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This Letter presents a double-layer structure combining a cracked cross meta-surface and grating surface to
realize arbitrary incident linear terahertz (THz) wave polarization conversion. The arbitrary incident linear
polarization THz wave will be induced with the same resonant modes in the unit cell, which results in polari-
zation conversion insensitive to the linear polarization angle. Moreover, the zigzag-shaped resonant surface cur-
rent leads to a strong magnetic resonance between the meta-surface and gratings, which enhances the conversion
efficiency. The experimental results show that a more than 70% conversion rate can be achieved under arbitrary
linear polarization within a wide frequency band. Moreover, around 0.89 THz nearly perfect polarization
conversion is realized.
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doi: 10.3788/COL201917.041602.

Terahertz (THz) science and technology have rapidly been
becoming the focus in the fields of information and com-
munication technology, sensing, and imaging[1–7]. Towards
these applications, high-performance THz components
become essential for manipulating THz waves[3–12]. Since
polarization is one of the most significant properties of
manipulating electromagnetic (EM) waves in many
aspects such as the THz spectroscopy, THz imaging sys-
tem, and THz radar system, manipulation of the polariza-
tion of the THz wave has attracted more and more
concerns[13–17]. There are some conventional methods to
manipulate the polarization, including the use of photo-
elastic modulators, birefringence effects, and optical
grating[18–20]. These methods generally require a long
propagation distance to acquire the phase accumulation
and involve the use of large equipment. However, it is
essential for polarization converters to control the polari-
zation state in compact communication and spectroscopy.
Thus, exploring the application of both lightweight and
compact polarization control equipment is desirable.
Recently, a series of new-type polarization converters

have been realized by applying different metamaterial
microstructure designs, and these devices were demon-
strated for conversion between different polarization
states, such as linear to linear[21–24], linear to circular[25–28],
and linear to cross polarization[29,30].
However, most of these converters are dependent on the

polarization of the incident THz wave, which limited their
practical applications.

Here, based on the concept of metamaterials, the con-
vertor comprises an array of cracked cross resonators, and
a grating surface at the bottom has been proposed to con-
vert the arbitrary linear waves into the x-polarized wave.
Both theoretical and simulation results show that this
structure can realize a relatively high conversion rate with
only a two-layer structure.

The convertor is composed of three parts: the upper
cracked cross meta-surface layer, the quartz substrate,
and the lower grating surface. A schematic configuration
of the proposed polarization convertor is described in
Fig. 1(a). A unit cell of the structure is composed of a
45° slanted open metal cross and a traditional wire-grid
surface placed near the ground plane and separated
by a 253 μm thick quartz dielectric spacer, as shown in
Fig. 1(b). The designed size parameters are P ¼ 110 μm,
L ¼ 100 μm, and s ¼ 30 μm. The bottom metallic grating
layer is designed to be parallel to the y axis, and the struc-
ture parameters are a ¼ 5 μm and b ¼ 5 μm. As shown in
Figs. 1(c) and 1(d), the gray part is quartz, and the bright
yellow part is gold. The incident linearly-polarized THz
wave is projected perpendicularly to the structure with
arbitrary polarization angle phi, which is the angle
between the polarization direction of the incident THz
wave and the y axis. The upper meta-surface layer plays
a significant role in resonating with the arbitrarily polar-
ized waves in the same EM mode so that they can have
nearly same EM characteristics in the substrate. The
lower gratings act as the polarization selective surface.
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Moreover, a micro Fabry–Pérot (FP) cavity is constructed
from the upper meta-surface and lower grating surface,
which can enhance the conversion efficiency.
To get insight into the underlying mechanism of the

polarization converter, simulations based on the finite
element method (FEM) are performed by applying the
frequency-domain solver of the CST Microwave Studio
software. In the simulation, a single unit cell with periodic
boundary conditions along the x and y directions is em-
ployed, and the arbitrary linear THz wave is utilized to
illuminate the meta-surface.
The polarization conversion ratio (PCR) is defined as

the rate of output x-polarized THz wave intensity to
arbitrary input angle polarized wave intensity. Figure 2
shows the simulated PCR as a function of frequency.

It is shown that the PCR of the structure is roughly above
70% at all angles of incidence, ranging from 0.92 to
0.99 THz. Besides, the conversion efficiency reaches up
to 100% around 0.893 THz at 0°, as shown in Fig. 2(a).
These results show that such a device is insensitive to
the linear polarization of the incident wave, and the con-
version ratio is relatively high.

On the other hand, in a physical explanation, as the
polarization direction of the incident electric field rotates,
the actual length of the electric cross section of the metal
cross structure will change slightly, resulting in frequency
shifting.

The incident wave with arbitrary angular polarization
can be decomposed into a combination of x- and y-polarized
waves. Therefore, we analyze the THz waves with x- and
y-polarized incident waves. In order to study the mecha-
nism, the analysis of the resonant mode has been carried
out. At the first stage, the arbitrary incident linear
THz wave can be decomposed in the x–y orthogonal
plane as x-polarized and y-polarized components. We
choose two different representative resonant frequencies
of 0.893 THz (maximum conversion point) and 0.95 THz
(high conversion band) to observe the contour maps
of the resonant modes induced by x-polarized and
y-polarized electric components independently.

Figures 3(a) and 3(b) show the contour map of the
resonant modes induced by y-polarized and x-polarized
electric components at 0.893 THz. For THz waves inci-
dent in different directions, strong responses are produced
at the metal split, but the modes are different. Moreover,
from the surface current distribution results shown in
Figs. 3(c) and 3(d), it also illustrates that both the
x-polarized and y-polarized components could induce dif-
ferent current flows at 0.893 THz. Therefore, the response
of the x and y directions is different. For the high conver-
sion band, such as 0.95 THz, shown in Fig. 3(e)–3(h),
for the THz wave incident in the directions of x and y,

Fig. 1. (a) Schematic of the sample used in the experiment. (b) A
unit cell structure. (c) The photo of the manufactured top struc-
ture. (d) The photo of the manufactured bottom structure.

Fig. 2. Spectra of the PCR ranging from 0° to 90°.

Fig. 3. Electric field distribution on cracked cross meta-surface
for incident y-polarized waves at (a) 0.893 THz, (e) 0.95 THz.
Electric field distribution on cracked cross meta-surface for inci-
dent x-polarized waves at (b) 0.893 THz, (f) 0.95 THz. Surface
current distribution on cracked cross meta-surface for incident
y-polarized waves at (c) 0.893 THz, (g) 0.95 THz. Surface
current distribution on cracked cross meta-surface for incident
x-polarized waves at (d) 0.893 THz, (h) 0.95 THz.
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the same mode is excited, so it is not sensitive to the
incident angle. Therefore, the proposed type of half-wave
meta-surface is designed in the mechanism by controlling
the spectral response of the x- and y-polarization compo-
nents having equal amplitudes at the designed frequency.
This phenomenon indicates that the arbitrary incident

linear THz wave will induce similar EM resonant modes at
the upper meta-surface so that nearly the same EM field
components will transmit through the spacer and reach
the lower surface. Therefore, such a meta-surface can con-
vert arbitrary linear waves into x-polarized waves.
Secondly, it can be found from the surface current dis-

tribution that the zigzag surface current has two flows: the
transverse (x direction) and longitudinal (y direction)
directions. As shown in Fig. 4(a), the vertical magnetic
field led to an electromotive force along the grating, which
results in an induction current flow in the longitudinal di-
rection. Both the upper induced surface current and the
lower induction current along the grating have the same
flow direction, so the inductive coupling will take place
and enhance the conversion efficiency.
Due to the polarization selective characteristics of the

grating surface, when the y-polarized EM wave is incident
on the surface of the metal grating with a large duty ratio,
it would reflect the y-polarized incoming wave. On the
contrary, when the incident wave polarized is in the x
direction, the movement of electrons is due to the gap
between the gratings, which makes the incident wave
completely transmitted. Besides, the reflected wave
decomposes again after passing through the surface metal
through the quartz spacer. Some of them return to the
button metal surface and transmit the vertical compo-
nent. As shown in Fig. 4(b), after multiple reflections
and transformations, more vertical components are
transmitted. The dielectric layer and the metal structure
of the upper and lower surfaces form a structure similar to
the FP cavity. The magnetic field in the x and y directions

is shown in Fig. 4(c) and 4(d), indicating the FP resonant
mode in quartz. The actual conversion bandwidth is deter-
mined by the cracked cross meta-surface at the top layer,
as shown in Fig. 4(e); with the decrease of L, the conver-
sion band becomes narrow. Both the magnetic field con-
version coupling and the FP resonant cavity can improve
the conversion efficiency to x polarization.

To validate the aforementioned multifunction, a sample
containing 100 × 100 unit cells with a side length of 1.1 cm
is fabricated and measured. After photolithography,
electron-beam metal deposition, high-accuracy alignment,
and lift-off fabrication process, the top and bottom meta-
surfaces with 200 nm gold metal can be achieved. The
high-resolution THz time-domain spectrometer (TDS),
which is produced by Teraview Company, is utilized in
the system setup. The schematic of the experimental
system is shown in Fig. 5(a). The polarization converter
sample is located onto the freely rotating dial plate at
the focus of parabolic mirrors, as shown in Fig. 5(b).
The polarized THz wave is focused by parabolic mirrors,
which are parallel to the optical platform. We gradually
rotate the dial and record the intensity and rotation angle
of the polarized THz wave signal by the receiver at the
same time. By applying the fast Fourier transformation
(FFT), the transmittance of different linear polarization
angles could be retrieved as Fig. 5(c).

The experimental results depict that this device can con-
vert arbitrary linear polarization into the x-polarization
wave; around 0.91 THz, the highest conversion ratio can
reach 99%.

Obviously, there is a big difference between simulation
and experimental results. After the experiment, we mea-
sured the thickness of the tested sample. The thickness of
the thinned sample is 240–255 μm. After simulation

Fig. 4. (a) Schematic diagram of magnetic field coupling conver-
sion. (b) Scheme of the multiple reflection–transmission proc-
esses of polarization. (c) Magnetic field in the direction of x.
(d) Magnetic field in the direction of y.

Fig. 5. (a) Schematic diagram of the THz-TDS test system.
(b) Photo of THz-TDS test system. (c) Transmission when
the THz wave is incident on the THz polarization converter
in different polarization directions by experiment. (d) Compari-
son between the experiment and simulation.

COL 17(4), 041602(2019) CHINESE OPTICS LETTERS April 10, 2019

041602-3



comparison, we reduce the quartz thickness to 240 μm and
adjust the metal linewidth to 4 μm. The simulation results
are in good agreement with the experimental results, as
shown in Fig. 5(d). Therefore, the error of the test results
is mainly due to the machining error.
In conclusion, we have numerically and experimentally

demonstrated a double-layer structure converter with a
cracked cross meta-surface and grating surface, which
achieves 97% PCR with the arbitrary incident linearly-
polarized THz wave around 0.9 THz. It is found that
the x-polarized and y-polarized electric components can
induce the same resonant mode in the meta-unit, and,
due to inductive coupling, the conversion efficiency is rel-
atively high. The experimental results agree with the sim-
ulation very well. It shows promising applications in the
manipulation of polarization of THz regions.
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