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Abstract Metasurfaces are composed of periodic sub-
wavelength nanostructures and exhibit optical properties
that are not found in nature. They have been widely
investigated for optical applications such as holograms,
wavefront shaping, and structural color printing, however,
electron-beam lithography is not suitable to produce large-
area metasurfaces because of the high fabrication cost and
low productivity. Although alternative optical technolo-
gies, such as holographic lithography and plasmonic
lithography, can overcome these drawbacks, such methods
are still constrained by the optical diffraction limit. To
break through this fundamental problem, mechanical
nanopatterning processes have been actively studied in
many fields, with nanoimprint lithography (NIL) coming
to the forefront. Since NIL replicates the nanopattern of the
mold regardless of the diffraction limit, NIL can achieve
sufficiently high productivity and patterning resolution,
giving rise to an explosive development in the fabrication
of metasurfaces. In this review, we focus on various NIL
technologies for the manufacturing of metasurfaces. First,
we briefly describe conventional NIL and then present
various NIL methods for the scalable fabrication of
metasurfaces. We also discuss recent applications of NIL
in the realization of metasurfaces. Finally, we conclude
with an outlook on each method and suggest perspectives
for future research on the high-throughput fabrication of
active metasurfaces.
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1 Introduction

Metasurfaces composed of two-dimensional arrays of
nanostructures, called artificial atoms, exhibit optical
properties that do not exist in nature. Generally, they
consist of subwavelength meta-atoms (< A/5) to avoid
diffraction [1-3]. Their extraordinary optical properties
can be applied to wavefront modulation, such as beam
steering devices [4-6], invisibility cloaks [7,8], and
hyperlenses, which can overcome the diffraction limit
[9-14]. Moreover, multifunctional metasurfaces have been
demonstrated for transmission or reflection type color
filters [15-24], and metaholograms [25-33]. Metasurfaces
have also been exploited as perfect absorbers [34—42], and
other optical modulation applications [43—55] due to their
versatile functions. As that nanostructures that make up
metasurfaces should have precise dimensions in order to
realize high optical performance, more elaborate nanofab-
rication methods to fabricate them are required.

To fabricate metasurfaces with a resolution of sub-10
nm, electron-beam lithography (EBL) is generally used by
directly illuminating a high-voltage electron-beam onto an
electron-sensitive resist to create the desired shape [56,57].
Maskless fabrication of EBL allows a high degree of
freedom and the short wavelength of electrons enables the
realization of high-resolution structures [56,58]. However,
EBL requires expensive high-vacuum systems incorpo-
rated with a series of magnetic lenses to accurately control
the electrons. Therefore, it has low-throughput which
limits the mass production of nanostructures. To realize the
mass production of metasurfaces, numerous optical
nanofabrication methods such as holographic lithography
(or interference lithography) [59-65] and plasmonic
lithography [66—72] have been investigated. However,
these processes have the same inherent shortcomings of
optical nanopatterning, such as the diffraction limit, which
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drives the pursuit of other advanced nanofabrication
techniques [73—75].

In this review, we focus on mechanical nanopatterning
methods, nanoimprint lithography (NIL), and review the
various NIL techniques which can lead to the high-
throughput fabrication of metasurfaces. First, we describe
what conventional NIL is, then discuss its applications for
metasurfaces using various materials such as metals,
dielectrics, and emerging materials. Afterward, progressive
NIL manufacturing of large-area and high-resolution
nanopatterns will be discussed, followed by practical
applications of high-throughput production of metasur-
faces. Finally, we will conclude by organizing the NIL
methods and suggesting perspectives for future research on
the high-throughput fabrication of active metasurfaces.

2 Fabrication of metasurfaces by using
conventional NIL

Unlike optical nanopatterning processes, NIL uses simple
mechanical steps for fabricating nanostructures, leading to
various NIL processes. In general, a hard nanopatterned
mold is pressed into a resin made up of polymeric material
at constant energy to transfer nanopatterns to the resin.
There are two conventional NIL methods, thermal and
ultraviolet (UV) NIL. Figure 1(a) shows schematics of
these processes. Thermal NIL hardens a thermoplastic
polymer resin by applying heat, which has been used to
improve the resolution of NIL to 25 nm as shown in
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Fig. 1(b) [76—78]. UV NIL uses ultraviolet light to solidify
the resin and generally has higher productivity due to the
simple system and fast response time as it does not require
a heat source [79]. Figure 1(c) shows the results of using
UV NIL to produce 5 nm nanopatterns and Au
nanopatterns with 5 nm gaps through the lift-off process
[80]. Besides, flexible molds composed of polymeric
materials such as polydimethylsiloxane (PDMS) can be
utilized in the NIL process, the so-called soft NIL method
[81], which has enabled to fabricate uniform nanopatterns
on arbitrary surfaces.

NIL has been with various metals to fabricate meta-
surfaces for numerous applications in the last decade [82—
85]. In particular, gold (Au) has been widely used as
materials for the fabrication of metasurfaces using NIL due
to its affordability and superior plasmonic properties. An
Au-coated nanowell array was manufactured through
thermal NIL, UV NIL, and electron-beam evaporation to
produce structural color pixels [86]. Figure 2(a) shows
photographs under ambient light, a microscope image,
and SEM images of the flexible plasmonic color patterns.
The colors of the six-petal flower of the fabricated
metasurface could be reversibly switched with good
optical contrast by turning an electrode on or off. In
another application of thermal NIL, a polarization-
sensitive tunable absorber metasurface with precise Au
nanostructures was fabricated [87]. The exact plasmonic
nanostructures achieved absorption over 90% over a broad
wavelength band in TE mode, with a drastically reduced
absorption in TM mode.
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Fig. 1 Conventional nanoimprint lithography (NIL) and its replicating performance. (a) Schematics of (i) thermal NIL and
(i1) ultraviolet (UV) NIL. (b) Scanning electron microscope (SEM) images of (i) 70 nm wide and 200 nm tall strips and (ii) 25 nm diameter
and 120 nm periodicity metal dots manufactured by thermal NIL. Reprinted with permission from Ref. [76], Copyright 1996, American Institute
of Physics. (¢) SEM images of (i) a silicon oxide mold, (ii) imprinted resin after UV NIL, and (iii) Au contacts after evaporation of metal and lift-
off of the resist, showing 5 nm resolution UV NIL for single-molecule contacts. Reprinted with permission from Ref. [80], Copyright 2004,

American Institute of Physics
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Fig. 2 NIL of various materials for fabrication of metasurfaces. (a) (i) Photograph of a flexible plasmonic color device with gold (Au) and
(ii) microscope and SEM images of the device. Reprinted with permission from Ref. [86], Copyright 2018, John Wiley & Sons. (b) (i) Photograph
of the fabricated 20 mm diameter metalens with poly-silicon (poly-Si), (ii) SEM image of the device, and (iii) single-color augmented reality
(AR) images with real objects for red, green, and blue light. Reprinted with permission from Ref. [91], Copyright 2018, Nature Publishing
Group. (c) (i) Schematic of a general photonic crystal sensor, SEM images of (ii) a porous silicon dioxide (PSiO,) film and (iii) the grating
nanostructures that generate the photonic crystal resonant mode, and (iv) photograph of the photonic crystal fabricated on a quartz slide.
Reprinted with permission from Ref. [92], Copyright 2017, John Wiley & Sons. (d) (i) Schematic, SEM images of (ii) cross and (iii) top view of
a photonic device with quantum dots (QDs). Reprinted with permission from Ref. [101], Copyright 2017, Nature Publishing Group

Beyond metal-based metasurfaces, the fabrication of
dielectric metasurfaces has been studied extensively
through NIL [88-90]. For example, a large-area metalens
with a high numerical aperture (NA) was fabricated using
poly-silicon (poly-Si) [91]. A polymer stamp was
fabricated using UV NIL and evaporated with Au,
chromium (Cr), and silicon dioxide (SiO,). The evaporated

layers were transferred to the poly-Si substrate and etched
to create the final metalens. Figure 2(b) shows a
photograph, SEM image of metalens, and single-color
augmented reality (AR) images with real objects. In
addition, porous silicon dioxide (PSiO,) structures were
nanopatterned using NIL and subsequently titanium
dioxide (TiO,) was deposited to modulate the resonant
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mode of a photonic crystal sensor with an ultralow
refractive index (n = 1.09) [92]. Figure 2(c) shows an
illustrative schematic of the general photonic crystal
sensor, SEM images of the PSiO, and TiO, respectively,
and a photograph of the photonic crystal fabricated on a
quartz slide. By immersing the device in aqueous dimethyl
sulfoxide (DMSO) solutions with a concentration from 1%
to 20% by volume, a sensitivity of about 502 nm/refractive
index unit (RIU) was confirmed.

Emerging exotic materials have been studied using NIL
for the fabrication of innovative metasurfaces. Perovskites
are an emerging material for metasurfaces due to their
many advantages such as high carrier mobility, superior
carrier recombination, low number of defects and
impurities, and long carrier diffusion lengths [93-96]. To
enhance resonant properties, for example, a functional
metasurface with halide perovskites was imprinted [97].
The large-scale perovskite metasurface exhibited signifi-
cantly enhanced photoluminescence (PL) properties of up
to 8 times in the visible and near-IR regimes under one-
photon photoexcitation and up to 70 times under three-
photon photoexcitation. A metasurface made up of a
hybrid organohalide perovskite was also fabricated using
thermal NIL [98]. Due to the enhanced morphology of the
hybrid organohalide perovskite with optical absorption
properties, larger grain sizes, and higher crystallinity,
amplified emission was observed with an 8-fold enhance-
ment. The fabrication of nanostructures containing quan-
tum dots (QDs) through NIL is another promising
application to easily improve the performance of photonic
devices [99]. To increase the optical absorption of colloidal
quantum dots (CQDs), a CQD film was spin-coated on a
nanopatterned PDMS substrate using NIL, showing an
enhanced power conversion efficiency (PCE) of 10.1%
[100]. Furthermore, a high refractive index (n = 1.95)
material integrated with QDs was fabricated using NIL to
produce a photonic device with high fidelity and resolu-
tion, as shown in Fig. 2(d) [101]. NIL of TiO, sol-gels with
QDs or coating of a QD/polymer composite film after NIL
of the TiO, sol-gels improved density of optical states
(DOSs) and PL.

Although NIL has been applied to produce metasurfaces
using various promising materials, there are still some
challenges to overcome for the high-throughput fabrication
of metasurfaces, such as low mechanical properties of
materials, difficulties of large-area mold fabrication, and
strict defect control [89,102]. Facile NIL technologies have
been studied actively to achieve this and are described in
the next section.

3 Scalable NIL and its fabrication of
metasurfaces

Since NIL transfers nanostructures based on a mechanical
embossing process, it has been easily developed to
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fabricate large-area nanostructures. In this section, various
technologies for scalable NIL processes and their applica-
tions in metasurface fabrication will be discussed. First,
roll-to-roll (R2R) NIL processes are discussed, followed
by detailed research for continuous R2R NIL processes.
Next, alternative NIL technologies beyond R2R NIL will
be described. At the end of this section, practical
applications of described scalable NIL methods for the
large-scale fabrication of metasurfaces will be presented in
detail.

3.1 NIL for continuous fabrication of nanostructures

Although conventional NIL can produce large-area
nanopatterns, there have been some drawbacks such as
nonuniform pressure distribution, and the limitation of a
continuous process, due to the plate-to-plate (P2P) transfer
mechanism. To solve the problem associated with achiev-
ing a conformal contact over a large surface, other sources
like electric field has been applied to NIL, but this caused
another complex system [103]. As an alternative metho-
dology, R2R NIL was developed, as shown in Fig. 3(a)
[104]. A flexible ethylene-tetrafluoroethylene (ETFE)
mold was attached to a roller composed of stainless steel
and a soft cushion layer for conformal contact during NIL.
After a liquid resin was coated on the flexible polyethylene
terephthalate (PET) substrate, the resin was continuously
imprinted by the spherical ETFE mold and cured by UV
light. By using continuous steps in the entire NIL process,
high-speed imprinting with 1.3-23.5 mm/s web speed was
realized.

Because of the localized uniform contact of R2R NIL,
transferring hierarchical nanopatterns is easier than con-
ventional NIL, as demonstrated in Fig. 3(b) [105]. First, a
polyurethane acrylate (PUA) resin on a flexible polyimide
(PI) substrate was imprinted using the Si mold with
hierarchical structures to fabricate a gecko-foot-inspired
shape. The fabricated flexible PUA mold was wrapped to a
belt-type roller and then the PDMS was coated continu-
ously on the target substrate. The coated PDMS and the
flexible PUA mold were faced each other by a thermal roll-
imprinting lithography (TRL) system at a temperature of
about 130°C for 3 min. Through this process, the gecko-
foot-inspired hierarchical nanostructures were fabricated
continuously at a high speed of about 2.5 mm/s. Likewise,
double-sided R2R NIL which can be used to fabricate
micro-nano structures on both sides of a target substrate
was also introduced and is shown in Fig. 3(c) [106]. First, a
PDMS mold with micropillar structures was fabricated and
the mold was imprinted again with a nanopatterned web to
achieve hierarchical structures. Next, an array of the
flexible mold was integrated into a UV R2R NIL system,
contacting the hierarchical mold and the nanopatterned
web to each other. Then a UV curable resin was dispersed
at the edge of the mold to fill the channel by capillary
action and cured with UV light, making the double-sided
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Fig. 3 Continuous NIL methods. (a) (i) Photograph and SEM image of a 700 nm period, 300 nm linewidth grating pattern with
polydimethylsiloxane (PDMS) on a polyethylene terephthalate (PET) substrate by using thermal roll-to-roll (R2R) NIL, (ii) and (iii) photograph
and SEM image of a 700 nm period, 300 nm linewidth epoxy silicone grating pattern imprinted on a PET strip by using UV R2R NIL. Reprinted
with permission from Ref. [104], Copyright 2008, John Wiley & Sons. (b) (i) Schematic of thermal roll-imprinting lithography (TRL) system for
scalable fabrication of PDMS with hierarchical nanostructures, (ii) schematic of dispensing and demolding PDMS, and (iii) SEM image of the
dry adhesive composed of PDMS. The scale bar is 30 um. Reprinted with permission from Ref. [105], Copyright 2018, The Royal Society of
Chemistry. (c) Schematic of (i) the custom-designed R2R NIL system and (ii) the fabrication of double-sided microporous membranes and
(iii) photograph and (iv) SEM image of an imprinted resin after detaching from the mold. Reprinted with permission from Ref. [106], Copyright

2018, American Chemical Society

hierarchical architectures on the membrane substrate
continuously.

Besides, continuous post-processing was integrated with
R2R NIL to produce complex nanostructures. Continuous
silver (Ag) wiring was applied to nanopatterns fabricated
by R2R NIL, shown in Fig. 4(a) [107]. The integrated R2R
system contains not only the resin imprinting module but
also the Ag imprinting module. In this system, the UV resin
was imprinted using a flexible nickel (Ni) mold and the Ag
paste was subsequently coated, imprinted, and thermally
cured on the patterned resin. The sequential process was
used to make conformal and large-area Ag electrodes on a
flexible PET substrate. The researchers also studied an
upgraded R2R system which is combined with double-
sided UV R2R NIL [108]. To increase the transmittance of

the Ag electrodes on one side, moth-eye nanostructures
were fabricated on the other side using double-sided R2R
NIL. In addition, a continuous atmospheric-pressure
plasma jet (APPJ) process with R2R NIL was also
researched [109]. The APPJ provided an alternative
approach for the continuous removal of the residual layer
after NIL, owing to its advantages such as the process
condition in room temperature and atmospheric pressure
environment [110]. By removing nanostructures fabricated
with UV R2R NIL sequentially and differentially through
the continuous APPJ process, a 10.1-inch scale capacitive-
type film touch sensor was manufactured consecutively.
However, as attractive as R2R NIL processes are, there
are also many challenges, such as experimental errors,
poor resin properties, and the absence of fabrication of
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Fig. 4 R2R NIL optimization and analysis for productive fabrication. (a) (i) Schematic of the manufacturing process for flexible electrodes by
UV R2R NIL, (ii) the UV R2R NIL system, and (iii) the forming unit. Reprinted with permission from Ref. [107], Copyright 2017, Institute of
Electrical and Electronics Engineers. (b) (i) Experimental equipment used for the R2R process and (ii) phenomenon of UV resin accumulation.
Reprinted with permission from Ref. [111], Copyright 2017, American Vacuum Society. (c) (i) Photograph of a compact desktop coating system
of conformal doctor blading of a resin and R2R feeding module, (ii) microscope images of the doctor-bladed silsesquioxane (SSQ) films on the
flexible PET substrate, and (iii) SEM images of nanodot array fabricated on the SSQ film by R2R NIL. The inset to (iii) is the PDMS mold used
in R2R NIL. Reprinted with permission from Ref. [116], Copyright 2017, Korea Nano Technology Research Society

large-area flexible molds, so research to solve these
problems has been actively conducted. To compensate
for experimental errors, the origins of the UV resin
accumulation on the filling process in UV R2R NIL was
theoretically simulated, as shown in Fig. 4(b) [111]. A
numerical study was conducted using the sliding mesh and
open-channel flow methods. With increasing the accumu-
lation, the air gap continuously reduced and disappeared

under suitable speeds. Another numerical study for the
optimization of UV R2R NIL was also conducted [112].
The numerical model based on a single zone with open-
channel boundary conditions was proposed and filling the
UV resin consequently into the cavity of the mold was
analyzed successfully.

Various resins and their properties have also been
studied to increase the efficiency of R2R NIL processes
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[113,114]. Among them, the conformal coating of
silsesquioxane (SSQ) is one example [115]. By using
airbrush technology, a thin-film coating was achieved
easily, enabling a small residual layer thickness (RLT). The
RLT is a crucial parameter for efficient NIL processes
because it defines how much resin is wasted, so through
modulation of the resin concentration and airbrushing
pressure, the film thickness and resulting RLT were readily
controllable. As a follow-up study, the airbrushing method
was practically applied to continuous R2R NIL with
controlled RLT, which are depicted in Fig. 4(c) [116]. By
using the PDMS dot array mold and dispensing module
with a doctor blade, flexible microscale metastructures of
dot arrays with various diameters were fabricated con-
tinuously.

Fabricating large-area and flexible molds for R2R NIL
has been actively researched [117-121]. A flexible NIL
mold with a hard PDMS (h-PDMS)/PDMS hybrid
structure was fabricated for the UV R2R NIL system, as
shown in Fig. 5(a) [122]. The hybrid stamp played roles as
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both a release agent transfer module and a lithographic
template. The fabrication process of the mold follows that
detailed by Odom et al. [123], but with modifications to the
prepolymer formulation because the h-PDMS prepared
according to the literature formulation is brittle. The
generated h-PDMS obtained a bulk modulus of ~6 MPa, an
approximately threefold increase on general PDMS, and
significantly improved resistance to cracking at large area.
Another method to fabricate flexible molds was introduced
by using anodized aluminum oxide (AAO), as displayed in
Fig. 5(b) [124]. The AAO/PDMS bi-layer mold was not
damaged even after 180° bending due to the flexible
PDMS. As a result, the mold was successfully employed to
fabricate polymeric nanostructures through R2R NIL. Ni
electroplating was also widely used to fabricate flexible
and large-area molds because of its uniform and high-
resolution replicating property even on the nanopatterned
surface at macroscale [125-127]. A mechanical approach
to manufacture the large-area and flexible mold was also
studied using visually tolerable tilling (VTT), as shown in
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Fig. 5 Methods to fabricate large-area R2R NIL molds. (a) (i) Schematic of UV R2R NIL system, (ii) photographs of hard PDMS (h-PDMS)/
PDMS composite stamps, and (iii) the corresponding nanopatterns fabricated via UV R2R NIL. Reprinted with permission from Ref. [122],
Copyright 2016, The Royal Society of Chemistry. (b) (i) Schematic of R2R NIL to produce nanostructures on a polystyrene (PS) substrate and
(i) photograph of the roller attached by four hybrid molds with anodized aluminum oxide (AAO)/PDMS. Reprinted with permission from Ref.
[124], Copyright 2018, John Wiley & Sons. (c) (i) Schematic of the R2R NIL process by tiling flexible molds, (ii) photograph of the R2R NIL
using the large-area flexible mold, and (iii) SEM image of the fabricated nanostructures. Reprinted with permission from Ref. [128], Copyright
2015, The Royal Society of Chemistry
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Fig. 5(c) [128]. This method enabled the large-area
fabrication of seamless nanopattern molds by overlapping
small stamps with nanopatterns composed of the dewetting
and self-replicable resin under suitable pressure.

As an alternative, line-to-line (L2L) processes have been
introduced to achieve limitless productivity [129,130].
L2L UV NIL was studied for the limitless fabrication of
nanopatterns, called nanochannel-guided lithography
(NCL), as depicted in Fig. 6(a) [131]. An SSQ resin on a
polymer substrate was inscribed using the edge of a grating
mold and then cured through UV light simultaneously,
generating high-aspect-ratio nanopatterns continuously.
The deformed plastic substrate by NCL delayed the
collapse of the liquid nanopatterns, allowing time for the
resin to be solid nanostructures. Because of the distinct
lines of the resin, NCL was considered a residual layer-free
process.

Contrary to NCL using a UV resin, L2L NIL process
directly on polymer substrates, called dynamic nanoin-
scribing (DNI), was actively researched [132,133]. Using
the unique property of the glass transition temperature (7}),
in which polymer substrates are made softer and are
more easily deformed, nanopatterns were locally inscribed
on the polymer substrate at 7, and as they are cooled
rapidly, the nanostructures are solidified. In addition,
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through modulation of the process temperature, force, and
speed of DNI, tailored nanopatterning was enabled
continuously, as shown in Fig. 6(b) [134]. Additionally,
vibrational indentation patterning (VIP) goes as far as to
eliminate the heating source of DNI, fabricating nano-
patterns using the only vibration of the mold, as seen in
Fig. 6(c) [135]. In the VIP process, a rotational oscillation
of the mold with eccentric mass caused to engrave periodic
nanopatterns on the polymer substrate. By adjusting the
angular speed, the harmonic function has different proper-
ties, making different depths, pitches, and shapes of
nanopatterns. Although L2L NIL processes are still limited
to produce nanopatterns with monotonous shapes such as
gratings because of its simple mechanism, the mechanics
enable L2L processes to be integrated with other
conventional processes for the fabrication of multi-
dimensional nanopatterns [136].

3.2 NIL for scalable fabrication of metasurfaces

Large-area and continuous fabrication of metasurfaces has
been researched actively due to the development of
scalable NIL [137]. Plasmonic metasurfaces with nano-
bumps were made largely using NIL, as demonstrated in
Fig. 7(a) [138]. First, periodic nanopattern arrays on a
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tool
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mass

VIP grating

A : 5 ubstrate
linear substrate feeding sl
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Fig. 6 Alternative NIL methods using local contact for high productivity. (a) (i) Schematic of the nanochannel-guided lithography (NCL) and
SEM images of nanogratings with 200 nm period formed on the perfluoroalkoxy (PFA) substrates (ii) with and (iii) without a liquid SSQ resin.
Reprinted with permission from Ref. [131], Copyright 2011, John Wiley & Sons. (b) (i) Schematic of dynamic nanoinscribing (DNI),
photographs and SEM images of (ii) the rigid nanograting mold and (iii) the flexible substrate after DNI, and (iv) SEM images of nanopatterns
fabricated by DNI. Inset to (iv) is an enlarged perspective view. Reprinted with permission from Ref. [134], Copyright 2019, American
Chemical Society. (¢) (i) Schematic of vibrational indentation patterning (VIP) with the process parameters and SEM images of grating patterns
with 3 pm periods produced by VIP on (ii) 50 nm Au-coated PET and (iii) polyimide (PI). SEM images of (iv) two-dimensional (2D)
nanopatterns of 2 pm period fabricated on polycarbonate (PC) and (v) nanostructures with various periods on PC fabricated by modulating the
vibration frequency of VIP. Reprinted with permission from Ref. [135], Copyright 2013, John Wiley & Sons
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Fig. 7 Large-area fabrication of metasurfaces using conventional
NIL. (a) (i) Photograph and (ii)) SEM image of the large-area
metasurface. Reprinted with permission from Ref. [138], Copy-
right 2020, Elsevier. (b) (i) Schematic of continuous line formation
process and (ii) SEM image of the metasurface. Scale bars, 10 um
(large image) and 1 pm (inset). Reprinted with permission from
Ref. [139], Copyright 2019, Nature Publishing Group

polycarbonate (PC) substrate were imprinted by thermal
NIL. After that, the nanostructures were changed by
oxygen plasma etching and then Au was deposited,
fabricating uniform large-area metasurfaces. Soft NIL
was also utilized easily for the fabrication of glass with
large-area metasurfaces, as seen in Fig. 7(b) [139]. Soft
NIL was first used to fabricate a PDMS mask onto a
polymer substrate. And then, a chalcogenide glass film was
deposited on the substrate by thermal evaporation or other
approaches, before annealing was performed at different
times and temperatures. This approach was both simple
and scalable, where a 20 cm x 11 cm PC sheet with
uniform nanostructures was imprinted, realizing state-of-
the-art all-dielectric metasurfaces.

Going one step further, R2R NIL has been researched
for the continuous fabrication of large-area metasurfaces in
thermal and UV R2R NIL [140-143]. In the former, large-
area nanostructures realizing structural coloring with
surface plasmon resonance (SPR) were fabricated by
thermal R2R NIL, as described in Fig. 8(a) [144]. The
flexible patterned Ni mold was wrapped with a diameter of
66 mm roll. And then the roll heated by 7, of the target
materials was pressed with a force of 600 N against a cold
backing roll, resulting in a local force between the rolls of =
1000 N. After deposition of aluminum (Al) layer,
metasurfaces with structural colors by localized surface
plasmon resonances (LSPRs) were produced continuously.
Structural coloring metasurfaces were also fabricated by a
high-speed thermal R2R NIL [145]. The nanostructured

237

polypropylene (PP) with a constant depth of ~100 nm,
various diameters, and pitch was produced by R2R NIL
with a 45 cm wide web at a rate of 166.7 mm/s.
Subsequently, the nanostructures were metalized to Al by
the R2R thermal evaporation system. Consequently, owing
to a coupling of cavity and pillar plasmon resonances,
various structural colors were obtained in the visible
spectrum.

Next, in the latter, scalable fabrication of flexible
metasurface films was realized via UV R2R NIL and
applied to broadband plasmonic infrared (IR) filters, as
shown in Fig. 8(b) [146]. First, a UV curable SSQ resin
was coated on a metal-insulator-metal (MIM) stack of Al
(100 nm)/SiO, (200 nm)/Al (100 nm), and then UV R2R
NIL was employed at the speed of 16.7 mm/s to produce
nanopatterns continuously in the UV cured SSQ. Next, the
nanopatterned SSQ was used as a mask to etch the top of
Al layer of the MIM stack, fabricating a dual-band IR
filtering array. In the IR filter, the reflection from
neighboring narrow bands was overlapped and merged to
form a broad reflection band. Furthermore, uniform
plasmonic nanostructures were produced continuously by
UV R2R NIL integrated with the conformal airbrushing
process, as depicted in Fig. 8(c) [147]. After the PUA film
was coated onto the flexible PET substrate by airbrushing,
UV R2R NIL was performed on the PUA film by a flexible
PDMS mold with the 100 nm-high and 200 nm-periodic
nanopatterns. Subsequently, the 30 nm-thick Au film was
thermally evaporated at three oblique angles (5°, 35°, and
50°) on the imprinted PUA nanogratings to make different
nanostructures and induce other plasmonic phenomena,
respectively. Consequently, large-area double-bent Au
strips enabled to lengthen the oscillation path of surface
plasmon, enhancing the sensitivity of refractive index
about 210 nm/RIU. As a follow-up study, the double-bent
Au strips were also applied to a plasmonic sensor showing
size-dependent sensitivity [148].

As mentioned above, scalable NIL and its applications
for large-area fabrication of metasurfaces have been
actively studied. However, for NIL to be a genuine high-
throughput process, NIL should easily produce customized
nanopatterns for desired applications, which will be
described in the next section.

4 NIL for complex nanopatterns and its
practical fabrication of metasurfaces

To create tailored nanopatterns, NIL goes beyond being
used by itself, it can be easily combined with other
nanofabrication methods thanks to its mechanical emboss-
ing process [149—151]. In this section, actively controllable
NIL methods for fabricating complex nanostructures will
be discussed in detail. First, NIL for easy fabrication of
hierarchical nanostructures will be described. Subse-
quently, to achieve higher resolution, NIL with modulating
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molds and resins will be discussed. At the end of this
section, the practical fabrication of metasurfaces using NIL
will be explained in detail.

4.1 NIL for actively modulating the morphology of
nanopatterns

4.1.1 NIL for the fabrication of hierarchical nanostructures

Despite the perfect replication properties of NIL [152], the
direct fabrication of the NIL molds with complex
nanostructures through EBL is time-consuming and causes

oTTH _ I - N ()
[ ] | | n M

mold placement partial curing mold detachment +

hierarchical gecko-like hai

Al -TIT- T -

mold detachment complete curing mold placement

prestructured single-scale
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low productivity. To overcome these drawbacks, various
NIL techniques were researched to enable lamination of
nanostructures by modulating the properties of the NIL
resins, as shown in Fig. 9(a) [153]. The UV-curable PUA
resin was used for the fabrication of hierarchical nanohairs
by 2-step UV-assisted capillary force lithography. After the
PUA resin was partially cured using a PDMS mold with
micropatterns by UV exposure, a mold with oblique
nanopatterns was placed on the preformed micropatterns
and subsequently cured by UV exposure, making the
hierarchical structures. Another research used azobenzene
which becomes a liquid at room temperature and
directionally flows parallel to the light polarization under

light

O

multi-scale hierarchical
structure

PDO 3 film

incident UV light (365 nm)

imprinted
photopolymer

Fig. 9 NIL methodologies for fabrication of hierarchical nanostructures. (a) (i) Schematic of the fabrication of hierarchical nanohairs by 2-step UV-
assisted capillary force lithography and (ii) —(iv) tilted SEM images of large-area hierarchical nanohairs. Reprinted with permission from Ref. [153],
Copyright 2009, National Academy of Sciences. (b) (i) Schematic of the two-step light exposure process and SEM images of (ii) a micropattern,
(iii) dual-scale structures, and (iv) triple-scale structures with a sub-100 nm size. Reprinted with permission from Ref. [155], Copyright 2017,
American Chemical Society. (c¢) (i) Schematic describing flexible near-field phase-shift lithography (NFPSL) and photographs and SEM images of

substrates (ii) before and (iii) after NFPSL. Reprinted with permission from

Ref. [163], Copyright 2016, American Chemical Society
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illumination [154]. Researchers applied the vertical move-
ment of the azo driven by directional photofluidization,
referring to it as directional photofluidization imprint
lithography (DPIL), as demonstrated in Fig. 9(b) [155]. By
controlling the optical penetration depth of azobenzene, it
was allowed to selectively follow photofluidization at the
surface, which enabled nanostructures to be fabricated on
the top surface of the microstructures without deformation
of the structures or structural collapsing. As a follow-up
study, the researchers fabricated superomniphobic surfaces
with mushroom-shaped micropillars by using the afore-
mentioned properties of the azo-material [156].

NIL has also enabled to easily produce hierarchical
nanostructures due to methods based on mechanical
patterning [157—-159]. Furthermore, soft NIL using flexible
molds replicated the shape of the mold even on arbitrary
substrates [160—162]. An ultrathin and flexible poly(vinyl
alcohol) (PVA) phase mask film was used for the
generation of hierarchical structures, as seen in Fig. 9(c)
[163]. The hierarchical structures biologically inspired
by insect eyes were fabricated through flexible phase
masks enabling conformal contact even on arbitrary
surfaces due to interaction of van der Walls force. Also,
hierarchical micro-nano structures were produced even on
a fragile substrate [164]. By integrating the flexible mold
composed of PET/PDMS and the nanostructured UV-
PDMS with the electric field, it was enabled for the mold to
be contacted conformally with minimal stress on the fragile
microconvex substrate. Additionally, the pressure of the
process for manufacturing hierarchical micro-nano struc-
tures was controlled by changing the driven electric field
easily.

4.1.2 NIL for fabrication of smaller nanopatterns

Besides facile fabrication of complex nanostructures, NIL
also has been studied to fabricate smaller nanopatterns in
terms of pre-processing and post-processing of NIL. The
pre-processing has been mainly conducted by changing
size of the mold [165,166]. A PDMS mold was fabricated
by using single-walled carbon nanotubes (SWNTs) about
2 nm width as the original mold, as depicted in Fig. 10(a)
[167]. After the transparent PDMS mold was fabricated
with features of relief in the geometry of the SWNTs, a
polyurethane (PU) resin was imprinted by the mold,
enabling high resolution with a single-digit nanometer
range. Carbon nanotubes (CNTs) were also used for
etching mask to replicate the soft mold with small
nanostructures [168]. The poly(methyl methacrylate)
(PMMA) resin with CNTs was replicated by h-PDMS,
forming nanoscale trenches that are inverse to the original
lines of CNTs. Also, the chemical etching process was
integrated with NIL to minimize size of the mold, as seen
in Fig. 10(b) [169]. As 132, 189, and 240 s of etching time
was applied at a steady rate of about 1.66 A/s, the linewidth

of the SiO, nanopatterns on the NIL mold was shrunk from
50 to 33, 20, and 9.3 nm, respectively. Also, atomic layer
deposition (ALD) process was applied on the NIL mold to
generate tiny nanostructures, as displayed in Fig. 10(c)
[170]. ALD of amorphous aluminum oxide (Al,O3) was
conducted on both hard (at 225°C) and soft (at 100°C)
molds, reducing the feature size of soft and hard molds to
sub-5 nm.

Post-processing of NIL for smaller nanopatterns has
been also researched mainly by modulating feature sizes of
NIL resin [171,172]. A size modification of SSQ resin was
conducted by a thermal reduction to fabricate sub-10 nm
nanostructures, which is shown in Fig. 11(a) [173]. The
SSQ resin was spin-coated on a silicon substrate and
imprinted by UV NIL at room temperature within a few
seconds to produce a first generation (1-G) template. And
then the 1-G template was placed on a furnace or a hot
plate for 1 h to produce a mold with reduced size.
Furthermore, a linewidth of nanostructures was tuned by
etching the residual layer of the imprinted resin, as seen in
Fig. 11(b) [174]. Modulating etch rate caused sidewall
smoothening as well as reduction of linewidths, which is of
great significance for some photonic devices operating
with a high-Q resonance such as guided-mode resonance
(GMR) gratings since the optical performance of the
device can be negatively affected by the line edge
roughness [175].

In addition to aforementioned methods, various NIL
studies for complex or small nanostructures have also been
conducted by using alternative materials or by adjusting
the mechanical properties of the resin [176,177]. In this
way, NIL has tried to customize morphology of nano-
structures actively in many ways. As a result, NIL has led
diverse applications to control sizes or shapes of
metasurfaces, which will be mentioned next.

4.2 Applications of NIL for practical fabricating
metasurfaces

NIL has transferred shapes and sizes of nanostructures
optionally, enabling flexible manufacturing system for
fabrication of desired metasurfaces [178-182]. For
instance, color filters with angle-insensitive structures
realizing strong resonance in subwavelength gratings were
fabricated by controlling the width of nanopatterns using
NIL, as shown in Fig. 12(a) [183]. SiO, molds were
imprinted thermally to create yellow, magenta, and cyan
colors on a PMMA resin, respectively. After deposition of
Cr and amorphous Si (a-Si) and lift-off process, vivid color
filters with a-Si nanograting structures were finally
fabricated. A switchable all-dielectric metasurface for
full-color display was also produced by adjusting nano-
pattern parameters such as the pitch, width, TiO, height,
and SiO, height using NIL [184]. Two resonant modes of
the metasurface at proper positions realized the selectively
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Fig. 10 Fabrication of NIL molds with smaller nanopatterns. (a) Steps for polymer imprint lithography with nanometer resolution and several
repeat units of the PDMS and polyurethane (PU). Reprinted with permission from Ref. [167], Copyright 2004, American Chemical Society.
(b) SEM images of (i) original SiO, master mold with 60 nm half-pitch, (ii) 33 nm wide nanowires (NWs) after etching for 132 s, (iii) 20 nm
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2019, Elsevier

broad bandwidth (= 100 nm) and high efficiency (= 80%)
in reflection. Furthermore, meta-mirrors have been fabri-
cated by NIL, as seen in Fig. 12(b) [185]. First, the master
mold manufactured by EBL and reactive ion etching (RIE)
was replicated by UV NIL. Then, Ag deposition was
applied to the replicated mold for the metasurface
fabrication. The fabricated metasurface was transferred
onto the organic light-emitting diode (OLED) substrate
and capsulated, enabling a final meta-mirror with a pixel
density of 10000 pixels per inch (PPI) in an red-green-
blue-green arrangement and to 15000 PPI in a pentile-type
arrangement.

By modulating the properties of the NIL resin, the
properties of metasurfaces have also been changed [186].
As an example, TiO, nanoparticle was used as the NIL
resin [187]. Dielectric metasurfaces having sub-100 nm
resolution were fabricated using a TiO, particle-embedded

UV-curable polymer resin (PER), as seen in Fig. 12(c)
[188]. Variations in the refractive index of the PER is
influenced by the TiO, nanoparticle concentration in the
resin, allowing the direct fabrication of flexible metasur-
faces using NIL without secondary processes such as
deposition or etching processes. As a follow-up study, not
only the refractive index but also the size of nanopatterns
were adjusted simultaneously through the addition of TiO,
nanoparticle, as shown in Fig. 12(d) [189]. Six kinds of
nanoparticle composites (NPCs) from 0% to 100% of the
TiO, weight ratio were spin-coated and imprinted.
Accordingly, the refractive index was changed by using
the Cauchy dispersion model at the same time, resulting in
a plum pudding metalens (PPML) with a focusing
efficiency of 33% at the target wavelength of 532 nm.
Besides, gate-tunable and large-area graphene nanohole
arrays (GNHAs) operating at mid-IR wavelengths were
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studied for surface-enhanced infrared absorption (SEIRA)
sensing [190]. By properly adjusting the geometrical
parameters of the system through NIL, the position of
exciting multiband plasmonic resonances was achieved.

Post-processing of NIL such as deposition also enabled a
variety of tailored nanostructures to be straightforwardly
engineered [191,192]. In particular, angled deposition of
metals to imprinted nanopatterns has been actively
researched because it produces complex metal nanostruc-
tures at once [147,148,193]. For instance, metasurfaces
with polarization-dependent response were fabricated by
NIL and oblique angle deposition (OAD) of Ag [194]. The
imprinted nanostructures were placed on a customized
evaporator enabling to control tilt angle 8, followed by
oblique thermal evaporation of 75 nm of Ag. Three
different tilt angles of Ag evaporation allowed to change
geometrical parameters of each evaporated sample, caus-
ing a facile shift of resonances.

5 Conclusions and perspectives

To summarize, NIL is currently one of the most researched
technologies in nanofabrication due to its facile accessi-
bility and superior replicating property. Fabrication of
metasurfaces using NIL opens new avenues because it can

overcome the drawbacks of EBL such as small-area
fabrication and the diffraction limit. Consequently, NIL
provides possibilities for the high-throughput fabrication
of promising metasurfaces. In this review, we focused on
high-throughput NIL methods and their practical applica-
tions for the fabrication of metasurfaces.

First, conventional NIL composed of thermal NIL, UV
NIL, and soft NIL was summarized to establish the
classification of NIL. Subsequently, NIL with various
materials such as metals, dielectrics, and other promising
materials for the fabrication of metasurfaces was discussed.
In particular, NIL can easily produce not only periodic but
also aperiodic metasurfaces since the arbitrary nanopat-
terns are mechanically replicated regardless of the proper-
ties and morphologies.

Second, scalable NIL and its practical applications for
large-area fabrication of metasurfaces were described.
Beyond P2P NIL for the large-area fabrication of
nanostructures, R2R NIL which can continuously fabricate
nanopatterns realized the constant fabrication of nanopat-
terns. Although they had some challenges such as
experimental errors, poor resin properties, and the absence
of fabrication of large-area flexible mold, these drawbacks
have been solved steadily. Moving forward, L2L NIL was
introduced with unprecedented high productivity and
facile application on various flexible substrates. Even if it
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still has limitations for the fabrication of nanopatterns with
simple shapes, its extraordinary nanofabrication speed is
well worth continuing research. Furthermore, scalable
fabrication of metasurfaces through NIL was summarized.
Especially, plasmonic color metasurfaces were fabricated
by thermal R2R NIL even at a rate of 166.7 mm/s, realizing
NIL as the next-generation process for large-area meta-
surfaces.

Third, flexible NIL techniques for the fabrication of
tailored nanopatterns and its applications for metasurfaces
were introduced. Complex nanopatterns such as hierarch-
ical structures were fabricated by modulating NIL resin
properties or using flexible molds. Azobenzene, for
example, was applied as directional photofluidization
imprint lithography, fabricating hierarchical structures
straightforwardly. Moreover, NIL with high resolution

was achieved by integrating with conventional nanofabri-
cation methods. Representatively, thermal annealing was
mainly used to fabricate sub-10 nm nanostructures,
showing the potential of NIL for single-digit resolution.
Finally, NIL integrated with conventional deposition
processes for fabricating metasurfaces was discussed.
Among them, OAD has been actively applied to imprinted
nanostructures, easily modulating optical properties of
metasurfaces.

NIL is emerging as a prospective fabrication method
because it aims to achieve both high productivity and high
resolution, which are difficult to be attained in existing
nanofabrication methods. Furthermore, NIL can be applied
to produce large-area and high-resolution metasurfaces by
itself or by the integration with other conventional
nanofabrication processes. Beyond this great prospect,
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NIL is worthy to be developed in specific directions. First,
continuous NIL has attained high productivity but is still
limited to the replication of monotonous shapes. So,
convergence with a variety of nanofabrication techniques
and promising materials to realize high-efficiency complex
metasurfaces might be one of the main promising
approaches going forward [195-199]. Next, NIL for the
fabrication of tailored nanostructures has been already
achieved but its practical applications for multifunctional
metasurfaces are insufficient. Thus, the micromechanical
analysis of NIL is also by no means exhaustive for the
precise fabrication of metasurfaces, ultimately accelerating
the development of active metasurfaces [200-202].
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