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Tunable wide-angle multi-band mid-infrared linear-to-linear
polarization converter based on a graphene metasurface∗
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We present a high-efficiency tunable wide-angle multi-band reflective linear-to-linear (LTL) polarization converter,
which is composed of an array of two L-shaped graphene patches with different sizes. In the mid-infrared region, the
proposed converter can transform x-polarized wave into y-polarized wave at four resonant frequencies. The polarization
conversion ratios of the four bands reach 94.4%, 92.7%, 99.3%, and 93.1%, respectively. By carefully choosing the ge-
ometric parameter, triple-band LTL polarization conversion can also be realized. The three polarization conversion ratios
reach 91.50%, 99.20%, and 97.22%, respectively. The influence of incident angle on the performances of the LTL po-
larization converter is investigated, and it is found that our polarization converter shows the angle insensitivity. Also, the
dynamically tunable properties of the proposed polarization converter are numerically studied by changing Fermi energy.
All the simulation results are conducted by finite element method.

Keywords: metasurface, graphene, polarization converter, multi-band
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1. Introduction
Effectively manipulating the state of optical polariza-

tion is highly valuable.[1–3] Conventional polarization control
methods usually include using optical grating, dichroic crys-
tal, Faraday effects, and birefringent materials, etc.[4–6] These
approaches require a long optical distance to accumulate the
phase difference, which means that the traditional polariza-
tion devices are usually bulky and are not suitable for applica-
tions requiring miniaturization of optical elements. Therefore,
it is urgent to develop new miniaturized polarization devices
to meet many practical applications.

In recent years, metamaterials or metasurfaces have at-
tracted increasing attention.[7,8] Researchers have found that
they can easily modulate the polarization modes of electro-
magnetic (EM) waves.[9–13] To date, a series of novel po-
larization converters have been realized and studied by us-
ing metasurface,[14–20] which greatly promote the develop-
ment of optoelectronics and optical communication. However,
once these polarization converters are manufactured, most of
them can neither be externally tuned nor electrically switched,
which limits their development.

Graphene, a novel two-dimensional material, has aroused
great interest of researchers in recent years. Graphene has
high conductivity and can be continuously tuned by exter-
nal electrostatic biasing,[21] which provides a bright perspec-
tive for the design of tunable optical devices.[22–26] Among
these tunable devices, polarization converter is an indispens-
able component. Recently, many polarization converters have
been reported by using graphene.[27–33] For example, Peng

et al. reported a reflection-type polarization converter us-
ing graphene, which is composed of a strip-loaded half el-
liptical graphene ring array. The polarization converter not
only convert linearly polarized incident wave into its cross-
polarizations, but also convert circular polarization incident
wave into its cross-polarizations.[34] Chen et al. proposed a
tunable linear-to-linear (LTL) polarization converter by using
hollowed “H” graphene patch array, which realized a broad-
band polarization conversion from 34.39 THz to 36.92 THz,
and the polarization conversion ratio is more than 90%.[35]

Peng et al. presented a tunable double-band LTL polariza-
tion converter in the THz region by using coupled graphene
nanostructure. The polarization conversion phenomenon is
achieved due to the hybridization effect caused by coupling
interactions between plasmonic resonances in two graphene
discs.[36] Zhu et al. proposed a broadband sinusoidally-slotted
graphene-based cross-polarization converter structure, which
realized a tunable broadband polarization conversion from
1.28 THz to 2.13 THz, and the polarization conversion ratio
is more than 85%.[37] Zeng et al. proposed a dual-band cross-
polarization converter by using U-shaped graphene nanostruc-
tures array.[38] Yao et al. proposed a triple-band LTL polar-
ization converter based on graphene metasurface with dou-
ble L-shaped unit. The polarization conversion ratios are
96.9%, 96.2%, and 83% at 36.15, 48.95, and 52.20 THz,
respectively.[39] A triple-band cross-polarization conversion
function was also realized by introducing slits into the ellip-
tical graphene array. The polarization conversion ratio is more
than 95% at the three operating frequencies.[40] The above
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multi-band polarization converters are mostly double-band or
triple-band. In practical applications, a four-band reflective
LTL polarization converter is also needed. Recently, Chen et
al. present a four-band reflective LTL polarization converter
using two-layer graphene metasurface structure.[41] In their
proposed polarization converter structure, two graphene meta-
surfaces are separated by the dielectric. Compared with the
structure based on single-layer graphene, their fabrication is
more difficult. To the best knowledge of the authors, four-
band polarization converters based on single layer graphene
metasurface have been rarely reported.

In this paper, a tunable wide-angle multi-band reflective
LTL polarization converter using single-layer graphene meta-
surface is proposed and studied. It is a sandwich structure
consisting of a single-layer graphene metasurface, a dielectric
spacer, and a metal substrate. The single-layer graphene meta-
surface is composed of an array of two L-shaped graphene
patches with different sizes. The polarization converter can
transforms x-polarized wave into y-polarized wave at four res-
onance frequencies. A High-efficiency, three-band, LTL po-
larization conversion can also be realized by carefully select-
ing the geometric parameters. Furthermore, the polarization
converter also presents good angular stability under oblique
incidence angles, and the working frequency of the proposed
polarization converter can be flexibly tuned by changing the
Fermi energy without refabricating the structures. Our four-
band polarization converter with simpler structure is easily
fabricated, which has great application potential in electro-
magnetic polarization control.

2. Theoretical model and design
A generalized schematic of the proposed reflection wide-

angle multi-band polarization converter is shown in Fig. 1(a).
The structure consists of a graphene array at the top, a silica
(ε = 2.25) dielectric spacer with thickness ts = 1000 nm in the
middle, and a metal gold substrate with thickness tm = 150 nm
at the bottom. Figure 1(b) shows one unit of the proposed
structure. Here, graphene layer is composed of two L-shaped
graphene sheets with different lengths and widths. d repre-
sents the distance between two L-shaped graphene, L1 and W1

represent the length and width of the larger L-shaped graphene
patch, L2 and W2 represent the length and width of the smaller
L-shaped graphene patch, Px and Py represents the periods in
the x and y directions. The unit-cell has the following geo-
metric parameters: L1 = 114 nm, W1 = 62 nm, L2 = 74 nm,
W2 = 37 nm, d = 6 nm, Px = Py = 160 nm. The manufac-
turing processes of our proposed structure is feasible. In po-
tential fabrication, the substrate gold layer can be obtained by
electron beam evaporation, and the silica dielectric acts as an
adhesive layer. A large-area graphene film can be fabricated
by an optimized liquid precursor chemical vapor deposition

method[42] and can be transferred onto silica layer. Two L-
shaped array can be obtained by oxygen plasma etching and
electron beam lithography.[43]

(a) (b)
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Fig. 1. (a) Schematic diagram of the proposed wide-angle multi-band polar-
ization converter, where tm = 150 nm, ts = 1000 nm. (b) Unit cell of struc-
ture, where L1 = 114 nm, W1 = 62 nm, L2 = 74 nm, W2 = 37 nm, d = 6 nm,
Px = Py = 160 nm.

The permittivity of metal gold substrate is described by
the Drude model.[44] The graphene’s relative permittivity εG

can be obtained by[45]

εG = 1+ i
δGη0

(k0∆)
, (1)

where, the impedance of air η is about 377 Ω, ∆ = 1 nm is
the typical thickness of graphene thickness, δG represents the
surface conductivity of graphene. In the mid-infrared range,
δG can be calculated approximately as

δG =
ie2Ef

π h̄2(ω + iτ−1)
+

ie2

4π h̄
ln
[

2Ef− (ω + iτ−1)h̄
2Ef +(ω + iτ−1)h̄

]
+

ie2kBT
π h̄2(ω + iτ−1)

ln
[

exp
(
− Ef

kBT

)
+1

]
, (2)

where, h̄, kB, and e represent the reduced Plank’s constant,
Boltzmann’s constant, and electron charge, respectively. ω , T
(= 300 K), τ and Ef are the angular frequency of the incident
light, room temperature, electron scattering time, and Fermi
energy level, respectively.

In our simulations, all the electromagnetic simulation re-
sults are obtained via the COMSOL software, which are based
on the finite element method (FEM). A plane wave with an x-
polarized electric field is used as the excitation source. The
property of our proposed polarization converter can be de-
scribed with a reflection matrix, which is as follows:[46]

R =

(
Rxx Rxy
Ryx Ryy

)
, (3)

where Rmn = |Er
m/E i

n| (m, n = x, y), which represents the re-
flection coefficient, Er

m represents the electric field of reflected
wave with m polarization and E i

n represents the electric field
of incident wave with n polarization, the superscripts r and i
are the abbreviations of the reflected and incident waves. In
this paper, the incident wave is linearly x-polarized, and thus
Rxy = Ryy = 0. Therefore, we only need to calculate Rxx and
Ryx by assuming an x-polarized incidence.
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To measure the polarization conversion performance, the
polarization conversion ratio (PCR) is defined as[47,48]

PCR =

∣∣Ryx
∣∣2

|Rxx|2 +
∣∣Ryx

∣∣2 (4)

3. Results and discussion
The co-polarization reflection (Rxx = |rxx|2) and cross-

polarization reflection (Ryx = |ryx|2) for normal incident are
shown in Fig. 2(a), where Ef = 1 eV, τ = 1 ps. It is clearly
seen that there are four high reflection peaks in Ryx at 27.90,

33.35, 37.10, and 45.80 THz, respectively. On the contrary,
four low reflection dips appear in Rxx at these four same fre-
quencies. The PCR spectrum is shown in Fig. 2(b). The PCR
spectrum shows four peaks which reach 94.4%, 92.7%, 99.3%,
and 93.1% at 27.90, 33.35, 37.10, and 45.8 THz, respectively.
These phenomena indicate that the designed structure can re-
alize the four-band of polarization transfer from x to y direc-
tion. Figures 2(c)–2(f) depict the magnetic field profiles Hz on
the surface of the graphene patch for 27.90, 33.35, 37.10, and
45.80 THz, respectively. The magnetic field distributions Hz

are located on the edges of the graphene patch.
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Fig. 2. Numerical results of the proposed wide-angle multi-band polarization polarization converter for normal incident. (a) Calculated co-
polarization reflection (Rxx) and cross-polarization reflection (Ryx). (b) Calculated PCR spectrum; the magnetic field profiles Hz on the surface
of the graphene patch for 27.90 THz (c), 33.35 THz (d), 37.10 THz (e), and 45.80 THz (f), respectively.
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Fig. 3. (a) Schematic diagram of the decomposition of linearly polarized incident wave, (b) simulated co-polarization reflection (Ruu,Rvv) for
polarization converter at incidences with −45◦ (Eu) and 45◦ (Ev) polarizations. Panels (c)–(f) show the z component of the magnetic field
distribution (Hz) at different frequencies (c) 27.90 THz with Eu incidence, (d) 33.50 THz with Eu incidence, (e) 37.10 THz with Ev incidence,
and (f) 45.80 THz with Ev incidence, respectively.
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To further reveal the physical mechanism of our pro-
posed graphene-based polarization conversion, we analyzed
the other two incident cases: Eu and Ev. For an x-polarized in-
cident wave, it can be decomposed into two orthogonal polar-
ized components with equal magnitudes and phases, here the u
axis and the v axis are the directions that along 45◦ and −45◦

clockwise from the +x-axis direction, as shown in Fig. 3(a).
Figure 3(b) shows two simulated reflection coefficients Ruu

and Rvv under Eu and Ev incidences, respectively. There are
two dips in Ruu at 27.90 THz, 33.35 THz and two dips in Rvv

at 37.10 THz, 45.80 THz. These four dips originate from four
eigenmodes, which are excited by Eu and Ev. The first two
modes are excited by Eu polarization incidence at 27.90 THz
and 33.35 THz, and the latter two modes are excited by Ev po-
larization incidence at 37.10 THz and 45.80 THz. These four
modes are all derived from the excitation of the graphene sur-
face plasmons (GSPs). The calculated PD ∆ϕ = ϕvvϕuu is also
shown in Fig. 3(b). ∆ϕ is close to 180◦, 180◦, −180◦, and
0◦ at 27.90, 33.35, 37.10, and 45.8 THz. Therefore, at these
four resonant frequencies, the superimposition of the two re-
flected components can produce the polarization rotation with
rotation angle of 90◦. The magnetic field profiles Hz at fre-
quencies of 27.90 THz and 33.35 THz for Eu incidence are
shown in Figs. 3(c) and 3(d), and these two eigenmodes show
symmetric magnetic field distribution about the 45◦ direction.
The magnetic field profiles Hz at frequencies of 37.10 THz
and 45.80 THz for Ev incidence are shown in Figs. 3(e) and
3(f), and these two eigenmodes show anti-symmetrical mag-
netic field distribution about the 45◦ direction.

Figure 4 shows the simulated PCR under different inci-
dent angles, and the other parameters are the same with those
of Fig. 2. The PCR is quite stable for the change of inci-
dent angle. When the incident angles increase from 0◦ to 60◦

four working frequencies of proposed polarization converter
at 27.90, 33.35, 37.10, and 45.80 THz are almost unchanged,
and the PCR peak values at these four resonant frequencies are
also keep the same. Our polarization converter is based on four
localized GSPs resonances, which are insensitive about the in-
cident angle. The small feature size of graphene also con-
tributes to the angle insensitivity of our device. In generally,
at the same resonant frequency, the feature size of graphene
plasmonic structure is several times smaller than the metal
counterpart, which leads to less dependence on the incident
angle.[30] When the incident angle is more than 60◦ the third
PCR peak positions have obvious shift, and the PCR peak
values of some resonant frequencies decrease. The reason
is that the interaction between the electromagnetic wave and
graphene is weakened under the large incident angle.[35] The
simulation results imply that the proposed polarization con-
verter is angle-insensitive.

To better understand the excitation of these plasmonic

resonant modes, the geometric parameters L1 and L2 are
changed for further study. The corresponding PCRs are il-
lustrated in Figs. 5(a)–5(b), respectively. In Fig. 5(a), with the
increase of L1 (from 112 nm to 118 nm), we notice that the first
and third PCR peak positions have obvious red-shifted, but the
other two peak positions are almost unchanged, In Fig. 5(b),
we notice that the second and fourth PCR peak positions have
obvious red-shifted with the increase of L2, while the position
of other two peaks do not change significantly. When L2 is re-
duced (from 74 nm to 68 nm), the third PCR peak and second
PCR peak are close to each other. Finally, when L2 = 68 nm,
the second and third polarization conversion bands are cou-
pled to each other, resulting in a wide polarization conversion
band in which PCR is greater than 99.2% in the frequency
range from 36.45 THz to 37.6 THz. Thus, a three-band polar-
ization converter is achieved, and the three polarization con-
version ratios reach 91.50%, 99.20%, and 97.22%, respec-
tively. The above red-shift behavior shown in Figs. 5(a)–5(b)
can be expected from the magnetic field profiles in Figs. 2(c)–
2(f). It can be seen from Figs. 2(c) and 2(e) that the magnetic
field energy is mainly distributed at the edges of the large L-
shaped graphene patch for the frequencies of 27.90 THz and
37.10 THz. While the magnetic field energy is mainly dis-
tributed at the edges of the small L-shaped graphene patch for
the frequencies of 33.35 and 45.80 THz, seen in Figs. 2(d)
and 2(f). Therefore, the adjustment of geometric parameters
of large L-shaped graphene patch (L1) has a greater impact
on the first and the third operating frequencies (27.90 THz
and 37.10 THz) than the second and the fourth operating fre-
quencies. But the second and the fourth operating frequencies
(33.35 THz and 45.80 THz) are mainly dependent on geomet-
ric parameters of small L-shaped graphene patch (L2).
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0.4

0.6

0.8

1.0
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20O
40O
60O
80O

P
C

R

Fig. 4. Simulation of PCRs under different incident angles. Other parameters
are the same as those in Fig. 2.

Next, the tunable properties of proposed four-band polar-
ization conversion are discussed. It has been reported that the
Femi energy of graphene can be tuned in the range of about
−1 eV to 1eV by changing electrical gating,[49] which indi-
cates that graphene has great potential in tunable devices. The
PCRs for different graphene Fermi energy (Ef) are presented
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in Fig. 6, other parameters are fixed as same as before. From
Fig. 6, we can see that the PCRs are tunable over a wide range
of frequencies. When Ef is decreased from 1 eV to 0.8 eV,
four peaks of PCR are red-shifted from 27.90, 33.35, 37.10,
and 45.80 THz to 25.00, 29.85, 33.25, and 40.90 THz, re-
spectively. The reason of red-shift phenomenon is that the
plasmonic resonant frequency ( f ) has a functional relationship
with (Ef)

1/2.[50] Therefore, the decrease of Ef can result in the
red-shift of the four peak positions.
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Fig. 5. Effects of geometric parameters on the performance of the proposed
polarization converter. (a) Varying L1, (b) varying L2.

When L2 = 68 nm, the PCRs of triple-band polarization
conversion for different graphene Fermi energies (Ef) are pre-
sented in Fig. 7. The working frequencies of three-band po-
larization conversion are all red-shift with Ef decreasing from
1 eV to 0.8 eV. This phenomenon is attributed to the red shift
of the GSPs’ resonant frequency ( f ) with decreasing the Fermi
energy (Ef).
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Fig. 6. Simulated PCRs of four-band LTL polarization converter for different
graphene Fermi energies (Ef).
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Fig. 7. Simulated PCRs of triple-band LTL polarization converter for differ-
ent graphene Fermi energies (Ef).

Table 1. Comparisons of our proposed device with other graphene-based multi-band polarization converters.

References Unit graphene shape Single layer graphene
or bilayer graphene

Band
number

Working frequen-
cies (THz)

PCR
peaks (%)

[28] L-shaped nanoslot single layer graphene two 31.45,
41.30

99,
97

[29] ring embedded an el-
lipse resonator

single layer graphene two 30.47,
33.14

96.74,
95.88

[32] cross double-ellipse single layer graphene two 24.58,
26.43

97.22,
97.56

[36] two discs single layer graphene two 47.0,
51.0

99.7,
99.5

[39] double L-shaped single layer graphene three 36.15,
48.95,
52.20

96.9,
96.3,
83.0

[40] ellipse patch with a slit single layer graphene three 28.70,
35.35,
39.00

98.29,
98.42,
97.64

[41] twisting double
L-shaped

bilayer graphene four 21.30,
26.25,
28.65,
35.10

99.11,
99.47,
99.68,
99.60

This paper two separated L-shapes
with different sizes

single layer graphene four 27.90,
33.35,
37.10,
45.80

94.4,
92.7,
99.3
93.1
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We compared the key characteristics of our proposed de-
vice with other graphene based multi-band polarization con-
verters reported in recent years. As shown in Table 1, the po-
larization converters based on single-layer graphene metasur-
face proposed in Refs. [28,29,32,36,39,40] are mostly double-
band or triple-band. Although a four-band polarization con-
verter is proposed in Ref. [41] it is based on bilayer grapehen
metasurface. Compared with bilayer graphene-based polar-
ization converter proposed in Ref. [41] our proposed single
layer graphene-based structure has the characteristics of sim-
pler structure and easier fabrication.

4. Conclusion
In summary, we proposed to achieve dynamically tun-

able multiple-band LTL polarization conversion by using a
graphene metasurface, which is composed of an array of two
L-shaped graphene patches with different sizes. The calcula-
tion results indicated that the proposed converter can transform
x-polarized light into y-polarized light at four resonance fre-
quencies simultaneously. The PCR can reach 94.4%, 92.7%,
99.3%, and 93.1% at 27.90, 33.35, 37.10, and 45.8 THz. Also,
the dynamically tunable triple-band LTL polarization conver-
sion can be realized by designing reasonable geometric pa-
rameters. The PCR can reach 91.50%, 99.20%, and 97.22%.
The simulation results also indicate that the working frequency
of the polarization converter can be easily tuned by chang-
ing the Fermi energy instead of redesigning the structure.
Furthermore, our polarization converter shows good angle-
independent property. We believe that our design will have
potential applications in electromagnetic polarization control.
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