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Fig. 1. Development of paper-cutting from art to science (From left to right: the recorded historical allusion around

1055-1021 B.C.I; the improvement of paper manufacturing by Cai Lun around 105 A.D.!Y; the earliest relic of the paper-cuts

named “Flowery Horses” around 386-581 A.D.l!; the spread of paper to Japan during the 6 century®; graphene kirigami pub-

lished in 2015[13).
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Fig. 2. (a)—(d) Illustration of several deformation stresses and corresponding examples!!6:26:28323738]; (b) capillary forces; (c) film re-

sidual stresses; (d) active materials induced forces; (e) illustration of the mechanically guided assembly®); (f) graphene kirigamil'?);

(g) graphene origamil*l.
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Fig. 3. lllustration of the fundamentals of FIB-induced stressi*¥: (a), (b) Schematic illustration of residual stress distribution and

double-layer stress model within a gold nano-film under FIB irradiation; simulated distributions of (c) gallium ion concentration and

(d) vacancy density versus the depth of the nanofilm using SRIM software with ion acceleration voltage of 30 kV; (e) SEM image of

a tongue-like structure after FIB global irradiation and the calculated result (Scale bars: 1 pm).
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Fig. 4. (a) Schematic illustration of ion beam cutting and folding of thin film; (b)—(i) SEM images of various 3D structures pre-
pared by FIB49-52:54,55,57]
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Fig. 5. (a), (b) Composite structure (MH-VSRR) prepared by FIB and the polarization-dependent Fano resonancel”; (¢) SEM im-
age of 3D folded metasurface and experimentally measured transmission spectra under illumination of different circularly polarized
wavesl®!l; (d) SEM images of switchable 3D SRR in OFF and ON states at currents of 0 and 20 mA, respectively, and correspond-
ing switching spectra; (e) schematic of toroidal dipole modes generated due to circulating magnetic field produced by current

loops!®; (f) SEM image of the 3D toroidal metamaterial and the measured transmission spectra with toroidal dipole resonance

dips©
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Fig. 6. Side-view SEM images of (a) rigid folding and (b) gradual bending of suspended cantilevers under local and global FIB irra-

diations, respectively, over the red areas [*; (c) measured relationship between the cantilever folding angle and the scanning dose at

different acceleration voltages!*”); (d) SEM images of different sizes of cantilever bending under FIB global irradiation with different

dosel*l; (e) measured (dotted line) and calculated (solid line) relationship between the folding angle and the scanning dose at accel-

eration voltage of 30 kVI (Scale bars: 1 pm).
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B 7 R gORETAT (o) BT GOR BT LRSS HY R BL BT (b)—(f) “BP R Gk 35 4045 4 SEM EMR, Hodh (b), (c) A FIB 4 )7
R A 2 B T R AL B 454 8299 (d)— (f) SA it FIB JRyBUR IRAS B 4545 49 SEM KR, (d), (e) 3 ELAE R I 510 A 00 400 12 0 R R ] 142);
(f) Z)J2 R4 B (AR 1 um)

Fig. 7. Tree-type nano-kirigami: (a) Schematic of tree-type system; (b)—(f) SEM images of typical examples of 3D tree-type nano-
kirigami. (b), (c) Flower-like structures obtained by FIB global irradiation>%l; (d), (e) side-view and top-view of vertical plates

standing along one edge of the planar metallic hole arrays!*¥; (f) multilayer plate structurel'? (Scale bars: 1 um).

Cutting = 4 /‘;: \ A\ ) Buckling .;‘
—_— > ,/) ] >  HAN
with knife R{%{N : _/ //// with hand = @§!
Paper shee =1cm - cm

Global
irradiation
—_—
with FIB

B8 “HHERGIRTTARE24 (a) “PHER” R BT ARE5 M 7R B 5 (b)— (d) Hh FIB JEy 38048 T “P 3R 940K 57 4015 B 44 = 4l 44 K 25 44
B SEM [ER B2 (e), (g), (1) 2% WLLR T Y 4R 45 F IR ) e 5 H XS B AY (£), (h), () dlad FIB 224348 “P PR 49 K 5 4044 2 /) = e 4K
£5H 19 SEM B W (LEFIR: 1 pm)

Fig. 8. Close-loop of nano-kirigamil*>*!l: (a) Illustration of the close-loop system; (b)—(d) SEM images of 3D nano-kirigami with loc-
al FIB irradiation?; (e), (g), (i) camera images of the macroscopic paper kirigami; and (f), (h), (j) corresponding microscopic struc-

tures reproduced by close-loop nano-kirigami with global FIB irradiation!® (Scale bars: 1 pum).
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TGN IR LR AL, AAEPTRRA
[T B0 AT AR T A S, WA 2252 i LA
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32 HTAS AR T A HE AR A, (X R AR (b T2
i il B, AR ALE A2 KR AL

Before

Before

B TR AR M H NS 3 254, 9K BT 4R T H
FIB $& #0720 2, — @ X it Jmy f i A7 X
AR R (& 6(a))*2, 5 —FE ke
it B R DX SRR A T 1 4 R AR (B 6(b)) 12
SRS A A AR R A B — A BT S,

9 AFIESLA A =LK B AREEHILE FIB 42 R 3 A0S 9 TS AL SEM B 191 (a) ZEPTIRRIVRELEH; (b), (c) BI4E
TSGR (d) AR5 FIB 48 MRS A IRBEE5 45 (o) WUZBRIE 57 Bas # (LEFIR: 1 pm)
Fig. 9. Top-view and side-view SEM images of typical structures before and after global FIB irradiation(®’l: (a) A twisted triple

Fibonacci spiral; (b), (c) window-decoration type nanobarriers; (d) a deformable spiral; (e) a double-layer spiral structure (Scale

bars: 1 pm).
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B SEM &% (b)— (d) FIB 4 Ja) 4% BRI S5 19 — 48 Tl 44 F00S 107 B9 = 4 55 7 LA K BB R FL Y B 0 TR AR 85 21, Horh (b) B RL S5 4,

(c) BRI S5, (d) AT R PR EEH (LEBIR: 1 pm)

Fig. 10. Feature of “closed loop” nano-kirigami/*?: (a) SEM images of a blade structure, expandable web and four-arm windmill fab-
ricated together after the same global FIB irradiation; (b)—(d) SEM images of different web structures (left) before and (middle)
after FIB irradiation; (b) a flower-like structure; (c) a spider web-like structure; (d) an expandable web structure; the simulation

results after nano-kirigami is shown on the right (Scale bars: 1 pm).
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Fig. 11. Additional information from numerical simulation for the accurate prediction of structural deformation!®®: (a), (b) Side and

front view of the deformation and stress distribution of the spider web-like and the expandable web structure under the same initial

stress in simulations; the different colors represent stresses of different strengths, and the red areas are subjected to the highest

stress (Scale bars: 1 pm); (c) SEM image of the two web structures after the same high-dose FIB irradiation.
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Fig. 12. Tree-type nano-kirigami structures with Fano resonances® % (a) SEM images of MH-VSRRF"; (b) measured transmission
spectra of the MH-VSRR array in air and oil; (c¢) schematic of the unit cell of a 3D asymmetric MH-VSRRI); (d) simulated trans-
mission spectra of the asymmetric MH-VSRR array!®); (e) simulated transmission spectra of the VSRR with the same left arm but

variable right arm as noted; (f) colormap of the simulated absorption spectra versus the height of the right arm; the calculated

(dashed lines) and measured data (stars) agree very well.
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Fig. 13. Five-fold Fano resonance with significant circular dichroism®: (a) Schematic diagram of the processing of DPMM; (b),

(¢) SEM images of DPMM structures prepared by FIB local irradiation (Scale bars: 2 pm); (d) diagram of the relationship between

CD and hy of simulated DPMM; (e) calculated and experimental transmission spectra for the DPMM with 3 = 1.9 pm and y-polar-
ized incidence; (f) experimental CD spectra of the DPMM in (e).
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Fig. 14. Close-loop nano-kirigami with giant optical chirality*¥: (a) Schematic of a vertical helix array, horizontal cross-linked
helices and a 3D pinwheel array; (b), (c) illustrations of the response to the electric field (E,) and magnetic field (H,) of incident
light for the left-handed (LH) and right-handed (RH) twisted pinwheels, respectively; (d), (e) SEM images of LH pinwheel arrays
(e) before and (d) after global FIB irradiation; lattice period: 1.45 pm; (f) SEM images of the LH and RH pinwheel structure;
(g) measured CD in transmission versus wavelength for 2D LH, 3D LH, and 3D RH pinwheels, respectively; (h) measured and cal-

culated linear polarization rotation angle versus wavelength for 2D and 3D LH pinwheels.
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Fig. 15. Metasurface by “closed-loop” nano-kirigamil®: (a) Transmission phase spectra of E, for LH and RH pinwheels, respectively;

(b) top-view SEM image of a linear grating in which the LH and RH pinwheels are fabricated alternately along the a-direction; scale

bar, 1 pum; (c) top-view SEM image of a circular grating; scale bar, 10 pm; (d) schematic of the diffraction properties of the linear

grating; (e) CCD camera images of the transmitted light spots at different wavelengths under detection with no polarization (n,),
a-polarization (z,), and y-polarization (y,), respectively; (f)—(h) CCD images of the spots of the diffracted (left) RCP and (middle)
LCP beams under the illumination with LCP, RCP and az-polarized incident light, respectively; (i)—(m) photographs of circular bin-

ary gratings at different wavelengths (Scale bars: 10 pm).
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Abstract

High-resolution three-dimensional (3D) micro-/nano-fabrication techniques form an important basis for
developing the modern micro-/nano-photonics. In this paper, we systematically introduce a new 3D micro-/
nano-fabrication technique named as nano-kirigami, which is based on the focused ion beam (FIB) induced in-
situ “cutting” and “folding” of a suspended gold film. The high-dose FIB milling fulfils the “cutting” process,
and the low-dose FIB irradiation of the effective sample area acts as a mean of “folding”, well representing the
fabrication principle of macro-kirigami. By utilizing the topography-guided stress equilibrium during FIB
irradiation, nano-kirigami can reliably achieve rich 3D shape transformations, such as multi-directional folding,
bending, buckling and twisting, with resolution down to below 50 nm. Taking the FIB-induced stress as a
stimulus, the FIB-based nano-kirigami can be divided into “tree-type” and “closed-loop” fabrication from the
perspective of topological classifications in multibody dynamics. The characteristics, advantages and
disadvantages between the two different types of processes are analyzed and summarized in the paper.

The rich 3D shape deformation characteristics bring about unimaginable possibilities for the fabrication of
various novel 3D structures, and the generation of new geometries facilitates the exploration of new physics. For
example, by taking advantage of the 3D plasmonic conductive couplings, the composite symmetry-broken SRR-
based configuration is constructed for the efficient generation of significant chiral Fano resonances. Moreover,
with the close-loop nano-kirigami induced by FIB global irradiation, the giant intrinsic optical chirality is
achieved in a 3D pinwheel-like structure with exotic twisting and rotation geometric features. Especially, the
rotation of the linear polarization direction, caused by the circular birefringence, reaches an efficiency of 310000° /mm
which exceeds the reported value of chiral metamaterial and congeneric two-dimensional planar nanostructure.
Another example is the metasurface formed by alternately arranging the left-handed pinwheel structure and
right-handed pinwheel structure in the horizontal plane, which can diffract cross-polarized transmitted light
efficiently while clear photon spin Hall effect is observed.

The introduced nano-kirigami technique, as well as the generated exotic 3D nanostructures and their
photonic applications, can build up a novel 3D miro-/nano-fabrication platform for versatile structural
geometries with promising functionalities, which may find great potential applications in areas such as micro-/
nano-photonics, electronic and magnetic devices, plasmonics, optomechanics, micro-/nano-electromechanical
systems, etc.

Keywords: three-dimensional micro-/nano-fabrication, nano-kirigami, focused ion beam, optical chirality
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