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ABSTRACT: Nanofabrication, a pivotal technology at the
intersection of nanoscale engineering and high-resolution
patterning, has substantially advanced over recent decades.
This technology enables the creation of nanopatterns on
substrates crucial for developing nanophotonic devices and
other applications in diverse fields including electronics and
biosciences. Here, this mega-review comprehensively explores
various facets of nanofabrication focusing on its application in
nanophotonics. It delves into high-resolution techniques like
focused ion beam and electron beam lithography, methods for
3D complex structure fabrication, scalable manufacturing
approaches, and material compatibility considerations. Special
attention is given to emerging trends such as the utilization of
two-photon lithography for 3D structures and advanced materials like phase change substances and 2D materials with
excitonic properties. By highlighting these advancements, the review aims to provide insights into the ongoing evolution of
nanofabrication, encouraging further research and application in creating functional nanostructures. This work encapsulates
critical developments and future perspectives, offering a detailed narrative on the state-of-the-art in nanofabrication tailored
for both new researchers and seasoned experts in the field.
KEYWORDS: Nanofabrication, Nanomanufacturing, Metaphotonics, Top-down fabrication, Bottom-up fabrication, Metasurfaces,
Metamaterials, Additive manufacturing, Scalable manufacturing, High-resolution lithography

1. INTRODUCTION
Younghwan Yang, Youngsun Jeon, and Junsuk Rho
Nanofabrication refers to the process of creating extremely

small structures and devices at the nanoscale.1−5 Over the past
decades, collaborative research efforts spanning physics,
chemistry, and interdisciplinary domains have led to the
birth of various fabrication methods. As a result, it was possible
to deposit films using chemical reactions, pattern using
photoreactive polymers, or create high-resolution beams.

These technologies have been further developed and can be
commercialized with high resolution, such as photolithog-
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Figure 1. High-resolution electron-beam lithography technologies for nanophotonics. (a) Pushing toward the nanofabrication limit via the
aberration-corrected scanning transmission electron microscope (STEM) setup.92 Panel I shows that the diameter of the focused electron
beam is around 0.15 nm when the electron acceleration voltage is 200 keV. The testing sample is 10 nm hydrogen silsesquioxane (HSQ)
resist as spin coated onto 10 nm SiN� membrane, where the figure illustrates the trajectories of the primary electrons and secondary
electrons. Panel II (black line) presents the point spread function (PSF) of the electron dosage with respect to radius. Panel III shows the
reliable fabrication resolution limit of 2.1 nm when the HSQ resist is developed with the NaOH: NaCl salty solution. Adapted with
permission from ref 92. Copyright 2013 ACS. (b) Fabrication of nanophotonic cavities via the positive resist, such as poly(methyl
methacrylate) (PMMA) or ZEP, with the liftoff process. After the development process, the resist region being exposed by electron beams
will be washed away. Followed by the metal evaporation process and liftoff, metallic nanostructures with localized plasmonic resonance can
be fabricated. Panel II presents the fabricated plasmonic Au dimer with a gap size of 3 nm, where the corresponding EELS map shows the
plasmonic mode pattern in high resolution.102 Panel III shows the direct patterning of self-aligned metallic nanostructures with two different
metals, such as Au and Ti, on top and bottom sides of the thin Si3N4 membrane.

127 Panel IV presents the fabrication of hard mask for dry
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small features.265 For example, suspended wires with a record
width of 23 nm266 have been demonstrated. However, these
small voxel sizes come at the cost of decreased mechanical
stability and higher susceptibility to laser power fluctuations
because the degree of cross-linking in the polymer is low near
threshold.267 More complex structures require minimal lateral
voxel sizes of at least 200 nm.268 Since the focal volume is
elongated along the axial direction vz, the shape of the voxel is
ellipsoidal with an aspect ratio A = vz/vxy of typically around
3.5.268 (Figure 8c).
The key advantage of using two-photon absorption is a more

technical aspect: once the photoinitiator is activated, it remains
in this state for prolonged times if the threshold concentration
is not yet reached, resulting in a buildup of active photo-
initiator along the beam path.267 This memory effect is
especially detrimental in single-photon polymerization as 100
out-of-focus exposures with 1% of the threshold intensity
would already be enough to create unwanted artifacts, while
two-photon polymerization can withstand 10,000 of such
exposures.269 Due to this memory effect, the achievable lateral
and axial resolution is still constrained by Abbe’s diffraction
limit for a two-photon process:267

d

d
A

2 2NA
197 nm,

2 2NA
689 nm

lateral

axial

= =

=
(1)

assuming A = 3.5, � = 780 nm, and NA = 1.4. Experimentally,
dlateral = 375 nm and daxial = 509 nm have been demonstrated
with similar parameters.270 Further improvements in the
resolution can be achieved by shrinking the polymer structures
in a heat treatment allowing up to a 5-fold reduction in side
lengths.271 Overall, 3D nanoprinting currently offers the best
combination of high printing speed (voxels/s) and high
resolution within the group of 3D additive manufacturing
techniques272 (see up-to-date ranking at https://
3dprintingspeed.aph.kit.edu/).
Like planar fabrication methods, 3D nanoprinting can realize

flat optical structures such as metasurfaces of a single height,273

or on-chip waveguides.274 However, the main advantage of 3D
nanoprinting lies in two key categories: the creation of truly 3D
architectures and the fabrication onto existing optical
components.
Looking at the first category, 3D nanoprinting has enabled

new applications in 3D optical metamaterials, including the
first realization of helical unit cells acting as broadband circular
polarizers (Figure 8e, helix radius: 500 nm, helix pitch: 1.8 �m,
total height: 5 �m, � = 3.5−7.5 �m).275 Unlike planar chiral
structures, such a polarizer can block the polarization of a
certain handedness regardless of whether the beam is incident
from the front or back side of the material.276 Related
realizations include chiral mechanical metamaterials,277 chiral
metalenses,278 and chiral microparticles.279 Furthermore,
woodpile photonic crystals are well-known 3D nanoprinted
metamaterials and are often used as a benchmark for printer
development.280 In 2004, the first 3D nanoprinted woodpile
structure with stopbands at telecommunication wavelengths
was demonstrated, followed by a realization in the visible
spectrum (lattice spacing: 600 nm, lateral rod diameter: 100
nm).281 Additionally, 3D nanoprinting is well suited for the
realization of the intricate unit cells of mechanical
metamaterials (Figure 8h). Such materials benefit from a

high resolution on the (sub)micrometer scale and the ability to
realize macroscopic samples on the order of several mm.272 3D
nanoprinted mechanical metamaterials have been used to
emulate phononic properties of condensed matter systems,272

or for mechanical engineering277 and acoustics.282

In contrast, photolithography faces difficulties even with the
simpler two-dimensional metasurfaces once multiple height
levels are involved, each requiring an additional processing
step.283 Instead, 3D nanoprinting allows the fabrication of
metasurfaces with arbitrary height levels in a single step,
thereby increasing the size of the available unit cell library
severalfold (Figure 8f). This larger parameter space simplifies
the design of metasurfaces that can control phase, amplitude,
and polarization of light independently at each pixel and
wavelength. Realized examples include complex-amplitude
OAM-multiplexing holograms,25 achromatic metalenses,284

metalenses for chiral imaging,285 and vector beam gener-
ators.286 Furthermore, more complex unit cells can be realized
where the cross-section changes with height, such as nanofin
metasurfaces (Figure 8g, � = 2−10 �m).287
At higher complexity, the large parameter space of 3D

nanoprinting is used for inverse-designed metamaterials
without periodic patterns. Examples include a 6-layer multi-
spectral polarimetric sorting device288 (Figure 8i, � = 3−6
�m), a 3-layer metamaterial for angular multiplexing of optical
fiber modes (� = 1030 nm),289 and a high NA aberration-
corrected lens (NA: 0.85, � = 980 nm, diameter: 25 �m,
focusing efficiency: 73%).290

Similarly, 3D nanoprinting enables a straightforward path to
implement other multilayer structures. A prime example is the
triplet refractive lens system shown in Figure 8j which corrects
for the same aberrations as typical high-quality microscope
objectives.291 Furthermore, stacked achromatic metalenses
have been demonstrated consisting of two layers292 (NA:
0.35, � = 1000−1800 nm, focusing efficiency: 27%), as well as
an improved 3-layer version operating at visible wavelengths
(NA: 0.7, � = 400−800 nm, focusing efficiency: 42%).293
3D photonic architectures are also of interest for realizing

the high interconnection density required for photonic neural
networks and optical computing.294 While planar structures
require large surface areas,294 3D neural networks can
distribute the neurons across multiple layers in an N � N �
N layout, potentially exceeding the high component density in
electronic chips, where such architectures are limited by
thermal constraints.295 Initial efforts include 3D nanoprinted
networks with dendrite-like connections296 and a 4-layer
diffractive neural network (Figure 8k).297

Another crucial application is the implementation of
complex waveguide structures including the recently demon-
strated “light cages” (Figure 8l)298 and “microgap waveguides”
with side-wise accessible hollow cores,299 which accelerate
analyte exchange in biochemical sensing compared to conven-
tional glass fibers.300 Furthermore, 3D nanoprinting is of
interest for the implementation of twisted waveguides,274 such
as a recent demonstration of twisted hollow-core waveguides
with a record twist period of 90 �m,301 far shorter than the 10
mm seen in glass-based fibers.302 This enables smaller devices
using twisted waveguides, e.g., for circular polarization filtering,
generation of orbital angular momentum beams, or twist
sensing.
Lastly, biocompatible PRs open the door to a wide array of

biomedical applications, from 3D scaffolds directing cell
growth for culturing of neuronal networks (Figure 8m)303 to
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Figure 10. PnP for nanophotonics. (a) Schematic of the PnP process and SEM and digital images of the conformal phase mask and 3D
nanostructures obtained by PnP.374 Adapted with permission from ref 374. Copyright 2012 Springer Nature. (b) Concept images of (b.i) a
binary phase mask illustrating � phase shift condition for maximized diffraction efficiency352 and (b.ii) the Talbot effect.347 Adapted with
permission from ref 352. Copyright 2014 Wiley-VCH. Adapted with permission from ref 347. Copyright 2007 ACS. (c) Type of binary phase
masks and resultant 3D topologies using PnP.343,346,353,354,356 Adapted with permission under a Creative Common CC BY License from ref
343. Copyright 2004 Natuional Academy of Sciences. Adapted with permission from ref 346. Copyright 2021 Springer. Adapted with
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electric potential between the electrified mask and the
substrate (ΔV) allows for precise adjustment of the diameter
of funnel-shaped focusing electric field lines and, consequently,
the diameter of charged aerosol jets (Figure 9o). This level of
control enables manipulation of voxel sizes of 3D nanostruc-
tures during printing process by regulating the electric field
strength (E = ΔV/d, where d presents the z-axis distance
between the mask and the substrate) without the need of
providing exact amount of ions. As demonstrated in Figure 9p,
multivoxel-sized vertical nanopillars with diameters of 300 and
450 nm are achieved by decreasing E from 50 V/�m to 25 V/
�m. Furthermore, continuous increase of E from 20 V/�m to
36.4 V/�m results in dynamic voxel size variations in 3D
nanohelices, as shown in Figure 9q. The voxel size
manipulation of 3D nanostructure can be employed for
optimizations of plasmonic responses in nanophotonic device
design.341,342

Future development of our aerosol 3D nanoprinting
techniques aims at downscaling and upscaling the process
while maintaining precise control over electric field config-
urations. These advancements may enable the exploration of
uncovered applications in nanophotonics.

11. PROXIMITY-FIELD NANOPATTERNING
Gwangmin Bae, Haomin Chen, and Seokwoo Jeon
Proximity-field nanopatterning (PnP) that generates 3D

interference patterns provides an unconventional and facile
route for rapid fabrication of intricate periodic 3D nanostruc-
tures. With a single exposure step for only nanoseconds to
seconds, highly ordered structures can be fabricated in inch
scales with a resolution of ∼100 nm.343−345 In PnP, there are
three main elements: a single collimated beam, an elastomeric
transparent phase mask with surface gratings, and photo-
polymers that can record the holographic pattern generated by
the mask and transform it into material structures (Figure
10a).346,347 Thanks to its softness, the phase mask can
spontaneously form a conformal contact with PRs.348

Compared to other 3D nanofabrication technologies, PnP
features a simple optic setup, rapid and large-scale fabrication
with high resolution and superior reproducibility. The
conformal contact between the phase mask and PRs allows
nanometer precision alignment in the out-of-plane direction,
which is robust against environmental factors such as
vibrations.346 Meanwhile, the coherence requirement of the

light source is greatly relaxed, enabling the formation of 3D
patterns even when using a UV lamp as the source.349,350

When a collimated beam is incident to the phase mask, the
diffracted beams by the gratings interfere and generate 3D
patterns periodically recurring along the axis of light
propagation, which is known as the Talbot effect or self-
imaging effect.351 The pattern geometry is determined by
phase mask parameters including relief diameter (d), period
(p), relief depth (h), and refractive index (n). As shown in
Figure 10b(i), incident light passing through the phase mask’s
raised and recessed areas undergoes a phase shift due to
variations in optical path lengths.352 Maximum patterning
contrast can be achieved when this phase shift equals an odd
multiple of �, rendering suppression of the zeroth order
diffraction. The pattern typically displays constructive and
destructive interference close to the grating’s raised and recess,
recurring along the direction of light propagation at a distance
defined by

Z
p

p
p

1 (1 / )

2
(when / issmall)T 2 2 0.5

2

=
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where ZT and � are Talbot distance and the incident
wavelength, respectively (Figure 10b(ii)).
Since 2004 when PnP was demonstrated for 3D patterning

for the first time,343 the development of PnP in the phase mask
design and the patterning strategies have brought about a
series of lattices including body-centered tetragonal (BCT),343

hexagonal closed packed (HCP),344 quasi-crystal,353 dia-
mond,354 and oblique 3D nanostructures,355 along with
tunable periodicity or density gradience (Figure
10c).350,356,357 With such structural diversities, PnP has
provided a platform to shed light on how the structural factors
influence the mass transport dynamics in sensors,358−361 the
electron/ion kinetics in energy storage devices,346,357,362−368

and the load-transfer behavior in mechanical structural
materials.346,359,361,366,369−374 There are several review papers
elaborating on the overall principles of PnP346 and
summarizing the application of PnP for sensors,359,362 energy
storage devices,375 and structural materials.372 While these
advancements impact multiple fields, PnP holds particular
promise in controlling how the light across UV, visible, and
NIR wavelengths interacts with materials because of the
fabricated periodic structures with feature sizes and perio-

Figure 10. continued

permission from ref 353. Copyright 2008 ACS. Adapted with permission from ref 354. Copyright 2019 Wiley-VCH. Adapted with
permission from ref 356. Copyright 2022 AAAS. (d) Optical modulator achieved by PnP,379 (d.i) Schematic illustration of mechanical
scatters using 3D nanocomposites. (d.ii) Spectra of normal transmittance of the 3D scatters loaded with different lateral tensile strains and
digital image of the 3D scatter before and after applying lateral strain. Adapted with permission from ref 379. Copyright 2020 Wiley-VCH.
(e) Concept of optical filter realizing structural color using PnP,354 (e.i) Cross-sectional SEM image and simulated image of the 3D woodpile
photonic crystal formed by PnP (inset: digital image of an inch-scale photonic crystal film). (e.ii) Reflection spectra of the woodpile
photonic crystals at incident light angle, and digital images of inch-scale pixelated multicolor patterns. Adapted with permission from ref
354. Copyright 2019 Wiley-VCH. (f) Application of optical diffusor applying PnP on the nonflat surface.379 (f.i) Digital and SEM image of
the hierarchical antireflective film obtained by PnP on curved surfaces. (f.ii) Left: Diffuse transmittance and reflectance spectra of the
antireflective diffusor in the visible range, Right: Digital images of the diffusion sheet on the LED arrays showing antireflective diffuser film.
Adapted with permission from ref 379. Copyright 2022 ACS. (g) Schematic illustration of forward and inverse design diffraction of PnP
process.380 Adapted with permission from ref 380. Copyright 2016 ACS. (h) Realization of target topology using an Adjoint method,355 (h.i)
One iteration of the Adjoint simulation to obtain optimized phase mask design for target topology, (h.ii) Geometry of the nontrivial phase
mask, consisting of TiO2 and PDMS layers, obtained by Adjoint simulation, (h.iii) Resultant cross-sectional SEM image of the square
nanochannel array (inset: simulated image obtained by FDTD). Adapted with permission under a Creative Common CC BY License from
ref 355. Copyright 2022 AAAS.

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.4c10964
ACS Nano 2025, 19, 12491−12605

12514





This advancement in PnP, particularly through inverse
design and computational methods, opens the door to a
myriad of potential applications in nanophotonics. For
example, by introducing asymmetry to the periodicity,
structures can be engineered to exhibit directional optical
responses. The fabrication of 3D chiral structures could pave
the way for new types of optical modulators that can regulate
not only the transmittance but also the polarization of light.
Additionally, engineering a large scale diamond topology could
allow for the realization of complete photonic band gaps,
offering unprecedented control over light propagation and

confinement. These advancements highlight the promising
future of PnP in 3D nanofabrication, positioning it as a
versatile tool capable of empowering structural studies and
practical applications across various scenarios, thanks to its
ability to combine high design freedom with the benefits of
mass production and rapid fabrication. Although the current
topology and motifs of the target 3D nanostructures are
restricted in 2D space, adjusting other calculation tools and
introducing multilevel phase modulations could expand the
range of producible 3D topologies, thereby simultaneously
achieving high design freedom and mass-producibility. In

Figure 11. Large-area lithography. (a). Schematic of the fabrication process based on the EBL.390 Adapted with permission from ref 390.
Copyright 2023 SPIE-Publications. (b) SEM image of the fabricated TiO2 nanofins.

391 Adapted with permission License from ref 391.
Copyright 2021 AAAS. (c) A 1 cm-diameter RGB achromatic metalens fabricated using high-speed EBL,392 scale bar: 1 cm. (Upper inset)
The SEM image of the nanostructures, scale bar: 500 nm. Adapted with permission under a Creative Common CC BY License from ref 392.
Copyright 2022 Springer Nature. (d) Schematic of the manufacturing process based on the DUV photolithography.400 Adapted with
permission from ref 400. Copyright 2024 Wiley-VCH. (e) Drawing of DUV photolithography system. A DUV beam is incident on a reticle
which has the desired pattern and demagnified by image reduction lenses or immersion system for higher resolution.401 Adapted with
permission from ref 401. Copyright 2024 ACS. (f) Diagram of large area metalens by rotating and aligning the reticle set.401 Adapted with
permission from ref 401. Copyright 2024 ACS. (g) A 80 mm large area metalens working as the objective and focusing lens for the
telescope.402 (Upper inset) A photograph of the fabricated wafer-scale metalens. (Lower inset) The SEM image of meta-atoms, scale bar:
600 nm. Adapted with permission from ref 402. Copyright 2023 ACS. (h) Mass manufactured metalens on 8-in. wafer for full-duplex
metabroadcasting communication system network.403 Adapted with permission from ref 403. Copyright 2022 Wiley-VCH. Adapted with
permission from ref 81. Copyright 2023 Springer Nature. (i). (i.i) Photograph of 4 cm reticle fabricated using high-speed EBL. (i.ii) Mass
manufactured 1 cm ZrO2 atomic layer−polymer hybrid metalenses on 8-in. wafer operating in the UV region.33 Adapted with permission
from ref 33. Copyright 2024 ELSEVIER. (j) Mass manufactured 1 cm TiO2 atomic layer−polymer hybrid metalenses on 12-in. wafer
operating in the visible region.81 Adapted with permission from ref 81. Copyright 2023 Springer Nature. (k) Mass manufactured 1 cm
polarization-independent metalenses on 8-in. wafer operating in the NIR region.400 Adapted with permission from ref 400. Copyright 2024
Wiley-VCH.
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Figure 12. Nanoimprinting technology for fabrication of high-� metasurfaces. (a) Schematic of procedure of particle-embedded-resin based
nanoimprint lithography (PER-NIL). (b) Schematic of procedure of hybrid atomic layer deposition (ALD)-NIL (hybrid-NIL). (c) Reported
measured efficiency depending on the working wavelength. (d) (d.i) Scanning electron microscopy (SEM) image of fabricated
metaholograms through ZrO2 PER-NIL. Measured image of the holograms designed for (d.ii) � = 325 nm and (d.iii) � = 248 nm.419 Adapted
with permission under a Creative Common CC BY License from ref 419. Copyright 2024 Springer Nature. (e) (e.i) Image of manufactured 1
cm UV metalenses on 4-, 6-, and 8-in. wafer. (e.ii) SEM image of the fabricated 1 cm UV metalens through ZrO2 hybrid-NIL. Inset:
Photograph of the fabricated 1 cm metalens. (e.iii) Experimental intensity distributions in the ��� plane and (e.iv) captured images of a
negative 1951 USAF resolution target with the fabricated 1 cm UV metalens at a wavelength of 325 nm.33 Adapted with permission from ref
33. Copyright 2024 Science Direct. (f) (f.i) SEM image of fabricated metaholograms through TiO2 PER-NIL. (f.ii) Measured images of the
holograms with wavelengths ranging from 450 to 650 nm.411 Adapted with permission from ref 411. Copyright 2022 Wiley-VCH. (g) (g.i)
Image of manufactured 1 cm metalenses on 4-, 6-, 8-, and 12-in. wafer. (g.ii) SEM image of the fabricated 1 cm metalens through TiO2
hybrid-NIL. Inset: Photograph of the fabricated 1 cm metalens. (g.iii) Experimental intensity distributions in the �-� plane and (g.iv)
captured images of a negative 1951 USAF resolution target with the fabricated 1 cm UV metalens at a wavelength of 532 nm.81 Adapted with
permission from ref 81. Copyright 2023 Springer Nature. (h) (h.i) SEM image of fabricated NIR metalenses through Si PER-NIL. Inset:
Magnified image of the SEM image. (h.ii) Captured image of the veins underneath the human hand using NIR metalens based camera.437

Adapted with permission from ref 437. Copyright 2020 ACS. (i) (i.i) Image of fabricated 5 mm metalenses on a 4-in wafer. (i.ii) SEM image
of the fabricated metalens through Si PER-NIL. Inset: Photograph of the fabricated 5 mm metalens. (i.iii) Experimental intensity
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Figure 13. Scalable metasurfaces with R2R nanoimprint technology for nanophotonics. (a) Two main R2R NIL techniques are
photolithography and thermal imprinting. Panel i demonstrates photolithography applied to an uncured photopolymer on a substrate, which
cures and patterns upon UV light exposure on a drum mold and then detaches as a patterned film. Panel ii shows substrate heating above its
glass transition temperature with a patterned drum using R2R T-NIL technique. During the heating, pressure from a secondary roller molds
the softened material to the drum’s pattern, and then the web cools and detaches. (b) R2R UV-NIL uses a flexible stamp to pattern dot
patterns on MIM-stacked polymer films for broadband IR filters. Panel i illustrates the fabrication process, starting with sputter-coating the
MIM stack on a large PET substrate. Then, a UV-curable SSQ layer was added and patterned with R2R NIL, as shown in Panel ii. Panel iii
presents a large, flexible mold with 600 nm deep hole patterns made by stamping a 4-in. silicon master onto a PDMS pad. Panel iv displays
successful SSQ patterning at speeds up to 1 m/min and the precise etching of an Al disk array on the MIM-coated PET substrate.454 Adapted
with permission from ref 454. Copyright 2012 AIP Publication. (c) Scalable plasmonic color metasurface created using high-speed R2R
extrusion coating. Panel i depicts a schematic of layers where nanopits in transparent PP on PET foil, filled with Al, produce nanopillars with
nanometer gaps to the back reflector, enabling color visibility through the foil. Panel ii indicates the R2R T-NIL process: polymer melt is
extruded, pressed between structured and silicone rolls to form patterns on the film, and then wound onto a roll. As illustrated in Panel iii, a
45 cm wide metalized foil shows scalability achieved by varying pit sizes and spacing.456 Adapted with permission from ref 456. Copyright
2017 RSC Publishing. (d) Glass−polymer hybrid metamaterial for daytime cooling. Panel i presents a polymer-based hybrid metamaterial
with dispersed SiO2 microspheres for large-scale radiative cooling. The microspheres interact strongly with IR light, enhancing emissivity
across the atmosphere while maintaining solar transparency. Panel ii depicts a photograph of the 300 mm-wide hybrid metamaterial thin
film, fabricated via R2R manufacturing at a speed of 5 m/min. The scalable hybrid metamaterial demonstrated 93 W/m2 cooling power in a
three-day test under direct sunlight in Panel iii. Additionally, it exceeded 110 W/m2 in a continuous 72h day-and-night test.458 Adapted with
permission from ref 458. Copyright 2017 AAAS. (e) A metasurface featuring 3D trench structures for radiative cooling was generated using
R2R photomanufacturing. Panel i schematically shows key manufacturing steps, starting with mold fabrication using laser 3D nanoprinting.
Then, the mold is used for R2R photoimprinting onto a PET film. A SEM image showing uniform trench structures with matrix symmetry
and a depth of approximately 2.5 �m as displayed in Panel ii. Step 2 involves applying a 100 nm-thick silver layer to the polymer film’s back,
showcasing the R2R process’s efficiency and cost-effectiveness in Panel iii.462 Adapted with permission under a Creative Common CC BY
License from ref 462. Copyright 2023 Springer Nature.
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nanofabrication of large-scale plasmonic structures. PVD
encompasses a range of well-established thin-film deposition
methods that provide precise control over material properties,
composition, and structure, along with excellent uniformity
across large areas.535 Routinely employed in industries such as
electronics, semiconductors, and optics, these techniques are
particularly valuable for plasmonic structures, where thickness
and morphology significantly impact performance.536 In
particular, three techniques are well-suited for this purpose:
resistive evaporation, electron beam evaporation, and sputter-
ing. Resistive evaporation is a simple and cost-effective
method; however, it is limited to materials with low melting
points. On the other hand, electron beam evaporation offers a
higher deposition rate and can handle a wider range of
materials. Finally, sputtering provides excellent film uniformity
and control and is suitable for high-melting-point materials, but
it is a slower process compared to the other two techniques.537

Nevertheless, while PVD excels at large-area thin-film
deposition, creating patterned plasmonic nanostructures
requires additional steps such as lithography (electron beam,
laser, or UV), etching, or dewetting, that add complexity and
reduce the high-throughput advantage of PVD.121,538,539 To
achieve cost-effective mass production of patterned plasmonic
structures, alternative methods are needed. Some promising
approaches include nanotemplating, nanoimprinting, colloidal
self-assembly, and glancing angle deposition.540−544 These
techniques offer the potential for large-scale fabrication of
complex nanostructures but may have limitations in terms of
material compatibility, cost, or scalability.

Recently, researchers have demonstrated a self-assembly
lithography-free method for creating nanoplasmonic arrays for
functional coatings.545 This method overcomes limitations
associated with conventional nanofabrication techniques, such
as high cost and low throughput, making it attractive for large-
scale production. The technique relies on the Volmer−Weber
growth mode to achieve self-assembly of metal nanoislands on
a dielectric substrate using an electron beam evaporator in a
large-scale, highly versatile, and reproducible manner. In
Volmer−Weber growth, deposited atoms cluster into islands
instead of forming a continuous film at the initial stages.
Hence, by carefully controlling factors like pressure, temper-
ature, and rate of evaporation, all macroscopic parameters,
researchers can manipulate the size and spacing of these
nanoislands to create different nanostructures, Figure 14a.
Interestingly, this approach can be generalized to many
different metals, making it a promising strategy for producing
a wider range of plasmonic nanostructures for various photonic
applications in the visible, ultraviolet and IR spectral ranges.
Furthermore, leveraging these strengths, PVD’s compatibility
with roll-to-roll processing allows for continuous deposition of
plasmonic films onto flexible substrates, an approach
particularly attractive for high-throughput production of
plasmonic devices on a commercially viable scale.234

Following the legacy of medieval artisans, scientists are now
exploiting self-assembled plasmonic nanostructures to generate
color, departing from traditional chemical colorants and
highlighting the vast potential of plasmonics to offer practical
solutions beyond laboratory settings.546,547 This paradigm shift
extends to various applications, including, among others,

Figure 14. PVD based controlled self-assembly for large scale plasmonic nanostructures. (a) In the Volmer−Weber growth mode, the size of
nanoislands can be controlled by adjusting pressure, temperature, and material properties. (b) Integration of plasmonic nanostructures with
liquid crystals can yield high-resolution, low power reflective displays capable of programmable video and image output.545 Adapted with
permission under a Creative Common CC BY License from ref 545. Copyright 2020 National Academy of Science. (c) Production of
plasmonic nanostructures in transferrable flakes yields paints applicable to any surface, providing a versatile solution for large-scale
applications.548 Adapted with permission from ref 548. Copyright 2023 AAAS. (d) Hybridization of plasmonic nanostructures with active
polymers enables self-powered sensing capabilities accessible via a smartphone application.551 Adapted with permission from ref 551.
Copyright 2023 Wiley-VCH.
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Figure 15. DNA origami for precise nanopatterning. (a) Schematic illustration of the DNA origami fabrication process. Typically, a DNA
origami structure (here a triangle259) is designed �� ��	�
�,619,620 then its relaxed configuration can be simulated with software (here
oxView,621 various other packages are available622). After folding in buffer containing MgCl2, the object can be characterized by liquid mode
AFM or other means like TEM or SEM (b−g) DNA origami shape transfer into inorganics materials. (b) Fabrication of hybrid DNA-SiO2
nanostructures by silicification of DNA through mixing DNA framework with prehydrolyzed tetraethylorthosilicate (TEOS).591 Adapted
with permission from ref 591. Copyright 2018, Springer Nature. (c) Fabrication of hybrid DNA-gold nanostructures by site-selective
metallization of DNA origami.594 The panel shows force−distance AFM image (FD-AFM). Adapted with permission under a Creative
Common CC BY License from ref 594. Copyright 2019 Springer Nature. (d) Fabrication of hybrid DNA-SiO2−Al2O3 lattices by silicification
and via vapor infiltration technique.593 The panel shows TEM cross-sectional high-angle annular dark-field (HAADF) imaging and energy
dispersive spectrometry (EDS)map of SiO2 (blue) coated with Al2O3 (purple). Adapted with permission from ref 593. Copyright 2024
AAAS. (e) Fabrication of Si nanostructures using DNA origami as the etch mask.600 Adapted with permission from ref 600. Copyright 2020
ACS. (f) Fabrication of Au nanostructures using DNA origami as the deposition mask.598 Adapted with permission under a Creative
Common CC BY License from ref 598. Copyright 2018 AAAS. (g) Fabrication of SiO2 nanostructures using metallized DNA origami as the
etch mask.602 Adapted with permission from ref 602. Copyright 2013 Springer Nature. (h), (i) Directed-assembly of DNA nanostructures
into lithography patterns. (h) AFM image of assembled DNA triangles on SiO2.

604 Adapted with permission from ref 604. Copyright 2009
Springer Nature. (i) SEM image of assembly of hybrid gold nanoparticles-SiO2-DNA nanostructures on SiO2.

606 Adapted with permission
from ref 606. Copyright 2023 Springer Nature. (j), (k) DNA origami-programmed optical devices. (j) AFM of DNA origami triangles used to
position fluorophores within lithographically patterned photonic crystal cavities (PCCs).611 AFM and schematics show one or seven origami
placed in distinct antinodes of a single PCC. Adapted with permission from ref 611. Copyright 2016 Springer Nature. (k) Van Gogh’s The
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Figure 16. Single-standed tile self-assembly. (a) SST technique for the creation of 2D and 3D DNA nanostructures with complex
shapes.624−626 Adapted with permission from ref 625. Copyright 2012 Springer Nature. Adapted with permission from ref 624. Copyright
2012 AAAS. Adapted with permission from ref 626. Copyright 2017 Springer Nature. (b) Large-scale and low-defect DNA brick crystals with
prescribed depths.627,632 Adapted with permission from ref 627. Copyright 2014 Springer Nature. Adapted with permission under a Creative
Common CC BY License from ref 632. Copyright 2021 Springer Nature. (c) DNA structures as etching masks.226,601,603,633 Adapted with
permission under a Creative Common CC BY License from ref 226. Copyright 2021 Springer Nature. Adapted with permission from ref 603.
Copyright 2013 Springer Nature. Adapted with permission from ref 601. Copyright 2011 ACS. Adapted with permission from ref 633.
Copyright 2013 ACS. (d) DNA structures as material pegboards.627,634,636 Adapted with permission from ref 627. Copyright 2014 Springer
Nature. Adapted with permission from ref 636. Copyright 2020 AAAS. Adapted with permission from ref 634. Copyright 2020 AAAS.
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DNA structures, thereby creating a hard mask for etching the
underlying Si substrates.633 The authors first obtained 26 SiO2
letters (A to Z) by using corresponding DNA brick letters as
templates. Following plasma (SF6/O2) etching, the patterns
were transferred onto Si. Subsequently, the SiO2 mask was
removed using hydrofluoric acid (HF). Similarly, Jin et al.
demonstrated the patterning of graphene using metallized
DNA nanolithography.603 After Ar/O2 plasma RIE and mask
removal by sequential soaking in NaCN and formamide, the
spatial information on the metallized DNA structures was
transferred to graphene, yielding user-defined graphene
nanostructures. The metallized DNA mask allowed for
plasmonic enhanced Raman spectroscopy of the underlying
graphene, providing information on defects, doping and lattice
symmetry. However, it is worth noting that both the CVD

oxide growth and metallization steps inevitably compromised
the high spatial resolution of the DNA templates.
To further enhance fabrication resolution, a one-step pattern

transfer from DNA to an inorganic substrate presents a
straightforward solution. However, the direct use of uncoated
DNA structures as etching masks demands high chemical and
mechanical stability of DNA during etching reactions. To
address this challenge, Surwade et al. introduced a novel
approach, in which DNA modulated the vapor-phase etching
of SiO2 at the single-molecule level, facilitating a direct pattern
transfer from DNA to SiO2.

601 The presence of DNA
influenced the adsorption of water molecules around it. The
disparity between the concentrations of surface-absorbed water
on the clean SiO2 surface and the SiO2 beneath the DNA was
affected by various factors, including the relative humidity of
the environment and the substrate temperature. By adjusting

Figure 17. Plasmonic nanostructure arrays and assemblies fabricated via nanolithography for photonic applications. (a) Schematics of
nanolithographic techniques; from top to bottom: photolithography, electron-beam lithography, nanoparticle self-assembly, template-
confined assembly. (b) Ordered Au nanoparticle array made by photolithography.712 Adapted with permission from ref 712. Copyright 2017
Springer Nature. (c) Array of stacked Au nanobars fashioned by electron-beam lithography.452 Adapted with permission from ref 452.
Copyright 2010 ACS. (d) 3D assembly of Au nanoparticles in photolithographically patterend well.675 Adapted with permission from ref
675. Copyright 2023 ACS. (e) Plasmon-induced transparency and absorption at different coupling strength.686 Adapted with permission
from ref 686. Copyright 2015 ELSEVIER. (f) Ultrahigh refractive index in plasmonic nanoparticle arraysr.671 Adapted with permission from
ref 671. Copyright 2020 ACS. (g) Tunable plasmon lattice resonance in an Au nanoparticle array.700 Adapted with permission under a
Creative Common CC BY License from ref 700. Copyright 2015 Springer Nature.
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VOCABULARY
Electron beam lithography: A high-resolution nano-
fabrication technique that uses a focused beam of electrons
to directly write patterns on a substrate coated with an
electron-sensitive resist.
Focused ion beam: A precise fabrication method that
employs a focused beam of ions to etch, mill, or deposit
materials at the nanoscale for patterning or structural
modifications.
Two-photon lithography: A 3D nanofabrication technique
that uses nonlinear two-photon absorption to polymerize a
photoresist at the focal point of a laser beam, enabling
complex structures at the nanoscale.
Nanoimprint: A lithographic method that mechanically
presses a patterned stamp into a resist layer to transfer
nanoscale patterns onto a substrate.
Self-assembly: A spontaneous process where molecules or
nanoparticles organize into ordered structures driven by
intermolecular forces and thermodynamics.
Colloidal lithography: A patterning technique that uses
colloidal particles as masks or templates to create
nanostructures through deposition or etching processes.
Photolithography: A widely used lithographic process that
employs light to transfer geometric patterns from a
photomask to a light-sensitive resist on a substrate.
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Prangsma, J. C.; Wu, X.; Feichtner, T.; Ziegler, J.; Weinmann, P.;
Kamp, M.; Forchel, A.; Biagioni, P.; Sennhauser, U.; Hecht, B.
Atomically Flat Single-Crystalline Gold Nanostructures for Plasmonic
Nanocircuitry. Nat. Commun. 2010, 1, 150.
(172) Davis, T. J.; Janoschka, D.; Dreher, P.; Frank, B.; Meyer zu
Heringdorf, F.-J.; Giessen, H. Ultrafast Vector Imaging of Plasmonic
Skyrmion Dynamics with Deep Subwavelength Resolution. Science
2020, 368 (6489), eaba6415.
(173) Heath, J.; Taylor, N. Focused Ion Beam Nanofabrication; John
Wiley & Sons Ltd, Chichester, 2015.
(174) Farahani, J. N.; Eisler, H.-J.; Pohl, D. W.; Pavius, M.;
Flückiger, P.; Gasser, P.; Hecht, B. Bow-Tie Optical Antenna Probes
for Single-Emitter Scanning near-Field Optical Microscopy. Nano-
technology 2007, 18 (12), 125506.
(175) Ropers, C.; Neacsu, C. C.; Elsaesser, T.; Albrechty, M.;
Raschke, M. B.; Lienau, C. Grating-Coupling of Surface Plasmons
onto Metallic Tips: A Nanoconfined Light Source. Nano Lett. 2007, 7
(9), 2784−2788.
(176) Li, J.; MacDonald, K. F.; Zheludev, N. I. Optical Control of
Nanomechanical Brownian Motion Eigenfrequencies in Metamate-
rials. Nano Lett. 2022, 22 (11), 4301−4306.

(177) Karvounis, A.; Gholipour, B.; MacDonald, K. F.; Zheludev, N.
I. Giant Electro-Optical Effect through Electrostriction in a Nano-
mechanical Metamaterial. Adv. Mater. 2019, 31 (1), 1804801.
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Muñoz, S.; Hon, P. W. C.; Faraon, A. 3D-Patterned Inverse-Designed
Mid-Infrared Metaoptics. Nat. Commun. 2023, 14, 2768.
(289) Dinc, N. U.; Lim, J.; Kakkava, E.; Moser, C.; Psaltis, D.
Computer Generated Optical Volume Elements by Additive
Manufacturing. Nanophotonics 2020, 9 (13), 4173−4181.
(290) Hadibrata, W.; Wei, H.; Krishnaswamy, S.; Aydin, K. Inverse
Design and 3D Printing of a Metalens on an Optical Fiber Tip for
Direct Laser Lithography. Nano Lett. 2021, 21 (6), 2422−2428.
(291) Gissibl, T.; Thiele, S.; Herkommer, A.; Giessen, H. Two-
Photon Direct Laser Writing of Ultracompact Multi-Lens Objectives.
Nat. Photonics 2016, 10 (8), 554−560.
(292) Balli, F.; Sultan, M.; Lami, S. K.; Hastings, J. T. A Hybrid
Achromatic Metalens. Nat. Commun. 2020, 11, 3892.
(293) Liang, H.; Lin, Q.; Xie, X.; Sun, Q.; Wang, Y.; Zhou, L.; Liu,
L.; Yu, X.; Zhou, J.; Krauss, T. F.; Li, J. Ultrahigh Numerical Aperture
Metalens at Visible Wavelengths. Nano Lett. 2018, 18 (7), 4460−
4466.
(294) Dinc, N. U.; Psaltis, D.; Brunner, D. Optical neural networks:
The 3D connection. Photoniques 2020, 104, 34−38.
(295) McMahon, P. L. The Physics of Optical Computing. Nat. Rev.
Phys. 2023, 5 (12), 717−734.
(296) Grabulosa, A.; Moughames, J.; Porte, X.; Kadic, M.; Brunner,
D. Additive 3D Photonic Integration That Is CMOS Compatible.
Nanotechnology 2023, 34 (32), 322002.

(297) Goi, E.; Schoenhardt, S.; Gu, M. Direct Retrieval of Zernike-
Based Pupil Functions Using Integrated Diffractive Deep Neural
Networks. Nat. Commun. 2022, 13, 7531.
(298) Bürger, J.; Kim, J.; Jang, B.; Gargiulo, J.; Schmidt, M. A.;
Maier, S. A. Ultrahigh-Aspect-Ratio Light Cages: Fabrication Limits
and Tolerances of Free-Standing 3D Nanoprinted Waveguides. Opt.
Mater. Express 2021, 11 (4), 1046−1057.
(299) Bürger, J.; Schalles, V.; Kim, J.; Jang, B.; Zeisberger, M.;
Gargiulo, J.; de S. Menezes, L.; Schmidt, M. A.; Maier, S. A. 3D-
Nanoprinted Antiresonant Hollow-Core Microgap Waveguide: An
on-Chip Platform for Integrated Photonic Devices and Sensors. ACS
Photonics 2022, 9 (9), 3012−3024.
(300) Kim, J.; Bürger, J.; Jang, B.; Zeisberger, M.; Gargiulo, J.;
Menezes, L. de S.; Maier, S. A.; Schmidt, M. A. 3D-Nanoprinted on-
Chip Antiresonant Waveguide with Hollow Core and Microgaps for
Integrated Optofluidic Spectroscopy. Opt. Express 2023, 31 (2),
2833−2845.
(301) Bürger, J.; Kim, J.; Weiss, T.; Maier, S. A.; Schmidt, M. A. On-
Chip Twisted Hollow-Core Light Cages: Enhancing Planar Photonics
with 3D Nanoprinting. arXiv, 2024, 2409.07602. DOI: 10.48550/
arXiv.2409.07602 (accessed Sep 11, 2025).
(302) Roth, P.; Chen, Y.; Günendi, M. C.; Beravat, R.; Edavalath, N.
N.; Frosz, M. H.; Ahmed, G.; Wong, G. K. L.; Russell, P. S. J. Strong
Circular Dichroism for the HE11 Mode in Twisted Single-Ring
Hollow-Core Photonic Crystal Fiber. Optica 2018, 5 (10), 1315−
1321.
(303) Fendler, C.; Denker, C.; Harberts, J.; Bayat, P.; Zierold, R.;
Loers, G.; Münzenberg, M.; Blick, R. H. Microscaffolds by Direct
Laser Writing for Neurite Guidance Leading to Tailor-Made
Neuronal Networks. Adv. Biosys. 2019, 3 (5), 1800329.
(304) Jayne, R. K.; Karakan, M. Ç.; Zhang, K.; Pierce, N.; Michas,
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J.; Martynenko, I. V.; Rührmair, U.; Posnjak, G.; Liedl, T. Self-
Assembled Physical Unclonable Function Labels Based on Plasmonic
Coupling. arXiv, 2023, 2310.19587. (accessed Oct. 30, 2023).
(611) Gopinath, A.; Miyazono, E.; Faraon, A.; Rothemund, P. W. K.
Engineering and Mapping Nanocavity Emission via Precision
Placement of DNA Origami. Nature 2016, 535 (7612), 401−405.
(612) Gopinath, A.; Thachuk, C.; Mitskovets, A.; Atwater, H. A.;
Kirkpatrick, D.; Rothemund, P. W. K. Absolute and Arbitrary
Orientation of Single-Molecule Shapes. Science 2021, 371 (6531),
eabd6179.
(613) Pibiri, E.; Holzmeister, P.; Lalkens, B.; Acuna, G. P.;
Tinnefeld, P. Single-Molecule Positioning in Zeromode Waveguides
by DNA Origami Nanoadapters. Nano Lett. 2014, 14 (6), 3499−
3503.
(614) Hung, A. M.; Micheel, C. M.; Bozano, L. D.; Osterbur, L. W.;
Wallraff, G. M.; Cha, J. N. Large-Area Spatially Ordered Arrays of
Gold Nanoparticles Directed by Lithographically Confined DNA
Origami. Nat. Nanotechnol. 2010, 5 (2), 121−126.
(615) Huang, D.; Freeley, M.; Palma, M. DNA-Mediated Patterning
of Single Quantum Dot Nanoarrays: A Reusable Platform for Single-
Molecule Control. Sci. Rep. 2017, 7 (1), 45591.
(616) Siegel, N.; Hasebe, H.; Chiarelli, G.; Garoli, D.; Sugimoto, H.;
Fujii, M.; Acuna, G. P.; Kołątaj, K. Universal Click-Chemistry
Approach for the DNA Functionalization of Nanoparticles. J. Am.
Chem. Soc. 2024, 146 (25), 17250−17260.
(617) Wang, Y.; Yu, Z.; Smith, C. S.; Caneva, S. Site-Specific
Integration of Hexagonal Boron Nitride Quantum Emitters on 2D
DNA Origami Nanopores. Nano Lett. 2024, 24 (28), 8510−5817.
(618) Yesi̧lyurt, A. T. M.; Sanz-Paz, M.; Zhu, F.; Wu, X.; Sunil, K. S.;
Acuna, G. P.; Huang, J.-S. Unidirectional Meta-Emitters Based on the
Kerker Condition Assembled by DNA Origami. ACS Nano 2023, 17
(19), 19189−19196.
(619) Douglas, S. M.; Marblestone, A. H.; Teerapittayanon, S.;
Vazquez, A.; Church, G. M.; Shih, W. M. Rapid Prototyping of 3D
DNA-Origami Shapes with caDNAno. Nucleic Acids Res. 2009, 37
(15), 5001−5006.
(620) Kim, D.-N.; Kilchherr, F.; Dietz, H.; Bathe, M. Quantitative
Prediction of 3D Solution Shape and Flexibility of Nucleic Acid
Nanostructures. Nucleic Acids Res. 2012, 40 (7), 2862−2868.
(621) Poppleton, E.; Romero, R.; Mallya, A.; Rovigatti, L.; Šulc, P.
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