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Abstract

The world is plagued by the SARS-CoV-2 pandemic. With more than 5 million deaths to date and new variants
rapidly mutating, it has become crucial to be able to quickly detect the virus. RT-PCR is the most commonly used
method for virus detection; however, it is prone to false results and is slow. Thus, optical metasurface based sensors
are being utilized to detect viruses such as COVID-19 among others. In this report, we investigate a Fano
resonance-based periodic structure, etched Si chip metasurface sensor, initially described in Yang et al.’s work
which can detect very minute changes in local refractive index. We conducted virtual experiments on the size of
the etched square on the Si chip, and the thickness of the Si chip. It was discovered that a side length of 160 nm
with a thickness of 120 nm can be used to achieve a very sensitive sensor. This sensor was able to reach the highest
sensitivity of 229.46 nm/RIU with FOM of 59.02 at the second resonant mode. In the same environment, we also
proposed to explore other designs, such as Si and Au nanohole arrays, for comparison. Si nanohole array was able
to achieve resonance, however, the resonant shift was negligible. Au nanohole array achieved weak LSPR
resonance, but the resonance was disrupted with the shift in refractive index, showing nanohole arrays are not
useful in this configuration. The periodic etched Si chip metasurface sensor has the potential to be further
developed for physical manufacturing and usage.

Introduction

The SARS-CoV-2 pandemic, or the COVID-19 pandemic, has affected our world for two years now. After being
first recorded in Wuhan, China 3, the virus rapidly spread across the globe and was declared a global pandemic
in March 2020 1. It has left the global economy in shatters [, along with more than 5 million deaths . Thus, it
has become a necessity for the world to curb its spread in order to heal itself. Due to its contagious nature [,
detection of the virus vector quickly becomes extremely important.

Currently, detection via Reverse Transcription-Polymerase Chain Reaction (RT-PCR) is being majorly used
around the world to detect Covid-19 positive patients 1. However, it is prone to false-positive and false-negative
1 cases during the early stages of infection, with a single kit costing more than 100 USD and 4-6 hour analysis
time [, Therefore, other methods are necessary to reduce the test cost and decrease the analysis time, not limited
to COVID-19.

In recent years, the usage of optical metasurfaces based biosensors has become popular for virus detection 1],
Metasurfaces are planar metamaterial structures with subwavelength thickness, operating at wavelengths ranging
from microwave to visible. Metamaterials are composed of periodic subwavelength optical structures that
resonantly couple to the electric or magnetic or both components of the incident electromagnetic fields, exhibiting
response not found in nature. Using metasurfaces, we can change the amplitude, phase and polarization state of an

electromagnetic wave through which, we can control the beam propagation direction and shape of the wavefront
[10]
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Figure 1: Examples of metasurfaces used for different sensing application. (a) Nanohole array metasurface used
for biosensing using microfluids [*4. (b) Polarization based metasurface used for selective virus sensing 4. (c)
Hexagonal structures based metasurface to show anti-proliferation of tumour cells with aspirin 12,




When a target attaches itself to an optical sensor, the effective refractive index of the sensor changes which induces
a change of the resonant wavelengths. Metasurface based biosensing is dependent on the shift of these resonant
peaks. A sharper and narrower resonant peak is preferred for any sensor as it lets us measure very small peak shifts,
giving rise to highly sensitive sensors [*4. Therefore, Fano resonant devices has gained popularity as they can
produce multiple resonance responses with very sharp resonance peaks 1%,

In general, Fano resonance is a type of resonance that occurs when two oscillators with very different damping
rates couple together. One oscillator is almost undamped and changes its phase by = at resonance and the other
oscillator is strongly damped which changes its phase slowly. The coupling constant is weaker than the larger
damping, which means energy leaks away faster than the transfer of energy between the two oscillators. The
interference between the two oscillator modes gives rise to an asymmetrical spectrum with a sharp change between
a peak and a dip, as shown in figure 2. The shape of the spectrum is dependent on the phase shift between the two
oscillators %1, For metasurfaces, the two oscillators are called the bright mode, which couples strongly, and the
dark modes, which couples weakly, to external radiation such as free space radiation 16,
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Figure 2: General asymmetrical Fano resonant spectra with different fano factor. The greater the fano factor, the
sharper the peak %1,

Fano resonance is being used for various sensing applications. Pathania et al. used it for the detection of antibodies
in blood plasma using Plasmonic Nanomatryoshka with sensitivity as high as 244.9 nm/RIU 7], It has also been
employed to build ultrasensitive sensors with sensitivity reaching 926nm/RIU using gold nanoslit arrays €, It can
even be achieved in other metasurface designs such as nanohole arrays, as shown by Hajebifard et al. in their
plasmonic heptamer shaped nanohole arrays, with 400 nm/RIU sensitivity 9. In some cases, it can even be
employed to enhance other kind of resonances, such as Surface Plasmon Resonance (SPR) 2],

Therefore, in this report, we will present Lumerical-FDTD simulations for a fano resonant sensor modified from
the design described by Yang et al. 1 and compare its sensitivity to more common designs such as nano-hole
arrays. The aim is to create a structure that is highly sensitive to minute changes in refractive index in its local
surroundings, so that it is able to quickly detect low concentrations of viruses, including the SARS-CoV-2.



Methodology

All the results presented in this paper are obtained from simulations solved using Finite Difference Time Domain
(FDTD) method on Lumerical software. FDTD is a numerical way to solve Maxwell’s Equations to find
transmittance, reflectance, absorbance, fields, and other results based on a structure. The structures discussed
below works on the principle of the resonant peak shifts in the transmission spectrum after a change in the local
refraction index.

a. Structure of the periodic etched Si chip on SiO2 substrate

The structure described below is adopted from the paper by Yang et al. 4, with some modifications in its
parameter. The metasurface was an etched Si chip array over a SiO; substrate as shown in Figure 3(a). It was
modelled as an 800 nm x 800 nm x 800 nm SiO- substrate centred at (0, 0, -400) on top of which a 510 nm x 510
nm x 120 nm Si rectangle was placed which was centred at (0, 0, 60). The refractive indices of SiO, and Si were
extracted from the Handbook of Optical constants for solids 2. The rectangle was then etched as shown in Figure
3(b) with 4 squares. The side length of square number I and |1, do, was kept constant at do = 80nm, while side
length of square 111 and 1V, d;, was changed from 20 nm to 170 nm with 10 nm steps. Resonance was not observed
outside of this range. The four etchings were centred symmetrically on the silicon chips, with their centres at
coordinates (100, 100, 60), (-100, 100, 60), (-100, -100, 60) and (100, -100, 60). The thickness of the etched silicon
chip, h, was altered from 60 nm to 160 nm with 20 nm step and d; was kept constant at 160 nm. Outside this range,
the resonant peaks were not well-defined.
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Figure 3: (a) Fano resonant metasurface design taken from Yang et al. which is simulated in FDTD. (b) Single Si
chip from the metasurface. h is the height which is changed from 60 nm to 160 nm in steps of 20 nm when d,= d|
=80 nm. When h and do are kept constant at h = 120 nm and do = 80 nm, d, is changed from 20 nm to 170 nm in
steps of 10 nm. (c) Labelled FDTD setup which simulates to function as the metasurface in (a).

A 640 nm x 640 nm x 1700 nm FDTD simulation region with its centre at (0, 0, 50) was used. The substrate
extends beyond the simulation region in order to prevent divergence error while running the simulations 21, The
simulation time was 2000 fs with 300K and 1.33 background refractive index. Periodic boundary conditions were
used along the x-min, x-max, y-min and y-max directions, while Perfectly Matched Layer (PML) boundary
conditions were used in the z-min and z-max directions. A finer mesh region of cell size 5 nm x 5 nm x 5 nm was
then placed around the etchings with O nm buffer. A broadband plane wave source, in the near-infrared
wavelengths from 900-1300 nm, was used to inject EM waves along the backward z-axis. It was centred at (0, 0,
775). A frequency domain power monitor was then used to measure the transmission power. Its global monitor
was set to record 1000 frequency points and the monitor was centred at (0, 0, -700).

b. Structure of Si nanohole array

In order to compare results, a Si nanohole array, as shown in Figure 4(a), was also created to check whether this
structure is more sensitive than the previous one. The parameters of the SiO; substrate were the same as described
previously. The Si dielectric size was increased in the x and y direction to match that of SiO,. The thickness was
kept constant at 120 nm. A circle was etched in its centre and its radius r was changed from 70 nm to 160 nm, to
tune it to achieve Fano resonance. No resonance was observed beyond this range. The dimensions of the FDTD



simulation region were kept the same. Symmetric boundary condition was used in the x-direction and asymmetric
boundary condition was used in the y-direction. PML was used in the z-direction. The source and monitor

parameters were kept the same.
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Figure 4: (a) Silicon nanohole array metasurface design. It was simulated under the same setup as shown in Figure
3(c). (b) The design of the single hole used in the simulation. The radius r was changed from 70 nm to 160 nm

c. Structure of Gold nanohole array

A gold nanohole array, as shown in Figure 5(a), was also simulated to compare the sensitivity in conditions similar
to the previous two structure. All the simulation settings were kept the same as the previous structure except the
change of Si substrate to Au substrate, the radius p was changed from 90 nm to 180 nm. The refractive indices of
Au were extracted from CRC Handbook of Chemistry and Physics 241,

@ (b)

& | -

Figure 5: (a) Gold Nanohole array metasurface design. Similar simulation setup as shown in Figure 3(c). (b) A
single cell used in simulation with radius p changed from 90 nm to 180 nm.

Beyond the above stated radius, the resonant peaks became too broad.

d. Simulation of the liquid layer on sensors

When virus attaches itself to a sensor, the local refractive index at the surface of the sensor changes. In order to
simulate that, a structure group made up of dielectrics with variable refractive index was used. Its dimensions and

placement are detailed in Figure 6.
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Figure 6: (a) Cross section of the Si chip with the liquid. It was simulated as a set of 9 rectangles, with the top
rectangle having a constant 50 nm thickness from the sensor surface. Four rectangles were used to cover the sides
with water, while the other four rectangles were placed inside the square etchings. The dimensions of the rectangles
were altered according to the dimension of the sensor. It was ensured that there was no vacant space between the
rectangles and the sensor to simulate fluid filling. (b) Cross section of the nano-hole with the liquid. It was
simulated as a rectangle, with a constant 50 nm thickness from the sensor surface, and a cylinder which filled in
the nano-hole to simulate fluid filling. This was the same for both silicon and gold nano-hole array metasurface.




The refractive index of the liquid layer was first kept constant at 1.34 units, to simulate a change of 0.01 units as
the background works at 1.33 units. In order to calculate the sensitivity of the sensor, the refractive index of the
liquid layer was increased from 1.34 to 1.40 in 0.01-unit steps. This was used as a proxy for changing concentration
of virus on the sensor surface.

Sensitivity, which measures how responsive a sensor is to change in local refractive index changes, was calculated
using the formula 2,

dﬂ-resonant
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A graph of resonant wavelength against the refractive index was plotted, and the gradient of the linear best fit
curve was defined as the sensitivity.

S =

The sensitivity was later used to calculate the Figure of Merit (FOM) of the sensor, which is a measure of the
resolution of the resonant peaks and its sensing potential 2°, It was calculated by the formula,

FOM = mwim

Where, S is sensitivity and FWHM is Full width at Half Maximum of the spectrum.

Results and discussion

The results obtained from the simulations as explained in the previous section are detailed in this section. The
different resonant peaks will be referred to as numbered modes, which can be seen in Figure 7.
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Figure 7: A transmission graph showing different resonant modes. For each experiment, the simulation with the
maximum number of modes will be used to number the modes. In this example, the maximum modes were 4, so
we will refer to them as I, 11, 111, and 1V mode.

a. Periodic etched Si chip

i. Altering the side length of the square

In this experiment, the size of the side of the square etching is increased from 20 nm to 170 nm. With the increase
in length, the transmission profile changes. From 20 nm to 60 nm, the Il mode continues to decrease in amplitude.
At 70 nm, IV mode appears and 11 mode vanishes. At 80 mm, only the | and 111 mode exists. From 90 hm onwards,
the 1V mode starts increasing in amplitude and from 110 nm, the Il mode starts increasing in amplitude. This is
because the different modes are based on the symmetry of the metasurface %61, Mode Il and IV are formed when
the bright and dark modes leak energy to the free space continuum. As the symmetry of the structure increases,
this leakage decreases and thus we only see | and 111 mode at 80 nm, as do = d; = 80 nm. As the symmetry further
decreases and the size of the two etching continue to increase, interference between the bright and dark mode

coupling with the free space radiation causes mode Il and IV to reappear as resonant modes but they are broader
[26]



However, the focus of this simulation is not to divulge into the shape of the transmission spectra, but rather the
resonant shift after the application of the liquid layer which changed the local refractive index with just 0.01 units.
As observed figure 8, there was a redshift in the transmission spectra across all the modes and square etching size
(Refer to Appendix A for the redshift values). Moreover, as the size of the etching increased, the redshift generally
increases until d; = 160 nm. After that, it decreased across all modes when d; = 170 nm. Along with that, the modes
became wider. As we want the sensor with the greatest resonant redshift possible and narrow resonant peaks for
better detection, d; = 160 nm is the best size to use as the side length of the etched square.
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Figure 8: Transmission spectrum as the side of the square etching on the Si chip increases from 20 nm to 170 nm.
The change in the structure of the spectrum is clearly visible, as increase in symmetry prevents any leaky channels
and only I and 111 mode remain. Then with the further decrease in symmetry, Il and IV modes reappear and continue
evolving with wider width. We can also observe the increasing magnitude of the redshift from 20 nm to 170 nm.

ii. Altering the thickness of the Si chip

In this experiment, the thickness of the Si chip was altered from 60 nm to 160 nm in 20 nm steps, when do was
kept constant at 80 nm and d; was kept constant at 160 nm. The dimensions were chosen as such because the
previous experiment showed them to result in the greatest redshift in transmission spectra. Moreover, this was an
unexplored parameter in Yang et al.’s work. It can be observed that with the change in thickness, the transmission
spectra undergo heavy redshift. Mode | slowly evolve into a Fano resonant peak after 100 nm thickness and
continuously increases in width. The shape of the 11, 111 and IV mode is almost constant throughout the experiment,
though it undergoes heavy redshift.



However, after the application of the liquid layer, it is observed that the magnitude of redshift increases with
thickness (Refer to Appendix B for the values of redshift). Mode | gain Fano resonant shape after 100 nm only.
As the thickness increases, the magnitude of the average redshift also increases at a greater value from 140 nm to
160 Nm (Zaverage = 1.61 nm) in comparison to the change from 120 nm to 140 NM (Zaverage = 0.64 nm). However, at
160 nm thickness, the width of the resonant peak has increased. Therefore, it is more feasible to work with either
120 nm or 140 nm thickness as they have similar redshift, but since Yang et al.’s work 2] mentioned that 120 nm
is more feasible for manufacturing, it is the preferred thickness. However, 140 nm thickness can be further explored

as well in future research.
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Figure 9: Transmission spectrum of Si chip with varying height (h) from 60 nm to 160 nm. The evolution of the |
mode is clearly visible along with the redshift of the entire spectrum.

iil. Altering the refractive index of the liquid layer, sensitivity and Figure of Merit

From the last two experiments, we were able to observe that a sensor with d; = 160 nm and h = 120 nm should be
the most sensitive. Thus, in order to investigate sensitivity, the refractive index of the liquid layer on top of the
sensor was altered from 1.34 to 1.40 in 0.01 unit steps.

Figure 10 shows the redshift bought across by this change for the spectrum, and also for each individual mode. It
should be noted that as the mode progresses, the spectrum gets more and more well defined. However, this
observation could be due to the computational limitations of Lumerical FDTD. The power monitor records 1000
points between 900 nm and 1300 nm, implying that the data is recorded at approximately 0.4 nm intervals. This
brings discontinuity in the spectra. Moreover, the cell size in the mesh region is not set to measure the recording
with maximum accuracy. Thus, there are possible inaccuracies in the spectrum.



The resonant wavelength per mode increases as the local refractive index increases from 1.34 to 1.40 (Refer to
Appendix C for the values of resonant wavelengths for each mode). This observation is analogous to when a virus
sample increases in concentration on the sensor surface, as it also changes the local refractive index on the sensor
surface.
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Figure 10: Redshift of the transmission spectrum after changing the refractive index of the liquid layer.

From the redshift of the individual modes, we were able to calculate the sensitivity of each individual mode. The
plot of resonant wavelength against refractive index is shown in figure 11. The sensitivity can be calculated as the
gradient of the linear best-fit for each individual mode. Sensitivity values of 121.17 nm/RIU, 229.46 nm/RIU,
161.43 nm/RIU and 132.57 nm/RIU were calculated for I, 11, 11 and IV mode, respectively. This implies that mode
11, resonating in the range of A = 1070 nm to A = 1110 nm, is the most sensitive mode in the near-infrared region
for the structure of our sensor.
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Figure 11: Scatter plot showing the resonant wavelengths across different modes at different local surface
refractive index. Squares, circles, diamonds and triangles are datapoints for mode I, I1, Il and IV respectively. The
calculated sensitivity values are mentioned in the legend box. The plot shows green line (Mode I1) is the steepest
and hence have the greatest gradient and sensitivity.

The corresponding FOM was 57.07, 59.02, 45.78 and 10.72 for I, 11, 11l and 1V modes respectively. This shows
that Mode 1l has the highest resolution out of all the four modes, and thus has the best sensing potential.

Even though the structure has a lower performance than the works mentioned before 7819201 jt s easier to
manufacture in comparison to the other structures. Fabrication techniques such as Si CMOS is widely used in the
industry to manufacture Si wafers and metasurfaces 21 and silicon is a cheaper alternative than other materials
such as gold due to its abundance [?81. Given that our structure is aimed to be used at frontlines for virus detection,
a cheaper cost and ease of production plays an important role in the selection of the sensor.

b. Nano-hole array metasurfaces

In order to compare and check whether other common designs are more suitable in the simulation environment for
periodic etched Si chip metasurface, Si and Au nano-hole arrays were tuned in similar conditions.

As shown in Figure 12, the silicon nanohole array did manage to establish stable Fano-like resonance, however it
degraded with the increase in the radius of the nanohole. Moreover, the resonant redshift after the application of
the liquid layer is almost negligible. This is because, nanohole arrays use localized surface plasmon resonance
(LSPR) instead of fano resonance [2°1, Therefore, it is much harder to tune them with these dielectrics and in this
wavelength regime.
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Figure 12: Transmission spectra of the Si nanohole array as the radius was changed from 70 nm to 160 nm

On the other hand, the Au nanohole array managed to achieve LSPR peaks as visible in Figure 13. The amplitude
of the peaks increased with the increase in size of the nano-hole, however the peaks became much wider. Thus,
the established LSPR was weakly coupled. Moreover, after the application of the liquid layer, the transmission
spectrum changes drastically. This clearly displays that nanohole array is not a good design choice here, and we
should stick to the originally designed sensor.

— Control
— with liquid

90 nm 140 nm

=\ a
00k L
1.0 -
100 nm 150 nm
0.8 a
0.6 \\. /
0.4 \
\
0.2 I jL | —
\ I ——
— 0.0 AN o ——————
2 10 =
©
5 os 110 nm
c
O 06
w
LI il
£ M\
& %2 AN
= o L
o
F 10
o8 120 nm
0.6
0.4 i\
[\
[\
0.2 /
0.0 —
10
o8 130 nm
0.6
/\\
04\ [\
02 /
0.0 B———
900 950 1000 1050 1100 1150 1200 1250 1300900 950 1000 1050 1100 1150 1200 1250 1300

Wavelength [nm]

Figure 13: Transmission spectra of Au nanohole array when the radius was changed from 90 nm to 180 nm
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Conclusion

From the analysis above, it is clear that a periodic etched Si chip metasurface, with di= 160 nm and h = 120 nm is
able to achieve the highest sensitivity among all the other parameter permutations. The sensitivity and FOM values
are 121.17 nm/RIU, 229.46 nm/RIU, 161.43 nm/RIU and 132.57 nm/RIU, and 57.07, 59.02, 45.78 and 10.72 for
I, 11, 11l and IV mode respectively. This shows Mode Il is the most sensitive and has the highest sensing potential
among all other modes. Therefore, a sensor working in the region of 1070 nm to 1110 nm should give the most
accurate results. Moreover, nanohole array designs fail to work in these simulation parameters.

However, there are various available avenues for further research in this area. The actual manufacturing and
engineering complications were not explored in this study. The results after manufacturing could differ from the
one accounted in this paper due to accuracy limitations with the simulation software. The utilization of this sensor
as a mechanical component for medical usage and the ease of usage is also not explored.

Overall, it is possible for a structure as described in this report to function as an actual workable sensor that could
help us fight against various viruses, including the COVID-19.
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Appendices

Appendix A
The following table shows the resonant redshift for the transmission spectra shown in Figure 8.
AAresonant Per mode / nm
di/nm | T 1 v
20 1.40 6.17 1.54 —
30 1.40 6.17 2.03 —
40 0.69 6.61 3.02 —
50 2.43 7.07 3.49 —
60 2.77 7.02 3.96 —
70 2.07 — 441 —
80 3.09 — 4.86 —
90 1.83 — 5.29 11.2
100 2.72 — 5.73 12.7
110 2.03 9.66 6.61 13.5
120 3.37 10.4 7.03 13.8
130 4.69 11.5 7.86 14.5
140 3.66 11.6 8.23 15.3
150 331 12.3 9.03 15.9
160 4.28 12.5 9.80 16.6
170 4.26 12.2 9.20 16.2
Appendix B
The following table shows the resonant redshift for the transmission spectra shown in figure 9.
AAresonant Per mode / nm
h/nm | I 1T v
60 0.296 6.988 5.99 10.09
80 0.8 8.8 8.81 16.82
100 3.542 10.89 8.76 14.43
120 4.28 12.5 9.80 16.6
140 4.33 13.91 9.8 17.7
160 6.39 15.25 11.2 19.33
Appendix C
The following table shows the resonant wavelength for the transmission spectra shown in figure 10 and the FWHM
values.
Refractive index / Resonant wavelength per mode / nm
RIU [ 1 1l v
1.34 983.284 1089.61 1146.02 1202.62
1.35 984.484 1092.19 1147.45 1203.90
1.36 985.686 1094.59 1149.05 1205.11
1.37 986.887 1096.60 1150.65 1206.31
1.38 087.688 1099.00 1152.25 1207.91
1.39 088.942 1101.11 1154.17 1209.09
1.40 990.954 1103.61 1155.54 1210.60
FWHM /nm 2.123 3.888 3.526 12.363
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