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We present an ultrathin graphene metascreen that possesses dispersive optical activity in the early ter-
ahertz spectrum. The metascreen design consists of periodically etched L-shaped voids on a graphene
substrate backed by a conductive plane. The specific unit-cell design is based on chirality and leads to
highly asymmetric radiations from the plasmon-polariton surface currents, leading to linear and circular
dichroism. Hence the incident linearly or circularly polarized electric fields are effectively absorbed by
the metasurface in different proportions. Consequently, the metasurface assumes half- and quarter-wave-
plate behaviors in different parts of the reflected optical spectrum. In particular, we show via full-wave
simulations that the dichroic metascreen supports perfect linear-to-circular polarization conversion (cir-
cular dichroism) in two adjacent terahertz frequency bands. In two other terahertz bands, it rotates the
incoming linearly polarized wave vector by 90◦ (linear dichroism). Moreover, since graphene has a vari-
able refractive-index dependence on its chemical potential, the dispersion characteristics can be shifted to
neighboring frequencies within the early terahertz spectrum. We further demonstrate an angularly stable
response for incident angles varying between 0◦ and 45◦. The tunable linear and circular dichroism char-
acteristics are well suited for applications in sensing, imaging, and spectroscopy at terahertz frequencies.

DOI: 10.1103/PhysRevApplied.13.024046

I. INTRODUCTION

The transverse electromagnetic nature allows light
waves to be characterized in terms of the orientation of
the associated electric field vectors, commonly known as
the polarization. The polarization state of a light wave
can take different forms such as linear, circular, or ellip-
tical depending on the progression of the electric field
vector in the time domain [1,2]. From a practical view-
point, information can be concealed in the polarization
states without varying the intensity of the associated light
wave; or, by decrypting the polarization state of the out-
going wave, the material properties can be estimated.
We can identify several applications in daily life where
the polarization state of light has been exploited, such
as optical displays, spectroscopy, and optical antennas
[1–3]. Many traditional polarization control systems
employ either birefringent crystals or Faraday rotators to
change the state of the electric field orientation [4–6].
However, both of these optical systems have large device
footprints, making their use difficult for realistic appli-
cations. Additionally, Faraday rotation consumes a large
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amount of power, which is undesirable in modern optical
devices. Dichroism is one of those natural mechanisms of
polarization control that involves absorption of specific lin-
ear polarizations with light transmission [1,7]. An example
is the dichroic herapathite crystal, which was used in the
earlier Polaroid sheets [1]. Some crystalline structures hav-
ing circular dichroism rotate the electric field polarization
of the incident light, a property known as optical activ-
ity. While linear dichroism is based on the absorption of
linear components, circular dichroism (CD) introduces an
absorption differential between the left- and right-handed
circular polarizations. Hence circular or elliptical polarized
light emerges from circularly dichroic materials. Circular
and linear dichroism are natural ways to control polarized
light but since they are based on weak wave interactions,
the resulting structures have high-profile geometries that
are hard to incorporate with modern integrated circuits
[4]. Therefore, there is a vital requirement for an optical-
polarization-control method to be passive (unlike Faraday
rotation) and low profile, so that device integration at
subwavelength scale can be achieved. Taking these prac-
tical bounds into account, electromagnetic metasurfaces
have been suggested as efficient polarization-control alter-
natives [8–13]. Metasurfaces have also been designed at
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microwave, terahertz (THz), and optical frequencies for
various other applications ranging from perfect absorbers
[14–16] to sensors [17,18], thermal emitters [19], and
imaging devices [20,21]. The subwavelength size of the
unit cell in the case of metasurfaces is essential for near-
diffraction-limit imaging and wide-angle beam-steering
applications [22,23]. These thin-film metasurfaces are
designed using metallic radiating elements to manipu-
late electromagnetic waves [9–13,24–26]. The planar two-
dimensional (2D) metasurface counterparts of the tradi-
tional polarizers are relatively easier to design, fabricate,
and characterize. These passive structures are inspired
by optically active materials and crystals, which exhibit
optical rotation due to the inherent chirality in their con-
stitutive structure, which renders refractive surfaces repre-
sented by the following dielectric tensor [3]:

¯̄ε =
⎡
⎣

ε1 ia 0
−ia ε1 0

0 0 ε3

⎤
⎦ . (1)

Hence a wave propagating in the z direction would
then have its x- and y-field components oscillate with
a π/2 phase difference, rendering a circularly polarized
wave. The analogous behavior in the chiral metasurface is
obtained by designing unit cells that are mirror asymmetric
or geometrically chiral.

The motivation of this paper follows from Fig. 1, which
shows a comparison between the two principles of optical
rotation, i.e., the birefringent rotary system and its chi-
ral metasurface analog in transmission mode. Since the
optical axis is tilted by 45◦ with respect to the incom-
ing linear polarization, the birefringent crystal splits the
input polarization into ordinary and extraordinary waves,
which travel at different velocities and hence emerge with
a π/2 phase difference, leading to circular polarization.
On the other hand, the circular polarization for a chiral
metasurface is obtained because of two underlying mech-
anisms. Due to the highly asymmetric unit-cell structure,
high-intensity retarded currents result on the two axes
of the metallic inclusion at the plasma resonance. The
radiation from these currents adds constructively, with
various phase differences in the far field region to cre-
ate a certain polarization state. Hence linearly polarized
incident waves are converted to cross- or circularly polar-
ized scattered waves, depending on the dispersion relation
[27]. Since the optical activity is derived from resonant
unit cells, the latest challenge is to extend the chiral-
metasurface designs that operate over broadband spectra
into the microwave and optical regimes [28,29]. Addition-
ally, a dramatic improvement would be dynamic control of
the operating frequencies, which has been done previously
with tunable electromagnetic materials [30,31].

Among the reconfigurable artificial materials, graphene-
based structures have recently gained popularity [32–34].

Graphene is a natural contender for tunable metasurfaces,
primarily due to the fact that it is possible to vary its
electrical properties directly by controlling the electric
potential [35]. The other metamaterial structures, on the
other hand, rely on external components such as inductors,
capacitors, and diodes to achieve reconfigurability. Since
graphene was first isolated in 2004 [36], significant studies
have been carried out that highlight its interesting physi-
cal parameters and technical and scientific applications in
various areas, e.g., mechanics, chemistry, and biology, as
well as in photonics and electronics [37]. Graphene has a
truly 2D structure formed by carbon atoms, resulting in
an ultrathin profile known as a monolayer. Additionally,
the graphene material has stable thermal properties, ultra-
high carrier mobility, and an electrical conductivity that
is dependent on the density of the carrier, with a plasma
frequency in the terahertz and infrared (IR) regimes [38].
Graphene can also replace noble metals such as gold and
silver, which suffer from high conductive losses in the
optical regime.

Exploiting these unique properties, we present in this
paper a chiral graphene metasurface designed by exploit-
ing two fundamental mechanisms discussed above in
reflection mode. The geometrical chirality that renders a
dichroic structure (as in CD crystals) is obtained by etching
mirror-asymmetric unit cells on the graphene monolayer,
such that the structure supports the surface-plasmon-
polariton (SPP) pair when interfaced with a dielectric
material. SPPs are strong resonances, the operating fre-
quency of which is a function of the unit-cell dimen-
sions, the permittivity of the dielectric, and graphene’s
Fermi level [39,40]. Compared to their metallic counter-
parts, graphene SPPs are better confined (small footprint),
propagate for longer, and are frequency reconfigurable by
chemical doping in the terahertz range [35]. Recently,
graphene-based tunable cross-polarizers have been pro-
posed to transform incident polarization to cross-polarized
fields [41,42]. The unit cells of these structures have been
formed by isolated graphene patches, which have had to
be separately biased. Our unit cell is fundamentally differ-
ent, as it is a complementary L-shaped structure obtained
by creating voids on continuous graphene layers. This sim-
ple (yet powerful) fabrication technique renders a structure
that is continuously conducting, so that the graphene cells
can be biased with a greatly simplified dc network con-
sisting of a single gate-voltage source. This dynamic tun-
ability leads to a full range of polarization-state conversion
(circular to linear) that has not been reported in previ-
ous works [41,42]. We show via full-wave simulations
that the designed chiral metasurface reflector is optically
active in the early terahertz frequency range, with a vari-
ety of polarization-conversion possibilities. In particular,
we demonstrate the half- and quarter-wave-plate behav-
iors in a tunable broadband terahertz spectrum, where
the polarization-conversion ratio (PCR) remains above the
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FIG. 1. Two mechanisms
of optical polarization control
are depicted. (a) Linear-to-
circular polarization conver-
sion using the birefringence
of a uniaxial crystal, the
refractive-index surface of
which is depicted on the right.
The optical axis (OA) is tilted
by 45◦ with respect to the
incoming polarization. The
extraordinary ray is slower
than the ordinary ray so that
the x and y electric fields have
a phase difference of 90◦,
leading to circular polariza-
tion. (b) The circularly polar-
ized fields on the other side
of the metasurface are formed
by the superposition of radi-
ation from retarded asymmet-
ric currents owing to the chi-
rality of the constituent unit
cells.

90% threshold. The electro-optic tunability allows real-
time control of this unique optical-activity behavior by
applying a gate voltage to the graphene layer.

II. DESIGN OF THE DICHROIC GRAPHENE
METASCREEN

Classical plasmonics has been facing many problems
and limitations in recent years due to interband tran-
sitions at IR and optical frequencies that increase the
losses and also due to the fixed value of the plasma fre-
quency, which lacks reconfigurability [43]. Some attempts
have been put forward to make use of semiconductors,
such as transparent conductive oxides (TCOs) or metal
nitrides, to design tunable optical devices in the near-IR
and IR ranges [44]. However, these semiconductors are
difficult to manufacture and exhibit considerable losses
in the mid-IR and terahertz ranges. On the other hand,
graphene materials have been shown to solve many of
these issues, due to their low losses and their tunable opti-
cal response [45]. In recent years, a plethora of terahertz
and IR graphene components have been devised, includ-
ing waveguides and plasmonic interconnects [46], sensors
[47], modulators [31], perfect absorbers [48–50], couplers
[51], and photomixing frequency synthesizers [52]. The
achievement of these capabilities at the nanoscale, with
the potential for frequency reconfiguration, could pave the
way for sensing and communication networks with car-
rier frequencies up to the terahertz frequencies and well

into the IR spectrum. The proposed graphene-based tun-
able chiral metasurfaces have the potential to enhance
the capabilities of existing optical sensing and spectro-
scopic techniques. For example, the polarization states
(determined for the reflected fields) intrinsically take into
account the wave propagation inside the sample for the
orthogonal electric field components. Hence, by exploit-
ing the chirality, graphene-based terahertz sensors [53–55]
may be further improved in order to detect the dielectric
properties of anisotropic materials. Similarly, the surface-
plasmon modes in graphene-based terahertz spectroscopy
are found to be well suited for detection of the vibra-
tional modes of molecules [56]. Adsorption in graphene
nanoribbons offers measurable dips in extinction spectrum
due to gas concentration changes, which may be employed
in gas-molecule sensing [57]. Considering the highly dis-
persive and frequency-selective chiral modes observed in
the proposed metasurface, polarization-state detection can
also provide a sensitive alternative to the existing surface-
plasmon method. Furthermore, the proposed structures are
spectrally tunable, leading to a broadband chiral response,
which is a desirable property in spectroscopic applications.

In what follows, we present the design of a circularly
chiral reflecting metasurface that is based on exciting the
SPP resonances on the graphene-dielectric interface. To
achieve this in practice, the material is etched out from
the graphene monolayer to form a periodic arrangement
of L-shaped voids on its surface, as shown in Fig. 2. The
advantage of creating voids instead of depositing is to
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FIG. 2. A schematic illustration of a graphene metascreen con-
sisting of an atomic layer of graphene engraved with a periodic
array of L-shaped etched voids. The inset shows a schematic
representation of the unit cell and the atomic scale graphene
lattice.

obtain a continuous graphene surface, so that the biasing
can be done by a single gate-voltage source. According
to Babinet’s principle, such a geometry would just inter-
change the role of the electric and magnetic fields, without
affecting the chiral behavior [58]. The graphene surface
resides on a thin substrate of thickness d = 15 μm and is
backed up by a metallic ground plane (a perfect electric
conductor) that serves as a fully reflecting surface.

This specific design serves two purposes. First, the inter-
face between the graphene and the dielectric supports the
formation of SPPs on the graphene monolayer, which
propagate as surface waves in the x-y plane [43]. Second,
the unique diagonal symmetry of the unit cell allows the
generation of helicoidal fields in the L-shaped void, lead-
ing to the optical activity. The arms of the unit-cell voids
(Lx and Ly as outlined in Fig. 2) have dimensions of 7.5
μm and the width of the arm (w) measures 1 μm such that
the period of the structure is p = 10 μm. Therefore, the
unit-cell size is ultracompact, measuring around λ/15 at
2 THz, and is quite suitable for the on-chip integration in
modern optical systems.

Note in Fig. 2 the curved part at the intersection of the
two arms, which is designed to reduce spurious radiations
due to sharp corners. A unique feature of the dichroic meta-
surface is its polarization-independent reflection response,
which is due to the diagonally symmetric shape of the unit
cell. This can be noted well in Fig. 2 for a normally inci-
dent plane wave, where the two incident polarizations are

treated equally by the unit cells. A relative permittivity of
r = 4 is used for the dielectric substrate. The frequency-
dependent complex permittivity (εg) of graphene is deter-
mined from the surface conductivity (σg):

εg(ω) = 1 + j σg(ω)

ε0ω�
. (2)

Here, ε0 is the free-space permittivity, ω is the angular fre-
quency, and � = 1 nm is the thickness of the graphene
layer.

At terahertz frequencies, the surface conductivity of
graphene (σg) is typically calculated from Kubo’s formula.
Here, the conductivity is modeled by electron-hole pair
excitations due to contributions from inter- and intraband
transitions within the graphene layer. At low frequencies,
interband transitions are negligible and the conductivity is
mainly due to intraband transitions, as follows:

σg(ω) = ie0
2kBT

π�(�ω + i	)

{
μc

kBT
+ 2 log

[
exp

(−μc

kBT

)
+ 1

]}
.

(3)

Here, kB is the Boltzmann constant, T is the temperature on
the kelvin scale, e0 is the electron charge, � is the reduced
Planck’s constant, 	 is the damping coefficient, and μc is
the chemical potential of the graphene layer. The chemical
potential can be varied by chemical doping or by apply-
ing a gate-voltage bias to the graphene sheet. The damping
coefficient 	 can be calculated as follows:

	 = −(e0�v2
f )/(μμc), (4)

where the constants vf = 106 m/s and μ = 100, 000 cm2/

V s are the Fermi velocity and the electron mobility,
respectively.

III. JONES-MATRIX ANALYSIS

In this section, we demonstrate the polarization changes
in the reflection spectrum of the graphene metascreen when
a linearly polarized electric fields is incident on it. The
two types of dichroism, i.e., the linear to linear conver-
sion and the linear-to-elliptical conversion, which can be
governed by the chemical potential of the graphene layer,
are described in Fig. 3. Before presenting the simulation
results, it is instructive to describe the relationship between
the incident fields and the reflected fields in terms of the
Jones matrices. Figure 3 explains the two possible con-
version mechanisms for an x-directed incident field. For
the generalized case, Exi and Eyi can be assumed as the
incident electric field components along the x and y axes,
respectively, with Exr and Eyr as the reflected electric field
components. The Jones matrix of the reflected parameters

024046-4



LINEAR AND CIRCULAR DICHROISM... PHYS. REV. APPLIED 13, 024046 (2020)

x

Exi

Exr

Eyr

Incident wave 

yz

Reflected wave 

Linear polariza�on conversion (Linear dichroism)

Exi
Eyr

Incident Wave 

Reflected wave 

Circular polariza�on conversion (Circular dichroism)

Er

Er

Er

Eyr

Exr

Exi

Exi

=

Defini�on of the Jones Matrix parameters

± =
1

2
±

=

Exr

yz

x

(a)

(b)

FIG. 3. A demonstration of the Jones-matrix parameters for
the two reflection geometries. (a) The definition of the linear-
polarization reflection coefficients for an x-polarized incident
wave. (b) The Jones-matrix definition in circular bases. The
reflected wave can be considered as a combination of two
circularly polarized waves rotating in opposite directions.

can then be described by the following relationship:
(

Exr
Eyr

)
=

(
Rxx Rxy
Ryx Ryy

) (
Exi
Eyi

)
, (5)

where Rxx and Ryx are the co- and cross-polarized reflec-
tion coefficients for the x-polarized incident fields, while
Rxy and Ryy are the corresponding reflection parameters for
the y-polarized incident fields. The reflection coefficients
in circular bases can be written in the form of the linear
coefficients in the following manner:

R±x = 1√
2
(Rxx ± j Ryx), R±y = 1√

2
(Rxy ± j Ryy). (6)

In the Jones calculus, the conversion of linearly polar-
ized incident waves into elliptically polarized reflected
waves can then be represented by the following equation:

(
E+r
E−r

)
=

(
R+x R+y
R−x R−y

) (
Exi
Eyi

)
. (7)

Here, the subscript +x and −x signs represent the right-
and left-handed components of the reflected waves, respec-
tively. Referring to Eqs. (6) and (7) and considering
Fig. 3 for x-polarized incidence, it can be readily deduced
that a pure circularly polarized reflected wave is possible
only if the x and y components have equal magnitudes,(|Exr| = ∣∣Eyr

∣∣), with a phase difference of ±90◦.

Next, we characterize our graphene metascreen by
determining the elements of the linear Jones matrix of Eq.
(5) with variation of the chemical potential of graphene.
The full-wave simulations are performed using the finite-
element-method- (FEM) based electromagnetic software
COMSOL. Figure 2 shows the simulation domain, in which
the unit cell is terminated by the periodic boundary condi-
tions along the x and y directions. The negative z direction
is terminated by a perfect matched layer (PML) to pre-
vent spurious reflections originating from boundaries. As
shown in Fig. 3, the metascreen is illuminated by an
x-polarized electromagnetic wave to simplify the demon-
stration of the reflected wave’s polarization states. Hence,
with the electric field oriented along one of the transverse
planes, we can fully characterize the metascreen by deter-
mining two of the four Jones reflection parameters (i.e.,
Rxx and Ryx. The conductivity of the graphene is varied
by changing the chemical potential between 300 and 800
meV according to Eq. (3). A relative permittivity (εr) of 4
and a height (d) of 15 μm are used for the dielectric sub-
strate. The resulting reflection coefficients are displayed
as surface-intensity plots in Figs. 4(a) and 4(b) over a
wide range of terahertz spectrum. With the increase in
the chemical potential, a blue shift in the metalayer’s res-
onance is noted in the surface plot, which is consistent
with the direct relation between graphene’s Fermi level
and the plasma resonances. Note the high optical activity
in the region between the half-power points, indicated on
the reflectance-surface plots (Fig. 4) at the 600-meV poten-
tial threshold. In this region, considerable reflected power
is also carried by the y-polarized wave. In particular, con-
sider the two 3-dB points on which the x- and y-directed
fields contribute equally to the reflected power, which is
one of the conditions leading to circularly polarized waves.

For a deeper look at the polarization-conversion phe-
nomenon, the magnitude and phase of the reflection coeffi-
cients Rxx and Ryx are extracted for a chemical potential
of 600 meV and are depicted in Figs. 4(c) and 4(d). A
broadband region of high cross-polarization conversion
is observed between 1.94 and 2.68 THz. Since the inci-
dent fields are purely x-polarized, the 100% y-polarized
reflectance at some frequencies satisfies the half-wave-
plate condition. Similarly, at the two 3-dB points, which
are identified by the crossing of the two orthogonal com-
ponents of the electric field (1.85 and 2.8 THz), the phase
difference is approximately 90◦, which can lead to circu-
larly polarized waves (see the next section). Finally, the
near-field distribution in the L-shaped unit cells given in
Fig. 4(d) may shed light onto the mechanism of resonance
formation. At 2.04 THz, the predominantly y-oriented
electric field vectors in the lower slot show high cross-
polarization conversion. On the other hand, at 2.81 THz,
intense electric field vectors are present in both orthogonal
directions in the upper and lower slots, leading to the 3-dB
condition.
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FIG. 4. (a) The amplitude of the copolarized reflection coefficients |Rxx| when the chemical potential (μc) is varied between 300 and
800 meV. (b) The amplitude of the cross-polarized |Ryx| due to a similar variation in the chemical potential. (c) The spectral response
of the magnitudes of the reflection coefficients extracted from (a) and (b) for a chemical potential of 600 meV. (d) The phases of the
two reflection coefficients and their difference ∠Rxx − ∠Ryx, also obtained from (a) and (b). (e) The electric field distribution observed
in the near field of the graphene metascreen at two frequencies, 2.04 and 2.81 THz, where the polarization states are linear and circular,
respectively. The arrows indicate direction and the color plot represents the intensity of the near electric field.

IV. QUARTER- AND HALF-WAVE-PLATE
BEHAVIORS IN THE GRAPHENE METASCREEN

Two extreme outcomes of dichroism (as highlighted
earlier) are the half- and quarter-wave-plate behaviors of
an optical system. The half-wave-plate system rotates the
incident polarization state such that the reflected wave is
polarized exactly in the orthogonal direction. The extent of
this orthogonal polarization shift is measured in terms of
the PCR:

ηPCR = |Ryx|2
|Rxx|2 + |Ryx|2 . (8)

Therefore, a unit PCR means full rotation of the inci-
dent x-polarized vectors into the y-polarized fields. Sim-
ilarly, the quarter-wave operation transforms a linearly
polarized incident wave into a pure circularly polarized
reflected wave. The efficiency of the circular-polarization
conversion can be calculated by taking a ratio between the
right- (|R+x|) and left- (|R−x|) handed circular-polarization
components. We define the polarization extinction ratio

(PER) as follows:

ηPER = 20 log10

( |R+x|
|R−x|

)
. (9)

These two wave-plate behaviors are pointed out in a
qualitative manner in the previous section. Here, we
numerically deduce the PCR and PER for the proposed
metascreen from the surface plots of Fig. 4 so that the type
of the associated dichroism can be identified. The extracted
polarization parameters are then plotted in Figs. 5(a) and
5(b) for graphene’s chemical bias of 600 meV. By looking
at the PCR and PER plots together, the points of extreme
dichroism can be identified. These points are highlighted
by the Roman numerals and the corresponding polariza-
tion states are plotted in Fig. 5(c). For example, consider
the half-power points on the PCR curves, where the mag-
nitudes of the two reflected components are equal. With
no phase information associated with PCR, the polariza-
tion state cannot be identified. However, since Eq. (9) takes
the phase difference into account, the strong 40-dB peaks
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at the frequencies identified in (a)
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in the PER plot point to near-ideal linear-to-circular con-
version (quarter-wave-plate behavior). The quarter-wave-
plate behavior is further established while considering the
corresponding polarization-state diagrams (I and V), which
show a pure counterclockwise circularly polarized electric
field vector.

Let us look further at the spectral points II and IV
where the PCR becomes unity, which correspond to strict
linear polarized fields as depicted in Fig. 5(c). Here, we
appreciate the correspondence between the strictly linearly
polarized wave and its PER by considering the linear polar-
ization as a superposition of two equal circularly polarized
waves with opposite senses of rotation (|R+x| and |R−x|).
Then, it follows from Eq. (9) that these two points attain
a 0-dB PER [Fig. 5(a)]. The PCR remains close to 0.9
in the spectral region between points II and IV, showing
that there is a slight contribution of the x-component of the
field. A small negative value of −6 dB PER in this region
suggests an elliptically polarized wave, which is indeed
confirmed by observing polarization-state diagram III at
2.26 THz.

It is worth mentioning that other contemporary
metasurfaces also demonstrate similar polarization-
conversion capabilities in the electromagnetic spectrum
[8–11]. The real strength of the proposed graphene

merascreen is its property of reconfigurability, which
allows the optical spectrum to be electro-optically tuned.
We demonstrate this property by varying the chemical
potential of the graphene monolayer from 300 to 800 meV,
while keeping the frequency fixed at 2.25 THz. As depicted
in the PER plot of Fig. 6, the polarization state changes
from circular for a 360-meV bias to linear at about 416
meV and then finally to elliptical at 540 meV. The recon-
figurable graphene chiral monolayer can be potentially
exploited in several optical devices, such as optical dis-
plays, polarizers, radiating elements, and communication
devices.

V. PARAMETRIC ANALYSIS

A. Effect of dielectric substrate

Since the SPP resonances exist in transverse-to-surface-
wave propagation, the chiral response of the metascreen is
sensitive to resonant electromagnetic interference effects
originating from multiple interfaces, i.e., air to graphene
surface and substrate to ground surface [30]. Therefore, a
parametric study of the variation of the substrate thickness
(d) is vital in the chiral metasurface design. Figures 7(a)
and 7(b) show the effect of this parameter on the reflec-
tion characteristics when d is varied from 100 to 200 μm.
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FIG. 6. A demonstration of the tunability. Variation of the
polarization states as the chemical potential of the chiral
graphene metasurface is changed from 300 to 800 meV at 2.25
THz.

Note the red shift in both the co- ( |Rxx|) and cross- (|Ryx|)
polarization due to the increase in the substrate thickness.

B. Angular stability

In previous sections, polarization-state control is
demonstrated for normal incidence of the light waves. A

(a)

(b)

FIG. 7. The response of the graphene metascreen. (a) The co-
(|Rxx|) and (b) cross- (|Ryx|) polarization components due to vari-
ation in the substrate height d. The color bars are included to
represent the scale of the amplitude of the reflection coefficient
between 0 to 1.

(a)

(b)

FIG. 8. The angular stability of the graphene metascreen. (a)
The co- (|Rxx|) and (b) cross- (|Ryx|) polarization components for
variation of the incident angle (in degrees) between 0◦ and 45◦.
The color bars are included to represent the scale of the amplitude
of the reflection coefficient between 0 and 1.

reflecting surface is said to have angular stability if the
same phenomenon also exists for oblique incidence. Here,
we simulate the polarization response of the graphene
metascreen when the incident angle is varied between 0◦
and 45◦. It is emphasized that the incident wave is assumed
to be s-polarized (having an electric field vector parallel
to the metasurface plane). Figure 8 presents the result-
ing changes in the co- (|Rxx|) and cross- (|Ryx|) polarized
reflection coefficients. It is clear that the response remains
largely stable under oblique incidence, even up to a highly
inclined 45◦ incidence.

VI. CONCLUSION

We propose an ultrathin graphene metascreen reflector
that exhibits significant optical activity in the terahertz
spectrum. The polarization conversion stems from the fact
that the helicoidal surface-plasmon current distributions
that are formed around the L-shaped unit cells have a chi-
ral symmetry. Instead of depositing L-shaped metal, our
design involves etching out L-shaped voids from the metal-
lic layer to form a continuous graphene material that can be
conveniently biased by a single electrical circuit. We show
a variety of polarization states in the reflection spectrum,
ranging from pure linearly dichroic behavior to pure circu-
larly dichroic quarter-wave-plate behavior. For a chemical
bias of 600 meV, the linear-to-circular polarization conver-
sion is shown at 1.85 and 2.81 THz. A strict orthogonal
transformation of the linearly polarized incident vector
is shown at 2.04- and 2.53-THz bands. In between the
two extrema, the graphene metascreen converts the linear
states to elliptical polarization states. The most important
feature of the chiral metascreen based on graphene is its
reconfigurable frequency response, which allows us to tune
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the polarization of the reflected wave to the desired state
by varying the Fermi levels. Furthermore, the metascreen
reflection response is shown to be angularly stable between
0◦ and 45◦. The ultracompact unit-cell size, of the order of
λ/15, makes it suitable for device integration in a myr-
iad of sensing, imaging, and spectroscopy applications at
terahertz frequencies.
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