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A strong chiral near-field plays significant roles in the detection, separation and sensing of chiral molecules. In this
paper, a simple and symmetric metasurface is proposed to generate strong chiral near-fields with both circularly polarized
light and linearly polarized light illuminations in the mid-infrared region. Owing to the near-field interaction between
plasmonic resonant modes of two nanosheets excited by circularly polarized light, there is a strong single-handed chiral
near-field in the gap between the two graphene nanosheets and the maximum enhancement of the optical chirality could
reach two orders of magnitude. As expected, the intensity and the response wavelength of the chiral near-fields could be
controlled by the Fermi level and geometrical parameters of the graphene nanosheets, as well as the permittivity of the
substrate. Meanwhile, based on the interaction between the incident field and scattered field, the one-handed chiral near-
field in the gap also could be generated by the linearly polarized light excitation. For the two cases, the handedness of the
chiral near-field could be switched by the polarized direction of the incident light. These results have potential opportunities

for applications in molecular detection and sensing.

Keywords: plasmonic resonance, chiral near-field, graphene, metasurface

PACS: 73.20.Mf, 25.70.Ef, 78.67.Wj

1. Introduction

Chirality is a geometric property of objects, which indi-
cates that the objects could not overlap with their mirror im-
ages through simple translations or rotations. There are a lot
of chiral molecules in nature, for instance, proteins, DNA,
nucleic acids, and so on.[!:2 Because chiral molecules with
the opposite handedness generally show different behaviors
in biological processes, the recognition and discrimination of
chiral molecules are extremely important in analytical chem-

(341 Nevertheless, the chiral

istry, biology and pharmacology.
response of natural molecules is very weak and occurs in the
ultraviolet region, which hampers their further applications.
In recent years, owing to the excellent properties of the
light confinement and local field enhancement, plasmonic
nanostructures have drawn a lot of attention owing to their
potential applications in light absorption, Raman scattering,

[5-101 Based on the plasmonic resonance,

chiral response, etc.
various metamaterials have been proposed to enhance chiral
responses in both the far-field and near-field.[!'~14! Especially,
the chiral near-field has attracted a lot of interest due to its
wide applications, such as molecular recognition, detection,

15-18
gl

separation, and sensin ! which are expected with the ex-

cellent properties of enough strength, single handedness, large
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area, etc. Utilizing the plasmonic resonance of metal mate-
rials, strong chiral near-fields have been obtained in the vis-
ible and near-infrared regions with various chiral and achi-
ral nanostructures.''*231 In order to obtain chiral responses in
the mid-infrared region, graphene is considered to be the best
alternative material, because doped graphene nanostructures
show strong plasmonic resonances with a relatively low loss.
Meanwhile, graphene nanostructures could be accurately fab-
ricated and transferred to various substrates and the plasmonic
resonance could be controlled by chemical doping and elec-
trical doping.>*28! In addition, the twisted bilayer graphene
also has chiral properties.[?*=3!l Therefore, many graphene
and graphene-based nanostructures have been designed to gen-

[2532-35] For example, Kong et

erate strong chiral responses.
al. obtained giant circular dichroic (CD) responses with chi-
ral graphene assemblies; ?®) Wang er al. designed the achiral
metal-nanorods with graphene-nanobelt arrays to achieve CD
signals;*) Fu et al. proposed an achiral nanoring to achieve
chiral near-field;!?! chiral near-field also had been achieved
with twisted bilayer graphene.’”! For the studies of chiral
near-fields, most of them are either complex in structures, or
the chiral fields are both left- and right-handed, or the response
area is small. As a result, achieving a strong uniform chiral
near-field in the mid-infrared region still presents a challenge.
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In this work, a graphene metasurface, composed of two
same nanosheets in a unit cell, is proposed to produce strong
and uniform superchiral fields with both circularly polar-
ized light (CPL) and linearly polarized light (LPL) illumina-
tions. With the metasurface, a one-handed chiral near-field is
achieved in the gap of two graphene nanosheets, which could
be controlled by the Fermi level of the graphene sheets and the
other parameters, and whose handedness could be controlled
by the wavelength and the polarization direction of the inci-
dent light. To understand the physical mechanism generating
the uniform chiral near-field, the distributions of electric and
magnetic fields are analyzed.

2. Method and model of simulation

In order to achieve enhanced single-handed near-fields
at the mid-infrared region with easily prepared nanostruc-
tures, here, we proposed a graphene metasurface composed
of single-layer graphene arrays with a symmetric nanosheet-
dimer in each unit cell on the substrate, as shown in Figs. 1(a)
and 1(b). The graphene arrays are located on the x—y plane and
the exciting light is propagated along the z-axis. The array is a
periodic structure with a fixed period of 300 nm both in x- and
y-directions. The side length @ = b = 80 nm, and the distance
of the gap between the two nanosheets is set as g. The mono-
layer graphene is deposited on the low resistivity Si substrate
(& = 12.04) and the whole nanostructure is placed in the air
€m = 1. The single-layer graphene nanosheets could be char-
acterized by the surface conductivity o, which is a function of
the frequency of the exciting light and involves contributions
from inter- and intra-band transitions,3*

Os = Ointer 1 Ointra, (D
= £ [+ Larn 2025
T 4n |2 2kpT
gy (o 2E)° ] : )
2 (Fl(x) — 2Ef)2 + (2kBT)2
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Er E¢
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where e, h, kg, Et, T, and 7 are the electron charge, re-
duced Planck’s constant, Boltzmann’s constant, Fermi level
of graphene, temperature (7' = 300 K), and carrier relaxation
time, respectively. Here, T = pE¢/evZ, p (10000 cm?/(V -s))
is the moderate carrier mobility, v¢ (10° m/s) is the Fermi ve-
locity, and the angular frequency of the stimulating light is
® =27c/A (A is the incident wavelength of light in the vac-
uum; c is the speed of light in the vacuum). The thickness of
the monolayer graphene sheets is set as t;, = 1 nm. So, the
equivalent relative permittivity of the graphene could be ex-

pressed as

105
wepty’

£ =1+ @)
where g is the permittivity of the vacuum. The sample is easy
to prepare in practice. The monolayer graphene grown on cop-
per foil by chemical vapor deposition (CVD) could be repeat-
edly transferred to the predefined position on the substrate.
Here, to quantify the chiral near-fields, the optical chiral-

ity C is used, [38]

1
c=2E.V<xE+—B.VxB, (5)
2 210

where E and B are the electric and magnetic fields, and g
is the permeability of the vacuum. Further, to calculate the
optical chirality, a simpler version of C is deduced as

O
C= —07 Im(E*- B). ©6)
The enhancement of the optical chirality could be calculated
by

¢= c/ ‘CCiPL| ) 0

where CéEPL = :t%u \E|2 is the maximum optical chirality il-
luminated with the left-handed and right-handed circularly po-
larized light (LCP (+) and RCP (—)) without any nanostruc-
ture. The absorption spectra are expressed asA=1—R—T,
where 7 and R are the transmittance and reflectance of the
nanostructures, respectively. In this work, all the electromag-
netic responses of the graphene metasurface were simulated
with the finite element method (FEM) software (COMSOL
Multiphysics). In simulations, we used the periodic boundary
conditions at the x and y directions and the perfectly matched
layer (PML) at the top and bottom of the structures. Mean-
while, nonuniform meshes were used for formatting the object,
and the largest mesh was set less than A /10. The maximum
mesh in the gap between two graphene nanosheets was set less
than 1 nm.

3. Results and discussion

As depicted in Fig. 1(c), when the metasurface is stim-
ulated with CPL along the z-direction, there are two strong
resonance peaks in the mid-infrared region. From the distribu-
tions of surface charge density of graphene nanosheets excited
with LCP at resonant wavelengths (the inset of Fig. 1(c)), it
could be seen that there are a longitudinal coupling mode (A =
18.4 um) and a transverse coupling mode (A = 16.25 pm)
of the two graphene nanosheets. Due to the geometrical
symmetry of the metasurface, the absorption spectra coin-
cide with each other with the LCP and RCP illuminations,
which results in a zero CD response. However, owing to

the near-field interaction between different plasmonic modes
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of metamolecules,*”! the chiral near-field properties are ex-
tremely different in the two cases. To calculate the enhance-
ment of the chiral near-fields and well mimic the real exper-
iment, the volume-averaged optical chirality enhancement in
the gap between the two nanosheets is calculated, which is
defined as (C) = %fvé dV. As shown in Fig. 1(d), there
are four peaks in the averaged optical chirality spectra and the
chirality is just opposite for the incident light with opposite po-
larization (LCP and RCP). Meanwhile, for any polarized light,
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the handedness of the chiral near-field also could be switched
by changing the wavelength of the exciting light. Especially,
it could be seen that the absolute value of the averaged optical
chirality enhancement is about 50 times at the peaks (peaks I
and II in Fig. 1(d)) of the longer wavelengths, which is much
larger than that of some reported graphene-based nanostruc-
tures. In contrast, the chiral responses in the shorter wave-
lengths are very weak, so, we mainly focus on the chiral prop-
erties at the longer wavelengths in the following.

60

40
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IT

16 17 18 19
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Fig. 1. (a) Top view of a unit cell of graphene metasurfaces with structural parameters. (b) 3D schematic of the graphene metasurface. (c)
Absorption spectra of the metasurface stimulated with RCP (black solid line) and LCP (red dot line). Inset: the distributions of surface charge
density of graphene nanosheets excited with LCP at two resonance wavelengths (purple dot: 16.25 pum, green dot: 18.4 um). (d) Averaged
optical chirality enhancement spectra of the gap between two graphene nanosheets stimulated with RCP (black line) and LCP (red line). Here
P,=P,=300nm,a=>b=80nm,#; =1 nm, g=10nm, Ef = 0.6 eV, and T = 300 K.

To achieve a deep understanding of the physical mecha-
nism of the chiral near-field response, the near-field maps of
the metasurface are simulated. Owing to the symmetric prop-
erties of chiral responses with LCP and RCP illuminations,
here, we only discuss the near-field properties excited by LCP.
As depicted in Figs. 2(a) and 2(b), when the incident wave-
length is 18.4 pum (the wavelength of the resonance peak),
the enhancements of the electric field and magnetic field are
stronger than those of the others (18.2 um: chiral peak II;
18.6 um: chiral peak I, as shown in Fig. 1(d)). For the three
scenarios (the wavelengths of the incident light are 18.2 um
(1), 18.4 um (ii) and 18.6 pm (iii), respectively), the strongest
enhancements of the magnetic fields occur on both sides of
the graphene nanosheets (Fig. 2(a)), but the strongest enhance-
ments of the electric fields are distributed in the gap between
the two graphene pieces (Fig. 2(b)). Accordingly, there are
chiral near-field responses around the graphene sheets illumi-

nated with the three wavelengths. However, extremely differ-
ent from the distributions of the electric and magnetic fields,
the chiral near-field enhancements in the gap between the two
graphene pieces are obviously enhanced at 18.2 um (Fig. 2(c)-
i) and 18.6 pm (Fig. 2(c)-iii), which could be up to two or-
ders of magnitude, but nearly vanish at 18.4 um (Fig. 2(c)-
ii). Meanwhile, the handedness of the chiral near-fields in the
gap is uniform and just opposite for 18.2 um and 18.6 um
(Figs. 2(c)-1 and 2(c)-iii), which is very important in applica-
tions of chiral separation, sensing, etc.

Therefore, we mainly focus on the chiral near-field be-
tween two graphene nanosheets in this work (just as Fig. 1(d)).
To further explain the chiral flip, the components of the electric
field and magnetic field are calculated with the illuminations
of 18.2 um, 18.4 wm, and 18.6 um, respectively. As shown in
Figs. 3 and 4, the components of the electric fields are consis-

tent and the magnetic fields are exactly opposite for 18.2 um
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and 18.6 um, which just lead to the opposite handedness of  and the handedness could be tuned by the wavelength and the

the chiral near-fields owing to C o< Im(E* - B). Therefore, we ~ polarization of the exciting light with the symmetric metasur-
could achieve extremely enhanced single-handed near-fields  face.
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Yy
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Fig. 2. The 2D maps of the enhancement of magnetic field (a), electric field (b) and optical chirality (c) in a unit cell at the x—y plane of

graphene metasurfaces excited by LCP with the wavelength 18.2 um (i), 18.4 um (ii) and 18.6 um (iii). The x—y slices are cut from the middle
position of the graphene nanosheets. Hy and E are the incident magnetic and electric fields.

—-
=

iii —90
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Fig. 3. The x-components (a), y-components (b) and z-components (c) of electric field maps of an unit cell excited with LCP at the wavelength
of 18.2 pm (i), 18.4 um (ii) and 18.6 pm (iii). The x—y slices are cut from the middle position of the graphene sheets.
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Fig. 4. The x-components (a), y-components (b) and z-components (c) of magnetic field maps of an unit cell excited with LCP at the wavelength
of 18.2 um (i), 18.4 pum (ii) and 18.6 um (iii). The x—y slices are cut from the middle position of the graphene sheets.

It is well known that the Fermi level of graphene plays an
important role in plasmonic resonances, here, for the graphene
nanosheets, it could be controlled via chemical doping. To il-
lustrate its influence on the chiral near-field in the gap, here,
we change the Fermi level from 0.6 eV to 0.9 eV and the other
parameters remain unchanged. As shown in Fig. 5(a), with
the increase of the Fermi level, the averaged optical chiral-
ity enhancement of the gap between the two nanosheets in-
creases and the peak position shows a blue shift, which is
because of the blue shift of the plasmonic resonance peaks
A o< %%),[36] as shown in Fig. Sla (supporting informa-
tion). Therefore, we could control the wavelength and the
strength of the chiral near-field in the gap by changing the
Fermi level.

As discussed above, the area of chiral near-fields is impor-
tant in applications such as chiral detection and sensing, here,
it could be adjusted by the distance between two nanosheets.
Meanwhile, the coupling effect between two metamolecules
depends on the distance between the metamolecules. Based
on these, it is necessary to discuss the dependence of chi-
ral near-fields on the distance between two nanosheets. As
shown in Fig. S1b (supporting information), with the distance
(g) increasing from 10 nm to 25 nm and the other parameters
keeping the same as those in Fig. 1, the resonant peak of the
longer wavelength blue shifts. Correspondingly, the peak (at
the longer wavelength) of the averaged optical chirality en-

hancement blue shifts and the strength decreases (Fig. 5(b)),
which is a result of the decrease of the coupling effect between
the two graphene nanosheets. Thus, in applications, the area
and the strength of the single-handed near-field could be con-
trolled by changing the distance between the two nanosheets.

Besides the gap, the other parameters also affect the re-
sponse of chiral near-fields. As we all know, the size of plas-
monic structures has an influence on plasmonic resonances.
When we change the side lengths (a and b, a = b) from 60 nm
to 80 nm and fix the other parameters as those in Fig. 1, the
resonant peak red shifts and their strength increases, as shown
in Fig. Slc (supporting information). However, for the aver-
aged optical chirality enhancement in the gap between the two
graphene sheets, as shown in Fig. 5(c), the peak of the chiral
response red shifts but the strength stays roughly the same with
the increase of the side lengths. Meanwhile, the substrate ma-
terial plays an important role on plasmonic resonances. When
the permittivity of the substrate (&) changes from 8 to 14, and
the other parameters remain unchanged, the resonant peak red
shifts and the strength decreases (Fig. S1d (supporting infor-
mation)), which further results in a similar change for the chi-
ral near-field response of the gap (Fig. 5(d)). Therefore, we
could adjust different parameters to meet the requests of dif-
ferent applications.

As it has been shown in many studies, owing to the inter-
action between the incident field and scattered field, the chiral

127303-5
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near-field could be achieved in symmetric nanostructures ex-
cited with LPL at normal incident.!!%1:4041] In light of this,
here, we also study the chiral near-field of the symmetric meta-
surface with LPL illuminations at two polarized directions, as
shown in Fig. 6(a). For simplicity, we denote the two polar-
ization cases of LPL with (D and (2). Here, () means the po-
larization direction along the diagonal of the positive x-axis
and the positive y-axis, and (2) means the polarization direc-
tion along the diagonal of the positive x-axis and the negative
y-axis. As that of illuminated with CPL, due to the coupling
effect between the two nanosheets, there are two resonance
peaks (A = 16.25 um, 18.4 um) illuminated with LPL both (1)
and (2), which coincide with each other, as shown in Fig. 6(b).
As expected, but different from that of illuminated with CPL,
there is a pronounced enhancement of the volume-averaged
optical chirality in the gap between the two sheets at the plas-
monic resonant peak (A = 18.4 um) and the handedness of
the chiral near-fields is just opposite with two polarizations
of (D and (2), as shown in Fig. 6(c). When the metasurface
is excited with A = 18.4 um, similar to that of excited with
CPL, the strongest enhancements of magnetic fields (Fig. 6(d))
and electric fields (Fig. 6(e)) are distributed at different dis-

tricts, and the maximum uniform enhancement of the chiral

F E)

80 ¢ (eV) (a)
0.6
0.7

40r
0.8
0.9

0 L\ AN\

g —

R

—80[

Averaged optical chirality (arb. units)

14 16 18
Wavelength (pm)

60f @ (nm) (c)

Averaged optical chirality (arb. units)

—60 16 18 20

Wavelength (pm)

near-fields (Fig. 6(f)) still occurs in the gap between the two
nanosheets.

Similarly, the plasmonic resonance and chiral near-field
could be tuned by the Fermi level of graphene and the other pa-
rameters with LPL illumination. For comparison, we change
one parameter every time and the others remain the same as
those in Fig. 1. The plasmonic resonances change with the
variable parameters, as shown in Fig. S2 (supporting infor-
mation). For the chiral near-field in the gap between the two
graphene nanosheets, as shown in Fig. 7(a), with the increase
of the Fermi level, the chiral response enhances and the re-
sponse wavelength has a blue shift. When the gap between
the two nanosheets enlarges, the chiral response obviously de-
creases and the wavelength blue shifts (Fig. 7(b)). The wave-
length of the chiral response red shifts but the strength change
little with the side length (@ and b) increasing (Fig. 7(c)).
With the increase of the permittivity of the substrate, the chi-
ral response gradually decreases and the wavelength red shifts
(Fig. 7(d)). Therefore, we can also tune the wavelength and
strength of chiral near-field response by Fermi levels and var-

ious structural parameters in different applications with LPL

illumination.

2

5 60F g (nm) (b)
3 10

2
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Fig. 5. Averaged optical chirality enhancement spectra of the gap between two graphene nanosheets of the graphene metasurface with different
Fermi levels (a); different gaps (b); different side lengths (c) and different permittivity of substrates (d) excited by CPL. The other parameters

are the same as those in Fig. 1.
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Hj and E) are the incident magnetic and electric fields. All parameters are the same as those in Fig. 1.

120

80

40

g (nm) (b)

Averaged optical chirality (arb. units)

Averaged optical chirality (arb. units)

Wavelength (pm)

0 . N N
14 16 18
Wavelength (pm) Wavelength (pm)
£ 120 z -
= 20 (ngé) © 1 % 160} —3 (d)
g 2 — 10
= — 2 12.04
= 80F — g - 120F — 12.0
= = — 14
— 90 E
< £ sof
£ a0t E
s & 40f
=
g (0] A " : § 0 i ? I :
< 14 16 18 20 < 14 16 18 20

Wavelength (pm)

Fig. 7. Averaged optical chirality enhancement spectra of the gap between two graphene nanosheets of the graphene metasurface with different
Fermi levels (a); different gaps (b); different side lengths (c) and different permittivity of substrates (d) excited by LPL (Fig. 6(a)-(D). The

other parameters are the same as those in Fig. 1.

4. Conclusion

In summary, a graphene metasurface with a symmetrical

teraction between different plasmonic modes excited by CPL,

a strong single-handed near-field is obtained in the gap be-

structure is proposed to generate strong chiral near-fields with ~ tween the two nanosheets. With the increase of the Fermi

both CPL and LPL illuminations. Owing to the near-field in-  level, the peaks in the averaged optical chirality enhancement
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spectrum blue shift and the intensities increase. With the dis-
tance of the two nanosheets increasing, the area increases but
the strength of the chiral near-field in the gap decreases. Mean-
while, the response of the chiral near-field in the gap is influ-
enced by the size of graphene and the permittivity of the sub-
strate. On the other hand, based on the interaction between
the incident field and scattered field, one-handed chiral fields
could be obtained in the same district with the LPL illumina-
tion. Especially, all the handedness of chiral near-fields could
be switched by the polarization of the incident light. Thus, the
simple graphene metasurface could be used in the detection,
sensing and separation of chiral molecules.
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