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The growing demand for advanced materials, miniaturized devices and integrated
microsystems calls for the reliable fabrication of complex, multiscale, three-
dimensional (3D) architectures, aneed increasingly addressed through light-based
and laser-based processes. However, owing to the field-of-view (FOV) limitations of
conventionalimaging optics, existing 3D laser nanofabrication techniques face
fundamental challenges in throughput, proximity error and stitching defects on the
path to scaling. Here we present a scalable 3D nanofabrication platform that uses a
metalens-generated focal spot array to parallelize two-photon lithography (TPL)!
beyond centimetre-scale write field areas. Metalenses are ideally suited for producing
submicron-scale focal spots for high-throughput nanolithography, as they uniquely
feature large numerical apertures (NAs), immersion media compatibility and large-
scale manufacturability. We experimentally demonstrate a printing system that uses
al2-cm’metalensarray to produce more than 120,000 cooperative focal spots,
corresponding to a throughput exceeding 108 voxels s™. By programmatically
patterning the focal spot array using a spatial light modulator (SLM), an adaptive
parallel printing strategy is developed for precise greyscale linewidth modulation
and choreographed printing of semiperiodic and fully aperiodic 3D geometries.
We demonstrate parallel printing of replicated microstructures (>50 M microparticles
per day), centimetre-scale 3D architectures with feature sizes down to 113 nm, and
photonic and mechanical metamaterials. This work demonstrates the potential of 3D
nanolithography towards wafer-scale production, showing how TPL could be used at

scale for applications in microelectronics?, biomedicine®, quantum technology* and
high-energy laser targets™®.

High-volume, rapid fabrication of 3D nanoarchitected materials and
devices is key to deploying next-generation nanotechnologies to
solve real-world challenges. To address this need, substantial efforts
over the past two decades have been made to evolve light-based
nanolithography methods from two-dimensional (2D) patterning
to true 3D nanostructure formation. The development has been
largely driven by TPL, which leverages nonlinear two-photon absorp-
tion to perform nanoscale 3D fabrication’. TPL uses the scanning of
an ultrahigh-intensity femtosecond focal spot inside a photoresin
to locally activate photosensitive molecules, leading to controlled
polymerization along the scanning trajectory with feature sizes near
the optical diffraction limit. Compared with other high-precision
additive manufacturing (AM) methods”*°, TPL uniquely offers sub-
micrometre resolutionatarobust fabrication throughput (> mm>h™).
It has served as the basis for awide range of exciting proof-of-concept
lab-scale applicationsin the domains of microelectronics?, architected

materials™'?, energy®, biomedicine?, and quantum* and information

technologies®.

To improve the throughput of TPL, recent efforts have sought to
parallelize the process by incorporating optical techniques such as
light-sheet projection'" and multibeam scanning'®?\. Despite sub-
stantial advancements, it remains a grand challenge to decouple the
trade-off between resolution and speed. Nearly all concepts use con-
ventionalimaging objective lenses and operate within their FOVs that
are fundamentally limited to hundreds of micrometres, setting bounds
tothetotal write volume without error-prone stitching. Also, the num-
ber of focal spots that can be simultaneously illuminated to perform
parallel writing within the FOV is constrained by proximity effect®:
when the focal spots are too close (generally <10 pm), local reaction-
diffusion kinetics from photopolymerization occurring at each spot
start to interact with one another, causing unwanted overcuring and
reduced resolution (discussed in the Supplementary Information).
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Furthermore, parallel TPL techniques that use fixed diffractive optics
to generate focal spot arrays have been shown to enhance fabrica-
tion throughput, but they are limited to the printing of specific struc-
tures'®?. Holographic multifocus scanning can generate 3D focal spot
patterns with high flexibility but the generation and use of holograms
can lead to practical computing and data transfer bottlenecks"®,

Inthis work, we propose a parallel 3D nanolithography method based
onmeta-opticsarrays. This concept circumvents the throughputbot-
tleneck by eliminating the use of conventional microscopy optics and
their associated FOV limitations;itinstead uses alarge array of high-NA,
non-imaging metalenses to expand the number and spatial distribution
of focal spots, allowing TPL to be carried out simultaneously at each
focal spot (Fig. 1a,b). Crucial to our system is the incorporation of an
SLMtoshapetheintensity of afemtosecond laser beaminto arbitrary
greyscale patterns (Fig. 1c), enabling a straightforward route to the
precise and independent modulation over each focal spot. In the pro-
posed set-up, printing is performed by sandwiching the photosensitive
resin between the metalens array and the build substrate and then
mechanically scanning the substrate using a three-axis motion stage
over microscale distances to form 3D structures. The lateral travel
distances within each layer-by-layer print are generally less than the
size of ametalens. In this manner, large-scale structures spanning the
entire metalens array dimension can be printed with minimal stitching
defects thanksto the shortlateral travelling distances and the elimina-
tion of shadowing effects. We demonstrate TPL printing with an array
of more than 120,000 tunable focal spots, which polymerizes the pho-
toresin simultaneously across a 2-inch aperture with a throughput of
1.2 x10® voxels s and aminimum feature size of 113 nm. This strategy is
directly scalable with the use of larger metalens arrays, advanced SLMs
and more powerful femtosecond lasers, all of which are commercially
available. Our parallelization method canbe further translated to other
laser-based fabrication processes, such as maskless laser lithography?®,
glass and metal processing®, and nanocrystal-assembly-based multi-
material 3D fabrication®.

Metalens-based TPL

Metasurfaces consist of ensembles of subwavelength phase-shifting
elements that collectively serve as optical phase arrays, and they can
feature wavefront shaping and polarization responses that exceed the
capabilities of bulk optics and scalar diffractive devices*” *°. Metalenses
are uniquely suited to serve as non-imaging focusing elements in our
TPL system for several reasons. Metalenses working at near-infrared
wavelengths canbe made from high-contrast, low-loss dielectric mate-
rialssuchassilicon, which can be designed for durable operation under
high-power laser irradiations® and used in resin immersion environ-
ments. Metalenses can support large NAs with high efficiencies and
no spherical aberration, owing to the exceptional scope of wavefront
control afforded by the metasurface design and manufacturing pro-
cess. Also, metalenses can be readily fabricated at wafer scales using
mature nanofabrication foundry processes.

In this work, we use two sets of metalens arrays for parallel TPL fab-
rication (see Methods and Extended Data Fig. 1): a 50 x 50 lens array
(200-pmlens,NA 1.0), which facilitates printing over anarea of 1x1 cm?
with exceptional high resolution, and a 370 x 350 lens array (100-pm
lens, NA 0.8), which is designed to maximize parallel fabrication
throughput. Bothmetalens arrays are designed using geometric phase,
inwhichlocal phase responseis specified by the angular orientation of
rectangular meta-atom elements®. The meta-atom geometry is opti-
mized tosupportaccurate phase conversion and high transmission at
800 nmusing parametric sweepswith rigorous coupled-wave analysis.
Metalensesaretiled into arrays with 100% filling fraction and generate
focal spots with spacings equal to their own sizes (200 pumor 100 pm),
asillustrated in Fig.1d and Extended Data Fig.1c. A3D full-wave simula-
tion of the 200-um, NA 1.0 metalens at 800 nm is presented in Fig. 1e
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and shows submicron-scale diffraction-limited focusing capabilities.
We note that, owing to the spectral bandwidth of femtosecond pulses,
chromatic dispersion can manifest with our basic metasurface designs
and lead to point-spread-function broadening. These effects are dis-
cussedin the Supplementary Information and can be mitigated using
advanced metasurface designs that support chromatic dispersion
compensation®*®,

Integration of the metalens array with the TPL optical systemisillus-
trated in Fig. 1c and Extended Data Fig. 2. The metalens TPL system is
powered by an ultrafast laser amplifier, which generateslinearly polar-
ized pulses at a central wavelength of 800 nm, arepetitionrate of 1 kHz,
apulsewidthof 35 fs and an average power of 7 W.Inthe optical system,
thelaserbeamis adjusted to asuitable operation power, expanded to
fully fillthe SLM aperture and then routed to a phase-to-amplitude opti-
calmoduleto enable greyscale intensity modulation (see Methods and
Extended Data Fig. 3). The laser beam is then relayed to the metalens
array printing head by means of a4fsystem. As the ultrahigh-intensity
(>10" W cm™) femtosecond focal spot of the 4f system can ionize the
air and disrupt the laser beam**, we insert a vacuum cell with two flat
windows at the intermediate focal plane to ensure high beam quality
(Fig.1c). A calibration process is performed using the SLM to account
for and mitigate the non-uniform (Gaussian) intensity profile of the
laser beam, metalens fabricationimperfections, and optical defectsin
the beam path (see Methods). After calibration, each focal spot canbe
independently switched ‘on’ or ‘off’ or be precisely tuned into arbitrary
greyscale intensity values until the occurrence of beam path realign-
ment or metalens array change.

By translating the substrate using the motion stage (speeds are
marked in Supplementary Table 3) with active control over each focal
spot, the metalens TPL system can fabricate arbitrary 3D microstruc-
tures/nanostructures by solidifying the 3D motion trajectories. The
space between the print head and substrate is narrow as a result of
the microscale focal lengths of the metalenses, makingitimportantto
manage viscous drag effects and shear forces on the printed structures
during mechanical substrate motion. We formulate a resin with low
viscosity (269 cP) and alarge two-photon cross-section (855 GM) for all
of our printing tasks, as described inthe Supplementary Information.

To demonstrate precise greyscale intensity control in the metalens
TPL system, we print aseries of nanowires ranging from subdiffraction
todiffraction-limited linewidths by fine-tuning the SLM values. Owing
to the nonlinear nature of TPL, the printed feature size is dependent
on the laser intensity in the subdiffraction regime (subthreshold), in
which a smaller amount of monomer is polymerized at lower laser
intensity®. Figure 1f and Extended Data Fig. 5 show a large array of
suspended lines printed with high-power metalenses (NA =1.0) at the
subdiffraction regime, featuring aminimum lateral linewidth of 113 nm
and axial linewidth of262 nm. Inasurvey of linewidths (Fig.1g, standard
deviation =16.5 nm, n=10), we observe alow degree of variance in
linewidths printed using different metalenses, which indicates a high
degree of precision and consistency after SLM calibrationand isinstru-
mental to our parallel fabrication strategy. Figure 1h and Extended
Data Fig. 6a—-d show the continuous linewidth modulation by means
of precise SLM greyscale control. Extended Data Fig. 6e,f shows the
printing of 3D architectures using subthreshold laser power. As the
laser intensity increases from subthreshold to above threshold, the
linewidth converges to the laser focal spot size. We observe a highly
robust printing window (Extended Data Fig. 6b) for the fabrication of
features larger than the diffraction limit (>400 nm).

The capabilities and speed of our TPL printer are showcased in the
fabrication of test structures spanning the full metalens array aperture.
To demonstrate the ability to fabricate arbitrary 3D microstructures/
nanostructures, we print aheterogeneous set of 3D microlattice cubes
shownin Fig. 1i, each printed using an individual metalens. In Fig. 1j,k
and Extended Data Fig. 4, we demonstrate the rapid fabrication (<2 h
of printing time) of inch-scale logos (30 x 30 x 0.32 mm?) of Lawrence
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Fig.1|Metalens-based TPL.a,b, Schematic of metalens-based TPL: a patterned
femtosecond laseris projected ontoametalens array to generate focal spots for
parallel 3D nanolithography. c, Thelaseris patterned using an SLM, whichis then
projected ontoametalensarray throughlensesland 2 togenerate afocal spot
arrayintheresin. Avacuum cell that prevents gas-phase ionizationis inserted at
thelaser focal pointinthe 4fsystem. Eachfocal spot canbetunedtoadesired
greyscaleintensity value.d, Optical microscope image of 100-um, NA 0.8
metalenses and the generated focal spots. The focal spots are overexposed for
clearvisualization of focal spacing. Scale bars, 500 pmand 50 pm. e, Simulated
pointspread function of a200-pm, NA 1.0 metalens. Top-leftinset, scanning
electronmicroscopy (SEM) image of the silicon nanostructuresin the metalens.
Bottominsets,zoomed-in views of the point spread function. Scale bars, 1 pm.
Thecolour mapsarenormalizedin dBscale for the main figureandinlinear scale
forthe zoomed-inviews. a.u., arbitrary units.f, Left, SEM image of an array of

Livermore National Laboratory (LLNL) and Stanford University with
sub-micrometre linewidths. Such a task would take a serial-scan TPL
machine more thanamonth to complete, with accumulated stitching
defects and a high risk of error during the prolonged printing time.
We further fabricate a series of benchmark structures to show-
case the printing quality and versatility of our method. As shown in

Free-form
fabrication

Large
write field

subdiffraction suspended nanowires written by 200-pm, NA 1.0 metalenses.
Scalebar,100 pm. Right, zoomed-inimages showing the top and the 50° oblique
view of ananowire.Scalebars, 5 um. g, Asurvey of linewidths of the printed
nanowires. Thelinewidths are acquired by randomly picking nanowires printed
by different metalenses and the error bars represent one standard deviation of
the data.h, Ananowire array printed sequentiallybya200-pum, NA 1.0 metalens
with precise greyscale tuning, showing subdiffraction and diffraction-limited
feature printing capabilities. Scale bar,10 pm. i, A series of 3D microlattice
cubes printed by active modulation of the focal spot array. Scale bar, 500 pm.
j,ALLNLlogo printed using the100-um, NA 0.8 metalens array, placed nexttoa
central processing unit chip. k, Zoomed-in SEM image of jshowing the top layer
structure: single-scan woodpile with sub-micrometre linewidth. Scale bar, 10 pm.
Inset, further zoomed-in view showing well-resolved individual lineswith 2.5-um
pitch.Scalebar,1pm.

Fig.2, our parallel strategy excels in printing both replicated micro-
structures in arrays and continuously connected architectures. In
Fig. 2a, we demonstrate the large-scale replication of microscale
3DBenchy? structures, which include overhanging, perforated and
acute-angle features. The printed 3DBenchy array accurately repli-
cates the original design. Figure 2b,c demonstrates the fabrication of
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Fig.2|Parallel fabrication of microstructures/nanostructures. a, Scanning
electronmicroscopy (SEM) image of a fleet of microscale boats (3DBenchy?®®) and
azoomed-inview forasingle boat. Scale bars, 500 pmand 50 pm. b, SEMimages
ofanarray of carbon-nanotube-shaped microparticles.Scale bars, 500 pmand
50 um. ¢, SEMimages of anarray of concave polyhedron microparticles. Scale
bars, 500 pmand 50 pm.d, SEMimages of agradient-density foamlaser target
array.Scalebar,500 pm. e, SEMimages of amultiplexed microneedle array and a
zoomed-in view of four wiring pads with undercut to provide electrical isolation
after metal coating. The fourindependent probing zones are labelled in pseudo-

microparticles thatare difficult to create using traditional methods,
such as moulding. In the case of Fig. 2c, we fabricate 22.5k concave
polyhedron microparticles (about 50 pmin size) within 0.5 husing the
smaller high-resolution metalens array (2.5k lenses). The larger array
with 120k metalenses boosts the fabrication rate for such particles
to 50 M counts per day. Figure 2d shows the scalable fabrication of
gradient-density foams, which have broad applicationsin laser-driven
proton acceleration®, gradient metamaterials® and photonic crys-
tals. In Fig. 2e and Supplementary Fig. 7, we fabricate a multidepth
microneedle array that can potentially be applied as a3D multiplexed
neural interface®.

Our concept further addresses and mitigates long-range stitching
error, which is a feature in traditional TPL methods (Supplementary
Fig. 8a,b) and leads to compromised mechanical properties, leakage

594 | Nature | Vol 648 | 18/25 December 2025

Working area
of a single lens

colourinthe SEM zoomed-outimage and in the CAD design. Scalebars, 500 pm
and 50 pm. f, Design and SEM image of acomplex 3D Voronoi lattice structure.
Scalebar, 50 pm. g, Opticalimage of the Voronoi structure inf. Scale bar,

500 pm.h,SEMimage of aportion of al-cm?*LLNL logo assembled by 50-pm
octet units (4% density) showing minimal stitching errors and well-defined
customboundaries. Scalebar, 500 pm.i, Zoomed-in SEM image at the boundary
ofthelattice,in whichalattice cube printed with asingle metalensislabelled.
Scalebar, 50 pm. j, Opticalimage of the 1-cm? LLNL logo, in which the working
areaofasinglemetalensislabelled. Scalebar,1 mm.

and low surface quality. The error comes from several sources, such as
low precision of long-range motion, scan-field distortion that causes
misalignment with stage motion, and the shadowing effect, in which
the previously printed sections block the laser beam and compromise
beam quality when printing the neighbouring sections*’. During the
printing of each layer with our method, individual subsections printed
by eachfocal spot, with an areaequal to that of the metalens, will auto-
matically and precisely stitch together across the entire processing
area without any shadowing effects. Figure 2f-j and Supplementary
Fig. 8d,e demonstrate the fabrication of centimetre-sized Voronoi
lattices, octet lattices and woodpile structures with minimal stitching
seams (<100 nm). Astheinputlaser can be patterned by the SLM to turn
off some focal spots, we design the laser pattern and fabricate an octet
lattice structure with well-defined custom boundaries of a LLNL logo
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Random structures canonly be processed using the adaptive approach.

b, Usual parallel printing strategy for amicrocellular fluidic structure containing
threedifferentstructures, thatis, the supporting scaffolds, diagonal struts
andisolationwalls. ¢, Zoomed-in view of the cellular fluidic CAD model and

the printed device showinga colour gradient after solvent evaporation.
Scalebar,100 um.d, Left, as-fabricated structure under an optical microscope.
Right, structure infused with diluted red and blue inks by drawing liquids from
the tworeservoirs through capillary action. Scale bar,1 mm. e, Structure
compression before adaptive parallel printing, in which the raw structure is
segmented into substructures for each metalens. The substructures are

(Fig. 2h-j). This modulation method serves as our baseline strategy
for fabricating structures that are not fully periodic.

Adaptive meta-lithography

To generalize the capabilities of metalens TPL, we develop two com-
plementary approaches for printing semiperiodic and arbitrary 3D
structures with on-demand parallelization through dynamic control
of SLM during printing, as illustrated in Fig. 3. We define a semiperi-
odic structure as one consisting of a non-trivial global shape filled

Streamlined printing

combined to obtainanoverlaid structure.f, Illustration of the structure
compression process using simple 2D geometries (chess pieces) asthe
substructures, in which the overlapped regions and non-overlapped regions
that correspond to different focal spot patterns are labelled in different
colours. After compression, asequence of printing paths and corresponding
SLM masks are generated for parallel printing. g, SEM image of a 2D Voronoi
lattice printed using adaptive parallelization. Scale bar, 500 um. h, SEM image
ofachessopening (London System) 3D structure printed using adaptive
parallelization. Scale bar, 500 um. i, Zoomed-in view of hshowing individual
chess pieces. Scale bar, 100 um. j, Photo of 16 different chess openings over a
1-cm?areaprintedin parallel. The printed chess openings exhibit structural
colourationunder ambient light owing to the specific combination of the line
spacing and printing resolution.

with periodic internal structure or of one containing a hierarchy of
periodic shapes with different pitches or repeating geometries. For
semiperiodic structures, anintuitive approachis to partition the pro-
cessing volume and sequentially print sections with varying periodicity
to obtain the final structure (Fig. 3b). As a demonstration, we fabri-
cate al-cm?semiperiod microfluidic capillary network that emulates
biological vascular networks using this method. In this device, two
liquids are added to the loading pads at opposite corners and driven
by capillary forces into increasingly small channels, which eventu-
ally mix at the intersections (Fig. 3c,d and Supplementary Video 1).
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Such open-to-environment cellular fluidic devices have many lab-
on-a-chip applications in liquid transpiration, multiphase reaction
and selective functionalization*.

Theentire device can be decomposed into a superposition of three
sets of semiperiodicstructures, each using a distinct SLM mask pattern
for printing: a cubic lattice serving as supporting scaffolds, diagonal
struts to guide liquid flow within the capillary channels, and isolation
walls to better contain the liquid in the non-wetted areas. During the
writing of each layer, detailed slice patterns and SLM masks corre-
sponding to each of the three semiperiodic structures are exposed in
sequence. To characterize the printed device, red and blue dyed liquid
isinjected into each loading pad (25% v/v isopropanol in water) and
thendried. Figure 3cshows azoomed-in view of the dried, transitional
colour gradient thatis spontaneously formed in the capillary channels
inwhich the two liquids exchange chemical species.

To 3D-print fully aperiodic structures, we introduce a three-step
adaptive meta-lithography (AML) method that optimizes print area
segmentation and print path planning. First, the entire structure is
segmented intoindividual substructures that match the cross-sectional
areaof anindividual metalens (Fig. 3e). Second, similarities across all
or subsets of the substructures are identified to compress the total
toolpath and maximize throughput. Third, the substrate is mechani-
cally scanned over the toolpath of the compressed structure withactive
focal spot control to produce the desired 3D structure. This printing
strategy is general and applicable to a wide range of parallel fabrication
systems equipped with several printing heads.

To illustrate this adaptive parallel path planning process, we use a
simplified 2D representationin the shape of chess pieces for explana-
tion purpose in Fig. 3f. Overlaid images of individual substructures
reveal their ‘compressibility’, thatis, the presence of features that can
be printed simultaneously by specific subsets of focal spots. Next, a
series of printing paths is generated on the basis of the overlaid pat-
tern, with each printing path corresponding to a unique SLM mask
pattern. The metalens TPL system sequentially executes these unique
printing paths and SLM patterns to minimize the instances of SLM
refreshing, which is particularly important for us owing to the low
refresh rate (60 Hz) of our SLM. Extended Data Fig. 7 illustrates the
throughput scaling of metalens TPL using AML (see Methods). Using
this strategy, we fabricate 2D patterns such as a number array and a
fully random lattice structure (Supplementary Fig. 9 and Fig. 3g). We
also use AML to print fully aperiodic 3D structures, including a set of
16 different chess openings over a1-cm?area in one parallel process,
with each chess piece printed by a single metalens (Fig. 3h-jand Sup-
plementaryFig.10), proving thatit can efficiently print shared features
while also individually addressing unique features inall substructures
fromarbitrary 3D structures.

Fabrication of functional metamaterials

Inthis work, we showcase the fabrication and characterization of large-
scale mechanical (Fig. 4 and Extended Data Figs. 8 and 9) and electro-
magnetic terahertz (THz) metamaterials (see details in Methods and
Extended Data Fig. 10), demonstrating how our ability to scale the
nanoprinting process can lead to the discovery of new metamaterial
phenomena. Metamaterials are artificially structured media with mac-
roscopic physical properties that are based on the rational design of
their internal nanoscale and microscale architectures, but their detailed
investigation so far has been limited to microscale structures manufac-
tured using conventional TPL techniques. Metalens TPL provides an
ideal platform to scale-up metamaterial fabrication and, in doing so,
unlocks new regimes in the study and implementation of large-scale
functional metamaterial systems.

Mechanical metamaterials have shown intriguing properties, such
as light weight, high strength and toughness, and programmable
responses*’. However, it has not been possible to study their fracture
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and crack growth behaviours at macroscopic scales owing to the limited
throughput and substantial stitching errors of conventional TPL meth-
ods. We design and fabricate macroscale mechanical metamaterials fea-
turing three distinct types of microarchitecture: stretching-dominated
octet lattices, bending-dominated Kelvin lattices** and interlocked
but not rigidly connected chainmail lattices™. The three different lat-
tices are in the shape of 10 x 5 x 0.6-mm?® slabs consisting of 240,000
unit cells (unit size: 50 um, 4% relative density). The chainmail lattices
investigated here are aspecial case of polycatenated architected mate-
rials'and they consist of vertically stacked polyhedron cages (across
0.6 mmthickness) that areinterlocked along the lateral directions. To
understand crack propagation during fracture, we add a one-unit-cell
wide and 1.6-mm-long notch at the centre of each lattice sample by
active SLM modulation during printing (Fig. 4a-c).

We conduct uniaxial tensile experiments using a custom in situ
micromechanical testing system (illustrated in Fig. 4a—c; see Methods).
The tensile test results of several samples for each type of lattice are
summarizedin Fig. 4d. The octet lattices exhibit the highest stiffness,
as expected, and they fracture catastrophically at a displacement of
about320 um. The Kelvin lattices have alower stiffness than the octet
lattices and exhibit a slightly longer displacement (approximately
362 um) at peak stress, followed by a relatively slower crack propa-
gation. By strong contrast, the chainmail lattices can dynamically
rearrange the positions of their interlocked unit cells, resultingin a
much larger displacement (about 1,914 pum) at peak stress, followed
by gradual crack propagation with alternating breakage of interlocked
unit cells at the two ends of the notch. The chainmail lattices exhibit
amuch higher toughness against fracture with an energy to fracture
0f216.9]) m?2, compared with that 0of 153.2) m~ for the octet lattices
and 87.9) mZfor the Kelvin lattices.

To further understand these distinct fracture behaviours, we con-
duct hybrid finite element modelling (FEM) for the octet and Kelvin
lattices and level set discrete element modelling (LS-DEM) for the
chainmail lattices (see Methods). The hybrid FEM model treats the
overall lattice structures as a homogenized medium with properties
defined by the unit-cell geometry, whereas the region near the notch
tip is explicitly modelled as discrete beams (Extended Data Fig. 9).
For the octet and Kelvin lattices, the simulated shape of the notch
tip before fracture matches well with the in situ tensile experiments
(Fig. 4g,h and Supplementary Video 2). These simulations reveal
the plastic zone size of both the octet and Kelvin lattices to be much
smaller thanthe sample size, aslabelled in Fig. 4f,i. As aresult, largely
brittle failures occur for both lattices**, as shown in the fractured
surfacesinFig. 4e,j.

On the other hand, the LS-DEM model qualitatively explains the
toughening mechanisms of the chainmail lattices owing to their unique
interlocking nature. Supplementary Video 3 shows that LS-DEM simu-
lation captures the dynamic rearrangement and crack opening pheno-
mena as seen in the in situ tensile experiments. Three snapshots of
the simulation are presented in Fig. 4k, with each particle coloured
by normalized stress. The LS-DEM model reveals that, unlike the octet
and Kelvin lattices in which stress is concentrated at the crack tip, the
chainmail lattices distribute the stress over chains of load-bearing unit
cells along the tensile loading direction. As the crack propagates, the
interlocked unit cells at the crack tip are broken apart, which triggers
immediate adjustmentin the spatial arrangement and stress distribu-
tion of many surrounding unit cells. This dynamic rearrangement owing
to mechanical interlocking leads to highly ductile crack propagation
withalternating advancement of two crack tips, as seenin Supplemen-
tary Videos 2 and 3.

Discussion and outlook

A summary of frontier developments in TPL and other relevant high-
resolution AM methods is presented in Fig. 5a,b, which highlights
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fractured octet lattice. Scale bar,1 mm. f, Equivalent stress contour plot of hybrid
FEM imulation for the octet lattice (average element stress). Stress above yield

the intrinsic trade-off between peak printing throughput, minimum
feature size and lateral write field area. Our inclusion of write field
area here is essential in assessing the future scaling potential of TPL
methods and their ability to print macroscopic structures. This analysis
is distinctive from most previous works that focus solely on the trade-
off between the peak throughput and feature size, as reflected in the
commonly used speed-resolution chart (Fig. 5a). We observe in Fig. 5b
that past works have demonstrated high peak throughputs of about
108 voxels s™. However, these works are also generally constrained
by bounds specified by the FOV and proximity constraints, which
set limits to write field area and throughput, respectively. The FOV
constraint arises because of the limited FOV of conventional micro-
scope objective lenses used in conventional TPL concepts, which
spans hundreds of micrometres per lateral dimension>*$%2 The
proximity constraint is a gradient function determined by factors
including the write field volume, the voxel size and the minimum

(100 MPa)isrepresented inred. The approximate plastic zoneis marked witha
redcircle.g, Opticalimage of the octet lattice during crackinitiation. Scale bar,
500 um. h, Opticalimage of the Kelvin lattice during crackinitiation. Scale bar,
500 um. i, Equivalentstress contour plot of hybrid FEM simulation for the Kelvin
lattice (elemental difference stress). Stress above yield (100 MPa) isrepresented
inred. The approximate plastic zone is marked with ared circle.j, Opticalimage
of afracturedKelvinlattice.Scale bar,1mm.k, LS-DEM modelling to visualize
the crack propagation for the chainmail lattice. I, Optical image of the chainmail
lattice during crackinitiation. Scale bar, 500 um. m, Opticalimage series showing
the crack propagation of the chainmail lattice. Scale bar, 1 mm.

spacing between focal spots. For parallel TPL methods that feature
alarge number of focal spots, we estimate a voxel spacing limitation
near 10 pm, below which adjacent focal spots start to exhibit strong
crosstalk thatinduces undesired polymerization and overgrowth'?
(Fig. 5¢; see the Supplementary Information for discussion). To print
large parts with conventional methods, entire structures are splitinto
small sub-parts that can be fitted into the objective FOV and printed
sequentially. Under this scenario, repetitive stage positioning becomes
time-consuming, especially for high-throughput printing systems at
>10” voxels s, This extra throughput penalty isillustrated in Fig. 5d and
discussed in the Supplementary Information. Also, these long-range
field stitching methods canlead to stitching defects that compromise
the surface quality and mechanical performance™ (Fig. Se and Sup-
plementary Fig. 8).

By contrast, our parallel metalens TPL concept presents a quali-
tatively different approach to 3D nanolithography and offers a
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straightforward and, in principle, unconstrained strategy to scaling
up TPL.Inits current formas prototyped, our system already achieves
anultrahigh fabrication throughput, high resolution, centimetre-scale
write field area and the capability of printing aperiodic structures.
The throughput metrics for our system using the two metalens arrays
(50 x 50,200-pmlens, NA 1.0 and 370 x 350,100-pm lens, NA 0.8) are
plotted in Fig. 5a,b and show a peak throughput of 1.2 x 10® voxels s™
over awrite field area of 12 cm?. We anticipate that this scaling concept
can surpass 10'° voxels s with improved optics such as larger optics
and metalens arrays, advanced SLM technologies, and ultrafast lasers
featuring higher pulse energies and higher repetition rates (>10 kHz)
than this work. We marked the near-term throughput scaling on the
basis of commercially available components in Fig. 5a,b, with details
discussed inthe Supplementary Information.
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write field area. Bounds specifying FOV and proximity error constraints thatare
typical of existing methods are specified. c-e, Fundamental challenges posed by
TPL methods using microscope objective lenses. ¢, Undesired polymerization
caused by the proximity of adjacent focal spots. This chart simulates the
polymer conversionunder a given laser exposure condition with different focal
spotspacing. See the Supplementary Information for more details. d, Practical
fabrication throughput for large structures through the sequential stitching of
sub-1-mm?write fields, indicating a practical throughput limit for conventional
TPL methods atabout10” voxels s™. See the Supplementary Information for
more details. e, Defects caused by long-range sequential stitching during the
printing of alarge part. The SEM image shows stitching defectsin awoodpile
structure printed usinga commercial TPL printer. Scale bar, 10 pm. See the
Supplementary Information for details.

Akey challenge of the projected scaling is the handling of the substan-
tialamount ofinformation embeddedinlarge, complex 3D structures,
which we face in this work. Similar databottlenecks had emergedin2D
masklesslithography and were addressed with extensive effortsin lay-
out compression algorithms and data preparation methods**¢, Assuch,
we anticipate that the development of advanced datarepresentation,
processing and storage for large, complex 3D architectures will benefit
such parallel fabrication methods from the large library of technolo-
giesindatacompression, parallel computation and deep learning. We
foresee the future of 3D nanolithography as massively parallel, swiftly
adaptive and computationally agile, enabling the transformative and
practical use of nanoarchitected materials across diverse fields, includ-
ing microelectronics, biomedicine, high-energy laser target, quantum
information processing and beyond.
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Methods

Metalens design and fabrication
Two different metalens arrays are used in this work: (1) 50 x 50,200-pm
lens, NA1.0 and (2) 370 x 350,100-pm lens, NA 0.8.

Extended Data Fig. 1shows the design and fabrication of the met-
alensarrays. Geometric-phase-based metalenses are designed using
rigorous coupled-wave analysis with the software package RETICOLO®.
The optimal design obtained for h = 785 nm thick siliconembeddedin
hydrogensilsesquioxane (HSQ) (refractive index = 1.45) is with period
A=300nm, length /=195 nmand widthw =104 nm, which gives accu-
rate phase conversion of 99.8% and transmission of 88.4% for each
meta-atom. Full-wave simulations of both lenses are conducted using
thefinite difference time domain method with Tidy3D on cloud GPUs.
Near-field responses for the metalens have been simulated with over-
all size up to 200 x 200 x 2.6 um?with a spatial resolution of 32 nm.
The near-field electromagnetic wave response after the metalens is
obtained, whichis then propagated to the far field in the x-yand x-z
cross-sections to obtain the steady-state frequency domain solution.
The simulated focal spot is compared with the focal spot of an ideal
lens with the same square aperture, obtained with accurate vecto-
rial diffraction using Stratton-Chu formula. The Strehl ratio for the
simulation result is 0.87. The full wave at half maximum of the focus
is simulated to be 385 nm (lateral) and 1.70 pm (axial). The result is
included inFig. le.

Forthe 50 x 50,200-pm, NA 1.0 metalens array, 785-nm-thick poly-
crystallinesilicon films are deposited on 4-inch fused silica substrates
using low-pressure chemical vapour deposition. After dicing the wafer
into 1-inch-square pieces, nanopatterns are written using electron-
beam lithography with 14% HSQ in methyl isobutyl ketone as resist,
withaconductive layer of Electra92 and developed in 25% tetrameth-
ylammonium hydroxide. Toreduce electron-beam lithography time,
the beam current was set to100 nA. The patternis transferred to silicon
using inductively coupled plasma reactive ion etching with CI, and
HBr. The etched device is embedded in 20% HSQ with a total thick-
ness of 1.2 pm. Rapid thermal annealing at up to 1,100 °C was used to
release the stress within HSQ films, without which the filmis prone
to cracking®.

The 370 x 350,100-um, NA 0.8 metalens array was purchased from
2Pi Optics Inc. It has the same geometric phase metalens design and
isproduced by a custom nanofabrication recipe. The metalens is pro-
tected under athin layer of SU-8.

Metalens-based TPL system

Extended Data Fig. 2 shows the schematic and photo of the
metalens-based TPL system. An amplified femtosecond laser (Solstice,
Spectra-Physics, wavelength 800 nm, average power 7 W, repetition
rate 1 kHz, pulse width 35 fs) first passes through a half-wave plate
(HWP1) and a high-power polarization beam splitter (PBS1) to modulate
itsaverage power. Itis then expanded and collimated by acustombeam
expander consisting of aconcave lens (f=-100 mm) and a convex lens
(f=250 mm). After beam expansion, the size of the laser beam is large
enough to fully fill the aperture of the SLM (X15213-02R, Hamamatsu).
The expanded laser beam is then routed into an intensity modula-
tor composed of an SLM, a quarter-wave plate (QWP1) and another
polarization beam splitter (PBS2), to shape laser intensity profile,
realizing flat-top or arbitrarily patterned beam (Extended Data Fig. 3).
The patterned laser beamis then projected onto the metalens array to
form afocal spot array, in which the SLM plane is in conjugation with
the metalens array by a4fsystem, allowing the SLM greyscale pattern
tobeaccurately projected to the metalens plane. A vacuum chamber
isinserted at the centre of the 4f system to prevent the intermediate
focal spot from ionizing the air owing to the high pulse energy. Here
thereisanother quarter-wave plate (QWP2) owing to the design of the
metalens, which only focuses left-handed circularly polarized light.

A microscope is placed on the other side of the metalens to monitor
the printing process. The metalens and the printing substrate are both
mounted on kinematic bases to adjust their relative pitch and roll rela-
tive to the motion stage. During printing, the photoresistis sandwiched
between the metalens and the printing substrate and an XYZ motion
stage (ANT130XY and ANT95LZ, Aerotech) is used to scan the print-
ing substrate, in synchronization with the laser exposure to create
3Dstructures. Owing to the short travel range in the printing process
(size of ametalens: <200 um), a piezoelectric stage with sub-10-nm
precision and kilohertz dynamic response can be used for the best
scanning precision.

For the two metalens arrays, two different 4f systems are used to
adjust the beam size to match the SLM pixel to the metalens size. For
the 50 x 50, 200-pm, NA 1.0 metalens array, a 200-mm:200-mm lens
pair is used to realize a 1:1 magnification ratio. As the SLM pixel size is
12.5 um, each metalens is projected with 16x16 = 256 pixels. For the
370 x 350,100-pm, NA 0.8 metalens array, a 75 mm:200 mm lens pair is
usedtorealize al:2.667 magnificationratio. Each metalensis projected
with 3 x 3 =9 pixels.

For regular optics such as mirrors, lenses, waveplates and beam
splitters, all of them have corresponding anti-reflection coatings at
800 nm, yielding an efficiency of >99% for each component. The SLM
has an efficiency of >97% and the metalenses have a focusing efficiency
of 62.2% (simulation) and 49.3% (experiment, possibly because of fab-
rication imperfections).

Principle of using SLM for laser patterning

Theintensity modulation of the laser beamis accomplished using the
configuration depicted in Extended Data Fig. 3. Before entering the
intensity modulator, the femtosecond laserisin vertical polarization,
whichallows it to be fully reflected by the PBS to the SLM. The reflected
laser thenentersthe intensity modulation system, which consists of a
QWP with its fast axis oriented at 45° relative to the horizontal direc-
tion, and the SLM, in which the liquid-crystal orientation is aligned
horizontally.

Asthevertically polarized laser passes through the QWP, aA/4 phase
difference is introduced between the fast axis and the slow axis, con-
verting thelaserintoacircularly polarized beam. The Jones matrix for
the QWP whose fast axis is positioned at 45° is

cos45°

M :[ —sin45°j 10 [cos45°
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The horizontal component of the laser is then modulated by the SLM
according to a projected phase pattern, with each SLM pixel assigned
aspecific phase delay 6, whereas the vertically polarized component
remains unmodulated. The Jones matrix for the SLM is

sin45° j
cos45°
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The modulated laser is reflected from the SLM and subsequently
passes through the same QWP again. However, now the fast axis of the
QWP becomes 135° owing to the opposite incident direction:
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This entire phase-modulation process can be described using the

Jones matrix as follows:
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After passing through the PBS, the output field is given by
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inwhichf,, isavertically polarized beam with aninitial phase of ¢,. As
aresult, the intensity at each pixel is modulated to

. o6
L= Iinsmz[zj

The curve (interpolated from the measured result) onthe right side
of Extended DataFig.3 is an example of how the intensity of aselected
metalens focal spot can be modulated by varying the SLM pixel values
(the SLM pixel value is linearly correlated to the applied phase delay
6).By applying different values to different SLM pixels, the laser can be
effectively turned ‘on’ and ‘off” and patterned in greyscale.

(6)

Uniformity correction for the focal spot array

First, we measure and correct the laser intensity distribution by visu-
alizing the focal spot array using the microscope monitoring system
shownin Extended Data Fig. 2. By sweeping the SLM phase values, we
acquire a series of intensity measurements for the focal spot array.
This datasetistheninterpolated to establish the relationship between
intensity and SLM phase value for each focal spot. The interpolation
results are used to back-calculate the SLM phase pattern that generates
auniform focal spot array.

However, TPL is a highly sensitive nonlinear process. Owing to the
mismatch in NA between the microscope system and the metalens,
theintensity measurements are not accurate enough to perform high-
quality parallel TPL. To address this, we further print a series of block
patterns by finely adjusting the SLM phase values around the SLM phase
pattern obtained from the previous step. After printing, we count the
number of the printed blocks, using that as the direct evidence to
determine the precise SLM phase values that ensures the intensities
of the focal spots are uniform, as depicted in Supplementary Fig. 6. It
is worth noting that such patterns can be designed in any form, such
aslines, blocks, bars and so on.

The precision of thismethod is contingent on the tuning accuracy of
the SLM values. Our SLM pixels have abit depth of 8, with values ranging
from 0to127 corresponding to O to 1t for optical phase. When using the
200-pm metalens array, each metalens is mapped to a16 x 16 grid of
SLM pixels, resulting in an effective tuning precision 0f 1/32,768. When
using the 100-um metalens array, each metalens is mappedtoa3 x3
grid of SLM pixels, resulting in an effective tuning precision 0f1/2,304.

Throughput scaling of AML
The effectiveness of AML depends on the information compressibility
of the targeted 3D geometry. For a fully periodic structure with

periodicity equal to the metalens pitch or the pitch divided by aninteger,
metalens TPL can be performed in which all focal spots are always on
during path scanning, maximizing printing throughput. However, when
printing non-periodic structures, only afraction of focal spotsis turned
on at any point during path scanning, reducing the effective printing
throughput. To quantify the effective throughput for agivenstructure,
we define the compression factor tobe i, = % and the effec-
tive printingrate to be 7. x maximumvoxel rate (Extended DataFig. 7a).
In Supplementary Fig. 11, we evaluate and compare the compression
factorsof various representative structures, including the periodic and
semiperiodicstructures, structures that have mismatched periodicity
withthe metalens array, coarse shapes and stochastic structures. Asthe
number of metalensesincreases and asthe targeted structure becomes
less periodic, the overlaid structure mergesinto a fully dense block with
the size of a metalens, and the compression factor converges to the
relative density of the targeted geometry. For example, for the Voronoi
lattice shownin Fig. 3g, the compression factor is the same asits relative
density of 0.252, meaning that even though there is no periodicity in
thisstructure, AML canstill printit at 25% of the maximum throughput.
We visualize the scaling of TPL throughput using AML for printing struc-
tures with different degrees of structural compressibility in Extended
DataFig. 7b.

Fabrication and tensile testing for mechanical metamaterials
Thesamplesare designed with dimensions10.0 x 5.0 x 0.6 mm>to fit the
testing set-up. The size of each unit cell of the lattices is 50 um and the
beamdiameters are adjusted toachieve arelative density of 4% across all
topologies (d =3 pmforthe octetlattice, d =4 um for the Kelvin lattice
and d =4.2 pmfor the chainmail lattice). The chainmail lattices consist
of columns of stacked truncated tetrahedron cages (unit cells) in the 2
direction (0.6 mm), which areinterlocked with their neighboursinthe
xdirection (10.0 mm) and the ydirection (5.0 mm). Within each column
inz, the neighbouring unit cells are flipping in the zdirection and form
mirroredimages with one another. In thisway, the truncated tetrahedron
cages share onebeam with their upper and lower neighbours, enabling
themtobe stacked rigidly inthe zdirection while being interlocked like
achainmailinthexandydirections. Uniaxial tensile loadingis along the
xdirection. Anotchopening, measuring1.6 mminlengthand 50 pmin
width (equivalent to the width of one unitcell), is designed at the centre
ofthetesting structure to guide crack growth. To create the notch, the
SLM pixelvalues at the corresponding area are actively tuned (by turn-
ing the focal spot ‘on’ and ‘off’) during the scanning of the toolpath.

The testing samples are fabricated on silica substrates. To create
the dogbone testing geometry, the samples areimmersed ina custom
ultraviolet (UV) resin composed of 69 wt% BPAGDA, 30 wt% PEGDA (M,
250) and 1 wt% TPO-L immediately after fabrication. Each sample is
patterned with a pair of gripping ends using a UV projector (Vistech),
formingthe dogbone structure. After that, the entire sample is sequen-
tially developed in PGMEA, IPA and NOVEC 7100 to remove excessive
resinandis thendetached fromthe substrate using arazor blade. Before
testing, thesamplesare post-curedin a UV box (Form Cure, Formlabs)
for1hatroomtemperature.

Testingis conducted using adisplacement-controlled device (Kam-
mrath & Weiss Tensile & Compression Module), equipped with ten-
sile grips (UL5) and a10-N load cell. During the tests, the samples are
displaced at a rate of 2 um s until full fracture. The experiments are
performed under an optical microscope to capture real-time images.

Simulation of mechanical metamaterials

A hybrid FEM method is developed to conduct nonlinear static struc-
tural simulations for the octet and Kelvin lattices with Ansys R23.2.
The lattices near the crack tip are modelled with beam elements and
bilinear elastic-plastic material. The rest of the sample is modelled
with hexagonal elements and orthotropic material model. The two
sample areas are coupled together in the hybrid model. The overall
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dimensions of the modelare 2.5 x 10.0 x 0.1 mm®. Symmetry boundary
condition is used, so only half of the sample is simulated (as shown in
Extended Data Fig. 9). The overall size of the beam elements region is
0.45 x 0.55 x 0.10 mm>. The orthotropic properties are obtained by
homogenizing the topology using nTopology. Beam and hexagonal ele-
ments are quadratic, element size of the beam elementsis 5 pmand the
size of the hexagonal elements is 50 pm. Mechanical parameters used
for the beam element are as follows: Young’s modulus 2.5 GPa, yield
stress 100 MPa, plastic tangential modulus 0.625 GPa, fracture stress
220 MPa (0.19 plastic strain) and density 1,000 kg m™. We simulate
the octet and Kelvin samples under tension until just before fracture,
when one meshed elementinthe discrete region reaches the fracture
strength, and we visualize the approximate size of the plastic zone by
colouring inred the elements with a von Mises stress above the yield
stress of 100 MPa (Fig. 4f,i). Because the Kelvin lattice presents most
of the plastic deformation in the node right at the union of different
beams, the elemental difference equivalent stress is shown Fig. 4i. In
this case, the elemental difference equivalent stress highlights the
element that has anode that undergoes plasticity.

LS-DEM*isused to qualitatively simulate the breakage process of the
chainmail lattices in the tension experiment. To enhance computational
efficiency, we construct cell pillars consisting of only four vertically
stacked polyhedron cagesin Cinema4D. The four unit cells are merged
into one entity to ensure smooth and consistent surface meshing. The
meshed entity isthen output asan STL file with 37,764 faces to ensure suf-
ficientaccuracy. The STL fileis then converted toagrid-point representa-
tionfollowingthelevel set method, whereas each entityis referredtoasa
particle. Asample measuring 73 x 36 particles is then assembled, with12
particlesalong the middle vertical line removed to create a pre-existing
crack. Particles areinitialized without contact, with the two shortedges
fixed. Local and global damping is added to aid stability. Gravity is first
applied until equilibriumis reached, after which the two short edges are
pulled apartataconstantstrain of 0.024% per interval. To determine the
breakage criteria, we first calculate the average particle stress, followed
by the von Mises stress. If the calculated stress exceeded a predefined
threshold, the particle is deemed ‘broken’ and subsequently removed.
Stress concentrations are observed at the crack tips aswell asalong the
horizontallline of connected particlesintheloading direction, perpen-
dicular to the notch. Owing to the high stress experienced by particles
atthe cracktips, stress propagates along the loading direction through
force chains, transferring the load to connected particles.

Fabrication of THz metamaterials

We use metalens TPL to fabricate large-area THz metamaterials. Elec-
tromagnetic metamaterials are of particular interest for the THz fre-
quency range (0.1-10.0 THz) because thereis alack of natural materials
suitable for manufacturing functional THz optical components such as
beam splitters, waveplates and polarizers® . TPL is particularly well
suited for fabricating THz metamaterials owing toits ability to produce
subwavelength-scale structures (<30-3,000 pm) with optical-grade
smoothness and to enable truly 3D metamaterial architectures for
advanced wave control. However, the fabrication of THz metamateri-
alswith conventional TPL has been limited to small device sizes, which
have hindered their practical applications. We present the fabrication
of centimetre-sized THz metamaterials consisting of thousands of
subwavelength-scale helical meta-atoms that support broadband cir-
cular polarization modulation. The helical unit has amajor diameter of
120 pm, awire diameter of 32 pm and an axial pitch of 200 pm (Supple-
mentary Fig.12a). After printing, the helical structureis coated with1 pm
Au,embedded in polydimethylsiloxane (PDMS) and detached from the
substrate as a flexible device, as illustrated in Supplementary Fig. 12b.

Extended Data Fig.10a shows the well-defined helix array structures
(10.0 x 10.0 x 1.2 mm?®) before PDMS embedding. The THz metamate-
rial demonstrates clean band-pass polarization filtering over a wide
working spectrum (0.2-1.2 THz) and it transmits left-hand circular
polarizedlight from 0.20 to 0.65 THz and right-hand circular polarized
light from 0.65t01.20 THz, whichisingood agreement with the simula-
tion (Extended Data Fig. 10c and Supplementary Fig.12c). By spatially
patterning helical structures of different handedness, we can transmit
images with a circular polarization basis. We encode aletter ‘S’into a
THzmetamaterial device asademonstration (Extended Data Fig.10d),
which we can visualize using a custom THz imaging system at around
1THz (Extended Data Fig. 10f). We anticipate that these large-scale,
flexible THz metamaterial devices have potential applications in the
domains of security and anti-counterfeiting, information processing,
biosensing and flexible electronics.

Data availability

All data are available in the main text, Methods or in the Supplementary
Information. Other informationrelated to this study is available from
the corresponding author on request.
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Extended DataFig.1|Metalens design and fabrication. a, Unit cell of
geometric-phase meta-atom. A: period, 300 nm; [:190 nm; w:111.0 nm;
h:785.0 nm.b, Sweeps of rectangle side lengths. Top, phase difference between
xandypolarized responses. Bottom, transmission. The red boxes indicate
optimal design with i phase difference and near-unity transmission. ¢, Photo
ofthe 50 x 50, NA 1.0 metalens array (lens size: 200 pum, array size: 10 x 10 mm?)
and the focal spots of lenses (inair) under an optical microscope. Scale bar,
500 pm.d,e, SEMimages of the top view and the tilted view of the nanopillars.

Scalebars,1pm.f, Cross-section SEM view of a test wafer, in which the silicon
nanostructures areembedded in HSQ. Two layers of HSQ were spun on, with
rapid thermal annealing applied after each layer. Gaps between the nanopillars,
which are smaller than100 nm, are fully filled without trapped air. Scale bar,
1um. g, Photo of the 370 x 350, NA 0.8 metalens array (lens size: 100 pm, array
size: 37 x 35 mm?). h, Zoomed-in optical image of the metalenses. Scale bar,

1mm.
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Extended DataFig.2|Metalens-based TPLsystem.a,b, Schematic of the

metalens-based TPL system and azoomed-in view showing the printing of

gradientstructures with patterned laser beam. HWP1, HWP2: half-wave plates;

cell L1 QWP2 PBS2

PBS1, PBS2: polarization beam splitters; QWP1, QWP2: quarter-wave plates;
L1,L2,L3:lenses; BE:beam expander; OBJ: objective lens; BS: beam splitter.
¢, Photo of the optical set-up.
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Extended DataFig. 3 | Principle of phase-to-amplitude modulationusinga
liquid-crystal SLM. A vertically polarized laseris reflected by a polarization
beam splitter (PBS) and modulated by a quarter-wave plate (QWP). Then, the
laserisincident onto the liquid-crystal SLM, modulated pixel by pixel within
theliquid-crystal orientation plane. After that, the laser passes through the

QWP and the PBS tobecome anintensity-modulated laser beam and s finally
projected onto the metalens array. The 4fsystem between the phase-to
amplitude modulationsubsystemand the metalensis omitted here for simple
illustration purposes. An example of modulating the laser intensity with SLM
pixel valueisshownin the chartinthe bottom-right corner. a.u., arbitrary units.



Article

Extended DataFig.4|Gallery of 3-cm 3D architectures with sub-micrometre
resolution.a, ALLNL logo with some focal spots turned off. A central processing
unitchipis placed underneath for size reference.b, LLNL logos and a Stanford
logo. A 6-inch wafer is placed underneath for size reference.
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Extended DataFig.5|Measurement of subdiffractionlinewidths.a, SEM selectinglines printed by different metalenses (standard deviation =16.5nm
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Extended DataFig. 6 | Greyscale printing by means of SLM tuning. a,b, SEM
imagesofaline array printed by sweeping the SLM phase value (metalens NA:
1.0). Specific SLM values are not listed owing to different settings for each
metalens. ¢,d, Measurements of linewidths in ashowing tunable voxel size at
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the subdiffraction regime and stable voxel size at the diffraction-limited
regime. e,f, SEMimages of 3D subdiffraction features. The measured lateral
and axial linewidthare 316.4 nmand 1.876 um, respectively.
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Extended DataFig.7|Structural compressionand throughputscaling. average density and the overlaid density of the structure. b, Chart showing the
a, Definition of the compression factor of astructure. Asan example, the effective fabrication speed with varying compression factors. The near-term
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Extended DataFig. 8| Images for the tensile experimentsofanoctet,aKelvin  crack framesfortheKelvinlattice.f,SEMimage of the fractured Kelvin lattice
and achainmail lattice. a, Fractured octet lattice. Scalebar,1mm.b,Zoomed-in ~ nearthenotch.g, Crack frames for the chainmail lattice. h, Fractured chainmail
crack frames for the octet lattice. D: displacement. ¢, SEM image of the fractured lattice.Scalebar,1 mm.i, SEMimages of the fractured chainmail lattice near
octetnear the notch.d, Fractured Kelvinlattice. Scale bar,1mm. e, Zoomed-in the notch.
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Extended DataFig. 9 |Hybrid FEM model for simulating the large-scale octet and Kelvin lattices. a, Schematic of the hybrid model, in which the lattices near
the cracktipare modelled asbeam elements and the rest of the sample ismodelled as solid elements. b, Simulated stress distribution before crack propagation.
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Extended DataFig.10 | Fabrication of large-scale THz metamaterials.

a, Aright-handed (RH) 1-cm?helical THz metamaterial fabricated using metalens-
based TPLand coated with gold before embeddingin PDMS. b, Principle of using
such helical THz metamaterials as transmission polarizers. The gold-coated
structureisembedded in PDMS and detached from the substrate. ¢, Measured
ellipticity of the left-handed (LH) and RH THz polarizers from 0.2 THzto 1.2 THz.
TheRH polarizeris measured with differentincident angles to demonstrate
robust chirality. d, A1-cm? THz metamaterial patterned withbothRHand LH
helices,embedded in PDMS and detached from the rigid substrate for flexible
applications. e, SEM images of the fabricated helices with both LH and RH
regions. Scalebars, 500 um (zoomed-out view); 50 pum (zoomed-in view).
f,Measured ellipticity map of the THz metamaterialind at1.012 THz. The unit-
cell design and dimensions are givenin Supplementary Fig.12a.
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