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Abstract

®

CrossMark

Sub-wavelength nanostructure lattices provide versatile platforms for light control and the basis
for various novel phenomena and applications in physics, material science, chemistry, biology,
and energy. The thriving study of nanostructure lattices is building on the remarkable progress

of nanofabrication techniques, especially for the possibility of fabricating larger-area patterns
while achieving higher-quality lattices, complex shapes, and hybrid materials units. In this
review, we present a comprehensive review of techniques for large-area fabrication of optical
nanostructure arrays, encompassing direct writing, self-assembly, controllable deposition, and
nanoimprint/print methods. Furthermore, a particular focus is made on the recent improvement
of unit accuracy and diversity, leading to integrated and multifunctional structures for devices

and applications.

Keywords: nanofabrication, nanostructure lattices, hybrid material structures, metasurfaces,

large-area fabrication

1. Introduction

Optical nanostructure lattices are periodically arranged sub-

wavelength units that can possess artificial optical properties
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such as negative refractive index and negative magnetic
permeability [1-3]. The propagation features of light, includ-
ing intensity, polarization, frequency, and phase, can be
manipulated by designing the size, shape, orientation, or
arrangement of units in these nanostructure lattices. The
versatile light control through nanostructure lattices has
significantly boosted developments of optical applications,
such as optical sensing, enhancing photocatalysis, photode-
tection, lasing, etc [4-12]. Moreover, integration of nano-
structures with other optical materials, such as phase-
change materials, biomolecules, metal-organic frameworks
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(MOFs), two-dimensional (2D) materials, and perovskites,
has dramatically enabled studies in light-matter interactions,
showing great promise to the next generation of nanophotonic
devices.

The bloom of the study on nanostructure lattices is build-
ing on the development of nanofabrication techniques, in
which pattern generation, material deposition, etching, lift-off,
and other pre- or post-treatment steps are usually included.
Pattern generation can be summarized into two categories:
top-down methods and bottom-up methods, according to
the pattern directly given by artificially controlled beams or
self-assembled/synthesized units, respectively. For top-down
methods, direct writing techniques such as electron beam
lithography (EBL), focus-ion beam lithography (FIB), and dir-
ect laser writing (DLW) can meet the requirement of high
resolution and arbitrary patterning, allowing subtle tuning in
nanostructures [13, 14]. Because of the compatibility with
complementary metal oxide semiconductor (CMOS) fabrica-
tion, those writing methods are well-tested platforms for the
validation of new designs and theories of nanostructure lat-
tices. However, the low throughput and high cost are the main
obstacles to the direct writing methods. From these direct
writing approaches, further methods such as projection pho-
tolithography (including deep ultraviolet (DUV) and extreme
ultraviolet (EUV) in the commercial CMOS fabrication) and
interference lithography, are particularly developed to meet
the requirement of large-area fabrication. For the bottom-up
methods, self-assembly nanostructures allow the fabrication
of large-scale lattices at low cost. The arrangement or bond-
ing between self-assembled elements, such as colloidal nano-
particles, block copolymers, and DNA-origami, can form peri-
odical nanostructures and patterns, thus being used for large-
area fabrication as masks or selective sites. Another classifica-
tion of bottom-up methods is controllable deposition, in which
the growth process of the material can be artificially controlled
by electromagnetic fields, masks, or chemical means. This
type of one-step approach combining pattern generation and
material deposition has received increasing attention in recent
years due to its pattern flexibility, 3D printing capability, and
low cost. Further, patterns generated either via direct writing
or via self-assembled methods can be replicated and trans-
ferred to target substrates through imprinting or printing pro-
cesses which can be operated at the macro level with nano-
meter resolutions.

The nanofabrication of nanostructure lattices is a balance
between unit precision and pattern area while current meth-
ods are challenging to meet precision and efficiency simul-
taneously. Direct writing methods are more often used only
for small-area prototype validation due to write speed limit-
ations. Moreover, self-assembly methods are well-developed
for nanostructure lattices but are still limited in the diversity
of shapes and components of units. Efforts are made to pro-
pose sophisticated shapes beyond basic geometries, such as
chiral, layered, core-shell, or mixed structures. Further, pat-
terns fabricated through transfer methods are rigorously lim-
ited to the template written with lithography processes. There
is great interest in using sophisticated process designs to obtain
different nanostructures from a single template. Importantly,

integration between nanostructure lattices and new mater-
ial systems is emerging as promising platforms for novel
photonic applications. Further possibilities for high perform-
ance, biocompatible, and dynamic lattices are also expected.
The schematics of typical nanofabrication processes to gener-
ate diverse nanostructure lattices are summarized in figure 1.
Here, we present a comprehensive review of nanofabrica-
tion for nanostructure lattices. The main text is divided into
two parts based on the two key aspects of the fabrication pro-
cess: pattern generation and structural unit formation. Direct
writing, self-assembly, controllable deposition, and nanoim-
printing methods are introduced for lattice fabrication. Further,
we highlight the fabrication and modification of structural
units with complexity and hybrid structures. The summary and
the prospects of lattice nanofabrication are provided at the end.

2. Top-down lithography

Top-down methods have a high degree of freedom in pattern
design at the expense of fabrication times. Direct writing meth-
ods can write arbitrary 2D nanopatterns, but the reliance on a
pixel-by-pixel exposure process greatly limits the size of gen-
erated arrays. Recent research efforts have focused on how to
expand the area of direct writing to bring an improved balance
between speed and precision in fabrication processes.

2.1. Direct writing techniques

Various types of beams or probes, such as nano-tips, electrons,
focused ions, photons, and even atoms, are utilized for direct
writing processes [15], while the target write layer could be a
sensitive resist or planar thin films. Most writing lithography
involves the utilization of beams to modify the local solubility
of resist, enabling the formation of patterns that can serve as
masks for subsequent etching or deposition processes [16, 17].
Moreover, by directly ablating, etching, or milling the mater-
ial, or using the beams as a guidance of deposition, nanostruc-
ture lattices can be fabricated in a single step without the need
for a photoresist. Direct writing techniques are mostly limited
to 2D patterns with the same height, while 3D patterns have
also been demonstrated. Direct writing methods are mask-
free but low-throughput, that are usually employed to prepare
micrometer-scale devices for proof of concepts. Fundamentals
of direct writing have been extensively reviewed in previ-
ous works [14, 18-22]. In this section, we will provide a
summary of the key concepts and features of these meth-
ods. The schematics of direct writing methods are shown
in figures 2(a) and (b).

2.1.1. Electron beam lithography. Electron beam litho-
graphy (EBL) employs focused electron beams to generate
patterns by changing the local solubility of the photoresist to
the developer. EBL is widely used because of its nanometer-
scale spatial resolution, relatively fast exposure, less damage
to the substrate, and the ability to produce arbitrary patterns
(figure 2(c)) or 3D structure (figure 2(d)). Compared to UV
light, the electron beam can exhibit higher resolution due to its
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Figure 1. The overview of nanofabrication techniques for nanostructure lattices. Direct writing lithography and self-assembly, and pattern
transfer methods for lattices fabrication. Nanostructural fabrication toward accuracy improvement, well-defined shapes, and hybrid
structures. Diverse shapes and compositions of units are shown in the bottom schematic, including the round disk, multi-layered structure,
arbitrary geometry, core-shell structure, and multi-material unit from left to right.

(a) Direct writing on resist (laser, e-beam) (b) Direct writing on substrate (laser, ion-beam, probe)
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Figure 2. Direct writing methods for metasurfaces and nanostructures. (a) Schematic of typical direct writing methods applied on the resist.
Patterns on the resist can be redirected onto the substrate by subsequent etching and deposition. (b) Schematic of typical direct writing
methods applied on the substrate by direct etching/milling or assisted deposition. (¢) A grid formed in ZnO with sub-10 nm resolution
achieved by EBL. Reprinted from [23], Copyright © 2018 Elsevier Inc. All rights reserved. (d) 3D scaffold fabricated by two-photon
polymerization writing. Reprinted from [24], Copyright © 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. (e)
SEM image of nano-cubes fabricated by focused electron beam-induced deposition. The stem diameter (cylindrical), stem length, edge
diameter (roughly elliptical), and edge length are 119 nm, 90 nm, 94/75 nm and 340 nm, respectively. The process of assisted deposition is
attached in the inset. Reproduced from [25]. CC BY 4.0. (f) Scanning tunneling microscope image of the fabricated atomic pattern through
hydrogen lithography. Reproduced from [26]. CC BY 4.0.
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smaller wavelength. The injected electrons scatter and nonlin-
ear processes in the resist are the main causes that prevent the
pattern resolution from reaching its theoretical limit (~1 nm).
A common EBL system with a single beam has a writing
speed range of 0.000 1-1.0 cm?-s~! [27, 28]. For large-area
nanostructure lattices with relatively low-resolution needs, fast
exposure can be attained by increasing the current of exposure
and using resist with high electron sensitivity, but still far from
high-throughput requirement in mass production.

2.12. Focused-ion beam lithography. The focused-ion
beam (FIB) method uses a beam of focused ions such as Ga
and He ions to generate nanostructures and patterns. Ga is
the most used ion beam source, while He ions have been
developed with higher resolution, lower secondary electrons
yield, and longer focus depth [29-31]. Due to the high accur-
acy and the ability to operate on the materials directly, FIB can
be used as a tool for not only pattern generation but also pat-
tern adjustment in a nanoscale area. The relationship between
ion energy and the etching ability of common semiconductors
has been summarized in a previous work [18]. Further, FIB
can direct print 3D nanostructure with the feature size down
to the order of 100 nm by a laser-assisted approach or post-
growth purification [32-34], as shown in figure 2(e). In addi-
tion, the emitted ions can apply stress to the fabricated nano-
structures, leading to a directional bending or folding in the
nanoscale [35, 36].

2.1.3. Scanning probe lithography. =~ The scanning probe
lithography (SPL) (or dip-pen nanolithography, DPN) util-
izes a micro-probe (Si with metal coatings [20, 37] or car-
bon nanotubes [38], etc) to scratch out the pattern in res-
ist/material or guide the alignment of nanoparticles by heat-
ing and evaporation. Most SPL operates with probes shared
from atomic force microscopy (AFM), scanning tunneling
microscopy (STM), or near-field scanning optical microscopy
(NSOM) [39-45]. The extreme resolution of SPL is relat-
ively high compared with other writing methods, for example,
hydrogen lithography, the removal of hydrogen atoms (depas-
sivation) on hydrogen-passivated silicon surfaces based on
STM with sharpened polycrystalline tungsten wire, can even
reach atomic levels (figure 2(f)) [26, 37, 46, 47]. However,
the aspect ratio of patterns is low because only shallow
scratches can be achieved [48]. SPLs using mechanical stress
of the probe can write at the speed of micrometer per second,
while the thermal effect from tip heating can significantly
increase the writing speed to the millimeter level, as called
thermal scanning probe lithography (tSPL). However, the writ-
ing speed is limited to the fabrication of large-area lattices by
the thermal reaction kinetics of materials and the mechanical
movement speed of the probe.

2.14. Laser lithography. Direct laser writing (DLW)
involves the utilization of lasers to modify the local solu-
bility of the photoresist. Further, the laser fluence can ablate
the substrate directly, be controlled to affect crystallization
or ablation with different thresholds or facilitate controlled

dewetting leading to the formation of nanoparticles [49-52].
With the development of laser technology, light sources with
different characteristics offer a wide range of possibilities to
enhance laser direct writing, such as improving ablation qual-
ity by means of femtosecond lasers through reduced exposure
time, or achieving 3D printing by means of a two-photon
polymerization lithography (TPL) [53-56]. Because the poly-
merization induced by two-photon absorption is a nonlinear
absorption and in-volume process rather than a surface effect,
a highly focused laser spatial point instead of a beam can be
created for 3D writing with high resolution.

2.2. Large-area direct writing

Optimization of parameters can balance yield and precision
within a certain range, however, direct writing sequentially at
the micro-/nanometer scales falls short of meeting the require-
ment of the centimeter or even wafer scales in practical fabric-
ation. To improve the writing efficiency, incorporating addi-
tional parallel beam sources or probes [57-59] and using
high power ultra-fast lasers with a high precision displace-
ment stage are intuitive and technically possible. On the other
hand, the use of CMOS-compatible projection lithography is
also a method for large-scale exposures, but a mask fabricated
through direct writing methods is needed. Furthermore, optical
device design gives great freedom in spatial beam manipu-
lation, and one is thus able to achieve optical beam splitting
and even independent control by means of interference, sur-
face plasmon polaritons (SPP) excitation, and so on. High-
throughput techniques for large-area patterning such as inter-
ference lithography and plasmonic lithography are developed.
The comparison of different direct writing techniques and their
large-area modification methods is summarized in table 1.

2.2.1. Writing with multiple beams or probes. By increasing
the number of parallel beams or probes, it is an intuitive way
to increase the speed of direct writing, especially for nano-
array structures with periodically repeating units (figure 3(a)).
This route was considered a solution for maskless lithography
and is commonly used to increase the writing speed with elec-
tron beams and scanning probes. Parallel electron beam dir-
ect writing with around 1 000 beams was achieved in about
20 years ago [60, 61], however, the development of multi-
electron beam direct writing is slow. In addition to industry
inertia, the main reason is that its speed increase is still difficult
to bring products from the micro-size to the macro large area.
Further, multi probes scanning lithography attracts more atten-
tion in the past decades, and centimeter areas can be achieved
with submicron resolution (figures 3(b) and (c)). Efforts are
specially made to look for more durable probes, or a more
homogeneous method of applying pressure [62—65].

2.2.2. Projection photolithography.  Projection photolitho-
graphy can simultaneously employ multiple writing beams
by beam splitting through a mask rather than adding sources.
This approach involves transferring patterns from a reusable
mask created through direct writing methods to the photoresist
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Table 1. The comparison among the techniques of direct writing techniques.

Name Beam Resolution Advantages Challenges
Direct writing DLW Photons ~100 nm High tunability and Diffraction limits
moderate throughput resolution
EBL Electron <10 nm High resolution and ~ Low throughput
high accuracy
FIB Focused ion ~10 nm High resolution and ~ Slow writing speed,
3D printing material resistance
affects the accuracy
SPL Probe (through Atomic level High resolution, Low throughput,

mechanical force,
tunneling electrons,
and thermal effect)

(mechanical/tunneling);
~10 nm (thermal)

vacuum free, organic
material compatible

poor aspect ratio

Large-area expansion Multiple beams or Electron or probe ~10 nm Mask-free, high Still low
of direct writing probes throughput with throughput with
probes electrons
Projection Electron or photons <10 nm High throughput, Mask required,
reprinting resolution, and high equipment
accuracy cost
Ultrafast laser Photons >20 nm High throughput and  Limited materials
processing 3D printing
Plasmonic High throughput, Mostly periodic
lithography simple mask structures
Interference
lithography
(a) Multiple beams or probes (b) Wafer-scale probes (c) Parallel patterning

Beams

Probes

hidALAE

Resist
Substrate

Development +

(d) Projection reprinting

T Mask

Exposure

[T

esist
Substrate

+Development

Lens

MARRARRARR
AN DDA
nwwwﬂﬂkgm

(e) Wafer-scale patterning (f)

a=0°

a=20°

Figure 3. Writing with multiple beams or probes, and projection reprinting. (a) Schematic of lithography based on multiple beams or
probes. (b) A photograph of an wafer with 11-million-pen array, and the inset shows the polymer tips with average radius (70 4= 10) nm. (c)
Pattern written parallelly through multiprobes. The inset shows the 90 nm resolution captured from a letter ‘e’. (b), (¢c) From [62]. Reprinted
with permission from AAAS. (d) Schematic of projection reprinting. (e) Quasi-BIC metasurfaces fabricated by projection reprinting on a
4-inch wafer with 37 chips. One of the typical pixels in a chip has 100 different units with different structural designs. Reproduced with
permission from [66]. © 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH CC BY-NC-ND 4.0. (f) Schematic of
Moiré nanolithography achieved by mask rotation. The different lattices with different rotated angles (0°—30°) are shown in the SEM
images below. Reprinted with permission from [67]. Copyright (2012) American Chemical Society.
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(figure 3(d)). To improve the resolution, light sources with
short emission wavelengths, such as DUV at 193 nm and
extreme ultraviolet (EUV) at 13.5 nm have been employed
to mitigate subwavelength diffraction effects. The projection
photolithography has been reviewed and widely utilized in
commercial very-large-scale integrated circuits (VLSI) with
over 3 nm accuracy [68-70]. As a representative top-down
process, projection photolithography is a large-area and high-
throughput method, but it still requires high costs and rigid
substrates. As for the optical metasurfaces and nanostruc-
ture lattices, projection photolithography with DUV source
has already enough for wafer-scale patterning (figure 3(e)).
Fabrication of up-to 12-inch metasurfaces with sub-100 nm
features has already been demonstrated [71-75]. The pro-
jection mask also offers an extra degree of freedom to tune
the pattern. For example, a moiré pattern can be fabricated
by multi-exposure with different orientations of the mask as
shown in figure 3(f). In each exposure, the elastomeric mask
was placed into direct contact with the resist to eliminate any
translational effects. Up to 36-fold rotational symmetries were
created, which led to expanded photonic band gaps and broad-
band wave transmittance. Such moiré patterns have the poten-
tial to be used in broadband or omnidirectional absorption
region [67].

2.2.3. Ultrafast laser processing.  Ultrafast laser processing
(ULP) applies picosecond or femtosecond laser pulses to gen-
erate surface deformation by ablating processes. Fast exposure
helps avoid damage from excessive thermal effects and excite
focused nonlinear effects to improve resolution (figure 4(a))
[76, 77]. Specifically, the nonlinear multi-photon absorption
in non-metallic materials shows threshold effects, providing a
route to overcome the diffraction limit. Ultrafast laser expos-
ure with highly precise and fast-moved stage offers ultra-high
speed of writing, high throughput (4 mm? in timescales of
units of minutes) fabrication of nanostructure lattices can be
achieved [78] (figure 4(b)). Two-photon lithography (TPL)
can generate three-dimensional or grey-scale pattern by using
femtosecond laser to tune the chemical bonding between poly-
mers or nanocrystals, leading to mask or direct structures
[79-83]. The tunable phase by height change can shape the
wavefront, boosting the development of diffractive optical ele-
ments to generate optical patterns in the far field [84, 85]. With
the help of spatial light modulators, femtosecond regenerative
amplifiers, and digital holographic techniques, parallel writing
of TPL has also been realized [86, 87]. The writing speed has
also been improved significantly, reaching 54 mm?3-h~! with
90 nm and 141 nm in lateral and axial directions in recent stud-
ies (figure 4(c)) [86].

2.2.4. Plasmonic lithography. ~ Plasmonic lithography is
another method to overcome the diffraction limit of light.
A highly confined electromagnetic field in surface plasmon
polaritons brings a large wave vector along the surface, lead-
ing to a much smaller plasmonic wavelength than incident
light for exposure, and thus achieves resolution improvement
(figure 4(d)) [92]. Moreover, the enhanced light intensity can

be further distributed by structure patterning and polarization
control with a large-area mask or prism, offering selectivity
to the exposure and high-throughput [92, 93]. The pattern pro-
duced by surface plasmon polaritons depends on the near-field
distribution on the nanostructures, therefore the structures on
the mask act as probes or microlens. An effort has been able to
achieve patterning one 12 inch wafer in minutes, which utilizes
a plasmonic lens array containing 16 000 units, while the half-
pitch resolution reaches as high as 22 nm (figure 4(e)) [88]. A
recent study has fabricated sharp-edged nanodot patterns (with
a 3.8 nm standard deviation of the side length, and ~16.6 nm
curvature radius for the 90° angle) through two-photon photo-
chemical reactions of a photoresist, which is induced by plas-
monic near-field light [94]. Another example shows that the
excited polaritons can generate half-periodic ablations adja-
cent to the laser scanning path, leading to the formation of mis-
matched arrays within different depths [89] (figure 4(f)). This
method offers a fast, maskless, and tunable fabrication of self-
aligned nanostructures with no cleanroom condition required.

2.2.5. Interference lithography. Interference lithography is
a process to generate periodic interference fringes through
two or more coherent light sources for exposure, represent-
ing a rapid, mask-free, and large-area fabrication method
(figure 4(g)). Two, three, or four-beam interference can cre-
ate lines, hexagonal symmetry arrays, or rectangular sym-
metry arrays, respectively (figure 4(h)). Besides, the change of
exposure dose can offer a degree of freedom in pattern modi-
fication (figure 4(i)). Interference lithography is suitable for
the generation of arrays with simple unit geometry. Moreover,
computer-aided design can be used to achieve more com-
plex interference patterns in three dimensions for exposure
through the design of independent beam interference or phase
masks, known as holographic lithography [95-100]. In addi-
tion to the optoelectronic properties, the stress properties of
the 3D lattices have recently received more attention, which
advances the application of holographic lithography to large-
area impact-resistant and piezoelectric materials [101-103].
As one of the candidates for wafer-scale fabrication, homo-
geneous distribution of exposure intensity along the entire sub-
strate is required, while the applied interfered laser beams are
usually with Gaussian distribution. A two-step process using
a grayscale-patterned secondary exposure was developed to
compensate for the linewidth difference in large area [104].
As low as 3.2 nm linewidth deviation all over the wafer-scale
can be achieved in a highly uniform nano-grating or painting.

3. Self-assembled structures

The high precision and flexibility of direct writing technology
to write arbitrary patterns is the reason for its wide use in the
fabrication of nanostructure lattices. However, lattices with
simple geometry such as square and hexagonal patterns are
often used from collective electromagnetic oscillations, and
arbitrary patterns are not required. Therefore, self-assembled
particles with adjustable units can achieve fast lattice gen-
eration without need for costly lithography. Self-assembled
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Figure 4. Fast writing by ULP, plasmonic lithography, and interference lithography. (a) Schematic of ultrafast laser processing. The short
pulse of laser is used to avoid excessive ablation, and reduce exposure time. Nonlinear absorption excited by two pulses is used to perform
3D exposure. (b) The direct laser writing method is applied with ultrafast scanned lasers. The macroscopic view and SEM images of written
nanoholes with a 3 pum period [78]. Reprinted with permission from [78]. Copyright (2012) American Chemical Society. (c) Printing
process and results via multi-focus scanning. Complex 3D octahedral truss structures can be printed parallelly. Reproduced from [86].

CC BY 4.0. (d) Schematic of plasmonic lithography, where the excited local field is applied for exposure. (¢) Dumbbell-shaped aperture
arrays and its shape comparison with the excited local near-field. Reproduced with permission from [88]. Copyright © 2011, The Author(s)
CC BY-NC-SA 3.0. (f) The SEM and AFM images show the 2D and 3D morphology of structures. The patterns correspond with the
intensity distribution shown above, which is caused by the laser-excited surface plasmon polaritons. Reprinted with permission from [89].
Copyright (2022) American Chemical Society. (g) Schematic of interference lithography. Arrayed beams are generated by interference for
exposure. (h) Schematics of different grating configurations in interference lithography. SEM images show the ability to expose different
nanostructures with half-pitch (HP) and scale bar marked. Reprinted from [90], Copyright © 2015 Elsevier B.V. All rights reserved. (i) SEM
images show the dose control in the interference lithography to pattern with different periods. Six beams with a 47 phase shift are applied to
generate a Kagome lattice. Reprinted from [91], with the permission of AIP Publishing.

methods are bottom-up approaches that form patterns with
molecules or nanoparticles [105, 106]. Specifically, self-
assembled molecules can grow as bonding sites for units or
forming patterns directly, while patterned nanoparticles can
be used as a mask for further etching and deposition [107].
Nanostructure lattices fabricated through self-assembled
methods find frequent applications in fields with high through-
put requirements, including solar units, photocatalysts, and
biosensing. Moreover, self-assembled molecules such as
DNA origami allow patterning at the nanometer level, which

remains challenging with direct writing methods. This section
provides a summary of bottom-up assembly techniques for
the preparation of nanostructure lattices (table 2).

3.1. Self-assembled nanopatrticles

Colloidal nanospheres in solutions can experience various
interactions to self-assemble on substrate surfaces, forming a
robust mask for deposition, ablation, and etching processes
(figure 5(a)) [108, 109]. By controlling the concentration of
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Table 2. The comparison of different self-assembly techniques.

Methods Source material Accuracy Advantages Challenges
Colloidal lithography Colloidal particles <100 nm Large-area pattern Limited pattern geometry
Block copolymer Block copolymer ~10 nm Suitable for high density of units Rough edge and high defect
density, limited pattern and strict
conditions
DNA-scaffolding DNA origami <10 nm Small features, programmable Complicated process,
DNA for arrangements, 3D environment sensitive
patterning
(@) Self-assembling (b) Arrangement modification (c) Unit modification
Colloidal crystal mask Ag nanoparticles @ Au seeds Au@Ag
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Figure 5. Assembled colloidal/nanosphere to form nanostructure lattices. (a) Schematic of assembly formation of nanopatterns without a
pre-fabricated template. (b) Representative schematics and corresponding AFM images show the ability to change the generated patterns by
changing the arrangement and stacking of nanoparticles. Reprinted with permission from [112]. Copyright © 2001, American Chemical
Society. (¢) SEM images show the morphological modification of assembled unit: different seeds and grown core-shell structures are
fabricated (scale bar: 100 nm). Reprinted with permission from [113]. Copyright (2013) American Chemical Society. (d) Schematic of
assembly formation of nanopatterns with pre-fabricated template. (¢) Schematic shows the filling of nanoparticles in shape-matching
recessed traps. The capillary force drags the receding contact line between the accumulation zone and the substrate, and the AFM image in
the water showing PS-microgel dumbbells in the traps. Reproduced from [114]. CC BY 4.0. (f) SEM images show the location of selective
particle assembly via electrophoretic deposition on the template. The schematic indicates the typical fabrication process including
pre-patterned electrodes and electrophoretic deposition. Reprinted with permission from [115]. Copyright (2015) American Chemical

Society.

nanospheres and deposition conditions, close-packed or loose
monolayers of spheres can be achieved leading to periodic
or non-periodic patterns on substrates (figures 5(b) and (c)).
A common approach for creating well-ordered nanosphere
masks involves their self-assembly at liquid interface followed
by transfer to a solid substrate. Recent studies have shown
that simple self-assembly can be achieved by air-drying nano-
particle solutions, and the choice of particle shapes enables the
creation of asymmetric chiral nanostructures [110]. An oxy-
gen plasma etching step can be then added to reduce the size
of deposited polystyrene nanospheres while retaining their
center-to-center distances [111].

Colloidal lithography has successfully been used to demon-
strate the fabrication of both metal and dielectric nanostruc-
tures on hard or flexible substrates [116—118]. Additionally,
the use of pre-patterned masks and self-assembled nucleation
sites has become common practice to precisely position nano-
particles (figures 5(d) and (e)) [114, 119, 120]. This method
can be considered a combination of particle self-assembly
within a directly written template [121, 122], while the former
provides organized particles and the latter provides accurate
spatial placement in the nanoscale, respectively. Various driv-
ing forces, such as capillary force, dielectrophoresis, optical
tweezers, magnetic fields, and electrophoretic deposition
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(EPD), are employed to provide additional control over the
assembly process (figure 5(f)) [115, 122-124]. Furthermore,
simple dialing of the voltage during the EPD can be employed
to verify the threshold for particle deposition. Colloidal litho-
graphy is widely adopted due to its cost-effectiveness, flexib-
ility, and ease of implementation.

In addition to planar self-assembly nanoparticles, con-
trolled self-assembly of multiple types of nanoparticles layer
by layer can also be accomplished by setting up hierarchical
microenvironments. Specifically, different single-crystalline
metallic submicron polyhedral are synthesized via the polyol
reduction route first, and close-packed dual structures within
different layers are self-assembled through non-equilibrium
distribution of different polyhedral within the droplet. Such
distribution can be created by the dynamic particle trans-
port arising from convective solvent flow during evaporation
[125]. The orientation order can be further modulated during
the interfacial self-assembly process through the orientational
order established by identical facets, or induced model poly-
meric surfactants on the nanoparticle surfaces [126]. The
superiority of this dual-structured supercrystal in terms of sur-
face Raman scattering efficiency is then demonstrated, and
potential applications are mentioned in mimicking natural dual
crystals (such as the skin of a chameleon) or creating other arti-
ficial supercrystals.

3.2. Block copolymer lithography

Block copolymers are molecules composed of multiple dis-
tinct molecular segments that are connected covalently.
These copolymers exhibit the ability to self-assemble into
ordered structures at the molecular scale (figure 6(a)). Binary
block copolymers are commonly used, including polystyrene-
polyisoprene (PS-PI), polystyrene-polybutadiene (PS-PB),
and polystyrene-polymethyl methacrylate (PS-PMMA) [127].
The process of organizing block copolymers into arrays typ-
ically involves spin-coating, thermal or solvent annealing,
and degradation steps, and the modification of the interac-
tion between the copolymer and substrate plays a critical role
[128, 129]. To avoid the influence of substrate during the
assembling, neutral interfaces are preferred [130—132]. Block
copolymer lithography tuned by solvent and annealing has
achieved a fabrication of nano-gratings with the highest res-
olution of ~10 nm using PS-PDMS (figure 6(b)) [133-136].
By exploring new copolymer molecules, reducing their degree
of polymerization, and increasing the degree of mutual incom-
patibility between blocks (i.e. Flory-Huggins factor), the fea-
ture size is expected to move towards 5 nm or even smaller.
Moreover, efforts are made to adjust the pattern by changing
annealing conditions or applying a template with patterned
chemistry on the substrate (figure 6(c)) [128, 137, 138].

3.3. DNA-scaffolding

In the double-stranded helix structure of the deoxyribonucleic
acid (DNA), nucleobases attached to each backbone, namely

sugar and phosphate molecules, exhibit specific selectivity
to pair with their counterparts on the opposite strand. By
precisely engineering and scaffolding DNA through the pro-
grammed staple strand, such as through DNA origami, the nuc-
leobase pairing ability can be harnessed for self-assembling
nanostructure arbitrary patterning (figures 6(d) and (e)) [139,
141-145]. Chemically modified DNA sequences can be linked
to inorganic nanoparticles in solution, leading to the formation
of self-assembled nanostructures (figure 6(f)) [146—150]. This
patterning technique enables the deposition of predefined
binding sites, allowing for precise control of local hydrophili-
city or charge to facilitate selective binding to the designated
origami structures [151]. With a distance of 0.34 nm between
each base pair and a strand diameter of 2 nm, this method
offers promise for high-precision fabrication. Additionally,
the oligonucleotide bonding elements exhibit dynamic inter-
actions with visible light, as they undergo reversible struc-
tural changes in response to physical or chemical stimuli
[140, 152].

4. Controllable deposition

Resist-based nanofabrication methods define patterns on the
resist and enable material selection during the deposition.
Controlled deposition refers to methods that directly control
the material deposition or growth by some means to generate
patterns in one step. This control can be physical, e.g. using a
program-controlled electric field or a reusable physical mask,
where the former can be simply seen as layer-by-layer printing
at the microscopic level. Chemical control, on the other hand,
is founded on controlling charge transfer or gas precipitation
during the material synthesis to spontaneously generate peri-
odic porous structures or templates. These methods are playing
an increasingly important role in the preparation of large-scale
lattice structures.

4.1 Gaseous ions deposition

Functional materials can be grown with periodicity at the
nanometer level by applying appropriate physical and chem-
ical guidance. For example, gaseous ions can be guided by
fields to deposit at a specified location [153—-155] (figure 7).
Gas-phase cluster beams can deposit disordered nanoparticles
directly to from atomic aggregations (figure 7(b)). Differential
pumping-induced expansion is proposed to form a nanocluster
beam as a source with the cluster of magnetron plasma gas,
which is a potential cost-effective light extraction layer for
commercialized LEDs [156]. Multilayers of horizontal elec-
tric fields and periodic circular perforations can guide the dir-
ectional deposition of gaseous ions. Millimeter scale areas can
be printed in tens of minutes [157, 158]. In addition to sub-
micron accuracy, the electric field direct printing can reach
high aspect ratio (figure 7(c)), 3D structures (figure 7(d)), and
hybrid materials structures (figure 7(e)), which shows promise
for diverse lattice preparation.
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Figure 6. Assembled functional molecules to form periodic patterns. (a) Schematic of self -assembly methods based on block copolymer.
(b) SEM images show the fabricated nano lines and particles, reaching the high resolution of 8 nm for lines and 15 nm for disks. From
[133]. Reprinted with permission from AAAS. Reprinted with permission from [134]. Copyright (2010) American Chemical Society. (c)
The plan-view and cross-sectional view of the hole patterns. UV exposure is applied to modify the pattern by time change. Reprinted with
permission from [138]. Copyright (2022) American Chemical Society. (d) Schematic of self-assembly methods based on DNA-scaffolding.
(e) The schematic of folding DNA helices by adding self-combined staple strand. AFM images of the single unit pattern and formed lattice
by DNA folding are shown as well. [139] John Wiley & Sons. Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (f)
Synthesis of oriented superlattices of two- and three-layer NP architectures. DNA-functionalized colloidal NPs are assembled by designing
each layer of NPS to have a terminal DNA sequence complementary to that of the previous layer. From [140]. Reprinted with permission

from AAAS.

4.2. Deposition through nanostencil

Nanostructure lattices can be fabricated through nanostencil
without the need of conventional exposure-development pro-
cess (figure 8(a)). The method relies on direct deposition of
materials through a prepatterned reusable mask up to wafer
scale [159]. Because of the absence of photoresist, the cost of
a complete ventilation system is avoided and the contamina-
tion of substrate can be reduced. The main limitation of nanos-
tencil is the conflict between the high difficulty of fabricating
the stencil and its low durability. Specifically, the continuous
material deposition alters the structural strength and patterned
shape of the stencil itself. To solve this, a centimeter-scale
reusable stencil processing using SiN stencils is proposed as
an etch mask rather than a deposition mask (figure 8(b)) [160].
Moreover, the stencil is too thin and fragile due to the limit-
ations imposed by the nanopatterning process. Existing stud-
ies have enabled the processing of PDMS soft stencils, thus
avoiding the rigid fragmentation (figure 8(c)) [161, 162]. By

synchronizing the substrate motion and material deposition,
dynamic stencil lithography can be achieved. Stencil litho-
graphy has thus become a programmed pattern generation
scheme similar to direct writing technology (figure 8(d)) [163].
In addition, inorganic stencil mask is usually more stable than
photoresist, possessing the possibility to fit different depos-
ition or growth requirements for metals or biological materials
(figure 8(e)) [164, 165].

4.3. Electrochemical growth

Chemically controlled nanostructure fabrication mainly
involves the reduction of metal ions, and the anodization-
driven growth of metal oxide arrays. The inherent self-
organization within the anode facilitates cost-effective, large-
area production with high aspect ratios, making this tech-
nique readily applicable to a variety of transition metal
oxides (figure 9(a)) [166, 167]. Aluminum oxide and titanium
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showing the shape modification of TiO, nanotubes through annealing in different temperatures. [168] John Wiley & Sons. Copyright ©
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representative TEM tilt series for electrodeposited cuprous oxide (dark) grown through the HPI-layer protein (light) along one of two
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TO nanotubes. Reproduced from [175]. CC BY 4.0.

dioxide hole arrays are the most common cases of anodiz-
ation growth, possessing distinct periodic submicron lattice
structures which can be further homogenized and regularized
(figure 9(b)). By adjusting the anodization parameters and sub-
sequent thermal processes, the size, shape, degree of order,
and crystalline phases of the metal oxides can be modified
(figure 9(c)) [168—171]. In addition, electrochemical growth
on the substrate with predefined lattices also allows further
expansion of the morphology of the lattice units, such as
three-dimensional structures [172] and in-plane polystructures
[173] (figure 9(d)). The anodized lattice is usually with porous
units, and if such a surface is used as a substrate for further
material deposition or a second anodizing of a different mater-
ial, more morphological array structures can also be obtained
(figure 9(e)). Although some work has explored the use of
anodization lattices as masters to make more classical lattices
[173, 174], structures prepared by anodization methods are
more often used only to make specialized materials in batter-
ies or biomaterials. This is mainly because the structure and
material are limited to a small number of choices.

5. Nanoimprint/print lithography

Structured molds can be embossed or printed for mass
production of nanostructure arrays, known as nanoimprint
and micro-contact printing. Nanoimprint lithography (NIL)
involves molding and demolding processes to transfer nano-
scale patterns from a topographically structured master. Both
liquid [176, 177] and solid [178—182] states of matters have
been covered by nano molding to generate patterns [183—
185], such as polymers [ 186—190], metallic glasses [191-200],
alloys [201-203] and metals [204-206]. Micro-contact print-
ing is similar to conventional printing, using a PDMS mater-
ial that has undergone surface single-molecule self-assembly
in a thiol-based solvent as both ink and etch mask. These
approaches enable the attainment of both high throughput
and cost-efficient production once the initial master is fabric-
ated. Although the masters are fixed once fabricated, struc-
tural adjustment is allowed through parameters control during
the fabrication processes. According to the different emboss-
ing processes, nanoimprint and print methods can be classified
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Table 3. The comparison of different imprint methods.

Imprint Method Mold Advantages Challenges
Thermal NIL Si, Si0, Si3Ny, SiC  High versatility in High temperature and
materials and size pressure, hard master with
low lifespan
UV-NIL Quartz, SSQ, PDMS  High alignment accuracy Transparent master or

Solvent-assisted methods SANE PDMS

Micro-contact printing

(transparent master for
observation), fast curing,
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Figure 10. Pattern transfer through thermal nanoimprint. (a) Schematic of thermal nanoimprint. Applied force and heating are both
necessary for tight contact between master and resist. (b) Photos and SEM images of large-area nanostructure lattices fabricated using
Thermal NIL. Reprinted from [214], © 2019 Elsevier B.V. All rights reserved. (c) Process steps (from 1 to 5) and the transferred disk
pattern onto a surface with 100 pm-diameter, 50 pm-deep holes. From [215]. Reprinted with permission from AAAS. (d) Direct
nanoimprint onto perovskite films shown on AFM and SEM images. The average roughness of the gratings can reach as small as 4.4 nm.
Reprinted with permission from [216]. Copyright (2023) American Chemical Society. (e) Schematic and corresponding pattern memory
cycle in an acrylate-based polymers. The period and height of the gratings are 834 nm and 179 nm, respectively. [217] John Wiley & Sons.
Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

into three categories: thermal embossing nanoimprint (thermal
NIL), ultraviolet nanoimprint (UV NIL), and solvent-assisted
methods (table 3). Nanoimprint methods can easily reach sub-
20 nm resolution which is far below the diffraction limit of the
typical photolithography [207-210].

5.1 Thermal nanoimprint/print lithography

Nanoimprinting was first proposed with the thermal emboss-
ing method in 1995 [186]. Thermal NIL typically includes a
heating process to soften the coated thermoplastic photores-
ist (usually PMMA) on the substrate, allowing it to be pressed
into a pre-patterned stencil by mechanical force. High pres-
sure is maintained during the subsequent cooling process
(figure 10(a)). Patterns are transferred onto the photoresist
after the release of the master, while the residual photores-
ist can be removed by the reactive ion etching process. In

addition, transferring patterned structures directly between
substrates can also be achieved through similar routes, which
can be referred to as thermal printing or thermal transfer
technology [211-213].

Thermal nanoimprint is simple and highly compatible
with existing materials and semiconductor fabrication [179].
A recent work suggests one of the cheapest resists under
the thermal nanoimprint routes: regular table sugar (sucrose)
[216]. The low thermal transition temperature of sucrose and
solubility in water provides great convenience for molding,
demolding and surface cleaning. Compared to other litho-
graphy routes, it can easily give the flexibility to process
micro- and nanostructures directly on flexible (figure 10(b)),
non-planar (figure 10(c)) or target materials (figure 10(d))
substrates [214-216, 218, 219]. Typical thermal embossing
usually employs hard master to prevent the effects of thermal
expansion and contraction, but hard master is more expensive
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90 nm and 20 nm resolution in grating and array structures [224]. Reprinted with permission from [224]. Copyright (2010) American
Chemical Society. (c) By airbrushing instead of spin coating, the diluted polymer (SSQ) can be coated faster for continues nanoimprint. The
master and printed structures are shown on the left [225]. Reproduced from [225]. CC BY 4.0. (d) Roll-to-roll (R2R) imprinting fabrication

system with a high throughput of up to 3000 mm?-min~

! with fast UV embossing. The applied PDMS mold is shown on the right with the

images of its micropillar arrays. Reprinted with permission from [226]. Copyright (2018) American Chemical Society.

to be prepared and the microstructures are more vulnerable.
On the other hand, such deformation properties of soft master
can be exploited in certain cases to achieve fast shape adjust-
ment of pattern memory (figure 10(e)) [217, 220]. Such meth-
ods provide solutions for programmable scaling of embossing
patterns from one single master.

5.2. UV nanoimprint lithography

The use of UV-sensitive resist instead of thermal resist in
the embossing process effectively avoids damage to the mas-
ter caused by heating and high pressurization, leading to an
extended lifespan for the mold and reduced costs [221]. UV-
NIL photoresists are typically low-viscosity and UV-sensitive
liquid polymers, therefore the mold materials need to be trans-
parent to UV light, such as quartz glass (hard mold) or PDMS
(soft mold). After the mold is pressed into the photoresist, UV
light is irradiated to polymerize and cure the photoresist into
patterns (figure 11(A)) [222, 223].

Photocurable silsesquioxane (SSQ) resins can reach line-
width resolution below 100 nm (figure 11(b)), while pos-
sessing fast curing (seconds level), low shrinkage, no oxy-
gen inhibition, no outgassing, high modulus, easy release,
good coat-ability, and high etch resistance [224]. In addition
to conventional spin coating, a new airbrushing method was
developed for SSQ (figure 11(c)) [225]. The coated resin film
thickness can be readily tunned by the controlling of poly-
mer concentration in solvent and airbrushing time. The use
of soft master, fast UV curing, and resist coating allow for
continuously roll-to-roll embossing equipment designed with
much higher efficiency than hot embossing (figure 11(d)).
Multi-layered nanostructures can be obtained by multiple

imprinting, i.e. by first imprinting a substrate with a pattern
of micron-sized micropores (20 pm), and then imprinting a
PDMS micropillar mold (550 nm in diameter) with this sub-
strate to produce membranes with multi-scale micropores,
which greatly simplifies the fabrication process of hierarchical
porous membranes [226].

5.3. Solvent-assisted methods

Based on the hard master protection or the conformabil-
ity of soft masters requirements, solvent-assisted methods
are developed to reach more gentle embossing or micro-
contact printing. In solvent-assisted nanoimprint emboss-
ing (SANE) technique, the mold is wetted with organic
solvents before contacting the photoresist-coated substrate
[227]. These organic solvents can dissolve (or swell) the
photoresist film on the contact surface to create a local fluid
containing both polymer and solvent to match the mold. The
polymer cures gradually with the evaporation of the solvent
while the mold remains in conformal contact with the sub-
strate. In micro-contact printing, PDMS materials undergo
surface single-molecule self-assembly in alkanethiol-based
solvents and serve as printing inks and etching masks. The
schematics of both methods are shown in figure 10(a). These
methods reduce the cost of mastering and can be implemen-
ted with simple tools without the need for a lot of equipment
such as heating and pressurization, irradiation, vacuum cham-
ber, etc. However, readily achieved resolutions of nanostruc-
tures are lower than those of thermal and UV embossing.
SANE with its fast-embossing process and good pro-
tection of the substrate is used for the rapid preparation
or tuning of some reconfigurable arrays. A single step for
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Reconfiguration schematic and results of metalenses with 4 or 3 focus points in one unit. Reprinted with permission from [228]. Copyright
(2019) American Chemical Society. (c) Up to 100% spacing increment and 50% decrement of period can be achieved by stretching or
heating within a SANE process. Simultaneously, the feature sizes as small as 45% can be controlled from swelling of patterned molds with
different solvents. Reprinted with permission from [229]. Copyright (2019) American Chemical Society. (d) Schematic illustration of the
two-steps micro-contact print. Two different inks are printed on the substrate leading to disks of FITC-BSA surrounded by PEG-silane
(left). Further bonding steps can create Au nanoparticles arrays (right). Reproduced from [231]. CC BY 4.0. (e) Direct molding of
ligand-capped CdSe quantum dots from PDMS replica stamps. The stamp was held at a low angle so as to facilitate smooth draining of the
toluene during drying. Reprinted with permission from [232]. Copyright (2009) American Chemical Society.

erasing and writing the polymer was introduced with a tunable
focusing metasurface (figure 12(b)). This work combines a
three layered metasurface including PDMS metalens, polymer
and nanoparticles arrays, where adjusting the PDMS master
enables rapid reconfigurable switching of imaging focusing
statuses [228]. Further, adjustment of strain, temperature and
solution properties allows a full control of period and struc-
tural size of imprinted arrays without the need for new mas-
ters (figure 12(c)) [229, 230]. Varying the size of the patterned
photoresist can be achieved using different degrees of dissol-
ution of PDMS in various solvents. For example, using the
same mold but using dimethylformamide (S = 1.02, S was
defined as the swelling factor), isopropyl alcohol (S = 1.09),
and dichloromethane (S = 1.22) as solvents resulted in a 22%,
33% and 44% reduction in the size of the patterned features,
respectively. Moreover, the pitch remained almost unchanged
(pitch changes <3 nm in some areas) while the pattern was
intact [229].

Due to the limitations of the ink delivery process, micro-
contact printing cannot achieve as high resolution as SANE for
now, and the choice of ink also limits the application of micro-
contact printing. However, since there is no embossing pro-
cess, microcontact printing provides additional ideas for the
design of structures and preparations. A recent work fabric-
ated a bi-composite micropatterned surface through combin-
ing micro-contact printing and microfluidic vacuum-assisted
degas-driven flow guided patterning (DFGP). Through the per-
meation of the second ink into the free cavity of the PDMS
stamp under negative pressure created by the degassed PDMS,

composite biomolecular arrays had been used to direct cell
adhesion, polarization, or the assembly of metal particles
(figure 12(d)) [231]. Compound quantum dot (QD) solutions
can also be used as printing inks to fabricate QD arrays by
single-step printing (figure 12(e)). In this work, low-angle
stamps were designed to facilitate solution drainage during the
drying process [232].

6. Control of unit structures

Pattern generation methods such as direct writing, self-
assembly, controllable deposition, and nanoimprint, are well-
developed and have been employed for the typical fabrication
of nanostructure lattices. These methods are well established
for fabricating nanolattices composed of basic geometries
but still face limitations. For example, rigid substrates and
specialized equipment required for large-scale writing, pat-
terns generated by self-assembly techniques are limited by
the self-assembled particles themselves, photolithography and
nanoimprinting rely on expensive direct-writing techniques to
create masks, controlled deposition is limited by the depos-
ition properties of the particular material, etc. Recent stud-
ies focus on breaking the inherent limits of traditional tech-
niques to achieve higher resolutions or novel unit features for
unprecedented optical performances of nanostructure lattices.
These explorations can be summarized into three categories:
improving the resolution and aspect ratio of direct writ-
ing techniques, expanding the diversity of unit structures
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Figure 13. Improvement of fabrication accuracy through process optimization. (a) Upper panel: schematic of the lithography system with
patterned pulse laser (QWP: quarter waveplate, HWP: half waveplate, SLM: spatial light modulator). The phase delay does the modulation
through the SLM with patterned quasi-binary phase masks, which comprise two major phase delay values with gradient boundary. Lower
panel: The light intensity and SEM images with or without phase masks are compared, showing the improved resolution from the gradient
intensity boundary. Reproduced from [238]. CC BY 4.0. (b) The fabrication process of the ‘sketch and peel’ method (upper panel). The
following schematics indicate the selective peeling affected by the initial breakage (middle panel). SEM images show the features of the
structures within different steps (lower panel). Reprinted with permission from [245]. Copyright (2016) American Chemical Society.

via self-assembly techniques, and integrating new materi-
als onto plasmonic and dielectric materials to form hybrid
nanostructures.

6.1. Accuracy improvement

While the design of devices exhibits robustness, achieving
defect-free and accurate fabrication with nanometer precision
is crucial to realize a photonic response that closely aligns
with theoretical calculations [233-235]. Several reviews have
focused on the resolution improvement in the fabrication of
integrated circuits [68, 236]. Methods we reviewed here can
be categorized according to the optimized process or material,
including mask, deposition, substrate, and resist.

Precise design of nanoscale masks facilitates the conver-
gence of beams with high intensity at specified locations.
This can be accomplished, for instance, by using plasmonic
lithography with more confined intensity [97] or employing
phase-shift masks that introduce controlled phase differences
to manipulate the focusing of transmitted light [237]. The
interference effects are thus improving the location selectiv-
ity of exposure. In recent research, a novel approach has
been proposed that combines the designed gradient intens-
ity boundaries of phase masks with circular polarization of
the wavefront (figure 13(a)). The pattern information from
quasi-binary phase masks is transferred into the wavefront

and then separated ultrafast laser beam to create periodic
ablated nanostructures. This method leads to a significant
improvement in resolution by effectively mitigating diffrac-
tion and polarization-dependent asymmetric effects during
light propagation [238]. Additionally, proximity effect cor-
rection is a commonly employed strategy to further enhance
resolution in the DLW process [239, 240]. The fundamental
concept involves modifying the projection mask to com-
pensate for errors that arise during the projection from the
mask to the structure. Similar investigations have been con-
ducted in other direct writing techniques, such as EBL [241]
and FIB [242-244].

The deposition process can be optimized with a pre-
exposed resist boundary, achieving improved confinement
of the as-deposited pattern. Such a method is reported as
‘sketch and peel’ lithography based on both EBL and FIB
(figure 13(b)) [241, 245, 246]. The direct writing method is
applied to write the boundary instead of the pattern itself,
providing confinement and selectivity for the following peel-
ing steps while reducing the total writing area. Although the
same bonding between the deposited metal and substrate exists
no matter in and out of the written boundary, the polymer
can selectively peel the metal layer because of the random
initial breakages, while keeping the metal adhesion inside
the boundary. Such selectivity can be modified by bound-
ary design, offering the possibility to peel different materials
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Figure 14. Improvement of fabrication accuracy through material optimization. (a) Upper panel: schematic of anti-reflection coating (ARC)
and comparison between fabricated structures with or without ARC applied. The increased transmission through the resist can improve the
sensitivity of the resist, while the reduced reflection from the substrate can decrease the reaction exposed by the reflection beam. Reprinted
from [252], Copyright © 2011 Elsevier B.V. All rights reserved. Bottom panel: The comparison between the pattern written on muti- and
single crystalline Ag nanoarrays produced on SiO, substrate. The improvement of the resolution was obtained with FIB at the nanoscale.
Reproduced from [257]. CC BY 4.0. (b) Upper panel: schematic of how chemically amplified resist (CAR) works and images of fabricated
lattices and rings structures, scale bars are 10 um. [261] John Wiley & Sons. © 2024 Wiley-VCH GmbH. Bottom panel: Unsymmetric
Zn-mTA is exposed to form nano gratings with 15 nm line-and-space dense using extreme ultraviolet lithography. Reprinted with

permission from [262]. Copyright (2018) American Chemical Society.

in different layers for heterostructure fabrication [247]. The
improved confinement of pattern boundary can uniformly con-
trol the narrowest gaps down to 10 nm in large-area arrays.
Further, according to the author’s claim, hundreds of times
of throughput enhancement can be achieved because only the
boundary needs to be written. Similarly, masks with extremely
sharp patterns are obtained by controlling the falling direc-
tion of the resist mask. Sharp structures with a radius of
curvature of sub-1 nm are thus fabricated, which were tested
in applications such as nanoantennas and surface-enhanced
Raman [248-250].

The improvement of materials contributes to the perform-
ance of substrate and photoresists in lithography, exerting vari-
ous effects on the final products. When the wavelength is
pushed to extreme ultraviolet for high resolution, the expos-
ure has initially suffered from low source energy and thin res-
ist thickness. Higher sensitivity and absorption efficiency in
the resist is thus required [251]. Pre-treatment to a substrate
is applied to optimize the response to the lithography beam
(figure 14(a)) [252]. The top-coated anti-reflection layer can
improve exposure sensitivity by reducing light loss. Moreover,
the bottom coated layer can eliminate the standing wave
effect from the mismatch of the index on both sides of the
resists [253-255]. Another example of an improved substrate

is using a single-crystalline substrate to generate accurate and
ultrasmooth nanostructures using FIB milling [256, 257]. A
continuously expanded material library is also providing pos-
sibilities to improve the sensitivity and absorption of resist
(figure 14(b)). Chemically amplified resists have improved
sensitivity by generating extra catalysts (usually acid) during
the exposure process [258-261]. In addition, inorganic and
metal-organic frameworks (MOFs) have emerged as a prom-
ising alternative to traditional photoresists because of their
smaller building units (1-2 nm) than typical polymer photores-
ists (>3 nm) [251, 262, 263].

6.2. Shape-define methods

Direct writing methods are well-suited for generating planar
arbitrary patterns, but the preparation of three-dimensional and
high aspect ratio units remains challenging. In the case of self-
assembly methods, the shape of the assembled units is lim-
ited by the self-assembled molecules, and tunable unit shapes
are desired. Custom deposition and etching processes, such as
reactive ion etching (RIE)/Inductively coupled plasma etch-
ing (ICP) undercut etching, tilted angles, pre-deposition films,
and annealing, have proven effective in expanding the diversity
of unit shape. Moreover, employing suitable post-processing
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Figure 15. Unit shape definition through selective etching or tilted deposition/ablation. (a) Schematic of fabrication and SEM images of the
hierarchical nanoflowers. Different unit shapes are obtained within different etching time. [265] John Wiley & Sons. © 2019 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (b) Schematic of fabrication and SEM images of under-etch nanodisks for index sensing. The
mushroom shape is controlled by the etching time. Reproduced from [267]. CC BY 4.0. (c) Fabrication schematic and SEM images of
achromatic metalens with different resolutions. A high aspect ratio is achieved by strictly vertical etching. Reproduced from [47].

CC BY 4.0. (d) Fabrication schematics and SEM images of different nanostructure types fabricated by hole mask lithography: cone, disks
pair, and embedded disks. [268] John Wiley & Sons. Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e)
Schematic and SEM images of hetero-oligomers with tunable materials. A reconstructable mask is applied to locate different materials in
one unit together with tilted deposition. Reprinted with permission from [269]. Copyright (2014) American Chemical Society. (f)
Non-periodic nanohooks by custom rotation during the metal deposition through a hole mask. Adapted from [270], Copyright © 2019,
Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer.

techniques enables rapid shape definition, reducing the need
for repetitive and costly lithography processes to fabricate
masks for minor unit shape variations.

6.2.1 Selective etching.  Selective ablation or etching tech-
niques are commonly employed to modify the diameter
of nanoholes or pillars. Gas or solvent etching methods
can selectively modify the components and structures of
masks (figure 15(a)) [264, 265]. Further, etching techniques
which give orientation selectivity are used as a tool for
shaping, enhancing the perpendicularity and smoothness of
the sidewalls of the nano unit [266]. Etching processes
without clear orientation are used to create mushroom-shaped
nanostructures with different selectivity to different layers
(figure 15(b)). Such nanostructures effectively increase the
bioactive surface area in the unit, thus modifying the optical
resonance mode and enhancing its performance in biosensor
devices [267]. Moreover, mask-based vertical etching tech-
niques are well-suited for achieving high aspect-ratio struc-
tures. Recently, top-down etching was employed to achieve
pillar heights exceeding 1.5 pym in a TiO, metasurface with
a 40 nm minimal feature of pattern (figure 15(c)) [47].

18

6.2.2. Tilted deposition and ablation. ~ By controlling the
deposition or ablation angle, integrating different shapes and
materials into one unit is possible. Tilted deposition through
holes in the mask has been used to fabricate arrays of ellipt-
ical NPs, nanocones, and alloy NPs as shown in figure 15(d)
[268], and tilted ablation can create nanopatterns consist-
ing of spots and slits [108]. For example, nano crescent
and rhombohedral arrays have been fabricated with tilted
deposition before the lift-off of colloidal particles [271-
273]. The polarization selective modes and lasing are thus
achieved because of the asymmetric units. By utilizing the
tilted deposition with sphere masks, sharp tips of the struc-
ture can be easily fabricated without high-resolution litho-
graphy, accelerating the lasing buildup process and enhan-
cing stimulated emission. Further, units from binary to tet-
ramers can be created for oligomer sensors by depositing
different materials from different sides (figure 15(e)) [269].
Tilted deposition can also introduce asymmetric units for
chiral or nonlinear optics requiring symmetry breaking [274].
Further, precise control over deposition angle and rotation
can make a nanostructure with ‘comma-like’ nanohook units
for chiral optics [270] (figure 15(f)). Moreover, the utiliz-
ation of tilted deposition is essential for depositing diverse


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Int. J. Extrem. Manuf. 6 (2024) 062004

Topical Review

(a) Direct annealing (b) Applied magnetic field (c) lons bending
P Gallium ions
3 Gold thin-film
E - § « Tensile
-— v
t o FWHM=7 nm
H 2
£ £ 7~ Chemical Assembled
§ % ')"‘“/a /’M pattern array & orientated ¢
< = -
b 1.0} 4nm A Boundaries
3 1 month
5 0.8 / HH G G GO Wiy
2 0.6} G EGEGRG RGOV R MES PRSI EN
o oa 5nm S EGRGEG EGSYRSTRECIESTE SN
l B S5 G5 S GD) ) ) W) O
Wavelength/nm ooty Pl il eyt Tk '
0.2 ' - H S G &S E@ (]
400 600 800 1000 O : > ’)J. TJJ i AN
(d) CVD coverage (e) Local oxidation (f) Local (de)hydrogenation
a - — - T — c
e -‘ ooy Lt 5|2
» ; gl
- . . ol &
= Nano-imprint Si growth Mg, TilPt MgH,, TilPtH ||
qé 5 g
§ £z
£ S
©
L 10 03 1o 03
E 5 0.25 5 0.25
2 £, 02 £, 02
[3) £ 015§ 0.15

-10 -10 -5 0 5

-5 0 5 10 °
ximm xImm

Figure 16. Unit shape definition through physical/chemical post-treatment. (a) Nanoparticles and their collective oscillation before and
after annealing. High quality factors can be obtained with relatively stable performance. Reproduced with permission from [276].© 2020.
Published under the PNAS license. Author own work. (b) Schematic and SEM images of Fe304@SiO; ellipsoid array with magnetic
orientation. Reprinted with permission from [280]. Copyright (2022) American Chemical Society. (c) Upper panel: schematic of residual
stress distribution within a free-standing gold nanofilm under FIB irradiation. Reproduced with permission from [285]. Bottom panel:
plastic deformation of the silver pattern induced ion beams. [286] John Wiley & Sons. © 2023 Wiley-VCH GmbH. (d) Fabrication
schematic and SEM cross-section of the Si-covered TiO, arrays. Reproduced from [287]. CC BY 4.0. (e) The fabrication process of
ring-disks nanopattern from etching and selective oxidation. SEM images with bright local oxidation edge are shown below. Reprinted with
permission from [288]. Copyright (2017) American Chemical Society. (f) Schematic of hydrogenation/dehydrogenation process to the
nanostructure results in a modified amplitude and phase of the scattered field. The reconstruction of dynamic images of the complex
amplitude profile of the realistic arrays. Reproduced from [289]. CC BY 4.0.

materials onto intricate 3D structures, thereby paving the
way for expanded applications in multi-material nanostructure
lattices [275].

6.2.3. Post-fabrication treatments. A wide range of post-
treatment is developed to tune the structural parameters and
optical properties of fabricated nanostructures. For example,
annealing is introduced to generate single-crystal of metal
NPs with dewetting and shape deformation at high temper-
atures to optimize their optical performances (figure 16(a))
[276, 277]. Selective electrostatic modification of NPs allows
the formation of dimeric nanostructures. In this way, the
capillary force and laser exposure are proven to be able to
guide the orientation and patterning during the assembling of
particles with opposite charges [278, 279]. Another approach
involves the use of magnetic interactions to precisely modify
magnetic nano ellipsoids across a large area (figure 16(b)),
facilitating the formation of oriented arrays. Such ability to
control the particle orientation is particularly valuable for
chiral and anisotropic studies [280]. In recent work, the swift
heavy ions are applied to create tracks in parallel align-
ment for subsequent wet etching. A randomly distributed

array of nano-pores pairs with tip-to-tip configuration can be
obtained at the position of the tracks, and a highly localized
field is excited around the tips for enhanced SERS detection
[281]. Moreover, ion irradiation in FIB induces stress in
flat nanostructures to bend or fold them into nano-kirigami
leading to flexible programming of 3D nano metasurface
(figure 16(c)) [35, 282-286].

Chemical reactions offer a means to adjust the surface of
the substrate or nano-unit. In the fabrication of all-dielectric
nanostructure lattices, one approach involves utilizing chem-
ical vapor deposition to grow silicon nanosphere arrays on
pre-printed TiO; arrays (figure 16(d)) [287]. Another effect-
ive method is direct local oxidation, which not only modifies
the structural size but also alters the local refractive index. This
enables rapid adjustment of optical properties without the need
for repeated lithography or deposition processes (figure 16(e))
[288, 290]. In addition to the oxidation, a local reconfigur-
able hydrogenation/dehydrogenation process is employed for
reshaping the nanostructure units. This process has demon-
strated the dynamic modification of hierarchical reaction kin-
etics, achieving the reconstructed image from the reshaping
of the phase profile allowed by the quantified phase relation
(figure 16(f)) [289].
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sulfidation are involved to sulfurize the pre-patterned metallic molybdenum. [305] John Wiley & Sons.© 2020 WILEY-VCH Verlag GmbH

& Co. KGaA, Weinheim.

6.3. Hybrid units

The integration of diverse materials enables the creation
of the hybrid units in nanostructure lattices such as core-
shell, alloy, and layered nanostructures, which can signific-
antly enhance the functionalities of nanostructure lattices.
However, achieving large-area integration of different materi-
als poses a significant challenge because of the diverse growth
strategies required for different materials and precise posi-
tion control. In this section, we review preparation strategies
and applications of nanostructure lattices with hybrid
units.
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6.3.1. Hybrid materials. =~ The pursuit of stability in nano-
structure lattices has driven the frequent use of noble
metals. However, those inert materials are not suitable
for some dynamic and responsive applications. Active ele-
ments are introduced to the nanostructure lattices for cata-
Iytic studies, for example, group X metals (Ni, Pd, and
Pt), [291]. Furthermore, liquid metal together with ordin-
ary microfluidic systems has been applied to build reconfig-
urable nanostructures [292-294]. Mercury (Hg) and toxic-
free eutectic gallium-indium (EGaln) have been proven to
excite dynamic plasmonic interaction at GHz and THz bands
(figure 17(a)). Further studies are expected to be expanded
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to optical wavelength with better microfluidic methods. The
integration of different materials into lattice units can be
achieved through vapor deposition or chemical modification,
resulting in heterodimers and core-shell structures. These
integrated structures exhibit enhancement in optical plasmonic
resonances and catalytic performances [295-298]. For core-
shell units, conformal deposition of the dielectric layers with
atomic thickness control is demonstrated. Such design usually
contributes to the angle insensitivity and extra degree of free-
dom for optimizations, while more than one Mie resonance can
be tuned and surface plasmon can be excited along the edge
between dielectric and metal layers [299-301]. As an example,
metallic tungsten was deposited on a self-assembled dielectric
nano-sphere directly and showed stronger light-matter interac-
tion and broad working wavelength induced by the stereo pro-
file (figure 17(b)) [302]. In addition, the self-assembled poly-
styrene spheres can be used as the core directly, in which situ-
ation the extra lift-off process can be avoided [303].

6.3.2. Selective growth. 2D materials are frequently coated
on metallic nanostructures to excite strong light-matter inter-
action, leading to enhanced absorption, photoluminescence,
and nonlinear optics response. The selective catalytic effects of
metal particles play a crucial role in achieving controlled thin
film growth and fabricating hybrid units consisting of metals
and 2D materials, which has been demonstrated in various
combinations such selectivity including Cu to graphene [277],
Ni to hBN [306], and Pt/Ti to MoS,/WS, (figure 17(c)) [304].
Besides, the site with growth selectivity can also be created
by ablated defects or patterned precursors in the unit [277,
305, 307]. Because metallic precursors allow lower reaction
temperatures than normal CVD for TMD growth, the shape
of metal nanostructures can be maintained to support stronger
plasmonic resonances at particle edges (figure 17(d)).

7. Summary and outlook

In summary, we have compiled a comprehensive overview of
existing techniques and recent achievements in nanofabrica-
tion for nanostructure lattices. The pattern generation meth-
ods are introduced from the perspectives of direct writing
lithography, self-assembly methods and controllable depos-
ition. Furthermore, nanopattern transfer methods with a spe-
cific focus on nanoimprint, are summarized to provide a com-
parative analysis of different embossing methods. In addi-
tion, we focus on the control of unit structures, highlighting
the recent progress in precise and complex structures. These
advancements in nanofabrication have promoted the research
of optical nanostructure lattices toward more predictable prop-
erties and practical applications.

Further, we provide several prospects for future studies
on the fabrication of nanostructure lattices: (1) opportunities
abound in the quest for both low-cost and high-precision fab-
rication of nanostructures, particularly given the continually
expanding material library, including dynamic and flexible
materials. (2) Fabrication of multi-layer and 3D structures has
been relatively limited, which may be due to poor alignment
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of patterned masks or the limitation of high-resolution mater-
ials for 3D nano-printing. Addressing these gaps can unlock
the potential of optical metasurfaces for advanced applica-
tions. (3) Phase-change materials have shown great poten-
tial for dynamic metasurfaces. The realization of diverse and
adaptable dynamic metasurfaces requires efforts for further
sophisticated design and precise fabrication. (4) The applic-
ation of optical nano-structural lattices requires a combination
of various techniques to hybridize materials to enhance their
diverse optical responses. The compatibility among multiple
fabrication techniques still needs to be tested comprehens-
ively in practical applications. With the continuous develop-
ment of fabrication, we expect further studies of nanostructure
lattices will be widely used in both optical devices and func-
tional materials. By utilizing the characteristics and advant-
ages of different fabrication techniques, nanostructure lattices
can work as from large-area metalens for space exploration
and holography to miniaturization applications such as nano-
lasers and on-chip optics. Further, the rising of nanostructures
integration to new materials can expand their applications to
new scenarios, such as medicinal tools and wearable optical
devices.
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