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Abstract: Biomolecule sensing plays an important role in both fundamental biological studies
and medical diagnostic applications. Infrared (IR) spectroscopy presents opportunities for
sensing biomolecules as it allows their fingerprints to be determined by directly measuring their
absorption spectra. However, the detection of biomolecules at low concentrations is difficult
with conventional IR spectroscopy due to signal-to-noise considerations. This has led to recent
interest on the use of nanostructured surfaces to boost the signals from biomolecules in a method
termed surface enhanced infrared spectroscopy. So far, efforts have largely involved the use
of metallic nanoantennas (which produce large field enhancement) or graphene nanostructures
(which produce strong field confinement and provide electrical tunability). Here, we propose
a nanostructured surface that combines the large field enhancement of metallic nanoantennas
with the strong field confinement and electrical tunability of graphene plasmons. Our device
consists of an array of plasmonic nanoantennas and graphene nanoslits on a resonant substrate.
We perform systematic electromagnetic simulations to quantify the sensing performance of the
proposed device and show that it outperforms designs in which only plasmons from metallic
nanoantennas or plasmons from graphene are utilized. These investigations consider the model
system of a representative protein-goat anti-mouse immunoglobulin G (IgG) – in monolayer
or sub-monolayer form. Our findings provide guidance for future biosensors for the sensitive
quantification and identification of biomolecules.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The identification of biomolecules and the monitoring of the binding processes they undergo are
crucial for understanding the molecular mechanisms of cellular functions (e.g., for fundamental
biological studies) and for medical diagnostic applications. Many techniques have thus been
developed for the sensitive detection of biomolecules, including electro-chemical reactions
[1,2], field effect transistors [3–7], surface plasmon resonances [8–14] and optical fibers [15].
In general, however, these methods suffer from lack of specificity in terms of what is being
measured. On the other hand, infrared (IR) spectroscopy [16–22] is a highly specific sensing
modality as it allows direct measurement of the vibrational fingerprints of molecules. It is also
non-invasive, label-free, and has been used for a wide variety of biological samples, including
proteins [16], lipids [23] and bacteria [24]. Nonetheless, conventional IR spectroscopy faces
the challenge of low signal-to-noise for measurements of small quantities of biomolecules
(e.g., monolayers), which originates from the large mismatch between the wavelength of light
(∼micrometers) and the size of biomolecules (<10 nm). This has led to the development of a
method that leverages the large optical field enhancement that can occur in the vicinity of metallic
nanostructures [25–29] that is known as surface-enhanced infrared absorption (SEIRA) [30–32].
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The detection of small quantities of molecules has been demonstrated based on this method
[9,33–39]. Metallic nanostructures have some drawbacks for SEIRA, however [28,40–42]. The
spectral bandwidth over which they boost IR absorption is relatively narrow and generally fixed
at the time of manufacturing. The field confinement of noble metal plasmons in the mid-infrared
molecular fingerprint region is also relatively weak. Recently, graphene has emerged as an
attractive candidate for biosensing as it supports mid-infrared plasmons that can be dynamically
tuned by electrostatic gating [43,44]. In addition, graphene plasmons exhibit unprecedented
spatial confinement [45,46]. These unique properties of graphene have been exploited for the
quantification and identification of biomolecules down tomonolayers, with key improvements over
plasmonic sensing devices employing metallic nanostructures [47–49]. Despite these impressive
features, one major disadvantage of biosensors based on graphene plasmons is the fact that the
field enhancement that accompanies graphene plasmon is small compared to that occurring with
plasmons on noble metals. For example, Rodrigo et al. [48] reported a tunable biosensor based on
a graphene ribbon array, demonstrating the chemically-specific detection of protein monolayers
by leveraging the tunability and spatial confinement of graphene plasmons. In that paper, the
authors noted that the extinction change caused by the presence of proteins was an indicator of
the sensitivity of their biosensor. This was reported to be below 1%, i.e. the extinction change
was fairly modest due to the relatively small near-field enhancement of their device (∼30 times).
One may anticipate that this approach would face challenges related to signal-to-noise ratio,
especially for the detection of proteins in sub-monolayers. This leads to the question of whether
one can realize a single device that exhibits both the large field enhancement of conventional
metal plasmons and the strong field confinement of graphene plasmons. Here, we address this
question by investigating a nanostructured surface, which we term a metasurface, that consists of
an array of plasmonic nanoantennas and graphene nanoslits on a resonant substrate. In this device,
the excitation of antenna plasmons and the subsequent coupling to graphene plasmons generate
electric fields with both high intensity and strong spatial confinement near the graphene nanoslits.
This results in strongly enhanced absorption by the adsorbed molecules, i.e. by the proteins
that are being sensed, which improves the sensitivity of the device for sensing. We perform
systematic electromagnetic simulations to quantify the sensing performance of our metasurface
for protein quantification and identification of goat anti-mouse immunoglobulin G (IgG) down to
sub-monolayer densities. For comparison, we also study the sensing performance of three other
metasurfaces in which only plasmons from metallic nanoantennas or plasmons from graphene
are employed. These consist of: a plasmonic nanoantenna array, a plasmonic nanoantenna array
on a graphene sheet, and a graphene nanoribbon array. We find that among the metasurfaces
investigated, the proposed metasurface exhibits the best performance for sub-monolayer protein
detection due to the large field enhancement and strong field confinement. We also demonstrate
that tuning the graphene Fermi level via external gate bias would allow our metasurface to achieve
optimal sensing of different molecular fingerprints.

2. Biosensor structure and optical properties

The biosensor we proposed is shown schematically as Fig. 1. It consists of a rectangular array
of Ti/Au (5 nm/45 nm) linear antennas on a monolayer of graphene over a resonant substrate
comprising an alumina film (300 nm thick) on aluminum (100 nm). The graphene within the
antenna gaps is removed, forming an array of graphene nanoslits [Fig. 1(a)] for the excitation of
graphene plasmons upon illumination. Here, the alumina layer acts both as a gate dielectric for
electrical tuning of the graphene Fermi level and a low-loss spacer for the optical cavity. For
all the simulations performed in this work, the antenna gap G, antenna width W, period Py and
width of graphene nanoslit Ws are fixed as G= 30 nm, W= 240 nm, Py = 2 µm, Ws = 22 nm.

In thiswork, we also investigate three othermetasurfaces and compare their sensing performance
to the proposed metasurface [metasurface I, Fig. 2(a)]. These are schematically shown as
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Fig. 1. (a) Schematic of biosensor structure that consists of an array of Ti /Au
(h3 = 5 nm/h4 = 45 nm) linear antennas and graphene slits on top of alumina (h2 = 300 nm)
and aluminum (h1 = 100 nm) films. Antenna gap G, antenna width W, period Py and width of
graphene slit Ws are fixed as G= 30 nm, W= 240 nm, Py= 2 µm, Ws = 22 nm. (b) Side-view
of structure.

Figs. 2(b)–2(c) and consist of: plasmonic nanoantenna array [metasurface II, Fig. 2(b)];
plasmonic nanoantenna array on graphene sheet [metasurface III, Fig. 2(c)]; and graphene ribbon
array [metasurface IV, Fig. 2(d)]. All metasurfaces are on the same substrate.

Fig. 2. Schematic of the four metasurface structures. (a) Metasurface I: plasmonic
nanoantenna array with graphene slits, (b) Metasurface II: plasmonic nanoantenna array,
(c) Metasurface III: plasmonic nanoantenna array on graphene sheet, (d) Metasurface IV:
graphene ribbon array.

We first investigate the optical field enhancement in the mid-infrared region where most
biomolecules have their vibrational fingerprints. Electromagnetic simulations are conducted
using the finite difference time domain method implemented in a commercial package (Lumerical
FDTD). The computational domain consists of a single unit cell of the structure. Periodic
boundaries are used at the x- and y- boundaries. Perfectly matched layers (PMLs) are used at the
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z- boundaries to avoid unwanted backscattering of the electromagnetic fields. Illumination is
from a plane wave linearly polarized along the x axis at normal incidence. In the simulations,
graphene is modelled as a two-dimensional surface with a surface conductivity given by the
Kubo formula [50,51]:

σ(ω, µc, Γ,T) = σintra(ω, µc, Γ,T) + σinter(ω, µc, Γ,T)

=
ie2(ω − i2Γ)
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[
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where ω is angular frequency, µc is chemical potential, Γ is scattering rate, T is temperature, e is
the electron charge, ~ = h/2π is the reduced Planck’s constant, fd(ε) = (e(ε−µc)/kBT + 1)−1 is the
Fermi-Dirac distribution, and kB is Boltzmann’s constant. The values for µc, Γ and T are set to
be 0.3 eV, 0.022 eV and 300K, unless otherwise stated.
The electric field intensity enhancement distributions are provided as Fig. 3 for all four

metasurfaces. For metasurfaces I-III, the antenna length is the same, i.e. L= 1.25 µm. For

Fig. 3. Simulated electric field intensity enhancement distributions on XZ cross-section
for structures with (a) metasurface I, plasmonic nanoantenna array with graphene slits, (b)
metasurface II, plasmonic nanoantenna array, (c) metasurface III, plasmonic nanoantenna
array on graphene sheet and (d) metasurface IV, graphene ribbon array, with ribbon width
Wg= 24 nm and period P= 80 nm. Antenna length (L= 1.25 µm) is same for (a-c). Each
structure is illuminated at its resonant wavelength, i.e. λ=6531 nm, 6540 nm, 6014 nm and
6180 nm, for panels a-d, respectively. White dotted lines indicate antenna boundaries and/or
substrate surface. Dark red solid lines represent graphene.
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metasurface IV, graphene ribbon width is Wg= 24 nm and period is P= 80 nm. Each structure
is illuminated at its resonant wavelength. It can be seen that for the proposed metasurface
[metasurface I, Fig. 3(a)], the electric field is strongly enhanced and confined in the vicinity of the
graphene slit, with a maximum intensity enhancement factor of 6.1 × 105. Note that the colorbar
is set to have a maximum value of 1×105 in Figs. 3(a)–3(c) to enable intuitive comparison.
The enhancement results from the resonant excitation of antenna surface plasmon polaritons
and subsequent coupling to graphene plasmons. In comparison, the maximum electric field
intensity enhancement factors are 4.1 × 105, 1.4 × 105 and 104 for metasurfaces II [Fig. 3(b)],
III [Fig. 3(c)] and IV [Fig. 3(d)] respectively. The field intensity enhancement provided by our
proposed metasurface that combines graphene plasmons with antenna plasmons is more than
three orders of magnitude greater than that generated by metasurface IV in which only graphene
plasmons are excited, and is comparable to that of the device (metasurface II) in which only
antenna plasmons are excited. We note that the ratio between field intensity at the bottom of
the antenna (where it meets the substrate) to the top of the antenna is greater for our proposed
metasurface than that for the antenna-only structure [metasurface II, Fig. 3(b)]. We also note
that with the addition of the graphene sheet underneath the antennas (i.e., metasurface III), the
maximum field intensity enhancement [Fig. 3(c)] is markedly reduced, taking a value that is less
than one quarter of that of the proposed metasurface.

3. Sensing performance for protein monolayers

To study the sensing performance of the proposed metasurface, goat anti-mouse immunoglobulin
G (IgG) is employed as a representative target protein to be sensed. We furthermore assume
that sensing is performed by measuring the reflection spectrum of the metasurface. We thus
simulate the reflection spectrum from our metasurface with an adsorbed protein monolayer (or
sub-monolayer). The protein permittivity is modelled as a Lorentz series with two oscillating
terms that account for amide I and II bands [48]:

εprotein(ω) = n2∞ + S12/(ω2
1 − ω

2 − iωγ1) + S22/(ω2
2 − ω

2 − iωγ2) (2)

where n2∞ = 2.08 is the permittivity at infinite frequency; ω1 = 1668 cm−1, ω2 = 1532 cm−1,
γ1 = 78.1 cm−1, γ2 = 101 cm−1, S1 = 213 cm−1, S2 = 200 cm−1 are the resonant frequencies,
damping rates and oscillation strengths for the amide I and II bands respectively.
Figures 4(a)–4(d) show the simulated reflection spectra for metasurfaces I, II, III and IV

respectively, including a coating that comprises a monolayer of protein IgG. The antenna lengths
and graphene ribbon widths are chosen so that the resonance wavelengths of the four metasurfaces
span approximately the same spectral range. In the simulation, the protein monolayer is modelled
as a 8-nm thick film whose permittivity is as given by Eq. (2) that conformally coats each
metasurface [48]. It can be seen that each spectrum exhibits a reflection dip in the spectral range
λ ≈ 7 to 9 µm. This corresponds to the antenna and/or graphene plasmon resonant wavelength.
In addition, the reflection spectra exhibit dips that originate from plasmonically enhanced light
absorption by the protein. We indicate these features via green and orange shaded regions in
Figs. 4(a)–4(d). These are at wavelengths near the amide I (∼6 µm) and II bands (∼6.5 µm) of
the protein IgG, and thus represent its spectroscopic fingerprint. It can be seen that these dips
become weaker as the antenna resonance shifts away from the protein absorption bands as a
result of the weaker coupling between the plasmonic resonance modes and the protein vibration
modes [38]. In addition, dips caused by protein absorption of metasurface IV [Fig. 4(d)] are
much weaker than those of metasurface I, II and III [Figs. 4(a)–4(c)], due to the much weaker
field enhancement of pure graphene plasmons.
To quantify the intensity of the amide band features of the reflection spectra, we calculate

the second derivatives of these spectra. It can be seen that this results in spectral peaks (Fig. 5)
that can be readily compared. Indeed, the peak second derivative is positively correlated with
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Fig. 4. Simulated reflection spectra for metasurfaces I (a), II (b), III (c) and IV (d). Antenna
lengths are L= 1.25 µm∼1.95 µm for (a-b), and L= 1.5 µm∼2.2 µm for (c). For metasurface
IV, graphene ribbon widths are Wg = 32 nm∼42 nm and period is 80 nm. For all cases, a
monolayer of protein IgG is coated on the metasurface. Green and orange shaded areas
indicate the amide I and II bands of the protein.

the protein absorption as can be seen in Fig. 6 for metasurface I. This means that larger peak
value in the second derivative curves corresponds to larger total protein absorption, providing the
opportunity to quantify the amount of proteins.

Figures 5(a)–5(d) show the second derivative spectra calculated from the curves of Figs. 4(a)–4(d),
respectively. Note that only positive values have been shown to facilitate interpretation of these
curves. Positive values of the second derivative correspond to the regions of upward concavity in
the reflection spectra and thus include the features associated with protein absorption. Peaks in
the second derivative spectra of Fig. 5 can be seen to occur at wavelengths corresponding to the
amide I and amide II bands of the protein. It can be seen that these peaks decrease in strength
as the antenna resonance shifts away from the absorption bands of the protein. It can also be
seen that metasurface I [Fig. 5(a)] has a second derivative spectrum whose peaks are larger than
metasurface III [Fig. 5(c)] but smaller than metasurface II [Fig. 5(b)]. However, we show later on
that the electrical tunability of metasurface I allows the device to be optimized and produces
second derivatives greater than that of metasurface II. More importantly, the electrical tunability
of metasurface I by gate voltage allows us to generate distinctive characterization spectra, i.e.
reflectance spectra measured at different gate voltages, that would be very advantageous for
sensing and identification. Here, the smaller second derivatives of metasurface I than that
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Fig. 5. Second derivatives calculated for the reflection spectra from Fig. 4 for metasurface
(a) I, (b) II, (c) III and (d) IV. Note that only positive values are presented in all figures for
brevity.

Fig. 6. Peak second derivative (red) and the corresponding protein absorption (blue) as a
function of antenna length at the amide I band. Results obtained from metasurface I.

of metasurface II is probably due to the fact that the plasmonic mode volume is smaller for
metasurface I than metasurface II, leading to weaker interplay between plasmonic polaritons
and phonon-polaritons in IgG thin film. This can be further understood by examination of the
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intensity distributions of Figs. 3(a) and 3(b). It can also be seen that the maximum values of
the second derivative peaks for metasurface IV [Fig. 5(d)] are about two orders of magnitude
smaller than those of metasurface I. This indicates that this metasurface, which employs graphene
plasmons only, would have much lower sensitivity in a protein sensing application.

4. Sensing performance for protein sub-monolayers

Fig. 7. Sensing performance for protein sub-monolayers. (a-c) Reflection spectra simulated
for metasurface I, II and III coated with protein with varying surface percentage coverage.
Antenna lengths are L= 1.25 µm, 1.25 µm and 1.5 µm for metasurface I, II and III respectively.
Green and orange shaded regions indicate the amide I and II bands of the protein. (d-f)
Second derivatives calculated from the simulated reflection spectra in (a-c) respectively.
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We next compare the sensing limitations of metasurface I, II and III by considering proteins
in sub-monolayer form. We note that metasurface IV is not considered here since it already
shows much lower sensitivity for the sensing of protein monolayers. We model each (single) IgG
protein as a cuboid with dimensions of 4 nm (width) ×14 nm (length) ×8 nm (height) [52]. The
proteins are positioned within the antenna gaps in the vicinity of antenna/graphene slit edges
where the electric field is maximum. Figures 7(a)–7(c) show the simulated reflection spectra for
metasurfaces I, II and III respectively, with varying protein surface percentage coverage. The
green and orange shaded regions indicate the amide I and II bands of the protein. To enable a fair
comparison to be made, the lengths of the antennas of the three metasurfaces are chosen so they
have the same resonant wavelengths.

We calculate the second derivatives of the spectra in Figs. 7(a)–7(c) for quantitative comparison.
The results are shown as Figs. 7(d)–7(e). The amide I peak (centered around 6 µm) can be seen
for all three metasurfaces and decreases as the protein density decreases [Figs. 7(d),7(e)]. For
the same protein density, metasurface I shows the largest amide I peak value. We can also see a
weaker feature corresponding to the absorption of the protein amide II band for metasurface I
[Fig. 7(d), indicated by the blue arrow]. Furthermore, all three metasurfaces show large peaks
associated with the antenna resonances that redshift as the protein density increases. The shift of
antenna resonance can also be used to detect the presence of proteins. In Figs. 8(a)–8(b), we
show the antenna resonance wavelength shift [Fig. 8(a)] and the amide I peak values [Fig. 8(b)]
as a function of protein density. The antenna resonance wavelength shift is calculated with
respect to the resonance wavelength that occurs in the absence of the protein coating. It can
be clearly seen that metasurface I shows the greatest antenna resonance shift and amide I peak
values for all values of protein density, indicating the highest device sensitivity among the three
metasurfaces. One can also compare the metasurfaces in terms of the minimum protein density
(surface percentage coverage) needed for the second derivative to be non-zero. From Fig. 8(b), it
can be seen that for metasurface I this takes a value of 0.11%, compared to 0.12% for metasurface
II and 0.18% for metasurface III.

Fig. 8. Antenna resonance shift (a) and amide I peak values (b) as a function of protein
density for metasurface I, II and III.

5. Electrical tuning of sensitivity for the proposed metasurface

Lastly, we show that varying the graphene Fermi level presents a means for further improving
the performance of the device for detecting protein adsorption. This would be achieved by
electrostatic gating. To exploit the tunability of graphene plasmon and achieve tuning of the
resonance across the absorption bands of the protein, we tune the graphene plasmon closer to



Research Article Vol. 28, No. 12 / 8 June 2020 / Optics Express 18488

the protein absorption bands by changing the width of the graphene slits. Figure 9(a) shows
the reflectance spectra of metasurface I coated with protein IgG monolayer, with the width of
graphene slits Ws varied from 19 nm to 5 nm. It can be seen that both the graphene plasmon
resonance (indicated by red arrow) and the plasmonic resonance of the nanoantennas (indicated
by yellow arrow) undergo redshift as Ws decreases. In particular, when Ws= 5 nm (dark blue
curve), the graphene plasmon resonance locates in-between the two absorption bands. The
corresponding second derivatives are shown in Fig. 9(b). As the graphene slit width decreases

Fig. 9. Tuning of plasmonic resonance and device sensitivity via graphene slits for
metasurface I. (a-b) Simulated reflectance spectra of metasurface I coated with protein
IgG monolayer (a) and corresponding second derivatives (b), with width of graphene slits
Ws varied from 19 nm to 5 nm. Antenna length L= 1.25 µm. (c-d) Simulated reflectance
spectra of metasurface I coated with protein IgG monolayer (c) and corresponding second
derivatives (d), with Fermi level of graphene Ef varied from 0.1 eV to 1 eV. Antenna length
L= 1.25 µm. Graphene slit width Ws= 5 nm. Graphene plasmon resonance and antenna
resonance are indicated by the red and yellow arrows respectively. Figure 9. Tuning
of plasmonic resonance and device sensitivity via graphene slits for metasurface I. (a-b)
Simulated reflectance spectra of metasurface I coated with protein IgG monolayer (a) and
corresponding second derivatives (b), with width of graphene slits Ws varied from 19 nm
to 5 nm. Antenna length L= 1.25 µm. (c-d) Simulated reflectance spectra of metasurface I
coated with protein IgG monolayer (c) and corresponding second derivatives (d), with Fermi
level of graphene Ef varied from 0.1 eV to 1 eV. Antenna length L= 1.25 µm. Graphene slit
width Ws= 5 nm. Graphene plasmon resonance and antenna resonance are indicated by the
red and yellow arrows respectively.
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from 19 nm to 5 nm, the two peaks corresponding to amide I and II bands of the protein first
decrease and then increase. This is due to the fact that as the plasmonic resonances undergo
redshift, the coupling between the graphene plasmon mode and the protein film becomes stronger
while the coupling between the antenna resonance mode and the protein film becomes weaker.
Consequently, there exists a value of Ws for which the overall protein absorption is lowest and
the corresponding second derivative value reaches minimum. We also note that in order to obtain
a distinct protein signature, it is desirable to design the plasmonic resonances away from the
protein fingerprints region so that the reflectance dips caused by the protein absorption could be
readily distinguished from that caused by the plasmonic resonances.
Based on these simulations, we choose the width of the graphene slits Ws to be 5 nm for the

demonstration of electrical tuning of plasmonic resonances and device sensitivity, because it
corresponds to graphene plasmon resonance closest to the protein absorption bands. Figure 9(c)
shows the simulated reflectance spectra of metasurface I with the Fermi level of graphene
varied from 0.1 eV to 1 eV. The graphene slit width and antenna length are fixed at Ws= 5 nm
and L= 1.25 µm respectively. It can be seen that both the graphene plasmon resonance and
antenna resonance undergo blueshift as the Fermi level of graphene increases from 0.1 eV to
1 eV. Specifically, the wavelengths of graphene plasmon resonance and antenna resonance are
shifted from 7.01 µm to 4.43 µm and from 8.95 µm to 7.51 µm, corresponding to a tuning range of
2.58 µm and 1.44 µm, respectively. Notably, the graphene plasmon resonance is tuned across the
two absorption bands of IgG protein, allowing active control of device sensitivity for detecting
different protein fingerprints. Figure 9(d) shows the corresponding calculated second derivatives
from Fig. 9(c). It can be seen that, as the graphene plasmon resonance is shifted toward the
protein absorption bands, the peak values corresponding to amide I (grey dashed lines) and
amide II (grey dotted lines) bands of the IgG protein becomes larger. In particular, the peak
second derivative corresponding to amide I reaches a maximum value of 9.41 when the Fermi
level is tuned to 0.3 eV. Similarly, the peak corresponding to amide II reaches a maximum value
of 4.74 when the Fermi level is tuned to 0.2 eV. This means that by fine tuning the graphene
Fermi level to the appropriate values, the metasurface could be configured to be optimal for the
detection of different molecular fingerprints. The distinctive pattern of the second derivative
spectrum vs Fermi level is advantageous for the accurate detection of protein fingerprints in
sensing experiments as one can tune the Fermi level of graphene and see whether the obtained
second derivative pattern matches that of simulation. This approach would not be possible for
metasurface II, for which only metallic antennas are used for sensing. It should be noted that the
two peaks corresponding to amide I and II bands undergo slight red (blue) shift as the graphene
plasmon resonance moves closer to the absorption bands from shorter (longer) wavelength. This
phenomenon is more evident in the region near Ef = 0.3 eV, at which the graphene plasmon
resonance is in-between the two protein absorption bands.

6. Conclusions

In conclusion, we propose a biosensor metasurface that consists of an array of plasmonic
nanoantennas and graphene nanoslits on a resonant substrate. Systematic simulations are carried
out to study the performance of the proposed metasurface for sensing the protein goat anti-mouse
immunoglobulin G (IgG). Three other metasurface designs are also investigated for comparison.
These consist of a plasmonic nanoantenna array, a plasmonic nanoantenna array on a graphene
sheet, and a graphene ribbon array. The proposed metasurface combines the large electric field
enhancement of metal plasmons with the strong spatial confinement of graphene plasmons,
providing an opportunity for the sensitive quantification and identification of biomolecules down
to sub-monolayer densities. We show by simulation that in the sensing of a monolayer of protein
IgG, the proposed metasurface exhibits a sensitivity (strength of reflection dips associated with
protein absorption) that is higher than that of the other metasurfaces. Indeed, the sensitivity
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is in excess of two orders of magnitude greater than that of the metasurface with graphene
ribbon array. For the sensing of sub-monolayer of IgG, the proposed metasurface shows the
highest sensitivity and best specificity among the four different metasurfaces, enabling fingerprint
detection of proteins with densities down to a surface percentage coverage of 0.11%. The use
of graphene nanoslits also allows an active tuning of the structure’s resonance by electrostatic
gating and provides a degree of freedom to configure the metasurface to be optimal for the
detection of different molecular fingerprints, which is not possible for metasurface with plasmonic
nanoantenna array. We believe the sensing strategy we propose in this paper, in which metal
plasmons and graphene plasmons are combined synergistically, provides guidance for the future
development of biosensors with ultra-high sensitivity and specificity.
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