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Abstract A metamaterial reflective converter with vana-
dium oxide (VO2) film is investigated in this paper. The
results indicate that a broadband polarization conversion
ratio (PCR) above 90% is achieved from 4.95 to
9.39 THz and the PCR above 98.9% can be obtained
at the three peaks. And the hybrid metamaterial convert-
er is demonstrated for realizing temperature tuned elec-
tromagnetic properties. The different temperatures across
the insulator-to-metal phase transition of the VO2 film
can change the conductivity. Furthermore, the broadband
and high-efficiency polarization conversion changes ob-
viously with the temperature changing. In addition, this
study demonstrates the application of different tempera-
tures on the performance of the sensor. Moreover, sur-
face current distributions at the resonant frequency are
also discussed.
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Introduction

Terahertz (THz) waves, typically defined between 0.1 and
10 THz, have many novel applications such as security, im-
aging, communications, and sensing [1–4]. These applications
have obvious need for a lot of functional devices such as
absorbers [5], polarizer [6], and filters [7] and for

manipulating and controlling propagating electromagnetic
(EM) waves. One of the remarkable devices is the polarization
converter, which could convert the incident EM waves. To
date, a large variety of the efficient polarization converters in
the THz range depend on the metamaterials [8, 9]. In the THz
band, dual-band [10] and multiple-band [11] polarization con-
verters have been researched generally. However, the band-
width of these polarization converters is still limited. Recently,
various polarization converters based on metamaterials to re-
alize the broadband polarization conversion have been dem-
onstrated. For example, Xia et al. [12] present a broadband
linear polarization converter with the polarization conversion
ratio (PCR) more than 95% between 0.73 and 1.41 THz.What
is more, the THz polarization converter can also be used to
realize THz thermal modulation according to the vanadium
dioxide (VO2). Lv et al. [13] theoretically study a novel
metamaterial for achieving thermal controlled metamaterial
using phase change material VO2 film. At present, few works
about temperature-controlled metamaterials have been inves-
tigated [13, 14]. With regard to the thermal controlled materi-
al, VO2 film possesses the ability of an insulator-to-metal
phase transition [15–18]. Through the phase transition, the
conductivity of VO2 changes depending on the various tem-
peratures [19, 20]. In other words, VO2-based metamaterials
possess the advantage of strong tunability in the THz band.
Hence, utilizing the tunable characteristics of VO2 for polari-
zation converter has attracted considerable attention when
considering that VO2 film has properties of the insulator-to-
metal phase transition.

In this work, a new polarization converter is put forward in
the THz regime, which consists of the hybrid metamaterial.
The hybrid metamaterial is composed of doubled E-shaped
embedded into the VO2 film. This novel design can achieve
high PCR for both y and x polarized waves. In addition, to
study the PCR of the polarization converter under different
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temperatures, we investigate the various conductivities.
Furthermore, the surface current distribution depended on dif-
ferent conductivity is also studied. The proposed converter
provides an alternative platform to promote potential applica-
tions in the areas of THz polarization devices and sensing.

Metamaterial Design and Simulation

The compound structure is sketched in Fig. 1, and each unit
cell consists of three layers: a hybrid layer, a dielectric spacer,
and a metal sheet. The dimensional parameters of the
metamaterial converter are shown in Table 1. The hybrid layer

is VO2 film and double E-shaped structures are deposited on
the dielectric spacer which is selected the FR-4 with the rela-
tive permittivity of 4.3 and loss tangent of 0.025. The E-
shaped and the metal sheet are the gold (Au) with the conduc-
tivity of σAu = 4.561 × 107 S/m. The properties of the VO2 are
described by the simple Bruggeman effective theory [13]:

ε VO2ð Þ ¼ 1

4
εd 2−3Vð Þ þ εm 3V−1ð Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

εd 2−3Vð Þ þ εm 3V−1ð Þ2 þ 8εdεm
h i

r
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In this formula, εd represents dielectric constants of the
insulating, εm denotes dielectric constants of the metallic
phase VO2 films, and V is the volume fraction of the metallic
regions. Generally, the tuning conductivities of σVO2 are ob-
tained by the changing temperature and the properties of VO2

film undergo alternatively dynamic insulator-to-metal phase
transition [16–18]. The relative permittivity of 9 of VO2 film
is applied [21], while the conductivity in the insulating state is
smaller than 200 S/m and as high as an order of 105 S/m in the
metallic state [13]. All the designs are carried out using the
CST Microwave Studio with frequency domain solver. The
periodic boundaries are applied along the x and y directions
and open boundary condition is utilized along z direction,
respectively.

In order to understand the polarization conversion, the re-
flection matrix r can be defined in terms of the incident Eyi

(Exi) and reflected Eyr (Exr), where y and x represent the y and
x polarized incident waves, respectively. The reflection ratio
ryy = Eyr/Eyi, rxy = Exr/Eyi, rxx = Exr/Exi, and ryx = Eyr/Exi are
also defined, respectively [22]. The polarization conversion
ratio (PCR) can be defined as PCR = |rxy|

2/(|ryy
|2 + |rxy|

2)

(PCR = |ryx|
2/(|rxx

|2 + |ryx|
2)). And to study the polarized state,

the △φxy = arg(rxy) − arg(ryy) (△φxy = arg(ryx) − arg(rxx)) is
defined, which reveals the phase difference between the x(y)
and y(x) components of the reflected EM wave. The value
range of △φxy is −180°, 180° depending on the frequency
[23, 24].

The Results and Discussion

The results are presented in Fig. 2, which shows that the reflec-
tanceand thepolarizationconversionratio (PCR).FromFig.2a,
it can be seen clearly that the reflection coefficients rxy, ryx are
above 0.5 in the broad frequency from 4.95 to 9.39 THz, while
the reflection coefficients are nomore than0.25 for bothx andy
polarizations under normal incidence. The results show that the
proposed converter possesses the property of the polarization
insensitive. In Fig. 2b, it is worth noting that the PCR is above
90% from 4.95 to 9.39 THz. Especially, around the resonant
frequencies of 5.22, 6.95, and 9.19 THz, the distinct peaks are
observed with large PCR efficiency of 98.9, 99.8, and 99.9%
due to the existence of the resonances, respectively. It indicates

Fig. 1 Schematic of the hybrid
metamaterial a front view, b right
view, and c perspective view

Table 1 All dimensional parameters of the metamaterial converter (see
Fig. 1)

Parameter p d t L1 L2 w g1 g2

Value (μm) 20 4.02 0.2 10.5 4.75 2 1 0.5
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thatnearly total linearlypolarizedwave is converted to its cross-
polarization wave.

Because the polarization is insensitive, the y-polarized
wave is studied in-depth. From Fig. 3b, we also observe that
△φxy becomes zero or ±180° in the vicinity of the resonance
frequencies, respectively. It also means that the linearly polar-
ized wave is converted to its cross-polarization wave. At other
frequencies, rxy/ryy ≠ 1 indicates that elliptically polarized
waves are expected.

In fact, the perfect conversion can be enhanced by the hy-
brid material. From Fig. 4, the bandwidth of the PCR over
90% can be achieved by metal-FR-4-metal structure (red line)
from 5.07 to 9.01 THz, while the VO2-FR-4-metal structure
(blue line) shows that the conversion is close to zero in the
broad frequency band. It is also observed that the PCR of
VO2-FR-4-metal structure is below 0.001% in Fig. 4b. And
the broadband polarization converter can be obtained by the

hybrid metamaterials. So, the bandwidth of perfect conversion
can be enhanced by using the hybrid material.

It is worth mentioning that the VO2 film conductivities
change with the transition temperature. At the temperature of
25 °C, the VO2 film is the insulating state with conductivity of
200 S/m.When the temperature is increased to 85 °C, the VO2

film becomes metallic with conductivity of 105 S/m [13].
Figure 5 shows simulated PCR for the polarization converter
for different conductivities. It is more intuitive that the PCR
efficiency changes greatly with the various conductivities.
When the VO2 film behaves as the insulator state with
σVO2=200S/m,almostall of the incidentwavescango through
the top hybrid metamaterials. The linearly polarized wave can
be converted to its cross-polarization wave. So, the hybrid
metamaterial reveals that the PCR is above 90% from 4.95 to
9.39 THz. When the temperatures increases, VO2 film un-
dergoes an insulator-metal phase transition coupling with an

Fig. 2 a Simulated reflection
spectra. b PCR

Fig. 3 a The ratio of rxy/ryy. b
The relative phase △φxy

Fig. 4 a The PCR of the different
converter under normal
incidence. b The PCR of VO2-
FR-4-metal converter
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increasing conductivity. As the conductivity is swept from 200
to 105 S/m, the PCR efficiency of the converter decreases obvi-
ously.WhentheVO2filmis themetal statewithσVO2=10

5S/m,
almost all of the incident waves are reflected by the top hybrid
metamaterials. Thus, the PCR is zero in the vicinity. In other
words, the hybrid metamaterial makes the y-to-x cross-
polarization conversion into the Boff^ state. As a result, the
state-transition process of the VO2 is accompanied by remark-
able changes in various conductivities [21]. And the various
states of the hybrid layer leads to different state resonators.

The different state resonators result in the obvious changes of
the PCRefficiency. Therefore, the hybridmetamaterial embed-
dedwithVO2 film can alternatively realize a thermal switching
effect of the cross-polarization conversion.

To understand the physical mechanism, the surface current
distributions for the top layer and the bottom metal at
5.22 THz are presented in Fig. 6. The results verify that the
strong anti-parallel current pairs between the top layer and the
bottom layer as shown in Fig. 6a, b. Without thermal excita-
tion, the VO2 film is insulating state and the resonator is dou-
ble E-shaped for the case of σVO2 = 200 S/m. The strong anti-
parallel current pairs excited by the incident wave can lead to
magnetic dipole which induces magnetic resonance [23]. The
cross-coupling exists between the incident electric fieldEi and
the component Hy because the component Hy parallels to the
incident electric field Ei. Thus, the componentHy can include
an electric field Ex which is vertical to the incident electric
field. As a result, the polarization conversion exists. TheHx is
vertical to the incident electric field Ei, so that the linearly
polarized wave cannot be converted to its orthogonal direc-
tion, due to the same direction of the incident magnetic field
[23]. While the σVO2 = 5 × 103 S/m, the anti-parallel current
pairs are excited between the top layer and the bottom layer as
shown in Fig. 6c, d. However, compared with the case of

Fig. 5 The PCR of the proposed converter under different conductivities

Fig. 6 a–f Surface current
distributions at 5.22 THz
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σVO2 = 200 S/m, the current strength is weak when
σVO2 = 5 × 103 S/m. It reveals that a strong magnetic response
is not excited. Thus, the polarization conversion is weak.With
the σVO2 = 105 S/m, VO2 film behaves as metal material and
the resonator is the metal plate. Consequently, no strong anti-
parallel current pairs exist between the top layer and the bot-
tom layer as shown in Fig. 6e, f. Thus, the polarization con-
version cannot be observed. This hybrid metamaterial con-
verter provides an alternative platform to promote the THz
polarization modulators and thermal sensors.

Conclusion

A novel polarization converter with the embedded VO2 film on
the top layer has been investigated numerically. The PCR is
above 90% with the bandwidth of 4.44 THz for both the y and
xpolarizedwaves.Simulatedresults indicatedthat thebroadband
polarization conversion is temperature sensitive relating to the
various conductivities of the VO2. To further study, the different
conductivity of the proposed converter, the PCR depending on
the variation in conductivity is analyzed. Finally, surface current
distribution for different conductivity was discussed at the reso-
nant frequency. And the converter can be potentially developed
as a temperature sensor and polarization devices.
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