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Broadband chirality and asymmetric transmission in ultrathin 90°-twisted
Babinet-inverted metasurfaces
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A broadband asymmetric transmission of linearly polarized waves with totally suppressed copolarization
transmission is experimentally demonstrated in ultrathin 90°-twisted Babinet-inverted metasurfaces constructed

by an array of asymmetrically split ring apertures. The only accessible direction-dependent cross-polarization
transmission is allowed in this anisotropic chiral metamaterial. Through full-wave simulation and experiment
results, the bilayered Babinet-inverted metasurface reveals broadband artificial chirality and asymmetric
transmission, with a transmission contrast that is better than 17.7 dB within a 50% relative bandwidth for
two opposite directions. In particular, we can modify polarization conversion efficiency and the bandwidth of

asymmetric transmission via parametric study.

DOI: 10.1103/PhysRevB.89.165128

In recent years, metamaterial has attracted growing at-
tention in the scientific communities because it enables
researchers to easily design and achieve unprecedented elec-
tromagnetic responses of artificial structures [1,2]. For electro-
magnetic waves, polarization is undoubtedly one of the most
important fundamental characteristics. The newly invented
anisotropic and chiral metamaterials hold great advantages and
flexibilities to manipulate the propagation of electromagnetic
waves and particularly to tailor polarization states [3,4]. Since
optically active media were promising candidates for negative
refraction [5,6], many chiral metamaterials have subsequently
been proposed to realize a negative refractive index [7-9].
As the concept goes beyond the negative index, great efforts
have been devoted to achieving giant circular dichroism
and optical activity in chiral metamaterials [3]. Numerous
chiral metamaterial-based polarization devices have been
reported, such as polarization rotators, [10] circular polarizers
[11-14], and polarization spectrum filters [15,16]. Another
intriguing effect in two-dimensional (2D) chiral metamaterial
is direction-dependent circular conversion dichroism, leading
to an asymmetric transmission phenomenon [17]. The 2D
chirality is intrinsically anisotropic. Both planar intrinsically
and extrinsically chiral metamaterial patterns can show such
a directionally asymmetric total transmission from microwave
to optical frequencies [18—22]. In contrast to the nonreciprocal
transmission achieved in magneto-optical, nonlinear, or time-
dependent media [23], the asymmetric transmission in planar
chiral metamaterial is reciprocal and fully compliant with
Lorentz’s reciprocity theorem. The reciprocal asymmetric
transmission effect arises from reversed right-to-left and
left-to-right polarization conversion efficiencies for opposite
directions of wave propagation. Meanwhile, there have been
attempts to achieve the asymmetric transmission for linearly
polarized waves [24-31]. A three-dimensional low-symmetry
metamaterial without any rotational symmetry showed 25%
asymmetric transmission for linearly polarized light [24]. The
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criterion on the transmission matrix elements for producing
the asymmetric transmission only for linearly polarized waves
and a microscopic electric Lorentz theoretical description
has been presented theoretically [25-27]. It was theoretically
found that asymmetric transmission for linear polarizations
could be easily achieved by a monolayer of anisotropic chiral
metamolecules through the constructive and destructive inter-
ferences between the contributions from anisotropy and those
from chirality [28]. Further, several metamaterials composed
of twisted metamolecules have been reported as having strong
asymmetric transmission [26], polarization transformation
[29], asymmetric transmission of linearly polarized waves
based on combining chirality and electromagnetic wave
tunneling [30], and dual-band asymmetric transmission [31]
individually for two orthogonal linearly polarized waves.
However, some chiral metamaterials are multilayered [29,30],
or the asymmetric transmission in other metamaterials strongly
depends on wave frequency and only operates in a narrow
frequency range [26,30,31]. In addition, undesirable high
copolarization transmission deliberately limits polarization
conversion efficiency and the bandwidth of asymmetric trans-
mission [3]. The broadband operation of the asymmetric
transmission phenomenon with nearly zero copolarization
transmission in a simple structured metamaterial is still highly
desirable.

In this paper, we propose ultrathin 90°-twisted Babinet-
inverted metasurfaces constructed by an array of asym-
metrically split ring apertures (ASRAs). The orthogonal
arrangement of two stacked Babinet-inverted resonators makes
the metamaterial chiral due to cross-coupling between the
magnetic and the electric responses. The planar anisotropic
chiral metasurface enables a broadband asymmetric transmis-
sion of linearly polarized waves, with total suppression of
copolarized transmission at the normal incidence. One linearly
polarized wave is only allowed to pass through the planar
chiral metasurface from one direction and is blocked from the
opposite direction.

Asymmetrically split ring (ASR) metamolecules are impor-
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FIG. 1. (Color online) 90°-twisted Babinet-inverted metasur-
face. The views of the (a) front and (b) back layers. Two ASRAs rotate
with respect to each other by a twist angle of 90°. (c) The schematic of
a unit cell of the stereo ASRA dimer array. Each ASRA resonator has
different arc slits corresponding to angles « and 8. Two ASRAs are
coaxial. The forward propagation is along the —z direction. (d) The
top view of a fabricated Babinet-inverted metasurface sample, which
was manufactured from F4B laminates using the photolithography
technique.

transmission [15,16,20]. Here, the Babinet principle is applied
to design the planar chiral metasurface [32—-34]. The Babinet-
inverted metasurface consists of an array of ASRAs that
are exactly complementary to ASRs [16]. The bilayered
metasurfaces are geometrically identical but are arranged with
a twist angle of 90° in order to give birth to the strongest
chirality due to the near-field magnetic and electric coupling,
while the bilayered metasurfaces with twist angles of 0° and
180° will not exhibit any chiral property. We can also call the
structure a stereometasurface with stereo ASRA dimers. One
can expect that the 90°-twisted Babinet-inverted metasurface
design efficiently suppresses the copolarization transmission,
and equivalently, the signal-to-noise ratio is greatly improved
[34], where the signal-to-noise ratio for the transmitted wave is
proportional to the ratio of the cross-polarization transmission
over the copolarization transmission.

The 90°-twisted Babinet-inverted metasurface configura-
tion is sketched in Fig. 1. This metasurface consists of an
array of square stereo ASRA dimers. Each stereo ASRA dimer
consists of two spatially separated coaxial ASRAs that are
structurally identical, but the back layer is twisted by 90° with
respect to the front one. Each ASRA consists of two different
arc slits corresponding to open angles « and 8 (e.g., @ = 160°
and B = 100°), as shown in Fig. 1(c). For simplicity, open angle
« is constant while f§ is variable. The radius of the ASRA is
r = 6 mm, and the split width is w = 0.8 mm. Both metasurface
patterns, with an overall size of 300 x 300 mm?2, were
perforated from 35-pm copper cladding on the F4B substrate
with a thickness of + = 1.5 mm. The period of perforation is
d = 15 mm, rendering the structure nondiffractive at normal
incidence for frequencies below 20 GHz. The photograph of a
fabricated sample is given in Fig. 1(d).

First, we studied the electromagnetic response of the
single-layer Babinet-inverted metasurface. The single-layered
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FIG. 2. (Color online) The (a) and (c) reflection and (b) and (d)
transmission spectra of the single-layer Babinet-inverted metasurface.
The dotted, solid, and dash-dotted lines indicate geometric structures
with 8 = 160°, B = 140°, and B = 100°, respectively, and the
other open angle is « = 160°. The insets show polarizations of
incident waves and z-component magnetic near-field distributions
at frequencies marked by bold arrows.

ASR metasurface without twofold rotational symmetry can
support a so-called trapped-mode resonance mimicking the
electromagnetically induced transparency (EIT) phenomenon,
in which the polarized wave along the rings could excite
a strong magnetic dipole perpendicular to the metasurface
plane. Inverting the ASR structure leads to the ASRA one in a
continuous metallic film. According to Babinet’s principle,
instead of an EIT-like enhanced transmission in the ASR
metasurface, an enhanced reflection as a counterpart of the
EIT [35,36] within the broad spectral profile occurs in the
Babinet-inverted metasurface illuminated by light polarized
perpendicular to the ring apertures, in which the open angles
are o = 160° and B = 140°, as shown in Fig. 2(a). Here, the
transmission spectra and the associated excitation modes were
performed using the commercial software CST Microwave
Studio, where copper is treated as a perfectly electric conductor
and the lossy dielectric substrate is assumed to have a
relative permittivity of e = 2.65 + i - 0.003. The z-component
magnetic near-field distribution at the reflection peak shows the
characteristic of two out-of-phase oscillating magnetic dipoles
in the metasurface plane, thus being a magnetic dark mode.
The corresponding trapped mode is weakly coupled to free
space. The reflection peak also happens to be illuminated by
light polarized parallel to the ring apertures due to excitation
of the other low-loss, magnetic, high-order mode, as shown
in Fig. 2(c). These dark resonances are normally inaccessi-
ble in symmetrically split ring apertures o = 8 = 160°, in
which only a broad dipole mode can be excited (see dotted
lines in Figs. 2(a) and 2(c)). The increasing asymmetry of
o = 160° and B = 100° leads to a much broader reflection
band and a lower absorption. The transmission spectra of
the single-layer Babinet-inverted metasurface are presented
in Figs. 2(b) and 2(d). It is only transparent within narrow
spectral ranges, and the transmission dramatically drops away
from the resonant frequencies in a perforated metallic film.
In particular, no cross-polarization transmission is observed at
normal incidence in such a single-layer metasurface. However,
once two ASRA elements are rotated by 90° with respect
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to each other, the chirality is created, since two orthogonal
eigenmodes will strongly couple with each other through
apertures. Such a 90°-twisted Babinet-inverted metasurface
modifies four elements of the Jones matrix in an extremely
broad band. The only one of two off-diagonal elements
is enhanced; three others are suppressed nearly to zero.
Consequently, a broadband asymmetric transmission can be
achieved.

The copolarization transmission coefficients Ty, and T,
coincide well with each other in the 90°-twisted Babinet-
inverted metasurface. The complex amplitudes of the incident
to the transmitted wave are related by the Jones matrix for the
forward-propagating wave along the —z direction:

Tx _ Txx Txy Ix _ T é: Ix _ Tf Ix
) \I T,)\,) \¢ J\1,) """y
6]

where the superscript refers to the forward (f, along the —z
axis) or backward (b, along the +z axis) wave propagations.
For the backward-propagating wave along the +z direction,
according to the reciprocity theorem, the corresponding matrix
is given as follows [24]:

t-(% ) @

The asymmetric transmission parameters for linearly polarized
waves are then defined as the total intensity difference between
two opposite directions (i.e., the intensity difference between
two cross-polarization components for the same propagation
direction):

A = |TLP +|TL) — |18 — |15

= |24 - |Tif = -8

12 12 2 2 )

A = TR+ TR = T = 17
=T =T =8 - = -a

Due to specific symmetry, although the copolarization trans-
mission 7 is not directly included in Eq. (3), high transmission
amplitudes of #,, and ¢,y (1;; = |T;;|) will extremely hamper
the realization of broadband asymmetric transmission and lead
to a large ellipticity of the transmitted wave [30]. According
to Eq. (3), we can realize perfect asymmetric transmission
(AY = —A* = 1) under certain conditions. These conditions
are (1) complete cross-polarization conversion and (2) unit
transmission. The underlying mechanism of the ideal asym-
metric transmission stems from the only accessible direction-
dependent cross-polarization transmission due to the peculiar
polarization eigenstates. For broadband application, these
requirements are not easily achievable in a bilayered chiral
structure. Most of the area of the Babinet-inverted metasurface
is opaque; thus, it can prevent the copolarization transmission
[34]. In our case, the 90°-twisted Babinet-inverted metasurface
promises that all conditions—t ~ 0, ¢ ~0, £ > 7, and

J

"2

T++ T+, 1 Txx + Tyy + i(Txy - Tyx) Txx -
T_+ T__ TXX - Tyy + i(TXy + T_)‘X)
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FIG. 3. (Color online) Simulated and measured results of the
90°-twisted Babinet-inverted metasurface with « = 160° and 8 =
100°. (a) The simulated transmission spectra ., t,, ty,, and f,
and (b) the simulated polarization rotation angle 6 and ellipticity
n for a y-polarized forward-propagating wave. The insets indicate
wave propagation directions. (¢) The measured cross-polarization
transmission spectra ., and t,, for y- and x-polarized forward-
propagating waves. (d) The simulated and measured asymmetric
transmission parameter AY for forward- and backward-propagating
waves, where solid and dotted curves correspond to the measured and
the simulated results, respectively.

& > ¢—are simultaneously satisfied in a broad frequency
range. At some frequencies, the metasurface has a high trans-
mission (i.e., & & 1). The particular feature of the bilayered
Babinet-inverted metasurface is verified by the simulated
results in Fig. 3(a), where o = 160° and 8 = 100° are preferred
due to smaller absorption. For the forward propagation along
the —z direction, the copolarization transmissions f,, and
ty, are always identical and exhibit three resonant peaks
below 0.1. In contrast to the copolarization transmissions, the
cross-polarization transmission 7, is extremely different from
that of #,, at all frequencies, indicating the presence of the
asymmetric transmission effect for linearly polarized waves
and the absence of the asymmetric transmission effect for
circularly polarized waves in the proposed chiral metamaterial.
Clearly, the cross-polarization transmission ., shows three
transmission peaks at ~5.5, 8.25, and 9.9 GHz, reaching
maxima of 0.85, 0.96, and 0.93, respectively, while the other
cross-polarization transmission, t,,, is below 0.025. In the
frequency range from 5.5 to 10 GHz, the transmission contrast
between txy2 and t‘yxz is larger than 27 dB; furthermore,
the transmission contrast between #,,> and f % (fy,%) is
larger than 18.6 dB. In this broad passband, for the forward
propagation, the incident y-polarized wave can pass through
the metamaterial slab and then convert to the x-polarized wave
while the incident x-polarized wave is blocked.

In terms of the circular transmission coefficient, the polar-
ization state of the transmitted wave can be further studied.
The circular transmission matrix can be calculated from the
linear transmission matrix

Tyy - i(TXy + Tyx)) 4)

Txx + Tyy - i(Txy - T\x)
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where + and — denote right-handed and left-handed circularly
polarized waves, respectively. The polarization rotation angle
6 and its ellipticity angle n are given as follows:

1
0 = —5larg(Tiy) — arg(T—)],

n= larcsin (—|T++|2 — |T"|2>
2 T |2+ T2

In Fig. 3(b), the transmitted wave is nearly linearly polarized
in a broad band since the polarization rotation angle is larger
than 77°, accompanied by very low ellipticity (n < 2°). We
also check the polarization state of the transmitted wave
based on the polarization conversion ratio (PCR), defined as
PCR = |T”|2/(|Txy|2 + |Tyy|2), for the incident y-polarized
wave. The PCR is always larger than 0.98 from 5.5 to 10 GHz
(not shown in Fig. 2), indicating that the forward y-polarized
wave is converted into x-polarized one completely after the
transmission.

To verify our prediction and simulations, the cross-
polarization transmission and asymmetric parameter were
measured at normal incidence in the frequency range from
4 to 12 GHz, as shown in Figs. 3(c) and 3(d). The experiments
are carried out in an anechoic chamber using broadband
horn antennas and a vector network analyzer. The measured
cross-polarization transmission #,, shows three transmission
peaks at ~5.43, 8.49, and 10.3 GHz, reaching maxima of 0.70,
0.94, and 0.90, respectively, while the other one, t,,, is much
lower than t,,. In the broad frequency range of 5.5-10 GHz,
the measured transmission contrast between txyz and tyx2 is
always larger than 17.7 dB. We can obtain larger than 50%
relative bandwidth for a good asymmetric transmission. The
measured results in Fig. 3(c) agree well with simulated ones
shown in Fig. 3(a). Figure 3(d) shows an obvious direction-
ally asymmetric transmission between the forward and the
backward propagations. Here, AY = ITXJ;|2 - |Ty’;|2 for the
forward propagation, and the intensity transmission difference
|Txby 1> - |T;.’x | for the backward propagation is equivalent to
A*. Both simulated and measured results demonstrate that
the two curves of A” and A are almost contrary to each
other. The 90°-twisted Babinet-inverted metasurface allows
y-polarized forward wave transmission and x-polarized back-
ward wave transmission and blocks x-polarized forward wave
transmission and y-polarized backward wave transmission.
The simulation results present +0.74, +0.91, and +0.87
asymmetry parameters at 5.5, 8.25, and 9.9 GHz, respectively.
Experimental results show 0.50, 0.88, and 0.81 asymmetry
parameters at 5.43, 8.49, and 10.30 GHz, respectively, for
the forward propagation and 0.41, 0.96, and 0.98 asymmetry
parameters at 5.44, 8.53, and 10.20 GHz, respectively. The low
transmission and asymmetric parameter ~7 GHz are mainly
caused by high reflection of the Babinet-inverted metasurface.
The difference in amplitude and resonant frequencies may
be partly caused by fabrication errors and random noises in
experiments and largely influenced by the mismatch between
the assumed real and imaginary parts of permittivity and
the realistic material parameters. Due to the fact that the
intensity transmission of one cross-polarization component
is much larger than the other one and two copolarization
components and the associated transmitted wave are nearly

&)
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linearly polarized, it can be concluded that the proposed
90°-twisted Babinet-inverted metasurface has a remarkable
advantage for broadband asymmetric transmission for linearly
polarized light and can be regarded as a good broadband
polarization spectrum filter.

As shown in Fig. 2, the response of the single-layered
Babinet-inverted metasurface is greatly affected by the degree
of ASRA asymmetry, which is proportional to the value
(¢ — B)(@ + PB), and the quality factor of the EIT-like
resonance strongly depends on this parameter. Hence, the
asymmetry of the ASRA will affect the in-plane coupling
strength between two apertures in the same plane; furthermore,
it will slightly change the coupling between two ASRAs
due to cavity variation formed between two 90°-twisted
Babinet-inverted metasurfaces. The variation of geometric
structures alters the near-field distributions of electromagnetic
modes, thus affecting the far-field radiative properties of
the bilayered Babinet-inverted metasurface. Although the
asymmetry (or the thickness of the dielectric layer, discussed
next) varies, all t.,, t,,, and t,, are still much smaller
than #,, in the frequency range from 5.5 to 10 GHz for
the forward-propagating wave; therefore, the fundamental
feature of the 90°-twisted Babinet-inverted metasurface almost
remains unchanged. Next, we mainly study the dependence
of the cross-polarization transmission #,, on the asymmetry
of the ASRA for the y-polarized forward-propagating wave
instead of the asymmetric parameter. The open angle «o
is kept constant at 160°, and the other open angle, B, is
reduced from 160° to 0° every other 10°. Correspondingly, the
asymmetry varies from 0 to 1. The interlayer coupling strength
almost remains unchanged due to a fixed 1.5-mm distance
between two Babinet-inverted layers. The simulated results in
Fig. 4(a) show a clear evolution from three to two peaks of
the cross-polarization transmission f,, due to the change of
the in-plane coupling strength. When the asymmetry is zero
as o = B = 160°, this nonchiral 90°-twisted Babinet-inverted
metasurface exhibits no cross-polarization transmission since
two orthogonal modes do not couple with each other due to
the twofold rotational symmetry of the metamolecule. Once
the symmetry is broken, the 90°-twisted Babinet-inverted
metasurface becomes chiral and strong coupling between two
orthogonal modes occurs, leading to the cross-polarization
transmission. Increasing asymmetry leads to a rapid increase
of the cross-polarization transmission. Although all three
transmission peaks, labeled first, second, and third in Fig. 4(a),
blueshift with reducing B (reducing the sizes of the apertures,
i.e., increasing the resonant frequency), the spectral splitting
between the first two peaks becomes narrower while that
between the second and third peaks becomes broader. The peak
transmissions at the first two resonances increase and then are
maintained ~0.96 when g is less than 40°. The third resonance
reveals a different behavior. Besides the large blueshift of
the third transmission peak, the amplitude ¢, first increases,
reaches a maximum of 0.93, and then decreases to zero as the
open angle S is changed from 160° to 0°. The nine metasurface
samples with a constant spacer thickness of 1.5 mm were
fabricated, where g =0°,40°, 60°, 80°, 100°, 120°, 130°, 140°,
and 160°. The measured results in Fig. 4(b) agree well with
the simulated ones. For instance, when § = 60°, three peak
values are 0.94, 0.96, and 0.61 when they are at ~6.1, 8.24, and
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FIG. 4. (Color online) (a) Simulated and (b) measured cross-
polarization transmission 7., in the 90°-twisted Babinet-inverted
metasurface as a function of the asymmetry of the ASRA. The
asymmetry of the ASRA is controlled by the open angle B changing
from 160° to 0° in 10° steps, and the other open angle, «, is always
160°, as shown in the inset. The three transmission peaks are denoted
as first, second, and third. The nine samples with a constant spacer
thickness of 1.5 mm were fabricated, where 8 = 0°, 40°, 60°, 80°,
100°, 120°, 130°, 140°, and 160°. (c) and (d) Z-component magnetic
near-field distributions and charge distributions of the front and back
layers at the first, second, and third transmission peaks for 8 = 0°
and 100°. The fields in all maps are plotted in the same scale and
recorded 0.2 mm away from the front and back layers. The symbols
+ and — indicate the surface charge distributions.

11.32 GHz, respectively, in Fig. 4(a) and are 0.87, 0.91, and
0.74 when they are at ~6.1, 8.52, and 11.50 GHz, respectively,
in Fig. 4(b). In order to explore the coupling mechanism and
fully recognize the underlying resonant modes in the bilayered
Babinet-inverted metasurface, Figs. 4(c) and 4(d) illustrates
the z-component magnetic near-field distributions at the three
cross-polarization transmission peaks for 8 = 100° and g =0°,
respectively. Here, it is preferred to study the magnetic rather
than the electric near-field distribution in the Babinet-inverted
structures [36]. The magnetic fields are recorded 0.2 mm
away from the front and back layers. When g = 100°, three
cross-polarization transmission resonances evidently originate
from different excitations of ASRAs. The ASRA can be
regarded as two-slot dipolar antennas. Excitations of both short
and long slot antennas contribute to the first transmission peak,
while the second and third transmission peaks are individually
dominated by excitations of long and short slot antennas.
Clearly, the energy is efficiently transferred from the horizontal
apertures in the front layer into the vertical apertures in the back
layer at each resonance. In our case, the long slot antenna has
a constant length, while the short slot antenna has a variable
length. So, it is easily understood that the second transmission
peak has less blueshift than the first and third peaks when

PHYSICAL REVIEW B 89, 165128 (2014)

the open angle B decreases. Maximum magnetic fields near
both the front and the back layers at the first and second
resonances are recorded at the same time; however, there is
nearly a 90° phase delay for recording maximum magnetic
fields near the front and back layers at the third resonance. This
mentioned phase difference is strongly affected by 8. When
B is less than 40°, the short aperture barely contributes to the
cross-polarization transmission because of no overlap between
the short aperture in the back layer and the apertures in the front
layer; thus, the third transmission peak vanishes. Therefore,
the third transmission peak undergoes exceptional changes.
Finally, the cross-polarization transmission spectrum exhibits
two peaks when the short apertures disappear. Figure 4(d)
records the z-component magnetic near-field distributions of
the 90°-twisted Babinet-inverted metasurface with § = 0°. The
excitations of both layers do not suffer from phase delay. The
first and second resonances correspond to different excitation
modes, respectively. The underlying coupling mechanism
can be understood in the resonance hybridization framework
[37]. The strong near-field coupling leads to the resonance
hybridization in two bilayered metamaterials. The excitation
of the vertical apertures in the back layer can be understood as
90°-rotated excitation of the horizontal apertures in the front
layer. After the 90° rotation, the z-component magnetic fields
are antisymmetric at the first resonance and symmetric at the
second resonance, respectively. Varying the asymmetry allows
control of the antisymmetric and symmetric modes. Based
on the investigations above, it is convenient to engineer the
cross-polarization transmission and asymmetric transmission
of the 90°-twisted Babinet-inverted metasurface simply by
changing the in-plane coupling.

Due to the bilayered structure, the interlayer coupling
is another important parameter for modifying the cross-
polarization transmission and asymmetric transmission. When
the geometric structure remains unchanged as o = 160° and
B = 100°, we can separately consider how the interlayer
coupling strength affects the cross-polarization transmission
[

The simulated results are shown in Fig. 5(a). The evolution
of the transmission peak frequencies due to the thickness
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FIG. 5. (Color online) (a) Simulated cross-polarization transmis-
sion z,, in the 90°-twisted Babinet-inverted metasurface as a function
of dielectric-layer thickness. (b) Measured transmission spectra of
two bilayered metamaterials for = 1 and 1.5 mm, denoted by dotted
and solid lines, respectively, in Fig. 5(a).
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of the spacer layer is similar to the anisotropic three-layer
metamaterial discussed in Ref. [38]; however, this unique
behavior is applied to the cross-polarization transmission in
this paper. When the dielectric-layer thickness is infinitely thin
(t — 0), the metasurface reflects all energy in the frequency
range of 4-12 GHz and the chirality vanishes. As shown
in Fig. 4(c), the first, second, and third resonances can be
regarded as an antisymmetric-mode combination for both long
and short slot antennas, in which the symmetric mode is for
long slot antennas and a phase-modulated symmetric mode
is for short slot antennas. The interlayer coupling strength of
two orthogonal resonances is proportional to the thickness of
the dielectric spacer layer, and the strong coupling in thin
metamaterials can make a large spectral splitting between
the antisymmetric and the symmetric modes in the mode
hybridization scheme [37]. Thus, when the spacer layer is
thin, there is a large spectral splitting, where the second and
third resonances degenerate at the frequency of the symmetric
mode for short slot antennas. With the increasing thickness of
the spacer layer, the decreasing coupling strength leads to small
spectral splitting; thus, the first and second transmission peaks
shift progressively to blue and red with increasing thickness
and then merge together when the thickness exceeds 5 mm.
The resonances at the back and front layers do not happen
simultaneously since the large phase delay occurs in thick
metamaterials. The resonant frequency of the third transmis-
sion peak is insensitive to the coupling strength and basically
locates at ~10 GHz when the thickness is less than 5 mm.
The maximum transmission of the first transmission peak
rapidly increases with increasing the thickness. Attentively,
the maximum transmission of the second transmission peak
is nearly 100% and weakly depends on the coupling strength.
The third transmission peak seems to have 100% transmission
for intermediate coupling strength where an optimal thickness
is ~2 mm. Two cross-polarization transmissions become weak
and slightly redshift when the thickness is larger than 5 mm.
The measured results of the bilayered metasurface with ¢ =
1 and 1.5 mm in Fig. 5(b) are consistent with simulations.
As the thickness increases, we observe the blueshift of the
first transmission peak, the redshift of the second transmission
peak, and no shift of the third transmission peak. In terms of
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the interlay coupling strength, we can easily manipulate the
cross-polarization transmission of the bilayered 90°-twisted
Babinet-inverted metasurface.

In conclusion, we have demonstrated theoretically and ex-
perimentally that broadband artificial chirality can be realized
by an ultrathin 90°-twisted Babinet-inverted metasurface. The
orthogonal arrangement of two stacked ASRAs enhances the
only the component f,, and nearly suppresses three other
ones—iyy, tyy, and t,,—to zero in an extremely broad band.
The proposed bilayered metasurface exhibits a broadband
asymmetric transmission of a linearly polarized wave with
nearly zero copolarization transmission. The bilayered chiral
metasurface has been verified to have a transmission contrast
that is better than 17.7 dB in the frequency range of
5.5-10 GHz in the experiment. The underlying mechanism
of the asymmetric transmission can be well understood as
the only accessible direction-dependent cross-polarization
transmission. In particular, the 90°-twisted Babinet-inverted
metasurface is conveniently engineered based on the in-plane
and interlayer coupling strength via changing the geometric
asymmetry and the thickness of the spacer layer. We pre-
dict that the 90°-twisted Babinet-inverted metasurface with
ultralow copolarization noise will be a promising candidate
for broadband polarization devices such as spectral filters
and beam splitters. Our scheme is also expected to operate
in terahertz and infrared ranges.
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