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We proposed a multifunctional terahertz metasurface based on a double L-shaped pattern and a vanadium dioxide (VO,) film
separated by polyimide. When the VO, film is an insulator, a dual-band electromagnetically induced transparency effect is
obtained, and the physical mechanism is investigated based on the current distribution and “two-particle” model. When the
VO, film is a metal, a dual-band linear-to-circular polarization converter, in which the y~polarized linear wave can be effec-
tively converted to left-handed circularly polarized (LCP) and right-handed circularly polarized simultaneously in different
bands, can be achieved. By arranging the metal pattern rotating 30°, a multifunctional antenna can be obtained. When the
V0, is an insulator, the radiation of the LCP wave is divided into four beams, with two beams reflected and two beams
transmitted. When the VO, is in the metallic state, we can only get the co-polarized reflected wave with a 21° angle.
Moreover, in our design, the VO, film does not need lithography to obtain certain patterns, which improves the convenience
of fabrication and experiment. Our design opens a new way for the development of multifunctional terahertz devices and
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1. Introduction

With the rapid development of terahertz (THz) science and
technology, THz devices have aroused great interests'' /. Meta-
surfaces with the properties of simple structure, easy manufac-
ture, low profile, and convenient integration'*”), have been
widely researched in THz filters®°!, perfect absorbers!!®11
polarization converterst' 2% modulators!'”!, wave-front
manipulation[ls‘lg], and anomalous reflection'?®’. However,
most reported THz metasurfaces are very limited, as their work-
ing frequency and functions are limited once they are fabri-
cated®"!. To realize multiple functions, researchers start to
design the novel metasurface structures. Gao et al.**! demon-
strated that an assembly of circularly polarized (CP) and linearly
polarized (LP) states can be simultaneously generated by a single
metasurface. Fan et al*®! investigated that the cross-polariza-
tion transmission coefficient of a tri-layer chiral structure meta-
surface is higher than 0.9 with a fractional bandwidth of 85.7%.
At the same time, multifunctional wave-front manipulation

© 2022 Chinese Optics Letters

013602-1

has potential applications in the terahertz communication field.

performance is verified. Li et al.®*! proposed the Ge,Sb,Tes
(GST)-based metasurface, which can operate as a quarter-wave
plate (QWP) and a half-wave plate (HWP) in the amorphous
and crystalline state for the GST, respectively. Zhang et al.l*”)
integrated graphene into a metasurface and realized a bi-func-
tional switchable polarization converter between the QWP
and HWP. Peng et al.'*! designed a multifunctional device with
switchable absorption and polarization conversion modes by
combining graphene, in which the 90% absorption is 79.5%,
and the polarization conversion ratio is larger than 90%.
Song et al.'*'! presented a bifunctional design of a broadband
absorber and a broadband polarization converter based on the
insulator-to-metal phase transition of vanadium dioxide (VO,),
in which the 90% absorption bandwidth and 90% cross-
polarized reflectance are 79% and 85%, respectively. Li et al.'*”)
combined VO, and graphene to design an actively reconfigur-
able THz functional device with tunable absorption and electro-
magnetically induced transparency (EIT) window effect.
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In this work, a multifunctional THz metasurface device based
on VO, is proposed. When VO, is an insulator, transparency
windows at 0.4465 THz and 0.639 THz are achieved due to
destructive interference. When VO, is metal, the y-polarized
wave can convert into the left-handed CP (LCP) wave and
the right-handed CP (RCP) wave at 0.3-0.42 THz and 0.72-
0.92 THz, respectively. Moreover, the effects of the incident
angles and geometric parameters are also investigated. In addi-
tion, the proposed metasurface structure can be combined with
Pancharatnam-Berry (P-B) phase to obtain the transmitted and
reflected planar-array antenna. More interestingly, VO, in our
design is a film that does not need lithography to obtain a certain
pattern, which improves the convenience of fabrication and
experiment. Our work provides an effective design of a multi-
functional device in the THz region that has broad application
in the communication system.

2. Design and Result

Fig. 1(a) illustrates the sketch view of our proposed THz multi-
functional metasurface. As depicted in Fig. 1(b), the unit cell
consists of three layers: two L-shaped metal patterns, polyimide,
and VO, film. The parameters are listed in Table 1. The metal
is aluminum with the conductivity of ¢ =3.56 X 10’ S/m in
200 nm thickness on a 50 pm thick polyimide. The middle
layer is polyimide with the permittivity of ¢ = 3.5 and the loss
tangle of 0.002. For the 200 nm thick VO, film, the insulator-
to-metal transition properties of VO, can be described by differ-
ent values of conductivity to realize the switchability of multiple
functions'*"*”~*2], In our research, the conductivity of VO, is set
as 200 S/m and 2 X 10° S/m to mimic insulating state and met-
allic state, respectively!?”*']. In the following, we will show the
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Fig. 1. (a) Sketch view and (b) unit cell of the proposed multifunctional device.

Table 1 Parameters of EIT and Polarization Converter?.

L1 Lz W1 Wz G

125 155 25 30 60
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multifunctional properties of the designed metasurface based on
the tunability of the VO,.

2.1. Dual-band EIT and linear to circular polarization
converter

Figure 2(a) displays the scheme of the dual-band EIT and linear-
to-circular polarization converter. Figure 2(b) shows the trans-
mission of the proposed structure in Fig. 1 when the VO, is in
the insulating state. A dual-band EIT effect is obtained in the two
frequency bands: 0.35-0.5 THz and 0.6-0.85 THz, shown as a
black curve in Fig. 2(b). To show the dual-band property, the
spectra of the unit cell with the single small and large L shapes
are represented by the dotted line and the dashed line, respec-
tively. It is clear that the EIT effect appears both for the small
L and the large L structures. The EIT peaks are located at
0.575 THz and 0.517 THz for the small and the large L structure,
respectively. When we combine the two L shapes together, the
dual-band EIT effect occurs. As the two excited L elements are
weakly hybridized, the two EIT modes are close to their initial
frequencies®***],

To show the physical mechanism behind the dual-band EIT
effect, the surface current distribution at the two transmission
peaks f, = 0.4465 THz and f, = 0.639 THz is given in Fig. 2(c).
It is seen that the two L shapes are excited strongly by the inci-
dent field at f,, and an out-phase resonance appears. Therefore,
the high transmission peak appears at f, = 0.4465 THz*!. For
the EIT peak at f, =0.639 THz, the destructive interference
between scattering electromagnetic fields of the two resonators
occurs, and most energy is located at one arm of each resonator.
It is worth noting that the current flows in opposite directions on
the metal arms parallel to each other. Hence, the radiation loss of
the metasurface is reduced significantly, and the transmission is
enhanced*®’.

To further support the above assertion, the “two-particle”
model is used to quantitatively describe the dual-band EIT
effect. Here, two particles marked 1 and 2 represent the small
and large L shape, respectively, which meet the following differ-
ential equation®”*!;

X7 (1) 4 12, (1) + 0fxi (£) + Kxy(8)
= qEox; (1) + 725, () + (0 + 20)°x,(1) + Kx, (1) =0, (1)

where x;,7; (i = 1 or 2) are the amplitude and corresponding loss
factor of particle 1 and particle 2, § and k indicate the detuning
frequency and coupling strength coefficient, and w, and q sig-
nify the frequency and coupling strength of the higher resonance
dip with the incident wave E,,.

The simplified transmission for Eq. (1) can be obtained as

4/ Xer 1
(Va4 1) RV (g T -1 e e
(2)

IT|=
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Fig. 2. (a) Scheme of the dual-band EIT and linear-to-circular polarization converter. (b) Transmission curves for the metasurface with the double L (black solid),
the small L (blue dotted), and the large L (red dashed) shapes when V0, is in the insulating state. The cross symbol denotes the fitted result based on the “two-
particle’ model. (c) The surface current distribution at the two transmission peaks.

where d is the thickness of the structure, 4, is wavelength in the
vacuum, and x.g indicates the effective electric susceptibility of
EIT effect and is expressed as

_P_ 7
_80Eo _5'0 k*— [CU2 — (g —5)2 - 1'}’260][602 —(wyg —5)2 - 1'7160]’

(©)

w®— (@ —5)2 —iy,®

Xeff

where, P is effective polarization of the metamaterial, and ¢, rep-
resents permittivity in vacuum.

To verify the “two-particle” model of the dual-band EIT, two
transparency windows are fitted separately and combined to
form the complete curve. For the fitted analytical curve of
two EIT bands, we get y; =0.1784, y, =0.0141, g =0.6546,
k=0.1686, and §=0.9138. As for the second band, we set
71 =0.129, y, = 0.166, g = 0.55, k = 0.36, and 6 = 0.045. All of
the parameters above are in THz. The fitted curve (the green dots)
is displayed by the cross symbols in Fig. 2(b). It is almost the
same as the simulated curve, which demonstrates that the “two-
particle” model can be used to explain the dual-band EIT effect.

The proposed unit cell structure behaves as a linear-to-
circular polarization converter after the insulator-to-metal
transition process. As demonstrated in Fig. 3(a), for the normal
incident y-polarized wave, the reflective wave of the converter
can be expressed as***"!

Er = Exrex + Eyre = |ny|ei(pxyExiex + |Ryy|ewnyyiey» (4)

where Ry, and R, represent the reflection coefficient of the y—y
and x—y polarization conversion, respectively. Correspondingly,

@,y and @, are their reflection phase. We can get the Stokes

parameters as follows>**!];

I= |Ryy|2 + |ny|2’
U =2|R,,[|R,,| cos Ap,

Q= |Ryy|2 - |ny|2>
V =2|R,[[R,,|sin Ag,

where Ap = ¢, — @,,. When |R, | =|R,,| and Ap =2nz +7
(n is an integer) are satisfied simultaneously, the perfect
linear-to-circular polarization conversion can be achieved. The
normalized ellipticity is defined as y =¥ to characterize the
polarization conversion performance of the designed structure,
where y = +1 and y = —1 indicate the perfect LCP and RCP
waves! 74,

The amplitude and phase shift of the reflection are plotted
in Figs. 3(a) and 3(b). The phase difference of two components
(R,, and R,,) is denoted by the black solid curve in Fig. 3(b). As
the shadows mark, we can see that the R, is approximately equal
to R, and Ag ~ +90°, + 270° in the ranges of 0.3-0.42 THz and
0.72-0.92 THz. Based on the equation mentioned above, the
normalized ellipticity is plotted in Fig. 3(c). The ellipticity is less
than —0.88 in the frequency range from 0.3 THz to 0.42 THz (the
gray shaded region), suggesting that the LP wave is converted
into an LCP wave. At the same time, the ellipticity is due to
the opposite direction of the current on the two L shapes, and
the electric dipole moments on both elements are canceled by
each other, nearly +1 in the frequency range from 0.72 THz
to 0.92 THz (the yellow shaded region), meaning that the
RCP wave is obtained. Therefore, the proposed structure has the
dual-band linear-to-circular converter performance, with one
band showing linear to LCP, and the other band showing linear
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Fig. 3. (a) Reflection of R, and Ry,. (b] The phase and phase difference for the reflection of Ry, and R,,. (c] The calculated ellipticity of the polarization conversion.

to RCP. The average converting efficiencies of the first and sec-
ond bands are 68.7% and 94.5%, respectively.

2.2. Multifunctional metasurface antenna

Figure 4 shows the sketch map and basic unit cell of the multi-
functional metasurface antenna with the parameters set in

LCP
(reflection)

RCP

LCP !

Insulating

(transmission)” (transmission)
icx=0" ia=30° o=60° I o=90° i o=120° I o=150°

Fig.4. Sketch map of the planar-array antenna and elements of each column.

Table 2. On the top layer, two L shapes form the unit. The bot-
tom layer is still made of VO,. Different from the previous
design, the 30° rotation angle difference is given between the
two adjacent unit cells. Figures 5(a) and 5(c) show the transmis-
sion and phase of the cross polarization when the VO, is in the
insulating state. In the insert, the simulated unit cells rotate
counterclockwise from 0° to 150° with an interval of 30° and are
represented by different colors from black to pink. Figures 5(b)
and 5(d) show the reflection and phase of the co-polarization
when the VO, is in the metallic state. From Figs. 5(a) and
5(b), we can nearly get the same transmission and reflection
of the CP wave!*>*® for the rotation unit cells with an interval
of 30°. While in Figs. 5(c) and 5(d), the phase responds as the
P-B phase!®?! with phase difference of 60° between adjacent cells.

Considering the P-B phase, 60° phase difference for the six
rotation elements could cover the 360° phase. The six rotation
units are periodically arranged on the x axis. The abnormal
reflection or transmission angles are determined by the gener-
alized Snell’s law'*’ ") expressed as

Table 2 Parameters of Planar-Array Antenna®.

Ly L W W,

145 125 30 25

“Unit: pm.
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Fig. 5. (a) Transmission and (c) phase of cross polarization for VO, in the insu-
lating state. (b) Reflection and (d) phase of co-polarization for VO, in the
metallic state.

LA
0,/ = arcsin r (5)

where A and I are the wavelength in the free space and the total
length of the structure covering the 360° phase, respectively. At
a certain frequency, the abnormal angle 0, or 6; relies on I.
Figure 6 shows the three- and two-dimensional radiation pat-
tern at 0.52 THz when VO, is an insulator. We can see that the
radiation energy is mainly divided into four beams under the
LCP wave normal incidence. The reflection beams towards
0° and 21° are the RCP and LCP waves, respectively. The RCP
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Fig. 6. (a) Three- and (b) two-dimensional radiation pattern of the reflected
beam. (c) Three- and (d) two-dimensional radiation pattern of the transmitted
beam for VO, in the insulating state.
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Fig. 7. (a) Three- and (b) two-dimensional radiation pattern of the reflected
beam when VO, is in the metallic state.

wave is reflected directly, as there is no gradient phase in the
cross polarization of the reflected wave. As for the LCP wave,
we can calculate the abnormal angle 8, = 21.2° based on Eq. (5),
which is consistent with the simulated result. The transmission
wave is also divided into the LCP wave and RCP wave with
angles of 180° and 159° due to the absence of the gradient phase
for the LCP wave. Therefore, when VO, is an insulator, the radi-
ation of the LCP wave can be divided into four beams with two
beams reflected and two beams transmitted!*'). These properties
can be used as multifunctional antennas for CP waves.

When VO, shows a metallic state, the bottom layer acts as
a metal mirror. Figures 7(a) and 7(b) demonstrate the three-
and two-dimensional radiation pattern of the reflected beam
at 0.52 THz. It is obvious that the co-polarized LCP wave is
reflected with a 21° angle®*, which is in agreement with the cal-
culation result of 6, = 21.2° based on Eq. (5). The reflected beam
of the cross polarization is very weak, as the incident wave hardly
undergoes polarization conversion.

3. Conclusion

To summarize, a multifunctional THz metasurface is presented
based on the insulator-to-metal phase transition property of
VO,. When VO, is an insulator, a dual-band EIT window
appears at 0.4465 THz and 0.639 THz for the TE polarization.
Based on the current distribution and “two-particle” model, the
physical mechanism of the dual-band EIT effect has been dem-
onstrated. When the VO, is a metal, the proposed metasurface
behaves as a dual-band linear-to-circular polarization converter.
The y-polarized linear wave can be effectively converted to
LCP and RCP in the frequency range of 0.3-0.42 THz and
0.72-0.92 THz, respectively.

By arranging the six unit cells with the metal pattern rotating
30° a multifunctional metasurface antenna can be obtained.
When VO, is an insulator, the radiation of the LCP wave can
be divided into four beams with two beams reflected and two
beams transmitted. The simulation results are in agreement with
the theoretical calculations. When VO, is in a metallic state, we
can only get the co-polarized LCP wave reflected with a 21° angle
at the same radiation frequency. Moreover, in our design, the
VO, film does not need lithography to obtain certain patterns,
which improves the convenience of fabrication and experiment.
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Our design opens a new way for the development of multifunc-
tional THz devices and has potential applications in the THz
communication field.
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