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Optical Polarization Encoding Using Graphene-Loaded

Plasmonic Metasurfaces
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and Jianguo Tian*

Plasmonic metasurfaces are a new class of quasi 2D metama-
terials that provide fascinating capabilities for manipulating
light in an ultrathin platform.!! By engineering the geometry
of nanostructured metasurfaces, the spectral and spatial dis-
persion of their optical responses can be tailored across the
electromagnetic spectrum.?™ Some exotic phenomena have
been demonstrated using plasmonic metasurfaces, including
anomalous reflection and refraction,l*1% the spin-Hall effect of
light,['!] perfect absorbance,!'>l and optical polarization con-
version of light.'>-7] Hyperbolic metasurfaces also provide high
degree of freedom to steer the polarization of surface wave.l'8l
Recently, the research focus has shifted toward achieving tun-
able and switchable metasurfaces.'>?)] This transformation
from metasurfaces to metadevices is highly desirable and can
potentially expand the range of their applications. Moreover, a
large number of traditional optical devices have been miniatur-
ized and integrated, such as spatial light modulators, optical
switches, and optoelectronic devices, and a number of dynam-
ical tuning methods based on thermal, mechanical have been
reported.?1=23] However, these methods are usually limited by
slow switching speeds or small tunable ranges.

Graphene is a monolayer of hexagonally arranged carbon
atoms, and its optical conductivity and permittivity show a
strong dependence on the Fermi level, which can be dynami-
cally controlled by a gate voltage.?*2%l Therefore, graphene is
a promising electrically tunable material. The combination of
metasurfaces and graphene is emerging as a possible platform
for electrically controlled plasmonic devices with high response
speeds due to the enhanced graphene-light interaction. Thus,
the characteristics of graphene-loaded plasmonic metasurfaces
could fulfill the ever-increasing demand for faster information
transfer and processing, parallel data processing, and compact
space operations. The fulfillment of these increasing demands
requires control of the electromagnetic properties of matter
through external stimuli such as electric signals. The electri-
cally controllable optical response of plasmonic metasurfaces
with graphene has been shown at the near-infrared (NIR),
mid-infrared (MIR)?’-21 and terahertz wavelengths.2%31 In
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particular, plasmonic metasurfaces with graphene can be used
as optical switches by dynamically tuning the light amplitude to
realize amplitude encoding in modern optical communication
devices.323%

Moreover, the development of a feasible metadevice design
that has the ability to dynamically tune the light polarization
state has attracted enormous interest. Such metadevices can
be employed for realizing not only the polarization encoding
but also polarization-division multiplexing (PDM), which is a
crucial technique that can significantly increase the transmis-
sion capacity of a single physical channel.?¥ The traditional
technique for realizing PDM requires a complex optical system
and cumbersome volume. Therefore, a metadevice-based
polarization modulator offers a new approach for simplifying
the optical process and miniaturizing the required volume.
Although metasurfaces can transform light polarization, the
change of polarization-control characteristic requires variation
of the size, shape, and material properties of the structure.
Hence, the dynamical manipulation of the polarization state
using a metasurface is still challenging.

In this work, we propose a metadevice by integrating a single
layer of graphene with an anisotropic metasurface, which can
dynamically modulate the polarization state of light with wide
tunable range in MIR wavelengths. By switching gate voltage
applied on the graphene among three different values, the inci-
dent linearly polarized (LP) light can be dynamically converted
into left circularly polarized (LCP) light, right circularly polar-
ized (RCP) light, or linearly cross-polarized light in the reflec-
tion direction by the proposed metadevice. A continuous polari-
zation evolution from LCP to RCP light can be achieved as
the gate voltage gradually increases. In addition, two mutually
perpendicular LP light beams and an elliptically polarized (EP)
light beam can also be generated in the reflection direction by
the proposed metadevice under EP light illumination. Based on
these polarization-control characteristics, the proposed metade-
vice can realize polarization encoding and the PDM technique.
The process of multiplexing and demultiplexing in the PDM
technique can be accomplished by metadevices with a more
simple approach and in a more compact space than traditional
PDM techniques. The new degrees of freedom enabled by the
metadevice facilitate the arbitrary manipulation of light polari-
zation states and will profoundly affect a wide range of modern
optical communication devices.

Control of the light polarization state is an important area
of research for metasurfaces. The anisotropy of plasmonic
metasurfaces plays a dominant role in manipulating the light
polarization state. The different optical responses along two
orthogonal principal axes of the nanostructures result in
different amplitude attenuation and phase retardation of the
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incident light.®® By carefully engineering the geometrical
parameters and the asymmetry of the nanostructures, the
polarization state of light can be easily controlled. Considering
incident light with certain polarization, the transmission or
reflection process can be easily interpreted as

E, 213[ cos6 }: r,e® 0 cosOe®
E, sin @ 0 1 sin6 )

—i(8+5)
_| rye cos@
sin@

where 6 and 0’ are the polarization direction and phase differ-
ence of incident light, respectively, and r,, and § are the ampli-
tude attenuation ratio and phase retardation difference between
two orthogonal E-field components caused by the metasurfaces,
respectively. Therefore, the arbitrary polarization state of light
can be achieved by tuning r,, and & while maintaining the
polarization state of incident light. The metasurface-based
quarter waveplates, which possess a 90° or 270° phase retarda-
tion difference with designed amplitude ratio r,,, transform the
linearly polarized incident light into RCP light or LCP light,*>-37]
respectively. Similarly, metasurface-based half waveplates can
achieve a complete cross-polarization conversion due to the
6 = 180° phase retardation difference caused by the nanostruc-
ture.383% Therefore, to dynamically modulate the polarization
state of light, a hybrid structure consisting of plasmonic metas-
urfaces and a tunable material is required for actively adjusting
the anisotropic optical responses (r,, and d). Graphene, a novel
electrically controlled active medium, is an ideal material for
satisfying this requirement due to its remarkable properties
when the graphene interacts with metasurfaces.

The reasoning for dynamically modulating the polarization
state by the graphene-loaded plasmonic metasurface can be
explained as follows. First, the carrier density of graphene can
be adjusted over a wide range at room temperature using the
bias voltage, leading to a large change in conductivity o in the
MIR region.*¥ Then, the electric permittivity € =1+ io /(€,0t)
can be widely modulated, where &, is the vacuum permittivity,
o is the angular frequency, and ¢ is the thickness of graphene.
Second, when the graphene is deposed in hot spots created by
metasurface, the electrically controllable electric permittivity
of graphene can lead to wide tuning of the resonant frequency
0, of the metasurface, i.e., tuning of the amplitude attenua-
tion and phase retardation of light. According to perturbation
theory, the change of @, caused by graphene is given by*!l

Ao _0n -0, e[ (si-A) A +(A§-E‘)~E§l
N P AR

Here, Afi and A€ , which are the changes of the magnetic
permeability and electric permittivity of graphene, respec-
tively, are regarded as the material perturbation. Moreover, ®,
is the resonant frequency of the unperturbed metasurface, and
E and H are electric and magnetic fields in the presence of
perturbation, respectively. The unperturbed fields are given by
E, and H,, whose complex conjugates are represented by E, and
H;. The change in resonant frequency A®,.;, which determines

(2)

2
+€|E,
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the modulation ranges of the amplitude attenuation and phase
retardation, is proportional to AZ-E. Thus, the value of A,
relies on not only the material perturbation caused by graphene
( A€ ) but also the local enhancement of optical fields generated
by the metasurface (E).*? By generating different local optical
field intensities under the excitation with two orthogonal
electrical directions, an anisotropic metasurface can achieve dif-
ferent tunable ranges of light amplitude attenuation and phase
retardation along these two directions, even with the same
AE. Therefore, the remarkable characteristics of graphene-
loaded metasurface can flexibly modulate the attenuation ratio
ry and phase retardation difference §, realizing dynamically
tunable polarization states of light.

Figure 1a illustrates the schematic unit cell of the proposed
electrically tunable hybrid plasmonic metasurfaces. It contains
a gold film with a rectangular aperture and a gold substrate,
which are separated by a SiO, layer, which has a dielectric con-
stant of 2.25. The graphene sheet covers the entire SiO, layer.
Rectangular aperture nanostructure has strong anisotropy, and
it has largely different optical responses illuminated by the inci-
dent light polarized parallelly and vertically to the principal axis
of rectangular aperture. The different optical responses along
two orthogonal principal axes of the nanostructures result in
different amplitude attenuation and phase retardation of the
incident light. Meanwhile, due to the coupling between the
nanostructure and the ground plane, the reflect-array with thick
ground plane has the largest resonant wavelength shift as tuning
the gate voltage applied on graphene.l*?l The tunable hybrid plas-
monic metasurfaces were designed and optimized with the finite
element method-based COMSOL Multiphysics software.3l The
port boundary condition is employed to simulate the plane wave
incidence normally to the structure. Perfectly matched layers
are used at the top and bottom of the simulation domain to
completely absorb waves, leaving the simulation domain in the
direction of propagation. Periodic boundary conditions are used
in the x and y directions. Graphene was modeled using one layer
of mesh cells with thickness t = 0.33 nm, and the mesh size in
the plane of graphene is 1 nm X 1 nm. The optical constants
of gold in the infrared spectral regime are described using the
Drude model.*¥ Graphene layer is regarded as an anisotropic
material with in-plane conductivity o and out-of-plane permit-
tivity €,. This method mainly focuses on the material effect in
2D flat surface while ignoring that in out-of-plane direction,
which can simulate a 2D current in the graphene layer under
the local electrical field. The out-of-plane dielectric constant of
graphene remains at 2.25, which is the permittivity of substrate
material and has tiny effects in the simulation results due to the
thinness of graphene. The in-plane conductivity of graphene is
calculated within the local random phase approximation:*’]

.2
=%ln 2c0sh( Er j
mh*(w+it7) 2k T

et |1 1 hew —2E; i (ho +2E;)*
+—q-+—arctan| ———— |-—n ——
4nl2 & 2k T 2| (ho — 2E¢ ) +(2ksT)
3)

Here, ¢ is the elementary charge, kg is the Boltzmann constant,
h is the reduced Planck constant, and the temperature T is
300 K. Moreover, T is the carrier relaxation lifetime at 0.25 ps,

o(o)
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Figure 1. a) Schematic of the graphene-loaded plasmonic metasurface unit cell consisting of a 50-nm-thick gold film with a rectangular aperture and
a 100-nm-thick gold substrate, which are separated by a 285-nm-thick SiO, layer. The graphene sheet covers the entire SiO, layer. The period of the
unit cell in the x and y directions is P, = 4.4 ym and P, = 1.7 pm, respectively. The length and width of the rectangular aperture is L = 3.7 ym and
W = 50 nm, respectively. b,c) Simulated amplitude and phase spectra of the reflection light from the nanoaperture array at different gate voltages
illuminated with x- and y-polarized incident light, respectively. d) Phase retardation difference 6 between incident light with x- and y-polarization as a
function of the wavelength at different gate voltages. The stars indicate values of § under different gate voltages at 7.1 pm.

and the carrier scattering rate is 1/ = 4THz, which is achievable
in graphene with reasonably high carrier mobility.*?! Finally,
E¢ =hViJmn, is the Fermi level, where V; = 10° m s! is the
Fermi velocity and ny is the carrier density of graphene sheet.
In practice, the carrier density of graphene n can be changed
by applying a bias voltage. The carrier density of graphene
sheet can be estimated as n, = a.|Ve — Vexp| by using the parallel
capacitor model, where V; is the gate voltage, and Vcyp is the
voltage shifting the graphene Fermi level to the Dirac point. For
a high-quality graphene monolayer, Vcyp is zero, and zero bias

doping is also zero. g, =

sk " is the capacitor constant, where
ke is the electrostatic constant and e is the elementary charge.
In our case, the relative permittivity of SiO, is €, = 2.25, and the
separation d is 285 nm. The calculated capacitor constant a, is
4.4x 104 m=2 VL

The designed metadevice works in the reflection mode as
the gold plane suppresses the transmission. The amplitude
and phase spectra of reflection under incident light polarized
in the x- and y-directions are shown in Figure 1b,c, respectively.
There is no observed variation in the reflection and phase when
the carrier density of graphene sheet is significantly changed
from 1.5 x 10 m~2 to 7.5 x 10'® m~2 under the x-polarized inci-
dent light, which correspond 34 to 170 V of V — Vexe. However,
the resonant wavelength obviously shifts as the gate voltage
applied on graphene changes using y-polarized incident light.
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The resonant wavelength shifts by a significant amount of
0.52 pm, corresponding to 7.1% of the central operating wave-
length of 7.36 pm. This distinct blue shift of wavelength is a
result of the reduced capacitive coupling between neighboring
apertures when graphene becomes more conductive as its car-
rier density increases.?’] In addition, the maximum tuning of
phase is 180° at A = 7.1 pm, which can be expanded by further
increasing the gate voltage applied on graphene. Different tun-
able ranges along the x- and y-directions provide a convenient
approach for adjusting the amplitude attenuation ratio r,, and
phase retardation difference 6. To quantitatively analyze the
difference between illumination with x- and y-polarized inci-
dent light, Figure 1d shows the phase retardation difference &
as a function of wavelength, showing that § can be widely tuned
within the large wavelength range. The specific values of 4 = 90°,
180°, and 270° can be obtained at 7.1 pm when the carrier density
of graphene is 1.5 x 10 m2, 3.9 X 10!® m~2, and 7.5 x 10'® m2
which correspond to gate bias voltage 34, 89, and 170 V, respec-
tively. These three values of § correspond to the phase differences
of light with RCP, linearly polarized (LP), and LCP light occur-
ring between the two orthogonal E-field components, respectively.
Moreover, these results provide a foundation for widely tuning
the polarization state of the reflected light at 7.1 pm.

The different optical responses that occur as the gate voltage
applied on graphene is changed under two orthogonally
polarized incident light beams is ascribed to the anisotropy of
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Figure 2. a,b) Calculated normalized near-field distribution within the plane at the location of graphene when illuminated with x- and y-polarized
incident light, respectively. The wavelength of the incident light is 7.36 pm, which corresponds to the resonance peak with 20 V of gate voltage.
c) Calculated normalized near-field intensity spectra for the rectangular nanoaperture with different width lengths W under y-polarized incident light
when the gate voltage is 20 V. The near-field intensity spectra are plotted by the maximum normalized E-field intensity within the plane along the
z-direction around graphene in the gap region at each wavelength. d) Resonance wavelength obtained from the rectangular nanoaperture with different

width lengths W as a function of the gate voltage applied on graphene.

the rectangular nanoaperture, and this behavior is in good agree-
ment with the theoretical predictions of Equation (2). Figure 2a,b
show the normalized near-field spatial distributions of the rec-
tangular nanoaperture under x- and y-polarized incident light,
respectively, at the main resonant wavelength of 7.36 pm. The
simulated results demonstrate that the light is hardly concen-
trated into the gap region when the incident polarization is par-
allel to the long side of rectangular nanoaperture because of the
lack of surface plasmon polariton (SPP) resonance. Therefore,
the intensity of electric field E around graphene in the gap region
is very weak. The change of resonant frequency Aw, is nearly
zero due to the small value of A€ - E even though a large value of
AE is obtained by changing the gate voltage applied on graphene.
In contrast, when illuminated with y-polarized incident light, a
strong E-field enhancement in the gap region and a distinct blue
shift of the resonant wavelength can be obtained, as shown in
Figure 2b, demonstrating that E-field enhancement by the meta-
surface plays an important role in the interaction between gra-
phene and the metasurface. Moreover, this interaction offers
an alternative way to tune Aw,., through designing the geomet-
rical parameter of the metasurface to generate different E-field
enhancement intensities when maintaining A€. Figure 2c shows
the near-field intensity spectra of the rectangular nanoaperture
with different width lengths under y-polarized incident light. The
results demonstrate that the intensity of the E-field at the resonant
wavelength distinctly decreases as the width length increases. In
addition, when the gate voltage applied on graphene is changed
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from 20 to 205 V, the largest tunable range of A, corresponds
to the case of W = 30 nm with maximum E-field intensity, as
shown in Figure 2d. The tuning behavior agrees well with the
relationship between A®,. and A& -E indicated in Equation (2).
Therefore, the remarkable characteristics of the hybrid graphene
metasurface can provide two independent degrees of freedom for
controlling the tunable range of the amplitude and phase of light.

Taking advantage of the different optical responses in the
x- and y-directions, wide modulation of the amplitude attenua-
tion ratio r,, and phase retardation difference 6 can be realized
within a large range of wavelengths. The specific amount of o
can reach 90° or 270° at 7.1 pm when the gate voltage applied
on graphene is 34 or 170 V respectively, which offers a feasible
method to transform the LP incident light into circularly polar-
ized light. When illuminated with LP incident light, the Jones
vector of the reflected light (Equation (1) shows that the generation
of circularly polarized light requires not only the specific value
of 6=90° or 270° but also the same E-field intensities between
two orthogonal components (r,, cos@=sin6). In other words,
the incident polarization direction should be set as arctan (r,, )
to satisfy this requirement. Considering the proposed metade-
vice, r,, equals 1.8 when the gate voltage applied on graphene is
34 V or 170 V at the wavelength of 7.1 pm, which corresponds
to the intersection of two reflection spectra curves, as shown in
Figure 1c. Thus, the polarization direction of incident light is
fixed at 61° relative to the x-axis. Figure 3b,c show the reflection
spectra and normalized Stokes parameter S; as a function of
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Figure 3. a) Schematic illustration of the optical polarization encoding process based on the circular orthogonal polarization basis. b,c) Simulated
amplitude and normalized Stokes parameter S; spectra of the reflected light from the nanoaperture array at different gate voltages under incident light
with a polarization direction of 61° relative to the x-axis. The stars indicate the values of S; under different gate voltages at 7.1 pm. d—f) Simulated
polarization state in the plane perpendicular to the wave vector at 7.1 ym for different gate voltages. Red and blue curves correspond to the incident

and reflected light, respectively.

the wavelength. A large reflection amplitude and widely tunable
range of the polarization state can be obtained. As expected, the
LP incident light can be transformed into ideal LCP or RCP light
at 7.1 pm when the gate voltage applied on graphene is 34 or
170V, respectively, as illustrated in Figure 3d, f. Moreover, S; of
these two cases is nearly —1 and 1, respectively. The slight devia-
tion from perfectly circularly polarized light can be resolved by
optimizing the geometrical parameter and by improving the
carrier density precision of graphene. When the gate voltage
applied on graphene is 89 V, the amplitude attenuation ratio r,,
is 3.5, and the phase retardation difference 9 is 180°. According
to Equation (1), the Jones vector of the reflected light can be
—3.5c0s(61°)
sin(61°)
polarized with a polarization direction of about 153°, which is
nearly perpendicular to that of the incident light, as shown in
Figure 3e. Therefore, the three fundamental polarizations of
LCP, LP, and RCP light can be dynamically obtained by the pro-
posed metadevice by switching the gate voltage applied on gra-
phene among three different values at an incident wavelength
of 7.1 pm. The proposed metadevice can be employed to realize
the encoding of binary data based on light with circular orthog-
onal polarization basis. As shown in Figure 3a, the metadevice
can be used to generate a special sequence of LCP and RCP
light in the time domain, which correspond to the sequence
of 0 and 1 in binary numeral system by switching the external
voltage to dynamically tune the carrier density of graphene.

expressed as } . Thus, the reflected light is linear
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For more general cases, the proposed metadevice can offer
more polarization states by continuously changing the gate
voltage applied on graphene. As indicated in Figure 2c, the
spectrum of Stokes parameter S; has an obvious blue shift
as the gate voltage applied on graphene increases. Therefore,
a large variation range of S; can be achieved at a fixed wave-
length when the gate voltage is gradually increased from 20 to
205 V. Figure 4a illustrates three calculated normalized Stokes
parameters as a function of the gate voltage when excited by an
LP incident light with 61° polarization direction relative to the
x-axis at a wavelength of 7.1 pm. The value of Stokes parameter
S; varies within the range of —1 to 1, which represents the dif-
ferent polarization states. To clearly visualize the reflected light
when the Stokes parameters vary, the corresponding polarization
states have been plotted on the Poincaré sphere, as shown in
Figure 4b. The variation of Stokes parameters forms a contin-
uous path on the Poincaré sphere, starting near the South Pole
and ending at the North Pole. This path represents continuous
polarization evolution from LCP to RCP light as the gate voltage
applied on graphene increases. Therefore, all polarization states
on the path can be flexibly tuned by setting the corresponding
the gate voltage, enabling the realization of encoding decimal
or hexadecimal data using the polarization of light.

When illuminated with LP incident light at the wavelength of
7.1 pm, the polarization of the reflected light from the proposed
hybrid graphene metasurface can be dynamically modulated
into two orthogonal polarization states (LCP and RCP) and the
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Figure 4. a) Normalized Stokes parameters as a function of the gate voltage applied on graphene. b) Corresponding polarization states (red stars) for

different Stokes parameters on the Poincaré sphere.

corresponding superposition state (LP). Similarly, dynamical mod-
ulation to another two orthogonal polarization states (two perpen-
dicular LP states) and their corresponding superposition state can
also be realized when the specific value of 6 = 90°, 180°, and 270°
is caused by the proposed structure. When the hybrid graphene
metasurface is excited by the elliptically polarized light, whose

icos(617) } the simulated Stokes parameter S; of

Jones vector is [ sin(619)

(@) e

) WY

[ Gate

VeVor =34V

the reflected light at 7.1 pm is 0 when the gate voltage applied
on graphene is 34 or 170 V, as shown in Figure 5c. Thus, the
reflected light is LP light for both cases. According to Equation (1),

the Jones vector of the two reflected beams is [ _11 } and [ } }
whose polarization directions are vertical with each” other. The
corresponding simulation results are shown in Figure 5d.f, and
these results agree well with the theoretical calculations above.
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Figure 5. a) Schematic illustration of the optical polarization encoding process based on the linear orthogonal polarization basis. b,c) Simulated
amplitude and normalized Stokes parameter S; spectra of the reflected light from the nanoaperture array at different gate voltages under incident light
with elliptical polarization. The stars indicate the values of S; under different gate voltages at 7.1 pm. d—f) Simulated polarization state in the plane
perpendicular to the wave vector at 7.1 pm for different gate voltages. Red and blue curves correspond to the incident and reflected light, respectively.
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When the gate voltage is 89 V, the simulated and calculated
results demonstrate that the reflected light is elliptically polar-
ized light with same handedness as that of incident light. The
main axis of the reflected light is about 153° relative to x-axis,
which is nearly perpendicular to that of incident light, as shown
in Figure 5e. This elliptically polarized reflected light can be

regarded as the superposition state of two orthogonal polariza-

_11 } and [ . Similar to the circular orthogonal

polarization basis (Figure 3a), polarization encoding based on the
linear orthogonal polarization basis can also be achieved by the
proposed metadevice when the illumination of EP light occurs as
shown in Figure 5a.

As demonstrated above, the proposed metadevice can flex-
ibly modulate the polarization state of the reflected light into
two orthogonal polarization states as well as their superposi-
tion state by switching the gate voltage among three different
values. Thus, the proposed metadevice can be used as multi-
plexer for realizing the PDM technique. As shown in Figure 6,
two independent information signals can be, respectively,
encoded into two orthogonally polarized light beams with
a binary format. According to the superposition principle
of polarization states, these two encoded light signals can be

tion states [

(b)

Figure 6. Schematic illustration of realizing the PDM technique by the pro-
posed metadevice with the a) circular and b) linear orthogonal polarization
basis according to the superposition principle of polarization states. Here,
k and V indicate the wave vector and bias voltage, respectively. The three
polarization states of light correspond to three difference gate voltages.
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combined into a single light beam that has polarization modu-
lation in the time domain. This light beam with a special polari-
zation state sequence can be directly generated by the metade-
vice without requiring a coupling process for two light signals.
In contrast, traditional PDM techniques generally require two
optical paths for encoding two optical signals and a coupler for
coupling these signals into a single physical channel. There-
fore, the PDM technique can be simplified using the proposed
metadevice.

In the demultiplexing process, the polarization analyzer can
be used to transfer a multiplexed light beam and recreate the
original data stream. A recently reported metasurface has been
regarded as an ideal demultiplexer, which is capable of gener-
ating different discontinuous interfacial phase profiles for two
orthogonal polarization states. Such metasurfaces can decom-
pose a light beam into two orthogonal polarized light beams
along two different refraction directions.*”*8! Two independent
information signals can be separated by such metasurfaces.
Thus, the simple process of multiplexing and demultiplexing
in the PDM technique can be accomplished using the metasur-
face-based devices with a compact volume.

In summary, we proposed a metadevice using a graphene-
loaded metasurface, which can dynamically modulate the
polarization state of light with a widely tunable range in MIR
wavelengths. When the proposed metadevice is excited by LP
light, the tunable polarization states of the reflected light can
form a curve on the Poincaré sphere. This curve starts near the
South Pole of the sphere and moves toward the North Pole as
the gate voltage applied on graphene increases, representing
a continuous polarization evolution from LCP to RCP light.
The polarization state of the reflected light can be dynami-
cally modulated into RCP, LCP, and LP light by changing the
gate voltage among three different values. Moreover, when the
polarization modulator is illuminated with EP light, two mutu-
ally perpendicularly LP lights and EP light can be generated in
the reflection direction, corresponding to the three gate voltages.
Based on the characteristics of polarization-control feature, we
employ the metadevice for realizing polarization encoding based
on linear and circular orthogonal polarization bases. Moreover,
the concept of a metadevice-based PDM technique is demon-
strated, which can double the transmission capacity in a single
physical channel. The proposed metadevice can directly generate
an optical beam with special polarization modulation, largely
simplifying the process of multiplexing in the PDM technique.
The resonant wavelength of graphene-loaded metasurface has an
obvious red shift as increasing the thickness of the spacer layer
illuminated by y-polarized incident light. The mechanism of
dynamically modulating the polarization state can work in a large
range of wavelength. Therefore, the ideal optical performance can
also be obtained for other thicknesses of the spacer layer if other
geometry parameters can be appropriately optimized. It has been
demonstrated that the spectral tuning of graphene-loaded plas-
monic metasurfaces has switching speeds up to 40 MHz, which
is limited by the RC (circuit resistance x circuit capacitance) time
constant of the biasing circuit.””] This switching speed is much
faster than that of dynamical tuning methods based on thermal,
mechanical mechanisms. Although switching speeds of graphene-
loaded plasmonic metasurfaces are lower than that of optical pump
active metadevices (enabling THz-level switching speeds),**->1
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it still fulfills the demand of faster information transfer and
processing, and opens a route to on-chip integration of metasur-
faces with electronics. By introducing new degrees of freedom
for manipulating the light polarization state, this metadevice is
expected to impact a wide range of photonic applications, ranging
from optical communication to information encryption.
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