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In this work, a broadband terahertz asymmetric transmission metamaterial is experimentally demonstrated

for a linearly polarized wave. The measured transmission coefficient T, is larger than 0.6 from 0.55 to 0.82
THz, and reaches a peak value of 0.714 at 0.62 THz, while the transmission coefficient T, is lower than 0.2
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from 0.4 to 0.9 THz. The calculated asymmetric transmission parameter of the measurement ranges from

0.53 to 0.84 THz for magnitudes over 0.4. The peak value reached 0.65 at the frequency of 0.78 THz. The
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rsc.li/rsc-advances currents and electric fields.

1. Introduction

Metamaterials possess novel electromagnetic properties and
can be periodically structured with unit cells. This kind of new
material has many potential applications, such as in negative
refraction index materials, perfect lenses, and invisibility
cloaks.'? Since Pendry et al. reported negative refraction by
utilizing chirality in 2004,* chiral metamaterials have attracted
the attention of many researchers. Many new properties have
been found in the chiral metamaterials, such as asymmetric
transmission (AT), circular dichroism and optical activity.
Asymmetric transmission, defined as the difference between
the transmittance in two opposite propagation directions, has
been largely reported on planar metasurfaces in microwave,>*?
THz,"?° infrared** and optical®*?® regimes. It was found that
a chiral metamaterial with symmetry breaking can exhibit an AT
effect for linear and circular polarizations.'®*”-**> For the exper-
imental observations of AT, several metamaterials with AT
effects are reported. In the microwave band, Mutlu et al’
demonstrated a narrow asymmetric transmission of linear
polarization at 7.1 GHz with Ty, = 0.171 and Ty, = 0.974. Huang
et al.® presented a measurement of the chiral metamaterial AT
structure with a T, value that reached a maximum of approxi-
mately 0.8 at 10.24 GHz and the T,, was a small value of
approximately 0.02. Cheng et al.® reported a strong AT effect for
the linear polarization. The cross-polarization transmission Ty,
achieves a maximum of 0.74 in the experiment and 0.77 in the
simulation at an approximate resonance frequency of 9.65 GHz,
although T, is very small and remains below 0.1 over the entire
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physical mechanism of the polarization conversion was also analyzed from the distributions of the surface

frequency range. Shi et al.'® revealed a narrow dual-band AT
transmission at about 10.79 and 14.57 GHz. It was demon-
strated that the T, reached a maximum of 0.95 at around 10.79
GHz and the Ty, was below 0.15. Meanwhile, an obvious reso-
nant peak for T}, was larger than 0.93 at around 14.57 GHz with
a Ty value that was below 0.15. In addition, Wei et al*
demonstrated a broadband multilayer stacked AT meta-
material, and the measured T, was greater than 0.96 within
a frequency range of 9.8-12.5 GHz. In the infrared band,
a monolayer all-dielectric metasurface was proposed to realize
broad circular asymmetric transmission with an AT parameter
of 0.69 at 9.6 um.** In the optical band, Menzel et al.** reported
the first experimental observation and theoretical analysis of AT
in a 3D low-symmetry metamaterial. The difference between the
T,y and Ty, achieved values of up to 25% in the linear base.
Wang et al.*" fabricated an AT metamaterial in the near-infrared
region. It was found that only the forward direction was allowed
for the x polarization at around 1350 nm, and only the back-
wards direction was allowed for the y polarization. Pfeiffer
et al.* reported a metasurface with an AT of circularly polarized
light at a wavelength of 1.5 um. The experimental transmittance
and extinction ratio were 50% and 20 : 1, respectively.

In the terahertz region, Singh et al.*® presented experimental
and numerical evidence of the AT of a circularly polarized ter-
ahertz wave through a planar chiral metamaterial for the first
time. Then, Kenney et al.*® fabricated a herringbone metasur-
face to realize a broadband asymmetry between the orthogonal
circular polarizations with a cross-polarization transmittance of
0.62. Recently, Liu et al'” demonstrated a temperature-
controlled AT of linearly polarized THz waves by exploiting
the insulator-to-metal phase transition of VO,. In this work,
a two-dimensional chiral structure with broken symmetry was
experimentally demonstrated to realize a broadband AT effect
for linearly polarized waves in the terahertz band. It consisted of
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two metallic split rectangular annulus on two sides of a dielec-
tric layer. The measured transmission coefficient Ty, is larger
than 0.6 from 0.55 to 0.82 THz, and reached a peak value of
0.714 at 0.62 THz, although the transmission coefficient T, was
lower than 0.2 from 0.4 to 0.9 THz. The physical mechanism of
the polarization conversion was also analyzed using the electric
field distributions.

2. Designed structure and simulations

Fig. 1a shows the unit cell of the designed chiral metamaterial,
which is composed of double I-shape metallic structures on two
sides of a dielectric substrate. The metallic patterns on both sides
of the dielectric layer are identical but twisted. As is shown in
Fig. 1b and c, the bottom metal structure is formed by rotating the
top metal structure with a clockwise angle of 90° along the z-axis
and then this is mirrored along the y-axis. The dielectric
substrate is made of polyimide with a relative permittivity of
& = 3.4 and a loss tangent of tg ¢ = 0.008. The substrate thickness
was d = 25 pm. Other parameters of the unit cell are as follows:
p =268 um, L =119 pm, w = 35.5 um, g = 33 pum, s; = 110.5 um,
s, = 82.5 um, and m = 18 um. The thickness of the gold is ¢ = 0.1
pm. Commercial software (CST Microwave Studio) was used for
the simulation. An open boundary condition was employed along
the z axis and unit cell boundary conditions were employed along
the x and y axes. Adaptive tetrahedral mesh refinement was used
to ensure the accuracy of the simulation. The electromagnetic
wave can be divided into the x-polarized wave in which the electric
field is parallel to the x-axis and the y-polarized wave in which the
electric field is parallel to the y-axis (as shown in Fig. 1a).

Eqn (1) is used to describe the transmitted electric field of
a linearly polarized wave. The complex amplitudes of the inci-
dent and the transmitted waves are given in eqn (2).* In which
T, represents the transmission coefficient of the transmitted
waves polarized on the x direction when the incident wave is x-
polarized, while Ty, represents the transmission coefficient of
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Fig.1 Geometry of the designed structure. (a) The perspective view of
the unit cell, (b) the top metal structure and (c) bottom metal structure
from the top view of the structure.
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the transmitted waves polarized in the y direction when the
incident wave is x-polarized, T}, and T, are defined in the same
way.

E(r, ) = (T, T,)Te* " 1)

T\’ T,\’x T\’ y Ix f ( Ix )
= =71 2
( 7, ) ( T,.T,, ) (1), ) w1, 2)

Fig. 2 shows the simulated transmission coefficients of
a linearly polarized incident wave. It is obvious that the cross-
polarized transmission coefficient T, is different from Ty,
while the co-polarized transmission coefficients Ty, and Ty,
always remain equal across the frequency ranges. In addition to
this, we also found that the transmission coefficient T, can
reach three peak values of 0.795, 0.84 and 0.773 at f; = 0.55 THz,
f>=0.685 THz and f; = 0.79 THz, respectively. The magnitude of
Tyx is larger than 0.707 across a wide range from 0.51 to 0.84
THz with a relative bandwidth of about 50%, while the magni-
tude of T, is lower than 0.2 from 0.51 to 0.84 THz. Owing to the
difference between T, and T, a broadband asymmetric
transmission is achieved.

The asymmetric transmission for a certain polarization state
can be defined as the difference between the transmittance in
two opposite propagation directions. For the linearly polarized
wave, the AT parameter can be described as:*

(AT
4= (Aliny> -

In which the superscript f and the superscript b indicate the
wave propagation in the forward (+z) and backward (—z) direc-
tions, respectively. For the structure with reciprocity properties,
the two incident waves from the forward and backwards direc-
tions possess the same transmission coefficients with respect to
their polarization direction. In which . =T, Tf}x = T;y,

2 2 2
f f
- |Txx - |Tyx

-

o |+ |7,

(3)
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Fig. 2 The simulated transmission coefficients.
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Tjﬁ’y = Yf,y and Tﬁy = T;x. Then, the two curves of 4;;," and 4y are
completely identical and opposite to each other. The calculated
AT parameters 4y,* and 4y, are shown in Fig. 3. The AT
parameters range from 0.533 to 0.794 THz for the high magnitude
over 0.59. The peak value reaches 0.693 at a frequency of 0.687
THz. These results verify that our proposed structure can achieve

a broadband asymmetric transmission with a linearly polarized

wave.
T =|Tof’ + T 4
Ty =T, + Tyl (5)
PCR, = [T, /(T + 1T, (6)
PCR,, = | T ATy + | T 7)

Fig. 4a shows the total transmissions (based on eqn (4) and
(5)) of the x-polarized and y-polarized wave propagation along
the input (—z) direction. The total transmission of the x-polar-
ized waves range from 0.53 to 0.752 THz with the magnitude
value above 0.7 and reached maximum values of 0.806 at 0.693
THz, while the total transmission of the y-polarized wave was
lower than 0.15 from 0.52 to 0.825 THz. From Fig. 4a, it is
obvious that the x-polarized incident wave can transmit well
through the proposed structure, while most of the y-polarized
incident waves are forbidden along the input (—z) direction. If
the incident wave propagates along the +z direction, the result is
completely opposite (not shown).

As shown in Fig. 4b, the polarization conversion ratios (PCR)
of the x-polarized and the y-polarized waves are calculated
based on eqn (6) and (7). The polarization conversion ratio of
the x-polarized wave is higher than 0.8 from 0.463 to 0.817 THz
and reaches a peak of 0.964 at 0.487 THz. Meanwhile, the
polarization conversion ratio of the y-polarized wave can reach
a minimum value of 0.03 and a maximum value of 0.36 at 0.778
and 0.871 THz, respectively. These results mean the structure

Asymmetric transmission
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Fig. 3 Calculated asymmetric transmission (AT) parameters.
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Fig. 4 The calculated (a) total transmission and (b) PCR.

can realize a high polarization conversion efficiency for the x-
polarized wave over a broadband frequency range when the
incident wave propagates along the —z direction.

The surface current of the proposed structure was simulated
to better explain the AT effect. Fig. 5 shows the surface current
distribution on the top and bottom metallic layers of the
x-polarized wave as it propagates along the —z direction at
fi = 0.55 THz, f, = 0.685 THz and f; = 0.79 THz, the black solid
arrows represent the direction of the current. From Fig. 5a and
b, it can be seen that the direction of the current is the same for
each I-shape metallic structure at f; = 0.55 THz, which means
the current direction mode oscillates in phase at this resonate
frequency. From Fig. 5¢ and d, it can be seen that there are two
different current direction modes that exist on each I-shape
metallic structure at f, = 0.685 THz, and the two current

.« fi=0.55THz

.. /:=0.685 THz

L=t |
o
3.45
) X 1.4

0.79 THz

o S

'@J bottom
() ®

Fig. 5 The surface current of the x-polarized wave on the top and
bottom metals at f; = 0.55 THz, f, = 0.685 THz and fz = 0.79 THz,
respectively. (a), (c) and (e) show the top surface currents. (b), (d) and (f)
show the bottom surface currents.
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direction modes oscillate out of phase at the resonate
frequency. From Fig. 5e and f, it can be seen that the current
direction mode oscillates out of phase at f; = 0.79 THz.
We believe that the different transmissions at f; = 0.55 THz,
f>=0.685THz and f; = 0.79 THz are all caused by these in phase
and out of phase current direction modes.>**

To investigate the mechanism for the AT that is associated
with the chiral metamaterial, Fig. 6 shows the electric field
distributions for the x-polarized wave passing through the
AT structure backwards (—z) at f; = 0.55 THz, f, = 0.685 THz and
f3 = 0.79 THz, respectively. For f; = 0.55 THz in Fig. 6a and b,
the electric field of the x-polarized wave in the input plane
rotates by about 90° after it arrives at the output plane, and the
electric field of the y-polarized wave rotates about 180° in the
output plane. As a result, most x-polarized waves change into
a cross-polarization wave and the y-polarized wave shows little
cross polarization at f; = 0.55 THz, respectively. For the electric
field distributions at f, = 0.685 THz and f; = 0.79 THz, a similar
phenomenon can be observed. In addition, in Fig. 6b, d and f,
most energies are forbidden when the y-polarized wave passes
through the proposed AT structure in the backwards (—z)
direction, which is coincident with the black dashed line shown
in Fig. 4a. However, in Fig. 6a, c and e, most electric fields of the
x-polarized wave are rotated by about 90° with a high magni-
tude. Therefore, as shown in Fig. 4a, the total transmission of
the x-polarized wave is 0.745, 0.803 and 0.66 at 0.55, 0.685 and
0.79 THz, respectively, while the total transmission of the
y-polarized wave is 0.131, 0.112 and 0.062 at 0.55, 0.685 and
0.79 THz, respectively.
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Fig. 6 Variation in the electric field directions when the x-polarized
and y-polarized waves propagate in the —z direction at f; = 0.55,
f, = 0.685 and fz = 0.79 THz, respectively.
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3. Experimental results and
discussions

In order to verify the asymmetric transmission validity of the
proposed AT metamaterial. The sample was fabricated using
the standard lithography technique and tested using terahertz
time-domain-spectroscopy. The sample was made by using two
different masks. To keep the front and back metallic patterns in
alignment, marks were made on the two masks. Firstly, a 10 nm/
100 nm thick Ti/Au film was deposited on one side of the 25 um
polyimide, and a lift off process was used to form the metallic
patterns. Then, the same metalized process was used on the
other side of the polyimide. The fabricated AT metamaterial had
a 40 x 40 square array cell with a period of 250 um. A good
uniformity was achieved across the 10 x 10 mm device area.
Fig. 7 shows the optical micrograph of the fabricated AT met-
amaterial, in which the corresponding diameters are also
shown. The dark areas are the dielectric layer areas, and the
lighter area is the gold coating.

Fig. 8 shows the simulated and the measured transmission
coefficients of the sample. The simulation parameters were
obtained from the measurement of the sample, and were a little
different from those used in Fig. 2. Here, p = 268.94 pm,
L = 119.24 pm, w = 35.77 pm, g = 33.13 pm, s; = 109.96 pum,
S, = 83.46 um, and m = 17.885 pm. From Fig. 8a, we can see that
the measured results are essentially consistent with the simulated
results. For the measurement, it is obvious that the cross-polarized
transmission coefficient T, (dashed line) is different from T,
(short dotted line). The transmission coefficient T, is larger than
0.6 in the range from 0.55 to 0.82 THz, and reached a peak value of
0.714 at 0.62 THz, while the transmission coefficient Ty, is lower
than 0.2 in the range from 0.4 to 0.9 THz. Fig. 8b shows the co-
polarization transmission of the simulated and measured
results, it should be noted that the co-polarization transmission
Tx and Ty, of the measured results are almost equal to those of the
simulation results. The calculated AT parameters for the
measurements and simulations are given in Fig. 9 and are denoted
by the solid and the dashed lines, respectively. The two curves of
Apy* and Ay, are identical and opposite to each other. For this

Fig. 7 Optical micrograph of the fabricated AT metamaterial.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 The calculated AT parameters for the measurements and
simulation.

measurement, the AT parameter for the measurement ranges from
0.53 to 0.84 THz were used for magnitudes over 0.4. The peak value
reached 0.65 at a frequency of 0.78 THz, which is slightly lower
than that found using the simulation results.

There are several possible causes for the difference between
the measured and simulated results. Firstly, the front and back
metal structures are aligned in the simulation, while in the
sample the front and back metals may be offset. Secondly,
owing to the tolerance of size during fabrication, a difference
between the measured and simulated results will occur. Thirdly,
during the testing process, the sample has to be rotated 90
degrees by hand to measure the result of another polarization
state. Some unavoidable position errors may occur, which
would result in further errors. For the polyimide, the tangential
loss tg 6 = 0.008 provided by the manufacturer was used in the
simulation. However, some deviation in this value may exist.
Fig. 10 shows the influence of the tangential loss on the cross-
polarization for tg 6 = 0.012 and 0.04. It can be seen that the
magnitude of Ty, decreases with the increasing value of tg 6, the
simulated result for tg ¢ = 0.04 is closer to the measured result.
All of the reasons discussed above may cause differences
between the measured and simulated results.

4. Conclusions

In this paper, a bi-layered chiral structure consisting of a double
I-shape metallic structure on two sides of a dielectric substrate

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Influence of the tangential loss of polyimide on T,.

was proposed and experimentally demonstrated, and a high-
efficiency and broadband polarization conversion of the line-
arly polarized wave in the terahertz band was realized. When the
linearly polarized waves propagate in the input (—z) directions,
the simulated transmission coefficient T}, is more than 0.707
across a wide range from 0.51 to 0.84 THz, and the relative
bandwidth is about 50%. When the polarization conversion
ratio of the x-polarized wave is more than 0.85 from 0.47 to
0.808 THz it reaches a maximum value of 0.964 at 0.488 THz.
The measured transmission coefficient T}, is larger than 0.6
from 0.55 to 0.82 THz, and reaches a peak value of 0.714 at 0.62
THz, while the transmission coefficient Ty, is lower than 0.2
from 0.4 to 0.9 THz. The physical mechanism of the asymmetric
transmission and the polarization conversion was also analyzed
using the electric field distributions and the surface current
distributions.
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