit 
of 87.95, and a combined sensitive factor of 85.28. Furthermore, varied concentrations 
(0–1000 nM) of biomolecule binding interactions between ligands and analytes have been 
observed for the prospects of diagnosis of the SARS-CoV-2 virus. Results demonstrate that 
the proposed sensor is well suited for real-time and label-free detection particularly SARS-
CoV-2 virus detection.

Keywords Biosensor · Finite-difference time-domain (FDTD) · SARS-CoV-2 virus · 
Surface plasmon resonance · 2D materials · Transfer matrix method

1 Introduction

The severe acute respiratory syndrome coronavirus 2 (SARSCoV2) is a dangerous and 
infectious single-stranded ribonucleic acid (RNA) virus that causes respiratory illness in 
humans. SARS-CoV-2 is a coronavirus strain that the World Health Organization (WHO) 
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has declared a worldwide pandemic due to its role in the ongoing COVID-19 (Coronavi-
rus disease 2019) pandemic (Qureshi et al. 2021; Douedi and Miskoff 2020). So far, over 
626 million people have tested positive for COVID-19, and over 6.56 million have died 
as a result of the virus (World Health Organization 2022). Notably, malignant variants of 
SARS-CoV-2 have emerged, including alpha (B.1.1.7), beta (B.1.351), gamma (P.1), delta 
(B.1.617.2), delta plus (B.1.617.2.1/ (AY.1), and omicron (B.1.1.529). All variants have 
four important proteins: spike glycoprotein (S), nucleocapsid protein (N), an envelope 
protein (E), and membrane protein (M). spike glycoproteins are divided into two subunits 
known as S1 and S2 proteins. The S1 protein is primarily responsible for interacting with 
the human angiotensin-converting enzyme 2 (ACE2) host cell receptor, whereas the S2 
protein is responsible for membrane fusion (Hassanpour and Nikbakht 2021; Astuti and 
Ysrafil 2020; Wong et al. 2004; Huang et al. 2020; Weir 2020). More intriguingly, in the 
new variants of SARS-CoV-2, the significant changes naturally acquired in the spike muta-
tion more effectually attach to the human ACE2 receptor, and these new variants become 
a more contagious virus. The human ACE2 receptor access the SARS-CoV-2 virus S pro-
tein to enter the cell, the virus spreading by replicating the genome sequence and causing 
immense damage to the brain, heart, kidneys, liver, lung, and spleen. Accordingly, the neu-
tralization of virus S protein is the main target in clinical research. Additionally, permitted 
vaccination, early diagnosis, and supervision are crucial for preventing the COVID-19 pan-
demic. In Bangladesh, over 318 million vaccine doses have been delivered (World Health 
Organization 2022), and current statistics show that immunizations provide effective pro-
tection against the COVID-19 virus and mortality. The changes in the SARS-CoV-2 strains 
resulted in lower strain coverage tests and false-negative PCR test findings. Many ways 
for identifying SARS-CoV-2 viruses are known in the literature, however significant com-
plexities limit their practical use. These complexities have low detection accuracy and sen-
sitivity, are dependent on sample preparation and sanitization, are time-consuming, require 
advanced instruments and accessories, have a high maintenance cost, are available on a 
large scale, require technically qualified personnel, and are not suitable for rapid, real-time 
analysis.

Recently SPR is one of the most promising and susceptible optical-based sensing 
devices which is used to identify SARS-CoV-2 viruses due to its very high sensitivity and 
more user-friendly mechanism (Talebian et al. 2020; Akib et al. 2021; Pandey et al. 2022; 
Nor et al. 2021; Lim et al. 2021; Mostufa et al. 2022a; Maddali et al. 2021; Chen et al. 
2021). Furthermore, this sensor has practically been implemented for multiple applications 
(Alharbi et al. 2019; Nangare and Patil 2021; Mostufa et al. 2021, 2022, 2022b), for exam-
ple (Chaudhary et al. 2021; Thakallapelli et al. 2016; Campbell and Kim 2007; Englebi-
enne et  al. 2003; Kitenge et  al. 2009; Zhang et  al. 2007; Nielsen et  al. 2000). However, 
researchers are still working on the development of new structures and designs to form 
a sophisticated SPR sensor in different sensing applications (Zhang et  al. 2022; Eslami-
Kaliji et al. 2022). SPR-based sensors are used in most biomedical detection due to their 
susceptibility to the sensing medium’s refractive index (RI) change that is in direct con-
tact with SPR-based sensor metal films (Dai et al. 2019; Bochenkov et al. 2013). The SPR 
sensor works on the basis of the oscillations of the free electrons, which is also known as 
surface plasmon (SP). In surface plasmon (SP) mode, the interaction between the dielec-
tric medium and metal occurs because of having an opposite real value of dielectric con-
stants resulting in free-electron oscillations (Dai et al. 2019). When a TM or p-polarized 
light incident on the prism and reflects from the metal film, it excites the surface plas-
mons and generates oscillations of electrons. The SP wave (SPW) responds to changes 
in the analyte’s refractive index. The SPR curve, which relates reflectance to incidence 
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angle, is particularly sensitive to changes in the sensor interface’s refractive index. The 
SPR signal will fluctuate dramatically in response to even a little change in the sensing 
medium’s refractive index. High sensitivity is needed for an SPR biosensor to perform 
well. For resonance or SPR angle conditions, the output reflectance intensity is reduced to 
a minimum level due to the maximum electron excitation of surface plasmons (SP). Due 
to strong localization and exponentially decaying evanescent waves over the metal film 
interface (Dey et  al. 2021; Nisha et  al. 2019). The traditional Kretschmann arrangement 
of simple metal does not have the same sensing capabilities as today’s hybrid construc-
tion. This is due to the fact that a metal layer alone cannot absorb larger excitations of light 
energy. However, transition metal dichalcogenides (TMDC) materials may absorb more 
light energy because their dielectric constant has a large real part and a small imaginary 
part value, resulting in intense light-matter interaction. Furthermore, a metal layer coated 
with TMDC materials improved the sensor’s detecting stability (Maurya et al. 2018). Two-
dimensional (2D) materials such as graphene, black phosphorus (BP), and TMDCs (MoS2, 
WS2, MoSe2, WSe2) have received a lot of attention in recent years due to their unique 
electrical and optical properties. The use of graphene and TMDCs in sensing technolo-
gies has sparked widespread attention. Many studies have already proposed hybridization 
of the prism-coupled structure using the Kretschmann configuration to improve sensor 
detection accuracy, sensitivity, and speed (Katyal and Soni 2014). Moreover, the improve-
ment of device performance utilizing a hybrid structure had also been reported by many 
researchers (Rahman et al. 2017; Hasib et al. 2019; Maurya et al. 2015a). For instance, the 
extremely sensitive graphene-based SPR sensor suggested by Wu et al. (2010) is capable 
of enhancing the overall sensitivity to 25%. Again, based on graphene-MoS2 Zeng et al. 
(2015) suggested SPR nanostructured biosensors with enhanced sensitivity, and Ouyang 
et al. (2016) illustrated TMDC / Silicon nano-sized SPR sensors. Finally, the author, Rah-
man et al. (2020) had shown sensitivity increment using the heterostructure of WS2 layer 
with gold (Au) as plasmonic material to improve sensitivity significantly. Therefore, all 
these previously reported works suggested that the TMDCs with graphene are outstanding 
candidates for sensitivity enhancement of the Kretschmann configuration SPR-based sen-
sors. The performance of these nanostructure devices has greatly increased as a result of 
recent advancements in nanostructure production technology. As a result, the Kretschmann 
configuration structure-based angle interrogation approach has emerged as the most prom-
ising method for a variety of sensing applications (Ahmadivand et al. 2016; Chamoli et al. 
2020). From the comparison with some recently reported hybrid SPR-based sensor sensing 
parameters, our proposed model exhibits the highest sensitivity. For instance, Wang et al. 
(2017) proposed a prism/Ag/Au/  WS2/graphene material layered sensor with angular sen-
sitivity of 182.5 deg/RIU where our proposed model exhibits 202.82 deg/RIU. Similarly, 
Lin proposed a hybrid Prism/Au/MoS2/WS2/WSe2 material layer sensor with angular shift 
sensitivity of 142  deg/RIU (Lin et  al. 2020). Again, M. Mahbub et  al. proposed a  WS2 
layer interrogation sensor prism/Ag/  PtSe2/WS2 material layered and showed maximum 
sensitivity of 194 deg/RIU (Rahman et al. 2020). Finally, to measure urine glucose with 
angular shift sensitivity of 194.12 deg/RIU (Mudgal et al. 2020) using prism/  MoS2/h-BN/
graphene material layered structure, N. Mudgal et  al. reported a hybrid structure having 
four-layer that consists of molybdenum disulfide  (MoS2), h-BN (hexagonal boron nitride), 
Au, and graphene.

Furthermore, because of its wide range of adjustable direct bandgap, high carrier mobility, 
and remarkable electrical, optical, and phonon characteristics, black phosphorus (BP), a poten-
tial new 2D material, has received a lot of interest since it was introduced to the 2D material 
family in 2014 (Dai et al. 2019). When a few-layer BP is deposited on the surface of a metal 
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film, the significant real component of its refractive index results in a notable improvement in 
sensitivity. We covered the metal film used in this research with heterostructures of few-layer 
BP/graphene to boost its sensitivity. Furthermore, the graphene layer on the sensor surface 
has good conductivity as well as the capacity to stably adsorb biomolecules. The abundant 
carbon-based rings in biomolecules are the primary cause of a biomolecule’s absorption by 
a graphene layer. The p-stacking interactions between graphene hexagonal cells and carbon-
based ring structures are frequently prevalent in bio/nano-molecules in addition to possessing 
a unique chemical structure (Song et al. 2010; Artiles et al. 2011).

To find the best-optimized sensitivity and detection accuracy of the proposed sensor 
has been analyzed with different prisms  (BaF2,  BK7,  CaF2, CsF,  SF6, and  SiO2) for light 
coupling, an adhesion layer  (TiO2, Chromium), plasmonic metals (Ag, Au), two-dimen-
sional (2D) and transition metal dichalcogenides (TMDCs) materials (BP, Graphene,  PtSe2 
 MoS2,  MoSe2,  WS2,  WSe2) materials. From the comparative analysis, it has been found 
that  CaF2/TiO2/Ag/BP/Graphene/Sensing-layer structure of the proposed sensor achieved 
the maximum angular shift sensitivity up to 390°/refractive index unit (RIU). In addition, 
the sensor acquired a detection accuracy (DA) of 0.464, a quality factor (QF) of 92.86/RIU, 
a figure of merit (FOM) of 87.95, and an overall SPR’s combined sensitive factor (CSF) of 
85.28. Additionally, it has also been demonstrated that the proposed sensor can diagnose 
the SARS-CoV-2 virus by detecting the binding interactions between specified ligands and 
various concentrations of target analytes.

The main contributions of this article are:

• The highly sensitive heterostructure  (CaF2/TiO2/Ag/BP/Graphene/Sensing-layer) SPR 
sensor is proposed for the detection of target biomolecules.

• The high plasmonic properties-based 2D TMDC materials have been utilized in the 
proposed SPR sensor.

• The heterostructure SPR sensor has been comprehensively investigated with differ-
ent prisms, plasmonic metals, an adhesion layer, and 2D TMDC materials layers to 
increase the performance, sensitivity, and detection accuracy.

• The strategy has been well-defined for the detection of the SARS-CoV-2 virus.
• Finally, the output results are assessed during the adsorption of target analytes. The 

results show the proposed sensor is well suited for real-time and label-free detection 
particularly SARS-CoV-2 virus detection.

The paper is organized as follows: Sect. 2 emphasizes the proposed sensor modeling, 
TMM algorithm, and performance measuring parameter used to analyze the proposed sen-
sor. Section 3 introduces the FDTD technique to analyze the performance of the proposed 
sensor. Section 4 shows results under a variety of scenarios. Section 5 describes the target 
analytes for the detection of the SARS-CoV-2 virus, Sect. 6., describes the real-time detec-
tion techniques of target analytes, respectively, and Sect. 7 brings this work to a conclusion.

2  Sensor design and numerical modeling

2.1  Design of the proposed sensor 

The purpose of using  CaF2 layer is a high competitor for prism substrate in SPR sensors 
and contains many features such as high transmission (above 90%) of the incident light at 
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the metal surface, less Fresnel loss, small dispersion, and less temperature dependence of RI 
(Malitson 1963; Saad 2009; Yadav and Jain 2016). The second layer, titanium dioxide  (TiO2) 
is used as an adhesion thin film to provide strong interaction between the prism and plasmonic 
metal layer, enhance the RI sensitivity, and tune the resonance wavelength (Panda and Pukh-
rambam 2021; Singh and Prajapati 2020; Wang et al. 2019). Principally, a silver (Ag) layer is 
used as a plasmonic metal substrate. Notably, black phosphorus (BP) is a new auspicious 2D 
material and holds excellent optoelectrical and phonon properties, such as widely tunable and 
direct bandgap, higher carrier mobility, electronic bridging, and stronger binding of receptors 
and analytes (Nangare and Patil 2023; Wu et al. 2017). Fascinatingly, BP-coated nanostruc-
ture molecular sensing responses are 40 times faster than other 2D materials (Nangare and 
Patil 2023). The graphene film is coated on the surface of the BP thin film as a biomolecule 
recognition element (BRE). Remarkably, the graphene layer has high conductivity, high car-
rier mobility, van der Waals force bond, and improved biomolecule absorption on the sens-
ing surface due to its π–π stacking with the carbon ring-based lattice structure of the analytes 
(Nangare and Patil 2023; Zhu et al. 2021). The proposed structure of the SPR sensor has been 
shown in the schematic diagram of Fig. 1. As well, the polarizers play an important role in 
SPR systems. They help align the incident light into a linear polarization before it reaches 
the SPR structure, allowing for more precise and accurate measurements. SPR only occurs 
in linearly polarized light, and the use of a polarizer helps eliminate any confusion caused by 
randomly polarized light, enhancing the sensitivity and reliability of SPR readings. At a par-
ticular incident wavelength (λ) of 632.8 nm on the prism, the RI of the  CaF2 prism and  TiO2 
adhesion layer can be calculated through the ensuing (1) and (2) as follows (Panda and Pukh-
rambam 2021; Kushwaha et al. 2018):

Similarly, At a wavelength (λ), the RI of plasmonic metal (Ag or Au) can be com-
puted from the Drude–Lorentz model (Rahman et al. 2020, 2021; Panda and Pukhram-
bam 2021; Wu et al. 2017; Jia et al. 2019, 2022):

(1)nCaF2 =

√
1 +

0.567888λ2

λ2 − 0.05026362
+

0.471091λ2

λ2 − 0.1003902
+

3.848472λ2

λ2 − 34.6490402

(2)nTiO2
=

√
5.913 +

0.2441

λ2 − 0.0803

Fig. 1  Schematic diagram of the 
proposed six-layered  (CaF2/TiO2/
Ag/BP/Graphene/Sensing-layer) 
SPR sensor for diagnosis of 
biomolecules
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In (3), Λc and Λp denote the collision and plasma wavelengths, respectively. The val-
ues of Λc and Λp for Ag are 1.7614 ×  10–5 m and 1.4541 ×  10–7 m.

The TMDC materials form a van der Waals force with a graphene layer, which is 
used to enhance absorption and sensitivity. The RI of other layers consisting of TMDC 
materials is collected from the reference (Panda and Pukhrambam 2021; Park et  al. 
2012). Moreover, the refractive index of TMDCs (Ouyang et al. 2016; Wu et al. 2017) 
at λ = 632.8  nm is shown in Table  1. Furthermore, the multi-Lorentzian function is 
employed to acquire the dielectric function of  MX2, which can be specified as (Panda 
and Pukhrambam 2021; Gan et al. 2019). The wavelength dependent on the dielectric 
function of  MoSe2,  WSe2,  MoS2, and  WS2 monolayer can be fitted by the multi-Lorent-
zian model:

In (5), E(eV) = 1.2398∕�(�m) represents the photon energy, the model parameters 
fm , Em and �m signify the oscillation strength, resonance energy, and spectral width of 
mth oscillation respectively and their values can be computed from the experimental 
data presented (Kravets et al. 2017). Additionally, graphene’s hexagonal-shaped ordered 
carbon atoms structure ensures good contact with the analyte or biological sample mol-
ecules, increasing the sensitivity of the suggested sensor as a 2D material. The contact 
between the probe ligands and the graphene layer is increased. The ligand can be immo-
bilized on a graphene surface using PBASE. The following expression can be used to 
calculate the RI of the graphene layer at 632.8 nm:

The refractive index of the sensing medium is taken as ns of 1.3348 + Δn (Here, 
Δn = 0.005 ), where ∆n is the change of the refractive index in the sensing medium due 
to the occurrence of a biological or biochemical interaction. The authors in reference 
(Akib et al. 2021; Chabot et al. 2012; Isaacs and Abdulhalim 2015) present information 
on the formation of various thin film layers utilizing contemporary methods including 
sol–gel, sputtering, physical vapor deposition (PVD), and chemical vapor deposition 
(CVD). The paper also offers comprehensive details on the procedures and evalua-
tion of the different thin films as well as a concise explanation of the possible method 
for attaching the specific probe ligand to the sensor surface for interaction with target 
biomolecules.

(3)nmetal =

√
1 −

Λcλ
2

Λ2
p
(Λc + iλ)

(4)nAg =

√
1 −

(1.7614 × 10−5)λ2

(1.4541 × 10−7)
2
(1.7614 × 10−5 + iλ)

(5)�(E) = 1 +

N∑
m=1

fm

E2
m
− E2 − iE�m

(6)nG = 3.0 +
iC1λ

3
, (C1 ≈ 5.446 μm−1)
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2.2  Numerical modeling for simulation

2.2.1  Reflectivity  (Rp) calculation

In this work, the proposed sensor structure  (CaF2/TiO2/Ag/BP/Graphene/Sensing–layer) 
is based on the renowned Kretschmann’s attenuated total reflection (ATR) structure. 
The light incident at the prism-metal interface and totally reflected from the base of the 
 BK7 prism. The reflective intensity of the proposed Fresnel N-layer model is calculated 
by using the transfer matrix method (TMM). However, for analyzing the proposed sen-
sor, the boundary conditions of the tangential component are considered with the initial 
limit of Z = Z1 = 0, and the final limit of ZN−1, thereby giving rise to (7) can be followed 
as:

In (7), E1, EN−1 and H1, HN−1 indicate the tangential electric and magnetic field com-
ponents of the first and the Nth layers, respectively. Fij denotes the transfer matrix attrib-
ute of the Fresnel N-layer model. For the TM light, the transfer matrix attribute can be 
described by:

In (9–12), εk , βk , θk , dk  are the dielectric constant, phase constant, angle of an 
entrance, and depth of the kth layer, respectively. In accordance with Fresnel’s equa-
tions, the complex reflection coefficient ( rp ) of p-polarized TM incident electromagnetic 
field can be expressed by,

In (13), q1 and qN represents the relative components of the first layer and the Nth layer 
respectively. Therefore, the system reflectivity Rp for the p-polarized incident light can then 

(7)
[
E

H

]
= Fij

[
EN−1

HN−1

]

(8)Fij =

[
N−1∏
K=2

Fk

]

ij

=

[
F11 F12
F21 F22

]

(9)With, Fk =

[
cos �k (−i sin �k)∕qk

−iqk sin �k cos �k

]

(10)βk =
2πdk

λ

√
(εk − n2

1
sin2θ1)

(11)qk =

√
μk

εk

(12)cosθk =

√
(εk − n2

1
sin2θ1)

εk

(13)rp =

(
F11 + F12qN

)
q1 −

(
F21 + F22qN

)
(
F11 + F12qN

)
q1 +

(
F21 + F22qN

)



A performance comparison of heterostructure surface plasmon…

1 3

Page 9 of 38 448

be obtained by taking the square of the reflection coefficient rp . The reflection intensity of 
p-polarized incident light can be denoted as (Nurrohman and Chiu 2020):

The propagation constant ( βspw ) of SPW is changed with the immobilization of analytes in 
the sensing region. This propagation constant can be described as:

In (15), nm and na represent the RI of the plasmonic material and the sensing medium, 
respectively. The ratio of reflectance and incidence angle is familiar to the SPR curve. The 
incident angle is recognized as the θSPR , which can be expressed as:

In (17), nTiO2
, nAg, nBP, nG, and nS are the RI of the  TiO2, Ag, BP, and graphene thin film, 

respectively. Here, De Moivre’s formula (Cho 1998; Lial et al. 2012) is used to calculate the 
nth roots of complex numbers. It is also employed in the examination of the reflection of light 
at surfaces. By utilizing De Moivre’s formula, the reflection coefficient can be expressed as a 
complex number, making the analysis and visualization of the material’s reflection behavior 
easier.

2.2.2  Performance measuring parameters

The proficiency of the SPR sensors is categorized on the basis of sensitivity (S), full width at 
half maximum (FWHM), DA, FOM, QF and CSF parameters. Sensitivity, quality factor, and 
detection accuracy are considered the most important sensing parameters to judge the perfor-
mance of a sensor. The angular sensitivity (S) is described as the ratio of change in the SPR 
angle (∆θres) to the variation in analyte RI (∆n), which can be expressed as below (18). 

The FWHM indicates the linewidth of the SPR reflectance curve. The narrower FWHM 
indicates detecting the specific resonance angle shift more accurately. Therefore, it is cru-
cial to maintain FWHM as minimum as possible because depending on FWHM other 
parameters DA, Quality factor, FOM, and CSF also vary. 

(14)Rp =
|||r

2
p

|||

(15)βspw =
2π

λlight

√
n2
m
n2
a

n2
m
+ n2

a

(16)θSPR = sin−1
⎛⎜⎜⎝

1

nPrism

�
n2
m
n2
a

n2
m
+ n2

a

⎞⎟⎟⎠

(17)θSPR = sin−1

⎛⎜⎜⎜⎝
1

nCaF2

5

����� n2
TiO2

n2
Ag
n2
BP
n2
G
n2
s

n2
TiO2

+ n2
Ag

+ n2
BP

+ n2
G
+ n2

s

⎞⎟⎟⎟⎠

(18)S =
Δ�SPR

Δns
[deg/RIU]

(19)FWHM = Δ�0.5 [deg]
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Again, the quality factor (QF) is measured by dividing angular sensitivity by the full 
width half maximum (FWHM) of the SPR curve, which is expressed as, QF (RIU−1) (20). 

The detection accuracy (DA) is computed as the ratio of ∆θSPR and FWHM (Panda and 
Pukhrambam 2021; Rahman et  al. 2021, 2017; Yesudasu and Pradhan 2021; Akib et  al. 
2021). 

The Figure of Merit (FOM) is another scale used to determine the sensing efficiency. 
The ultimate goal is to find the optimal combination of materials, design, and conditions 
that result in a high FOM, signifying high efficiency, sensitivity, and overall performance, 
The expression of FOM can be found in Eq. (22).

Eventually, the CSF provides a comprehensive evaluation of the sensor’s quality and 
performance, taking into account various aspects such as sensitivity, stability, and selec-
tivity. In other words, the overall performance of the sensor is represented by the CSF, as 
stated in Eq. (23) (Yesudasu and Pradhan 2021).

3  FDTD method for the proposed sensor

The finite-difference time domain (FDTD) is a numerical technique to analyze the electro-
magnetic field of the proposed sensor by using commercial Lumerical FDTD solutions. In 
the FDTD technique, the YEE algorithm is applied to solve Maxwell’s equation. Figure 2 
shows the proposed SPR sensor  (CaF2/TiO2/Ag/BP/Graphene/-Sensing–layer) structure 
design in Lumerical FDTD solution. The objects editor of the FDTD technique sets the 
mesh as a non-uniform mesh and all other utilized parameters as default to enhance accu-
racy. The perfectly matched layer (PML) absorbing boundary conditions are set to absorb 
incident light with minimum reflections, and the DFT monitor is set to evaluate the reflec-
tion and transmission. Notably, the simulation time is set to 1000 (fs) at temperature 300 K, 
background RI is set to 1.00, and the angle of incidence sweep from 30° to 70° angle. 
Moreover, the design parameters for the proposed sensor are manifested in Table 2. 

In reference (Akib et al. 2021), the correlation between the TMM and FDTD analysis was 
revealed for SPR sensor analysis. The FDTD simulation provides a visual representation of 
electric and magnetic field propagation, making it a better option for observing the impact of a 
multi-layered SPR structure. The proposed sensor underwent a numerical investigation using 
both TMM and FDTD methods, with the TMM encrypted in MATLAB using the TMM algo-
rithm. The performance of the proposed sensor was validated using TMM and confirmed with 
FDTD, both resulting in similar results for detecting the SARS-CoV-2 virus.

(20)QF =
S

FWHM

[
RIU−1

]

(21)DA =
Δ�SPR

FWHM

(22)FOM =
S ×

(
1 − Rmin

)
FWHM

(23)CSF =
S ×

(
Rmax − Rmin

)
FWHM
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4  Results and discussion

4.1  Effect of different prisms on sensing performance (Prism/Ag/Analyte—1.3348)

The purpose of using  CaF2 layer is a high competitor for prism substrate in SPR sensors and 
contains many features such as high transmission (above 90%) of the incident light at the metal 
surface, less Fresnel loss, small dispersion, and less temperature dependence of RI (Malitson 
1963; Saad 2009; Yadav and Jain 2016). The effect of  BaF2,  BK7,  CaF2, CsF,  SF6, and  SiO2 
prism material for the Prism/Ag/Analyte (1.3348) structure has been shown in Fig. 3 and the 
data are tabulated in Table 3.

The SPR curves exhibit the resonance angle change for  BaF2,  BK7,  CaF2, CsF,  SF6, and 
 SiO2 prism and for  CaF2 the highest sensor parameters are observed. From the numerical 
results comparing various prisms, it has been obtained that the  CaF2 prism exhibits the highest 
sensors sensitivity and minimum reflectance, as shown in Fig. 3a, as well as it can be inferred 
that the prism is  CaF2 the best-suited coupling substrate amongst the other discussed prisms 
for achieving significantly enhanced angular sensitivity, FOM, DA, QF, and CSF, as shown in 
Fig. 3b–d.

4.2  Effect of second layer on sensing performance  (CaF2/2nd Layer/Ag/
Analyte—1.3348)

To find the best adhesion layer sensing performance the numerical analysis has been car-
ried out by adding  TiO2 and Chromium (Cr). The obtained result for  CaF2/2nd Layer/Ag/
Analyte structure has been shown in Fig. 4 and the results data tabulated in Table 4. In 
Fig. 4a, it is clearly seen that adding  TiO2 as a second layer shows the highest sensitivity 
and minimum reflectance intensity. Moreover, the DA and FOM exhibited by  TiO2 com-
pared to chromium are much higher as well as the highest QF and CSF are achieved, as 

Fig. 2  The proposed SPR sensor in FDTD solution
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shown in Fig. 4b–d. So, from the results, the  TiO2 is perfect as the second layer as it exhib-
its the highest sensor performance.

4.3  Effect of different metal layers on sensing performance  (CaF2/  TiO2/Metal (Au, 
Ag)/Analyte—1.3348)

The charge carrier densities of metals play a very important role in SPs generation. Not 
only that, but metal’s behavior in the outside environment also affects sensor perfor-
mance. The effects of different plasmonic metals (Au, Ag) on the proposed SPR sensor 
are shown in Fig. 5a–d, and obtained results are tabulated in Table 5. The numerical 
result shows that Au exhibits high angular shift sensitivity compared to Ag however 
other crucial sensor parameters such as FOM, DA, QF, and CSF reduce drastically 
using Au. Therefore, considering overall sensor performance, Ag is taken as a plas-
monic layer and after adding 2D and TMDC material in the next section the proposed 
sensor has managed to achieve desired angular sensitivity with the highest DA, FOM, 
QF, and CSF.

Remarkably, In Fig.  5a, the Au layer has the highest sensitivity, but in terms of 
detection accuracy, FOM, QF, and CSF, the Ag layer has best optimized performance, 
as shown in Fig.  5b–d. So, from the results, the Ag is taken as the plasmonic metal 
layer in the proposed SPR sensor.

Fig. 3   a Angular Sensitivity and minimum reflectance ( Rmin) , b DA and FOM, c SPR characteristic curve, 
and d Overall performance of SPR sensor for  BaF2,  BK7,  CaF2, CsF,  SF6, and  SiO2 prism, considering at 
sensing layer refractive index, ns of 1.3348
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4.4  Effect of fourth layer on sensing performance  (CaF2/  TiO2/Ag/2D‑TMDC/
Analyte—1.3348)

In the fourth layer, two-dimensional (2D) transition metal dichalcogenides (TMDs) 
materials (BP, Graphene,  PtSe2  MoS2,  MoSe2,  WS2,  WSe2) have been investigated to 
increase the sensitivity of the proposed sensor. Therefore, the each of BP, Graphene, 
 PtSe2,  MoS2,  MoSe2,  WS2, and  WSe2 materials have been analyzed as well as their 
number of layers to find the best sensor performance. All the obtained measurement 
results are tabulated in Table  6 and plotted in Fig.  6. By the comparison of each 
numerical result, it is found that BP having three-layer shows the highest sensitivity in 
comparison with Graphene,  PtSe2  MoS2,  MoSe2,  WS2, and  WSe2 as the fourth layer. 
In Fig. 6a, it is found that three-layer BP has the maximum sensitivity and minimum 
reflectance intensity, as well as the DA, FOM, QF, and CSF of the BP layer is the most 
raised value compared to other 2D TMDs materials, as shown in Fig. 6b–d.

4.5  Effect of fifth layer on sensing performance  (CaF2/  TiO2/Ag/BP*3L/2D‑TMDC/
Analyte—1.3348)

For further sensor parameter increment, a 2D TMDC layer is added on top of the BP layer 
to increase the sensitivity of the proposed sensor. From the numerical analysis results data 
tabulated in Table 7, from which it can be found that the highest sensitivity is obtained for 
the graphene monolayer as a fifth layer. Considering all the 2D-TMDC materials  MoS2, 

Fig. 4   a Angular sensitivity and minimum reflectance ( Rmin ), b DA and FOM, c Reflectance intensity and 
incident angle, and d Overall performance of SPR sensor for different adhesion (second) layer, considering 
at sensing layer refractive index, n

s
 of 1.3348
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 MoSe2,  WS2,  WSe2, Mxene, and graphene, the graphene shows the utmost performance as 
illustrated in Fig. 7a–d.

4.6  Effect of analyte on sensing performance

The sensitivity of the proposed SPR has been improved (from 250 º/RIU to 390 º/RIU), 
corresponding to the RI of the sensing medium (range from 1.3348 to 1.3398), as depicted 
in Fig. 8a. The DA and FOM increase from 0.118 to 0.438 and from 55.60/RIU to 75.93/
RIU, respectively, as shown in Fig. 8b. Eventually, the proposed sensor is able to provide 
a maximum sensitivity value of 390 º/RIU, which can be used for detecting the SARS-
CoV-2 virus. Moreover, the SPR curve characteristics (Δ�SPR) are assessed with the var-
ied RI (range from 1.3348 to 1.3398) for the different heterostructure SPR sensor model 
configuration of (i)  CaF2/Ag/Sensing-Layer, (ii)  CaF2/TiO2/Ag/-Sensing-Layer, (iii)  CaF2/
TiO2/Ag/BP*3L/Sensing-Layer, and (iv)  CaF2/TiO2/Ag/BP*3L/Graphene*1L/Sensing-
Layer as shown in Fig. 9a–d, respectively. From the plot, it is observed that the resonance 
angle change increases on the additional layers from SPR angle shift 1.15 deg to SPR angle 
shift 1.95 deg which contributes to the increment of the angular sensitivity for the analyte 
refractive index range.

Fig. 5   a Angular sensitivity and minimum reflectance ( Rmin ), b DA and FOM, c Reflectance intensity and 
incident angle, and d Overall performance of SPR sensor for different plasmonic metal (third) layer, consid-
ering at sensing layer refractive index, n

s
 of 1.3348
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4.7  Electric field analysis

The electric field intensity approaches its maximum value when the reflectance curve 
shows the minimum value of reflectivity. It is one of the crucial elements for detecting 
the target analyte on the sensor surface (Mostufa et al. 2022b) and for the proposed con-
figuration the intensified electric field is obtained. The electric field intensity and angle of 
incidence as a function of normal distance from the interface for each respective structure 
of SPR sensor have been plotted in Fig. 10. In comparison to other structures, it is found 
that the proposed sensor electric field intensity has more ability to strike the metal surface’s 
free electrons in the surface plasmon polaritons (SPPs) mode, which enhances the sensitiv-
ity and FOM. In addition, the added 2D TMDC materials over the plasmonic metal layer 
enhance the electric field intensity, which enhances the sensitivity by increasing the mobil-
ity of electrons. Figure 10a–d represents the behavior of the electric field intensity for the 
 CaF2/Ag/Analyte,  CaF2/TiO2/Ag/Analyte,  CaF2/TiO2/Ag/BP*3L/-Analyte, and  CaF2/TiO2/
Ag/BP*3L/Graphene*1L/Analyte structures respectively.

To ensure top-notch results from SPR biosensors, the analysis of loss profiles is cru-
cial. These biosensors detect target biomolecules by utilizing the light absorbed by the 
metallic nanoparticle-coated sensing layer. To minimize loss and improve performance, 
several approaches can be employed, such as increasing the refractive index (RI) of the 
sensing layer, adjusting its thickness, choosing an appropriate metal, selecting an appro-
priate wavelength range and angle of incidence, applying anti-reflection coatings on the 
surfaces of the sensor, and adding a protective layer. In the proposed sensor,  CaF2 is 
favored as a material that has demonstrated promise in this area due to its high light 

Fig. 6   a angular sensitivity and minimum reflectance ( Rmin ), b DA and FOM, c Reflectance intensity and 
incident angle, and d Overall performance of SPR sensor for different 2D (fourth) material, considering at 
sensing layer refractive index, ns of 1.3348
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transmission, reduced Fresnel loss, small dispersion, and low temperature dependence 
of its refractive index (Malitson 1963; Saad 2009; Yadav and Jain 2016). Furthermore, 
FDTD simulation provides information on light absorption and scattering in the sensor 
by simulating its electric and magnetic fields, which can be used to calculate the loss 
profile.

Finally, the output results are compared with some recently reported work and structure 
(year from 2018 to 2022) as tabulated in Table 8. From the comparison Table 8, it can be 
obtained that the resultant sensitivity of the proposed sensor is highest comparing all the 

Fig. 7   a angular sensitivity and minimum reflectance ( Rmin ), b DA and FOM, c Reflectance intensity and 
incident angle, and d Overall performance of SPR sensor for different 2D TMDs (fifth) material, consider-
ing at sensing layer refractive index, n

s
 of 1.3348

Fig. 8   a Sensitivity and Rmin , and b DA and FOM respected to refractive index (ns) of the sensing layer, 
considering ns of 1.3348 + Δn (Here, Δn = 0.005)
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sensor parameters. So, this proposed sensor is highly optimized and exhibits the highest 
sensor parameters which are very crucial for biological analyte detection.

5  Target analytes for detection of SARS‑CoV‑2 virus

To detect the SARS-CoV-2 virus, it’s essential to extract the virus RNA. The reverse tran-
scription polymerase chain reaction (RT-PCR) is the most commonly used technique to 
extract the RNA sequence for the SARS-CoV-2 virus. However, the RT-PCR technique is 
a long-time process (required ~ 4 h) to extract the RNA. To overcome this process, Wang 
et al. (2020) established a subsequent RT-PCR technique known as the pcMNPs technique 
for RNA extraction (required ~ 30 min). Generally, the SPR sensor surface is immobilized 
with specific probe RNA sequences to detect the specific RNA sequences. Theoretically, 
the SPR sensor is proposed to detect the SARS-CoV-2 virus, whereas, the sensor sur-
face can be immobilized with specific probe sequences to detect the SARS-CoV-2 virus 
RNA sequence. It’s possible to detect the different variants of the SARS-CoV-2 virus by 
the proposed sensor with specific probe ligands. In Table  9, primers and probe genome 
sequences are specified for the detection of different variants of the SARS-CoV-2 virus 
(Wee et al. 2020; Xu et al. 2020; Li et al. 2020). In addition, the entirely matching (mr) 
sequence and mismatching (wt) sequence with probe (sh) linker is tabulated. A specimen is 
considered COVID-19 test result is positive only if the target analytes (ins214EPE, L452R, 
and del69-70) are detected by the proposed SPR sensor. To detect the SARS-CoV-2 
virus, it’s essential to extract the virus RNA. The reverse transcription polymerase chain 

Fig. 9  Effect of each layer on the increment of the sensitivity structure: a  CaF2/Ag/Analyte, b  CaF2/TiO2/
Ag/Analyte, and c  CaF2/TiO2/Ag /BP*3L/Analyte d  CaF2/TiO2/Ag/BP*3L/Graphene*1L/Analyte for ana-
lyte change (1.3348–1.3398)
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reaction (RT-PCR) is the most commonly used technique to extract the RNA sequence 
for the SARS-CoV-2 virus. However, the RT-PCR technique is a long-time process 
(required ~ 4 h) to extract the RNA. To overcome this process, Wang et al. (2020) estab-
lished a subsequent RT-PCR technique known as the pcMNPs technique for RNA extrac-
tion (required ~ 30  min). Generally, the SPR sensor surface is immobilized with specific 
probe RNA sequences to detect the specific RNA sequences. Theoretically, the SPR sensor 
is proposed to detect the SARS-CoV-2 virus, whereas, the sensor surface can be immobi-
lized with specific probe sequences to detect the SARS-CoV-2 virus RNA sequence. It’s 
possible to detect the different variants of the SARS-CoV-2 virus by the proposed sensor 
with specific probe ligands. In Table 9, primers and probe genome sequences are specified 
for the detection of different variants of the SARS-CoV-2 virus (Wee et al. 2020; Xu et al. 
2020; Li et al. 2020). In addition, the entirely matching (mr) sequence and mismatching 
(wt) sequence with probe (sh) linker is tabulated. A specimen is considered COVID-19 test 
result is positive only if the target analytes (ins214EPE, L452R, and del69-70) are detected 
by the proposed SPR sensor.

There are various approaches available for detecting the COVID-19 virus. Table 10 dis-
plays the most commonly used test types for identifying the presence of the coronavirus.

6  Real‑time detection of target analytes

To detect the analytes, the specified probe ligands are generally immobilized onto the sen-
sor surface. The analyte flows onto the sensor surface through the phosphate buffer solution 
(PBS) as an effective viral transport medium. The refractive index (RI) of the sensing layer 
is changed with the immobilization of ligand analytes. In the simulation, the sensor surface 
RI ( ns)is1.3348 + Δn; where the RI of PBS (pH-7.4) is 1.3348 and Δn is fluctuating owing 
to the immobilization of different concentrations of ligand-analyte. The change in refrac-
tive index ( Δn ) can be computed as (Mostufa et al. 2022; Mudgal et al. 2020; Diéguez et al. 
2009; Cennamo et al. 2013),Δn = ca(dn∕dc) , where ca represents the concentration of the 
target analyte, and dn∕dc indicates the change in RI as the analyte concentration changes. 
Numerous studies in the literature, the refractive index increment parameters dn∕dc values 
for proteins (Peng et al. 2020; Ball and Ramsden 1998) range from 0.186 ± 0.002  cm3/g, for 
DNA (Tumolo et al. 2004; Patel et al. 2017) from 0.183 ± 0.006  cm3/g, for RNA (Tumolo 
et al. 2004; Patel et al. 2017) from 0.17 to 0.19  cm3/g and for SARS-CoV-2 RNA (Mostufa 
et  al. 2022; Moznuzzaman et  al. 2021) 0.181  cm3/g. In this article, the proposed sensor 
is numerically studied with different concentrations of analytes. Figure 11 shows a linear 
response between different concentrations (ranging from 0 to 1000 nM) of target analytes 
and sensing region RI for monitoring binding interactions between ligands and analytes. 
The linear response can be described by an equation,y = 5.1208e−6x + 1.3348 , where the 
RI of PBS is 1.3348., (Moznuzzaman et al. 2021) 0.181  cm3/g. In this article, the proposed 
sensor is numerically studied with different concentrations of analytes. Figure 11 shows 
a linear response between different concentrations (ranging from 0 to 1000 nM) of target 
analytes and sensing region RI for monitoring binding interactions between ligands and 

Fig. 10  Electric field intensity and two-dimensional plots of electric field distribution for heterostructure 
SPR sensor model of a Three layer—CaF2/Ag/Analyte, b Four layer—CaF2/TiO2/Ag/Analyte, c Five 
layer—CaF2/TiO2/Ag/BP*3L/Analyte, and d Six layer—CaF2/TiO2/Ag/BP*3L/Graphene*1L/Analyte con-
figuration

▸
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analytes. The linear response can be described by an equation,y = 5.1208e−6x + 1.3348 , 
where the RI of PBS is 1.3348.

Figure 12 shows SPR angle is shifted rightwards with the variation of different concen-
trated analytes. Moreover, the attributors’ shifting parameters are tabulated in Table 11.

In Table 10, shows the sensor performance and detection attributes for different con-
centrations of the analyte. In the simulation, without analytes, the sensor detects the mini-
mum reflectance ( Rmin ) is 0.0528, and the SPR angle ( θ1 ) is 82.85°. When the sensor 
probe ligand interacts with the mismatching type (wt) analyte, in this circumstance Rmin is 
0.0538, and θ1 is 82.88°. The minimum reflectance is increased by 0.001 and the SPR angle 
shifted by 0.03°. Hereafter, when the probe ligand is immobilized with the entirely match-
ing type (mr) analyte the Rmin is 0.0547, and θ1 is 82.90°. Conspicuously, the change of 
minimum reflectance ( ΔRth

min
)is0.0019 and the change in SPR angle 

(
Δθth

SPR

)
is0.05◦ . Simi-

larly, with the immobilization of target analytes in the sensing region, the refractive index 
(RI) of the sensing layer is incremented. As a result, detection attributes are shifted right-
wards, otherwise, it’s remained the same. Figure 11, shows the linear relationship between 
the different concentrations of target analytes and the sensing layer refractive index of the 

Fig. 11  Schematic diagram of a 
linear relationship between the 
different concentrations of target 
analytes and the sensing layer 
refractive index of the proposed 
sensor

Fig. 12  Schematic diagram of SPR curve characteristics of the proposed sensor for different concentrated 
(0–1000 nM) levels of biomolecules absorbing for diagnosis of target analytes
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proposed sensor. For the detection of the target analytes ΔRth
min

andΔθth
SPR

 are calculated as 
follows in (24):

Eventually, Δ���

���
���Δ���

���
 are the minimum threshold attributes for the detection of 

the target analytes. The detection of target analytes by the proposed sensor will be contin-
gent on the conditions of the attributor characteristics of �

���
~�

���
 , tabulated in Table 12.

If the detection attributes ���

���
∼ ��

�

���
 are larger or equivalent to ����

���
∼ ��

��

���
 then 

the target analyte is detected. Similarly, If the ���

���
∼ ��

�

���
 are smaller to ����

���
∼ ��

��

���
 

then the target analyte is not detected. In the numerical simulation, the proposed sensor 
performance is studied by the different concentrations of analytes and the sensor shows 
robust performance for detecting the target analytes. 

7  Conclusion

The comparative and detailed examination of each prism, adhesions, metal, 2D, and 
TMDCs layer materials to identify the optimal sensor parameters was presented in this 
paper. It is generally known that the performance of SPR-based sensors varies depend-
ing on the sensor settings, and each parameter is essential for accurately detecting certain 
biomolecules. As a result of the above investigation, the obtained CaF2/TiO2/Ag/BP/Gra-
phene/Sensing-layer SPR sensor structure has a maximum angular shift sensitivity of up 
to 390°/RIU, detection accuracy (DA) of 0.464, quality factor (QF) of 92.86/RIU, figure 
of merit (FOM) of 87.95, and combined sensitive factor (CSF) of 85.28. Later, this sug-
gested structure was used to detect varied concentration (0–1000  nM) levels of biomol-
ecule binding interactions between ligands and analytes for the diagnosis of SARS-CoV-2 
target analytes. The proposed sensor is fully capable of detecting the various SARS-CoV-2 
viral types. As a result, the actual application of the proposed sensor for medical and bio-
logical detection may open up new possibilities for quick label-free biological component 
identification.
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