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Abstract: Manipulation of terahertz wave by metasurfaces has shown tremendous potential in developing compact
and functional terahertz optical devices. Here, we propose complementary bilayer metasurfaces for enhanced te-
rahertz wave amplitude and phase manipulation. The metasurfaces are composed of one layer of metal cut-wire
arrays and one layer of their complementary aperture arrays separated by a dielectric spacer. Through the near-field
coupling between transverse magnetic resonances in the metal apertures and electric resonances in the metal
cut-wires, the structures can manipulate the cross polarization conversion and phase dispersion of terahertz wave.
Particularly, the designed metasurfaces demonstrate a phase delay of 180° between two orthogonal axes with the
same transmission amplitude between 0.70 and 1.0 THz, enabling a 45° broadband polarization conversion. When
the metal cut-wires are rotated with respect to the apertures or the thickness of the dielectric spacer is changed, the
amplitude and phase dispersion of the transmitted terahertz wave can be tuned. Such complementary coupled bi-
layer metasurfaces offer a new method to control the amplitude and phase dispersion of terahertz wave and promise
great potential for applications in terahertz meta-devices.
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1 Introduction

Terahertz wave promises a myriad of fascinating applica-
tions in non-destructive testing, sensing, high-speed
communication, imaging and security screening’.
These applications not only call for efficient terahertz
emitters and sensitive terahertz detectors, but also de-
mand various functional terahertz optical devices with
high performance! 7. The shortage of these functional
devices to control and manipulate terahertz wave has
imposed restrictions on the development of terahertz
technology. Thus, there is a great research momentum to
pursuit new approaches for designing terahertz devices
that can manipulate terahertz wave flexibly. The main
constraint of designing terahertz devices is that limited
choices of naturally available materials are capable of in-
teracting with terahertz wave effectively'®. Even though
the previous works have demonstrated some terahertz
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devices through engineering natural materials, these te-
rahertz devices present limited performance to control
terahertz wave. For instance, terahertz quarter-wave
plates and half-wave plates can be designed using
birefrigent materials, such as quartz. However, because of
the small birefringence index of quartz (An = 0.048 at 1
THz), these devices show millimeter scale thickness with
a narrow-band operating frequency . Multilayer designs
can extend the bandwidth, but at the same time the
thickness of the devices is increased "\, Such issues limit
the applications of these devices in the ultra-compact
terahertz optical systems.

Over the last decade, metasurfaces, two-dimensional
artificial designed meta-atoms, have opened up opportu-
nities to control electromagnetic wave with exotic prop-
erties that are unattainable with natural materials, such as
negative index, invisible cloaking and hologram!'¢]
Through tailoring the geometry, size, orientation and
material of these meta-atoms in the metasurfaces, pre-
scribed electromagnetic properties can be realized at will.
In 2015, Luo, et al. summarized the theory of electro-
magnetic waves in metasurfaces!"”), which illustrates the
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theoretical foundation of metasurfaces. In the optical
range, metasurfaces have been applied to many optical
systems, such as perfect optical angular momentum gen-
eration, vortex generation and dynamic control!'®?’. Re-
cently, metasurface-based terahertz optical devices have
been demonstrated, including filters, modulators,
switches, polarizers, wave-plates, perfect absorbers, and
lenses'”#212¢], The thickness of these meta-devices can be
much smaller than the working wavelength, allowing
applications in the ultra-compact terahertz systems.
However, there are still some obstacles that limit the
practical applications of these meta-devices, such as low
working efficiency and narrow operating bandwidth. To
address these issues, researchers proposed complemen-
tary metasurfaces, bilayer metasurfaces, multilayer meta-
surfaces and active metasurfaces to increase the working
efficiency and extend the operating bandwidth2"2 27311,

In this work, we propose complementary coupled bi-
layer metasurfaces to control the amplitude and phase of
terahertz wave. The complementary apertures in the
metasurfaces give rise to extraordinary optical transmis-
sion (EOT)2?7), When metal cut-wires are positioned
near the apertures, near-field coupling among the metal
wires and their complementary apertures can be applied
to manipulate the transmitted amplitude and phase dis-
persion of terahertz wave. We have demonstrated a
broadband polarization conversion by the metasurfaces,
in which the polarization of the incident light is rotated
by 45° between 0.70 and 1.0 THz. With respect to differ-
ent relative positions or different thicknesses of the die-
lectric spacer between the metal wire and its comple-
mentary design, the cross-polarization conversion and
phase dispersion can be modulated.

2 Design and simulation

The unit cell of the designed complementary bilayer
metasurfaces is shown in Fig. 1. As can be seen, the
structures consist of two layers of metal resonators with a
period of 2= 200 um. The unit cell of the first layer is a
metal aperture with the length of / = 175 um and the
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width of w = 40 pum. The longitudinal direction of the
aperture is along x-axis as shown in Fig. 1(a). The unit
cell of the second layer is a metal cut-wire with the length
of / = 175 pm and the width of w = 40 um. The longitu-
dinal direction of the cut-wire is at § = 45° to x-axis as
shown in Fig. 1(b). These two layers are separated by a
dielectric spacer with a thickness of #= 8 pum as shown in
Fig. 1(c). The thickness of the metal film in the two layers
is 200 nm. The designed bilayer metasurfaces are simu-
lated using CST microwave studio. The metal film is
modeled as a lossy metal with an electrical conductivity
of 0=5.8x10” S/m, which can be realized using copper?.
The spacer is treated as a lossless dielectric with a permit-
tivity of & = 2.9, which can be realized using terahertz
transparent polymers®2. A 100 um thick lossless dielec-
tric substrate with a permittivity of &= 3.19 is considered
in the simulation to support the first-layer structures for
practical realization®. The incident light polarized along
y-axis is normally illuminated on the metal apertures as
shown in Fig. 1(c). A frequency domain solver with a unit
cell boundary condition is applied during the simulation.
The simulated transmission spectra and phase delay of
the bilayer metasurfaces are shown in Fig. 2. It is ob-
served that when a y-axis linearly polarized terahertz
wave interacts with the metasurfaces, the transmitted
terahertz wave contains both co-polarized and cross-
polarized light along y- and x-axes, which are marked as
T,yand T, From Fig. 2(a), we can see that the transmit-
ted terahertz wave shows the same transmission ampli-
tude along y- and x-axes between 0.70 and 1.0 THz with a
transmission peak at 0.80 THz, while the phase delay
between y- and x-axes is 180° as shown in Fig. 2(b). This
means that the output terahertz wave is linearly polarized
at 135° to x-axis. Thus, we obtain a polarization rotator
that is capable of rotating the polarization of the incident
light by 45° based on the bilayer metasurfaces. Meanwhile,
a transmission peak at 0.25 THz can be observed for the
co-polarized light. This peak corresponds to the EOT
effect in the metal apertures. A small peak for
cross-polarized light at 0.25 THz can be seen in Fig. 2(a),
which corresponds to a weak excitation of the dipole
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Fig. 1
bilayer metasurfaces.
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Schematic of the designed unit cell of (a) the first layer, (b) the second layer and (c) the complementary coupled
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resonance in the metal cut-wires. A detailed analysis of
the resonance modes will be presented in the next dis-
cussion section. Compared with those single-layer
metasurfaces, the main advantage of the designed bilayer
metasurfaces is that they demonstrate a large phase con-
trol range over a broadband. As discussed in our previous
work, for a simple dipole resonance, it can only present a
maximum 180° phase change!. When multiple reso-
nances are designed in the single-layer metasurfaces, the
phase delay along different directions would always be
smaller than 180°22¢, The operating bandwidth is an-
other issue for the single-layer design. However, bilayer
metasurfaces can enhance the phase control range and
extend the operating bandwidth through the interaction
among different layers?*2>*' Tn our design, the bilayer
metasurfaces show a broadband cross-polarization con-
version with a phase delay of 180°, which is hard to be
obtained in the single-layer metasurfaces.
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Fig. 2 Transmission spectra (a) for the co-polarized and the
cross-polarized light with (b) the phase delay.

3 Analysis

In order to elucidate the resonance modes and their
near-field interaction in the designed bilayer meta-
surfaces, surface current distributions at the resonances
are simulated. Fig. 3(a) shows the surface current distri-
bution in the metal apertures at 0.25 THz, which indi-
cates the excitation of the transverse magnetic dipole
resonance in the apertures. The resonance in the aperture
gives rise to the EOT effect and presents a transmission
peak for the co-polarized light at 0.25 THz. The surface
current distribution in the metal cut-wires is shown in
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Fig. 3(b). It is observed that the electric dipole resonance
is excited, which results in the cross-polarized transmis-
sion peak at 0.25 THz. Figs. 3(c) and 3(d) provide the
surface current distributions of the metal apertures and
cut-wires at 0.80 THz. From these two figures, we can
observe that surface current distributions in these two
layers show opposite directions, indicating that a mag-
netic dipole can be formed within the circulating currents
between the aperture and the cut-wire. The strong cou-
pling between these two layers leads to the transmission
peak at 0.80 THz. Furthermore, the phase dispersion of
the transmitted light is modified by this coupling effect
and a phase delay of 180° between 0.70 and 1.0 THz is
achieved. Therefore, a broadband polarization conversion
is realized by the complementary coupled bilayer
metasurfaces.
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Fig. 3 Surface current distributions of (a) the metal aperture and
(b) metal cut-wire at 0.25 THz. Surface current distributions of (c)
the metal aperture and (d) the metal cut-wire at 0.80 THz.

To further investigate the coupling effect in the bilayer
metasurfaces, different relative rotation angles between
the aperture and the cut-wire and different thicknesses of
the dielectric spacer are simulated. When the rotation
angle changes from 0° to 15°, 30°, 45°, 60°, 75° and 90°,
the simulated co-polarized and cross-polarized transmis-
sion amplitudes are shown in Figs. 4(a) and 4(b) with the
phase delay shown in Fig. 4(c). When the rotation angle
is 0°, a transmission peak for the co-polarized light can
be observed at 0.43 THz, which corresponds to the dipole
resonance in the meal apertures. No cross-polarized
component can be obtained, which indicates that there is
no coupling between the aperture and the cut-wire.
When the rotation angle is 15°, two transmission peaks at
0.33 and 0.60 THz for the co-polarized light can be ob-
served. Meanwhile, the cross-polarized light presents two
transmission peaks at 0.34 and 0.58 THz. These four
transmission peaks indicate a strong coupling between
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the metal aperture and the metal cut-wire. When the ro-
tation angle further increases, the high frequency reso-
nances for both the co-polarized and cross-polarized
light shift to a higher frequency, while the low frequency
resonances for both the co-polarized and cross-polarized
light shift to a lower frequency. The phase delay between
the co-polarized and cross-polarized light is shown in Fig.
4(c). As can be seen, when the rotation angle changes, the
phase delays maintain 180° in a broadband with a small
shift of the frequency. The phase delays for the rotation
angles of 0° and 90° are not provided since no
cross-polarization light is obtained in these two cases.
Therefore, the rotation angle between the metal aperture
and the meal cut-wire changes the resonance frequency
for both the co-polarized and cross-polarized light with a
similar phase delay.

Besides the rotation angle, the thickness of the dielec-
tric spacer between the metal aperture and the cut-wire is
studied to tune the coupling effect in the bilayer meta-
surfaces. Fig. 5(a) and 5(b) show the transmission spectra
of the co-polarized and cross-polarized light when the
thickness of the dielectric spacer changes from 1 to 2, 4, 8,
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15, 20 and 30 pm. It is observed from Fig. 5(a) that when
the thickness of the dielectric spacer increases, the reso-
nance frequency of the metal aperture decreases, while
the frequency of the coupled magnetic dipole resonance
increases. A similar frequency variation trend can be seen
in Fig. 5(b) for the cross-polarized light. Furthermore,
when the thickness of the dielectric spacer is smaller, a
larger transmission peak for the cross-polarized light is
achieved. This indicates that a thinner dielectric spacer
would provide a stronger coupling between the aperture
and the cut-wire. The phase delays with respect to differ-
ent thicknesses of the dielectric spacer are shown in Fig.
5(c). As can be seen, with a thinner dielectric spacer, a
broader bandwidth for the phase delay of 180° can be
realized. Thus, the thickness of the dielectric spacer mod-
ifies the coupling effect in the bilayer metasurfaces, ena-
bling a high efficiency cross-polarization conversion and
a broadband phase delay.

4 Conclusions

In summary, we proposed complementary coupled bi-
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Fig. 4 Transmission spectra for (a) the co-polarized and (b) cross-polarized light when the rotation angle 6 changes from 0° to
15°, 30°, 45°, 60°, 75° and 90°. (c) Phase delay between the co-polarized and cross-polarized light.
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Fig. 5 Transmission spectra for (a) the co-polarized and (b) cross-polarized light when the thickness of the dielectric spacer varies
from 1 to 2, 4, 8, 15, 20 and 30 um. (c) Phase delay between the co-polarized and cross-polarized light.
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layer metasurfaces to manipulate the amplitude and
phase dispersion of terahertz wave. The proposed bilayer
metasurfaces are composed of metal apertures with their
complementary wires separated by a dielectric spacer.
The coupling between the transverse magnetic dipole
resonance in the metal aperture and the electric dipole
resonance in the metal wire can be applied to manipulate
the cross-polarization conversion and phase dispersion of
terahertz wave. We have demonstrated a 45° polarization
rotation based on the bilayer metasurfaces between 0.70
and 1.0 THz. With respect to different rotation angles
between the aperture and the cut-wire or different thick-
nesses of the dielectric spacer, the transmission amplitude
and phase delay can be tuned. The proposed comple-
mentary bilayer metasurfaces provide a new method to
control terahertz wave and can be applied to design
high-performance terahertz meta-devices.
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