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ABSTRACT

A chiral metasurface, which obtains chirality through a subwavelength artificial structure, is essential for realizing asymmetric transmission
in the application of enantioselective sensing, spin-dependent light emission, and other polarization control systems. Here, we studied a split
Archimedean spiral metasurface, which can control the propagating wave from asymmetric transmission to symmetric transmission for lin-
ear polarized light. As a proof of concept, a dual-band asymmetric transmission is demonstrated in the GHz region using the coupling of the
split spiral structures. The maximum asymmetric transmission parameter reaches 53%. By manipulating the height of the split spiral struc-
tures using microfluidic technology, a broadband asymmetric transmission is obtained with the bandwidth of 25.9%. Meanwhile, the asym-
metric transmission can be controlled from 50% to 0%, enabling the propagation wave from asymmetric transmission to symmetric
transmission. Furthermore, the asymmetric transmission is maintained when the metasurface is bent into different curvatures, promising
high potential applications for optical isolation, one-way glass, and optical interconnects.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5084329

A chiral material exhibits asymmetric transmission which allows
the electromagnetic wave of cross-polarization to transmit in one
direction, while blocking the transmission of the same polarization in
the opposite direction.1 Possible applications include microwave and
optical isolation, optical interconnects, ultrafast information process-
ing, and integrated photonic circuits. The research of asymmetric
transmission for circularly polarized light has been reported in planar
chiral metasurfaces.2–4 However, such planar chiral metasurfaces only
exhibit chirality in two-dimensional space instead of three-
dimensional (3D), in which the asymmetric transmission only works
for circular polarized light instead of linear polarized light.5 Generally
speaking, the chirality in three-dimensional can be introduced by
applying the supporting substrate underneath the metasurface struc-
tures.6 However, this effect of symmetry breaking is negligible for
observable asymmetric transmission. In order to unambiguously

enhance the effect of asymmetric transmission, it is suggested to break
the symmetry in the propagation direction of the metamolecule itself
rather than relying on the effect of the supporting substrate.5,7–11

However, the rigid substrate based chiral metasurface suffers from lim-
ited tunability and the transition from asymmetric transmission to
symmetric transmission is also lagging behind.

Metasurfaces are usually composed of solid metallic structures or
high permittivity dielectrics on solid substrates, whose tunability is
highly constrained by the material rigidity, tuning the free carrier den-
sity,12–15 thermal effect,16–19 optical pump,20–23 using micromachined
technology,24–27 etc.28–34 Soft materials based on polydimethylsiloxane
(PDMS) are further introduced to control the metasurface with more
flexibility.35,36 However, they are usually controlled by stretching the
substrate, which inevitably suffers the inhomogeneous stretching force
on each metamolecule and the unfixed size of the metasurface. By
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incorporating with microfluidic technology, one can create control
channels into the PDMS substrate, leading to individual control of
each metamolecule.37–40 Moreover, a water-resonator-based metasur-
face is proposed, whose metamolecules can be controlled in 3D.41

However, water is quite absorptive, which is not suitable for transmit-
ted applications. Here, we introduce a split Archimedean spiral meta-
surface (SASM) for controlling asymmetric transmission by
constructing an array of spiral structures patterned on both sides of
PDMS. Compared to the previous work using a rigid substrate,42 the
SASM is designed to be controlled by using microfluidic technology in
real time. The microfluidic system reconfigures the height of spiral
structures, which offers a promising way for dynamic manipulation on
asymmetric transmission at will. Furthermore, the split Archimedean
spiral metasurface can be deformed in the arbitrary curvature to cover
on various shaped structures due to the flexibility of PDMS. The mir-
ror image of the split spiral structures is not congruent with itself, lead-
ing to a chiral characteristic. By reconfiguring the spiral structures, the
chirality of the metasurface can be manipulated, resulting in a control-
lable asymmetric transmission.

The split Archimedean spiral metasurface incorporating with
microfluidic technology is illustrated in Fig. 1(a), and the dimension of
each single metamolecule is shown in Fig. S1 in the supplementary
material. The metamolecule consists of an air reservoir formed by
bonding two PDMS layers together and two Archimedean spiral
metallic structures deposited on both sides of PDMS, which is called
the split Archimedean spiral (SAS) structure. The original state of the
split Archimedean spiral metasurface is planar as shown in Fig. 1(b)
without air injection. The SASM is chiral and exhibits asymmetric
transmission. Since there is an air reservoir between the two spiral
structures, when the air is injected into the reservoir, the PDMS mem-
brane is expanded and formed a PDMS sphere cap due to the air pres-
sure. The expanded PDMS membrane stretches the SAS structures out
of plane, leading to a 3D spiral structure. The heights of both PDMS
membranes under top and bottom spiral structures are the same so
that when the air is injected into the microfluidic channel, both spiral
structures will be deformed with an equal height of h. By applying dif-
ferent air pressures, the PDMS membrane can be expanded or con-
tracted, resulting in a reversible process to flexibly reconfigure the
height of the spiral structure h as shown in Figs. 1(c) and 1(d).
Thereby, the chirality of the SASM can be dynamically controlled,
which enables the manipulation of the asymmetric transmission.

The optical response of the SASM is simulated by CST micro-
wave studio with the periodic boundary condition. The SAS struc-
tures are patterned on both sides of the low permittivity dielectric
material, PDMS, forming a metal/PDMS/metal sandwich structure.
The relative permittivity of PDMS is 2.83, and the conductivity of
gold is 4:561� 107 s/m. Simulation results of the forward and back-
ward transmission of cross-polarization when the height of the SAS
structures is changed from h¼ 0mm to h¼ 1mm are shown in Fig.
2. Since the SASM is chiral, the forward and backward transmission is
different, i.e., Tf

yx 6¼ Tb
yx (the superscripts f and b indicate the micro-

wave incidence in the forward and backward propagation directions,
respectively). When the SAS structures are planar (h¼ 0mm),
two resonance peaks, induced by the coupling between the two spiral
structures, occur in the forward transmission spectrum at
f1¼ 28GHz and f2 ¼ 37.2GHz, respectively, as shown in the red
curve of Fig. 2(a). The coupling between these two spirals contributes
to the resonances at certain frequencies for the metasurface, which
refers to plasmonic hybridization.43 A bonding mode in the SAS
structures is induced at the lower frequency f1 as shown in Figs. 2(c)
and 2(d), while an antibonding mode is induced at the higher fre-
quency f2 as shown in Figs. 2(e) and 2(f). The strength of the current
under forward incidence as shown in Figs. 2(c) and 2(e) is much
stronger than that under backward incidence as shown in Figs. 2(d)
and 2(f), resulting in higher forward transmission than backward
transmission as shown in Figs. 2(a) and 2(b). The height of the SAS
structures can be controlled by applying different air pressures in the
microfluidic channels, leading to a 3D chiral structure. The distance
between the two spiral structures will be enlarged when the air pres-
sure is increased so that the coupling of the two resonant frequencies
will be decreased as shown in Fig. 2(a). f1 will blue shift to 30.5GHz
and f2 will red shift to 35.5GHz when h¼ 1mm. The strength of the
current under forward incidence is still larger than that under back-
ward incidence as shown in Fig. S2 in the supplementary material.
Figure S3 shows the asymmetric transmission parameter
(DðxÞlin ¼ jT

f
yxj2 � jTb

yxj
2) when the height of the SAS structures is

FIG. 1. Schematic of the SASM. (a) Perspective view of the SASM. (b) Side view
of the metasurface without air injection. (c) The SAS structures can be deformed to
3D by applying air pressure into the microfluidic channel. (d) The height of SAS
structures could be actively controlled by applying different air pressures.
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changed from h¼ 0mm to h¼ 1.4mm. It can be observed that DðxÞlin
is dual-band when h¼ 0 and the maximum DðxÞlin reaches over 52.1%.
When the height of the SAS structures increases, these two bands will
merge with each other and become a broadband asymmetric trans-
mission. The bandwidth reaches 23.6% with DðxÞlin higher than 40%. At
the frequency of 37GHz, the asymmetric transmission exhibits large
tunability, which can be tuned from 50% to 0% when the height of
the SAS structures is changed from 0mm to 1.4mm as shown in Fig.
S3(b) in the supplementary material. In this way, the propagation
wave of the SASM can be controlled from asymmetric transmission
to symmetric transmission.

The fabrication processes and results of the SASM are shown in
Fig. S4 in the supplementary material and Fig. 3, respectively. The
metal structure uses gold, which is anchored on a PDMS membrane
with air reservoirs connected by microchannels. The width of the air
channels is 0.8mm, and the diameter of the air reservoir is 4mm. The
whole sample of SASM consists of 24� 24 elements with a 5-mm
periodic, and the total footprint of the SASM is 120mm � 120mm.

The original state of the SAS structures is planar as shown in Fig. 3(b).
When the air pressure is applied in the microfluidic channels, the
PDMS membrane is expanded, leading to a controllable height of the
SAS structures as shown in Fig. 3(c). The SASM can also be bent into
arbitrary curved surfaces due to the flexibility of the PDMS. The mea-
surement of the SASM is carried out in the anechoic chamber room.
The transmission measurement setup is shown in Fig. S5(a) in the
supplementary material. The experimental results of the SASM are
shown in Fig. 4. A dual-band transmission spectrum is observed with
forward incidence as shown in Fig. 4(a). When the height of the SAS
structures is increased, the distance between these two bands will be
decreased. The backward transmission is relatively low as shown in
Fig. 4(b). The maximum DðxÞlin is around 50% as shown in Fig. 4(c). It is
shown that the measured bandwidth of the asymmetric transmission
is 25.9% with DðxÞlin higher than 40% when h¼ 0.6mm. At the fre-
quency of 37GHz, a large tunability of asymmetric transmission is
realized as shown in Fig. 4(d), which agrees well with the simulated
results. The asymmetric transmission can be tuned from 50% to 0%
when the height of the SAS structures is changed from 0 to 1.4mm.
The slight mismatch between the simulated and measured results is
induced by fabrication error. The spiral structures are not uniform due
to inhomogeneous pressures in the air reservoirs.

Here, we also investigate the asymmetric transmission of SASM
under oblique incidence. The experimental setup for the oblique inci-
dent measurement is shown in Fig. S5(b) in the supplementary mate-
rial. The transmission with different incident angles can be measured
by tilting the sample with an angle of h. The incident microwave is the

FIG. 2. Simulation results of the SASM. (a) Forward transmission spectra Tf
yx and

(b) backward transmission spectra Tb
yx when the height of the SAS structures is

changed from h¼ 0 mm to h¼ 1.0 mm. Current distribution when h¼ 0 mm with
(c) forward transmission at f1, (d) backward transmission at f1, (e) forward transmis-
sion at f2, and (f) backward transmission at f2. The red arrow indicates the current
of the top spiral structures, and the blue arrow indicates the current of the bottom
spiral structures.

FIG. 3. Fabrication results of the SASM. (a) SASM with the arbitrary curvature. The
height of the SAS structures is changed continuously from (b) h¼ 0mm to (c)
h¼ 1.4 mm by applying air pressure.
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TE mode. The backward transmission can be measured by flipping
over the sample. The experimental results of the forward and back-
ward transmission when the incident angle is changed from 00 to 450

with the height of the SAS structures h¼ 1.0mm are shown in Figs.
S6(a) and S6(b) in the supplementary material, respectively. The for-
ward transmission is much higher than the backward transmission.
When the incident angle increases, the bandwidth of the forward
transmission becomes narrow. The backward transmission remains at
a low level when the incident angle is increasing.

The asymmetric transmission is also demonstrated with different
curvatures of the SASM. Since the PDMS is soft, the SASM can be
bent into different curvatures. The experimental setup for the curved
SASM is shown in Fig. S5(c) in the supplementary material. The extent
of bending is defined as the overall height of the sample d. Likewise,
the backward transmission is measured by flipping over the sample.
The height of the SAS structures is h¼ 1.0mm. The experimental
results of the forward and backward transmission when h is changed
from 10mm to 40mm are shown in Figs. S7(a) and S7(b) in the sup-
plementary material, respectively. DðxÞlin is shown in Fig. S7(c) in the
supplementary material. When d is increasing, DðxÞlin remains at a high
level in a broad bandwidth.

In conclusion, a SASM for controllable asymmetric transmission
is demonstrated experimentally. Two layers of spiral structures are
deposited on both sides of the PDMS, whose height can be controlled
by injecting different air pressures in the PDMS microchannel, so that
the asymmetric transmission can be manipulated. The maximum DðxÞlin
of the proposed SASM reaches 53%. The measured bandwidth of the
asymmetric transmission is 25.9% with DðxÞlin higher than 40%. A large
tunability of the asymmetric transmission is realized from 50% to 0%,
when the height of the SAS structures is controlled from 0mm to
1.4mm. The high asymmetric transmission is preserved with oblique
incidence from 0� to 45�. In addition, the asymmetric transmission

remains at a high level under different curvatures of the curved SASM.
Such SASM has potential applications for optical isolation, one-way
glass, and is highly valuable for the development of nanophotonic
devices.

See the supplementary material for the supporting content.
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