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A switchable terahertz (THz) polarization converter based on vanadium dioxide (VO,) metamaterial is proposed. It is
a S-layer structure which containing metal split-ring-resonator (SRR), the first polyimide (PI) spacer, VO; film, the second
PI spacer, and metal grating. It is an array structure and the period in x and y directions is 100 wm. The performance is
simulated by using finite integration technology. The simulation results show that, when the VO, is in insulating state, the
device is a transmission polarization converter. The cross-linear polarization conversion can be realized in a broadband of
0.70 THz, and the polarization conversion rate (PCR) is higher than 99%. Under thermal stimulus, the VO, changes from
insulating state to metallic state, and the device is a reflective polarization converter. The linear-to-circular polarization
conversion can be successfully realized in a broadband of 0.50 THz, and the PCR is higher than 88%.

Keywords: switchable, terahertz (THz) metamaterial, polarization conversion, vanadium dioxide (VO;)

PACS: 42.79.Ci, 81.05.Xj, 84.30.Vn

1. Introduction

Terahertz (THz)!!! technology has become a very im-
portant scientific and technological frontier in the world.
Polarization!?! is the basic property of the THz wave, because
the THz waves are usually linearly polarized! along a specific
direction. However, in the fields of THz communication,l‘”
imaging,[>% sensing,[”! and detection,!®°! it is necessary to
dynamically control the polarization state of the THz wave.
The polarization converter can control the polarization state
of electromagnetic (EM) waves by designing anisotropic, ']
and the traditional polarization converter is composed of
polarizer!! ' and wave plate,!'?! which are not conducive to the
integration''3! of equipment. Metamaterial!'*! is an artificial
material consisting of periodic sub-wavelength structures with
unique EM properties, such as negative dielectric constant!!3]
and negative refractive index.!'®! In recent years, many THz
polarization converters based on metamaterial have been re-
ported. For example, Ako et al.!!”! demonstrated a multilayer
transmission polarization converter, and its conversion effi-
ciency is improved by using an Fabry—Perot (FP) resonator!'8]
composed of multilayer metal grating and H-shape resonator.
Liu er al.!" designed a single-layer THz metamaterial with
double F-shape voids to realize cross-elliptical polarization
conversion. It is noted that, the unit structures of these po-
larization converters are fixed after been fabricated, and the
polarization state cannot be dynamically controlled.?"!
(VOy) is
material,[*!l and its conductivity can be greatly improved

Vanadium dioxide a phase transition
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under external electrical,?>?3 thermal,?*>! and optical

excitation. [26:27

I Therefore, it can be used for dynamic reg-
ulation of amplitude,[zg] filter,?°! and polarization.m] In re-
cent years, many polarization converters based on the VO,
metamaterial have been demonstrated. Yan et al.!3!l designed
a metamaterial with broadband absorption and linear-circular
polarization conversion. Using the square ring with VO,
broadband absorption can be realized at high temperature and
linear-circular polarization conversion can be realized at low

1.1321 proposed a meta-

temperature and a broadband. Li ef a
material with dual functions of polarization conversion and
filtering. Using VO, strip, linear polarization conversion can
be realized at low temperature. And thus, a broadband band
stop filter can be realized at high temperature. However, the
pattern of VO, in the above works is high cost and requires a
variety of processes, such as magnetron sputtering, lithogra-
phy, etching, coating, efc.

In this paper, a switchable polarization converter based on
VO, metamaterial is designed. It consists of metal split-ring-
resonator (SRR), the first polyimide (PI) spacer, VO, film, the
second PI spacer and metal grating. At room temperature, the
VO, is in insulating state, and the device realizes cross-linear
polarization conversion. When the temperature is higher than
68 °C, the VO, is in metallic state, and the device realizes
linear-to-circular polarization conversion. The proposed po-
larization converter can dynamically control the polarization

of THz waves by controlling the temperature.
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2. Design and simulation method

As shown in Fig. 1, the designed polarization converter
consists of five layers and the period in x and y directions is

100 um. The THz wave normally incidents to the top surface

of the device. The SRR on the top surface and the grating on
the bottom surface are composed of aluminium, and the mid-
dle layer is VO, film separated by two layers of polyimide
(PD), In order to obtain the best effect, the geometric parame-

ters of the device are optimized and listed in Table 1.

Table 1. Geometric parameters of the unit cell.

fi(um)  f(um) B (pm) g (um)  fs(um)  p(um)  R(um)  r(pm)  wy(pm)  wp (um)  d (um) a®)
0.20 59 0.20 16 0.20 100 43 37.50 5.50 5 42.50 90°
p
Linear y Linear y Circular = it
polarization polarization  polarization to T rj
o ——— p
Zty f ts wy o R
[ :
5 .
Y
(g™
Aluminum
d Polyimide
—
w
i B vo, (D)
Linear x "
olarization
P e Bl vo, ()

(a)

(b)

(c)

Fig. 1. Schematic diagram of the proposed polarization converter (a) for VO, in insulating state; (b) for VO, in metallic state. (c) Geometric parameters
of the unit cell. VO, (D) and VO, (M) represent that VO, is in insulating state and metallic state respectively.

A commercialized full wave EM calculation soft CST mi-
crowave studio 2021 based on finite integration technology is
used to simulate and optimize the performance of the device.
The linearly y-polarized THz waves normally incident. The
boundary conditions are set in the x and y directions, and open
boundaries are set in the z direction. In simulation, the relative
dielectric constant of PI is 3.50,331 and the conductivity of alu-
minium is 4.56x 107 S/m.?* The Drude model!®! is used to
describe the relevant dielectric constant of the VO, in different

state,

w3 (o)

() = &0 — ——"—.
(@) 0% +iym

6]
The high frequency dielectric constant €. = 12, collision fre-
quency ¥ = 5.75 x 10'3 rad/s, respectively. The frequency of
plasma @, is described as

w2

7 (0) = -af(o)

(@)

where, 6y = 3 x 10° S/m, , (0p) = 1.4 x 1015 rad/s. In sim-
ulation, the o of the VO, at room temperature is 3 x 10% S/m,
and that for the temperature higher than 68 °C is 3x10° S/m,

respectively.

3. Results and discussion

3.1. Switching between polarization conversion modes

At room temperature, the chemical form of the VO, is
monoclinic crystal structure, and its physical property is insu-
lating. Therefore, the THz waves can pass through the VO,
film. With the increase of temperature, new chemical bonds
are formed between crystals, the chemical form of the VO,
changes to tetragonal diamond phase, and its conductivity in-
creases. When the temperature reaches nearly 68 °C (340 K),
the conductivity of the VO, will suddenly increase**—38! by
nearly 4-5 orders of magnitude in the range of 10 °C, and its
physical property will become metallic. At this time, the THz
waves will be reflected by the VO, film. When the tempera-
ture drops from high temperature to room temperature again,
the conductivity of the VO, can completely returns to the in-
sulating state. !

Here, we studied the influence of the VO, conductivity,
and calculated the transmission and reflection of the device
under different state of the VO,, and the results are shown in
Fig. 2. It is evident from Fig. 2(a) that the transmission de-
creases with the increase of the conductivity of the VO,, while

the reflection increases with it in Fig. 2(b).
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Fig. 2. (a) Transmission; (b) reflection of the device at different conductivi-
ties of the VO,.

3.1.1. Transmission polarization conversion

When the VO, is at room temperature, the transmission
components of #,, and t,, are presented in Fig. 3(a). At the cen-
tral frequency of 0.66 THz, the transmission of fy, is higher
than 60%. The PCR can be calculated by the following for-
mula:

Ly Ay [?

PCR — - ,
by tty  Agl?+1Ay)?

3)

where Ay, and A,, represent the amplitudes when the inci-
dent waves are y-polarized waves, the outgoing waves are x-
polarized waves and y-polarized waves, respectively.

And thus, the calculated transmission PCR is plotted as
Fig. 3(b), which means that the PCR is higher than 99% in
a broadband of 0.2 THz-1.0 THz. Therefore, the linearly y-
polarized THz waves are almost fully converted into linearly
x-polarized waves.

For further verification, the ellipticity angle () is used to
judge the polarization state of the THz waves. Here, the Stokes
parameters Sp and S3 need to be introduced to calculate the y
of the THz waves, as shown below:

So = |ALl* + (A5, P, )

S3 = 2|A;y| ‘A;y|3in(6)a ()
S

X = arctam—37 (6)
So

where S is the total intensity of the THz waves, S5 is the cir-
cular polarization of the THz waves. A;y represents the am-

plitude of the THz waves polarized in x direction after the
THz waves polarized in y direction are transmitted through the
sample, and A’yy represents the amplitude of the THz waves
polarized in y direction after the THz waves polarized in y
direction are transmitted through the sample. § is the phase
difference between the x-polarized outgoing waves and the
y-polarized outgoing waves when the incident waves are y-
polarized waves, 8 = @y, — Qyy.

0.7

0.6} (@ — tay

- tu
0.5} "

0.4}
0.3F

Transmission

0.2F
0.1p

0
0.1 0.3 0.5 0.7 0.9 1.1
Frequency (THz)

1.0F

0.8+

0.6

PCR

0.4}

0.2F

1 0.3 0.5 0.7 0.9 1.1
Frequency (THz)

==

Fig. 3. (a) Transmission; (b) PCR of the device for VO, in insulating state.

In addition, the polarization state of the THz waves can
be judged by ¥, as shown in Table 2.

Table 2. Relationship between y and polarization state.

xX=-n/4 left-circular polarization
/4 < x<0 left-handed polarization
x=0 linear polarization
O<y<m/4 right-handed polarization
x=mn/4 right-circular polarization

The polarization ellipse model in electric field mode is
shown in Fig. 4(a). In the electric field ellipse, Sy represents
the component of THz waves passing through or reflected by
the device that are still polarized in the y direction, and S5 rep-
resents the component of THz waves passing through or re-
flected by the device that are polarized in the x direction. The
relationship between the values Sy and S3 determines the state
of the polarization ellipse. In the triangle composed of semi-
major axis, semiminor axis and their end connecting lines, the
corresponding angle of S3 is . Figure 4(b) shows that the
of the outgoing waves is close to 0 in a broadband of 0.3 THz—
1.0 THz. It means that when the VO3 is in insulating state, the
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polarization state of outgoing THz waves remains linear after

transmitting through the device.
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0.1 03 05 07 09 1.1

Frequency (THz)

Fig. 4. (a) Polarization ellipse model in electric field mode. (b) The y of the

THz waves transmitted by the device for VO, in insulating state.

3.1.2. Reflective polarization conversion

When the VO, is in metallic state, the reflective spectra

and the PCR is higher than 88%, which can be calculated by
formula (7). Moreover, the PCR can reach 100% in a broad-
band of 0.48 THz—0.55 THz and 0.86 THz—-0.9 THz.

2
Ty A
PCR= —>— = |2’“y| 5 (7
Py 1y |Agl? + 1Ay
1.0
(a)
0.8
5
= 0.6
Q
% L
x 0.4f vy
0.2
0 1 1 1 1
0.2 0.4 0.6 0.8 1.0 1.2
Frequency (THz)
1.0F
0.8}
ot 0.6}
O
&
0.4}
0.2}
O 1 1 1 1
0.2 0.4 0.6 0.8 1.0 1.2

Frequency (THz)

are shown in Figs. 5(a) and 5(b). They show that in a broad-

band of 0.44 THz—0.94 THz, the reflection is higher than 80%,

Fig. 5. (a) Reflection; (b) PCR of the device for VO, in metallic state.
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< 30f
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M 301
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Frequency (THz)

Fig. 6. (a) The &, (b) schematic diagram of polarization conversion, (c) ¥, and (d) polarization state of the THz waves reflected by the device for VO,

in metallic state.
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Figure 6(a) shows that near 0.41 THz, r,, =~ ry,, and
0 =90° , indicating that the conversion of linear polarization
waves to right-handed circular polarization waves is realized.
Near 1.0 THz-1.1 THz, ry, = ryy, and 6 = —90°, indicating
that the conversion of linear polarization waves to left-handed
circular polarization waves is realized. It can be known that
the polarization state of the outgoing THz waves is jointly de-
termined by ry,y, ryy, and 8, as shown in Fig. 6(b).

For further verification, the polarization state of out-
ing THz waves can be determined by Table 2, as shown in
Figs. 6(c) and 6(d). The polarization state at f; and f4 are
circular polarization state, and at f, and f3 are elliptical polar-
ization state.

3.2. Parameter optimization

In order to study the influence of different o on the per-
formance of the device, the transmission and reflection at four
different o are calculated, where o expand along the 45° di-
rection, and the results are shown in Figs. 7(a) and 7(b), re-
spectively. With the increase of ¢, the transmission spectrum
shows blueshift and the transmittance decreases slightly. And
there is also a blueshift in the reflection curve. Therefore, the
effect is the best for ¢ = 90°.

0.7
(a)

0.6
0.5F
0.4

0.3

Transmission

0.2

0.1

0.5 0.7 0.9 1.1
Frequency (THz)

pO
=
o
w

—
=3
N
e =
o o

Reflection
o o
IS o

r r

e
o
T

%.2 0.4 0.6 0.8 1.0 1.2
Frequency (THz)

Fig. 7. (a) Transmission and (b) reflection at different .

Moreover, the different values of the thickness of each
layer (#1, 1, t3, t4, and t5) of the device will cause the am-
plitude change or translation of the THz waves curve. Here,
the transmission and reflection for the device with different

thickness of PI are calculated, and the results are shown in
Figs. 8(a) and 8(b). With the increase of thickness of PI at the
down layer, the transmission decreases gradually, and it is the
best at 4 = 16 pm. With the increase of PI thickness at the up-
per layer, the reflection curve gradually changes from multiple
resonant peaks to broadband, and it is the best at r, = 59 pm.

(a) 0.7
0.6
0.5}
0.4

0.3

Transmission

0.2

0.1

0 _,4/ . L X
0.1 0.3 0.5 0.7 0.9 1.1
Frequency (THz)

e
o
T

Reflection

to =49 um
to =159 um

o
~
T

0.2 0.4 0.6 0.8 1.0 1.2
Frequency (THz)

~ -

Fig. 8. (a) Transmission and (b) reflection for the device at different thick-
nesses of PI.

3.3. Physical mechanism

3.3.1. VO, is in insulating state

In order to understand the physical mechanism of the de-
vice, we calculated the distribution of surface current at differ-
ent state of the VO,. When the VO, is in insulating state, the
surface current distribution at the resonant frequency is calcu-
lated and shown in Fig. 9(a). When the THz waves vertically
incident the SRR at the upper layer of the device, the direction
of the electric field is perpendicular to the propagation direc-
tion of the EM waves. At the resonance peak, the electric field
excites the internal charge of the SRR ring to move along the
ring and generates a ring current. The SRR can be equiva-
lent to a magnetic dipole perpendicular to the surface of the
metamaterial. And the existence of the opening destroys the
original flow circuit of the charge, and the induced current will
cause many heterogeneous charges to accumulate at the open-
ing of the SRR ring and generate an electric field. The open-
ing of the SRR is equivalent to an electric dipole, as shown in
Fig. 9(b). The LC resonance forms on the SRR and couples

064210-5



Chin. Phys. B 31, 064210 (2022)

with the incident y-polarized THz wave. This coupling effect
changes the original polarization direction of the THz wave,
and the polarization conversion process begins. The resonant
frequency is given by

1
f= PN 7ok (3)
where, L is the equivalent inductance, C is the equivalent ca-
pacitance of the SRR, respectively.
As shown in Fig. 9(c), the cross-linear polarization con-

version can be explained by the FP resonance of the multi-

(a) Max (b)
sne N
THz
0.66 THz ? | waves
Y
: | L.

layer structure. When the linear y-polarized waves incident to
the SRR surface, the polarization components in x and y di-
rections will be generated by the LC resonance. Due to the
action of the metal grating, only the polarization component
in x direction can pass through the metal grating, while the
polarization component in y direction is reflected to the SRR
and generate the polarization components in x and y directions
again. Therefore, the device can realize cross-linear polariza-

tion conversion in transmission mode.

Eacl
-—— >
Ring E.o
current| >
C
Esgrr :
~ ,t :
S
T z Metal grid

Fig. 9. (a) Surface current distribution; (b) LC resonance principle for VO, in insulating state. (c) Principle of cross-linear polarization conversion.

3.3.2. VO3 in metallic state

When the VO, is in metallic state, the surface currents
distribution at two resonant frequencies of 0.54 THz and
0.88 THz are calculated and presented in Figs. 10(a) and 10(b),
respectively. Figure 10(a) shows that, the surface currents
mainly distribute on the upper left and lower right of the SRR
at 0.54 THz. At this time, the electric field is coupled with the
SRR to form electric dipole resonance in x and y directions.

When the linear y-polarized waves incident to the SRR
surface, as shown in Fig. 10(c), the polarization components in
x and y directions are excited on the SRR and reflected by the
VO, film. The polarization component in x direction can be
first reflected on the front surface of the device, while the po-
larization component in y direction can pass through the front

Min

surface and get to the VO, film. And then, it can be reflected
many times between the front surface and the VO, film with
rotation of polarization. When the rotation angle of polariza-
tion reaches to 90 degrees, it can pass through the front surface
again.

Figure 10(b) shows that the surface currents mainly dis-
tribute on the right side of the SRR at 0.88 THz. And thus, the
electric field of the THz wave couples with the SRR, and then
the electric dipole resonance forms in the x direction.

For the linearly y-polarized wave incident to the surface
of SRR, as shown in Fig. 10(d), it can only generate the polar-
ization component in x direction and is reflected by the VO,
film. Therefore, the designed polarization converter can real-
ize reflective broadband polarization conversion.

Max (c) (d)
E,
R b B,
R 5
E,
By L) E, .,
/, <o—o- <o
| SRR
\ 5 E, B, E,
SRR \ ——>,
Ea %E%, E, B,
& — - < — - <o—o-
L3 L3 o L3
Yy H Yy N
L d . L3 L d
[d o L3 o
a T . P . L] 2 L]
Min Metal grid ;cI > Metal grid

Fig. 10. Current distribution at (a) 0.54 THz and (b) 0.88 THz; broadband polarization conversion principle at (c) 0.54 THz and (d) 0.88 THz for VO,

in metallic state.
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4. Conclusion

In conclusion, a switchable polarization converter based
on the VO, metamaterial is proposed. When the VO, is in in-
sulating state, the incident THz wave produces LC resonance
on the SRR, and then the transmitted cross-linear polarization
conversion is realized by using the function of the FP cavity.
When the VO, is in metallic state, the incident THz wave in-
duces the electric field coupling and the FP cavity resonance
between the SRR and the VO, films, realizing reflective broad-
band polarization conversion. And thus, the linear-to-circular
polarization conversion in a broadband is realized. Therefore,
under the thermal stimulus, the proposed polarization con-
verter can switch freely between cross-linear polarization con-
version and linear-to-circular polarization conversion.
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