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We present a mid-IR highly wavelength-tunable broadband cross polarization conversion

composed of a single patterned top layer with L-shaped graphene nanostructures, a dielectric

spacer, and a gold plane layer. It can convert linearly polarized light to its cross polarization in the

reflection mode. The polarization conversion can be dynamically tuned and realize a broadband

effect by varying the Fermi energy without reoptimizing and refabricating the nanostructures.

This offers a further step in developing the tunable polarizers and the polarization switchers.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4833757]

Optical activity, which was defined as the rotation of

polarization of light after passing through circularly birefrin-

gent materials, has now been widely used in many areas like

optics, analytical chemistry, and molecular biology.1 The

recently emerging concept of metamaterials opens up the

possibility to enhance and expand optical activity effects,

surpassing that of natural birefringent and chiral materials.

Especially, through specific structural and material design,

a near-complete cross polarization conversion (CPC) has

been achieved with metamaterials, such as multilayered

metasurfaces,2–5 subwavelength metallic apertures,6–8 and

metallic cut wire arrays.9 It is worth noting that most such

CPC metamaterials are narrowband and may only be tuned

to different wavebands by carefully reoptimizing the geome-

try parameters owing to the reliance on resonances, which

limit their uses in practice. One way to overcome this limita-

tion is to stack multilayer composite structures with different

geometrical dimensions or orientations.10–12 However, these

designs need to precisely align between the layers, which

complicate the fabrication process.

Another way to overcome this limitation is to use tuna-

ble metamaterials, which rely on integrating metamaterials

with optically active materials such as liquid crystals,13

semiconductors,14 and nonlinear media.15 The optical

response of these metamaterials can be actively controlled

by external stimulus, such as electric field, magnetic field,

voltage, or temperature. Among all these techniques, voltage

control is one of the simplest ways in practical operations.

Single-layer graphene (SLG), whose conductivity can be

dynamically controlled by electrostatic gating, seems to be a

good candidate for designing tunable devices and becomes a

hot material in both physics and engineering.16–18 SLG can

strongly interact with light over a wide frequency range,

especially suited for the mid-IR frequency range because of

the combination of its strong plasmonic response and negli-

gible loss. Vakil and Engheta theoretically demonstrated that

nonuniform conductivity patterns of graphene can be used as

a platform for infrared metamaterials and transformation

optical devices.19 Mousavi et al. demonstrated that Fano res-

onant properties can be tuned by combining voltage-gated

SLG and metamaterials together.20 Fang et al. demonstrated

the tunability and hybridization of plasmons in graphene

nanostructures.21 Recently, the metamaterials based on SLG

have wildly been demonstrated to manipulate the polariza-

tion states of incident light in both theory22,23 and experi-

ment.24,25 These studies open an exciting avenue towards

designing voltage-controlled tunable metamaterials at mid-

IR frequencies.

In this letter, we proposed a highly wavelength-tunable

broadband CPC composed of a single patterned top layer

with L-shaped graphene nanostructures, a dielectric spacer,

and a gold plane layer in the mid-IR regime. We demonstrate

that the designed CPC can convert linearly polarized light to

its cross polarization in the reflection mode. Moreover, the

polarization conversion can be dynamically tuned and realize

a broadband effect by varying the Fermi energy without

reoptimizing and refabricating the nanostructures, which

offers possible applications as tunable polarizers and polar-

ization switchers.

The schematic diagram of the L-shaped graphene meta-

material used in numerical simulations is shown in Fig. 1,

with its geometrical parameters described in the caption. It

contains an array of L-shaped SLG and a 100 nm thick gold

board, which are separated by 1200 nm thick dielectric me-

dium with the dielectric constant of 2.25. The optical con-

stants of bulk gold in the infrared spectral regime are

described by using the Drude model with the plasma fre-

quency xp¼ 1.37� 1016 s�1 and the damping constant

xc¼ 4.08� 1013 s�1.26 The conductivity of graphene

r xð Þ ¼ e2EF

p�h2
i

xþis�1þ e2

4�h

h
h �hx� 2EFð Þ þ i

p

��� �hx�2EF

�hxþ2EF

���
i

is com-

puted within the local random phase approximation limit at

the zero temperature.27 The intrinsic relaxation time is

expressed as s ¼ lEF=et2
F, where tF � c=300 is the Fermi

velocity and l ¼ 10000 cm2=Vs is the measured DC mobil-

ity.28 The finite element method (FEM) based software of

COMSOL Multiphysics29 was used to design and optimize the

tunable broadband CPC. In the simulation, a linearly polar-

ized plane wave with x polarization is used as the excitation
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source, and periodic boundary conditions in all x-z and y-z
planes are considered.

The designed CPC can work in the reflection mode as the

transmission is suppressed by the ground gold plane. The polar-

ized reflectances Rxx and Rxy (Rij denotes j-polarized reflectance

from i-polarized incidence) as a function of wavelength are

shown in Fig. 2(a), where the Fermi energy is fixed as 0.9 eV.

Strong polarization conversion is revealed as a reflection peak

in Rxy at about 7.72 lm with a dip in Rxx, indicating an energy

transferring from original polarization state to the orthogonal

one with an almost 90� rotation. This remarkable characteristic

can also be seen from the polarization conversion rate (PCR),

which is defined as PCR ¼ Rxy= Rxx þ Rxyð Þ.30 It is clearly

found the maximum PCR reaches a high value of 0.98 at about

7.72 lm, as shown in Fig. 2(b). Besides the reflectance, FEM

calculations can also provide us the information of reflection

phase. The reflection phase difference for two polarizations as

a function of wavelength is given in Fig. 2(c). The reflection

phase difference approaches 0� at about 7.72 lm, indicating

that a linearly polarization state can be realized. Furthermore,

we employ the polarization azimuth angle h, which is

defined as h ¼ p
2
þ 1

2
arctan½2jExjjEyjcos u=ðjExj2 � jEyj2Þ�,31

to describe the angle between the major polarization axis and

the x axis. The values of jExj and jEyj are proportional to the x
and y polarized reflectance as shown in Fig. 2(a), and u is the

phase difference between the y and x components. The polar-

ization azimuth angle h as a function of wavelength is plotted

in Fig. 2(d), which goes up to nearly 90� around the wavelength

of 7.72 lm. The above results confirm the fact that a half wave

plate with 90� polarization rotation is achieved by this gra-

phene metamaterial at about the wavelength of 7.72 lm when

the Fermi energy is 0.9 eV.

Compared with traditional metal plasmonics, the most

important advantage for the graphene is the capability of

dynamically tuning the conductivity through chemical or

electrostatic gatings. To demonstrate the tunability of the

polarization conversion, we calculated the amplitude ratio

and phase difference between the x and y components of the

reflectance as a function of Fermi energy and wavelength in

Figs. 3(a) and 3(b), where the incident polarization is along x
axis. Results clearly demonstrate that increasing Fermi

energy can lead to a blue shift in the resonant wavelength

and comparatively stronger amplitude ratio at the resonance

wavelength, indicating the tunability of polarization conver-

sion. This behavior can be interpreted by the resonance con-

dition of kspp ’ kR / Leqv, where kspp represents the wave

vector of surface plasmon in graphene, kR represents the

resonant wave vector of incident light, and Leqv represents

the equivalent resonant length of L-shaped graphene nano-

structure. Combining with the surface plasmon satisfied

FIG. 1. (a) Schematic model of the

designed CPC based on L-shaped

graphene metamaterial and (b) unit

cell nanostructure of our design:

L1¼ 100 nm, L2¼ 50 nm, and the peri-

odicity of P¼ 150 nm.

FIG. 2. (a) Calculated polarized reflec-

tances Rxx and Rxy, (b) PCR, (c) reflec-

tion phase difference, and (d)

polarization azimuth angle h as a func-

tion of wavelength, where the Fermi

energy is fixed at 0.9 eV.
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equation kspp ¼ �hx2= 2a0EFcð Þ,27 the resonant wavelength

can be written as kR /
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2p2�hcLeqv= a0EFð Þ

p
/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Leqv=EF

p
,

where a0 is the fine structure constant. The resonant wave-

length kR is determined by the equivalent resonant length

and Fermi energy of L-shaped graphene nanostructure.

Hence, graphene polarization converter is more active than

metallic one, since it can be tuned only by changing the

Fermi energy without reoptimizing the geometrical parame-

ters. It may find numerous applications in compact elements,

such as tunable polarizers and polarization switchers.

To demonstrate the tunable broadband CPC of our

designed graphene metamaterial, we calculated the reflec-

tance and phase difference between x and y components as

Fermi energy gradually varies from 0.7 eV to 0.9 eV. The

wavelength at which the reflection phase difference is 0� was

extracted from different Fermi energies. The corresponding

PCR, polarized reflectances Rxy, and polarization azimuth

angle h at every wavelength, where the reflectance phase dif-

ference is 0�, are calculated in Fig. 4. By changing the Fermi

energy from 0.7 eV to 0.9 eV, the PCR and the polarization

azimuth angle h are larger than 0.93 and 88.8� within a wide

wavelength range from 7.7 lm to 8.8 lm, respectively,

which demonstrate the tunable broadband CPC from x to y
directions. In addition, the polarized reflectances Rxy is

above 62% within a broad wavelength range. It indicates

that the high efficient broadband CPC with high reflectance

can be achieved only by tuning the Fermi energy of gra-

phene, without extending the operation bandwidth at the cost

of reflectance attenuation by conventionally stacking of dif-

ferent wave plates and system optimizing.

On the other hand, this characteristic of tunable CPC

can be efficiently utilized as the mechanism to achieve

polarization switch by tuning the Fermi energy in the broad-

band mid-IR wavelengths. Figure 5 shows the reflectance in

two orthogonal polarization states with x-polarization inci-

dence and PCR as a function of Fermi energy, where the

incident wavelength is fixed at 8.2 lm. Figure 5(a) shows

that the reflected wave is dominated by x polarized compo-

nent, when the Fermi energy is 0.7 eV. The polarization of

incident wave has not apparently changed. However, when

the Fermi energy is increased to 0.8 eV, the reflected wave is

dominated by y polarized component, which converts the

incident wave to its cross polarization with PCR of 96% (see

in Fig. 5(b)). The conversion from x to y polarization at

wavelength 8.2 lm can be switched between 0% and 96% by

simply varying the Fermi energy with an amount of

DEF ¼ 0:1 eV. The proposed polarization switch can also be

achieved at other wavelengths by changing the Fermi energy

of the designed tunable CPC.

FIG. 3. (a) Calculated amplitude ratio and (b) phase difference between two

orthogonal polarization states as a function of Fermi energy and wavelength.

The olive balls indicate that the reflection phase difference is 0�.

FIG. 4. Calculated corresponding PCR, polarized reflectances Rxy, and

polarization azimuth angle h at every wavelength, where the reflection phase

difference is 0�.

FIG. 5. (a) Calculated polarized reflectances Rxx and Rxy in two orthogonal

polarization states and (b) PCR as a function of Fermi energy, where the

incident wavelength is fixed at 8.2 lm.

223102-3 Cheng et al. Appl. Phys. Lett. 103, 223102 (2013)



In conclusion, we have proposed a highly tunable opti-

cal CPC based on graphene-enabled metamaterial in the

mid-IR regime. The proposed CPC can convert linearly

polarized light to its cross polarization in the reflection

mode. Moreover, the polarization conversion can be dynami-

cally tuned and realize a broadband effect by varying the

Fermi energy without reoptimizing the nanostructures or sac-

rificing the reflectance amplitude by conventional method of

stacking different wave plates. It can also realize the applica-

tions as tunable polarizers and polarization switchers. We

believe this designed method may have applications in many

areas like optics, analytical chemistry, and molecular biology

and can be generalized to other frequency regimes such as

THz and even the microwave regimes.
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