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a b s t r a c t

We propose a novel method to exploit chirality of highly sensitive graphene plasmonic metasurfaces to
characterize complex refractive indexes (RI) of viruses by detecting the polarization state of the reflected
electric fields in the THz spectrum. A dispersive graphene metasurface is designed to produce chiral
surface currents to couple linearly polarized incident fields to circularly polarized reflected fields. The
metasurface sensing sensitivity is the result of surface plasmon currents that flow in a chiral fashion with
strong intensity due to the underlying geometrical resonance. Consequently, unique polarization states
are observed in the far-field with the ellipticity values that change rapidly with the analyte’s RI. The
determination of bimolecular RI is treated as an inverse problem in which the polarization states of the
virus is compared with a pre-calculated calibration model that is obtained by full-wave electromagnetic
simulations. We demonstrate the polarization selective sensing method by RI discrimination of three
different types of Avian Influenza (AI) viruses including H1N1, H5N2, and H9N2 is possible. Since the
proposed virus characterization method only requires determination of the polarization ellipses
including its orientation at monochromatic frequency, the required instrumentation is simpler compared
to traditional spectroscopic methods which need a broadband frequency scan.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

During the last few decades, respiratory diseases such as Severe
Acute Respiratory Syndrome (SARS), Middle East Respiratory Syn-
drome (MERS), influenza A (FLUAV) caused severe health crisis in
many countries. Recently, the spread of COVID-19 pandemic has
caused major health emergency that led to worldwide social and
financial catastrophe. Virus detection is often considered as the first
stage of defence to stop the spread of disease and provide effective
medical treatment to the infected patients. One of the reasons in
the failure of health care systems and spark rise in infections during
pandemic is the time-consuming detection of viruses at mass scale
[1,2]. Real-time polymerase chain reaction (RT-PCR) is accepted as
gold standard for detectingmany respiratory viruses. But it involves
labour-intensive post processing which often takes four to five days
for compilation of the test results. Since the virus contagion and
in), habutarboush@taibahu.
severity of infection increases with time, it is extremely important
to curb the epidemic-related destruction by developing rapid,
sensitive and reliable virus sensing techniques [1e4].

Conventional optical spectroscopic methods for virus identifi-
cation rely on the use of fluorescent materials such as dyes to label
the target biomolecules [3,5e8]. Lately, immunoassay based on
localized surface plasmon resonances (LSPR) has been introduced
to improve detection limit at nanoscale for both solution and
substrate based metallic nanoparticles [2,9]. More recently, bio-
engineered ligands capped with plasmonic nanoparticles have
been proposed for the detection of the SARS-CoV-2 virus [3,4]. A
label-free microfluidic platform was developed to detect trace
amount of antibodies against SARS-CoV-2 through LSPR induced on
gold nanoparticles [2]. Reusable chip based on surface plasmon
resonance sensor was developed to detect influenza viruses [10].
Bioengineered nanocomposite materials are successfully used for
targeted drug delivery for cancer therapy [11,12]. Anti-adhesive
strain sensors are designed to monitor bacterial droplets in com-
plex environments [13]. The antibacterial and anti-adhesive fabric
was synthesized by beetle like quaternary ammonium salts [14].
Nanohybrid materials based on metal oxide framework platform
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are designed to selectively determine presence of cancer cells [15].
Similarly, label free aptasensor are designed for sensitive detection
of antibodies [16].

Since the binding energy of many protein-ligands offer vibra-
tional modes in THz spectrum, the THz spectroscopy has been
widely adopted for label-free biomolecule sensing. The traditional
electromagnetic sensors are devised on the principle of field-
matter interference. Small perturbation are introduced in the
sensing environment that alters the orientation of the surrounding
electromagnetic fields [17]. Recently, the laser cavity mode reso-
nances are utilized for sensing applications at THz frequencies. The
Fabry Perot resonances due to interference originating from mul-
tiple reflections between themetasurface and the ground plane can
be compared to laser resonant cavity [18e21]. As a result, ultrahigh
Q-factor cavities with narrow absorption bandwidth can be ach-
ieved allowing for sensitive refractive index sensing applications.

Surface plasmon resonance (SPR) based immunoassays are
widely adopted for such label-free biomaterial sensing and clinical
diagnostics [22e24]. Plasmonic biomolecular sensor utilizes spe-
cific bio-receptor to intact viruses or viral proteins. Typically, such
bioreceptors are made of antibodies that are found in animals that
works to identify and defuse viral proteins or antigens. There are
also range of other laboratory made artificial biomolecules that
only binds to a specific target antigen. The surface plasmon reso-
nance can continuously monitor binding kinetics for any potential
biomolecular activity in real time by measuring local refractive
change surrounding the metal. The reaction between biomolecules
are enabled by bioreceptors (antibodies) immobilized on the top of
metal surface, whereas the sample under test is injected into the
same solution through flow cell [22,23]. The binding event occurs
only with the presence of antigen resulting in change in local
refractive index. For example, the commercially available SPR-
based Biacore systems can accurately sense complex biomaterial
samples [25]. However, the sensitivity of the SPR sensors is not
suitable for virus testing because of the low absorption cross sec-
tion of the virus that causes hard-to-detect minute optical varia-
tions. In addition, bulky components such as large prisms are
required to introduce a reasonable coupling between the surface
plasmons and light waves which leads to portability issues and
inefficient utilization of such sensing systems [7,26].

To solve some of the issues associated with the surface plasmon
sensors, low profile plasmonicmetasurfaces were introduced in the
field of biosensing [27,28]. The metasurfaces offer higher sensitivity
because of the excitement of localized high intensity surface plas-
mons. Their interaction with the biomolecules induce detectable
spectral changes with considerably reduced sensing footprint
[29e34]. Plasmonic metasurfaces are proposed for detection of low
concentration of analyte [8,32,35e39]. Graphene have been
extensively investigated for photovoltaics and energy storage ap-
plications [40,41]. Recently, LSPR in graphene metasurface sensors
are proposed to efficiently sense the surrounding medium prop-
erties [42]. In particular, the graphene based LSPR biosensors offer
low profile and portable prototypes to detect various types of virus
strains [43,44]. Since the complex refractive index of biomolecules
such as viruses are nearly comparable, it is often difficult to clearly
distinguish between them from the spectral amplitude of scattered
fields. Moreover, a wide spectrum has to be scanned in order to
determine the amplitude resonant signature and the correspond-
ing resonant frequency which increases the complexity of the
detection set up [27,34,45].

In this paper, we propose a Chiral biosensor to differentiate
respiratory viruses based on the polarization states of the reflected
electromagnetic waves. A biosample can be fully characterized by
detecting the discrete frequency polarization (or chiral) states
without performing the wide spectral scan. The proposed detection
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scheme is built on our recent publications on circular dichroism in
chiral metasurfaces [46,47]. Graphene metasurface are used for
dynamic tunability of broadband THz waves [18,48]. These meta-
surfaces were composed of highly dispersive resonant unit cells
that support chiral surface plasmon currents so that the energy of
linearly polarized incident fields is coupled to cross-polarized
fields. To match the THz vibrational modes, which are associated
with most of the biomolecules and viruses [49], the designed
Graphene metasurface is resonantly tuned between 1 and 2 THz.
The graphene surface plasmon provides high near field enhance-
ment at the substrate interface. The biomaterial analyte is depos-
ited on the graphene cells as a thin superstrate layer and the
metasurface is illuminated by a linearly polarized electromagnetic
wave. The refractive index of the analyte is extracted from the
reflection polarization state by comparing it with pre-calculated
calibration curves obtained from full-wave numerical simulations.
It is shown by numerical examples that the different types of vi-
ruses that have close resemblance of the refractive indexes can be
differentiated by the variation in the polarization states of their
respective reflected spectrum. In particular, three types of influenza
viruses H1N1, H5N2, and H9N2 were shown to exhibit distin-
guished polarization states (and hence can be isolated). Since the
shape of the polarization ellipse determines the type of the virus,
the broadband spectral scan is not required in the polarization
sensing method. The cost of the measurement equipment can be
dramatically reduced since the analysis of the electric field at single
frequency is sufficient to completely characterize the virus. More-
over, if employed with the traditional spectral scanning methods,
the polarization sensing may also reduce the ambiguity by adding
another degree of freedom to the measurement. We anticipate that
the resonant polarization state sensing can be potentially exploited
to determine the RI of other novel viruses such as SARS-CoV-2
whose optical properties have not been determined yet.

2. Sensing principle

The difference between the spectral sensitive biosensing and
the proposed polarization sensitive detection is illustrated in Fig. 1.
The LSPR spectral scanning biosensing uses plasmonic nano-
particles that support high near fields surrounding the metal sur-
face, as shown in Fig. 1 (a). Several plasmonic immunoassay sensing
methods are proposed using such scheme utilizing the strong
interaction between the target biomolecules and the strong LSPR
on metallic nanoparticles both in aqueous solution or substrate
form [2,4,45]. The reflected fields depends on the resonant ab-
sorption spectrum supported by the host materials including
plasmonic nanoparticles and biomaterials. As LSPR are very sensi-
tive to background refractive index therefore a small change can be
detected in the form of shift (df ) in spectral signature of the re-
flected field. The spectral shift is often attributed to the biomole-
cular binding event that increases the refractive index of the local
medium. The spectral sensitive LSPR biosensing approach dem-
onstrates efficient way to distinguish materials with closely related
optical properties. However, it is clear that a broadband incident
fields and spectral transform of scattered fields are necessary to
recognize the spectral resonant response of the binding event.

The polarization sensitive LSPR sensing method, depicted in
Fig. 1(b), is based on chiral metasurfaces which are dispersion-
engineered to support reversible reflected polarization states with
electric field orientations that rapidly change with the refractive
index of the host medium. This inherent chiral behavior is attrib-
uted to the helicoidal surface plasmon current distribution that
flows in small closed loops on the surface of graphene metasurface.
The sensing principle is illustrated in Fig.1(b), where an x-polarized
monochromatic plane wave is shown to impinge on the



Fig. 1. (a) The traditional LSPR based sensing method based on nano-plasmonic resonator either in solution or substrate form. Spectral transform provides resonant frequency
signature to distinguish between biomolecular binding or no binding event. (b) Proposed spectrum free (monochromatic) polarization state sensitive biosensing method where
linearly x-polarized electric field impinges on dispersion engineered chiral LSPR metasurface. Three different reflected signals left (R1)/right (R3) handed elliptical and linearly y-
directional polarized (R2) are provided as examples. (c) Reversible polarization states supported by metasurface i.e., left hand (LH) or right hand (RH) ellipses along with orientation
angle (q) due to variation in RI (n1, n2, n3) of the target analyte. (d) Polarization ellipses for incident and reflected signals R1, R2 and R3 in xy-plane.
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metasurface. The unique orientation angle of the reflected polari-
zation state (ellipse) corresponds to the refractive index of the
target analyte and the associated binding event. The ability of the
metasurface to distinguish between twomaterials of closely-valued
refractive indexes plays an important role in the discrimination of
the optically-close biomolecular elements.

To demonstrate signature detection of biomolecules, three
different scenarios are considered i.e. a biomolecule with no binding
event, Type I binding and Type II binding. The three binding types are
characterized by respective refractive indexes (RI) of n1, n2 and n3 of
the target analyte medium in the order shown in Fig.1(c). The higher
sensor sensitivity follows fromthedistinctive resonant featuresof the
constituent metasurface unit cells that lead to sharp variation in the
phase difference between electric field vector components.
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Consequently, the resulting polarization states also show large vari-
ations from LH to RH with slight variation of RI between n1 to n2, as
depicted in Fig.1(c). This abrupt change leads to a drastic inversion of
the polarization state from clockwise to anti-clockwise rotation, as
shown in Fig.1(b)e(d). In addition, the orientation angle also sharply
changes with the associated change in RI. Considering the unique
polarization state characteristics, each binding event can be uniquely
traced by (i) linearly polarized (R2), (ii) Left handed (LH) (R1) and (iii)
Right handed (RH) (R3) elliptically polarized reflected fields.
3. Chiral graphene metasurface design

The polarization sensitivity of the plasmonic chiralmetasurfaces
[46,47] stems from two important design factors. Firstly, the unit
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cell geometrical shape should support chiral or helicoidal surface
currents that produce elliptically polarized electric fields in the far-
field reflectance spectrum. Secondly, the dimensions of the unit
cells should be selected in such a way that a resonance is excited at
the detection frequency. Taking these two factors into consider-
ation, a unit cell with a split-ring configuration is adopted which
consists of two L-shape graphene elements of slightly different
dimensions, as depicted in Fig. 2. The appropriate choice of sub-
strate material determines the resonance frequency and absorption
characteristics. The substrate backed by a perfect reflecting ground
plane, is a Quartz material with a thickness of d ¼ 15 mm. Quartz
material offer low loss optical absorption and remains disperionless
(nþ ik ¼ 2þ i0:001) in the range of frequencies between 1 and
2 THz [50]. The periodicity of unitcell is p ¼ 10 mm. Graphene
metasurfaces are typically fabricated by Chemical Vapor Deposition
(CVD) process where specific patterns can be included by photoli-
thography [51].

The reflection characteristics can be deduced by corresponding
components of reflected electric field vector. The incident (Exi , Eyi)
and reflected (Exr , Eyr) fields are related by the reflection coefficient
(Rxx;Ryx;Rxy;Ryy) in terms of the Jones matrix representation:

�
Exr
Eyr

�
¼
�
Rxx Rxy
Ryx Ryy

��
Exi
Eyi

�
: (1)

If x-directed incident field is assumed such as in Fig. 1 (d), the
coefficients Ryy and Rxy can be ignored.

To demonstrate the principle of polarization conversion, a nu-
merical model is created in the full-wave electromagnetic
Fig. 2. The Chiral biosensor is constructed by replicating a diagonally-symmetrical unit cell w
dimensions are given by Lx1 ¼ Ly1 ¼ 7.5 mm and Lx2 ¼ Ly2 ¼ 6 mm and width of split ring is 1
polarized electric fields are reflected as elliptically polarized electromagnetic waves whose
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simulator COMSOL Multiphysics. The permittivity (εg) of graphene
is depending on the surface conductivity function (sg)

εgðuÞ¼1þ jsgðuÞ
ε0uD

; (2)

where, ε0 is the vacuum permittivity and D ¼ 1 nm is the mono-
layer thickness of graphene. The graphene surface is modelled by a
material layer and the frequency dependent conductivity is ob-
tained from the Kubo’s formula [52e56], i.e.,

sgðuÞ¼ ie02kBT
pZðZuþ iGÞ

�
mc
kBT

þ2 log
�
exp

��mc
kBT

�
þ1
��

; (3)

Here, mc ¼ 600 meV is the chemical potential of graphene,
G ¼ �ðe0Zv2f Þ=ðmmcÞ is the damping coefficient, vf ¼ 106 m/s is the

Fermi velocity, and m ¼ 100;000 cm2=Vs is the electron mobility, e0
is the electronic unit-charge, T is temperature, kB is the Boltzmann
constant, and Z is the reduced Plank’s constant.

Assuming periodic boundary conditions, the metasurface is
numerically illuminated by a linearly polarized incident planewave
and the resulting co- and cross-polarized reflection coefficients are
depicted in Fig. 3(a) and (b). Note the diagonal symmetry of the unit
cell which makes the metasurface’s behavior independent of the
incident polarization. Therefore, in Eq. (1) the two co- and cross-
polarization reflection coefficients along x- and y-directions are
identical i.e. Rxx ¼ Ryy and Ryx ¼ Rxy. Looking at Fig. 3 (a), it can be
observed that multiple resonances are formed at 1.136, 1.513 and
hich consists of a graphene split ring designed with two L-shaped resonators. Different
mm. The distance between two unit cells (periodicity) is p ¼ 10 mm. The incident linearly
ellipticity depends on the dielectric characteristics of the analyte (sample under test).
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1.92 THz at which the linear to cross-polarization conversion is
almost perfect (i.e. Ryxz1). This corresponds to effective unit cell
size p being several times smaller than incident wavelength, i.e.,
p≪l. However, from the sensing viewpoint, more important are the
spectral points at which the co- and cross-polarized spectra inter-
sect each other i. e each of them carry 50% of the total reflected
power. At these frequencies, the polarization can be fully circular if,
in addition to having equal power, the two components differ in
phase by an odd multiple ±p=2. Mathematically, the efficiency of
linear to circular polarization conversion and the associated
handedness is defined by the Polarization Extinction Ratio (PER)
and can be extracted from the reflection coefficients Rxx and Ryx by
the following rule:

PERðdBÞ¼20log10
���Rxx þ iRyx

�� � ��Rxx � iRyx
��	: (4)

The PER spectrum, plotted in Fig. 4 (a) obtained from the above
equation, along with the magnitude and phase difference of the
reflection coefficients provided in Fig. 3 explain the polarization
changes in the reflected field. For each resonant frequency of the
amplitude spectrum, there are two PER peaks of positive and
negative polarities signifying the left-handed (LHC) and right-
handed circular (RHC) polarizations, respectively. Table 1 provides
a summary of frequencies at which circular polarizations are
observed, corresponding to the three cross-polarization peaks of
Fig. 4. For example, consider 1.15 THz and 1.46 THz frequencies at
which the PER peaks to �28 dB and þ35 dB, respectively. Conse-
quently, perfectly circular polarization states with opposite hand-
edness are observed at these frequencies, as shown in Fig. 4(b) and
(c). The associated electric fields on the graphene surface are dis-
played as surface plot distributions in Fig. 4 (d) and (e) at the two
frequencies of circular polarization. The opposite circular
Fig. 3. (a) Reflection coefficient of the chiral graphene metasurface including co- jRxxj
and cross

��Ryx�� polarization components and (b) phase components for co- :Rxx and
cross :Ryx polarization and their phase difference (:Rxx�� :Ryx).

Fig. 4. (a) The PER spectrum in dB units showing the efficiency of circular polarization
conversion. The contour plot shows the path traversed by locus tip of electric field
vector in time at (b) 1.15 THz and (c) 1.46 THz frequencies. (d)e(e) Electric field dis-
tributions showing the chirality of the surface plasmon based currents. The reversible
time varying current orientation can be seen in the accompanying supplementary
materials.
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orientation of the field vectors point towards the chirality of the
surface plasmon currents and validate our design procedure. The
localized surface plasmon polariton induced at the resonance fre-
quency can be visualized from variation of the surface current
distribution upon folded L-shaped unit-cell in time-domain [See
Supplementary Material for current distribution on the metasur-
face plane]. At resonance frequency of 1.15 THz and 1.46 THz, the
origin of the circular polarization is the occurrence of opposing
rotational currents over the two arms of folded L-shaped design
that occurs due to the pi/2 phase delay between its orthogonal
components. As a result, the induced surface currents on the arms
of L-shaped metasurface produce LH and RH circularly polarized
reflected far fields.
Table 1
Resonant frequencies for cross polarized and circularly polarized reflected fields.

Crossed Polarized Reflection Ryxz1 From Fig. 3(a) Circularly Polarized
Reflection From Fig. 4(a)

LHC RHC

1.136 THz 1.121 THz 1.151 THz
1.513 THz 1.467 THz 1.623 THz
1.915 THz - 1.714 THz
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Not shown here are the polarization states that occur in be-
tween every PER maxima (LHC) and the minima (RHC). The re-
flected electric field within this spectral form various elliptically
polarized states that have myriad orientations and shapes,
depending on the PER value or the ratio between Ryx and Rxx. In
particular, consider the spectrum in which the PER switches from
positive to negative polarity within the same resonance band (for
example between 1.21 and 1.51 THz). The possibility of several
combinations of elliptical states in this narrow spectral region
bounded by two perfect LH and RH circular states can be exploited
in sensitive material detection.

The surface conductivity of graphene layer depends on defect
states, doping concentration and surface roughness of graphene
layer. Thewell-knownKubo’s formula can be used to robustlymodel
the response of surface conductivity of graphene due to variation in
doping concentration [52e56]. The chemical potential mc of gra-
phene layer varies due to doping concentration of the fabricated
graphene layer. Fig. 5(a) shows that the output spectra experiences a
blue-shift in its resonance response due to the increase in mc from
500 meV to 600 meV. It is therefore important to control the elec-
tronic properties of graphene layer, particularly its chemical po-
tential in order to correctly calibrate the response of the biosensor.
Although the simulations assume the default value of mc ¼ 600meV,
the sensor can still be recalibrated for other values of mc.

The intrinsic losses in graphene layers play an important role in
achieving chiral reflection characteristics. At THz frequencies the
electron mobility and chemical potential of graphene control the
damping coefficient. On one hand, the chemical potential depends
on doping concentration and external electrostatic bias of graphene.
On the other hand, the electron’s mobility depends on fabrication
process, i.e., m ¼ 103cm2=Vs is achieved for chemical vapor potential
(CVD) [57] while m ¼ 106 m2=Vs may be achieved for suspended
graphene at low temperatures [58]. The optical losses in graphene
layer rely on the electron’s mobility (m). Fig. 5(b) shows the effect of
variation in chiral reflection characteristics due to change in electron
mobility (ranging from m ¼ 500� 100;000cm2=Vs). It is clear that
Fig. 5. The PER spectrum in dB units showing the efficiency of circular polarization conv
mobility (m). Polarization Extinction Ratio (PER) under oblique incidence angles for (c) TE a
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the magnitude of circular Polarization Extinction Ratio (PER) de-
clines with the decrease in electron mobility (i.e., increase in
damping coefficient). Therefore, the performance of the graphene-
based polarization state sensor can may deteriorate due to unex-
pectedly high damping in graphene layer. Nevertheless, it should be
emphasized that for average mobilities of the order of
m ¼ 5� 103cm2=Vs or m ¼ 104cm2=Vs, i.e., largely accessible in
nowadays experimental setups, the desired effect is clearly and
strongly obtained [59].

The response of graphene metasurfaces is evaluated under
normal incidence for transverse Electric and Magnetic (TEM) fields
conditions. However, it would be interesting to evaluate the sen-
sor’s response at oblique incidence conditions. For instance, for the
case of oblique incidence, the incident wave is assumed to be TE
(incident electric field vector parallel to the metasurface) having no
polarization component falls along the z-axis. As a result, it is clear
from Fig. 5(c) that the induced circular dichroism (shown by PER)
remains stable for the range of incident angles between 0 and 60�.
Similarly, Fig. 5(d) shows that the incident wave assumed to be TM
(incident magnetic field vector parallel to the metasurface) also
shows stable PER spectrum for range of incident angles between
0 and 60�.
4. Biosensor’s calibration for virus sensing

The calibration of a measurement method is important in order
to relate the measurement results to the complex refractive index
(n ¼ nþ ik), which is the sum of the real refractive index (n) and the
imaginary extinction coefficient k. In the conventional Spectro-
scopic Ellipsometry [60,61], the measured polarization states are
comparedwith a theoretical model such as Lorentz or DrudeModel
to determine the complex refractive index of the sample. For the
proposedmethod, a characteristic calibrationmodel for a particular
metasurface is derived employing full-wave simulations. Two types
of calibration curves related to the determination of the real and
imaginary parts of the refractive index are discussed below.
ersion for (a) various values of chemical potential (mc), (b) various values of electron
nd (d) TM conditions.



Fig. 6. The response of the graphene metasurface showing amplitude of (a) co- jRxxj
and (b) cross-

��Ryx�� polarization components of reflected field coefficients for the
varying RI of analyte (nanalyte) and (c) PER spectrum derived from (a) and (b). Color-
bars are included to represent the varying scale of reflection coefficients.
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4.1. Calibration model for refractive index sensing

Virus analytes consists of antibody or bioreceptor proteins that
selectively binds with target antigen or virus [5,9]. Conventionally,
the small absorption cross section and nearly identical optical
properties make viruses difficult to discriminate using traditional
optical spectroscopic techniques. In Fig. 2, the analyte is shown to
be deposited on top of the metasurface for detection. Numerically,
the situation is modelled by assuming a superstrate of thickness
5 mm with a RI equal to that of the analyte. In the presence of the
superstrate of n>1, there is a reduction of the phase velocity of the
reflected electromagnetic waves leading to larger phase shifts at a
specific frequency. Hence, the reflected co- and cross coefficient
spectra (Fig. 3) and the PER curve (Fig. 4) would experience a ref-
shift i.e. all the resonant peaks would shift towards lower
frequencies.

The relation between the increased refractive index and the
metasurface response is numerically characterized by varying the
RI of the analyte (nanalyte) between 1 and 2 and determining the

reflection coefficients i.e., jRxxj and
��Ryx�� and the PER. Fig. 6(a)-(c)

summarizes the characteristic calibration model of the graphene
metasurface. By examining the calibration model, optical RI of a
viruses can be interpreted. As anticipated, a clear red-shift can be
noted in the spectra of reflection coefficients and PER. The sensing
frequency is selected based on the metasurfaces’ sensitivity to the
PER change for a given range of RIs. For example at 1.15 THz, as
shown in Fig. 6 by a dotted line, a PER variation from a large
negative value to a large positive is observed when the RIs varies
between 1 and 2. At these two extreme PER values, note that co-
and cross polarized components attain the half-power magnitudes
i.e. jRxxj ¼ jRyxj ¼ 1=

ffiffiffi
2

p
. The one-dimensional plot which is

extracted from the surface distribution at 1.15 THz (see Fig. 7)
shows the PER variation in a clearer manner. As depicted in the
figure, the PER peaks with a negative polarity of �30 when
nanalyte ¼ 1 and the corresponding polarization is LH circular. Be-
tween this negative peak and the positive peak ofþ32 dB when the
electric field is RHC, the PER curve crosses zero where the polari-
zation becomes linear, as shown in the inset of Fig. 7. It can also be
noted in Fig. 7 that the sensitivity is highest close to the two PER
peaks where the polarization rapidly varies from circular to ellip-
tical and then to linear. It is in this region of high sensitivity (large
dðPERÞ=dðnanalyte) where the metasurface is capable of differenti-
ating virus elements of close optical parameters.
4.2. Calibration model for extinction coefficient (k) sensing

In many cases the biomolecules closely match in their refractive
index (RI) and only slightly differ in their absorption characteristics
which are related to the extinction coefficient k. Here we show that
for a fixed RI, the extinction coefficient is related to the orientation
angle (t) of the polarization ellipse, which is defined as the angle
between the X-axis and the major axis. Mathematically,

t¼±
1
2
tan�1

 
2
��Rxx����Ryx�����Rxxj2 � ���Ryxj2 cosd

!
(5)

where d is the phase difference between the co- and cross-
polarized reflection coefficients (jRxxj and

��Ryx��). It follows from
above equation that if the polarization is circular, t ¼ 45o and it is
90o for fully cross-polarized fields (i.e. when jRxxj ¼ 0). Fig. 8 (a)
provides the PER spectrawhen the RI (real part of the index) is fixed
at 1.5 and the extinction coefficient (k) is numerically varied be-
tween 0 and 0.4. Due to the increased losses, the reduction in PER
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values is evident at all the frequencies. In particular, note that for
the higher extinction coefficients (such as k ¼ 0:12), the PER is not
only reduced but there is also a frequency shift of its peak value
indicating that the ellipticity of the polarization states has also
changed. To show this interesting effect more clearly, the orienta-
tion angles of the underlying polarization states are extracted from
the reflection coefficients using Eq. (5) and are plotted as function
of frequency in Fig. 8 (b). The induced cross polarized fields on
graphenemetasurface i.e.,

��Ryx�� are very sensitive to damping losses
in the surroundingmedium (due to strong evanescent fields around
graphene). It is clear from the plotted graph that the orientation
angle tilts towards the incident polarization axis i.e., x-axis with the
increasing extinction coefficient. This phenomenon is more pro-
nounced at the frequencies at which the co-polarized reflection is
zero and the orientation angles vary rapidly with change in the
extinction coefficient. Looking at Fig. 8 (b), we identify three
discrete frequencies 1.015, 1.351 and 1.709 THz at which the
orientation angles are highly sensitive to the change in the
extinction coefficient. To characterize the t� k dependence, the
orientation angles (t) are extracted from Fig. 8 (b) for discrete
frequencies and are plotted as calibration curves for k detection in
Fig. 9 (a). The associated polarization states are plotted for two
extinction coefficients at 1.709 THz and are given in Fig. 9(b). With
the increase of extinction coefficient, the polarization state changes



Fig. 7. Variation of PER (dB) and sensitivity (dB/RIU) at fixed frequency of 1.15 THz with the change in the value of real part of the analyte’s refractive index. The inset shows the
contour path traversed by locus tip of electric field vector in time at RI ¼ 1, 1.6, 2 respectively.

Fig. 8. Variation in (a) PER and (b) orientation angle of the polarization ellipse due to
change in extinction coefficient.k ¼ 0� 0:4
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from fully cross-polarized for k ¼ 0 to elliptically polarized with an
orientation tilt of 35o for k ¼ 0:4.
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5. Virus sensing with the chiral biosensor

We present polarization sensing of closely related influenza
viruses by numerically detecting the molecule specific ligands. The
optical properties of influenza viruses have been characterized and
are available in literature [34]. The sensing method can be readily
extended to other deadly viruses such as the recently identified,
SARS-CoV-2 whose complex refractive index is yet to be deter-
mined. The refractive index of influenza-related viruses depends on
the protein concentration and the sample volume. The presence of
immobilized binding ligands on top of metasurface are required for
selective detection of biomolecules. It is expected that the binding
ligands even without inoculation of any virus may dampen the
surface plasmon due to its coupling with strong evanescent fields
surrounding graphene metasurface. The optical properties of
influenza virus samples are available for several strains at THz
frequencies [34]. Recently, the complex refractive index of three
different types of influenza viruses are retrieved using on THz
spectroscopy [34]. Special care was given to avoid measurement
error for effective refractive indexes due to strong water absorption
peak at THz frequencies. Analytically, the dispersive refractive in-
dex (n ¼ nþ jk) is obtained by taking the square root of the com-
plex permittivity given by the well-known Drude-Lorentz model:

ε¼1:52 � u2
p�

u2 � u2
0 þ iug

	 (6)

Here, up ¼ 4 THz is the plasma frequency, u0 ¼ 2:8p THz is the
resonant frequency, and g ¼ 4 THz is the damping coefficient. the
The Drude-Lorentz model in eq. (6) show that the binding energy
for all the influenza virus strains lies in the THz frequency range.
Defining the complex refractive index as n ¼ Anþ Bk, the scaling
coefficients A and B for three virus strains are provided in Table 2
for a given protein concentration level. It is noted that increasing
the virus concentration levels leads to an increase in the extinction
coefficient (k) due to the overall increase in the absolute absorption
[34].



Fig. 9. (a) Changes in orientation angle as k is increased from 0 to 0.4 calculated at the frequencies where dominant power is reflected as cross-polarized fields. (b) The contour path
traversed by locus tip of electric field vector in time at fixed frequency of 1.7 THz for k ¼ 0 and k ¼ 0:4. Inset provides the schematic illustration of orientation angle (t) for the
polarization ellipse.
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In the polarization detection set-up of Fig. 2, the analyte is
numerically laid as a 5 mm thick superstrate layer on the surface of
the Biosensor. The complex refractive index of the superstrate is
assumed to be n ¼ Anþ Bk. Assuming an x-directed incident wave,
the co- (jRxxj) and cross-

��Ryx�� polarized reflection coefficients for
the H1N1, H5N2 and H9N2 strains are determined using COMSOL
full-wave package and are given in Fig. 10(a)-(b). Note that the
conventional reflector-based sensing that rely only on the reflec-
tion coefficient scan would not be able to clearly distinguish the
three strains. Particularly, the spectral responses of H1N1 and H5N2
strains are closely matched because they have the same RI with a
minor difference in the extinction coefficient k (see Table 2).
Table 2
Optical Properties of three different strains of Influenza viruses for specific protein conce

Influenza Virus Subtype Strain Name

A/NWS/1933 H1N1
A/Wild bird/Korea/K09-652/2009 H5N2
A/Korean native chicken/Korea/k040110/2010 H9N2
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However, when the PER spectrum is retrieved and the orientation
angles of the resulting polarization states are calculated in Fig. 11,
the three strains show a clear difference of polarization states. The
polarization states of the three strains are shown at two resonant
frequencies 1.364 and 1.717 THz in Fig. 11 (c) and (d). The difference
between H9N2 and the other two strains is clearly apparent
because the significant variation in the real part of the refractive
index (n). The H1N1 and H5N2 viruses are isolated on the basis of
the ellipse orientation resulting from difference in the k values.
Hence the proposed method is able to distinguish minute variation
in the extinction coefficient (k) by determination of an additional
parameter (the angle t). Finally, looking again at the polarization
ntration [34].

Protein Concentration Refractive Index An þ Bik

0.54 (mg/ml) A ¼ 1, B ¼ 1.4
0.2 (mg/ml) A ¼ 1, B ¼ 1
0.28 (mg/ml) A ¼ 1.2, B ¼ 1.4



Fig. 10. Magnitude response of (a) co-polarized jRxxj (b) cross-polarized
��Ryx�� reflection

coefficients of the sensor for three different strains of Influenza viruses H1N1, H5N2
and H9N2. Inset shows multilayer sensing setup with top layer as virus sample under
test (analyte).

Fig. 11. (a) PER and (b) Orientation angle spectrum for three different strains of
influenza viruses H1N1, H5N2 and H9N2. The contour path traversed by locus tip of
electric field vector in time at fixed frequency of (c) 1.364 THz and (d) 1.717 THz for all
three strains of viruses.
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states in Fig. 11, note that the excessive tilt in the H1N1 ellipse is to
due to higher losses in its analyte (B ¼ 1.4) compared to the H5N2
which incorporates low losses (B ¼ 1). It can be noted that the
polarization ellipse at resonance frequency of 1.364 THz is oriented
along � 30, 36o and 48o for H9N2 (LH), H1N1 (RH) and H5N2 (RH)
virus strains respectively. Similarly, the polarization ellipse at
resonance frequency of 1.717 THz can also be distinguished based
on orientation of � 300, �70o and �70o for H9N2 (RH), H1N1 (RH)
and H5N2 (RH) virus strains respectively. This clearly shows the
utility of the monochromatic polarization sensitive sensing tech-
nique to when compared to LSPR resonance shift based biosensing
techniques. The time varying change in electric field vector along
with the polarization ellipse for all the three virus strains i.e., H1N1,
H5N2 and H9N2 can be seen in the accompanying supplementary
material.
6. Conclusion

Recently, COVID-19 has been declared as pandemic and testing
of its low concentrations is one of the key steps to stop virus
contagion. In this paper, we provide a comprehensive detection
technique based on polarization-state sensing that can distinguish
virus elements with closely resembling optical properties. The
measurement set-up of the polarization state sensing consists of a
graphene-based plasmonic metasurface with chiral unit cells.
Therefore, the reflected electric fields have polarization states that
are highly sensitive to the refractive index of the dielectric sur-
rounding the resonant unit cells. When a virus analyte is deposited
on the metasurface, the polarization state changes according to its
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complex dielectric constant. It is shown that the proposed sensor
can distinguish three extremely similar influenza virus H1N1,
H5N2, and H9N2 based on the variation of the reflected polariza-
tion states. We anticipate that the proposed polarization-based
sensing using metasurfaces can potentially isolate viruses because
its ability to distinguish between analytes of identical optical
properties based on the extinction coefficient (k) sensing.
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