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ABSTRACT
Scalable manufacturing of three-dimensional (3D) micro-/nano-architectures with nanometric precision remains a pivotal
challenge in photonics. Here, we introduce a parallel broad-beam ion beam etching (IBE) technique that decouples this
fundamental trade-off, enabling the simultaneous and uniform transformation of two-dimensional (2D) patterns intowell-defined
3D geometries across entire 4-inch wafers. The IBE platform achieves angular uniformity exceeding 97% and reduces fabrication
time by over two orders of magnitude compared to serial focused-ion-beam (FIB) methods. Leveraging this approach, we fabricate
two distinct functional devices: a chiral 3D bending metasurface with a giant experimental circular dichroism of 0.8 in the
mid-infrared, and a collectively buckled plasmonic grating whose resonance is dynamically tunable over 150 nm in the visible
spectrum via curvature control. This technology uniquely combines nanoscale precision with wafer-scale throughput, enabling
the construction of 3Dmetasurfaces viameta-atom assembly and the global modulation of optical responses. Our work establishes
a versatile platform that bridges the gap between design complexity and scalable manufacturing for next-generation 3D integrated
photonics.
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Introduction

rigami, the technique of transforming two-dimensional precur-
ors into three-dimensional architecture, has established itself
s a powerful design and manufacturing paradigm in functional
icro- and nanophotonics [1–8]. By enabling the engineering
f complex 3D geometries from planar templates, it provides
viable pathway to transcend the limitations of conventional
D nanofabrication and unlock a broad range of novel optical
henomena [9–12]. This strategy not only facilitates geometric
econfiguration but also imparts materials with unprecedented
2026 Wiley-VCH GmbH
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functional properties, such as reconfigurability [13–15], mechan-
ical load capacity, and multi-degree-of-freedom controllability
[16–18], enabling novel optical effects [19–22]. These charac-
teristics, which are inherently unattainable in planar systems,
open promising avenues for advances in nonlinear optics [23],
quantum light sources [24], and ultrasensitive molecular sensing
[25–27].

Despite these prospects, the transition of 3D Origami photon-
ics from laboratory demonstrations to practical technologies
has been impeded by a fundamental fabrication constraint.
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central challenge is the lack of a manufacturing approach
hat concurrently satisfies the nanometric precision essential
or optical functionality and the wafer-scale uniformity and
hroughput required for scalable production. Existing Origami
ethods, such as compression buckling [28–31], residual stress-
nduced bending [10, 32–34], capillary force origami [35–38],
nd electron beam induced folding [39–41], are often severely
ependent on material selection and generally offer limited
patial control over the final 3D morphology, falling short of
chieving the well-defined, multi-degree-of-freedom geometries
ecessary for high-performance photonic devices. In contrast,
he method of implanting ions into lattice materials to create
acancy defects and induce tensile or compressive stress for
ending is universally applicable to a wide range of materials.
oreover, ion beam irradiation enables precise control over
elected meta-atoms, breaks the limitations of geometric degrees
f freedom, and frees the structures from planar processing
onstraints and substrate clamping, thereby enabling the real-
zation of complex 3D architectures. While focused ion beam
FIB) folding allows high-precision deformation [42–48], it is
onstrained by multiple factors: high instrumentation costs,
esolution limits that impede reproducible fabrication of sub-
avelength features for visible-light applications, slow writing
peeds, and stitching inaccuracies during large-area processing.
hese issues confine FIB primarily to micrometer-scale proto-
yping. Moreover, the directional and sequential nature of ion
mplantation results in non-uniform, history-dependent stress
rofiles, complicating the predictable fabrication of complex 3D
orms.

n this work, we present a wafer-scale rapid 3D origami approach
ased on the IBE technique. This technique utilizes simulta-
eous, uniform ion irradiation across entire 4-inch substrates,
irectly addressing the dual bottlenecks of low throughput and
tructural inconsistency that have limited conventional folding
ethods. We first elucidate the underlying physical mechanism,
here uniform ion implantation creates a deterministic stress
radient that drives parallel 3D reshaping. We then quantify the
elationship between structural parameters and final geometry,
emonstrating exceptional angular uniformity exceeding 97%
nd a reduction in fabrication time by over two orders of
agnitude. To further illustrate the platform’s versatility, we
abricate two functionally distinct photonic devices operating in
idely separated spectral bands: a chiral 3D bendingmetasurface
xhibiting giant circular dichroism (CD) in the mid-infrared, and
collectively buckled plasmonic grating supporting bound states
n the continuum (BICs) with broadly tunable resonances across
he visible spectrum.

his advanced origami technology substantially expands the
pplication scope of origami architecture, serving not only as
eta-atoms for 3D metasurface construction but also enabling
lobal buckling modulation of optical response, thereby extend-
ng the operational range of reconfigurable photonic devices
rom the infrared into the visible regime. More importantly,
y designing 3D meta-atoms with distinct resonance peaks and
llowing their modes to overlap and couple across the spectral
ange, a broadband 3D chiral meta-device can be realized,
ffering a promising direction for the future development of 3D
etasurfaces [49–51].
of 10
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2 Results

2.1 Principle and Parallel Fabrication
Characteristics of IBE

Figure 1a schematically illustrates the broad-beam IBE technique
for fabricating wafer-scale 3D bending structures. The process
begins with gas ionization in the ion source to form plasma,
which is then accelerated through electrostatic grids to generate
a collimated ion beam. This beam simultaneously irradiates the
entire surface of a pre-patterned sample mounted on a multi-
axis fixture, allowing precise control over irradiation angle and
uniformity. Suspended silicon nitride (SiNx) membranes serve as
the primary substrate, providing not only mechanical stability
and facilitating the integration of functional bilayers but also
offering protection during the ion irradiation.

The transformation from 2D to 3D is driven by a deterministic
stress-gradientmechanism induced by uniform ion implantation.
As the collimated ion flux impinges on the sample, it creates
a controlled gradient of lattice defects primarily within the
near-surface region. This localized damage results in differen-
tial volumetric expansion, generating a uniform internal stress
field that bends the pre-patterned bilayers in a single, parallel
processing step. This intrinsic parallelism enables unprecedented
throughput and macroscopic uniformity. The transition from
2D planar patterns to 3D architecture is remarkably simple,
enabling direct transformation via a single processing step (Figure
S1). Figure 1b shows a photograph of a fully processed 4-inch
wafer, where nanostructures across the entire substrate have
undergone synchronized bending with remarkable angular con-
sistency. Figure 1c conceptualizes two distinct photonic devices
fabricated simultaneously within a mere tens-of-seconds IBE
cycle, demonstrating the platform’s versatility and fast fabrication
speed. Figure 1d shows scanning electron microscopy (SEM)
images of different structures fabricated synchronously across the
wafer (Figure S2), illustrating their bending configurations and
demonstrating high consistency throughout.

To visualize this parallel reshaping capability, we fabricated large-
scale arrays of floral and butterfly motifs on SiNx membranes via
electron-beam lithography (EBL) and dry etching, each spanning
500 × 500 µm2. Scanning electron microscopy images acquired
at 10-s intervals during a 20-s irradiation cycle document the
synchronized, progressive transformation of all structures within
each array from 2D to 3D in Figure 2a. The EBL exposure time for
patterning these structures is approximately 6 min. Moreover, for
all the structures fabricated in this work with a size of 1 × 1mm2,
the EBL exposure time does not exceed 10 min. Apart from that,
this entire transformation completes within seconds, standing in
stark contrast to the several hours required by FIB to pattern
and irradiate an equivalent area. Specifically, FIB processing and
irradiation of a 100 × 100 µm2 region requires at least seven
minutes.

The uniformity afforded by parallel processing is further high-
lighted using spiral architecture. As shown in Figure 2b, under
broad-beam irradiation, an array of spirals covering 200 ×
200 µm2 deforms uniformly along the vertical axis, with dis-
placement increasing consistently over time. Conversely, spirals
Advanced Materials, 2026
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FIGURE 1 Principle and parallel fabrication characteristics of broad-beam IBE. (a) Schematic illustration of thewafer-scale 3D origami fabrication
process via broad-beam IBE. (b) Photograph of a fully processed 4-inch wafer, demonstrating uniform 3D transformation across the entire substrate.
(c) Conceptual illustrations of the two distinct functional photonic devices fabricated in this work: a chiral 3D bending metasurface for mid-infrared
circular dichroism (top) and a tunable collectively-buckled plasmonic grating supporting BICs for the visible spectrum (bottom). The symbols in the
phase diagrammark the locations of themodulated light. (d) SEM images of other 3D fabricated structures on the wafer, with the bottom image showing
the bending configuration of an η-shaped structure. Scale bars are 0.5 inch for optical images in (b), 30 µm for the top and 200 µm for the bottom image
in (d), respectively.
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abricated via sequential FIB writing exhibit irregular and
on-uniform reshaping. This effect becomes more pronounced
ith increasing dose, introducing unpredictability and com-
licating sample fabrication (Figure S3). This contrast stems
rom the fundamental difference in implantation mechanisms:
BE delivers ions uniformly and simultaneously with a low
dvanced Materials, 2026
beam current density, allowing all planar structures within
its irradiation range to receive the same ion flux at the
same time. Consequently, they experience the same stress,
leading to uniform deformation of spiral structures along the
z-direction. However, in addition to injecting ions at discrete
points and having a high beam current density, the processing
3 of 10
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FIGURE 2 Parallel transformation behavior and deterministic control. (a) A set of SEM images (10-s intervals) showing the synchronized,
progressive 3D reshaping of floral and butterfly structures during a 20-s IBE cycle. (b) 3D SEM image of a uniformly deformed spiral array under IBE
broad-beam irradiation. (c) Experimental correlation between cantilever length and bending angle α of Au/SiNx bilayers under fixed IBE conditions,
demonstrating a quasi-linear relationship and high uniformity. The thickness of both the Au and SiNx layers is 50 nm. (d) Comparison of structural
consistency for identical patterns processed by IBE and FIB across increasing array sizes, highlighting IBE’s stable, wafer-scale performance. Scale bars
are 2 µm in (a), and 20 µm in (b).
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haracteristics of FIB also exhibit path dependence during
rradiation, whether in line-scan or area-scan mode. When
he focused ion beam processes a curved spiral structure, the
egions exposed first release stress and bend earlier, causing the
dges to deform more than the center. This effect intensifies
ith increasing ion dose, making FIB-processed structures less
redictable.

recise control over the final 3D geometry is essential for
unctional devices. Previous studies have demonstrated that
ingle-layer SiNx films exhibit exclusively downward folding
nder ion irradiation [39].We examined the reshaping behavior of
old-siliconnitride (Au/SiNx) bilayer cantilevers under controlled
BE conditions. To this end, we first fabricated arrays with a
ariety of lengths and widths (Figure S4), each in the form
f a 500 × 500 µm2 array, to showcase the general fabrication
apability. By comparing the bending behavior of cantilevers
ith the same length but different widths under the same
rradiation time, we found that the width has little effect on the
ending behavior for cantileverswith the same length (Figure S5),
hich can be attributed to the broad-beam irradiation nature of
of 10

e

IBE: the number of vacancies generated by ion irradiation per
unit width is the same, resulting in similar bending behavior.
For quantitative analysis, arrays with a constant width of 2
µm and lengths ranging from 1 to 12 µm were selected for
testing.

Following uniform irradiation, well-defined bending angles were
observed with high uniformity. As shown in Figure 2c, the mea-
sured bending angle α exhibits a distinct quasi-linear dependence
on cantilever length under fixed irradiation parameters (Figure
S6). This relationship alignswith a basicmechanicalmodelwhere
the implantation-induced stress gradient remains approximately
constant, leading to a curvature, and thus a bending angle,
proportional to the cantilever length. Minimal data variation
indicates excellent process reproducibility. We also performed
Monte Carlo simulations to obtain the ion implantation depth,
number of vacancies, and sputtering yield for different metal
materials under ion beam irradiation. The results demonstrate
that both the thickness and the nature of the metal material
influence the bending curvature of the structures (Figure S7 for
detailed discussion).
Advanced Materials, 2026

ative C
om

m
ons L

icense



T
l
s
c
m
c
s
o
p
t
t
b
b
e
d
b
(
p
S
I
w
w
t
p

F
w
i
t
a
h
s
s
u
s
s
s
c
e

T
i
p
a
(
t
s
d
s
d
s
i
i
t
i
[
t
c

T
f

FIGURE 3 Monte Carlo simulation results: Implantation depth and
vacancy production in a 50 nm SiNx film under argon ion implantation at
varying acceleration voltages.
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re
he mechanical response can also be tuned by adjusting the SiNx
ayer thickness and the metal layer thickness, with thicker films
howing a decrease in the bending curvature under identical
onditions. When ions are implanted into a relatively thick
aterial, they are densely concentrated in the surface layer,
ausing local volume expansion and generating compressive
tress, where the stress gradient reaches itsmaximum. The deeper
r backside layers of the material remain almost unaffected,
reserving their original stress state. Due to the Bimorph effect,
he expansion tendency of the surface layer is constrained by
he underlying layers, ultimately converting into a macroscopic
ending moment, thereby achieving bending. For the Au/SiNx
ilayer structure, a thicker SiNx layer has a more pronounced
ffect on the bending curvature than a thicker gold layer. For
ifferent metal layer materials, when directly subjected to ion
eam irradiation, they may exhibit different bending behaviors
e.g., Au and Al), providing an additional material-based design
arameter. These trends, supported by SRIM simulations (Figure
7), establish a practical framework for predicting and controlling
BE-induced 3D deformation. Notably, the deformations in our
ork are plastic, forming stable 3D structures and metasurfaces
ithout active control of the strain gradient. However, the ability
o engineer strain gradients during deformation provides new
ossibilities for the future development of active metasurfaces.

or scalable manufacturing, preserving structural consistency
ith increasing area is critical. We quantified this by fabricating
dentical 2D patterns in arrays of varying sizes and comparing
he uniformity achieved via IBE and FIB (Figure 2d). For
rrays smaller than 200 × 200 µm2, both techniques maintain
igh uniformity. However, as size increases, the limitations of
equential FIB processing become severe. Effects like beam drift,
tage inaccuracies, and dose variations accumulate, causing rapid
niformity deterioration. In contrast, IBE-processed structures
how only a modest initial uniformity decrease, which then
tabilizes near 97% for arrays exceeding 500 × 500 µm2. This
tability demonstrates that IBE’s uniformity is not fundamentally
ompromised by scale, a direct consequence of its parallel nature,
stablishing its authentic wafer-scale capability.

o elucidate the physical mechanism behind the ion-beam-
nduced bending observed at our operational energy of 300 eV, we
erformedMonte Carlo simulations based on the binary collision
pproximation. The “Stopping and Range of Ions in Matter”
SRIM) software tracks the trajectories of incident argon ions and
heir energy loss in the SiNx film, which is dominated by nuclear
topping power at this low-energy regime. This results in atomic
isplacements and a high concentration of vacancies within a
hallow surface layer in Figure 3. The key insight is that this gra-
ient in vacancy distribution, with high concentration near the
urface tapering off with depth, creates a corresponding gradient
n volumetric expansion and an increase in grain boundaries,
nducing a compressive stress in the irradiated layer. According
o previous studies, the initial sputtering yield of SiNx upon
nteraction with argon ions is known to be 0.52 (atoms/ion⋅eV)
52]. This non-uniform stress field generates a bending moment
hat drives the SiNx film to curl toward the ion beam direction,
arrying the adhered Au film along.

he simulation across a broader energy range (Figure 3) provides
urther support for this defect-driven stress model. It is apparent
dvanced Materials, 2026
that the projected range has increased significantly with the
increase of ion energy. The vacancy yield initially increases with
ion energy as nuclear collisions intensify. As the kinetic energy
increases, the energy transferred in collisions between ions and
atomic nuclei also rises, resulting in a higher production of
primary knock-on atoms (PKAs) and more extensive collision
cascades. The subsequent decline beyond∼60 keV coincides with
the transition where electronic stopping power becomes domi-
nant. In this high-energy regime, energy is primarily dissipated
through electronic excitation rather than atomic displacement,
thus reducing defect production efficiency per unit path length.
As shown in Figure 3, the projected range of argon ions at 300 eV
is 11 A, with a corresponding vacancy number of 7.9/ Ion. This
consistent physical picture across the energy confirms that the
observed bending phenomenon operates unequivocally within
the nuclear stopping-dominated regime, where defect-induced
stress generation is most efficient.

2.2 Fabrication and Performance of IBE-Enabled
3D Photonic Devices

Having established the parallel processing capability and deter-
ministic reshaping behavior of the IBE platform, we demonstrate
its utility by fabricating two functional 3D photonic devices.
These examples leverage different aspects of IBE-induced defor-
mation: local, sub-wavelength reshaping for creating intrinsic
chirality, and global, collective buckling for enabling dynamic
spectral tuning. The first is a chiral 3D bending metasurface
operating in the mid-infrared, and the second is a collectively
buckled grating for dynamic tuning in the visible spectrum. To
achieve strong chiral selectivity in the mid-infrared, we designed
a metasurface unit cell consisting of two symmetric split-ring
resonators (SRRs) where one end of a designated ring is intended
to be uplifted, breaking in-plane symmetry at the meta-atom
level (Figure 4a). We employed the finite-difference time-domain
(FDTD) method of the Ansys Lumerical Suite and COMSOL
Multiphysics 6.3 simulations (see Note S3) to investigate struc-
tural deformation and transmission spectra. The finalized key
geometric parameters include Px = 3.2 µm, Py = 1.6 µm, d =
0.4 µm, w = 0.8 µm, l1 = 1.2 µm and l2 = 1.2 µm, patterned on
5 of 10
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FIGURE 4 Fabrication and performance of a chiral 3D bending metasurface. (a) Schematic of the unit cell in planar and bent states, featuring two
symmetric SRRs with one designated end uplifted post-folding. (b, c) The electromagnetic response of asymmetric 3D SRRs to plane-wave excitation.
(d) SEM image of the fabricated 3D chiralmetasurface after IBE-induced uniform bending, showing excellent structural uniformity. (e)Measured (black)
and simulated (red) CD spectra of the metasurface, showing an experimental giant CD value of 0.8 at 3.41 µm. Scale bar is 2 µm in (d).

a
u
b
u
S
s
a
e
a
a

6

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.73929 by Y
ang G

uo - Institute O
f Physics C

hinese A
cadem

y O
f Sciences , W

iley O
nline L

ibrary on [05/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

rea
bilayer of 50 nm-thick SiNx and 50 nm-thickAu. IBEwas used to
niformly transform the planar SRR arrays into the designed 3D
ending structure. The resulting metasurface exhibited excellent
niformity, as shown in the SEM image in Figure 4d (Figure
9b for large scale). Next, we separately explain how this 3D
tructure achieves chiral selection through the electric (Figure 4b)
nd magnetic (Figure 4c) response components excited by the
lectromagnetic field [40]. An x-directed electric field induces
n x- directed electric dipole moment in the planar part of the
symmetric SRRs, denoted as 𝑝𝑥

𝑒,𝐸𝑥
. The resultant electric dipole
of 10
moment generated in the uplifted segment can be decomposed
into two components: 𝑝−𝑥

𝑒,𝐸𝑥
and 𝑝−𝑧

𝑒,𝐸𝑥
. The currents associated

with these electric dipole moments further generate a z-directed
magnetic dipole moment in the split ring, 𝑝−𝑧

𝑚,𝐸𝑥
. Moreover, an x-

directedmagnetic field excitation induces an x-directedmagnetic
dipole moment 𝑝−𝑥

𝑚,𝐻𝑥
in the planar part. From current continuity,

the corresponding electric dipole moments in the uplifted seg-
ment are 𝑝𝑥

𝑒,𝐻𝑥
and 𝑝𝑧

𝑒,𝐻𝑥
. Therefore, along with 𝑝−𝑧

𝑚,𝐸𝑥
⊥𝐻, 𝑝𝑥

𝑒,𝐻𝑥
⊥𝐸

and 𝑝𝑧
𝑒,𝐻𝑥

⊥𝐸, it can be deduced that this structure induces
polarization rotation, thereby achieving chiral selection.
Advanced Materials, 2026
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FIGURE 5 Fabrication and spectral tuning of a collectively buckled plasmonic grating supporting BICs. (a) Schematic of the bent grating denoting
the tangential curvature of the gratingwith θ. (b) Schematic of the experimental setup for observing reflected color variations from gratings with different
bending angles under white-light illumination. (c) SEM image of the grating after IBE-induced global buckling. The inset shows a magnified view of the
area within the black dashed box. (d) Optical microscopy images of the grating structure under white-light exposure, demonstrating a progressive blue
shift in reflected color with increasing bending angles. (e) Simulated (left) and experimentally measured (right) angle-resolved reflectance spectra of the
planar plasmonic grating structure. (f) Reflectance spectra measured from different positions on the bent grating under oblique incidence conditions.
The arrows indicate a 100 nm blueshift of the transmission dip. Scale bar is 20 µm in (c).
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ptical characterization confirmed the device’s strong chiral
roperties. The measured CD = (TL − TR)/(TL + TR) reached
value of 0.8 at 3.41 µm (Figure 4e, black curve), which closely
atched the simulated spectrum (red curve). This high CD value
emonstrates significant intrinsic chirality, arising from the IBE-
abricated uplifted segment, which creates a non-zero product of
lectric and magnetic dipole moments under optical excitation.
dditionally, applying IBE to bend an initially asymmetric SRR
tructure produced a similarly high CD value of 0.79 at 3.56 µm
Figure S10), further confirming the method’s effectiveness in
reating chiral responses.

eyond inducing local deformation at the meta-atom level, IBE
lso enables the global and collective deformation of entire
evice platforms. This capability is demonstrated by a visible-
pectrum tunable plasmonic grating. The device started as a
ne-dimensional planar Au grating on a suspended SiNx mem-
rane, designed to support a symmetry-protected BIC (see Note
5). The planar structure was first characterized and exhibited
resonance near 610 nm (Figure 5e, right), consistent with the
10 nm resonance predicted by simulation (Figure 5e, left).

BE irradiation was then used to induce controlled global buck-
ing across the entire released grating structure (Figure 5c),
reating a stable curved platform. The tuning effect was imme-
iately visible, with the reflected color under white-light illu-
ination shifting towards blue as the bending angle increased
Figure 5d). Quantitative optical measurements performed at
ifferent positions on the curved grating (Figure 5a) showed
dvanced Materials, 2026
that the BIC resonance could be shifted from approximately
650 nm to 500 nm (Figure S11). The simulation results for the
tunable movable grating are presented in (Figure S13). Based on
the positional change of the arrow on the reflectance spectra,
it can be determined that the resonance dip measured under
standardized conditions has undergone a net blue shift of 100 nm
(Figure 5f), validating the dynamic spectral tuning capability of
the IBE-buckled grating in the visible range.

These two demonstrations highlight the versatile application
of IBE in photonics. The technology enables the precise fab-
rication of local 3D features for functional devices like chiral
metasurfaces, and also facilitates the global reconfiguration of
device platforms for active optical tuning. This ability to program
3D geometry across scales makes IBE a key technology for the
development of advanced and dynamic optical devices.

3 Discussion

The IBE-induced reshaping technology presented here demon-
strates distinct advantages within the landscape of 3D nanofab-
rication techniques. As summarized in Table 1, broad-beam IBE
uniquely integrates genuine wafer-scale parallel processing with
sub-10-nm feature control. While capillary force origami can
achieve high throughput, its stochastic nature limits geometric
precision and angular control. Compression buckling depends
heavily on specific material mechanics and complicates integra-
tion with standard fabrication. Residual stress-induced methods
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TABLE 1 Summary of key characteristic metrics of various 3D folding methods with their disadvantages. The asterisk (*) indicates “this work”.

Fabrication method Area size Time Uniformity Feature size

Ion beam etching induced
bending *

∼4 inch 10–20 s Over 95% Sub 10 nm

Capillary force origami
[28–30]

∼100 µm ∼80 s Decrease rapidly
with spacing

Sub micro

Compression buckling
[22–24]

∼60 µm ∼60 s 80 – 88% ∼ micro

Residual stress-induced
bending [9, 26]

A
hundred-micrometer

scale

∼50 s Above 80% Sub micro

Focused ion beam induced
folding [32, 33]

∼100 µm 3∼7 min (increases
rapidly with size)

Over 90% Sub 10 nm
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emand stringent control over thin-film stress and lack broad
ersatility. Most notably, although serial FIB offers excellent
ositioning accuracy, its sequential nature introduces directional
rtifacts and non-uniform stress distributions, fundamentally
imiting scalability and uniformity for large-area or symmet-
ic structures. In contrast, the parallel, uniform implantation
f IBE directly addresses the critical scaling challenge in 3D
hotonics. It provides deterministic control over 3D geometry,
ompatibility with standard planar nanofabrication workflows,
nd material generality. This combination effectively bridges
he persistent gap between complex 3D design and scalable
anufacturing.

n summary, we have demonstrated a wafer-scale 3D nanofabri-
ation platform using parallel broad-beam IBE. This technique
nables the rapid, uniform transformation of 2D patterns into
recise 3D geometries across entire substrates, overcoming the
ritical throughput-precision trade-off. The process achieves
xceptional angular uniformity (>97%) and reduces fabrication
imeby over two orders ofmagnitude compared to serialmethods.
he platform’s versatility is proven by fabricating two functional
evices: a chiral 3D bending metasurface with an experimental
iant CD of ∼ 0.8 in the mid-infrared, and a tunable plasmonic
rating with > 150 nm resonance shift in the visible spec-
rum. By uniquely combining nanoscale precision with parallel
anufacturing, this work bridges the gap between complex 3D
esign and scalable production, offering a robust pathway for
ext-generation integrated photonics.

owever, IBE also has limitations, such as a lack of programma-
ility, limited spatial selectivity, and the inability to achieve
ite-specific dose control. Nevertheless, we have proposed several
ffective solutions. By using a physical stencil mask, IBE can
erform selective ion irradiation, where the unmasked areas
eceive irradiation while the masked regions remain planar.
ith the assistance of FIB, EBL, or UV lithography, sub-
icrometer-resolution masks can be fabricated [53–56], which
ot only enable site-specific dose control but also allow cross-
cale fabrication from nanometers to millimeters. Moreover,
ecause the IBE chamber is sufficiently large, multiple stacked
asks can be employed to realize dose control in different areas.
nce the masks are fabricated, the parallel processing nature of
of 10

l

IBE allows for high-throughput fabrication of large batches of
samples.

4 Methods

4.1 Broad-Beam IBE Process

Patterned membranes were carefully placed into the high-
vacuum chamber of a commercial IBE system equipped with
a Kaufman-type argon ion source and advanced beam focusing
optics. Transformation of 2D planar patterns into 3D archi-
tectures was accomplished via direct broad-beam irradiation
under precisely controlled conditions. Critical parameters includ-
ing irradiation time, ion beam current density, and incident
angle were selectively modulated according to specific design
requirements to construct various 3D configurationswith tailored
geometrical properties. The base pressure was maintained below
1 × 10−4 Torr throughout all experiments to ensure process purity
and reproducibility.

4.2 Sample Fabrication

A 50 nm-thick low-stress silicon nitride membrane with excel-
lent mechanical stability was utilized as the primary substrate
throughout this study. For infrared-responsive metasurface fab-
rication, the fabrication process has been described in detail
(see Note S1). The fabrication process of the tunable visible
grating structures is detailed in Note S5. Selective dry etching
in an advanced reactive ion etching system with endpoint
detection was employed where necessary to completely remove
exposed silicon nitride regions without affecting protected
areas.

4.3 Numerical Simulation

Theoretical analysis of metasurface optical responses was con-
ducted based on the finite element method using commercially
available software packages to determine optimal structures
and clarify underlying mechanisms of intrinsic chiral optical
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re
esponse. Full-wave electromagnetic simulationswere performed
sing periodic boundary conditions in the x-y plane with per-
ectly matched layers implemented along the z-direction to
roperly terminate light wave propagation and avoid unphys-
cal reflections. Material dispersion was rigorously accounted
or using experimentally measured dielectric functions, and
tructural deformation was simulated using coupledmechanical-
lectromagnetic models to accurately predict performance of
olded configurations.

.4 Optical Characterization

ore detailed information is described in Note S6.
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