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Abstract

For the quick detection of the new Coronavirus (COVID-19), a highly sensitive D-shaped
gold-coated surface Plasmon resonance (SPR) biosensor is presented. The COVID-19 virus
may be quickly and accurately identified using the SPR-based biosensor, which is essential
for halting the spread of this excruciating epidemic. The suggested biosensor is used for
detection of the IBV i.e. infectious bronchitis viruses contaminated cell that belongs to the
family of COVID-19 having a refractive index of —0.96,—0.97,-0.98,—-0.99,—1 that is
observed with the change in EID concentration. Some important optical parameter vari-
ations are examined in the investigation process. Multiphysics version 5.3 with the Finite
element method is used for the proposed biosensor. The proposed sensor depicts maximum
wavelength sensitivity of 40,141.76 nm/RIU. Some other parameters such as confinement
loss, crosstalk, and insertion loss are also analyzed for the proposed sensor. The reported
minimum insertion loss for the refractive index (RI)—1 is 2.9 dB. Simple design, good
sensitivity, and lower value of losses make the proposed sensor proficient for the detection
of infectious bronchitis viruses belonging to COVID-19.
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1 Introduction

In December 2019, the novel coronavirus, named COVID-19 by WHO, was first found in
Wuhan city of China. These virus spreads worldwide and disrupted the regular life and econ-
omy of the entire world. Due to this out of 160 million positive cases, 3.25 million people
deceased. WHO has confirmed the epidemic of transferable viruses in humans as a global
pandemic. SARS-CoV-2, which spreads through breathing, direct contact with abiotic sur-
faces and aerosol particles, and aerosol particles themselves, is the coronavirus that causes
the disease (COVID-19). Evidence of transmission of the virus is also observed through fecal.
Symptoms of SARS-CoV-2 are high fever, throat infection, body ache, loss of taste and smell,
headache, and diarrhea. It is asymptomatic in behavior in its early stage for a few patients who
act as a silent killer as it damages vital organs within a shorter period. Hence there is an urgent
requirement for a device that can detect the virus within a shorter period at an early stage
with a precise result in a cost-effective manner. SARS-CoV-2 is a single RNA virus that con-
tains four substantial proteins namely spike(s) glycoprotein, membrane (M), envelope (E), and
nucleocapsid (N) protein (Astuti 2020). When the spike protein of the virus activates, it can
damage the brain, heart, and kidneys of humans (Gheblawi et al. 2020). In this regard, WHO
has insisted the scientific community perform a large number of investigations to control the
spread of coronavirus besides, rapid diagnostic testing is essential in making a swift decision
for the treatment of the patient. Some tests are available to detect the existence of coronavi-
rus in the human body namely RT_PCR, real-time RT-LAMP, and reverse transcription loop-
mediated isothermal amplification (RT-PCR) (Shirato et al. 2018; Yan et al. 2020). However

@ Springer



Refractive index based optically transparent biosensor device... Page3of16 507

SARS-CoV-2 antigen fast test kit that is used for the detection of COVID-19 is less sensitive in
comparison to RT-PCR (Mak et al. 2020; Kriittgen et al. 2021) and results are confirmed after
CT-scan chest computed tomography (Korevaar et al. 2020; Chen et al. 2020). Biosensors had
already proved their potential for deadly diseases like cancer, tuberculosis, and dengue. As
biosensors exhibit unique features, are simple in design, and are cost-effective, they could be a
useful tool in screening “COVID-19 “. It also holds massive prospects for reliable and afford-
able diagnostics, especially for developing countries where infrastructure and resources are
limited. SPR is a paramount conventional technique that is consistent in practical application
over the last three decades for the detection of biomolecular interactions either clinical or for
research purposes The SPR is a bio-analytical process for real-time detection of ligand-analyte
binding onto the sensing area. Nowadays various industries are developing SPR-based sensors
like compact SPR biosensors, localized SPR, and optical sensing SPR biosensors. Moreover,
photonic crystal fiber (PCF) is very small and lightweight, which ensures the compactness and
miniaturization of the biosensor (Islam et al. 2018; Qin et al. 2014).

However, the operating principles of these biosensors are similar. Cui et al. (2010) pro-
posed an SPR-based system to detect SARS-CoV. The proposed model consists of two types.
In the type-1 model, the monoclonal antibodies were immobilized to the biosensor surface
of SARS-CoV and in the type-2 model, the experiment involved Protein A in the biosensor
device. Due to the addition of Protein A, the free degree of the antibodies is elevated and
it increases the distance between the antibodies and the biosensor surface (Cui et al. 2010).
Ahmadivand et al. (2020) designed an SPR biosensor with gold nanoparticles (AuNPs) and a
monoclonal antibody immobilized on the sensing layer to recognize the S1 protein of SARS-
CoV2 (Ahmadivand et al. 2020).

Das et al. (2020) proposed a sandwich plasmonic biosensor in which a gold (Au) Nanosheet
is deposited as a sensing layer along with an S protein antibody (Ab) (Das et al. 2020). Djaileb
et al. (2020) presented an SPR biosensor in which peptide monolayer, 3 mercapto propionic-
Leu-His—Asp-Leu— His—Asp-COOH were fabricated on the sensing layer to recognize N
antibodies specific for SARS-CoV2 in human serum. The developed biosensor showed very
high selectivity towards the N protein also during the SPR biosensor was injected with var-
ious kinds of antigens such as anti-prostate-specific antigens (Djaileb et al. 2020). In Akib
et al. (2021) suggested a highly sensitive multilayer graphene-based SPR biosensor for the fast
detection of the COVID-19. The designed model is based on total internal reflection for real-
time detecting ligand analyte immobilization in the sensing area. A promising photonic crystal
fibre sensor based on the Sagnac interferometer to identify malignant cells was proposed by
Mollah et al. (2020). A revolutionary SPR-based fuel adulteration Photonic biosensor was cre-
ated by Hossain et al. (2023). Tanvir et al. (2023) Hollow-Core’s Anti-Resonant Fiber for gas
detection was proposed in 2023. In Sorathiya et al. 2022 developed a far-infrared metasurface
polarizer with an ultra-thin, broad bandwidth of 1-15 THz.

In this study, a very effective sensor with a straightforward design, good sensitivity, and
low losses has been suggested for the detection of COVID-19-related infectious bronchitis
viruses (IBVs).

2 Methodology

The plasmonic biosensor is significantly influenced by plasmonic material. Currently,
lots of plasmonic materials are available. Among them, gold, silver, and aluminum are
more popular and efficient. Silver (Ag) provides enhanced sensitivity with a higher
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resonance peak but there is an oxidation problem in an aqueous humid environment.
Although this difficulty can be removed by using a graphene layer complexity arises in
fabrication. Also, it deteriorates in a short time. The same issues arise with aluminum
and copper. Gold is the most appropriate plasmonic material. Since it has high biocom-
patibility with less oxidation in an aqueous and humid environment (Mollah et al. 2019)
and also compromises high resonance shift and chemical stability. In the proposed SPR
sensor we have used gold as a plasmonic material due to its efficient characteristics.
SPR biosensors can be classified as internally metal coated and externally metal-coated
(Shafkat 2020). In the internal sensing approach, plasmonic materials are coated inside
the photonic sensor while in the external sensing approach, the material is deposited in
the external area (Momota and Hasan 2018). The proposed D-shaped PCF-SPR biosen-
sor constitutes an external sensing method in which the analyte is placed on the surface
to alleviate fabrication complexity and make the SPR biosensor practically possible.
Also, the core region of D-shaped PCF is closer to plasmonic material which raises the
interaction between an analyte and a metal layer. As an outcome, the sensing perfor-
mance of the biosensor is enhanced. In our proposed design whole curvature of D-type
PCF contains an apple amount of analytes that increases sensing performance, and pro-
vides more stability and robustness. Its lattice configuration, bounded in the core area
contains two elliptical air holes and one rectangular air hole, where elliptical air holes of
radius 0.2 ym and 1.8 pum and rectangular air holes height 6 um and width 0.5 um. The
complete mesh consists of 7752 domain elements and 925 boundary elements. A finer
mesh produces more accurate results that are why finer meshing has been done here.
Although a PCF bio-sensor relies on surface Plasmon event that occurs on the border
of Metal and analyte, perfection is not as important due to air gaps. Silica serves as the
background component. PML is fixed in the outer boundary region to absorb the scat-
tering energy giving more accuracy in computation. Figure 1a shows the cross-sectional
view and Fig. 1b exhibits the fine meshing to detect coronavirus. The accuracy of the
finite element approach is highly correlated with mesh size. The outcome is more accu-
rate the smaller the size. We used a tiny mesh for their computer simulation because of
this. A conceptual diagram of (a) the test design, (b) the coronavirus structure, and (c)
the free electron motions at the gold/analyte layer interface are shown in Fig. 2.
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Fig. 1 Cross-sectional views of the proposed corona sensor in (a) and the suggested structure’s fine mesh-
ing in (b)
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Fig.2 Conceptual diagram of a the test design, b the coronavirus structure, and c the free electron motions
at the gold/analyte layer interface

3 Numerical analysis

Through the process of photoluminescence intensity, an investigation of the refractive index of
different coronavirus is done. The numerical result shows that the coronavirus RI is negative.
Also IBV i.e. infectious bronchitis viruses that belong to the family of COVID-19 are show-
ing a refractive index of different natures. However, variation in refractive index is studied by
changing EID concentration.

For the proposed biosensor pure silica is used as the background material of the PCF. The
refractive index of silica is calculated by the following Sellmeier Eq. (1) (Yang et al. 2017;
Vigneswaran et al. 2018; Mamtaz et al. 2020).

3 2
A % A
2 _ p
wo1= Y (1)
P

X
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Table 1 Description of different

o X Parameter (A,) Values Wavelength Values
parameters of Sellimier equation P o)
P
A 0.69616630 M 0.06840430
A, 0.40794260 Ay 0.11624140
A, 0.89747940 A 9.8961610

Table 2 Description of different parameters of Drude—Lorentz model

Parameter Description Values

£ Permittivity in high frequency 5.9673

® Angular frequency of transmitting light -

@p Plasma frequency (THz) 2113.6%2x

7D Damping frequency (THz) 15.92 % 27

Ae Weighting factor 1.09

Q Frequency of the Lorentz oscillator (THz) 650.07 * 2m

r, Spectral width of the Lorentz oscillator (THz) 104.86 = 27
Refractive index (RI) of air 1

In the following expression (1), n is the symbolization of the index of refraction for speci-
fied wavelength A (um). Table 1 exhibits the different parameters of the Sellimier equa-
tion. The permittivity of the gold is calculated by the Drude—Lorentz model (Hossain et al.
2023; Liu et al. 2016; Zakaria et al. 2022).

2 2
oy, A Q

S w@—jrp)  (0?-Q2) —jT0

2

m = €

Table 2 exhibits different parameters of the Drude-Lorentz model. Moreover, CL is a
key parameter for the biosensor and may be calculated as (Mollah et al. 2020; Vigneswaran
et al. 2021; Paul et al. 2020).

4071, (n,5)10°

Lo= 2in(10) (dB/m) 3)

In the given Eq. (3), I, (neﬁ) represents the imaginary section of the effective RI, and the
CL is represented in decibels per meter (dB/m).

However, the displacement of the transmittance curve’s peak at a certain wavelength
for the overall variation of the RI allows for the evaluation of the developed sensor’s WS.
Table 3 exhibits the RI of corona virus for different EID concentrations. The wavelength
sensitivity (Ahmed et al. 2019; Ayyanar et al. 2018), and (Sharan et al. 2014) can be
defined in Eq. (4).

A4
SW<M) =_r @)
RIU An

Here, 4, defines the change of peak wavelength and An defines the variation of the RI
of COVID family cells. The difference in resolution of the suggested structure makes it

@ Springer



Refractive index based optically transparent biosensor device... Page70of 16 507

Table 3 Description of RI of coronaviruses

Class of viruses RI References

0.01 [EID-Concen- 1000 [EID-Concen-

tration] tration]
H5N1 —-0.752147 —0.78266 Kuppuswamy et al. (2020)
H5N2 —0.726881 —0.75739 Kuppuswamy et al. (2020)
HIN2 —0.717555 —0.74807 Kuppuswamy et al. (2020)
H4N6 —0.74535 —0.77586 Kuppuswamy et al. (2020)
FAdV —0.714207 —0.74472 Kuppuswamy et al. (2020)
IBV (COVID-19 Group) —0.967251 —0.999998 Kuppuswamy et al. (2020)

simple to identify any change in the RI of the biosamples. So, Eq. (5) can be used to assess
the suggested model’s resolution (Liu et al. 2020).

Anx A4k,,,

peak

Here An is the difference between RI, A4,,;, and A4, are respectively for the minimum
and peak wavelength differences.

The AS of the proposed corona sensor can be evaluated by given Eq. (6) shown
below (Zakaria et al. 2022; Liu et al. 2020).

_ 1 _ Aa,
S.(RIUT") = X (6)
C

Here, a, corresponds to CL of the particular bio-samples, and n describes the loss differ-
ence and RI difference between corona refractive index respectively.

The CT is a crucial measurement to characterize the quality of the SPR biosensor,
which determines the effect of unwanted polarization modes. CT is developed by Beer-
Lambert laws (Li et al. 2017). According to the given law, the CT is a function of the
length of the fiber and it can be defined as a given expression (7).

CT = 20Ig{exp[ (o<, — o, )L} (7

Here a,, a,, represent the loss of x- and y-polarization and L is the fiber length, respectively.
One of the most important considerations while examining the fiber-optic equip-
ment is the IL (Guo et al. 2018).

mn

P
IL[dB] = Insertion Loss[dB] = —1010g,0< P”“‘) 8)

In the above expression (8), P, and P;, are, for polarised light directed in a particu-
lar direction, the input and output power, respectively.
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(d)

(c) (e)
Fig. 3 Basic mode intensity distribution of the sensor in (a) Core (b) Coupling (c) 1st, (d) 2nd, and (e) 3rd
SPP modes

Dispersion curve for n=-0.96 Dispersion curve for n=-0.97

1.500 0.006
1.500 0.006
1.480 - 0.005 1.480 ® 0.005
1.460 0.004 g 1.460 0.004 -
[~ 2 £
1.440 t<e—g-y 0.003 = Z 1.440 <h = 0.003 s
e, g \,\ 7\“\$\a\&w&“ g
1.420 \ i " 0.002 = 1420 \ / e 0.002 7
1.400 \K/ 0.001 1.400 V. 0.001
1.380 0
1.380 0 1 1.2 1.4 1.6 1.8
1 ]V\;avelengtlﬁ“(um) 1.6 1.8 Wavelength (um)

Fig. 4 Dispersion Curve for the proposed biosensor foran= —0.96 and b n= —0.97

4 Results and analysis

Core, coupling, and SPP modes make up the mode field distributions that can be acquired
from the suggested sensor. These modes are highlighted in Fig. 3. The core mode can be
achieved when the light passes through the center core of the proposed sensor design. At
the time of hitting the light at the gold layer, the SPP mode can be obtained. At the inter-
secting point of the core and SPP mode, the coupling mode can be shown. Moreover, the
loss value becomes high at the intersecting point. That is also referred to as the loss peak.
The intersection of core and SPP mode and the corresponding loss curve has been exhib-
ited in Fig. 4.

The relationship between the core-guided mode’s loss curve and dispersion and the
plasmon mode is depicted in Fig. 4. High energy losses of the core mode linked to the
plasmon are shown by the peaks in the loss curve marked by the yellow line. The core and
SPP modes couple to one another at wavelengths of 1.15 pm and 1.3 pm because their
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RIs are nearly identical. Since the intersection point between the real RI of the core mode
and SPP mode happened at 1.15 pm and intersection point between the real RI of the core
and SPP modes happened at 1.15 pm and 1.3 pm, these wavelengths are called resonating
wavelength. At that point, a deep steep peak in reasoning is seen, indicating the PCF core
is where the most energy is being transferred to the SPP.

For the dispersion curve of RI (n=—0.98), the core mode, coupling mode, and SPP
mode are shown in blue, brown, and green color in Fig. 5. Core and SPP modes intersect at
1.15 pm and 1.3 pm wavelength.

Core-guided light is linked into the surface gold layer when the SPP and the core-guided
modes phase-match. At that point, as shown in Fig. 6, the loss peak of core-guided modes
is attained at a particular wavelength. Mostly, CL is used to describe the sensitivity of the
corresponding structure.

Two methods (a) intensity or amplitude interrogation and (b) wavelength or spec-
tral interrogation can be used to investigate the resonant wavelength shifts. The level of
intended sensor sensitivity is determined by the perception of wavelength. Amplitude
interrogation is more economical and easily implemented and hence no need for spectral
manipulation. Also, its low sensing ability along with a small range of operations makes
it (wavelength interrogation) a better choice. The WS of 29,264.8 nm/RIU, 39,952.05 nm/
RIU, 40,124.11 nm/RIU, 40,132.06 nm/RIU, and 40,141.76 nm/RIU are observed, respec-
tively, for RI values of —0.96,—0.97,—0.98,—-0.99, - 1.

By using the AS method, the amplitude interrogation technique’s complexity can
be reduced. In Fig. 7, the AS is observed for the wavelength 1-1.7 pm for all the RI of
COVID-19. At 1.15 pm wavelength, 48.54 RIU™! of sensitivity is found for—0.96 RI,
maximum amplitude. For the RI of —0.97, maximum amplitude sensitivity, 87 RIU™! is
observed at 1.15 pm. The greatest amplitude sensitivity for a RI of 0.98 is 77.69 RIU™! at
1.55 um. For the RI of —0.99, its peak value of 43.77 RIU™! is studied at the same wave-
length (1.55 pm).

The cross-talk describes the quality of the photonic device by defining its ability to
eliminate the undesirable polarized mode. In Fig. 8, for the RI of —0.97, the maximum

- 0.007
1.48000000 Dispersion curve for n=-0.98
L 0.006
1.47000000 '
Coupling mode
1.46000000 - L oos
=
1.45000000
SPP mode | oooe B
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-
L 0.003
1.43000000
1.42000000 oo
1.41000000
1.40000000 v Core mode I 0.001
’ <
L .
1 11 12 13 14 15 1.6 1.7 18
Wavelength(jum)

Fig.5 Dispersion Curve for the proposed Biosensor for n= —0.98
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Fig.6 The suggested sensor’s loss curve with respect to wavelength
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Fig.7 AS curve as a function of wavelength

value of cross-talk is 7.56 dB at 1.15 pm wavelength. For —0.98 the maximum cross
talk is 7.74 dB at 1.55 pm wavelength. For the RI of —0.96, the maximum cross-talk
experienced is 4.24 dB for the wavelength 1.15 pm and also for the RI of —0.99; the
maximum cross-talk value is 3.8 dB at the same wavelength. These values indicate that
very low cross talk (CT) is experienced for the designed sensor within the range of
1-1.7 pm wavelength. A viable choice for bio-sensing is the developed D-PCF with
gold coating.

The insertion loss (IL) is another crucial parameter to gratify the characteristics of
the PCF sensor. In Fig. 9, the lowest values of insertion loss for analyte —0.97 to—0.99
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Fig. 8 Crosstalk of the proposed sensor as a function of wavelength
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Fig.9 Insertion loss of the proposed Corona sensor with respect to wavelength

lie within 14-15 dB for 1.25 pm wavelength. For the analyte of RI— 1, the minimum
value is 2.91 dB at the same wavelength.

Simce obtained datasets are not in linear nature. A high polynomial fit curve shows the
stability of the sensor. For the offered sensor, a high polynomial fit curve is obtained for
the analyte —0.96 to — 1 in Fig. 10. The R-square value is 0.97469 which specifies the high
linearity. It is expected that such high linear characteristics can be used for corona testing.
Table 4 exhibits the performance of the proposed sensor for corona detection. The per-
formance comparison between the proposed PCF sensor and the previously reported PCF
sensors has been shown in Table 5. It is visualized that the proposed sensor indicates better
performance compare to recently reported sensors.

5 Fabrication possibility and discussion

Nowadays, the fabrication and drawing techniques of Photonic sensors are well developed.
The D-shaped biosensor can be fabricated through the common stack-and-draw method
(Knight et al. 1998). It is also explained in the article (Chen et al. 2016). The gold layer
can be deposited on the surface of a D-shaped photonic sensor by applying deposition tech-
niques like chemical vapor deposition (CVD), and splash technology (Peng et al. 2015; An
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Fig. 10 The resonance wavelength curve with the polynomial fit and R-square value

Table 4 The described sensor’s performance utilization for corona detection

RI Peak loss (dB/cm) Wavelength sensitivity — Cross talk (dB) Insertion loss
(nm/RIV)

—0.96 0.5864 29,264.8 4.24 14.19

-0.97 0.5799 39,952.05 7.56 14.11

-0.98 0.5134 40,124.11 7.74 14.04

-0.99 0.518 40,132.06 3.8 13.99

-1 0.523 40,141.76 5.24 291

Table 5 Performance comparison between the proposed PCF sensor and the previously reported PCF sen-
sors

References Structure Birefringence =~ Wavelength sensi- Peak loss
tivity (nm/RIU)

Liu et al. (2018) Dual D-shape PCF - 14,660 17

Liu et al. (2018) Single-layer coating PCF - 15,180 110

Islam et al. (2019)  Exposed-core localized biosensor ~ — 34,000 0.79

Lu et al. (2018) D-shaped PCF sensor - 3340 140

Current work D shape SPR-based structure - 40,141.76 0.6

et al. 2014). It can also easily be fabricated by recent technology like sol-gel drilling and
extrusion methods (Mamtaz et al. 2020; Paul et al. 2019, 2020; Hasan et al. 2022).

The quick detection of the new Coronavirus is demonstrated using a very sensitive
D-shaped gold-coated SPR biosensor (COVID-19). The created SPR-based biosensor uses
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less time and provides a precise COVID-19 viral early-stage diagnosis. The suggested bio-
sensor is used to identify cells that have been contaminated with the infectious bronchitis
virus, or IBV, which is a member of the COVID19 family. The investigation procedure
looks at some crucial optical factors, such as insertion loss, cross talk, and wavelength
and amplitude sensitivity. Wavelength sensitivity is noted for refractive indices of —0.96
,—0.97,-0.98,-0.99, and 1 at 29,264.8 nm/RIU, 39,952.05 nm/RIU, 40,124.11 nm/RIU,
40,132.06 nm/RIU, and 40,141.76 nm/RIU, respectively.

Maximum amplitude sensitivity is determined to be 48.54 RIU™!, 87 RIU™! at 1.15 m,
and 77.69 RIU™', 43.77 RIU™" at 1.55 pm for RIs of 0.96, 0.97, 0.98, and 0.99. Moreo-
ver, the developed sensor exhibits very low cross talk (CT) in the 1 pm to 1.7 pm wave-
length region. Another important element for enhancing the PCF sensor’s features is the
insertion loss (IL). The minimum result for the analyte with a RI of —1 is 2.91 dB at the
same wavelength (1.25 pm). A straightforward design compromises the proposed biosen-
sor, which coats the gold-plasmonic substance and uses an external sensing method. The
resonance wavelength sensitivity experimental findings and theoretical findings are closely
connected. The suggested D-shaped model with gold coating is simple and inexpensive,
and it could be employed for biochemical detection.

6 Conclusion

The detection of coronavirus utilizing its RI has been proposed and studied using a novel
D-shaped PCF-based SPR biosensor. The proposed biosensor’s computational domain
has been handled by the FEM method, and in order to measure sensor performance, the
most suitable plasmonic material—gold is externally deposited to reduce fabrication com-
plexity and improve sensitivity. The suggested corona biosensor shows maximum AS of
100 RIU™! and WS of 40,141 nm/RIU. Other optical parameters such as dispersion loss,
confinement loss, cross-talk value, and insertion loss are also investigated for the wave-
length region 1-1.7 pm. Since the suggested sensor is easy to fabricate by applying Draw
and Stack technique. Due to its simple design and auspicious result, it can be noted that
this sensor must be a good candidate in this COVID-19 pandemic and it must be a stair for
the other sensor prepared for the detection of the coronavirus in the future.
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