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Nano-kirigami with giant optical chirality
Zhiguang Liu1,4*, Huifeng Du2*, Jiafang Li1*†, Ling Lu1, Zhi-Yuan Li3†, Nicholas X. Fang2†

Kirigami enables versatile shape transformation from two-dimensional (2D) precursors to 3D architectures with
simplified fabrication complexity and unconventional structural geometries. We demonstrate a one-step and on-site
nano-kirigami method that avoids the prescribed multistep procedures in traditional mesoscopic kirigami or origami
techniques. The nano-kirigami is readily implemented by in situ cutting and buckling a suspended gold film with
programmed ion beam irradiation. By using the topography-guided stress equilibrium, rich 3D shape transformation
such as buckling, rotation, and twisting of nanostructures is precisely achieved, which can be predicted by our
mechanical modeling. Benefiting from the nanoscale 3D twisting features, giant optical chirality is achieved in an in-
tuitively designed 3D pinwheel-like structure, in strong contrast to the achiral 2D precursor without nano-kirigami.
The demonstrated nano-kirigami, as well as the exotic 3D nanostructures, could be adopted in broad nanofabrica-
tion platforms and could open up new possibilities for the exploration of functional micro-/nanophotonic and
mechanical devices.
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INTRODUCTION
Three-dimensional (3D) nanofabrication holds the key to building a
large variety of micro-/nanostructures with unique and flexible func-
tionalities, compared with their macroscopic counterparts and the 2D
planar counterparts, especially in the aspects of integration and re-
configuration.One promising scheme to build 3Dmicro-/nanostructures
is the so-called kirigami or origami method (origami normally refers to
the cases when a cutting process is not involved) (1, 2). This method
makes use of the art and science of cutting and folding flat objects to
create versatile shapes and has been of tremendous interest among
both scientists and engineers because of its emerging applications in
fields such as micro-/nanoelectromechanical systems (MEMSs/NEMSs)
(3), energy storage systems (4), biomedical devices (5), and mechanical
and photonic materials (6–9). Compared with traditional 3D micro-/
nanofabrication, kirigami and origami enable the shape transformation
from 2D precursors to 3D architectures without the need of precise 3D
translation in direct lithography (10, 11) or accurate alignment during
indirect multilayer stacking (12). Benefiting from their unique
transformation characteristics such as rotation and twisting, kirigami
and origami greatly enrich the 3D geometries and complexities in the
frontier of both fundamental sciences (2, 13) and practical applications
(3–5), compared with those from conventional techniques.

So far, the state-of-the-art kirigami- and origami-based micro-/
nanofabrication methods have mainly used the differential strains be-
tween neighboring objects to achieve spontaneous curving or folding
(14–17), which can be triggered by stimuli like temperature changes,
volume variations, capillary forces, residual removing, etc. For example,
one interesting scheme has been recently developed by using the out-of-
plane compressive buckling of top precursors induced by an elastomeric
support (17, 18). However, most of the schemes were involved with
multiple materials or multistep processes that have to be carefully pre-
designed and strictly sequenced, making it inconvenient for on-site
fabrication or flexible addition. Moreover, besides the mechanical
characteristics, the unconventional 3D geometries created by kirigami
at nanoscale may enable many fascinating properties such as photonic
functions at optical wavelengths, which have not aroused sufficient in-
terest. Thus, an instant, high-accuracy, and simple kirigami method,
which allows one to reliably generate functional nanogeometries, is
highly desirable but has yet to be explored.

Here, we introduce a one-step and on-site nano-kirigami method
with nanoscale accuracy by in situ cutting and buckling a suspended
gold film. By using the topography-guided stress equilibrium during
global ion beam irradiation, versatile buckling, rotation, and twisting
of nanostructures are simultaneously or selectively achieved. The exotic
3D structures are accurately controllable by programming ion doses,
and well predictable by using an elastoplastic mechanical model.
Benefiting from the nanoscale 3D twisting features, giant intrinsic
optical chirality is achieved in a 3D pinwheel-like structure, in strong
contrast to its 2D counterpart without nano-kirigami. The proposed
concept of nano-kirigami, as well as the explored new types of 3D
nanostructures, could build up novel platforms for versatile manu-
facturing techniques and functional structures in areas such as plas-
monics, nanophotonics, optomechanics, MEMS/NEMS, etc.
RESULTS
Single-material kirigami
Different from mesoscopic kirigami that usually uses multiple
materials, macroscopic kirigami can be simply realized by cutting flat
single material and transforming it into desired shapes manually, as
the paper-cut of an expandable dome illustrated in Fig. 1A. Single-
material kirigami in microscopic scales, which could significantly sim-
plify the multistep processing, is challenging because of the difficulty
in finding a sophisticated enough micro-/nanomanipulator. Recent
studies found that the local irradiation of thin films with focused ion
beam (FIB) could introduce tensile or compressive stress for thin-film
folding (19–21). However, the local irradiation-induced zero curvatures,
except at the abruptly folded regions, failed in simultaneous shape
transformation ofmultiple subunits, andwere restricted by the overhead
beam blocking (fig. S1), which greatly limited the flexibility in structural
transformation. Moreover, from the viewpoint of topological classifi-
cation, these methods belong to the elementary tree–type (open-loop)
multibody system (22), in which the relative motions within each
neighboring object are independent. This is relatively simple compared
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to the advanced kirigami in close-loopmultibody systems (22), inwhich
the relative motions within the loop become dependent; that is, a rel-
ative motion of one object affects the relative motions of the others.
Actually, the interrelated shape transformation of neighboring bodies
represents one of the most intrinsic natures of kirigami and provides
an extra freedom toward 4Dmanufacturing (23), which is highly de-
sirable but has not been implemented in nanometer accuracy with
desirable functionality.

Our nano-kirigami method exhibits the features of close-loop
multibody systems; that is, the final formation of the interconnected
structures is determined by the overall stress equilibrium other than
the isolated folding of individual components. As shown in Fig. 1B,
through high-dosemilling and low-dose global irradiation with gallium
ion–based FIB, the paper-cut of the expandable dome iswell reproduced
inmicroscopic scale, with sub–50-nm feature size in an 80-nm-thick gold
film (see Materials and Methods). This is a “buckling down” process
since the rising direction of the nanostructures is along the illumina-
tion direction of the ion beam (movie S1 and fig. S1G). In more general
topographic designs, 2D patterns are found to be much easier to buckle
up (inverse to the ion beam illumination direction), as shown by the
12-blade propeller in Fig. 1 (C to F) and the four-arm pinwheel in
Fig. 1 (G to J). It is observed that the central part of the structure can
be dynamically twisted and rotated during the buckling up process,
as illustrated by the rotated dashed lines in Fig. 1 (H and I), exhibiting
a typical signature of the close-loop multibody systems that cannot
Liu et al., Sci. Adv. 2018;4 : eaat4436 6 July 2018
be achieved with tree-type fabrication methods. Moreover, all these
complex structures (including other 3D structures in the following
contents and in fig. S2) could be readily realized by programming
the irradiation dose in one step or instantly adding in flexible orders
(movie S1 and fig. S1G), which are challenging for traditional 3D
fabrication methods and for the prescribed tree-type kirigami and
origami methods.

Topography-guided nano-kirigami
The main mechanism of the nano-kirigami is to use the residual stress
induced by the gallium ion collisions with gold thin films (20, 21, 24),
as illustrated in Fig. 2A. Specifically, when the sample area is exposed
to ion irradiation, some of the gold atoms are sputtered away from the
surface and the resulting vacancies cause grain coalescence (24, 25),
which induces tensile stress close to the film surface. Meanwhile, some
gallium ions are implanted into the film, which induces compressive
stress. The two stresses occur simultaneously within ~20 nm of the gold
film (fig. S3), and the combination of them determines the overall stress
within the ion beam–affected top layer, which deforms the less-affected
bottom layer of gold. Our tests show that tensile stress is dominant
when FIBwith acceleration voltage of 30 kV is applied to a 80-nm-thick
gold film (fig. S4). Therefore, the free-standing gold film in our case
could be simplified into a bilayermodel; that is, the top amorphous layer
with tensile stress st and the bottom layer with deformation stresssb. In
such amodel, when one end of the suspended structure is fixed, the top
Fig. 1. Macro-kirigami and nano-kirigami. (A) Camera images of the paper kirigami process of an expandable dome (corresponding to a traditional Chinese kirigami
named “pulling flower”). (B) SEM images of an 80-nm-thick gold film, a 2D concentric arc pattern and a 3D microdome. The high-dose FIB milling corresponds to the
“cutting” process, and the global low-dose FIB irradiation of the sample area (enclosed by the dashed ellipse) corresponds to the “buckling” process in nano-kirigami.
The buckling direction is downward along the FIB incident direction (fig. S1G). A 3D feature size of 50 nm is shown in the inset. (C to F) A 12-blade propeller and (G to J) a four-arm
pinwheel formed in a macroscopic paper and a gold nanofilm, respectively. Top-view SEM images of the milled 2D patterns before (D and H) and after (E and I) global FIB
irradiation from the top, respectively. (F) and (J) are the side views of (E) and (I), respectively, which are in good correspondence to the macro-kirigami in (C) and (G). The dashed
lines in (H) and (I) indicate a connection between two corners of the central structure, revealing a rotation angle of ~41° by nano-kirigami. The in situ fabrication can be
programmed into one step (movie S1). Scale bars in SEM images, 1 mm.
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tensile stress will cause the suspended structure to bend upward, like
the scanning electron microscopy (SEM) images of tongue-like
bending shown in Fig. 2B. This upward bending mechanism can
be simultaneously applied to themultiple subunits of complex geom-
etries, such as the upward bent “petals” of the flower-like structure in
Fig. 2C (movie S2).

The precise modeling of nano-kirigami process is of critical im-
portance since it is able to help one predict and visualize the final form
of the structures. However, this is challenging in nanoscale, since the
FIB-induced structural changes and material modifications are usually
beyond the elastic region, and previous assumptions of purely elastic
material dealing with Stoney formula are inadequate for complex struc-
tural transformation (24). We hereby develop a comprehensive me-
chanics model in which constant tensile stress (st) dominates the top
amorphous layer because of the presence of plastic flow, and the bottom
layer has a linear distribution of elastic stress (sb) as a consequence of
bending deformation induced by contraction of the top layer (section
S1), as illustrated in Fig. 2A. In such a case, the residual stress will cause
the structure to bend globally under the guidance of the initial topogra-
phies until new equilibriummorphologies are reached. Considering the
Liu et al., Sci. Adv. 2018;4 : eaat4436 6 July 2018
ultrasmall film thickness (50 to 80 nm), the residual stress distribution
in our mechanical model could be simplified by (section S1)

sin‐planeðx3Þ ¼ st ¼ const; hb < x3 ≤ hb þ ht
sb ¼ sin‐plane0 þ kx3 þ oðx3Þ; 0 ≤ x3 ≤ hb

�
ð1Þ

Here, x3 is the coordinate in the thickness direction (e3); ht and hb are
the thicknesses of top and bottom layers, respectively; st and sb are the
residual stress in the top and bottom layers, respectively; sin‐plane0 and k
are the first- and second-order coefficient in the asymptotic expansion
of stress in the bottom layer, with little o(x3) representing the higher
orders (the higher-order term is negligible considering the ultrasmall
thickness of the films). With such a residual stress distribution, the fab-
ricated structures are well reproduced by the numerical calculations, as
shown in Fig. 2 (B and C), verifying the accuracy of our model.

The topography of the 2D patterns is crucial in our nano-kirigami;
that is, the structural bending direction can be varied by modifying the
boundaries of the 2D patterns. As illustrated in Fig. 2A, when the
Fig. 2. Topography-guided nano-kirigami. (A) Schematic illustration of residual stress distribution of gold nanofilm under global ion beam irradiation. In this bilayer
model (section S1), the constant tensile stress (st) is dominant within the top amorphous layer, and the elastic stress (sb) is linearly distributed across the bottom
polycrystalline layer. In such a case, when one edge is fixed (as noted by the red squares), the cantilever will bend upward. While both boundaries of the cantilever are
fixed, the film could bend downward under the topography-guided stress equilibrium. (B and C) SEM images of (B) a tongue-like structure and (C) a flower-like structure
before and after global ion beam irradiation. The calculated (Cal) structures well represent the upward bending process. (D and E) SEM images of (D) a spider web–like
and (E) a concentric arc structure before and after global ion beam irradiation, showing distinctive downward buckling amplitudes under the same irradiation. (F to H) SEM
images of (F) a twisted triple Fibonacci spiral, (G) window decoration–type nanobarriers, and (H) a deformable spiral. Calculated results in (B) to (E) are displayed with the same
color bar as in (B). Scale bars, 1 mm.
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boundaries of the ion beam irradiation area are changed, for example,
when the multiple ends of the suspended area are fixed, the structures
could possibly be buckled in a downward direction under the same
residual stress. As shown in Fig. 2 (D and E), by changing the arc length
and its filling ratios, the arc patterns are buckleddownward after global ion
beam illumination, entirely different from the upward bent petals in Fig.
2C (movie S2). Even for arc structureswith the same aspect ratio and arc
length, the downward buckling of the concentric arc structure in Fig. 2E is
significantly larger than that of the spider web pattern in Fig. 2D (~240%
larger in the calculationof fig. S6). These observations arewell reproduced
by the calculations in Fig. 2 (C to E) under the same stress st and sb. The
accurate modeling providesmore information beyond the structural con-
figurations, such as the final distribution of equilibrium stresses under dis-
tinctive topographies. For example, for the spiderweb structure in Fig. 2D,
the calculated stress is mainly concentrated on the radial connection parts
(26), while the concentric arc structure in Fig. 2E shows relatively uniform
stress distribution. Therefore, under the same aspect ratio, the spider web
structure is more fragile than the concentric arc structure when a large
dose of ion beam irradiation is applied (verified in fig. S6C and movie
S3). The excellent consistence between experiments and calculations
proves that, in the proposed nano-kirigami, the shape transformation
among neighboring parts is strongly interrelated through the stress equi-
librium among multiple branches, and the resulting structures are well
predictable by the mechanical model. Following this design principle, a
wide range of complex 3D derivatives (fig. S2) is generated with the
nano-kirigami method, such as the twisted Fibonacci spirals (Fig. 2F),
the window decoration–type interconnected nanobarriers (Fig. 2G),
and potentially deformableMEMS spirals (Fig. 2H) (27). These 3D exotic
nanostructures have not been seenwith the conventional nanofabrication
techniques and may largely enrich the variety of nanophotonic devices
and MEMS/NEMS in both designs and fabrications.

Functional designs for optical chirality
While the applications of mesoscopic kirigami and origami techniques
are mainly in mechanical or acoustic areas, the versatile geometries in-
troduced by nano-kirigami open a door for nanophotonic applications.
For example, from the photonic point of view, the out-of-plane twisting
by nano-kirigami could help to facilitate unique electromagnetic prop-
erties such as 3Doptical chirality. It iswell known that intrinsic chirality,
the geometric property of a structure lacking anymirror symmetry plane,
exists only in 3D, and its optical response could be several orders of
magnitudes higher in artificial nanostructures than that in natural chiral
materials (28–31).While extrinsic optical chirality has been observed
in planar 2D structures (29, 32), it typically requires strict oblique in-
cidence, and the chiral responses are relatively weak. This is because the
physical origin of the optical chirality comes from the cross-coupling
between the electric and the magnetic dipoles in parallel directions
(33). In the case of normal incidence, the induced magnetic dipoles in
2D structures are along the incident direction and, thus, perpendicular
to the direction of electric dipoles, which makes them uncoupled and
results in the lack of chirality. Therefore, 3D structures with twisting
features in the propagation direction such as vertical helices (Fig. 3A)
are highly desirable to realize strong optical chirality (10). However, to
operate at optical or telecommunicationwavelength region, the twisting
elements have to be miniaturized to submicrometer scales, which is
challenging because of the fabrication restrictions and, thus, limited
to a few specialized techniques (34, 35). Thus, a simple 3D nanofabrica-
tion approach, with a high degree of freedom and capable of generating
nanoscale twisting elements, is appealing.
Liu et al., Sci. Adv. 2018;4 : eaat4436 6 July 2018
Considering the exotic geometries by nano-kirigami, the design of
3D chiroptical nanostructures could be intuitively extended by rotating
the vertical helices to form horizontal cross-linked helices and further
evolved into a fully metallic pinwheel array, as illustrated in Fig. 3A,
of which the fabrication restrictions can be readily solved by nano-
kirigami (as in next paragraph). Because of the twisted loops in all di-
rections (28), the electric field (Ex) of the incident light could induce
both electric (px,L) and magnetic (mx,L) moments in the parallel di-
rection (that is, px,L//mx,L//x) for the left-handed (LH) pinwheel, as il-
lustrated in Fig. 3B. In the samemanner, the electric (py,L) andmagnetic
moments (my,L) along y direction could also be induced by themagnetic
field (Hy) of the incident light (Fig. 3C). Since optical chirality is
dependent on the strength of p∙m (36), the parallel electric andmagnetic
moments can interact strongly to induce pronounced optical chirality.
Meanwhile, it can be seen that the direction of the induced electric and
magnetic moments is highly dependent on the LH or right-handed
(RH) twisting of the four arms. Specifically, in the LH pinwheel, the di-
rection of px,L and py,L is opposite to that ofmx,L andmy,L, respectively,
which causes an LH chiroptical response (9, 28). In comparison, the di-
rection of px,R and py,R is the same as that ofmx,R andmy,R, respectively,
revealing that the RH windmill has an RH chiral response.

To take advantage of the nano-kirigami, we intuitively designed
three types of 2D spiral patterns, as shown in Fig. 3D. After applying the
same residual stresswith ourmechanicalmodel, 3Dpinwheel structures
with different height and arm width are predicted, as shown in Fig. 3D,
which are geometrically equivalent to the pinwheel design in Fig. 3A.
These numerical designs and results are well verified by the fabricated
structures in Fig. 3E, revealing the accuracy and robustness of the pro-
posed mechanical models. It can be seen from the SEM images that the
top ends of the arms in type I pinwheel and the bottom ends of the arms
in type III pinwheel are very thin. In comparison, the type II 3D pin-
wheel has more uniform arms, which are more stable when the struc-
tures are further scaled down (fig. S8). Therefore, to achieve desirable
optical chirality with high structural stability, type II design will be used
in the following studies (movie S4).

Giant optical chirality in exotic 3D nanostructures
To realize optical chirality in telecommunication wavelengths, 2D and
3D pinwheel arrays with lattice periodicity of 1.45 mm are successfully
fabricated, as shown in Fig. 4 (A and B), where the 3D twisted arms are
identified after the global ion beam illumination of the 2D patterns. It
should be mentioned that, when the arm width of the pinwheel reaches
around ~100 nm, the dislocation and diffusion of the gold atoms (37)
under global ion irradiation start to affect the morphology of the
structures. As a result, the arms of the pinwheel in Fig. 4B become rel-
atively round compared with the twisted flat arms in Fig. 3E.

Optical chirality of these structures can be characterized by c =
(nR − nL)/2, where nR or nL is the effective refractive index of the RH or
LH circularly polarized (RCP or LCP) light. The real part of c causes
different phase delays for RCP and LCP light and is represented by cir-
cular birefringence that results in the rotation of the linear polarization
by an angle q = (nR − nL)pd/l0, where d is the thickness of the chiral
medium, and l0 is the light wavelength in vacuum (29). The imaginary
part of c corresponds to circular dichroism (CD), which causes different
absorption losses for RCP and LCP waves.

Optical measurements show that the 2D structure in Fig. 4A does
not have any CD and circular birefringence effect under normal inci-
dence (Fig. 4, D and E), as expected because of its 2D nature. In com-
parison, the experimental 3D pinwheel structure in Fig. 4 (B and C)
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exhibits clear CD effects, in which the CD spectra of LH and RH 3D
structures show nearly opposite signs with similar amplitudes, as the
curves plotted in Fig. 4D. This is in good agreement with the analysis
in Fig. 3 (B and C). Meanwhile, pronounced circular birefringence ver-
sus wavelength is observed, as plotted in Fig. 4 (E and F), in which the
rotation angle (q) of the linear polarization increases markedly in the
long wavelength region. The polarization rotation angles reach ~90°
and ~135° at 1.70 and 1.95 mm, respectively, without making the polar-
ization state elliptical (Fig. 4F). Considering the overall structural thick-
ness of ~430 nm (including the bottom layer), such circular birefringence
is giant compared to the statistics of chiral metamaterials and planar
structures in the literature (36). The experimental results agree well with
the calculations and unambiguously show that, by simply introducing 3D
twisting structures throughnano-kirigami, the optical chirality can be sig-
nificantly enhanced compared with that of the 2D counterpart. Mean-
while, it shows that compared to other chiral structures with multilayer
or twisting designs in terahertz, gigahertz, or mid-infrared wavelengths,
the nano-kirigami has nanoscale accuracywhilemarkedly simplifying the
fabrication difficulty without reducing the structural complexity (33).
DISCUSSION
We have demonstrated a novel 3D nanofabrication technology based
on an on-site nano-kirigamimethod that is applicable by programming
the dosages of the ion beam irradiation in one step. On the basis of
Liu et al., Sci. Adv. 2018;4 : eaat4436 6 July 2018
the deliberate engineering of the topography-guided stress equilibrium
of gold nanostructures during ion beam irradiation, versatile 3D shape
transformations of nanoscale structures were simultaneously and se-
lectively achieved. Compared with traditional 3D nanofabrication tech-
niques such as direct writing (10) and multilayer stacking (12), the
nano-kirigami method significantly simplifies the fabrication complexity
while retaining the diversity and functionality of 3D nanostructures.
Meanwhile, it overcomes the prescribed and multistep procedures in
traditional mesoscopic kirigami and origami methods by instantly
cutting and buckling nanofilms with the same ion beams, which makes
it convenient to perform nanometer-accurate kirigami in one step. The
exotic 3D structures have been well predicted by using an elastoplastic
mechanical model, which not only provides a reliable tool for feasibility
tests and internal stress analysis but also opens a window for inverse
designs of desirable functionalities. Finally, as a functionalization of
the nanoscale 3D twisting features, an exotic gold pinwheel with giant
optical chirality has been realized in telecommunication wavelengths.
Since the 3D pinwheels have fourfold (C4) rotational symmetry on the
z axis, the chirality is expected as uniaxial for normal incident light (28).
The strong chiroptical responses were not observed in the corresponding
2D counterpart, unambiguously revealing the significance brought
by the nano-kirigami. It should be noted that if the C4 pinwheels are
arranged in triangular lattices with sixfold rotational (C6) lattice sym-
metry, then the resulting 3D structures will have twofold rotational (C2)
symmetry. In such a case, circular polarization conversion canbe observed
Fig. 3. Functional designs for optical chirality. (A) Schematic of vertical helix array, horizontal cross-linked helices, and a 3D pinwheel array [the 3D pinwheel can also
be treated as two cross-linked and twisted ohm-shaped circuits (28) standing onto a metallic hole array]. (B and C) Illustration of the responses to the (B) electric field
(Ex) and (C) magnetic field (Hy) of incident light for the LH and RH twisted pinwheels, respectively. The direction of induced electric moments pi,j (i = x or y, j = L or R) and
magnetic moments mi,j at the center parts is noted by the arrows for LH (j = L) and RH (j = R) pinwheels, respectively (generalized from the simulated results in fig. S7).
(D) Numerical designs of three 2D spiral patterns (types I, II, and III), the top view, and side view of the numerically predicted 3D structures, respectively, under the same
residual stress distribution. (E) SEM images of the fabricated 2D patterns and corresponding 3D pinwheels after global ion irradiation with the same doses, agreeing
excellently with the numerical predictions. Scale bars, 1 mm.
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at a certain wavelength region. The studies in this aspect are interesting
and deserve profound investigation.

One distinctive feature of our nano-kirigami method is that, during
the global ion beam irradiation, the thinning and transformation of
nanofilm, accompanied by the atom dislocations and diffusions, occur
simultaneously across the whole sample region other than localized at
the sequential folding areas. Therefore, the topography-guided stress
equilibrium among subunits, instead of individual folding, determines
the final structural configuration. Compared to the FIB-induced de-
position method (38, 39), this proof-of-concept nanofabrication could
Liu et al., Sci. Adv. 2018;4 : eaat4436 6 July 2018
be applied to a wide variety of suspended thin-film materials [such as
aluminum and commercial silicon nitride thin films in fig. S10 (A and
B)] and to other ion-based etching or implant systems to achieve large-
scale fabrications, although the specific stress responsesmay be different
from those of gold (section S3). The geometries of the enabled 3D
structures could also be extended to other types, such as three-arm
3D pinwheels that break the center-inversion symmetry (fig. S10, C
and D). Moreover, the suspending features endow the 3D nanostruc-
tures with potential applications on reconfigurable nanophotonic and
optomechanical devices by engineering the suspended subunits, such as
Fig. 4. Giant optical chirality. (A and B) SEM images of (A) 2D and (B) 3D pinwheel array with periodicity of 1.45 mm. The height of the 3D pinwheels is about 380 nm.
(C) Top-view SEM images of LH and RH 3D pinwheel arrays. Scale bars, 1 mm. (D) Measured CD in transmission [defined as CDT = (TL − TR)/(TL + TR)] versus wavelength for
2D LH, 3D LH, and 3D RH pinwheels, respectively. a.u., arbitrary units. (E) Measured (circular points) and calculated (solid lines) linear polarization rotation angle (q)
versus wavelength for 3D and 2D LH pinwheels, respectively. The unrealistic abrupt peaks around 1.45 mm in calculation are not shown for clearance because of the
inaccurate retrieval of polarization states at nearly zero transmission at Wood’s anomaly (see full calculated data in fig. S9). Inset: Schematic of the linear polarization
rotation. (F) Polar plot of (top) experimental and (bottom) calculated transmission versus detection polarization angle at specific wavelengths under x-polarized inci-
dence for the 3D LH pinwheels. Nearly linearly polarized states are observed. In comparison, for wavelengths in the strong CD region (around 1.45 mm), the measured
transmission of light exhibits elliptical polarization states (fig. S9H). Spectra are measured from 1.1 to 2 mm because of the restriction of the quarter-wave plate (see
Materials and Methods).
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the scheme used by commercial digital micromirror devices in digital
light processing projection and related 3D printing industry. Therefore,
our work here not only builds up a new nanofabrication concept and
platform for diverse structural geometries and functionalities but also
opens up new possibilities for the active configuration of versatile
micro-/nanophotonic and electronic devices.
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MATERIALS AND METHODS
Numerical simulations
The transmission spectra and electromagnetic field distributions of the
2D and 3D gold structures were simulated by using the finite element
method. The current distributions were obtained by using a current
densitymonitor in commercial software packageCSTMicrowave Studio
based on the finite integration method. Periodic boundary conditions
along the x- and y-axis direction were applied to the unit cell of the sim-
ulated structures. Incident plane wave was incident along the z-axis
direction, which was identical to the conditions in experiments. The
refractive index and extinction coefficient of gold were described by
the Lorentz-Drude model. The thickness of the target nanostructures
after nano-kirigami transformation was set to 50 nm in simulations un-
less otherwise specified, which was under the consideration of the sput-
tering effect during the global ion beam irradiation and confirmed in
SEM characterizations. The deformed configurations of 3D nano-
kirigami architectures were calculated with finite element software
SIMULIA Abaqus FEA and COMSOL Multiphysics. User-defined
subroutines were implemented for applying the nonuniform residual
stress field to trigger global buckling of nanofilms. More details related
to modeling can be found in sections S1 and S2.

Sample fabrications
All the 3D structureswere fabricatedwith a dual-beamFIB/SEM system
(FEI Helios 600i) on self-supporting gold nanofilms. The 80-nm-thick
gold film suspended on copper grid was prepared by lift-off process in
previous studies and directly used here (40). To avoid unwanted film
fluctuations, multiple flat and clean sample areas satisfying the fabrica-
tion requirements were carefully selected from more than 100 meshes
on the copper grid. Themaximum size of each sample area is ~100 mm×
100 mm,which is limited by themesh size. For large-scale fabrication,
suspended nanofilms with desirable flatness are commercially avail-
able, such as the silicon nitride filmwindow (500 mm×500 mm×50 nm
in size; Norcada) used in fig. S10B. The nano-kirigami method includes
a two-dosage ion beam irradiation. First, the 2D patterns were directly
cut by the FIB under high doses of 1.9 × 108 ions/mm (>600 pC/mm2).
Subsequently, global ion beam irradiation was conducted by frame-
scanning the effective sample area with relative low doses of 10 to
40 pC/mm2 without particular alignment. The whole process could be
programmed into one step and in situmonitored by the SEM (seemovie
S1). The acceleration voltage and current beam of Ga+ were set at 30 kV
and 24 pA, respectively, if not mentioned. In such a case, the nano-
kirigami took a fewminutes formost of the single structures. For an array
of 3Dpinwheelswith lattice periodof 1.45mmand sample area of 30mm×
30 mm, the fabrication time was less than 30 min. Because of the large
scales of the structure, the overall fabrication resolution was about 20 nm.

Optical characterizations
The optical measurements were performed using a homemade spec-
troscopy system designed to characterize samples with small sizes.
For transmission spectral measurement, white light from tungsten
Liu et al., Sci. Adv. 2018;4 : eaat4436 6 July 2018
halogen source (HL-2000,OceanOptics) or supercontinuum light sources
(SC400-4, Fianium) was collimated and confined to proper beam size,
whichwas thenweakly focused onto the sample by a near-infrared (NIR)
objective lens [×10, 0.25 numerical aperture (NA); Olympus]. The
transmitted signals were collected using another NIR objective lens
(×100, NA 0.9; Olympus) and delivered to a spectrometer (SP-2300,
Princeton Instruments) equipped with a liquid nitrogen–cooled
charge-coupled device (CCD) detector (PyLoN-IR). An NIR CCD
camera (XS-4406, Xenics) was set within the switching optical path for
imaging. Formeasurement of CD, a linear polarizer (650 to 2000 nm;
Thorlabs) and a quarter-wave plate (1100 to 2000 nm; Thorlabs) were
inserted into the input optical path at specific orientations. Therefore,
the spectra in this work were mainly focused on wavelength range
from 1100 to 2000 nm. Linear polarization rotation experiments were
conducted by varying the detection polarization (linear polarizer, 650 to
2000 nm; Thorlabs) at every 15° under linearly polarized incidence.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/7/eaat4436/DC1
Section S1. Mechanical modeling
Section S2. Optical modeling
Section S3. Extension of nano-kirigami to other materials and geometries
Fig. S1. Illustration of the overhead ion beam blocking and comparison between local and
global ion beam irradiation.
Fig. S2. Exotic 3D structures fabricated by nano-kirigami.
Fig. S3. SRIM software simulation results.
Fig. S4. Ion beam dosage test.
Fig. S5. Schematic of the bottom layer under elastoplastic deformation.
Fig. S6. Comparison between web-like structures of different topographies after nano-kirigami.
Fig. S7. Origin of the chirality in 3D pinwheel structures.
Fig. S8. Structural designs for optical chirality.
Fig. S9. Numerical calculations and comparison with experiments.
Fig. S10. Extension of nano-kirigami to other platforms.
Movie S1. Nano-kirigami of different structures by programming ion beam irradiation in one
step.
Movie S2. Upward and downward buckling with nano-kirigami.
Movie S3. Structural evolution of different web-like structures under nano-kirigami.
Movie S4. Simultaneous upward buckling of an array of pinwheel structures.
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