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In this Letter, we demonstrate a linear polarization conversion of transmitted terahertz wave with double-layer
meta-grating surfaces, which integrated the frequency selectivity of a split ring resonator metasurface and the
polarization selectivity of a metallic grating surface. Since the double-layer can reduce the loss, and the Fabry–
Perot like resonant effect between the two layers can improve the conversion efficiency, this converter can rotate
the incident y-polarized terahertz wave into an x-polarized transmitted wave with relatively low loss and high
efficiency. Experimental results show that an average conversion efficiency exceeding 75% from 0.25 to 0.65 THz
with the highest efficiency of 90% at 0.43 THz with only −2 dB loss has been achieved.
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Terahertz (THz) science and technology has rapidly been
becoming the focus in the fields of information and communication technology, sensing, and imaging[1–7]. Most of
the applications need not only highly efficient THz sources
but also sophisticated devices, such as lenses, switches,
and polarization converters[3–10]. As polarization is critical
in many THz applications, such as THz spectroscopy, THz
imaging systems, and THz radar systems, manipulation of
the polarization of a THz wave attracted more and more
concerns.
Since the choice of THz responsible materials is limited,
the development of THz polarizing optical elements is far
inferior to its counterpart in the optical/infrared regime.
By applying the concept of metamaterials, the polarization of the THz wave can be flexibly controlled; so, over
the past decade, artificially engineered subwavelength
metamaterials have opened up tremendous opportunities
to develop versatile THz polarization converter devices
offering great control at the unit cell level. Most of these
metasurface polarization converters operate in the reflection mode[11–13]. The devices in the reflection mode could
not fulfill the general demands of different kinds of THz
application systems, e.g., Gao et al. presented an ultrawideband and high-performance polarization converter that
uses a double V-shaped metasurface[14]. Therefore, recently, the direction of polarization conversion in the
transmission mode has been intensively studied, as shown
in Refs. [15–18]. Nevertheless, it can be found that most
of the conversion in the transmission mode is by
utilizing a multi-layered structure with more than three
1671-7694/2018/081601(4)

layers. Xu et al. showed that in the frequency range of
0.2 to 0.4 THz, the three-layer polarization converter
had a fat transmission curve and exhibits a transmission
efficiency that is higher than 80%[19]. Several progresses focus in the one- or double-layer structure, such as the one
layer with a complementary metasurface that has been
proposed to realize a simpler structure or is composed
of the subwavelength Si grating and metallic wire grating
layers[20–22]. Cong et al. realized the dispersion-free operation of a phase engineered metadevice by integrating two
grating-based metasurfaces that are designed by using
phase dispersion compensation[23]. In addition, Xu et al. designed the polarization mode converter based on the compound metasurface combined with a dielectric grating and
a metallic metamaterial. Different polarization code conversions from a TM to a TE resonance mode occur at
1.3 THz for forward transmission and 0.63 THz for backward transmission[24]. The practical application is limited
for the narrow bandwidth. As we know, due to the dielectric loss, scattering, and diffraction loss, more layers could
lead to higher loss and a more complicated fabrication
process[25–27]. In addition, the loading of metal structures
on heterogeneous materials can also achieve polarization
conversion by changing the electromagnetic properties of
materials. Fan et al. found that longitudinally magnetized
InSb can be applied to the circular polarizer and nonreciprocal one-way transmission for the circular polarization
THz waves[28]. However, there are difficulties in processing
and designing heterosexual materials. Therefore, in order
to achieve higher efficiency, lower loss, and a simpler
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fabrication process, in this Letter, linear polarization conversion of the THz wave with double-layer meta-grating
surfaces in the transmission mode has been proposed.
By combining the advantages of agile frequency selectivity
of a split-ring resonator (SRR) metasurface and the polarization selectivity of a traditional metallic grating surface,
more than 75% average conversion efficiency and only
−2 dB loss have been achieved from the 0.25 to
0.65 THz frequency band with the highest efficiency of
90% at 0.43 THz. Moreover, it has been found that by adjusting the unit cell of the metamaterial, the frequency
band can be precisely controlled.
The schematic of the linear polarization conversion of
the transmitted THz wave with the double-layer metagrating surfaces structure is illustrated in Fig. 1(a).
The y-polarized THz wave perpendicularly transmits
through the double-layer structure; meanwhile, the
x-polarized THz wave can be detected. The unit cell structure is shown in Fig. 1(b), the upper layer is just a circular
split-ring oriented with a 45° angle metasurface, and the
lower layer is just a traditional wire-grid surface. The designed size parameters are r ¼ 100 μm, w ¼ 10 μm,
d ¼ 20 μm, and the period of each unit is P x ¼ 210 μm,
P y ¼ 210 μm. The lower layer is composed of metallic gratings, which are parallel to the y axis, and the structure
parameters are a ¼ 20 μm and b ¼ 10 μm. Considering
the low insertion loss characteristic, the quartz with a
thickness of 100 μm has been utilized for substrate. Following the photolithography, electron-beam metal deposition, high-accuracy alignment, and lift-off fabrication
process, the upper and lower metasurfaces with 200 nm
gold metal can be achieved, as shown in Figs. 1(c)
and 1(d). As shown in Fig. 1(c), the gray part is quartz,
and the white part is a metal ring. In Fig. 1(d), the gray
part is quartz, and bright yellow part is a metal grating.

Fig. 1. (a) Schematic of the sample used in the experiment.
(b) The size parameters of the unit cell. (c) The photos of the
manufactured metasurface. (d) The photos of the manufactured
grating layer.
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Next, the THz time-domain spectroscopy (TDS) with
an independent tunable transmitter and receiver was used
to characterize the THz wave polarization conversion performance of this two-layer structure in the transmission
mode. In this system, the transmitter and receiver can
be rotated separately to detect the polarization conversion. The system is shown in Fig. 2(a). In the case of
the y-polarized incident wave, in order to get the crosspolarization transmission rate, the receiver should be
rotated to x polarization. The measured results of the
time-domain signal on the reference and cross- and copolarization of the sample are shown in Fig. 2(b). The
cross-polarized transmission coefficient is defined as
in
in
T xy ¼ jE out
x j∕jE y j, relating to the incident (E y ) and
out
transmitted (E x ) waves. The first and second subscripts
of the coefficients (T xy or T yy ) denote the transmitted and
incident polarization, respectively. The letter E represents
the magnitude of the electric field, and the superscript and
subscript represent the direction of the wave and the
polarization. The co-polarized transmission is defined
in
as T yy ¼ jE out
y j∕jE y j.
By applying the fast Fourier transformation (FFT), the
spectrum can be obtained, as in Fig. 2(c). In these figures,
the T xy and T yy exhibited the y-polarization generation
with the x- and y-polarization receiver, respectively.
Based on the data of spectrum, the transmittance of different linear polarizations could be retrieved, as in Fig. 2(d),
where the dash dot lines and solid lines display the simulation results and experimental results, respectively. For
this double-layer converter, it can be found in Fig. 2(d)
that the device is able to rotate the linear polarization
by 90° with an average conversion coefficiency T xy
exceeding 75% from 0.25 to 0.65 THz with the highest efficiency of 90% at 0.43 THz. The co-polarized transmittance T yy is mostly less than 20% and approaches
10% at some frequencies, demonstrating the capability of

Fig. 2. (a) TDS experimental test system. (b) Time-domain
waveform. (c) The FFT of the time-domain signal of the air sample, the cross-polarization coefficient (T xy ), and co-polarization
coefficient (T yy ), respectively. (d) Transmittance spectra of
simulated results (solid strips) and measured results (dotted
strips).
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rotating the input linear polarization by 90° with high
output purity. The results also depict that the polarization conversion of the transmitted THz wave with about
60% bandwidth is experimentally realized. Moreover,
there is a good agreement between the experimental
and simulated results; meanwhile, a small difference between the simulated and measured results is due to the
mismachining tolerance in the lithography process.
In order to gain insight into the nature of the polarization conversion mechanism, the three-dimensional (3D)
computer simulation technology (CST) microwave studio
software has been employed to simulate and analyze the
mechanism. In the simulation, the unit cell boundary condition in the x–y plane has been applied to simulate the
periodic array state; meanwhile, the open condition along
the z direction has been set to match the practical incident
and transmitted THz wave paths.
Investigations of the electromagnetic properties of
the upper SRRs metasurface and lower polarized grating
array surface have been carried out, respectively.
First, we analyze the upper SRRs independently. As
shown in Fig. 3(a), when the y-polarized THz wave was incident normal to the surface of this converter, the incident
electric field vector Ein through the upper SRRs can be decomposed into two orthogonal components E 1 and E 2 , oriented at 45° with respect to the x and y axes. Therefore, E 2
excites the dipolar resonance mode A with the surface
current flows along the semi-ring; meanwhile, E 1 induces
the quadrupole resonance mode B with split distribution
along the metal wire, as shown in Fig. 3(b). If we observe
the transmission rate of E 2 and E 2 polarization independently, the transmission rates are shown in the upper figure
of Fig. 3(c). In this figure, it indicates that the resonant
frequency of mode A is around 0.31 THz, and mode B is
corresponding to 0.65 THz. More importantly, from the

Fig. 3. (a) Decomposition of the incident electric field vector Ein.
(b) The surface current distributions and field contours of modes
A and B. (c) The transmission coefficients (S 21 ) of electric fields
E 1 and E 2 and the transmission of T yy and T xy for just one metasurface layer.
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analysis of the parallel-polarization and cross-polarization
transmission, shown in the lower figure of Fig. 3(c), it
can be found that the starting point and ending point
of the top band correspond to the resonant peaks of
modes A and B. E 1 and E 2 should be decomposed to
the directions x and y, as E xy ¼ E 2 cos θ − E 1 sin θ and
E yy ¼ E 2 sin θ þ E 1 cos θ. Obviously, the conversion efficiency of the x and y directions is determined by the resonant bandwidth of E 1 and E 2 .
The lower layer is a subwavelength-polarized grating
array surface paralleled to the y axis. For such a grating,
when the linear polarization of the incident electric field is
perpendicular to the grating strips, most of the incident
wave can pass through the gratings because the movement
of the electrons perpendicular to the strips is cut off. Furthermore, if the polarization of the incident wave is parallel to the grating strips, the movement of electrons will
be induced along the gratings, as a result, the gratings act
as a full metal plate, so most of the incident wave is
reflected.
Based on the electromagnetic characteristics of the
upper SRR layer and lower grating surface, it can be found
that, as shown in Fig. 4(a), the incident electric field Ein is
linearly polarized in the y direction and transmitted
through the upper SRRs, as mentioned above, such a
transmitted wave will have both E x and E y components.
The component E x will pass through the metal strips,
meanwhile, E y will reflect at this surface. Therefore, the
reflected component E y goes back to interact with the
SRRs’ surface so that the wave reflected by the SRRs’ surface contains x and y components and will be selected by
the metal gratings again. Afterwards, with the waves travelling back and forth between the first and second layers
repetitively, there is a formation of a Fabry–Perot like
resonance between the two layers, shown in Fig. 4(a),
resulting in a polarization coupling and constructive inference, thus improving the conversion coefficiency. This
process also has been mentioned in Refs. [29,30]. Shown
in Fig. 4(b), this bi-layered structure indeed realizes the

Fig. 4. (a) Scheme of the Fabry–Perot like resonance in the
structure. (b) Cross-polarization conversion coefficients of the
double-layer structure. (c) Cross-polarized transmission coefficients with different r.
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better cross-polarization conversion than the single SRR’s
layer from 0.25 to 0.65 THz. Based on the theory of
Ref. [21], r xy and r yy denote the reflection coefficients
in the x and y directions when the y-polarized wave is
irradiated:
grat
T xy ≅ t meta
xy t xx þ

meta grat
t whole
r grat
yy r xy t yy
yy
grat
1 − r meta
yy r yy

;

(1)

where the superscripts meta and grat mean the upper
metasurface and lower grating surface, respectively,
and the superscript whole means the whole structure. The
subscripts x and y mean x polarization and y polarization.
The theoretical study results [the dot line in the Fig. 4(b)]
also verified the repeating transmission reflection process.
Moreover, according to the analysis above, the polarized conversion band can be adjusted by the resonant frequency of modes A and B of the first SRR’s layer, as shown
in Fig. 4(c). With the decrease of the diameter of the ring,
the band becomes narrow. Therefore, for this bi-layered
structure, due to the resonance characteristics of the
SRR’s layer and polarization selection of the grating surface, efficient polarization conversion with controllable
bandwidth has been achieved.
In summary, we have presented a polarization converter
with a bi-layered structure, which can rotate the incident
linear polarization THz wave to a 90° angle in the transmission mode. The results show that by applying the
frequency selectivity of an SRR metasurface and the
polarization selectivity of a metallic grating surface, an
average conversion coefficiency T xy exceeding 75% from
0.25 to 0.65 THz with the highest efficiency of 90% at
0.43 THz has been achieved. Moreover, it has been found
that the conversion bandwidth can be controlled by adjusting the resonant frequencies of the induced mode in
the first SRR’s layer.
This work was supported by the National Natural Science Foundation of China (Nos. 61531010, 61270011,
91438118, and 61501094) and the National Key Basic
Research Program of China (No. 2014CB339806).
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