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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 A

various facets of nanofabrication focusing on its application in |7 AR ETL i ’ ‘
nanophotonics. It delves into high-resolution techniques like A ‘

focused ion beam and electron beam lithography, methods for 5 l
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.
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1. INTRODUCTION These technologies have been further developed and can be

Younghwan Yang, Youngsun Jeon, and Junsuk Rho commercialized with high resolution, such as photolithog-
Nanofabrication refers to the process of creating extremely

small structures and devices at the nanoscale.' ™ Over the past Received: August 10, 2024

decades, collaborative research efforts spanning physics, Revised:  February 13, 2025

chemistry, and interdisciplinary domains have led to the Accepted: February 13, 2025

birth of various fabrication methods. As a result, it was possible Published: March 28, 2025

to deposit films using chemical reactions, pattern using

photoreactive polymers, or create high-resolution beams.
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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.”” 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.'®> 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 Si;N, membrane.'”” Panel IV presents the fabrication of hard mask for dry
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Figure 1. continued

etching, via positive resist with liftoff process. Adapted with permission from ref 102. Copyright 2013 ACS. Adapted with permission from
ref 127. Copyright 2014 IOP Publishing. (c) Fabrication of nanophotonic cavities via the negative resist, such as HSQ, with the dry etching
process. The typical photonic materials, such as silicon, TiO,, GaN, are grown or deposited onto the designed substrate. Panel II shows that
this approach is able to fabricate silicon nanostructures with 5 nm gap size for interband plasmonics at ultraviolet (UV) regime.''* Panel III
presents the fabricated silicon nanostructures with dielectric Mie resonance in the visible regime for the full color palette with the high color
saturation.''® Panel IV presents the fabrication process to pattern the hard mask via negative resist via dry etching and subsequently to the
photonic materials. Adapted with permission from ref 112. Copyright 2019 ACS Publication. Adapted with permission from ref 113.
Copyright 2017 ACS. (d) Fabrication of nanophotonic cavities via the negative resist, such as HSQ, with the liftoff process to fabricate the
nanoscale trenches. The fabricated Au nanotrenches have gaps down to 5 nm to show the strong localized plasmon resonance.'”' Adapted
with permission from ref 121. Copyright 2011 ACS. (e) Hybrid nanofabrication method via combining top-down lithography and directed
self-assembly process to fabricate sub-S nm gaps. Via dip coating 8 nm Au nanoparticles (AuNPs) with the oleylamine ligand in hexane
solvent'>* onto the template stripped Au nanotrenches, 2 nm double gaps can be fabricated in a reliable manner as shown in Panel 1."** In
addition, Panel II shows that this approach is able to deposit the functional materials onto it, such as upconversion nanoparticles.'”®
Adapted with permission from ref 123. Copyright 2012 ACS Publication. Adapted with permission from ref 124. Copyright 2015 ACS

Publication. Adapted with permission from ref 126. Copyright 2021 ACS.

raphy, chemical vapor deposition (CVD), and focused ion
beam (FIB). Currently, thanks to cutting-edge nanofabrication,
a variety of nanostructures can be realized and utilized across
numerous fields.

One of the examples is nanophotonics. By controlling
geometrical parameters or types of materials such as
metals,"' ™7 dielectrics,"®™>' and polymers,zz_25 fundamental
optical properties like surface plasmon polariton,”**” phase
delay,”® and resonance®~* can be manipulated. As a result of
light-matter interaction, applications like metalens,®> ™’
metahologram,38_49 and color filters’®™>° can be realized.
Hence, nanofabrication stands as an essential tool in the field
of nanophotonics, facilitating the translation of theoretical
designs into practical applications. Furthermore, nanofabrica-
tion offers potential applications in diverse fields such as
electronics,’ biosciences,s()_63 and beyond. As nano-
fabrication can enrich our lives in various fields, the
development of nanofabrication is necessary. For example, in
nanophotonics, by increasing the resolution and geometric
flexibility through the advancement of nanofabrication,
nanostructures can be controlled in units of several nanome-
ters. This allows us to precisely control the optical properties of
the device. As a result, the optimized free-form structure can be
controlled freely. This can improve the performance of the
device and produce compact devices, which play an important
role in promoting research and application in nanophotonics.
Therefore, nanofabrication is indispensable in the development
of nanophotonics.”* %’

Thus far, in terms of resolution, high-resolution patterning
has been achieved using ArF immersion lithography,”® which
combines a 193 nm wavelength light source with liquid
immersion, and electron beam lithography (EBL)®”’® employ-
ing extremely high-resolution electron beams. In terms of
scalability, large-area nanopatterns have been realized through
nanoimprint lithography (NIL),”' =" which utilizes soft molds
to transfer nanopatterns, and colloidal lithography,”*~”® which
arranges hexagonally closed-packed nanostructures based on
self-assembly. In addition, it has become possible to create
complex shapes through direct laser writing,77’78 which
produces complex shapes using photoresponsive materials
and lasers, or aerosol jets,””* which produces three-dimen-
sional (3D) metal nanostructures using prepatterned sub-
strates. By combining the characteristics of advanced nano-
fabrication, it is possible to overcome existing limitations by
combining the high resolution of EBL and the low-cost and
high throughput of NIL.*"** As in the previous examples,

6—10
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nanofabrication is being developed to increase resolution,
scalability and realizing complex structures while overcoming
existing challenges. However, the desire for a higher level of
performance still requires defect-free finer patterns or more
complex 3D structures. Also, there are numerous issues to be
solved such as scalability, price, and complementary metal-
oxide semiconductor (CMOS) compatibility for commercial-
ization in the growing nano market. The goal of this mega-
review is to highlight various nanofabrication that go beyond
existing limitations in fabricating nanophotonics applications.
Furthermore, insights can be gained from the perspective of
nanofabrication to advance the future.

Herein, we will introduce trends and applications of
nanofabrication. This mega-review first focuses on high-
resolution nanolithography (Sections 2—6, 17—19). Then, we
will continue with nanofabrication which specializes in 3D
complex shapes (Sections 7—12, 20—23) and scalability
(Sections 13—16, 24—29). Finally, we will describe an
overview and applications in terms of compatible materials
(Sections 30—32).

2. HIGH-RESOLUTION ELECTRON BEAM
LITHOGRAPHY

Zhaogang Dong and Joel K. W. Yang

High-resolution electron-beam lithography provides a
versatile and rapid prototyping approach to fabricate the
designed optical cavities in nanophotonics. Due to its ability to
pattern fine details down to few nanometer dimensions, one
can produce photonic structures with varying geometries
corresponding to a myriad of resonant structures, such as
localized §plasmon resonances,” dielectric Mie resonances,®*
anapole,& toroidal resonances,*®®” Fano resonances,*® and
bound-states-in-the-continuum (BIC).*~*!

In electron-beam lithography, a focused beam of electrons
acts as the tip of a “pen” and is electrostatically deflected by
computer control to write patterns in the form of chemical
changes in a suitable resist material. As the electrons are
accelerated to 10s or ~100 kV under high vacuum conditions,
their effective wavelengths are orders of magnitude smaller
than the photons used in photolithography. Hence, the sub-10
nm resolution limit in electron-beam lithography is limited by
aberrations of the electron optics, Coulombic repulsion of
electrons, and electron scattering in the resist, instead of the
wave-nature diffraction limit of the electron.

Figure la presents the research efforts toward pushing the
ultimate fabrication limit, where the focused electron beam size

https://doi.org/10.1021/acsnano.4c10964
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Figure 2. Nanogap lithography. (a) Triple-sharp-tips structure for local excitation of excitons of the WSe2ML. AFM and SEM images of the
bowtie nanoantenna and schematic of the sharply curved WSe2 crystal at the nanogap.'>” Adapted with permission from ref 129. Copyright
2014 Wiley-VCH. (b) Fabrication process and SEM image of nanogap with atomic layer lithography.'*’ Adapted with permission from ref
130. Copyright 2014 Wiley-VCH. (c) Schematic representation of the fabrication of vertically aligned graphene spacers in a Cu-SLG-Cu
composite material and TEM cross-sectional image of two van der Waals gaps. The red curve shows the inverse charge density of the valence
electrons.'*’ Adapted with permission from ref 143. Copyright 2015 American Physical Society. (d) Schematic and SEM images of the
closing mechanism of nano trenches, transmission intensities for various bending radii measured in the visible—NIR, terahertz and
microwave range and modulation of the electrical conductivity.'>' Adapted with permission from ref 151. Copyright 2021 ACS. (e)
Schematic description of the bending of a “Zerogap”, and SEM image of the cycle of “OFF” and “ON” states.'>> Adapted with permission
from ref 132. Copyright 2021 Wiley-VCH. (f) Photolithographically supported nano crack pattern process.'*> Adapted with permission from
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Figure 2. continued

ref 152. Copyright 2021 Royal Society Chemistry. (g) schematic representation of the transfer of the "Zerogap’ to the flexible substrate and
SEM data of the gap width as a function of the external strain for different periodicities, with opening and closing cycles.'**> Adapted with

permission from ref 153. Copyright 2024 ACS.

can be pushed down to 0.15 nm via aberration correction by
electron optics in a scanning transmission electron microscope
(STEM) setup with an acceleration voltage of 200 keV.”* The
actual resolution in the patterned resist is determined by
several factors, such as beam diameter, primary/secondary
electron scattering (see Panel I for illustration), Coulombic
repulsion in the electron path and the use of high contrast
resist development processes, e.g., NaOH/NaCl salty devel-
oper for hydrogen silsesquioxane (HSQ) resist” and cold
developer for PMMA resist.”* As a result, the actual patterned
resist resolution is larger than the electron beam size. For
instance, Panel II (black line) presents the point spread
function (PSF) of the exposure dosage with respect to radius,
and Panel III shows the minimum feature size of 2.1 nm when
the HSQ resist is developed with the salty solution (1% weight
NaOH + 4% weight NaCl).””

For the research work in the field of fabricating nano-
photonic cavities, there are four major approaches. The first
approach is to pattern 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. After that, it is followed
by the material evaporation and liftoff process, where metallic
nanostructures with localized plasmonic resonance”™'% or
dielectric nanoantennas (e.g., TiO,) with Mie resonance'’' can
be fabricated. Panel II in Figure 1b presents the fabricated
plasmonic Au dimer with a gap size of 3 nm on a thin SiN,
membrane, where the corresponding electron energy loss
spectroscopy (EELS) map shows the plasmonic mode pattern
in high resolution.'®* Moreover, Panel III in Figure 1b shows
the direct patterning of self-aligned metallic nanostructures
with two different metals, such as Au and Ti, on the two sides
of the thin Si;N, membrane. In addition, Panel IV shows that
this liftoff approach can be used to pattern the hard masks
(e.g, Cr and Pd), for etching the photonic materials. This
approach can be used to fabricate phase change optical
nanoantennas for the tunable color pixels,">> and hybrid on-
chip optical nanoantennas.'*

The second major lithography approach is to fabricate
nanophotonic cavities via the negative resist, such as HSQ,
with the dry etching process. The photonic materials, such as
silicon,'0>1% TiO,, GaN,'"” Si3N4,108 diamond,'®” or phase
change materials (e.%., antimony sulfide,"**""* germanium—
antimony—tellurium'""), are grown or deposited onto the
designed substrates. Panel II in Figure lc shows that silicon
nanostructures with S nm gap size can be fabricated for
investigating interband plasmonics at ultraviolet (UV) regime,
where the hot spot at the nanogap region is shown by the
simulation results.'"'” In addition, Panel III in Figure 1c
presents that patterning silicon nanostructures with dielectric
Mie resonance in the visible regime is able to show the full
color palette with the high color saturation.''® In fact, this
approach is extremely widely used in the patterning of
dielectric metasurface nanocavities for various aipplications,
such as metalens,""* miniaturized spectrometers,1 > metasur-
face holograms,los’106 near-/mid-infrared detectors,''® Rashba
photonic crystal cavity,''” optical nanoantennas for fluores-

118,119 120

cence enhancements, and tunable color pixels.
Moreover, as illustrated in Panel IV, for some photonic
materials, we need to pattern the hard masks first based on the
negative resist.

The third major lithography approach is to fabricate
nanophotonic cavities via the negative resist, such as HSQ,
with the sonication liftoff process to fabricate the nanoscale
trenches as illustrated in Figure 1d. The SEM images present
the fabricated Au nanotrenches with gaps down to S nm to
show the strong localized plasmon resonance.'”" Since
hydrogen fluoride (HF) acid is normally used to etch away
HSQ, sonication in HF solution imposes the potential
experiment danger. One improved way is to spin coat the
positive PMMA resist first and followed by the negative HSQ
resist, which is then used as a mask to etch PMMA with
inductive coupled plasma (ICP) based on O, gas.'*” After that,
the metal layer could be then evaporated onto the sample and
followed with a lift off process in the organic N-Methyl-2-
pyrrolidone (NMP) solvent.'**

The fourth category lies in the hybrid nanofabrication
method via combining top-down lithography and directed self-
assembly process'>’ to fabricate sub-S nm gaps, as shown in
Figure le. Panel I shows that via dip coating 8 nm Au
nanoparticles (AuNPs) with the oleylamine ligand in hexane
solvent onto the template stripped Au nanotrenches, 2 nm
double gaps can be fabricated in a reliable manner.'”* This
approach is also used to achieve the nanoparticle fusing with
sub-1 nm gaps.'”*> Moreover, this hybrid approach is also can
be used to deposit functional materials onto the optical
nanoantennas onto it, such as upconversion nanoparticles.126

3. NANOGAP LITHOGRAPHY

Mahsa Haddadi Moghaddam and Dai-Sik Kim

Inevitably, the development of nanophotonics has parallel
advances in nanofabrication techniques. Leading lithography
methods, including extreme-UV (EUV) photolithography,
EBL and FIB, achieve impressive resolutions of 3-S5
m."*>'2% In these techniques, energetic particles are used to
change the material properties of a PR or to etch the target
material directly. However, a significant drawback of these
techniques is their high cost combined with their limited ability
to create patterns smaller than 10 nm across the entire wafer, a
critical requirement for modern semiconductor manufacturing.
As the demand for smaller and more intricate patterns
increases in various technological applications, there is an
urgent need for more cost-effective and scalable nano-
fabrication methods to meet these requirements.

Here, we provide an overview of established methods to
fabricate gaps below 10 nm and explore different strategies to
push the boundaries into the subto-zero nanometer range.
Conventional techniques such as tip-based,'” atomic layer
lithography,'** break junctions,'”" as well as crack lithog-
raphy'*~"** are discussed, with a focus on spacer-based
methods that enable vertically aligned metal—insulator—metal
(MIM) structures. These techniques enable creation of in-
plane MIM configurations with gap widths as small as 0.3 nm,
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while cracks and break junctions provide routes to reach the
zero-nanometer threshold.

A tip-based approach, using feedback control between the
tip probe and the substrate surface, provides exceptional
precision in the fabrication of sub- to zero-nanometer metallic
voids. This technique utilizes the lightning rod effect, which
concentrates free charges into the sharp probe tip when it is
aligned with incident electromagnetic waves (Figure 2a).'*’
The capacitance gap enhances the localization of the electric
field intensity by funneling the electric field into the gap:
Various geometries such as blunt metal-coated probes,'”
probes that mimic a slplit-ring resonator, >° and probes
attached to gold particles >’ have been shown to be effective.
Feedback mechanisms regulate the gap distances in atomic
force microscopy (AFM) and scanning tunneling microscopy
(STM). STM makes it possible to measure the tunnel current
depending on the slit distance, which allows control in the
range of a few tens of picometers. AFM, on the other hand,
relies on the deflection of light from the cantilever to measure
distance and offers versatility for samples with larger height
differences and operates under ambient conditions. However,
the tip-based approach, which requires careful attention and
out-of-plane-oriented point gaps is impractical for mass
production and device applications.

Thanks to advances in fabrication techniques, it is now
possible to produce lithographically predetermined few
nanometer gaps using dielectric spacers. In these spacer-
based methods, this dielectric prevents unintentional con-
nection between metallic layers, facilitating the fabrication of
gaps over a large area with high throughput. Precise control of
dielectric layer deposition with an accuracy of ~1 nm enables
careful adjustment of the gap width. Chen and Park et al. have
shown that it is possible to create in-plane stacked MIM gap
structures using atomic layer deposition (ALD) for gap-filling
dielectric deposition, achieving isotropic layer deposition with
an accuracy of ~1 nm (Figure 2b)."*" In atomic layer
lithography, a desired metallic structure is initially patterned
through electron beam lithography or standard photolithog-
raphy. The entire wafer is then coated with aluminum oxide by
ALD, which also encloses the sidewalls of the original metal
pattern. A second layer of metal is then deposited, forming a
metal—insulator—metal gap aligned vertically on the side wall.
To expose the gaps, the excess metal is removed using a
peeling process. The shape and size of the gap is determined by
the circumference of the first metallic pattern and thickness of
the spacer, respectively, so that practically unlimited metallic
gaps from a few tens to one nanometer and different operat'n%
wavelengths from the visible range138 to IR, terahertz'**~'*
and microwaves'** can be achieved. Variations of this method,
in which ALD is replaced by other coating processes, such as
the use of CVD make it possible to achieve ultimate gap
widths, even down to a thickness of just one atom (0.3 nm)
usin? graphene as a spacer (Angstrom Lithography, Figure
2¢)."™ Terahertz waves through these high aspect ratio gaps,
achieving a remarkable 97% reduction in transmission, enabled
tunneling electrons in the van der Waals gaps. This promotes
an improved interplay between classical optics and quantum
tunneling. Other planarization techniques for this method
include chemical etching of a sacrificial layer,71 ion milling,144
self-assembled monolayers (SAM)'**, and more.

Despite their precision, in the case of metal gaps with
spacers, there is a restriction that the dielectric spacers occupy
the “hot spot”, i.e., the area with the strongest amplification of

the electromagnetic field, which hinders efficient coupling with
target systems. Tripathi et al. solved this problem by using the
target material itself as a spacer,'*° while Jeong et al.
demonstrated a method to effectively reach the hotspots in
spacer-based nanogaps with a high width-to-height aspect ratio
by wet etching the dielectric. Liquid water or similar molecules
can efficiently couple within 10 nm wide metallic trenches,
which is achieved by etching and dilution processes.'"’
Notably, these gaps can be further reduced by utilizing the
thermal modulation inherent in the metallic nanostructure.
This provides an additional opportunity to improve the
functionality of nanostructures, as the thermal expansion of
metals can be used for the controlled modulation of a nano-
optical device."** These techniques offer versatile options for
creating precise metallic gaps for applications in different
wavelength ranges, from terahertz to microwaves.

Creating nanogaps from “zero nanometers”, rather than
shrinking them from a few nanometers, allows the formation of
junctions to be observed in real time, as indicated by jumps in
resistance across the wire. In the method of mechanically
controllable break junctions (MCB]Js), the structure is bent to
elongate the metal wire, allowing sub-Angstrom precision in
gap control.'** MCBJ-based bowtie antennas by Liable et al."*’
and plasmonic nanogap structures by Ward et al.'*’
demonstrate precise monitoring and control of gaps with
applications in photon-induced tunneling, optical rectification,
and surface-enhanced Raman spectroscopy (SERS). While
MCBJs are effective for point gaps, due to the randomness of
the gaps, they are less suitable for extended structures such as
slits or slot antennas, which are crucial for the study of light-
matter interactions and optical applications.

In a study by Nam et al. the generation of patternable
nanoholes by controlled cracking in a stress-controlled silicon
nitride layer was demonstrated."** This technique was
extended to a thin, top-coated metal film, where the authors
successfully produced a 10 nm wide slot over on a 15 nm thick
titanium film.”° In a subsequent study, Dubois et al. embedded
a prestressed bridge of titanium nitride under a gold pattern
and induced a localized crack by detaching the bridge
structure.”® A disadvantage of these methods is that, despite
achieving gap widths of less than 3 nm, which are applicable at
the wafer level, the cracks formed are irreversible and prevent a
return to the “zero nanometer” limit. An innovative approach
to overcome the above limitations is to fabricate metal gaps on
a flexible substrate that allows the reduction or “healing” of the
gap. Kim et al. defined the gap by depositing a spacer using
ALD on a polyethylene terephthalate (PET) substrate and
then wet etching the dielectric filling the gap (Figure 2d).""
This “healable gap” can be fabricated on the wafer scale
without significant restrictions on gap size. The internal
bending of the substrate causes the gaps to close, narrowing
from 20 to O nm. This triggers an instant topological
transformation due to the partial contact between the two
metallic layers, leading to an abrupt change in metamaterial
functions, including resonance, chirality, and polarization
selectivity, especially at terahertz and microwave frequencies.

Das et al. used a different philosophy, using lithographically
defined, sequential deposition of metal films without spacers,
allowing zero nanometer gaps or “Zerogaps”, and gradually
increasing it to several hundred nanometers by external
bending (Figure 2e)."*” This property leads to a remarkably
high modulation depth between the “OFF “ and “ON” states of
the transmitted microwaves, which is related to the minimum
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and maximum gap width, respectively, even after numerous
cycles of repeated modulations. Liu et al. used a photo-
lithography-assisted method to generate nanocracks in a thin
metal film on a flexible substrate (Figure 2f).">* Careful
bending was used to selectively form cracks in areas where
there was no PR. The result was an array of long metallic slits
that can be replicated multiple times to create additional gaps
(pattern-and-pool method). Haddadi et al. present a novel
stretchable crack-based sensor, which has 3—5 nm wide gaps
lithographically arranged along periodic lines (Figure 2g).">”
By transferring “Zerogap” samples to polydimethylsiloxane
(PDMS), they achieved versatility in strain sensing with
customizable periodicities of the gaps. Under external strain,
the gaps widen, leading to increased electrical resistance
without the need for conventional cracking processes. The

12497

sensor shows a linear correlation between the periodicity and
the gap widening under external strain. Microwave spectros-
copy on the sample reveals strain-dependent gap behavior as
evidenced by the sensitivity of the transmission spectra, which
is consistent with the gap width over different periodicities at
15 GHz. This review provided a comprehensive overview of
the types and properties of sub-10 nm metal gaps, including
spacer-based gaps, cracks, fractures, tip-based gaps, and
Zerogaps, considering the minimum achievable gap widths
and the feasibility of large-scale fabrication.

These advanced nanofabrication techniques have the
potential to revolutionize the industry by enabling ultrafast
quantum tunneling devices on wafer scale for the next
generation processors, nanophotonic sensors for health
monitoring, wearable medical sensors for real-time health
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monitoring, and hyper-realistic and energy-efficient screens
beyond OLED or microLED. Additionally, controlling
terahertz waves could enable faster wireless communication
and energy harvesting devices, powering small electronic
devices indefinitely. Even though much of the work is still
taking place in laboratories, these innovations could soon
transform various sectors.

4. MECHANICAL-FORCE-ASSISTED ELECTRON-BEAM
LITHOGRAPHY

Dong Kyo Oh, Jihae Lee, and Junsuk Rho

EBL has been widely used to realize plasmonic nano-
antennas because of its sub-10 nm resolution, but the
resolution is limited by the proximity effect of the electron
beam.'’”'** To realize single-digit-nanometer resolution of
nanostructures, numerous methods have been introduced such
as geometrical design correction and electrical or thermal
modulation, which still demand labor and external sour-
ces.'>>!5% In this section, we focus on mechanically driven
techniques with the EBL process for the more manageable
extreme resolution under sub-10 nm of nanostructures.

The mechanical strain of an elastomer substrate has achieved
sub-10 nm resolution nanostructures.'”” After transferring Au
bowtie nanostructures on a prestrain PDMS substrate, the
nanogap size between bowtie nanostructures can be narrowed
by releasing the prestrained PDMS substrate (Figure 3a).
Moreover, the prestrain degree of the PDMS substrate can
tune final nanogap sizes after releasing it, which proposes
mechanically variable nanogaps of bowtie nanoantennas. While
the initial nanogap size of bowtie nanostructures is 108 nm, a
final nanogap size can of S nm under the condition of 60%
prestrained PDMS substrate can be achieved. As the nanogap
size is modulated by strain, peak wavelengths also change from
927 nm at prestrain of 0% to 810 nm at prestrain of 60%.
Additionally, 3-dimensional nanostructures also can be
produced by restoring 2-dimensional Au nanostructures on
the prestrained PDMS substrate, like nanokirigami, which is
unable to be produced by conventional nanofabrication. On
the other hand, the strain can be directly used to control
nanogaps in real time."® By using the deformation of the
PDMS, which means compression occurs in the orthogonal
direction as the strain is applied in one direction from
volumetric statics, the nanogap can be increased or decreased
on the PDMS substrate. By stretching the PDMS by 25%, the
initial nanogap size is also reduced by 25%, which achieves a
single-digit nanogap.

Furthermore, achieving extreme resolution has been made
possible through the collapse of nanostructures. Using the
unstable equilibrium of nanostructures with a high-aspect-ratio
such as nanowires, precise collapse of the nanostructures by
external force has been derived."”” After fabricating a Si
nanofinger master mold with 70 nm diameter and 650 nm
height by EBL and an etching process, polymer nanofingers are
transferred by UV NIL as-is. Following a uniform deposition of
1 nm-thick tetrahedral amorphous carbon (ta-C) on the
surface of nanofingers with 50 nm-thick Ag caps, the high-
aspect-ratio nanofingers collapse toward adjacent nanofingers
via capillary force due to a solvent drying process to form a
couple of nanofingers, which causes a uniform and large-area
fabrication of 2 nm nanogap plasmonic structures. The
nanofingers with extremely narrow nanogaps have shown
increased scattering intensity compared with nanofingers
without gaps and with silica coatings. In addition, the gap

plasmonic nanofingers have also been applied to enhancing the
SERS signal at 532 nm wavelength excitation, which enables
single-molecule label-free SERS detection. Moreover, by
varying coating materials, the plasmonic properties of nano-
fingers are tailored'®” (Figure 3b). After the fabrication of 60
nm diameter and 350 nm height nanofingers with Au
nanocaps, the ALD process of various dielectric materials
such as TiO,, WO;, and SiO, has been applied to the
nanofingers. By controlling the thicknesses and refractive
indices of coating materials, positions of absorption peaks have
been changed from 530 to 680 nm, respectively.

Capillary-force-induced collapse lithography (CCL) is
another method for producing sub-10 nm gaps by collapsing
nanostructures with capillary force.'’ As shown in Figure 3c,
electron beam PR nanopillars fabricated by EBL are collapsed,
producing sub-10 nm gaps. CCL utilizes both the cohesion and
collapse effect to control the precise collapse. The cohesion
process between adjacent nanopillars is induced by the
capillary force, while the collapse process is mainly controlled
by geometries of nanopillars. The CCL process is conducted
by experimentally adjusting the development time, electron
beam dose, and geometries of nanopillars. When two opposing
nanopillars patterned with half of the bowtie-shape collapse, a
whole bowtie-shape is fabricated. For eflicient collapse,
supporting nanostructures are positioned behind the nano-
pillars. A 10 nm-thick Au film is deposited on the collapsed PR
nanopillars to realize plasmonic sub-10 nm structures, where
the electric field is localized by plasmonic effects. Various
plasmonic structures such as bowtie- and flower-shapes with
sub-10 nm gaps are fabricated through the CCL method.

While sub-10 nm gaps can be fabricated using previous
methods, realizing sharp tips with a sub-nm radius of curvature
(ROC) has been challenging due to the proximity effect of
EBL. Cascade domino lithography (CDL) has been proposed
to simultaneously produce sub-10 nm gaps and sharp tips.'®*
CDL involves the collapse of PR nanostructures resembling
dominos, leading to a sharp edge. A bilayer PR consisting of
PMMA and methyl methacrylate (MMA) with different
solubilities is utilized to make unstable T-shape nanostructures
through overdevelopment. T-shaped nanostructures have
surface tension between the PR and substrate due to the
inevitably remaining liquids such as developer and rinse
liquids. The isolated T-shaped nanostructure falls against the
adjacent wall when the nitrogen gas is blown directly. A sharp
edge is produced as the structure collapses. Additionally, T-
shape nanostructures with an asymmetric rectangle enable
precise directional control for collapsing. Through the process,
subnm ROC and single-digit nanogap arrays are experimentally
produced. The electric field is strongly concentrated at
hotspots of sharp tip bowtie nanoantennas fabricated by
CDL, which makes them valuable for research in SERS'®* and
the localized exciton of 2-dimensional transition dichalcoge-
nides."”’

Furthermore, the advanced method, guided domino
lithography (GDL), has been suggested to control the
collapsing direction of CDL.'®> Through the GDL process,
nanostructures collapse in both directions, producing uniform
arrays of sharp tip nanoantennas (Figure 3d). Similar to CDL,
a bilayer PR composed of PMMA and MMA is developed to
make T-shaped nanostructures. However, slightly different
shaped nanostructures are used to control the collapsing
direction. While CDL allows T-shape nanostructures to
collapse randomly to the right or left, the modified
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Figure 4. FIB structuring in nanophotonic and plasmonic systems (for details see main text). (a) Bowtie nanoantennas milled from single-
crystalline gold platelets and an evaporated gold film."”' Adapted with permission from ref 171. Copyright 2010 Springer Nature. (b) Groves
milled into single-crystalline gold platelets.'”> Adapted with permission from ref 172. Copyright 2020 AAAS. (c) A gold bowtie antenna
fabricated on the tip of an AFM probe.'”> Adapted with permission from ref 173. Copyright 2015 Wiley-VCH. (d) Gold nanotip with FIB-
structured §rating.175 Adapted with permission from ref 175. Copyright 2007 ACS. (e) Plasmonic nanostructures fabricated on a TEM
membrane.®" Adapted with permission under a Creative Common CC BY License from ref 181. Copyright 2023 Springer Nature. (f)
Nanokirigami made by FIB structuring of a gold-plated TEM membrane.'®> Adapted with permission from ref 182. Copyright 2018 AAAS
(g) Gold bowtie antenna structured with helium ions.'®® Adapted with permission from ref 186. Copyright 2014 ACS. (h) Plasmonic
tetramer structured into a gold flake with helium ions.'®” Adapted with permission under a Creative Common CC BY License from ref 187.
Copyright 2021 Beilstein Institue. (i) Nanocrescents with varying depth.'® Adapted with permission from ref 189. Copyright 2019 ACS. (j)
So-called Mie voids of varying diameter and depth structured with FIB into silicon.'”® Adapted with permission under a Creative Common

CC BY License from ref 190. Copyright 2023 Springer Nature.

nanostructures of GDL collapse bidirectionally within one
array. Subsequently, a 60 nm-thick layer of Au is deposited and
two plasmonic sharp tip bowties are fabricated. GDL increases
the total exposed area of unit nanostructures under the same
dose condition, resulting in more unstable T-shaped
nanostructures. Thus, uniform nanoantenna arrays can be
fabricated by collapsing them with a slight blowing of nitrogen
gas. GDL allows for achieving bowtie arrays having sub-10 nm
gaps and subnm ROC with high yields.

5. HIGH-RESOLUTION FOCUSED ION BEAM

Mario Hentschel and Harald Giessen

Ion beam lithography has been established as an important
addition to the nanofabrication toolkit, while originally mainly
used in sample preparation for transmission electron
microscopy (TEM),'0%163 Despite the apparent limitations in
resolution and throughput, FIB-based techniques for nano-
photonics have true benefits compared to traditional litho-
graphic techniques, such as EBL. FIB can work on unusual

substrates, is resist-free and is an intrinsic gray scale technique.
These features are so powerful that significant efforts have
been invested in FIB techniques, from an instrumentation
standpoint but also from the process-related viewpoint.'**'¢”
The first trend led to the development of novel FIB columns
using heavier ions such as gold or noble gases such as helium,
which have enabled higher milling rates and extremely high
resolution, respectively.'®® Moreover, the resist-free process
allows to structure, e.g, AFM tips and TEM membranes, as
well as materials prone to contamination and degradation,
which are not compatible with resist-based techniques. The
intrinsic gray scale capabilities, simply related to the deposited
dose or number of ions, even allows to structure surface
topography and 2.5D shapes into materials of interest.

Figure 4 depicts examples from the literature, trying to give
an impression of the different areas in which FIB techniques
can make a real impact.'®”'*” In plasmonics, chemically grown
single-crystalline gold platelets have attracted considerable
attention due to reduced internal and surface scattering,
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making them ideal candidates for low-loss applications.'”® The
limited size of the platelets as well as possible contamination of
the surface by resits makes FIB the ideal structuring technique.
Figure 4a shows so-called bowtie antennas fabricated from a
single-crystalline platelet (left).'”" The milling results using the
platelets as the starting material are of excellent quality, also
demonstrated by superior optical properties in the experiment
as well as the reference bowtie antennas which have been
structured from an evaporated gold film (right). This easy mix-
and-match of different materials on the same substrate is
another added benefit of FIB techniques. In another
experiment, the authors study the propagation and time
dynamics of complex plasmonic skyrmions with the help of
two-photon photoemission photoelectron electron microscopy
(2PEE—PEEM)."”* In order to observe these dynamics,
ultrasmooth gold surfaces are needed, as they are mostly
only observed on single-crystalline gold platelets. For the
excitation of the plasmonic surface waves, grooves are
structured with FIB into these flakes. The direct FIB
structuring approach prevents contamination of the surface
which might be caused by a resist based process. Moreover, the
authors used gold ions in the milling process (Raith Velion),
which are now available as an alternative to gallium ions and
thus preclude any possible gallium contamination of the gold
platelets.

Another important application of FIB structuring lies with
unusual substrates, for example, the tip of an AFM probe. Any
resist based process will be extremely difficult if not impossible
due to the extremely small “substrate” size. FIB is truly an
enabling technology here. Figure 4c shows a gold bowtie
antenna fabricated on an AFM probe via direct milling.'”” The
structure quality is very high, reaching a gap size on the order
of 10 nm, which is crucial for plasmonic near field
enhancement. Such structures have proven to work well in
single-emitter scanning near-field optical microscopy, observ-
ing locally enhanced photoluminescence.'”* A tapered gold tip
can focus propagating surface plasmon waves at the tip apex
and thus function as a nanoscale light source, as shown in
panel d.'”” In order to excite the wave efficiently, a grating
coupler is needed, which can be directly milled via FIB into the
gold tip. In both cases the small surface area as well as the
topography of the substrates are incompatible with standard
resist-based processes, an issue that can be straightforwardly
solved with FIB.

In many nanophotonic applications, TEM membranes are
used as substrates for devices. The reasons can be multifold. In
some cases, the fabricated devices will exhibit mechanical
tuneability or deformability;'’"”” in other cases, a finite
transmission for photons or electrons through the substrate is
required. The challenge lies with the fragile membranes, often
having thicknesses below S0 nm at sizes of hundreds of
microns square. Resist-based lithography has been applied
here, yet direct milling is a powerful alternative.'”*~"*" Figure
4e depicts a photonic metamaterial analogue of a continuous
time crystal.'”" Here, plasmonic resonators are structured into
a gold film evaporated onto a silicon nitride membrane. One
key feature of the final device is its ability to deform, as the
individual silicon nitride stripes cut from the continuous
membrane can bend. Apart from the fragile membrane, the two
different materials and in particular the required different
milling depth into the silicon nitride make the structure
incompatible with standard resist-based etching. Panel f shows
another beautiful example of the power of FIB structuring.'®”

Here, the authors drew inspiration from kirigami, the art of
paper folding. After evaporating a gold film onto a TEM
membrane, outlines were cut using FIB. Afterward, a small but
homogeneous ion dose applied on the entire structure causes
strain in the film, deforming it. According to the cuts made, the
structure will bend, resulting in a truly 3D shape—just as in
paper kirigami. The authors could also demonstrate plasmonic
properties of such structures, for example very strong circular
dichroisms, resulting from the truly 3D structures.

As mentioned already, FIB instrumentation has developed
significantly in recent years, leading to a steep increase in the
number of available ion species.'®® To first order, lighter ions
will result in the highest possible resolution. The development
of gas sources has enabled, e.%., the milling with helium ions
(Zeiss Orion NanoFab).'™ ™" Figure 4g depicts a gold
bowtie antenna structured with helium ions.'"®® The shape
fidelity is extremely high, edges show ROC of around 6 nm
and gap sizes smaller than 6 nm, still maintaining large aspect
ratio in thickness and width. While this technique has little
throughput due to the small milling rates observed, the
resolution is unparalleled. Panel h depicts another highest
resolution structure. The plasmonic tetramer is milled with
helium ions into a 40 nm thick gold flake, resulting in gaps
below 5 nm between the individual elements."®” The authors
of this work also provide results of a combined ansatz in which
standard gallium ion milling is used for the smaller resolution
structures and helium ions for final sculpting and the definition
of the highest resolution section. In all the cases, the correct
milling strategy and the optimization of the process is key for
the final result and is being implemented as the Python toolbox
FIB-o-mat for automated pattern creation and optimization,
providing full flexibility to accomplish demanding patterning
tasks.

For some applications, the ability to structure with varying
depth into the material of interest is crucial. Gray-scale
processes based on RIE and EBL are being used, yet are
notoriously difficult and cannot be easily adapted to every
material class."®® FIB intrinsically offers gray scale structuring
due to its direct milling approach and is thus a great alternative
fabrication route. One example shown in Figure 4i is related to
chirality, which has attracted considerable attention in the
nanophotonics community. As chirality is a truly 3D property,
the structures need to be 3D, rendering them challenging for
EBL, requiring multilayered exposures. Figure 4i depicts chiral
crescent-shaped structures milled with FIB into a gold film."*’
A variation in dose over the circumference of the crescent
allows to vary its depth, thus rendering it truly 3D.
Consequently, the structures do exhibit strong circular
dichroism. Panel j displays another structure utilizing elements
of varying depth on the same substrate.'”® Voids in high-index
dielectrics have been shown to support localized resonant
modes, so-called Mie void modes. These Mie voids show
brilliant and naturalistic colors, making them ideal for
nanoscale color printing. As the spectral position of the
resonances and thus the color depends on their diameter and
depth, both parameters can be used for best color and
saturation match. The SEM images depicts a section of a
nanoscale color print with varying void size and depth, realized
with direct FIB milling into silicon.

Overall, FIB nanostructuring offers intriguing additional
possibilities and options compared to traditional resist based
techniques, yet in many cases FIB cannot replace these.
Electron-beam lithography, for example, offers very high
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Figure 5. Layer-by-layer process with EBL. (a) The left image illustrates a flowchart delineating the optimized layer-by-layer EBL process
aimed at achieving high alignment accuracy. On the right, blue color denotes designed marks, while yellow color signifies fabricated marks.
This demonstrates that despite proximity effects, precise alignment is attainable. Below, the SEM image further elucidates this.”** Adapted
with permission under a Creative Common CC BY License from ref 204. Copyright 2017 Springer Nature. (b) The top image depicts a dark-
field image of the aligned palladium nanoparticle and gold antenna, alongside an SEM image. The bottom image shows SEM images with gap
variations ranging from 10 to 90 nm.’** Adapted with permission from ref 205. Copyright 2011 Springer Nature. (c) The left image shows a
schematic of a wavelength multiplexing metahologram in the visible and NIR, fabricated by layer-by-layer EBL. The right image displays an
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Figure 5. continued

SEM image of the fabricated structure.”®” Adapted with permission from ref 207. Copyright 2021 Wiley-VCH. (d) The left image displays an
SEM image of a 3D master mold, fabricated by layer-by-layer EBL. The right image shows an SEM image of replicated 3D nanopatterns.”'’
Adapted with permission under a Creative Common CC BY License from ref 210. Copyright 2023 Wiley-VCH. (e) The top image shows a
schematic of wavelength multiplexing metaholograms in the visible and UV region. The bottom images depict SEM images of the first layer
and second layer, each optimized for the visible and UV regions, respectively.”'' Adapted with permission under a Creative Common CC BY
License from ref 211. Copyright 2022 ACS. (f) The top images illustrate a schematic of a 3D plasmonic ruler, fabricated by layer-by-layer
EBL. The bottom image shows an SEM image of the fabricated structure.”'” Adapted with permission from ref 212. Copyright 2011 AAAS.
(g) The top image illustrates a schematic of proposed S-layer stacked metasurfaces for backward phase-matched SHG. The bottom image
shows an SEM image of the fabricated structure.”'® Adapted with permission from ref 213. Copyright 2014 American Physical Society. (h)
Nanoscale self-folding of multilayered thin films through origami-inspired techniques, demonstrating the transformation of planar designs
into optically active cubic structures via electron-beam lithography and plasma etching.”'* Adapted with permission from ref 215. Copyright
2011 Wiley-VCH. (i) Self-assembled 3D graphene-based polyhedrons illustrating volumetric light confinement achieved through plasmonic
hybridization, leading to enhanced field localization and novel optical functionalities.”'® Adapted with permission from ref 216. Copyright

2019 ACS.

throughput, resolution, and reliability. If structures can be
made with more standard lift-off or dry etching based
techniques, optical or EBL is an excellent choice, also in
terms of technology readiness. Many nanophotonic applica-
tions require true large area fabrication on the order of
centimeter square, which at this point seem infeasible for FIB
techniques. However, one should mention that smart ideas and
combination of FIB-milling with electron-beam lithography
can be very useful.'"”" Also, further advances in instrumentation
might push FIB to new working ranges.'”” Section 7 of this
review discusses a sketch and peel approach in which FIB is
used to define the outlines of structures, vastly improving
fabrication speed.'”> Additionally, modern instrumentation
allows to combine FIB with other techniques, such as overlay
processes with EBL,"”*™'"° benefiting from the respective
strength of the two techniques.

6. 3D NANOPHOTONICS WITH ELECTRON BEAM
LITHOGRAPHY

Gyeongtae Kim, Dohyun Kang, and Junsuk Rho

EBL has been widely researched due to the growing demand
for elaborate nanopatterning techniques, such as quantum
emitters, photonic crystals, cavities, and antennas. Unlike
commonly used sources in lithography such as argon fluoride
(ArF) and krypton fluoride (KrF) lithography, which utilize
UV wavelengths, EBL offers a significant resolution advantage
due to the distinction between photons and electrons. While
diffraction limits the resolution of ArF and KrF lithography to
several hundred nanometers, it is not a limiting factor in EBL,
thanks to the remarkably small electron wavelength, measuring
approximately 4 picometers at 100 keV electrons.'”’ """
Notably, TEM has achieved resolutions as fine as 0.1 nm,
underscoring the superior capabilities of electron beam.*”’
However, considering interactions between electrons and
photoresist (PR) during exposure, EBL can achieve sub-10
nm resolution. For instance, poly(methyl methacrylate)
(PMMA), commonly used as a positive PR, has achieved
sub-10 nm resolution with 3—5 nm wide lines by Vieu et al.*"’
To fabricate this sub 10 nm structures, intermolecular forces,
hindering the dissolution of PR by the developer, have been
solved by ultrasonic agitation. Moreover, other groups have
achieved sub-10 nm resolution with negative PR, hydrogen
silsesquioxane (HSQ).”°> A proximity effect caused by
backscattered electrons is another factor influencing EBL
resolution. Sub-1 nm nanogaps have been demonstrated by

minimizing backscattered electrons using thin film substrates
under 100 nm thickness.”**

Recently, achieving high resolution in layer-by-layer EBL
processes has garnered attention as their capability to expand
design freedom to out-of-plane. Layer-by-layer EBL, as its
name implies, is a process capable of realizing multiple layers
on the same substrate, incorporating diverse materials, varying
heights, and stacking the structures. In this process, two
alignment marks can align fabricated areas precisely at their
center relative to each other. The alignment error is a critical
factor that significantly influences sample performance, with
two primary factors contributing to alignment error: the
sample stage and alignment marks. Yoon et al. have achieved
sub-20 nm alignment accuracy by optimizing these factors.”"*
The sample stage error occurs when the stage moves according
to alignment marks, but identical alignment marks consistently
induce the same stage error. Therefore, fabricating alignment
marks separately first, as shown in Figure Sa, solves the stage
error issue. Additionally, the alignment mark errors due to the
proximity effect, leading to marker enlargement and the
rounded edges, were addressed by designing optimized
markers considering this effect, as depicted in Figure Sa,
ultimately achieving sub-20 nm alignment accuracy.

Layer-by-layer EBL processes have been implanted for
realizing versatile metasurface performance. For example, Liu
et al. have demonstrated a hydrogen gas sensor by aligning a
single palladium nanoparticle and a gold nanoantenna with
minimum gaps of 10 nm (Figure 5b).””> In response to
hydrogen exposure, the optical properties of palladium
metasurfaces change rapidly, albeit with a broad spectrum.
Therefore, through layer-by-layer EBL, aligning gold with gaps
ranging from 10 to 90 nm results in significant peak
enhancement and narrow bands. Furthermore, layer-by-layer
EBL have been used to design metaholograms with multi-
plexing performances. Achieving multiplexing, such as wave-
length, polarization, angle, and orbital angular momentum
multiplexing, is crucial.™*® Generally, additional components
and design methods are needed, complicating the system. With
a single metasurface, wavelength multiplexing metaholograms
have been demonstrated in the visible and near-infrared (NIR)
by aligning specifically optimized structures for each spectral
range (Figure 5¢).””” Optimized structures for each wavelength
were uniformly arranged with a pitch of 600 nm and an
aligning error of sub-20 nm.

Layer-by-layer EBL not only enables fabrication on the same
plane but also fabricates three-dimensional nanostructures. In
comparison, other 3D nanofabrication techniques such as two-

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


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c10964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

REVIEY

- a

rcC

Silicon

CF4 plasma

LI

—_——
—
Conformal growth Conformal etch
X
X
4 N
A

Figure 6. 3D lithography. (a) SEM image of 2 X 2 gm” pillars etched into a 10 gm thick SU-8 layer using a 1 MeV proton beam. Each pillar is
connected by high-aspect ratio walls, measuring 60 and 120 nm in width.”'” Adapted with permission from ref 217. Copyright 2003
American Institute of Physics. (b) Schematic of the tube formation process usin§ Au/Ti/Al thin films on an oxidized silicon substrate. The
Au/Ti bifilm forms a tube during the selective etching of the sacrificial Al layer.”*° Adapted with permission from ref 220. Copyright 2005
IOP Publishing. (c) Cross-sectional SEM image of a 250 nm internal diameter Au/Ti nanotube formed on a silicon substrate.””’ Adapted
with permission from ref 220. Copyright 2005 IOP Publishing. (d) Schematic diagram showing aluminum 3D SRRs before and after being
released from the substrate by a dry etching method.”®" Adapted with permission under a Creative Common CC BY License from ref 231.
Copyright 2012 Optica. (e) Oblique view SEM images with a tilting angle of 40 degrees for the 3D SRRs.”*' Adapted with permission under
a Creative Common CC BY License from ref 231. Copyright 2012 Optica. (f) The fabrication process of a 3D SRR, including spin-coating
resist, EBL, Ni/Au (10/60 nm) deposition, lift-off, CF, plasma dry-etching, and self-folding, in sequence.’*” Adapted with permission from
ref 222. Copyright 2015 Wiley-VCH. (g) SEM image of the fabricated isotropic metamaterial consisting of 4-fold symmetric 3D SRRs over a
total sample area of 4 X 4 mm? The inset shows a magnified image.”*> Adapted with permission from ref 222. Copyright 2015 Wiley-VCH.
(h) Cross-sectional SEM images of a nanopattern on a substrate: (h.1) after 30 cycles of the surface sol—gel process, (h.2) after CHF, plasma
etching to remove the topmost portion of the silica layer, and (h-3) after oxygen plasma etching.”**> Adapted with permission from ref 223.
Copyright 2006 American Chemical Society. (i) Au double nanopillars (DNP) with a hollow nanogap after the removal of the template and
polymer layer (left), and top view of Au DNP arrays with a nanogap width of 40 nm.”** Adapted with permission from ref 224. Copyright
2011 ACS. (j) SEM image of a vertically oriented metal—insulator—metal (MIM) structure with a 25 nm channel sandwiched between two
gold fins made on a glass substrate.”*® Adapted with permission from ref 225. Copyright 2019 ACS. (k) Schematic of the conformal growth
(left) and conformal etching (right) processes. Despite the deposition and etching being conducted with the same material thickness, some
material remains in areas with a small negative radius of curvature.”*® Adapted with permission from ref 228. Copyright 2009 ACS. (1)
Cross-section SEM image of the metallodielectric photonic crystal composed of discrete tungsten ring particles.””® Adapted with permission
from ref 228. Copyright 2009 ACS. (m) Fabrication process of hollow 3D nanostructures using light scattering from a colloidal nanoparticle,
and SEM images of the fabricated hollow 3D nanostructure and its cross-sectional view.”** Adapted with permission from ref 229. Copyright
2013 ACS. (n) Micrographs of particle-trapping nanovolcanoes. Silica particles, 50 nm in diameter, are trapped in double-shelled (left) and
thick-walled nanovolcanoes (right).”*” Adapted with permission from ref 229. Copyright 2013 ACS.

photon lithography, holographic lithography, and phase-mask
lithography have limitations in materials, resolution, or
structure.””**%” However, layer-by-layer EBL offers the
flexibility to select diverse materials according to preference,
enabling the attainment of ultrahigh resolution with arbitrary
structures. For example, humidity-responsive 3D metasurfaces
for full-color displays have validated using poly(vinyl alcohol)
(PVA) and silver nanoparticles by layer-by-layer EBL, as well
as NIL (Figure 5d).”'° Two nanostructures with heights of 100

12503

and 250 nm were accurately arranged by layer-by-layer EBL
and replicated with the NIL process. The structures
represented by blue and cyan colors each, with residual layers
represented by magenta, enable full-color displays. Further-
more, layer-by-layer EBL has enabled the achievement of
multiplexing metaholograms in both the visible and ultraviolet
(uv) regions.211 Similar to visible and NIR metasurfaces,
specifically optimized structures for each spectral range were
arranged, albeit in separate layers. While the pitch could be the
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same for visible and NIR metasurfaces, around 600 nm, it
differed for visible and UV metasurfaces, with optimized
pitches of 500 and 280 nm, respectively. By utilizing a
separating layer, spin-on glass (SOG), polarization-dependent
vectorial metaholograms have been successfully demonstrated,
as depicted in Figure Se.

Furthermore, more than two layers can be fabricated using
layer-by-layer EBL. Liu et al. have demonstrated plasmon
rulers to gauge nanoscale distances akin to chemical or
biological entities with 3D stacked metasurfaces through layer-
by-layer EBL.>'> Strong coupling between a single nanorod
(red one in Figure 5f) and two nanorod pairs (yellow one and
green one in Figure Sf) leads to the activation of two sharp
quadrupolar resonances within the broad dipolar resonance
spectrum, supporting high-resolution plasmon spectroscopy.
Additionally, S-layres stacked metasurfaces for backward
phase-matched second harmonic generation (SHG) have
been demonstrated using layer-by-layer EBL (Figure 5g).”"’
The phase-matched SHG signal scales superlinearly according
to the number of layers.

Recent advancements in origami-inspired nanofabrication
techniques present exciting opportunities for achieving
complex 3D nanostructures with enhanced optical and
mechanical functionalities.”’* For instance, Cho et al.
demonstrated nanoscale self-folding approaches leveraging
differential stresses within multilayered thin films, enabling
the creation of optically active cubic structures with precise
nanoscale features.”’> These methods utilize electron-beam
lithography to pattern planar designs, followed by plasma
etching to release and fold the structures into 3D
configurations (Figure Sh). Similarly, Joung et al. introduced
self-assembled graphene-based 3D polyhedrons capable of
volumetric light confinement through plasmonic hybridization,
showcasing the potential for high field enhancement and novel
optical behaviors that exceed those of conventional 2D
materials*'® (Figure Si). Integrating these approaches with
existing electron-beam lithography techniques could unlock
new pathways for producing multifunctional nanophotonic
devices, bridging the gap between nanoscale fabrication
precision and the scalability of 3D architectures.

7. 3D NANOFABRICATION WITH FOCUSED BEAM
SCANNING

Takuo Tanaka

Due to the ultrashort wavelength of the extreme ultraviolet
light source and the high numerical aperture (NA) of the
optical system, the minimum line width achievable for
semiconductor devices has reached the single nanometer
scale. However, as the device structure is limited to two-
dimensional patterns or simple stacks of these 2D patterns,
fabricating 3D nanometer-scale structures remains a significant
challenge. This limitation underscores a pressing need for new
fabrication technologies that can create arbitrary 3D
nanostructures, which are crucial for advancing the develop-
ment of volumetric optical metamaterials.

Top-down techniques employing focused beam scanning,
such as laser, electron, and ion beams, have been extensively
explored and developed. These techniques involve 3D focusing
sand scanning of beams to alter material properties, including
solubility to developers or hardness. Within the realm of beam
scanning lithography, J. A. Kan et al. have advocated for the
use of a proton beam.”"” The interaction probability between
protons and electrons in materials is significantly higher than

that of nuclear scattering. However, due to the significant mass
discrepancy between protons and electrons, this interaction
remains minimal, allowing for deeper proton beam penetration
into materials. Leveraging this property, the technique has
been applied to achieve sub-100 nm lithography with high
aspect ratios. The technique has been demonstrated in two
forms: positive-tone lithography using PMMA as a resist, and
negative-tone lithography with SU-8. An example provided,
Figure 6a, depicts a scanning electron micrograph of 2 X 2 ym?*
pillars interconnected by high aspect ratio walls, measuring 60
and 120 nm in width and 10 gm in height, created using a 1
MeV proton beam.

While direct beam lithography offers the advantage of
fabricating arbitrary 3D structures, its application in mass or
large-area production of minuscule 3D structures is hindered
by low throughput. To address this challenge, the direct beam
scanning technique has been utilized solely for creating
templates for the final structures, followed by the adoption
of mass-production techniques such as thin film deposition. D.
B. Burckel et al. introduced the self-aligned membrane
projection lithography technique.”'® This method involves
depositing layers of polyimide and PMMA on a silicon
substrate, followed by patterning split-ring resonators (SRRs)
using electron-beam lithography on the PMMA layer. After
developing the PMMA pattern with methyl isobutyl ketone
(MIBK), the polyimide layer and silicon substrate beneath the
PMMA are isotropically dissolved to create hemispherical
holes. Subsequently, Ti/Au thin films are obliquely deposited
through the shaped slits in the PMMA using electron-beam
evaporation at a 45° angle, with three instances of 120° in-
plane rotation after each evaporation. While each PMMA film
pattern is drawn individually using electron-beam lithography,
the metal thin film deposition simultaneously forms all patterns
on the substrate. This group also developed a similar technique
for forming split-ring resonator patterns on the vertical walls of
cubiglgholes in SU-8, fabricated via contact photolithogra-
phy.

Y. V. Nastaushev et al. introduced a technique for the self-
organized formation of micro- and nanotubes using strained
metal bifilms.**® Their process involved the deposition of three
metal thin films—aluminum (Al), titanium (Ti), and gold
(Au)—on an oxidized silicon substrate. Initially, a 20 nm thick
Al film was deposited using electron beam sputtering, followed
by the deposition of Ti and Au thin films. The Al film served as
a sacrificial layer, later etched away using a KOH-based
etchant. The proposed method and its experimental results are
depicted in Figure 6b and c. During the etching process, the Ti
layer undergoes oxidation to form TiO,. The research team
experimented with several metals (Ni, Ti, Au, Ge, and Al) and
their combinations, concluding that the Au/Ti bifilm exhibited
the most favorable properties for tube formation. These
structures function as what is termed Swiss-roll resonant units.
Employing a similar technique, Y. Mei et al. successfully
formed an integrated microtube array and conducted studies
on the photoluminescence spectrum of SiO/SiO, micro-
tubes.””' C. C. Chen et al. has developed a metal stress-driven
self-folding method that combines the inherent self-folding
phenomena, resulting from the residual stress in metal thin
films, with two-dimensional electron beam patterning. This
technique, depicted in Figure 6d, starts with using EBL to
pattern self-standing 3D SRRs as a two-dimensional pattern on
the substrate surface. Following this, an isotropic dry-etching
process releases the 2D metal patterns from the substrate,
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except at the structure’s center part. Due to the residual stress
in the metal thin films, the released metal ribbons fold, self-
organizing into 3D SRR structures. This method has
successfullzf produced 3D SRR structures, as depicted in
Figure Ge. 2 To enhance the technique, a bimetal structure
incorporating nickel (Ni) and Au was introduced, significantly
improving the control over the tailored structural parameters
of 3D SRRs, such as curvature radius and gap distance. The
process for fabricating a 3D gold SRR array is illustrated in
Figure 6f. Using this 3D SRR array structure, shown in Figure
6g, magnetic responses to incident terahertz (THz) waves and
isotropic optical properties were observed, despite the strong
anisotropic property of the individual 3D SRRs.

S. Fujikawa et al. have developed a novel 3D fabrication
technique that ingeniously integrates top-down and bottom-up
approaches.””” Tllustrated in Figure 6h, the process begins with
the creation of a surface relief structure on PR via
photolithography, serving as a template. This template’s
surface is then coated with a silica nanolayer through a sol—
gel process, as depicted in Figure 6h(i). The topmost portion
of the silica layer undergoes etching using a RIE technique
with CHF3 plasma, detailed in Figure 6h(ii). Following the
removal of the PR template, silica walls under 20 nm in width
are achieved on the Si substrate, shown in Figure 6h(iii). This
method uniquely allows for precise control over the silica wall’s
line width—originating from the silica layer’s thickness—
through the adjustment of sol—gel cycle repetitions, thus
facilitating the desired wall width adjustment. In 2011, W.
Kubo et al. leveraged this technique to construct metal double
nanopillars featuring nanogap structures, as demonstrated in
Figure 6i.°** This was accomplished using a layer-by-layer
polymer coating technique and magnetron sputtering of an Au
layer onto a polymer pillar template, resulting in an array of
double nanopillars. Utilizing a similar approach, D. Su et al.
crafted a high-aspect ratio Au double fin array structure on a
glass substrate, showcased in Figure 6j.”*° This structure was
subsequently applied in the development of a plasmonic gas
sensor, underscoring the technique’s versatility and potential
for diverse applications.

J. Shen et al pioneered the DNA modular epitaxy technique
to construct 3D nanostructures.”>® This approach employs a
seed-mediated growth technique to form 3D DNA modules,
which are then assembled on a flat DNA brick crystal substrate.
These 3D DNA modules are stabilized with Ni** ions to
prevent the collapse of DNA features. This stabilized 3D DNA
structure serves as a mask pattern for the reactive ion-etching
(RIE) of the underlying Si substrate. A single-run RIE process
yields ultrascaled Si nanostructures with a pitch and critical
dimension of 16.2 + 0.6 nm and 7.2 + 1.0 nm, respectively.
These dimensions are 50% smaller than those achieved
through quadruple patterning or EUV lithography.

E. Berganza et al. also introduced a 3D nanolithography
technique, utilizing lipid dip-pen nanolithography (L-DPN)
and a bovine serum albumin (BSA)-coated substrate.””” The
chemical modification of the substrate surface with BSA
molecules enables the anchoring of phospholipid molecules
without undesired spreading during and after L-DPN. This
method allows for the formation of 3D scaffolds through layer-
by-layer L-DPN, with physical vapor deposition (PVD) applied
to metallize the surface of the 3D scaffold template. X. Yu et al.
proposed a different 3D templating technique, leveraging a 3D
template created by self-assembled micrometer-scale colloidal
particles, complemented with conformal coating and etching

techniques.””® The uniqueness of this method lies in the fact
that conformal etching does not inversely replicate the
conformal material deposition at locations with negative
surface curvature, leaving some material in areas of negative
curvature, as illustrated in Figure 6k. Figure 61 showcases a
fabricated 3D metallodielectric photonic crystal consisting of
discrete tungsten ring particles, 88 nm in thickness and 328 nm
in diameter, demonstrating the technique’s potential for
creating intricate 3D nanostructures.

The method known as “particle lithography,” which employs
self-assembled micro/nano particles as a shadow mask, is
detailed in a separate section. In contrast to particle
lithography, X. A. Zhang et al. have showcased a technique
utilizing the scattered light pattern from dielectric colloidal
particles to fabricate 3D hollow nanostructures, termed “nano
volcano” by the authors.”*” This process involves assembling a
dielectric Mie particle on the PR layer of a substrate and then
illuminating it with a linearly polarized 325 nm laser. The
particle scatters the incident light, and the near-field scattering
pattern is captured by the underlying PR, resulting in the
formation of 3D hollow structures. An example of such
fabricated structures is presented in Figure 6m. As a practical
application of these 3D structures, the accumulation of 50 nm
silica particles within the nanovolcano structures was
demonstrated. This capability is anticipated to have potential
applications in drug delivery. Furthermore, X. A. Zhang et al.
have advanced this technique by em}O)loying two laser beams to
create more complex structures.””’ This expansion of the
original method allows for greater versatility in the design and
functionality of the nanostructures produced, opening new
avenues for research and application in nanotechnology fields.

8. 3D NANOLITHOGRAPHY

Yang Zhao

3D nanolithography is a critical step in creating nanostruc-
tures essential for nanophotonic and nano-optic devices, as
well as functional nanomaterials. These devices and materials
find extensive applications in communications, computing,
sensing, and imaging. However, 3D nanolithography does not
operate in isolation. To create a functional nanodevice or
nanomaterial, specific materials often need to be deposited
within the defined 3D nanostructures or the 3D nanostructures
need to be transferred. Consequently, 3D nanolithography is
typically accompanied by effective metallization or etching
processes to yield functional nanodevices. To realize these
devices, three primary approaches to 3D nanolithography are
often employed: the layer-by-layer fabrication approach, the
direct writing approach (either by cross-linking or deposition),
and the templated approach.

The multilayer fabrication aggroach is commonly used to
create optical metamaterials.”>**** Due to the challenges of
constructing 3D periodic nanostructures, many designs have
adopted 2D counterparts, metasurfaces.”>* Although single-
layer metasurfaces can achieve a broad range of functionalities,
certain functionalities, such as broadband applications, require
3D nanostructures. As a result, discretizing 3D nanostructures
into layered 2D nanostructures has become one straightfor-
ward solution.”*® Nevertheless, this approach presents
challenges related to the precision in stacking and the
introduction of errors, particularly in the third dimension.

The multilayer fabrication process constructs 3D nanostruc-
tures by repeating 2D lithography processes, which include
conventional electron beam lithography followed by reactive
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Figure 7. 3D Nanolithography. Scanning electron microscopy images of (a) A large area grid with line widths as small as 4 nm and an aspect
ratio of ~6, written using a low-molecular-mass precursor resist and a commercial 100 kV e-beam.”*” Adapted with permission from ref 239.
Copyright 2022 ACS. (b) A nanohelix with a nanowire diameter (DNW) of 50 nm, nanohelix diameter (DNH) of 100 nm, turn length (LT)
of 200 nm, and nanohelix length (LNH) of 23 turns, fabricated using focused helium ion on a curved substrate.”*> Adapted with permission
under a Creative Common CC BY License from ref 245. Copyright 2019 ACS. (c) A nanobridge with a resolution of ~15 nm fabricated
using a voltage-gated approach, scale bar = 200 nm.>** Adapted with permission under a Creative Common CC BY License from ref 242.
Copyright 2021 Springer Nature. (d) A modified icosahedron nanostructure (left) and a Mobius strip (right) with triangular cross-section
and individual wire dimensions around 25 nm, fabricated using FEBIP. The icosahedron nanostructure has a PtCx composition. Scale bar=
200 nm.>*° Adapted with permission from ref 250. Copyright 2016 ACS. (e) A woodpile structure made with light and matter coconfined
multiphoton lithography, scale bar = 1 yum.>®” Adapted with permission from ref 257. Copyright 2024 Springer Nature. (f) A 3D woodpile
structure with a vertical critical dimension of 2 nm, transferred using a DNA molecular mask onto a silicon substrate, scale bar = 100 nm.>*¢

Adapted with permission from ref 226. Copyright 2021 Springer Nature.

ion etching, metallization, lift-off, and planarization processes.
These processes are not necessarily conducted sequentially.
For instance, a commonly adopted method starts by defining
2D nanostructures through electron beam lithography,
followed by metallization and lift-off. Subsequently, a solid-
ifiable spin-on dielectric spacer”*®**’ is used to even out the
nanostructures within the layer before patterning the next
layer. Alternatively, negative nanostructures can be defined by
electron beam lithography and reactive ion etching, where the
depth of the negative nanostructures matches the metallization,
resulting in a planarized surface after the lift-off process.”*
Both approaches highlight the multilayer process’s limitations
regarding the number of layers that can be built due to the
accumulation of errors. Although achieving precise alignment
across layers is challenging, misalignment can be mitigated or
even considered negligible if the design addresses the layer
spacing relative to the in-plane periodicity, often in the context
of optical metasurfaces.””®

The resolution of multilayer 3D nanolithography is con-
strained by the current capabilities of state-of-the-art electron
beam lithography within the 2D plane. This limitation is
primarily due to electron beam aberration, beam diameter, and

electron scattering within the resist. To date, a resolution of 4
nm has been achieved using commercial electron beam
lithography with a low-molecular-mass single-source precursor
resist (Figure 7a).”*

In addition to the traditional planner electron beam
patterning used in the multilayer approach, which produces
discretized 3D nanostructures, electron beam lithography has
also demonstrated the capability to create continuous 3D
nanostructures. These structures can be achieved through
several innovative methods: fabricating on a nonplanar
substrate,”*’ utilizing postlithography self-rolled-up membrane
technologies,”*' or employing Volta%e—regulated electron beam
with genetically engineered resist.”*

Fabricating on a nonplanar substrate relies on using an
evaporated dry resist or ice resist for the electron beam,
achieving resolutions as fine as 10 nm.*** This process,
however, is constrained by the limitations of the evaporating
tool for dry resists or by the operational temperature for
organic ice or water ice resists.”*>*** Due to its potential for
high spatial resolution, this approach can be an alternative to
FIB milling on nonplanar substrates. Nevertheless, the use of
an electron beam on nonplanar substrates often results in a
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Figure 8. Theory and applications of 3D nanoprinting. (a) A 3D nanoprinting system. (b) Polymerization occurs where the intensity
surpasses a threshold (dashed line). Two-photon polymerization (TPP, orange) suppresses polymerization in the out-of-focus regions, while
single-photon polymerization (SPP, gray) can lead to artifacts from several below-threshold exposures (right panel). A Gaussian beam with
beam waist w, and Rayleigh length z; was assumed. (c) Shape of a voxel. (d) Sketch indicating hatching and slicing distance. Fabricating in
three dimensions unlocks various applications, such as metasurfaces with nontrivial unit cells, like (e) helices,””* Adapted with permission
from ref 275. Copyright 2009 AAAS. (f) Multiheight nanopillars and (g) nanofins.*®” Adapted with permission from ref 287. Copyright 2022
AAAS. (h) Parallelizing fabrication using multifocal arrays enables centimeter-scale metamaterials.””> Adapted with permission under a
Creative Common CC BY License from ref 272. Copyright 2024 Springer Nature. (i) The full freedom of 3D fabrication is exploited in
inverse-designed volume elements.”®® Adapted with permission under a Creative Common CC BY License from ref 288. Copyright 2023
Springer Nature. Multilayer structures allow implementing (j) compound metalenses,””" Adapted with permission from ref 291. Copyright
2016 Springer Nature. Or (k) diffractive neural networks.””” Adapted with permission under a Creative Common CC BY License from ref
297. Copyright 2022 Springer Nature. (1) Moreover, novel on-chip hollow-core waveguides can be realized.””® Adapted with permission
under a Creative Common CC BY License from ref 298. Copyright 2021 Optica. (m) Among biomedical applications, scaffolds for directed
cell growth have attracted particular interest.>”> Adapted with permission from ref 303. Copyright 2019 Wiley-VCH. Lastly, fabrication
directly onto fiber-end faces (j), or onto existing photonic chips (n) is achievable.*”* Adapted with permission under a Creative Common
CC BY License from ref 309. Copyright 2020 Springer Nature.

limited aspect ratio for the nanostructure. FIB offers an
alternative for fabricating 3D nanostructures on nonplanar
substrates.”*> While FIB using gallium ions typically achieves a
spatial resolution in the tens of nanometers range, using helium
or neon”****” jons can significantly enhance the resolution to
around 1 nm, depending on the substrate type.248 For example,
when combined with a precursor gas, helium ion beams have
been used to directly write 3D helical nanostructures with a
high aspect ratio, reaching up to 65 (Figure 7b).”*’

12507

Another approach to achieving 3D helical or coil
nanostructures with high aspect ratios involves self-rolled-up
technology.”* This method combines electron beam lithog-
raphy with a strain-induced roll-up of substrate membranes to
create helical or coil nanostructures. The radius and number of
turns in these nanostructures can be precisely controlled by
adjusting the lattice mismatch of the epitaxially grown films.
Notably, these films are not restricted to semiconductors; they
can be composed of dielectrics and/or metals,”*" providing a
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versatile method for creating 3D nanostructures with rotational
features.

The previously discussed 3D nanolithography methods lack
the ability to precisely control arbitrary shapes. To fabricate
such intricate 3D nanostructures, direct-writing approaches are
often employed. One notable method combines a voltage-
regulated electron beam with genetically engineered resists.” "~
By adjusting the electron beam accelerating voltage, the
exposure depth can be controlled to directly write the desired
3D nanostructure. A low molecular-weight resist is typically
preferred for achieving high spatial resolution, although it may
lack structural integrity. To address this, lab-made recombinant
spider silk proteins can be used as the resist. These proteins
offer a well-defined molecular weight that balances the
structural integrity and spatial resolution of the fabricated
nanostructure. This method has achieved resolutions below 15
nm (Figure 7c).”** Furthermore, genetic modifications of the
resist can introduce additional functionalities throughout the
depth of the 3D nanostructure.

Beyond cross-linking resists, an electron beam can also
deposit 3D nanostructures using a gas precursor, a process
known as focused electron-beam-induced processing.*****!
This method relies on the local dissociation of gas precursor
molecules due to electron-molecule interactions facilitated by
electron multiscattering. Precise control over the electron
density and gas precursor pressure, along with their
synchronization, is essential for forming high-resolution
nanostructures. focused electron-beam-induced processing
can create arbitrarily shaped 3D nanostructures with critical
dimensions ranging from 20 to SO nm (Figure 7d).>%°
Although the as-deposited nanostructures may contain carbon,
this can be removed with a synchronized pulsed laser.”>” To
date, focused electron-beam-induced processing has success-
fully deposited 3D nanostructures in various materials,
including gold, copper, platinum, and silicon, among more
than ten different solids.”>> However, similar to the other
electron beam technologies, focused electron-beam-induced
processing is limited by speed and throughput due to its single
electron source and point-by-point writing process.

In the above-mentioned approaches, electron beams are
primarily used to cross-link materials and define nanostruc-
tures. However, photons are also widely employed for
fabricating arbitrary 3D micro- and nanostructures. While
multiphoton®* lithography has a dedicated section in this
review, we will only comment on its capacity to create 3D
nanostructures here. Photon sources are typically constrained
by the diffraction limit, preventing them from achieving voxel
sizes below this limit without postexposure modifications.
Although reducing the excitation wavelength theoretically
decreases the critical dimension, it requires an optimal
multiphoton resist at that specific wavelength.”> To further
shrink the critical dimensions and improve lateral resolution
beyond the diffraction limit, challenges related to the diffusion
and accumulation of free radicals must be addressed. Light
confinement and matter confinement can help overcome these
issues. Light confinement involves photon inhibition using a
donut beam inspired by stimulated emission depletion
(STED) microscopy, while matter confinement uses chemical
quenchers within the resist to narrow the free radical
distribution.”*® Recent developments in multiphoton lithog-
raphy have demonstrated a light and matter coconfined
approach, achieving a 3D woodpile structure with a critical
dimension of 30 nm and a lateral resolution of 100 nm (Figure

7¢).>*” For these complex 3D nanostructures, surface
functionalization followed by electroless deposition of gold
or silver can create functional nanophotonic devices.**®

Another versatile approach for creatin§ 3D nanostructures
involves using DNA as a template™”** for lithography,
enabling pattern transfer. Recent advancements in this
direction utilize DNA bricks as the foundational elements,
scaling up with seed-mediated growth of 3D DNA modules.
These nanostructures are stabilized with Ni**, and the DNA
3D mask is transferred onto a substrate, such as silicon,
through one-step reactive ion etching(Figure 7f).”*° This
technique has achieved lateral critical dimensions of 7 nm and
vertical critical dimensions as low as 2 nm.

We have reviewed a range of 3D nanolithography methods
capable of achieving critical dimensions from 50 nm down to 2
nm. These techniques support pattern transfer, allowing for the
fabrication of 3D nanostructures in a variety of materials
beyond the resist/air contrast. This versatility enables the
integration of metals, semiconductors, and other genetically
functionalized materials, thereby enhancing the functionalities
and applications of the resulting nanophotonic devices.

9. DIRECT LASER PRINTING

Johannes Biirger, Stefan A. Maier, and Haoran Ren

3D laser nanoprinting via two-photon polymerization,
introduced in 1997°°' and commercialized by Nanoscribe
GmbH in 2007, is one of the few widely available methods
capable of fabricating 3D photonic structures. With feature
sizes down to hundreds of nanometers and sample footprints
up to several centimeters, it has become a mature technology
offered by at least 9 companies.”*” Three advantages set it
apart from other lithographic techniques: (1) the ability to
create 3D structures in a single processing step, (2) short
manufacturing times allowing fabrication of large-scale
structures, and (3) cost-effective prototyping without the
need for high temperatures, harsh chemicals or cleanroom
conditions.

As illustrated in Figure 8a, 3D nanoprinting works by
scanning a focused laser beam through a positive PR
containing monomers and a small concentration of a
photoinitiator. The photoinitiator starts a polymerization
reaction in the focal volume resulting in the formation of a
polymerized voxel—the fundamental building block of the
process. 3D structures are then built up layer by layer by raster
scanning the laser focus through the PR, similar to a
conventional 3D printer. Galvanometric mirrors typically
handle xy displacements (scanning speeds: 10—1000 mm/s)
and a piezo stage manages z displacements. Adjacent layers are
spaced by the slicing distance and individual lines within one
layer by the hatching distance (tens to hundreds of
nanometers), resulting in surface roughness of down to <$
nm.”*® After exposure, unpolymerized resist is removed by a
solvent, yielding structures with a refractive index between 1.5
and 1.7. Furthermore, materials like conductive or biocompat-
ible polymers, metals (via photoreduction of metal salts), high-
n glasses (via molecular glass resists), and composite materials
consisting of multiple dye- or quantum-dot infused polymeric
resists can be used.”®

Maybe unexpectedly, the achievable feature size in 3D
nanoprinting is not limited by diffraction. This is because a
certain threshold intensity must be reached for a voxel to form
(Figure 8b). Due to this chemical nonlinearity, operating near
the threshold principally allows for the realization of arbitrarily
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small features.”*® For example, suspended wires with a record
width of 23 nm”*® 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.””” More complex structures require minimal lateral
voxel sizes of at least 200 nm.”*® Since the focal volume is
elongated along the axial direction v,, the shape of the voxel is
ellipzs;;idal. with an aspect ratio A = v,/v,, of typically around
3.5.°°° (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.””” 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.”®” Due to this memory effect, the achievable lateral
and axial resolution is still constrained by Abbe’s diffraction
limit for a two-photon process:*®’

A
Heral = 2JINA 197 nm,
AA
d N —— = 689 nm
"7 22NA ey

assuming A = 3.5, A = 780 nm, and NA = 1.4. Experimentally,
dateras = 375 nm and d,;; = 509 nm have been demonstrated
with similar parameters.”” Further improvements in the
resolution can be achieved by shrinking the polymer structures
in a heat treatment allowing up to a S-fold reduction in side
lengths.””" Overall, 3D nanoprinting currently offers the best
combination of high printing speed (voxels/s) and high
resolution within the group of 3D additive manufacturing
techniques’’> (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,””
or on-chip waveguides.””* 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 ym,
total height: 5 ym, A = 3.5—7.5 um).”’* 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”’® Related
realizations include chiral mechanical metamaterials,*”’ chiral
metalenses,””® 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).”*" 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.””> 3D
nanoprinted mechanical metamaterials have been used to
emulate phononic properties of condensed matter systems,”””
or for mechanical engineering””” and acoustics.”*

In contrast, photolithography faces difficulties even with the
simpler two-dimensional metasurfaces once multiple height
levels are involved, each requiring an additional processing
step.”®® 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,”®*
metalenses for chiral imaging,285 and vector beam gener-
ators.”®® Furthermore, more complex unit cells can be realized
where the cross-section changes with hei%ht, such as nanofin
metasurfaces (Figure 8g, 4 = 2—10 um).”"’

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 device®®® (Figure 8i, 1 = 3—6
um), a 3-layer metamaterial for angular multiplexing of optical
fiber modes (1 = 1030 nm),**” and a high NA aberration-
corrected lens (NA: 0.85, A = 980 nm, diameter: 25 um,
focusing efficiency: 73%).””°

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.””" Furthermore, stacked achromatic metalenses
have been demonstrated consisting of two layers™” (NA:
0.35, 4 = 1000—1800 nm, focusing efficiency: 27%), as well as
an improved 3-layer version operating at visible wavelengths
(NA: 0.7, 2 = 400—800 nm, focusing efficiency: 42%).””

3D photonic architectures are also of interest for realizing
the high interconnection density required for photonic neural
networks and optical computin§.294 While planar structures
require large surface areas,””’ 3D neural networks can
distribute the neurons across multiple layers in an N x N X
N layout, potentially exceeding the high component density in
electronic chips, where such architectures are limited by
thermal constraints.””” Initial efforts include 3D nanoprinted
networks with dendrite-like connections’® and a 4-layer
diffractive neural network (Figure 8k).*”

Another crucial application is the implementation of
complex waveguide structures including the recently demon-
strated “light cages” (Figure 81)*%® and “microgap waveguides”
with side-wise accessible hollow cores,”®® which accelerate
analyte exchange in biochemical sensing compared to conven-
tional glass fibers.”” Furthermore, 3D nanoprintin2g7 is of
interest for the implementation of twisted waveguides,”* such
as a recent demonstration of twisted hollow-core waveguides
with a record twist period of 90 um,*®" far shorter than the 10
mm seen in glass-based fibers.’”> 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 directin% cell
growth for culturing of neuronal networks (Figure 8m)”% to
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Figure 9. Aerosol printing process. (a) A dielectric layer prepatterned conductive Si substrate is negatively biased, leading to the
accumulation of introduced cations on the dielectric layer and the generation of cushion regions (red dashed lines). Electric field lines (black
solid lines) are transformed into funnel-shaped electric field lines due to the accumulated cations.’** Adapted with permission from ref 324.
Copyright 2021 ACS. (b) Positively charged aerosols introduced follow the electric field lines, enabling printing at the center of the
dielectric layer openings.*** Adapted with permission from ref 324. Copyright 2021 ACS. (c) 75 nm diameter of Ag nanodot array from 230
nm hole dielectric layer apertures.’>® Adapted with permission from ref 323. Copyright 2006 Springer Nature. (d) Continuous printing of
charged aerosols results in the fabrication of 3D nanostructures following the shape of the funnel-shaped electric field lines/cushions. The
aerosol 3D nanoprinting process is depicted in the order of (a), (b), and (d).*** Adapted with permission from ref 324. Copyright 2021 ACS.
(&) An array of printed flower-shaped Cu 3D nanostructures from cross-patterned dielectric layer.**' Adapted with permission from ref 331.
Copyright 2011 ACS. (f) Simulation result show electric field strength from the 4-petal flower-shaped 3D nanostructure.>*” Adapted with
permission from ref 332. Copyright 2014 Wiley-VCH. (g) Vertically stacked 4-petal flower-shaped Cu 3D nanostructure.’** Adapted with
permission from ref 336. Copyright 2016 IOP Publishing. (h) 7-shaped plasmonic Au 3D nanostructures resulted from controlling the
cushion shapes.”** Adapted with permission from ref 334. Copyright 2024 ACS. (i) Reflectance spectra measured data from the structure in
(h).*** The graph displays the reflectance spectra, which vary in response to the angle of incident linearly polarized light. ® presents
polarization axis angle. Adapted with permission from ref 334. Copyright 2024 ACS. (j) Reflectance spectra depending on NAs of objective
lenses. The 7-shaped plasmonic Au 3D nanostructure has azimuthal angle sensitive optical responses.’>* Adapted with permission from ref
334. Copyright 2024 ACS. (k) Schematic showing aerosol 3D nanoprinting principle using the floating mask. The sharp tip of growing
structure prolongs the funnel-shaped electric field lines to the tip with self-consist manner.”” (I) An array of printed vSRR structure from
(k).”” Adapted with permission from ref 79. Copyright 2021 Springer Nature. (m) Simulated surface currents of vSRR structure, which
induce a magnetic dipole.”” Adapted with permission from ref 79. Copyright 2021 Springer Nature. (n) Simulated (blue line) and measured
reflectance data (red line).”” The magnetic dipole peak appears at the wavelength of 19.8 um under linearly polarized light. Adapted with
permission from ref 79. Copyright 2021 Springer Nature. (o) Schematic shows electrified mask employed aerosol 3D nanoprinting
technique.’*’ Adapted with permission from ref 340. Copyright 2022 ELSEVIER. (p) Multivoxel sized vertical nanopillars printed from
(0).>*° Adapted with permission from ref 340. Copyright 2022 ELSEVIER. (q) 3D nanohelices with continuously decreasing voxel size from
the bottom to the top.>** Adapted with permission from ref 340. Copyright 2022 ELSEVIER.
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drug delivery.

Coming to the second application category, 3D nanoprinting
allows fabrication onto existing structures, which can be
challenging in a standard photolithography process. One
example is the fabrication directly onto the end face of optical
fibers equipping them with diffractive””” or refractive lenses,”"

12510

graphic metasurfaces,’” diffractive and refractive free-form
optics,”” or total internal reflection optics for off-axis focusing
in endoscopes.’”® Commercially, 3D nanoprinting enables
interconnection of multiple photonic chiplets by photonic wire

) 309,310
)

bonding (Figure 8n and mode conversion in on-chip

waveguides using free-form tapers.”'' Lastly, 3D nanoprinted
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refractive microlenses are of industrial interest for integration
directly onto light emitters or sensors.’'”

Implementing 3D nanoprinted structures faces certain
challenges not commonly encountered in planar lithography.
For example, in multiheight metasurfaces shorter meta-atoms
may experience a “shadowing effect” from taller neighbors
altering their optical response. This can be mitigated by
minimizing height differences or simulating the response of the
complete metasurface with large-area algorithms.””*"* Fur-
thermore, it is challenging to scale 3D nanoprinted
metasurfaces from the NIR to the visible spectrum, as
subwavelength unit cell sizes are required to suppress loss to
higher-order grating modes, though the resulting amplitude
modulation can be intentionally leveraged for complex-
amplitude metasurfaces.”*®

Lastly, mechanical stability must be considered as capillary
forces act on adjacent elements of the structure while the
developer evaporates during the final fabrication step.’'
Insufficient polymer cross-linking or too narrow geometries
can result in structural collapse. Solutions include using higher
laser powers, smaller hatching and slicing distances, low-
surface-tension solvents (e.g, Methoxy-nonafluorobutane), or
critical point drying.”"> Such structural collapse is particularly
pronounced for metasurfaces, where the cross-section of each
nanopillar is often smaller than 1 ym? Therefore, the maximal
feasible height of 3D nanoprinted metasurfaces currently
stands at 11 ym (pillar cross-section: S50 nm X 1600 nm).”%¢
Ultrahigh aspect ratio structures such as light cages even
require strand diameters in the micrometer range.””®

To make mass-scale 3D nanoprinting economically viable,
manufacturing costs need to be lowered - considering
investments of several hundred thousand euros for a machine
fabricating in a field-of-view of a few hundred micrometers.
Two main approaches have been explored. First, fabrication
can be parallelized using multifocal arrays with a recent
demonstration using 2000 individually addressable focal spots
generated via a digital micromirror device (DMD), achieving
printing speeds of 2 X 10° voxels/s.”'® Even higher printing
speeds of 1.4 X 10° voxels/s were demonstrated using a
diffractive optical element generating 49 aberration-corrected
foci in combination with a high scanning speed of 1000 mm/s
(Figure 8h).>”*

A second target is the expensive femtosecond laser. Here, a
novel approach uses two-step rather than two-photon
absorption, increasing the likelihood of the nonlinear process
while maintaining the square dependence on intensity.” ° This
enables the use of significantly cheaper continuous-wave (CW)
lasers (405 nm laser diode, power: 0.1 mW).

Another strategy to increase writing speed and reduce cost is
light-sheet 3D microprinting.”’” Here, one CW laser
illuminates a single layer of the PR, while a second CW laser
of a different color projects an intensity pattern onto this layer.
The used two-step photoinitiator acts as an "AND gate”
resulting in the polymerization of a whole layer at once. With
this technique printing speeds of 7 X 10° voxels/s were
reached (voxel size: 500 nm X 2200 nm).

Lastly, increases in resolution to subdiffraction levels have
been pioneered about a decade ago using stimulated-emission
depletion (STED), where a depletion beam returns excited
photoinitiator molecules to their ground state at the edges of
the laser focus. STED 3D nanoprinting has achieved single
suspended nanowires with features as small as 9 nm and a
lateral resolution of 52 nm,”'® while 3D woodpile structures

reached feature sizes of 125/175 nm with a resolution of 275/
290 nm in the lateral and axial directions, respectively.””’ As a
further advantage, this method allows to use higher laser
powers, reducing sensitivity to laser power fluctuations.’"’
Additionally, beam engineering involving a radially polarized
beam can be used to tune the aspect ratio of the voxel,
resulting in a decrease of its volume by 71%.>*

Combining all these approaches could significantly reduce
fabrication costs and achievable feature sizes, opening avenues
for various industrial and research applications such as
integrated optical components for telecommunication or
consumer devices, point-of-care diagnostics, chemical analysis,
biomedical engineering, or material science. Looking further
ahead, advances in 3D nanoprinting could lead to a new era of
3D photonic architectures, affecting applications as far as
optical neural networks,”*" or optical analog computing.’**

10. AEROSOL PRINTING

Wooik Jung and Mansoo Choi

The aerosol 3D nanoprinting technique offers significant
advantages in the field of nanophotonics. Its practical capability
for parallel printing of periodically arranged complex shapes of
3D nanostructures in atmospheric conditions makes it a
powerful 3D nanoprinting tool for diverse photonics
applications. Furthremore, owing to the direct printing of
subwavelength scale metallic 3D nanostructures, fabricated 3D
nanostructures interact with light without requiring post-
processing of the structures.

Aerosol 3D nanoprinting relies on self-focusing electric field
lines to guide and print charged aerosols at desired position. In
this process, generating funnel-shaped electric field lines that
focused as a nanoscale bundle is essential. The formation of
these funnel-shaped electric field lines begins by fabricating a
dielectric layer prepatterned Si substrate from photo- or
electron beam lithography. By applying a negative electric
potential to the conductive Si substrate, introduced cations
accumulate on the dielectric layer, giving rise to localized
repelling electric field regions termed the cushion.””® This
repelling cushion distorts the local electrostatic environment,
leading to focusing electric field lines directed to the center
region of the opened area of Si substrate (Figure 9a). Soon
after the arrival of positively charged aerosols, they are printed
only in the center region on Si substrate following along the
focusing electric field lines (Figure 9b), thereby enabling
nanoscale printing of charged aerosols under atmosphere.””*

Kim et al.*** first demonstrated the principle of the aerosol
3D nanoprinting technique. Figure 9¢ shows an array of 75 nm
resolution dots printed at the center of 230 nm circular
dielectric apertures with 10 nm-sized Ag charged aerosols. As
shown in Figure 9c¢, an array of dots, with a resolution of 75
nm, was printed at the center of 230 nm circular dielectric
apertures using 10 nm-sized Ag charged aerosols. This
outcome corresponds to Figure 9b, depicting the early stage
of the charged aerosol printing. By comparing the printing
results using the substrate with or without cations, they proved
the charged aerosol focusing effect induced by local electric
field modification. Prior to delivering the aerosols toward the
substrate, a corona discharger’” was employed to supply
sufficient cations onto the dielectric layer, thereby forming the
funnel-shaped electric field lines for high-resolution aerosol
printing. Such an experimental technique is commonly
employed for printing aerosols generated from electro-
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spray, and evaporation and condensation,”” which may

not supply adequate cations.

Since then, spark discharging”**~>* has become a preferred
method for generating metallic charged aerosols due to their
capability to produce aerosols of a few nanometers in size with
narrow size distribution and sufficient cations. This has
advantages for printing densified 3D nanostructures and
establishing the electrostatic conditions required for nanoscale
electric field line funnels. Even though charged aerosols and
cations from the spark discharger are simultaneously
introduced into the 3D nanoprinting chamber, cations with
faster mobility’”* reach the vicinity of the negatively biased
substrate before the aerosols do, thus accumulating on the
dielectric layer and generating focusing electric field lines
before charged aerosols approach.”"

The continued printing of charged aerosols under the given
electric field, as illustrated in Figure 9b, results in the formation
of 3D nanostructures. As shown in Figure 9d, incoming
charged aerosols are continuously deposited within the electric
field lines touching the Si surface. The geometries of the
printed 3D nanostructure can be controlled by manipulat'n§
the shape and distance of patterns in the dielectric layer,*' ~**
along with adjusting the surface charge density induced by the
accumulation of cations and applied electric potential to the
substrate.”* These factors play a crucial role in shaping the
electric field line funnel and cushion, ultimately determining
the final form of the 3D nanostructures.”**

An array of four-petal flower-shaped Cu 3D nanostructure
(Figure 9e) is printed using a cross patterned dielectric
layer,”" visually depicting the funnel-shaped electric field lines
in Figure 9d. These structures exhibit localized surface
plasmons between neighboring petals, leading to a significant
enhancement of surface-enhanced Raman spectroscopy
(SERS) signals, enabling single molecule detection®'”**
(Figure 9f). Additionally, by utilizing a multipin spark
discharger, we expanded the printing area, demonstrating
ﬂower-shaged Ag 3D nanostructures over a 25 cm?’
substrate.””"

Our technique offers scalability, as the funnel-shaped electric
field line bundles can be efficiently formed across any substrate
size. By supplying charged aerosols to substrates with these
field line bundles, our method allows for precise and uniform
3D nanostructure printing, regardless of the area being printed.
This scalability is particularly beneficial for larger-scale
production, overcoming the area limitations seen in other
printing techniques.

Figure 9g demonstrates the stacking of flower-shaped 3D
nanostructures.’*® After printing the first layer of the
structures, the dielectric layer is removed, followed by
patterning of a second layer above the existing flower-shaped
3D nanostructures. Subsequently, charged aerosol printing
process fabricates the second layer of 3D nanostructures. FE-
SEM image shows vertically stacked flower-shaped 3D
nanostructures after removal of the dielectric layer. Those
vertically stacked 3D nanostructures exhibit intensified Raman
peaks, displaying relative enhancement factors approximately §
times than monolayer 3D nanostructures.

By patterning the dielectric layer with an array of hole pairs
with 2.6 pum periods, the asymmetric surface area between
holes causes disparities in cushion size (or repelling force from
accumulated cations) because of repelling Coulomb force from
accumulated cations.”* This results in incoming electric
funnels to slant toward each hole in hole pair. As a result,

16°-angled pillars are printed and connected with floating
nanorod parallel to the substrate. Figure 9h shows the 7-
shaped plasmonic structures from printing of Au charged
aerosols after removing the dielectric layer.”>* In this printing
process, it is crucial to control the surface charge density of the
dielectric layer, considering the ratio of surface area of
dielectric layer resulting from spacing the dielectric layer
between the holes. This regulation can be achieved by
adjusting the applied electric potential to the substrate,
which also allows for the controlling tilt angle of the structure
under different periodic conditions. Notably, this technique
enables the fabrication of complex 3D nanostructures at a
remarkably low cost, making it suitable for mass production.
The geometrical configuration of z-shaped plasmonic
structures facilitates the dual-resonance mode within a single
structures. The dual-resonance mode encompasses polar-
ization-sensitive localized surface plasmon resonances (Figure
9i) and azimuthal-angle sensitive quasi-bound states in the
continuum (Figure 9j). These optical characteristics offer a
promising application of angle-resolved polarimetry.

The prepatterned substrate serves as a foundation for
printing of diverse 3D nanostructures, yet its fixed electrostatic
field limits the geometries of the structures. By replacing the
dielectric layer with a dielectric stencil mask, known as a
focusing mask, it is possible to achieve the same focusing of
charged aerosols and printing of 3D nanostructures, eliminat-
ing the need for substrate surface modification.’”® The mask
can be floated to allow direct printing of charged aerosols on
the substrate.”” The stationary floating mask is positioned
above the negatively biased substrate, with a piezoelectric 3D
nanostage enabling translation of the substrate in three
dimensions. The formation of focusing electric field lines is
facilitated by the accumulation of cations around the apertures
in the floating dielectric mask. This configuration combining
nanoscale movement of the substrate in three dimensions
provides nanoscale-focused charged aerosol jets directing to
the moving substrate, enabling 3D shape controllability of the
desired structures. During the printing process of 3D
nanostructures, the sharp tips of the metallic nanostructures
converge electric field lines in between the mask and the
substrate, inducing their self-focusing. These self-focused
electric field lines guide charged aerosols to the tips, even
when moving in 3D space, thus enabling the real 3D
nanoprinting that can realize complex 3D nanostructures in a
parallel fashion under atmospheric conditions (Figure 9k).***
For instance, Figure 91 displays vertical SRRs (VSRRs),”*’
exhibiting a magnetic dipole resonance under linearly polarized
incident light. Numerical simulation has demonstrated that the
magnetic dipole resonance is triggered by magnetic current
density (Figure 9m). Measured reflectance spectra showed a
resonant wavelength of 19.8 pm, consistent with simulation
results (Figure 9n). To verify the reproducibility, multiple
experiments were conducted to print 3D nanostructures and
measure their dimensions, including size, length, and angle.
The minimal variations in these parameters confirm the high
reproducibility of the technique, which is beneficial for
nanophotonics applications that require precise control over
structure shapes for consistent optical performance.

In recent advancements, aerosol 3D nanoprinting has been
technically progressed by adopting an electrified mask,
replacing the dielectric floating mask.”>”**’ This electrified
mask consists of a metal-coated dielectric layer onto which an
electric potential is applied. In this approach, the difference in

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


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c10964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acsnano.org

—b

(I) ‘ Incident light ' (")

Collimated beam

Conformal
phase mask

h
a ) O R
Recessed # = 2 = 2
L — L — — - !
2mphaseshift ~ z9%
oo
Y 3§ fo,
02
Fi First First. =
ero Zeroth 0 [

1
Distance (pm)

Line & space S aam—

¢

—d — e — f
cOpﬁcal modulator Optical filter & Structural color Optilcal diffusor
8 ]
£ 3 el
£ g £
£ ] 4 €
"] Q (7]
g 5 5
= > =
Wavelength I Wavelength Wavelength
(i) - Incident light
.: E E =. :n s(;retcnmg
irection
¢ &4
ws 3 8 OO
interface Y YY)
light scattering

—
—

—

-~

=100 0% | [FPerer 30 scane =i
E\i = e e ' 1 o
100 50
8 g cattorer 30 Scattor Vo mel - = | Anticefective diffuser
2 catterer 3D Scatterer 30 5¢ 3 s e ©wFE
L] 30 Scatteror 30 5¢ = __/\L 8 | oiffuser - <
E 60 : . 5 ¢ 8
Strain __,ge, 8 a0 ® 30 €
£ £=20% 4 ' s ]
"':’ 40 § | Glass cover ‘g
& =40% s __,_’/\; L t S
.—: 20 W w60% B _—’/\ éw P— Diffuser |40 &
—————— | N | | E [ -~~~ === === === 2
E 0 =80, 100% QH Antireflective diffuser | g
1 400 500 600 700 300 400 500 600 700 80O 900 o “:f“mm m::]“ [
Wavelength (nm) Wavelength (nm)
—g —h
ool (i) (ii)
Material property o ¥ S o N B
of phase mask 1N o i Forward simulation Adjoint simulation
p=—-An-h \ . * Planar illumination
A mmw
Forward Glass
Relief height design

i , R R s L
PDMS

.. L] 2
Phase mask Target topology Photoresist. \

for phase modulation
A « rﬁm‘

= . ] ]
- | o a
oo seftUee... . Aot l - 2
T Next iteration l
Design update Gradient calculation
—oll B "t | | Re[Eqa(r) Ea(0)
T +af(An)

‘
- an(r) ETNCTO

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.>”* Adapted with permission from ref 374. Copyright 2012 Springer Nature. (b) Concept images of (b.i) a
binary phase mask illustrating 7 phase shift condition for maximized diffraction efficiency®*> and (b.ii) the Talbot effect.**” 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.**33*¢33335%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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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,*”® (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,*** (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.””® (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.”*® Adapted with permission from ref 380. Copyright 2016 ACS. (h) Realization of target topology using an Adjoint method,*** (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 TiO, 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.

electric potential between the electrified mask and the
substrate (AV) allows for precise adjustment of the diameter
of funnel-shaped focusing electric field lines and, consequently,
the diameter of charged aerosol jets (Figure 90). This level of
control enables manipulation of voxel sizes of 3D nanostruc-
tures during printing process by regulating the electric field
strength (E = AV/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/um to 25 V/
pum. Furthermore, continuous increase of E from 20 V/um to
364 V/um 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 34342

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.***>* 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).*****” Thanks to its softness, the phase mask can
spontaneously form a conformal contact with PRs.**®
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.**® 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.**”**
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.”' 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.”>> Maximum patterning
contrast can be achieved when this phase shift equals an odd
multiple of 7, 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

A 2p2
Z. = ~ —— (when A/p is small
T 1— (1 _ /12/112)0'5 /1 ( P )

)

where Z; and 1 are Talbot distance and the incident
wavelength, respectively (Figure 10b(ii)).

Since 2004 when PnP was demonstrated for 3D patterning
for the first time,”* 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),**
hexagonal closed packed (HCP),*** quasi-crystal,”>® dia-
mond,”* and oblique 3D nanostructures,”* along with
tunable periodicity or density gradience (Figure
10c).*3%3%%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,”>* ! the
electron/ion kinetics in energy storage devices,346’357’362_368
and the load-transfer behavior in mechanical structural
materials,**®?9930130639737% There are several review papers
elaborating on the overall principles of PnP’* and
summarizing the application of PnP for sensors,”*”*"* energy
storage devices,>”> and structural materials.”’> 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-
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dicities ranging from hundreds of nanometers to microns.”"”

Importantly, these structures can be endowed with a variety of
materials possessing specifically designed optical properties,
thanks to the material conversion techniques that are
compatible with PnP.**>*”” Here, we scrutinize the unique
opportunities provided by PnP in developing nanophotonic
materials that regulate light, which opens up a wide array of
applications in this field including optical modulators, filters,
and diffusers.

First, optical modulators play a crucial role in nano-
photonics, as they can dynamically alter their optical properties
in response to mechanical strains.””® A crucial requirement for
these devices is the capability to maintain an initial
homogeneity in n and to induce significant n mismatches
upon external strains, thereby controlling light transmission
efficiently. PnP fulfills these requirements by enabling the
fabrication of nanostructures with tailorable n. For example,
the study by Cho et al. fabricated 3D structures with ordered
pores in a period of 600 nm.””® Through material conversion, a
nanocomposite composed of two interconnected PDMS
networks, sandwiching a thin layer of alumina, was prepared.
The seamless contact of the three phases endowed the
nanocomposite with a high transmittance of ~90% for visible
light. When strains were loaded, numerous air gaps were
generated as the sites for multiple light scattering due to their
much lower n (~1.0) than that of the matrix materials (~1.4
for PDMS). Thus, the transmittance decreased dramatically by
74% upon strain, while diffused transmittance and reflectance
were increased (Figure 10d(i)). Following this, Chen et al.
took a step further.””” By replacing the alumina with silicon
oxide (n ~ 1.4) and inducing strain localization, the
homogeneity of the n in the unstrained state was enhanced
and the generation of air gaps upon strains was facilitated,
giving rise to improved contrast of 82% (Figure 10d(ii)). The
PnP-produced ordered 3D nanostructures here offered three
key advantages for developing an advanced optical modulator:
(i) enabled multiple light scattering for maximum transmission
modulation, (ii) prevented air gaps from merging, maintaining
the scattering sites, and (iii) ensured uniform optical properties
across the modulator.

Moreover, considering its rapid fabrication of periodic 3D
nanostructures, PnP is exceptionally powerful in realizing large-
area optical filters that realize selective control of light over
different wavelength. Photonic crystals, which are specially
engineered materials with a periodic arrangement of dielectric
or semiconductor components, possess photonic band
structure that manipulates the flow of light in a manner
analogous to how electronic crystals control the flow of
electrons. These materials have a unique ability to control and
manipulate the propagation of light waves, such as filtering
specific wavelengths or guiding light in desired directions.
However, challenges remain in quickly producing photonic
crystals with high spatial resolution. PnP is a good candidate to
efficiently produce photonic crystals in a large area for optical
applications. In the work by Nam et al., large-scale full-color
woodpile photonic crystals were fabricated to realize a wide
range of structural colors (Figure 10e).”* They proposed a
multilevel phase mask consisting of two orthogonal line-and-
space phase masks and a spacer to produce large-scale
woodpile topologies (~1 in*) by a single exposure step.
Fabricated 3D nanostructures using multilevel phase mask
exhibited woodpile symmetry with 300 nm of planar
periodicity and 716 nm of vertical periodicity, confirming

high correspondence of aspect ratio of ideal woodpile
symmetry (c/a ~ 1.4) (Figure 10e(i)). When compared to
alternative methods used to manufacture woodpile photonic
crystals with submicron periodicity, it is evident that PnP offers
benefits in terms of both processing time (~tens of seconds)
and production area (~few inches). The reflectance spectra of
the inch-scale photonic crystals demonstrated that structural
colors can be tailored by adjusting the incident light angle, and
pixelated multicolor patterns were exhibited in a large area by
adjusting the exposure dose (Figure 10e(ii)).

Lastly, PnP not limited to flat substrates has been
demonstrated to pattern on curved substrate to realize
antireflective diffusors based on hierarchical nanostructures
mimicking the moth-eye topologies (Figure 10f).**" Multiscale
hierarchical structures can be produced using an ultrathin
phase mask (~3 um) that conformally contacts a nonflat
substrate with a low radius of curvature (~28 um). PnP
enables large-area production (~16 in’) of the hierarchical
topology which perfectly mimics moth-eye structures in a
single exposure step (Figure 10f(i)). Fabricated hierarchical
nanosheet exhibited improved diffuse transmittance and
correspondingly reduced diffuse reflection over the visible
light range compared to conventional antireflective films
without hierarchical topology (Figure 10f(ii)). Bioinspired
hierarchical topology and large-area production technique can
be applied in various optoelectronic applications, including
light trapping for solar cells, projection screens, and diffuser
sheets for light emitting diodes (LEDs).

Recently, there has been an effort to expand the range of
topological diversity achievable through PnP using computing
algorithms.”®' Traditionally, the selection of phase mask
geometries for the fabrication of 3D nanostructures preceded,
which progressed toward realizing the resulting 3D nanostruc-
ture topology through optical analysis (referred to as forward
design in Figure 10g). However, current research approaches
this from the opposite direction, utilizing computing
algorithms to first select the optimal 3D nanostructures for a
given research area and then inversely calculate the phase mask
geometries needed for nanostructure fabrication (referred to as
inverse design in Figure 10g). For example, Nam et al
investigated a new type of design platform for developing
nontrivial topology and motifs in 2D lattices.”>> They
proposed an adjoint method for PnP to calculate the
geometries of the phase mask, allowing the target topology
and motifs to be realized in 2D space. The adjoint method is
an efficient design tool used to calculate the gradients of
functions with respect to the optical parameters and to derive
optimal data fulfilling the objective.”**** As a proof of
concept, a square array nanopattern was set as a target
topology, which had been hard to realize using normal incident
light exposure. A new type of phase mask consisting of TiO, (n
~ 2.87) and PDMS (n ~ 1.40) was selected to maximize the
difference in n and conformally contact to PR. By virtue of the
symmetry of Maxwell’s equations, a gradient of the figure of
merit (FoM) function can be obtained by only two
simulations, and the phase mask geometry which realizes the
target interference in the design space is calculated by
following the optimized gradient direction of the FoM (Figure
10h(i)). After iterations, the optimized geometry of the binary
phase mask consisting of TiO, and PDMS was derived (Figure
10h(ii)), and the square array of the 2D lattices can be realized
using the optimized phase mask without changing the angle of
the incident light (Figure 10h(iii)).
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Figure 11. Large-area lithography. (a). Schematic of the fabrication process based on the EBL.>’* Adapted with permission from ref 390.

Copyright 2023 SPIE-Publications. (b) SEM image of the fabricated TiO, nanofins.””' Adapted with permission License from ref 391.
Copyright 2021 AAAS. (c) A 1 cm-diameter RGB achromatic metalens fabricated using high-speed EBL,**> 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.**® 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.*’’ Adapted with
permission from ref 401. Copyright 2024 ACS. (f) Diagram of large area metalens by rotating and aligning the reticle set.**’ 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.*”> (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.**> 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 ZrO, atomic layer—polymer hybrid metalenses on 8-in. wafer operating in the UV region.’®> Adapted with permission
from ref 33. Copyright 2024 ELSEVIER. (j) Mass manufactured 1 cm TiO, atomic layer—polymer hybrid metalenses on 12-in. wafer
operating in the visible region.®’ Adapted with permission from ref 81. Copyri§ht 2023 Springer Nature. (k) Mass manufactured 1 cm
polarization-independent metalenses on 8-in. wafer operating in the NIR region.*’’ Adapted with permission from ref 400. Copyright 2024
Wiley-VCH.

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

12516

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
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short, PnP is a promising candidate for 3D nanofabrication
that can empower the structural study and practical use in a
variety of application scenarios thanks to its versatility in mass
production, fabrication speed, and structural diversity.

12. LARGE-SCALE LITHOGRAPHY

Jaekyung Kim, Eunji Lee, and Junsuk Rho

Large-scale lithography is essential for commercialization as
it enables mass production and large size manufacturing,
making it ideal for integration into various devices and systems.
To effectively use metasurfaces with advanced functionalities in
actual devices, ensuring high resolution is also crucial.*#*
Fabrication resolution is related to the ability to precisely
construct subwavelength meta-atoms, which are the funda-
mental building blocks of metasurfaces.’*>~>*” While conven-
tional EBL can achieve the required resolution, it is limited by
low throughput and difficulty in scaling up due to its slow
speed and high cost. As a result, the production of
metasurfaces is constrained to dimensions within a few
milimeters.””® This bottleneck has restricted the practical
application and scalability of metasurface-based devices.
Significant efforts have been made to develop alternative
lithography techniques that can overcome these existing
limitations.*****” Among these techniques the development
of high-speed EBL and deep UV (DUV) photolithography has
especially facilitated the transition of metasurfaces from
laboratory innovations to mainstream optical devices, unlock-
ing their full potential for a wide range of applications.

The conventional EBL process involves resist exposure,
development, hard mask etching, target material etching, and
mask removal®®® (Figure 1la). Although electron beam
lithography offers high resolution, its low beam current leads
to prolonged patterning times limiting its applicability in
fabricating large-area metasurfaces. To address this issue, high-
speed EBL with a beam current (~nA) higher than that of
conventional EBL (~pA) has been used to fabricate large-area
metasurfaces on mm and cm scales.””"*** Utilizing higher
currents increases electron beam energy and charge density,
facilitating faster modification of resist and enhancing pattern
generation speed.””® However, higher currents can reduced
resolution due to electron beam scattering and thermal
effects,** making it essential to optimize the current to
achieve the resolution suitable for the pattern size.””> For
example, using high-speed EBL, researchers fabricated a 2 mm
diameter RGB achromatic metalens composed of TiO,
nanofins®" (Figure 11b). The fabrication process involved
standard steps similar to conventional EBL processes,
including resist exposure, development, TiO, film deposition
using ALD, removal of excessively grown TiO, layer via RIE,
and lift-off of the remaining resist. To overcome the
computational limitations of forward design for large-area
metasurfaces, the adjoint method, an inverse design approach,
has been proposed. Using this approach, a 1 cm diameter RGB
achromatic metalens with a resolution of 10 nm has been
fabricated™” (Figure 11c). While high-speed EBL allows the
fabrication of large-area metasurfaces, its reliance on direct
writing has limited mass production.

To further address scalability, researchers are exploring DUV
photolithography. This leverages advancements in excimer
laser technology to overcome the resolution constraints of
conventional photolithography and fabrication speed of EBL.
Conventional photolithography resolution has been limited by
the Rayleigh criterion, which states that resolution is

proportional to half of the source wavelength.*’® However,
advancements in excimer laser technology, leveraging shorter
wavelength sources like KrF*7 and ArF,***% have enabled
more precise patterning processes. This method allows for
rapid patterning through a single exposure, employing light
exposure patterning rather than direct writing like EBL. This
method employs light exposure patterning through a single
exposure, which enables more rapid patterning compared to
the direct writing like EBL. These improvements in speed and
precision have been achieved while maintaining a fabrication
process that closely resembles traditional photolithography
methods*” (Figure 11d). The DUV photolithography process
involves hard mask deposition on the target material, spin-
coating the PR, and transferring the reticle pattern using an
excimer laser. This is followed by development to serve as an
etch mask for the hard mask, hard mask etching, residual PR
removal and finally target material etching to achieve the
desired pattern. In this process, the reticle pattern plays a key
role as it directly dictates the resolution of the final pattern.
The reticle is typically fabricated using high-speed EBL to
achieve the required resolution. To achieve higher resolution,
advanced lithography techniques such as immersion lithog-
raphy or reduction lithography are employed®®" (Figure 11e).
Immersion lithography replaces air with higher n materials
such as water or oil, while reduction lithography uses advanced
lens systems. Despite some drawbacks related to cost and
contamination risks, the trade-offs are justified by the
substantial improvements in fabrication precision. By applying
reticle-based process, the larger metasurfaces up to 100 mm in
diameter have been achieved by rotating the reticle set™
(Figure 11f). After loading the wafer at 0 degrees, the reticle
set of 1—7 is exposed. Then, the wafer is rotated by 90 deg and
the reticle set of 2—7 is exposed, excluding the center reticle 1.
This process is repeated by rotating the wafer 180 and 270 deg
to create an expanded size metalens. Despite conducting
several exposures, the alignment marks have allowed for an
alignment error to be under 45 nm. Automating the alignment
and exposure reduces the processing time to less than 20 min
per wafer. This is about 450 times faster than the time it takes
to produce the same size with typical high-speed EBL, bringing
it closer to commercialization.

The 248 nm KrF laser photolithography can be applied to
both large area and mass production based on the above
scheme. An 80 nm diameter metasurface for a telescope has
been proposed using the rotating reticle method*’* (Figure
11g). Despite this large fabrication process, alignment error
was kept to less than 1 ym, resulting in diffraction-limited focal
spot sizes and over 80% peak focusing efficiency at 1450 nm.
Additionally, for mass production, it can be performed by
repeatedly exposing and progressively stepping on the wafer*”?
(Figure 11h). Here 2 mm by 2 mm beam-steering metasurfaces
based devices for optical wireless broadcasting communication
links have been fabricated on an 8-in. wafer. However, KrF
laser photolithography has mostly been used in the NIR due to
its relatively large diffraction limit size. Although it has been
extended to the visible, it requires a more precise process to
further expand its application range to the UV region. To
achieve high NA for the metalens and high-performance
wavefront shaping, reducing the gap between meta-atoms is
necessary. Therefore, research is actively underway to apply an
ArF excimer laser to increase resolution and enable mass
production. By using this method to create master molds for
NIL, recent studies are increasingly focusing on using different
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Figure 12. Nanoimprinting technology for fabrication of high-n 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 ZrO, PER-NIL. Measured image of the holograms designed for (d.ii) A = 325 nm and (d.iii) A = 248 nm.*"* 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 ZrO, hybrid-NIL. Inset:
Photograph of the fabricated 1 cm metalens. (e.iii) Experimental intensity distributions in the x-z 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.>* Adapted with permission from ref
33. Copyright 2024 Science Direct. (f) (f.i) SEM image of fabricated metaholograms through TiO, PER-NIL. (f.ii) Measured images of the
holograms with wavelengths ranging from 450 to 650 nm.*'" 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 TiO,
hybrid-NIL. Inset: Photograph of the fabricated 1 cm metalens. (g.iii) Experimental intensity distributions in the x-z 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.*" 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.*?’
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 12. continued

distributions in the x-z plane and (i.iv) captured images of a negative 1951 USAF resolution target with the fabricated S mm metalens at a
wavelength of 940 nm.*> Adapted with permission from ref 82. Copyright 2024 Wiley-VCH.

materials tailored to specific operating wavelengths. In the UV
region, 1 cm® scale metalenses composed of high-index
zirconium dioxide (ZrO,) atomic layer—polymer hybrid
structures have been mass-produced on 8” wafer (Figure
11i).>” First, a 4 cm reticle has been fabricated using high-
speed EBL for mass production of UV metalens (Figure 11i-
(i)). Subsequently, an ArF immersion scanner has been
utilized to achieve a high resolution of 40 nm scale and NIL
has been utilized to reduce the wafer-scale production costs
(Figure 11i-(ii)). Additionally, to compensate for the efficiency
reduction caused by the low nof the NIL resin, high-index
ZrO, atomic layer in UV region has been coated to make
strong light confinement. In the visible region, 1 cm scale high-
index TiO, atomic layer—polymer hybrid metalenses have
been fabricated, with hundreds of them on a single 12" wafer®!
(Figure 11j). The ArF immersion scanner and NIL have been
utilized exactly the same way as in Figure 11i. Additionally,
high-index TiO, atomic layer in visible region has been coated
on the resin-based nanostructures for realizing strong light
confinement. In NIR region, 1 cm polarization-independent
metalenses composed of hydrogenated amorphous silicon (a-
Si:H) cylinders have been mass-produced on 8" wafer*”’
(Figure 11k). ArF dry scanner has been utilized instead of
immersion scanner to save fabrication costs, and since
metalenses operate in the NIR region, the resolution of the
ArF dry scanner was sufficient to make nanoscale cylinders.
Furthermore, a-Si:H with high nand low extinction coefficient
has been adopted to achieve high-performance metalens in the
NIR region.

To summarize, high-speed EBL has been introduced to
overcome the limitation of conventional EBL for large-area
fabrication. However, due to the challenges of EBL in mass
production, DUV photolithography has been applied to
achieve mass production. This enables faster production,
lower costs, and improved process stability, enhancing the
potential for large-scale manufacturing of metasurface-based
optical devices while maximizing economic benefits. Further-
more, the high compatibility with CMOS technology facilitates
the integration of metasurfaces with semiconductor devices,
enabling the large-scale integration of optoelectronic devices.
As a result, these devices can be applied in high-performance
optical systems such as virtual reality (VR) and augmented
reality (AR) devices, smartphone camera modules, and LiDAR
systems. However, managing defects is critical because they
directly impact device performance and production costs, with
acceptable defect levels varying depending on the intended
application. As the fabrication area increases, variations in
process conditions can introduce defects.””” Optimizing both
the metasurface design and fabrication parameters is essential
to minimize defects and ensure uniform performance.
Evaluating defects through efficiency testing and yield analysis
associated efficiency losses in large-area metasurfaces, can be
determined by measuring the efficiency of each fabricated
metasurface and comparing it to theoretical and average
values.”> Despite significant progress in mass-producing
metasurfaces, especially in the UV and shorter wavelength
regions, further resolution improvements may require sources
with even shorter wavelengths, such as EUV lithography.***

These approaches not only increase the commercial adapt-
ability but also commitment to overcoming the inherent
limitations of traditional photolithography, setting the stage for
the next generation of optical device manufacturing. To
advance commercialization further, research will be required to
combine various other fabrication techniques such as roll-to-
roll nanoimprint lithography** to further reduce the cost of

large-area fabrication and mass production.

13. NANOIMPRINT LITHOGRAPHY WITH
HIGH-REFRACTIVE-INDEX RESIN

Hyunjung Kang, Yujin Park, and Junsuk Rho

EBL has been employed to fabricate metasurfaces with
higher resolution compared to i-line stepper lithography and
KrF stepper lithography. However, EBL is costly and time-
consuming, hindering the mass production of metasurfaces at
the wafer scale. To address these challenges, NIL has emerged
as a low-cost and one-step fabrication technique: nanostruc-
tures are transferred onto imprint resin using a replica mold
made from a master mold. Regardless of their massive
producibility, conventional imprint resin, with its low n
(~1.5), is unsuitable for designing meta-atoms as it lacks the
capability to effectively modulate light. To enhance the
effective n, various methods including dispersing nanoparticles
into the typical resin**°~**” and depositing high-n film onto
printed structures®>®' have been introduced.

By dispersing nanoparticles into the resin, a particle-
embedded resin (PER), with high n, has been developed
(Figure 12a).°%*0740%410411 PER based NIL (PER-NIL)
process is as follows: a reusable master mold is made using
EBL, followed by pouring PDMS onto it to form a replica
mold. PER is spin-coated onto the replica mold and then
placed onto a target substrate, where it is directly imprinted
under exposure to UV radiation (or heat) and pressure. PER-
NIL does not require secondary operations such as etching,
enabling the low-cost and high-throughput fabrication of the
metasurfaces. Cost analysis shows that producing a single
sample costs ag)proximately 1.37 USD, confirming its low-cost
nature,***7#9%H04 High index atomic layer-polymer hybrid
metasurfaces have been formed by coating a thin film through
ALD onto imprinted polymer meta-atoms, known as hybrid-
NIL*! (Figure 12b). The thin film enhances light confinement,
increasing the effective nand consequently improving optical
efficiency. On the other hand, the hybrid-NIL process is as
follows: a wafer-scale master mold is fabricated by photo-
lithography and high-speed EBL owing to the large fabricated
area. Photolithography using an ArF immersion scanner with a
wavelength of 193 nm has been employed to create the master
mold with high resolution (~40 nm). Then, NIL is used to
replicate the wafer-scale master mold at an extremely low cost,
followed by coating with a thin film using ALD, enabling mass
production of scalable metasurfaces. This method demon-
strates that, for a 4-in. wafer, only 3 defects occur out of 68
transferred 1 cm metalenses, and it also proves repeatability
across 20 cycles, validating the potential for large-scale
metasurface mass production. PER- and hybrid-NIL have
demonstrated high efficiency in optical properties, indicating
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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.*>* 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 SiO, 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/m?” cooling power in a
three-day test under direct sunlight in Panel iii. Additionally, it exceeded 110 W/m? in a continuous 72h day-and-night test.*>* 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 ym 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.**> Adapted with permission under a Creative Common CC BY
License from ref 462. Copyright 2023 Springer Nature.
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significant potential for large-scale production of metasurfaces
across a broad spectrum from UV to infrared (IR) wave-
lengths.

UV metasurfaces feature nanostructures designed to finely
manipulate short-wavelength light, leading to advancements in
various applications such as sensors,"'**'* holograms,*""*'?
and lenses."'**'> However, UV metasurfaces have long faced
challenges due to the lack of materials with low loss in the UV
region. To address this, dielectrics with wide bandgap such as
tantalum pentoxide*'® (Ta,0O), hafnium oxide®'” (HfO,), and
niobium pentoxide*'® (Nb,O;) have been primarily utilized.
Yet, processing these materials has required high-resolution
and high-cost techniques such as EBL, prompting the
introduction of NIL. To enhance the effective nof typical
imprint resin in the UV region, PER- and hybrid-NIL, utilizing
ZrO, with a high n (~2.3) and low extinction coefficient
(~0.0), have been introduced.’**'**** They exhibit high-
efficiency UV metasurfaces operating in the region of 248 to
325 nm. Following, a cost-effective one-step printable platform
utilizing ZrO, PER, where ZrO, nanoparticles are mixed with
UV-curable imprint resin, has been demonstrated*'” (Figure
12c.). This was proved by exhibiting a metahologram with a
conversion efficiency of 72.3% at near-UV (325 nm) and

ZrO, PER-NIL method still faces limitations in terms of small
patterning area and challenges in mass production. To
overcome these limitations, the use of ZrO, hybrid-NIL has
been introduced, resulting in an array pattern of a 1 cm UV
metalens on an 8-in. wafer’” (Figure 12d.iii). By depositing a
15 nm ZrO, film onto the existing imprint resin using ALD, a 1
cm UV metalens with a focal efficiency of 48.5% at 325 nm has
been achieved. Additionally, the clear focusing ability of the
metalens has been demonstrated (Figure 12d.iiiiv). The red
and blue vertical dotted lines in Figure 12d.iv illustrate the
resolving capabilities of the imaging target.

The development of visible metasurfaces is crucial for
achieving the minijaturization of optical devices, such as
augmented reality (AR), virtual reality (VR), and wearable
devices. To design efficient metasurfaces, optical materials
must possess a high nand a near-zero extinction coefficient
across the entire visible region. This is particularly desirable for
functional metasurfaces like achromatic metalenses””>**" and
vibrant structural color.*** Visible-transparent optical materials
such as hydrogenated amorphous silicon”””*** (a-Si:H) and
gallium nitride™**** (GaN) have been proven for efficient
metasurfaces. In this section, titanium dioxide (TiO,),
characterized by a high n (~2.7) and low extinction coefficient
(~0.0) in the visible region, has been incorporated into PER-
NIL*##07408HOH 30 d hybrid-NIL®' for the creation of high-
efficiency metasurfaces. The n of TiO, PER, where TiO,
nanoparticles are dispersed in UV-curable (or thermally
curable) resin, is approximately 1.9, indicating a rise of about
0.4 compared to the typical imprint resin. This property has
led to extensive research across various applications, including
3D imaging,*** metalens,”'° and nanoprinting.** Specifically,
TiO, PER-based metaholograms achieve an average con-
version efficiency of 62.4% in the range from 450 to 650 nm,
with a maximum of 90.6% at 532 nm®"*"! (Figure 12e.,ii).
Although the TiO, PER-NIL method has demonstrated the
potential for commercialization of metasurfaces through its
broadband characteristics and high-performance functional-
ities, the size of the metasurfaces still remains at the microscale.
To achieve mass production, the TiO, hybrid-NIL method has

been intoduced®’ (Figure 12fi). By depositing a 23 nm TiO,
thin film onto the existing imprint resin using ALD, 1 cm
metalenses on a 12-in. wafer have been demonstrated (Figure
12fii). It exhibits n of approximately 2.5 and achieves a
performance of around 78% conversion efficiency at 532 nm.
Additionally, the intensity profile of the focal spot on the xz
plane has been measured at 532 nm, evaluating the
performance of the fabricated metalens (Figure 12fiii).
Imaging a negative 1951 USAF target has confirmed the
imaging capabilities, successfully resolving elements #5 and #6
from group 7 at 532 nm (Figure 12fiv). This performance
highlights its potential toward the scalable manufacturing of
metaphotonic devices.

IR metasurfaces have been utilized to manipulate light across
a wavelen%th range of 0.8 to 15 ym for various applications like
imaging**>**” and biosensing.’””****** To facilitate the
development of these nanodevices, IR metasurfaces have
been constructed using a variety of IR-transparent materials,
includin§ poly-Si,**° germanium™"*** (Ge), lead tellur-
ide™*** (PbTe) and gallium antimonide™>**° (GaSb).
Given that Si-type dielectrics typically exhibit n around 3.5,
Si PER, synthesized by dispersing Si nanoparticles in a
thermally curable resin, has been proposed to achieve high-
efficiency IR metasurfaces.”” By utilizing Si PER with a high n
of 2.2, a 4 mm-diameter metalens has been realized, achieving
a focusing efficiency of 47% at A = 940 nm**’ (Figure 12g.i).
Furthermore, a compact NIR camera employing the Si PER
metalens has been successfully demonstrated for imaging veins
underneath the skin, confirming its applicability for biomedical
imaging (Figure 12gii). Recently, the fabrication of a wafer-
scale metalens array using Si PER-NIL has been demonstrated,
allowing for the production of large-area metalenses in
significant quantities. Polarization-dependent 5 mm-diameter
metalenses utilizing Si PER have been manufactured on a 4-in.
glass wafer® (Figure 12h.ii). The intensity profile along the
optical axis near the focal length has been measured (Figure
12h.ii). Although the imaging quality is not perfect, the 1951
USAF resolution test target has been well resolved (Figure
12h.iv). Based on the progress shown in this section, PER- and
hybrid-NIL have demonstrated the potential for commercial-
ization beyond nanoengineering of metasurfaces. These
techniques simplify the production of large-area metasurfaces,
paving the way for scalable manufacturing with enhanced
efficiency across diverse optical applications.

14. ROLL-TO-ROLL PRINTING

Dang Du Nguyen and Inki Kim

Roll-to-roll NIL (R2R NIL) offers a viable method for the
continuous high-speed patterning of nanoscale features across
wide areas on flexible substrates.*”®*” It facilitates cost-
effective production while significantly enhancing throughput.
In addition, this method overcomes the shortcomings of the
traditional NIL by ensuring uniform pressure and successfully
demolding large-area imprints. This technique can generate
structures across various nanometer, micrometer, and centi-
meter scales."*>**! This versatility allows for the production of
photonic resonant structures with diverse geometries, caterin
to wide applications, including photonic integrated circuits,**
nanophotonic sensors,”™ flexible electronics,*** and solar
cells."*

The two principal techniques used in R2R NIL are
photolithography and thermal imprinting (Figure 13a).
Photolithography involves applying an uncured photopolymer
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onto a smooth substrate. The photopolymer-coated substrate
was wrapped around a drum mold and cured upon UV light
exposure. The cured polymer adheres to the backing to yield a
patterned film that is subsequently detached from the mold
(see Panel i for an illustration). In R2R thermal NIL (R2R T-
NIL), the temperature of the substrate is raised beyond its
glass transition temperature by heating at patterned drum.
Concurrently, a secondary roller exerts pressure on the reverse
side of the substrate, enabling the softened material to conform
to the patterned surface of the drum mold. Subsequently, the
web is cooled and disengaged from the drum, as depicted in
Panel ii. R2R NIL employs roller stamps in lieu of traditional
flat and rigid stamps, facilitating continuous imprinting with
uniformity and conformal pressure, improved resist movement,
seamless pattern transfer, and increased throughput.”*® An
R2R UV-NIL process, operating at room temperature, presents
key advantages over R2R T-NIL by avoiding high-temperature
imprinting and reducinﬁ thermal expansion between the mold,
substrate, and resist."*’ Moreover, using a less viscous liquid
PR in the imprinting process enables operation at lower
pressures than those required for T-NIL processes.”****’ The
reduced viscosity of the resist accelerates the filling of the mold
cavity while eliminating the temperature cycle, thereby
improving the process efficiency.”*® Nevertheless, UV-NIL
resins are costly due to their complex components, including
specific monomers and solvents that lower viscosity.
Furthermore, they require meticulous handling and volatile
organic compound (VOC) treatment equipment. Therefore,
T-NIL is more cost-effective than UV-NIL and is an eco-
friendly procedure that avoids the use of VOC chemicals. Both
R2R UV and T-NIL enable continuous large-scale production.
Their choice depends on application requirements, such as
material properties, patterned mold fabrication, processing
speed, pressure, and heat sensitivity."*”**

Despite various fabrication techniques, a universally
applicable, scalable, and efficient manufacturing approach for
integrating large-scale optical metasurfaces into device-level
applications is yet to be developed thoroughly. This section
summarizes recent advancements in different meta-devices that
utilize R2R NIL methods. The MIM configuration with
subwavelength patterning induces surface plasmon polaritons
(SPP) in metamaterials at metal—dielectric interfaces.
However, conventional fabrication of large-area MIM
structures using photo-, or electron beam lithography has
limited scalabili’?f, throughput, and cost-effectiveness for
practical use.””'~*** An R2R NIL for patterning dot patterns
on MIM stacked polymer films utilizing a flexible stamp has
been developed to surmount these issues.”>* Panel i in Figure
13b depicts the comprehensive fabrication process. Initially, an
Al/SiO,/Al MIM stack was sputter-coated onto a lar§e PET
substrate. A UV-curable epoxy-silsesquioxane (SSQ)* layer
was then applied to the substrate, followed by an R2R NIL to
pattern the cured SSQ (Panel ii in Figure 13b). Panel iii shows
a flexible mold featuring 600 nm depth hole patterns over a
wide area, which was fabricated by stamping a 4-in. silicon
pillar master onto a PDMS pad. Furthermore, Panel IV shows
the successful SSQ_patterning at speeds of up to 1 m/min and
subsequent etching, creating an array of Al disks on a layered
PET surface with metallic and insulating coatings. The created
metamaterial structure demonstrates broadband IR filtering
capabilities owing to multiple resonance dips, potentially
facilitating the cost-effective and rapid fabrication of diverse
metamaterials on scalable and flexible substrates.

Plasmonic color metasurfaces have achieved vivid colors
with nanostructures and metalized surfaces. However, scaling
to large areas is challenging because of the precise metal
thickness requirements. Murthy et al. demonstrated a scalable
plasmonic color metasurface amenable to high-speed R2R
extrusion coating at 10 m/min** by fortifying the resilience of
plasmonic color printing for large-scale production. Figure 13¢
depicts the layer design schematic, where nanopits in
transparent polypropylene (PP) atop a PET sheet are filled
with a continuous Al coating. This process forms Al nanopillars
with a few nanometers wide gaps and the Al back reflector,
which makes colors visible via the transparent foil (see Panel i
for an illustration). As shown in Panel ii, the 3D drawing
illustrates the R2R T-NIL extrusion coating process. A polymer
melt is extruded through a die and bonded to a support sheet
through compression between a patterned cooling roller and a
silicone rubber pressure roller, replicating the cooling roll
structure onto the thermoplastic film before solidification.
Subsequently, the structured foil is wrapped around the
winding roll. To illustrate the scalability of the plasmonic color
metasurface, Panel iii in Figure 13c presents a 45 cm wide
metalized and encapsulated foil. The inset displays an enlarged
view of the DTU logo printed on the foil using pit diameter
and pitch length variations. This study expand the scope of
plasmonic metasurface applications, including memory storage,
surface-enhanced Raman scattering, biosensing, and flexible
display technologies.

Combining random optical metamaterials using polymer
photonics can provide efficient daytime radiative cooling. The
collective excitation of electromagnetic resonators in a random
metamaterial enhances the extinction and optical path length,
yielding near-perfect absorption at resonance.””” This under-
scores the potential of employing random optical resonators in
metamaterials for effective thermal radiation cooling, provided
complete absorption through the atmospheric transmittance
range is achievable. Zhai et al. investigated effective day and
nighttime radiative cooling employing a randomized glass—
polymer hybrid metamaterial incorporating resonant silicon
dioxide (SiO,) microspheres, as shown in Figure 13d (Panel
i)."" Despite being fully transparent to the solar spectrum, the
metamaterial exhibits an IR emissivity exceeding 0.93
throughout the atmospheric window. Utilizing a polymer for
radiative cooling offers advantages such as being lightweight
and easy to laminate on curved surfaces. It can tolerate slight
variations in the microsphere size and shape with minimal
impact on performance. A vital benefit of a glass—polymer
hybrid metamaterial is its potential for cost-effective and
scalable fabrication. Panel ii shows the production of a 300
mm-wide, 50-um-thick hybrid metamaterial film at a speed of 5
m/min. The SiO, microsphere concentration was adjusted
using gravimetric feeders. This resulted in a film with evenly
spread microspheres and a minimal concentration variation
below 0.4%. An average radiative cooling power of 93 W/m?
was obtained over a three-day period under direct sunlight to
assess the effectiveness of the scalable hybrid metamaterial for
radiative cooling. Additionally, over a continuous 72h day-and-
night test, the average cooling power exceeded 110 W/m? (see
Panel iii in Figure 13d). While integrating randomly
distributed particles can enhance spectral controllability,
attaining precise control over the spectrum is challenging.

Metasurfaces with periodic structures have demonstrated
outstanding spectral breadth and selectivity for daytime
radiative cooling.**”*** However, most only exhibit this quality
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on rigid and thick substrates, limiting their adaptability to
various shapes.*® Additionally, fabrication challenges of these
micro/nanostructures restrict them to small areas, rendering
them impractical for widespread application. Recently, a
metasurface enabled by periodically arranged 3D trench-like
structures within a thin polymer layer for enhanced radiative
cooling was achieved via R2R photomanufacturing technol-
0gy.**"*%* The essential manufacturing steps are schematically
illustrated in Panel i of Figure 13e, including initial mold
fabrication with specific structural parameters using a 3D laser
nanoprinting technique. Then, the mold facilitated the R2R
photoimprinting of the structures onto a PET film. Panel ii
shows a top-view SEM image of a uniform, large-area trench
structure with matrix symmetry and a depth of approximately
2.5 pm. In the second step, a 100 nm-thick silver layer was
applied to the reverse side of the imprinted polymer film,
demonstrating the R2R process’s efficiency and cost-effective-
ness, as shown in Panel iii. The 50-um PMRC film absorbs and
emits heat omnidirectionally (96.1%) while maintaining low
solar absorption (4.8%) and high stability. It provides 129.8 W
m™> of cooling and lowers temperatures by 7 °C during
midday under a clear sky. The large-scale R2R-produced
PMRC film is an affordable, flexible option for wide-ranging
cooling needs. It easily applies to any surface without energy
use. This study suggests a method for mass-producing radiative
cooling material with arrayed photonic structures.

Despite the benefits of R2R NIL, conducting a continuous
process presents challenges that require integrated solutions
for various interconnected issues. The primary challenge lies in
fabricating flexible molds, which are essential for the
continuous implementation of R2R NIL for nanostructures.
Molds for R2R NIL must conform to roller surfaces and have
the requisite modulus and strength for imprinting onto other
materials. Low surface energy is crucial for effective mold
release. Furthermore, roller mold durability is necessary for
consistent and stable mass production. Additionally, material
selection for R2R NIL molds is critical to address mold
sticking and thermal expansion mismatch in T-NIL, and for
lifespan extension. In contrast, resist materials must have
excellent coating properties and low viscosity.****** Imprint
replicas can be created by polymer casting using nonsticking
materials such as PDMS or ethylene-tetrafluoroethylene, as
demonstrated by several research groups."******** Ye et al.**®
emphasized that PDMS polymer molds are favored in UV
roller imprinting because of their affordability, nonstickiness,
elasticity, and ease of production over metal molds.
Furthermore, the continuous R2R NIL process requires an
integrated resistance coating mechanism to manage substrate
feeding during imprinting. This challenge necessitates a
complex mechanism and strict uniformity control.**® Studies
on various resins and their properties aim to enhance R2R NIL
process efficiency.****"” The application of airbrush technol-
ogy for the conformal coating of SSQ resin exemplifies an
effective method to obtain thin-film coatings with minimal
residual layer thickness (RLT).**® RLT is key for R2R NIL
efficiency, as it determines resin waste; adjusting resin
concentration and airbrushing pressure simplifies film thick-
ness and RLT control. Moreover, Donie et al. tackled existing
R2R UV-NIL challenges, such as slow printing speeds, limited
material choices, energy-intensive use, and lengthy procedures
that limit additive micro/nanopatterning through wetting
control.**” They developed a cost-effective, scalable additive
metamaterial manufacturing method, called topochemical

wetting control for metamaterial printing. This method
leverages the PDMS stamp surface chemistry and selective
wetting to imprint hydrophilic cells with hydrophobic
surroundings and fabricate Ag nanopatterns down to 83 nm
in a single step. At speeds of up to 12 m/min, this platform
quickly generates complex patterns from various materials,
precisely controlling the structure height, thickness, and
multilayer structures on many substrates, including thin and
free-standing sheets. The high speed of this process enables it
to rival traditional roll-based printing, offering an efficient
alternative for the fabrication of R2R metamaterials.

Recently, concerns were raised in the large-scale manufactur-
ing of dielectric metasurfaces for exciting a7pplications, such as
color printinzc:»;,A'm’471 metahologram,20 472 and biosen-
sors.*”>™*"7 Indeed, efficient dielectric metasurfaces necessitate
using materials characterized by high refractive indices and
minimal extinction coefficients. Generally, the n of the resins
employed in NIL is insufficient for metasurface applications,
prompting investigations into developing highly functional
metasurfaces that leverage the high yield of NIL.*'**"*
Typically, dielectric metasurfaces are fabricated by high-
resolution EBL,"”** limiting their scalability. Concurrently,
mask-based techniques, including deep UV lithography and
NIL®"*'” enable high-throughput metasurface fabrication.
However, they are limited by the size restrictions of wafer-
based methods. Utilizing R2R systems for NIL can boost mass
production and cost-effectiveness, enabling the creation of
large-area dielectric metasurfaces™' for applications in virtual
reality devices®' and autonomous vehicle distance sensors.***
To leverage R2R technology effectively, overcoming two key
challenges is crucial: extending patterns over large film surfaces
and adjusting metasurface designs for R2R manufacturing
optimization.

Defects present a significant challenge in R2R NIL due to
the process’s high-speed and large-scale production. The
acceptable density of defects varies depending on the
application. Using UV-NIL, a 300 mm diameter wafer can
be imprinted with a filling time as brief as 1 s, achieving a
defect density as low as approximately 0.1 defects per cm* and
a resolution exceeding 10 nm.*®® Nevertheless, defects caused
by air bubbles are commonly observed within fabricated
patterns, particularly in applications involving large-area
production.”** To mitigate these defects, vacuum processing
has been employed; however, it is often associated with
increased costs and extended processing times. Defect risks
increase with mold depressions or droplet-applied resist
instead of through spin coating as this method more readily
traps air, ™ necessitating vacuum imprinting to prevent air
bubble entrapment.**® However, vacuum chambers are
challenging in continuous web-feed systems, then Hiroshima
et al. proposed using pentafluoropropane as an ambient
medium to address bubble defects.”®”~**” Additionally, various
other strategies have been investigated to address bubble
issues, such as step-and-flash NIL and R2R NIL.*** Step-and-
flash NIL technology effectively lowers defect rates by
minimizing the imprint area.*”’ Besides,the R2R NIL process
ensures bubble-free operation with line contact between mold
and substrate, while providing high throughput through
continuous imprinting. Notably, Ok, J. G. et al. demonstrated
how R2R NIL can be used to fabricate large-area flexible
metamaterial films with tolerable defect levels that still meet
the functional requirements for broadband infrared filtering
applications.”" For solar cells, defect densities from UV-NIL
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are acceptable up to a certain threshold, as these applications
can tolerate minor imperfections without severely impacting
performance.*”’ Although it does not specify a defect
threshold, Choi et al. demonstrated T-NIL for the fabrication
of photonic crystal slabs with emphasis on achieving low defect
densities necessary for photonic integrated circuit applica-
tion."”” Additionally, improved pressing mechanisms in large-
area R2R NIL systems have further reduced patterning defects
by achieving uniform contact pressure across the rollers, even
in large-scale production environments. These innovations
reduce pressure deviations, leading to more consistent and
high-quality imprints.*”> In addition, recent advancements
focusing on improving resist flow and pattern transfer
uniformity have been instrumental in minimizing defect levels
in these processes.**

Reliability and reproducibility in R2R NIL are impacted by
several factors, including mold durability, resist uniformity, and
the precise control of web tension and pressure during the
imprinting process.”> The reliability improvements can be
achieved through enhanced web alignment systems and more
resilient roller molds, such as those made from PDMS, which
exhibit good nonstick properties and elasticity.**> Moreover,
advances in RLT control through web tensioning have been
shown to enhance the reproducibility of patterns by
minimizing inconsistencies in the layer height, a critical factor
for many applications.*”* Recent study has introduced method
called topochemical wetting control, which allows for the rapid
production of complex nanostructures, ensuring consistent and
reproducible output.******

Cost-effectiveness in R2R NIL is a critical factor for its
industrial adoption, particularly for large-scale applications
such as photovoltaics, optoelectronics, and functional surface
production. Several factors influence the economic viability of
this technique, and recent research has provided insights into
how these challenges can be addressed. First, R2ZR NIL offers
significant cost advantages over traditional nanolithography
methods due to its high throughput and ability to pattern large
areas in a continuous manner. This capability makes it an
attractive option for industries requiring mass production of
nanoscale structures.*** However, the process faces challenges
such as uneven resin filling, which can lead to defects and
reduced production efficiency. To address this, optimization of
UV-resin filling and process parameters has been proposed,
significantly enhancing the precision and speed of pattern
replication.””® R2R NIL has demonstrated cost reductions in
the production of optical components, such as Fresnel lenses
used in microconcentrator photovoltaic systems.*’” By utilizing
UV-curable resins and improving the replication fidelity of
nanostructures, the process has shown to increase optical
efficiency while minimizing material and operational costs. To
further improve cost efliciency, fine-tuning the imprinting
parameters, such as resin viscosity, imprinting speed, and web
tension, can reduce defects and improve production efficiency,
lowering overall costs. Second, the development of low-cost
UV-curable resins with enhanced properties can further reduce
the expense of consumables while maintaining high-quality
output. Third, increasing the speed of production through
advancements in mold materials and pattern transfer
technologies allows for greater economies of scale. In
conclusion, R2R NIL holds substantial potential for cost-
effective mass production of nanoscale structures. By
optimizing process parameters, enhancing material properties,
and scaling up production, the overall cost-effectiveness of this

technique can be significantly improved, making it a highly
competitive option for industrial applications.

15. PHYSICAL VAPOR DEPOSITION ASSISTED
PLASMONIC SELF-ASSEMBLY

Pablo Cencillo-Abad and Debashis Chanda

Crafting stained-glass windows for cathedrals and monas-
teries, medieval artisans pursued a dual mission: to educate and
uplift the faithful.*”® The colorful light emanating from these
windows, a result of embedding metallic nanoparticles into the
glass, showcases a remarkable scientific phenomenon:
plasmonic resonance.*”” When light impinges on a metallic
nanoparticle, it can cause the electrons in the metal to move
collectively, creating intense localized electric fields near the
surface. This collective oscillation of free electrons within the
metallic nanostructures is known as a surface plasmon
resonance.””’ Critically, the interaction between light and
these free electrons is highly dependent on the size, shape, and
arrangement of the metallic resonators.””’ Thus, manipulating
the geometrical parameters, one can control the light-matter
interaction at the nanoscale.’’” While the artisans of the
medieval era lacked a scientific understanding of plasmonic
resonances, their work remains a testament to the ingenuity of
mankind and the quest to control nature for practical purposes.
Inspired by these millennia-old achievements, the widespread
adoption and development of nanofabrication techniques in
the early 2000s fueled the burgeoning of research in the field of
plasmonics, uncovering deeper insights into its mechanisms
and revealing new potential applications.”*> ™%

Over the last decades, researchers have shown how
plasmonic structures hold immense potential across a multi-
tude of fields due to their unique light-manipulating proper-
ties.””” For instance, in biosensing applications, they enable
highly sensitive detection methods by amplifying weak
biomolecular signals, paving the path for advancements in
medical diagnostics and drug discovery.”**~>'* In solar cells,
plasmonic structures enhance light trapping and absorption,
leading to improved energy conversion efficiency and the
development of more cost-effective photovoltaic sys-
tems.”>7>*! Moreover, in the realm of metamaterials, these
structures facilitate the creation of artificial materials with
exotic prqgergies not found in nature, such as negative
refraction,”** >* opening avenues for innovations in tele-
communications, imaging, and beyond.*’~>** Nevertheless,
while research has demonstrated the remarkable capabilities of
these structures, their commercial application has been
hindered by the limitations of conventional fabrication
techniques. With the groundwork of fundamental research
laid in recent years, researchers are now tasked with realizing
the potential by offering solutions for real-world challenges
that can be integrated into industrial fabrication processes.””
Current methods, however, often involve complex and time-
intensive processes, leading to increased costs and limited
scalability. As a result, the practical application of plasmonic
structures still far away from reality unless there is advance-
ment in large-scale fabrication techniques.”**

While lab-made nanostructures have shown immense
promise, large-scale fabrication is crucial to bridge the gap
from proof-of-principle to real-world application. The shift in
paradigm should result in integration into existing infra-
structure, accelerating innovation and turning plasmonics into
an enabling technology of the 2lst century. Here, PVD
techniques emerge as a powerful approach for self-assembly
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Figure 14. PVD based controlled self-assembly for large scale plasmonic nanostructures. (a) In the Volmer—Weber growth mode, the size of
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liquid crystals can yield high-resolution, low power reflective displays capable of programmable video and image output.”** 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.”*® 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.’>' Adapted with permission from ref 551.

Copyright 2023 Wiley-VCH.

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.”” 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.”® 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.”’
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."*"**** 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.”**™>** These
techniques offer the potential for large-scale fabrication of
complex nanostructures but may have limitations in terms of
material compatibility, cost, or scalability.

12525

Recently, researchers have demonstrated a self-assembly
lithography-free method for creating nanoplasmonic arrays for
functional coatings.”*> 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.”**

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.”****” This paradigm shift
extends to various applications, including, among others,
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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 trianglezsg) is desi§ned in silico,**”**° then its relaxed configuration can be simulated with software (here

oxView,*”! various other packages are available®>?). After folding in buffer containing MgCl, 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-SiO,
nanostructures by silicification of DNA through mixing DNA framework with prehydrolyzed tetraethylorthosilicate (TEOS).*”" Adapted
with permission from ref 591. Copyright 2018, Springer Nature. (c) Fabrication of hybrid DNA-gold nanostructures by site-selective
metallization of DNA origami.*”* 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-SiO,—Al,O; lattices by silicification
and via vapor infiltration technique.**> The panel shows TEM cross-sectional high-angle annular dark-field (HAADF) imaging and energy
dispersive spectrometry (EDS)map of SiO, (blue) coated with AL,O; (purple). Adapted with permission from ref 593. Copyright 2024
AAAS. (e) Fabrication of Si nanostructures using DNA origami as the etch mask.’*® Adapted with permission from ref 600. Copyright 2020
ACS. (f) Fabrication of Au nanostructures using DNA origami as the deposition mask.>”® Adapted with permission under a Creative
Common CC BY License from ref 598. Copyright 2018 AAAS. (g) Fabrication of SiO, nanostructures using metallized DNA origami as the
etch mask.®”> 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 Si0,.°** Adapted with permission from ref 604. Copyright 2009
Springer Nature. (i) SEM image of assembly of hybrid gold nanoparticles-SiO,-DNA nanostructures on $i0,.°’° 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).®"" 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 15. continued

Starry Night approximated with 65,536 PCCs each having from zero to seven binding sites.

Copyright 2016 Springer Nature.

¢! Adapted with permission from ref 611.

innovative displays, eco-friendly paints, and smart labels and
sensors. Henceforth, we will briefly review three seminal works
in those realms.

High-resolution displays play a critical role in near-eye
applications such as VR/AR and 3D displays. These
technologies face limitations arising from form factor and
additional functionalities, which impose constraints on pixel
size. In response to this challenge, a recent study introduced a
novel approach utilizing self-assembled nanocavities to create a
plasmonic display with consistent, diffuse color regardless of
viewing angle and polarization.”* The integration of this
nanostructured optical system into a commercial liquid crystal
display (LCD) provided a color display capable of grayscale
control and image and video portrayal, Figure 14b. This
research represents a significant advancement in the integra-
tion of plasmonic nanostructures into display technologies.
Although further improvements in color gamut, resonance
control, and device integration are suggested by the authors,
their work demonstrates the potential for smaller, higher-
resolution electrooptic devices and novel display elements
facilitated by plasmonic nanostructures.

Addressing the limitations of toxic, fading chemical
colorants, recent decades have witnessed the proposal of a
myriad of different architectures for structural colors. In
particular, recent work has shown how self-assembled
plasmonic cavities can be exploited to produce ultralight and
vivid optical coloration in large scale with inexpensive
materials.”*® The cavities, composed of a self-assembled layer
of aluminum nanoislands evaporated onto a thin aluminum
oxide film atop an underlying back mirror, selectively absorb
specific wavelengths through resonant absorption when
illuminated by natural light, while efliciently reflecting
nonabsorbed wavelengths. This unique combination results
in vivid colors from initially colorless materials, independent of
viewing angle and polarization, with the added benefit of
adjustability through cavity phase modifications, facilitating
diverse color palette creation, Figure 14c. Surpassing the size
and substrate limitations typical of many nanostructural
architectures and fabrication, the authors developed a self-
standing color platform by fabricating their ultralight
nanostructures on flakes that can be further mix with a resin
to produce an ultralight and eco-friendly paint, that can be
transferred to any substrate, demonstrating the commercial
potential and bridging the gap between concept and industrial
production for large-scale, large-palette, low-cost, and sustain-
able structural coloration.”****

Beyond high-resolution displays, plasmonic nanostructures
also hold promise for sensor applications.”® Recent research
has demonstrated how temperature and humidity sensing
functionalities can be achieved through a combination of
plasmonic nanocavities and a thermoresFonsive polymer,
poly(N-isopropylacrylamide) (PNIPAM).*' By strategically
incorporating ultrathin PNIPAM layers within the structure,
the authors show how colorimetric changes can detect
variations in temperature and humidity. This effect arises
from the manipulation of plasmonic resonances in metallic
nanoparticles, which occur due to changes in the cavity’s
geometry induced by external stimuli in the polymer layer. The

scalability of fabrication techniques employed, such as spin
coating and PVD, suggests promising avenues for real-world
sensor deployment beyond laboratory settings at low-cost.
Notably, the colorimetric response of these nanosensors could
be conveniently read out using a smartphone camera coupled
with a dedicated application, enabling user-friendly and in situ
fast, reliable, and low-cost sensing, Figure 14d.

In summary, plasmonic nanostructures hold immense
potential for various applications due to their unique ability
to manipulate light. However, conventional nanofabrication
techniques limit their real-world impact. Here, PVD based self-
assembly emerges as a paradigm breakthrough, offering a
scalable and cost-effective approach for creating large-area
plasmonic structures that can be commercially employed,
paving the path for exciting developments like high-resolution
displays with wider viewing angles, eco-friendly and ultralight
paints, and user-friendly and power-less sensors. Indeed, by
bridging the gap between research and practical applications,
large-scale plasmonic nanostructures have the potential to
become a 2Ist century enabling technology. Today, like
centuries ago, the crafting of metallic nanostructures to
manipulate light continues to inspire awe and yield practical
applications.

16. SURFACE PATTERNING WITH DNA ORIGAMI

Irina V. Martynenko and Tim Lied]

Despite tremendous advancements in nanophotonic device
fabrication through UV- and e-beam lithography or related
top-down techniques, several inherent practical limitations
remain for such methods. For example, constructing 3D,
nanosized and free-standing objects is difficult, especially when
different materials are involved. Another remaining challenge is
the nanoscale, deterministic positioning of individual, chemi-
cally diverse optical components, such as fluorescent (organic)
molecules or inorganic nanoparticles.

Structural DNA nanotechnology™” offers an alternative to
circumvent these limitations. By exploiting the programmable
recognition of complementary DNA sequences, organic/
inorganic hybrid nanostructures of virtually any imaginable
shape can be created at a resolution unachievable by top-down
fabrication.

DNA origami technology, one of the most prominent
branches of DNA nanotechnology,259’553 has led to the
creation of a plethora of DNA nanostructures with nanoscale
precision while spanning dimensions from a few nanometers to
multiple micrometers.”>">>>

The concept of DNA origami relies on the controlled folding
of a long single-stranded DNA (ssDNA) “scaffold”, typically
derived from M13mpl8 phage (~7,000 nucleotides). This
scaffold is folded with the help of hundreds of shorter synthetic
“staple” strands (Figure 15a), each possessing multiple binding
domains.”*® These staples bind to and bring together distant
regions of the scaffold through crossover base 2pairing,
effectively knitting the scaffold into a desired shape.”” The
shape design can be programmed by selecting specific strand
sequences, which connect designated regions of the scaffold.
Upon mixing, heating and slow cooling of the components in a
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buffered solution, the staple and scaffold strands self-assemble
in a single step, forming trillions of copies of the sequence-
programmed DNA origami nanostructure. These structures
typically around 100 nm in size, can adopt 2D or 3D shapes as
designed with computational tools. Crucially, DNA origami
offers exceptional accuracy and precise addressability, enabling
site-specific modifications, making it highly valuable for
applications in nanophotonics as outlined below. Furthermore,
DNA origami can be programmed to form larger architectures
assembled from multiple (up to millions and more) individual
DNA structures.****%°

Compared to other DNA self-assembly techniques, such as
tile-based DNA assembly discussed in Section 17, DNA
origami generally exhibits higher yield, robustness and the
ability to build complex nonperiodic shapes. This advantage
partially arises from the highly cooperative nature of the
multiple scaffold-staple interactions during the folding process.
Prominent advantages of DNA self-assembly include: (i)
Cheap and highly parallel production: Self-assembly processes
are inherently parallel, affordable®*® and reproducible.”*® In a
few microliters, billions of DNA origami structures can
simultaneously fold within a few minutes. (ii) Full design
freedom in 3D: DNA nanotechnology in general and
specifically DNA origami allow to fabricate any desired 3D
shape, also those that are particularly difficult to produce by
lithographic or 3D printing methods such as overhanging or
unsupported structures, shapes with curvatures, sub-10 nm
thin features or shapes with cavities or holes. In addition, the
hierarchical assembly or polymerization of individual building
blocks can result in even more complex 3D DNA and hybrid
architectures®”’ ™% or periodic DNA crystals.®*™>*" (i)
Molecular-level resolution: In DNA nanostructures, each
strand is made up of a unique sequence and, therefore, allows
for distinct spatial addressability within the structure. Coupling
diverse subcomponents to the DNA strands yields modular
DNA “breadboards” that may carry a wide variety and possibly
combinations of optical nanocomponents such as organic
dyes,”**%® metal nanoparticles,”***%® nitrogen-vacancy cen-
ters,””” carbon nanotubes®”’ and semiconductor quantum
dots.””" Subnanometer resolution and orientation control has
been demonstrated.””*”>’* Indeed, Au nanoparticles have been
positioned and detected with a spatial accuracy of 1.20 nm””
and recently 0.85 nm resolution of positioning individual
ssDNA strands separated just by a single base pair on a single-
layered sheet of DNA origami has been proven by super-
resolving fluorescence blinking of ssDNA-labeled dyes that
quickly bind and unbind to the target site.”’*>””

As such, DNA origami has become a state-of-the-art
technique for assembling optical nanocomponents including
individual molecules or colloidal inorganic nanoparticles in 3D
space into well-formed nanophotonic devices with hierarchical
complexities. These devices are used in applications such as
nanoplasmonics,””*>* fluorescence imaging,*’® hybrid pho-
tonic systems>*°***' 7% and nanomaterials standardiza-
tion.”®" More critically, recent advances in large-scale
integration of DNA origami on substrates have shifted the
focus from individual devices assembled in a buffer solution to
arrays of devices on a chip. This development offers an ideal
platform for fabricating large-scale, deterministic DNA-
programmed arrays of subwavelength optical nanocomponents
with complex 2D or 3D architectures. It is therefore
consequential that DNA origami-programmed surfaces have

¢ and

been proposed for applications in optics,”* photonics,®
quantum photonics.”’

We will briefly summarize the recent progress of DNA
origami in nanolithography and multiscale fabrication.
Furthermore, we highlight some achievements in DNA-
programmed photonics and plasmonics. The general prospects
of DNA self-assembly and its application for nanofabrication
will conclude this section.

The ability to shape DNA origami into discrete objects or
into DNA lattices with nanometer precision can be harnessed
to template inorganic nanomaterials of arbitrary shapes with a
feature size well below 10 nm. For this, the spatial information
stored in the well-defined DNA shapes that are initially folded
in a fluid is transferred to other materials in a surface-based
process. Two of the commonly reported approaches, DNA
coating (Figure 15b-d) or DNA-assisted lithography (Figure
15e-g), result either in hybrid DNA-inorganic or pure
inorganic nanostructures, respectively. A third approach relies
on patterning substrates with lithography methods followed by
depositing DNA origami structures on the patterns and will be
discussed below separately.

. . 588-590 591,592
Via metallization, ’

mineralization, and atomic
layer deposition”*>**® techniques, coatings of DNA origami
with noble*** ™% or transition metals,”*>*** $i0,,*""**
metal oxides,**”*”* have been reported (Figure 15b-d).

Common to these coating approaches is that DNA
structures are exposed to a solution or gaseous phase of the
material of interest after folding. Here the DNA then acts as
the nucleation site for seeded growth. Often precursors or
small nanoparticles are conjugated with the DNA to improve
the results or achieve patterns on top of DNA origami sheets
or other shapes.””* Notably, metallization of DNA has been
applied early on to create templated nanowires on individual
DNA molecules.””>*

In a second approach, DNA origami objects or lattices are
used as lithographic masks to imprint or transfer their features
into inorganic materials on a chip. Figure 15e-g depicts various
DNA nanostructures which were used as shadow masks for
metal®”” or $i0,*”***” deposition and $i,29°% §i0,,°0%%% or
graphene®” etching. While the resulting structures, composed
entirely of inorganic material, have nanoscale features, which
can be highly advantageous for many applications, this
approach has limited potential for constructing 3D structures.

Deterministic integration of the DNA origami assemblies
can be achieved via the DNA origami placement (DOP)
technology.””* DOP is based on site- and shape-selective
electrostatic immobilization of individual DNA origami objects
onto binding sites matching the objects’ size and/or shape that
have been lithographically defined on desired substrates.””®

DOP allows one to gain excellent control over the
positioning of 2D and 3D DNA origami shapes on a chip
surface over macroscopic (millimeters to centimeters) arrays
with subwavelength periodicity (Figure 15h, i). This versatile
and scalable method relying on self-assembly at ambient
temperatures offers the potential to three-dimensionally
position any inorganic and organic component compatible
with DNA origami nanoarchitecture, demonstrated with gold
nanoparticles in Figure 15i. Such near-nanometre-precise
spatial positioning of nanoscale building blocks could be
crucial for future applications of this method, for example, in
optical metamaterials and photonic integrated circuits.
Importantly, surface-bound 3D nanostructures can be coated
with SiO, or other materials to obtain thermal and chemical
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stability.”’° This could help to provide resilience of DNA-
based hybrid nanostructures during long-term operation in
real-world nanophotonic devices.

UV- and e-beam-lithography have evolved over half a
century to a degree of perfection that is hard to rival
Nevertheless, we envision that DNA-assisted lithography and
surface-based self-assembly have the potential to outperform
the established patterning methods in some aspects such as
ease of manufacturing,’””°°® 3D architecting and the
possibility of combining materials including the integration
of biomolecules, which is crucial for medical applications such
as drug or pathogen screening and sequencing. Further
applications that might strongly benefit from DNA origami-
based fabrication are optical metasurfaces and metamaterials.
For example, DNA origami placement can be used to
deterministically position DNA-coated metal nanoparticles
that resonate with optical wavelengths. A prototypical
plasmonic metasurface showing dynamically tunable coloration
by DNA origami-directed self-assembly is demonstrated in
ref.°”” The polarization-dependent scattering-cross sections of
the nanostructures are utilized to create two different red and
green images that flip depending on the applied polarization.
In another work our group build physical unclonable function
labels based on plasmonic coupling of tightly packed
randomized nanoparticle assemblies.”'’ DNA-assisted self-
assembly of colloidal nanoparticles may trigger further research
toward the fabrication of nanoengineered metasurfaces.

Despite ongoing advancements in miniaturizing photonic
integrating circuits, there is a lack of nanoscale positioning
approaches for deterministically integrating single nanoscale
emitters such as fluorescent organic molecules or nanoparticles
within elements of these circuits.”®” Therefore, additional
capabilities enabled by DNA origami and DNA origami
placement could prove invaluable. Gopinath, Rothemund, and
co-workers demonstrated that DNA origami placement could
be used to build chip-based devices with exact numbers of
organic dye molecules positioned with high accuracy inside
microscopic photonic crystal cavities.”'' In this study, 65,536
independently programmed photonic crystal cavities were
fabricated on a single chip, demonstrating the scalability of the
DNA-origami-based technique (Figure 15j, k). By exploiting
orientational control of a modified DOP approach, this group
of authors showed polarization-dependent fluorescence
emission of TOTO-3 dyes."?

Massively parallel and deterministic placement of individual
molecules® ' ™°"* or nanoparticles’*°'* on DNA origami
arranged onto large-scale arrays is now within reach. At the
same time, the spatial information on discrete DNA origami
shapes or DNA lattices positioned on a chip can be transferred
readily into inorganic materials. Also, the robustness of silica-
coated DNA-origami programmed nanophotonic devices is
adequate for long-term operation.””® Taken together, DNA
nanotechnology can bridge the gap between macroscale
fabrication and the nanoscale arrangement of individual optical
nanocomponents in 3D space.

Future development of strategies to self-assemble even more
complex DNA-programmable objects or continuous lattices on
lithographically patterned surfaces may open the door for
applications in optical metamaterials, photonics and quantum
photonics beyond our current expectations. For example, on-
surface self-assembly of 3D DNA architectures labeled with
noble metal or high-refractive index nanoparticles’’® may
boost the development of plasmonic or all-dielectric

metamaterials, respectively. Photonic band gap materials
operating in the visible range may be produced by seeded
growth of continuous three-dimensional DNA lattices directly
on a chip surface. Precise positioning of DNA-embedded
quantum emitters’'”°'® into designed nanophotonic environ-
ments can enable the fabrication of DNA-programmed and
chip-integrated single photon sources for quantum communi-
cation.

17. SURFACE PATTERNING WITH SINGLE-STANDED
TILE SELF-ASSEMBLY

Xinxin Jing and Na Liu

In addition to the aforementioned DNA origami technique,
complex DNA nanostructures can also be created using
scaffold-free DNA tile self-assembly. Different from the DNA
origami technique, which imposes limitations on the sizes of
DNA structures due to the length of the scaffold strand, this
approach enables the construction of larger DNA structures
without such constraints. However, a prevalent challenge arises
from the formation of ill-formed byproducts due to intertile
mismatches, particularly when employing a substantial number
of uniquely addressable tiles.””> To address this challenge,
Group Yin introduced another approach utilizing “single-
stranded tiles” (SST) as building blocks.”**~%*® Each SST
consisted of 32/42/52 nucleotides divided into four domains,
as illustrated in Figure 16a. Therefore, every SST hybridized
with its four neighboring tiles to form a pixel/voxel (up to
more than 30,000) on a 2D/3D molecular canvas with a "brick-
wall’ pattern. Arbitrary-shaped DNA nanostructures could be
designed by selecting specific pixels/voxels from such a canvas.

The SST approach offers several distinct advantages. First,
the modularity nature allows one to construct a variety of DNA
nanostructures using a single canvas. For example, the creation
of 107 distinct DNA nanoobjects require only 310 different
strands,®*> whereas the creation of one DNA origami object
requires about 200 different strands. Second, unlike a
multistranded tile scheme, the SST eliminates the need for
optimal sequence design and precise stoichiometry control to
achieve high assembly yields. Third, it enables the fabrication
of low-defect, micrometer-sized 2D crystals with predeter-
mined heights, as depicted in Figure 16b.°”” The fundamental
concept involves substituting edge protector strands with
connecting strands, resulting in the production of DNA brick
crystals instead of discrete DNA nanostructures. Fourthly,
DNA brick crystallization does not involve secondary building
blocks, allowing for the rearrangement of short SST monomers
to eliminate defects. This represents a significant advancement
compared to the two-stage hierarchical polymerization process
of DNA origami.””*~®*" Furthermore, to mitigate crystallo-
graphic defects like line dislocations and grain boundaries,
Chen et al. employed an orthogonal sequence set. The
repeating units contained identical sequences separated by at
least 15 nm, ensuring that the rate of line defects could be
reduced to less than 1%.°%>

Given its unparalleled high-resolution patterning at the
nanoscale and molecular-level programmability, the SST
approach opens up new avenues for advanced manufacturing
of electronic and photonic devices. Two routes are emerging:
DNA structures as etching masks (Figure 16c) and DNA
structures as material pegboards (Figure 16d). In the case of
the first route, a prerequisite for the masks is that they are
robust enough to resist etching. Surwade et al. employed
selective CVD growth to deposit a conformal SiO, coating on
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7! Adapted with permission from

ref 671. Copyright 2020 ACS. (g) Tunable plasmon lattice resonance in an Au nanoparticle array.”’’ Adapted with permission under a
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DNA structures, thereby creating a hard mask for etching the
underlying Si substrates.”>> The authors first obtained 26 SiO,
letters (A to Z) by using corresponding DNA brick letters as
templates. Following plasma (SF4/O,) etching, the patterns
were transferred onto Si. Subsequently, the SiO, mask was
removed using hydrofluoric acid (HF). Similarly, Jin et al.
demonstrated the patterning of graphene using metallized
DNA nanolithography.®”* After Ar/O, 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 SiO, at the single-molecule level, facilitating a direct pattern
transfer from DNA to S$i0,.°"' The presence of DNA
influenced the adsorption of water molecules around it. The
disparity between the concentrations of surface-absorbed water
on the clean SiO, surface and the SiO, beneath the DNA was
affected by various factors, including the relative humidity of
the environment and the substrate temperature. By adjusting
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the relative humidity at room temperature, it was possible to
alter the relative vapor-phase etching rate, as water could
catalyze the etching of SiO, by HF. This modulation led to
negative/positive tone pattern transfers from DNA to the SiO,
substrate. Building upon previous advancements, Shen et al.
introduced a 3D nanolithography technique that utilized DNA
brick crystals directly as masks,*® surpassing the use of
monolayer 2D DNA origami or DNA brick nanoobjects. These
DNA brick crystals, owing to their significantly greater height,
exhibited robustness as etching masks without requiring any
inorganic coating. Remarkably, in this study, the line pitch of
the etched Si was reduced to as small as 16.2 nm,
approximately 50% smaller than values achieved using
quadruple patterning or EUV lithography. Furthermore, RIE
facilitated the identification of 3D features, such as thickness
differences in the DNA brick crystals, resulting in the
fabrication of multilayered Si patterns with a vertical critical
dimension of 2 nm.

In the context of the second route, DNA brick crystals can
serve as ideal platforms for scaffolding various technologically
relevant materials, owing to their large-scale, 3D nature, low-
defect characteristics, high stability, and rigidity. Ke et al
harnessed DNA brick crystals to assemble densely packed gold
nanoparticles within multilayer patterns. The interparticle
spacing was as small as 1—2 nm to achieve strong plasmonic
coupling.627 More recently, Sun et al. demonstrated that
nanotrenches based on DNA brick crystals could significantly
reduce assembly defects, such as crossing, bundling, and
irregular pitches of micrometer-sized semiconducting carbon
nanotubes (CNTs).”>* This approach resulted in the exclusive
parallel alignment of CNTs, facilitating spatially hindered
integration of nanotube electronics (SHINE). Notably, the
pitch uniformity achieved for CNT arrays via SHINE was 2
orders of magnitude higher than that achieved using thin-film
approaches. Moreover, the angular deviation (2°) was
significantly smaller compared to CNT arrays assembled on
flat DNA templates without trenches.

Furthermore, Zhao et al. utilized DNA-templated parallel
CNT arrays as model systems to develop a rinsing-after-fixing
approach, significantly enhancing key transport performance
metrics by more than a factor of 10 compared to other
biotemplated field-effect transistors. These DNA-templated
transistors demonstrated high on-state performance and fast
on—off switching simultaneously.”***** Specifically, the rins-
ing-after-fixing approach allowed for the effective removal of
DNA residues without compromising the alignment quality of
the CNT arrays. Lithography-defined PMMA cavities were
employed to align the assembled CNT arrays on Si substrates
on a scale of up to a centimeter.

18. NANOLITHOGRAPHY FOR PLASMONIC
NANOSTRUCTURE ARRAYS AND ASSEMBLIES

Yuna Kwak and Jwa-Min Nam

Plasmonic nanoparticles, such as those of gold or silver, are
known to exhibit unique and useful optical properties due to
their localized surface plasmons, the collective oscillation of
free electrons upon excitation with light. In their near vicinity,
the subwavelength confinement of light generates strongly
enhanced electromagnetic fields that can be harnessed for
surface-enhanced Raman scatterin§ (SERS)**”%% and plas-
mon-enhanced photoluminescence™”~**" applications. In the
far field region, they can act as nanoantennas because of their
large absorption and extinction cross sections.”*” Interactions

between nanoparticles further enrich their optical behavior: at
close distances, plasmon modes couple to form hybrid plasmon
modes,*"*** while in periodic arrays, coupling to diffractive
modes creates plasmon lattice resonance modes.”** The
coupling strength is defined not only by the physical
characteristics of the individual nanoparticles themselves,**
but also their relative spatial positioning.é%’é47 Therefore, it is
crucial to develop methods for manufacturing plasmonic
nanostructures with diverse organization at local and long-
range scales in a highly controlled manner.

Nanolithography techniques have been extensively em-
ployed for constructing plasmonic nanoparticles. Traditional
methods include photolithography (Figure 17a, b), in which a
photoresist is used to transfer a pattern from a mask to a
substrate upon irradiation with light, while in electron-beam
lithography, a focused beam of electrons directly patterns the
surface (Figure 17a, c). These and similar top-down processes
are highly capable of fabricating large-area two-dimensional
nanoparticles arrays on planar substrates. The range of
plasmonic nan%particles studied thus far spans simple shapes
like nanodiscs®*® and nanoring5649’650 to more complex
geometries such as chiral gammadions.651 The nanoparticles
can be organized in arrays with structural order varying from
those with basic repeating units consisting of a single
nanoparticle (Figure 17b), to hierarchically ordered config-
urations where multiple nanoparticles are arranged within each
unit cell #»09053 (Figure 17c). Furthermore, the spacing
between the units can be adjusted from tens to hundreds of
nanometers,”** altering interparticle interactions to tailor their
optical properties. Such attributes have driven the design and
synthesis of plasmonic nanoparticle arrays demonstrating
distinctive optical behaviors.

Despite their advantages, top-down nanolithography faces
difficulty in making features smaller than a few nanometers and
there is limited control over nanoparticle size, morphology,
and uniformity. By contrast, bottom-up methods involve the
self-assembly of presynthesized nanoparticles including DNA-
tethered metal nanoparticle dimers with ~1 nm gap for single-
molecule SERS.**"%" Through recent advances in colloidal
synthesis nanoparticle homogeneity has been greatly im-
proved”>**" and new nanoparticle designed with intricate
morphologies.”**®*” It is even possible to achieve morpholo-
gies unattainable by top-down methods, such as nanoparticles
with interior nanogaps. These nanogaps can be controlled
down to ~1 nm®* in a variety of configurations such as core-
gap-shell,”' 7% dual-gap,°*® and cross-gap structures,*® with
greatly enhanced near field useful SERS applications.
Concurrently, various nanoparticle self-assembly techniques
have been developed (Figure 17a), including those based on
slow—evaforation, 7 capillary forces,*® and DNA-hybrid-
ization.°®” By precisely tuning the interparticle forces involved,
we can control particle—particle distance down to the
subnanometer scale,””” which is critical for optical applications
as plasmonic interactions at close distances are highly sensitive
to their spatial separation. Moreover, the dimensions of the
assembled superstructure can readily be modified between
one-dimensional chains,**® two-dimensional arrays®’' and
three-dimensional supercrystals with varying crystal packing.**”

Hybrid approaches that integrate the strengths of both top-
down and bottom-up methodologies are also gaining
significant attention.””” Template-confined self-assembly uti-
lizes wells defined via top-down lithography as templates to
dictate the locations where nanoparticles assemble on a
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Figure 18. Nanofabrication techniques for plasmonic nanoparticle arrays and their postfabrication treatments. (a) Calculated extinction
spectra of individual Au nanoparticles and their finite- and infinite arrays. Optical and electron micrograph images were taken from ref 719.
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of annealed nanoparticles.’”® Adapted with permission under a Creative Common CC BY License from ref 698. Copyright 2015 Academy of
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functionalization of Au NP arrays enabled by combining ALD of TiO,, Ar-ion milling, and Ag growth.”** NP: nanoparticle. Adapted with
permission from ref 744. Copyright 2023 ACS.
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substrate,”’*~’° yielding superstructures with both local and

long-range order (Figure 17a, d). In nanoparticle imprint
lithography, the pattern of an elastomeric stamp is transferred
to nanoparticles dispersed on a substrate.”’*®”” Hence the
patterning capability of top-down lithography can be combined
with colloidal nanoparticles having a sophisticated internal
structure with a unique overall architecture. Another
innovative technique, substrate-defined growth, involves
patterning nanoparticle seeds on a surface, which are
subsequently overgrown through wet-chemical synthesis.®”®

Irrespective of the specific method of their fabrication, well-
arranged plasmonic nanostructures have been subjects of great
interest for the ability to artificially engineer og)tical properties
difficult to achieve with natural materials.””” Interactions
among plasmonic nanoparticles can be categorized into short-
range and long-range interactions, and those that arise between
a few nanoparticles and many-nanoparticle interactions. At
close distances, interactions between nanoparticles are
dominated by hybridization between plasmon modes of
appropriate energy and syrnmetry.642’6%’680’681 Up to a few
nanometers, the coupling strength increases as nanoparticle
separation decreases, corresponding to a red-shift in the
resonance peak.’***” These hybrid modes can further lead to
magnetic induction®® or be channeled to create a near-perfect
absorber®®*~%%¢ (Figure 17e). At the other extreme, destructive
interference between broadband plasmon modes and sub-
radiant modes as in Fano resonance®’ leads to metamaterials
with optical transparency.’*>***°*°% Extending hybridization
beyond a few nanoparticles into large two-dimensional arrays,
the capacitive coupling between nanoparticle dipole reso-
nances can be harnessed to create thin films with refractive
index higher than values achievable with silicon or
germanium®”' (Figure 17f). The large refractive index is due
to the large real permittivity of these materials that, upon
coupling to a gold film can exhibit a crossover between positive
and negative values called the epsilon near-zero condition,””’
which has potential optomechanical applications.””" Finally, by
adding a third dimension to form glasmonic supercrystals with
high c?rstallinity, Mie resonances’”>*”® or photonic band gap
modes”* can be engineered.

At longer length scales, periodically ordered nanostructures
with interparticle separation on the order of the wavelength of
light sustain diffractive surface lattice resonance modes that can
couple to plasmon modes to create plasmon lattice
resonances”*¥*** (Figure 17g). Early lattices had broader
line-widths®”® than predicted theoretically®”” due to the large
number of lattice defects and high nanoparticle heterogeneity;
however, developments in fabrication methods®*> combined
with annealing treatment to reduce nanoparticle polycrystal-
linity and improve shape uniformity®®*’ have led to lattice
resonances with ultrahigh quality factors (Q-factors) ' #97%%°
and corresponding low losses. The resonance wavelength is
determined by the lattice periodicity,”* the refractive index of
the surrounding medium,”” and the material (aluminum-
based lattices can thus support resonances at shorter
wavelengths than gold or silver).”** Furthermore, analysis of
their angle-resolved transmission spectra shows their dis-
persion relations. Though a comparison of lattices of varying
symmetry found that there was little effect on the position of
the resonance peak,”’' it was discovered that their dispersion
relations were widely divergent.”’> Plasmon lattice resonances
have received much attention due to their lasing Eroperties
upon integration with optical gain materials.”*”’"" The

ultranarrow line width combined with the trapping of light at
dispersion band-edges’”” provide optimal conditions for low
threshold lasing under angle- and polarization-dependent
conditions. Utilizing multiple band edges and the higher
order modes present in hierarchical arrays at different
wavelengths can even generate multimodal, multicolor
lasing.”%>7%¢

In addition to the examples mentioned above, many other
collective properties have been demonstrated by plasmonic
nanostructures. For instance, chiroptical effects are seen in
chiral nanoparticles or achiral nanoparticles with chiral
arrangement.””” These nanostructures can also exhibit plasmon
hybridization or coupling to diffractive modes’*” as in the case
of their achiral counterparts. Another example is bound-states
in the continuum, gerfectly confined, nonradiative modes with
ultralong lifetimes,”" which have been studied in plasmonic
nanogarticle arrays both theoretically’*””" and experimen-
tally.”®” A recent work has even shown the ability of plasmonic
metamaterials to act as time crystals with periodic oscillations
of transmissivity.'®' The incorporation of nanoparticles with
intragaps and other complex morphologies, and their
organization and patterning into unique superstructures will
potentially generate plasmonic nanostructures with heretofore
unseen optical properties. This can allow us to explore
multiscale interactions, as in the case of strong coupling
between gap plasmon modes and lattice modes”'' or open the
door to new applications.

19. PLASMONIC NANOPARTICLE ARRAY

Sang-Min Park and Teri W. Odom

Arrays of plasmonic nanoparticles with periodicities
comparable to the wavelength of light can support surface
lattices resonances when their localized surface plasmons
couple to diffractive modes.****> At visible wavelengths,
surface lattices resonances can exhibit much narrower line
widths (2—20 nm) than localized surface plasmons from
individual nanoparticles (50—100 nm) because of reduced
radiative losses (Figure 18a).”'>”'* At resonance, the nano-
particles in the array support electric field oscillations that are
in phase, have local near-field intensities 1—2 orders of
magnitude higher than that of single nanoparticles, and
collectively support an electromagnetic standing wave (Figure
18b).”"* Besides being of interest for these distinct properties,
plasmonic nanoparticle arrays are advantageous for use in light-
matter interactions in a range of applications. For example,
nanoscale lasing and exciton-polariton condensates have been
realized by combining plasmonic arrays with different emitters,
including organic dyes,””™"'"" semiconducting quantum
dots,’** and perovskites nanocrystals.”"® Plasmonic nano-
particle arrays can also show unique radiation profiles by
tuning features of the array,”'>”"*~"** including (i) unit cell
shape,”””7*" (ii) lattice geometry,(’sz"mz’ﬂ2’722’723 and (i)
nanoparticle materials’** (Figure 18c). In this mega-review
section, we will describe methods for scalable nanopatterning
of plasmonic nanoparticle arrays and their postfabrication
treatment.

To prepare nanoparticle arrays with high-quality surface
lattices resonances and desired properties, unit cell shape and
lattice geometry should be optimized. Traditionally, serial,
direct-write techniques such as electron beam lithography were
used because they can pattern nanostructures with arbitrary
shapes.””’>* However, challenges in scaling the patterned
array size as well as limited access to these tools have hindered
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studies. Parallel nanofabrication methods that combine soft
lithography and simple pattern transfer techniques have
enabled effective and large-area patterning of nanoparticle
arrays over 10 cm’*-areas.

Soft lithography can generate large-area patterns made of PR
using an elastomeric mask or mold generated by curing PDMS
on a master pattern.”*® Figure 18d illustrates two representa-
tive techniques: solvent-assisted nanoscale embossing’”’ and
phase-shifting photolithography.””® In the solvent-assisted
nanoscale embossing process, a PDMS mold is first wet with
an organic solvent and then placed into contact with a thin
layer of PR on a substrate (usually a Si wafer). The solvent
within recessed regions of the mold dissolves the PR, and after
an evaporation period with the mold still in contact with the
PR, the PR is resolidified to form the same pattern as that on
the master. In phase-shifting photolithography, a PDMS mask
is placed into conformal contact with a PR-coated substrate,
and then UV light exposure followed by development can
result in patterned PR. The principle of phase-shifting
photolithography takes advantage of the different refractive
indices of the air-PDMS mask interface in contact with the PR.
When the PDMS (or air) patterns are larger than the
diffraction limit, PR features at the edges of the patterns will
result after development; when mask patterns have sizes that
are subwavelength, then the patterns will be transferred to PR
in a 1:1 fashion.””” One advantage of phase-shifting photo-
lithography over solvent-assisted nanoscale embossing is that
multiple exposures with different masks can be used to
generate complicated lattice geometries, including moiré
lattices.””" solvent-assisted nanoscale embossing and phase-
shifting photolithography can generate nanoparticle arrays with
desirable ranges of periodicities (a, = 200—800 nm) and post
diameters (>100 nm) in a wide range of lattice geometries.
Notably, in contrast to pressure- or heat-driven imprinting
techniques,®"”*" the scalable nanofabrication methods do not
require sophisticated tools to control PDMS mask position,
contact pressure, and substrate temperature.

Starting from PR patterns, plasmonic nanoparticle arrays can
be produced by pattern transfer techniques such as PEEL
(Phase-shift photolithography + Electron-beam deposition +
Etching + Lift-off) (Figure 18e, bottom left).”>> The critical
step in PEEL is the generation of a free-standing metal (Au or
Cu) hole-array film that can be used either as an etch mask or
physical deposition mask; the patterns on the metal mask
define features of the nanoparticle array, such as nanoparticle
shape, array periodicity, and lattice symmetry.”*" Uniform and
large-area nanoparticle arrays can be obtained after deposition
of the desired metal through the hole-array mask, which can be
easily removed by Scotch tape or chemical etching.

Another pattern transfer method is metal-ion loading, where
polymeric posts are used as the sacrificial host materials to
form metallic nanoparticles.””” Poly(4-vinylpyridine) posts
incubated in aqueous solutions containing ions of target metals
(e.g, Au, Pt, or Pd) can be oxidized with an O, plasma, which
reduces the metal ions into small nanoparticle seeds (Figure
18e, top right). After thermal annealing, the small nanoparticle
seed clusters can merge into ordered and uniform nano-
particles. One distinct advantage of this approach is that
nanoparticle arrays can be prepared from various alloyed
materials, including AuPd, FePt, or CoPt.

Nanoparticle arrays fabricated by soft lithography followed
by pattern transfer can show surface lattice resonances with
high quality factors desirable for light-matter interactions.

Recent work has demonstrated that postsynthesis treatments
of the nanoparticles offer opportunities to increase the quality
factor substantially as well as provide chemical and materials
function beneficial for nanophotonic applications. The
following subsections review nanofabrication strategies that
have expanded the applications of plasmonic nanoparticle
arrays for low-threshold nanolasing, photocatalysis, and
chemical sensing.

As-fabricated plasmonic nanoparticles produced by physical
vapor deposition methods generally exhibit poly crystalline
structures, which can result in damping of the plasmon
resonances due to electron scattering at nanoscale grain
boundaries and lattice defects.”>*”*> Also, for more reactive
plasmonic metals, such as Ag and Cu, poly crystalline
nanoparticles show increased oxidization since reactive species
prefer to attack grain boundaries.”** Therefore, improving the
crystallinity of the nanoparticles can improve the quality factor
of the surface lattice resonances as well as the chemical stability
of the arrays. Thermal annealing of nanoparticle arrays has
been shown to be an effective strategy to reshape and to
improve nanoparticle crystallinity.””®”*>”*® For example, the
annealing of Au nanoparticle arrays in an Ar atmosphere at
high temperatures (900 °C) can significantly reduce the
surface lattice resonance line width (17 to 4 nm), resulting in
Q > 200 (Figure 18f); similarly narrow surface lattice
resonance line widths were observed from thermally annealed
Ag, Al, and Cu nanoparticle arrays, and were stable for
months.””® Such ultranarrow surface lattice resonance modes
as cavity modes combined with organic dyes as gain have
resulted in lasing action with narrower emission spectra and
higher nonlinearity.

Controlling the surface chemistry and functionality of
plasmonic nanoparticles can also result in improved optical
properties of the arrays. For example, using Cu nanoparticle
arrays as catalytic materials, few-layer graphene (G) can be
conformally grown on the nanoparticles by chemical vapor
deposition in a CH, and H, atmosphere to produce Cu@G
core—shell nanoparticles (Figure 18g).”*7?” Interestingly, the
graphene layer not only protects the Cu nanoparticles from
oxidation but can also facilitate lasing at lower concentrations
of liquid dyes as gain (IR-140 and DCM); this response is
attributed to the transient assembly of aromatic dye molecules
within the electromagnetic hot spots near the nanoparticle
surface because of 7—7 interactions with the graphene.””’
Solution-based chemistry is also an effective approach to
impart additional functionality to the nanoparticle arrays.
Using galvanic replacement chemistry, Pt shells can be grown
with different thicknesses on prepatterned Cu nanoparticle
arrays (Figure 18h).”** Since Pt is catalytic, Cu@Pt core—shell
nanoparticle arrays on ITO-substrates could be used as
photoelectrocatalysts for hydrogen evolution reactions.””””*’

Finally, taking advantage of the growth mechanism of
colloidal nanoparticles can provide opportunities to modify
morphology and composition of surface-patterned nano-
particles.””® For example, Au spikes have been grown on
thermally annealed Au nanoparticle arrays by incubating them
in an aqueous growth solution containing Good’s buffers and
HAuCl, (Figure 18i);"*""* their growth can be precisely
controlled via buffer pH and concentration similarly to seed-
mediated colloidal synthesis of spiky nanoparticles.”*’ The Au
spikes can confine the local electric fields at the sharp tips (2—
3 nm radius of curvature), which can improve the performance
as SERS substrates. Moreover, since relatively large surface-
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Figure 19. 3D chiral morphology shaping in nanoparticles. (a) SEM and schematic images of 432 helicoid I (left) and 432 helicoid III (right)
which are synthesized via enantioselective interaction at organic (amino acids and peptides)-inorganic (gold) interface.*** Adapted with
permission from ref 658. Copyright 2018 Springer Nature. (b) Tomography reconstruction (left) and transmission electron microscope
(TEM) image (right) of plasmonic gold nanorods with an intricate network of chiral wrinkles, synthesized by chiral template (1,1’-bi(2-
naphthol) (BINOL) and its derivative 1,1’-binaphthyl-2,2’-diamine (BINAMINE)) assisted synthesis.”*> Adapted with permission from ref
755. Copyright 2020 AAAS. (c) SEM images of twisted ribbon-shaped semiconductor nanoparticles synthesized through circularly polarized
light (CPL).”*® Adapted with permission from ref 756. Copyright 2010 AAAS. (d) Circular dichroism and optical rotatory dispersion
response of 432 helicoid III (left) and polarization-resolved color of 432 helicoid III solutions with various resonant wavelengths (right) ;658
schematic illustration of 432 helicoid III (inset). Adapted with permission from ref 658. Copyright 2018 Springer Nature, (e) Schematic
illustration showing the third-harmonic circular dichroism generation from 3D chiral Cadmium-Telluride (CdTe) dielectric
nanoparticles.”’® Adapted with permission from ref 770. Copyright 2022 Springer Nature. (f) Schematic diagram of enantioselective
sensing on 2D helicoid crystal. (i) Under CPL illuminations, (ii) the electric dipole (p) of each helicoids collectively spins to the direction of
CPL, (iii) generating uniform optical helicity (1) on 2D helicoid crystal. The introduction of chiral molecules with different handedness on
the 2D helicoid crystal distinctively affect the energy levels of 2D helicoid crystal, which excited by (iv) left-handed CPL (LCP) and (v)

right-handed CPL (RCP).”*® Adapted with permission from ref 708. Copyright 2022 Springer Nature.

bound nanoparticle arrays can have clean surfaces without
needing stabilizing ligands for solubility in solution, nano-
particles with more complex shapes and materials combina-
tions can be created. One example nanomaterial is multi-
component nanoparticles as antenna-reactor photocatalysts
(Figure 18j) prepared by ALD, FIB, and solution-based
nanoparticle growth on annealed Au nanoparticle arrays.”**

20. 3D MORPHOLOGY SHAPING IN NANOPARTICLES

Hye-Eun Lee, Ryeong Myeong Kim, and Ki Tae Nam
Controlling the 3D morphology of optically active inorganic
crystals is of significant interest as it allows for new optical
modes that 2D patterning using lithography cannot achieve.
For example, the 3D chiral morphology can exhibit optical
activity from multiple angles, as chirality is controlled in
various directions within the 3D structure.”>® Polarization of
light and phase can be controlled with 3D morphology
controlled nanoparticle. Furthermore, the collective response
of arranged 3D chiral particles can lead to a uniformly
amplified optical response through interparticle coupling.””
Given these advantages, shaping 3D morphology at the single
nanoparticle level is crucial, especially at the few-nanometer
scale, as it enables optical modulation in the visible range and
provides desired optical properties. While various shapes of 3D
particles (spherical, square, rod, triangle, etc.) can control

polarized light, in this part, we will focus specifically on the
emerging field of chiral 3D particles.

Over the past years, various methods for particle control
have been developed, including crystallo§raphic, kinetic,
ligand-based, and overgrowth techniques.”””’** Based on
these technologies, the inclusion of chirality inducers can
transform not only the handedness of single nanoparticles but
also their crystal facets, local features, and curvatures in a
multidimensional manner. This can result in new chiral
morphology diagrams that were previously unattainable. In
this section, we will explore three main categories of chiral
inducers in 3D morphology control: biomolecule induced
enantioselective interactions, ligand self-assembly, and polar-
ized light. We will discuss how these methods contribute to the
development of diverse 3D chiral morphologies and examine
their optical properties through various examples.

Chirality has long been of interest in scientific fields, driving
extensive research into chiral crystals. Early studies focused on
crystallographically asymmetric materials like quartz, S-AgSe,
and selenium, exploring their chiroptical properties in bulk
single crystals. The Markovich group synthesized semi-
conductor nanocrystals with chiroptical activity, using mercury
sulfide, an asymmetric crystal structure, and chiral penicill-
amine, containing a thiolate group capable of strong
enantioselective surface binding.”*” These nanocrystals,
approximately 10 nm in size, feature long helices of alternating
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mercury and sulfur atoms spiraling around the c-axis of the
hexagonal unit cell. Extending their research to the Te system,
which shares the same chiral space group P3,21, they used
various thiolated chiral biomolecules on Te crystals to
synthesize asymmetric nanoparticles characterized by twisted
ridges diagonally intersecting between vertices at both ends.”**

Exposing crystallographically asymmetric surfaces, as dem-
onstrated in previous examples, enhances chirality transfer
through enantioselective interactions with asymmetric organic
molecules, a critical factor in controlling 3D shapes at the level
of individual particles. Interestingly, the chirality of inorganic
materials can arise from the asymmetric atomic arrangement
on their surfaces, even if the unit cell itself is symmetric (e.g,
gold in a face-centered cubic lattice).”*” These enantioselective
interaction can be more precisely utilized especially at the
interface of high index surface and biomolecules. In bulk single
crystal, The Gellman group illustrated on a Au surface that
kink atoms can function as asymmetric centers, allowing three
crystal surfaces to be oriented either clockwise or counter-
clockwise.”” Depending on the stacking arrangement of Au
atoms, these surfaces can exhibit as two distinct chiral forms.
Exploiting this surface chirality and its interaction with chiral
organic materials- amino acid and peptides, the Nam group
successfully synthesized a diverse range of 3D chiral
nanostructures known as the 4-, 3-, and 2-fold symmetric
helicoid series.”*®”*"7* The nanoscale controllability at 3D
nanomorphology is unprecedented, resulting uniform chiral
nanoparticles.

In their study, the authors structured the growth process
into two distinct steps: the initial growth stage involving low-
Miller-index-plane-exposed nanoparticles and the subsequent
high-Miller-index surface chiral evolution stage. During the
chiral evolution stage, cube-shaped seeds with {100} facets
underwent a transformation from low-index to high-index
surfaces.”*® Concurrently, introduced L-cysteine (L-Cys)
molecules selectively adhere to specific chiral faces, facilitating
the development of twisted edges that elongate and thicken,
eventually forming a chiral morphology exhibiting 432
symmetry, named helicoid 1 (Figure 19a).

In the same setup, substituting cube seeds with octahedral
ones ({111} facets) and introducing glutathione peptide
results in the growth of gold surfaces exposing different chiral
surfaces which is different from helicoid I. This approach yields
432 helicoid III with pinwheel-like structures on each facet,
significantly enhancing the g-factor (anisotropy factor) and
showing strong optical responses in the visible range (Figure
19a). By modifying various chemical parameters such as
chemical concentrations and seed injection times, subsequent
studies explored different intermediate shapes exposing high-
index surfaces during gold particle growth,”" leading to the
creation of a chiral plasmonic nanostructure based on a
rhombic dodecahedron shape, 432 helicoid IV. Recent
advancements include the use of deep learning techniques to
identify key motifs for controlling chiral morphology and
understanding formation mechanisms, expanding toward
diverse chiral inorganic morphogenic processes.””

Another method for inducing chirality involves template-
guided synthesis using asymmetric assembly of chiral
molecules and ligands. Typically, amphiphilic molecules
(surfactants) with self-assembled structures are employed as
chiral templates. These molecules can incorporate chiral
moieties to induce chiral assembly or symmetry-breaking
cosurfactants can be introduced to guide chiral structure

formation. For instance, N-miristoyl-L-alanine sodium salt,
where an amino acid is attached to the end of an anionic
surfactant, forms assemblies that provide chiral channels.”** By
electrostatically binding inorganic precursors using amino-
silane, chiral mesoporous silica can be synthesized. Recently,
the Liz-Marzan group achieved plasmonic gold nanorods with
an intricate network of chiral wrinkles and high anisotropy
factors (g-factor ~0.20) using 1,1’-bi(2-naphthol) (BINOL)
and its derivative 1,1’-binaphthyl-2,2’-diamine (BINAMINE)
as cosurfactants with an achiral cetyltrimethylammonium
chloride surfactant (Figure 19b).”>> BINOL molecules, due
to their axial chirality, can form worm-like micelles, serving as
templates for anisotropic growth. The (R)-BINAMINE-
cetyltrimethylammonium chloride covering gold nanorod
leads to the formation of chiral wrinkles on the nanorod
surface, creating intergrooves tilted at 0° and 45° angles with
sizes of 2—3 nm, and exhibiting high anisotropy factors across a
broad wavelength range (from S00 to beyond 1350 nm).

Circularly polarized light (CPL) sources are valuable
resources for inducing chiral structures due to their ability to
provide high enantiopurity and easily adjust resonance
wavelengths. The Kotov group reported semiconductor
nanoparticles in twisted ribbons forms where handedness
varies with the CPL (Figure 19¢).7>%757 Light-controlled chiral
imprinting relies on the photooxidation of thioglycolic acid
stabilizers on CdTe nanoparticles. Initially racemic, these
nanoparticles absorb light corresponding to their handedness,
activating the photooxidation and transforming them into CdS
nanoparticles with fewer ligands. The resulting asymmetrically
truncated nanoparticles self-assemble into twisted nanoribbons
through cooperative interactions. Through this light-induced
self-assembly process, the group synthesized right- (left-
)handed twisted nanoribbons with an enantiomeric excess
exceeding 30%.”

Another intriguing example utilizing CPL involves synthesiz-
ing chiral structures using localized electric fields generated
when light is absorbed by gold nanoparticles. When CPL is
applied to gold nanocuboids, light concentrates at specific
corners, creating twisted electric field distributions around
plasmonic nanocuboids.”*® Theoretical explanations also
suggest that CPL can induce asymmetric excitation of hot
carriers in achiral gold structures, facilitating surface chemistry
(photogrowth).”>” Experimental evidence shows that applying
CPL to nanoprisms concentrates electric fields at their corners,
creating blade-like protrusions that grow corners more rapidly,
forming spiral patterns‘760

The development of synthetic procedures for 3D morphol-
ogy-controlled chiral nanoparticles paves the way for the
application of chiral nanostructures across diverse fields,
including photonics,®*®7*%7¢'~7%% spectroscopy,” """ opto-
electronics,””>777¢ sensing,708’777_783 and biomedical
fields.”*>”®” These 3D chiral structures exhibit light manipu-
lation capabilities comparable to those of lithography-based 2D
chiral nanostructures and demonstrate optical activities absent
in perfect 2D chiral configurations.””””** For example, the 432
helicoid series,*®7*"73>78575¢ ith its 432 symmetry repre-
senting the most isotropic symmetry in 11 crystallographic
point groups at the ~200 nm scale,”®” retain their chirality in
three-dimensional space, demonstrating optical activity in-
dependent of light propagation direction. Individual 432
helicoid III nanoparticle exhibits a g-factor of approximately
0.8 at single chiral scatterometry,788 and even in randomly
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Figure 20. Schematics of the glancing angle deposition (GLAD) method and representative applications in nanophotonics. (a) During
GLAD fabrication the substrate is tilted at an angle @ with respect to the vapor flux coming from a heated crucible, with optional substrate
rotation (@) to control the morphology. The setup is in a vacaum chamber and contains electron beam and/or thermal evaporators (not
shown). The shadow distance between adjacent seeds is defined by h tan @, where h is the seed height (see image on right). The SEM image
below shows an example of a seed layer formed by BCML, where the scale bar is 100 nm. (b) Structural engineering for symmetry. The
growth of the structures is away from the surface and the shape is determined by the tilt and rotation angles as well as the flux rate.
Representative GLAD-grown structures are schematically shown. These would be grown on separate substrates. (c) A wide spectrum of
materials that can be used in GLAD, ranging from metals to semiconductors and insulators. Scale bar: 50 nm.””¥**>*"1 73! Adapted with
permission from ref 798. Copyright 2013 Springer Nature. Adapted with permission under a Creative Common CC BY License from ref 805.
Copyright 2023 ACS. Adapted with permission from ref 811. Copyright 2009 Wile-VCH. Adapted with permission from ref 812. Copyright
2014 Springer Nature. Adapted with permission from ref 813. Copyright 2014 Royal Chemical Soceity. (d) TEM images of individual
nanohelices made with GLAD from various materials. From left to right the row shows examples, respectively, made from Au:Cu, Ag:Cu, Si,
WO, and SiO,. More rod-like and zig-ag hybrid nanostructures are seen in the bottom row (where the inset shows energy-filtered TEM
images. (el) Chiral nanoparticles and corresponding circular differential scattering intensities of single GLAD-nanohelices spectroscopically
observed in solution. (e2) Circular differences in multiphoton scattering intensities for both left-handed and right-handed nanohelix
suspensions, excited with 720 nm (top), 740 nm (middle), and 780 nm (bottom) laser light. Each vertical colored line marks the second-
harmonic wavelength.®*'***> Adapted with permission under a Creative Common CC BY License from ref 810. Copyright 2020 Springer
Nature. Adapted with permission under a Creative Common CC BY License from ref 822. Copyright 2019 American Physical Society. (f)
Chiral lattice resonance with metallic nanocrescents.** Adapted with permission under a Creative Common CC BY License from ref 830.
Copyright 2024 Wiley-VCH. (g) Perovskite nanostructured GLAD film showing optical anisotropy with a polarized light.**' Adapted with
permission from ref 841. Copyright 2022 Wiley-VCH. (h) Polarized light emission with CdSe and CeO, nanohelices.**® Adapted with
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Figure 20. continued

permission under a Creative Common CC BY License from ref 808. Copyright 2022 ACS. (i) Arrays of chiral dielectric nanohelices (i: Ge

. Qs . 847,852
for Mie type, ii: Si for plasmonic resonance).

Adapted with permission under a Creative Common CC BY License from ref 847.

Copyright 2023 Wiley-VCH. Adapted with permission from ref 852. Copyright 2022 Institue of Electrical and Electronics Engineers. (j)
Subwavelength film resonance with array of Ge nanorods.**’ Adapted with permission from ref 849. Copyright 2020 Wiley-VCH.

dispersed solutions (i.e., ensemble of nanoparticles), they show
a high g-factor of around 0.3.°°%7%

The high polarization controllability of 3D chiral morphol-
ogy in the visible spectral range facilitates display applications
through polarization-resolved color generation.”* The sol-
ution of 432 helicoid III exhibits a strong circular dichroism
and optical rotatory dispersion response in the visible range,
indicating the optical rotation of incident linearly polarized
light (Left, Figure 19d). This optical rotation allows specific
wavelengths to display distinct polarization colors through a
cross-polarizer. The tunability of 432 helicoid synthesis in size
and resonant wavelength further expands its capability for
diverse polarization-resolved color generation.

The Kotov group successfully synthesized 3D chiral
structures based on dielectric materials (Cadmium-Telluride;
CdTe) and observed hyper Mie-scattering of such nano-
particles’®”77° (Right, Figure 19d). Particularly, this nano-
particle exhibits third-harmonic circular dichroism generation,
which was successfully applied to chiral spectroscopy for trace-
volume sample analysis (Figure 19e).

The exceptional light manipulation capability of plasmonic
3D chiral nanoparticles can be readily extended to coupled
plasmonic system such as, 2D plasmonic array and plasmonic-
photonic system.””® Recently, the 2D assembly of helicoid
nanoparticles (2D helicoid crystal) successfully hosted the
improved chiroptic responses compared to random nano-
particle system through regular nanoparticle coupling. When
432 helicoid III nanoparticles were hexagonally arranged at
400 nm intervals, coupling between nanoparticles and
photonic grating modes induced the collective resonance
(CR) mode (Figure 19f (i)) and displayed strong circular
dichroism in CR mode. Additionally, numerical retrieval of
helicoid dipole revealed that the dipoles of individual helicoids
exhibit collective spinning behavior following the incident
polarization of light, and their collective scattering induced
strong optical helicity (h), indicating significant interactions
between chiral media and circularly polarized light (Figure 19f
(ii) and (iii)). The 2D helicoid crystal is successfully leveraged
to chiral sensing based on chiral perturbation theory, which
describes the effect of molecular chirality parameters (k) on
plasmonic resonance (Figure 19f (iv) and (v)).

The unique polarization control exhibited by 3D chiral
plasmonic nanoparticles extends beyond the single nano-
particle level to coupled systems of plasmonic-photonic
system.”*»70077%%776 Eor example, the Nam group demon-
strated that single helicoid nanoparticles could control the
polarization of single photons when coupled with WSe,
monolayers.”** Typically, single photons are linearly polarized
based on their origination of generation; however, through the
coupling with helicoid nanoparticle, a degree of circular
polarization (DOCP) of single-photon was achieved to the
level of ~0.8.

We explored various strategies for creating 3D chiral
morphologies at the nanoparticle level and examined how
these 3D chiral nanoparticles can control polarized light for
applications in displays, biosensing, and more. By introducing

different chiral inducers, it is possible to achieve asymmetric
control at the nanometer scale, while scalable colloidal
synthesis methods offer breakthroughs for developing
commercially viable large-area plasmonic structures. These
advances allow for the large-scale synthesis, assembly, and
integration of 3D nanoparticles into devices, opening up
possibilities for various industrial and research applications.
Furthermore, expanding the core principles of chiral inducers
to various materials such as metals, semiconductors, and high-
refractive-index nanoparticles, or developing new types of
chiral inducers, can open up new opportunities in the fields of
nanophotonics and optical metamaterials.

21. GLANCING ANGLE DEPOSITION

Hyunah Kwon, Hyeon-Ho Jeong, and Peer Fischer

Light-matter interactions are determined by material and
geometric properties. At the nanoscale, where the structure of
an optical element is smaller or comparable to the wavelength
of visible light, the optical response depends sensitively on
both the dielectric function as well as the geometry, which
encompasses the shape and/or arrangement of nanostructures.
Having tools that can be used to engineer the material
composition using pure starting compounds—without the
need for stabilizing chemicals, and being able to create shapes
that go beyond spherical and rod-like shapes, while ensuring
that the nanostructures are uniform, opens up many
opportunities for nanophotonics. Physical vapor deposition
(PVD) is such a tool, especially, when the material is deposited
at an oblique angle (known as shadow growth, when the
substrate is not rotated), and when the substrate is in addition
manipulated during deposition (known as glancing angle
deposition, GLAD).””® In what follows we will discuss the
method itself and describe representative applications in the
field of nanophotonics.

The symmetry of nanostructures plays an important role in
nanophotonics, both in order to influence the polarization
during the light-matter interaction and in order to facilitate the
discovery of novel effects that involve material compositions
and shapes that one cannot find naturally.””" GLAD is a simple
and efficient technique to achieve control over the symmetry of
nanostructures in a parallel manner, permitting the fabrication
of hundreds of billions of nanostructures in one growth process
and thereby GLAD opens possibilities for exciting nano-
photonic applications,”*””” ranging from single colloidal
nanoparticle spectroscopy to wafer-scale functional metasurfa-
ces. GLAD simplifies the lithographic process by tilting the
substrate (angle ) during PVD,””"”** as illustrated schemati-
cally in Figure 20a, which gives rise to shadowing and permits
the simultaneous growth by deposition of many nanostructures
with controllable shapes through substrate rotation (angle ¢).
The advantage of GLAD is that it eliminates the need for any
photolithographic preprocessing with resists or sacrificial
materials, thus enhancing efﬁciency.794’7% However, the
growth of metals at the submicron scale has been challenging
as the deposited adatoms tend to move to minimize the surface
energy, forming spherical deposits.797 Extension to the
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nanoscale with well-shaped structures for nanophotonics has
been achieved by patterning a seed layer of nanoparticles prior
to the GLAD deposition.””*””” The design of the seed layer
can be guided by the shadowing effect employing the
tangential rule as a guide,*”” as illustrated in the inset of
Figure 20a. The shadowed region extends at a tangent of the
deposition angle, with a shadow length given by & tan o, where
h is the diameter (height) of the seed. Seed patterning
facilitates generating separate, uniformly sized nanostructures.
An example of creating such a seed layer is through block
copolymer micelle nanolithography (BCML),*"" as shown in
the SEM images of Figure 20a. Other patterning schemes may
also be used.””

The GLAD technique permits for the growth of uniform
structures on relatively large substrates (typically 2—4”)
utilizing any material that can be transferred into the gas
phase with PVD by electron-beam or thermal heating.””*’**
Spheroidal, rod-like, zigzag, and helical shapes can be grown, as
well as symmetric dimer and trimer structures®”® to more
complex, low symmetric rotamers’’* and chiral helices as
resolved enantiomers (see Figure 20b).788057897 The range of
materials is broad and encompasses metals,”*> semiconduc-
tors,*”® and insulators (see Figure 20¢).5%?

The GLAD-grown substrates are of interest for optical and
spectroscopic applications, but it is also possible to form
suspensions by detaching the nanostructures and release them
from the substrate into a solution via sonication using a
commercial ultrasound bath.””**"

For applications in optics, particularly plasmonic metals as
well as semiconductors, and high-n materials, have been the
focus, and these are all excellent materials for GLAD
deposition. The top row of Figure 20d shows TEM images
of nanohelices grown from five different materials (Au:Cu, 03
Ag:Cu,””® 8i,*'" ' WO0,,*'* 8i0,""?). Since the thickness of the
deposited layer can be controlled to nm-precision, it is possible
to deposit different materials with well-defined interfaces
between the different components, as can be seen in the
bottom row of Figure 20d.”® Further, it is possible to utilize
codeposition of two, potentially up to many more elements, in
order to form alloys and composites. Adding shadow barriers
in the deposition chamber also makes it possible to grow
surfaces with gradients in material composition and/or shape,
which is of interest for high-throughput screening of
nanophotonic materials.*'*

Here, we discuss examples where structural engineering in
GLAD-grown nanostructures gives rise to intriguing light-
matter interactions. In metallic nanostructures (dimension <
100 nm) local surface plasmon resonances can be excited,”"
where the plasmons propagate along the nanostructure, and
where GLAD-grown shapes can be used to obtain polarization-
resolved coloration effects.””> Nanorods possess different
resonance wavelengths for, respectively, the long and short
axes, which can be selectively excited in response to the linearly
polarized light.sm Meanwhile, chiral nanohelices possess
dichroic colors, due to differences in the complex refractive
indices for left- and right-circularly polarized light, as observed
by optical rotatory dispersion and circular dichroism spectros-
copy.®"” Metallic nanohelices show very large optical activities,
such that even picomolar suspensions give rise to ellipticities
on the order of degrees.””® These chiroptical antennas can be
spectrally extended from the NIR, across the whole visible
spectrum to the UV, by controlling their material composition,
with elements such as Mg (which shows resonances in the

Uv),*"7 to AL®'® Ag,782’819 Cu,*° and Au,**' while keeping
their overall size below 200 nm. These chiral nanoparticles and
their large chiroptical responses have proven useful in
nanophotonics, as they allowed a number of new optical
effects to be observed (see for instance Figure 20e). For
instance, the free diffusion of chiral nanohelices has been
spectroscopically tracked at the single particle level, thereby
allowing for a back§round free true chiral observable for a
single nanoparticle.”'® Chiral GLAD-grown nanostructures
have also been the basis of the first experimental realizations of
nonlinear second and third harmonic chiroptical scattering
spectroscopies.*”””*** They can also serve as antennas and
introduce differential optical near-field enhancements, which
can be seen in the Raman scattering signals from achiral
molecules nearby.**> Recently, GLAD has also been used to
fabricate nanostructures that mimic the intermediate state of
molecular rotamers, where two rods are connected at a
programmed dihedral angle.*”* The precise angular control of
the nanorotamers enables programmable polarization-resolved
coloration, spanning from the IR to visible colors, for both
linearly and circularly polarized light. Another interesting
aspect of plasmonics, is the subwavelength localization of light
within nanogpas.**® Here, GLAD can also be used to form
wafer-scale arrays of plasmonic dimers with precise nanogaps
between them, generating strong optical near-field enhance-
ments.**”**” Not only, can plasmonic scatterers be deposited
on surfaces, but they can also be embedded within a glass
matrix, forming plasmonic superstructures.828 These permit
thickness dependent dichroic color engineering.””” If plas-
monic nanostructures are regularly arranged with a spacing
that is a fraction of the wavelength, then far-field optical
coupling, known as surface lattice resonance (SLR), showing
spectral resonances with a high-Q.°***”® Arranging half-moon
shaped GLAD-grown nanocrescents on a surface can exploit
this for 2d-chiroptical, circular polarization-sensitive resonan-
ces (see Figure 20f).**°

Apart from metals, semiconductor nanostructures, which
possess a bandgap, are important in nanophotonics due to
their ability to excite electron—hole pairs. The latter is
important for catalytic processes and energy-related applica-
tions. %3832 Conversely, the recombination of electron—hole
pairs results in light emission, which can be exploited in
optoelectronic devices. Uniform nanostructured semiconduc-
tor thin films can be grown by the GLAD technique on a wide
variety of substrates, with the possibility to integrate them with
microelectronics-processes and devices, such as in photo-
voltaics™' and photodetectors.***~*** Shape-control with
GLAD can be used to enhance quantum confinement,**° or
to provide a large surface-to-volume ratio,””” and enhanced
light scattering effect.”’>*** Specifically, the tilt angle can be
tuned to modulate the morphology, phase, and has even been
shown to influence the bandgap.”*”**° Chiral GLAD semi-
conductor structures show strong interaction with polarized
light. For example, the GLAD synthesis of perovskite
nanostructures has been used to realize highly anisotropic
nanowalls.**" These structures exhibit in-plane optical
anisotropy under polarized light, showing a difference in
absorption and a wavelength-dependent anisotropic response
in photoluminescence (Figure 20g). In another example, a
highly efficient circularly polarized-light detector with a
significant wavelength selectivity was developed, using TiO,—
SnO, heterochiral thin films.*** Furthermore, GLAD-fabri-
cated CdSe and CeO, nanohelices have been reported to emit
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circularly polarized light with amplified optical dissymmetry
(Figure 20h), showing their potential for applications in 3D
displays, information storage, and biometry.*”

Lastly, GLAD structures made from dielectrics are also of
interest. Bound electrons within dielectrics typically reduce the
speed of visible light propagating through the medium (i.e., n >
1) while minimally affecting the light intensity (i.e., k ~ 0). As
a result, they are of interest in optical trapping experiments,
where they can be manipulated in an optical tweezer as
demonstrated with Al,O, GLAD-structures.”*”*** When the
diameter of the dielectric structures becomes comparable to
the wavelength (diameter ~ 1/n), light can be localized within
the structures via size-dependent Mie-type resonances, giving
rise to electric- and magnetic- dipolar as well as higher-order
multipolar resonances.”*’ GLAD-grown dielectric helices
correspondingly give rise to chiroptical Mie resonances.**’
Due to their indirect energy bandgap, single-element semi-
conductors such as Ge and Si can also optically act as
dielectrics, and show Mie-type resonances as has been seen in
nanohelix arrays (Figure 20i).% Subwavelength thin film
resonances, coined Gires—Tournois resonances, have also been
seen in GLAD nanohelices Figure 20j,*" with strong structural
colors and a reflectance close to unity on resonance. Due to a
concomitant sensitivity to any changes in the refractive index
of the surrounding medium, they find application in polar-
ization-resolved color displays,”** colorimetric sensing,*” and
nanophotonic switches.””' Interestingly, when Si nanostruc-
tures are reduced to below 100 nm, the electrons within the Si
behave like free electrons under UV light, activating plasmonic
resonances. '~ This suggests a new class of GLAD-grown
plasmonic materials,*>* which is CMOS-compatible and
potentially useful for device applications, e.g. as UV filters
and photodetectors. One of the advantages of the GLAD
technique is its ability to make nanostructured films with a
gradient in material properties by using an additional shadow
mask in the deposition setup. For example, a modified GLAD
method enabled the fabrication of a spatially graded TiO,—
SiO, Bragg stack, producing a rainbow-colored photonic
bandgap effect through dynamic shadowing.*>

GLAD-grown nanostructures, especially those with low
symmetry, give rise to strong polarization-sensitive differential
scattering that can enhance or resolve optical features in linear
extinction,”'® vibrational spectroscopies,**® as well as in
nonlinear harmonic scattering.gzz’g23 Such chiral (plasmonic)
nanostructures have been recently used to experimentally
observe hyper-Raman optical activity from achiral molecules,
which is a physical effect only theoretically predicted in
1979.%* This effect could deliver additional information on
vibrational modes of chiral molecules, although resolving these
signals emanating from a few molecules remains challeng-
ing.*>> Another promising application of differential scattering
is nanostructuring to produce vivid colors as a function of light
polarization,®*® which is useful in photonic filters, memory, and
anticounterfeiting devices. Recently, these colors have also
been shown to be tunable, changing with the structural
orientation of chiral particles, such as through magnetic
alignment.**® However, an electrically activated device of
active chiral plasmonic structures that gives rise to full color
dynamics has not yet been achieved.*>” Furthermore, while
GLAD-grown chiral semiconductors have shown the ability to
emit photons,808 their potential for electroluminescence is also
unexplored. This opens up possibilities for further develop-

ment in electrically controlled devices made of GLAD-grown
nanostructures.>®

Another advantage of GLAD is the capability to fabricate a
diverse range of geometrically complex, multifunctional
nanostructures, including alloyed,782 core@shell,859 and multi-
layered designs,***~*® providing entire wafers with multifunc-
tional structures for nanophotonics. Once released from the
substrate such structures can also be used in suspension. Au—
Fe composite nanohelices grown by codeposition,864 can be
manipulated with a magnetic field when released into solution
due to the Fe, while the plasmonic Au enhances the optical
response, thus enabling magnetically switchable plasmonic
signals. Whether such structures form alloys or composites will
depend on the respective material phase diagrams.**>*%
Similarly, core@shell nanoparticles can be created, where the
core is first grown by GLAD, while the shell is either formed by
solution chemistry*®” or by ALD.**

For example, conductive polymers can encapsulate GLAD-
grown nanostructures, enabling electrical tuning of their optical
properties with a low voltage (below 1 V).**" This opens up
possibilities for various nanophotonic devices, where external
inputs—such as thermal, acoustic, magnetic, chemical, or
mechanical signals—can alter the nanostructure’s environment
and therebgr change its optical response including
color.*3#0%%% A particularly promising development in this
field is the creation of untethered, externally controlled
nanostructures that combine multiple functionalities and thus
can be used to for instance position of a spectroscopic probe
with magnetic, electric or chemical fields in liquid or biological
media, thus making for nanophotonic probes attached to
nanorobots.

The versatility of the GLAD process also permits the linear
growth of stacks, where each layer (and its thickness) gives rise
to a desired optical response of a different function.® #7077
An example of the latter is a dielectric glass rod with a tip made
from Au that shows a plasmonic resonance.**’ The nanorod
functions as a handle for the manipulation in an optical tweezer
and permits positioning on surface of a biological cell with NIR
light. Then, in response to green light, the plasmonic tip is
locally heated to several hundred °C and the GLAD-nanorod
opens the cell membrane and can thus be inserted into the cell.
Recently, such multifunctional GLAD-grown nanostructures
have also been controlled magnetically®’”> and electrophoreti-
cally trapped,®’® enabling highly precise motion control in 3D
while using plasmonics for either trapping or sensing near a
target object. Thus, structures that are useful in nanophotonics
can also be turned into multifunctional nanorobotic systems.

In summary, GLAD is a versatile method for fabricating
nanostructured films, particularly suited for nanophotonic
applications requiring precise control over material composi-
tion and shape. It enables, in combination with nanopatterning
techniques, the rapid growth of uniform structures (resolution
approaching 10 nm) over large areas (typically up to 10 cm
although this does not constitute an upper limit), and allows
for a variety of complex nanoshapes, such as chiral helices. In
addition, GLAD offers a significant cost advantage over
traditional lithography, as it eliminates the need for complex
lithographic steps. Defect levels can be significantly lowered by
an industrial-level control of vacuum and substrate preparation
to enhance reproducibility, making it a potential technique for
high-end optics applications that demand defect-free struc-
tures. While currently much of the work is lab-scale, the
potential of GLAD for integration into next-generation
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Figure 21. Fabrication process and their applications of CL. (a) Schematic illustration of colloidal arrays used as a mask for metal deposition.
Route A shows the formation of triangular nanopatch and nanodot arrays through metal deposition on colloidal monolayer and double layer,
respectively.*>® Route B depicts the creation of nanodot and nanoring arrays from colloidal masks deformed by annealing in combination
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Figure 21. continued

with vertical metal deposition and glancing angle deposition with sample rotation, respectively.**” Route C shows the formation of nanohole

arrays obtained from nonclose-packed colloidal masks produced by dry etching.*** Adapted with permission from ref 883. Copyright 2001
ACS. Adapted with permission from ref 650. Copyright 2005 Small press. Adapted with permission from ref 888. Copyright 2009 ACS. (b)
Schematics of colloidal array used as a template for creating nanostructures on polymeric film. Route A illustrates the fabrication of
nanodimple and nanoneedle arrays designed by embedding colloidal NPs on a thick polymeric film in conjunction with particle removal and
dry etching.*”® Routes B-1 and B-2 display the formation of wavy and nanocrator structures depending on the relative thickness of the thin
polymeric film to particle radius.*”* Adapted with permission from ref 893. Copyright 2024 Wiley-VCH. Adapted with permission from ref
894. Copyright 2022 Wiley-VCH. (c) Schematic illustration for the production of micropatterned nanodimple arrays by regioselectively
embedding silica particle arrays onto a PR film.**® Adapted with permission from ref 896. Copyright 2022 ACS. (d) SEM images showing a
boundary between nanodimple arrays and flat region and the cross section of aluminum-deposited nanodimple arrays (top left panel),
optical microscope (OM) images of the nanodimple arrays produced using four different sizes of silica NPs (bottom left panel), and the
reflectance spectra of the nanodimple arrays (right panel).*”® Adapted with permission from ref 896. Copyright 2022 ACS. (e) Photographs
of the micropatterned nanodimple arrays taken at retroreflection mode for various angles.*”® Adapted with permission from ref 896.
Copyright 2022 ACS. (f) Schematics for the production of silver-deposited inverted-triangular nanopost array and SEM images of the
nanostructures.”'® Adapted with permission from ref 910. Copyright 2013 ACS. (g) Surface-enhanced Raman scattering (SERS) spectra of
benzenethiol obtained from the various nanostructures with different durations of dry etching.”'® Adapted with permission from ref 910.
Copyright 2013 ACS. (h) Finite-difference time-domain (FDTD) simulation showing spatial distributions of electric field intensity around
silver-deposited inverted-triangular nanopost with two different etching times.”'® Adapted with permission from ref 910. Copyright 2013
ACS. (i) Schematic illustration for production of gold nanohole-disc array by particle etching, glass substrate etching, particle removal, and
gold deposition.”’® Adapted with permission under a Creative Common CC BY License from ref 916. Copyright 2019 ACS. (j) SEM images
of gold nanohole-disc array for two different disc diameters.”'® Adapted with permission under a Creative Common CC BY License from ref
916. Copyright 2019 ACS. (k) Absorption and emission spectra of AlexaFluor 790 (AF790) (dashed line) and normalized extinction spectra
of gold nanohole-disc array for two different disc diameters (solid line).”"® Adapted with permission under a Creative Common CC BY
License from ref 916. Copyright 2019 ACS. (1) Photoluminescence (PL) emission spectra of AF790 obtained from biotinylated bovine
serum albumin (bBSA)-coated nanostructure-free substrates and two different gold nanohole-disc arrays.”'® Adapted with permission under

a Creative Common CC BY License from ref 916. Copyright 2019 ACS.

photonics, nanorobots, and holographic displays is immense,
making it powerful tool that has much to offer for
nanophotonics.

22. COLLOIDAL LITHOGRAPHY

Jiwon Yoon and Shin-Hyun Kim

Colloidal lithography (CL) is a technique for the production
of regular nanostructures using self-assembled colloidal arrays
as either material deposition masks or sacrificial tem-
plates.””” %% Despite the intrinsic limitations of self-assembly,
which usually result in the nanostructures having defects and
limited dimensions of single-orientation domains, CL offers
rapid and cost-effective means for large-scale nanostructure
production. This makes it especially promising for various
optical and photonic applications where minor defects or
structural misalignments are less critical.

One of the most prominent applications of CL is utilizing it
as a metal deposition mask. In this process, hexagonally close-
packed arrays of spherical colloidal nanoparticles are typically
prepared on target substrates by a simple and fast spin-coating
process.”*"*** These colloidal arrays serve directly as a mask
for metal deposition. As metal is deposited vertically onto the
underlying substrates through interstitial voids among nano-
particles, periodic arrays of triangular patches are created after
the removal of the colloidal mask, as illustrated in route A of
Figure 21a.**> When a double layer of hexagonal arrays is used
as the deposition mask, small nanodots are created.

The colloidal arrays can undergo various modification to
provide a wide range of nanostructures. For example, thermal
annealing renders colloidal masks of polymeric nanoparticles,
such as polystyrene (PS), to be partially fused, transforming
triangular voids into smaller circular voids.*®* Therefore, the
use of the modified masks enables the production of nanodots
through metal deposition and mask removal, as shown in route
B of Figure 2la. Additionally, glancing angle deposition
(GLAD) with sample rotation results in the formation of

nanorings.”>’ Moreover, the close-packed colloidal arrays can
be transformed into nonclose-packed ones by dry etching, such
as RIE, which reduces the size of each nanoparticles.”*> ™%’
Consequently, metal deposition followed by mask removal
results in the production of nanohole arrays on the metal layer,
as illustrated in route C of Figure 21a.°* It is possible to
produce diverse nanobar and nanoantenna arrays through
multiple GLAD at various angles relative to the orientation of
colloidal masks.®®® Furthermore, when double or multiple
layers of colloidal nanoparticles are treated with RIE,
nanoparticles in the second or third layers are etched in an
anisotropic manner due to the masking effect by nanoparticles
in the layer above, which possibly results in more intricate
nanopatterns.890

Colloidal arrays can be used as sacrificial templates to create
2D or 3D polymeric nanostructures. Colloidal arrays of silica
particles prepared on polymeric film are spontaneously
embedded into the polymer when the temperature is increased
above the glass transition temperature.*”’ The embedding is
driven by capillary force, which stops when the contact angle
on the surface of the particles reaches an equilibrium value. For
sufficiently thick polymeric film, more than half of each particle
is embedded while maintaining a planar air—polymer interface,
which yields nanodimple arrays with flat top surfaces after
removal of the particles, as illustrated in route A of Figure 21b.
The RIE process can further transform the nanodimple arrays
into inverted-triangular nanopost or nanoneedle arrays.*’>*”*
By contrast, the use of polymeric film thinner than the particle
radius results in the formation of wavy interfaces to minimize
interfacial energy, as illustrated in route B-1 of Figure 21b.
Therefore, periodic 3D wavy structures are created after
particle removal, where the degree of waviness varies along
with the thickness of the polymer film relative to the size of the
particles.””* When the polymeric film is very thin, it wets the
bottom of the particles while being disconnected by dewetting
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on the substrate. This leads to the formation of nanocrater
arrays, as illustrated in route B-2 of Figure 21b.

Various periodic nanostructures, featured by CL, have been
employed as structural motifs for metal deposition to induce
surface plasmon resonance (SPR) or localized surface plasmon
resonance (LSPR).*” The metal nanostructures with SPR or
LSPR have been used for various applications, including
plasmonic coloration, SERS, and plasmon-enhanced fluores-
cence (PEF). One example of plasmonic coloration uses
aluminum-deposited nanodimple arrays.**® Directional depo-
sition of aluminum creates an aluminum layer with nanohole
arrays and an aluminum bowl in each dimple, as illustrated in
Figure 21c. It is noteworthy that the use of negative PR as an
underlying polymeric layer enables the micropatterning of the
nanodimple arrays by photolithography. The combination of
nanohole arrays and nanobowls strongly absorbs light in the
visible range through coupled SPP and LSPR whose
wavelength depends on the diameter of dimples, as shown in
Figure 21d. Moreover, the periodic array of nanodimples
develops diffraction colors for off-normal observation. There-
fore, the aluminum-deposited micropatterned nanodimple
arrays display plasmonic color at normal view, while showing
iridescent colors at off-normal view by diffraction, as shown in
Figure 2le. The production of micropatterned nanodimple
arrays is highly reproducible, and these arrays show significant
potential for use in optical encoding and anticounterfeiting
applications, where minor defects do not substantially impact
optical performance. Plasmonic colors are also achievable
across various nanostructures of disk, dome and ring, and ring,
fabricated by CL including multisteps of RIE and metal
deposition on close-packed colloidal arrays.*”” These plas-
monic colors are adjustable by controlling geometrical
parameters, such as pitch, diameter, and height. Silver
nanovolcano arrays are also suggested to display vivid
plasmonic colors based on extraordinary optical transmittance
(EOT) in the visible range.””® The interaction of SPRs
between the top hole and bottom hole in the nanovolcano
structure leads to a sharp transmittance peak, generating
distinct transmittance colors, which are tunable by adjusting
periodicity. The wavelengths responsible for EOT depend on
the n of the surroundings. As the n of surroundings increases,
its color red-shifts with a sensitivity of 314 nm/RIU, possibly
applicable as n sensors.

Localization of electromagnetic fields near the surface of
metal nanostructures can remarkably amplify the Raman
signals of molecules in the localized field.*”””"° SERS has
been used for the detection of biomolecules, pesticides, and
drugs.””' =" The simple method to prepare SERS substrate
based on CL is to deposit metal on a close-packed array of
colloidal nanoparticles, which results in a metal film over the
nanosphere.”’””"” Also, it is possible to make a gap between
nanospheres by RIE to improve the Raman enhancement.””®
Another way to make SERS substrates is to deposit silver on a
colloidal array, which is then inverted to create silver
nanobowls.”” Subsequent RIE and silver deposition enable
the production of nanocaps and nanotriangles, which exhibit
remarkable signal uniformity and high SERS enhancement
owing to a high density of hot spots located in gaps between
nanotriangles and nanocaps. Arrays of inverted-triangular
nanoposts, produced by RIE of nanodimple arrays, are also
useful as SERS substrates after silver deposition, as shown in
Figure 21f”'° Controlled duration of RIE results in the
inverted-triangular nanoposts with sharp edges, which provides

a high enhancement factor due to the strong localization of the
electric field, as shown in Figure 21g and h.

PEF is one of the strategic methods to amplify the
fluorescence signals of fluorophores with low quantum yield.
It is known that when the LSPR band overlaps with the
excitation or emission wavelengths of fluorophores, the
fluorescence signal can be remarkably enhanced.” "”'* There-
fore, metal nanostructure has been fabricated using CL to
achieve high fluorescence intensity.”'> The simplest fabrication
method involves silver deposition of metal on a colloidal
monolayer.”* Tt is observed that overlapping of the LSPR
band with excitation wavelength causes more fluorescence
enhancement compared to that with emission wavelength. The
optimal structure exhibits a 60-fold and 3.4-fold increase in
fluorescence enhancement for poly(3-hexylthiophene-2,5-diyl)
(P3HT) with low quantum yield and rhodamine B with high
quantum yield, respectively. Arrays of triangular patches
formed by gold deposition through interstitial voids of a
colloidal monolayer mask are employed to achieve high
fluorescence enhancement.”’® The optimal substrate shows a
fluorescence enhancement of Alex Fluor 790 as high as 70.
Gold nanohole-disc arrays are also produced for achieving
fluorescence enhancement in the NIR windows.”'® The
structure is fabricated by plasma etching of colloidal
monolayer, argon ion milling of the underlying glass substrate,
removal of particles, and deposition of gold with high
reproducibility and low cost, as illustrated in Figure 21i and
j. The structure with a nanodisc diameter of 215 nm has an
LSPR peak at 848 nm, which is close to the excitation and
emission bands of fluorescent dye AF 790, as shown in Figure
21k. The coupling between SPP from gold thin film with
nanoholes and LSPR from gold nanodisc induces a strong
photoluminescence emission of AF 790, as shown in Figure
211. The calculated area-averaged fluorescence enhancement
factors are found to be 411. As a result, the low quantum yield
of NIR/NIR-II fluorophores AF 790, initially at 4%, is
remarkably improved to an estimated value of 97%.

23. COLLOIDAL LITHOGRAPHY FOR ABSORBER AND
EMITTER

Sangmin Shim and Dasol Lee

CL uses self-assembled monolayers of particles as litho-
graphic masks to fabricate arrays of nanostructures through
directed evaporation and etching processes. This approach
enables the fabrication of nanostructures over large areas in a
simple, efficient, and parallel manner, eliminating the need for
specialized fabrication facilities. CL is suitable for fabricating
periodic structure arrays to manipulate the transmission,
reflection, and absorption of light in various spectral regions.
These features have attracted great interest in applications
using nanostructure-light interaction, particularly ranging from
perfect absorbers, photovoltaics, and thermal emitters to
sensors.” 879917920

A broadband absorber (BA) is designed to absorb light
across a wide range of wavelengths. This characteristic makes it
particularly useful in applications requiring efficient light
absorption over a broad wavelength region. Various structures,
including CL-based patterns, have been proposed. Matsumori
et al. have developed a BA from UV to NIR, using a semishell
MIM nanostructure. This BA achieved an average absorption
of up to 83% in the range of 300 to 1000 nm by using Al as the
plasmonic material, which is more cost-effective compared to
commonly used noble metals. The broadband absorption is
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Figure 22. Colloidal lithography for absorber and emitter. (a) Absorption spectrum relative to the incident angle on an broadband absorber

composed of Cr nanodisk, SiO, film, and a Cr substrate subjected to unpolarized light.

218 Adapted with permission under a Creative

Common CC BY License from ref 918. Copyright 2023 De Gruyter. (b) Temperature comparison of TiN broadband absorber with nanoring
and without nanoring when exposed to an irradiation of 325 mW/cm>”> Adapted with permission from ref 75. Copyright 2023 ACS. (c)

Absorption spectrum of Al,O; nanocones in broad wavelength despite bending at normal incidence.

920 Adapted with permission under a

Creative Common CC BY License from ref 921. Copyright 2022 Optica. (d) Efficiency enhancements of 3 models (TiO, half-spheroids, void
Spheroids in TiO, layer, void spheroids in AZO layer) with different thicknesses of a-Si and c¢-Si.”** Adapted with permission under a
Creative Common CC BY License from ref 943. Copyright 2018 ELSEVIER. (e) Emissivity spectrum of the W nanodisc emitter after
annealing at various temperatures.”** Adapted with permission under a Creative Common CC BY License from ref 945. Copyright 2023
ELSEVIER. (f) Stress distribution and relative resistance changes of patterned PEDOT film based on bending stress.”>' Adapted with
permission from ref 951. Copyright 2023 RSC Publication. (g) Resonance wavelength of Au nanohole arrays for BSA concentration in
transmission spectra.”*> Adapted with permission under a Creative Common CC BY License from ref 953. Copyright 2022 De Gruyter.

not sensitive to the incident angle and polarization, which is
considered crucial in many studies of BA.”"” In addition to
fabricating nanostructures using plasmonic materials such as
Al, Au, and silver (Ag), refractory metals, such as chromium
(Cr), titanium nitride (TiN), and tungsten (W), also have
emerged as new materials for BA. The high melting points of
refractory metals make them resistant to external influences,
enabling prolonged use in various thermal applications such as
photovoltaics (PV) and thermal emitters. Jiang J et al
proposed a perfect BA composed of hexagonal Cr nanodisks,
a silicon dioxide (SiO,) spacer, and a Cr film through
combination of colloidal lithography and magnetic sputtering
(Figure 22a.ii). The BA achieved 98.2%, demonstrating over
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about 90% absorption for unpolarized light at incident angles
up to 70°, as depicted in Figure 22a.i and Figure 22a.ii. This
high performance is sustained throughout the entire visible
spectrum, facilitated by the spectral overlap between Fabry-
Pérot resonance and surface plasmon resonance, which are
induced by the surface patterning.”'® Lee et al. employed
multiple-patterning CL to create a BA on a large scale. A ring-
shaped TiN absorber showed a high absorption of 95% in the
visible and NIR regions (400—900 nm). This absorber
maintains its optical properties even at elevated temper-
atures.””” Go et al. proposed a simplified fabrication method
for the ring-shaped absorber. A TiN nanoring BA was
fabricated on a large scale using shadow sphere lithography
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derived from CL (Figure 22.b.iii). During the deposition step,
rotating the substrate at an inclined angle to form a ring shape
can omit the etching step. An average absorption of over 95%
across the visible to NIR region (300—900 nm), as shown in
Figure 22b.i, and photothermal application leading to an
increase in temperature was reported. A temperature increase
more than 2.3 times higher under light irradiation compared to
a flat film was demonstrated as shown in Figure 22b.ii’”°. Guo
et al. demonstrated broadband absorption of truncated TiN
nanocones from the UV to NIR spectrum regions, achieving an
average absorption rate of 96.11% across the wavelength range
of 100 to 2500 nm. The absorption rate remained consistently
above 80% for all polarizations within the incident angle range
of up to 70°°" Hou et al. developed a wide-angle and
broadband solar absorber composed of Al, Cr, and SiO, by
using CL. It operated through optical interference of multilayer
thin films and magnetic resonance of light-trapping structures,
achieving an average absorption rate of over 93% in the range
of 300 to 2500 nm for incident angles up to 60°.”*' Yang et al.
presented a BA with a nanocone structure composed of
copper, ZrO,, and aluminum oxide (AL, O;) using CL (Figure
22c.ii). This absorber has demonstrated an average absorption
rate of over 98% across a broad spectrum ranging from 300 to
3000 nm, as shown in Figure 22c.i, and is capable of absorbing
light at wide angles. Furthermore, using a flexible polyimide
substrate allowed the absorber to resist bending and heating,
indicating its potential for various application areas as shown in
Figure 22cii.”!

As previously mentioned, the BAs can be utilized for
applications in PV and thermal emitters. PV, which converts
light into electricity, benefits from materials that absorb light
efficiently across a wide spectrum, thus enhancing solar energy
system performance, such as solar power generation, large-
scale solar farms, and solar panels that can be used in space
exploration.””*™"*® There are several inefficiencies in PV that
BAs may address. First, there is a hindrance in light absorption
capacity across the solar spectrum,””’~"** and sunlight is
reflected or lost as heat instead of being converted into
electricity. Second, the process of charge carrier recombination
within the semiconductor reduces energy production.
Recombination occurs when charge carriers meet and
annihilate each other before they can be converted into
electricity.”*'~”** Third, power losses arise from sheet
resistance, which indicates how easily current can flow through
the material.”**~"*” These inefficiencies can be addressed by
nanostructures, which can absorb a broader range of
wavelengths, increase the optical path length, or reduce sheet
resistance, thereby enhancing efficiency through light trapping.

Sanchez-Sobrado et al. developed TiO, nanostructures using
CL and attached these to thin-film solar cells to enhance
performance through light trapping that does not contribute to
an increase in carrier recombination. These nanostructures act
as absorbers, reducing light reflection at shorter wavelengths
and promoting light scattering within the absorption layer at
longer wavelengths, thereby ultimately increasing the optical
path length. A significant enhancement in photocurrent of up
to 27.3% compared to conventional antireflective coatings has
been reported.”** In a follow-up study conducted by Sanchez-
Sobrado et al,, indium zinc oxide (IZO) and aluminum zinc
oxide (AZO) were applied to the multilayer configuration that
led to strong broadband absorption enhancement for the front
contact of solar cells. An efficiency of up to 14.4% was
achieved, along with a boost in generated currents of up to

21.5% compared to the flat reference cell.””” Abdelhameed et
al. demonstrated that Schottky junction solar cells based on
silicon nanopencils offer superior light-trapping characteristics
by exhibiting high external quantum efficiency in the visible
and NIR regions, leading to higher short circuit current density
compared to flat devices and enhancing the PV conversion
efficiency up to 5.6%.”*° Santos et al. have improved the
efficiency of crystalline silicon (c-Si) solar cells by adapting
TiO, nanostructure. This structure provides improved
performance through light-trapping, thereby reducing carrier
recombination and enhancing absorption by approximately
76% in the visible and NIR regions. Furthermore, when
applied to planar interdigitated back-contact solar cells
(pIBCSCs), it not only led to remarkable optical photocurrent
but also a 30% improvement in efficiency compared to those
without the nanocoating.”*' Lee et al. enhanced the power
conversion efficiency of organic PV through patterning the
indium tin oxide (ITO) layer using CL. The patterning of ITO
increases the optical path length and decreases the transport of
excited charge carriers, enabling an absorption enhancement of
15—20% compared to an unpatterned system.”*”

Mendes et al. introduced three structures to enhance the
optical efliciency of thin-film silicon solar cells: TiO, half-
spheroids in the transparent conductive oxide (TCO) layer,
and spheroidal voids in the TiO, and AZO Ilayer on
amorphous silicon (a-Si) and crystalline silicon (c-Si), as
shown in Figure 22d.i. TiO, half-spheroids exploit TiO,’s n for
antireflection and scattering, increasing the optical path length
and reducing parasitic absorption, thus enhancing photo-
current by up to 48% through efficient light trapping.
Spheroidal voids in the TiO, layer also scatter light effectively,
improving light absorption and enhancing photocurrent
density. While spheroidal voids in the AZO layer may not
perform as well as TiO,-based structures, they provide a crucial
electrical advantage by reducing sheet resistance as shown in
Figure 22d.iijii.”" Centeno et al. developed a self-cleaning
photonic-enhanced solar cell, which features a hydrophobicity
contact angle of up to 165.6° and low adhesion for effective
self-cleaning. This surface provides antireflection and light-
scattering properties that increase the optical path length, and
the nanocrystalline silicon solar cell demonstrated a significant
23.6% increase in short-circuit current density compared to
planar reference cells, enabling a 35.2% enhancement in
average daily power generation through improved angular
response.”** Thermophotovoltaics (TPV) is a promising
method that involves the absorption of light emitted from a
thermal emitter by a photovoltaic cell to generate electrical
energy. Chirumamilla et al. presented the fabrication of
spectrally selective, polarization-independent thermal emitters
based on W nanodiscs, aimed at enhancing energy conversion
(Figure 22e.). This method produces W nanodisc spectrally
selective emitters, which demonstrate high emissivity below
the indium gallium arsenide antimonide (InGaAsSb) PV-cell
cutoff wavelength of 2.25 um despite the high temperature,
and a significantly reduced emissivity (down to less than 10%)
in the mid-infrared (MIR) region, as shown in Figure 22e.ii.”*

Contrary to the BA, the fabrication of nanostructures for
high absorption or reflection in the narrowband can also be
possible through CL. It is widely used in the field of sensors,
detecting the resonance shift by the changes in the surrounding
environment. Liu et al. introduced a deep-elliptical Ag
nanowell array fabricated by combining stretchable imprinting
with CL. They noted that the high elasticity of the PDMS
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mold allows for easy adjustment of the structure’s aspect ratio
from 1.7 to 5.0. The highest sensitivity achieved among the
structures with different aspect ratios was 1414.1 nm/RIU(n
unit). It has been used as an immunoassay platform for label-
free biosensing and is expected to be applicable as a future
refractometric sensor.”> Dao T et al. introduced a perfect
absorber in the MIR region made of Al, combining CL with
RIE. This structure achieved nearly perfect absorption, up to
98%, within a narrow bandwidth of 0.75 um.”*® Using an
absorber fabricated similarly to the one mentioned previously,
Chen et al. attached 10-carboxydecylphosphonic acid (10-
CDPA) to the Al surface through surface functionalization.
They successfully detected the characteristic C=O vibration
band of molecules using surface-enhanced infrared absorption
(SEIRA). The C=0 vibration band of the COOH functional
groups in 10-CDPA is located at 1680—1710 cm™' for
hydrogen-bonded COOH and at 1735—1760 cm™ for free
nonhydrogen-bonded COOH. Peaks positioned at 1734 and
1767 cm™" in the absorption spectrum demonstrated effective
detection through the Al disks. Additionally, they also detected
the physical adsorption of the bovine serum albumin (BSA)
protein layer through SEIRA.**’ In a study by Xu et al., large-
scale palladium (Pd) nanostructures were created using CL,
and their ability to detect hydrogen was investigated. Pd has a
distinct chemical interaction with hydrogen, absorbing the gas
upon contact to form PdHx. This transformation alters the
optical and electrical properties of Pd, allowing for the
detection of hydrogen. The Pd nanostructures produced
through CL included nanoholes and nanotriangles, with the
nanoholes demonstrating superior sensing capabilities.”** Lay
et al. used CL to fabricate a honeycomb structure of Au on
quartz crystal microbalance (QCM) electrodes and detected
mercury vapor using this structure. The study aimed to
determine the optimal pore size for detection performance.
The results showed that models with 12 min of plasma etching
exhibited a 7.4 times higher response to mercury vapor
compared to models without etching. The structure demon-
strated high selectivity for Hg vapor in gases containing
humidity, ammonia, and volatile organic compounds at an
operating temperature of 75 °C.”*’ Chul et al. proposed thin
films with a hemispherical pore structure to detect gaseous
formaldehyde (HCHO) using gravimetric sensing. These films,
made through molecularly imprinted polymers (MIPs) and
CL, enhance the detection signal for HCHO in QCM sensors.
The hemispherical pore structure of the MIP film improved gas
molecule adsorption, showing high sensitivity and selectivity
toward HCHO.”*® Kim et al. utilized CL and vapor phase
polymerization to produce a nanoscale 2D poly(3,4-ethyl-
enedioxythiophene) (PEDOT) films for a transparent and
highly sensitive bending sensor, as illustrated in Figure 22fi.
The PEDOT film, with its void structure compared to flat
structure, enhanced transparency significantly and demon-
strated remarkable electrical sensitivity to bending stress,
especially in the narrow-patterned area, as shown in Figure
22fiijii.”>" SiSolakova et al. used CL to uniformly deposit Ni
nanocavities on conductive glass, creating a highly sensitive,
fast-responding, and selective enzyme-free electrochemical
sensor for insulin detection. This sensor demonstrated high
sensitivity, a low detection limit, and a broad range for insulin
detection. Additionally, it showed excellent selectivity in the
presence of various interferents and real blood serum
samples.”” Chen et al. conducted research on a highly
sensitive biosensor using Au nanohole arrays (GNAs) by CL,

as shown in Figure 22g.i. GNAs had a maximum n sensitivity of
407 nm/RIU. Additionally, they developed a lens-free
smartphone-based 7 sensor that does not require a
spectrometer. This sensor demonstrated a maximum intensity
sensitivity of 137%/RIU and could detect extremely small
amounts of BSA molecules in a label-free manner, as shown in
Figure 22g.ii.953

24, COLLOIDAL SELF-ASSEMBLY

Luis A. Perez, Xiaoyu Qi, and Agustin Mihi

Colloids have emerged as a compelling area of research in
recent decades. These nanomaterials offer unique physical
properties, such as tunable optical properties and self-assembly
behavior while being produced via scalable processes. Addi-
tional functionalities can be achieved by using colloids as
building blocks of engineered architectures, a rapidly evolving
field at the intersection of physics, chemistry, and materials
science. This multidisciplinary domain explores the self-
organization and manipulation of colloidal nanoparticles with
the aim of producing larger constructs with engineered
physical properties and high-throughput processability.”>*~"*°

Colloids exhibit a natural tendency to self-assemble
spontaneously into ordered structures without external
intervention, seeking minimization of free energy within the
system.”” The self-assembly process is governed by surface
chemistry, colloid morphology and environment,™* all of
which have been largely explored in the literature with the aim
of producing large crystals with plasmonic, luminescent or
mechanical properties.”*” In recent years, higher control over
the assembly process has allowed a precise positioning of the
colloids on a geometry, thus opening up the number of
architectures that can be produced.”®

Different strategies can be employed to steer the assembly of
colloids toward engineered geometries: assembly under electric
fields, microfluidics and different templating methods have
been employed to hierarchically assemble colloidal par-
ticles.”*' ™ In the following text we attempt to give a
broad overview of some of them.

Certain methodologies exploit the fact that the colloidal
stability of most particles dispersed in polar solvents, such as
water, primarily relies on their possessing a net surface charge
(electrostatic repulsion between particles prevents their
agglomeration). This phenomenon is governed by the zeta
potential, a key parameter whose value depends, among other
factors, on the surface charge of the particles.”*® Charged
particles can therefore be directed toward substrates bearing an
opposing surface charge. Further control on the assembly
process can be gained by applying an external electric field
during the assembly (electrophoretic deposition). For instance,
Mulvaney’s group used a conductive substrate coated with a
thin insulating layer featuring an array of holes that, when
polarized, caused the charged colloidal particles suspended in
the liquid medium to migrate toward the openings in the
conductive substrate, filling those voids.**>7%7 A similar effect
can be achieved on insulating structured substrates by
functionalizing with charged molecules (electrostatic assem-
bly).””® The most widespread example of this process is
chemical assembly with DNA, where colloidal particles of
interest are functionalized with single-stranded DNA molecules
that selectively bind to complementary single-stranded DNA
molecules grafted at specific positions on the substrate.””’

Further examples of colloidal assembly under external fields
include the use of optical tweezers to deterministically position
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Figure 23. Different strategies to assemble colloids using different templates. (a, b) Molecular-template self-assembly of gold nanoparticles

and gold nanorods using helical nanofilament (HNF) liquid crystals and amyloid polypeptides.
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973975 Adapted with permission from ref 973.

981,983
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983. Copyright 2019 ACS. (e) Template-assisted self-assembly.””> Adapted with permission from ref 995. Copyright 2024 ACS.

plasmonic nanoparticles into ordered arrays, a technique
named Optical Printing.””"”* The particles are “trapped” one
by one (or in arrays)”’ in the dispersed medium and
deposited on substrates using a focused laser usually at
wavelengths close to their LSPR. Within the power gradient,
the electromagnetic fields drive them in the radial direction
toward the focus. In this way, the trapped particles can be
positioned with great precision on various substrates. However,
due to thermophoretic effects, it is hard to print particles close
to others particles with similar LSPR wavelengths, limiting this
technique for submicron features.”” """

Besides natural self-assembly, one of the most widespread
techniques to assemble colloids is the templated assisted
process. Some templates utilized to direct the assembly of
nanoparticles are macromolecules and polymers (molecular
templates), including DNA, protein fibers, liquid crys-
tals."6H°867839737975 ¢ illustrated in Figure 23a, the helical
nanofilament (HNF) phase of a liquid crystal is “decorated”
along its edges with gold nanoparticles, thereby creating a
helicoidal colloid organization. In this case, the nanoparticles
are functionalized with an organic ligand that facilitates the
integration into the bent-core molecular structure. Notably,
external stimuli such as heat can induce reversible trans-
formations of the structure from ordered to disordered states
which opens up venues for tunability of the optical
response.” > The helicoidal arrangement adopted by the gold
nanoparticles endows the system with a chiroptical response
beyond what can be found in naturally occurring chiral media.
Chiral plasmonic structures can also be achieved by using
different biomaterials as templates; for example, Lu et al
(Figure 23b) demonstrated that assemblies of nanorods on a
human islet amyloid polypeptide fibrils result in a significant
boost in the chiral response with potential for biosensing.””®
The synergy between biomolecules and plasmonic particles has
been further exploited for attomolar DNA detection with chiral
nanorod assemblies’* and for the detection of early stages of
Parkinson disease, when amyloid proteins undergo aggregation
into chiral helical nanofibers.””* Among different macro-
molecular molds used, DNA stands out for its versatility and
programmability, as illustrated by the use of the different
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architectures formed by DNA origami as templates for
colloidal assembly. Through the ad hoc functionalization of
the DNA origami templates at specific locations, precise
positioning in the nanometer range of colloids is achieved,
enabling studies on spatial dependence of nanoparticle
interaction’*® or facilitating a fine control over the fluorophore
properties.568

Assembling plasmonic colloids into ordered arrays with
submicrometric spacings enables the excitation of collective
optical resonances over visible wavelengths. These lattice
resonances are excited via diffractive modes supported by the
grating and can compensate the optical losses of the single
metal nanoparticle thus resulting in narrow bandwidths with
potential application in sensing or lighting.é%976 Traditionally
2D ordered arrays are typically fabricated via EBL followed by
metal thermal evaporation, an approach that requires
specialized equipment and involves a slow, serial process.
Consequently, several alternative approaches have been
developed for assembling particles on flat or nanostructured
substrates.

2D hexagonal arrays of colloids can be directly fabricated by
exploiting the formation of colloidal monolayers at liquid/air
interfaces. Here, the use of core@shell nanoparticles (e.g, Au
or Ag cores encapsulated by poly(N-isopropylacrylamide)) is
required since the length of the organic shell acts as spacer,
determining the lattice periodicity. Different strategies such as
using a dip coater, facilitate transferring these monolayers
formed at the liquid surface to a solid substrate.”””””® The
natural tendency of the colloids for hexagonal packing restricts
mostly the type of 2D lattice achieved, however the large single
domains are suflicient to feature remarkable optical properties
with surface lattice resonances (SLRs) (plasmonic collective
response of the array) with good quality factors (Q-factors =~
Asin/AAgir), where Agp represents the resonance central
wavelength and Algy its fwhm.””®

Utilizing templates to guide a colloidal assembly provides
versatility in the choice of pattern geometry. Classical
lithography techniques can be employed to fabricate the
desired geometries onto a resist, which subsequently serves as a
substrate onto which a colloidal dispersion is deposited. In
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capillary-force assisted particle assembly (CAPA), the colloidal
dispersion is placed between two rigid substrates (one
containing the desired pattern, one flat), resembling the
directed assembly concept introduced by Xia and co-
workers.””””** During drying, the capillary forces drive the
colloids toward the template voids while dragging away any
excess particles with the receding liquid. The CAPA process is
controlled by regulating the displacement speed (typically
ranging from nm/s to pm/s) and temperature (Figure
23c),9 1982 hut additional factors, such as solvent wetting
(contact angle) and pattern geometry, can also influence
assembly outcomes. Well-designed traps have proven crucial
for optimizing yield,"”* the particles are securely confined
therein, preventing accumulation on the flat regions of the
substrate as extensively demonstrated for both dielectric
microparticles and metal colloids in various geometries.”””

The plasmonic structures produced via CAPA show
exceptional optical properties; for instance, Joudénas et al.
produced hexagonal arrays of single silver nanocubes (Figure
23d) exhibiting lattice resonances with high quality factors’’
and exciting optomechanical characteristics.”* Gupta et al.
assembled metal colloids onto stretchable substrates, depicting
active tuning of the SLR.’®' Other research groups have
exploited the precise control over the number of particles
trapped in each cavity to go deeper into the near-field
plasmonic coupling.”*>**® Furthermore, CAPA offers the
capability of sequential depositions, allowing for the creation
of assemblies with particles possessing distinct characteristics
in the same unit cell, such as PS particles doped with various
fluorophores.”’

An alternative to using rigid patterns as templates is to
employ elastomeric prepatterned stamps as the ones used for
soft-lithography method (Figure 23e.i).”® In the template-
assisted self-assembly, the flexible and reusable molds
containing the desired pattern are placed onto a drop (few
microliters) of a highly concentrated colloidal dispersion
(typically for Au from 10 to S0 mM Au®) placed on a substrate
(Figure 23e.ii). As the solvent evaporates, the surfaces
gradually approach each other until they make direct contact
(Figure 23e.ii). This results in nanoparticles being trapped
within the features of the mold while self-assembling, adhering
to the flat surface, typically glass (Figure 23e). Metal
nanoparticles assembled with this method are typically
functionalized with polyethylene glycol via a mercapto groups
(PEG-SH) and the dispersion stabilized via additives (CTAC
~ 50 uM). The surface tension of the aqueous media is further
reduced by using water/ethanol mixtures, minimizing coffee
ring effects.”® Templated assisted assembly enables the
production of large patterned areas of single crystal arrays,
sustaining high quality optical resonances (Figure 23e).

The features within the PDMS molds stem from micrometer
sized pyramids.”’* until a few hundred nanometer features.””’
Within each feature, the metal colloids assembled into an
ordered face-centered cubic packing.’’* The plasmonic
structures assembled via this process have been used shown
excellent properties as SERS sensors, particularly for gaseous
carbon monoxide detection.””® Matricardi et al. showcased the
tunability of SLR and SERS enhancements across visible and
NIR ranges in arrays with different lattice parameters.””" In
general, this technique has been used to produce SERS
substrates with large enhancement factors and low standard
deviations.®”*** Furthermore, these plasmonic substrates have
led to the development of reusable substrates for on-demand

analyte detection.””” Additionally, Plou et al. demonstrated
label-free detection and imaging of various molecules within
extracellular tumor milieu components.””* The colloidal
assembly is not restricted to rigid substrates, the arrays can
be either deposited or transfer to diverse substrates.””>””® On
flexible/stretchable (soft-PDMS) substrates, dynamic SLR
modulation was observed.””®

The plasmonic crystals fabricated with soft templates have
shown high quality SLRs whose badwidth can be controlled
with the size of the colloids used in each case.””” Following
substrate-superstrate index matching optimization Q factors up
to 270 have been shown in these colloidal arrays (Figure
23e).”” Such sharp resonances can be used for sensing or light
emission applications.”””

It is worth noting that defects such as vacancies, dislocations,
and other inhomogeneities decrease the Q factor of the
resonance sustained by the nanostructure. However, recent
experimental results indicate that the utilization of small sized
colloids to build arrays of clustered nanoparticles can
significantly reduce the defect density within the structure
and offer high quality resonances. Soft molds have been used
to assemble gold nanospheres, nanotriangles’” and nano-
rods.””” Beyond plasmonic colloids, this technique has also
been used to pattern luminescent nanocrystals, such as
CsPbBr; perovskite nanocrystals (10 nm in size). The
patterned perovskite arrays exhibited ASE in the NIR region
under lower optical excitation fluence compared to an
equivalent nonstructured perovskite film.'”’ Indeed, the
versatility in the patterns that can be obtained is illustrated
by using molds engraved with arrays of chiral motifs, therefore
endowing chirality to the photoluminescence of conventional
perovskite nanocrystals with photoluminescence dissymmetry
factors of up to 0.3, surpassing by orders of magnitude the
values obtained from unstructured chiral perovskite col-
loids.'*"!

Looking ahead, the future of colloidal assembly holds
promise for even more sophisticated and functional materials.
The continued exploration of novel colloidal building blocks,
i.e, with asymmetric properties, and novel geometries opens
up new avenues for the design of materials with unprecedented
functionalities while keeping the scalable processing owed to
colloids. Advancements in real-time monitoring and control
techniques will further enhance the precision and reproduci-
bility of colloidal assembly processes.

25. MODULUS TRANSFER FOR QUANTUM DOT
MECHANICAL PATTERNING

Hohyun Keum, Moonsub Shim, and Seok Kim

Colloidal quantum dots (QDs) have attracted immense
interest due to their properties that can be tuned by size,
composition, surface chemistry, and shape to suit the
requirements for various applications, including solar cells,
LEDs, lasers, sensors, etc. Advances in synthesis have led to
exquisite control over their size, size distribution, and shape for
a range of compositions that can be processed through
versatile solution chemistry.

To fully exploit the merits of QDs, methods to pattern and
arrange them in specific, intended spatial configurations on
substrates are needed to coherently integrate these promising
materials with other entities of functional devices. However,
their soluble nature often makes QDs incompatible with
conventional lithographic approaches. Alternative measures to
pattern micro/nanoscale features in QD films have included
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Langmuir—Blodgett (LB)/Langmuir—Schaefer (LS) deposi-
tion,'°>~'°* Dip-pen nanolithography (DPN),"*>~'%% inkjet
printing,mog’loogf1012 electrophoretic deposition,1013 template-
assisted methods'®'*'°'® and microcontact printing
(uCP). 10161019

In this section, #CP methods involving various stamp
materials to directly pattern QD thin films and/or transfer
them onto foreign substrates in predetermined configurations
are highlighted. This approach is commonly carried out at
relatively low temperature (often at room temperature) in
atmospheric pressure while allowing submicron patterns over
large areas. Furthermore, yCP merely involves physical

competing cohesive fracture mechanism to pattern and
integrate, hence limited environmental impact.

Transfer printing of QDs using elastomers is possibly the
most widely practiced method to integrate QD films. Kim and
his colleagues have demonstrated transfer printing of discrete
patterned QD film from octadecyltrichlorosilane (ODTS)
SAM coated Si substrate via structured PDMS.''® The ODTS
layer displays lower surface energy to facilitate convenient and
selective retrieval of QDs within PDMS contacting regions and
to allow cohesive fracture of the QD film. The authors have
further characterized that this approach requires a high peeling
rate (>60 mm/s) and preload (>196 kPa) to achieve close to

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


https://pubs.acs.org/doi/10.1021/acsnano.4c10964?fig=fig24&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c10964?fig=fig24&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c10964?fig=fig24&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c10964?fig=fig24&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c10964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

EVE

100% pick up yield. The applied pressure can improve close
packing of QDs, which in turn can be beneficial in device
integration as exemplified by higher power efficiency and
brightness of QD-LEDs fabricated in this manner (Figure 24a).
Structured elastomer stamps can pick-up and print multiple
layers to further facilitate construction of functional devices.
For example, a micropatterned PDMS elastomer stamp can be
exploited to pattern multiple device layers together. (Figure
24b)."°"” Here, ODTS, CdSe/CdS/ZnS core—shell QDs (30
nm), and zinc oxide (ZnO, 25 nm) are successively coated on
a Si substrate, followed by shadow mask patterning of Al (100
nm). Upon completion of the composite layer, structured
PDMS is brought to contact and remove selected region
leaving behind QD, ETL, and Al composite pixel for
utilization. Changes in elastic modulus and hardness due to
transfer printing have been characterized and transfer printed
QD films exhibit higher values (approximately 1.5 times and 3
times, respectivelg) when compared to pristine QD films on
glass substrate.'”’” However, QD films prepared on Si
substrates show a higher elastic modulus compared to that of
glass substrates, which has been attributed to alkyl chain
interaction.

The intaglio transfer printing technique, inspired by the
printmaking art technique, is an advanced form of elastomeric
UCP process where a thin film of QDs is retrieved using an
elastomer from a surface treated substrate followed by negative
patterning of the QD film using prepatterned intaglio trench.
The remaining desired QD pattern on the elastomer is then
transferred onto desired substrates to establish a part of
functional devices (Figure 24c).'””° The incorporation of
intaglio trench facilitates patterning of QD films by exploiting
higher surface energy (>200 mJ/m? for glass/oxide and organic
layers compared to 19.8 mJ/m? for PDMS) and results in
higher patterning resolution, uniformity, and scalability. The
performance of the intaglio transfer printing process highly
depends on the surface ligands of QDs, where a group of
researchers have identified the effects of four different ligand
lengths (oleic acid, OA; 1-dodecanethiol, DDT; 1-octanethiol,
OT; and tetrabutylammonium iodide, TBAI) attached onto
representative CdSe@ZnS QDs.'"*’ Through measurement of
work of adhesion difference between PDMS-QD and QD-
ODTS treated Si, finite element analysis (FEA), and
reproducibility experiments, they have shown that OA ligand,
which has the longest carbon chain, exhibited better yields
compared to the other shorter length ligands (DDT, OT, and
TBAI).

Another method of patterning films of QDs is utilizing a
thermally activated shape memory polymer (SMP). Thermally
activated SMPs are programmed by heating above glass
transition temperature (Tg) to lower its elastic modulus and
deforming it through applied external pressure. Temporary
shape is then “locked in” to the SMP at temperatures below T.
The material restores its original shape upon heating above T,
without any external pressure. The utilization of such dual-
mode SMPs for patterning QD films is an immense advantage
since the adhesion between SMP and QD film can be
controlled by the temperature and becomes insensitive to
separation velocity. Keum and colleagues have utilized SMP
stamps to negatively pattern CdSe/CdS core/shell QDs
prepared on ODTS-coated Si substrates (Figure 24d).'***
The authors have examined and compared three different
modes of patterning QDs where the stamp and QDs coated Si
substrate are (1) contacted and separated at below T, (2)

contacted and separated above T, and (3) contacted at
temperature above T, and cooled below T prior to separation.
All three experiments have been conducted with a fixed
preload (~5.5 kPa) and separation rate (~2 um/s), and the
results indicate that the first and second modes failed to
pattern the QD film efficiently owing to rigid—rigid contact
and reduced adhesion of the viscoelastic SMP stamp,
respectively, while the third mode have successfully patterned
QD films with well-defined features in a clean manner.

PR is a light-sensitive material widely used in micro-
manufacturing to transfer patterns onto a diverse class of
materials. However, direct PR coating on QD thin films is
impractical due to solution spin-casting of PR and the chemical
process involved in the development step, which can
potentially affect QD film quality and therefore performance.
Due to this potential negative effect, PR is first patterned via
conventional photolithography and subsequently utilized for
negative patterning of QD films. Ensuring conformal contact
between patterned PR and the QD film is critical for patterning
and replication, which has been successfully demonstrated by
employing PDMS elastomer as a substrate for the initial
patterning of PR (Figure 24e).'””’ In that work, the PDMS
substrate has been coated with SPR 220 PR by spin-coating
method and patterned using conventional UV mask aligner.
The surface of SPR 220 PR displays higher surface energy
compared to PDMS, which allows effortless patterning of QDs
upon physical contact and peeling. Furthermore, inspired by
detachment lithography where PR is onto different materials,
the authors have presented a method of patterning a QD-metal
composite inks.' ***'%** Taking advantage of surface of
viscoelastic PDMS, which exhibits diminishing surface free
energy with reduced separation velocity and elevated temper-
ature, the authors have transferred patterned PR thin film onto
a QD-coated substrate and utilized it as a lift-off mask after
PVD of a metallic layer. The transferred PR layer has been
removed by pressure-sensitive adhesive (PSA), which removes
QDs in contact with PR and leaving the rest of the QD-metal
composite ink unaltered for further utilization.

Colloidal QDs are an emerging class of materials with
diverse application prospects arising from the merits of their
tunable characteristics, scalability, and processability under
standard temperature and pressure conditions. However, the
solubility of QDs can also limit which existing process
measures can be used to fine pattern their thin films to meet
specific design requirements. In this section, patterning
techniques exploiting mechanical means have been presented.
These methods have been carefully designed to fully exploit
differences in surface free energies to successfully pattern QD
films in a solution-free manner to ensure that properties of
pristine QDs are maintained as much as possible.

26. NANOTRANSFER PRINTING OF PHOTONIC
MATERIALS

Hanhwi Jang and Yeon Sik Jung

Precise and uniform patterning of photonic materials has
been extensively studied because the light-matter interaction is
highly sensitive to the structural uniformity and periodicity of
the photonic structure. In this sense, nanotransfer printing
(nTP) has emerged as a promising technique to fabricate
highly ordered nanostructures across large areas. This is
particularly important in nanophotonics because the light-
matter interaction is collectively enhanced by a unit cell of
photonic nanostructures. In addition, the ability to fabricate
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Figure 25. Nanotransfer printing. (a) Conventional transfer printing technique by kinetic adhesion control.'”>® Adapted with permission
from ref 1026. Copyright 2006 Springer Nature. (b) Tilted view (52°) SEM image of Ag/MgF, 3D NIM fabricated by nTP technique. Inset is
the magnified top view.”>*> Adapted with permission from ref 523. Copyright 2011 Nature Publishing Group. (c) FDTD simulation result
showing negative phase propagation.’>’ Adapted with permission from ref 523. Copyright 2011 Nature Publishing Group. (d) Digital
photograph of flexible LED patterned by sequential transfer printing of RGB QDs.'?>> Adapted with permission from ref 1025. Copyright
2011 Nature Publishing Group. (e) Current density—voltage characteristics of the InGaN micro-LED before and after transfer printing. Inset
is the emission spectrum.'®*> Adapted with permission under a Creative Common CC BY License from ref 1032. Copyright 2011 National
Academy of Science. (f) SEM image of a polymer mold with sub-10 nm line width. Inset is the Au nanowires printed on a patterned Si
substrate.'””” Adapted with permission from ref 1037. Copyright 2014 Nature Publishing Group. (g) FDTD simulation result showing E-
field enhancement for 3D stacked Au nanowires. Inset shows 10 layers of orthogonally stacked Au nanowires.'”** Adapted with permission
from ref 1038. Copyright 2016, Wiley-VCH. (h) Raman spectra acquired from the surface of an apple treated with Thiram.'”*” Adapted with
permission from ref 1037. Copyright 2014 Nature Publishing Group. (i) FDTD simulation results showing the transmission of TM and TE
modes passing Al nanowires.'*” Adapted with permission from ref 1049. Copyright 2021 ACS. (j) Reflection ring holograms fabricated by
the nTP technique. Complex Al patterns are transfer printed on an Al,O, wafer substrate.'”>® Adapted with permission from ref 1050.
Copyright 2023 ACS. (k, I) nTP of QD for LED applications.'”* (k) iTP of QD patterns using an orthogonal solvent and confocal
fluorescence image of the fabricated full-color QD LED. Adapted with permission under a Creative Common CC BY License from ref 1054.
Copyright 2023 Springer Nature. (1) Current density—voltage-luminance characteristics of the QD LED device fabricated by iTP and contact
printing. Adapted with permission under a Creative Common CC BY License from ref 1054. Copyright 2023 Springer Nature.

complicated nanostructures on various surfaces enables
expanded applications in wearable devices, near-eye displays,
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and optical sensors. In this section, we will introduce several
nTP techniques for fabricating complex photonic structures,
their optical properties, and niche applications in photonics.

Essentially, the nTP technique often involves the adhesion
switching process for facile transfer of a target material to the
receiver substrate. Meitl et al. first proposed the concept of
kinetic control of the adhesion force using a PDMS stamp
(Figure 25a).'%*° They used the viscoelastic response of the
PDMS stamp to adjust the adhesion force during the physical
contact of the target material and the PDMS stamp. In other
words, once the PDMS stamp is attached to the target material,
“picking” or “printing” can be determined by varying the
peeling rate of the stamp. For example, the target material
adheres strongly to the PDMS stamp when the peeling rate is
high (Figure 25a, left), while the target material can be easily
transferred to the receiver substrate when the PDMS stamp is
gently peeled off (Figure 25a, right). Since the entire process
does not require a high temperature process or excessive
mechanical pressure, the structural deformation during the
transfer process can be minimized. This is particularly
important in photonics applications, where even minor damage
to the photonic structure can seriously degrade the overall
performance.

Subsequently, Chanda et al. have reported the large-area 3D
Ag/MgF, negative index metamaterial (NIM) fabricated
entirely by the nTP process, demonstrating the versatility
and applicability of the nTP technique for the photonics
applications (Figure 25b).”*> Typically, metasurfaces are
prepared by FIB'**"'%*® or EBL'%"7'%" processes to pattern
nanoscale features with high precision; however, their size has
been limited to the hundreds of um? which significantly
hinders the practical application and commercialization of
NIMs. The 3D NIM developed by Chanda et al. can be
fabricated to a size of 75 cm?, containing more than 10*° unit
cells in the structure consisting of 11 layers of Ag/MgF, films.
The multilayer structure has been initially formed by sequential
electron beam deposition of Ag and MgF, on the soft PDMS
mold. Then, this structure can be transferred from the mold to
the desired receiver substrate, either rigid or flexible, without
significant damage to the NIM structure during the transfer
process. Optical measurements show that the figure of merit
(FOM = Re(n)/Im(n), where Re(n) and Im(n) are the real
and imaginary part of the n, respectively) of 8 can be achieved
at a wavelength of 1.95 ym with excellent spatial uniformity.
FDTD simulation has been performed on the fabricated 3D
NIM to visualize the electric field propagation through a 4.48°
tilted NIM prism (Figure 25c). Negative phase propagation
has been clearly observed inside the NIM prism, causing the
outgoing beam to bend in the negative direction.

The application of the nTP technique can also be expanded
to the light-emitting devices such as QD LEDs or micro-LEDs.
For example, Kim et al. demonstrated a full-color QD LED by
the sequential transfer printing of red, green, and blue QDs
(Figure 25d).'%** The QD thin film is first spin-coated on a Si
wafer pretreated with SAMs for easy release of QDs in the
following steps. Then, the patterned PDMS mold “picks up”
the QD films, naturally forming QD line patterns on the mold.
Finally, these patterns are transferred to a desired substrate,
even on curved and bumpy surfaces, without significantly
degrading the optoelectronic properties of the original QD
film. Repeating these steps for red, green, and blue QDs results
in a full-color QD LED on a flexible PET substrate yet fully
functional under normal operating conditions. This method,

called “inking and stamping”, is extensively utilized for
patterning QDs for high-resolution and flexible QD LEDs
and optoelectronic devices. Similarly, Kim et al. estimated the
current density—voltage (J-V) characteristics and emission
spectrum before and after the nTP process of InGaN micro-
LED (Figure 25¢)."">* Given that QDs and LEDs are highly
susceptible to the chemical, thermal, and mechanical damage,
the nTP process, which only involves low-temperature
processes, are suitable technique to preserve the intrinsic
properties of the target material before and after the transfer
process. Recent QD nTP processes further improve the pattern
quality and the resolution. For example, Choi et el. introduced
intaglio process to attain full-color QD LED with resolutions
up to 2,460 pixels per inch and exceptional electro-
luminescence performance of 14,000 cd/m? at 7 V.12 To
meet the resolution requirements for near-eye displays, Meng
et al. reported ultrahigh-resolution QD patterning via LB
assembly of QD film followed by transfer printing, achieving
resolutions up to 25,400 pixels per inch and brightness of up to
262,400 cd/m? at 8 V.'%?

Conventional nTP techniques using the PDMS stamp have
provided a venue for scalable fabrication of photonic materials
on a flexible substrate. However, the ultimate resolution of the
conventional nTP is limited to ~500 nm due to intrinsic
limitations of the PDMS stamp itself. For example, mechanical
deformation of the PDMS mold (buckling, roof collapse, and
sagging) can result in a poor pattern quality.'”** In addition,
the affinity between the target material and the mold should be
high enough for successful picking.'*** This means that n'TP of
hydrophilic materials may require additional surface treatment
of the PDMS mold to overcome the surface energy difference
during the picking step. On the other hand, if the adhesion
between the mold and the target material is too strong, the
transfer yield may be poor.'”*® These drawbacks necessitated
the development of an advanced nTP technology capable of
producing high-resolution features down to tens of nanometers
with improved uniformity and reliability.

In response to this, Jeong et al. proposed a new method to
effectively release the target material from the polymer mold by
controlling the interfacial adhesion energy.'””'*** They first
prepared a nanopatterned Si master mold using KrF/ArF
photolithography'**'*** or directed self-assembly'**"'*** of
block copolymers, and replicated the pattern using the PMMA
sacrificial mold. The PMMA mold is separated from the master
mold using an adhesive tape, followed by GLAD of a target
material using an electron beam evaporation. The shadowing
effect of the GLAD process results in a nanowire array
composed of the target material on the PMMA mold. For
successful transfer of the nanowire array to the receiver
substrate, the adhesion between the PMMA mold and the
adhesive tape should be weak enough to facilitate the
delamination. Here, Jeong et al. has exploited a super-
lubrication phenomenon in which the interfacial friction is
extremely reduced when the solvent molecules swell the
polymer films and prevent interpenetration of the polymer
chains. Indeed, the measured peel strength before and after the
solvent exposure is 355 and 0.475 N/m, respectively,
demonstrating a facile delamination of the polymeric mold
from the adhesive tape.'””” Therefore, after sufficient exposure
of the polymeric mold to solvent vapor, mild physical contact
of the receiver substrate would promote adhesion switching of
the target material and polymeric mold from the adhesive tape
to the receiver substrate, while the adhesive tape is easily
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peeled off from the mold. Then, the polymeric mold can be
easily washed off with organic solvents such as acetone or
toluene, leaving only the target material on the substrate. Using
the concept called “solvent-injection-assited nTP” (or S-nTP),
Jeong et al. have been able to fabricate metallic nanowires
including gold, aluminum, copper, silver, cobalt, and
chromium, with sub-10 nm resolution (Figure 25f). These
nanoscale metallic nanowires not only act as a plasmonic
center for manipulating the optical properties'*** but also can
be used as a template for fabricating complex nanoscale
patterns to the diverse substrate. For example, Yim et al.
combined sequential nTP and RIE processes to form two
layers of orthogonally stacked chromium nanowires on a Si
wafer and etch out the area uncovered by the nanowires.'***
The resulting Si nanowell pattern has been coated with a thin
gold layer by vacuum deposition, thereby fabricating sub-20
nm gold nanohole array that exhibits well-defined plasmonic
resonance in the visible wavelength range.

Sequential printing of plasmonic structures in orthogonal
directions can also be exploited in SERS applications. SERS
aims to enhancing the inherently weak scattering intensity of
the spectroscopy, which has attracted considerable attention as
an advanced chemical sensing glatform for nondestructive yet
sensitive detection of analytes.””” In brief, SERS utilizes local
electromagnetic field enhancement from nanoscale gaps (called
“hot spots”) between plasmonic structures to enhance the
signal intensities of Raman scattering. While a single layer of a
metallic nanowire array can be used to promote the LSPR
effect, Jeong et al. found that stacking these metallic nanowires
orthogonally to form woodpile structures generates uniform
hot spots with a gap of only a few nanometers between each
layer (Figure 25g), leading to the high sensitivity and signal
uniformity in SERS applications.'® While conventional
plasmonic SERS structures with high sensitivity required
extremely complicated synthesis procedures and signal
uniformity issues, the SERS substrate fabricated by sequential
nTP of metallic nanowires is still widely used as an highly
sensitive but reliable chemical sensing platform for the
detection of various analytes including antibiotics,'**
proteins,m%’1047 and even gas molecules.'®* In addition,
these SERS structures can be easily transferred to agricultural
products to detect residual pesticides or toxic chemicals that
may be harmful if ingested (Figure 25h).

Various optical, optoelectronic, and nanophotonic devices
can also be fabricated using the nTP technique. For example,
ordered metallic nanowires can effectively polarize electro-
magnetic waves in the UV or visible wavelength region (Figure
25i). An electromagnetic wave consists of transverse electric
(TE) and transverse magnetic (TM) modes. The electric field
in the TE mode oscillates along the direction of the polarizer,
allowing free electrons in the metal to move freely and reflect
the light. However, the movement of free electrons through the
TM mode is confined by the nanoscale gap, and the light can
be transmitted through the polarizer. Using this principle, Oh
et al. fabricated aluminum wire-grid polarizers on AlGaN-based
UV emitters via S-nTP to achieve a high polarization ratio.'***
Ko et al. further extended the use of the polarizer to the
fabrication of stereographic contact lenses using polarization-
based binocular parallax.'’*’ Leveraging highly conformal
printing capability of the nTP technique, they have been
able to fabricate wire-grid polarizers on extremely soft and
curved contact lenses, opening up new possibilities for 3D
visualization of images with simple processes.

The morphology of the target material is not necessarily
limited to the line patterns, and complicated patterns
generated by the computer-generated hologram synthesis
algorithm can also be transferred onto various substrates
using the nTP technique. Ahn et al. demonstrated that
aluminum-based reflective ring hologram can be patterned
with high transfer yield and process fidelity on Al,O; wafer
(Figure 25j)."%°° They first patterned a Si master mold using
conventional photolithography, and the complex pattern has
been replicated using a poly(utrethane acrylate) (PUA) mold
and UV-curable resin. After pattern replication, aluminum was
deposited on the PUA mold, followed by plasma etching of the
PUA mold for facile delamination of the aluminum pattern. As
a result, a centimeter-scale complex ring hologram pattern can
be successfully printed on an Al,O; wafer, demonstrating the
broad applicability of nTP to nanophotonic devices. Similarly,
Park et al. demonstrated transfer printing of complex
nanostructures (e.g, serpentines, hexagons, and ellipsoids)
using various materials (e.g,, NiO, Pt, WO;, Ge,Sb,Te;, and
Pd) on an 8-in. wafer with the developed thermally assisted
nTP, thus advancing the scalability and versatility of the nTP
technique.' "

The advancement of nTP has also improved the pattern
quality, resolution, and scalability in QD patterning applica-
tions. Colloidal QDs have attracted considerable attention as
an advanced display material due to their high photo-
luminescence quantum yield and color purity compared to
other luminescent materials.'"”'%>*'>* Since QDs are highly
vulnerable to physical or chemical damage such as heat,
plasma, or solvent, conventional QD patterning has relied on
inking and stamping via a prepatterned PDMS mold or
lithographic patterning process consisting of UV exposure and
etching steps. However, the inking and stamping process using
the PDMS mold hinders the patterning yield, controllability,
and reproducibility, while the top-down lithographic patterning
inevitably damages the QDs to degrade the superior
optoelectronic properties. Therefore, Nam et al. developed a
process called “immersion transfer printing (iTP)” for
thermodynamic-driven pressure-free transfer printing of QD
patterns (Figure 25k).'®* Unlike other nTP processes that use
a vacuum deposition technique, solution-based colloidal QDs
require spin-casting-based techniques. Here, Nam et al. used
“one-step programmed self-assembly” of QD patterns instead
of conventional lithographic patterning to minimize potential
damage from the top-down process. This allows for colloidal
QD-based materials to be precisely patterned into the desired
morphologies while minimizing the structural damage from the
lithography. Briefly, the surface of patterned Si mastermold has
been treated with the SAMs, and QDs dispersed in the mixture
of solvent and nonsolvent have been spin-coated on the Si
mastermold. The presence of nonsolvent spontaneously
induces dewetting of the QD patterns and results in the
selective wetting of the QD patterns only to the trench, while
the mesa region remains uncoated. These self-assembled QD
patterns have been picked by PMMA, delaminated with PI
tape, and attached to the receiver substrate. Finally, an
orthogonal solvent—one that dissolves only the PMMA layer
but does not affect the QDs—has been used to gently peel off
the PI adhesive from the receiver substrate while preserving the
morphology and pattern quality of the QDs. One of the main
advantages of iTP is the ability to modulate the patterning
resolution from the entire QD film to the single particle (~$
nm) scale. In addition, QD patterns fabricated by iTP can be
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Figure 26. Fabrication strategies for hybrid polymer/inorganic self-assembly. (a) A polymer brush pattern is created via an electrospinning
mask technique, allowing for selective adsorption of gold nanoparticles.'** Adapted with permission from ref 1064. Copyright 2017 ACS.
(b) A two-step process involving laser-induced plasmonic heating to remove polymer coatings from gold nanoparticle surfaces, followed by
the attachment of a secondary polymer layer that facilitates the precise placement of additional gold nanoparticles.'”*” Adapted with
permission from ref 1069. Copyright 2021 Wiley-VCH. (c) Selective and electrochemically guided deposition of conductive polymer (PANI)

shells on prealigned gold nanorods, aimed at constructing optical metasurfaces.

1972 Adapted with permission from ref 1072. Copyright 2021

AAAS. (d) Construction of chiral plasmonic systems via the strategic stacking of linear gold nanoparticle arrays, induced by a predetermined
tilt angle, where individual nanoparticles are stabilized with achiral poly(ethylene glycol) ligands.'””> Adapted with permission from ref

1073. Copyright 2021 Springer Nature.

relatively free from structural damage and nonuniform film
thickness resulting from the kinetic PDMS printing; therefore,
QD LED devices fabricated by iTP showed better stability
under high-voltage operation (Figure 251). As a result, a full-
color QD LED with an unprecedented resolution of 368 pixels
per degree has been demonstrated, paving the way for future
high-resolution near-eye display applications.

27. POLYMER/INORGANIC SELF-ASSEMBLY

Christian Rossner, Tobias A.F. Konig, and Andreas Fery
Polymer/inorganic hybrid nanoparticles combine distinct
properties in a single nanosized entity: While the inorganic
part can provide specific e.g. plasmonic or excitonic properties,
their surface functionalization with polymer ligands can be
exploited for bringing in additional functionalities,'”* to
promote energy and charge transfer processes,1056 and/or to
direct the assembly into higher-order structures. At the single-
particle level, one obtains modulated plasmonic resonan-
ces,'”’ controllable light scattering,'”*® and tunable photo-
luminescence'®” resulting from the hybrid nature of these
systems. Moving to assemblies of hybrid nanoparticles,
coherent coupling can give rise to emergent properties
including metamaterial effects.'®’ These possibilities enable
applications in many areas, e.g. in messenger materials,1061 in
optoelectronics,'** in biosensing1062 and photocatalysis.'**

However, despite remarkable progress, studies on how these

hybrid materials can be systematically tailored and utilized for
applications in nanophotonics were not reported since only
few years ago. In this section, we summarize the current state
of the art of nanolithographic techniques and discuss their
impact on nanophotonics.

Integrating synthetic polymers into lithography-promoted
colloidal self-assembly processes expands the possibilities for
scalable structure formation, postassembly modification, and
the flexible modulation of emergent properties. For instance,
polymer brushes applied to lithographic substrates enable the
formation of structured regions for selective nanoparticle
adsorption. A recent realization is using electrospun polymer
fibers as masks, covering a predefined part of the polymer
brush surface. Subsequent oxygen plasma etching delineates
nanoscale lines'®®* or islands.'°® These spatially defined
brush-coated regions on the substrates then serve as attach-
ment sites for selective adsorption of (gold) nanoparticles
(Figure 26a). Exciting opportunities can be anticipated by
incorporating dynamic or even adaptive modulation into the
discussed template brush patterns that can thus capture/
release different particles under varying external conditions.'**°

Polymer/inorganic hybrid nanoparticles can serve as basic
building blocks for constructing nanophotonic devices. Their
inorganic components support collective resonances at the
spacing proportional to the LSPR resonance wavelength,
known as SLRs.”** The polymeric component stabilizes the

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


https://pubs.acs.org/doi/10.1021/acsnano.4c10964?fig=fig26&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c10964?fig=fig26&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c10964?fig=fig26&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c10964?fig=fig26&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c10964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

REVIEY

— a

— €

A=773 nm

A =687 nm
Abs

b [—~~""]950 nm

07

650 nm

061

PMMA Cube

051 i} ~{800nm

Normalized Reflectivity

L™ 6
o% ExOM % EX0H | 04
0% B10M % EX0H 1s I

le

{3

{3
| 03

12

{1

e s ottt e

15 20 28 30 35 40

Wavelength (pm)
r C

08l___i~i/"""|900 nm

[~ ~_|850nm
© 08l ; 800 nm —d1
© Lottt -

Phatoluminescence (a.u.)

—r
650 675 700 725 750 775 800 825 850 875 900
Wavelength (nm)

80% EIOH

‘\
S0 60 30 O 30 60 90 90 60 30 0 30 6 0
Angle Angle

Reflected power (a.u.)
Reflected power (a.u.)

— h

0% EtOH 80% EtOH

-r- l 0.0

Increasing % EtOH

o
o o™

Absorption
(=] (=]
>

o
N

550 600 650 700 750 800

Wavelength (nm)

Figure 27. (a) SEM image of the metasurfaces made of cubic nanoparticles and measured effective refractive indices at different
wavelengths.*”® Adapted with permission from ref 690. Copyright 2021 ACS. (b) Schematic illustration of assembly of individual nanocubes
into lithographic wells and the SEM image of a typical cube array.”'' Adapted with permission from ref 711. Copyright 2015 ACS. (c)
Reflectivity spectra of cube arrays of different periodicities.'”’® Adapted with permission from ref 1078. Copyright 2018 AAAS. (d) SEM
image of a metasurface made of cubic nanoparticles, and experimental reflected power at 670 nm as a function of reflected angle.'**®
Adapted with permission under a Creative Common CC BY License from ref 1083. Copyright 2020 National Academy of Science. (e¢) SEM
image of an array assembled from nanocubes of two different sizes (left panel), and absorption intensity maps of the surface encoders made
by lithography.'*** Adapted with permission from ref 1084. Copyright 2018 ACS. (f) SEM image of an array assembled for cubic
nanoparticles, and fluorescence spectra of the array with dyes in different locations.'””” Adapted with permission from ref 1077. Copyright
2019 Wiley-VCH. (g) SEM images of oriented superlattices assembled in templates made via lithography.'’® Adapted with permission from
ref 1078. Copyright 2018 AAAS. (h) Cross-sectional SEM images (left panel) and experimental optical absorption spectra (right panel)

under different volume ratios of ethanol.'””® Adapted with permission from ref 1078. Copyright 2018 AAAS.

. . . . o 1067
inorganic core and imparts emergent optical properties.

Recent approaches include the selective coating of these hybrid
nanoparticles with reactive polymers that can change their
optical properties in response to external stimuli such as
electrochromic polymers.'**® Site-selective addition/removal
of polymer layers on assembled nanoparticles is another
recently established and promising concept for surface
patterning. For example, a monolayer of polymer-coated gold
nanoparticles can be partially embedded in a spin-coated
polymer film, exposing parts of the nanoparticles. Targeted
laser-induced plasmonic heating removes surface ligands from
these exposed areas, allowing for subsequent functionalization
with different polymers like poly(4-vinylpyridine), thus
enabling the attachment of diverse nanoparticles to form
heterodimer structures (Figure 26b).'%’ This method
facilitates information encryption through controlled plas-
monic coupling and the alignment of plasmonic dimers as the
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substrate is withdrawn from a colloidal solution,*”° avoiding
the need for asymmetric templates.

Polymer/inorganic hybrids offer a promising route to
developing advanced metasurfaces with dynamic and program-
mable properties. Fabricating polymer/inorganic hybrid
metasurfaces requires strategic assembly processes in which
the nanoparticles act as tunable building blocks. The inorganic
components are designed to create the desired plasmonic
responses, while the polymeric parts can integrate additional
functionalities, e.g., switchable properties or selective binding.
For example, a metasurface consisting of hybrid nanoparticles
and a thermoresponsive polymer can change its reflectance or
transmittance behavior in response to external cues, like
electrochemical triggers or pH change.'””" Further manipu-
lation involves the electrochemical growth of polyaniline
(PANI) on gold nanorod arrays with alternating orientations.
This process permits in situ control over PANI layer thickness,
culminating in a metasurface with adjustable optical and
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holographic properties (Figure 26¢).""”> Such dynamic

behavior extends the usefulness of metasurfaces from static
optical elements to active components that can react to
environmental stimuli. The uniformity of particle size and
shape is crucial for coherent optical behavior, but one can solve
this issue with existing synthesis approaches. In addition, the
scalability of these fabrication processes is a hurdle that
scalable template-assisted self-assembly methods can over-
come. Expanding into the 2.5 dimensions, chiral plasmonic
properties emerge from assembling achiral poly(ethylene
glycol)/gold nanoparticles. The chiral plasmonic metasurface
exhibits pronounced circular dichroism at plasmon resonance
frequencies (Figure 26d) by stacking these nanoparticle
assemblies at specific tilt angles.'”’> Moreover, when
constructed on flexible substrates, these materials’ chiroplas-
monic properties can be mechanically tuned, offering a
straightforward approach to modulating their unique optical
characteristics.

28. COLLOIDAL CRYSTAL ENGINEERING WITH DNA

Zhiwei Li, Koray Aydin, and Chad A. Mirkin

The principles of colloidal crystal engineering with DNA
have been utilized to develop design rules for the assembly of
fundamental nanoscale building blocks into crystals with
programmable structures and properties, including designer
photonic characteristics.'”’* Since the introduction of the
prototypical building block, the spherical nucleic acid (SNA),
in 1996,°°> a nanoconstruct consisting of a spherical
nanoparticle core and an oligonucleotide shell, designs rule
for the assembly of DNA-functionalized materials with various
shapes, sizes, and chemical compositions have been delineated,
leading to the realization of new types of programmable
matter. These classes of nucleic acid-nanomaterial conjugates
have been termed “programmable atom equivalents” (PAEs);
their nanoparticle core can be likened to an “atom” and their
DNA shell to the electronic “bonds” between atoms. However,
unlike atoms, PAEs are unique in that the identity of the
nanoparticle “atom” core is decoupled from its DNA
“bonding” element.®®”'°”> Thus, in many ways, these
structures are more versatile and powerful than atomic systems
in preparing materials by design. Indeed, driven by chemically
well-defined DNA hybridization interactions, PAE assembly
can occur on solid substrates or in solution, providing multiple
synthetic routes to nanophotonic devices with tunable optical
properties.w%_1078

Colloidal crystal engineering with DNA on DNA-modified
substrates allows for precise control over the spatial arrange-
ment, orientation, and distribution of both the individual
particles and superlattices, making it hi%hly useful for
synthesizing custom nanophotonic devices."””” In a typical
experiment, a substrate is modified with DNA strands and
complementary PAEs are added to effect hybridization and
yield the first layer of the crystal. Layer-by-layer introduction of
additional PAEs results in crystal formation and defect
minimization (Figure 27a). These highly crystalline two-
dimensional (2D) metasurfaces can extend over macroscopic
areas and be the basis for device fabrication. In this example,
plasmonic nanoparticle building blocks were assembled onto
solid substrates to produce photonic metasurfaces with high
refractive indices.””” The real permittivity of such metasurfaces
can be tuned across positive and negative values by using
ethanol to facilitate DNA expansion or contraction (Figure
27a). Such responsive metasurfaces are particularly interesting

for optical computing, communications, and imaging applica-
tions, 387,1080,1081

Top-down nanolithography can be combined with bottom-
up DNA-mediated assembly to provide exquisite control over
the position, orientation, and composition of individual
nanoparticles or assembled superstructures on solid substrates.
Template-confined, DNA-driven assembly leverages custom-
izable templates prepared via lithographic techniques for the
programmable assembly of nanoparticles, providing access to
many unique photonic devices (Figure 27b).”'"'%%>1%% 1p
square lattices made of cubic Au nanoparticles, the nanocubes
have efficient surface registration driven by DNA hybridization
that occurs at the interface of the nanocubes and the exposed
Au substrates (bottom panel in Figure 27b).”"" The ability to
systematically change the periodicity gives rise to widely
tunable reflection of the square lattices (Figure 27c). This
template-confined assembly can be customized to fulfill the
design needs of nanophotonic devices, making it possible to
design device-quality metasurfaces with interesting optical
properties.

Enabled by such a powerful method, an anomalous reflector
was developed via the shape-directed assembly of nanocubes
into a periodic array (Figure 27d).'""*® In this design, 12
nanocubes form a subcluster in a complex 2D matrix on an Au
surface. By matching the template geometry with the shape of
the building block, an additional degree of freedom allows
control over orientation as well as the relative nanoparticle
spatial arrangement with nanometer precision over submillim-
eter length scales. In addition, the configuration of DNA
strands can be reversibly manipulated upon solvent exchange,
leading to dynamic lattice expansion-contraction. This
methodology permits the realization of responsive photonic
metamaterials that display normal or anomalous reflection
depending on ethanol concentration (Figure 27d)."'%**

Size matching between nanoparticles is important for
obtaining assemblies of high-quality anisotropic nanoparticles
on substrates; however, particles with size mismatches can be
exploited to realize hierarchical superstructures and hybrid
crystals that contain nanoparticles with different sizes, shapes,
and compositions. This strategy is effective in developing
multiplexed photonic devices for surface encoding, color
generation, printing, and anticounterfeiting measures. For
example, when two sets of pores with different sizes were used
as templates, large and small Au nanocubes could be assembled
in sequence. The larger nanocubes could be only assembled
into the larger pores due to their size mismatch with the
smaller pores, leading to highly selective surface registration
(Figure 27e).'"** Using this method, nanocubes of different
sizes were assembled into hierarchical superstructures useful
for encoding photonic information in solid devices (Figure
27e).'** Based on this technique, photonic codes can be
written for high-security information encryption and high-
resolution color printing.

When plasmonic Au nanocubes are assembled on Au
substrates with nanometer-scale precision, highly tunable
plasmon coupling occurs between these surfaces, and hotspots
are generated. Thus, this system is ideal for studying photonic
lattice modes as well as the interplay between dye emission and
plasmonic resonance. Dye molecules can be conjugated to
specific bases on DNA strands, allowing precise chemical
control over the separation between the dyes and the
plasmonic entities. In a fundamental study, 80 nm Au
nanocubes were assembled into square lattices using the
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Figure 28. (a) SEM image of superlattices made of nanocubes, and the lattice size-dependent tunability of Mie resonances.®”> Adapted with
permission from ref 692. Copyright 2020 ACS. (b) SEM image of open-channel superlattices, and plots of calculated effective refractive

index (1) and extinction coefficient (k)."*”

Adapted with permission from ref 1076. Copyright 2022 Springer Nature. (c) Bright-field optical

microscopic images during dehydration-hydration, and the corresponding absorption spectra during the dehydration process.'**> Adapted
with permission from ref 1085. Copyright 2022 Springer Nature. (d) Schematic illustration of the templated assembly of superlattices (left

panel), SEM images of the superlattice patterns (middle panel) of one superlattice (right panel) in lithographic patterns.

permission from ref 1086. Copyright 2023 ACS.

1086 Adapted with

template-confined assembly strategy.'’” The nanocubes have
a large (over 320 nm) separation such that the plasmon
coupling between them is negligible (Figure 27f)."””” Dye
molecules chemically conjugated to DNA at different distances
from the particle surface exhibit site-dependent light emission
properties, which can be attributed to the electric field
intensity within the gaps. That is, an enhanced localized
electric field near the nanocube surface leads to stronger
fluorescence emission. The optical emission can be modulated
by the in-plane structures of the antennas but also actively
tuned via choice of solvent. And, because the position of the
dye can be tuned with single-base pair precision, this system is
a useful platform for the study of structure—property
relationships in the plasmon-dye coupled systems. It also
encourages the use of template-confined, DNA-mediated
colloidal assembly for engineering light-emitting photonic
devices.

Three-dimensional superstructures can be prepared using a
layer-by-layer assembly strategy.'”’® This multidimensional
assembly uses lithographically defined pores as templates and
introduces nanoparticles of different shapes (like cubes, plates,
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and spheres) as building blocks. Nanoparticles of different
shapes are conjugated with complementary DNA strands and
coded as different colors (Figure 27g).1078 Through the layer-
by-layer assembly of these nanoparticles in the pores,
superstructures can grow along the pores, forming standing
structures in an out-of-plane direction (SEM images in Figure
27g). The responses of DNA bonding to solvents also leads to
dynamic tuning over the gaps between the nanoparticles within
the standing superstructures, which allows active modulation of
plasmon coupling between these nanoparticles and hence the
peak positions of the extinction spectra (Figure 27h).
Considering current research activities, colloidal crystal
engineering with DNA requires additional efforts in discover-
ing fundamental superstructures with emerging optical proper-
ties and in optimizing existing materials for real-world devices.
The first aspect requires shape-controlled synthesis of building
blocks for designated properties. Introducing nanoparticles of
diverse shapes also allows us to explore complex colloidal
crystals that have interesting photonic properties. In addition,
introducing nanoparticles of various chemical compositions
would enable designing and realizing functional, hybrid optical
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metamaterials with a wide range of optical functionality and
tunability. Quantum dots or semiconductor nanocrystals can
be incorporated into colloidal crystal engineering to benefit
from the tunability of the quantum effects in colloidal crystals
through DNA chemistry. Optimizing exciting photonic
colloidal crystals for device-scale engineering and fabrication

12559

would further improve the commercialization capability of
these photonic materials. A few challenges in current research
include high cost of noble-metal building blocks, complicated
assembly processing, as well as the integration between
photonic crystal materials with current optical device
fabrication methods
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In colloidal solutions, DNA-mediated assembly provides an
alternative approach to manipulating the photonic properties
of superstructures, including Mie-resonant metamaterials,*”*
shape-memm;y colloidal crystals,"*® negative refractive meta-
materials,'®’® and complex architectures.'*%° Important
parameters to consider when preparing photonic devices
from nanomaterials include crystal periodicity, orientation,
symmetry, and habit size, and the building block composition,
size, and shape.'””’~'”° For example, three-dimensional
simple cubic superlattices can be prepared using Au nano-
cubes, and the crystal sizes can be tuned (Figure 28a).%”
Multipolar Mie resonances in such metacrystals were observed
in the mid-infrared region. As the crystal size increases, the Mie
resonances red-shift, demonstrating the size-dependent tuna-
bility of the system (Figure 28a).

When porous or hollow nanoparticle building blocks (e.g.,
nanoframe particles) are used in colloidal crystal engineering
with DNA, an edge-to-edge bonding model was identified, and
a universal approach was realized that could be used to
assemble metallic open-channel superlattices with pores
ranging from 10 to 1,000 nm (Figure 28b)."%7° The lattice
pore geometry, channel topology, and photonic properties of
these crystals can be tuned by controlling the nanoframe
particle sizes, shapes, and DNA designs. Interestingly, these
new materials have negative refractive indices (Figure 28b).

Colloidal crystal engineering with DNA can be used for
synthesizing stimuli-responsive materials, whose optical and
mechanical properties can dynamically change in response to
external chemical and physical stimuli.'”®® For example, the
charges of DNA strands can be reduced using high-
concentration metal cations, leading to contraction, and vice
versa. Specifically, cation-induced actuation of colloidal crystals
engineered with DNA has been performed.'*”" Shape-memory,
self-adaptive colloidal crystalline materials were also realized
using body-centered cubic colloidal crystals."**> These crystals
were made of small Au nanospheres bonded by predesigned
DNA strands, and high viscoelastic volume fractions were
achieved. The crystals deformed into irregular shapes with
wrinkles and creases within seconds of dehydration and
recovered their original structural integrity after rehydration
(Figure 28c)."®® The hydrated crystals exhibit near-perfect
broadband absorption in the ultraviolet—visible region, and the
deformed crystals show increased reflection largely as a result
of the changes in the effective refractive index of the materials
(Figure 28c). Arrays of colloidal crystals for nanophotonic
applications can be prepared by combining template confine-
ment with DNA-mediated colloidal crystallization. In this
design, colloid crystals are assembled inside pores on solid
substrates,'””” leading to the formation of arrays of colloidal
crystals (Figure 28d).'*° Each pore contains one single- or
multicrystalline material with well-defined crystal orientation
and uniform crystal habit and size. The combination of DNA-
programmable assembly and colloidal crystal engineering with
DNA with lithographic fabrication facilitates the development
of photonic devices.

29. OPTICAL MATERIALS

Junhwa Seong, Nara Jeon, and Junsuk Rho

Optical metasurfaces, engineered with subwavelength-scale
structures, have garnered significant attention in recent years
for their ability to manipulate light in unprecedented ways,
enabling various applications ranging from beam steerers,
holograms, lenses, structural color filters, sensors, and

more.””' 7?7119 Their functionalities and performances have
been dictated by the design of how the structures are arranged
and materials are composed. Advancements in theoretical and
computational tools, coupled with significant progress in
materials science and experimental techniques, have paved
the way for practical applications of metasurfaces.

Plasmonic metasurfaces can direct light at the nanoscale and
amplify the local intensity of electromagnetic fields via
localized surface plasmon resonances of metallic nanostruc-
tures.””” Effective plasmonic metasurfaces require plasmonic
materials with high plasmonic properties and low losses."'%°
Noble metals like silver and gold, meeting these criteria, have
been effectively employed to create metasurfaces exhibiting
high color saturation in the visible spectrum''®” and ultrahigh
quality (Q) factors in the IR range''*® (Figure 29a(i), (ii)).
However, the efficiency of plasmonic metasurfaces has often
been hindered by optical losses arising from the oscillations of
free electrons interacting with incident electromagnetic waves.
To address this challenge, the Fabry-Pérot structure has been
employed to achieve an 80% reflection efficiency at the 800 nm
region''*” and a notable 42.3% transmission efficiency at the
750 nm region through a multipole-interference-based
structure'''° (Figure 29a(iii), (iv)). Nevertheless, there remain
constraints on applying plasmonic metasurfaces in the visible
spectrum, with optical losses in plasmonic devices significantly
constraining their potential to substitute conventional optical
elements.

These challenges, discussed regarding plasmonic metasurfa-
ces, can be addressed by substituting metals for dielectrics."""'
Dielectric metasurfaces rely on the collective scattering of light
called Mie scattering, from highly refractive dielectric nano-
particles of similar size to the wavelength of light within the
particle. The magnetic response of dielectric scatterers is not
connected with significant nonradiative losses.'**? In addition,
the CMOS compatibility of silicon-based materials makes them
more accessible to commercial equipment, making them easier
to commercialize than plasmonic metasurfaces. These
distinctions emphasize the promise of dielectric metasurfaces
in advancing optical technologies.

The efficiency of a dielectric metasurface has been
significantly constrained by the optical properties of materials,
such as n and extinction coefficient. Materials with relatively
high 7 can facilitate strong confinement of light modes, while
those with low extinction coefficient (k) can help minimize
optical losses''" (Figure 29b(i)). For instance, the deflection
efficiencies of beam-steering metasurfaces, within a deflection
angle of 70°, 1 pum wavelength range, and 1.8 ym thickness,
have been notably enhanced by opting for high n materials.'""*
Single-crystalline silicon (n = 3.4) metasurfaces show four
times higher deflection efficiencies compared to silicon dioxide
(n = 1.44). Additionally, maintaining a high aspect ratio of
meta-atoms has proven crucial for achieving high efficiency and
complete 27 phase control within a single dielectric structure.
While all-glass visible metalens based on nanopillars with
diameters ranging from 250 nm (AR = 8) to 600 nm (AR =
3.3) and heights of 2.0 #m has been demonstrated, it still falls
short of fully covering the entire 0 to 27 phase''"” (Figure
29b(ii)). Furthermore, high aspect ratio TiO, metasurfaces
have been developed for achieving about 80% efficiency in the
visible frequency (4 = 480, 532, 660 nm)""'® (Figure 29b(iii)).

However, both types of metasurfaces mentioned above have
been limited to their inability to modify their optical response
postfabrication. Tunable metasurfaces using a range of active
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method.""*” Adapted with permission under a Creative Common CC BY License from ref 1147. Copyright 2016 Wiley-VCH. (f) A grayscale
image in chalcogenide PCM written using CAFM.""*” Adapted with permission under a Creative Common CC BY License from ref 1147.
Copyright 2016 Wiley-VCH.

materials and systems, including electrical, optical, chemical,
mechanical, and thermal tuning mechanisms, can suggest
promising avenues for overcoming the limitations of conven-
tional metasurfaces.""'” The primary tunable properties, like
operation wavelength and modulation speed, have decided the

for their appeal, as they can smoothly combine with diverse
established electronic devices.

Transparent conductive oxides are highly attractive owing to
their capability to alter the n by accumulating or depleting
charge carrier concentration, enabling complete phase

performance of overall tunable metasurface devices. Consid-
ering these options, electrically tunable metasurfaces stand out

modulation while maintaining a consistent reflectivity. All-
solid-state light detection and ranging (LiDAR) device has
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been demonstrated using the manipulation of the carrier
concentration profile within ITO layers'""® (Figure 29¢(i), (ii),
(iii)). Independent manipulation of the top and bottom
regions of the ITO layer has enabled the attainment of two
degrees of freedom in independently controlling reflectance
and phase shift. Additionally, phase chan§e materials, such as
vanadium dioxide,''"” GeSeTe,'”®" and GeSeSbTe
(GSST),'*” can also offer electrical controllability through
the integration of a well-designed micro-Joule heater (Figure
29¢(iv)). Although there is an unavoidable reduction in energy
efficiency as per thermodynamic principles, it remains
intriguing to manipulate materials and operational principles
previously beyond our control using electricity. Furthermore,
electrically tunable nonlinear metasurface has also been
demonstrated using plasmonic nanocavities filled with multiple
quantum wells (MQWs)''*° (Figure 30c(v)). Integrating the
nonlinear polarization metasurface with the MQWSs’ intersub-
band nonlinear response enables efficient frequency conversion
at moderate pumping intensities (tens of kW/cm?). However,
there exist persistent challenges in achieving widespread
adoption, such as the need for device miniaturization, low
power consumption, and the attainment of substantial
modulation depth.''”!

Although plasmonic, dielectric, and tunable metasurfaces
have successfully shown the innovative concept of harnessing
arbitrary control over wavefront manipulation, numerous
obstacles hinder the transition of metasurfaces into real-
world applications. Large-scale integration should be done with
commercially available equipment, products, facilities, etc. to
make it easier to reach consumers in the market.''*”
Plasmonics are not suitable for mass production, but titanium
nitride and zirconium nitride have recently been exploited for
their comparable performance to noble metals and for their
low cost and CMOS compatibility.''** Despite the difficulty of
realizing high aspect ratio nanostructures, silicon-based
dielectrics have been actively applied using commercial
photolithography techniques. Microcavity arrays with high
finesse, fabricated by foundries on 300 mm wafers, have been
developed using 193 nm DUV lithography''** (Figure 29d(i)).
Furthermore, to enhance the utilization of metasurface-based
optical systems, harmless and environmentally friendly
materials are needed for integrated metasurfaces that can
seamlesslzr integrate with existing devices and function
actively''*> (Figure 29d(ii)). To meet market demands, the
latest semiconductor processing equipment and extreme UV
and DUV lithography are being used, but the equipment is
very expensive and requires the development of new
processing methods or materials. A hybrid material, a high-
index atomic layer-polymer, has been adapted to enhance the
scalability of 1 cm sized metalenses in the visible®' (Figure
29d(iii)). A batch of 669 metalenses, each measuring 1 cm in
size, has been successfully produced through the integration of
DUV lithography, wafer-scale nanoimprinting, and ALD.
However, these methods rely on a large capacity of design
files for the initial reticle design (4X size reticle) and high-
speed EBL for reticle fabrication, making it challenging to
produce metasurfaces larger than 2 or 3 cm. For larger
metasurfaces, multiple reticles and fully developed CMOS-
compatible materials can be a viable option. An all-glass
metasurface lens with a diameter of 10 c¢m, containing 18.7
billion nanostructures, has been demonstrated to operate in
the visible spectrum, utilizing seven reticles for 248 nm DUV
lithography''*° (Figure 29d(iv)).

It has been demonstrated that metasurfaces provide an
efficient and viable means to engineer electromagnetic waves,
as the demand grows for compact sizes and highly manipulable
light. While some metasurface concepts have moved from lab
experiments to practical tools, the material foundations for
real-world metasurface applications keep progressing. Despite
each material having its limitations in terms of operational
range, fabrication methods, and application focus, ongoing
advancements and endeavors to materials offer the potential to
unlock photonics devices with unparalleled control capabilities,
ushering in a transformative epoch in photonics.

30. PHASE CHANGE MATERIALS

Zhiyun Xu, Tian Gu, and Juejun Hu

Optical phase change materials (PCMs) broadly refer to
materials that exhibit a large optical property contrast when
undergoing a solid-state structural transition. In the most
general sense, PCMs encompass chalcogenide phase change
alloys that switch between amorphous and crystalline
phases,""*”""** Mott oxides exemplified by VO, that undergo
metal—insulator transition,"'?”'"*® and emerging 2D PCM
such as In,Se;.” Owing to their tunable optical responses, they
have already been widely adopted in reconfigurable and
programmable photonic devices rangin§ from photonic
switches' "> '"** to active metamaterials.**>"**!13

Nanolithography for photonic device fabrication is a new
arena where PCMs are poised to play an important role. Unlike
conventional lithographic patterning methods which typically
involve subtractive removal of materials to produce device
structures, photonic devices in PCMs can be defined by
precisely introducing spatially varying structural phases in a
PCM film, thereby generating a modulated n pattern.
Compared to traditional lithographic fabrication, this etch-
free patterning scheme features several advantages. First and
foremost, this scheme uniquely allows repeated patterning on
the same device platform to achieve reconfigurable functions,
leveraging reversible structural transitions to “write” and
“erase” patterns on-demand. Second, phase transitions in
PCMs can be triggered by various physical agents including
light,”‘% electron beam,''*” heat,'"*® ion beam,''*’ and
electric field,""*” enabling a wide array of patterning generation
techniques to meet diverse application requirements. Third,
the scheme can be readily adapted to create multilevel, gray
scale n patterns. Lastly, truly “flat” optical devices can be
realized leveraging such an approach, which can be advanta-
geous for subsequent integration, for instance 2.5-D device
stacking. In the following, we will discuss several examples of
PCM enabled nanolithographic fabrication to highlight these
unique benefits.

The versatility to directly “write” and “re-write” patterns and
functional optical devices was demonstrated in the recent work
by Wu et al."'*’ using a nonvolatile low-loss PCM Sb,Se;."'*!
A commercial laser direct write system (Heidelberg DWL 66+)
was used to induce local phase transition in a Sb,Se; film
(Figure 30a). Crystallization and amorphization were achieved
on the same system with two sets of laser powers and beam
scanning speeds. The large n contrast between the amorphous
and crystalline phases of Sb,Se; (An ~ 0.8) enables direct
writing of waveguide components with strong optical confine-
ment, such as microring resonators, grating couplers,
interferometers, and crossbar arrays, which can also be further
erased and rewritten at will to establish different photonic
circuit configurations (Figure 30b). In the same vein, reversible
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Figure 31. Fabrication of TFLN integrated photonic devices (a) Photographs of 6-in. TFLN wafers fabricated using standard nanopatterning

1164
process.

microring resonator on the left and closeups of smoothly etched waveguides on the right.

Adapted with permission from ref 1164. Copyright 2020 Optica. (b) SEM ima§es of smoooth TFLN resonators, with a

17> Adapted with permission from ref 1172.

Copyright 2017 Optica. (c, d) Cross-sectional SEM images of TFLN waveguides. The waveguides are fabricated using soft masks and
diamond like carbon as hard masks in (c) and (d), respectively.''”® Adapted with permission under a Creative Common CC BY License
from ref 1175. (e) Schematic illustration of the periodic poling method. Left inset: a close-up SEM image of the periodically poled TFLN

waveguides."'** Copyright 2015 Springer Nature. Adapted with permission from ref 1180. Copyright 2018 Optica.

laser writing had been employed for patterning of color
nanoprints,"'*''** topologically optimized photonic devi-
ces,""** optical metasurfaces''** and polariton nano-optics in
chalcogenide PCMs. In another example by Dong et al, the
phase transition oxide VO, was used to create a “meta-canvas”
which can be repeatedly patterned.''*’ Even though the
thermally triggered metal—insulator transition in VO, is in
general volatile, nonvolatile operation is possible over a limited
temperature window (represented by the dotted line in Figure
30c) defined by hysteresis of the transition. Various device
structures such as polarizers, holograms, and gratings can be
written using a laser beam by heating up the VO, film and
transforming it locally into the metal (M) state. The device
pattern can be readily erased by cooling the entire film to room
temperature before the next writing cycle (Figure 30d).

In the two examples above, patterning of device structures in
the PCMs was implemented using a scanning laser beam. The
ability to induce phase change using alternative stimuli further
enables etch-free patterning in PCM with resolution well
beyond the optical diffraction limit. Hosseini et al. demon-
strated writing of microscale color display patterns in
Ge,Sb,Te; (GST-225) and AgsIn,Sb,cTe;; (AIST) using
conductive AFM (CAFM, Figure 30e).! #1147 Resolution
below S0 nm was reported using this approach in a pixel-by-
pixel writing mode. In the case of these chalcogenide PCMs,
the phase transition is triggered by resistive heating. It is also
possible to induce the crystallization phase change in the
nanoscale directly using a heated nanoscale tip.""**""*’ This
approach has been recently implemented using commercial
thermal scanning probe lithography (TSPL) systems. For
instance, Pan et al. showed that crystalline patterns with

resolution down to 100 nm can be formed in Ge,Sb,Se,Te
(GSST)"'"*° using TPSL.""*' In VO,, it has been shown that
electric field applied by a CAFM tip can locally modify the
oxygen vacancy concentration, thereby modulating the metal—
insulator transition behavior at the nanoscale.'"*”

Yet another advantage of PCM-based nanolithography is the
ability to produce nonbinary, continuous grayscale patterns.
While this is possible via conventional grayscale lithography,
the process is complicated and demands meticulous calibration
of the resist dose curve and selectivity during etch pattern
transfer.'>® In chalcogenide PCMs, a continuum of n values
can be obtained by adjusting the laser/voltage pulse duration
and magnitude to control the extent of partial crystallization,
an attribute that has already been applied to realizing a wide
array of continuously tunable photonic devices.'”**''>*!1>
This presents a facile pathway to achieve multilevel grayscale
patterning. As an example, the same CAFM-patterning
technique discussed above has also been adapted for
generating microscale images with up to 2SS grayscale levels
(Figure 30f).""*” The capability to access continuously varying
refractive indices may also offer a practical route to realize
photonic device architectures derived from continuous density-
based topological optimizations without imposing level set.''>°

Last but not least, PCM-based nanolithography does not
involve removal of materials by etching and therefore can form
completely flat device structures without surface topology,
while still providing sufficient »n contrast for functional optical
devices. This capability eliminates the need for extra
planarization steps, which is advantageous for 2.5-D device
integration. Another example capitalizing on this feature is the
fabrication of gradient index (GRIN) optics in bulk and thin
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film Ge—As—Sb—Pb glass ceramics.'>’~'"*” The as-prepared
Ge—As—Sb—Pb material is a homogeneous glass. Upon laser
irradiation followed by heat treatment, precipitation of PbSe
nanocrystals can be photothermally induced to modify local n.
This laser-induced vitrification process can be adopted to
produce bulk and thin film optical components with on-
demand 3-D index distributions and yet a truly flat surface
profile.

In summary, optical PCM-enabled nanolithography provides
a versatile and yet powerful alternative to traditional
lithography and etching based fabrication methods. By
precisely introducing a spatially varying microstructure
(phase) and modulated n pattern, optical devices can be
defined in PCMs without necessitating subtractive material
removal processes. The PCM-based patterning techniques
offer full reversibility and reconfigurability, superior resolution
beyond the optical diffraction limit, and can create nonbinary,
grayscale or gradient n patterns. Given these unique benefits,
we foresee that more exciting applications of PCM-based
nanolithography in integrated photonics and metamaterials will
continue to unfold in the coming years.

31. LITHIUM NIOBATE INTEGRATED PHOTONICS

Hyounghan Kwon and Hojoong Jung

Lithium niobate (LiNbO;, LN) is considered as one of the
most versatile materials in photonics, possessing exceptional
materials properties such as a wide bandgap, second-order
optical nonlinearity, piezoelectric, photoelastic, and ferro-
electric effects, just to name a few. These advantages enable
LN-based efficient optical modulators and frequency con-
verters, which are crucial for high-speed optical communica-
tions and nonlinear optical systems. Given its widespread use
and the advanced technology of bulk material mass-
production, LN is often dubbed the “silicon of (nonlinear)
photonics”."'*

On the other hand, integrated photonics holds great promise
for next-generation optical systems, enabling scalability,
complexity, and miniaturization. Although materials like
silicon, silicon nitride, gallium arsenide, and indium phosphide
have shown significant achievements, LN’s recent results seem
superior for integrated photonics applications. A unique
challenge of LN has been wafer-scale production of thin film
LN (TFLN) and subsequent nanopatterning. Recent strides in
the nanofabrication of TFLN have spurred the development of
tightly confined LN integrated photonic devices, marking a
significant leap in TFLN photonics. Following the main theme
of this mega-review, this section delves into the advancements
in nanofabrication of TFLN devices for development of the
state-of-the-art photonic applications. In addition, we note that
there are many comprehensive review and perspective papers
discussing the wide applications of TFLN photonic devices
from the perspective of functionality.''®' =%

Wafer-scale production of single-crystalline TFLN is a key
milestone, enabling the massproduction of the TFLN
integrated photonics. Figure 31a shows the photography of
the 6-in. wafer-scale TFLN integrated photonic devices which
include optical modulators, resonators, and beam splitters.1164
The production of the TFLN relies on smart-cut technology,
using precise ion implantation and wafer bonding followed by
thermal annealing, allowing exfoliation of the thin film while
preserving LN’s unique properties.1165 To support wave-
guiding effects, the thin film is cladded with low-index
materials such as silicon oxide, sapphire, or air. Commonly,

LN thin films are placed on a silicon oxide layer on a silicon
substrate, known as TFLN on insulator platforms. Unlike
conventional Ti-diffused lithium niobate waveguides, the large
index contrast between TFLN and silicon oxide enables tightly
confined waveguides with a mode field diameter below 1 ym?.
The confined TFLN waveguides support high density
integration of diverse optical elements with a small bending
radius, strong light-matter interactions, and dispersion control,
enabling new regimes of nonlinear and quantum optics.* In
addition to the undoped TFLN layer, MgO-doped TFLN
layers are utilized for their high damage threshold and reduced
photorefractive effects.” Erbium or Ytterbium-doped TELN is
also of great interest for optical amplifier, quantum repeater,
and quantum memory.''**~"'*’ However, most of the current
TFLN layer is not considered stoichiometric due to the ion-
implantation step. Development of such stochiometric
materials potentially leads to ultimate limits of the TFLN
photonic devices. TFLN on sapphire has been also explored
thanks to its MIR transparency and strong mechanical wave
confinement.' "’

Nanopatterning of the TFLN layer involves nanolithography
and a subsequent etching process. Deep-UV photolithography
can produce wafer-scale, low-loss TFLN photonic devices with
low loss of 0.27 dB/cm.''®* Electron-beam lithography,
commonly used in academic research of TFLN devices,
often employs negative-tone electron beam resists (HSQ) as
etching masks to transfer the patterns to the TFLN layers. The
etching process is based on argon milling, so physical rather
than chemical process. While the seminal work in 2004 has
shown the physical etching process of TFLN lithium niobate
for the first time,"'”" the high-quality etching method with high
optical quality factor of 10’ has been demonstrated in
201717

For example, Figure 31b shows the smooth surfaces of the
low-loss TFLN waveguides. As shown in Figure 3lc, the
physical etching often results in the angled sidewalls close to
50—70 degree. The angles of the slanted sidewalls depend on
the neighboring structures and detailed conditions in the
etching process. The current etching process of the TFLN
produce residues, thus wet-cleaning of such residues is
essential. They are cleaned using solutions like H,0, and
NH,OH or KOH. The TFLN waveguides are often cladded by
air or PECVD silicon oxide layer. After the nanopatterning and
passivation, postannealing is also often performed near 500—
600 °C in order to improve the optical performance of the
TELN photonic devices.''”

Propagation loss of the waveguide is one of the key
parameters for the evaluation of nanopatterning process of
TFLN integrated photonics. The TFLN integrated photonic
devices have shown rapid progress from the aspects of low-loss
photonic devices. For example, the intrinsic quality factor of
2.9 X 107 has been experimentally demonstrated in 2024."""*
This high-quality factor indicates the ultralow propagation loss
of 1.3 dB/m, which approaches measured fundamental limit of
0.2 dB/m."'”? Instead of the soft masks based on the electron
beam resist, diamond-like carbon has been recently proposed
as a new hard mask for the etching process thanks to its strong
hardness and superior etching selectivity.''”> As shown in
Figure 31d, this novel hard mask platform has resulted in the
large side-wall angle of 80 degree and propagation loss of 4
dB/m, showing potentials of dense integrations of TFLN
photonic circuits. For the passivation layer, hydrogen-free low-
temperature silica is also proposed through inductively coupled
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Figure 32. Nanofabrication with 2D materials. (a) Left: Schematic of truncated cone-shaped MoS, metasurface, top left and bottom right
insets show the geometry of the cones and lattice structure of 2H-stacked MoS,, respectively; right: the SEM image of the fabricated
metasurface with T = 150 nm, B = 240 nm, P = 300 nm and height of 150 nm."'*> Adapted with permission under a Creative Common CC
BY License from ref 1193. Copyright 2021 Springer Nature. (b) SEM image (70° tilted) of anisotropically etched hexagonal holes, with
initial circular shapes, in a WS, flake on SiO,/Si substrate."'”> Adapted with permission under a Creative Common CC BY License from ref
1195. Copyright 2020 Springer Nature. (c) Top left: SEM image of an anisotropically etched WS, flake with initial holes of various shapes.
Bottom left: SEM image of etched hexagonal holes in a heterostructure of stacked WS, flakes with 30° rotation. Right: schematics (bottom)
and the corresponding SEM image (top) of circular holes in monolayer and hexagonal holes in bilayer WS, flakes, along with their
photoluminescence spectra. Adapted with permission under a Creative Common CC BY License from ref 1195. Copyright 2020 Springer
Nature. (d) Coupled cavity—emitter system in hBN, consisting of cavity arrays in silicon substrate (d.i) and suspended photonic crystal
cavities in hBN nanobeams (d.ii) and (d.iii). Scale bars in (d.i)-(d.iii) are 10, 1, and 1 gm, respectively.'>°" Adapted with permission from ref
1201. Copyright 2023 ACS. (e) Schematics (top) of a waveguide-coupled LED, consisting of a monolayer WSe, between two hBN tunnelling
barriers and two monolayer graphene electrodes, and the real-space image (bottom) of its emission (V, = 1.7 V) overlaid with its shape and
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Figure 32. continued

intensity profile along the central section. L and W denote LED and waveguide, respectively.'*** Adapted with permission under a Creative
Common CC BY License from ref 1204. Copyright 2023 ACS. (f) Confocal (left) and SEM (right) images of a microdisk resonator

consisting of a hBN flake covering a silicon nitride (Si;N,) optical cavity.

License from ref 1208. Copyright 2020 De-Gruyter.

1208 Adapted with permission under a Creative Common CC BY

plasma-enhanced CVD to overcome TFLN’s limits of
processing temperature.'’® Finally, the wet-etching method
is also explored for the cost-effective fabrication of smooth
surfaces instead of ion-assisted etching. The wet-etching
process utilizes mixture of H,0, and NH,OH, and H,0 and
results in a quality factor of 107.""77

Metal electrodes are often integrated into TFLN photonic
circuits to exploit the electrooptic, photoelastic, piezoelectric,
and ferroelectric effects of LN. While the nanofabrication
process for these electrodes is similar to conventional methods,
there are some key considerations for developing high-
performance TFLN integrated photonic devices. One example
is the traveling-wave modulator, capable of achieving
modulation speeds exceeding 100 GHz for broadband high-
speed electro-optic modulation."'”® Here, a thick metal layer is
crucial for low resistance and minimal microwave signal loss.
Additionally, thickness of the bottom oxide layer needs careful
selection to match the group velocities of both optical and
microwave signals.''’® Superconducting electrodes have also
been explored to further suppress ohmic losses, demonstratin§
modulators with a half-wavelength voltage as low as 42 mV.""”
Ferroelectric properties of LN enable poling of TFLN, a
process where high voltage pulses change the crystal domains
to facilitate nonlinear light interactions through quasi-phase
matching, which results in constructive interference in
nonlinear interactions despite the inherent phase mismatch
of the TFLN waveguide. The most common poling method
uses periodic electrodes, resulting in a periodically poled
TFLN layer. Figure 31e schematically shows the setup for a
periodic poling process. The periodically poled TFLN devices
exhibit exceptional nonlinear conversion efficiency for
SHG."""*""*" With the quasi-phase-matching method, careful
dispersion engineering and ultrafast light sources promise to
unlock new possibilities in quantum nonlinear optics.''*>"'*?
However, achieving optimal quasi-phase matching for long
waveguides presents a significant challenge.''** Highly focused
waveguides have considerable dispersion, making the ideal
poling period sensitive to geometric parameters like film
thickness, etching depth, and waveguide width. The inherent
thickness variations caused by the smart-cut process can
significantly impact the conversion efficiency. To overcome
this hurdle, the concept of adaptive poling has emerged. This
approach involves measuring thickness variations and adjusting
electrode patterns to achieve optimal quasi-phase matching in
long waveguides.''*®

Additionally, it is worth noting the state of TFLN photonic
devices from an industry perspective. Indeed, TFLN nano-
photonic devices hold great promise in the market. For
example, many startup companies are already shipping diverse
products, including different types of TFLN wafers, high-speed
electro-optic modulators, and nonlinear photonic products.
Like other material platforms in photonic integrated circuits,
the foundry services for TFLN devices are also available from
several companies. Considering the unique material properties,
manufacturing advantages, and various applications across a
broad spectrum range TFLN photonic devices have the

potential to show exceptional growth by replacing conven-
tional active and nonlinear optical devices.

This section has discussed the state-of-the-art nano-
fabrication processes used for TFLN. photonic devices.
Advancements in nanofabrication have become a key factor
in the exceptionally fast growth of TFLN integrated photonics
within the field of photonics. We look forward to exciting
opportunities for innovations in nanofabrication techniques for
TFLN photonic devices. This will lead to the development of
disruptive solutions with wide applications in nonlinear optics,
quantum photonics, sensing, communications, and analog
optical computing.

32. 2D MATERIALS

Hossein Alijani and Igor Aharonovich

2D van der Waals materials have emerged as promising
candidates for nanophotonics due to their unique excitonic
properties, as well as strong and tunable interactions with
light."'*~""%% The wide variety of 2D materials, including
graphene, transition-metal dichalcogenides (TMDCs, e.g.,
WS,, WSe,, MoS,, MoTe,), hexagonal boron nitride (hBN),
black phosphorus, and MXenes cover the entire electro-
magnetic spectrum because of their different electronic
properties. Benefiting from these optical properties, structural
2D materials have been actively investigated with the
development of nanolithography, demonstrating resonant
cavities, waveguides, lenses, gratings, and, optical metamaterials
and photonic crystals.'"*°

For structural 2D materials, high resolution top-down
nanolithography has been extensively used to fabricate
micro- and nanoscaled photonic features. The standard
nanolithography procedure includes preparing substrates, PR
coating, electron-beam exposure using EBL, PR development,
and sequent dry or wet etching; optional metal deposition may
be added if necessary. These techniques are executed on
substrates hosting either CVD-grown or mechanically ex-
foliated flakes. While the above nanolithography procedure
appears standardized, a variety of process parameters, including
substrate types, resist (positive or negative), EBL parameters
(e.g., electron beam energy and dosage), and etchants (such as
gas mixtures), must be carefully selected based on the target
2D material(s) and the desired geometric features.

Specific examples demonstrate that even when creating
nanodisk structures to achieve the desired optical responses,
the choice of etchant and etching process varies depending on
the 2D material(s). For instance, graphene nanodisks, with
diameters ranging from 50 to 190 nm, have been fabricated by
EBL and oxygen plasma etching to achieve tunability of
localized plasmons in graphene.'”' For the case of WS,,
however, nanodisks as high-index dielectric Mie nano-
resonators have been patterned with EBL and fabricated
using dry-etching with CHF; and Ar.""”* It was found that the
scattering responses of nanodisks could be tuned by changing
the radii of the nanodisks.

Top-down nanolithography have been also used for
complicated geometries with structural 2D materials, such as
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Table 1. Summaries of Fabrication Methods for Metaphotonics

Methods Advantages

Electron beam
lithography (EBL)

High-resolution
nanolithography

- Able to produce photonic structures
with various geometries

- Mask free

Focused ion beam - Resist free

(FIB)
- Mask free

- Flexibility to select diverse materials

Electron beam
lithography (EBL)

3D nanofabrication

Two-photon
lithography

- Single process
- Combines high speed and high
resolution

Aerosol 3D printing - Able to fabricate complicated

structures

Glancing angle
deposition

- Able to fabricate complicated
structures

Origami-inspired
nanofabrication

High-speed EBL

- Able to fabricate complicated
structures

Scalable - High-throughput

manufacturing

Nanoimprint - Does not require secondary
lithography (NIL) operations
- Low cost
Self-assembly - Additional functionalities can be
achieved
Colloidal - High-throughput

lithography (CL)
Direct transfer - Easy to fabricate on various

substrates

- Does not require high temperature
and pressure
Atomic layer - High throughput
lithography
(ALD)

EVE

Feature Related
Disadvantages Applications size sections
- Time consuming Metalens and other Sub 2, 4
nanophotonic structures 10 nm
- Low throughput
- Time consuming Nanotip, Nano-Kirigami Sub S
- Low throughput 10 nm
- Feature size limited by the =~ Multiplexed metaholograms, Sub 6
alignment error 3D plasmonic ruler 20 nm
- Not yet scalable for Chiral metasurfaces, 3D Sub 9
widespread commercial use inverse design, waveguides micron
- Complicated fabrication Plasmonic 3D structures Sub 10
micron
- Submicron scale structure is  Chiral nanostructures ~ micron 21

- Complicated fabrication

challenging

3D-folded structures nm-scale 6

- High cost Metalens, Holograms Sub 12
10 nm

- Structures have low Metalens, Holograms Sub 13, 14
refractive index 10 nm

- Structure depends on the Display, Sensing Sub 15-17,
template micro 27

- Limited to periodic Plasmonic color, SERS Sub 22-24
structures 100 nm

- Feature size limited by Wearable device, QLED ~ 25, 26
PDMS stamp 500 nm

- Limited to loop shaped MIM structures Sub 3
structures 10 nm

truncated cones. For instance, arrays of truncated-cone-shaped
nanoresonators have been fabricated out of mechanically
exfoliated MoS, on a Al,Oj substrate,''” Figure 32a (right).
These nanoresonators enhance single-beam SHG and third-
harmonic generations in a metasurface with high n. The
fabrication steps include coating the flake with ZEP positive
resist and a conductive polymer (for charge dissipation),
deposition of an 80 nm-thick Al layer (as the mask for dry-
etching), inductive-coupled plasma RIE with SF,, CHF;, and
Ar gas mixture, and removal of the Al layer by a lift-off process.
Using top-down nanolithography, various other structures
out of WS, have been fabricated, including nanodisks and
nanoholes arrays for light harvesting, ring resonators, wave-
guides, and photonic crystal cavities for low-loss nano-
photonics."'”* We note that achieving uniform coverage of
the TMDC flakes on the substrate with PR that has good
adhesion presents a primary challenge for fabricating structural
2D materials. To address this challenge, a TI Prime adhesion
promoter has been applied before the resist. Alternatively,
hexamethyldisilazane (HMDS) can serve as an adhesion
promoter; however, it is more susceptible to ambient
conditions and might yield less reproducible results.''”*
Subsequent to EBL and RIE, anisotropic wet etching with a
mixture of H,0, and NH,OH in water can be employed to
achieve hexagonal nanohole arrays terminated by zigzag edges,
applying for metamaterials application in sensing. Figure 32b
shows hexagonal holes in a WS, flake obtained after 8 min of
anisotropically wet etching of circular holes with radii of
approximately 1 ym. In wet etching, the initial pattern defines
the final structure."'” As illustrated in Figure 32c (top left),
individual holes with various initial shapes, such as pentagons,
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octagons, and ellipsoids, are etched into a WS, flake. The same
technique has been used to etch a multilayer WS,
heterostructure consisting of two flakes with 30° relative
rotation. Following the rotated flake shapes, the final hexagonal
holes are also rotated by 30°, confirming the anisotropic
etching even for heterostructures (Figure 32c (bottom left)).
Additionally, this method could be used to determine the
relative crystallographic orientation of different flakes.
Furthermore, dry anisotropic etching with SF6 has been
reported to achieve nm-resolution structures in various 2D
materials, such as hexagonal holes/dots and nanowires along
the crystallographic orientation of WS, and WSe,, and
arbitrary shapes and orientations in MoS, and MoTe,.' '
The monolayer TMDCs, specifically, have been actively
investigated with their interesting excitonic properties and
direct bandgap;''”” however, they might not be as robust as
multilayers during nanolithography. Thus, fabrication con-
ditions should be carefully chosen when monolayer TMDCs
are used. For the case of monolayer WS,, its excitonic
properties are preserved during nanolithography processes,
specifically during interaction with hydrogen peroxide in wet
etching. However, unlike multilayer WS,, the circular nano-
holes transform into triangular irregularities rather than
hexagonal edges, possibly due to substrate surface roughness
or different reactivity of monolayer in comparison with
multilayer.""* Figure 32c¢ (right) shows circular and hexagonal
nanoholes in monolayer and bilayer WS, flakes, respectively.
Both show strong photoluminescence, indicating the preser-
vation of their optical emission during the nanolithography.
hBN is another 2D materials that has unique optical
properties, specifically hosting vacancies as quantum sources
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for single photon emission in nanogphotonics and spin defects
used for quantum sensing.''”®''”” Various nanolithography
techniques, including EBL, ion beam etching (IBE), chemically
assisted IBE, and RIE have been used to fabricate nano-
photonic structures from hBN, such as photonic crystal cavities
and bullseye cavities.'***~"**® Figure 32d shows trench arrays
of varying dimensions, on which hBN nanobeam photonic
crystal cavities are suspended. This structure gives high quality
factors (>2000) across the entire visible spectrum range (from
400 to 850 nm). Dry anisotropic etching with SF4 can also
fabricate arbitrary shapes in hBN with any orientation with less
than S nm resolution.''*®

Nanolithography has also been used to fabricate hetero-
structures of multiple materials. For instance, Figure 32e shows
a LED from a monolayer WSe, integrated with an hBN
waveguide.'”* This structure was patterned with EBL and
etched with SFq and Ar.

Another use of nanolithography is to fabricate nanostruc-
tures in bulk substrates that are integrated with 2D materials,
especially silicon photonic devices.””**™"*” For example,
microdisks from a 112 nm Si;N, layer on a silicon substrate
have been patterned with EBL, and etched by an ICP-RIE
recipe using SF,, CHF; and He, followed by undercutting the
silicon substrate with SF, to leave the microdisks sus-
pended.'””® And then, hBN flakes have been transferred
onto the microdisks (Figure 32f (left)). Based on the confocal
map of the flakes, Figure 32f (right), it was found that strain
fields at the folded regions in hBN activated the emitters.

33. CONCLUSION

Joohoon Kim and Junsuk Rho

To summarize, this mega-review covers advanced nano-
fabrication methods for nanophotonics. This review address 5
key trends, elaborated upon through 26 sections: high-
resolution nanolithography (Sections 2—6, 19), 3D nano-
fabrication (Sections 7—11, 20, 21), scalable manufacturing
(Sections 12—16, 21—28), and compatible materials (Sections
29—32) for nanophotonics. Table 1 summarizes the overall
fabrication methods discussed in this review.

For high-resolution nanolithography, FIB and EBL are
introduced. FIB offers high selectivity to nanopattern materials
by directly milling through the use of an ion beam, yet its low
throughput restricts the patterning area (Section $). On the
other hand, EBL employs electron beams for high-resolution
lithography, utilizing a PR as an intermediate medium for
patterning nanostructures, which necessitates additional
processes like hard mask deposition or etching. Compared to
FIB, EBL offers relatively high throughput due to its use of
electrons, enabling the fabrication of samples with large areas
(Section 2). In addition, methods for achieving single-digit
nanometer-scale gaps beyond the resolution of FIB and EBL
are also introduced (Sections 3, 4).

Manufacturing 3D nanostructures is more challenging, yet
they offer a higher degree of freedom to encompass a wide
range of functions (Sections 6—8). For example, freely
adjusting the height of each meta-atom on a metasurface
enables disgersion engineering'*”’ or complex amplitude
modulation.”® To this end, direct laser writing techniques,
including two-photon lithography, can be used to fabricate
complex 3D structures with submicron resolution (Section 9).
However, in this case, the low n of the resin poses limitations
on confining light when used as the structural material itself.
Therefore, aerosol 3D printing, which allows direct printing of

materials, is also utilized to demonstrate 3D nanophotonics
devices (Section 10). Moreover, proximity-field nanopattern-
ing and glancing angle deposition allow 3D nanolithography
with simple materialization process, large patterning area, and
high reproducibility (Sections 11, 21). 3D chiral gold
nanoparticles can be synthesized using amino acids and
peptides, and utilized for nanophotonics devices (Sections 11,
22).

Scalable manufacturing is essential for the commercialization
of nanophotonics devices. Large area, high throughput, and
low cost are key property for the scalable nanolithogra-
phy."*'7"*" To achieve large area, high-speed electron beam
lithography can be used (Section 12). High-speed electron
beam lithography maintains similar resolution to conventional
electron beam lithography while increasing voltage or current
to enhance throughput, enabling the fabrication of centimeter
scale metasurfaces. However, direct writing methods still face
limitations in scaling up to wafer-scale manufacturing.
Therefore, utilizing nanopatterns from high-speed electron
beam lithography as photomasks for photolithography enables
the repetitive fabrication of the nanopatterns in an array on 8-
in. or 12-in. substrates. However, as the resolution increases,
the cost also tends to rise. Therefore, in order to replace low-
cost conventional optical systems, costs need to decrease
significantly. To do so, conventional nanoimprint and roll-to-
roll nanoimprint lithography can be used (Sections 13, 14).
However, low n of printable materials results in low efficiency
of nanophotonic devices. To increase effective n and device
efficiency, nanoparticle-embedded-resin and ALD-based hybrid
methods are proposed. It is also possible to directly transfer
nanopattern of desired materials through nanotransfer printing
(Sections 16, 26, 27). For a consistent nanopatterns with
regular periods and structures, CL and self-assembly methods
can also be utilized (Sections 15—18, 20—24, 30).

A variety of materials, ranging from metals to dielectrics,
have been used as constituent materials in nanophotonics
devices (Section 29). Due to differences in optical properties
such as permittivity, permeability, and n depending on the
material, suitable materials are chosen based on the desired
wavelength and functionality."”'*'*"> Recently, dielectric
materials, including silicon-based ones, are widely used due
to their CMOS compatibility and low absorption. In addition
to aforementioned materials, there are various intriguing
materials available for nanophotonics. Phase change materials,
which exhibit changes in optical properties according to
stimuli, can be patterned to create active photonics devices
(Section 30). Materials with nonlinear characteriestics, such as
lithium niobate, can be patterned to implement high-speed
optical communications or nonlinear optical systems (Section
31). Furthermore, 2D materials with excitonic properties can
be patterned to enable photonic lasing or enhance photo-
luminescence (Section 32).

This mega-review extensively covers the topic of nano-
lithography for nanophotonics in accordance with five key
trends. We aim for our mega-review to inspire curiosity among
nanophotonics researchers, encouraging them to blend
innovative design with imaginative fabrication techniques.
We are genuinely grateful for the contributions made by all
authors to this mega-review and hope readers find it enjoyable.

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


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c10964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acsnano.org

AUTHOR INFORMATION

Corresponding Author
Junsuk Rho — Department of Mechanical Engineering,

Department of Chemical Engineering, and Department of
Electrical Engineering, Pohang University of Science and
Technology (POSTECH), Pohang 37673, Republic of Korea;
POSCO—POSTECH-RIST Convergence Research Center for
Flat Optics and Metaphotonics, Pohang 37673, Republic of
Korea; © orcid.org/0000-0002-2179-2890; Email: jscho@
postech.ac.kr

Authors

Younghwan Yang — Department of Mechanical Engineering,
Pohang University of Science and Technology (POSTECH),
Pohang 37673, Republic of Korea

Youngsun Jeon — Department of Mechanical Engineering,
Pohang University of Science and Technology (POSTECH),
Pohang 37673, Republic of Korea

Zhaogang Dong — Institute of Materials Research and
Engineering (IMRE), Agency for Science, Technology and
Research (A*STAR), Singapore 138634, Singapore;
Department of Materials Science and Engineering, National
University of Singapore, Singapore 117575, Singapore;
Singapore University of Technology and Design, Singapore
487372, Singapore; © orcid.org/0000-0002-0929-7723

Joel K. W. Yang — Singapore University of Technology and
Design, Singapore 487372, Singapore; ® orcid.org/0000-
0003-3301-1040

Mahsa Haddadi Moghaddam — Department of Physics, Ulsan
National Institute of Science and Technology (UNIST),
Ulsan 44919, Republic of Korea

Dai-Sik Kim — Department of Physics, Ulsan National
Institute of Science and Technology (UNIST), Ulsan 44919,
Republic of Korea; © orcid.org/0000-0002-8950-1199

Dong Kyo Oh — Department of Mechanical Engineering,
Pohang University of Science and Technology (POSTECH),
Pohang 37673, Republic of Korea; ® orcid.org/0000-0001-
7025-6720

Jihae Lee — Department of Chemical Engineering, Pohang
University of Science and Technology (POSTECH), Pohang
37673, Republic of Korea; ® orcid.org/0000-0003-1151-
3277

Mario Hentschel — fourth Physics Institute and Research
Center SCoPE, University of Stuttgart, Stuttgart 70569,
Germany

Harald Giessen — fourth Physics Institute and Research Center
SCoPE, University of Stuttgart, Stuttgart 70569, Germany

Dohyun Kang — Department of Mechanical Engineering,
Pohang University of Science and Technology (POSTECH),
Pohang 37673, Republic of Korea

Gyeongtae Kim — Department of Mechanical Engineering,
Pohang University of Science and Technology (POSTECH),
Pohang 37673, Republic of Korea

Takuo Tanaka — RIKEN Center for Advanced Photonics,
Wako 351-0198, Japan; Institute of Post-LED Photonics,
Tokushima University, Tokushima 770-8501, Japan;

orcid.org/0000-0001-5714-5401

Yang Zhao — Department of Electrical and Computer
Engineering, Grainger College of Engineering, University of
Illinois Urbana—Champaign, Urbana, Illinois 61801, United
States; ® orcid.org/0000-0002-0154-3483

Johannes Biirger — Chair in Hybrid Nanosystems,
Nanoinstitute Munich, Ludwig-Maximilians-Universitit,

12569

Munich 80539, Germany; © orcid.org/0000-0003-4821-
1790

Stefan A. Maier — School of Physics and Astronomy, Monash
University, Clayton, VIC 3800, Australia; Department of
Physics, Imperial College London, London SW72AZ, United
Kingdom; ® orcid.org/0000-0001-9704-7902

Haoran Ren — School of Physics and Astronomy, Monash
University, Clayton, VIC 3800, Australia

Wooik Jung — Department of Creative Convergence
Engineering, Hanbat National University, Daejeon 34158,
Republic of Korea

Mansoo Choi — Global Frontier Center for Multiscale Energy
Systems and Department of Mechanical Engineering, Seoul
National University, Seoul 08826, Republic of Korea;

orcid.org/0000-0003-3198-6899

Gwangmin Bae — Department of Materials Science and
Engineering, Korea University, Seoul 02841, Republic of
Korea

Haomin Chen — Department of Materials Science and
Engineering, Korea University, Seoul 02841, Republic of
Korea

Seokwoo Jeon — Department of Materials Science and
Engineering, Korea University, Seoul 02841, Republic of
Korea; ® orcid.org/0000-0002-5338-0671

Jaekyung Kim — Department of Mechanical Engineering,
Pohang University of Science and Technology (POSTECH),
Pohang 37673, Republic of Korea

Eunji Lee — Department of Chemical Engineering, Pohang
University of Science and Technology (POSTECH), Pohang
37673, Republic of Korea

Hyunjung Kang — Department of Mechanical Engineering,
Pohang University of Science and Technology (POSTECH),
Pohang 37673, Republic of Korea

Yujin Park — Department of Mechanical Engineering, Pohang
University of Science and Technology (POSTECH), Pohang
37673, Republic of Korea

Dang Du Nguyen — Department of Biophysics and
Department of Intelligent Precision Healthcare Convergence,
Sungkyunkwan University, Suwon 16419, Republic of Korea

Inki Kim — Department of Biophysics and Department of
Intelligent Precision Healthcare Convergence, Sungkyunkwan
University, Suwon 16419, Republic of Korea; ® orcid.org/
0000-0001-8686-6670

Pablo Cencillo-Abad — NanoScience Technology Center,
University of Central Florida, Florida 32826, United States;

orcid.org/0000-0002-4118-1560

Debashis Chanda — NanoScience Technology Center,
University of Central Florida, Florida 32826, United States;
Department of Physics, University of Central Florida, Florida
32816, United States; The College of Optics and Photonics,
University of Central Florida, Orlando, Florida 32816,
United States

Xinxin Jing — Second Physics Institute, University of Stuttgart,
Stuttgart 70569, Germany; Max Planck Institute for Solid
State Research, Stuttgart D-70569, Germany

Na Liu — Second Physics Institute, University of Stuttgart,
Stuttgart 70569, Germany; Max Planck Institute for Solid
State Research, Stuttgart D-70569, Germany; © orcid.org/
0000-0001-5831-3382

Irina V. Martynenko — Faculty of Physics and Center for
NanoScience (CeNS) Ludwig-MaximS8ilians-University,
Munich 80539, Germany; Skolkovo Institute of Science and

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


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junsuk+Rho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2179-2890
mailto:jsrho@postech.ac.kr
mailto:jsrho@postech.ac.kr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Younghwan+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Youngsun+Jeon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhaogang+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0929-7723
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joel+K.+W.+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3301-1040
https://orcid.org/0000-0003-3301-1040
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahsa+Haddadi+Moghaddam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dai-Sik+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8950-1199
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dong+Kyo+Oh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7025-6720
https://orcid.org/0000-0001-7025-6720
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jihae+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1151-3277
https://orcid.org/0000-0003-1151-3277
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mario+Hentschel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Harald+Giessen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dohyun+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gyeongtae+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takuo+Tanaka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5714-5401
https://orcid.org/0000-0001-5714-5401
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0154-3483
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johannes+Bu%CC%88rger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4821-1790
https://orcid.org/0000-0003-4821-1790
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+A.+Maier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9704-7902
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoran+Ren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wooik+Jung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mansoo+Choi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3198-6899
https://orcid.org/0000-0003-3198-6899
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gwangmin+Bae"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haomin+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seokwoo+Jeon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5338-0671
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jaekyung+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eunji+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyunjung+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yujin+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dang+Du+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Inki+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8686-6670
https://orcid.org/0000-0001-8686-6670
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+Cencillo-Abad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4118-1560
https://orcid.org/0000-0002-4118-1560
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Debashis+Chanda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinxin+Jing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Na+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5831-3382
https://orcid.org/0000-0001-5831-3382
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irina+V.+Martynenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c10964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

REVIEY

Technology, Moscow 121205, Russia;
0001-5239-3043
Tim Liedl — Faculty of Physics and Center for NanoScience
(CeNS) Ludwig-MaximS8ilians-University, Munich 80539,
Germany; © orcid.org/0000-0002-0040-0173
Yuna Kwak — Department of Chemistry, Seoul National
University, Seoul 08826, Republic of Korea
Jwa-Min Nam — Department of Chemistry, Seoul National
University, Seoul 08826, Republic of Korea; © orcid.org/
0000-0002-7891-8482
Sang-Min Park — Department of Chemistry, Northwestern
University, Evanston, Illinois 60208, United States;
orcid.org/0000-0002-4306-0375
Teri W. Odom — Department of Chemistry, Northwestern
University, Evanston, Illinois 60208, United States;
orcid.org/0000—0002—8490—292X
Hye-Eun Lee — Department of Materials Science and
Engineering, Seoul National University, Seoul 08826,
Republic of Korea
Ryeong Myeong Kim — Department of Materials Science and
Engineering, Seoul National University, Seoul 08826,
Republic of Korea
Ki Tae Nam — Department of Materials Science and
Engineering, Seoul National University, Seoul 08826,
Republic of Korea; ® orcid.org/0000-0001-6353-8877
Hyunah Kwon — Max Planck Institute for Medical Research,
Heidelberg 69120, Germany; Institute for Molecular Systems
Engineering and Advanced Materials, Heidelberg University,
Heidelberg 69120, Germany
Hyeon-Ho Jeong — School of Electrical Engineering and
Computer Science, Gwangju Institute of Science and
Technology (GIST), Gwangju 61005, Republic of Korea;
orcid.org/0000-0002-7029-9592
Peer Fischer — Max Planck Institute for Medical Research,
Heidelberg 69120, Germany; Institute for Molecular Systems
Engineering and Advanced Materials, Heidelberg University,
Heidelberg 69120, Germany; Center for Nanomedicine,
Institute for Basic Science (IBS), Seoul 03722, Republic of
Korea; Department of Nano Biomedical Engineering
(NanoBME), Yonsei University, Seoul 03722, Republic of
Korea
Jiwon Yoon — Department of Chemical and Biomolecular
Engineering, Korea Advanced Institute of Science and
Technology (KAIST), Dacejeon 34141, Republic of Korea
Shin-Hyun Kim — Department of Biomedical Engineering,
Yonsei University, Wonju 26493, Republic of Korea;
orcid.org/0000-0003-4095-5779
Sangmin Shim — Department of Biomedical Engineering,
Yonsei University, Wonju 26493, Republic of Korea
Dasol Lee — Department of Biomedical Engineering, Yonsei
University, Wonju 26493, Republic of Korea
Luis A. Pérez — Institute of Materials Science of Barcelona
(ICMAB-CSIC), Bellaterra 08193, Spain; © orcid.org/
0000-0003-2802-4891
Xiaoyu Qi — Institute of Materials Science of Barcelona
(ICMAB-CSIC), Bellaterra 08193, Spain; © orcid.org/
0009-0008-8677-7879
Agustin Mihi — Institute of Materials Science of Barcelona
(ICMAB-CSIC), Bellaterra 08193, Spain; © orcid.org/
0000-0003-3821-7881
Hohyun Keum — Digital Health Care R&D Department,
Korea Institute of Industrial Technology (KITECH),

orcid.org/0000-

12570

Cheonan 31056, Republic of Korea;
0002-7236-7683

Moonsub Shim — Department of Materials Science and
Engineering, University of Illinois, Urbana-Champaign,
Illinois 61801, United States; © orcid.org/0000-0001-
7781-1029

Seok Kim — Department of Mechanical Engineering, Pohang
University of Science and Technology (POSTECH), Pohang
37673, Republic of Korea; ® orcid.org/0000-0003-3206-
8061

Hanhwi Jang — Department of Materials Science and
Engineering, Korea Advanced Institute of Science and
Technology (KAIST), Daejeon 34141, Republic of Korea

Yeon Sik Jung — Department of Materials Science and
Engineering, Korea Advanced Institute of Science and
Technology (KAIST), Dacejeon 34141, Republic of Korea;

orcid.org/0000-0002-7709-8347

Christian Rossner — Leibniz-Institut fiir Polymerforschung
Dresden e. V., Dresden 01069, Germany; Faculty of
Chemistry and Food Chemistry and Dresden Center for
Intelligent Materials (DCIM), Technische Universitdt
Dresden, Dresden 01069, Germany; Department of Polymers,
University of Chemistry and Technology Prague, Prague 6
166 28, Czech Republic; ® orcid.org/0000-0002-3428-
3542

Tobias A.F. Konig — Leibniz-Institut fir Polymerforschung
Dresden e. V., Dresden 01069, Germany; Faculty of
Chemistry and Food Chemistry, Dresden Center for
Intelligent Materials (DCIM), and Center for Advancing
Electronics Dresden (cfaed), Technische Universitit Dresden,
Dresden 01069, Germany; © orcid.org/0000-0002-8852-
8752

Andreas Fery — Leibniz-Institut fiir Polymerforschung Dresden
e. V., Dresden 01069, Germany; Center for Advancing
Electronics Dresden (cfaed) and Physical Chemistry of
Polymeric Materials, Technische Universitit Dresden,
Dresden 01069, Germany; © orcid.org/0000-0001-6692-
3762

Zhiwei Li — Department of Chemistry and International
Institute for Nanotechnology, Northwestern University,
Evanston, Illinois 60208, United States; Department of
Chemistry and Biochemistry, University of Maryland, College
Park, Mayland 20742, United States

Koray Aydin — International Institute for Nanotechnology and
Department of Electrical and Computer Engineering,
Northwestern University, Evanston, Illinois 60208, United
States; ® orcid.org/0000-0002-3268-2216

Chad A. Mirkin — Department of Chemistry, International
Institute for Nanotechnology, and Department of Electrical
and Computer Engineering, Northwestern University,
Evanston, Illinois 60208, United States

Junhwa Seong — Department of Mechanical Engineering,
Pohang University of Science and Technology (POSTECH),
Pohang 37673, Republic of Korea

Nara Jeon — Department of Mechanical Engineering, Pohang
University of Science and Technology (POSTECH), Pohang
37673, Republic of Korea

Zhiyun Xu — Materials Science and Engineering,
Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, United States; © orcid.org/0009-
0003-9883-3616

orcid.org/0000-

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


https://orcid.org/0000-0001-5239-3043
https://orcid.org/0000-0001-5239-3043
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tim+Liedl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0040-0173
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuna+Kwak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jwa-Min+Nam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7891-8482
https://orcid.org/0000-0002-7891-8482
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sang-Min+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4306-0375
https://orcid.org/0000-0002-4306-0375
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Teri+W.+Odom"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8490-292X
https://orcid.org/0000-0002-8490-292X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hye-Eun+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryeong+Myeong+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ki+Tae+Nam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6353-8877
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyunah+Kwon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyeon-Ho+Jeong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7029-9592
https://orcid.org/0000-0002-7029-9592
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peer+Fischer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiwon+Yoon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shin-Hyun+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4095-5779
https://orcid.org/0000-0003-4095-5779
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sangmin+Shim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dasol+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luis+A.+Pe%CC%81rez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2802-4891
https://orcid.org/0000-0003-2802-4891
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoyu+Qi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0008-8677-7879
https://orcid.org/0009-0008-8677-7879
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Agustin+Mihi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3821-7881
https://orcid.org/0000-0003-3821-7881
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hohyun+Keum"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7236-7683
https://orcid.org/0000-0002-7236-7683
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Moonsub+Shim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7781-1029
https://orcid.org/0000-0001-7781-1029
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seok+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3206-8061
https://orcid.org/0000-0003-3206-8061
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hanhwi+Jang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yeon+Sik+Jung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7709-8347
https://orcid.org/0000-0002-7709-8347
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+Rossner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3428-3542
https://orcid.org/0000-0002-3428-3542
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tobias+A.F.+Ko%CC%88nig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8852-8752
https://orcid.org/0000-0002-8852-8752
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Fery"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6692-3762
https://orcid.org/0000-0001-6692-3762
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiwei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Koray+Aydin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3268-2216
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chad+A.+Mirkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junhwa+Seong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nara+Jeon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiyun+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0003-9883-3616
https://orcid.org/0009-0003-9883-3616
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tian+Gu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c10964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

EVE

Tian Gu — Materials Science and Engineering, Massachusetts
Institute of Technology, Cambridge, Massachusetts 02139,
United States; ® orcid.org/0000-0003-3989-6927

Juejun Hu — Materials Science and Engineering, Massachusetts
Institute of Technology, Cambridge, Massachusetts 02139,
United States; ©® orcid.org/0000-0002-7233-3918

Hyounghan Kwon — Center for Quantum Information, Korea
Institute of Science and Technology (KIST), Seoul 02792,
Republic of Korea; Division of Quantum Information, KIST
School, Korea University of Science and Technology, Seoul
02792, Republic of Korea; ©® orcid.org/0000-0002-9257-
687X

Hojoong Jung — Center for Quantum Information, Korea
Institute of Science and Technology (KIST), Seoul 02792,
Republic of Korea; ® orcid.org/0000-0001-7059-1713

Hossein Alijani — School of Mathematical and Physical
Sciences, Faculty of Science and ARC Centre of Excellence for
Transformative Meta-Optical Systems (TMOS), University
of Technology Sydney, Ultimo, New South Wales 2007,
Australia

Igor Aharonovich — School of Mathematical and Physical
Sciences, Faculty of Science and ARC Centre of Excellence for
Transformative Meta-Optical Systems (TMOS), University
of Technology Sydney, Ultimo, New South Wales 2007,
Australia; © orcid.org/0000-0003-4304-3935

Joohoon Kim — Department of Mechanical Engineering,
Pohang University of Science and Technology (POSTECH),
Pohang 37673, Republic of Korea; ® orcid.org/0000-0002-
0827-1919

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.4c10964

Author Contributions

JR. conceived the idea of a mega-review in metasurface
fabrications. Y.Y. integrated parts for each section and
conducted revision and editing. D.L. and LK. provided support
for the overall manuscript revision, including section
structuring and formatting. Section 2: Z.D. and JKW.Y.
wrote the high-resolution electron beam lithography section.
Section 3: M.H.M. and D.S.K wrote the nanogap lithography
section. Section 4: D.K.O., J.L. and J.R. wrote the domino
lithography section. Section 5: M.H. and H.G. wrote the high-
resolution focused ion beam section. Section 6: G.K,, D.K,, and
JR. wrote the high-resolution electron beam lithography
section. Section 7: T.T. wrote the 3D nano-fabrication section.
Section 8: Y.Z. wrote the 3D nano-lithography section. Section
9: ].B., S.AM,, and H.R. wrote the direct laser printing section.
Section 10: W.J. and M.C. wrote the aerosol printing section.
Section 11: G.B, H.C., and SJ. wrote the proximity-field
nanopatterning section. Section 12: J.K,, E.L., and J.R. wrote
the large-scale electron beam lithography section. Section 13:
H.K, Y.P., and J.R. wrote the particle embedded resin section.
Section 14: D.D.N. and LK. wrote the roll-to-roll printing
section. Section 15: P.C.-A. and D.C.wrote the physical vapor
deposition assisted plasmonic self-assembly section. Section
16: LV.M. and T.L. wrote the self-assembly section. Section
17: XJ. and N.L. wrote the self-assembly section. Section 18:
Y.K. and J.-M. Nam write the nanolithography for plasmonic
structure arrays and assemblies section. Section 19: S.-M. P.
and T.W.O. wrote the nanolithography for plasmonics section.
Section 20: H.-E.L., RMXK, and KT.N. wrote the 3D
morphology shaping in nanoparticles section. Section 21:

H.K, H.-H. J., and P.F. wrote the glancing angle deposition
section. Section 22: J.Y. and S.-H.K. wrote the colloidal
lithography section. Section 23: S.S. and D.L. wrote the
colloidal lithography for absorber and emitter section. Section
24: LAP, X.Q.,, and A.M. wrote the colloidal self-assembly
section. Section 25: H.K.,, M.S., and S.K. wrote the modulus
transfer for quantum dot mechanical patterning section.
Section 26: HJ, and Y.SJ. wrote the nanotransfer printing
of photonic materials section. Section 27: CR., T.A.F.K, and
AF. wrote the polymer inorganic self-assembly section. Section
28: Z.L., KA, and C.AM. wrote the colloidal crystal
engineering with DNA section. Section 29: J.S.,, N.J,, and J.R.
wrote the optical materials section. Section 30: Z.X., T.G., and
J.H. wrote the phase change materials section. Section 31: HK.
and HJ. wrote the lithium niobite integrated photonics
section. Section 32: H.A. and LA. wrote the 2D materials
section. Introduction and Conclusion: J.R,, Y.Y,, YJ,, and J.K.
wrote the introduction, abstract, and conclusion.

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS

This work was financially supported by the POSCO-
POSTECH-RIST Convergence Research Center program
funded by POSCO, the POSTECH-Samsung Semiconductor
Research Center (10201215-08187-01) funded by Samsung
Electronics, the National Research Foundation (NRF) grants
(RS-2024-00356928, RS-2024-00462912, RS-2024-00416272,
RS-2024-00337012, RS-2024-00408286, RS-2024-00440004,
RS-2024-00436476, RS-2022-NR066727, RS-2022-
NR067559, RS-2022-NR068141, RS-2022-NR068140, RS-
2019-NR040065) funded by the Ministry of Science and
ICT (MSIT) of the Korean government, and the Korea
Planning & Evaluation Institute of Industrial Technology
(KEIT) grant (No. 1415179744/20019169, Alchemist proj-
ect) funded by the Ministry of Trade, Industry and Energy
(MOTIE) of the Korean government. Section 2: Z.D. would
like to acknowledge the funding support from the Agency for
Science, Technology and Research (A*STAR) under its AME
IRG (Project No. A20ES5c0093), Career Development Award
grant (Project No. C210112019), MTC IRG (Project No.
M21K2c0116 and M22K2c0088), the Quantum Engineering
Programme 2.0 (Award No. NRF2021-QEP2-03-P09) and
DELTA-Q 2.0 (Project No. C230917005). Section 4: D.K.O.
acknowledges the NRF Ph.D. fellowship (RS-2024-00414891)
funded by the Ministry of Education (MOE) of the Korean
government, and the Korea-Switzerland young researchers’
exchange program (RS-2024-00445362) funded by the
Ministry of Science and ICT (MSIT) of the Korean
government. Section S: This work was supported the
Ministerium fiir Wissenschaft, Forschung und Kunst Baden-
Wiirttemberg (RiSC Project “Mie Voids”), Vector Stiftung
MINT-Innovationen, and GRK2642 “Towards Graduate
Experts in Photonic Quantum Technologies”). Section 6:
G.K. acknowledges the Soseon Science fellowship funded by
Community Chest of Korea, and the NRF PhD fellowship
(RS-2023-0027556S) funded by the MOE of the Korean
government. Section 9: The authors acknowledge financial
support from the Australian Research Council DECRA
Fellowship DE220101085 (H.R.) and Australian Research
Council Discovery Project DP220102152 (H.R, S.A.M.).
S.AM. additionally acknowledges the Lee-Lucas Chair in

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


https://orcid.org/0000-0003-3989-6927
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juejun+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7233-3918
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyounghan+Kwon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9257-687X
https://orcid.org/0000-0002-9257-687X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hojoong+Jung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7059-1713
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hossein+Alijani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Igor+Aharonovich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4304-3935
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joohoon+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0827-1919
https://orcid.org/0000-0002-0827-1919
https://pubs.acs.org/doi/10.1021/acsnano.4c10964?ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c10964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

EVE

Physics. Section 10: M.C. acknowledges the financial supports
from the Nano & Material Technology program (RS-2023-
00282896) and Mid-Career Research program (RS-2023-
00279529) through the NRF funded by the MSIT of the
Korean government. W.J. acknowledges the NRF Sejong
Science fellowship (NRF-2022R1C1C2007317) funded by the
MSIT of the Korean government, and the NRF Basic Science
Research program (NRF-2018R1A6A1A03026005) funded by
the MOE of the Korean government. Section 12: E.L.
acknowledges the SBS Foundation fellowship, the Presidential
Science fellowship funded by the MSIT of the Korean
government, and the NRF M.S. fellowship (RS-2024-
00464712) funded by the MOE of the Korean government.
Section 13: H.K. acknowledges the NRF Ph.D. fellowship (RS-
2024-0040775S) funded by the MOE of the Korean
government. Y.P. acknowledges the Presidential Science
fellowships (RS-2024-00460406) funded by the MSIT of the
Korean government. Section 15: This work at the University of
Central Florida was supported by NSF grant no.
ECCS#1920840. Section 17: N.L. acknowledges support
from the Max Planck Society (Max Planck Fellow). Section
18: This research was supported by Nano-Material Technology
Development Program through the NRF funded by Ministry of
Science and ICT (RS-2024-00450828) and the Bio & Medical
Technology Development Program of the National Research
Foundation (NRF) funded by the Korean government
(MSIT) (RS-2024-00440577). Section 18: This research was
supported by the NRF grant, funded by Korean government
MSIT (NRF-2021R1A2C3010083) and the Bio & Medical
Technology Development Program of the NRF funded by the
Korean government MSIT (RS-2024-00440577). Section 19:
This work was supported by the Office of Naval Research
(ONR NO00014-21-1-2289). S.-M.P. gratefully acknowledge
support from the Ryan Fellowship and the International
Institute for Nanotechnology at Northwestern University.
Section 20: This research was supported by the Nano &
Material Technology Development Program through the
National Research Foundation of Korea (NRF) funded by
Ministry of Science and ICT (RS-2024-00409405). Section 21:
The authors gratefully acknowledge funding from the frame-
work of international cooperation program managed by the
National Research Foundation of Korea (NRE-
2023K2A9A2A22091303). Section 23: This work was
supported by the National Research Foundation of Korea
(NRF) grant funded by the Korea government (MSIT) (RS-
2025-00556856). Section 27: The authors acknowledge
support by GRK 2767 - Projektnummer 451785257 (DFG,
German Research Foundation). C.R. acknowledges receipt of a
Liebig fellowship (Fonds der Chemischen Industrie). The
Volkswagen Foundation financially supported this project
through a Freigeist Fellowship to T.K. Section 28: C.A.M. and
KA. acknowledge support from the Air Force Office of
Scientific Research under award number FA9550-22-1-0300.
Z.L. acknowledges the support from the International Institute
for Nanotechnology (IIN) at Northwestern University for the
Richard P. Van Duyne Postdoctoral Fellowship. Section 29:
NJ. acknowledges the Hyundai Motor Chung Mong-Koo
fellowship. Section 32: The authors acknowledge financial
support from the Australian Research Council (CE200100010,
FT220100053) and the Office of Naval Research Global
(N62909-22-1-2028). Conclusion: J.K. acknowledges the Asan
Foundation Biomedical Science fellowship, and the Presiden-
tial Science fellowship funded by the MSIT of the Korean

government. We acknowledge Doohyuk Han for reviewing and
providing comments on the summarized table.

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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