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Abstract: We propose a graphene-based metasurface to investigate the function of switch-
able polarization selective wave manipulation in THz regime by using the finite-difference
time-domain method. The proposed metasurface consists of two layers of graphene arrays,
polymer dielectric spacer and a gold mirror film, which can be switched between two states
by simply biasing the two graphene layers ON and OFF with the designed voltage and zero
voltage without reconfiguring the Fermi energy distribution. One state is for x polarized wave
manipulation and the other is for y polarization incidence. Then, the functions of switchable
polarization selective anomalous reflection and focusing effect for 6 THz wave are realized
by configuring the structure with specific values of Fermi energy. Moreover, we also designed
the structure to focus at other spatial positions and another working frequency of 5.5 THz
by reconfiguring the Fermi energy distributions.

Index Terms: Switchable graphene metasurface, polarization selection, anomalous reflec-
tion, focusing.

1. Introduction

In recent years, metasurfaces have attracted great attentions in the scientific communities. By
adjusting the geometrical parameters of plasmonic antennas of metasurface, we can control the
transmitted or reflected wavefront flexibly [1]-[3]. Since Capasso et al. first investigated beam steer-
ing in 2011 [4], many kinds of models have been reported on planar metasurfaces to achieve the
functions of focusing lens [5]-[7] and anomalous reflection and refraction [8]. However, the resonator
is usually selected as metal or dielectric [9]-[11], lacking active manipulation once fabricated.
Graphene, a two-dimensional material with a monolayer carbon atoms arranging in a hexagonal
lattice, can support THz surface plasmons as well. The optical property of graphene is characterized
by surface conductivity, which can be tuned by changing its Fermi energy via chemical doping and
gate voltage [12]-[14]. Graphene based metaface can also be designed to manipulate wave in THz
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Fig. 1. Schematic diagram of the proposed graphene metasurface. (a) The fragment of the proposed
graphene metasurface. (b) The unit cell of the proposed metasurface. (c) Top view of the unit cell.

frequency region [15]-[17]. Recently, graphene ribbons are introduced to metasurface to design
cylindrical lens [18], [19], in which only one polarization incidence is considered, and the switchable
characteristic of graphene has not been fully investigated.

In this paper, we have reported the numerical investigation of the switchable polarization selective
terahertz wavefront manipulation in a graphene metasurface by using the finite-difference time-
domain (FDTD) method. The proposed graphene metasurface consists of two layers of graphene
arrays, polymer dielectric spacer and a gold mirror film, which can be switched between two states
by simply turning ON and OFF the two graphene layers without reconfiguring the Fermi energy
distribution, i.e., one graphene layer is biased to the designed values while the other is at zero
bias. Among the two working states, one is for x polarized wave manipulation and the other is for y
polarization. First, we periodically arranged thirty unit with a phase difference of 12°, both the state 1
for x polarization incidence and state 2 for y polarization incidence can achieve 25° reflection angle at
6 THz normal incident wave. Then we designed a cylindrical lens with a focal length of F = 200 um,
the performance of the proposed structure is in good agreement with the analysis result. We also
show the cases of state 1 with y-polarization incidence and state 2 with x-polarization incidence, no
anomalous reflection and focusing effect occurs. Thus switchable polarization selective terahertz
wave manipulation is achieved by switching the designed structure between the states 1 and 2.
Moreover, we also design the structure to focus at different spatial positions and working frequencies
by reconfiguring the Fermi energy distributions. We believe that the proposed structure can provide
an improved method of terahertz wave manipulation.

2. Structure Design

Figure 1(a) shows the fragment of the proposed graphene metasurface. Two identical layers of
continuous graphene array stack on the top, which can be separately modulated to different Fermi
energy by changing the gate voltages as shown in Fig. 1(b). A gold film acting as a perfect reflector is
on the bottom of the structure. Thus, a Fabry-Perot resonator is formed to enhance the interaction
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Fig. 2. (a) Cross section view of state 1 with the only bottom graphene works. (b) Cross section view
of state 2 with the only top graphene works. Phase shift and reflectance of reflected wave of (c) state 1
with x polarization incidence and (d) state 2 with y polarization incidence.

between THz wave and graphene and to expand the phase range [20]. The dielectric spacer is
chosen as polymer with a refractive index of 1.53, due to its low loss and stable refraction index
for THz wave [21]. The monolayer graphene is characterized by surface conductivity, which can be
simplified in THz frequency to a Drude-like expression [18]:

€Ey i

99T Tp2 o+ it M
where w is the working radian frequency, e is electron charge, 7 is reduced Planck’s constant, E; is
the Fermi energy, and t is the electron-photon relaxation time. In our study, 7 is assumed to be 10'? s
[22]. The Fermi energy of graphene can be tuned within the range from 0 to 1 eV via voltage control
[23], resulting in a 27 phase shift range for the reflected wave. The geometric parameters of the
structure shown in Figs. 1(b) and 1(c) are t; =1 um, t{, =8 um, tr, =2 um, py =p, =4 um, a =
2 um, b=3.2 umand w = 0.2 um. To numerically investigate the wave manipulating performance
of the proposed graphene metasurface, finite-difference time-domain (Lumerical FDTD solutions)
software is used to calculate the phase shift and propagation characteristics of incident THz waves.

3. Results and Discussion

To realize switchable polarization selective THz wave manipulation, we design the structure with
two working states by separately turning ON and OFF the two graphene layers. In state 1, as
shown in Fig. 2(a), only the bottom graphene layer works while the top graphene layer is at zero
bias, i.e., the Fermi energy of the top graphene layer is kept 0 eV, resulting in a near zero value
of conductivity [24], and the bottom graphene layer is biased with the designed gate voltage to
manipulate the incident wave. And in state 2, only the top graphene layer is biased as shown in
Fig. 2(b). Then we design the bottom graphene layer of state 1 to manipulate x polarized incident
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Fig. 3. The Fermi energy distribution of the (a) bottom graphene array of state 1 and (b) top graphene
array of state 2 (c) Reflected electric field Ex distribution of state 1 with x polarization incidence.
(d) Reflected electric field Ey distribution of state 2 with y polarization incidence. The working frequency
is 5 THz. (e) Ey distribution of state 1 with y polarization incidence. (f) Ex distribution of state 2 with x
polarization incidence.

wave and the top graphene layer of state 2 to manipulate y polarized incident wave. By switching the
designed structure between the states 1 and 2, the switchable polarization selective terahertz wave
manipulation is achieved. We choose the working frequency of 6 THz in both states. In order to
separately control the x and y polarized wave, we design the structure to resonant at different Fermi
energies in each state by adjusting the geometric parameters of the graphene. The resonance
dip of state 1 for x polarization incidence is around 0.6 eV, and that of state 2 is around 0.9 eV.
The corresponding phase shift and reflectance of states 1 and 2 are shown in Figs. 2(c) and 2(d),
respectively. Near 27 phase shift can be acquired in both states. The insets show the electric field
distributions of the resonant modes, which are electric dipoles to control the amplitude and phase
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Fig. 4. The Fermi energy distributions of (a) bottom graphene array of state 1 and (b) top graphene array
of state 2. The simulated Poynting vector of the metalens for (c) state 1 with x-polarization incidence,
(d) state 2 with y-polarization incidence, (e) state 1 with y-polarization incidence and (f) state 2 with
x-polarization incidence at the working frequency of 6 THz. The intensity distributions of the two states
along the (g) x direction and (h) z direction.

of the reflected wave. Therefore, by switching from one state to another, the proposed structure can
realize the polarization selective THz wave manipulation.

In metasurface, light manipulation can be realized by introducing a phase gradient of dp/dx along
the interface of metasurface, which can be characterized by the generalized Snell’s law [4]. The
reflection angle for normal incidence can be calculated by the expression

ko dy
2
27'm, dx 2)

where ¢ is the phase shift, x is the length of metasurface, A is the incident wavelength and n; is
the refractive index of the material at the incident side. In our case, n; is set as 1. For state 1, we
select thirty continuous graphene units with different values of Fermi energy from Fig. 2(c) to cover
the full 27 phase shift for x polarized incident wave, then the phase shift between two adjacent
unit is 12°. Based on Eq. (2), the reflection angle is then calculated to be 30°. The Fermi energy

sin (6;,) =
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Fig. 5. The Fermi energy distributions of the designed metalens for (a) state 1 and (b) state 2 of the
focal point position of [x = 0, z= 300 um], and (e) state 1 and (f) state 2 of the focal point position of
[x =100, z =200 m]. The simulated Poynting vector of the metalens for (c) state 1 and (d) state 2 of
the focal point position of [x = 0, z= 300 xm], and (g) state 1 and (h) state 2 of the focal point position
of [x = 100, z =200 xm].

distribution of the bottom graphene structures in a super-cell is shown in Fig. 3(a). Note that the
phase shift produced by Fermi energy shown in Fig. 2(c) cannot cover the whole 2x range, and the
Fermi energy values out of range are replaced by 0 or 1 eV as approximations, which causes small
discrepancies between the designed values and the actual results. The x component electric field
distribution of the reflected wave is shown in Fig. 3(c), in which a smaller reflection angle of 25° than
the theoretical expectation is acquired due to the approximation in the designing process. Then we
switch the structure to state 2. For y polarized incident wave, we also select thirty continuous units
from Fig. 2(d) with a phase difference of 12°. The Fermi energy distribution of the top graphene
structures is shown in Fig. 3(b). The y component electric field distribution is shown in Fig. 3(b),
which performs a 25° reflection angle as well. In order to validate the polarization selective wave
manipulation effect, we also show the results of state 1 with y-polarization incidence and state 2 with
x-polarization incidence. The y and x components electric field distributions are shown in Figs. 3(e)
and 3(f), from which we can see that no anomalous reflection effect occurs. Therefore, the state 1
manipulates x polarized wave only, while the state 2 manipulates y polarized wave only.

The proposed structure can be designed to achieve the function of cylindrical lens. To achieve
focusing effect, the relative phase of reflected wave at position x from the center should follow the
expression

(p(X):i—n< (x+Ax)2+F2—F> 3)
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Fig. 6. Phase shift and reflectance of reflected wave of (a) state 1 with x polarization incidence and
(b) state 2 with y polarization incidence at the working frequency of 5.5 THz. The designed Fermi energy
distributions of states 1 and 2 are shown in Figs. 5(c) and 5(d) at the working frequency of 5.5 THz. The
simulated Poynting vector of the metalens for (e) state 1 with x polarized incidence and (f) state 2 with
y polarized incidence at the working frequency of 5.5 THz.

where Aq is incident wavelength, F represents the designed focal length and Ax represents the
shift of focal point along x axis. We choose the center Fermi energy as 0.2 eV. Based on Figs. 2(c)
and 2(d), we design a switchable polarization selective metalens with the focal length of F =
200 um, and Ax = 0. The width of the metalens is designed as 800 um. The designed metalens
can achieve polarization selective focusing of the 6THz incident wave when switched between the
two working states. The Fermi energy distributions of state 1 and state 2 are shown in Figs. 4(a) and
4(b). Based on such Fermi energy distributions, we simulate the cylindrical lens and the simulated
results of state 1 for x-polarization incidence and state 2 for y-polarization incidence are shown in
Figs. 4(c) and 4(d), respectively. The focal lengths of state 1 and state 2 are 194 um and 197 um,
which agree well with the designed values. Fig. 4(g) shows the Poynting vector distributions along
x direction, from which we can see that the values of full width at half maximum (FWHM) of state 1
and state 2 are 25.5 um and 26 um, respectively. And that of state 1 and state 2 along z direction
are shown in Fig. 4(d), the FWHM of state 1 and state 2 are 73.3 um and 71.5 um, respectively.
The results of state 1 with y-polarization incidence and state 2 with x-polarization incidence are
also shown in Figs. 4(e) and 4(f), which are not convincing for focusing devices. Thus, the state
1 focuses x polarized incident wave only and state 2 focuses y polarized wave only. A switchable
polarization selective cylindrical lens is achieved by switching the structure between states 1 and 2.

Furthermore, the switchable metalens can also be designed to focus at other spatial positions.
Thus, based on the results analyzed above, a metalens with the focal length of F = 300 um is
designed, i.e., [x = 0, z= 300 um]. The designed Fermi energy distributions of states 1 and 2 are
shown in Figs. 5(a) and 5(b), and the simulated intensity distributions for two states are shown in
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Figs. 5(c) and 5(d) with the focal lengths of 290 ;um and 297 um, respectively. We also design a
switchable metalens with a focal point position of [x = 100, z =200 um], and the designed Fermi
energy distributions of states 1 and 2 are shown in Figs. 5(e) and 5(f) the simulated results of the
two states are shown in Figs. 5(g) and 5(h). Moreover, the proposed metalens can also be designed
to work at other frequencies. Then we select the working frequency of 5.5 THz. The phase shift
and reflectance of states 1 and 2 are shown in Figs. 6(a) and 6(b). Based on Figs. 6(a) and 6(b),
we design the switchable metalens working at the frequency of 5.5 THz, and the Fermi energy
distributions for states 1 and 2 are shown in Figs. 6(c) and 6(d). The simulated results of its two
states are shown in Figs. 6(c) and 6(d), the focal lengths of the two states are 290 xm and 295 um,
respectively.

4. Conclusion

In summary, we have numerically investigated the switchable polarization selective terahertz wave
manipulation effect in a graphene metasurface by using FDTD method. By voltage control, the
proposed graphene metasurface can be switched between two states by simply turning ON and OFF
the two graphene layers without reconfiguring the Fermi energy distribution, i.e., one graphene layer
is biased to the designed values while the other layer is at zero bias. Among the two working states,
one is for x polarized wave manipulation and the other is for y polarization. By introducing a phase
gradient along the interface of the metasurface, the anomalous reflection effect can be achieved in
both state1 and state 2. Then a cylindrical lens with a focal length of F = 200 um was designed,
and the performance of both states 1 and 2 of the proposed structure is in good agreement with the
analysis result. The cases that state 1 with x-polarization incidence and state 2 with y polarization
incidence are also investigated, which perform no wave manipulation effect. Therefore, by switching
between the two states, the structure can achieve the function of switchable polarization selectively
terahertz wave manipulation. Moreover, the structure can also be designed to focus at different
spatial positions and working frequencies. Our findings are beneficial in developing new methods
of terahertz wave manipulation.
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