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The asymmetric transmission (AT) and polarization conversion of terahertz (THz) wave play a vital role in future THz
communication, spectrum, and information processing. Generally, it is very difficult and complicated to actively control the
AT of electromagnetic (EM) wave by using traditional devices. Here, we theoretically demonstrate a stereo-metamaterial
(stereo-MM) consisting of a layer of metal structure and a layer of phase transition structure with a polyimide spacer in
between. The performance of the device is simulated by using the finite-integration-technology (FIT). The results show
that the AT and polarization conversion of linearly polarized wave can be dynamically controlled in a range of 1.0 THz–
1.6 THz when the conductivity σ of vanadium dioxide (VO2) is changed under the external stimulation. This study provides
an example of actively controlling of the AT and polarization conversion of the EM wave.
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1. Introduction
THz polarizers are very important in many applications,

such as THz imaging, sensing, and spectroscopy. For exam-
ple, high performance THz polarization converters are essen-
tial in the study of chiral structure of DNA,[1] THz polarization
imaging,[2] and the determination of molecular structure.[3]

The traditional methods to manipulate the polarization of elec-
tromagnetic (EM) wave are mainly based on birefringence,[4]

and the polarization rotation angle is directly proportional
to the length of the EM wave passing through the birefrin-
gent crystal. These devices are usually too bulky to be in-
tegrated. In addition, the transmission of EM wave is usu-
ally reciprocal, and the conventional method to achieve non-
reciprocal transmission must break through the Lorentz reci-
procity condition.[5] Generally, the reciprocity of interaction
between EM wave and substance can be broken by the static
magnetization of magneto-optic materials,[6] graphene,[7] and
other materials, and then the non-reciprocal transmission is
achieved. Obviously, it is very difficult to be integrated into
small-scaled communication systems because of the additional
bias magnetic fields.

Metamaterials (MMs) are artificial materials consisting
of periodic sub-wavelength structures, which have unique
EM properties.[8–11] High performance EM device is vital to

realizing the EM wave manipulation, such as polarizer,[12]

filter,[13] optical switch,[14] sensor,[15] etc. Many studies in-
dicate that it is a simple and effective method of using MMs to
achieve the polarization conversion of EM wave. At present,
the MMs’ microstructures can be used to realize many high-
performance THz polarization converters. Grady et al.[16] pro-
posed an ultrathin, broadband, and a highly efficient THz po-
larization converter that can transform a linear polarization
state into its orthogonal one. Zhang et al.[17] proposed a
single-layered broadband reflective THz line-to-circular po-
larizer. This polarizer can convert a linearly polarized wave
into circularly polarized wave, and its bandwidth is associated
with geometric parameters. Polarization conversion is usu-
ally accompanied by the asymmetric transmission (AT), and
transmission parameters are related to the propagation direc-
tion of the EM wave. Compared with non-reciprocal transmis-
sion, the AT in MM follows the reciprocity theorem. Fedo-
tov et al.[18] first demonstrated the AT of circularly polarized
wave in a planar fish scale structure. Inspired by stereochem-
istry, a new concept of nanophotonics, i.e., stereo-MM,[19]

was proposed. These stereo-MMs have the same composi-
tion, but their spatial arrangements are different and exhibit
completely different physical properties. After that, many
MMs’ devices have been demonstrated to realize the AT of
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linear-polarized wave,[20–23] circular-polarized wave,[24–26] or
both.[27,28] However, few of them is suitable for the THz band.
More importantly, they cannot dynamically control the AT of
THz wave nor the polarization conversion of the THz wave.
For actively controlled MM,[29] the response can be tuned
by using an external stimulus. As a phase change material,
VO2 has a fast phase transition speed[30] and low insertion
loss.[31] The conductivity σ of VO2 can be changed by the
electrical,[32–34] light,[35,36] and heat[37–40] excitation, which
is an ideal material for THz tunable device.

In this work, we propose a stereo-MM which can dynam-
ically control the AT of linearly polarized THz wave and the
polarization conversion of linearly polarized THz wave. The
device consists of a layer of metal copper (Cu) structure and a
layer of VO2 structure with a polyimide spacer between them.
By changing the conductivity σ of VO2, the AT and polariza-
tion conversion of the linearly polarized wave can be dynami-
cally controlled in a range of 1.0 THz–1.6 THz.

2. Design
The unit cell of the device is shown in Fig. 1(a), a 200-nm-

thick Cu structure (yellow) and VO2 structure (brown) are sep-
arated by a 21-µm-thick dielectric spacer of polyimide. The
incident THz wave propagates along the z axis, and the elec-
tric vector 𝐸 and the magnetic vector 𝐻 are in the y axis and
x axis, respectively. Two ports are denoted as F and B. As
shown in Fig. 1(b), the period of the unit cell is p = 48 µm. If
the Cu structure is rotated 90◦ anti-clockwise along the z axis
and then rotated 180◦ along the y axis, it can overlap the VO2

structure.
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Fig. 1. Schematic diagram of the device, showing (a) perspective view, and
(b) geometric parameters: g= 6.5 µm, n= 27.5 µm, d = 46 µm, h= 36 µm,
w = 4.0 µm, and t = 21 µm.

In simulation, the Cu structure was taken as a lossy metal
with conductivity of 5.96× 107 S/m. Polyimide was mod-
eled as a lossy dielectric with a dielectric constant εpolyimide =

2.4+0.005i,[41] and the permittivity of VO2 in the THz region
is described by the Drude model as follows:[42]

ε (ω) = ε∞−
ω2

P (σ)

ω2 + iγω
, (1)

where ε∞ = 12 is the relative permittivity at high frequency,
ωp (σ) is the conductivity-dependent plasma frequency, γ is
the collision frequency and set to be γ = 5.75× 1013 rad/s.
In addition, both ωp (σ) and σ are proportional to free car-
rier density. The plasma frequency can be approximately ex-
pressed as

ω
2
p (σ) =

σ

σref
ω

2
p (σref) , (2)

where σref = 3.0×105 S/m, and ωp(σref) = 1.4×1015 rad/s.

3. Basic concepts for AT
The unit cell (shown in Fig. 1(a)) of the device simulta-

neously loses mirror symmetry in the z direction and 90◦ rota-
tional symmetry in x–y plane. Therefore, the chiral properties
of the device can rotate the polarization direction of the EM
wave. Assuming that the device lies in the x–y plane, the in-
cident and transmitted electric field in the +z direction can be
expressed as

𝐸i (𝑟, t) =
(

Ix
Iy

)
ei(κz−ωt), (3)

𝐸t (𝑟, t) =
(

Tx
Ty

)
ei(κz−ωt), (4)

where Ix and Iy are the complex amplitudes of the incident
electric field in the x and y directions, Tx and Ty are the com-
plex amplitudes of the transmitted field in the x and y direc-
tions, ω and κ represent the frequency and wave vector, re-
spectively.

For a linearly polarized wave, the relationship between
the complex amplitude of the incident field and that of the
transmitted field can be described by the Jones matrix[43](

Tx
Ty

)
=

(
Txx Txy
Tyx Tyy

)(
Ix
Iy

)
= T F

lin

(
Ix
Iy

)
, (5)

where the meaning of four complex transmission coefficients
are as follows: Txx means that both the incident wave and the
transmitted wave are polarized in the x direction; Tyy denotes
the incident wave and the transmitted wave both polarized in
the y direction; Txy refers to the incident wave and the trans-
mitted wave polarized in the y direction and the x direction,
respectively; Tyx represents the incident wave and the transmit-
ted wave both polarized in the x direction and the y direction,
respectively. The subscript “lin” indicates the linear polariza-
tion, and the superscript “F” and “B” denote the forward and
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backward propagations, respectively. According to the reci-
procity theorem, the Jones matrix for the backward propaga-
tion direction can be described as

T B
lin =

(
Txx −Tyx
−Txy Tyy

)
. (6)

In addition, the total transmission for the y-polarized wave
along the forward direction and backward direction can be
written as

tF = tF
xy + tF

yy, (7)

tB = tB
xy + tB

yy, (8)

where txy = (Txy)
2, and tyy = (Tyy)

2. For the linearly polarized
wave, the AT parameter (∆ ) can be obtained from the Jones
matrix

∆
(y)
lin =

∣∣T F
yy
∣∣2 + ∣∣T F

xy
∣∣2− ∣∣T B

yy
∣∣2− ∣∣T B

xy
∣∣2 = tF− tB, (9)

∆
(x)
lin =

∣∣T F
xx
∣∣2 + ∣∣T F

yx
∣∣2− ∣∣T B

xx
∣∣2− ∣∣T B

yx
∣∣2 =−∆

(y)
lin , (10)

where the superscript (y) and (x) indicate the y-polarized and
the x-polarized wave, respectively.

4. Simulation and optical characterization
To investigate the influence of the conductivity σ of VO2

on the forward and backward propagations, the transmissions
of σ = 3.0× 102 S/m and σ = 5.0× 105 S/m are calculated
and the results are shown in Figs. 2(a) and 2(b), respectively.

As shown in Fig. 2(a), without the external stimulation,
VO2 is in insulator phase and has a very low conductiv-
ity, which is transparent for the THz wave.[31] The cross-
polarized transmission tF

xy = tB
xy and the co-polarized transmis-

sion tF
yy = tB

yy, which means that the transmission is symmetric.

Under outer stimulation (see Fig. 2(b)), the VO2 undergoes the
insulator-to-metal transition. The cross-polarized transmission
tF
xy is over 0.6 and tB

xy is below 0.05 in a range of 1.1 THz–
1.4 THz, which indicates that the transmission is asymmet-
ric. The results indicate that the proposed stereo-MM can
realize the AT of linearly polarized wave by using the mode
conversion.[20]
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Fig. 2. Co-polarized and cross-polarized transmission of the forward and
backward propagations under different σ (a) σ = 3.0× 102 S/m and (b)
σ = 5.0×105 S/m.

0.30

0.20

0.10

0
0.8 1.2 1.6 2.0

5.0

3.0

1.6

0.3

0.2

0.4

0.6

0.03

C
o
n
d
u
ct

iv
it
y
/
1
0

5  
(S

/
m

)

Frequency f/THz
0.8 1.2 1.6 2.0

Frequency f/THz

T
o
ta

l 
tr

a
n
sm

is
si

o
n
 t

B

T
o
ta

l 
tr

a
n
sm

is
si

o
n
 t

F

0

5.0

3.0

1.6

0.3

0.03

(a) (b)

0.8 1.2 1.6 2.0

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

A
T

 p
a
ra

m
e
te

r 
(∆

) 

Frequency f/THz

C
o
n
d
u
ct

iv
it
y
/
1
0

5  
(S

/
m

)

(c)

3.0T102 S/m
3.0T104 S/m

3.0T105 S/m
5.0T105 S/m

1.6T105 S/m

↼x↽
∆lin

↼y↽
∆lin

3.0T102 S/m
3.0T104 S/m

3.0T105 S/m
5.0T105 S/m

1.6T105 S/m

Fig. 3. Effects of conductivity σ on total transmission and AT parameter for (a) backward propagation and (b) forward propagation, (c) AT parameters of
y-polarized (solid line) and x-polarized waves (dashed line).

As shown in Fig. 3(a), the total transmission tB is very
small in a range of 1.0 THz–1.5 THz. However, as shown
in Fig. 3(b), the total transmission tF can be considerably im-
proved by increasing the value of conductivity σ . The modu-
lation depth (MD) of the total transmission tF is defined as

MD =
tF
max− tF

min

tF
max + tF

min
. (11)

According to formula (11), the calculated MD can reach to
92.5% at 1.3 THz. In addition, as shown in Fig. 3(c), with the
increase of conductivity σ , the AT parameter ∆

(y)
lin gradually

increases from 0 to 0.63. Obviously, the transmission can be
actively modulated by changing the value of conductivity σ .

Polarization conversion ratio (PCR) is another important
parameter for evaluating the performance of the device, and it
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can be calculated from the follow equation:

PCR =

∣∣Txy
∣∣2∣∣Txy

∣∣2 + ∣∣Tyy
∣∣2 =

txy

txy + tyy
. (12)

When the conductivity σ increases from 3.0× 102 S/m to
5.0× 105 S/m, the PCR of the forward propagation and the
backward propagation are presented in Figs. 4(a) and 4(b), re-
spectively.
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Fig. 4. Plots of PCR versus frequency at different values of conductivity σ for (a) forward propagation and (b) backward propagation.

Figure 4(a) shows that for the forward propagation, the
bandwidth of the PCR is significantly affected by the conduc-
tivity σ . When the conductivity of VO2 is 5.0×105 S/m, the
PCR is more than 90% in a range of 1.0 THz–1.6 THz. This
indicates that the transmitted wave is mainly composed of the
cross-polarized waves, but not the co-polarized waves. Fig-
ure 4(b) shows that for the backward propagation, the PCR de-
creases with conductivity σ increasing in a range of 1.0 THz–
1.4 THz. Obviously, the polarization conversion is suppressed.

This indicates that when the same polarization wave propa-
gates along different propagation directions, the difference in
polarization conversion efficiency leads to the AT.

5. Physical mechanism
To understand physical mechanism of the AT and the po-

larization conversion for linearly polarized wave, the distribu-
tions of electric field at 1.2 THz are calculated and presented
in Fig. 5.
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As shown in Figs. 5(a)–5(d), for the forward propaga-
tion, when the conductivity σ increases from 3.0×102 S/m to
5.0×105 S/m, the internal and left electric field of the device
are gradually enhanced. For example, figure 5(d) indicates
that the electric fields are almost symmetrically distributed on
both sides of the device when σ = 5.0× 105 S/m, which can
be explained by using the Fabry–Perot resonance of a multi-
layer structure[44,45] as indicated in the left inset of Fig. 5. The
symbol “I” represents the interface between the polyimide and
the VO2 structure, and “II” denotes the interface between the
polyimide and the Cu structure layer. Parameters r′ represents
the reflection coefficient of the x-polarized wave at I, and t
and r denote the transmission coefficient and reflection coef-
ficient of the x-polarized wave at II, respectively. Because the

VO2 (see in Fig. 5) is in the metallic phase, it can form a reso-
nant cavity with the Cu structure, and thus increasing the total
transmission.

Meanwhile, figures 5(e)–5(h) show that for the backward
propagation, the conductivity σ has little effect on the electric
field distribution inside and on the right of the device. The
probable reason is that the y-polarized incident wave is almost
reflected by the Cu structure.

In addition, to understand in depth the physical mecha-
nism of the AT and the polarization conversion for linearly
polarized wave, the distributions of surface current under the
different values of conductivity σ (at 1.2 THz) are shown in
Fig. 6.
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For the forward propagation, the surface currents on the
surface of the Cu structure and that on the VO2 structure are
presented in Figs. 6(a)–6(d). It is evident that the surface cur-
rents on both sides are generated by two electrical dipoles, and
the surface currents become strong and dense with the increase
of σ value. Meanwhile, figures 6(e)–6(h) show the surface
current distributions of the backward propagation. They are
produced by two dipoles oscillating on the surface of the Cu
structure, and only few currents are distributed on the surface
of the VO2 structure.

The polarization conversion of y-polarized incident wave
mainly results from the magnetic response between surface
currents. The left inset of Fig. 6 shows the distribution of
surface current along the x direction. In this inset, the red
arrow represents the direction of current. Obviously, the cur-
rent direction on the Cu structure is opposite to that on the
VO2 structure, and thus forming two current loops of the same

shape (shown as green), generating two magnetic dipoles m1

and m2, and correspondingly inducing two magnetic fields 𝐻1

and 𝐻2. Due to the 𝐻1 and 𝐻2 being parallel to the direction
of the incident electric field 𝐸i, the cross-coupling between the
induced magnetic fields 𝐻1 and 𝐻2 and the incident electric
field 𝐸i results in the change of polarization direction.[26,46]

6. Conclusions and perspectives
In this work, by using the insulator-to-metal transition of

VO2, a stereo-MM which can be used to dynamically con-
trol the AT and polarization conversion of linearly polarized
wave in the THz band is proposed. By actively changing the
σ of VO2 structure, the dynamically adjustable AT and polar-
ization conversion of the linearly polarized wave is theoreti-
cally demonstrated ina range of 1.0 THz–1.6 THz. The pro-
posed stereo-MM is easy to modulate and integrate, and also
has many advantages, such as diverse modulation modes, fast
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response, etc. These characteristics can be widely applied to
THz communication, information processing, integrated op-
tics, and other fields. This study provides a simple and feasi-
ble approach to achieving the dynamically adjustable AT and
polarization conversion of the THz wave.

References
[1] Brucherseifer M, Nagel M, Haring Bolivar P, Kurz H, Bosserhoff A
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