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Abstract
Coronavirus disease (COVID-19) pandemic outbreak is being investigated by severe respirational syndrome coronavirus-2 
(SARS-CoV-2) as a global health issue. It is crucial to propose sensitive and rapid coronavirus detectors. Herein, we propose a 
biosensor based on surface plasmon resonance (SPRE) for the detection of SARS-CoV-2 virus. To achieve improved sensitivity, 
a  BiFeO3 layer is inserted between a metal (Ag) thin film and a graphene layer in the proposed SPRE device so that it has the 
structure BK7 prism/ Ag/  BiFeO3/ graphene/ analyte. It has been demonstrated that a small variation in the refractive index of 
the analyte can cause a considerable shift in the resonance angle caused by the remarkable dielectric properties of the  BiFeO3 
layer, which include a high index of refraction and low loss. The proposed device has shown an extremely high sensitivity of 
293 deg/RIU by optimizing the thicknesses of Ag,  BiFeO3, and the number of graphene sheets. The proposed SPRE-based 
sensor is encouraging for use in various sectors of biosensing because of its high sensitivity.
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Introduction

A recently discovered human-transferrable virus called 
coronavirus 2 (SARS-CoV-2) causes severe respirational 
syndrome. Globally, hundreds of millions of SARS-CoV-2 
positive cases have been found, killing millions of people. 
The human-transferrable SARS-CoV-2 virus outbreak was 
announced as a worldwide pandemic by the WHO. The 
SARS-CoV-2 virus typically consists of a single-stranded 
RNA and four important proteins: (1) nucleocapsid (N) 
protein, (2) membrane (M), (3) envelope (E) and (4) spike 
(S) glycoprotein [1]. The S-glycoprotein can be divided 
into two types of subunits (S1 and S2), where S1 binds 

with the host cell receptor human angiotensin-converting 
enzyme 2 (ACEZ2) and S2 is liable for membrane fusion 
[2]. The human heart, kidneys, lungs, and other organs all 
contain ACEZ2, which enables the viral spike protein to 
enter cells [1]. The brain, lungs, heart, and kidneys experi-
ence significant damage as a result of the viral spike pro-
tein's activation [3]. As a result, clinical research on the 
development of vaccines and detection methods to stop the 
spread of the infectious disease must focus on neutralizing 
the SARS-CoV-2 virus spike protein. In clinical studies, 
dozens of vaccines have been developed to neutralize the 
SARS-CoV-2 viral spike's receptor-binding domain [4]. 
More than 90% of SARS-CoV-2 vaccinations are effective 
against the virus [4, 5]. COVAX has been trying to acceler-
ate the creation of SARS-CoV-2 vaccines, their commer-
cial production, and their fair distribution [4]. However, 
SARS-CoV-2 viruses are expanding very rapidly. Novel 
variants of coronavirus have been discovered with altered 
mutations [6]. Early identification is essential for controlling 
the pandemic since the vaccine is not commercially avail-
able everywhere due to economic situations. To effectively 
monitor infected individuals for successful quarantine and 
prompt treatment, it is crucial to have extremely sensitive, 
quick-test findings, and affordable analytical techniques. The 
SARS-CoV-2 virus is currently detected using the real-time 
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reverse-transcriptase-polymerase chain reaction (RTPCR) 
technology as a standard reference. Results from the RTPCR 
method are obtained in 1–3 days [7]. The lengthy extraction 
of virus ribonucleic acid (RNA) has an impact on the accu-
racy of detection. Zhao et al. developed a pcMNPs method-
ology for virus RNA extraction [8] to overcome the lengthy 
RNA extraction process. The sensitivity of the RTPCR 
technique varies between 45 and 60% for RNA extraction 
whereas employing pcMNPs increases the sensitivity to 
about 92% [7]. The COVID-19 IgG/IgM fast test kit is uti-
lized in clinical settings to identify antibodies (IgG/IgM), 
with IgG becoming detectable in an affected patient blood 
after 3-6 days and IgM becoming detectable after 8 days [9, 
10]. Although less sensitive than the RTPCR method, the 
SARS-CoV-2 antigen fast test kit is still applied to identify 
the COVID-19 virus [11, 12]. Moreover, the chest computed 
tomography (CT) scan is checked to corroborate the test 
results. If the fast test kit is not handled properly, it produces 
false findings [13].

Surface plasmon sensors (SPREs)-based biosensors 
have been proposed for future COVID-19 viral detections 
[14–18]. Generally, SPRE-based sensors are characterized 
by rapid detection, accuracy and high sensitivity [19–22].

For the past three decades, SPRE has been a widely used 
method to identify biomolecular interactions for clinical appli-
cations [23]. Several SPRE-based sensors have been employed 
in biosensing applications, including localized and compact 
SPRE biosensors [24]. There is no essential difference in the 
principle of operation of SPRE-based biosensors. Depend-
ing on light coupling, the SPRE structures can be classified 
into four sets: grating-based, fiber optic-based, waveguide-
based and prism-based. Researchers preferred prism-based 
SPRE structure due to its accurate realization [25]. There 
are two possible setups for the prism-based SPRE sensor: (1) 
Kretschmann and (2) Otto. Kretschmann configuration is pre-
ferred for experimental work with superior results using the 
angular interrogation method due to less absorption loss [26, 
27]. The stimulation of the surface plasmons (SPNs) can be 
applied to the SPRE sensors for producing the surface plasmon 
waves (SPWEs) on the metallic film by applying the attenu-
ated total reflection method [28]. The SPWEs oppose the light 
energy of the plasmons, and that light energy is translated as 
reflected light in the total internal reflection principle. At the 
metal-dielectric contact, the SPWEs transpire the evanescent 
wave (EWE) whose intensity exponentially decays in the direc-
tion perpendicular to the interface. The resonance oscillation 
of the SPWEs is called the SPRE phenomenon which shows 
the minimum reflectivity. The reflectance profile depends on 
the surface refractive index (RIX). The resonance dip of the 
reflected radiation varies depending on any variations in the 
RIX of the materials utilized in the construction of the SPRE 
biosensor. The standard SPRE sensors achieve broader SPRE 
curves and less resonance angle change. The ultimate goal of 

researchers is to establish sharp curves and higher resonance 
angle changes to improve the sensor performance [29]. As a 
result, many researchers have inserted dielectric layers over 
the metal layer to enhance SPRE performance and provide 
protection for the metal film from oxidation [30]. Due to its 
enormous potential, high electric field absorption, and tiny 
gap,  BiFeO3 is a promising material that has received a lot 
of attention [31]. Although the SPRE performance can be 
enhanced by using dielectric materials, it is difficult to main-
tain its optical properties and complex geometry. In order to 
mitigate this issue, researchers have proposed hybrid structures 
incorporating bimolecular recognizing elements (BRETs), 
which can provide a high SPRE performance [32]. Though, 
SPRE biosensors with good performance are still lacking. 
Several interesting two-dimensional (2D) transition metal di-
chalcogenides (TMDEs) materials are available to fulfill this 
challenge. Due to its unique optical and electrical properties, 
the graphene family has attracted a lot of attention recently [33, 
34]. In recent work, graphene-MoS2 layers have been used to 
design a biosensor for biomolecule detection. The sensitiv-
ity was observed to enhance when an additional nanolayer of 
silicon is used [35–40].

Despite the fact that several SPRE biosensors have already 
been developed by other researchers, further research is still 
necessary to enhance the performance characteristics and 
advance the development of sensors.

The novelty of the current work lies in the fact that SPRE-
based sensors are characterized by rapid detection, accu-
racy and high sensitivity. So far, very few articles have been 
published on using SPRE-based sensors for the detection of 
SARS-CoV-2 virus. The current paper proposes an efficient 
structure based on SPRE for the detection of this dangerous 
virus that can cause severe respirational syndrome.

This work reports a novel SPRE sensor that can efficiently 
detect SARS-CoV-2 virus. The hybrid structure comprises a 
BK7 prism, Ag,  BiFeO3, graphene and sensing medium. The 
performance of the SPRE biosensor is evaluated in terms of 
the full-width at half maximum (FWHM), detection accuracy, 
sensitivity and figure of merit. At a wavelength of 633 nm, 
the sensor performance is numerically examined. The current 
paper is structured as follows. The theoretical and numeri-
cal modeling of the suggested SPRE biosensor is explained 
in section "Structure Considerations". Section "Results and 
Discussion" reports the results obtained and the discussion. 
The present study is finally concluded in section "Conclusion".

Structure Considerations

Model Design

A biosensor based on SPRE is proposed (Fig. 1). It has five 
layers: BK7 prism, Ag,  BiFeO3, graphene, and analyte layer. 
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The thicknesses and RIXs of the silver layer,  BiFeO3, and 
graphene are denoted as  dAg,  dBF and  dG and nAg, nBF and nG, 
respectively.

The RIX of BK7 prism is given by [41]

The Ag RIX is obtained as (Drude-Lorentz model) [42]

with �p = 0.1454 �m and  �c = 0.1761 �m are the plasma 
and collision wavelengths of the Ag material. The RIX of 
 BiFeO3 is 2.9680.

The graphene RIX is given by [43]

Concerning the sensing medium, phosphate-buffered 
solution (PBSN) may be utilized as a RIX of PBSN that is 
deliberated as ns = 1.334 + ∆ns, where ∆ns is the index var-
iation as a result of analyte-ligand interaction on the sensor 
surface. According to earlier research [44], a PBSN buffer 
containing SARS-CoV-2 glycoprotein may dissolve HEPES 
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10 mM and 120 mM NaCl solution, and the RIX of PBSN 
can be experimentally measured.

When used, various quantities of HEPES solution were 
added to a 120 mM NaCl solution and a good linear relation 
between the RIX of PBSN and HEPES concentration rang-
ing from 0 to 20 mM was found, and this relationship can 
be expressed as [44]

where n is the RIX index of PBSN. y is the solution of 
HEPES (mM). In this investigation, diverse concentrations 
of HEPES solution have been given in 10 mM, so the RIX of 
the sensing medium was assumed to be 1.3344 [45].

Mathematical Modeling

Along the z-axis, all layers are organized into a stack. The 
dielectric constant and thickness for each layer are εk and 
dk. The relationship between the tangential fields of the first 
boundary at z = 0 and those of the final boundary at z =  zN-1 
is given by the characteristic matrix (W) as

(4)n = 0.00004y + 1.334

(5)
[

F1

G1

]

= W

[

F
N−1

G
N−1

]

Fig. 1  SPRE device based on 
 BiFeO3-graphene layers.
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where Fi and Gi are the electric and magnetic fields at the i 
boundary. The characteristic matrix (Wj) of the  jth layer can 
be written as

�j is the phase variation which can be written as

where nj is the RIX, �j is the dielectric permittivity, and dj 
is the thickness. �1 and n1 are the prism angle of incidence 
and RIX.

For TM wave Yj = (�j − (n1 sin �1)
2
)
0.5
∕�j.

WT is the characteristic matrix of the device shown in 
Fig. 1 which can be expressed as

where Wij are the elements of the matrix.
The reflection coefficient (r) for the TM wave

The reflection intensity can be written as

SPRE sensor performance can be measured by means 
of sensitivity (S) and figure of merit (FoM). A modifica-
tion of resonance angle, Δθres, takes place as a result of 
the change in the analyte RI, Δns. The sensitivity can be 
defined in terms of Δθres and Δns as

The FWHM of the dip is given by

where θ1 and θ2 are the resonant angles at 50% intensity.
The detection accuracy (DA) of the SPRE sensor can 

be obtained by using

The FoM depends on both S and DA
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(10)R = |r|2

(11)S =
Δθres

Δns

(12)FWHM = �2 − �1

(13)DA =
1

FWHM

(14)FOM = S × DA

Results and Discussion

Here, we present a Kretschmann-design SPRE biosen-
sor, which includes a prism to give the SPNs the required 
momentum. BK7 prism is used in this work because of its 
low RI. Applying TM light (λ = 633 nm), SPN coupling is 
realized at the contact between the metal and dielectric. A 
reflectance change is observed due to the variation in the 
analyte RIX. The reflectance curve exhibits a sharp dip at 
resonance conditions. This indicates that maximum energy 
is transferred to the SPNs at resonance conditions. The 
refractive indices of the materials used are np = 1.5151 , nAg 
= 0.0562 + 4.2776i , nBF = 2.9680 and nG = 3 + 1.149106 
i . np , nAg, and nG are calculated using Eqs. (1), (2) and (3), 
respectively, at λ = 633 nm. The thicknesses of the layers 
are initially considered as  dAg = 30 nm,  dBF = 1 nm and  dG 
= M × 0.34 nm (M = 1). Five different concentrations of 0, 
150, 275, 400, and 525 mM mixing in the buffer channel are 
considered. According to Eq. (4), the analyte RIX ranges 
from 1.334 to 1.355. Wolfram Mathematica 11.2 software 
has been used to conduct numerical simulations.

Figure 2 shows the reflectance profile for various device 
arrangements. The findings imply that the resonant angle 
shifts toward a larger value in response to the increase in 
the sensing medium RIX. The resonance curve for a tradi-
tional SPRE sensor using Ag-Graphene layers is shown in 
Figure 2a. The sensitivity Eq. (11) found for the SPRE sen-
sor (without  BiFeO3) is 114.29 deg/RIU. DA and FoM Eqs. 
(13) and (14) obtained from the resonance curve are 191.9 
×10−3  deg-1 and 21.93  RIU-1, respectively. After introducing 
a 1 nm  BiFeO3 layer in the conventional SPRE sensor, the 
sensitivity becomes 120.95 deg/RIU as illustrated in Fig. 2b 
which means an improvement of 5.83%. In this case, DA 
and FoM achieved with the  BiFeO3 layer are 181.4 ×10−3 
 deg-1 and 21.94  RIU-1, respectively. Thus, the device with 
the structure BK7 prism/Ag/  BiFeO3 /graphene/ sensing 
medium will be used in the next parts of the paper due to its 
better performance.

The impacts of certain factors on the sensitivity of the 
SPRE sensor are examined. These factors include the num-
ber of graphene layers,  BiFeO3 layer thickness, metal layer 
thickness, and the RIX of the sensing medium. As illus-
trated in Fig. 3a, various thicknesses of Ag (between 30 
and 60 nm) are employed. The calculated sensitivities for 
silver layer thicknesses of 30, 40, 50, and 60 nm, respec-
tively, are 120.95, 126.67, 131.4, and 134.29 deg/RIU. For 
Ag-layer thicknesses > 60 nm, no dip can be observed in 
the reflectance curve. Therefore, the optimum thickness of 
the Ag layer is 60 nm which will be considered in the next 
investigation. The  BiFeO3 layer thickness is varied between 
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1 and 7 nm and the sensitivity is calculated for each thick-
ness (Fig. 3b). The sensitivities are found as 134.29, 152.38, 
189.52 and 282.86 deg/RIU for  dBF = 1, 3, 5 and 7 nm. 
For  dBF > 7 nm, the resonant dip disappears. Hence, the 
optimum  BiFeO3 layer thickness is  dBF = 7 nm. A gra-
phene sheet has a thickness of 0.34 nm. The graphene layer 
is assumed to have a number of M sheets. The reflectance 
profile is investigated for different M and the sensitivity is 
calculated and found as 282.86, 293.81, 275.2 and 228.57 
deg/RIU for M = 1, 2, 3 and 4, respectively as shown in 
Fig. 3c. Therefore, the optimum number of graphene sheets 
is M = 2. Figure 3d shows the sensitivity as a function of the 
chemical potential (μc) of graphene. The graphene permit-
tivity ( �G ) can be written as

where �G is the graphene surface conductivity which is given 
by

where kB , T, ΓG and �C are Boltzmann constant, temperature, 
graphene phenomenological scattering rate, and chemical 
potential. The graphene RIX is related to �G through the 
relation       nG =

√

�G . The chemical potential of graphene 
is varied and the sensitivity is calculated. Figure 3d shows 
the sensitivity of the proposed structure versus the chemical 

(13)�G = 1 +
i �G

��0dG

(14)�G =
e2

�h2

kBT

ΓG − i�
[
�C

kBT
+ 2ln(e

−�C

kBT + 1)]

Fig. 2  Reflectance profile of 
the proposed SPRE sensor. 
a without  BiFeO3 and b with a 
 BiFeO3 layer

Fig. 3  Sensitivity optimization. 
a Sensitivity versus the thick-
ness of silver at  dBT = 1 nm and 
M = 1. b Sensitivity versus the 
thickness of  BiFeO3 at  dAg = 
60 nm and M = 1. c Sensitivity 
versus the number of graphene 
sheets at  dAg = 60 nm and  dBF 
= 7 nm. d Sensitivity versus the 
chemical potential of graphene 
at  dAg = 60 nm,  dBF = 7 nm and 
M = 2

(b)(a)

(d)(c)
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potential of graphene. The sensitivity decreases slightly as 
the chemical potential of graphene increases. The highest 
sensitivity of 293.81 is attained when �C = 0.3 eV.

Figure 4a displays the resonant dips of the reflectance 
curve for various SARS-CoV-2 solution concentrations. The 
parameters are set as  dAg = 60 nm,  dBF = 7 nm, and  dG = 
M×0.34 nm (M = 2) as optimum values. The resonant angle 
is observed at 78.34° when 0.0 mM is used as the sensing 
medium. It is noted that as SARS-CoV-2 concentration in 
the sensing medium solution is increased, the resonant dip 
moves to higher resonant angles. Resonant angles are found 
at 79.82º, 81.25º, 82.79º and 84.51º for concentrations of 
150, 275, 400 and 525 mM, respectively. We have used the 
reflectance profile to calculate the sensitivity of the sensor 
to the sensing medium. The sensitivities are found as 246.67, 
264.55, 278.12 and 293.81 deg/RIU for the samples having 
concentrations of 150, 275, 400 and 525 mM, respectively, 

as shown in Fig. 4b. SARS-CoV-2 concentrations, analyte 
RI, dip position, angular shift and sensitivity are presented 
in Table 1. The highest sensitivity of the biosensor is 293.81 
deg/RIU for a concentration of 525 mM, which is an ultra-
high value as compared to the recently published papers as 
shown in Table 2.

Finally, the fabrication techniques of the proposed sen-
sor have to be illustrated. A thin layer of 60 nm of Ag metal 
has to be deposited on the BK7 prism. The most common 
deposition methods include ion plating evaporation, laser 
beam evaporation, vacuum thermal evaporation, and elec-
tron beam evaporation. A 7 nm layer of  BiFeO3 has to be 
grown on the Ag film. The deposition of  BiFeO3 thin film 
can be achieved using pulsed laser deposition. Two layers 
of graphene are then deposited on the top of the  BiFeO3 thin 
film. Chemical vapor deposition can be used for graphene 
deposition.

Fig. 4  a Reflectance curve of 
the proposed SPRE sensors for 
different concentrations. b Sen-
sitivity versus the analyte RIX 
for the proposed SPRE structure

(a) (b)

Table 1  Variation of the sensitivity with SARS-CoV-2 solution concentration

SARS-CoV-2 solution concentration
(mM)

RI Dip position (deg) Angle shift (deg) S (deg/RIU)

0.0 1.334 78.34 - -
150 1.340 79.82 1.48 246.67
275 1.345 81.25 2.91 264.55
400 1.350 82.79 4.45 278.12
525 1.355 84.51 6.17 293.81

Table 2  Comparing the current work with the most recently published SPRE biosensors

Techniques Year Sensitivity (deg/RIU) Reference

Graphene-based SPRE biosensor modeling 2019 121.67 [46]
MXene and black phosphorus-based SPRE biosensor 2019 190.22 [47]
SPRE sensor for DNA hybridization 2020 156.33 [45]
SPRE sensor employing a very thin plasma layer 2021 103 [19]
SPRE sensor having  MoS2 and graphene layers. 2021 194.12 [48]
SPRE biosensor having  BiFeO3 and graphene layers. 2022 293.81 Current work
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Conclusion

In this work, SPRE-based biosensor has been theoretically 
designed and investigated for the detection of SARS-CoV-2 
virus. The proposed structure has been explored by employ-
ing the conventional technique of TMM. The structure is 
examined without and with the  BiFeO3 layer. It is found 
that the presence of a 1 nm  BiFeO3 layer can improve the 
sensitivity by 5.83%. The sensitivity is then examined with 
the Ag and  BiFeO3 layer thicknesses. It is found that the 
optimum values of Ag and  BiFeO3 layers that correspond 
to the maximum sensitivity are 60 nm and 7 nm, respec-
tively. The optimum number of graphene sheets is 2. The 
variation of the sensitivity is studied with the SARS-Cov-2 
concentration. The highest sensitivity is found as 293 deg/
RIU corresponding to a SARS-Cov-2 concentration of 525 
mM (RIX of a sensing medium of 1.355). It is believed that 
the proposed device can open a new window for the efficient 
detection of SARS-CoV-2.
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