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Asymmetrical Chirality in 3D Bended Metasurface

Ruhao Pan, Zhe Liu, Wei Zhu, Shuo Du, Changzhi Gu,* and Junjie Li*

Chiral metasurfaces offer crucial opportunities to expand the application 
potential for chiral photonics, but its desired freely structural control and 
giant circular dichroism (CD) allow for more and greater challenges. Here, dif-
ferent from previous metasurfaces with single structural regulation, a kind of 
bifunctional chiral metasurface based on 3D bended asymmetric construction 
is proposed, which shows giant CD combined with asymmetric chirality at 
5.2 µm. The bended metasurface with abundant spatial freedom, consisting 
of an array of asymmetric bended split ring resonators (SRRs), can be built up 
from the tensile stress induced by focused ion beam (FIB)–matter interaction. 
The results show that the CD increases with the bending angle of the meta-
surface and reaches a maximum at a bending angle of 60°. Particularly, it is 
found that the CD is 0.71/0.85 (experiment/simulation) for the backward inci-
dence but −0.29/−0.29 for the forward incidence, indicating that the giant CD 
and asymmetric chirality properties are realized simultaneously in the same 
metasurface. The calculated results of near-field distribution and the electric/
magnetic dipoles show that the giant CD and the asymmetric chirality come 
from  

p m 0⋅⋅ ≠≠  and  

p m| | 0×× ≠≠ , respectively. The findings inspire a high efficiency 
approach to design multifunctional chiral optical devices.
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comes from the different chiral responses. 
However, limited by the weak light-matter 
interaction, the chiroptical properties of 
natural materials are usually too weak 
for practical applications.[3] Fortunately, 
the optical metasurfaces, composed of 
artificial sub-wavelength structures, pos-
sess exotic properties in regulating the 
amplitude and phase of the electromag-
netic wave, providing an efficient way to 
modulate the chiral light based on flexible 
pattern design.[4]

Recently, a series of chiral metasur-
faces have been proposed to manipulate 
the spin states of the electromagnetic 
waves[5] and broadly applied as optical 
devices including circular polarizers, bio-
sensors, and chiral light imaging.[6] Fur-
thermore, chiral metasurface is expected 
to have more functions and applications 
including all-optical devices, optical infor-
mation storage, and communication, and 
even quantum calculating devices,[7] but 
a multifunctional chiral metasurface is 
rarely reported so far due to the limita-

tion of design and micro/nanofabrication.[8] Previous reports 
have found the asymmetric transmission properties of chiral 
metsurfaces worked in various operating frequencies,[9,10] but 
their absolute values of CD are equivalent for the forward and 
backward incidence. Here, asymmetric transmission refers to 
the transmission difference of opposite incident directions for 
the light with certain polarizations.[11,12] If the absolute values 
of CD for the forward and backward incidence are different, it 
will result in an asymmetric chirality effect in chiral metsur-
faces that is helpful to realize multifunctional chiral metasur-
face, but there have been no related reports so far. Combined 
asymmetric chirality with giant CD of metasurface will endow 
more abilities in realizing the control of optical logic devices, 
asymmetric circular polarizers, one-side chiral sensing, and 
spin-dependent light emission.[11,13]

The high performances of the chiral metasurfaces put for-
ward higher request to the fabrication with abundant spatial 
controllability. The 2D chiral metasurfaces usually show small 
CDs limited to the lack of controllable degrees along z-axis,[9,14] 
while 3D configurations offer more opportunities to make up 
this shortfall, also showing higher CD, more functionalities, and 
stronger non-reciprocal behaviors.[15] However, these 3D meta-
surfaces are difficult to be achieved in mid-infrared band for 
the limitations in fabrication. Thus, to realize a perfect design 
of 3D chiral metasurface rely on powerful micro/nanofabrica-
tion. Traditionally, the 3D structures can be typically built up 
by 3D print or multilayer stack, however, these methods faces 
with problems in large feature sizes, long processing time and 

1. Introduction

Chiral materials, which refer to those for which one enanti-
omer cannot superimpose with its mirror enantiomer, are wide-
spread in nature, such as kinds of amino acids and proteins.[1] 
More importantly, chiral materials present ways to modulate 
spin states of light due to the interactions between chiral mat-
ters and light with left-handed circular polarization (LCP) or 
its right-handed counterpart (RCP), such as circular dichroism 
(CD), or optical activities.[2] Among the chiroptical properties, 
CD is the differential transmission of LCP and RCP, which 
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complex processes.[16] Recently, some origami methods based 
on the folding and bending of the 2D films have been reported, 
such as Miura origami, compression buckling, residual stress 
induced bending, or even capillary force bending,[17] which 
demonstrates a flexible approach in 3D fabrication. Among 
the origami arts, focused ion beam (FIB)-defined origami 
shows strong fabrication capability and can be used to fabricate 
nanoscale structures with abundant degrees of spatial freedom 
and various materials,[18,19] and further origami-based 3D meta-
surface with Fano resonance, toroidal moment, and circular 
dichroism, have been designed and investigated.[20] Thus, the 
FIB defined origami meets more higher requirements of 3D 
metasurface structures, such as more degrees of freedom, 
smaller feature sizes, more compact configurations, and more 
complex functionalities, especially for the applications in the 
multifunctional and multiplexed photonic devices.[21]

In this work, based on the FIB defined origami fabrication, 
we propose one new 3D bended metasurface and demonstrate 
experimentally its giant asymmetric chirality in the mid-infrared 
range. Electron beam lithography (EBL) and electron beam 
deposition (EBD) are used to prepare the asymmetric split ring 
resonators (SRRs). Then, the global irradiation of FIB is applied 
to the planar patterns; a tensile stress in the surface layer of the 
cantilevers can be obtained due to the grain coalescence and the 
vacancy defects introduced by FIB–matter interaction; bended 

metasurfaces are fabricated, where the bending angle can be 
flexibly tuned by the ion dose. Because of the asymmetric con-
figuration, the near field electric field and surface current of the 
metasurface for the incident light with different spin states and 
incident directions display totally different distributions, which 
leads to an asymmetric chirality of the metasurface. The asym-
metry can be tuned by bending angle, where the CD reaches a 
maximum of 0.71/0.85 (experimental/simulated) for the reso-
nators with 60°bending angle and backward incidence, while 
for the forward incidence, the CD is −0.30/−0.29 (experimental/
simulated). The results indicate that the CD is asymmetric for 
the forward and backward incidence, and a giant CD of 0.71 can 
be observed experimentally. Moreover, two configurations mir-
roring each other have been designed, in which complementary 
chiroptical response has been observed. Our work not only pro-
vides an approach to the simultaneous realization of giant CD 
and asymmetric chirality in the same metasurface, but also to 
enable 3D metasurfaces to have more potentials toward multi-
functional chiral optical devices.

2. Results and Discussion

The schematic of 3D bended metasurface is illustrated in 
Figure 1a, composing asymmetric bended SRRs and a SiNx 

Figure 1. The schematic and fabrication of the 3D bended metasurface. a) Schematic of the bended metasurface. The critical sizes of asymmetric SRR, 
where the periods are Px = 2 µm and Py = 4 µm, and d, w, L1, and L2 are 0.5, 1.5, 3.2, and 1.6 µm, respectively. The structures are made of Au/SiNx film 
with a thickness of 80 nm/20 nm; b) Scanning electron microscope (SEM) image of a large array of bended metasurface; c) The schematic and SEM 
image of two types of the chiral enantiomers labeled as A and B. Scale bars: b) 10 µm and c) 1 µm.
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frame. This asymmetric metasurface can show a spin selec-
tive transmission effect at the mid-infrared range, and the 
spin-selective property is inversed by the mirrored structure 
units of the metasurface. The key feature sizes are marked in 
Figure 1a, where the period of the metasurface is Px = 2 µm and  
Py = 4 µm. The SRR shows an asymmetric configuration, where 
w, L1, and L2 are 1.5 µm, 3.2 µm, and 1.6 µm, respectively, and 
the linewidth of the SRR is d = 0.5 µm. The planar asymmetric 
SRRs can be fabricated by the electron beam lithography (EBL) 
and metal thin film deposition. Then EBL is applied again to 
expose the margin pattern around the longer edge of the SRRs 
on SiNx film, which is removed by subsequent reaction ion 
etching (RIE) to obtain suspended cantilevers. Significantly, 
mask lithography methods can be used to write the planar pat-
terns for FIB irradiation, only if it can meet the requirement 
of the smallest line-width of the patterns. The 3D metasurface 
can be finally built up from the planar SRRs due to the tensile 
stress introduced by FIB global irradiation. When the cantile-
vers are globally irradiated by FIB, there are many phenomena 
that happen to the bilayer film including surfacing sputtering, 
ion-implantation, local disordering, grain coalescence, and 
vacancy defect. In the surface layer, a large tensile stress can be 
obtained because of the massive vacancy defects and grain coa-
lescence,[21,22] which would bend the 2D films to 3D structures 
and hence the 3D metasurfaces are fabricated.[19] Figure  1b 
shows an array morphology of large area bended metasurface, 
where a uniform matrix of meta-atoms can be seen. The 3D 
structures can be bent into 2 types of chiral enantiomers by 
simply exchanging the position of the longer and shorter edges, 
and the two enantiomers are labeled as enantiomer A and 
enantiomer B, as shown in Figure 1c.

Due to the complementary properties of enantiomer A and 
enantiomer B, we will focus on enantiomer A in the following 
discussion, but it should be pointed out that the discussion can 
be applied to enantiomer B with exchanged spin state incidence. 
The bending angle (θ) is defined by θ  =  180 × L1/r, where L1 
and r are the length and the curvature radius of the bended can-
tilever (Figure 2a), respectively, where θ can be tuned by the cur-
vature of the cantilever. Experimentally, the degree of symmetry 
breaking, which is dependent on the bending angle, can be 
continuously tuned by the ion dose of FIB irradiation. In order 
to fully investigate the performance of the bended metasurface 
with chiral configuration, the transmitted spectra for metas-
urfaces with different bending angles have been simulated by 
the finite elements method (FEM), and the results are shown 
in Figure 2. The total transmission of the metasurface can be 

described by a matrix: RR RL

LR LL
t

t t
t t

=








 , where tRR/tLR is the co-

polarized/cross-polarized transmission coefficient for RCP inci-
dence, and tLL/tRL is the co-polarized/cross-polarized transmis-
sion coefficient for LCP incidence, respectively.[23] The intensity 
transmission of the RCP and LCP incidence are expressed by 
TR =  |tRR|2 + |tLR |2 and TL =  |tRL|2 + |tLL|2. Figure 2a–c shows the 
schematic image, the LCP and the RCP transmission for for-
ward incidence. Although the transmission spectra show little 
difference for LCP and RCP of the unbended metasurface, the  
bending of the metasurface breaks the mirror symmetry and 
leads to a chiral optical resonance, and provides transmittance 

of one spin state while blocking the opposite one. For RCP 
incidence, a dip at ≈5 µm can be observed and redshifted with 
the increase of the bending angle. However, for the LCP inci-
dence, a broad peak appears at ≈5 µm. The difference between 
TR and TL leads to a circular dichroism (CD), while the CD is 
relatively low compared to the reported works.[23,24] Fortunately, 
for the backward incidence, as shown in Figure 2d–f, the trans-
mission for the LCP and RCP is greatly separated. This leads 
to the CD of backward incidence being much larger than the 
forward incident one. The differences in the transmission 
spectra and the CD indicate an asymmetric chirality property 
in this bended metasurface. Notably, the working wavelength 
of the bended metasurface is set to mid-infrared range that is 
the band of the characteristic peaks of many chiral macromol-
ecules, certainly which can be also shortened by reducing the 
feature sizes of the metasurfaces.

In order to quantitatively analyze the chiroptical properties 
of the metasurface, the CD is defined by CD = TR  − TL,[25] as 
shown in Figure 2g. Both CDs for forward and backward inci-
dence are calculated and shown in Figure 2h,i. For forward inci-
dence, the CD is only 0.1 for the metasurface with 0 bending 
angle. However, with the angle increasing, the transmission 
difference between TR and TL increases. Due to the lack of sym-
metry breaking along z-axis, there is no asymmetric chirality 
for the metasurface with a bending angle of 0 (Figure S1, Sup-
porting Information) for the forward and backward incidences. 
However, with the increase of the bending angle, the backward 
incidence generates a disparate transmission property com-
pared to the forward incidence, namely the transmission of 
the RCP incidence is enhanced while that from LCP is weak-
ened at ≈5 µm. The CD increases fast with the bending angle, 
reaching a maximum of 0.85 when the bending angle is 60°. 
The asymmetric chirality results in an asymmetric CD, and 
the CD for forward incidence is only −0.29 for the metasurface 
with 60° bending angle. The asymmetric CD is 0.56 in simula-
tion, which is good enough for the application for optical logic 
devices, one-side sensing and single direction bio-sensing.

According to the simulated results, the 60° bended meta-
surfaces with the maximum CD are fabricated by the FIB 
defined origami (Figure  1b). Then Fourier transform infra-red 
spectrometer (FTIR) is used to characterize the transmission 
properties in the mid-infrared region. Figure 3a depicts the 
simulated transmission spectra of enantiomer A for LCP and 
RCP incidence, respectively, from which it can be clearly seen 
that TL (red curve) is markedly larger than TR (gray curve) from 
4.5 to 6 µm, and the CD reaches −0.29. Most importantly, the 
spin state dependent transmission is largely enhanced for the 
backward incidence. Figure 3b shows the simulated transmis-
sion from LCP and RCP incidence. Compared to the forward 
incidence, the resonance at 5.2  µm provides a high transmis-
sion (0.87) for RCP incidence and a near zero transmission 
(0.02) for LCP, indicating a giant CD of 0.85 by simulation. The 
experimental results in Figure 3c,d confirm the simulated ones, 
where the line shapes of the transmission spectra for both the 
LCP and RCP incidence have a good agreement with the simu-
lations, and the CD for the forward and backward incidence are 
−0.29 (Figure 3c) and 0.71 (Figure 3d), respectively. The trans-
mission spectra of enantiomer B are the complements of enan-
tiomer A, where TR is larger than TL for forward incidence, and 
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TL is larger than TR for backward incidence. Figure 3e,f depicts 
the experimental chiral transmission property of enantiomer 
B for the forward and backward incident, respectively, which 
shows similar line shapes with the spectra of enantiomer A 
after exchanging the polarizations of the incident light, and a 
giant CD of −0.67 that is close to the simulation result can be 
obtained for the backward incidence.

The results mentioned above manifest that the 3D bended 
metasurface possesses giant CD and asymmetric chirality. 
However, the planar asymmetric SRR only shows a weak chiral 
resonance (Figure S1, Supporting Information) with symmetric 
transmission, which indicates that the large chiral modulation 

ability and asymmetric chirality of the 3D bended metasurface 
rely on the mirror symmetry breaking of the bending configu-
ration. The investigation of the underlined physics behind the 
chiroptical response helps the better understanding and appli-
cations of the chiral metasurface. The distribution of surface 
current and the near-field electric field of enantiomer A under 
the forward and backward incidences are extracted by FEM. 
Figure 4a shows the local current of the metasurface that was 
illuminated by the forward RCP, forward LCP, backward RCP, 
and backward LCP at 5.2  µm, respectively, while their corre-
sponding near field electric field distributions are shown in 
Figure 4b. It is easy to find that the direction and intensity of 

Figure 2. The chiroptical response of the 3D bended metasurface. a–c) The schematic and transmission of the metasurface with different bending 
angles for forward LCP and RCP incidence, respectively; d–f) The schematic and transmission of the metasurface with different bending angles for 
backward LCP and RCP incidence, respectively; g) Schematic of the spin state selected transmission of backward incidence, and the h,i) CD spectra 
of the RCP and LCP incidence.
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the surface currents bring out obvious distinctions for different 
incidences. According to Figure 4a, when the surface currents 
are excited by forward illumination, although the current direc-
tions are the same for both LCP and RCP incidence, the cur-
rent density of the RCP incidence is much larger than that of 
LCP incidence, which leads to a weak transmission of RCP at 
5 µm, as shown in Figure 3c. As for the backward incidence, 
the current directions on the arms are distinctly different 
from the current that is excited by the forward incident light. 
It is worth noting that although the current directions of the 
backward LCP and RCP incidence are the same, the current 
density of RCP is too weak to influence the transmission. The 
local electric field, which is determined by the surface current, 
can directly reflect the resonance in the metasurface.[26] As 

shown in Figure  4b, we can see the electric field of the back-
ward LCP incidence is much stronger than the others, which 
results in the low transmission of the backward incident LCP, 
as shown in Figure  3d. The electric field of the forward RCP 
incidence is also stronger than the forward LCP incidence, 
which leads to the low transmission of the RCP incidence. The 
high absorption of the backward-incident LCP also results in a 
weak transmission of the electromagnetic wave, as shown in 
Figure S2, Supporting Information; the absorption of the back-
ward incident LCP is higher than that obtained from the other 
incidences.

The chiral response comes from the interaction between the 
electric and the magnetic dipoles, the electric dipole (p) and the 
magnetic dipole (m) can be expressed by:

Figure 3. The transmission property of the metasurface with 60° bending angle. a) Simulated transmission spectra of enantiomer A for the forward 
incidence; the red and the gray curves indicate the RCP and LCP incidence, respectively. b) Simulated transmission spectra of enantiomer A for the 
backward incidence. c,d) The experimental transmission spectra of enantiomer A for the forward and backward incidence. e,f) The experimental trans-
mission spectra of enantiomer B for the forward and backward incidence.
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where peff,i and i  are the effective electric field strength and 
unit vector along i(=x,y,z) direction, while meff,i is the effective 
magnetic field strength. Only if 

 

0p m⋅ ≠ , the structure can 
show chiroptical response, while the asymmetric transmission 
can be observed for 

 

p m| | 0× ≠ .[23] The dipoles are calculated by 
the surface current, and Figure  4c depicts the directions of p 
and m, where we can see the electric and magnetic dipoles are 
pointed to different directions for different incidences due to 
the spatial configuration, and it is apparent that 

 

p m 0⋅ ≠  and 
 

p m| | 0× ≠ , the circular dichroism and asymmetric transmis-
sion can be observed in the asymmetric resonators.[14]

Most importantly, the circular dichroism and asymmetric 
transmission of the metasurface also result in an asymmetric 
chirality. Here, the transmission matrix can be written as:

t t
t t

t t
t t

RR RL

LR LL

RR RL

LR LL

t and t=








 =











+
+ +

+ +
−

− −

− −  (2)

where “+” and “−” indicate the forward and backward inci-
dence. The transmission coefficients are calculated and shown 
in Figure S3, Supporting Information. According to the Lorentz 

reciprocity, the transmission coefficients satisfy the following 
relations:[8]

t t
t t
t t
t t

RR LL

LL RR

LR LR

RL RL

=
=
=
=











+ −

+ −

+ −

+ −

 (3)

Then, t– matrix can be written as t LL

RR

t t
t t

RL

LR

=










−
+ +

+ + , and the 

CD for the forward and backward incidence can be expressed 
by:

CD
| | | | | | | | Forward

| | | | | | | | Backward

2 2 2 2

2 2 2 2

t t t t

t t t t

RR LR RL LL

LL LR RL RR

( ) ( )
( ) ( )

( )
( )

=
+ − +

+ − +







+ + + +

+ + + +
 (4)

It is not difficult to find that the chirality of the bended meta-
surface is asymmetrical at different incident directions.

In order to intuitively observe the asymmetric CD, the CD 
spectra of the metasurface is calculated and experimentally 
characterized. Figure 5a shows the CD spectrum of the forward 
incidence, where the red and gray curves indicate the experi-
ment and simulation. Both curves show the same line shape, 
and the CD at 5 µm reaches −0.29/−0.29 by simulation/experi-
ment. Meanwhile, the CD for backward incidence is largely 

Figure 4. The near field distribution and direction of the electric/magnetic dipoles of the metasurface with 60° bending angle. a) The surface current, 
b) local electric field distribution, and c) dipole directions of enantiomer A for forward RCP, forward LCP, backward RCP, and backward LCP incidence, 
respectively.
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enhanced compared to the forward incidence, which originates 
from the disparate surface current and electric field distribu-
tion brought by the asymmetric configurations. As Figure  5b 
shows, the CD maximum appears at 5.1 µm, with a simulated 
and measured value of 0.85 and 0.71, respectively. The asym-
metric CD reaches 0.41 by experiment. More importantly, the 
bending angle of the cantilever is the key parameter of the 
chiroptical response, and the CD for the metasurfaces with dif-
ferent bending angles are further investigated. The metasur-
faces with different bending angles can be fabricated by tuning 
the ion dose of the FIB global irradiation, and the metasurfaces 
with 0, 15°, 30°, 45°, 60°, and 75° bending angles are displayed 
in Figure  5c. Figure  5d shows the CD at the resonance posi-
tion as a function of the bending angle, where the simulated 
and experimental CDs yield to the same tendency. For forward 
incidence, as the pink curve shows, the absolute value of CD 
increases with the bending angle all the way down, while for 
backward incidence, the CD increases until it reaches a max-
imum at 60°. Both the CD and the transmission can be tuned 
in this 3D metasurface, and the differences between the simu-
lations and the experiments come from the imperfection in the 
fabrication and the deviation in the measurement.

Limited by the controllable spatial degrees, as-reported 2D 
chiral metasurfaces usually show the CD values of smaller 
than 0.5 due to the restricted electromagnetic modes.[27] Thus, 
3D configurations have been used in chiral metasurfaces, such 
as multi-layer metasurfaces, helix metasurfaces, and origami 

metasurfaces. Although the CDs with more than 0.5 have been 
achieved, the directions of p and m are parallel/antiparallel, 
indicating the absolute values of the CD for the forward and 
backward incidence are always the same.[24,28] In this work, 
we have proposed a new type of 3D metasurface with giant 
asymmetrical chirality. Thanks to such complex 3D configura-
tions, their electric and magnetic dipoles satisfy 

 

0p m⋅ ≠  and 
 

p m| | 0× ≠ , which results in not only a giant CD of 0.71 but also 
huge difference in the absolute values of the CD for forward 
and backward incidence.

3. Conclusion

In conclusion, this work proposes a new type of 3D bended 
chiral metasurface with asymmetric chirality and giant CD 
properties, which can be simply fabricated by FIB-based origami 
with global irradiation process. The symmetric breaking along 
z-axis results in the chiroptical responses, and the near fields 
for the different incidences show distinguished properties, and 
thus the transmission of the LCP and RCP waves has totally 
different line-shapes. According to the Lorentz reciprocity, the 
transmission for the forward and the backward incidence show 
different properties, and the CD at the forward incidence only 
reaches −0.29/−0.29 by simulation/experiment for the metas-
urface with 60° bending angle. However, the CD at the back-
ward incidence reaches 0.8/0.71 by simulation/experiment, 

Figure 5. The asymmetric CD of the bended metasurface. a,b) The simulated (gray curve) and the experimental (red curve) of enantiomer B for forward 
and backward incidence, respectively; c) Metasurfaces with 0°, 15°, 30°, 45°, 60°, and 75° bending angles, which can be fabricated by different ion 
dose of FIB irradiation; d) The experimental and simulated CD at the resonance position as functions of bending angle for both forward and backward 
incidence. Scale Bar: 1 µm.
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indicating a strong chiroptical response. The simultaneous 
realization of giant CD and huge asymmetric chirality in the 
same 3D bended metasurface gives a good demonstration for 
multifunctional integration in optical chiral metasurface and 
also opens up a new horizon for the design of optical devices 
with complex functions.

4. Experimental Section
2D Pattern Preparation: The SiNx windows with 20  nm film were 

purchased (Ilabilab Company), and the area of the windows chosen 
was 100×100 µm2. First, these windows were cleaned under an oxygen 
plasma atmosphere by RIE for 10 s, and the pressure was maintained 
at 100 mTorr with 100 sccm O2 flow. Then, PMMA (495 A5) was spin-
coated on the windows, and 200 nm thick PMMA film was obtained after 
180 °C bake. The PMMA was patterned by electron beam lithography 
(EBL) and then Au with a thickness of 80 nm was deposited by electron 
beam deposition to obtain as-patterned metal/dielectric bilayer on the 
windows. The further alinement lithography and RIE process were used 
to make the longer cantilever suspend, in which the etching duration of 
RIE process was 2  min under the power of 200 W, and the processing 
chamber maintained a 55 mTorr pressure with the gas flow of 5 sccm O2 
and 50 sccm CHF3. The residual PMMA was then removed by RIE. Finally, 
the asymmetric SRRs with free-standing cantilevers were obtained.

FIB-Defined Origami: The patterned bilayer membrane was placed 
into the chamber of a FIB/SEM system (Helios 600, FEI) with Ga ion 
source. The 2D asymmetric SRRs could be bended to a 3D structure by 
the ion irradiation process with area-scanning mode. Ion energy/current 
of 30 KeV/0.23 nA was applied to build up 3D metasurfaces. The in situ 
SEM system of the FIB/SEM system could be used to characterize the 
morphology of the 3D structures during the irradiation procedure. The 
bending angle ranges from 0 to 90° of the metasurface was determined 
by the ion dose of the FIB irradiation.

Simulation: FEM was implemented to optimize the structural 
parameters and analyze the near field properties of the designed bended 
metasurfaces. In the simulation, the thicknesses of the SiNx and Au films 
were set to 20 and 80 nm, respectively. And the boundary conditions in x 
and y directions were periodic. The wavelength of the light was from 3 to 
8 µm. All the feature sizes and bending angles of the metasurfaces had 
been optimized to ensure the CD and asymmetric chirality to achieve the 
maximum. The near field current and electric field of the metasurface 
with 60° bending angle had been extracted.

Optical Setup: A Fourier-transform infrared spectrum (FTIR) system 
(Bruke Vetex V80) was used to measure the transmission and reflectance 
spectra of the metamaterials. This instrument was equipped with an 
NIR optical source. A sample with 100 × 100 µm2 area was displaced 
under the microscope (Bruker Hyperion) with 15× objective lens. The 
background signal was obtained in air for 128 times scanning, and then 
the transmission spectra of the bended metasurfaces were obtained 
after 128 times scanning.
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