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Mid-infrared tunable optical polarization converter
composed of asymmetric graphene nanocrosses
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We present a mid-IR highly tunable optical polarization converter composed of asymmetric graphene nanocrosses.
It can convert linearly polarized light to circularly and elliptically polarized light or exhibit a giant optical activity at
different wavelengths. The transmitted wavelength and polarization states can also be dynamically tuned by varying
the Fermi energy of graphene, without reoptimizing and refabricating the nanostructures. This offers a further step

in developing a controllable polarization converter.
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Manipulating the state of optical polarization is of central
interest in efficiently controlling light, as required in
many applications. Optical activity can be widely used
in many areas, such as optics, analytical chemistry, crys-
tallography, and molecular biology. The ability to create
and detect circular or elliptical polarization is of great
interest in advanced optical signaling and biological
sensors because of its inherent robustness to scattering
and diffraction [1]. The conventional methods used to
manipulate the polarization of light are based on effects,
such as Faraday, Kerr, and birefringence effects. These
methods typically require a system much thicker than
wavelength, which is inconvenient for low-frequency
applications. Recently, researchers have found that
metamaterials and surface plasmon polariton structures
can be used to control the polarization state of light at the
nanoscale. These structures include crossed resonant
plasmonic nanostructures [2], elliptical patch nanoanten-
nas [3] and three-dimensional chiral metamaterials [4,5].
All of these structures exploit the strong field locali-
zation and enhancement due to localized light interaction
with surface plasmons or spoof surface plasmon modes.
Moreover, the polarization state of light has to be tuned
by accurately fabricating different nanostructures, which
is an inherent drawback.

Graphene is a single two-dimensional plane of carbon
atoms arranged in a honeycomb lattice and has been
demonstrated both theoretically [6] and experimentally
[7] to excite and propagate surface plasmons. It has at-
tracted increasing attention because of its novel photonic
and optoelectronic applications [8], such as complete
optical absorption [9], plasmon waveguiding [10], and
photodetectors [11]. Compared to traditional metal plas-
monics, the most important advantage with graphene
is the capability of dynamically tuning the conductivity
through chemical or electrostatic gatings [12]. In addi-
tion, graphene has a tighter confinement of the surface
plasmons to graphene layers, which supports a stronger
electromagnetic field platform for light-matter inter-
actions [6,10]. Therefore, designing a dynamically tuna-
ble optical polarization converter based on graphene
remains an ongoing interest in the development of novel,
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compact elements to control the polarization states of
both reflected and transmitted light.

In this Letter, we present a highly tunable optical
polarization converter composed of asymmetric gra-
phene nanocrosses in the mid-IR region. We demonstrate
that the graphene nanocrosses can convert linearly polar-
ized light to circularly and elliptically polarized light or
exhibit a giant optical activity at different wavelengths.
Moreover, both the wavelength and polarization states
can be dynamically tuned by varying the Fermi energy
of graphene, without reoptimizing and refabricating the
nanostructures, which offers possible application as a
controllable polarization converter.

The designed optical polarization converter based on
graphene nanocrosses is shown in Fig. 1. The optimized
graphene structure was achieved using COMSOL Multi-
physics [13]. A single unit cell with periodic boundary
conditions in all x—z and y—z planes is considered, and
perfectly matched layers are defined in the z direction
to terminate the upper and lower surfaces. The refractive
index of the substrate is considered to be 1.5. The conduc-
tivity of graphene (see Eq. (1) in [6]) was computed within
the local random phase approximation (local-RPA) limit
with an intrinsic relaxation time 7 = uF F/ev%, where vy %
¢/300 is the Fermi velocity and u = 10000 cm?/Vs is the
measured DC mobility [14]. Then, the dielectric constant
of graphene can be obtained by ¢ = 1 + i6/(¢yw5), where
6 is the thickness of graphene.

Fig. 1. (a) Schematic model of asymmetric graphene nano-
crosses on a substrate and (b) unit cell structure of our design:
Ly =70 nm, W; =63 nm, L, = 80 nm, Wy = 16 nm, and the
periodicity is 90 nm. Red (vertical) and blue (horizontal) dashed
lines indicate the cutting positions.
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Let us consider the illumination of a normally incident
plane wave, propagating along the +z direction. The
transmission coefficients of x- or y-polarized transmit-
ted waves are defined as T; = |E[™/E"|(i, j = x,y),
where ET¢ (i = x,y) is the electric field of the x- or y-
polarized incident wave and E}Fra“s (j = x,y) is the x or

y component of the electric field of the transmitted
waves, respectively. Meanwhile, the phase of x- or
y-polarized transmitted waves is defined as ®; =
arg(E]Tr"ms/E'%“c) (4,j = x,y);. The transmission coeffi-
cients and phase difference A® = @, - ®,, are shown
in Fig. 2. The optimized asymmetric graphene nano-
crosses show two distinct resonances illuminated by
orthogonal linear polarizations aligned along the x and
y directions. The strong resonances demonstrate very
efficient excitation of surface plasmons in graphene.
Surface plasmon excitations in asymmetric graphene
nanocrosses correspond to collective oscillations of
electrons across each length of nanobars (L;, Ls), where
plasmon frequency scales with different bar length. The
2z components of an electric near field at the resonant
wavelengths in the x—z and y—=z planes along the red
and blue dashed lines in Fig. 1(b) are shown in the insets
of Fig. 2(a). The origin of the resonance can be inter-
preted as the dipolar modes coupled to propagating light,
which has a strong field concentration near nanocross
edges and a strong interaction with the neighboring
structures [10]. When the phase difference is exactly
90° at a wavelength of 7.92 ypm with T, = T, an ultra-
thin quarter-wave plate can be realized. When the phase
difference is 0° at 7.85 or 7.99 pm, an optical activity can
be achieved. At wavelengths other than these three
specific wavelengths, the phase difference will satisfy
AD # nzf (n = 0,1,2,...), resulting in elliptically po-
larized transmissions.

To verify optical activity at 7.85 and 7.99 pm and
the achievement of a quarter wave plate at 7.92 pm,
we calculated the amplitude ratio and phase difference
between the x and y components of the transmission
coefficient versus the incident polarization angle, as
shown in Figs. 3(a)-3(c). Linearly polarized light with
normal incidence to the surface of asymmetric graphene
nanocrosses was considered. The polarization angle is
defined as the angle between the polarization direction
and the +x direction. Results show that the phase differ-
ence is always 0 at 7.85 and 7.99 pm, indicating that an
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Fig. 2. (a) Calculated transmission coefficients and (b) phase

difference excited by linearly polarized light. The Fermi energy

is 0.75 eV. Insets: z components of the electric near-field in the

x—= and y-z planes.
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Fig. 3. (a)-(c) Amplitude ratio and phase difference versus
the incident polarization angle at different wavelengths and
(d)—(f) the rotated polarization angle and ellipticity versus the
incident polarization angle at different wavelengths. The Fermi
energy is 0.75 eV. The right images indicate that the graphene
nanocrosses can exhibit a giant optical activity or conversation
at different wavelengths.

optical activity is obtained. The corresponding rotated
polarization angles are shown in Figs. 3(d) and 3(f),
which varied with the incident polarization angles. The
maximum rotated angle is approximately 28°, as the in-
cident polarization angles are 60° and 30° for 7.85 and
7.99 pm, respectively. When the incident polarization
angle was 45°, circularly polarized transmission light was
realized, since A® =90" and T,/T, =1 were main-
tained. For incident polarization angles other than 45°,
elliptically polarized transmission light was realized.
Likewise, by using the elliptic equation [15],

E2  EX E,E,
BB BB,

cos(A®) = sin®*(AD), (1)

we can obtain the transmitted polarization state for
any incident polarization angle. We calculated the ellip-
ticity ¢ (the major-to-minor-axis ratio) of the elliptically
polarized transmission light for 7.92 pm, as shown in
Fig. 3(e). The ellipticity decreases first and then in-
creases with the incident polarization angle, reaching a
minimum value of 1 for an incident polarization angle
of 45°. As the ellipticity ¢ decreases toward 1, the ellip-
tically polarized transmission light gradually approaches
circularly polarized transmission light.

In order to demonstrate the polarization conversion
tunability for the proposed asymmetric graphene
nanocross, we graphed the amplitude ratio and phase
difference between the x and y components of the trans-
mission coefficient as a function of Fermi energy and
wavelength, as shown in Fig. 4. As the Fermi energy
increased, both the maximum amplitude ratio and the
phase difference increased and blue-shifted. This behav-
ior can be interpreted by the resonance condition. The
wave vectors of surface plasmons along the x and y
directions of the nanocrosses satisfy Kpp; ; o 1/L;;
(¢, = x, y) [10], where L; ; (i, J = x, y) represents the
bar length of the nanocrosses along the x or y directions.
In addition, the surface plasmons in graphene with the
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Fig.4. (a) Calculated amplitude ratio and (b) phase difference
as a function of the Fermi energy and wavelength. Inset images
show the transmitted polarization state for different Fermi en-
ergies at a wavelength of 7.92 pm. The incident light is linearly
polarized with a polarization angle of 45°.

considered frequency range approximately satisfy kg, =

ho?/2ayErc) [10], where ay = €%/(hc) is the fine structure
constant. Thus, the surface plasmon wavelengths can

be written as A(spp)i,j X 4/ 27772 hCLiJ‘/(aoEF) X 4 /L’i,]/EF'

Hence, the resonant wavelengths can be tuned by chang-
ing the Fermi energy while fixing the geometrical param-
eters, indicating that graphene polarization converters
are more active than metallic polarization converters.
The phase difference of solid spheres shown in Fig. 4
is 0°, where a linearly polarized transmission light can
be achieved. For a fixed Fermi energy, optical activity
can be achieved at two wavelengths. Meanwhile, the am-
plitude ratio and phase difference of hollow triangles in
Fig. 4 are 1 and 90°, respectively, where a circularly po-
larized transmission light can be obtained. However, the
above conditions cannot be simultaneously satisfied
when the Fermi energy is less than 0.74 eV.

In conclusion, we have proposed a highly tunable
optical polarization converter in the mid-IR region based
on asymmetric graphene nanocrosses. Elliptically, circu-
larly, and linearly polarized light transmission can be
obtained at different wavelengths for a fixed Fermi
energy. Moreover, both of the transmitted wavelength
and polarization states can be dynamically tuned by only
varying the Fermi energy, without reoptimizing and
refabricating the nanostructures. This makes graphene
polarization converters more useful than metallic polari-
zation converters. As it works in the transmission regime,
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transparent conductors should be employed as gate
material in the practical realization. With geometrical
scalability and Fermi energy variability, this concept can
also be realized at the terahertz region. We believe this
polarization modulation method enables us to modulate
electromagnetic wave polarizations. This is potentially
useful in applications, such as vibrational circular dichro-
ism spectroscopy, ellipsometry, and integration of other
optical devices for polarization manipulation, detection,
and sensing at the nanoscale.
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