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Abstract: This study reports the design of a dielectric resonator (DR) metasurface-based terahertz
biosensor for rapid and accurate detection of different kinds of viruses (HIN1, SARA-COV-2, etc.).
The characterization of the sensor is done by analyzing its absorbance properties with and without
the presence of the HIN1 virus layer of different concentrations and electrical properties in the
frequency range of 2.4 THz to 3 THz. A full-wave EM model of the sensor is designed using CST
MWS software. The geometrical parameters of the proposed biosensor, as well as its dielectric
constant of the virus swab, are varied to achieve good performance with an absorption level close
to 1 (100%). A significant change in the resonating pick-up frequency owing to the variation in the
effective refractive index of the realized sensor ensures the detection and classification of the
different concentrations of the same or different viruses. The presented design could be used for the
rapid detection of viruses with the added advantages of contactless, label-free, and accurate
identification of different concentrations of viruses.

Keywords: metasurface; corona virus; dielectric resonator; virus detection

1. Introduction

There has been a profound impact of the Coronavirus pandemic on the global economy,
resulting in widespread contraction, job losses, and disruptions in a variety of sectors. The pandemic
has exposed vulnerabilities in supply chains, tourism, and global trade because of the inaccurate and
faster detection procedures at the start of the pandemic [1, 2]. The global economy's fallout is
recovering steadily but still, many counties are far behind their pre-COVID economy status.

The rapid, inexpensive, and accurate detection and identification of the viruses such as corona
(COVID-19), server acute respiratory syndrome (SARS), Zika, middle east respiratory syndrome
(MERS), Avian Influenza (Al), etc. could help us to minimize their adverse impact on the population
and eventually on world economy [3-7]. The conventional widely used techniques of polymerase
chain reaction (PCR) and the branched-chain DNA (bDNA) took more time and are labor-intensive
[8-10]. Also, their detection speed and sensitivity are lower [3, 4, 9, 11, 12].

Terahertz (THz) technique, particularly THz time-domain spectroscopy (THz-TDs), for the
analysis of biomaterials, has gained a lot of interest in recent times [13, 14]. THz spectroscopy offers
the advantages of label-free, non-contact, and non-destructive biosensing of viruses [4, 13, 15]. It has
been proven that the binding energy and vibration-rotational levels of biomaterial molecules lie in
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the THz spectrum [11, 14-16]. The analysis of the transmission and absorption characteristics of
microorganisms of biomaterial in the THz range can be used for rapid and accurate detection [11, 15].

Done et al. [11] developed a metamaterial-based biosensor based on spoof surface plasmon
polaritons (SPSS) technique for the detection of Influenza viruses (HN5N2, HIN1, HON2) by
analyzing the level of proteins in them. The authors in [4] developed a THz split-ring resonator for
the detection and analysis of PRD1 and MS2 viruses using the THz-TDs method. A metamaterial
sensing chip is reported in [15] for ultrasensitive THz biosensing.

Dolai et al. [6] used THz spectroscopy for the detection of the Zika virus by placing its samples
on graphene. The study of Keshavarz [3] shows that different avian influenza viruses (H1N1, H5N2,
and HIN2) can be detected by observing the change in their resonance frequency with the change in
virus type. A plasmonic metamaterial-based biosensor was proposed in [17] for the detection and
identification of Zika virus. The findings of [18] revealed that the detection sensitivity of the PRDI
virus can be increased by employing the nanowire structure in a metasurface-based biosensor. The
authors in [16] suggested that metallic mesh-based biosensors boost the sensitivity of the detection of
proteins in biomaterials.

Substrate Ground

With virus

Virus ‘ IR 4

DRA —]

Swab

(a) (b)

Figure 2. Proposed DRA-based biosensor structure (a) with virus swab (b) with source excitation.

Table 1. Geometrical details of the proposed biosensor.

Parameter Values (um)
L (substrate length) 90
W (substrate width) 90
h (substrate thickness) 10
hor (thickness of the Dielectric Resonator DR) Parametric study
hvirus (thickness of the virus layer) Parametric study
t (ground gold thickness) 1

r (radius of the Dielectric Resonator DR) Parametric study
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This study reports the design of a DR-based metasurface biosensor for the rapid detection of the
virus. Figure 1 shows the design of the proposed biosensor and the virus detection methodology. The
realized biosensor constitutes circular DR having a radius ‘7’ and is made of silicon material (e=11.9).
The DR is placed on a quartz substrate having a relative permittivity of 3.75 and a loss tangent of
0.0001. The quartz substrate is backed by a gold (Au) ground plane. The absorbance characteristics
of the investigating sensor are analyzed in CST MWS using a Floquet port in the frequency range of
24THzto3THz. Firstly, the absorbance of the biosensor is obtained without virus and its resonance
(pick-up) frequency (fi) and absorbance level (A1) are recorded. Then the HIN1 virus swab is placed
around the DR on the top of the quartz substrate as shown in Figure 2. To our best knowledge, until
now we don't have any reported permittivity value of the COVID-19 virus. As the COVID-19 virus
is classified close to the family/behavior of the Influenza viruses (H5N2, HIN1, HIN2), we have
decided to work with HIN1 virus permittivity. We can use any other values with small optimization
in the structure dimensions. The analysis shows that the absorbance level (A2) of the presented sensor
increases, and its pick-up frequency (f2) reduces with the placement of the virus swab around DR.
The difference in the pick-up frequencies (Af) and absorbance level (AA) is used for the detection of
the virus as per the concentration of the virus swab (hvirs). The study includes the parametric analysis
of the virus swab concentration (hvirus), DR radius (r), thickness of the DR (hora), and dielectric
constant of the virus swab for the sensitivity and selectivity analysis of the presented biosensor. %).
A significant change in the resonating pick-up frequency owing to the variation in the effective
refractive index of the realized sensor ensures the detection and classification of the different
concentrations of the same or different viruses.

2. Biosensor Structure Design

Figures 1 and 2 show the structure of the proposed biosensor. In this work, employing the CST
software package we have designed a metasurface using a circular dielectric resonator (DR) for
operation in the frequency band 2.4 THz to 3 THz. The metallic ground of the designed DR-
metasurface is composed of Gold (Au) whereas the substrate is made of quartz with a permittivity
equal to 3.78 and we have used silicon for the circular DR with a permittivity equal to 11.9. The Drude
model is used for the modeling of the gold permittivity in the analyzed frequency band of 2.4 to 3
THz. To excite the proposed structures, we have used the Floquet port placed in the z-direction with
periodic boundary conditions in the x- and y- directions as illustrated in Figure 2(b). Table 1 lists the
details of the geometrical parameters of the realized biosensor.

A parametric analysis was performed to obtain the optimized design parameters with high
absorption level characteristics after adding different HIN1 virus layers. The HIN1 virus swab is
modeled using relative permittivity of 2.2. We have studied the different geometrical parameters to
achieve good performance with an absorption level close to 1 and a frequency shift between the
maximum absorption of the structure with and without HIN1 virus layers.

3. Parametric Analysis

3.1. Variations of DR radius (r) with fixed DR thickness for different swab layers without virus

The analysis is started by analyzing the absorbance characteristics of the realized biosensor for
the fixed thickness of DR (hor) and varying its radius (r) and concentration of the HIN1 virus swab
layer (hvirus). The thickness of the DR is fixed at 4 pm and its radius is varied from 9 pum to 19 um with
a step size of 2 um. The variations in the absorbance characteristics of the proposed sensor are
investigated for both with and without virus cases.

Absorption (A) = 1 — Transmission) — Rerefiection) (1)

Figure 3 depicts the absorbance results of the sensor without the HIN1 virus for 6 different

samples of DR radius. The absorbance level of the waveforms is computed using (1).
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Figure 3. Absorption characteristics of the biosensor with virus (H1NI) thickness of 1 pm.

The resonance (pick-up) frequency and absorbance level of the absorbance waveform for the DR
radius of 9 um are 2.95 THz and 0.84 respectively. The frequency and absorbance level decreases to
2.92 THz and 0.82 with the increase in the DR radius to 11 um. A similar pattern of decrease in
resonance frequency and absorbance level can be noticed for the other radii values of DR in Figure 3.
The lowest value of absorbance (0.13) is noted for the largest radius (19 um) of DR. The increase in
the radius of the DR covers more area on the top surface of the quartz dielectric which results in the
reduction of its absorbance level of the biosensor and shifting of its resonance frequency to a lower
range. Table 2 summarizes the obtained resonance frequencies and absorbance levels for each
waveform in Figure 3.

Table 2. Comparison of resonance frequencies (in THz) and absorbance (A) levels of biosensor for
different radii of DR without virus for fixed DR thickness of 4 um.

hor=4 pm

Without r=9um r=11pm r=183um r=15pm r=17um r=19 um

Virus

fooAa f A f A f A f A f A
295 0.84 292 082 288 050 2.83 029 278 019 272 0.3

3.2. Variations of DR radius (r) with fixed DR thickness for different swab layers with the virus

Different layers of the HIN1 virus are placed on the quartz substrate around the DR. The DR
thickness is kept the same i.e., 4 um as in Section 3.1. Its radii are varied from 9 um to 19 um and its
impact is analyzed on the absorbance of the biosensor with the different swab layers of the HIN1
virus.

Figure 4 depicts the variations in the absorbance attributes of the sensor when DR is changed
from 9 pm to 19 um with a fixed swab layer of 1 um. The resonance frequency of the waveform with
a DR radius of 9 um is 2.91 THz while the corresponding absorbance level is 0.98. We note that the
absorbance level of the detection waveforms has been increased by 0.14 (0.98 from 0.84 for the radius
of 9 um) with the insertion of the virus swab layer on the substrate as compared to the same case
without virus results of Figure 3. The increase in the absorbance level is due to the presence of
microorganisms of the virus. Also, the resonance frequency for this case has been shifted to the lower
level of 2.91 THz as compared to the 2.95 THz frequency of the waveform with a DR radius of 9 pm
in Figure 3.

Overall comparison of Figure 4 results with Figure 3 reveals that the presence of the virus
increases the absorbance level while reducing the resonance frequency for all cases of different DR
radii.
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Figure 4. Absorption characteristics of biosensor without virus (H1NI).
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Figure 5. Absorption characteristics of the biosensor with the virus (HINI) thickness of 2 um.

The absorption variations are also investigated by increasing the virus swab layer thickness
(hvirus) to 2 um, 4 um, 6 um, 8 um, and 10 pm respectively. The characteristic waveforms for the cases
of hvirus=2 pm, hvirss=4 pm, and hvirus= 10 pm are shown in Figures 5, 6, and 7 respectively. The results
for the other cases of hvirus (6 um and 8 pm) are not reported here for brevity. Table 3 lists the
absorption levels and corresponding resonance frequencies of each waveform for all analyzed
different thicknesses of the virus swab. As the thickness of the DR is fixed here i.e., 4 um, the virus
swab layer completely covers the DR and quartz substrate when its thickness is increased beyond 4
pum. For a fixed DR radius (r) of 9 um, we can note from Table 3 and Figures 4-7 that as the thickness
of the virus swab layer enhances, the pick of frequency levels continuously shifts to lower levels. We
note from Figure 7 that no absorbance waveform is obtained with a DR radius of 9 um when the
thickness of the virus level is increased to its maximum analyzed level of 10 um. The absorption
waveforms for hvirus = 10 um appear as we move toward the higher DR radii. The change in the DR
radius to 11 um decreases both pick-up frequencies and absorbance levels. We note that the pick-up
frequency decreases to 2.88 THz, 2.83 THz, and 2.75 THz for the virus swab layers of 1 ym, 2 pm, and
4 um respectively as compared to the same case values with DR radius of 9 um. Also, the absorbance
level reduces to the values of 0.83, 0.844, and 0.90 for these frequencies while the level of 0.98, 0.87,
and 0.91 was observed for the same frequencies when the DR radius was 9 pum. Contrary to the
biosensor detection results with =9 um, DR with a radius of 11 pum can detect the virus swab layer
of 10 um with detection frequency and absorbance levels of 2.55 THz and 0.89 respectively. This
shows that we notice that the absorbance level for this case (» =11 pum) is comparatively lower than
the noted levels of the biosensor with a radius of 9 pm. However, still, the sensor is detecting the
different virus swab layers with more than 83% absorbance levels which shows good performance of
the realized sensor.
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Figure 6. Absorption characteristics of the biosensor with virus (H1NI) thickness of 4 pm.
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Figure 7. Absorption characteristics of the biosensor with the virus (HI1NI) thickness of 10 pm.

The further increase of the proposed biosensor DR radius to 13 um brings the reduction in both
pick-up resonance frequencies and absorbance levels. We observe the pick-up frequencies of 2.84
THz (hvirus =1 pm), 2.80 THz (hvirus =2 pum), 2.73 THz (hvires = 4 pm), 2.65 THz (hvirus = 6 um), 2.59 THz
(hvirus =8 pm), and 2.53 THz (hvirus = 10 pm) respectively. These observed frequencies have significant
variations from the observed frequencies with virus layers which show the good sensitivity of the
realized sensor with different swab layers. The minimum and maximum absorbance levels for this
case are 52% and 79% respectively for the virus swab layers of 1 um and 10 um. These absorbance
levels are in a very good range for the essay and rapid detection of various virus layers.

Table 3. Comparison of resonance frequencies (in THz) and absorbance (A) levels of biosensor for
different radii of DR and different layers of HIN1 virus swab for fixed DR thickness of 4 um.

hor=4 pm
With Virus r=9 um r=11pm r=13pum r=15pum r=17pum 7r=19 um
hvirus f A f A f A f A f A f A
1 um 2.91 098 288 083 284 052 279 037 274 021 269 0.14
2 um 2.86 087 283 0844 280 054 276 034 272 022 267 0.15
4 um 2.78 091 275 090 273 0.62 270 039 266 025 263 0.18
6 um 2.69 077 267 088 265 0.67 262 046 260 031 256 0.19
8 um 2.62 0.68 260 091 259 077 257 054 254 037 252 0.26

10 um Nopic Nopic 255 089 253 0.79 251 061 249 045 247 0.32
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For a fixed layer of a virus, e.g., 1 um, the increase in the DR radius also reduces the resonance
frequency and absorbance levels. We can notice in Table 3 that the resonance frequency decreases to
the levels of 2.88 THz, 2.84 THz, 2.79 THz, 2.74 THz, and 2.69 THz from 2.91 THz with the increase
in the radius of DR for the virus thickness of 1 um. The same pattern is observed for the reduction in
the absorption properties where the absorption values reduce to 0.83 (r = 11 um), 0.52 (r = 13 um),
0.37 (r=15 pum), and 0.14 (r = 19 um) when compared with the value of 0.98 (r =9 um) for the same 1
pm thickness of virus swab. Similar observations can be made for other thicknesses of the virus in
Table 3.

The increase of the DR radius to 15 pm, 17 um, and 19 pm reduces the absorbance levels. The
minimum and absorbance levels for 15 pm cases are 37 % (hvirs = 1 um) and 61% (hvirus = 10 pm).
These level changes to 21 % (hvirus = 1 um) and 45 % (hvirus = 10 pum) for the DR radius of 17 um. The
lowest absorbance level is noted for the case of 19 um DR radius case which is 14 % and 32 % for the
virus layers of 1 um and 10 pum respectively. This shows that although the absorbance level reduces
to 32 % for the maximum DR radius of 19 um, it is in an acceptable range for the rapid detection of
the virus layer of 10 pm. The detection sensitivity of the realized sensor could be lower for the thinner
virus swab layers with the increase in the DR radii. The DR covers more area on the substrate layer
with the increase in its radius for the fixed virus thickness and thus results in lowering of the pick of
frequency of absorption waveform.

The change in the resonance frequency (Af) and absorbance level (AA) with and without the
presence of a virus swab is computed using (2) and (3) respectively.

Af = fwithout virus = fwith virus )

AA = Ayithout virus — Awith virus 3)
Table 4 presents the Af and AA values for the analyzed cases of Table 1 and Table 2. The change
in resonance frequencies and absorbance levels with a swab layer of 1 um are 0.04 THz/0.14 (r =9
pm), 0.04 THz/0.01 (r =11 pum), 0.04 THz/0.02 (r =13 pum), 0.04 THz/0.08 (r = 15 um), and 0.04 THz/0.02
(r=17 pm) and 0.03 THz/0.01 (r = 19 um) respectively. The overall change in absorption levels (AA)
and resonance frequencies (Af) for the biosensor with a DR radius of 11 um with and without virus
swab layers are 0.04/0.01, 0.09/0.024, 0.17/0.08, 0.25/0.06, 0.32/0.09, and 0.37/0.07 respectively (see
Table 4). This change in the pick of frequencies and absorbance level could be used for the detection
of the different concentrations of the virus with fixed DR radius or the same concertation of the virus

with different DR radii.

Table 4. Analysis of change in absorption levels (AA) and resonance frequencies (Af) (in THz) for
different radii of DR and different layers of HIN1 virus swab for fixed DR thickness of 4 pm.

hpr=4 pm
With Virus r=9 um r=11uym r=1LB8um r=15pum r=17pum r=19 um
hvirus Af AA A AA A AA A AA A AA A AA
1 um 0.04 0.14 0.04 001 0.04 002 004 008 0.04 0.02 0.03 0.01
2 um 0.09 003 0.09 0.024 0.08 0.04 0.07 005 0.06 0.03 0.05 0.02
4 um 0.17 0.07 017 0.08 015 012 013 01 012 0.06 0.09 0.05
6 um 0.26 -0.07 025 0.06 023 017 021 017 0.18 0.12 0.16 0.06
8 um 0.33 -0.16 032 0.09 029 027 026 025 024 018 02 013

10 pm Nopic Nopic 037 0.07 035 029 032 032 029 026 025 0.19

While comparing the results of Tables 2 and 3, we notice that the overall better absorbance levels
are obtained with a DR radius of 11 um for all concentrations of the virus swab. The observed
absorption values for these cases are 0.83 (hvirus = 1 pum), 0.844 (hvirus = 2 pm), 0.90 (hviris = 4 pum), 0.88
(hvirus = 6 pm), 0.91 (hvirus = 8 pm), and 0.89 (hviris = 10 pm) respectively. The higher absorption values
provide better sensitivity for the early, rapid, and accurate detection of the virus. These values are
higher than all other cases of DR radii except for a couple of values for the 9 um DR radius case.

doi:10.20944/preprints202306.1888.v1
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Although the absorbance levels are comparatively higher for certain concentrations of virus with a
lower DR radius of 9 um, it fails to detect the virus concentration of more than its radius value i.e., 10
pm.

3.3. Impact of varying DR thickness (hor) with different DR radii and virus swab layers

Sections 3.1 and 3.2 have described the impact of the changing DR radii and concentrations of
the virus swab on the absorption levels and resonance frequencies with a fixed DR thickness i.e., hor
= 4 um. This section presents the analysis of the change in hor on the absorption properties of the
realized biosensor.

The numerical analysis is performed by varying the DR thickness to 4.5 um and 5 um with all
different levels of DR radii (r) and hvirus as done in Sections 3.1 and 3.2.

Figures 8 and 9 illustrate the results of biosensors without viruses for the DR thicknesses of 4.5
pm and 5 pm respectively. We note that the absorbance (A) levels are 0.99 (hor = 4.5 um) and 0.98
(hor =5 pm) for the case of a DR radius of 9 um. The observed absorption of the same case with a DR
thickness of 4 um was 0.84 without the virus. This reflects that the enhancement of the DR thickness
increases the absorption level when no virus is placed on the biosensor. The impact of the placement
of the virus swab with different concentration layers (hvirus) of 1 pum, 2 pm, 4 pm, 6 pm, 8 um, and 10
pm is analyzed for the DR thickness of 4.5 pm and 5 um respectively.

1 hDR= 4.5 pm, Without HIN1
T

—_—r=9 um
—r=11 pm
0.9 7| =——r=13 pm
=15 pm
=——r=17 pm
=19 pm

Absorbance

24 2.5 26 2.7 2.8 2.9 3
f (THz)

Figure 8. Absorption characteristics of biosensor without virus (HINI) with hor = 4.5 pm.
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Figure 9. Absorption characteristics of biosensor without virus (HINI) with hor =5 pm.
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Figure 10. Absorption characteristics of the biosensor with the virus (HINI) layer of 1um with hor =
4.5 ym.
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Figure 11. Absorption characteristics of biosensor with virus (HINI) layer of 1um with hor =5 pum.

Figures 10 and 11 show the change in the waveform properties when the quartz substrate is
covered with a virus swab layer of 1 pm. Similar results were obtained for the aforementioned
concentrations of viruses but are not reported here for brevity. However, the tabular comparison of
the variations in absorbance and resonance frequency levels is shown in Tables 5, 6, 7, and 8
respectively. Similar analysis observations can be made for the individual cases of 4.5 um and 5 um
DR thicknesses as was made for the 4 um case. The sensing capabilities of the realized sensor with a
DR thickness of 4.5 um vary with the change in the virus swab layers too. The observed resonance
frequencies and absorbance levels are 2.90 THz/0.96 (hviris = 1 um), 2.85 THz/0.84 (hvirus = 2 pm), 2.74
THz/0.94 (hvires = 4 pm), 2.68/0.79 (hvirus = 6 pm), and 2.55 THz/0.73 (hvirus = 10 pum) respectively. These
values are different than the observed values for the DR thickness of 4 pm for the same radius of 9
um which depicts the sensitive nature of the realized sensor. As in the earlier case of DR thickness
of 4 um, the increase in the radii of DR decreases the absorbance levels. The maximum absorbance
levels for radii of 11 um, 13 pum, 15 pm, 17 um, and 19 um are 91 %, 82 %, 53 %, 36 %, and 26 %
respectively which shows the good detection attributes of the proposed sensor even with the larger
radii sensor.
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Table 5. Comparison of resonance frequencies (in THz) and absorbance (A) levels of biosensor for
different radii of DR and different layers of HIN1 virus swab for DR thickness of 4.5 pm.

hor=4.5 pm

With

Virus

r=9 um

r=11 um

=13 um

=15 um

r=17 um

7 =19 pm

hVirus

foA

foA

f A

f oA

f oA

f

A

1 pum

290 0.96

286 0.73

282 0.44

276 0.24

272 0.17

2.66

0.12

2 um

2.85 0.84

282 0.78

278 0.46

274 0.28

269 0.18

2.64

0.12

4 um

274 094

273 0.83

269 0.53

266 0.33

263 022

2.59

0.15

6 um

268 0.79

2.67 0.89

264 0.60

261 0.38

258 0.30

2.55

0.17

8 um

pic  pic

2.60 091

258 0.67

255 045

252 025

2.50

0.25

10
pm

255 0.73

2.54 0.83

252 0.82

250 0.53

248 0.36

2.46

0.26

Table 6. Analysis of change in absorption levels (AA) and resonance frequencies (Af) (in THz) for
different radii of DR and different layers of HIN1 virus swab for fixed DR thickness of 4.5 pm.

10

hor=4.5 pm
With Virus =9 um r=11Tpm r=183um r=15pum r=17um 7r=19 um
hvirus Af AA A AA A AA A AA A AA M AA
1 um 0.05 -0.03 005 0 0.04 001 004 -001 0.02 0.01 0.02 0.01
2 um 0.1 -0.15 0.09 0.05 0.08 0.03 006 0.03 005 0.02 0.04 0.01
4 um 0.21 -0.05 018 01 017 01 014 0.08 011 0.06 0.09 0.04
6 um 0.27 -02 024 016 022 017 019 013 0.16 014 013 0.06
8 um Nopic Nopic 031 018 028 024 025 02 022 009 018 0.14
10 um 0.4 -026 037 01 034 039 03 028 026 02 022 015

The observed resonance frequencies and absorption levels for the DR thickness of 4.5 pm and 5
pm are 2.86 THz/0.73 (r = 11 um) and 2.85 THz/0.69 (r = 11 um) which are lower than the observed
levels of 2.88 THz/0.83 (r = 11 um) for the same case of the sensor with DR thickness of 4 ym. The
comparison of Tables 3, 5, and 7 shows that the increase of the hor decreases the resonance frequency
and absorption attributes of the sensor for the fixed DR radius and virus swab layer. Also, we note
from Tables 3, 5, and 7 that better results in terms of the sensitivity and selectivity of the biosensor
are obtained for the DR radius of 11 um for all three cases of different DR and virus thicknesses.

Table 7. Comparison of resonance frequencies (in THz) and absorbance (A) levels of biosensor for
different radii of DR and different layers of HIN1 virus swab for DR thickness of 5 um.

hor=5 um
With Virus  7=9um r=11pym r=183um r=15um r=17um 7 =19 um
hvirus f A f A f A f A f A f A
1 um 289 093 285 069 280 038 275 023 270 016 262 0.10
2 um 280 099 277 070 273 042 268 025 265 0.17 259 0.11
4 um 272 099 270 079 267 048 263 029 260 021 255 0.19
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6um 268 081 266 082 263 052 260 032 257 027 Nopic No pic
8um 261 096 259 089 257 061 254 038 251 028 248 020
10um 255 075 253 089 252 069 249 045 247 033 244 021

Table 8. Analysis of change in absorption levels (AA) and resonance frequencies (Af) (in THz) for
different radii of DR and different layers of HIN1 virus swab for fixed DR thickness of 5 um.

hpr=5 pm
With Virus 7=9pum r=11pm r=13um r=15pm r=17 um r=19 um
hvirus A AA A AA A AA M AA A AA Af AA
1um 0.05 -0.05 0.05 003 005 0.01 005 -0.01 001 0.02 0.03 0

2 pym 0.14 001 013 004 012 005 0.12 0.01 0.06 0.03 0.06 0.01
4 pm 022 001 02 013 018 011 017 0.05 0.11 0.07 0.1 0.09
6 um 026 -0.17 024 016 022 015 02 008 014 013 Nopic No pic
8 um 033 -0.02 031 023 028 024 026 014 02 014 017 0.1
10 pm 039 -023 037 023 033 032 031 021 024 019 021 0.11

4. Optimized Biosensor Results

The findings of Section 3 suggest that the optimal results of the realized biosensor are obtained
with the DR radius of 11 pm. The comparative analysis of the biosensor performance with the
obtained optimal value of DR radius is discussed here.

Figures 12, 13, and 14 illustrate the comparison of obtained results without the virus and with
the variations in the different virus thicknesses for the optimal design of the proposed sensor for the
three different cases of hor. For these results, the thickness of the virus swab is varied from 1 um to
10 um with a step size of 1 um. The without virus waveform is shown with dotted red color while
the obtained results with different virus concentrations are shown with solid lines of different colors.

We observe from Figures 12, 13, and 14 that the placement of the virus swab concertation varies
the detection sensitivity of the optimized biosensor. The continual shift of resonance frequency
towards the lower range is evident with the increase in the concentration of the virus. The absorption
levels of the sensor are higher than the no-virus case with overall values of more than 0.83, 0.73, and
0.69 for all cases of virus concentration with hor =4 um, hor = 4.5 um, and hor = 5 pm respectively.
Table 9 presents the summary of Figures 12, 13, and 14 waveforms. The changes in AA and Af for the
waveforms of Figures 12, 13, and 14 are listed in Table 10.

We observe that the highest sensitivity of the optimized sensor is achieved with the lower value
of the DR thickness i.e., hor = 4 pm. For this case, maximum levels of absorption are recorded which
shows the higher sensitivity of the sensor. Also, the change in the pick-of frequencies is significant
for all cases of hor with different layers of viruses as illustrated in Table 10. This shows the sensor can
easily detect viruses with different concentrations.
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Figure 12. Absorption characteristics of biosensor without and with different virus (HINI) layers for

hor =4 um.
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Figure 13. Absorption characteristics of biosensor without and with different virus (HINI) layers for

hor =4.5 pm.
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Figure 14. Absorption characteristics of biosensor without and with different virus (H1NI) layers for

hor =5 um.
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Table 9. Comparison of resonance frequencies (in THz) and absorbance (A) levels of optimized
biosensor for different thicknesses and layers of HIN1 virus swab for DR radius of 11 pm.

Table 10. Comparison of change in absorption levels (AA) and resonance frequencies (Af) (in THz) of
optimized biosensors for different thicknesses and layers of HIN1 virus swabs for DR radius of 11

pm.

doi:10.20944/preprints202306.1888.v1

r=11 pm
hor 4 um 4.5 um 5 um
Without Virus _ [ A f A f A
293 082 291 073 29 0.66
With Virus f A f A f A
hvirus
1 um 288 0.83 286 0.73 2857 0.69
2 um 283 0.84 282 078 281 071
3 um 279 086 278 076 277 071
4 um 275 090 - - 273  0.76
4.5 ym - - 273 083 - -
5 um 271 09 271 085 270 0.79
6 um 267 088 267 089 266 0.82
7 pm 264 093 261 093 261 0.83
8 um 260 091 260 091 259 0.89
9 um 257 097 257 086 256 0.90
10 um 254 0.89 254 0.83 253 0.90

r=11 um
hor 4 um 4.5 um 5 um
With Virus Af  AA  Af  AA Af AA
hvirus

1 pum 005 001 005 0 0.043 0.03
2 um 01 002 0.9 005 0.09 0.05
3 um 014 004 013 0.03 013 0.05
4 pm 0.18 0.08 - - 017 0.1

4.5 pm - - 018 0.1 - -
5 um 022 008 02 012 02 013
6 um 026 006 024 016 024 0.16
7 um 029 011 03 02 029 017
8 um 033 009 031 018 031 0.23
9 pum 036 015 034 013 034 024
10 pm 039 007 037 01 037 024

13
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5. Sensitivity Analysis for Change in Virus Type

The variation in the virus type can impact the detection and characterization performance of the
realized biosensor. This has been demonstrated by changing the relativity permittivity of the virus
swab as this is a key parameter that reflects the variation in the virus under test. A comprehensive
analysis is conducted to investigate the impact of DR and virus thickness as well on the reflection
properties of the designed biosensor by varying the relative permittivity in the range of 2 um to 3.4
pm with a step size of 0.1 pm.

; hpe=4 um, hy, =9 pm
‘ ; II — =2 M
09 il i ! | |= -e=24um
' i ; - ! =22 pm
0.8 E gi E 5: I | — € = 2.3 pM
E 5' N ' 2.4 um
0.7 N8 iz
(i |

Absorbance
e o o
> 3, (=]

T T T

e
w
T

o
N
T

e
o
T

o

N
()

23

f (sz)

Figure 15. Impact of change in virus type on the absorption characteristics of the biosensor with DR
thickness of 4 pm and virus swab layer of 9 pm.

Figure 15 reflects the change in the absorption properties of the biosensor when the relative
permittivity of the virus swab is varied from 2 pm to 3.4 um with hor =4 pum and hviris =9 pm. A very
low reflection (A = 0.97) is observed for the pickup frequency of 2.61 THz when the virus swab is
investigated with a relative permittivity of 2 um. The sensor resonating frequency changes to 2.59
THz, 2.57 THz, 2.55 THz, 2.54 THz, 2.52 THz, and 2.49 THz when virus swab layer permittivity is
increased to 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, and 2.7 respectively as depicted in Figure 15. It can be observed
from the Figure 15 curves that the increase of relative permittivity of the virus layer from 2 to 3.4
brings a continual decrease in the resonating frequency of realized biosensor with relatively lesser
variations in its absorption characteristics. The lowest level of absorption (0.7) is recorded for the
dielectric constant of 3.4 of the virus.

A similar trend for the change in resonating absorption frequency of the biosensor with the
increase in the DR and swab layers thickness is noted as shown in Figures 16 and 17. Table 11 lists all
the pickup frequencies and their corresponding absorption levels of Figures 15, 16, and 17 curves. It
is noted from Figure 16 and Table 11 that the increase of DR thickness and decrease of the virus swab
layer for the same range of the virus dielectric constant brings a relative increase in the pickup
frequencies. These frequency levels decrease further with the increase in the virus thickness as
illustrated in Figure 17 and Table 11.

The dielectric constant of the DR Silicon material is fixed to 11.9 for all the analyzed cases of
Figures 15-17. The enhancement of the relative permittivity of the surrounding material (virus swab
layer in this case) increases the effective refractive index of the biosensor. This attributes to the
decrease in the resonance frequency of the DR sensor as illustrated in Figures 15-17 waveforms.
Another reason for the continual decrease in the resonance frequencies of the designed biosensor
with the increase in the dielectric constant of the virus swab is the decrease in the speed of penetrating
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EM waves. On the other hand, the relatively smaller change in the absorption characteristics can be
attributed to the low absorption coefficient of the silicon in the THz range.

Nevertheless, the sensitivity analysis of Figures 15-17 and Table 11 reflects that the realized
biosensor can easily distinguish between the different types of viruses because of the significant
changes in its resonating frequency even with a small change in the virus's electrical or structural

properties.
; hDR= 4.5 pm, hVirus= 8 um
! H u : . —_—F 2 pm
09 F‘ ! 4= mes2Aam
g || : H li =22pm
08l Z, H " l| || e—e=23pm
(I I
07

Absorbance
o o

G o

T T

o
IS
T

e
w
T

0.2

22 23 2.4 2.5 2.6 2.7 2.8
f (THz)

Figure 16. Impact of change in virus type on the absorption characteristics of the biosensor with DR
thickness of 4.5 um and virus swab layer of 8 um.
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Figure 17. Impact of change in virus type on the absorption characteristics of the biosensor with DR
thickness of 5 um and virus swab layer of 10 pm.

Table 11. Comparison of change in absorption levels and resonance frequencies (in THz) of realized
biosensor for different thicknesses and layers of HIN1 virus swab with different dielectric constants.

hor=4 um, hviru=9 um  hor= 4.5 pm, hvirss=8 pm  hor=5 pm, hvires= 10 pm
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& f(THz) A f(THz) A f(THz) A
2 2.61 0.97 2.63 0.95 2.58 0.92
2.1 2.59 0.96 2.61 0.92 2.55 0.94
2.2 2.57 0.97 2.6 0.91 2.53 0.89
2.3 2.55 0.91 2.58 0.86 2.52 0.95
24 2.54 0.95 2.57 0.96 25 0.93
2.5 2.52 0.99 2.55 0.94 2.48 0.95
2.6 2.51 0.8 2.54 0.87 2.46 0.98
2.7 2.49 0.95 2.52 0.86 2.45 0.82
2.8 NOPEAK NOPEAK 2.51 091 243 0.99
29 2.46 0.98 2.5 0.99 242 0.97
3 245 0.96 2.48 0.91 24 0.94
3.1 243 0.89 NOPEAK NO PEAK 2.39 0.96
3.2 242 0.73 2.46 0.86 2.38 0.99
3.3 241 0.93 245 0.98 NOPEAK NOPEAK
34 24 0.7 244 0.98 2.35 0.91

6. Conclusions

The study has detailed a design of the THz biosensor based on a dielectric resonator-(DR)
metasurface structure for the rapid detection of viruses. The parametric analysis of the different
critical design parameters of the presented sensor was performed for the identification of the
optimized parameters with higher sensitivity and selectivity of the investigated sensor. The proposed
sensor performs the rapid detection of the virus layer by analyzing its sensor absorption properties
(magnitude and frequency shift). The performed parametric analysis of the presented biosensor
reveals that metasurface-based DR sensors produce good performance with fast detection of different
virus swab layers (with thickness ranging from 1 um to 10 pum) with a DR radius of 11 um. The
variation in the effective refractive index of the optimized sensor ensures the detection and
classification of different concentrations of the same or different viruses due to a change in its
resonating pick-up frequency with lower reflection. The realized THz sensor could be used for the

doi:10.20944/preprints202306.1888.v1
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fast and accurate detection of different kinds of viruses (H1N1, corona, etc.) by quickly analyzing the
variations in its reflective properties.
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