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ARTICLE INFO ABSTRACT

Keywords: A switchable metamaterial device with dual function (SMDDF) based on vanadium dioxide (VO3) and graphene

VO is designed in this paper, where VO, is a phase change material and it can transition from the insulating state to

Graphe“fe the metallic state when it is stimulated by external conditions such as heat, electricity or light. In addition,
r;::j;;:;e graphene is a 2D active material and its conductivity can be well controlled by adjusting its bias voltage

dependent chemical potential, which makes it have the advantage of easy integration. When VO, is in the
metallic state and the chemical potential of graphene is set as 0.65 eV, the proposed SMDDF can behave as a
single band absorber with the peak absorbance higher than 99.9 % at 1.8768 THz. However, when VO3 is in the
insulated state, and the chemical potential of the graphene pattern layer (GPL) is set as 0 eV, the proposed
SMDDF will behave as a broadband linear polarization converter. It can convert the incident linearly polarized
EM waves into the cross-polarized reflected waves within the frequency range of 2.12-3.58 THz, and the po-
larization conversion ratio (PCR) is >90 % with the relative bandwidth (Wgp) up to 51.23 %. Research results
prove that the overall performances of the proposed bifunctional metamaterial device is superior to some of those
reported in the literatures. Therefore, the research results of this paper may provide guidance for designing
switchable multi-function terahertz devices using VO, and graphene in variable areas of practical applications.

Polarization conversion

1. Introduction

Terahertz (THz) waves are electromagnetic (EM) waves with fre-
quencies from 0.1 to 10 THz (corresponding wavelengths from 3 mm to
0.03 mm) having many outstanding properties such as low energy, ab-
sorption, high transmittance and coherence. Metamaterials (MMs) are
artificial electromagnetic materials that can exhibit properties that
natural materials do not have. Due to the weak response of natural
materials in the terahertz band, many functional MMs devices have been
designed in THz band, such as superlenses [1,2], filters [3,4], perfect
absorbers [5,6] and polarization converters [7,8]. Meanwhile, as a two-
dimensional metamaterial with thickness very much smaller than the
working wavelength, metasurface can also efficiently manipulate the
THz waves [9,10] in the field of perfect absorbers [11], polarization
converters [12], and so on. However, the earlier designed metamaterial
devices based on metals have some drawbacks in practical applications
since their properties are fixed once fabricated. Therefore, the dynamic
control of terahertz waves by introducing some active materials [13-31]
into the design of the metasurface has become one of the research

directions in recent years. For example, Wang et al. proposed a three-
band tunable perfect terahertz absorber based on liquid crystals [13].
Liu et al. designed a broadband metamaterial absorber based on gra-
phene [14]. Yu et al. designed a reconfigurable metasurface by
embedding photoconductive silicon [15]. Among the many types of
active materials, phase change material (PCM) VO, is widely used in the
design of tunable metasurfaces [18] because of its lower phase change
temperature, ease of controlling and lower cost compared to GST
[19,20]. In addition, graphene is another widely used 2D material, of
which the carrier mobility and electrical conductivity can be adjusted by
controlling the chemical potential through external gate voltage with
lower ohmic loss than conventional metals [6,21] in the THz frequency
range. In terms of the excellent properties of VO, and graphene, THz
functional devices based on VO, graphene, and the combinations of
VO, and graphene have been widely studied in recent years. For
example, in 2020, Zhang et al. proposed a VOy-based bifunctional
multilayer metasurface capable of switching from an absorber to a
reflective polarization converter [22], and then they designed a THz
absorber with narrowband and broadband properties using graphene
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and VO, [23]. In the same year, Song et al. proposed a switchable
absorber between single band and broadband by using VO3 [24]. In
2021, Liu et al. proposed a bifunctional metamaterial device based on a
hybrid graphene and VO, configuration, which can realize a dynamic
switch between beam steering and broadband absorption [25]. In 2022,
the authors designed a broadband tunable THz metamaterial absorber
(MA) in [26], where the top layer of the unit cell is composed of a
graphene disk surrounded by a graphene square ring, the intermediate
spacer layer is Rogers RT5880LZ, and the bottom layer is gold. Simu-
lation results showed that the proposed structure can achieve an ab-
sorption rate above 90 % with a bandwidth of 2.173 THz (1.482-3.655
THz) and a fractional bandwidth ratio of 85 %. Also in 2022, Zhao et al.
designed a metasurface based on VO; and graphene that enables
reflective and transmissive polarization conversion [27], Zhou et al.
designed a graphene-based reconfigurable metasurface to realize the
mode switching of wavefront in THz band [28], He et al. proposed 4 THz
graphene metasurfaces with wavefront control and polarization
manipulation [29]. In 2023, Li et al. and Nie et al. proposed two VO,-
based metasurfaces that can achieve the state switching of THz wave-
front [30] and the reconfiguration of THz wavefront [31], respectively.
However, some of the metasurfaces mentioned above can only achieve
the regulation between different frequency bands, while others can only
use multi-layer structure or more than two metasurfaces to achieve
different functions. These disadvantages will largely limit the practical
application of the devices, and are also not easy to be controlled and
fabricated. Therefore, it is necessary to create a compact metasurface
with simple structure, ease of controlling and multiple functions.

To date, designs with simple structures that are functionally
switchable between absorption and polarization conversion in the THz
band have not been fully explored, although some studies have reported
dual-control devices that combine metamaterials and the phase change
material VO». In this paper, we propose a metasurface that can switch
between dual functions through the phase transition of VO, and the
change of Fermi energy level of graphene, which can then achieve
single-band absorption as well as broadband cross-polarization conver-
sion in the terahertz region. Note that the polyimide is chosen as the
intermediate spacer layer, because it is a widely used dielectric material
in the design of MM devices in THz frequency band, which is different
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from Ref. [26], where graphene-Rogers RT5880LZ-gold type sandwich
structure is used to achieve broadband absorption in THz frequency
band. When VO, is in the metallic state, and the Fermi energy level of
graphene is set to 0.65 eV, the proposed SMDDF acts as a nearly perfect
single-band MA with the absorbance over 99.9 % at 1.8768 THz. As a
metamaterial device, the equivalent permittivity and permeability were
also calculated. It is shown that the real part of equivalent permeability
is always positive while the sign of the real part of the equivalent
permittivity will change at 1.8768 THz, while the imaginary part of the
equivalent permittivity is always positive. These all indicate that at this
frequency, the reflection and transmission will be very small and the loss
will be large, therefore, nearly perfect single band absorption effect is
obtained. However, when VO, is in the insulated state, and the Fermi
energy level of graphene is set to 0 eV, it will behave as a broadband
linear polarization converter (LPC) with polarization conversion ratio
(PCR) >90 % in the frequency range of 2.12-3.58 THz, and its relative
bandwidth is 51.23 %. The proposed SMDDF can not only achieve both
functions of absorption and polarization conversion based on actively
adjustment of the VO, and graphene, but also has a relatively simple and
compact structure. The excellent performance compared to those
mentioned in the above references makes it possible to be applied in
many broader application prospects, such as the fields of space light
modulator, THz detection, stealth technology, and wireless
communication.

2. Structure and design

Fig. 1(a) depicts the three-dimensional schematic diagram of our
proposed SMDDF, the top view of a unit cell and the profile of graphene
pattern are shown in Fig. 1(b) and (c), respectively. The top layer is a
patterned gold resonator with VO, embedded in the two gaps (45° to the
positive direction of y-axis) while the bottom layer is a gold plate. The
middle part consists of two polyimide (PI) dielectric layers (with
thickness t3 and t;) and a GPL sandwiched in between. The radius of the
four circular holes in GPL is r and the center distance between two
adjacent holes is k. In practice, the electrical conductivity of GPL can be
regulated by an external electrical bias voltage V,. In practical applica-
tion, a thin polysilicon layer is often used as an electrode for regulating

Fig. 1. (a) Schematic diagram of the SMDDF; (b) the top view of a unit cell; (c) the intermediate graphene pattern layer of a unit cell.
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the chemical potential of graphene [32], because of its excellent semi-
conducting properties, as shown in Fig. 1(a). However, during numerical
simulation, its effect on the overall performances can be neglected
because it is extremely thin and transparent [23,32]. In addition, the
properties of graphene will not be affected when the phase transition of
VO, is excited by the pumping of visible light [33]. Meanwhile, when
the proposed SMDDF works as a MA, the chemical potential of GPL is set
to 0.65 eV to enhance the overall absorption by exciting the graphene
surface plasmonic resonance (GSPR). But when it works as a LPC, the
effect of GPL is also neglected by setting its chemical potential to 0 eV.
The electrical conductivity of gold is 4.561 x 107 s/m [24], and the
thickness bottom gold layer is t; = 0.2 ym, which is thick enough to
block the transmission of EM waves. The dielectric constant of PI is ¢ =
3.5 and the loss angle tangent is tans = 0.0027 [34]. It is worth
mentioning that PI material is chosen because of its lower thermal
conductivity and relatively higher thermal stability [35]. After many
times of numerical simulation, the optimized geometrical parameters of
the proposed SMDDF are listed in Table 1 below. It is worth mentioning
that when determining the thickness of the PI layer, we have made the
following considerations. As a reflective MA, to achieve perfect ab-
sorption, the reflection must be suppressed. As a reflective LPC, to
achieve perfect polarization conversion, we must suppress the reflection
of co-polarized EM waves. Therefore, to determine the thickness of PI, it
is necessary to make all the EM waves or the co-polarized EM waves
propagate back and forth in the PI layer can be canceled through
destructive interference. It is noting that during the process of deter-
mining the thickness of PI layer at the initial stage, the effect of GPL is
also neglected for the aim of simplicity.

Within the THz frequency region, the relative permittivity of VO, can
be described by the Drude model [36]:

o3(0)

—— 1
o + jrw W

€vo, ((x)) = €

where &, = 12 is the dielectric constant at infinite frequency, w, (o) is

the plasma frequency defined as w2(o) = Zwi

105 S/m, wp(0o) = 1.4 x 10 rad/s, and y = 5.75 x 103 rad/s is the
collision frequency. In this paper, the conductivity of VO, is set
as 2 x 10° s/m when it is in metallic state, and is 0 s/m when it is in
insulating state [37]. Furthermore, the graphene can be modeled as an
equivalent 2D surface impedance layer without thickness, whose con-
ductivity o can be described by the Kubo equation [38]:

(60) with 69 = 3 x

O¢ = Ointra + Ginter (2)

ieszE H. H.
e Lo K 1
ah*(w + it1) |:kBT 2 (exp( kBT) - ) } ®

i, Pl (o
M Anh 20 + (0 4 i/7)R

. ~
Ointra ~

(€3]

where y, is the chemical potential, and e, kg, 7 are the charge of the

Table 1
Optimized geometrical parameters of the proposed SMDDF.

Parameters Symbol Optimized value (xm)
Period of a unit cell P 30
Thickness of the bottom gold layer t 0.2
Thickness of the lower PI dielectric layer ty 4.9
Thickness of the upper PI dielectric layer t3 4
Thickness of the gold-VO, pattern layer ty 0.8
Outer edge length of the gold pattern L 9
Inner edge length of the gold pattern I 7
Arm width of the inner gold cross d 1.9
Gap width where VO, is embedded g 2.1
Radius of circular holes in graphene r 3.6
Center distance between two adjacent holes k 10
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electron, the Boltzmann constant, and the reduced Planck constant,
respectively. T = 300 K is the temperature, and  is the relaxation time.
The numerical simulations are carried out in the frequency domain using
the EM simulation software CST, which is based on the finite integration
technique. During the simulation, unit cell boundary conditions are set
along the x- and y-axis directions and open boundaries are set along the
z-axis direction. The whole structure is illuminated by a y-polarized
plane wave propagating along the -z direction unless otherwise stated
due to the C2 symmetry of the structure.

The equivalent circuit of the proposed SMDDF is shown in Fig. 2. For
the LPC mode, as shown in Fig. 2(a), GPL is neglected. The topmost layer
can be equivalent to a series RLC circuit, the PI layer can be seen as a
segment of transmission line with impedance Zp;, and the gold ground
can be seen as a short circuit. Zy =~ 377Q is the free space impedance
and Z;, represents the equivalent input impedance of the SMDDF. For
the MA mode, as shown in Fig. 2(b), the topmost layer and the GPL can
be respectively equivalent to two separate series RLC circuits. In addi-
tion, the two layers of PI above and below graphene are equivalent to
two transmission lines with different lengths. Z;, represents the overall
equivalent impedance. Therefore, the resonant frequency of the
designed SMDDF for the two modes can be qualitatively obtained based
on the formula:

1

fo L ®)
27/ Legr Cetr

where, Ly and C,s represent the equivalent inductance and capacitance
in the two modes, which can be derivate after some algebraic derivation.
To be noted is that the more detailed expressions or equations of the
equivalent circuit is not shown because of the complex derivation pro-
cesses and in this paper, we only need to qualitatively analyze the
simulation results based on the simplified equivalent circuit.

A possible fabrication process for the proposed structure can be
briefly described as follows: i) a 0.2-pm-thick gold reflection layer is
grown on a sufficiently thick silicon substrate using electron-beam
evaporation method; ii) a layer of PI dielectric is deposited on top of
the gold layer by means of a spin coating and curing process; iii)
continuous graphene film growth on PI by chemical vapor deposition
(CVD), and GPL by electron beam lithography and reactive ion etching;
iv) another layer of PI dielectric is deposited; v) a 0.8-pm gold film is
deposited, and then it is patterned using photolithography [34]; vi) VO4
is then deposited using magnetron sputtering and the lift-off crafts-
manship; and vii) finally the whole structure is stripped from the silicon
substrate [34,38-40].

3. Results and analysis
3.1. Function of perfect absorbing

When the proposed SMDDF is pumped by a beam with a certain
power, phase transition of VO, will happen and it will exhibit the similar
properties to those of metals. At the same time, the chemical potential of
graphene can be set to 0.65 eV by applying an external gate voltage.
Consequently, the whole structure will act as a typical MA. The absor-

bance can be expressed as A = 1 — R — T, where R = |r,,|” + |ry | is the

@ Z Zp ®  Z Zp Zp

ht
Wh ;
Short circuit

Short circuit

Zin Zs |z |z

Fig. 2. Equivalent circuit model: (a) LPC mode, (b) MA mode.
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total reflectance, and the total transmittance can be written as T =

|tyy|” + |t |*- To be noted is that co- and cross-polarized reflection and
transmission are both considered in order to make the calculation results
more accurate. The second subscript represents the polarization of
incident EM waves while the first one represents the polarization of
reflected and transmitted EM waves. The total transmission has been
designed to T =0 in this paper and the total absorptivity can be

simplified toA =1 — |ryy|2 — |r)o,|2 [40,41]. The well-known impedance
matching theory can be used to elaborate the background physical
mechanism of a MA. The effective surface impedance Z(f) relative to the

vacuum of a designed MA can be calculated according to Z(f) = % =

% [14]. It is obvious that Z(f) =1 will be satisfied if the
scattering parameters Sy; and S1; are both zero, which means the perfect
impedance matching between the free space and the proposed SMDDF,
then we will have i = €.

The simulated absorbance, transmittance and reflectance are shown
in Fig. 3(a), from which one can find that when the EM wave is incident
normally, the proposed SMDDF shows good performance of single-band
perfect absorption in the frequency range of 1.5-2.3 THz with a near
100 % absorption peak located at 1.8768 THz. Fig. 3(b) demonstrates
the calculated real and imaginary part of Z(f), from which it can be
found that the real part of Z(f) is close to 1 and the imaginary part is
close to O at the frequency of 1.8768 THz. Therefore, the impedance
matching condition between the free space and the proposed ideal
absorber is nearly achieved, resulting the nearly perfect single-band
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absorption at this frequency. In addition, simulations have shown that
when the proposed SMDDF is operated as a MA, the GPL can not only
enhance the overall absorption, but also can be used to dynamically
adjust its central frequency or absorption intensity. As shown in Fig. 3
(c), with the increase of the graphene chemical potential y, from 0.45 eV
to 0.85 eV, the absorbance increases first and then decreases. Mean-
while, the absorption spectrum is blueshifted, which has the potential of
being used as a switching. For example, at around 1.75 THz, two states
of “ON” and “OFF” can be defined because the absorption is >95 % and
<30 % when the graphene chemical potential is 0.55 eV and 0.85 eV,
respectively. And at around 2.04 THz, the opposite phenomena is
exhibited. Furthermore, as shown in Fig. 3(d), it is found that the change
of graphene relaxation time 7z has some weak effect on the absorption
intensity, while has almost no effect on the position of the absorption
peak. Moreover, as a type of metamaterial device, it is necessary to
discuss the equivalent permittivity and permeability. Fig. 3(e) and (f)
shows the retrieved real and imaginary part of these two equivalent
constitutive parameters. It is obvious that the real part of equivalent
permeability is always positive while the real part of equivalent
permittivity crosses the x-axis at the frequency corresponding the ab-
sorption peak, which means the excitation of electric resonance.
Meanwhile, at the frequency of the absorption peak, both the real and
imaginary part of the equivalent permittivity and permeability are
equal, proving once again the nearly perfect impedance matching and
near unity absorption.

In order to gain more insight into the physical mechanism of ab-
sorption, we also studied the distribution of electric field, surface current
of the proposed SMDDF at the center frequency 1.8768 THz. Fig. 4(a),
(b) and (c) shows the distribution of surface current on the top pattern
layer, on the GPL and on the bottom gold plate, respectively. It is
obvious that, the induced surface currents on the top layer are much
stronger than those on the GPL and the bottom gold plate, which in-
dicates again the absorption is dominated by the excitation of electric
resonance. It is the combined action of electric and magnetic resonances
that result in the perfect absorption. The corresponding distribution of
electric field component E, on the three layers is shown in Fig. 4(d), (e)
and (f), indicating the excitation of electric dipole resonance along the
top gold pattern, the local surface plasmon resonance (LSPR) along the
graphene, and the weaker propagating plasmon resonance (PSPR) along
the bottom gold plate. These types of resonant electric fields which will
couple strongly with the incident electric fields, trapping the incident
electromagnetic fields into the proposed absorber to form perfect
absorption.

80F  -e-Im(uy)
= Im(sq)

. of E 60
g -10f B 30
T 20} ED 40
~ 30l --Re(ug) ) 30
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Fig. 3. (a) Spectral curves of absorbance (red), reflectance (black) and trans-
mittance (blue), (b) real (red) and imaginary (black) parts of the effective
surface impedance, (c) absorbance with different graphene chemical potentials
and (d) absorbance with different graphene relaxation times, (e) real part of the
equivalent permittivity (red) and permeability (blue), (f) imaginary part of the
equivalent permittivity (red) and permeability (blue). (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Upper panel: distribution of the induced surface current on (a) the top
pattern layer and (b) the GPL, (c) the gold bottom plate. Lower panel: distri-
bution of the induced electric field component E, on the corresponding layers.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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3.2. Function of polarization conversion

When VO, is in the insulating state and the Fermi energy level of GPL
is set to 0 eV, both the effect of VO, and GPL on the property of the
proposed SMDDF can be neglected [40]. As a result, the overall structure
becomes anisotropy, and which will make the proposed SMDDF behave
as a reflective LPC. We can use the eigenmode decomposition to explain
the working mechanism of the polarization conversion, as shown in
Fig. 5(a). We first decompose the incident electric field E; into two
orthogonal components E; and E; along the u and v axes. Then the
electric field component of the incident EM wave can be expressed

as Fi = UEy + VEy, and the corresponding reflected electric field can

be written as f, = UrwEw + V1wEy, where ry, and ry,, are the reflection
coefficients along the u-axis and v-axis, respectively. Because of the
anisotropy of the metasurface, the amplitude r,(r,,) and the phase
¢uu( @y, of the two orthogonal reflection components will change when
the polarized EM wave illuminates the SMDDF normally. When |r,| ~ |
rwl and A¢ = ¢, — ¢,, = £180°, the synthesis direction of E,, and E,,
will be along the x-axis direction, namely, the incident y-polarized wave
will be converted to the reflected x-polarized wave. In other words, cross
polarization conversion of linearly polarized EM wave is achieved. Fig. 5
(b) shows the reflection amplitude as well as the phase difference when
the incident EM wave is polarized along the u-axis and v-axis, respec-
tively. It can be found that in a wide frequency range, the amplitudes of
ry and ry, are almost equal and the phase difference A¢ is about 180°,
which agrees with the above theoretical prediction, indicating a better
function of linear polarization conversion.

Fig. 5(c) shows the co-polarization reflection coefficientry, and
cross-polarization reflection coefficient r,, from which one can find that
ryy is lower than 20 % while ry, is >90 % in a wide frequency range of
interest. Especially, there are three reflection dips in the spectral line of
co-polarization coefficient r,, indicating that most of the reflected wave
is the x-polarized component. In terms of the symmetry of the structure,
similar results will be obtained for the x-polarized incident EM waves.
To further study the polarization conversion capability of the proposed
SMDDF, the polarization conversion ratio (PCR) is calculated from the
following formula [12]:

(=]

L
n

(=2

(=]

Difference (deg.)

©)1.0——mm—
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Fig. 5. (a) Diagram of eigenmode decomposition, (b) amplitude and phase
difference of the reflection for u- and v-polarized EM wave, (c) simulated (solid)
and calculated (dashed) amplitude of two orthogonal reflected waves polarized
along the x-axis and y-axis when the incident EM wave is polarized along y-axis,
and (d) polarization conversion ratio (PCR).
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|rxy}2
PCR= 2L 6
ol + [
As shown in Fig. 5(d), the PCR is >90 % in the frequency range of
2.12-3.58 THz, and it will close to 100 % at the three resonance fre-
quencies of fi = 2.22 THz, f» = 2.59 THz, and f; = 3.34 THz, respec-
tively. In practical applications, broadband polarization converters are
favored, for which the relative bandwidth (Wgg) is a key criterion, and it
can be estimated between the lowest frequency fi» and the highest

frequency fna limited by the desired PCR in terms of Wrg = W

[42]. The calculated Wgg is close to 51.23 %, indicating a broadband
conversion property. Meanwhile, it is well-known that the multi-
reflection interference theory (MRIT) can be used to check the correct-
ness of the simulation results and to interpret the background physical
mechanism of the polarization conversion [43,44]. The calculated re-
sults using MRIT are also shown in Fig. 5(c), which agree well with the
simulation results, indicating the correctness of our simulations.
Furthermore, the polarization properties of EM waves can be
described by the polarization azimuth angle ¢ and ellipticity y [45]:

1 (2kcos(¢)

v =5 (ﬁ) @
_ 1. (2ksin(¢)

r= ( 1142 ) ®

where k = |ry|/Iry,l, ¢ represents the phase difference between the
cross- and co-polarization reflection coefficients. The parameter ¢ rep-
resents the rotation angle of the reflected EM wave with respect to the
incident one, while y denotes the polarization state of the reflected EM
wave. If y = 0°, it means that the reflected wave is still a linear polari-
zation EM wave, otherwise it is in other polarization states. If y = 0° and
@ = 90°, it indicates that the y-polarized wave can be converted to x-
polarized wave. In addition, polarization extinction ratio (PER) [46] is
also a key parameter used to weigh the polarization conversion ability:

PER = 10><log(}rxy|2/|rw|2> ©)

Besides, as a reflective LPC, it not only requires higher PCR, but also
needs to make better use of EM wave energy. Therefore, the energy
absorbance and the energy conversion ratio are also considered, which
can be defined as A=1—|ry|*— |ny|* and ECR = |ry|* +|r,[°
[46,47], respectively. As shown in Fig. 6(a) and (b), we can see clearly
that the polarization azimuth angle ¢ is about 90° in the frequency range
of 2.12-3.58 THz, and the corresponding ellipticity y is close to 0°,
which means that the reflected wave is still a linearly polarized EM wave
but is rotated by 90° with respect to the incident wave. These results
again verify the effectiveness of our design in the function of polariza-
tion conversion. As shown in Fig. 6(c), the PER is >22 dB in the fre-
quency range of interest, which indicates the better extinction
performance and the potential application prospects. In addition, as
indicated in Fig. 6(d), the energy absorbance is below 21.8 % in the
frequency range of high efficiency polarization conversion, and the
energy conversion ratio ECR is >90 %, which represents that the pro-
posed SMDDF can reflect almost all of the incident EM waves without
excessive losses and has a higher efficiency of energy utilization.

In purpose to better elucidate the physical mechanism of the polar-
ization conversion, we discuss the distribution of surface currents. As
shown in Fig. 7(a), for the incident y-polarized EM waves at frequency of
fi =2.22 THz, the currents on the left upper arm and right lower arm of
the gold pattern flows in the opposite direction to those on the bottom
metal plate, it will excite an induced magnetic field H;. As shown in
Fig. 7(b), H; can be decomposed into two orthogonal components Hjy
and Hy,. Because the component Hy, is parallel to the incident electric
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(a)100 ®) 50 at f, = 2.59 THz and f3 = 3.34 THz can be well interpreted. In brief, it is
= the electric and magnetic resonances that act together to form the
g’ T @ 0 broadband cross-polarization conversion.
:é 60 % 30
gﬂ 0 E 50 4. Parameter dependency of the proposed SMDDF
E =Y
% 20 =10 Geometric tolerances introduced by the actual processing of the
< N ) . X 0 device are unavoidable, thus it is essential for us to study the effects of
20 25 s (%1(-)12) 35 40 z small changes of some key structural parameters on the performance of
the proposed SMDDF. As shown in Fig. 8(a) and (b), the slight change of
(© 2'3 ] @ the radius r of the circular holes on the graphene and the slight change of
éo L 0.8 the center distance of the two adjacent circles k will not bring obvious
& 10f Boe changes in the overall absorption property. Therefore, the use of GPL
i’ 0 = can effectively improve the overall absorption performance, but some
=0 Zo4 slight changes in the shape of the pattern of GPL can hardly change the
20 02 overall performance.
30 We next discuss the effects of parameters [, [ and p on the separate
'4%0 25 30 35 4.0 08_0 s 30 35 7.0 performance. From Fig. 9(a)-(d), it can be seen that as [; changes from
S(THz) S(THz) 8.90 pm to 9.10 pm or I, varies from 6.8 pm to 7.2 pm, the performance

Fig. 6. Dependence of (a) polarization azimuth angle ¢, (b) ellipticity y, (c)
polarization extinction ratio PER, and (d) energy absorbance A and energy
conversion ratio ECR on the operating frequency.

is basically stable no matter the proposed SMDDF is operated as a MA or
as a LPC. The negligible slight shift of the spectral lines can be explained

field Ejy, the cross-coupling between them will lead to the conversion @19 @10

from incident y-polarization waves to reflective x-polarization waves. s 08

However, the component Hiy is parallel to the incident magnetic field g 0.6 g 06

Hiy, it cannot generate cross-polarized waves. In addition, the induced ‘x; ?8-

current on the center cross-shaped part of the gold pattern can excite = & _ jg:‘s‘ L‘m 7 0 :ijﬁ; Eg:

electric resonance to generate the induced electric field E;. By decom- 02 s . 02 ! I

posing E; into orthogonal components E;, and E;,, we can find that the - —r=3.8um - —k=10.2 pm

component E;, is perpendicular to the incident electric field E;y, which L5 1.7 1.9 2.1 23 15 1.7 1.9 2l 23
f(THz) f(THz)

can further enhance the polarization conversion. In terms of the similar
mechanisms, as depicted in Fig. 7(c)-(f), cross-polarization conversion

Fig. 8. Effect of parameters r and k on absorption (a, b) performance.

Top layer Bottom layer Conversion principle

(@)
222 THz

(c) 5
2.59 THz i

’

©

3.34 THZ|

Fig. 7. Distribution of the surface current along the top layer and the gold bottom plate under the normal incidence of y-polarized wave: (a) fi = 2.22 THz, (c) fo =
2.59 THz, (e) fs = 3.34 THz; (b), (d) and (f) are respectively the corresponding polarization conversion principle. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Effect of parameters [;, [ and p on the performance of absorption (a, c, ) and polarization conversion (b, d, f).

by the distribution of electric fields and surface currents discussed
above. However, as indicated in Fig. 9(e), when the proposed SMDDF is
operated as a MA, with the increase of parameter p from 30 pm to 32 pm,
the absorption peak will have an obvious redshift together with the
decrease of absorption intensity due to impedance mismatch. If it is
operated as a LPC, as shown in Fig. 9(f), the increase of parameter p has
almost no clear effect on the overall PCR band. Based on these results,
we choose l; =9 um,l; = 7 ym and p = 30 pum as the optimized values.

The effects of parameters d and g have also been studied. As shown in
Fig. 10(a) and (c), when these two parameters are changed, the ab-
sorption spectra remain unchanged. It is because that, as shown in Fig. 4,
the electric field is mainly distributed on the upper and lower sides of the
gold-VO,, pattern, which is not dependent on the above two parameters.
However, they will clearly affect the PCR spectra when the proposed
SMDDF is operated as a LPC, as shown in Fig. 10(b) and (d). On the one
hand, this can be well interpreted from the distribution of surface cur-
rents shown in Fig. 7. On the other hand, increasing d means the
decrease of equivalent inductance originated from the gold strips and
increasing g means the decrease of equivalent capacitance originated
from the two gaps embedded with VO,. Therefore, according tof =
1/(27/LegCef), the spectral lines of PCR will move towards higher
frequency [12]. As a result, we selectd = 1.9 ym and g = 2.1 ym as the
optimal values. Finally, we discuss the effects of the thickness of upper
dielectric layer t3 on the device performance. As shown in Fig. 10(e),
with the variation of t; from 3.8 pm to 4.2 ym with a step of 0.1 pm,
there is a slight blueshift in the absorption spectra. It is because that,

with the increase of the spacing between the top gold-VO; pattern layer
and the GPL, the equivalent capacitance between the top and bottom
plate of the structure will be decreased, thus leading to the slight blue-
shift of absorption spectrum to higher frequency. However, when the
proposed SMDDF is operated as a LPC, the PCR spectrum shows a slight
narrowing trend, which is easy to be understand. In this case, the effect
of graphene can be neglected because its chemical potential is 0 eV.
Then the increase of t3 is the same as the increase of t; or t3 + t5, which
means the increase of the overall thickness of the dielectric layers. As a
result, it will lead to the increase of the accumulated phase and optical
path when it propagates in the dielectric layer. As a result, it will reduce
the resonance frequency of the excited magnetic resonances and lead to
the redshift of the right two PCR peaks.

It is well-known that for a MA, polarization insensitivity and wide
incident angle characteristics are preferred. Fig. 11(a) and (b) depict the
dependence of the absorbance on the polarization angle and the incident
angle of the y-polarized incident EM wave, respectively. It can be
obviously seen that the absorbance is insensitive to the change of po-
larization angles because of the rotational symmetry of the structure.
Meanwhile, it can also keep at higher absorbance until the incident
angle is larger than 60°, indicating better property of wide incident
angle. Furthermore, when VO, is in insulating state, the proposed
SMDDF will be operated as a LPC. It can be seen from Fig. 11(c) that
when the polarization angle increases from 0° to 45° and then to 90°, the
PCR will change from nearly 100 % to 0 and then to nearly 100 % due to
the symmetry of the structure. From Fig. 11(d), it can be found that the
intensity and bandwidth of PCR remain almost unchanged when the
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Fig. 10. Effect of parameters d, g and t3 on absorption (a, ¢, e) and polarization
conversion (b, d, f) performance.

incident angle is increased from 0° to 15°. As the incidence angle

Diamond & Related Materials 136 (2023) 110060

continues to increase, the PCR spectrum will gradually split due to the
appearance of parasitic additional resonance and the increase of
diffraction effect [44].

In Table 2, we compared the results of this paper with the recent
reported researches to highlight the advantages and the novelty of the
proposed SMDDF. It shows that if the difficulty and cost of device
fabrication, the use of tunable materials, the unit cell size, the operating
bandwidth, the perfect absorption, and the high polarization conversion
efficiency are comprehensively considered, the SMDDF designed in this
paper is superior to those in the reported literatures. Therefore, the
proposed SMDDF can achieve dual functions of MA and LPC with
smaller cell size, higher absorbance/wider polarization conversion
bandwidth, and fewer structure layers, thus can facilitate the practical
applications.

5. Conclusion

In summary, we propose a bifunctional switchable metasurface
based on vanadium dioxide and graphene. By changing the state of
vanadium dioxide and controlling the chemical potential of graphene,
flexible switching of operating modes of absorption and cross-
polarization conversion can be achieved in the terahertz band. We
theoretically analyzed the principles of the working mechanism of the
two functions by simulating the distribution of surface currents and
electric fields, as well as the eigenmode decomposition. When VO, is in
the metallic state and the graphene chemical potential is set as 0.65 eV,
the proposed SMDDF behaves as a narrowband absorber with the peak
absorption >99.9 % at the resonant frequency of 1.8768 THz. When VO,
is in the insulated state and the chemical potential of graphene is set to 0
eV, the proposed SMDDF can achieve a broadband cross-polarization
conversion in the range of 2.12-3.58 THz with a relative bandwidth of
51.23 %. Then MRIT was applied to verify the correctness of the simu-
lation results. Furthermore, we discussed the effect of the geometric

(@) g (b)90
o0 =
_;g/75 o 75
2 60 <60
= )
g 45 £ 45
*é 30 _§ 30
15 E
[a )
0
(©)90 (d)90
2'75 e
~ <
%;060 560
= 45 245
Q -
'§ 30 § 30
515 215
[a
0
%0 20 25 30 35 40 °
Jf(THz)

Fig. 11. Effect of (a) polarization angle and (b) incidence angle on the absorbance when the proposed SMDDF is operated as a MA with VO, in the metallic state and
#. = 0.65¢eV; (c) and (d) are the corresponding cases of PCR when the proposed SMDDF is operated as a LPC with VO, in the insulating state and p. = O eV.
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Table 2
Comparison with recent reported multifunctional metasurfaces.
Refs. Functions Results Cell size (pm) Materials Layers
Frequency (THz) A/PCR
[24] Abs 0.677 >90 % 200 VO, 6
Abs 0.393-0.897 >90 %
[23] Abs 1.37 ~100 % 40 Graphene & VO, 5
Abs 1.05-2.35 >90 %
[22] Abs 2.5 >90 % 40 VO, 6
PC 2-3 >90 %
[42] Abs 0.52-1.20 >90 % 150 VO, 6
PC 0.42-1.04 >90 %
This work Abs 1.8768 >99.9 % 30 Graphene & VO, 5
PC 2.12-3.58 >90 %

Abbreviations: Abs — absorption; PC — polarization conversion; A — absorbance; PCR — polarization conversion ratio.

parameters, the incident angle as well as the polarization angle on the
performance of the two functions. The proposed metasurface has the
advantages of switchable functions and simple structure compared to
some other reported results, which makes it have potential applications
in terahertz absorption, polarization conversion, modulation, and
imaging.
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