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Rapid Bending Origami in Micro/Nanoscale toward a
Versatile 3D Metasurface

Ruhao Pan, Zhancheng Li, Zhe Liu, Wei Zhu, Liang Zhu, Yunlong Li, Shuqi Chen,
Changzhi Gu,* and Junjie Li*

Devices consisting of 3D components are always desired for their far more
controllable degrees of freedom compared with their planar counterparts;
however, the limitations on the fabrication of 3D nanostructures have
severely restricted their applications. Here, a focused ion beam (FIB) defined
rapid bending origami method is reported to fabricate 3D micro/nanoscale
architectures, by relying on ion irradiation induced 2D structure bending
mechanism based on the residual stress formation in metal/dielectric film.
Regulated by ions irradiation dose and energy, a large-scale programmable
2D patterns can be controllably bended to configure versatile 3D micro/
nanostructures with scalable bending capacity and feature sizes down to
175 nm. The benefit of this method is, a 3D bended metasurface is designed
and fabricated as an asymmetric mirror, showing a very simple strategy
to realize high-efficiency unidirectional reflectionless effect. This FIB-defined
bending origami proves to be a rapid fabrication approach of varied
3D configuration in micro/nanoscale with extremely flexible controllability
of spatial orientation, providing more opportunities and options for various
functional devices based on 3D configurations, especially for 3D metasurfaces.

1. Introduction

In recent decades, 3D micro/nanostructures have attracted in-
creasing and broad interests for their unique properties in
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mechanics, photonics, biology,[1–5] etc.,
which have been applied in the field
of micro/nano-electromechanical,[6–9]

biomedical devices,[10–13] and energy
storage.[14] Notably, one of the most
meaningful applications of 3D struc-
tures is in the field of 3D optical
metamaterials,[5,15–17] having far more
degrees of freedom in spatial modulation
of electromagnetic wave compared to
their 2D counterparts. The assembling
of the 3D structures is mostly based on
traditional fabrication processes with
multilayer stacking of 2D pattern, for
example, etching and deposition process
based on lithography such as electron
beam lithography (EBL) or ultraviolet
lithography.[18–21] However, with the
development of 3D metamaterials, the
planar techniques are not enough to fab-
ricate delicate 3D unit cells with flexible
features such as suspended, free spatial
orientation and reconfigurable proper-
ties. Fortunately, 3D structures can also

take shape by a series of direct writing technologies including
3D printing and femtosecond laser writing, but these methods
are under some restrictions of alternative materials, structure
size, and machining efficiency, that is, the structures are usu-
ally constructed by polymer and the fabrication capacity is rel-
atively low compared to the planar technologies; moreover, the
feature size is hard to be realized in sub-micrometer for 3D print-
ingmethod. All these limitations impede the invention of higher-
performance 3D devices, especially for the components consist-
ing of 3D structures with size down to several micrometers or
even hundreds of nanometers. Besides, a mass-production pro-
cess with low cost is also desired.
3D origami is a famous art technique based on bending or

folding planar membranes or films into 3D complex and com-
plicated configurations in macroscale.[22,23] Inspired by this idea
to configure 3D origami inmesoscopic scale, a series of technolo-
gies have been developed, such as compressive buckling,[24–26]

stress-mismatch induced bending,[27–29] and even capillary force
and cell traction force induced bending.[30–33] By these technolo-
gies, delicate 3D structures can be constructed from 2D patterns
by different driving forces. We know that the application of these
3D structures in modulators, sensors, or metamaterials has been
widely studied,[34,35] but when these 3D structures to those de-
vices are operating in mid/near-infrared and even visible region,
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they need to have a sub-5 µm feature size and even down to
hundred nanometers with relatively large area. However, most
of the above 3D folding technologies have difficulties in sub-
5 µm fabrication and not to mention hundred nanometers. Al-
though these methods have achieved in complex 3D metama-
terial fabrication based on the control of driving force and pla-
nar pattern design, the bending curvature is mainly determined
by the thickness of the film and the stress of the materials,[27,36]

and further the curvature radius is usually too large to get the
sub-5 µm structures. In order to obtain 3D origami structures
with a smaller feature size, ion-induced self-organized origami
is developed, and especially focused ion beam (FIB) technology
is used to induce folding 2D structure into 3D architecture.[37,38]

Noteworthy, based on our previous reports,[39] FIB induced fold-
ing possesses some obvious advantages in the beam spot reso-
lution, fabricating precision, controllable ion energy, materials
universality, and cross-scale fabrication, which is very useful for
folding suspended 2D pattern into micro-nanoscale 3D structure
and apply in near-infrared (NIR) and visible metamaterials.[40,41]

However, due to a FIB local-irradiation mode and the FIB cut-
ting process, slow fabricating speed in the FIB induced folding
process is a big problem, and fabricating a 3D configuration ar-
ray with comparable area usually takes hours or even longer,
and thus a substantial improvement in FIB induced assembling
3D structure are urgently needed to fabricate rapidly scalable
3D micro/nanodevices.
In this work, we propose a FIB-induced bending technol-

ogy in parallel with FIB-induced folding, developing into a FIB
defined rapid origami method for the fabrication of 3D mi-
cro/nanostructures. This bending mode, based on FIB area-
irradiation, shows much more superiority in rapid prepara-
tion, mass production, and good spatial controllability over fold-
ing mode controlled by FIB local-irradiation, and thus makes
up the technical shortening of folding mode. And meanwhile,
the combination of bending and folding can highlight a pow-
erful capability in 3D fabrication. FIB-defined rapid bend-
ing origami mainly contains two processes: the planar pro-
cess of 2D patterned freestanding membrane and FIB area-
irradiation 2D pattern induced its bending toward the ion
beam direction, and hence configuring a programmable 3D
structure. Ions implantation by FIB in the bending region
will cause the different stress distributions from the surface
layer to deep layer of suspended membrane, and tensile stress
in surface layer mainly determines the suspended 2D struc-
ture to bend upward with an accurately controllable curvature
by ion irradiation. This FIB-defined origami method meets
greatly the desire of configuring versatile 3D structures with
a wide range of the size down to sub-1 µm, which is espe-
cially suitable for design and fabrication of desirable 3D meta-
surface that is expected to realize unusual light field regula-
tion for the applications in micro/nanophotonic device. Here,
a kind of bended metasurface consisted of a bended nanocan-
tilever and U-shaped hollow nanostructure is designed and
configured as an asymmetric mirror, and a strong unidirec-
tional reflectionless effect with high efficiency and tunable
near-infrared absorption peak are achieved in the bended can-
tilevers structure arrays, showing a great application potential
in biomedical, free-space optical communications, and remote
sensing devices.

2. Results and Discussion

2.1. FIB-Defined Origami for 3D Micro/Nanostructure

The fabrication process of FIB rapid origami is depicted in
Figure 1a, containing four steps from 2D film to 3D structure.
The prepatterned Au/SiNx membrane is area irradiated by FIB
and bended upward to configure 3D structure. As a consequence,
a typical bending 3D structure with much larger curvature is
obtained after FIB irradiation process, as shown from a col-
ored scanning electron microscope (SEM) image in Figure 1a.
In the above process, 2D patterns can be freely designed by
advanced planar techniques, and various imaginative 3D mi-
cro/nanostructures can be assembled from 2D structure by FIB
induced bending origami. Figure 1b shows SEM images of a
crossed arm structure with a remarkable change in the curvature
under increased ions doses. The feature size of this typical struc-
ture includes the thickness of the bilayer (Au/SiNx: 60/20 nm)
and length-width ratio (2.5 µm/300 nm) in single-arm. It can
be seen that with increasing ion dose to 6 × 1014 ions cm−2, the
curvature of a crossed arm structure is significantly changed up
to 1.05 µm−1. It is worth noting that, before FIB irradiation, Au
deposition on the SiNx cantilever leads to a downward bending
with small negative curvature, as shown in the first image of
Figure 1b, which is attributed to a mismatch stress between SiNx
layer and Au membrane. This mismatch stress induced bending
has been reported,[36,42] and obtained by etching sacrificial layer
under the Au/SiNx bilayer. However, the mismatch stress is
too small to fabricate 3D structures with radius of curvature
down to 1 µm. Greater stress should be introduced into the
bilayer system in order to enlarge the curvature. Among stress
modulated methods, ion irradiation is an effective approach for
controlling the stress in a micro-region.[39,43] To get a large stress
on the bilayer system, ion beam irradiation is further introduced
in the process. The quantitative relation between the bending
curvature and other parameters such as the film thickness, ions
energy, and ions dose, are presented in Figure 1c,d. Figure 1c
depicts the bending curvature as a function of ions dose with
different ion energies, finding that the curvature (or bending
angle) is almost linearly proportional to the ion doses and ion
energy. This is because ion beam with larger dose and higher
energy would produce larger intruded-stress in the bilayer film.
In addition, the curvature is also related to the thickness of the
materials, as shown in Figure 1d. The thicker Au/SiNx bilayer is
more disadvantageous to the bending deformation. However, in
the case of the same film thickness, the curvature of a single layer
of Au is a little more than that of Au/SiNx bilayer, and the thicker
SiNx layer is not conductive to bending deformation for Au/SiNx
bilayer. Besides, in order to ensure the consistency of the experi-
ment, a Au single layer is obtained from the SiNx etching process
of the Au/SiNx bilayer. It is found that the Au/SiNx film is already
bended by the mismatch stress during the Au deposition, and
thus a negative curvature can be observed for single layer Au.
Compared to a Au single layer for origami structures, the

Au/SiNx bilayer shows several advantages as follows: 1) SiNx is
a kind of dielectric with excellent mechanical properties, and the
Au/SiNx bilayer structures are more robust than the Au single
layer structures. 2) High quality freestanding SiNx film is eas-
ily obtained from wetting-etching or commercial way; however,
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Figure 1. Fabrication and controllability of FIB-defined bending origami. a) Schematic of the technical process to fabricate 3D bending structure, includ-
ing EBL, RIE, Au deposition, FIB irradiation, and bending deformation, a dotted line marked in FIB irradiation process indicating area-scanning; b) SEM
images of a bending crossed arm structure with different curvatures under an increased ion irradiation dose; c) Curvature of the cantilever as a function
with ion dose and energy and d) with different thicknesses and ions dose; e) SEM image of 100.0 × 100.0 µm2 sample of cross bending structure with
good uniformity. Scale bar in (a) and (b): 2 µm, (e) 10 µm.

smooth self-supported gold film can hardly be obtained from
a comfortable way. And thus Au is coated to the prepatterned
SiNx film as a bilayer film, which provides a convenient and reli-
able way to fabricate origami structures. 3) SiNx layer has a good
transparency and no obvious effect on the application in meta-
surface. Figure 1e displays a large-scale cross bending structure
array with 100.0 × 100.0 µm2 size and good uniformity, which
can be quickly completed in 30 s to fully demonstrate rapid fab-
rication capacity of this FIB-defined bending origami. Overall, it
can be found that FIB-induced bending process is markedly dif-
ferent from previous FIB-induced folding process. FIB-induced
folding relies on a local deformation realized by one-by-one FIB
line-scanning, while FIB-induced bending depends on the global
deformation realized by area-scanning. Thus, bending origami is

not only a quicker fabrication with a lower ions irradiation dose
but also can support more spatial configurations compared with
folding method, which is also the uniqueness of our proposed
FIB-defined bending origami.
The main mechanism of FIB-defined bending origami is fur-

ther analyzed, as schematically illustrated in Figure 2a. When the
film is irradiated by FIB, a series of phenomenon would occur,
such as surface sputtering and ion-implantation, together with
local disordering or amorphization, vacancy defect and mass
transport, etc.[44,45] as illustrated in the left of Figure 2a. Above
ion-implantation induced effects will cause an uneven distribu-
tion of the stress, and as-generated residual stress in the film is a
main mechanism of FIB-defined bending origami , as displayed
in the right of Figure 2a. The distribution of the residual stress
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Figure 2. Analysis of the bending mechanism, morphology, and component of the FIB-defined origami process for Au/SiNx bilayer. a) Schematic il-
lustration of FIB-matter interactions and residual stress distribution of Au/SiNx bilayer; b) Changes of the surface morphology of Au film with ions
dose, including the grain sizes and surface topography characterized by TEM and AFM, respectively, as well as a schematic of the bending cantilever; c)
Relationship between Au grain sizes together with curvatures and the ion dose; d) EDS analysis: Atom ratio of Au, N, and Ga distribution of a bending
cantilever in the cross section, and an inset indicates the relative intensity of Ga peak ion changes with the ion irradiation dose. Scale bar in (b) 50 nm.

is divided into two regions from surface to deep layer of the film
depending on the impact of ion-implantation. As-marked
region-1 is much affected by FIB implantation, mass vacancy
defects in the film surface produced by strong ion-bombardment
sputtering together with ion-implantation will result in grain co-
alescence and then size variation, so that the large tensile stress
can be dominantly induced in the surface layer of the film.[46]

And meanwhile, ion-implantation causes atomic rearrangement
in region-1 also creates additional compressive stress.[47] The

dominant tensile stress determines the bend upward compared
with compressive stress. Corresponding to the plastic flow
of region-1, region-2 shows the distribution of elastic stress
because the one is affected quite little by FIB implantation,
and as a consequence, the bending deformation is induced by
contraction of the top layer.
Figure 2b gives a series of transmission electron microscopy

(TEM) image of Au film surface with corresponding atomic force
microscope (AFM) images and illustrated schematic of bending
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deformation, showing clearly the evolution of surface topogra-
phy and Au grains sizes with different ion doses for irradiation.
The size of Au grains is increased evidently from ≈20 to ≈60 nm
as ion dose is enhanced from 0 to 6 × 1014 ions cm−2, along with
the increased surface roughness and bending curvature, which is
very consistent with the results predicted by abovemechanism of
ion-irradiation induced bending deformation. More importantly,
this is a direct evidence of ion-implantation causing the coales-
cence and rearrangement of Au grains. Figure 2c summarizes
the linear relationship between Au grain sizes together with cur-
vatures and the ion dose, indicating that higher ions doses are
bound to enhance the Au grain size and the bending curvature.
Figure 2d gives an energy disperse spectroscopy (EDS) of a sin-
gle cantilever bended by 6 × 1014 ions cm−2 irradiation, revealing
the atomic ratio distribution of Au, N, and Ga in the bilayer film
along the cross section. We can see that Ga is hardly detected in
the EDS, indicating a very low Ga content compared with other
elements in the ion-irradiated bilayer film. After a cumulative de-
tection by increasing the sampling time, the signal intensity of Ga
peak in the EDS can be plotted with the change of ions doses, as
shown in the inset of Figure 2d, and a near-linear increase of Ga
content with ions doses can be observed, which is broadly along
our expectation.
Following this bending deformation mechanism above, in or-

der to confirm the fabrication capacity of this method, a se-
quence of configurations is designed and fabricated by FIB-
defined origami, as shown in Figure S1, Supporting Information.
The results show that the bending architectures with different
shapes yield to a same radius under the same ion irradiation, in-
dicating the bending radius is independent to the shape of the
cantilevers. Besides, bending structures with 175 nm radius can
be fabricated by FIB defined bending, revealing the FIB defined
bendingmethod has the ability of fabricating nanoscale 3D struc-
tures. Particularly a multiple dimensions composite structures
including folded cross-bending structure and cubical micro-cage
arrays demonstrate fully the ability of flexibly powerful 3D fabri-
cation of bending/folding origami. Thus the bendingmode com-
bined with folding mode will create more dimensional spatial
structures, contributing to FIB-defined origami method for pro-
viding more chances and far-reaching effects on the design and
manufacture of new-fashioned 3D devices. In addition, the me-
chanical stability of 3D bending structure is another issue of con-
cern, and their related testing is carried out and as shown in Fig-
ure S2, Supporting Information, demonstrating a good stability
in mechanical endurance.

2.2. Bended Metasurface Based on FIB-Defined Origami

The flexibility and controllability are the biggest advantages of
FIB-defined bending origami method, providing a vast space
for the application and development of various 3D functional
devices, meeting greatly the desire of sub-1 µm 3D structure
fabrication. Especially this method is very suitable for the
configuration of versatile 3D metamaterials with free spatial
orientations and optional chirality, which can be easily assem-
bled by bending or folding from 2D pattern in micro/nanometer
scale. Here, by FIB-defined bending origami method, we design
and fabricate a new-type freestanding asymmetric mirror con-

sisting of 3D bended metasurface, realizing a high-efficiency
asymmetric reflection property through a simple mechanism.
Traditionally, the asymmetric reflection structures are composed
of multilayer structures with materials of different indices or
parity-time symmetric (PT) optical systems.[48–50] However, asym-
metric mirrors assembled by multilayer materials are usually
limited by the low efficiency in reflectance and difficult to achieve
unidirectional reflectionless effect, while the spectral measure-
ment of PT metamaterials need a horizontal incident light
rather than normal vertical incidence, which is highly restricted
experimentally.[51,52] The FIB-defined bending origami fabrica-
tion method proposes a shortcut to overcome the limitations of
planar process in flexible and novel 3D micro-/nanostructures,
and makes a suspended unidirectional reflectionless metamate-
rials come true by simple bending deformation based on a single
arm in planar nanostructure.
Figure 3a shows a schematic of an as-designed asymmetric

mirror consisting of bended metasurface, having an asymmetric
reflectance from both sides to obtain the unidirectional reflec-
tionless effect. The structure parameter of as-designed bended
metasurface is also demonstrated, in which the pitch of a unit in
is px = 460 nm and py = 900 nm in x and y direction, respectively.
Each unit cell has a bended cantilever with 150 nm (w) in width
and 600 nm (l) in length, and the supportive frames of the unit
cell have the same width of 75 nm (d) in all directions. Before the
bending process, this 2D planar pattern can be fabricated by EBL,
RIE, andmetal deposition. Then under moderate ion irradiation,
the cantilever in the planar pattern will be bended to a control-
lable angle (𝛼), as defined in Figure 3a. Based on the design of
this bended metasurface, the sample of large-scale bended meta-
surfaces can be massively fabricated, as shown in Figure 3b.
The finite elements method (FEM) is introduced to analyze

the optical properties of the bending metasurface depicted in
Figure 3. Figure 4 gives the simulated results of bended meta-
surfaces with y-polarized incidence, including transmission,
reflection, and absorption spectrum, their changes with bending
angle and surface current distribution. According to the transfer
matrix of this metasurface,[50] the transmission spectra should
totally be overlapped for backward and forward incident, and the
transmission curves for 45° bending metasurface in Figure 4a
prove this result primely. In the case of reflection, a perfect
unidirectional reflectionless effect is observed. For the forward
incidence, a broad dip (red curve) appears at 1490 nm, indicating
that the incident light is coupled by the resonance occurred in the
bended metasurface. As a contrast, the broad dip for backward
incidence (blue curve) is largely weakened, which clearly reflects
an asymmetric resonance between backward and forward in-
cidence appeared in this bended metasurface. The reflectance
difference (ΔR) between forward/backward excitation is about
60% at 1490 nm, indicating a high efficiency in unidirectional
reflectionless as an asymmetric mirror. In addition, the absorp-
tion of this asymmetric mirror can be calculated by A = 1−T−R,
where T and R represent the transmission and reflection of this
bended metasurface, as demonstrated in Figure 4b, and the
absorption by forward incidence is also much stronger than that
by backward incidence. Moreover, this asymmetric resonance
can be tuned with the bending angle of the cantilevers. Figure 4c
depicts the simulated results of 2D reflection spectrums of as-
designed bendedmetasurface with the increase of bending angle
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Figure 3. a) Schematic of as-designed bending meta-surface structure with unidirectional reflectionless effect, and the feature size and bending angle
of a unit cell in the bending metasurface are defined; b) SEM image of the as-fabricated large-scale arrays of 3D bending metasurface with 45° bending
angle; Scale bar: 2 µm.

from 20° to 100°. The top and middle reflection spectrums stand
for the forward and backward incidence, respectively. Clearly
seeing, all the forward reflection spectrums have a reflectionless
dip, but an outstanding reflection effect can be observed from
backward reflection spectrums. In addition, the contrast ratio of
the forward and backward reflection is calculated and shown in
the bottom one of Figure 4c. A blue-shift of unidirectional reflec-
tionless wavelengthwill occur with the increase of bending angle,
indicating that the unidirectional reflectionless wavelength can
be flexibly modulated by the bending angle. Besides, Figure S3,
Supporting Information, shows the absorption spectra changes
with the bending angle, where we can see a strong absorption at
resonance frequency for forward incident, and a much weaker
absorption is observed for backward incident. This indicates the
asymmetric resonance wavelength changes with bending angle.
Moreover, we focus on discussing the mechanism behind

asymmetric resonance in this bending metasurface. The sur-
face current distribution at 1490 nm of this bended meta-
surface with 𝛼 = 45° is extracted by FEM, as manifested in
Figure 4d. The simulation results indicate that both the rectan-
gular metallic supportive frame and the curly cantilevers are si-
multaneously excited by forward (backward) y-polarized incident
waves while the induced surface current is in the opposite (same)
direction. The antiparallel surface current, ascribed to the phase

difference of the induced surface current in supportive frame and
the curly cantilevers, means the vanishing of the electric dipole
response, which results in the near-zero reflection under forward
y-polarized illumination.[53,54] In this case, the incident energy is
cancelled through the strong near-field interaction (Figure S4,
Supporting Information) and the incident energy is consumed
by metal loss and radiation loss. For backward y-polarized illu-
minations, the surface current in the rectangular metallic frame
and the curly cantilevers are parallel that results in a high re-
flectance. This asymmetric resonancemechanism in this bended
metasurface is entirely different from traditional mechanism of
as-reported multilayer structures or parity-time symmetric (PT)
optical systems, giving a new perspective to realize asymmetric
mirror by simple bended metasurface.
To verify the simulated and analysis results above, the exper-

imental measurement of the transmission/reflectance spectrum
for bended metasurface are carried out, as shown in Figure 5.
The transmission/reflectance spectrum of as-fabricated bended
metasurface with a 45° bending angle (the sample is displayed
Figure 3d) under the forward and backward incidence are dis-
played in Figure 5a. The results indicate clearly a very strong
unidirectional reflectionless property induced by asymmetric
resonance mechanism in the bending structure, and the ex-
perimental ΔR is 56% with a reflectance of 62% for backward
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Figure 4. a) Simulated transmission/reflectance and b) absorption spectrum of a bended metasurface with 45° bending angle under the forward and
backward incidence; c) As-simulated 2D spectrum of the bended metasurface changed with different bending angle. From top to the bottom, the
reflectance spectrum of forward incidence, backward incidence, and the contrast ratio of forward/backward are ordered, respectively; d) Surface current
distribution of the bended metasurface at the incidence of 1490 nm.

incidence and 6% for forward incidence, which is close to the
simulated result of 60%. Besides, the absorption curves shown
in Figure 5b match the simulated curves quite well. Thus, for
this bended metasurface, the experimental results have a good
consistency with simulated results. In addition, the bending an-
gle of bendedmetasurface can be changed to tune the reflectance
spectra, and a series of the samples with different bending angles
ranged from 30° to 120° are fabricated and displayed in Figure 5c.
Figure 5d shows a set of reflectance spectra of bended metasur-
face with different bending angles, and there is a remarkable
blue-shift with the increasing of 𝛼. When the bending angle is
30°, the resonance is at 1425 nm, and it is blue-shifted to 1375 nm
when the bending angle reaches 120°, but the reflectance still
maintains a low value despite the changing of bending angle.
Figure 5e shows the measured ΔR as a function of bending
angle. With the bending angle ranging from 30° to 90°, the ΔR
keeps a high value of over 45%, indicating a large window to
tolerate the change of bending angle and sustain efficient unidi-
rectional reflectionless performance. Interestingly, the reflection
difference increases first and then decreases with the increase of
the bending angle, this is because the unidirectional reflection-
less effect comes from the antiparallel distribution of the surface
current which changes with the bending angle. We also have
taken note of amismatch of resonance peak position between the
simulation and experiment. In addition to imperfect fabrication

and the noise from background in the measurement process,
this inconsistency of peak position may be mainly attributed
to the change of surface morphology induced by high-energy
ions dose implantation, such as the increase of Au grains size
and surface roughness, producing directly obvious enhanced
scattering effect and hence influencing the optical property.
Besides, the reflection spectra also become higher for both for-
ward incident and backward incident because of the background
noise.
The incident angle depended reflection property is also dis-

cussed by FEM simulation, as shown in Figure 6. We observe
that when the incident angle changes from −20° to 20° for TE
and TM polarization, the modulation depth and resonance wave-
length of the asymmetric resonance peak are broadly stable. This
result reveals that the asymmetric resonance is not very sensi-
tive to the incident angle, only if the polarization of the incident
electromagnetic wave is along the direction of the cantilever. This
is because the electric filed component of the incident light that
leads to the asymmetric resonance in the x-y plane keeps un-
changed for these bended metasurface, and the contribution of
the electric filed component along z-axis is negligible for this res-
onance. As a result, the resonance position depicts a stabilization
in the oblique incident of light even for the incident angle up
to 20°. A slight shift can also be observed for both TE and TM
incident. For TM incident, an additional optical path difference
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Figure 5. Experimental results of as-fabricated bended metasurface. a) Transmission/reflection spectrum and b) absorption spectrum of a bended
metasurface with a 45° bending angles; c) Enlarged SEM images of a unit of 3D bended structures with different bending angles of 30°, 45°, 90° to 120°,
respectively; Scale bar: 200 nm. d) Change of the reflected spectrum of bended metasurface with different bending angle for forward incidence with
y-polarization; e) Reflectance difference (ΔR) between the forward and backward incidence versus bending angles.

(OPD) would be introduced into the structure, this OPDwill have
an effect on the resonance position, the wavelength increases for
a large incident angle. And for TE incident, the magnetic compo-
nent of the light along z-axis could produce some new resonance
whose wavelength is smaller than the unidirectional reflection-
less wavelength, thus the resonance wavelength decreases with
the bending angle increase.
In general, the performance of the asymmetric mirror based

on bended metasurface is quite promising compared with those
by traditional approaches. Previously reported asymmetric mir-
rors assembled by multilayer material[55] usually have a weaker
ΔR than 56% in this work. Although the unidirectional reflec-
tionlessmetamaterials based on the concept of PT symmetric sys-
tems can reach aΔR of 60% by the simulation, the practical mea-
surement is limited by the rigorous test conditions that need the
light to be coupled to the PT metamaterials on the x-y plane.[50,56]

By contrast, the bendedmetasurface with free bending angle pro-
vides a simple strategy and new mechanism to realize a brilliant
feature of 56% ΔR that meets the need in practical application.

Andmore importantly, it has a robust performance regarding the
incident angle of light, which can hardly be found in other kinds
of asymmetric mirrors.The 3D bending structures are also suit-
able for the assembly of a series of optical devices operating in
NIR region, such as Fano-resonance devices, plasmonic induced
transparency devices, and chiral optical antennas.We believe that
FIB-defined origami method for constructing bended metasur-
face will inspire the design of 3D substrate-free metamaterials
with a host of novel properties and open up a new horizon in
various fields.

3. Conclusion

We proposed a FIB-defined origami fabrication method with
a brand new strategy to construct rapidly a large-scale 3D mi-
cro/nanostructures from desirable substrate-free 2D patterns.
Benefits from this micro/nano-origami fabrication, including
main bending mode together with folding mode, versatile 3D
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Figure 6. a) For TE incidence, the 2D reflection spectrum of the 45° bending metamaterials versus the incident angle, the spectrum in the left and the
right indicates the reflectance of forward and the backward incidence; and b) the reflectance versus the incident angle of TM incidence.

spatial structure configurations, with a curvature radius down
to 175 nm, can be designed and realized, presenting spatial
structural states including cross bending and rolling, bistable,
twisting, andmultidimensional complex structures controlled by
combining the bending with folding mode. The mechanism be-
hind FIB-defined origami is the residual stress introduced by
FIB irradiation and implantation, in which surface-layer tensile
stress plays a critical part in the whole bending deformation.
Importantly, FIB area-irradiation and local-irradiation can define
the bending and folding deformation, respectively. Compared
with the folding process, FIB-defined bending process has an
extremely high efficiency in fabrication with a smaller ion dose
and in very short time. The bending curvature can be continu-
ously tuned in a rather wide range by the irradiation dose, ion
energy, the thickness of the films, and even geometrical shape
of 2D patterns. Based on FIB-defined bending toward an ap-
plication of optical metasurface, an asymmetric mirror is de-
signed and achieved by a 3D bending metasurface with bended
cantilever structure, providing a very simple strategy to obtain
a strong near-infrared unidirectional reflectionless effect with
high reflection efficiency of 56% due to the asymmetric plas-
monic resonance. Moreover, this FIB-defined rapid origami in
micro/nanoscale could fully combine with the advantage of ma-
ture planar nanofabrication, opening up a new horizon for the
practical application of diversiform stereo-metamaterials, and
also build up robust platform to configure versatile 3D functional
structure over wider areas inmicro-nanoscale photonic, mechan-
ical, and photoelectric device, etc.

4. Experimental Section
2D Pattern Preparation: The SiNx windows with 20 to 100 nm film were

purchased (Ilabilab Company), and the area of the windows chosen was
100 × 100 µm2 or 1 × 1 mm2. First, these windows were cleaned under an
oxygen plasma atmosphere by RIE for 10 s, and the pressure was main-
tained 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 RIE process, in which the etching duration of RIE process
was 2 min under the power of 200 W, and the processing chamber main-
tained a 55 mTorr pressure with the gas flow of 5 sccm O2 and 50 sccm
CHF3. After that, the residual PMMA was then removed by RIE. Finally,
Au with a thickness of 30–100 nm was deposited by magnetron sputtering
with due thickness to obtain as-patterned metal/dielectric bilayer on the
windows.

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 planar patterns can be bended or folded to a 3D structure by the ion
irradiation process with area-scanning or line-scanning mode. Different
ion energies (8, 16, and 30 KeV) and ion beam current densities (ranged
from 7 pA to 65 nA) can be optionally applied to build up various 3D struc-
tures. The in situ SEM system of the FIB/SEM system can be used to char-
acterize the morphology of the 3D structures during the irradiation proce-
dure. The bending angles of the architectures can be flexibly tuned from
0° to more than 180°.

Optical Setup: A Fourier-transform infrared spectrum (FT-IR) system
(Bruke Vetex V80) was used tomeasure the transmission/reflectance spec-
trum of the metamaterials. This instrument is equipped with an NIR opti-
cal source. A sample with 100 × 100 µm2 area was displaced under the mi-
croscope (Bruker Hyperion) with 15× objective lens. The background sig-
nal was obtained from an 80 nm Au film for 128 times scanning, and then
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the spectrum of the bended metasurfaces was obtained after 128 times
scanning.
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