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Abstract: We present and numerically verify a functionally hybrid dual-mode tunable polar-
ization conversion metasurface based on graphene and vanadium dioxide (VO,). The tunable
polarization converter consists of two patterned graphene layers separated by grating which
is composed of gold and VO,. Due to the existence of phase change material VO,, the po-
larization conversion mode can be switched flexibly between the transmission and reflection
modes. Theoretical calculations show the proposed polarization conversion metasurface can
obtain giant asymmetric transmission (AT) at 0.42 and 0.77 THz when VO, is in the insulating
state. Conversely, when VO, is in the metallic state, the converter switches to the reflection mode,
demonstrating broadband polarization conversion for both forward and backward incidences.
Furthermore, the conductivity of graphene can be modulated by changing the gate voltage, which
allows dynamic control polarization conversion bandwidth of the reflection mode as well as the
AT of the transmission mode. The robustness of the metasurface has also been verified, the
high polarization conversion efficiency and AT can be maintained over wide incidence angles
up to 65° for both the xoz plane and yoz plane. These advantages make the proposed hybrid
tunable polarization conversion metasurface a promising candidate for THz radiation switching
and modulation.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Polarization, a fundamental property of electromagnetic waves serves as a crucial information
carrier, plays a significant role in the fields of communication and optical polarizer design.
However, conventional polarization conversion control methods impose strict material require-
ments and exhibit limited performance in producing polarization converters. In recent years,
metasurfaces have emerged as a promising solution due to their ultra-thin thickness, exceptional
performance, and ease of processing [1]. Metasurfaces have been applied in various fields,
including antenna communication [2], information coding [3—5], and holographic imaging [6],
among others. The dynamic manipulation of metamaterial properties can be accomplished
through the modification of the geometrical configuration of metamaterial structures [7—10], or by
the alteration of the electromagnetic properties of the constituent components of the metamaterial,
such as through continuous [11,12] or structured [13-21] functional layer integration with metal
resonators, thereby controlling the symmetry and chirality of the metamaterial-based polarizer
during different polarization state transitions.
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Recently, tunable THz metasurfaces have garnered attention due to the introduction of phase
change materials (PCMs). Several PCMs, including photosensitive silicon [22,23], GexSbxTex
(GST) [24-26], vanadium dioxide (VO,) [27-30], and graphene [31-33]. VO,, as one of the
phase change materials, undergoes a phase change from dielectric to metallic when heated above
a critical temperature of 340 K [34-36]. Its corresponding lattice changes from an insulating
monoclinic crystalline phase to a metallic rutile phase [37], while its phase change properties
can be excited by light fields or thermal radiation. At the same time, the conductivity of VO,
increases by several orders of magnitude, resulting in a dramatic change in the optoelectronic
properties of the device in question. Based on the above characteristics, the introduction of
VO, materials is attractive for tunable and switchable devices. For instance, VO, and graphene
materials can change their conductivity by adjusting the external temperature and applying
different bias voltages, respectively. In 2018, Zhu [38] et al. designed a dynamically tunable
polarization conversion structure through two metal gratings and two orthogonal graphene grating
structures, where the polarization state of the structure can be switched by applying different bias
voltages to dynamic control the Fermi level of graphene. In 2019, Zhang [39] et al. switch a
metamaterial structure between anisotropic 3D-chiral and isotropic achiral configurations, which
turn the asymmetry transmission on and off, respectively. In addition, Zhang [40] et al. in 2020
designed switchable chiral mirrors through VO, resonant ring and metal ring structures with
different opening sizes, the temperature-controlled dielectric-to-metal phase transition of VO,
has been employed to counteract or eliminate the two-dimensional chirality of the metasurface,
enabling the function of spin-orientation switching and on/off switching of circular conversion
dichroism. However, most of the above work focuses on conversion efficiency and operating
bands in a single mode, lacking the capability to switch between two or more operating modes.

In this work, we present a dual-functional switchable metasurface for converting polarization
with high efficiency and controllable reflected/transmitted cross-polarization for the circularly
polarized (CP) wave, and the large AT effect of circularly polarized waves can be achieved in
transmission. Specifically, at room temperature, the incident CP wave can achieve transmission
cross-polarized polarization effect at the response frequency and produce the double-band AT
effect. When the room temperature exceeds 340 K, CP waves can be converted into cross-polarized
waves over a wide frequency range. Notably, the tunable Fermi energy level of graphene can be
used to enhance the response frequency and polarization conversion efficiency. The switchable
phase state of VO, combined with the tunable Fermi energy level of graphene enables to bring
multiple degrees of freedom tuning in operating mode, response frequency and bandwidth,
making this metasurface suitable for potential applications in antenna communication, coded
imaging, and polarizers.

2. Design and method

The designed multilayer polarization converter based on VO, and graphene is shown in Fig. 1.
The same horizontally inclined split-ring resonators (SRRs) made of single-layer graphene
comprise the top and bottom structures. The upper and lower layers boast uniform spacer
thickness made of polyimide (PI) with a dielectric constant of 3.1 [18,20], which yields excellent
mechanical, electrical, and chemical stability. The interlayer is a grating composed of Au-VO,
nanowires with a thickness 7 of 0.2 um. The fixed width W of VO, is 12 um, and due to the
separation by the Au nanowire, the distance S between them is 22 um. The entire structure is
periodically arranged along the x and y-directions, with each unit period of the device being
P =120 um. The top and bottom graphene resonant rings have an outer radius R; =48 um, an
inner radius R, =38 um, and a gap width L =14 um. The distance between the graphene layer
and the grating layer is H = 58 um. The current rapid development of micro and nano processing
technology offers the possibility of preparing this metasurface. First, the graphene films are
obtained by transferring the graphene monolayer grown by CVD on the copper substrate. Then,
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patterned graphene on the top and bottom of the PI film is generated by traditional lithography
technology [41]. The surface conductivity of graphene dependent on chemical potential can be
continuously changed by adjusting chemical doping or gate voltage in a wide frequency range
[42—44]. Next, VO, and gold gratings with a thickness of 0.2 um are both prepared by magnetron
sputtering, and etching techniques [45].
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Fig. 1. (a) 3D schematic of a functionally switchable polarization converter, (b) side view.

Then, we calculate reflection parameter S;; and transmission parameter S; via the finite-
difference time-domain (FDTD) method to evaluate the performance of the designed structure.
To simulate an infinite two-dimensional array, we set periodic boundary conditions along the
x and y-directions, while applying perfectly matched layers along the z-direction. To improve
computational efficiency, graphene can be treated as an infinitely thin two-dimensional sheet due
to its thickness of only one atom, simplifying the optical response of its complicated surface
conductivity. Such response can be categorized into two groups, in-band contribution and
inter-band contribution, which can be characterized by the Kubo formula [46—48]:

0—(0.), EF’ T, T) = O'imra(w, EF, T, T) + O—inter("-)s EF’ T, T) (1)
2ie’kgT Er
O'[n[ru((l), EF, T, T) = m In |:2 cosh (2kBT)] (2)
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Ointer = — | = + — arctan(————) — — In 3)
SIS P Tt )2 (hw = 2EF)* + 4(kpT)?

where e is the electron charge, kp is the Boltzmann constant, T is the temperature, £ is the reduced
Planck’s constant, w is the frequency of the THz wave, 7 is the relaxation time of the graphene
carrier, and Er denotes the Fermi level. Functionally as a typical phase change material, VO, is
in the dielectric state at room temperature and in the metallic state above 340 K. In the simulation,
the electromagnetic characteristics of VO, in terahertz band are numerically simulated based on
the Drude model, which describes the dielectric constant of VO, as:

2

Wp
ew) =0 - —5—— (€]
w? +iyw

where €., = 12 represents insulating permittivity at the infinite frequency, w,(c) = 1.4 X 10'5 rad/s
stands for plasma frequency depending on conductivity, and y = 5.75 x 10'3 rad/s indicates the
collision frequency [12,49-51]. The relationship between w,(c) and conductivity o is given
by the formula wﬁ(o-) = (L)I%(O'())O' oo, with g =3 x 10° S/m. VO, exhibits a conductivity of
20 S/m or 2.6 x 10° S/m when in the insulating or metallic phase [27]. Using this formula,
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the dielectric constant of VO, in the frequency range of 0.1-1.3 THz at different states can be
determined, as shown in Fig. 2.

The novel phenomenon of AT is observed when electromagnetic waves pass through a medium
in different directions. The giant AT effect in the polarization conversion metasurface is primarily
attributed to the synergistic interplay between the polarization conversion effect and the Fabry-
Perot-like cavity enhancement effect. For a CP wave, the AT coefficient can be calculated using
the following formula [52]:
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Fig. 2. The permittivity of 0.1-1.3 THz at different conductivity of VO is calculated by the
Drude model. (a) Dielectric state and (b) Metallic state.

The transmission coefficients can be defined as: t_y = E_;/E,;,t_— = E_;/E_;,t,— = Ey,/E_;
and t,, = E;;/E,;. The CP incident waves the right- and left-handed CP (RCP and LCP) can be
replaced by the symbols + and —, and the subscripts i and ¢ denote incidence and transmission,
respectively. From Eq. (5), it can be easily observed that the significant AT effect is obtained when
the transmission coefficients satisfy both 7., = ¢t__ and #,_ # 7. In addition, the total energy
transmittances of LCP and RCP waves along the forward (+z) and backward (—z) directions can
be expressed using the following equation [53]:

Ty = |t |* +[1s |

T_ ="+,

(6)

3. Results and discussions

3.1. Reflected polarization conversion mode

When the Fermi energy level of graphene Er is 0.7 eV, and the conductivity of VO, is 2.6 x 10
S/m (indicating a metallic state), the Au-VO, fence structure in the middle layer can be considered
a metallic reflection plane, effectively blocking the propagation of electromagnetic waves. The
circularly polarized incident waves can be efficiently converted to cross-polarized waves by the
polarization conversion of the double open loops in the upper and lower layers. The cross- and
co-polarized coeflicients for circular polarization incidence can be defined as: r_y = E_,/E,;,
r_=E,/E_;,r,_ =E,/JE_;and ry, = E,,/E,;. The CP incident waves LCP and RCP can
be replaced by the symbols + and —, and the subscripts ; and , denote incidence and reflection,
respectively. Two sets of reflection coefficients for CP waves incident from the two directions
are relatively identical due to the symmetry of the patterned graphene layers. In Figs. 3(a) and
3(b), the co-polarization reflection coefficients |r;| and |r__| are remarkably equal and remain
below 0.29 between 0.44-0.9 THz, conversely, the cross-polarization reflection coefficients |r_. |
and |r, _| are close to the maximum value of 0.8 in the same operating frequency band. These
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results indicate that the designed device achieves the same polarization conversion response
under the CP incidence, as the device is 45° aligned with the horizontal plane. Additionally, it is
discernible that the cross-polarized reflection coefficients of incident LCP waves were higher
than those of incident RCP waves for positive irradiation at 0.44 THz, meanwhile, the opposite
was true for backward incident waves. This AT can be ascribed to the fact that the conductivity
of metallic VO, is slightly lower than Au. To further explicate the conversion efficiency, the
polarization conversion rates (PCR) for incident polarized waves can be defined as [54]:
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Fig. 3. Simulated reflection coefficients under (a) Forward incidence and (b) Backward
incidence, (c) PCR and ECR for incident circular polarization, (d) Phases.

As depicted in Fig. 3(c), the PCR; and PCR_ coefficients are both higher than 0.87 in the
range of 0.44-0.9 THz, and were particularly close to 1 in the 0.7-0.87 THz range, indicating
the attainment of high efficiency polarization conversion under CP wave incidence. To further
evaluate the efficiency of the proposed metasurface, the energy conversion ratio (ECR, ECR, =
(E)Clz + |E>:|2)/|—E)i|2 = |r_4|? + |r+4|?) can be defined under the incident RCP wave. In the
frequency range of 0.51-0.8 THz, the ECR curve reaches unity and remains greater than 0.65,
proving the substantial energy conversion efficiency in this range. Figure 3(d) shows the phase
differences of the reflection coefficients under forward and backward CP waves, where the phase
differences of |r, _| and |r_.| tend to stay at approximately nst (n is an integer), demonstrating
that the metasurface exhibits a nearly perfect reflection symmetry for CP waves.

3.2.  Transmission polarization conversion mode

The polarization conversion performances of the transmission CP converter were investigated
in Fig. 4, using VO, as the insulating dielectric layer, under conditions where the Fermi level
Er of graphene is 0.7 eV and the conductivity of VO, is 20 S/m. The fractions of the incident
LCP intensity are transmitted as RCP and LCP are given by |r, _|*> and |r__|?, respectively.
As depicted in Figs. 4(a) and 4(b), the co-polarization transmission coefficient |t,,|> = |t__|?,
uniformly reaches the minimum value of 0.01 and 0.001 at approximately 0.44 THz and 0.86
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THz, respectively, indicating the lack of optical activity. However, significant resonant circular
conversion dichroism (|f_|* # |t +_|%) was observed at 0.42 THz and 0.77 THz. The maximum
values of the CP transmission coefficients are 0.78 and 0.8 when incident LCP waves are
approximately 0.42 THz and 0.77 THz, respectively, as shown in Fig. 4(a). The results of
the simulation indicate that the designed polarization converter can efficiently convert the
incident RCP wave to the LCP wave at 0.42 THz and convert the incident LCP wave to the RCP
wave at 0.72 THz for forward incident waves. In contrast, the circular polarization conversion
performances for backward incident waves are opposite to those for forward incident waves. At
the resonance frequency of 0.42 THz, with incident LCP waves efficiently convert to RCP waves,
whereas at 0.77 THz, the efficient conversion of RCP waves to LCP waves is observed, as shown
in Fig. 4(b). These results support the potential use of the proposed metamaterial for terahertz
devices that require efficient polarization conversion and selection of chiral polarized waves. We
calculate PCR and total transmission (7', and T-) using the eigenvalues of Figs. 4(a) and 4(b) to
evaluate the efficiency of polarization transmission. The red dotted line in Fig. 4(c) shows that
PCR. is close to 1 at 0.43 THz and close to 0 at 0.87 THz, whilst the green dotted line represents
T, which reaches a maximum of 0.66 at 0.74 THz. Similarly, when the LCP wave incident,
the black dotted line shows that PCR_ is near 1 at 0.81 THz, reaching the minimum value of
0.01 at 0.44 THz. Meanwhile, the blue dashed line represents 7_, obtaining the maximum
value of 0.64 at 0.4 THz. The PCR efficiency demonstrates that the proposed polarization
converter can efficiently convert incident RCP/LCP waves into LCP/RCP waves. The total
transmission coeflicient shows that this converter has a favorable diode effect on CP waves. In
the formula (5), since there is no optical activity on the sample side in our case, A, is equal
to the total transmission difference between RCP/LCP and LCP/RCP incidences. As shown in
Fig. 4(d), the maximum value of A7 is 0.61 at 0.42 THz, and its minimum value is —0.65 at
0.77 THz, whereas the minimum value of A:l.r is —0.61, and its maximum value at 0.81 THz is
0.65. These results suggest that the proposed polarization converter exhibits a large AT effect for
CP waves under both forward and backward incidence.

Forward (b) 09}—1- Backward

A
n £
=
O
|
|

g
o
o
=N

<
%5

Transmission
o
o

Transmissio

02 04 06 08 10 12 02 04 06 08 10 12
Frequency (THz) Frequency (THz)

—_
o

Asymmetric transmission/A

—=-PCR_

02 04 06 08 10 12 02 04 06 08 1.0 12
Frequency (THz) Frequency (THz)

Fig. 4. Simulated transmission coefficients under (a) Forward incidence and (b) Backward
incidence, (c) PCR and ECR for incident circular polarization, (d) AT parameters.

To further investigate the AT effect in the proposed polarization converter, we have analyzed
the distribution of the surface current. The observed dual-band circular polarization transition
phenomenon can be interpreted as the resonant current distribution excited by LCP and RCP
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incident on the graphene SRRs, which is revealed by the magnetic field that is perpendicular to
the plane of the metamaterial. As shown in Figs. 5(a) and 5(b), when the RCP wave is incident at
0.42 THz, the current on the top graphene resonator is stronger, while the current on the bottom
resonator is weaker and flows in the opposite direction. For the LCP wave, the current is strong
in both the top and bottom graphene polarizers, meaning that most RCP waves are converted into
LCP waves at 0.42 THz, while the incident LCP waves do not undergo polarization conversion
upon passing through the structure. Similarly, Figs. 5(c) and 5(d) show that the current in both the
top and bottom graphene polarizers is strong at 0.77 THz with RCP wave incidence. Conversely,
for the LCP wave, the current on the bottom graphene resonator surface is weaker than that
on the top graphene surface, though their current directions are parallel. This implies that at
0.77 THz, the majority of LCP waves are transformed into RCP waves, whereas the incident
RCP waves remain unperturbed and do not undergo any polarization conversion upon traversing
the structure. These phenomena can be explained by the influence of an electric and magnetic
dipole. Specifically, the electric dipole modes are driven by unidirectional currents that effectively
radiate and cause polarization transformation of the incident CP wave, producing a rotating
field opposite to the incident CP wave. In contrast, the magnetic dipole modes are driven by
antisymmetric charge oscillations in the opposite part of the ring, leading to a magnetic moment
that is perpendicular to the metamaterial plane. In Fig. 5(a), the surface currents on the top and
bottom graphene demonstrate antiparallel phenomena (current flow in the opposite directions),
proving that the incident RCP wave incident on the device excites the electric dipole mode and
promotes the incident wave to undergo circular polarization conversion (|7_,|?), while the LCP
excites the magnetic dipole mode with negligible circular conversion (|¢, _|?). On the other hand,
the incident LCP waves excite both electric and magnetic dipole modes at 0.77 THz, leading to
the polarization conversion of the device at the resonant frequency, which can be demonstrated
by parallel currents and a small amount of anti-parallel currents on the two graphene surfaces at
both ends.
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Fig. 5. Simulated surface current densities at 0.42 THz and 0.77 THz transmission for the
incident (a, ¢) RCP and (b, d) LCP waves.
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3.3. Dynamic tuning analysis of graphene

In addition to the switchable functions, our design incorporates a feature that allows for dynamic
tuning of the polarization conversion efficiency for different functional devices. The conversion
of CP waves is recognized to be reliant on the polarization converter’s structural parameters, and
the converter’s function becomes fixed once the device is fabricated. Hence, our device offers a
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flexible approach to control the polarization conversion efficiency by dynamically tuning the Er
of graphene. Due to the plasmonic resonance of graphene, the response frequency corresponding
to the two polarization transition modes shift slightly blue-shifts with the increase of the Er, and
the bandwidth and intensity of the polarization leap response are affected by it. As shown in
Fig. 6(a), as the Fermi level of graphene increases, the cross-polarization reflection coefficients
are dynamically tuned from 24% to 86% at 0.42 THz, and |r . _| is dynamically tuned from 0.3%
to 84% at 0.7 THz, achieving a tunable broadband effect for circular polarization. Simultaneously,
it can be seen that |r, _| decreases rapidly when Ep varies in the range of 0.1~0.3 eV, which
is caused by the sudden attenuation of the metallic properties of graphene. In Fig. 6(b), we
conducted a simulation where CP waves were forwardly incident, and we adjusted the Fermi level
of graphene to assess its impact on the cross-polarization transmission coefficient of the device.
Both the cross-polarization coefficient |7, _| and |z_. |, undergo a blue-shift in the resonance
frequency at 0.34-0.42 THz. However, |f , _| undergoes a dynamic modulation from 60% to 80%,
and |7_;| remains relatively stable and close to 0. At 0.64-0.77 THz, the resonant frequency
of the incident RCP wave shifts towards the blue end of the spectrum, and |¢_,| is modulated
in real-time from 68% to 78%, whereas |t , _| remains almost unchanged and close to O at its
resonant frequency. Therefore, changing the Er of graphene can effectively tune the CP wave
polarization conversion response.
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Fig. 6. The effect of Ep modulation on the polarization conversion rate in different modes:
(a) reflection mode and (b) transmission mode.

In the last stage of our study, we analyze the variation of the AT effect regarding the Fermi
level and oblique incidence. Figures 7(a) and 7(b) show the simulation results of AT coefficients
(A% and A, ) at different Fermi energy levels (0.1~0.7 eV). It can be observed that the Er has
a significant impact on both 0.34-0.42 THz and 0.64-0.77 THz, as the increases of Ef, the
resonance frequency is blue-shifted, and the AT coefficient gradually increases at 0.34-0.42 THz.
The same phenomenon is observed at 0.64-0.77 THz, although the increment of the AT coefficient
is less than that at low frequencies. According to the regulation mechanism of graphene, as the Er
of graphene increases, the metallic properties are gradually enhanced deriving from the increases
of the electrical conductivity, resulting in a blue-shift of the resonance frequency. Meanwhile, the
effect of electric dipole on the polarization conversion of the incident CP wave increases as the
Er increases, leading to an increase in the AT coefficient. Figures 7(c) and 7(d) demonstrate the
negligible impact of controlling the incident angle between 0 and 50° on the AT effect, indicating
the device can sustain ideal stability under certain oblique incidence conditions. The results
demonstrate that the device can achieve a tunable circular polarization conversion effect under
different functions with favorable stability under specific oblique incidence conditions. Our work
achieves a deeper understanding of the AT effect in the polarization converter and provides an
informed guide for designing similar metasurfaces for various applications.
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Fig. 7. Dependence of AT (A:l.r and A, ) on different conditions in the transmission
polarization conversion mode: (a, b) EF, (¢, d) incident angles.

4. Conclusion

In this article, we propose a hybrid tunable polarization conversion metasurface by incorporating
graphene and VO, materials, which can flexibly switch the mode between the transmission and
reflection modes. The metasurface can realize a giant AT effect at 0.42 THz and 0.77 THz,
achieving the maximum/minimum value of AT as high/low as 0.61/-0.65 when VO, retains the
insulating state. The inherent symmetry of the structure results in the exhibition of the inverse
behavior of AT when a THz wave travels incident from either the forward or backward direction.
Furthermore, the metasurface can implement broadband polarization conversion when VO, is in
the metallic state with PCR, and PCR_ coefficients above 0.87 in the range of 0.44-0.9 THz, and
the metasurface demonstrates robustness to the incident angles, regardless of whether it operates
in transmission or reflection mode. Significantly, our work reveals that the dynamical tunable
behavior of the metasurface, such as AT in transmission mode and the polarization conversion in
reflection mode, can be facilitated by the introduction of graphene, whose Femi level is amenable
to alteration through external stimulus. Considering the ultrafast and flexible dynamic tunable
capabilities of VO, and graphene, we envision that the proposed hybrid tunable polarization
conversion metasurface may provide more degree of freedom for complicated manipulation of
THz radiation.
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