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The terahertz technology has attracted considerable attention because of its potential applications in various fields.
However, the research of functional devices, including polarization converters, remains a major demand for practical ap-
plications. In this work, a reflective dual-functional terahertz metadevice is presented, which combines two different polar-
ization conversions through using a switchable metasurface. Different functions can be achieved because of the insulator-
to-metal transition of vanadium dioxide (VO;). At room temperature, the metadevice can be regarded as a linear-to-linear
polarization convertor containing a gold circular split-ring resonator (CSRR), first polyimide (PI) spacer, continuous VO,
film, second PI spacer, and gold substrate. The converter possesses a polarization conversion ratio higher than 0.9 and a
bandwidth ratio of 81% in a range from 0.912 THz to 2.146 THz. When the temperature is above the insulator-to-metal
transition temperature (approximately 68 °C) and VO, becomes a metal, the metasurface transforms into a wideband linear-
to-circular polarization converter composed of the gold CSRR, first PI layer, and continuous VO, film. The ellipticity is
close to —1, while the axis ratio is lower than 3 dB in a range of 1.07 THz-1.67 THz. The metadevice also achieves a large

angle tolerance and large manufacturing tolerance.

Keywords: metasurface, polarization conversion, vanadium dioxide, dual-functional
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1. Introduction

Terahertz waves in the region between the microwave and
infrared frequency regions have high potential applications in
future communication networks, such as sixth-generation (6G)
systems.!!l The ability to manipulate terahertz waves freely
and flexibly has aroused considerable interest in basic and
applied studies. In recent years, metasurfaces have attracted
increasing attention because of their planar geometries, sim-
ple designs, and outstanding controls over the counterparts
of electromagnetic fields. Metasurface structures are funda-
mentally different from traditional optical elements, which are
usually curved and spatially extended (i.e., bulky) in shape.
Therefore, metasurface-based devices are surface-limited to
subwavelength thickness, providing a new route to the realiza-
tion of very intensive integration and miniaturization in pho-
tonics. Numerous attractive applications have been realized
through designing the metasurfaces, including surface wave
couplers,[?! focusing lenses,*! optical imaging,[*! broadband
absorbers, > wave plates,[G] and polarimeters. (71

The manipulation of the polarization and the trans-
mission characteristics of electromagnetic waves have been
demonstrated in microwave, 8! terahertz,>'9 infrared,!'!]

and optical'?! frequency regions.  Traditional polariza-
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tion modulation elements including optical gratings!'?! and
dichroic crystals!'¥ usually provide narrow operation fre-
quency bands. Wideband characteristics of the reported ele-
ments are achieved by stacking various structures with differ-

(151 or by forming a gradient in the

ent resonant frequencies
dichroic crystal.!'®) However, these designs for wideband re-
sponses lead to bulky three-dimensional (3D) devices, which
hinders the device from integrating, thereby increasing the
complexity, and leading the manufacturing cost to increase.
The interaction of terahertz waves with metasurfaces en-
ables the modulation of the polarization by changing the phase

[17.18] This can be used to construct polar-

of the incident wave.
ization converters, including linear-to-linear (LTL), linear-to-
circular (LTC), and left-to-right or right-to-left circular polar-
ization converters. Most of metasurfaces have been proposed
to perform only one function at the operation frequencies,
while the freedom and flexibility of metasurface design enable
the manufacture of universal polarization converters which is
advantageous for device applications with miniaturization and
integration. Different types of polarization-manipulated meta-
surfaces have been designed to provide similar or identical
functions. Thus, the effective integration of different functions

into a single metasurface has attracted considerable attention,

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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particularly in the terahertz region.

To achieve different functions, the metasurface can be
combined with functional materials, such as phase-change
materials. Tunable metasurface structures based on differ-
ent materials (including graphene,!'%2% VO,,[2!l and Dirac
semimetals(>?l) have been extensively investigated. Among
them, VO, exhibits a reversible insulator-to-metal (ITM) tran-
sition by stimulations of electric, thermal, and optical prop-
erties. The conductivity of VO, can vary by four or five or-
ders of magnitude during the ITM transition,>>] making
it a superior choice for the development of tunable terahertz
metasurface devices. The phase transition occurs on a time

[26] Numerous intriguing applica-

scale of few femtoseconds.
tions based on VO, have been proposed and experimentally
investigated for optical devices, including absorbers, modu-
lators, and filters. However, in the terahertz frequency band,
the dynamic operation of composite metasurfaces with multi-
functional properties has rarely been studied. Therefore, two
or more different functions are expected to be integrated into a

[2728] For the design of switch-

single metasurface structure.
able terahertz metasurface devices, Ding et al. designed a
metasurface combining an absorber and half-wave plate based
on the ITM transition of VO,.?! Wang et al. developed a tun-
able dual-functional terahertz metasurface structure by using
Dirac semimetal films and VO,.3% Chen and Song introduced
a VO, film into a multi-layer structure to realize the two func-
tions of perfect absorption and high transmission through us-
ing the ITM phase transition of VO,.[?%! Recently, we reported
a single metasurface structure to realize broadband absorption
and LTC polarization conversion through using the ITM tran-
sition of VO,.[3! These reported devices with complex struc-
tures hinder the metadevices from being designed and fabri-
cated.

In this study, by combining a simple microstructure with
the phase transition of VO,, a dual-functional metadevice is
proposed based on a sandwich structure configuration. The
proposed metadevice can switch from LTL polarization con-
version to another function with LTC polarization conver-
sion by utilizing the ITM phase transition of VO,. Simula-
tion results indicate that the relative bandwidth of the pro-
posed metadevice used as an LTL converter and LTC con-
verter are approximately 81% and 44%, respectively. This
study provides a foundation for the design of switchable multi-
functional metadevices in the terahertz frequency band. The
structure can also be employed in other frequency regions by
changing the structure size.

2. Design of multi-functional metasurface device

Based on the concept of metasurfaces, a 3D schematic di-
agram of the designed tunable metasurface with different func-
tions operating in the terahertz region based on the I'TM tran-

sition of VO, is shown in Fig. 1. The metasurface consists of
different functional layers, including a periodic gold circular
split-ring resonator (CSRR), first dielectric layer, continuous
VO, film, second dielectric layer, and bottom metal substrate.

The metadevice is designed and the corresponding calcu-
lation is carried out based on the commercial software CST
Microwave Studio. The unit cell boundary conditions are set
to be in the x and y directions to simulate infinite arrays, and
the open boundaries are added in the z direction. The linearly
polarized plane wave travelling in the z direction propagates
through the entire structure. As shown in Fig. 1, the param-
eters of the unit cell are p, = py =80 pum, 13 = 10 um, £, =
1 um, t; =16 um, R = 30 um, w =3 um, and @ = 15°. The
top metal CSRR layer and bottom substrate are 0.2-pum-thick
gold layers each with a conductivity of 4.561 x 107 S/m.3%33]
The top CSRRs are aligned with a clockwise rotation of 45°
with respect to the y direction and periodically arranged in the
x and y directions. In the simulation, the first and second di-
electric layer are of polyimide (PI) with a dielectric constant
of & = 3.5 and loss tangent of § = 0.0027.13%]

Fig. 1. (a) 3D schematic diagram of design and (b) top view of split-ring
resonator.

The continuous VO, film of the metasurface can be fab-
ricated by the sol-gel method, which has a lower cost and can
be implemented in one process. Different preparation meth-
ods can be used, including vacuum evaporation, sputtering,
and pulsed laser deposition.3! Notably, unlike most of tera-
hertz metadevices combined with various materials and com-
plex microstructures, the proposed structure is simple to pro-
cess, mainly because it contains only the metal CSRRs and
continuous VO; film, which effectively reduces the complex-
ity of the metadevice.

The ITM transition characteristic of VO, in the terahertz
region can be determined by the Bruggeman effective medium
theory. A detailed description can be found in our previous
report.>!] In terahertz frequency band, the dielectric func-
tion in the insulating phase is ep = 9. And the dielectric
function in the metallic phase can be expressed as the Drude
model ey (®) = €. — @3 /(®*+i®/7), where @ is the angu-
lar frequency, €. is the high-frequency limit dielectric con-
stant, T = 2.2 fs is the carrier collision time, and wp is the
plasma angular frequency. When VO, material is in the insu-
lating phase, then €., = ep = 9. The VO, is modeled as a ma-
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terial with a conductivity of 6 = —igy@(ec — 1) at different
temperatures, *°] where ec is the dielectric function. 37381 At
room temperature, VO, exhibits insulating property in the ter-
ahertz frequency region. Thus, the metasurface can be equiva-
lent to an LTL polarization converter including the gold CSRR
structure, first PI layer, VO, film, second PI layer, and bot-
tom gold substrate. The incident linear terahertz wave can
be reflected and converted into a cross-linear terahertz wave.
In contrast, when the temperature increases above the phase-
transition temperature (approximately 68 °C in the heating
process), VO exhibits the I'TM transition and only the top part
including the top gold CSRR, first PI layer, and VO, continu-
ous film operates, which realizes a wideband LTC polarization

conversion.

3. Results and discussion
3.1. Reflective LTL polarization conversion

The LTL polarization conversion characteristics of the
dual-functional metadevice are verified when VO, can be
regarded as an insulator at a temperature of 28 °C. The
reg = |Ege|/|Egi| and rye = |Emy|/|Egi| are defined as the
co-(transverse electric (TE)-to-TE, y-to-y) reflection coeffi-
cient and the cross-polarization (TE-to-transverse magnetic
(TM), y-to-x) reflection coefficient related to the TE-polarized
incident field, respectively. The simulated reflection coef-
ficients of the TE-polarized terahertz wave at normal inci-
dence are shown in Fig. 2(a). The cross-polarization reflec-
tion coefficient rvg is higher than 0.9 in a frequency range
from 0.90 THz to 2.11 THz, while the co-polarized reflec-
tion coefficient rgg is lower than 0.3 on average. Thus, an
efficient polarization conversion can be achieved by the pro-
posed metasurface structure. The rgg values of the four reso-
nances at f; = 0.984 THz, f, = 1.362 THz, f3 = 2.012 THz,
and fi = 2.104 THz reach the local minima of approximately
0.03176, 0.00688, 0.01412, and 0.02242, respectively. The
above four resonance points correspond to the high value of
rMme. The polarization conversion ratio (PCR) is expressed as
PCR = r}/(ris + rag) to obtain the efficiency of polariza-
tion conversion.!8! Figure 2(a) also shows the simulated PCR
as a function of frequency. The PCR of the designed struc-
ture is above 0.9 in a range from 0.912 THz to 2.146 THz,
which indicates that more than 90% of the incident terahertz
TE polarization is converted into cross-polarized (TM polar-
ization) states. In this frequency range, the bandwidth ra-
ti0 (fimax — fmin)/[(fmax + fmin) /2] is approximately 81%. 3!
For the optimized structure, the PCR is higher than 0.9999
at the three resonance frequency points, which achieve the
perfect polarization conversion. The wideband performance
is provided mainly by the superposition of various resonance
modes.*?! The simulated PCR of the designed metadevice as

a function of temperature in the heating process is shown in
Fig. 2(b). When the temperature increases from room temper-
ature to the heating point temperature of 68 °C the metadevice
can be used as an LTL polarization converter and a very high
PCR (> 0.9) in a broadband frequency range can be obtained
When the tem-
perature is higher than the heating point temperature (around
68 °C), the VO, is in the metal phase, so that the wideband
LTL polarization conversion disappears. The PCR curve in the

and is accompanied with a slight change.

cooling condition is also simulated (not shown here). Notably,
the PCR does not significantly decrease with the temperature
decreasing. This originates mainly from the hysteresis of the
ITM transition characteristics of the VO, material.[3!]
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Fig. 2. (a) Frequency-dependent amplitudes of reflection coefficients ryg and
rgg and PCR for optimized metasurface structure. (b) Relationships between
PCR and frequency at different heating temperatures.

To better investigate the influences of the structural geom-
etry parameters on the polarization conversion performance,
the variations of the PCR with geometry parameters (thick-
ness #3 and width w) are shown in Fig. 3. The resonances of
the PCR spectrum are shifted toward lower frequencies with
the increase of thickness 3, i.e., a red-shift appears. In addi-
tion, the PCR increases when the frequency region is below
the second resonance, but decreases above the second reso-
nance. The size of the CSRR can be changed by adjusting its
width w. With the width w increasing from 1 um to 5 wm, the
second resonance shifts toward a lower frequency range, while
the first and third resonances are almost unchanged (Fig. 3(b)).
Moreover, with 3 and w changing, the overall bandwidth of
the PCR spectrum does not varies significantly.
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Fig. 4. (a) Simulated frequency-dependent contours of PCR evolving with
(a) polarization angle and (b) incident angle for TE polarization.

The variations of the performance of the designed LTL
polarization converter with the polarization angle and incident
angle are also investigated. Figure 4(a) shows the evolution

contour of the PCR when the polarization angle changes from
0° to 90° in steps of 5°. When the polarization angle ¢ of the
incident terahertz wave increases from 0° to 90°, the terahertz
wave polarization changes from TE polarization into TM po-
larization. The results indicate that the structure achieves the
same response to the incident terahertz waves with TE polar-
ization as that with TM polarization due to the symmetry prop-
erties of the designed metadevice. Figure 4(b) shows the PCR
of the TE-polarized terahertz wave as a function of frequency
and incident angle 6. During the simulation, 8 varies from 0°
to 85° in steps of 5°. According to the simulated results, the
PCR of the LTL polarization converter is still above 0.8 when
6 approaches to 60°. The main PCR peak narrows with the in-
crease of incident angle, while the corresponding PCR remains
high at larger incident angles. Some higher-order diffractions
appear due to the smaller ratio (1.7) of the operation wave-
length (136 um, 2.2 THz) to the structure period (80 pm).®]

3.2. Reflective LTC polarization conversion

The above wideband LTL polarization conversion de-
pends on the insulator state of VO, at 28 °C. When the tem-
perature is higher than the heating temperature point (approx-
imately 68 °C), VO, experiences an ITM transition and be-
comes metal, providing novel degree of freedom and excellent
performance for the control of the polarization state of tera-
hertz waves. Thus, only the top structure consisting of the gold
CSRR, first PI layer, and VO, continuous film in the metal
state operates. In the x—y coordinate system, the co-polarized
reflection coefficient rgg and cross-polarized reflection coef-
ficient ryg must be equal, providing a phase difference of
AQ = ovE — Qe = 2mm + /2 (m is an integer) for the func-
tion as an LTC polarization converter, with “—"" and “+” de-
noting the left-circular polarization and the right-circular po-
larization, respectively.[*! To achieve an efficient polarization
conversion in the metasurface structure, the reflection coeffi-
cients need to be as large as possible. As shown in Figs. 5(a)
and 5(b), when the temperature is approximately 78 °C in a
frequency band of 1.07 THz-1.67 THz, the reflection coef-
ficients rgg and ryg exhibit approximately equal intensities.
This implies that the TE-polarized incident terahertz wave can
be converted into TE and TM polarization component with the
same intensity. Furthermore, in the same frequency range, the
phase difference A¢ is approximately 90° for the TE-polarized
incident terahertz wave, which is necessary for right circular
polarization. The related geometry parameters are t3 = 10 pum,
tp=1wum,t; =16 um, R =30 um, and w = 3 pm.

The realization of LTC conversion can be indicated by
the ellipticity and axis ratio. The normalized ellipticity of
E = 2|rvg||reE| sin(A@) /(|rme|* + |ree|*) can be defined to
estimate the effect of the polarization conversion.!*?! An ideal
circularly-polarized wave has an ellipticity of 1. When E =
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—1, the reflected wave is right-circularly polarized. The re-
flected wave has left-hand circular polarization when E = +1.
An ellipticity larger than 0.90 is regarded as corresponding
to a circularly polarized wave.*3] Figure 5(c) shows the re-
lationship between the ellipticity and terahertz frequency. As
shown in Fig. 5(c), the ellipticity is close to —1 in a frequency
band of 1.07 THz-1.67 THz, which confirms that the reflec-
tive wave is right-hand circularly polarized. The bandwidth
ratio is approximately 44%. Notably, when the incident wave
is TM-polarized, the reflected wave has circular polarization
performances with almost the same bandwidth as but rotating
oppositely to the incident wave.
The axis ratio

AR = 10log;,(tan(0.5
x arcsin(2|rve||ree| sin(A@) /(Irvel* + |reel))))

is also used to evaluate the degree of circular polarization. [44]

Figure 5(d) shows the calculated results. The axis ratios of the
reflected wave are lower than 3 dB in a wide frequency band of
1.07 THz-1.67 THz, which indicates that the designed meta-
surface provides a good performance in the LTC polarization
conversion.

The energy conversion efficiency can also be expressed as
N = |rve|® + |rge|>.1*!! The efficiency of right circular polar-
ization is higher than 80% at the same frequency (results not
shown here). This demonstrates that the designed metasurface
possesses the high-efficiency conversion characteristics.

1.0

0.8

0.6

0.4

0.2

Reflection coefficient

16 20 2

oo
\

408 12

Frequency (THz)

Ellipticity

Frequency (THz)

0.4 08 12 16 20 2.4

The relationship between the ellipticity and structural pa-
rameters (¢; and w) is studied with normal incidence when the
temperature is 78 °C. Figure 6(a) shows the influence of the
first PI layer thickness #; on ellipticity when the other param-
eters are unchanged (13 = 10 um, t, = 1 um, R = 30 um, and
w =3 um). The bandwidth decreases as the thickness #; in-
creases from 14 um to 18 um. In addition, the intensity in-
creases slightly. The effect of the width w of the gold CSRR
on the ellipticity is also investigated. The relations between
the ellipticity and the terahertz frequency at different w values
are shown in Fig. 6(b) with #; = 16 um. As w increases from
1 um to 5 pm, the bandwidth of ellipticity gradually decreases,
while the intensity increases slightly.

Figure 7(a) shows the evolution contour of the axis ratio
when the temperature rises from 62 °C to 78 °C As shown
in Fig. 7(a), when the temperature is lower than 67 °C the
LTC polarization conversion reflection is almost unchanged.
However, the LTC polarization conversion reflection decreases
rapidly at temperatures higher than 67 °C due to the VO, film
changing from the insulator to the metal state. The AR of the
metasurface varying with incident angle 8 and frequency is
also investigated, and the results are shown in Fig. 7(b). The
designed metasurface can achieve a good circular polariza-
tion conversion performance in an ultrabroad band range as
6 varies from 0° to approximately 40°. When 0 is above 40°,

the reflected wave is circularly polarized only in two narrow
bands.
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Fig. 5. Stimulated frequency-dependent (a) reflection coefficients, (b) phases for the TE-polarized wave at normal incidence, (c) ellipticity, and

(d) axis ratio of metadevice.
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Fig. 7. Simulated frequency-dependent axis ratio varying with (a) heating temperature and with (b) incident angle.

Table 1. Comparisons between proposed device and other devices.

Ref. Functions Functional materials Microstructure Results
[29] broadband absorber and VO, two layers microstructure absorption: absorption > 90% in
HWP 0.562 THz—1.232 THz (74.7%);
HWP: efficiency exceeding 95% in the bandwidth of
0.49 THz.
[47] broadband absorber and VO, two layers microstructure absorber: absorption ~ 97.2% in
reflecting surface 0.535 THz-1.3 THz;
reflector: reflection > 80% in 0.5 THz— 1.3 THz
(88.9%).
[10] transmission and reflective Dirac semimetals and VO, three layers microstructure  transmission: PCR reaches 97.6% at 1.99 THz;
polarization converter reflection: PMR > 88% during 2 THz-3.55 THz
(55.9%).
[30] dual-directional absorber Dirac semimetal and VO,  two layers microstructure absorption: 98.2%;
and asymmetric transmis- LTL: asymmetric transmission parameter 0.6
sion
[31] broadband absorption and VO, two layers microstructure absorber: absorption >90% in 0.74 THz-1.62 THz
LTC (74.6%);
LTC: ellipticity reaches to —1 in 1.47 Thz-2.27 THz
(42.8%).
[48] LTC silica+InSb one layer microstructure transmission efficiency > 88% with E < —0.8 in
0.555 THz-0.737 THz (28.2%).
[49] LTL not tunable three layers microstructure ~ PCR is near 1 in 0.4 THz—-1.1 THz (93.3%).
[43] LTC graphene one layer microstructure ellipticity: 0.95 in 14 THz-40 THz (96.3%)
This work LTL and LTC VO, one layer microstructure LTL: PCR > 0.9in 0.912 THz-2.146 THz (81%);

LTC: ellipticity ~ —1 (AR < 3 dB) in
1.07 THz-1.67 THz (44%)

The recently reported VO,-based studies provide a prac-

tion of VO,-assisted metadevices has been reported.[*>461 A

tical guidance for our study. The dielectric material PI exhibits ~ thin VO, film is deposited on a PI substrate by using molec-

stable performances at different temperatures.'3> The fabrica-  ular beam epitaxy. Another thick PI layer is then introduced
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to the top of the VO, film. Subsequently, gold microstructures
are fabricated on the top of the PI layer based on traditional
lithography and metallization, forming gold CSRRs. The de-
sign method presented in this study offers a new approach to
the study of multi-functional metasurface-based devices inte-
grating completely different functions into a structure based
on the continuous VO, film.

The comparisons between the proposed device and pre-
vious published devices are conducted as shown in Table 1.
Some researches reported dual-functional terahertz metamate-
rial devices with absorber and polarization converter. Here, by
treating the IMT of VO, material, we realize the two functions
of LTL and LTC in a single metasurface device. Furthermore,
compared with the previously reported polarization convert-
ers, the proposed device possesses the advantages of efficient
linear-to-linear and linear-to-circular polarization conversion
through using the single metasurface structure.

The proposed structure has a wide range of practical ap-
plications. For example, in broadcast communication with the
mid-wave frequency band, linear polarization is usually used
to transmit information, while in many cases, circular polariza-
tion is generally used in complex climate environments. This
is mainly because the circular polarization has the advantage
of being easier to adapt to complex electromagnetic environ-
ment than linear polarization. The metasurface device can be
used to change the polarization of electromagnetic waves to
meet the needs of different communication scenarios. In ad-
dition, with the rapid progress of high-speed optical commu-
nication systems, increasing capacity has become a research
hotspot. Orbital angular momentum (OAM) generation is an
important application of metasurface and can be widely used
in mode division multiplexing of future communication. The
OAM generation can be realized by introducing gradient phase
discontinuity of the proposed metasurface structure.

4. Conclusions and perspectives

A dual-functional terahertz metadevice with wideband
LTL polarization conversion and LTC polarization conversion
in a single VO,-based metasurface structure is proposed. At
room temperature, VO, is dielectric. The design can be used
as a wideband LTL polarization converter under normal inci-
dence in the frequency band of 0.90 THz-2.11 THz. When
the temperature increases above 68 °C a wideband LTC po-
larization converter, converting a TE-polarized wave into a
right-hand circularly polarized wave, can be realized. In the
frequency band of 1.07 THz-1.67 THz, the ellipticity is al-
most —1, while the axis ratio is lower than 3. In addition,
the wideband and highly efficient dual-functional polarization
converter provides a large angle tolerance and large manufac-
turing tolerance. In this design, the wideband LTL polarization
conversion and LTC polarization conversion can be converted

into each other based on the ITM transition of VO,. The de-
signed metadevice has a high potential applications in the fron-
thaul of terahertz communication and stealth technology.
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